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Abstract

Allosteric regulation is a vital process in living organisms, enabling communication
between distant regions in proteins. Despite its importance, molecular mechanisms
underlying these processes remain unclear. The protein domains of the PDZ family are
ideal model systems for studying allostery, as they are known for exhibiting allosteric
transitions and are small enough to be studied through molecular dynamics simulations.
In this work the second PDZ domain with an azobenzene photoswitch — designed to
mimic ligand binding and trigger allosteric transitions — is studied. The analysis is
based on a molecular dynamics simulation dataset from previous studies in the Stock
group at the University of Freiburg. This work focuses on refining feature selection
and identifies localized groups of dynamically collaborating contacts, referred to as
contact clusters. A timescale analysis based on these clusters provides a mechanistic
explanation for the experimentally observed dynamic timescales, spanning nanoseconds
to microseconds. The opening of the binding pocket on a nanosecond timescale triggers
further structural changes, including the unwinding of a helix distant from the binding
site on a microsecond timescale — a change that can be considered an allosteric response.
Furthermore, a comparison with three similar photoswitched PDZ systems shows that
certain protein regions are dynamically important across the systems, even though the
systems differ in their sequence and structure. These shared dynamic regions may
represent key elements of more general allosteric pathways, providing insights into the
broader principles of protein allostery.




vi

Contents

1 Introduction

2 Theory and Methods

2.1 Systems: PDZDomains. . . . . . . . . . . e e e e
2.2 Molecular Dynamics Simulations . . . .. ... ... .. ..........
2.3 Simulation Details . . . ... ... ... .

2.3.1 PDZ2S . . . . e e

2.3.2 Other PDZ Systems . . . . . . . o v v v v vt it
2.4 Internal Coordinates . . . . . . . . ... .. ...
2.5 MOoSAIC Feature Selection . . . . . ... .. ... ...
2.6 Principal Component Analysis . . . . .. ... ... ... ... ... ...
2.7 Timescale Analysis: DynamicContent. . . . . . . . . . . . ... ... ...
2.8 Root Mean Square Deviation. . . . . . . . ... ... ...
29 FreeEnergy . . . . . . . . . e e

3 PDZ2S: Data Processing and Assessment
3.1 Available Datasets . . . . . . . . . . . . i e
3.2 Collective Variables: Internal Coordinates . . . .. ... ... .......
3.2.1 ErrorMeasures . . . . . . . v v v it i e e e e e e e
3.3 AssessingDataQuality . . . . ... ... ... ... .
3.3.1 Equilibrium Trajectories . . . .. ... ... ... ... . .....
3.3.2 Stability of Secondary Structures . . . ... ... ... .......
3.4 Feature Selection: MOSAIC . . . . . . . . . . . . i i i it i e
3.4.1 Similarity Measure . . . . . . . . . .. e e e
3.4.2 MOoSAIC Results: Cluster Identification . . . ... ... ... ....
3.4.3 MOoSAIC Results: Discussion . . . . . . ... ... ... .......
3.5 ResultingDatasets . . . . . . . . . .. i it it

4 Non-Equilibrium Response of PDZ2S

10
11
13
14
14

16
16
17
18
19
19
21
22
22
26
28
29

30



4.1 Non-Equilibrium Photoinduced Response of Contact Clusters . . . . . . . .
4.1.1 Local Response to Photoswitching . . . . ... ... ... ......
4.1.2 Long Distance Response . . . . .. ... ... ... .........
4.1.3 Timescale Analysis . . . . . . ... ... .. ... ...

4.2 Free Energy Landscape Analysis of the Cis to Trans Transition . . ... ..
4.2.1 Principal Component Analysis . . . . . . ... ... ... ......
4.2.2 Defining Cis and Trans in Equilibrium . . . ... ... ... ....
4.2.3 Non-Equilibrium Cis to Trans Transition . . . ... ... ... ...

Comparison of Various Members of the PDZ Family

5.1 SystemsatHand . ... . ... ... ... .. ... . ...,
5.1.1 DatasetDescription. . . . . . . . . . . i v it

5.2 Comparison of Contact Clusters in PDZ Systems . . . . . . ... ......
5.2.1 Consistency of MoSAIC Clusters Across Systems . . . . . . ... ..
5.2.2 Cluster Comparisons Across PDZ Systems . . . . . .........
5.2.3 Interpretation and Conclusion . . . . . ... .. ... ........

5.3 Comparison of Dynamics in PDZ Systems . . . . . . . . ... ... .....
5.3.1 Introduction and Methodological Notes . . . . . ... ... ....

5.3.2 PDZ3 Comparison (PDZ3L5vs. PDZ3L6) . . . . . . ... ... ...
5.3.3 PDZ2 Comparison (PDZ2Svs. PDZ2L) . .. ... ... ... ....
5.3.4 Discussion of Similarity in Dynamics . . . ... ... ........

6 Conclusion and Outlook

Bibliography

A Appendix

A1 Concerning Chapter3 . . . . . . . . . . . . i
A.2 Concerning Chapter4 . . .. ... .. . . ... . ...,
A3 Concerning Chapter5 . . . . . . . . . . . . .. e

51
51
53
53
53
54
56
57
57
58
59
60

61

65

71
71
72
74

vii






Introduction

Allostery is the second secret of life

— Jacques Monod

Proteins as Fundamental Biomolecules

Proteins are fundamental to nearly all biological processes, serving, among others, as
catalysts (e.g. enzymes), signal transducers (e.g. receptors), and structural components
(e.g. the cytoskeleton) [1]. Proteins are polymeric molecules, consisting of amino acids
linked in a chain. The composition of this chain defines a protein’s primary structure. In
these chains, recurring structural building blocks — like helices and sheets — are formed,
which are called secondary structures. Further, the amino acid chains fold into complex
3D structures in its so-called tertiary structure consisting of the recurring secondary
structures. The interplay of several proteins bonded non-covalently leads to the formation
of functional complexes. This is referred to as a protein’s quaternary structure (illustrated
in Figure 1.1)[1]. It has long been believed that when the primary structure of the protein
is known, the 3D structure and with this the function of the protein would be defined.
This view was supported by early milestones such as the first fully resolved protein
structure, that of myoglobin, studied by Kendrew et al. [2] using X-ray crystallography
and NMR spectroscopy. By now, atomically detailed structures of more than 100,000
proteins are known. While a protein’s structure undeniably plays an important role
in its functionality, a protein is not confined to having just one structure. In fact, the
dynamics of a protein play an equally important role in defining a protein’s function [1].
Understanding the dynamics will be a major goal of this work.
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Fig. 1.1.: The figure shows the four levels of protein structure. A protein’s primary structure is
its amino acid chain. The secondary structure is given with stable arrangements of the
chain in the form of e.g. helices or sheets. The tertiary structure describes the folded
conformation and the quaternary structure describes the functional interplay of several
proteins [1].

Allostery: A Key Mechanism of Protein Function

A key mechanism of proteins is seen in allostery: Allostery describes the processes in
which a ligand binding to one site of a protein creates a conformational change at a
distant site of the same protein, as illustrated in Figure 1.2. This allows for the regulation
of an activity [3]. This is, for example, seen in the classical example of hemoglobin,
which carries the oxygen in blood. In total, one hemoglobin protein is able to bind up to
four oxygen molecules. When one oxygen molecule binds to it, a conformational change
is induced at the other binding sites, increasing its affinity for binding further oxygen
molecules, leading to a cooperativity effect that enables efficient transport of oxygen in
the blood.

Despite being of such high importance for living organisms, the mechanisms behind
allostery still lack a general, predictive atomic description [4]. Classical models treated
allostery as a simple switch between two distinct conformations. However, modern
approaches describe it as an ensemble of switching states, where regulation emerges from
dynamic fluctuations rather than a single structural change. There are several allosteric
phenomena seen on different ranges of disorder, from intrinsically disordered proteins
over local unfolding, backbone and side-chain dynamics to rigid body motions [5].

The allosteric phenomena observed for the so-called PDZ (PSD-95/discs large/Z0-1)
domains - the subject of this work — fall into the category of side-chain dynamics [5].

Chapter 1
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Fig. 1.2.: Schematic illustration of conformational change during the process of allosteric regula-
tion. The substrate is only bound, when the activator is bound to the enzyme.

The PDZ domains are protein domains on the smallest side of still observable allosteric
phenomena and thus a popular subject. More information on the PDZ domains analyzed
in this work are given in the next chapter.

The Need for Molecular Dynamics Simulations

To gain insight into a protein’s structure there are valuable experimental approaches like
NMR spectroscopy or X-ray crystallography and theoretical approaches like homology
modeling [6, 7]. However, they usually only offer static pictures of a protein’s confor-
mation and cannot deliver high time resolutions to keep track of a protein’s dynamics
[8, 9]. Dynamics can be resolved with ultra-fast IR spectroscopy experiments; however,
this technique lacks the spatial resolution of the above-mentioned experimental methods
[10].

Molecular Dynamics (MD) simulations aim to offer both in the form of in silico experi-
ments. They can capture dynamic transitions at atomic resolution, using a computational
approach with femtosecond time resolution [11]. Thus, they are often used for studying
complex dynamic systems like proteins.

Non-Equilibrium Molecular Dynamics

Life is a non-equilibrium phenomenon, and so is allostery. The experimental and theoreti-
cal focus in allostery research is however often placed upon the equilibrium starting and
end states of the allosteric transition [12]. The allosteric transition is hereby not directly
observed. To observe the non-equilibrium response of an event triggering an allosteric
response (e.g. a ligand binding), non-equilibrium simulations are needed. For this work,
non-equilibrium means perturbing the system to start out in a non-equilibrium state
and then letting it relax under equilibrium conditions. There are other non-equilibrium




simulation methods, like pulling MD simulations, where applied forces keep the system
constantly in a non-equilibrium situation [13].

Research Gap and this Work

Despite the importance of allosteric regulation, only few studies focus on how these
transitions behave under non-equilibrium conditions. Suitable systems to study allostery
on are given with the PDZ domains, as they are small in size and yet still examples
of allosteric communication [14]. In the Stock group at the University of Freiburg,
the second PDZ domain (PDZ2) was studied with an azobenzene photoswitch linked
across the binding pocket, which can mimic the binding of a ligand upon switching and
thus force the cause for an allosteric transition. For this, molecular dynamics simulations
have been performed by Buchenberg et al. [15, 16] and an analogous experimental study
exists from Buchli et al. [17].

The MD dataset for PDZ2 will be further analyzed in this work, following several previous
works that have been done in this research group [15, 16, 18, 19, 20, 21]. Prior research
on PDZ2 has established its potential for allosteric communication, but details on the
pathways, timescales, and mechanisms remain unclear. It has been shown that the
dataset is challenging to analyze and that a careful and judicious selection process on the
data is needed.

This work aims to:

1. Refine data processing and feature selection to extract meaningful dynamic
signals.

2. Characterize allosteric response pathways in PDZ2 using non-equilibrium MD.

3. Compare photoswitched PDZ2 with other photoswitched PDZ systems to iden-
tify general allosteric patterns.

To achieve these goals, advanced feature selection methods are introduced in chapter 2,
providing a more structured approach to identifying relevant dynamic features. This is
followed by a detailed data processing and assessment in chapter 3 ensuring the reliability
of the analyzed trajectories. The core analysis, focusing on the dynamics and response
pathways of PDZ2, is presented in chapter 4. Finally, in chapter 5, the findings from
PDZ2 are compared with other PDZ systems to explore broader allosteric patterns and
mechanistic insights.

Chapter 1




2.1

Theory and Methods

Systems: PDZ Domains

The goal of this work is to delve further into allosteric communication. The main
system analyzed in this work is the second PDZ domain (PDZ2) of the human tyrosine
phosphatase (hPTP1E), which regulates several receptor-mediated signal transduction
pathways, like cell growth and apoptosis in breast cancer [22, 23, 24]. The related
third PDZ domain is known for featuring small-scale allosteric communication between
its binding pocket and the distant «3-helix. Removing the helix reduces the ligand
affinity at the binding pocket by 21-fold, while ligand binding can speed up the thermal
isomerization rate of a photoswitch applied at the «3-helix [14, 25, 26, 27].

In the related PDZ2 domain, allostery is less clearly observed, but signs of it have been
found [16]. PDZ domains are generally of interest in allostery research with molecular
dynamics as they are known to exhibit allosteric effects and are small enough to be
feasible to simulate.

The PDZ2 domain features 97 residues with two «-helices, and six §-strands. A binding
groove for peptide ligands exists between the (;-strand and the «as-helix. Buchli et al.
[17] have covalently linked an azobenzene photoswitch at residues 22 and 77 of the
PDZ2 domain, spanning across this binding pocket. They performed ultrafast infrared
experiments on this photoswitchable PDZ2 domain (which will be called PDZ2S here, S
for switch). A visualization of the system is given in Figure 2.1 and a list of secondary
structures is given in Table 2.1. The photoswitch can adopt either the cis or trans
conformation. In the trans state, the azobenzene spans a larger distance, positioning the
C-atoms of residues 22 and 77 similarly far apart as when a ligand is bound. In the cis
conformation, this distance corresponds to the ligand-free state [28].

Residues ‘ 7-13 21-24 3641 46-50 58-62 65-66 74-81 85-91

Structure ‘ &3} Ba s o Ba s % Be
Tab. 2.1.: Locations of secondary structures in PDZ2.




2.2

C-terminus

Fig. 2.1.: Cartoon representation of the PDZ2 domain. The azobenzene photoswitch at residues
22 and 77 is shown in yellow.

Molecular Dynamics Simulations

To perform an MD simulation, a starting structure with the positions of all atoms in
the system must be given. This can be determined experimentally, e.g. using NMR
spectroscopy [28]. Knowing these starting positions, the classical forces acting on all
atoms can be calculated, and the equations of motion can be iteratively integrated over
short time steps. With this, the atomic positions can be updated at every time step, before
reevaluating the forces again [29]. In theory, solving the electronic Schrédinger equation
would be necessary to accurately determine the forces. However, for larger systems such
as proteins, this is computationally intractable. Therefore, MD simulations work with
classical force fields to approximate interactions between atoms. The total potential
energy of the system with atomic position vectors Ry, Ra, ..., Rx can be described as

V(Rh R27 sy RN) = Vbonded 1+ Vnon-bondeds (2.1)

where Viondeq @accounts for bonded interactions and V;,on-ponded @ccounts for non-bonded
interactions. The bonded contributions are viewed as the sum of bond and angle contribu-
tions modeled with harmonic expressions, and a term describing the torsional energy:
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Vbonded = Vbonds + Vangles + Viorsions- (2.2)

The non-bonded contributions are described with a van der Waals term and a Coulomb
term:

Vnon—bonded = VvdW + VCoulomb' 2.3)

A typical functional form of the potential energy function is

VX B e 3 000 T TR (1 contat =)

bonds angles torsions 7
12 6 1
T;q Ti5 Qiq;
+ 2 deij | 52] —(22) |+ @ —F2 : (2.4)
non-bonded i, Rij Rz’j 4meq Rij
7]

van der Waals Coulomb (electrostatic)

where [30]:
* b; is the bond length between two atoms, and by, is its equilibrium value.
* K, is the bond force constant.
* 0; is the bond angle, with equilibrium value 6y, .
* Ky, is the angle force constant.
* ¢, is the dihedral angle, with force constant Kg:) and shift 4.
* 0;; and ¢;; are Lennard-Jones parameters describing van der Waals interactions.
* ¢; and ¢; are atomic partial charges, and ¢ is the permittivity of free space.
* R;; is the distance between atoms ¢ and j.

The listed parameters are typically determined from experiments. Several force fields
with similar setups exist, and each has its specific strengths and weaknesses for different
kinds of molecular systems.

The above-mentioned calculations are carried out for a molecule placed in a simulation

2.2 Molecular Dynamics Simulations 7
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2.3.1

box with periodic boundary conditions, that is usually filled with a solvent like water.
MD simulations reach time spans of several microseconds within reasonable wall clock
times, which is sufficient to describe many dynamics of biological interest [31]. The
need for long simulation times arises particularly for rare conformational changes. The
transition barrier crossing probability is described by the Boltzmann factor

P ~ ¢ AG/ksT (2.5)

at temperature 7" with Boltzmann constant kp. The probability of reaching the transition
state decreases exponentially with the barrier height AG. This means that simulations
tend to sample local minima most of the time, requiring these long simulation times to
achieve good sampling of barriers.

Typically, molecular dynamics simulations are performed for systems in equilibrium.
However, most biological processes also occur out of equilibrium, like the allosteric
responses studied here. Therefore, also non-equilibrium simulations will be used in this
work.

Simulation Details

PDZ2S

The PDZ2S simulations examined in this work comprise equilibrium (EQ) and non-
equilibrium (NEQ) trajectories. All simulations were performed by S. Buchenberg with
GROMACS using the Amber ff99SB*-ILDN force field and TIP3P water [32, 33, 34].
Frames were saved every 20 ps. The EQ dataset originally contained 7 trajectories of
2.5us each for both cis and trans conformations [15]. Due to a lack in convergence (as
also seen in later results in this work), 6 of these were extended to 10 us by A. Gulzar.
The NEQ dataset consists of 100 short trajectories of 1 us each. The system was forced
from cis to trans following the potential-energy surface switching approach described
in [35], and from there it was simulated under equilibrium conditions. This can be
understood as a forceful stretching of the photoswitch visualized in Figure 2.1, leading
to an opening of the binding pocket. The initial conditions were sampled from the EQ
simulations. Due to poor convergence (most trajectories did not reach the trans state),
20 randomly selected trajectories were extended to 10 us by Buchenberg et al. [16].
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2.3.2

2.4

Other PDZ Systems
PDZ2L

The simulations for PDZ2L were carried out using GROMACS v2016 and the Amber99SB*-
ILDN force field with TIP3P water. Frames are saved every 20 ps. 100 non-equilibrium
trajectories of 1 us exist, of which 20 were extended to 10 us.

PDZ3L5

For the PDZ3L5 simulations, GROMACS v2020 was used, again with the Amber ff99SB*-
ILDN force field and TIP3P water. Frames are saved every 20 ps. 116 non-equilibrium
trajectories exist, of which 90 are of 1 us length and 22 are of 10 us length.

PDZ3L6

For PDZ3L6, the same GROMACS and force field settings are used as for PDZ3L5.
Coordinates are sampled with a time step of 200 ps however and there are 89 trajectories
of 1us length and 10 of 10 us length.

Internal Coordinates

In MD simulations, the dynamics of a protein are given in terms of 3N Cartesian coordi-
nates. However, the Cartesian coordinate description of the protein is not suitable for
analyzing the protein’s behavior, as the overall protein rotation in the solvent and the
internal motion will be mixed.

The analysis should focus on the internal motions of the protein, only. Therefore, internal
coordinates should be used. Typically, dihedral angles or inter-residual distances are cho-
sen as internal coordinates [36]. The dihedral angles ¢,, and v, of the protein backbone
would be used to describe the proteins’ conformation using local measures along the
amino acid chain. In this work, more focus shall be laid upon side-chain dynamics and
thus inter-residue contact distances will be majorly used as internal coordinates. Contact
distances focus on the idea that the side chains of the amino acids are able to form
non-covalent bonds, which are not necessarily represented in backbone information. It

2.4 Internal Coordinates 9
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was shown that contact distances between protein residues also capture protein dynamics
more efficiently than dihedral angles, as fewer principal components are required to
describe the cumulative fluctuations [37].

A representation of the difference between the often-used backbone C,, distance [37]
and the contact distance of the same residues is given in Figure 2.2. It is important to
note that the term contact distance does not imply that a bond is formed between the two
residues at every point in time. It rather describes the instantaneous minimum distance
between heavy atoms of two residues, that are able to form a contact.

Fig. 2.2.: Contact distance (magenta) and C, distance (blue) for the same residue pair. The
residues form a non-covalent bond, where at least one heavy atom from each residue is
in close proximity, stabilizing the interaction. This results in a shorter contact distance
compared to the C,, distance, which measures the separation between backbone atoms.

MoSAIC Feature Selection

A good choice of collective variables is essential for the success of a subsequent analysis of
molecular dynamics data [36]. Collective variables are a low-dimension set of observables
describing processes of interest. In a protein MD dataset typically multiple processes occurt,
of which only some are relevant to the analysis. The goal of the MoSAIC algorithm by
Diez et al. [38] is to identify these relevant processes and group variables that describe the
same underlying motion. The algorithm is based on the idea that relevant variables show
related motions, whereas randomly fluctuating variables or variables remaining constant

Chapter 2




2.6

are considered irrelevant. These irrelevant variables (or features) can be considered
as contributing to noise in the overall dataset and should thus be discarded. Applying
such a filtering step before dimensionality reduction techniques like PCA is essential, as
high-variance but meaningless fluctuations — such as randomly changing contact distances
— might otherwise be considered "important" by variance-based methods like PCA [38].
The MoSAIC algorithm aims to find groups of variables that show related motion. To
achieve this, each input variable will be viewed as a node in a graph, connected to
the other nodes with some form of similarity measure as the edge weight. Diez et
al. recommend measures like the linear Pearson correlation or the non-linear mutual
information measure. Using the Leiden community detection algorithm, communities of
strongly linked nodes in the graph are found. For this, the constant Potts model (CPM) is
used as an objective function ®cpy;, for which the community partitioning is iteratively
optimized [38]:

Pepm =Y [ec - 7(7120)] : (2.6)
c
Here, n. represents the number of nodes in cluster ¢, e. refers to the sum of the edge
weights in a cluster and (") stands for the number of possible edges within c. The resolu-
tion parameter ~ indicates the minimum average correlation (or mutual information) for
each resulting cluster of variables. Individual correlations in a cluster can be below = if it
helps for a better overall partitioning. The result of this method then consists of sets of
correlated variables (clusters) and a set of variables considered noise.

Principal Component Analysis

The principal component analysis (PCA) is a technique used to reduce dimensionality.
To perform abstract analyses like free energy landscape analyses, the high-dimensional
molecular dynamics data must be projected onto a low-dimensional space. The dimen-
sionality of this space must be high enough to resolve the number of conformational
states while remaining sufficiently low to allow for statistical analysis. The curse of
dimensionality illustrates the challenge: if we distribute e.g. 10° data points on a 10D
grid with 10 bins in each dimension, we obtain 10'° bins, and most of them will be empty.
This would make density-based analyses impractical [36]. The PDZ2S system viewed in
this work has 3 - 1496 = 4.488 Cartesian coordinates, corresponding to the z, y, and z

2.6 Principal Component Analysis 11
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positions of all 1496 atoms. While PCA is typically applied to internal instead of Cartesian
coordinates, this number illustrates the high dimensionality of molecular dynamics data.
The effective dimension of degrees of relevant physical processes is typically much smaller
however, due to nonlinear couplings and resulting cooperative effects in the protein.

A computationally efficient, numerical approach for dimensionality reduction is offered
with the PCA. It projects data onto a low number of dimensions, that explain the largest
amount of variance possible. For the n input coordinates r;...r,,, each describing a time
series with m time steps, the method starts by calculating the covariance matrix with
entries

Cov(r,rj) = ((ri — (ri))(rj — (ry))) = (rirj) — (ri){(r;). 2.7)

Here, (...) denotes the ensemble average. To emphasize on correlated motion and also
on small-amplitude motion, the correlation matrix C'is calculated from the covariance
matrix

Cov(r;,r;
Cij = COI'I'(Ti, T‘j) = M, (28)
Or;Or,
with o, being the standard deviation of the input coordinate r;. The eigenvectors of the
correlation matrix v() are resembling the modes of collective motion in the data. The

corresponding eigenvalues ); are the amplitudes of this motion [39, 40]
Cv® = \o®. (2.9)

The eigenvectors are orthogonal, normalized and sorted in descending order of their
eigenvalues. The first eigenvector corresponds to the direction of the largest variance
in the data, the second to the second largest and so forth. This is also illustrated in
Figure 2.3. The projection of the data » = (r;...r,) onto the eigenvectors results in the
principal components x;:

i = o® (2.10)
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Data and Principal Components
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Fig. 2.3.: Illustration of a Principal Component Analysis (PCA). The left panel shows 2D data
with two clusters, where the PCA finds the optimal axis (PC1, red) capturing the most
variation. The middle panel projects the data onto PC1, reducing it to one dimension
while preserving the cluster structure. In contrast, the right panel shows the projection
onto PC2, which captures little meaningful variation, as seen in its Gaussian-shaped
histogram. This highlights how PCA simplifies data complexity while retaining essential
structure.

2.7 Timescale Analysis: Dynamic Content

Biomolecular processes occur on a wide spectrum of timescales. A timescale analysis
can elucidate the relevant timescales, paired with localization of processes connected to
these timescales. For this, a dynamic content at each timescale between 1ns and 10 us
will be calculated both for the simulation data and for corresponding experimental data.
To calculate the simulation’s dynamic content, the first step is to model the time series
of each ensemble-averaged contact distance with a multiexponential response function,
following the procedure of Dorbath et al. [41]:

S(t) = spe /™. (2.11)
k

Here, the time constants 7, are equidistantly distributed on a logarithmic scale and the
amplitudes s, correspond to the timescales. By taking the square root of the sum of the
squared amplitudes in a cluster of collective variables C,,, a cluster-n-resolved dynamic
content D,, can be calculated for each timescale 7, [12]:

Dy(mi) = | > |sk(i, 5)2 (2.12)

,jECH

From experimental time-resolved infrared spectroscopy, an overall dynamic content for
the whole system can be calculated. For this, the amide-I band was probed, which reflects

2.7 Timescale Analysis: Dynamic Content 13
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backbone dynamics through coupled C=0 vibrations [42]. The simulation data should
be able to reproduce this, after combining the cluster-resolved dynamic content to an
overall dynamic content as in Equation 2.13. The added benefit of the MD data is that
they allow for an analysis showing which collective variables and clusters contribute to
what timescales.

D(te) = [>_ |Dn(7s)[? (2.13)

Root Mean Square Deviation

The root-mean-square deviation (RMSD) is commonly used in molecular dynamics to
measure conformational differences between two structures or the change of a structure
over time. It is calculated as the square root of the mean of the squared distances between
the atoms of the two structures. For a structural change over time, the RMSD is calculated
as

N

RMSD(#) = $ % S (r(t) — )2 @2.14)

=1

with N being the number of atoms, r;(¢) the position of atom i at time t and rif the
position of atom i in the reference structure. A low RMSD indicates a high structural
similarity [43].

Free Energy

The free energy quantifies the thermodynamic stability of different system states. To
describe the connection between a protein’s conformations, the physical image of an
energy landscape can be drawn. The free energy landscape represents the possible
conformations as regions in a multidimensional energy space. Conformational states are
minima in this picture, separated through energy barriers. Thermal fluctuations then
allow for the transitions over the barriers [44]. A schematic is given in Figure 2.4.

The energy in this landscape viewed is best described with the Gibbs free energy, encap-
sulating the entropy-enthalpy balance that governs processes like folding and allostery.

Chapter 2




Free Energy Landscape

Energy Barrier

Free Energy

Minimum 1~ Minimum 2

0 2 4 6 8 10
Reaction Coordinate

Fig. 2.4.: Illustration of an energy landscape along one reaction coordinate. Two energy minima
indicating favorable conformations are seen. They are separated by an energy barrier,
that is making thermal fluctuations between the minima less likely.

In folding, enthalpic gain from favorable interactions plays against entropic loss of disor-
dered conformations. Protein dynamics span a wide range of timescales. Small energy
barriers are connected to fast motions like bond vibrations on the picosecond scale, while
larger energy barriers are connected to slow motions on the microsecond timescale, that
involve conformational changes relevant for signalling [45].

In MD simulations, the free energy AG(r) can be calculated from the probability distri-
bution P(r) along a system’s observable r:

AG(r) = —kpT'ln P(r) (2.15)

with kp being the Boltzmann constant and 7" denoting the temperature [16]. The bin
width of the histogram underlying P(r) needs to be balanced between resolution and sta-
tistical noise. This free energy includes both the enthalpic and entropic contributions [44].

2.9 Free Energy 15
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PDZ2S: Data Processing and
Assessment

This chapter describes the preprocessing steps applied to the raw molecular dynamics
simulation datasets to prepare them for the subsequent analysis. First, a set of internal
coordinates is chosen to represent the system’s dynamics. Next, noisy and irrelevant
data are identified and excluded to ensure data quality. In addition, contact clusters are
selected, which reduce the dimensionality of the data and help to focus the analysis on
the decisive structural features. These steps ensure that the results of later analyses are
both meaningful and robust.

Available Datasets

As presented before, the system to be analyzed is a photoswitchable PDZ2 domain. For
this system, two sets of simulations have been generated by Buchenberg et al. [16] and
Buchenberg et al. [15].

NEQ: 100 x 1 us short non-equilibrium trajectories are available, with 20 of these extended
to0 20 x 10 us.

EQ: 6 x 10us equilibrium trajectories exist for both cis and trans conformations, of
originally 7 (one each was discarded in previous analyses [21]).

The original time step of the data is dt = 20 ps, which was filtered using a Gaussian
kernel with a width of 2 ns and subsequently stridden, resulting in a final time step of
dt = 200 ps with 2 ns time resolution.




3.2 Collective Variables: Internal Coordinates

As explained in section 2.4, contact distances will be used to describe the internal motion
of the system. To find a suitable set, the following calculations are performed on the NEQ
long trajectories: For all residue pairs (i, j), with j > i + 2 (i.e. not first- or second-order
neighbors) and i,j € {1,2,...,97}, the distance between the closest heavy atoms (i.e.
non-hydrogen atoms)

di (1) = dja(t) = \/(@(0) — 3;(1))? 3.1

of the residues is calculated, with the Cartesian coordinates #; and Z; being defined as
the coordinates of the heavy atoms of residues i and j with the shortest instantaneous
distance.

If this distance is below 0.45nm in at least 10 % of the simulation frames, the pair is
considered to be able to form a contact and thus added to the set.

In general, an attempt should be made not to include irrelevant coordinates in the
collective variables in order to maintain a good signal-to-noise ratio [36]. The restriction
of j > i+ 2 is made to avoid trivial, neighboring contacts, but still allow for the inspection
of helical bonds. In secondary structures such as a-helices, an i — i + 4 bonding takes
place. For 3jp-helices an ¢ — i + 3 pattern is seen [46]. Contact breaking of these
structures is thus expected to be visible in the collective variables. The cutoff distance of
4.5A is a typical value for contact distances in proteins [47].

In short, the collective variables are defined the following way:
* The distance between the closest heavy atoms of the residues is d; ; < 0.45nm.
* The residues are not first- or second-order neighbors.
* The distance criterion is satisfied in at least 10 % of the frames.

The set of inter-residue contact distances differs between data sets when using this
definition. To ensure consistency in the analysis, the set of collective variables was
defined based on the long non-equilibrium simulations and subsequently applied to all
other data sets. Additional calculations on the other data sets confirmed that the resulting
sets of collective variables were highly similar among the different data sets. Ultimately,
330 residue contact distances are considered, and they are displayed in Figure 3.1.
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3.2.1

18

. oo TR 5
56 ] ", < B I 2 Wy tr
% L : 1k St

as | I ! _lgl'l:,nl' 0.8 H 2 | il 1 T
- . = -1 = ar
853 s 5 657 — "
— 37 “r < 571 . a -
5 P g - X, 0.6 5 Pt - _ ™ X
= e |na 1 1 ¥ [T o  Fal | =1
:% aq ‘rru \;/ aq | -:. m '_'.r rﬂ‘:
= ml % = F04 2 sl Mgr T By L
‘ 3 Tl [ W
2 Ao
B2 ] - 11 4 - - A |
7 aan CINEs -0.2 B B2 .= . TS CHIE
| . 1P S w1 i iR
ﬂ] T e %_ E N "I" I..I -Ji-
) " 3 A, E N
| — | LIS N R B B B | LL 00 © [ b
1 By Bs a1 Pafs a2 Bs T ; T IQI |9 T T |3 ||9| —TT T
Residue i A 2 3 o1 Pafs o2 Pe
Fig. 3.1.: The heat map on the left shows the percentage of frames in which a residue pair forms

a contact. The graph on the right shows only the 330 contacts that fulfill the 10%
criterion and are thus selected as collective variables. Each pixel indicates a residue
pair, starting from low to high residue index from the bottom left. The positions of
secondary structures are marked with a grid. The matrices are symmetric.

Additionally, C,-distances will be used as well at times. They are calculated as the distance
between the C,-atoms of two residues and focus more on describing the backbone motion
than the heavy atom distances.

Error Measures

Commonly, when contact distances are used, they will be given as an ensemble mean.
This averaged value comes with two error measures: the standard deviation o (Equa-
tion 3.2) and the standard error of the mean (SEM, Equation 3.3). Both will be needed
for different analyses. The standard deviation measures the spread of the data, while the
standard error of the mean is informing about the precision of the mean value Zz.

In the system analyzed here, individual contact distances exhibit highly heterogeneous
dynamics. As a result, the ensemble mean must be interpreted with caution as many
averages have large standard deviations. With low SEM values indicating high precision
of the mean, this does not necessarily imply that the mean values themselves are occu-
pied or more meaningful, particularly given the presence of non-Gaussian distributions.
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Nevertheless, the SEM remains a useful indicator of the reliability of the calculated mean,
that should mostly be used to identify trends in distance changes.

1 & .
o=\ ;(xl — ) (3.2)
g
SEM = Wi (3.3)

Assessing Data Quality

Previous studies on this dataset have reported low convergence and high noise in the
data [16, 18]. A comparison with other photoswitched PDZ systems [48] suggests that
this is likely due to the switch being attached at a more pivotal position of the protein —
directly at the binding groove — rather than at more peripheral sites such as the as-helix.
This has a significant impact on the protein’s structure, and a more pronounced effect on
the system can be expected. Therefore, a rigorous assessment of data quality is necessary
to ensure that the analysis does not primarily capture destructive effects caused by the
photoswitch, which are not of interest.

Equilibrium Trajectories

To interpret equilibrium molecular dynamics data, it must be checked first whether the
trajectories have actually converged to equilibrium. A simple measure of convergence
is the identification of a plateau after a relaxation period in the RMSD of the protein
backbone [49]. The ensemble average C,-atom RMSD between the starting points and
all succeeding points of both the cis and trans trajectories is calculated and displayed in
Figure 3.2. A relaxation period can be observed, with the largest changes happening in
the first 3 us and more stable values afterwards. A reasonable cutoff-value can thus be set
at 3us. Data before that mark will be discarded.

During the later stages of the analysis, two of the available equilibrium trajectories (EQ
cis 5 and EQ trans 1) were found to exhibit unusual behavior. Specifically, they appear
to sample free energy regions that are more characteristic of the opposing photoswitch
state. In Figure 3.3, the mean (time-averaged) RMSD of each trajectory was calculated
relative to all trajectories within the same photoswitch state and compared to those in
the opposing state. The difference between these means was analyzed to assess the
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extent of deviation from the native state. Values below zero indicate that, on average,
the trajectory is conformationally closer to the trajectories with opposing photoswitch
state. This is indeed seen for the trajectories EQ cis 5 and EQ trans 1. Combined with the
doubts raised in a later performed free energy landscape analysis, these two trajectories

are conservatively discarded as outliers.

— RMSD trans
— RMSD cis
2_ T T T T T 1 1 1 1 1
0o 1 2 3 4 5 6 7 8 9 10

Time [ps]

Fig. 3.2.: The ensemble-averaged RMSD of the C,-atoms from their respective base structures
was calculated for both the equilibrium cis and trans ensembles. A relaxation period is
observed in the first approximately 3 us. Filtered averages are given together with the
standard error of the mean.
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Fig. 3.3.: Difference between each trajectory’s mean (over all frames) RMSD from all trajectories
with same photoswitch state minus RMSD from all trajectories with opposing photo-
switch state. Negative values indicate that, on average, a trajectory is conformationally
more similar to the opposite state than to its own, which is unexpected. Thus, trajecto-

ries cis 5 and trans 1 appear as outliers.
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3.3.2 Stability of Secondary Structures

The a-helices in the system exhibit varying stability throughout the simulations, likely
influenced by the relatively drastic photoswitching, which introduces unnatural defor-
mations. With the photoswitch being attached directly to the as-helix, deformations
here will be viewed as unwanted. Trajectories that exhibit them will be removed as a
precaution to not focus on secondary, photoswitch-specific dynamics. Structural changes
in the more distant «;-helix will be seen as more independent of direct photoswitch
effects and thus those trajectories will be considered in the analysis.

To assess the stability of the «s-helix, which is directly attached to the photoswitch,
a DSSP (database of secondary structure assignments) analysis was performed on the
trajectories. The DSSP assigns secondary structure classes to residues based on hydrogen-
bonding patterns and geometric features [50]. For this analysis, the DSSP classification
was calculated for each residue in the as-helix region (residues 74-81) across all frames.
In most trajectories, the helix remains stable or loses its structure only briefly. To ensure
data quality, trajectories are discarded if the combined proportion of «- and 3y-helix
assignments for the «as-helix region residues falls below two thirds. Resulting graphs
are given in the appendix, Figure A.2. To back this decision up, the RMSD from the
corresponding protein database entry [28] of the C,-atoms is calculated, additionally.
Stable, low-fluctuation RMSD values around 0.5A are seen for intact helices. For the NEQ
trajectories, the DSSP results match an equivalent cutoff of an average RMSD larger than
1A consistently. In the special case of the equilibrium cis trajectories, helical conforma-
tions are not as dominated by a-helix conformations, and 3;¢-helical conformations play
a larger role. Here, the RMSD reaches higher values while maintaining helical structure.
Table 3.1 lists the trajectory indices for the 4 data sets, in which the «as-helix loses its
structure.

Data set trajectories with broken aw-helix ratio of affected trajectories
NEQ short | 1, 2,13, 15, 16, 20, 26, 32, 38, 52, 55, | 25 %
56, 59, 64, 68, 73, 77, 79, 80, 81, 86,

89, 92, 95, 96
NEQlong | 1,2,12,13,17, 19 30 %
EQ cis 2,6 33 %
EQ trans - 0 %

Tab. 3.1.: Breakage of as-helices given for the 20 long and 100 short NEQ trajectories, as well as
for the EQ data sets with 6 trajectories each. Also, the share of discarded trajectories
from all trajectories in each data set is given.
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The «;-helix is also unfolding in some trajectories. For the shorter helices, like the «;-
helix (5 residues), the DSSP method does not prove to be as robust [51], so an average
RMSD above 0.75 A is set as the threshold of unfolding in comparison with inspection of
protein visualizations. See Table 3.2 for the lists of impacted trajectories.

Data set trajectories with broken «;-helix ratio of affected trajectories
NEQ short | 7,12, 19, 21, 26, 34, 35, 41, 54, 61,68, | 16 %
70, 74, 76, 83, 94

NEQ long | 2,3,5,6,7,10,14,17,19 45 %
EQ cis 1,2 33 %
EQ trans - 0 %

Tab. 3.2.: Breakage of «;-helices given for the 20 long and 100 short NEQ trajectories, as well
as for the EQ data sets with 6 trajectories each. The breaking of «;-helices is not seen
as an artifact caused by the photoswitch and thus trajectories showing this behavior
will be included in subsequent analyses.

In the EQ trans trajectories, the a-helices are more stable than in the EQ cis trajectories.
No trans trajectories have to be discarded due to missing a-helix stability. The higher
stability of the system in trans has been described previously [19].

Feature Selection: MoSAIC

A major advance in the investigation of this system compared to earlier investigations
shall be the application of the MoSAIC feature selection, as introduced by Diez et al. [38].
This method is capable of finding the most relevant collective variables in a dataset and
clusters collectively moving features together.

Similarity Measure

Linear Correlation

As explained in section 2.5, the MoSAIC method works on a matrix with similarity
information of the collective variables. Typically, the covariance or the linear correlation
are used as the similarity measure. The covariance is by design focussing on the largest
motions (variances) (Equation 3.4). This leads to an underrepresentation of small-scale
dynamics in the cluster analysis. It is thus not suitable for this system, where e.g., the
unwinding of the «;-helix is a major feature, which would overly draw attention to the
a1-helix dynamics and suppress others.
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The linear correlation mitigates this problem by focussing on the relative motion of
the collective variables, as for each feature (i.e. each contact distance), the values are
normalized to values between —1 and 1. The covariance definition and various correlation
definitions that will be discussed in the following are given for the mean free variables
dx(t) = x(t) — (x):

Cov = (0xdy) NT (3.4)
Cﬁ/ = m (3.5)
Ox,NTOy,NT
N
B (020 0Yn)T 1
_ = _ o 3.6
Cq:y <O'xn7TO'yn7T >N N ; C Y, ( )
0L 0Yn)T 1 X
cC = Ozndyn)r |\ _ L Coyn 3.7)
Y < O IOy, T >N N zn: ‘ Y, | (

In the typical case of several similarly set up MD simulations, resulting in an ensemble
of molecular trajectories, the linear correlation can be calculated in different ways. The
most straightforward way is to calculate the correlation for the whole set of trajectories as
one concatenated trajectory (i.e. taking the standard deviation over all data points). This
is represented in variant ny (Equation 3.5). However, this normalization over all data
points at once suffers heavily from outlier trajectories. In the case of a major disruption
that happens in just one trajectory, but affects several features, the correlation measure
will see this as the deciding motion and will suppress all other relevant trajectories.
This is visualized in Figure 3.4a, where in each trajectory, features 1 and 2 are clearly
correlated, while feature 3 is not. Yet, due to the major disruption seen in trajectory 3
(e.g. a major disassembly of protein structure), the correlation C;“y will be high between
the three features, as seen in Figure 3.4b (a). This is especially problematic in the system
viewed here, where the photoswitching is known to have a destructive impact on some
trajectories.

By normalizing the correlation for each trajectory separately and then averaging over
all trajectories, the effect of outliers can be mitigated. This approach is represented by
variant C:rBy’ where C,,, ,, describes the correlation seen over one trajectory n. However,
this method fails in the case of anticorrelations. Anticorrelation occurs when two features
are correlated, but with opposite signs: an increase in one feature is coupled to a decrease
in the other. An illustrative example is given by features 1 and 2 in Figure 3.4b, which
are correlated in trajectories 1, 2, and 3, but anticorrelated in trajectory 4. Although
their motion is clearly connected, the averaged value of C:Z/ becomes misleadingly low
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Fig. 3.4.: a: Illustrative time traces of three features in 4 trajectories. Features 1 and 2 are

correlated, with an anticorrelation in trajectory 4. Feature 3 is uncorrelated. Trajectory
3 illustrates an artifactual trajectory where all features are affected (e.g. unexpected
unfolding). b: Corresponding correlation matrices for the definitions C’fy, C’f;, and
cg‘y. C’fy sees correlation in all features due to the outlier trajectory. sz ignores
the anticorrelation. Only C’g; correctly identifies a high correlation between features
1 and 2, but not 3. ¢: PDZ2S example of correlation cancelling: For three pairs of
contact distances the correlations C,, ,, are calculated for each of the 20 trajectories.
For the pair shown in blue, the correlations are positive for most trajectories. For the
pair shown in green, mostly around zero. This is also represented in their averages,
shown as full lines. For the pair shown in red, however, either high correlations or high
anti-correlations are seen in most trajectories. The average of those values according
to ny leads to a possibly misleading mean correlation of around zero, indicating why
measure ng should be used.
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for features 1 and 2, as shown in Figure 3.4b. This exact effect is also observed in
the PDZ2S system analyzed in this work, with an example given in Figure 3.4c. For
instance, the averaged correlation value for C(g6 72),(23,72) is close to zero, even though
the interaction between these two contact distances is clearly relevant — being correlated
in some trajectories and anticorrelated in others.

To address this issue at the cost of losing sign information, variant Cxcy is introduced. Here,
the absolute value of the correlation is calculated for each trajectory before subsequently
averaging over the trajectories. As a result, the averaged correlation value becomes a
measure of the strength of interaction between the two features, regardless of its direction.
As illustrated in Figure 3.4c, the correlation between features 1 and 2 is high, while
correlations involving feature 3 remain low. This matches the intuitive understanding.
When using the linear correlation as the similarity measure for MoSAIC, the variant ng
should always be used as the definition of correlation. The other variants are prone to
unexpected errors.

Mutual Information

A similarity measure that is not as prone to these errors is the normalized mutual
information (NMI) introduced by Nagel et al. [52]. Unlike the linear correlation, mutual
information is not requiring a normal distribution in the underlying stochastic variable.
This makes mutual information the better motivated similarity measure for analyzing the
PDZ2S simulations, as the given non-equilibrium data in the form of contact distances
is not expected to be normally distributed. Also, mutual information finds non-linear
correlations, e.g. for multidimensional data like Cartesian coordinates. The unbounded
mutual information is defined for two random variables X and Y with the Kullback-
Leibler divergence of the joint probability distributions p(z,y) and the product of the
marginal distributions p,p,:

p(z,y)
= 3> S pwlos (). (3.8)

rzeX yeY

Nagel et al. introduced a normalized version of this mutual information (NMI), see [52]
for details. The entropy calculations needed to evaluate the NMI result in considerably
larger computational costs than for the Pearson correlation, however. For the dataset
used in this work, an NMI calculation was feasible. It also proved to be the more stable
similarity measure compared to Cﬁl and thus NMI is used as the similarity measure for
the MoSAIC clustering in this work. All data points were assumed to be part of one
ensemble, so the NMI was calculated over all trajectories (i.e. concatenated).
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MoSAIC Results: Cluster Identification

Using MoSAIC clustering, the number of reaction coordinates can be reduced from 330
to 153. These coordinates are sorted in meaningful clusters of collective motion. The
parameter for cluster resolution v and the minimum cluster size were determined through
a grid search, yielding v = 0.1 and a minimum cluster size of 8 coordinates as the best
options. This means, the minimum average NMI for each cluster is 0.1. It should be noted
that no definitive criterion exists for identifying an optimal choice, and the parameter
choice is somewhat flexible. The resulting clustered similarity matrix and a visualization
of the clusters found for PDZ2S are seen in Figure 3.5. Table 3.3 lists the cardinalities
of the clusters and Table 3.4 lists the contact distances that constitute the clusters. The
labeling of the protein does not follow any biological principle and goes clockwise around

the binding pocket.
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Fig. 3.5.: Left: Visualization of the clusters found using MoSAIC on normalized mutual informa-
tion data for the long trajectories with resolution parameter v = 0.1. Right: Resulting
clustered similarity matrix (330 x 330). Each pixel represents the mutual information
between two residue pairs. The average mutual information of the residue pairs in a
cluster is larger than ~. Of the 330 contact distances, 46 % are not assigned to clusters
and are considered noise (lower right entries).

Cluster [C1 C2 C3 C4 C5 C6 C7
Number of distances assigned \ 50 20 43 32 8 13 11
Tab. 3.3.: Number of residue pairs assigned to each cluster.
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Cluster 1 2 3 4 5 6 7

Contacts  dg 2, dy2 19, d23,72, doa 35, d22,37, dag, dy,97,
dye 50, dy3 18, daa 72, doa 36, d22 38, dag, da,97,
dyo52, dy3 p9, das,72, doa 37, d22,39, da 52, ds1,97,
dy 50, Ay ez, dss,70, da5,28, da3 37, do 92, ds2,97,
dyu 52, dya s, d3e,70, das 35, d2338, d3.6, d54,95,
du2 46, Az 9, dse,71, da2536, d2339, ds 92, ds4.96,
du2, 47, da 20, d3675, da537, d2a39, d4,92, d54,97,
dy2.49, dys 18, d36,76, da26,29, doara d4,93, d56,95,
dy2 50, Ay 19, de2 75, dae 31, d4,94, ds6,97,
dus, 46, ds 83, de2,82, dae 34, dy,95, d92,95,
dug 45, dye 19, d63 78, da6 35, d4,96, dga,97
dy9,46, dye 83, dgs,71, d26,36, ds,92,
dyg 47, dya 22, dgs 74, dae 37, ds 93
dgn 40, dmazz, des 75, dgg,72,
dop 41, dyg 22, des, 70, da730,
don 42, dyg 22, dee,71, daz 31,
dop s, dumyzz, dg,72, doz 33,
dg0,46, dn9,36, de6755 dar 34,
dgp a7, dug 88, de7,70, daz,72,
da1,39, day 38 de7,72, dag 31,
da140, de7 75, dag 32,
da1,46, de7 78, dag 33,
da1,47, de7 78, dag 34,
d232 40, de7 79, dag 37,
da2,42, deg, 715 dag 67
d3gat, deg,72, dag 32,
d40,53, de9,72, d3134,
dao 54, dro,73, d3135,
day,47, dr70 74, ds1;37,
d41.48, 70,75, d31 58,
da153, d71 74, d33;37,
du1 54, dr1 75, dza 37
da2a5, dr2 75,
dy2.48, dr72 6
dy3 43, dr3
dua,48, dra,
dag 49, dras,
da5 485 dizs 28,
das 49, dus 9,

d 46,49, d7680,
d 46,50, drg 82,
d 46535 dg2,85,
da7 50, dg2 86
da7 51,
d47 52,
d47j53,
d4g 51,
d49 52,
d50,535
ds1,54

Tab. 3.4.: PDZ2S contact distances attributed to clusters. Secondary structure elements and
important loops of the protein are color-coded: |81, |12, B2, B203, B3, Psai,

o1, a1Ba, Ba, Bs, Bsoa, aal, asfs, B
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MoSAIC Results: Discussion

Large portions of the protein are covered by this resulting set of contact distances. Cluster
C1 covers the a;-helix and the surrounding area impacted by its dynamics. Cluster C2
covers the flexible (3 82-loop, which has been shown to play a role in important confor-
mational changes of the protein before [16]. Cluster C3 covers the region around the
ap-helix, which is expected to be directly affected by photoswitching. Cluster C4 covers
the (3, 3-loop, which also plays a role in important conformational changes [16]. Cluster
C5 links the beta strands /32 and 3 and contains a contact distance across the binding
pocket to the as-helix.

Clusters C6 and C7 represent the dynamics in the N- and C-termini of the protein domain.
While exhibiting high mutual information internally, these two clusters seem uncoupled
from the rest of the protein in terms of instantaneous dynamics, as seen with the striking
low NMI lines across the matrix in Figure 3.5. This is not surprising, as the loose ends of
the amino acid chain inherently don’t feature stabilizing secondary structures and are
free to move rather unpredictably, compared to the rest of the protein. The coordinates of
these two clusters are thus not of high interest and the work will focus on the dynamics
of clusters C1-C5.

The resulting clusters cover all regions of the protein where internal motion is expected.
Residues of the beta-strands (31, 54 and (g are rarely found in the clusters, despite being
heavily represented in the initial set of distances that form contacts (as seen in Figure 3.1).
This indicates their role as a stabilizing scaffolding in the protein domain, that does not
show major contribution to the domain’s dynamics.

Compared to other systems [38], and especially the similarly set up PDZ3 analysis by
Ali et al. [48], where distinct clusters with low correlations between separate clusters
were observed, high cross-correlations between clusters C1-C5 are seen here. With NMI
and correlation being instantaneous measures, this indicates that there is a high general
response to photoswitching in the system, vastly across the protein.

Stability of the Results

The stability of these results is quite high. Due to the non-deterministic nature of the
underlying Leiden community detection algorithm small clustering variations are seen
(~ 1 feature per cluster), but these are negligible. With the several simulation datasets
at hand, several databases could be chosen for the clustering. Here, the long NEQ
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trajectories were used, as the focus of the upcoming analysis shall be laid upon NEQ
dynamics and as these are expected to be more converged than the short NEQ trajectories.
For comparison, MoSAIC clusterings have also been performed on the above listed other
datasets and with generally similar pictures drawn, the results are stable !.

An additional observation worth noting is that MoSAIC does not require high time
resolutions to gain stable clustering results. A comparison of results for different time
resolutions is given in the appendix in Figure A.1.

Resulting Datasets

In summary, for the following analyses on PDZ2S the following datasets will be used,
if not mentioned otherwise. The datasets feature a time resolution of 2ns, due to the
Gaussian filtering applied.

NEQ: Of the originally 100 short trajectories, 75 x 1 us are selected, and of the original
20 long, 14 x 10 us trajectories with intact as-helices are selected.

EQ: Of the original trajectories, the first 3us are treated as relaxation periods and are
therefore discarded. Of the 6 x 10us cis EQ trajectories, 3 are selected and 5 of the
6 x 10us trans EQ trajectories with intact ao-helices are selected.

MoSAIC: Using the MoSAIC feature selection, clusters 1 to 5 are selected. They cover the

relevant regions in the protein and show cross-correlations among each other.

!The clusterings for the long and short trajectories are also quite similar, which sounds unintuitive at first,
but can be explained when looking at the starting positions of the trajectories. Some short trajectories
seem to start out in a cis, some in a trans position, leading to a similar bandwidth of conformations like
the long trajectories that start in cis and end in trans.
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Non-Equilibrium Response of
PDZ2S

This chapter focuses on the non-equilibrium response of the PDZ2S system to the pho-
toinduced opening of the binding pocket, which mimics ligand binding to the protein
domain. Using the datasets and contact clusters selected in the previous chapter, the
dynamic response is analyzed with the aim of characterizing potential allosteric com-
munication pathways. The timescales on which key structural processes occur will be
analyzed and compared to experimental observations. Then, the equilibrium simulations
of the cis and trans states are examined to identify their defining characteristics, and the
non-equilibrium datasets are analyzed for transition paths between these states.

Non-Equilibrium Photoinduced Response of Contact
Clusters

This analysis aims to identify the response to switching the system from cis to trans, in a
cluster-resolved manner. For this, a combination of the short and long non-equilibrium
trajectories is taken at hand. The side chain dynamics will be described by the breaking
and formation of non-covalent bonds (contacts) over time and by the change in ensemble-
averaged contact distances.

For each cluster C,,, the net change in formed contacts K, (¢) and number of formed
contacts normalized to the number S, of residue pairs p in each cluster, K/°™(¢), are
given. The ensemble-averaged number of contacts per cluster at time ¢ is defined as

peCh
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N

Here, (...)y denotes the ensemble average over the NV trajectories. A contact is con-
sidered formed if the contact distance d, for the residues pair is below the threshold of




deat = 4.5 A, as determined by the Heaviside function ©. From this, the net change in
contacts is given by K,,(t) = K, (t) — K,,(0), and the normalized change is defined as

Ko () — <; Z O(deut — dp(t))> . (4.2)
N
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In other words, the quantity K]°™(¢) describes the fraction of residue pairs within a
cluster that are forming a contact at time ¢. As a reminder: all residue pairs in the clusters
are in principle capable of forming contacts — though not necessarily simultaneously —
and have formed a contact at some point during the simulation, according to the applied
contact definition (see section 3.2). As a third measure, the absolute change in contact
distances, averaged over the cluster components, is defined as

1
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Fig. 4.1.: a: Net change in the number of formed contacts per cluster, K,,. b: Normalized number
of formed contacts per cluster K°™. c¢: Absolute ensemble-averaged change in contact
distances r,. All panels: Short and long non-equilibrium trajectories. The end of
the short trajectories is marked with a dotted vertical line. Shaded areas indicate the
standard error of the mean.

Figure 4.1 shows the response of these three measures after the photoswitching. The net
change in the number of formed contacts per cluster K, (¢) is shown in the left graph,
and the relative number of contacts formed K[°™(¢) is shown in the center. The right
panel shows the distance change r,(¢). All three quantities are ensemble averages over
the combined dataset of the 75 trajectories of 1us length and the 14 extended 10us
long non-equilibrium trajectories. At a time of 1 us, the shorter trajectories end, and the
averages are from that point on computed solely from the smaller ensemble of longer
trajectories. This reduction in ensemble size results in discontinuities and increased
fluctuations beyond the vertical dotted line at 1 us.
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As a general remark on the quantity of absolute contact distances: by construction, this
measure is always positive or zero. For large ensembles of equilibrium simulations, it
is expected to converge to zero, since no net change in distances occurs. For the small
ensemble of equilibrium trajectories analyzed in this work, however, values up to 0.5 nm
are reached over 10 us, providing a reference scale for the level of fluctuations expected
under equilibrium conditions. The significantly larger increases observed in Figure 4.1c
therefore exceed this baseline and are indicative of a genuine non-equilibrium response
rather than statistical noise.

The three quantities will be analyzed for the clusters C3 and C5 right at the photoswitch
first, and for the more distant clusters C1, C2, and C4 in the section thereafter.

Local Response to Photoswitching

The clusters 3 (= as-helix) and 5 (= B983-sheet) will be used to describe the local
response to photoswitching, as they are positioned at the binding pocket.

Cluster 3 The number of contacts formed in cluster 3 (Figure 4.1a, b) decreases approx-
imately logarithmically over time from 34 % to 23 %, corresponding to a reduction of four
contacts in total. Contrary to the steady logarithmic decrease over the whole simulation
time in the number of contacts, the average change in contact distances only shows a
small logarithmic increase of 0.5 A up to 5us, followed by a sudden increase up to 1.2 A
afterwards (Figure 4.1c). The late, sudden jump seen for the distance changes does not
seem to be linked to instantaneous contact changes, but indicates that some contacts had
to be broken to allow for the later distance change.

Looking at representative distances in Figure 4.2b-c, this process can be seen as a
restructuring of the non-covalent bonds between the «s-helix and the region of the
Bs-strand with its surrounding residues. Figure 4.2b shows the breaking of the previously
stable bond between residue 25 in the $383-loop and the residue 72 close to the as-helix
(das,72), starting at around 5 us. The as-helix moves away from its initial position towards
the direction of its ASN81-end, parallelly to the f2-strand. It is forming new stabilizing
contacts at around 5 us with the end of the 84-strand (de2, 75, Figure 4.2d) and the loops
around the (s-strand, seen e.g. with dg7 72. The process is visualized in Figure 4.2a.
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Fig. 4.2.: Local non-equilibrium responses in C3 and C5. a: Visualization of the rearrangement
in the C3 region. The ap-helix shifts "up" towards its ASN81 end, and the Ss5as-
loop forms new stabilizing bonds. b, ¢, d: Probability densities of observed contact
distances across the non-equilibrium trajectories. The 0.45 nm contact definition line is
marked horizontally, the end of the short non-equilibrium trajectories is marked at 1 us,
vertically. Starting at 5us, the da5 72-bond breaks, while the dg2 75- and dg7,72-bonds
are formed. e: Visualization of 85 and f33 drifting apart at one end as /3; bends. f, g:
Cis and trans equilibrium distributions and non-equilibrium time evolution of ro; 24
and 724 36 C,-distances, showing 32 bending, and /5, and g5 drifting apart, respectively.
In the equilibrium histograms it becomes apparent that the bonded §-sheet is the
favored conformation in the cis equilibrium simulations, while trans shows a significant
occurrence of a broken j-sheet. Both ensemble averages shift from the typically cis-
sampled distances towards more typically trans-sampled distances.
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Cluster 5: Bending of the 3»-strand For cluster 5, three out of eight possible contacts
break over the course of 10us (Figure 4.1a). Similar to the cluster’s average change in
contact distances of 1.4 A in total (Figure 4.1c¢), this occurs in a stretched-exponential-like
manner. The contacts breaking here are -sheet bonds between (3, and 3. This is
connected to an outward bending of the /3;-strand on the microsecond timescale, which
becomes evident when examining the C,-distances 124 36 and 721 24 given in Figures 4.2f
and g. The first distance describes the spacing between the two ends of the 3-strand and
shows a decrease over time, indicating the bending. The latter reflects the increasing
distance between the end of the fs-strand and the beginning of the f3-strand, which are
initially in contact but separate over time. Bonds between f-strands have been shown to
break under mechanical forces [53], and the directly attached photoswitch could be the
cause of this. The process is illustrated in Figure 4.2e.

Long Distance Response

In this section, the focus shall be laid upon the more distant response sites at cluster 1
around the a;-helix, cluster 2 at the /31 8>-loop and cluster 4 around the f233-loop, as
well as the response site at the C-terminus, that was found by Buchenberg et al. [16].

Cluster 1 The percentage of formed contacts in cluster 1 drops from 60 % to only 36 %
over the course of the simulations (Figure 4.1b). This process of breaking contacts starts
from 100 ns on and happens exponentially in time. Both in relative and absolute change in
number of contacts this is the strongest response seen among the clusters. Conjointly, the
average change in contact distances reaches about 2 A per residue pair during simulation
time in a stretched exponential manner (Figure 4.1c).

The underlying process of these changes is an unfolding of the «;-helix. This can be
seen representatively in the interhelical contact distance d47 50 (Figure 4.3a), which, after
starting out as a stable contact, fulfills the condition of a contact in less than half of the
ensemble at the end of the simulation time, matching the results presented in Table 3.2.
Additionally, contacts of the «;-helix are lost with the 3; 82-loop (d20 41, Figure 4.3b) and
the F3aq-loop (daz 45, Figure 4.3¢). This shows that there is a high likelihood of the helix
unfolding during the course of the non-equilibrium response and that the whole region
of cluster 1 is rebuilt into a more flexible loop-like structure.

This long distance response from the binding pocket to the a;-helix is also seen in form
of log-periodic oscillations in contact distances like da3 51, see Figure 4.4. These findings
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suggest that the processes in the binding pocket and the distant «-helix are likely coupled
via staircase shaped free energy barriers [41]. The log-periodic oscillations found here!
appear with a period of 7,;, = 1.49 orders of magnitude. As introduced by Dorbath et al.
[41], this is to be interpreted as a period in logarithmic time: whereas a linear time

period 7 characterizes time series such as cos ( 27”75), a logarithmic period refers to time

series of the form cos (2—”9 ln(t)).
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Fig. 4.3.: Cluster 1: Probability densities of contact distances across the non-equilibrium tra-
jectories. The 0.45nm contact definition line is marked horizontally, the end of the
short non-equilibrium trajectories is marked at 1us, vertically. d47 50 is a distance
inside the «;-helix, while dsg 41 and da2 4s describe bonds between the «;-helix and
the (31 82-loop and B3« -loop, respectively. All three contact distances typically start out
with a non-covalent bond (d < 0.45nm), but lose their bonded nature over the course
of the simulation.
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Fig. 4.4.: Log-oscillations seen in dg3 51, reaching from f,-strand to a4-helix region. In blue,
the ensemble-averaged C,-distance is given, in red a log-oscillation fit with period
Tiog = 1.49 is given. The inset shows the same data, adjusted for its linear increase to
clearly point out the log-oscillatory behavior.

!The 14 long NEQ trajectories have been used as the underlying dataset. Fourteen trajectories is a small
ensemble size for such an analysis. Yet, the oscillations are still visible for the shorter dataset with 75
trajectories up to the trajectory end at 1 us, indicating that these are genuine dynamics and not just noise.
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Cluster 2 Cluster 2 does not show changes this large, as it only forms between one and
two additional contacts over the simulation time (Figure 4.1a). The average contact
distance change increases exponentially to a modest 1 A within the first 3 us, after which
it plateaus, indicating a stable conformation beyond 3 us (Figure 4.1c).

Cluster 4 Cluster 4 shows a more dynamic behavior than cluster 2: While the number
of formed contacts remains relatively stable — gaining two additional contacts over the
course of the 10us simulation - the average contact distance changes considerably. It ex-
ceeds 2.2A per residue, which is the largest change seen among all clusters (Figure 4.1c).
This reflects a considerable restructuring in cluster 4, which is linked to the transitions
observed in neighboring clusters 3 and 5. In cluster 4, effects of the rearrangement
of the ay-helix — previously described for cluster 3 and illustrated in Figure 4.2a — are
clearly visible. In line with the rearrangement of the as-helix, the previously described
breaking of the dy5 72 bond (associated to C3) is replaced by the formation of the da7 72
bond (associated to C4, Figure 4.5), which better accommodates the new position of the

ao-helix.
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Fig. 4.5.: Cluster 4: Probability densities of contact distances across the non-equilibrium tra-
jectories. The 0.45nm contact definition line is marked horizontally, the end of the
short non-equilibrium trajectories is marked at 1us, vertically. The distance da7 72
connects the 35033-loop to a residue near the as-helix, where a non-covalent bond
forms after 5us. The distance da4 35 lies at the interface between the (8, (5-sheet and
the (2 83-loop. It responds to the separation of the 3-sheet by breaking its non-covalent
bond starting at 5us. The distance da7 33 is located within the §;3s-loop itself and
increases continuously over time.

The effects of the -sheet separation in cluster 5 are also visible in cluster 4. This
is prominently reflected with the steady decrease in bonds in the cluster 4 contact
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distance do4 35 (Figure 4.5) close to the f(f33-sheet. Neither the formation nor the
breaking of contacts is dominant here, however. Instead, many contact distances of non-
bonded residue pairs are continuously increasing, likely caused by the (35- and f3-strands
departing. For instance, the distance dy7 33 (Figure 4.5) is continuously increasing, after
the contact distance surpassed the bonding criterion of 0.45 nm.

C-Terminal Response Comparing PDZ2 to the well-analyzed PDZ3, where allosteric
communication was found between the binding pocket and the a3-helix at the C-terminus
of the protein domain, it is natural to ask whether there is also communication to the
C-terminal end of the protein domain in PDZ2. From the MoSAIC analysis in section 3.4
it was already visible that the clusters 6 and 7 at the N- and C-termini show very little
correlation to the rest of the protein, due to their unbound and independent nature.

Buchenberg et al. [16] previously suggested a non-equilibrium response in the C-terminal
distance dys o7 after the photoswitching was done?. This distance is revisited in Figure 4.6.
The mean values do not show significant changes from its starting value on, considering
the standard error of the mean (Figure 4.6a). The average distance holds limited
significance in this context anyway, as becomes apparent when looking at the clearly
non-Gaussian distribution in the free energy (Figure 4.6b) and in distance time-traces
with resolved probability densities (pFigure 4.6c). The C-terminus indeed predominantly
exhibits random fluctuations with a few slightly preferred distances (0.3 nm and 1 nm),

but hardly no overall trend.
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Fig. 4.6.: For the contact distance between residues 92 and 97, the mean of the time evolution is
given with the standard error of the mean in gray in a. In b, the free energy landscape
for the long trajectories is shown. In ¢, the time-traces with sampling probability
densities are shown. A significant response to the photoswitching is hard to argue here.
The black vertical lines indicate the dataset reduction after 1 us in a and b.

2Note: The reference uses zero-based indexing (residues 91 and 96), whereas one-based indexing is used
in this work.
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There are several methodological differences between the analysis of the C-terminus in
reference and in this work to note: here, contact distances are used, whereas the reference
relied on C,-distances. Additionally, the approximately 25 % of trajectories featuring a
breaking of the «s-helix are excluded here, as they were deemed unrepresentative of wild-
type PDZ2 (i.e. PDZ2 without a photoswitch) behavior. Also, here, the ensemble averaged
distance values are placed on a scale more representative of the range of fluctuations,
which becomes apparent when inspecting the free energy and probability density along
this distance in Figure 4.6b and c. The averaged distance increases by 0.1 nm in the better
sampled first 1 us, but this remains negligible in a high-fluctuation environment, where
distances in a range between 0.3nm and 1.7 nm are frequently observed. Notably, this
increase stays within the bounds of the standard error of the mean and can thus hardly
be considered a response to the cis to trans transition of the photoswitch.

Local and Long Distance Response Summary Local non-equilibrium responses are seen
with a rearrangement of the as-helix and a destabilization of the bond between the ;-
and f3-strands. The (35/33-loop is affected by this and restructures. A more long-range,
allosteric response is seen in the unfolding of the «;-helix. Overall, contact changes and
large-scale restructuring both locally and at distant sites are caused by the cis to trans
transition of the photoswitch, indicating allosteric propagation across the protein.

Timescale Analysis

To understand the biomolecular timescales relevant for this system, it is instructive to
compare the experimental data with the simulation data. This helps to identify which
dynamic processes contribute to the overall behavior of the system and how these
contributions differ between structural regions. The analysis was performed following
the dynamic content calculation procedure described in section 2.7.

The simulation data was analyzed based on the contact distances of clusters 1 to 5,
using the 14 long non-equilibrium trajectories introduced in the previous chapters. The
dynamic content in the simulations is shown in Figure 4.7 b and d (overall and cluster
resolved dynamic content, respectively). While an analysis using all C\,-distances in the
PDZ2S dataset has been performed already [12], the present analysis offers a refined,
cluster-resolved view.
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This cluster resolved view is the key advantage of using simulation data, featuring its
ability to break down the overall dynamics observed experimentally into contributions
from specific regions and structural processes. This enables a mechanistic interpretation
of the peaks observed in the experiment. When a shared timescale appears in both,
the simulation data can help locate the structural regions responsible for the signal
in the experiment. A direct comparison of absolute dynamic content values between
experiment and simulation is not meaningful, however. In experiment and simulation,
different observables are recorded (spectroscopic time traces vs. contact distance time
traces). From these, different projections of the dynamic content in the protein are
calculated, making their amplitudes hard to compare — therefore only the timescales will
be compared.

The experimental dynamic content for the non-equilibrium PDZ2S system, shown in
Figure 4.7a, features peaks at 0.6 ns (I), 10ns (II), 100ns (III) and at 4us (IV). The
experimental data is taken from [12]. In the following subsections, the experimentally
observed peaks will be discussed in detail. Using the simulation data, we aim to explain
the molecular origin of these timescales, beginning with the longest timescale, the 4 us

I b

experiment v

peak.

[sim: C1-C5 overall IV

0.0

102

10-t 100 10t 10* 10® 10% 100 10? 10? 104
t [ns] t [ns]
d C1 C2 == (C3 == (C4 = C5
0.15 — A B BT )
sim: binding = 03 gim: C1-C5 V]

= 0.10 | pocket ool it
=l = 0.
= I IT <Y
£ 005} 0.1
Q

0.0

0‘ ( d d I. . il IA I.
O'f(rl 10 10t 10% 103 10° 10! 102 103 104
t [ns] t [ns]

Fig. 4.7.: Timescale analysis and dynamic content results. a: Experimental data from [12]. Four
major peaks are visible. b: Simulation results for the overall dynamic content in contact
distance clusters 1 to 5. The peaks III and IV can also be identified here. The peak
at 10ns does not prove to be statistically significant. ¢: Dynamic content of all C,,
pairs of the 3;-strand and the as-helix. Here, the peaks I and II seen in experiment
can be identified. d: The result of b, but cluster-resolved. Peak III can be attributed to
dynamics in C4, peak IV to dynamics in C1, C3 and C4.
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Peak IV: a1, a2 and (235 Regions

The experimentally observed 4 us peak is clearly reflected in the simulation’s dynamic
content, where the cluster-resolved analysis (Figure 4.7d) localizes this timescale pre-
dominantly in clusters 3 and 4. The peak in dynamics in cluster 1 at 2.5 us can likely also
be attributed to the experimental peak at 4 us, considering the expected variability in
timescale between experiment and the approximating simulation.

The dynamics at this timescale can in fact be traced back to the processes already de-
scribed for clusters 1, 3 and 4 in the previous section, as they all appeared on a 2us to
5us timescale: The a;-helix unwinds on this timescale, with many bonds breaking in
its proximity (cluster 1). The as-helix rearranges in a restructuring of the non-covalent
bonds between the as-helix itself and the region of the S5-strand (cluster 3). Finally, the
B203-loop restructures (cluster 4) (see the previously described Figures 4.3, 4.2a and 4.5,
respectively).

Among these three processes, the unwinding of the «;-helix represents a distal structural
response and can be interpreted as an allosteric effect of the cis to trans transition of the
photoswitch.

Peak lll: 8;35-flip

A likely counterpart to the experimental 100 ns peak appears at 300 ns in the simulation.
This can be traced back to the other significant peak in cluster 4: A different reordering of
the 3533-loop can be seen at this timescale, involving 22 of its 32 contact distances. The
loop orients itself from a rather weak association with the scaffolding strands 2, 33 and
B4 to the region 5/ aq, as displayed in Figure 4.8. The process is visualized in Figure 4.8a
and three representative contact distances illustrate this transition in Figure 4.8b.
Initially, the most likely starting position of the loop’s outer segment (residues 28-31) is
close to the f3-strand, as indicated by the contact d3; 37 between the loop and the 33-
strand. This contact then breaks, and the loop flips towards the (5/ao-region, decreasing
the distance to the S5as-loop dag ¢7. The final position is stabilized by a new contact in
the outer loop, seen in dog 31.

Loop dynamics tend to be sensitive to the chosen the force field [34]. In this case,
the now-outdated force field Amber99 was used. This could explain the difference in
timescale between experiment and simulation (100 ns vs. 300 ns) for the loop-region.
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Fig. 4.8.: Peak III: B583-flip. a: Reordering happening in cluster 4 at the 300 ns timescale.
The outer part of the loop (= res. 28-31) flips over from the 35 side of the protein
to the « side. The d3; 37 bond breaks and residues 28 and 67 approach each other.
A new bond is formed in dsg 3. b: Probability densities of the mentioned contact
distances across the non-equilibrium trajectories. The 0.45 nm contact definition line is
marked horizontally, the end of the short non-equilibrium trajectories is marked at 1 us,
vertically.

Peaks | and IlI: Binding Pocket

Note on methodology The second-largest peak seen in experiment, the 10 ns peak,
is not nearly as prominently pronounced in the contact distance simulation data in
Figure 4.7b and d. In fact, even though a peak is visible at that timescale for cluster 5, a
careful investigation of the underlying data shows that this peak is likely not significant:
This timescale analysis was performed solely on the 14 elongated non-equilibrium
trajectories, which represent a relatively small sample size. The combination of the
long and short trajectory datasets introduces artifacts and could not be used for
the timescale analysis, as explained in Figure A.3 in the appendix. Hence, the long
trajectories have been used for calculating the dynamic content, as they allow to still
represent long timescale dynamics. However, the peak at a 10ns timescale can be
better understood using the better-sampled short trajectory dataset, as it lies well
inside its time boundaries. When using those trajectories, the 10 ns peak no longer
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appears in the equivalent contact distance timescale analysis of cluster 5, indicating
that the small peak observed in Figure 4.7b is likely a statistical outlier.

The question arises why the clear 10 ns experimental peak is not as prominently visible
in the simulation data. The answer may lie in the nature of the internal coordinates
chosen. An inherently important region of the system is its binding pocket. Yet, only
one contact distance spanning it (da4,77) is found in the collective variables of clusters
1 to 5. Six further contacts (da21 79, d22.76, d22.77, d23.72, d23 79, d24 72) exist in the full
set of the 330 contact distances, but were identified as noise in the MoSAIC clustering
process. These contact distances indeed do not exhibit relevant dynamics on the 10 ns,
except for day 76 which does not show any contact breaking or formation that could be
considered relevant, however. Given that the photoswitch already enforces a covalent
bond across the binding pocket, the dynamics in this region may be more closely tied
to backbone motions. Instead of contact distances, C,-distances are better able to

describe these.

Performing a timescale analysis over the C,-distances of the binding pocket (all residue
pairs between the fs-strand and the as-helix) reveals a dynamic content peak at 10 ns
(Figure 4.7c). This suggests that the experimentally observed short-timescale response
is likely associated with opening motions of the binding pocket. To maximize the time
resolution (up to 20 ps) no temporal filtering was applied on the underlying distances
traces for this analysis.

In addition to the 10ns peak, two further peaks emerge in this analysis. A first peak
is seen at a timescale of 0.1 ns, which reflects a faster component of binding pocket
dynamics, and it could be attributed to the 0.6 ns peak (I) seen in experiment. While
the timescales differ between experiment and simulation, both may reflect early motions
localized in the binding pocket. Deviations on these timescales can be expected close
to the photoswitch, given the limited validation of the force field for the azobenzene
photoswitch. Finally, a broader peak is seen in this analysis around 200 ns. It is likely
connected to the similar peak seen in cluster 4, which is in proximity and can explain the
dynamics at that timescale.

These findings support a two-step model of binding pocket opening, occurring on distinct
timescales 0.1 ns and 10 ns, as seen in the representative C,, distance time trace between
residues 24 and 77 (Figure 4.9). Importantly, this two-step behavior does not seem to
be mediated by a "zip-lock"-like sequential breaking or forming of contacts, as no such
patterns were observed among the 330 contact distances examined.
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Fig. 4.9.: C,-distance between residues 24 and 77, spanning the binding pocket from the /-
strand to the as-helix. The black line shows the ensemble average over the short
non-equilibrium trajectories at a time resolution of 20 ps, with the standard error of
the mean given in gray. The fitted multiexponential function is shown in red, and the
corresponding fitting amplitudes s; (cf. section 2.7) for each timescale are displayed in
blue. An initial pronounced 0.04 nm opening of the binding pocket occurs on a 0.1 ns
timescale, followed by a further 0.04 nm opening on a slower 10uns timescale. The
subsequent decrease in distance does not reflect a closing of the binding pocket, but
instead results from a lateral shift of the as-helix along the pocket.

While this analysis was specifically targeted at identifying the fast timescale dynamic
content in the binding pocket, it is likely that such dynamics are not observed elsewhere.
In the standard, filtered analysis (shown in Figure 4.7b and d), the experimental timescale
at 0.6 ns cannot be expected to appear, due to the limited time resolution of 2ns (see
section 3.5). However, even when analyzing all 330 contact distances without applying a
filter, this timescale appears in only a single distance: ds2 7¢. But even for this distance,
the change at that timescale does not reflect contact formation or breaking, as the distance
decreases but remains outside from typical contact range (see Figure A.4 in the appendix).
No similar feature is seen in any of the 330 other contact distances across the protein.
Thus, the 0.6 ns dynamic appears to be localized nowhere else but the binding pocket.

Timescale Analysis Summary

In summary, four important dynamic timescales were found in the experimental data
at 0.6 ns, 10ns, 100 ns and 4 us. Corresponding peaks in the simulation appear at 0.1 ns,
10ns, 300 ns and 4 us. The experimental peaks can thus be linked with specific internal
processes: The early experimental peaks at 0.6 ns and 10ns can be linked to opening
motions of the binding pocket, which are visible in its backbone structure. On a timescale
of hundreds of nanoseconds, the reorientation of the 35 33-loop from the §3-strand toward
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the as-helix occurs. The experimental 4 us peak can be explained by restructurings
around the binding pocket — specifically involving the 35-strand and the as-helix — as well
as by the distant unwinding of the «;-helix. Among these processes, the «;-unwinding
and the associated restructuring of the region around the «a;-helix can be considered
as an allosteric process, while the other explained dynamics primarily describe direct
reactions in the photoswitch region.

Free Energy Landscape Analysis of the Cis to Trans
Transition

A primary goal of the analysis is to understand how the conformational shift from the cis-
conformation to the trans-conformation of PDZ2S is done. The three different simulation
setups should help to understand this transition: The cis and trans equilibrium simulations
aim to clarify typically occupied cis and trans conformations, while the non-equilibrium
simulations aim to resolve the transition from cis to trans. To identify the relationships
between these three simulation sets, a low-dimensional free energy landscape (FEL)
analysis shall be performed. For this, a PCA will be carried out. The PCA will capture
the dynamics with the most variance. For all following analyses, the contact distances of
clusters 1 to 5 will be used, if not mentioned otherwise.

Principal Component Analysis

The PCA is performed on the non-equilibrium data, as the goal is to reduce the dimen-
sionality of the dataset that samples the transition. The cis and trans equilibrium data
will be projected onto the same principal components, to allow for comparability of
conformations between equilibrium cis, equilibrium trans and non-equilibrium.
Between the two dataset options — 14 trajectories of 10 us length and 75 trajectories of
1 us length — the longer trajectories are chosen. They constitute more data points and,
due to their extended simulation times, offer a higher likelihood of relaxing into a trans
equilibrium state.

As input features to the PCA, the normalized and filtered (with a 2 ns Gaussian kernel)
contact distances of contact clusters 1 to 5 are used. This selection already reduces noise
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in the input features and shifts attention to important, collaborative dynamics.

The resulting free energies, cluster contributions, cumulated covariance, lifetime, and
entropy statistics of the PCA are displayed in Figure 4.10. The first four principal compo-
nents explain 56 % of the variance (24 %, 17 %, 8 %, and 7 %, respectively). This suggests
that a substantial portion of the proteins conformational changes can be described with
just a few collective motions.

While the dynamics along the principal components are complex, an approximate and
abstract structural interpretation can be made with the help of Figure 4.10b. It shows the
contribution of each contact distance to the eigenvectors, grouped by clusters. The red
lines indicate the average of the modulus of the eigenvector entries per cluster, to indicate
the importance of a cluster to an eigenvector. For example, in the fourth eigenvector,
contact distances from cluster four have a particularly strong influence. A very abstract
interpretation of dynamics along PC4 can thus be made by looking at this cluster 4:
High values of PC4 reflect the completed restructuring described for cluster 4 earlier in
Figure 4.5. Next, the third principal component is heavily influenced by dynamics in
cluster 2: low values reflect a stronger binding of the 31 3-loop to the ;- and S4-strand,
higher values indicate more flexibility in the loop. For the second and first PC, many
dynamics come into play, but major contributions are seen from cluster 1 here, which
shows the «;-helix unwinding along increasing PC1 and PC2 values.

Defining Cis and Trans in Equilibrium

From previous works it is known that actual convergence of the non-equilibrium trajec-
tories to trans states is rarely seen [18]. To find these transitions from cis to trans, a
definition of the cis and trans conformations is needed first. For this, the definitions will be
based on FEL projections of the cis and trans equilibrium trajectories onto the previously
described non-equilibrium principal components. The free energies are calculated using
the binning method described in section 2.9.

Figure 4.11 shows the distributions of the equilibrium trajectories projected onto the
first four principal components. While some PCs, like the third PC, barely separate cis
from trans, others, like the first and the fourth PC, work as good discriminators. This is
also quantitatively described by the Wasserstein distance (also known as Earth Mover’s
Distance), which measures the dissimilarity between two probability distributions [54].
The fourth principal component has the largest Wasserstein distance here, marking it as
the best discriminator, followed by the first principal component.
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Fig. 4.10.: (a) Free energies along the first 8 principal components. (b) Contribution of each
contact distance to each eigenvector. The red lines indicate the mean modulus of the
eigenvector entries, to indicate the importance of a cluster to an eigenvector. (c) shows
the cumulative sum of the eigenvalues. (d) shows the lifetime of the autocorrelation
functions for each eigenvector. (e) shows the entropy of the free energy for each
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Fig. 4.11.: Distributions of the equilibrium trajectories projected onto the first four principal
components. The Wasserstein distance between the cis and trans distributions is
given, with high values indicating greater dissimilarity between distributions and thus

between the conformational ensembles of the two states. The first and the fourth

principal components separate cis and trans the best.
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A two-dimensional free energy landscape of the equilibrium trajectories along these first
and fourth non-equilibrium principal components is given in Figure 4.12a. The cis and
trans regions (red and blue, respectively) can be clearly separated in this two-dimensional
projection. Panels b and c of this figure will be discussed in subsection 4.2.3. One has
to keep in mind, that this representation with just two principal components describing
31 % of the variance is prone to projection errors, i.e., a conformation might appear to lie
in the cis region within this 2D projection but could, in fact, be better associated with a
transitional state when additional dimensions are considered [36].

EQ FEL NEQ Trajectory 20
8.993 9.909 10
10 B cis FEL 4 I cis FEL
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g 7.037 8.023
5 ¥ — —~ =
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Fig. 4.12.: Free energy landscape projections along principal components 1 and 4, with consistent
axes across the figures. a: Free energy landscapes of the equilibrium cis (red shades)
and trans (blue shades) simulations. Distinct, non-overlapping minima regions exist
for both states in this projection. b: Free energy landscape for the 14 long non-
equilibrium trajectories, showing sampling of both cis and trans regions, as well as
intermediate regions. The minima sampled for PC1 values larger than 10 correspond
to a complete disintegration of the o -helix region, which is not part of the equilibrium
minima in panel a. ¢: A representative non-equilibrium trajectory (index 20) is
overlaid onto panel a as a time-trace, revealing that the transition from cis to trans
minima occurs at 9.2 us.

A conformation will only be regarded as cis- or trans-typical if it lies in the respective
region across all first four principal components. Conformations that fulfill this for
all four principal components are considered cis or trans, respectively. Higher-order
principal components would only contribute marginally to this separation, as shown in
the appendix (Figure A.5).

The system with the photoswitch attached in its cis-form is frustrated. The first two
principal components already suggest that the cis states are not ergodically sampled, as
there are unconnected regions along the most important principal components, when
revisiting Figure 4.11. The cis projections are based on three equilibrium simulations only,
and all mostly sample one independent minimum, each. The system features multiple
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co-existing states rather than a single stable conformation. Buchenberg et al. [16] already
showed that the cis conformations consist of several conformational states. The frustrated
nature of the cis system is also visible in simpler metrics. It can already be seen when
looking at the distribution of the width of the binding pocket (C,-distance) in equilibrium
in Figure 4.13. The distribution varies considerably across cis trajectories, with each
trajectory favoring a different minimum between 1.15nm and 1.40 nm. In contrast, all
trans trajectories predominantly sample around a consistent C,, distance of 1.45 nm, with
the single exception of trans trajectory 2.

Cis EQ Trajectories Trans EQ Trajectories

1.8 4 1
16 = traj index 1
? © = traj index 2
— traj index 3

~ 1.4 4 1 L

< = traj index 4
B = traj index 5
= 1.2 4 - - i
= traj index 6

1.0 4 1

T T T T T T T
0.0 0.5 1.0 0.00 025 050 0.75

Population density (a.u) Population density (a.u.)

Fig. 4.13.: Population densities of the C,-distances ra2 77 (residues of the photoswitch) in the
equilibrium trajectories. Each cis trajectory favors its own minimum between 1.15nm
and 1.4nm. The trans trajectories predominantly sample around a consistent C,,
distance of 1.45 nm, with the single exception of trans trajectory 2. This is an indication
of the frustrated nature of the system in its cis conformations.

The classification rules of cis and trans introduced here are based on the distributions
shown above and rely only on three out of the original six cis equilibrium trajectories.
As discussed in section 3.3, this subset was chosen carefully but cannot be fully verified.
If more cis equilibrium trajectories were available, it is likely — given the diversity and
frustrated nature already seen among the three trajectories — that additional minima
would be sampled. This leads to the conclusion that the definition of cis conformations
used here should be considered tentative. Not having a clear picture of cis conformations
makes the effort of clearly identifying transitions from cis to trans in non-equilibrium
simulations — which is the focus of the next section — more difficult. Nonetheless, the
cis equilibrium simulations serve solely as sources for the starting points of the non-
equilibrium trajectories. During the non-equilibrium simulations, the photoswitch is
kept in the trans configuration. Therefore, the system is always driven from its starting
positions toward a trans-like configuration.
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4.2.3 Non-Equilibrium Cis to Trans Transition
Identifying Transitioning Trajectories

With the definition of cis and trans approximately given, one can search for non-
equilibrium trajectories that sample the transition from one state to the other. Fig-
ure 4.12b shows the free energy landscape projection of the non-equilibrium simulations
on the first and fourth principal components, representatively. In this projection, the
non-equilibrium simulations clearly sample both cis and trans conformations, as well as
connecting regions in between, when compared to panel a. This is a good indicator that
the transition between the specified definitions of cis and trans conformations is captured
in the non-equilibrium data. Continuing with the abstract structural interpretation intro-
duced in subsection 4.2.1, PC1 spans configurations from a stable «;-helix to its complete
disintegration at large PC1 values, while increasing PC4 values correspond to a transition
from the initial cluster 4 structure to the restructured conformation. Using the free
energy landscapes of the first four principal components, we can analyse what pathways
the non-equilibrium trajectories follow. An example is given for the non-equilibrium
trajectory with index 20 in Figure 4.12c. The cis and trans FEL minima of the equilibrium
trajectories are displayed again (cf. panel a) and the time trace of sampled conformations
of trajectory 20 is laid upon it. It shows that trajectory 20 samples mostly conformations
in the cis minima up to a time mark of 9.2 us, where a transition to trans regions takes
place. This trajectory is one of two, where such a clear transition is seen for the first
four principal components. The other trajectory is the long non-equilibrium trajectory
with index 11, which transitions at 2.7us. This also means that most non-equilibrium
trajectories don’t equilibrate from a cis conformation to a trans conformation in the
simulation time as expected.

Analyzing the Transition

From the FEL analysis above, the transitioning points in time were inferred for the
trajectories in question. The question arises what structural changes at these transitioning
points occur. The major conformational changes® at 2.7 us in trajectory 11 and 9.2 us in
trajectory 20 occur in cluster 5, characterized by the sudden bending of the 3;-strand

3This is determined by performing a PCA on each cluster’s set of contact distances. A major jump in the
time trace of its first components at the respective transitioning time marks is only seen for cluster five.
For the other clusters, the changes at those points in time are marginal.
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and its detachment from the /3-strand, as previously described in Figures 4.2f and g.
This conformational change was already discussed and visualized in the context of the
ensemble-averaged dynamics in Figure 4.2e. In the histograms in Figures 4.2f and g it
also becomes apparent, that the bonded [ 33-sheet is the favored conformation in the
cis equilibrium simulations, while the trans equilibrium simulations show a significant
occurrence of a broken (-sheet.

Despite being visible so clearly as the identifying mechanism in the cis to trans transition,
the breaking of the bond between > and (33 is not seen in the literature for the trans
state. The NMR based PDZ2S-cis and -trans structures found by Buchli et al. [28] both
still show a connected j-sheet, with the C,-distance between the end of the 3;-strand
and the beginning of the fs-strand of rg4 37 = 5.4A for the cis and T94,.37 = 5.5 A for the
trans structure. In contrast, in the non-equilibrium simulation a much larger separation of
724,37 = 8.2 A is reached. Therefore, while this process is clearly seen as the discriminating
feature in the cis to trans transition based on the combined analysis of equilibrium and
non-equilibrium data, it likely does not occur naturally in wild-type PDZ2. It is rather a
direct consequence of the usage of the photoswitch, spreading the binding pocket.
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5.1

Comparison of Various
Members of the PDZ Family

In the chapters above, the idea of finding allosteric signaling was presented by introducing
the concept of a protein consisting of rigid parts and connecting hinges on the example of
PDZ2S. The clusters found using MoSAIC can hereby be counted as the flexible parts, i.e.
as the hinges. This conceptual framework is general enough that it should be applicable
to a class of proteins. Moreover, one assumption is that when comparable clusters are
found in related proteins, their dynamics should be similar.

The second PDZ domain considered in this work belongs to the PDZ family, a protein fam-
ily consisting of more than 200 similarly constructed domains. The structural similarity
lies mainly in the secondary structures of the PDZ domains, with most domains having
the same setup of the «;- and «s-helix as well as the six §-strands also found in PDZ2.
As an exception in secondary structure, PDZ3 contains a third a-helix at its C-terminus.
The primary structures between the PDZ domains differ more. A BLAST comparison
[55, 56] of the primary sequences of PDZ2S and PDZ3 analyzed in the following chapter
reveals 37 % identical amino acid residues and 60 % positives (i.e., identical residues and
biochemically similar substitutions). For some PDZ domains it is known to show allosteric
signaling from the binding pocket to sites distant from it, like seen with the a;-helix in
PDZ2S and the a3-helix in PDZ3 [14, 57]. The question that arises is to what extent these
findings can be generalized to the broader PDZ family.

Systems at Hand

Available systems in the Stock group at the University of Freiburg are 4 non-equilibrium
simulation sets of photo-switched PDZ domains. Two of them are simulations of PDZ3,
two of PDZ2. All of them essentially aim to simulate a ligand binding (PDZ2S) or
unbinding (all others), with different strategies:
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PDZ3L6 PDZ3L5 PDZ2L PDZ2S
gand) (ligand) (switch only)

Fig. 5.1.: The four different setups of PDZ non-equilibrium simulations are illustrated with

PDZ2S:

PDZ2L:

PDZ3L6:

PDZ3L5:

ligands in yellow and photoswitches in red. For PDZ3, the switch is breaking the
as-helix, for PDZ2L it is squeezing the ligand out of its pocket, and for PDZ2S it is
mimicking the ligand itself.

One of the PDZ2 simulations is the one widely discussed in this work, with an
azobenzene photoswitch (PDZ2S, with S for switch) spanning across the binding
pocket. It mimics the binding of a ligand, with the cis-state representing the free
domain and the trans-state representing the bound state. The switch undergoes
a photoinduced change from cis to trans. It is the only simulation set without a
peptide ligand.

Another PDZ2 simulation features explicitly a 16 residue long peptide ligand
(PDZ2L, with L for ligand) in the binding pocket with a photoswitch attached to it.
In the non-equilibrium simulation, the switch undergoes a photoinduced change
from trans to cis, squeezing the ligand out of the binding groove.

In the PDZ3 simulations, the photoswitch is attached to the as-helix. When it
is opened from cis to trans, it breaks the helical structure of a3, resembling the
removal of the helix, which was shown to reduce ligand binding affinity. The
simulation features a peptide ligand with a length of 6 residues in the binding
pocket.

The other PDZ3 simulation set is identical, except that the ligand in this system is
only 5 residues long. Again a photoswitch stretches the «3-helix.

The four different setups are illustrated in Figure 5.1. In addition to these, equilibrium
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wild-type (WT) simulations exist for both PDZ2 and PDZ3. Wild-type means that no
photoswitches are attached, and only a ligand is bound to the protein.

Dataset Description

For PDZ2S, the results from the previous analyses are directly used. For the remaining
three systems, the foundational work on the data was carefully conducted by Adnan
Gulzar, Emanuel Dorbath and Ahmed Ali, and all data processing steps were carried out
under their supervision and have been adopted in this thesis without modification.

The three additional systems have datasets of the following size:

For PDZ2L, 100 non-equilibrium trajectories exist for trans to cis, of which 80 trajectories
are of 1 us length and 20 are of 10 us length.

For PDZ3L6, 99 non-equilibrium trajectories exist for cis to trans, of which 89 are of 1 us
length and 10 are of 10 us length.

For PDZ3L5, 116 non-equilibrium trajectories exist for cis to trans, of which 90 are of 1 us
length and 22 are of 10 us length.

For PDZ2 wild-type six equilibrium simulations of 1 us each exist.

For PDZ3 wild-type four equilibrium simulations of 1us each exist.

Comparison of Contact Clusters in PDZ Systems

Consistency of MoSAIC Clusters Across Systems

MOoSAIC clustering identifies groups of contact distances that show related motion. If
similar MoSAIC clusters appear for all systems, a robust picture of protein regions with
system-overarching importance for dynamics is gained. This may reduce the need for
extensive non-equilibrium simulations, provided the primary goal is to detect regions of
allosteric importance. However, this comparative approach relies on the ability to robustly
find MoSAIC clusters for a single system first, which is limited by two challenges:

Resolution Parameter Selection There is no clear criterion on how to choose the res-
olution parameter v for MoSAIC’s Leiden community detection algorithm. There are
data-driven methods like the silhouette score, which help to get in the right direction,
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but are often different to the intuitively chosen resolution parameter. A range of ~ values
can yield valid results, leading to clustering solutions that vary in structural resolution.

Algorithmic Variability Even with an optimal choice of v, the Leiden algorithm is not
fully deterministic, meaning that minor variations in clustering results can occur across
different runs.

With these limitations in mind, the following sections will show that clustering patterns
do remain quite consistent across systems, allowing for a comparative analysis across
different systems.

Cluster Comparisons Across PDZ Systems

MOoSAIC clusterings have been performed for the above-mentioned PDZ2 and PDZ3
systems. They are visualized in Figure 5.2 and an association of structural regions to the
clusters is given in Table 5.1. The clustering parameters and detailed lists of the residue
pairs attributed to the clusters can be found in the appendix (Figure A.7, Tables A.1, A.2,
A.3, A.4, A.5). Clusters in the same regions of the proteins will be given the same name.
For PDZ3L5, the clustering was previously published by Ali et al. [48]. Since a different
naming scheme is used here, Table 5.1 provides a comparison of both schemes.

Cluster | Region Ali et al. [48]
C1 o C7
C2 8152 C6
C3 B2 / as / ligand C4
C4 | B2B3/ Bs C3
G5 B2/ B3 -
Co6 | a3/ P12 C5
c7 ag / ligand C1
C8 as / B3/ B2fs3 C2
C9 az / B2/ B1Pe -

Tab. 5.1.: The clusters 1 to 9 have been found at least for some of the six viewed systems.
The clusters found in several systems that link the same regions (like C7 linking the
az-helix and the ligand) are given the same name. For reference, the naming scheme
used by Ali et al. [48] for PDZ3L5 is given in the last column.
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.. MoSAIC clustering results for the 6 compared systems. Note: The cluster names are

consistent for PDZ2S compared to previous chapters, while colors were changed in this
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PDZ3 Systems For the PDZ3 systems, MoSAIC clustering identifies eight clusters. A
comparison of the closely related long and short ligand PDZ3 systems reveals:

* Clusters C2, C4, C6, and C8 are highly similar.

* Clusters C3 and C7 exhibit differences considering the contacts to the ligands,
which are of different size in the two systems.

e Cluster C1 appears exclusively in the short-ligand system.

For the wild-type equilibrium PDZ3 system (without photoswitching), clusters C1, C2, C3,
C4, and C6 remain largely conserved, while C7 and C8 differ from the photoswitched
non-equilibrium systems. These two clusters are connected to the «as-helix, and thus
it can be expected that the photoswitching dynamics at this helix influence the cluster
formation. Additionally, a new minor cluster, C9, is observed for the wild type system.
Overall, a large overlap between the PDZ3 systems is seen.

PDZ2 Systems For the PDZ2 systems the yielded clusters are more diverse. Nevertheless,
there are key similarities to the PDZ3 systems:

* Clusters C1, C2, and C4 appear across all PDZ2 systems, consistent with findings
for PDZ3.

* Clusters C3 and C5 are present but vary across PDZ2 variants.

* Clusters C7 and C8, observed in PDZ3, are absent. This is expected due to their
association with the PDZ3-specific as-helix.

* C3 is present in both non-equilibrium systems (PDZ2S, PDZ2L) but absent in
wild-type PDZ2.

* The minor cluster C9 is exclusively found in PDZ2L.

5.2.3 Interpretation and Conclusion

Overall, there is a strong similarity between clusters identified across different systems.
Notably, the following clusters appear consistently:

* C2 (B loop)
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* C3 («ao/binding pocket)
* C4 (f2/33 loop)

Clusters C1 (a1) and C6 (as3s-loop and (1 82-loop) also show partial consistency.

It is important to acknowledge that a perfect correspondence of clusters across the systems
is unrealistic. Again, PDZ2 and PDZ3 share a very similar secondary structure, but the
underlying primary structure differs substantially [57], leading to differences in side
chain dynamics. Furthermore, cluster-specific differences are expected:

* C7 and C8 are linked to the PDZ3-specific as-helix and therefore do not appear in
PDZ2 systems.

* C5 and C9 are very small in size. Smaller clusters are more likely to emerge in
the MoSAIC analysis due to system- or even trajectory-specific dynamics and are
therefore less likely to play a major role in overall protein dynamics.

C6 on the other hand could be expected to be present across all systems, but it is absent
in PDZ2S. Despite these discrepancies, the overall agreement between clusters is
remarkably strong across the systems. This suggests that these regions are:

1. Functionally relevant for protein dynamics.

2. Largely confined as independently correlated regions.

Comparison of Dynamics in PDZ Systems

Introduction and Methodological Notes

Now that structurally similar clusters across the different PDZ systems are identified, the
goal is to compare their dynamic characteristics. For PDZ2S, the analysis of dynamics
used the quantities of changes in number of contacts, changes in contact distances, and
the associated dynamic contents and timescales. However, this comparative analysis will
focus exclusively on the dynamic content retrieved from the timescale analysis.

The metric of contact changes is limited in its comparability. The count of formed
contacts is naturally very dependent on the very set of residue pairs in a cluster, which
do vary between the systems looked at here. Their time evolutions will thus not be used
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for comparison here. The distance change offers similar insights into dynamics as the
dynamic content, and for sake of overview only the well-defined dynamic content will
be used. The results, resolved by clusters, are presented in Figure 5.3. The result for
PDZ3L5 was published by Ali et al. [48].
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Fig. 5.3.: Dynamic contents for the 4 non-equilibrium systems, resolved for each cluster. Each
subplot shows the dynamic content for the individual clusters of the four systems:
PDZ2L, PDZ2S, PDZ3L5 and PDZ36. Notably, cluster 2 shows a recurring pattern across
several systems, pointing to generalizable dynamics in the (3, 8;-loop. Differences
between PDZ3L5 and PDZ3L6 highlight how minor variations in the system’s setup can
lead to large dynamic differences.

5.3.2 PDZ3 Comparison (PDZ3L5 vs. PDZ3L6)

First, the two PDZ3 systems will be compared, as they are the most similar pair of systems
in this comparison. They only differ in the length of the ligand, having 5 or 6 residues.
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For both systems, the first response seen is with cluster 7, which is a plausible and
expected result, as some residues of the switched «3-helix are part of the cluster. Cluster 7
responds slower in PDZ3L6 than in PDZ3L5, which can be explained by the extra residue
in the ligand, that is added at the end of the ligand closer to the «as-helix. This residue
can lead to more stabilizing contacts between ligand and helix, hence slowing down the
response.

A distant response is seen in cluster 2, with two major dynamic content peaks for PDZ3L5.
One is at a 100 ns timescale, the other on the microsecond timescale. Interestingly, they
both follow up to the peaks in cluster 7, roughly with a delay of one order of magnitude
in time. Ali et al. [48] have identified this response as an allosteric transition.

For PDZ3L6, cluster 2 also follows up the first peak seen for cluster 7 with a major
peak. This response is very fast however - the dynamic content peaks are almost fully
overlapping on the logarithmic time axis. A logarithmic time axis more accurately reflects
the underlying physical processes in this case, assuming allosteric transitions involve
the crossing of exponential energy barriers. Further thorough checking on the PDZ3L6
system would be needed to confirm this as an allosteric response.

The two clusters described exhibit the largest dynamic content responses. Cluster 6 also
shows some prominent peaks, appearing on similar timescales as cluster 2. Given their
spatial proximity, this is to be expected, and similar conclusions can be drawn. Another
strong dynamic response is seen in cluster 4, which shows one major peak around the
2 us mark. Also, further dynamic features appear in the microsecond regime, but they are
difficult to interpret — especially considering the drastically reduced ensemble size from
1us onward. More simulation data would be needed in this timescale region to improve
reliability.

To conclude, similarities between C2, C4, C6 and C7 are found for the two PDZ3 domain
systems.

PDZ2 Comparison (PDZ2S vs. PDZ2L)

For the PDZ2 systems generally larger dynamic contents are seen compared to the PDZ3
systems. While dynamic content peak height is not a very robust measure, also individual
ensemble averaged distances show larger changes for the PDZ2 systems, when comparing
similar distances over the systems. This means there are generally larger dynamics seen
in the PDZ2 setups.

For PDZ2S, cluster 2 shows peaks at similar timescales (in the 300 ns and in the microsec-
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onds regime) as the PDZ3 systems. For PDZ2L, these peaks are also visible for cluster C2.
However, the contact distances in PDZ2L leading to this peak can be related to distances
between the ay-helix and the ligand, which are only correlated with the more typical
cluster 2 distances, usually found in the ;35 loop. These more typical distances don’t
show the mentioned peak for this system. So despite being attributed to cluster 2, these
timescale peaks are not clearly correlated to the cluster 2 peaks seen in all other systems.
Apart from this, only the peak of cluster 4, here at ~ 3 us instead of ~ 2 us, can be seen
again in both PDZ2 systems. Other dynamic content timescales of the PDZ2 systems don’t
show mentionable similarities.

Discussion of Similarity in Dynamics

The only difference between the setups of the non-equilibrium simulations for PDZ3L5
and PDZ3L6 is one additional residue in the ligand. This is already causing strong
differences in dynamics. For the even more distant PDZ2 systems, little overlap in the
dynamics of the clusters is found. Nonetheless, cluster 2 shows a robust pattern of
two characteristic peaks in at least 3, and with reservations 4 systems. This points to
a recurring allosteric theme at the (3;35-region. Cluster 4 shows clear buildups to a
congruent peak at around 2 us — 3 us over the systems, with PDZ2S showing an additional
earlier peak, however.

Having two clusters with similar dynamics supports the interpretation that the clustering
method reveals generally important regions for the PDZ family. The clusters showing
these similarities also share one common trait: they are more spatially distant from the
site of perturbation (i.e., the photoswitch site). This suggests that the more "setting-
independent" clusters may share similar timescales. It is to be expected that clusters
located close to the perturbation site experience greater impacts and therefore differ
more from the corresponding cluster in another system. In contrast, clusters that are
further away or less influenced by the photoswitch are more likely to exhibit similar
timescales.
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Conclusion and Outlook

In this thesis, the non-equilibrium allosteric behavior of PDZ protein domains is explored
using molecular dynamics simulations. The central system is a PDZ2 domain modified
with an azobenzene photoswitch, where the transition from the cis to the trans state
imitates the effect of ligand binding. This transition is examined for a potential allosteric
response. To uncover broader principles of allosteric communication in this family of
protein domains, three additional similar photoswitchable PDZ domains are analyzed and
compared, focusing on shared structural elements and dynamical response patterns.

Summary

To start the analysis on the PDZ2S system, the quality of the data was first assessed, and
preprocessing steps were performed. Criteria for discarding individual trajectories from
the dataset were developed based on structural stability, particularly focusing on the
ae-helix, which loses its integrity in several equilibrium and non-equilibrium trajectories.
Affected trajectories were conservatively excluded from the analysis, as this is likely an
unwanted effect of the photoswitch. The equilibrium trajectories were found to include
an equilibration period of 3 us each, which was discarded.

To describe the dynamics of the non-equilibrium simulations, 330 protein-internal coordi-
nates in the form of inter-residue contact distances were chosen. Feature selection on
these internal coordinates was performed using a Leiden-clustering-based method. This
resulted in a reduced and clustered set of 153 contact distances, capturing the system’s
essential collective dynamic modes. The clusters were found for residue pairs in important
loop regions, like the S 32-loop and the 35 33-loop, which are known to play key roles
in conformational changes [16]. Additional clusters include regions with cooperative
dynamics, such as around the a;-helix. Overall, the clusters span many regions of the
protein, while largely excluding parts that suggest a stable structural scaffolding formed
by the 1, 84, and ¢ strands — these are instead surrounded by flexible regions that
enable dynamic processes potentially related to allostery.

With this abstract map of dynamically relevant clusters, the time-resolved response to the
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photoswitch transition was analyzed for each structural cluster. Both local responses at
the binding pocket and distal responses were observed, marked by significant changes in
contact formation and inter-residue distances. Notably, the region around the a;-helix
shows a strong response on a microsecond timescale, including unwinding and restructur-
ing. This is accompanied by log-periodic oscillations of the distance between the helix and
the binding pocket, indicating structured transitions across energy barriers. Interestingly,
the a;-helix has previously been identified as a site of allosteric communication in PDZ
domains [57], which aligns with its pronounced response observed here.

A timescale analysis was performed on the simulation data, aiming to further characterize
the biomolecular processes and to complement earlier findings from experimental studies
[12]. The four main timescales of dynamics identified in the experimental data — 0.6 ns,
10ns, 100 ns, and 4 us — were successfully reproduced in the simulation and can even be
explained mechanistically: the two faster timescales correspond to binding pocket open-
ing dynamics, the 100 ns dynamics can be attributed to a reorientation of the /3,/3-loop
towards the ao-helix, and the slower 4 us timescale can be linked to a restructuring of the
a1-helix, a loosening of the 3,33 bond accompanied by a 32 33-loop restructuring, and a
relocation of the ay-helix.

An attempt was made to define cis-typical and trans-typical conformations based on
the respective equilibrium simulations, using a free energy landscape analysis following
PCA-based dimensionality reduction. To complement this, the non-equilibrium response
was also projected into a reduced four-dimensional space, providing insight into how the
starting and ending conformations of an allosteric transition — namely the cis and trans
states — might be characterized. Defining cis-typical conformations proved challenging,
with a wide range of adopted structures of the frustrated system making the picture
somewhat vague. Still, the data points toward the separation of the previously bound -
and fs-strands as the dominant structural change during the cis to trans transition, which
is an unlikely process in wild-type PDZ2, however.

In a broader perspective, the final chapter aims to identify general patterns of dynamics
across three additional photoswitched PDZ systems. All three systems — one more PDZ2
and two PDZ3 variants — feature a ligand that is brought to unbinding by the photoswitch.
Interestingly, a contact clustering reveals that, despite differences in primary structure
and the specific photoswitching strategies used, similar regions of cooperative dynamics
emerge across all four systems. These spatially confined, distinct, and likely functionally
relevant regions include clusters in the 3; 5>-loop, the 52 53-loop, and the «as-helix/binding
pocket region. We see that these regions act cooperatively across systems. However, their
specific dynamics and timescales vary. Even minor structural changes — like the single
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additional residue in the ligand — can significantly shift the dynamics within these clusters.
Exceptions are clusters farther from the photoswitch or the differing ligand, such as clus-
ter 2, which shows similar timescale dynamics across all systems. This consistency further
supports its potential role in recurring internal processes involving the 33 region.

Outlook

This thesis focused on analyzing the response of PDZ domains to a photoswitch-induced
perturbation. Several points arose during the analysis that point to important directions
for future work.

Considering PDZ2 First, the photoswitched PDZ2S system needs to be better understood.
So far, only three equilibrium trajectories could be used in this work. While each trajectory
individually samples relatively homogeneous conformations, the conformations differ
significantly between trajectories, making the dataset too small to confidently capture
the ensemble of typical cis states. A larger number of equilibrium runs would be useful
here. This would allow a clearer characterization of the equilibrium states and a better
understanding of the cis to trans transition. This is essential for two reasons: first,
to define what the final positions — the cis and trans states — actually look like; and
second, to evaluate the reliability of the starting structures used in the non-equilibrium
simulations. At present, these starting structures don’t seem fully representative of
typical cis conformations, which complicates interpretation of the transition in the non-
equilibrium trajectories.

To better study wild-type PDZ2 under more natural conditions, a different and less
artificial perturbation method than the photoswitch could be considered - such as pulling
MD simulations, where external constraints are applied to open the binding pocket
[13]. The photoswitch is elegant because it allows a precisely timed perturbation in
experiments that can be simulated in an identical molecular dynamics setup. However, it
also introduces significant artifacts, like the unnaturally abrupt opening of the binding
pocket, that heavily impacts the proteins structure.

Allostery across systems In a broader picture, the comparison of the four systems
suggests that there are recurring patterns of dynamics across the PDZ family. The
processes in PDZ2S are extensively analyzed in this work, and PDZ3L5 has been studied

63




64

in detail by Ali et al. [48]. The other two systems require further investigation to
better understand their specific dynamic behaviors. In particular, PDZ3L6 could be
examined closer, as it may exhibit a response in cluster 2 that is coupled to a change in
cluster 7 — similar to PDZ3L5, but with a faster response. However, it remains unclear
whether this coupling truly exists in PDZ3L6. Clarifying whether such a communication
pathway is present could shed light on more general principles of signal propagation. A
deeper understanding of all four systems would allow for a more robust identification of
shared or diverging patterns. Ultimately, the goal would be to develop a more general,
mechanistic model in which changes in one structural region, or cluster, trigger changes
in others — maybe mediated via secondary structures. This could provide insight into
how signals propagate through the protein allosterically. So far, the analysis has mainly
relied on correlation-based measures. A more intuitive and informative approach to this
problem could make use of causality-based methods like transfer entropy [58] that can
reveal actual causal influences between clusters. This could help uncover the underlying
communication pathways within protein structures.
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A1

Appendix

Concerning Chapter 3

The choice of the time step At does not play a large role on the clustering process of
MoSAIC at v = 0.35, as seen in Figure A.1. The figure shows mean cluster sizes and
standard deviations over 50 MoSAIC runs for time steps chosen between a lower end
of 200 ps and an upper end of 2 us. A large variance is only seen for the second-largest

cluster. Apart from that, the results are very stable.
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Fig. A.1.: At least for the PDZ2S non-equilibrium trajectories, performing MoSAIC clustering
delivers stable results even for large time steps between frames. The dots mark
average cluster sizes averaged over 50 cluster calculations per time step. The standard
deviations are shown as filled areas.

The as-helix is not stable throughout the non-equilibrium simulations of PDZ2S. Fig-
ure A.2 shows the percentage over residues in the as-helix and over all frames in which
helical structures are assigned by DSSP. In cis trajectory 1, almost all residues are in
a-helix conformation for all frames, and in trajectory 5 over 60 % are. In the other
trajectories, 319-helix configurations are seen more prominently.
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Fig. A.2.: The share of DSSP-assigned helical structures for the ay-helix residues 74-81 over
frames. 100 % share would mean that all residues have been in a helical structure for
all equilibrium frames. Typically, the higher residue numbers 80 and 81 are seen less in
a helical structure than the other residues.

Concerning Chapter 4

Figure A.3 shows the result for a timescale analysis of the same contact distance for
a dataset of only the long NEQ trajectories on the left and the combined short and
long dataset on the right. Combining the short trajectory dataset (with a larger sample
size) and the long trajectory dataset (with a smaller sample size) is not feasible for this
timescale analysis, as it would cause problems: Even minor jumps in the averaged time
trace, caused by shifts in dataset size at 1 us, introduce errors that render the identified
timescales incomprehensible and inestimable. This is seen with the unreasonable fit and
thus unreasonable peaks in the right image.
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Fig. A.3.: Exemplary TSA result for contact distance ds5 36. Left: Long trajectories only. Right:
Short and long combined. The black line is the ensemble averaged distance, with the
error margin around it in light blue. The red line indicates the TSA multiexponential fit
and its underlying amplitudes for each timescale are given as blue dots. The artifactual
drop at 1 us is heavily influencing the TSA result.
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Fig. A.4.: Of all 330 contact distances in PDZ2S, d22 76 is the only contact distance with significant
timescale peaks at 0.1ns and 10ns. There is no contact formed or broken at those

timescales, however.
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Fig. A.5.: Distributions of the equilibrium trajectories projected onto the fourth to eighth principal
components. The explained variances of these NEQ PCs are 4%, 4%, 3% and 2 %,
respectively, and thus they only represent minor structural changes in the data.
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Fig. A.6.: Equilibrium and non-equilibrium free energy landscape projections along the first two

(top) and third and fourth (bottom) non-equilibrium principal components. In the
left panels the equilibrium cis (red shades) and trans (blue shades) EQ free energies
are given. The right panels show the NEQ FELs. The EQ FELs are mostly well-
separated in the projections and the NEQ FELs sample both cis and trans minima and
transitioning regions. Also, the NEQ trajectories sample FEL regions clearly outside
typical equilibrium minima, that are likely not transition regions, like the "island" for
PC1 values larger than 10 describing fully disintegrated «;-helices. EQ Trajectories
used: cis 1,3,4; trans 2,3,4,5,6. NEQ trajectories: intact aw, clusters 1-5.

A.3 Concerning Chapter 5
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Figure A.7 shows the correlation/NMI matrices of the PDZ systems compared in chapter 5
and the tables thereafter show the exact contact distances attributed to MoSAIC clusters
and the locations of secondary structures for the various systems analyzed in chapter 5.
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Fig. A.7.: MoSAIC matrices of the compared PDZ systems. For PDZ3L6 and PDZ2L only the
corr

non-noise parts of the matrices are given, for sake of better overview. Yg3yswr =
corr _ corr _ NMI _ NMI corr —
0.35, YbzaLs = -9 1pbzsLe = 04, Yppzawr = 0-05, Yppzes = 0-1, 7ppzar, = 0.6.
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Cluster 1 2 2 (ctd.) 3 4 6 7 8 9
Contacts dy7 52, do21,—4, d2446, dso 68, d33,70, drzge, dog 102, d2035, de779,
die52, do2125, d2146, d3s60, d3369, ds286, dos 102, d2s835, de2,82,
di450, d20,—4, dgo,83, d3s68, d3368, droge, di02,—2, 3035, d36,79,
dis552, dig,—5, das542, deoes, d3371, drrgl, dgoa,  d3a100, d63,78,
dos 53, do2143, di17.22, d3s 70, d3270, dsige, dos102, d3ass,  de2.86,
dar51, doa,—5, d23.45, dsg 68, d32,69, dezge  dgg2,  d3s.100, d5962,
ds0,53, dis,—4, d2642, de1,68  d34,69, dr92, dsse67, ds59,79,
da7 50, do2,—4, digsi, d3271, d103,—2, d30,34, d70,75,
ds257, do2124, da5,5, d34,68, do7,101, d2934  de7,785
di2,91  do2145, d19.46, d30,33 d103,~1, dse,75
di1gg2, d24,45, ds 545
dgo,—4, das79, d99,102,
da1,42, das47, d94,102,
dog,—4, do7 5 ds,93,
d18,835 dz,94,
d18,865 ds,95,
d19,22, d39,102,
d79,83, dg,92,
d1821, d101,-1
d19 84
Tab. A.1.: PDZ3WT: Contact distances assigned to MoSAIC clusters.
Cluster 1 2 3 4 6 7 8
Contacts dyr52, d21,25, dog,—4, d3s69, drsse, di02,-3, d29,100,
dar51, d20,—1, d27,—3, d3s68, de2,82, d28,102, d37,100,
di652, dig0, d29,-4, d3369, ds2.86, 39,102, d35,100,
dos 53, do143, do7,—4, d3ag9, dr7982, do28.101, d30,100,
di552, do21,—1, dag—3, d3ser, de3,.82, do7.102, d28,100,
di450, do145, dra—4  d3zzo, dsige,  dioi,—4, do7,100,
ds0,53, d21,24, d3s68, d7781, dio1,—3, d34,100,
ds154  d24,0, dss68, d79.83, doa,102, d31,1005
doo 1, ds3 71, digsi, di03,—4, dos,100
dig,—1, d3s70, dssse  ds5,102,
d21 42, ds9 68, d103,—3
d18,82, d33,685
d21,46, d29,71,
d18,835 d36,79
d1g 86

Tab. A.2.: PDZ3L5: Contact distances assigned to MoSAIC clusters.
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Cluster 2 31 39 44 49 6 7 8
Contacts do125, d3s69, dro75, d3se9, d31,72, drss2, di02,—5, d29,100,
d20,~1, d33e9, de37s, ds3e9, dso71,  de2,s2,  di01,-5, d37,100
digo, ds3ses, ds962, d3ses, d31,71, ds286, d100,—5, 28,100,
d24,0, d3aee, der79, d3a69, d31,73, dess2,  dr3—5, d30,100
do1,—1, dsse7, drsge, dsser, d3170, dros2,  dio3,—5, d35,100,
d2124, d3370, de774, d3370, d3or2  dsige, d—5-2, dg7100
do143, dsges, drirs  dsg 68, dr7 g1, dog —5
dig,—1, d34,68, d34,68, d18,81,
do1,45, d33,71, ds3 71, d77 82,
doo 1, d3s,70, dss 70, d79 83,
d21,42, d59,68, ds9,68, ds3,86,
dig,g2, d33,68, ds33 68, dgo 83,
di1g g3, d29,71, d29,71, de3,81,
da1.46, d36,79, d36,79, ds2,85
di1gg6, 32,69, d32,69,
das0,  deo,68 dgo,68
d24 46
Tab. A.3.: PDZ3L6: Contact distances assigned to MoSAIC clusters.
Cluster 1 21 29 31 39 39 (ctd.) 4 9
Contacts  dg147, disae, dir,—1, do371, d7s,—2, d21,-1, dos 69, d35,78,
dao,a7, di745, dig,—1, doari, doo 3, d7e1, d26,69, d22,78,
d42.47, digas, d20,-1, do271, d7i,—2, dr2 5, das70,  de6,78,
dsos6, di9as, dig—1, doa7s, doao 2, d23 _4, das70, d7s,85,
dyq a8, di9ae, drs—1, d3s7a, dr2 2, dr2 6, das6s, d13,78
dse 52, d2046, di7o, d3s71, d7i,—3, d2s—4, da7 70,
dae 51, diaas, d200, deseo  do2,—4, dr2,-1, d24,70,
dgaa7r  digas, digp, d71,—4, d21,0, dss,70,
d13.45, d79,—6, dr,—5, d71,—6, d22,74,
d19,44, da1,0, do1,—2, d20,—2, d26,67,
d12.45, d76,—6; da1,—3, dr9,—1, d35,69,
di149  drs,—6 dsg,—3, d71,—7, d3s,75,
da3,—3, d71,—1, da5,35
d7s,—1, d72,—7,
doo 1 d3s,—4

Tab. A.4.: PDZ2L: Contact distances assigned to MoSAIC clusters.
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Cluster 1 2 4 4 (ctd.) 4 (ctd.) 4 (ctd.) 5
Contacts digue, di12,17, d—523, d24,70, ds31,36, d70,74, d11,20,
d19.40, di218, d—571, d2a.71, d31,905 dr1,75, d20,39,
di9a4, di1245, d_422, da528, d32 36, d72,75, d20,40,
d19.45, di2.83, d—423, d2530, d32,57, d72,76, d20,87
di9 a6, di1316, d—424, d2531, ds3 57, d73,76, d40,53,
dat,a4, d1317, d_427, das 392, d33,69, d73,77, d40,54
dara7, di3as, d_s28, da533, d34,57, dr4,77
das a7, diz7s, d_am71, das 34, d35,69,
das a8, di379, d_323, da535, d35,705
dsea9, di13s1, d—338, d2569, dss 71,
da650, disse, d-371, d2570, d3s,74,
dae 51 diaa3, d223s, das7i, ds6,57,
di4,44, d2258, d26 33, d36,58,
diaas, do271, do26,68, ds7.67,
di6,79, d22775,  d26,69, dss,61,
di745, d2278, d26 70, ds8,67,
dig.44, d2331, da2770, dss,785
di1g45, d2334, dor71, ds8 87,
diggr, daz 71, dog 32, ds59,665
de1,81, doa27, do2833, ds9 67,
de1,87, do2428, dog 71, de6,69,
dee,77, d24,30, d30,33, deg,74,
d7781, d2a31, d30,34, de,78,
drs81, d2434, d30,365 de9,73,
dg18s  doazs  d3i34 de9,74

Tab. A.5.: PDZ2WT: Contact distances assigned to MoSAIC clusters.

Structure 51

Ba

B3

aq

Ba

Bs

a2

Be

a3

PDZ2S 7-13

21-24 3641 46-50 58-62 65-66 74-81 85-91

94-99

PDZ3 12-17 25-28 3640 46-50 56-62 85-92 72-81 85-92 94-99
20-24 3540 45-49 57-61
Tab. A.6.: Residues in secondary structures in PDZ2S, PDZ2L and PDZ3.
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