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Abstract

The description of intrinsically disordered proteins (IDPs) has challenged the
traditional dogma of biophysics that proteins need a defined three-dimensional
structure for their biological function. The flexibility and accessibility of such
disordered regions makes them a prime target for post-translational modifica-
tions like phosphorylation. Control of function of IDPs via phosphorylation
has been identified as a key factor in several signaling pathways. The exact
effects of phosphorylations on IDPs are, however, still unknown. In this work,
molecular dynamics (MD) simulations with their precise temporal and spatial
resolution and advanced sampling techniques were used on several systems
involving intrinsic disorder. The performance of current MD force fields with
respect to IDPs was compared to experimental NMR results. Results show, that
disordered behavior is consistently reproduced correctly. The exact content of
residual structure, however, varies depending on the choice of the force field.
The binding of the protein domains pKID and KIX is an example of an IDP
(pKID) that, upon phosphorylation and binding to KIX, undergoes a transition
to a folded structure. This work reports of simulations in which, already in
the unbound pKID, phosphorylation induces a shift of the conformational
equilibrium towards the bound structure. Further simulations reveal important
interactions and a possible association pathway, where an initial contact of the
phosphorylation site leads to successful folding and binding. The IDP 4E-BP2
only upon phosphorylation folds into a stable structure that prevents signal
transduction. Simulations conducted for this thesis revealed both local and
global stabilizing effects of the phosphorylations and discovered interactions
that are essential for the stability of the fold. This thesis provides evidence
that, while there is still room for improvement, simulations can contribute

significantly to the investigation of IDPs and their reactions to phosphorylation.
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Zusammenfassung

Ein traditionelles Dogma der Biophysik, die Notwendigkeit einer definierten
dreidimensionalen Struktur fiir die biologische Funktion von Proteinen, wurde
um die Jahrtausendwende durch die Beschreibung intrinsisch ungeordneter
Proteine (IUPs) in Frage gestellt. Mit ihrer Flexibilitdt und guten Zuganglichkeit
sind solche ungeordneten Regionen eines der wichtigsten Ziele fiir post-
translationale Modifikationen wie Phosphorylierungen, die ein Schliisselfaktor
tiir die Funktionalitdt von IUPs in verschiedenen Signalwegen sind. Die
genauen Effekte von Phosphorylierungen auf IUPs sind jedoch bis heute meist
unbekannt. Diese Arbeit nutzt Molekulardynamik-Simulationen (MD) mit
ihrer prazisen raumlichen und zeitlichen Auflosung und verbesserte Sampling-
Methoden fiir die Untersuchung von Systemen mit intrinsischer Unordnung.
Die Leistungsfdahigkeit aktueller MD Kraftfelder beziiglich ungeordneter Pro-
teine wurde mit experimentellen NMR Ergebnissen verglichen. Hierbei repro-
duzierten alle Kraftfelder intrinsische Unordnung zuverléssig, die Haufigkeit
von Sekundérstrukturen hing jedoch von der Wahl des Kraftfelds ab. Die
Assoziation der Proteindoménen pKID und KIX ist ein Beispiel eines IUPs
(pKID), das nach der Phosphorylierung und der Bindung an KIX eine gefal-
tete Struktur einnimmt. Diese Arbeit beschreibt Simulationen in denen die
Phosphorylierung schon bei ungebundenem pKID das Konformationsequi-
librium in Richtung der gefalteten Struktur verschiebt. Weitere Simulationen
beschreiben und quantifizieren wichtige Interaktionen zwischen den Bindepart-
nern und einen moglichen Assoziationspfad bei dem ein anfanglicher Kontakt
der Phosphorylierungsstelle zum erfolgreichen Binde- und Faltungsprozess
tithrt. Das IUP 4E-BP2 formt nur nach Phosphorylierung eine stabile Struktur,
die die Signaliibertragung verhindert. Simulationen im Rahmen dieser Arbeit

identifizierten sowohl lokale als auch globale stabilisierende Effekte der Phos-
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Zusammenfassung

phorylierungen und deckten Wechselwirkungen auf, die unverzichtbar fiir die
Stabilitdt der Faltung sind. Diese Dissertation zeigt, dass bei allem Raum fiir
Verbesserungen Simulationen schon heute signifikant zur Untersuchung von

IUPs und deren Reaktionen auf Phosphorylierung beitragen kénnen.

viil



Contents

Acknowledgments

Abstract

Zusammenfassung

1. Introduction

1.1. Intrinsically Disordered Proteins . . . . ... ... ... .....

1.2. Post-translational Modifications . . . . . . . . . . . .. ... ...

2. Theory

2.1. Molecular Dynamics Simulations . . . . ... ... ... .....

2.1.1.
2.1.2.
2.1.3.

Statistical EnsemblesinMD . . . . ... ... ... ....
Common Techniques to Facilitate MD Simulations

Analysis of MD Trajectories . . . . .. ... ........

2.2. Free Energies from Molecular Dynamics Simulations . . . . . .

2.2.1.
2.2.2.
2.2.3.
224.
2.2.5.

Free Energy in MD Simulations . . . ... ... ... ..
Alchemical Transformations . . .. ... ... ......
Umbrella Sampling Along a Dissociation Pathway

Alternative Methods . . . . .. ... ... ... ....

Current Drawbacks of Free Energy Simulations . . . . .

2.3. Enhanced Sampling Methods . . . . .. ..............

2.3.1.

Distance Deviations to Describe Unfolding . . . . . . ..

24. MD Force Fieldsand IDPs . . . . . . . . .. ... ... ......

3. Performance of Force Fields Developed for IDPs

3.1. Introduction . . . . . . . . . . . ..

iv

vii

10

13
13
17
19
22
23
24
25
31
37
38
39
42
44

49
49

ix



Contents

32. Methods . . ... ... ... . . .. ... 52
3.2.1. Simulation of the Helical Propensity . . . . ... ... .. 52
3.2.2. Experimental Procedure . . . . ... ... ... .. .... 54

33. Results . . . ... ... . ... 56
3.3.1. Free Energy Landscape Along the Amino Acid Sequence 56
3.3.2. Population of a Helical State . . . . .. ... ... .... 57
3.3.3. Comparison with Experiment . ... ... ........ 60
3.3.4. Differences Between Force Fields . . . . .. ... .. ... 61
335. Convergence . .................. . ..... 63

34. Discussion . . . . ... ... ... e 66

35. Conclusion . . . . . ... L 67

4. Mechanism of pKID/KIX Association 69

4.1. Introduction . ... ... ... ... ... Lo 70

42. Methods . . .. ... ... .. 72

43. Results . . ... ... . . 75
43.1. Contributions of Side Chains to Binding Free Energy . . 76
4.3.2. Unrestrained MD Simulations of KID and pKID . . . . . 78
4.3.3. Free Energy of Unfolding Along the dRMSD . . . . . .. 84
4.3.4. Simulation of the pKID Folding Process. . . . . .. ... 85

44. Discussion . . . .. ... ... ..o 87

45 Conclusion . . . . . .. .. L 90

5. 4E-BP2 Protein Fold Stabilization Induced by Phosphorylation 91

5.1. Introduction . . ... ... ... ... ... o 92

52. Methods . . .. ... .. .. .. ... 94
5.2.1. Free Energy Calculations on Peptide Turn Unfolding . . 94
5.2.2. Unrestraint Molecular Dynamics Simulations . . . . . . 95
5.2.3. Finite Difference Poisson Boltzmann Calculations . . . . 95

53. Results . . . ... ... .. 96
5.3.1. Effects of Phosphorylation on a Turn Motif . . . . . . .. 96
5.3.2. Global Stability of Variants of Folded 4E-BP2 . . . . .. 99
5.3.3. Electrostatic Contributions . . . ... ... ... ..... 105

54. Discussion . . . . .. ... ... e 107




Contents

55. Conclusion . . . . ... ... Lo o 108
6. Summary and Outlook 111
A. Implementation of the dRMSD 113
Acronyms 119
List of Figures 121
List of Tables 123
List of Publications 125
Bibliography 129

X1






1. Introduction

Whenever mankind hoped to have understood some of the mechanisms of
nature the reality proved to be far more complicated and harder to grasp.
Proteins are thought of as the machinery of biology, and this image can be
quite helpful for understanding biological mechanisms. But the properties
of these biomachines can be vastly different to the typical machines made by
men. Proteins are not necessarily rigid, they do not necessarily possess a 3D
structure and can still exert their function perfectly, sometimes even better. The
discovery of these intrinsically disordered proteins (IDPs) around the turn of
the millennium has opened up a whole new field of study for biophysics.
IDPs are difficult to study with the experimental methods available to biolo-
gists, chemists and physicists. Most techniques rely on ensemble averages that,
in the case of IDPs, can not resolve individual substates of the ensemble of con-
formational states. The high temporal and spatial resolution of computational
models like molecular dynamics simulations can in this case be of great value.
For small systems straightforward simulations of the system can reach the time
scales necessary to cover all relevant parts of the phase space in sufficient detail.
For most systems, however, simulations with currently available hardware re-
quire prohibitively long computation times and advanced sampling techniques
have to be devised and improved to access the full phase space. It is the aim
of this study to investigate the influence of post-translational modifications
on intrinsically disordered proteins. To this end classical, continuous MD
simulations are performed, but also advanced sampling methods are adjusted
to allow sampling of the complete conformational space of the segments of

interest.




1. Introduction

This thesis is structured as follows:

e This first chapter gives an introduction to intrinsically disordered proteins
and post-translational modifications.

e In the second chapter the basic principles of molecular dynamics simula-

tions are explained and the problems with IDPs are addressed.

e The third chapter compares the performance of water models specifically
designed for IDPs to a traditional water model.

e In chapter four the effects of phosphorylation and coupled folding and
binding of the intrinsically disordered domain pKID to the binding
partner KIX are investigated both with continuous MD simulations and

advanced sampling methods.

e Chapter five examines the reasons of structure stabilization upon phos-
phorylation of the 4E-BP2 protein with several methods.




1.1. Intrinsically Disordered Proteins

1.1. Intrinsically Disordered Proteins

During the last century the field of structural biology was more and more
convinced of Nobel prize laureate Anfinsen’s dogma!, that the amino acid se-
quence determines the three-dimensional structure of proteins. In other words
the dogma claims that all proteins possess a unique, stable and kinetically
accessible global free energy minimum. This defined structure was assumed to
be necessary for the proteins to exert their biological function.

In the last decades, however, evidence has accumulated, that not all proteins
are in one single, folded state at all times. Around the turn of the millennium,
the previous, scattered experimental observations of disordered proteins lead
to a number of publications starting to question the necessity of a stable
fold for the function of all proteins.”® These seminal papers introduced the
concept of intrinsically disordered regions (IDRs) or intrinsically disordered
proteins (IDPs) that do not possess a defined structure but still exert a biological
function.

The single unifying property of IDPs is their lack of a unique and stable
tertiary structure. Initially, IDPs were termed intrinsically unstructured, but
with increasing knowledge about the forms of intrinsic disorder the term
"unstructured’ turned out to be more and more misleading. IDPs do not
necessarily lack any kind of structure, but can be roughly classified in three
major forms of intrinsic disorder: Collapsed disorder, semi-collapsed disorder
and extended disorder (see Figure 1.1). Collapsed disordered proteins®’® do
form secondary structure elements that can move as a unit and fail to remain
in stable tertiary structures. Side chains of these proteins are typically flexible.
Semi-collapsed disordered proteins form due to water being a poor solvent for
the peptide backbone. They can show quickly changing H-bonds between side
chains and include pre-molten globules®, polyglutamine regions’ and other
polar sequences!?. Pre-molten globules, in particular, can still show secondary
structure elements. Finally, proteins in extended disorder come closest to the
classic idea of a random coil”®. Their disorder is often induced by high net
charges and a lack of hydrophobic residues or a hydrophobic core.

The amino acid sequence, although not necessarily determining one defined

structure of a protein, does contain information on the folding properties of the
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Figure 1.1.: Examples for the three major forms of disorder: Collapsed disorder
(A), semi-collapsed disorder (B) or extended disorder (C).

protein. Intrinsically disordered regions typically contain few hydrophobic side
chains and increased numbers of charged side chains®. Specifically developed
sequence predictors!! use machine learning algorithms to estimate the level of
order or disorder from the sequence. These estimates find structural disorder
to be not only present but abundant in all species and kingdoms of life, but
more so in eukaryotes compared to prokaryotes!?. It is estimated that 10-35%
of prokaryotic and about 15-45% of eukaryotic proteins have segments of
significant disorder'?, i.e. disordered stretches of 30 or more consecutive
residues. As a tendency, disorder increases with complexity. The highest level
of disorder is, however, not found in the most complex metazoan eukaryotes

like humans, but in single-celled eukaryotes.'?

How Can We Learn About Disordered Proteins?

The disordered nature of proteins or regions can be traced with several experi-
mental methods. X-ray crystallography or nucleo-magnetic resonance (NMR)
experiments can give structural insights. Circular dichroism (CD) spectroscopy
can identify — possibly transient — secondary structure content. Information
on the single molecule level can be obtained from Forster-resonance energy
transfer (FRET), fluorescence correlation spectroscopy (FCS) or atomic force
microscopy (AFM). Finally, mass spectrometry, small angle X-ray scattering
(SAXS) or protease digestion can reveal global, average properties.

NMR measurements are probably the most common technique to investi-
gate IDPs.!3716 Secondary structure can be identified via chemical shifts of the
backbone!” or with information about backbone dihedral angles from scalar

8

couplings'®. Secondary or tertiary structure can be inferred from nuclear
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Overhauser effect (NOE) experiments containing information on spatially close
residues or residual dipolar couplings (RDCs)!*?? reporting on the angle of a
bond relative to an external magnetic field. For long range restraints param-
agnetic relaxation enhancement experiments (PRE) have proven useful?!, and
relaxation rates can provide data on the dynamics of IDPs!4. X-ray crystallog-
raphy can identify intrinsically disordered proteins or regions through their
missing electron density.” However, whether the missing electron density stems
from disorder or is an artifact of the purification process or measurement must
be tested by a different method, and no insight about possible transient struc-
ture can be obtained. The scattering intensities of SAXS give ensemble-averaged
estimates of the shape and radius of gyration of proteins??3. Large radii of
gyration for a given molecular weight, for example, point towards a unfolded
structure. Typically, SAXS measurements complement other measurements like
NMR. The differential absorption of left- and right-handed circularly polarized
light used in CD spectroscopy contains information on secondary structure

content?*

and can semi-qualitatively tell if proteins contain secondary structure
or if unstructured proteins fold when in contact with binding partners®. In
contrast to the methods presented so far single molecule studies on IDPs do
not average over a large sample?. Single molecule FRET??8 can measure
the distance between two chromophores using the Forster energy transfer
distance dependence and can help in classifying conformations or identify-
ing long-range interactions between domains. Using similar chromophores,
FCS allows the calculation of the autocorrelation function of the distance of
the chromophores and can be applied to IDPs to check, for example, their
flexibility?” or hydrodynamic radii’. AFM can mechanically measure changes
of proteins like unfolding and can assess conformational equilibria’ or even
monitor conformational changes®. Finally, mass spectrometry®!, the diges-

3

tion by protease® and many other experimental techniques have also been

successfully applied to study IDPs.

Simulations, in particular molecular dynamics (MD) simulations, also signif-
icantly contribute to the investigation of IDPs. Already at the level of structure
determination via NMR structural biologists typically use simulations. These

simulations narrow down possible structures via simulated annealing simu-
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33,34

lations or torsion angle dynamics™~*, where NMR results are translated to

restraints for short simulations scanning the conformational space.

Additionally, several hybrid experiment-simulation approaches have been
developed to characterize the conformational ensembles of IDPs.3>3¢ The
ENSEMBLE algorithmls, as an example, includes a variety of experimental
restraints into simulations to determine the simplest population weighted
ensemble of structures that reproduces the experimental data. Experimental
input from chemical shifts, NOEs, PREs, residual dipolar couplings, hydrogen
exchange protection factors, solvent-accessible surface area, and the hydrody-
namic radius can be used. However, when using simulations with experimental
restraints, care must be taken to reproduce the experimental conditions like
temperature, pH and pressure®, otherwise an unphysical ensemble might be

generated.

Simulations can work well with experimental data but can also contribute ab
initio.3® With atomic detail and full dynamics up to femtosecond resolution MD
simulations are, in principle, ideal for the investigation of the behavior of IDPs.
The purely theoretical simulation predictions are, of course, most valuable if
they are validated with experiments®. A prime example of such a validation is
a simulation study on Ap40 and AP42%0 that confirmed the predicted ensemble
by calculating predicted scalar couplings that were in quantitative agreement
with NMR measurements. For disordered entropic chains there is, currently,
no high-resolution structural information available from experiments. For such
systems, ab initio MD simulations have proven to be very useful, like in the case
of elastin*!. The level of detail in IDP simulations ranges from explicit solvent*’
through implicit solvent, like the ABSINTH model*?, specifically developed for
IDPs, to coarse-grained models* that do not represent every atom explicitly.
The computational cost of the calculations, however, increases with the level
of detail and thus can limit the applicability of simulations. Details on the
problems with simulations of IDPs will be covered in the theory part of this

work.
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Is Disorder Relevant?

Disorder has been discovered and mostly studied in the artificial and dilute
environment in vitro, but are IDPs actually disordered in vivo? Experiments
mimicking the macromolecular crowding of a live cell with a 400 mg/ml
concentration of Dextran or Ficoll*#*® showed, that disorder persists in crowded
environments. Increased digestion of IDPs by the ubiquitin-independent 20S

Protease?®

was observed both in vitro and in vivo, indicating the consistent
disordered structure that is more easily cleaved by the protease. Furthermore,
NMR studies on isotope-labeled proteins demonstrated their intrinsic disorder

in living cells.*748

Many human diseases are associated with disordered proteins or regions.*’

Analysis of the SwissProt data bank revealed that many diseases, including
cancer, malaria, human immunodeficiency virus (HIV) and acquired immunod-
eficiency syndrome (AIDS), deafness, obesity, cardiovascular diseases, diabetes
mellitus, albinism, and prion protein related diseases, are correlated with
proteins predicted to be disordered*?. Keith Dunker and colleagues®! in
2002 found, that 79% of cancer-associated and 66% of cell-signaling proteins
contained regions of predicted disorder that were 30 residues or longer. Of
a comparable set of the eukaryotic proteins of the SwissProt database only
46% contained such long regions of predicted disorder. One example for the
importance of disorder in diseases is the transcription factor p53°2, regulat-
ing cell cycle progression, apoptosis induction, DNA repair, and response
to cellular stress. Of the many interactions of p53 approximately 70% are
mediated by IDRs>®. Mutations of p53 are linked with cancer in colon, lung,
esophagus, breast, liver, brain, reticuloendothelial and hemopoietic tissues®?.
Another example is A3 protein, which under physiological conditions is a
random extended chain and shows no a-helical or 3-sheet like conformation®.
The protein can, however, aggregate and form fibrils closely linked with

Alzheimer’s disease and correlating with neurotoxicity.”®
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What Is the Function of Disorder?

Intrinsically disordered proteins play an important role in transcription, trans-

lation, cell cycle regulation and cell signaling® !

, as indicated by their higher
abundance in the eukaryotic proteome with its extensive interaction network
compared to the prokaryotic proteome!?. When interacting with other cellular
components, IDPs often show disorder to order transitions.®? Their high speci-
ficity and low affinity binding™ is ideally suited for signal transduction, as the
high specificity guarantees precise signal delivery while the low affinity allows
fast dissociation after signaling is complete. Post-translational modifications
(PTMs), also highly important for signal transduction, are often associated with
IDPs/IDRs®. The flexibility of IDPs allows specific binding both to the physi-
ological target and to modifying enzymes®®. Furthermore, intrinsic disorder
promotes digestion by proteases®, which could be beneficial for signal transport
as IDPs would have a shorter life cycle due to faster degradation®. Finally,
IDPs can bind faster to binding partners due to a “fly-casting” effect.®#> The
unstructured protein can have a greater capture radius for a specific binding
site compared to a folded protein®. In the fly-casting scenario, the unfolded
state then binds weakly and only folds at the binding site. The effect would be
particularly beneficial for hub proteins in protein-protein-interaction networks,
where indeed intrinsic disorder is commonly found®. Another possible expla-
nation for the faster association rate is based on the fact, that coupled folding
and binding shows a reduced free energy barrier of binding that accelerates
binding?’. According to this view, the capture rate of IDPs is even reduced
compared to folded proteins due to the higher diffusion constant, but fewer

encounters are necessary for successful binding.

The function of IDPs is a good means for classification, although many
other classifications, like their functional elements, their structure or sequence,
their interactions with other proteins, their evolution, regulation or biophysical
properties®” could also be used. One possible and exemplary classification by
function is in six classes: Entropic chains, display sites, chaperones, effectors,
assemblers, and scavengers®®”8. Entropic chains directly benefit from their
disorder, for example as flexible linkers or as spacers between regions. IDPs

contain a disproportionate, increased number® of PTM sites that can affect
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properties of the protein. These modification sites are more easily accessible in
disordered regions”’ and thus IDPs can act as display sites for possible PTMs.
IDPs also act as chaperones helping RNA or other proteins to fold correctly.
Here, intrinsic disorder can be beneficial to prolong the life time of encounter
complexes by sampling several possible encounter conformations. The class
of effectors contains IDPs that interact with other proteins and modify their
activity. Often this is accompanied by disorder-to-order transitions.”! Next,
assembler IDPs bind multiple proteins and through binding either stabilize
their complex or locally confine them, promoting interaction between the
bound proteins’?. The final class are scavengers that store or neutralize small

ligands, like casein binding calcium phosphate in milk”.

IDPs exert their function through one of three classes of functional motifs.5”
The first class are short linear motifs (SLiMs) of 3-10 amino acids in length”47°.
Interactions with SLiMs can either modify the motifs themselves or the motifs
can act as recognition peptides. The motifs can be cleaved by proteases’®,
modified by enzymes for PTM addition or removal’’, or undergo structural
changes, like cis-trans isomerization of a proline through Pin1””. When acting
as recognition peptides, the motifs can either be used for complex formation”®,
for docking by increasing specificity and efficiency of protein modifications”?,
or for targeting proteins for transport towards subcellular organelles. Importin,
for example, recognizes the nuclear localization signal motif and transports
the respective proteins to the nucleus.®’ The second class of function, termed

)81, are domains of 10-70 amino acids

molecular recognition features (MoRFs
that promote specific protein—protein interactions. They typically undergo
disorder-to-order transitions when binding to partner proteins®? and the un-
bound, disordered form can be biased towards the bound, folded form®3.
Finally, the third functional motif are permanently disordered domains. Some
domain families seem to solely require the presence of disorder in their local
environment for functioning, while others seem to rely on the presence of

disordered regions in specific locations®*®.

Among the many functions of disordered proteins and regions is their
propensity to host PTM sites. The next section is intended to give a broad

overview on the ubiquitous regulation mechanisms of PTMs.
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1.2. Post-translational Modifications

The complexity of intrinsic disorder is only one of the many open questions
about the biological machinery of the proteome. The enormous diversification
of proteins in form and function is another. The initial coding capacity of the
DNA is, in the course of transcription and translation, expanded to generate
an immense diversity in the proteome. For example, the roughly 30,000 genes
in the human genome are the blueprint for more than a million molecular
species of proteins. Two major mechanisms allow this expansion. The first
one acts act transcriptional level, where through splicing of the mRNA, the
working copy of the DNA, the actually expressed exon is created®. The
second route to diversification, when the ribosome has already translated the
mRNA into the polypeptide chain of the protein, is called post-translational
modification (PTM). As many as 300 different PTMs of proteins are known to
occur physiologically.?” They include modifications at any time of a protein’s
life cycle, from shortly after translation where folding can be assisted, to
ubiquitination as a marker for degradation®.

PTMs are covalent modifications either to the peptide linkages of the amino
acid residues or to their side chains.®® This definition already separates the
PTMs in two broad classes: The first are cleavages of the covalent peptide
backbone bond either by proteases or, less frequently, by autocatalytic cleavage.
Selective proteolysis is a fundamental mechanism to regulate the composition
of the proteome and to control location, activity and lifetime of proteins both
inside and outside the cell. In eukaryotic cells, large subsets of proteins
are subject to limited proteolytic clipping as part of the normal spatial and
temporal protein maturation process. As an example, essentially every protein
that enters the endoplasmatic reticulum (ER) loses 25-30 C-terminal residues
through proteolysis, since the cut tail was used as signal sequence specifying
transport to the ER*.

The second class includes all covalent addition or removal of chemical groups
catalyzed by enzymes. Typically, an electrophilic fragment of a co-substrate
is added to a side chain. The side chain is usually electron rich and acts as
a nucleophile in the transfer.® PTMs are believed to increase the number of

chemically different amino acids in proteins from 20 to more than 140%.

10
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Important Forms of Covalent PTM Additions

The five most prevalent covalent attachment modifications are phosphoryla-
tion, acylation, alkylation, glycosylation, and oxidation.®* Oxidation plays an
important role when two thioles are merged to a disulfide bond that stabilizes
the protein fold. Glycosylation is the attachment of sugar molecules. The most
common form is N-glycosylation of Asparagine side chains in the ER that is
crucial for glycoprotein folding®!. Alkylation as methylation also takes part
in histone-coding but can also add long isoprenyl chains for localization at
membranes®. Acylation most commonly happens with Cy, Cy4 or Cy4 chains or
as covalent attachment of ubiquitin, with vastly different effects. C, acetylation
patterns of the Lysine residues of the N-termini of histones can regulate the
transcription machinery through the "histone-code’2. Addition of C14 or Cyg
fatty acyl groups can direct proteins to the membrane®®. Ubiquitination, which
leads to degredation of a protein, is enzymatically transferred as an acyl moiety

and thus is also categorized as acylation®*.

Finally and most commonly, phosphorylation substitutes a hydroxyl group
with a charged, dianionic tetrahedral phosphate group (see Figure 1.2). This
change is catalysed by dedicated phosporylation proteins, the kinases, exploit-
ing ATP as the universal phosphate donor. Their superfamily, the kinome, has
more than 500 members in the human genome”. The mammalian phosphopro-
teome contains phosphoserine(pS), phosphothreonine(pT) and phosphotyro-
sine(pY) residues at a ratio of approximately 90(pT):10(pT,pY)*®. Bacterial and
funghal proteome may also contain phosphohistidine and phosphoaspartate”’.
The conversion of a neutral OH group to a dianionic phosphate group is a
potent conformational switch as it has evolved into a major recurring pattern
to create proteome diversity in eukaryotes.

Phosphorylation, but also acetylation or acylation, are reversible via deconju-
gating enzymes. Modifying proteins facilitates a fast and economical control of
protein function, as degradation and de novo synthesis would be energetically
far more costly and much slower. These advantages have lead to a dominant
role of phosphorylation for protein based signaling in eukaryotes.®” The cyclic
AMP activated kinase A for example, phosphorylates over 100 proteins’® on
Ser and Thr side chains for signal transduction. To turn off signals the phos-
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Figure 1.2.: Phosphorylation of a serine residue.

phate group has to be removed by phosphatase enzymes, of which there are
approximately 150 encoded in the human genome. Interestingly, most of these,
(>100) are phosphatases for the less frequent pY phosphorylation®, as the
pS/pT phosphatases are typically promiscuous and contain many regulatory
subunits that control subcellular location and substrate recognition.

The mechanisms by which phosphorylation alters the properties of a protein
are diverse. Phosphorylations can prevent activity of an enzyme by sterically

100 101 In

blocking the active site"™" or act as a recognition site for binding proteins
particular, however, the special properties of phosphorylations can influence
the equilibrium of structures of the protein. At physiological pH the phosphate

group with a pK4 of ~ 6.7 is predominantly dianionic!??

. The two negative
charges and, due to the three phosphoryl oxygens, the possibility to form
several hydrogen bonds constitute very special characteristics. Three direct

interaction types for structural control are observed.!®

Firstly, the possibility
to form several H-bonds is used in tight environments to contact other, mostly
arginine, side chains. Secondly, the negative charge can interact with the
positive charge of the N-terminus of a helix and the phosphate group can
interact with the backbone nitrogen atoms of the helix. Thirdly, the phos-
phorylation can be involved in contacts to other polar residues like lysine or
histidine. Through these interactions phosphorylations have been found to

104 and OrderlOS—l 08

induce disorder , in proteins.

It is the aim of this work to use molecular dynamics simulations in order to
elucidate some effects of phosphorylation on intrinsically disordered proteins
for two test systems where phosphorylation stabilizes folded structures. In the
next chapter, a brief introduction to the methods of MD simulations will be

given.
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2. Theory

The fundamental task of theoretical physics is to rationalize, explain and
predict phenomena occurring in the world we live in. In theoretical biophysics,
in order to rationalize, explain and predict the mechanisms and behavior of
biomolecules, models of these molecules have to be built that consider all, but
no more than the relevant interactions and degrees of freedom. In this work,
molecular dynamics (MD) computer simulations were used, which will be

described in the following section.

2.1. Molecular Dynamics Simulations

Molecular dynamics simulations describe the dynamics of a system of inter-
est by modeling every atom as a point adhering to the classical Newtonian

equations of motion:
d?ri(t
i)
dt?

where the force F; acts on atom i with mass m;. The model of atoms following

= F, (2.1)

classical mechanics is based on the Born-Oppenheimer approximation, where
nuclei with their 2000-fold higher mass are assumed to only feel average forces
from their faster, surrounding electrons. The approximation turned out to be a
very good for a wide range of materials and in particular for biomolecules'®.

Forces are calculated from an empirical potential function V' termed force field
1

oV(ry, ..., TN)

EF =
! ari

(2.2)

V"Force field” is henceforth used in this chemical meaning as a scalar potential and not as
the physical term, a vector field of forces.

13



2. Theory

Figure 2.1.: Contributing terms to the force field and the typical shapes of their
potential. The first three terms describe bonded interactions while
the last two, Van-der-Waals and Coulomb interactions, apply for
non-bonded atoms.

Since the physics of the individual molecules is coarsened to complete atoms,
the model is stripped of the original source of forces acting on the atoms. For-
mally, atoms in biomolecular systems are subject to forces from covalent bonds
stemming from shared electronic orbitals, Van-der-Waals interactions between
induced dipoles of the atoms and Coulomb interactions. Coulombic interac-
tions are, in principle, straight forward to implement and the contribution to
the potential is simply the Coulomb potential. For the other two contributions,
however, coarsening the representation deprives us of the possibility to calcu-
late overlaps between electronic shells or induced dipole moments in the atoms.
So, to correctly represent the forces acting on an atom, these effects have to be
included in artificial force field terms. The Van-der-Waals interactions include
the repulsion of an overlap of the electronic shells and a weak attraction due
to induced dipoles. With a strong repulsion at close distances and a slight
attraction beyond, these interactions are most commonly represented with the
Lennard-Jones potential''?. Covalent contributions to the potential in MD are
represented by three terms: Bonds and angles between atoms are implemented
as harmonic springs, while for dihedral terms a periodic potential with local
minima is used. In total, the potential function thus contains five contributing

terms, depicted in Figure 2.1, and has the form of equation 2.3.
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V=Y ko(d; —dip)
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Coordinates of all atoms and thus the distances between atoms d;, angles 6;
and dihedrals ¢; as well as the distances d;; between non-bonded atoms are
known. All remaining parameters have to be defined empirically'!!, by fitting
to quantum-mechanical calculations and experimental, e.g. spectroscopic,
data. Several versions of such force fields have been implemented. The most
prominent today are the AMBER!!2, CHARMM!!® and GROMOS!* force
tields.

With all necessary parameters for the force field defined, the forces on atoms
for a given set of atom coordinates can be calculated. To obtain the dynamics
of the system, these forces have to be translated into atom motion. This is
achieved by integrating Newton’s equations of motion of Equation 2.1. For this
task several integrators have been developed. The Verlet algorithm!!> expands
the position r of each atom in a Taylor expansion for a short time At before

and after a certain time t:

T 2y B3¢
(t+ A1) =x(t) - dd—(tt)At + %ddt(zt) (at)* - %ddtgt) (84" + O(at)" (2.4)
Kt — Af) = £(t) + dji—(:)m + %—dil"t(j) (A2 + g_di;tg” (A + O(AD)

Upon addition of the two equations the uneven exponents cancel out and the

position at a later time ¢ + At is only dependent on previous positions and the
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acceleration that can be obtained from the potential and the mass of the atom:

r(t + At) = 2r(t) —r(t — At) + d;rt(zt) (At)2 + O(At) (2.5)

The Verlet algorithm requires two initial sets of coordinates. This is solved

in the Velocity Verlet!!®

algorithm, where it is sufficient to know one initial set
of coordinates with respective velocities. As velocities are necessary for the
computation of global statistical properties, their calculation does not expand

computational demand. Update rules for the Velocity Verlet algorithm are

r(t+ At) = r(t) + v(t)At + %a(t)(At)z

a(t) +a(t + At)
2

(2.6)
At

o(t+ At) =v(t) +

As an alternative, the leap frog algorithm!!” by turns calculates velocities

and positions at half steps to obtain the trajectory of positions:

r(t+ At) = r(t) +o(t + At/2)At 07

v(t+ At/2) = v(t — At/2) + a(t)At 27)

For all integrators, the size of the time step At is vital. On the one hand,
long simulation times are desirable to generate a large ensemble, so At should
be as large as possible. On the other hand, positions of the atoms cannot be
resolved correctly when the time step is larger than the fastest vibrations in the
system. In biophysics, these are typically vibrations of hydrogen atoms with a
frequency of 10fs, so the time step of MD simulations has an upper limit of 1
-2fs. Algorithms to satisfy bond geometry constraints like SHAKE!!® and the

119

repartitioning of hydrogen masses''” can help increase the time step so that

simulations with a time step of 4 fs can be performed.

Integrators can only propagate coordinates according to acting forces but
need an initial set of coordinates to start with. For simple systems, like ions
in a box of water or short peptides, these initial coordinates can be generated
ab initio. For larger systems, like proteins or DNA, a structure with atomistic

resolution from NMR or X-ray crystallography measurements has to be used.
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2.1. Molecular Dynamics Simulations

Starting coordinates complete the prerequisites and the MD simulation can
be performed as a cycle of consecutive force calculations and position (and
velocity) updates. When the desired length of the simulation is reached, the
cycle is stopped and the trajectory, i.e. the coordinates of all atoms saved at a

given time interval, is complete and ready for analysis.

2.1.1. Statistical Ensembles in MD

The ergodic hypothesis states, that for a long time span the probability of
a state in an ensemble is proportional to the time spent in this state by the
system. Assuming this hypothesis, plain integration of Newton’s equation of
motion samples the microcanonical ensemble, albeit with a slight energy shift
due to numerical rounding errors. Additionally, for the leap frog algorithm
the potential and kinetic energies are never known at the exact same time but
with half a time step between them. Simulation results should be compared
to experiments, where not the system energy, which is constant for the micro-
canonical ensemble, but rather temperature and pressure are kept fixed. So
sampling of the canonical ensemble with the number of particles N, volume
of the probe V and temperature T, or the grand canonical ensemble with N,
T and pressure p as state variables would be preferable. In order to sample
these ensembles, temperature and volume or pressure, respectively, have to be
stabilized instead of the total energy.

To stabilize temperature, several methods have been developed. The most
simple solution is velocity rescaling, where all velocities of the system are
rescaled by a constant factor A = \/T(t)/Tp, i.e. the square root (as velocities
enter kinetic energy calculation quadratically) of the ratio of current tempera-
ture T(t) and desired temperature Tj. This forces the system to maintain the
correct kinetic energy, but does not allow for fluctuations of the temperature

t120 allows

as expected for the canonical ensemble. The Berendsen thermosta
for fluctuations of the temperature and couples the system to an external heat
bath and ensures the change of temperature is proportional to the difference in
temperature:

T 1

= (To=T(1) 28)
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The coupling parameter T governs, how tightly the system is coupled to the
heat bath. with T = 1 simple velocity rescaling would be reproduced. While
the Berendsen thermostat does allow fluctuations in temperature it still does
not correctly sample the canonical ensemble.

The Nosé-Hoover thermostat'?! allows sampling of the canonical ensemble

by expanding the Hamiltonian of the system by an extra degree of freedom for
the heat bath, s:

Z Pi Ly Z U(r; — 1 +2Q+ngTln( s) 2.9)
27

where g is the number of independent momentum degrees of freedom and
Q is an artificial “mass” that regulates coupling of the system with the heat
bath. The additional coordinate s can be interpreted as a scaling factor of the
time step and controls the momenta and thus the temperature. As this barostat
can in some cases create problems with ergodicity, the Nosé-Hoover formalism
can be improved to Nosé-Hoover-Chains!??. A more detailed discussion of
thermostats can be found in'?®

In order to control pressure in simulations, several barostats have been devel-

t120

oped. The Berendsen barostat'” scales the dimensions of the box to produce

the correct average pressure, but does not yield the exact NPT ensemble. The

Andersen barostat!?*

, similarly to the Nosé-Hoover thermostat, scales the coor-
dinates of the atoms by introduction of a new term in the Hamiltonian. This
was extended in the Parrinello-Rahman barostat!?® so that nonisotropic scaling

of the volume is possible.

Equilibration

Starting coordinates generated ab initio or taken from crystal or NMR structures
can show overlap between atoms or produce other unfavorably large energy
contributions due to the force field, which would lead to very high forces
and thus velocities and disrupt the system. Also, extreme changes of the
temperature or pressure to reach the desired ensemble could lead to unforeseen
behavior. So before an actual production MD simulation, several equilibration
steps are performed.

18
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First, starting coordinates are brought to a local energy minimum via an en-
ergy minimization step with a steepest descent algorithm. Then, velocities are
assigned to the atoms according to the Maxwell distribution and temperature
of the system is gradually increased. In this phase the kinetic and potential en-
ergy contributions balance out. Finally, for simulations in the grand-canonical
NPT ensemble, pressure control is included and the system is equilibrated
at the desired pressure. The Berendsen thermostat and barostat can quickly
converge towards the desired temperature and pressure and thus are often
used for equilibration.

With the complete description of the force field, an integrator and equi-
librated starting coordinates and velocities production MD simulations can
be run. Their results are trajectories that, if the ergodic hypothesis holds,
represent the desired statistical ensemble of states of the system. Statistical
ensemble averages could also be obtained by Monte Carlo simulations'?, that
do not integrate the equations of motion but test a large number of states on
their accordance with the Boltzmann distribution of states, typically using the
Metropolis criterion!?®. But the trajectories of MD simulations additionally
constitute examples of the dynamics,! thereby also providing information on

the kinetics of the investigated system.

2.1.2. Common Techniques to Facilitate MD Simulations

The relatively small time step compared to the large time scales of the dynamics
and the sheer number of atoms in biomolecules limit the applicability of MD
simulations. To enhance efficiency of the calculation of MD trajectories, several

important methods and ideas have been developed.

Solvent Representation

The first MD simulation of a biomolecule, the simulation of a Trypsin inhibitor
by McCammon et al.'?” in 1977, was performed in vacuum. But biological

systems never are in vacuum and proteins are not even stable when not in

1 An interesting discussion on whether or not MD simulations reproduce real trajectories
can be found in the textbook of Frenkel[109], pp. 72-74

19



2. Theory

solution. For a meaningful description the surroundings of the protein also
have to be modeled.

One solution is the explicit modeling of solvent atoms in a large box around
the molecule(s) of interest. Several water models have been implemented128‘130
and tested. To surround a molecule with sufficient water to reproduce a
natural environment, a large number of water molecules is necessary. This can,
depending on the required box size, increase the system size by a factor of 10
or more, significantly increasing computational demands. To save computer
time, effects of the highly dynamic behavior of the solvent molecules can
be averaged in implicit solvent models!3!. The more precise solution to the
Poisson-Boltzmann-equation'®? is here still outperformed!* by the generalized-
Born approach!3!.

Periodic Boundary Conditions

Free explicit solvent molecules would quickly dissociate far away from the so-
lute of interest. Consequently, all atoms have to be kept in a defined simulation
region, the bounding box. This confinement can be achieved via restraints, but
then boundary effects at the solvent-vacuum boundary have to be taken into
account. To mitigate this boundary problem, and also for further reduction of
the size of the simulated box while still mimicking a large system, periodic
boundary conditions are used. To this end, copies of the system are placed
at all faces of the bounding box, such that a particle that, for example, exits
the box to the top would instantly enter the box at the bottom, as shown in
Figure 2.2. Only atoms represented by full circles have to be simulated, yet
the system feels as if it is solvated in a much larger box, that, however, also

contains periodic images of the solute.

Non-bonded Calculations

The large number of atoms makes the quadratic problem of non-bonded
interactions practically impossible to solve. A legitimate solution is the use of
cut-offs to only calculate interactions with neighboring atoms up to a certain

radius. Such a radius can be applied both for Van-der-Waals- and electrostatic

20



2.1. Molecular Dynamics Simulations

A A A
O O O
@ “lon e °
RN FRE
o Ole- ®lp ©
O O O
O © O © O ©

Figure 2.2.: Scheme of periodic boundary conditions. Only full circles are
simulated. When the dark blue atom leaves the simulation box
a periodic copy is re-introduced as the light blue atom. Figure
adapted from [134].

interactions. Artifacts of this cut-off like a steep drop in forces can be softened
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by shifting the potentials™ so they smoothly fade to 0 at the cut-off distance.

Neglecting interactions with charges at larger distances introduces a signifi-
cant error to the calculations, as the Coulomb potential only decreases with
1/d. To be be precise on close range but still get a good estimate of long range
contributions the particle mesh Ewald (PME) method!3® splits the Coulomb

potential V¢ into two contributions:

Ve=) Ves+ ; Ve (k)| (k) (2.10)
ij

The first sum collects the short range electrostatic interactions Vg, that are
calculated from close, pairwise interactions of each particle. The second term
contains the Fourier transforms V¢, of the long range potential and @ (k) of
the charge density, calculated via Fast Fourier transform which evaluates the
density on a mesh grid. The contributions are summed up as Ewald sums'?’.
The periodicity required for the Ewald method to work is inherently provided

by to periodic boundary conditions.
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2.1.3. Analysis of MD Trajectories

The output of an MD simulation, the trajectory, in the ideal case represents the
statistical ensemble of states of the simulated system. With the correct ensemble,
atomic spatial resolution and, in principle, femtosecond time resolution, many
properties of the system can be extracted. Global statistical properties like the
temperature or potential and kinetic energies are readily available. But they
can also be split into contributions from separate atoms and statistics on the
atomic level, like the radial distribution functions of one atom type to another
or the root mean square fluctuations of individual atoms or atom groups, can
be useful. The dynamics provided by MD can help identify initial contacts for
the encounter of ligands or proteins with a binding partner.

A verification of the MD model can be obtained by calculating experimental
observables from the MD trajectories. For identified important ensembles
algorithms have been developed to predict numerous observables like NMR
chemical shifts'3® or SAXS curves!®. Also, for the dynamics of systems, FRET

140 can be predicted.

efficiencies
For the investigation of intrinsically disordered proteins, MD simulations
can provide information on the content of order in the IDP, the conformational
ensemble, key interactions stabilizing order or invoking disorder or also the
time scales of conformational dynamics.
A detailed view on the extraction of free energies from MD simulations shall

be given in the following section.
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2.2. Free Energies from Molecular Dynamics

Simulations

The accurate calculation or prediction of free energies is one of the most
important tasks of computational biochemistry. Free energy simulations em-
ploy MD or in some cases also Monte Carlo (MC) approaches as techniques
to generate appropriate ensembles of states. Within the limitations of the
underlying force field, such free energy simulation techniques allow the accu-
rate calculation of free energy differences including both energetic as well as
entropic contributions.

As will be further discussed below, a perquisite of accurate free energy
simulations is the appropriate sampling of relevant conformational states of a
given system, which requires in many cases a series of extensive simulations.
Hence, the computational demand of free energy simulations can be enormous.
In practice, the application of free energy simulation techniques is largely
restricted to absolute free energy calculation of small sets of ligand-receptor
complexes or to the calculation of relative free energies associated with chemical
modifications of a molecule. It should also be emphasized that current free
energy simulations are not truly predictive in the sense that such simulations
make the experimental binding affinity determination obsolete!4>143, In part
this can be due to insufficient sampling which limits the convergence of
calculated free energy differences. Recent methodological improvements and
steadily increasing computer performance, however, have provided progress in
this direction. The second important limitation is due to the accuracy of current
molecular mechanics force fields used to describe molecular interactions. For
proteins and nucleic acids, fairly accurate force fields have been designed in the
course of many years. For the many possible organic drug-like molecules that
may bind to biomolecules, in contrast, significantly less experience and testing
results are available!!31%4 However, even within these limitations numerous
useful applications are possible, ranging from qualitative predictions on ligand

binding which can help in drug design efforts to offering explanations at the

The contents of this section have been published!*! in similar form.
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molecular level for the behavior of a molecule or its alteration due to chemical
modification. In this section free energy simulation techniques for alchemical
transformations will be reviewed followed by discussing alternative approaches
of induced dissociation of the ligand-receptor complexes combined with the

calculation of the associated free energy change.

2.2.1. Free Energy in MD Simulations

Over decades the determination of free energies in biomolecular systems has
been a major focus of MD simulations. The thermodynamic concept of free
energy gives an overall measure for the distribution of available states over
a multidimensional energy landscape. A microscopic state in classical MD
simulations is thereby given by the Cartesian coordinates for all atoms of
the system as well as their momenta. Considering the representation of a
biomolecular systems in MD simulations one typically refers to a biomolecule
or biomolecular complex which is solvated in a finite sized box of water
molecules and surrounding ions. During the simulation the system is kept
under constant volume V or pressure p and the temperature T can be controlled
with a thermostat representing a thermal heat bath. Such a system corresponds
to the canonical or in case of constant pressure to the isobaric ensemble. The
Hamiltonian, or energy function, of the system consists of a kinetic energy term
and a potential energy function. The potential energy function is represented
by a force field description with energy contributions from bonded and non-
bonded particle interactions. It usually does not depend on the momenta of
the particles so kinetic and position-dependent (configurational) contributions
can be separated. In the same way it is also possible to separate kinetic and
configurational contributions to the partition function Q and to the free energy
F of the system. With B = 1/k,T, kp, being the Boltzmann constant, Q and F

can be written as

Q= // e*/m(r'p)drdp. (2.11)
F= —lan (2.12)
5 . .
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In common applications for MD simulations on biomolecules it is impossible
to explore the phase space and to calculate the complete associated partition
function in its entirety due to the high dimensionality of the system. Free
energy calculations in practice aim to reduce the need to explore the complete
phase space with the help of expressions of free energy differences between
two systems A and B:

AF = —11p 84 (2.13)

B Qs

The systems A and B can, for example, refer to the receptor with a bound
ligand and without a ligand or may correspond to two different conformational
regimes of a protein molecule. To determine the difference in free energy
between systems A and B it is only necessary to sample those regions in
phase space which differ among the systems. In the following paragraph the
systems A and B differ chemically and are represented by different force field
descriptions.

2.2.2. Alchemical Transformations

Various methods have been suggested to estimate the free energy difference
between two systems or distinct system states A and B from MD or MC
simulations. In case of free energy simulations on ligand binding one is
interested in the absolute binding free energy of a ligand or in the relative
binding affinity of two ligands that differ for example in a chemical group.
Hence, the states A and B can correspond to a state with ligand absent (A) or
present (B) in the receptor binding pocket or in case of considering relative
free energy differences the states A or B represent absence or presence of a
chemical group in the ligand, respectively. The presence or absence of the
ligand or chemical modification can be represented by a difference in the force
field description of each system. According to the thermodynamic cycle shown
in Figure 2.3 for calculating the contribution to the binding free energy it is
necessary to not only calculate the free energy change with the ligand bound
to the receptor but also in the unbound state of the ligand (in the bulk solvent).

Zwanzig introduced the free energy perturbation (FEP) formula as an ensem-
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Figure 2.3.: The thermodynamic cycle for calculating the binding free energy

change upon ligand modification. The indicated free energy path-
ways can be calculated from simulations with different approaches.
The horizontal pathways (AG;, AGy) involve a change in the sys-
tem topology as ligand L morphs into L and are accessible from
(alchemical) free energy calculations. Vertical pathways (AG,, AG3)
involve a change in the association state indicating the binding
event of L and L, respectively, and can be derived from Um-
brella Sampling calculations. Typically one is interested in the
difference free energy of association which can be obtained from
AAG = AG1 — AGy = AGy — AG3
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ble average over the Boltzmann factor for the energy difference between the
two states calculated in the ensemble of A, Hence, it is possible to calculate
the free energy change due to a change of the system (a perturbation B, e.g.
change in the force field such as an annihilation or addition of a force field
term representing a chemical group of the ligand) from the ensemble average
of system A (the unperturbed system):

AF,p = —% In(ePAVBa) 4 (2.14)

The one-sided perturbation is, however, biased by the exclusive sampling of
states in only ensemble A. In order to eliminate this bias, information of both
ensembles can be combined with a two-sided perturbation approach where
data from both systems is included. The drawback of this approach is the
need of generating trajectories for both ensembles A and B, which in general
doubles the computational cost. With the two simulations the free energy can
then be calculated as

1. (e P%s),
AFyp = —=In ¢ /4
ap = =gl

In order to decrease the statistical error of the one- and two-sided free energy

(2.15)

perturbation methods, Charles H. Bennett came up with a formulation of
the free energy difference between two systems as the acceptance ratio of
switching the Hamiltonian function from A to B!4°. In contrast to Metropolis
who formulated a criterion to describe the acceptance of a set of phase space
coordinates in Monte Carlo simulations, Bennett asked for an acceptance
criterion which provides minimal error for the calculated free energy difference.
For this he expanded the fraction of partition functions which forms the core

of difference free energy estimates,

Qu _ (W(q)exp[—pVal)y
Qs ~ (W(a)exp [ pVs])4

where W can be an arbitrary weighting function. Applying Lagrange multipli-

(2.16)

ers, he found, that the weighting function which provides the smallest errors

for a given set of sampling points for both systems is the Fermi Dirac distribu-
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tion function f(x) = 1/(1 + exp(Bx)). With a simple efficiency argument he
further showed that the choice for the number of probes in A and B should
be equal in case that the computational effort for the creation of one sample
equals in both systems. The Bennett acceptance ratio (BAR) for the free energy

is thus

1 n<f(VA—VB+C)>A
AFan = B M VA= O))

The constant C has to be determined in a post-processing step after the

+C. (2.17)

simulation with the additional condition

Y f(Va—=Vs+C) =Y f(Vg—Va—0C). (2.18)
A B

By the time of its invention, the post processing minimization of C was seen
as a drawback of the BAR method but has become a negligible effort in recent
free energy calculation protocols'?’.

In the limit of exhaustive sampling the perturbation method gives the exact
free energy change associated with the perturbation. However, the efficiency
or convergence of calculated free energies depends on how well the sampled
states for the unperturbed system represent relevant states (those with high
Boltzmann probability) of the perturbed system. In order to solve this problem
in practical applications one often splits the process into a series of N small
perturbations and controls the switch from A to B with a coupling coordinate
A. At A = 0 the system is represented by a Hamiltonian # 4 representing state
A and at A = 1 by Hamiltonian Hp representing state B. At each stage the free
energy change associated with a perturbation step is calculated using the force
tield change up to a given stage as reference. In this way the total free energy
change of going from state A to B is given by the sum over all perturbation
steps:

N-1

AFap =Y AFya.., (2.19)
i=0

The AF,, »,,, represent the free energy changes associated with the transition

from intermediate state A; to A;;1. The parameter A can be coupled in various
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ways to the change in the Hamiltonian as discussed in the next section.
Whenever a smooth transition coordinate A for transforming the Hamiltonian
from system A to B is defined, the thermodynamic integration (TI)48-10
method is applicable which is probably the most common method to extract
free energy differences from simulations. It requires the derivative of the
Hamiltonian with respect to a control parameter A associated with the transition
for a force field representing state A and state B. The ensemble average of
the derivative of the Hamiltonian vs. the control parameter A corresponds to
the derivative of the free energy vs. A. Often, the analytic A derivative of the
force field can be calculated. By integration of the ensemble average one can

calculate the total free energy change for the transition from A to B:

oA

The numerical integration can be performed with different methods e.g.

1
AFp = /O LLadCOI (2.20)

trapezoidal, Simpson or Clenshaw—Curtis integration'4” for which the con-
tinuous coupling coordinate A needs to be discretized and the system to be
sampled at each of the intermediate Hamiltonians as it is done for FEP in
equation 2.19. Several variants of the TI scheme are available. E.g. in the
slow growth method the coupling parameter increases with time during a
single trajectory, starting from system A and transforming to system B. If the
increment of A is performed too fast, the system may not be in equilibrium and
bias from previous A steps is observed. This is a general problem of the slow
growth method and results in a hysteresis when performing the switching
in both directions A(0 — 1) and A(1 — 0). However, as the free energy is a
thermodynamic state function, its absolute value should be independent of the
direction of the pathway.

In standard TI simulations one tries to equilibrate the simulation system
at each discrete A in order to calculate an ensemble average for the equili-
brated system. The influence of different numerical integration methods on
the efficiency and accuracy of TI, i.e. Simpson, trapezoidal and Clenshaw—
Curtis in comparison with the BAR method, has recently been investigated by
Oostenbrink et al. for the serine protease trypsin with four benzamidine-like

inhibitors'¥”. BAR was found to better handle fewer intermediate steps com-
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pared to TI wherein Simpson was found superior to trapezoidal integration.
The benefit of non-equidistant spaced intermediate steps as required by the
Clenshaw—Curtis integration method depends strongly on the functional form
of the integrand d#/dA. Overall BAR should be preferred over TI calcula-
tions because of its efficiency and robustness with respect to the choice of
intermediate steps between A and B'47/1°1.

Since free energy is a state function the pathway from thermodynamic state
A to B is arbitrary. However, in practice the pathway of transforming the
Hamiltonian representing state A to B can have significant influence on the
convergence and accuracy of calculated free energy differences. As indicated
above the most simple method is the linear coupling of the change in Hamilto-

nian with the control parameter A:

H(A) = (1— A)Ha + A Hp (2.21)

In many cases the free energy change is not uniform along the reaction

coordinate A and it is useful to apply a nonlinear coupling;:

H(A) = (1= A)"Ha(A) + A"Hp(A) (2.22)

with free choice of the exponent parameter n. The nonlinear scaling is ad-
vantageous for scaling potentials with a steep distance dependence such as a
repulsive Lennard-Jones contribution. To increase the phase space overlap of
states A and B the transition Hamiltonian is typically sampled at intermediate
steps of A. An estimate of the free energy difference of neighboring A simula-
tions can be derived from either free energy perturbation or thermodynamic
integration. Sufficient simulation time has to elapse among the samples of
the derivative Hamiltonian d# /dA for TI or the difference Hamiltonian to

neighboring windows AH to provide unbiased samples.

Especially at the end-points of free energy simulations, when potential
functions for atoms are created or annihilated, the form of the radial non-
bonded interactions results in a singularity of the interaction at close distance
between particles. To avoid the associated large forces and large derivatives of

152,153

the free energy vs. A the separation-shifted-scaling or soft-core scaling
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method has become a standard approach. The soft-core interaction function
replaces the distance of particles with an effective radius 74 and rp to remove
the singularity in the Lennard Jones and Coulomb interactions for A values

close to 1 or 0, so the soft-core hamiltonian reads as

7-[soft—core(r) = (1 - /\)HA (rA) + /\HB(VB)
1
6

rA = (ocag)\” + r6) (2.23)
1
rg = (ocag(l — AP+ r6)€

The soft-core power p, the interaction radius ¢ and the scaling factor «
are parameters to adjust the smoothness of the transition pathway. Recently,
alternative formulations for the soft-core scaling scheme have been proposed
that alleviate spurious additional minima due to the original formulation!>* or
produce a low energy transition pathway!%.

In case of relative free energy calculations of transforming one chemical
group into another one can distinguish two types of pathways. In the single
topology method atom types representing one chemical group (e.g. thermody-
namic state A) are transformed into other types that represent state B. Note that
for this pathway it may also be necessary to smoothly transform the bonded
geometric description of one group into the bonded topology of the target
group. In case of a surplus of atoms in one group it is possible to transform
atoms to non-interacting dummies (these dummies still have kinetic energy
but all non-bonded interactions are switched off). In contrast, in the dual
topology method all atoms representing one group are transformed to dummy
atoms and simultaneously atoms of the target group are created (starting from
non-interacting dummies, see Figure 2.4 — II). Due to the unphysical transition
pathway between A and B this method is often termed alchemical free energy

calculation.

2.2.3. Umbrella Sampling Along a Dissociation Pathway

Beside of alchemical transformations it is also possible to obtain the absolute

binding free energy of a ligand bound to a receptor molecule from a simulation
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Figure 2.4.: Alchemical transformation of alanine to valine with the single (I)
and dual (II) topology approach. With a single topology the atoms
extending alanine to valine are gradually turned on. For the dual
topology the side chains of valine and alanine are linked to the
backbone concurrently. In state A the valine side chain exists as a
non interacting dummy and interactions with the rest of the system
are turned on while switching the system to state B. Interactions
between both side chains are excluded.

of the association or dissociation process itself. From the perspective of the
thermodynamic cycle we follow then in principle the natural pathway of
studying biomolecular interactions that is the spatial separation of both binding

partners, corresponding to the vertical pathways in Figure 2.3.

Instead of a reaction coordinate A that annihilates or creates the interaction
between ligand and receptor a spatial reaction coordinate is chosen to dissociate
the ligand-receptor complex. The integration of the generalized mean force
along such reaction coordinate yields the potential of mean force (PMF) or
work of dissociation. Together with the free energy of release of the ligand into
the bulk it allows the calculation of absolute binding free energies. Historically,
the PMF was defined as the reversible work supplied to bring two solvated

particles from infinite separation to a contact distance:!

w(d) =~ In(s(d) (224)

with g¢(d) being the pair correlation function of the two particles. The term
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“PMEF” has since been used for numerous different reaction coordinates, many
of which are more intricate than distances. A more general definition'®” of the
PMF as used today is the free energy of a state defined by a particular reaction
coordinate:

W(R) = —% In Pr + Wy (2.25)

where W) is a constant and Py is the probability of the system to be in state
R. The free energy difference in direction R can be expressed as the difference
of PMF values:

AW(Ry — Ry) = W(Ry) — W(Ry) (2.26)

From a molecular dynamics or Monte-Carlo simulation of a system the free
energy difference for a ligand binding to a binding site from the bulk can
be calculated as a fraction of Boltzmann weighted states, i.e. probabilities of
states:

AGind = —~1In [ dre #H0) _ Lin [ qrepH0o) (2.27)
site ﬁ bulk
 drePH()
_ 1 [ Jsiedre (2.28)
B\ Joun dre FH0)

If the ligand is moved solely along the reaction coordinate and the impact
of the surroundings along orthogonal coordinates is averaged out, then the
free energy of the system, and consequently the probability of states, can be
expressed using the PMF:

(2.29)

. dRePW(R)
.

o ARe PV R

The PMF can be calculated!® 1 as the potential generating the average
force acting in the direction R. Forces have to be calculated every step in
MD simulations, making them readily accessible, and can be projected onto

the direction of R. Commonly the instantaneous forces Fr are collected in
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small bins and the PMF can be obtained through numerical integration. This
approach is equivalent to thermodynamic integration discussed above for the

case of alchemical transformation.

Instead of integration of an average force the PMF can also be obtained
directly'®916! from the probability of states at the coordinate R*:

d — R*)e—BU()
W(R*) = _%m(pR*) F W = Wy — %ln (f ré(l}(;ie—ﬁi(zf ) (2.30)

Unfortunately, for most systems it is impossible to sample the full confor-
mational space by a single MD simulation on a feasible time scale. Transitions
from the bound to the unbound state, if separated by a large energy barrier,
will most probably never occur. If the starting point is chosen in the bound
state the ligand will not leave the binding site in most simulations and yield
no information on the PMF outside of the binding pocket. On the other ex-
treme, a ligand in solution will most probably never enter the binding site. So,
simulating all regions of the reaction coordinate for roughly the same time is
desirable. To improve sampling along the reaction coordinate the Umbrella
Sampling!0%163 method (US) simulates the system with a biased potential.
Multiple simulations are run with different potentials #;. Commonly these
potentials are “umbrella-shaped” simple harmonic potentials u; = k(R — R;)?,
hence the name umbrella sampling (US). Every simulation will restrain the
ligand to a small area around the umbrella minimum and will only yield
reliable information in that area. Combining these windows then gives a full
and effective sampling of the entire association or dissociation pathway along
the reaction coordinate. Subtraction of the contribution due to the penalty
potential allows the extraction of a free energy within each umbrella window
except for an free energy offset between each window. The standard technique
to obtain the full free energy change along the coordinate R is the iterative
weighted histogram analysis method (WHAM)!®4. Recently, alternative meth-
ods have been developed either based on calculating the derivative of the PMF
vs. coordinate R in each window!®® or by fitting the sampled data to a free

energy curve as a spline function representation'6®.
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In general, because the conformational space orthogonal to the sampling path
R is large, convergence of free energies calculated with US is slow. A solution
suggested by Woo & Roux!®” substantially shrinks this space by restraining the
ligand to a defined conformation (c), orientation (r) and axis (a) leading from
the binding site to the bulk. The conformation is approximately kept fixed by
a harmonic potential for the root mean square deviation (RMSD) of the ligand.
For orientation and position restraints a coordinate system is introduced based
on three centers in the protein and ligand each. The PMF calculation is then
performed in umbrella windows pulling the constrained ligand from the bound
position into the bulk along the axis. Due to the restraints it is not necessary for
each point along the PMF sampling path to sample all possible conformations
and orientations of the ligand, which accelerates the PMF convergence. The
contributions from the added restraining potentials need to be evaluated at the
end points of the PMF calculation, i.e. the ligand being at the binding site and
in the bulk. The total free energy of binding is then given by (see Figure 2.5)

AGping = —AGI® — AGS™ — AGS® + AGpyr + AGE 4 AGPUIK - AGEUIK,
(2.31)

The release of the orientational and axial restraining in the bulk can be
calculated analytically, whereas other contributions need to be evaluated by
numerical FEP free energy simulations. Details on how to best calculate the

contributions are given in [167, 168].

The calculation of absolute free energies of binding using the PMF method
along a spatial dissociation pathway does not require the annihilation of the
ligand in the binding site and in the bulk solvent. The latter two calculations are
necessary when choosing the alchemical transformation pathway for absolute
binding free energy calculations (see previous paragraph) and depending on
the size and properties may result in fairly large calculated free energies. The
binding free energy is then obtained as a difference between these two large
numbers which may cause significant errors in the calculated free energy. On
the down side the PMF approach requires a sterically accessible pathway for

dissociation. Otherwise large free energy barriers may also cause errors in the
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Figure 2.5.: Contributions for calculating the free energy using a PMF approach
and restraining conformation (c), rotation (r) and position relative
to an axis (a). The left side shows the ligand in the binding pocket,
on the right side the ligand is far enough in the bulk that inter-
actions with the protein are negligible. Contributions to the free
energy of binding are illustrated only for the ligand. Note, that
similar additional contributions also need to be evaluated for the
unbound protein.
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calculated PMFs. Nevertheless, the PMF approach and several methodological

variants have been increasingly applied in recent years!®-174,

2.2.4. Alternative Methods

As indicated above a typical free energy simulation to obtain binding free
energy differences due to ligand modifications involves a stepwise transforma-
tion with several simulations of intermediate states. It is desirable to reduce
the number of intermediate steps in order to reduce the computational de-
mand. Ideally, a transformation should involve only one step. For a one-step
transformation (based on one reference state) it would be possible to evaluate
several possible modifications simultaneously. Employing the FEP formalism
just one simulation of the unperturbed reference state is in principle sufficient
to evaluate any modification if the system perturbation is “small” enough
to guarantee sufficient overlap with the sampling of states in the reference
simulation. The reference state does not need to be an unmodified ligand
but can also be an unphysical reference state. The main challenge is here to
identify a best possible reference state. Starting in 1996 the van Gunsteren
and Oostenbrink groups have put considerable effort into designing efficient
schemes for single step perturbation free energy calculations of ligand-receptor

1757177 Typically, soft core centers attached to the unmodified centers

systems
are used as reference states since they allow for some overlap of the region,
For example, some areas could be accessible for the unmodified ligand byt
potentially completely inaccessible for the modified ligand with an added
chemical group. Depending on the choice of the reference state and on the
type of modification quite accurate estimates of the free energy associated with
a chemical modification of a ligand can be achieved!”8. The great advantage is,
that it is possible to estimate the effect of various possible modifications (e.g.
different chemical groups in the ligand) simultaneously. Each modification
represents a perturbation of the chosen reference state. In order to correct
for the drawback of a single sided FEP approach to include only information
of one system, a method has been devised to combine information of both
systems A and B for the free energy difference estimate!”.

Statistical averages are taken for the exponential energy of system B sampled
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under the Hamiltonian of A and vice versa. The two sided approach, however,
doubles the computational demand because trajectories for both systems have
to be generated.

Another class of free energy calculation methods is based on the non-
equilibrium work theorem by Jarzynski'”. In this approach transitions from A
to B can be performed rapidly without requiring any equilibration of the sys-
tem. The associated free energy can be obtained from the average Boltzmann
weight of the non-equilibrium work for switching on the transformation. It
has also been shown that non-equilibrium approaches to calculate free energy
differences are not necessarily more efficient than equilibrium methods!8%181.
A number of variants of the basic methodology have been developed in recent
years but the method is still less popular compared to standard TI calculations

or alternative equilibrium free energy simulation methods!®2.

2.2.5. Current Drawbacks of Free Energy Simulations

In principle, if appropriately performed, the methods discussed in the previous
paragraphs allow accurate extraction of free energy differences from molecular
simulations. However, as indicated in the beginning of this section, there
are several obstacles that limit the applicability and accuracy of free energy
simulations. The underlying force field description is one major limitation.
For proteins and nucleic acids fairly accurate force fields are available and
are evaluated and improved continuously by a large community of users.
One problem of current force fields, namely their applicability to intrinsically
disordered proteins, will be discussed in Section 2.4. Also, for organic drug-
like molecules, the availability of force field parameters is limited. In recent
years several approaches for an automatic design and setup of force field
parameters for organic molecules have been developed!!314* The availability
of such approaches is a prerequisite for a greater applicability of free energy
simulations to evaluate ligand binding and the effect of ligand modification
on binding properties. Although most of the common software packages
for performing molecular mechanics and molecular dynamics simulations
of biomolecules such as Amber!'?, Charmm!83, GROMACS!%* or NAMD!&

include the necessary code for free energy calculation, the initiation and setup
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can be quite complicated, which may also prevent users from applying free
energy simulations!®®. Several efforts to simplify the setup of free energy

simulations have been made!87-188

2.3. Enhanced Sampling Methods

Appropriate sampling of relevant conformational states is a prerequisite
for meaningful conclusions to be drawn from MD simulations. Advanced
sampling methods can be employed to improve the search for relevant con-
formations. One of the most common techniques to improve sampling is the
replica exchange or parallel tempering method (T-REMD). In the standard
setup several parallel simulations, the replicas, are running at slightly different
temperatures and frequent exchanges of conformations between simulations at

neighboring temperatures are attempted according to the Metropolis criterion

min (1 exp { ~ o (U() ~UG) — o (UG - U | ) @32

where U(x) is the potential energy of the coordinates of replica x. An example
of exchanges between replicas containing different conformational states is
shown in Figure 2.6.

The simulations at higher temperatures can help to overcome energy barriers
and, through exchanges, can also help to improve the sampling at lower
temperature replicas. Usually, the lowest temperature replica corresponds
to the target temperature of interest. Depending on the system size the T-
REMD technique can require a significant number of temperature replicas
(typically between 8-128 replicas), entailing a significant computational cost for
such an approach!®. However, since all simulations run independently, it is
possible to use many parallel simulations on a cluster with little inter-process
communication.

A method to reduce the number of necessary replicas compared to T-REMD
and still improve the sampling is the Hamiltonian replica exchange method

The contents of this section have been published!® in similar form
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Figure 2.6.: Exchanges between replicas of different temperature or Hamilto-
nian.

(H-REMD)'?!. Instead of increasing the temperature of the entire system only
relevant parts of the Hamiltonian are altered along a control parameter in the
replicas. Just as with alchemical transformations the change of the Hamiltonian
can be split in several A-windows to increase phase space overlap and thus
exchange probabilities. At frequent intervals conformations in neighboring
windows along the control parameter are swapped and exchanges are accepted
or rejected according to an adjusted Metropolis criterion:

min (1/ exp {_kBLT (HAn () = Han (@) = Ha, o () + Ha, s (i)) } ) (2.33)

The difference in the Hamiltonian can, for example, be given by the A-
dependent force field term in alchemical transformations or by the penalty
potential associated with the reaction coordinate with US. But any change of
Hamiltonian is, in principle, possible. Exchanges of conformational states
between US intervals or A steps can improve sampling at each step and

consequently result in better convergence of the trajectories. The quality
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of the sampling enhancement is, however, critically dependent on the choice
of the control parameter, which can itself restrict the sampling of relevant
states. For example, in the case where a US penalty potential is applied to
limit the sampling to a certain interval along the reaction coordinate. The
penalty potential may constitute a barrier in the system that prevents easy
transitions between regimes that are relevant for a given interval along the
reaction coordinate. Similarly, in alchemical transformations the sampling at
a given A might be trapped in a certain conformational regime which differs
from the regimes sampled in neighboring A steps.

The H-REMD methodology comes at no additional computational costs and
can improve the convergence of free energy simulations considerably!'®2193, Tt
has been used in many areas from PMF-based free energy simulations to disso-

ciate a ligand from a receptor!69174 191,192

and alchemical free energy simulations
to the folding of small peptides!** and becomes more and more a standard
approach when enhanced sampling is required, especially in free energy cal-
culations. A combination of H-REMD and T-REMD protocols along the one
dimensional A coordinate has been proposed by Wang et al.'> where the
temperature in the transition A values was gradually increased compared to

the end points in order to improve the transition of global configurations.

It is also possible to use A itself as an additional dynamical variable associated
with a mass and kinetic energy®®-1%8. In the A-dynamics approach the reaction
coordinate A is not constant but can vary in between boundaries (usually 0
and 1 for A) during a single MD simulation'®®. The free energy change along
the coordinate can be obtained by integrating the generalized force along
the coordinate during the simulation (similar to TI). It is, however, necessary
to guarantee sufficient sampling of all relevant A-values. This may involve
appropriate biasing potentials or special sampling techniques!'®®. The approach
has been applied successfully in a number of examples!®”/198,

In the meta-dynamics!¥?-2%2

methodology, small Gaussian functions are
continuously added along the reaction coordinate to destabilize the currently
sampled states. Eventually, this results in a flat free energy surface along
the reaction coordinate and the sum of the Gaussian functions represents the

free energy curve along the reaction coordinate (with opposite sign). The
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convergence to a well-defined free energy surface depends on rapid final
diffusion along the reaction coordinate. In order to improve convergence,
it has been coupled with other advanced sampling techniques such as T-
REMD!®. The technique has been used in applications from protein folding?"
via protein—protein interactions?®* to ligand binding?** and the diffusion of
ions in channels?®.

For free energy calculations other approaches to improve the sampling of
relevant states are based on the inspection of the calculated free energy with
respect to the reaction coordinate. A biasing force can be calculated to offset the
free energy change (or derivative) along the reaction coordinate. The adaptive
biasing force (ABF) reduces the overall free energy gradients along the reaction
coordinate resulting in a smoother free energy surface and in more rapid
convergence!®/1982%  In combination with the restraint PMF-methodology
described above, the technique has been used to calculate free energies of

d167,171

protein-ligan and protein-protein binding?"’.

2.3.1. Distance Deviations to Describe Unfolding

Intrinsically disordered proteins, the main subject of this work, can be in a
stable conformation for microseconds. Classic continuous MD simulations can
access this timescale for the desired system size and thus could capture the
transition from one conformation to another. Reliable statistical averages and
population probabilities, however, cannot be extracted if transitions between
the states are rare. To gain any insight on the statistics of disordered proteins,
enhanced sampling techniques have to be used. T-REMD does not lend itself
in this case, as the investigated system sizes would require prohibitively many
replicas to reach temperatures high enough to speed up unfolding. So, in the
method applied here, H-REMD was used.

The crucial choice for any H-REMD method is the selection of a reaction
coordinate. In the case of unfolding proteins or peptides, the coordinate should
reliably distinguish between the folded state and unfolded states. The RMSD
from the folded state, as used in the method of Woo & Roux!?’, is a possible
choice. It does, however, require a fit to the reference structure for each frame.
Instead of taking the RMSD of the coordinates of atoms, here we used the
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RMSD of a chosen set of distances compared to respective reference distances,
which can be taken from the reference structure (exemplary bonds in Figure
2.7). This dRMSD R is defined as

N
R(dy,...,dN) = J %Z(di —dip)? (2.34)

Using distances avoids any fitting as the intra-molecular distances are ro-
tation and translation invariant. In addition, the area where conformational
freedom is of interest can be freely chosen by the definition of the dRMSD-
pairs. With the same mechanism a single helical fragment of a protein can be

unfolded or entire domains can be moved with respect to one another.

To enhance sampling along the dRMSD, harmonic potentials force the system
to sample specific regions of R around a reference value Ry. The potentials
with a force constant kg are of the form

1
V(dy,...,dy) = Sko (R(dy,...,dy) — Ro)? (2.35)

which for pair i between atoms a and b creates a force of

ra - rb
d;

ko Rdi) = Rip

Bl =N T R@)

(di —do) -

(2.36)

pointing, depending on the sign of the R deviation, towards or away from the
bond partner.

Replica exchange between Hamiltonians with different positions of the
umbrella minimum further enhances sampling of different conformations and
allows the system to overcome artificial barriers introduced by the additional
potentials. Note that the phase space volume is not constant with respect
to R. While, depending on the number of defined distances, only one or
possibly few structures can fulfill R = 0, a larger R represents a vast number

of conformations.
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Figure 2.7.: Free energy along the dRMSD reaction coordinate. With harmonic
potentials the system is forced to sample all regions of the dRMSD
reaction coordinate that describes the average deviation of a chosen
set of distances from a respective reference distance. The contribu-
tion of the potentials is treated by the WHAM method'%4.

2.4. MD Force Fields and IDPs

While computational simulations in principle are an ideal tool for the study of
IDPs, the methods still face two major challenges®®. The first problem is the
representative sampling of relevant regions of conformational space. Folded
proteins can require long simulation times for convergence, but IDPs with
their conformational flexibility and possibly long residence times in certain
conformations pose a significantly more difficult task. Studies on ANTON,
a computer specifically developed for MD simulations, have shown, that
conformational interconversions like the formation and breaking of helical
structures of the intrinsically disordered ACBP protein can be on the microsec-
ond timescale?®. Advances in computer technology like the advent of MD
simulations on graphical processing units (GPUs) indicate that increasingly
longer time scales are and will be possible. From the picosecond simulations!?”
of 1977 to millisecond simulations?!? in 2011 less than 40 years passed for
simulation times to increase by 9 orders of magnitude. Extrapolating this

number makes it probable that sampling problems for systems that today are
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impossible to cover will not be a problem in the future.

The second major challenge is the accuracy of current force field models. Up-

211 side chain torsional potentials®!?,

dates have included backbone parameters
but were mostly parametrized with and thus optimized for folded proteins.
Systematic tests show that newer force fields do perform better than previous
versions which they are based on?!32!4. For folded proteins, the amber99SB*-
ILDN and charmm?22* force fields performed best and reproduced experimental
data®!3. When it comes to the dynamic process of protein folding, however,

5

force fields already differ at being able to fold proteins?!®, in particular if

different classes like a-helical or B-sheet like structures are investigated?!3.
Protein—protein interactions might generally be overestimated as simulations
with several force fields showed an aggregation of villin headpiece that does

not occur in experiment?!®

. For IDPs, current force fields have been applied
by a number of studies, where in some cases experimental findings were
reproduced?!®22! but also questions arose if IDPs and their unfolded states
are modelled correctly???2122% Indeed, in a recent study that compared the
generated conformational ensembles, a change of force field had more impact

on the generated ensemble than a change of the entire protein sequence?®.

Three major observations point towards insufficient solvation as a possible
source of error: Solvation free energies of side chains systematically are too

231

low?3? | the association process of proteins is too favorable~" and dimensions

of proteins in explicit solvent are too small compared to experiment??2228:232,
Water models have been optimized with respect to pure water properties!30-233
and it is little surprising that there remains potential for optimizations. To
ameliorate the problem of insufficient sampling of expanded states in IDPs,

two force field updates have recently been published.

For Best et al.??8 currently available water models like TIP4P-EW233 and
TIP4P/2005'3" reproduce liquid water properties well. The authors thus con-
clude that the problem of current force fields to represent IDPs lies in the
solute-solvent interactions. In their attempt to alter the carefully balanced cur-
rent force fields as little as possible they confined adjustments to the Lennard-
Jones parameters of the solvent—solute interactions, solely increasing € by a

factor . A value of vy = 1.1 was determined as the near optimal factor in
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comparisons of the temperature dependent collapse of the CspM34 protein
with experimental data from FRET measurements. The resulting force field
named amber03ws was tested and compared with experiment for numerous
systems. It reproduced SAXS data for an IDP, protein self-association rates,
the intrinsic structure propensity in short peptides, helix-coil transitions, the
folding of mini-proteins, ameliorated solvation free energies of amino acid

analogues and importantly also did not unfold proteins that are naturally
folded.

Piana et al.??2 simulated the intrinsically disordered N-terminal zinc binding
domain of HIV-1 integrase (IN) with several force fields and water models for
between 5 -141ps. For all force fields, the resulting radius of gyration was
underestimated by a factor of two compared to FRET measurements. Switching
from TIP3P to TIP4P-EW or TIP4P /2005 did not show significant improvements.
The authors suspect that dispersion components, i.e. the attractive van-der-
Waals energy contributions, are systematically underestimated by current
water models. While an error in the dispersion could still reproduce the mainly
dipole-dominated water-water interactions and thus pure water properties, it
might have an effect for water as a solvent and on the behavior of solvated
molecules like IDPs. To better estimate dispersion interactions, force fields were
compared to quantum level calculations of a set of small dimers representing
typical functional groups. All current force fields compared to the quantum
data did underrepresent solvent dispersion effects, so as a solution the authors
suggest the TIP4P-D force field with the dispersion term of the Lennard-
Jones potential, Cg, increased by 50% compared to TIP3P. the remaining water
parameters were then fitted to match the density and vaporization enthalpy
temperature profiles of water. The water model was tested for a total of 830 ps
by checking the solvation free energies of side chains, radii of gyration of
disordered proteins and a detailed comparison with SAXS, FRET and NMR
PRE data for a-Synuclein.

The two force field corrections have been suggested independently and tackle
the problem of under-solvated IDPs in a slightly different way. While solvation
free energies of small molecules are left unchanged for TIP4P-D, they are a

major motivation for the development of amberO3ws. In contrast, properties
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Figure 2.8.: Lennard-Jones potential between a water oxygen and a backbone
oxygen with three different water models.

of pure water are altered with TIP4P-D and changed for amber03ws. The net
change to water—protein interactions is, however, remarkably similar, as shown
for an exemplary potential between the oxygen of a water molecule and a
backbone oxygen in Figure 2.8. A more detailed comparison especially of the
folding of short peptide sequences will be the topic of chapter 3.

As a final note on the force field issue it is possible that current force field
models are in general not accurate enough for principle reasons because im-
portant physical effects are not covered. For example, electronic polarizability
of the electron clouds is not explicitly included in current force fields. Several
new force fields have been developed in recent years to include electronic po-
larisability at least approximately?**-2%7. Their performance with intrinsically
disordered proteins has yet to be tested, but the additional computational cost
will further impede the sampling problem and make equilibrated conforma-

tional ensembles harder to reach.
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3. Performance of Force Fields
Developed for IDPs

Many natural proteins are as a whole or in part intrinsically disordered. Fre-
quently, these intrinsically disordered regions (IDRs) undergo a transition to
a defined and often helical conformation upon binding to partner molecules.
The intrinsic propensity of an IDR sequence to fold into a helical conformation
already in the absence of a binding partner can have a decisive influence on
the binding process and affinity. Using a combination of NMR spectroscopy
and molecular dynamics (MD) simulations we have investigated the tendency
of regions of Axin-1, an intrinsically disordered scaffolding protein of the
WNT signaling pathway, to form helices in segments interacting with bind-
ing partners. Secondary chemical shifts from NMR measurements show an
increased helical population in these regions. Systematic application of MD
advanced sampling approaches on peptide segments of Axin-1 reproduces the
experimentally observed tendency and allows insights into the distribution
of segment conformations and free energies of helix formation. The results,
however, were found to dependent on the force field water model. Recent
water models specifically designed for IDRs significantly reduce the predicted

helical content and do not improve the agreement with experiment.

3.1. Introduction

Several experimental techniques can be used to qualitatively characterize the
disordered nature of proteins!3. Obtaining information on the ensemble of
disordered states or transiently formed structures is, however, experimentally

difficult, as typically only averages over time or large sample sizes can be
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evaluated. Also IDP systems tend to be underdetermined, i.e. the number
of experimental observables is below the number of conformational states.
Computational studies are, in principle, ideally suited for the study of IDPs,
allowing single molecule investigation with a spatial resolution up to single
atoms and a time resolution of femtoseconds.?® Especially in combination
with experimental techniques like nuclear magnetic resonance (NMR) spec-
troscopy an atomistic understanding of the range of accessible conformations

is available3>3°,

As described in chapter 2, molecular dynamics simulations model protein
behavior by propagating all atom positions according to Newton’s equations

of motion238

and estimating forces on atoms via an empirical force field.
Current force fields describe folded globular proteins well?'3, but overstabi-
lize protein—protein interactions?®! and often fail to reproduce realistic IDP
behavior?%8222228 Most force fields succeed in predicting qualitatively whether
or not a region is disordered, but for further details, like dynamics or sampled
sub-states, results vastly differ between different force fields?®®. Two groups
have approached this problem by parameterizing new water models to achieve
better. Both approaches tackle the overpopulation of collapsed states with

current force fields by modifying the solute-solvent interactions.

Best et al.??8 argue that pure water properties are reproduced well by current
water models and thus water-water interactions should not be altered. For
their adjusted water, termed amberO3ws, the strength of close range solvent-
solute interactions is increased by a factor of v = 1.1, obtained from fits to the
temperature profile of Forster resonance energy transfer (FRET) data for the
Csp M34 protein. Extensive tests of the new force field included comparison
with Small-Angle X-ray Scattering (SAXS) data, solvation free energies of amino
acid analogues, protein self-association, the intrinsic structure propensity in
short peptides, the helix-coil transition, the folding of mini-proteins and the

stability of folded proteins.

According to a second approach by Piana et al.??2, the dispersion component
of the intermolecular interaction energy is underestimated in current water
models. They fitted the Cy term of Lennard-Jones interactions to quantum

level computations and adjusted partial charges and Cj;, to fit density and
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3.1. Introduction

vaporization enthalpy temperature profiles of their TIP4P-D water model.
The water model was tested in a total simulation time of 830 us by checking
the solvation free energies of side chains, radii of gyration of disordered
proteins and a comparison with SAXS, FRET and NMR paramagnetic relaxation
enhancement data for a-Synuclein. Both water models performed well in test
simulations and in particular sampled larger radii of gyration in agreement

with experiments.

Aside from radii of gyration MD force fields have to reproduce very diverse
properties of disordered regions. Often, disordered regions in proteins are
involved in the interaction with other biological binding partners and can
fold upon binding adopting different conformations. Among these, helical
structure is the most abundant secondary structure. Hence, in practice one is
interested in the ability of force field simulations to distinguish segments from
IDPs that have an intrinsic preference for adopting helical secondary structure
and can bind involving a conformational selection mechanism or prefer fully
disordered states. Here we use the intrinsically disordered, transiently folded
Axin-1 protein as model system to compare computational approaches for
conformational characterization of IDPs.

Axin-1 is a key protein component of the Wnt signaling pathway?*® act-
ing as a scaffolding protein, assembling the b-catenin destruction complex
that phosphorylates and subsequently polyubiquitinates B-catenin?*%242, The
central region of the 862 residues Axin-1 protein (residues 212-780) is highly
susceptible to proteolytic degradation?*> and has been proposed to be largely

intrinsically disordered?*

. Nevertheless, the disordered region is essential for
B-catenin trapping and subsequent degradation in the f—catenin destruction
complex. For these purposes, the disordered region of Axin-1 harbors bind-
ing sites for -catenin (residues 466-480) and the kinases Glycogen synthase
kinase 3B (GSK3p; residues 383-400), and Casein Kinase 1 (CK1)?%>24_ In
complex with each of the binding partners, Axin-1 adopts a helical structure in
the respective binding region?*>?%”. The intermediate region connecting the
binding sites (residues 430-450) is proline-rich and predicted to be in a coiled

coil state?*8,

In this chapter we investigate the helix propensity of the Axin-1 residues
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380-490 by segmenting the amino acid sequence in peptides of 10 residues
and assessing the conformational space of these peptides with an advanced
sampling MD simulation method. Simulation results are directly compared
to results obtained from NMR spectroscopy on the Axin-1 segment. Good
qualitative agreement between MD simulations and experiment is found indi-
cating that segments that bind to signal proteins indeed adopt already partially
helical conformations in absence of the binding partner. However, significant
differences between force field description and type of water model used in the
simulations are found. While the amber99SBws??® force field with corrections
to the backbone parameters reproduces enhanced helicity in certain sequences,

TIP4P-D??? water does not reproduce transient helical population.

3.2. Methods

3.2.1. Simulation of the Helical Propensity

The relevant section of Axin-1 (residues 380-490) is, at least for current computer
power, too large to be simulated for timescales on which the conformational
space could be assessed. In order to obtain an estimate of helicity in different
areas of Axin, we separated the amino acid sequence into segments of 10
residues. Sequences of these segments are given in Table 3.1. For each of these
peptides we ran an advanced sampling MD simulation protocol to estimate
the free energy (or potential of mean force, PMF) along a reaction coordinate
that maps the helicity of the peptide. As reaction coordinate we used the root
mean square deviation of a set of i distances from a respective set of i reference

values:

R(d;) = [)_(di —dip)? (3.1)

1

All distances between C, atoms C, ; — C, j13 were included, with a reference
dip = 0.5nm for every i, meaning that R = 0 represents the fully helical
peptide and an increase of the R shows increasing deviation from the helical

structure.
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first residue | sequence
381 VRVEPQKFAE
391 ELTHRLEAVQ
401 RTREAEEKLE
411 ERLKRVRMEE
421 EGEDGDPSSG
431 PPGPCHKLPP
441 APAWHHFPPR
451 CVDMGCAGLR
461 DAHEENPESI
471 LDEHVQRVLR
481 TPGRQSPGPG

Table 3.1.: Sequences of simulated segments

Force Fields

We used the amber99sb*-ILDN force field for the peptides, which is an re-

vised version of amber99sb?4? 12

with improved side chain torsion parameters?
optimized for helix-coil transitions>’. For the solvent the classical TIP3P?
water was compared to new force fields explicitly developed for intrinsically
disordered proteins. TIP4P-ws??8 comes with an increased ky for the protein
backbone from 0.75k]J/mol to 2.0kJ/mol, as indicated in the respective SI2%8.
To compare solely the performance of the water force field we also tested a
variant we termed TIP4P-s that does not edit the protein force field by adjusting

ky. The set of water force fields was completed with TIP4P-D?22.

Simulation Protocol

All simulations were conducted using GROMACS 4.6.5%°!, applying periodic
boundary conditions and covering long-range electrostatic interactions with the
Particle-Mesh-Ewald?>?> method with a Fourier-spacing of 0.16 nm and a grid
interpolation up to order 4. Close Van-der-Waals and Coulomb interactions
were cut off at a radius of 1.0nm. Long range dispersion correction was
applied to account for errors from truncated Lennard-Jones interactions. Bond
lengths of H-atoms were constrained with the LINCS?® algorithm and a

coupling matrix extension order of 4 (12 in equilibration runs). All systems
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were run with a step size of 2 fs at a temperature of 300 K, controlled by velocity
rescaling??, and a pressure of 1.01bar with the Parrinello-Rahman barostat?>°.

126 in a helical

Starting structures of the peptides were generated with PyMo
conformation and with ACE and NH2 caps at the ends. The peptides were
solvated and in a dodecahedral box large enough to accommodate the fully
unfolded molecules and containing, depending on the specific sequence, ap-
proximately 2000 water molecules. Initial energy minimization with the steep-
est descent algorithm was stopped when the maximum force dropped below
100.0kJ/mol/nm or after 25000 steps. Subsequent equilibration was performed
per replica with a time step of 1fs and the velocity rescaling thermostat®* for
50.000 steps as NVT equilibration and for 100.000 steps with the Berendsen
barostat'?’ as NPT equilibration.

For each segment the free energy landscape was sampled in 12 equally spaced
A-windows for values of R between 0.0 -0.5nm. Replica exchange between
windows was attempted every 500 steps to further enhance convergence and

overcome potential artificial energy barriers.

3.2.2. Experimental Procedure
Protein Preparation

The DNA construct containing the Glu390-Val500 region of human Axin-1
(uniprot reference O15169) was purchased from ATG:biosynthetics GmbH
within a pUC cloning vector. The DNA sequence was codon optimized for
protein production in bacterial cells and flanked by Ncol and BamHI restric-
tion sites. The coding region was cloned into a modified pETM-11 bacterial
expression vector (kindly provided by Arie Geerlof Protein Expression and
Purification Facility, Helmholtz Zentrum Miinchen, Germany) which was
derived from a pET-24d(+) vector (Novagen) by insertion of a tobacco etch
virus (TEV) protease cleavage site following a N-terminal hexa-histidine and
a protein A tag. Axin-1 gene was amplified by PCR using T4 primers (New
England Biolabs). The resulting PCR products and pETM-11 were double
digested with Ncol and BamHI enzymes (New England Biolabs) before lig-
ation. The construct was verified by sequencing. The numbering of Axin-1
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amino acid residues follows the full length protein as reported on the UniProt
website. Uniformly (3C,1°N) double-labelled protein was produced in freshly
transformed E.coli DE3 cells. A single colony was inoculated in Luria-Bertani
medium (20ml) with kanamycin (25mg/1) and cultured at 37 °C until the
ODggp reached a value between 2 and 3. From this, an aliquot (Iml) was
added to (13C,'°N labelled) M9 minimal medium (100 ml) in which *N-NH,ClI
(1g/1) and 13C-glucose (2 g/1) were the only sources of nitrogen and carbon
for NMR isotope labelling purposes (Cambridge Isotope Laboratories, Inc).
The culture was incubated overnight at 37 °C and shaken at 180rpm. Fresh
(13C,1°N) M9 minimal medium was added up to 11, and the culture was grown
under the same conditions until the ODggy reached 0.8. Protein expression
was induced with 1mM (-D-1-thiogalactopyranoside (IPTG) at 18°C. The
cells were pelleted next day by centrifugation using a Fiberlite F9-6x1000 rotor
in a Sorvall LYNX 6000 Superspeed centrifuge at 2000 g for 20 minutes.Re-
suspension and contemporaneous cell lysis were obtained adding 40 mL of
50mM NaPi, 300 mM NacCl, 8M urea, pH 8 and gentle stirring at room tem-
perature for 20 minutes. The cell lysate was separated by ultracentrifugation
using a Thermo Scientific SS-34 rotor in a Sigma 6K 15 centrifuge at 20 000 g for
30 min at 4 °C and histidine-tagged protein was affinity-purified via Ni-NTA
resin (Qiagen). TEV protease (5ng/ml) was added to the eluate and dialysed
overnight at 4 °C against 50 mM Tris(hydroxymethyl)amminomethane chlo-
ride (TRIS-HCI), 150 mM NaCl, 0.5 mM tris(2-carboxyethyl)phosphine (TCEP),
2mM B-mercaptoethanol, pH 7.5. The dialysed solution underwent heat shock-
ing at 90 °C for 30 minutes, followed by ultracentrifugation using the Thermo
Scientific S5-34 rotor in Sigma 6K 15 centrifuge at 20000 g for 30 min at 4 °C.
Axin-1 was separated from the tag by a size-exclusion chromatography step,
using a Superdex 75 10/300 GL column (GE Healthcare), equilibrated with
20mM NaPi, 300mM NaCl, 2mM 1,4 Dithiothreitol (DTT), pH 6.5, on an
AKTA pure FLPC system. The concentration of the protein was estimated by
absorption spectroscopy (€250 = 5.6 mM ! em™1). The purity was estimated
by SDS-PAGE to be 95% with a yield of pure protein being 10 mg per litre of

culture.
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NMR spectroscopy

Axin-1 sample (0.5 mM) with 0% and 40% TFE contained 20 mM NaPi, 300 mM
NaCl, 2mM DTT, pH 6.5 and 10% D,O for lock. Triple resonance back-
bone assignment experiments included: CBCA(CO)NH, CBCANH, HNCA,
HNCAN(N)H, HNCANN(H), HCCC(CO)NH and HCCH-TOCSY. All NMR
spectra were recorded at 298 K on Avance III 600 MHz and Avance II 900 MHz
Bruker spectrometers, equipped with TCI (‘H, 13C, 1°N) with z-gradient and
TXI (*H, 13C, °N) with z- and xyz-gradient cryoprobes, respectively. Spectra
were processed with NMRPipe?” and analyzed with CcpNMR Analysis®®.
The secondary structure propensity (SSP) was derived by the online tool

ncSPC? (neighbour-corrected Structural Propensity Calculator), according to
SSP = ASCy — ASCg (3.2)

where A6C, and A6Cy represent the difference between carbon a and carbon
B Axin-1 experimentally obtained chemical shifts and carbon « and carbon B

random-coil chemical shift references, respectively.

3.3. Results

3.3.1. Free Energy Landscape Along the Amino Acid Sequence

The free energy landscape of helix formation for the 11 segments of Axin
with four tested water models is shown in Figure 3.1. With TIP3P water the
regions of R with the lowest free energy fluctuate from segment to segment.
While some segments, residues 390-420, 440-450 and 460-480, have their global
minimum close to the helical structure at R < 0.2nm, the other segments
prefer unfolded structures with the global minimum around R ~ 0.3nm and
above. With TIP4P-D almost all segments show global minima at very high
R ~ 0.4 — 0.5nm where the peptide chain is almost fully extended. Shifts of
the global free energy minimum in the R-axis between segments are reduced
and helical states with small R-values are generally disfavored. The free energy

landscape with TIP4P-s favors or disfavors helical structures for the similar
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ranges of residues as TIP3P. TIP4P-ws with a backbone correction towards

more helical states indeed shifts the minima towards lower values of R.

3.3.2. Population of a Helical State

For in silico studies, the definition of a helical state of a peptide is not straight-
forward. At atomic resolution helicity is often classified using the DSSP
algorithm?®, based on an energy function for the backbone hydrogen bond
stabilizing the helix. In Figure 3.2 the average DSSP helicity of all residues of
all peptide sequences is plotted with respect to R. Overall helicity decreases
linearly with R. For R = 0.15nm the curves drop below a total helicity of 50%.
This R was subsequently used as an upper boundary for the helical state of a
peptide.

however, be in helical dssp state since their respective helix-H-bond partner
does not exist. So complete helicity of the 10 residue segment means 0.7 DSSP
helicity.

Population of this helical state is displayed in Figure 3.3 for each segment.
TIP3P predicts transiently helical segments between residue numbers 390 and
420, a small helical population between residues 440 and 450 and further
transient helicity between residues 460 and 480. With TIP4P-s the same residue
regions show a relevant population of the helical state, but the 390-420 region is
less helical while in the 460-480 region especially the segment starting at residue
471 is more helical than with TIP3P. Simulations with TIP4P-ws reproduce and
amplify the helicity peaks of those with TIP4P-s. Finally, with TIP4P-D almost
no increase of helical populations in the respective regions can be seen. Note
that the position of the helical boundary at R = 0.15 nm(see Figure 3.2) affects
the absolute values of the population, but the relations between segments and
force fields persist.

quarter of the simulation.

F-P-A interaction.
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Figure 3.1.: Free energy landscape for segments of Axin along the unfolding

reaction coordinate R with different water force fields.
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Figure 3.2.: DSSP Helicity of peptides with increasing R for different water
force fields. The average is taken over all segments and all replicas
for each force field.
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Figure 3.3.: Fraction of population of a helical state for a range of segments of
Axin-1 with different water force fields.
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Figure 3.4.: Difference between experimental NMR chemical shifts and calcu-
lated chemical shifts of C, and Cg per residue of Axin. Consecutive
positive values indicate x-helices.

3.3.3. Comparison with Experiment

To evaluate the population of secondary structure experimentally, NMR spec-
troscopy was used. In line with previous work?*, two-dimensional '"H-'°N
heteronuclear single-quantum coherence (HSQC) NMR correlation spectra
recorded on isotope-labeled Axin-1 protein showed that the protein is indeed
largely disordered as indicated by clustering of resonances in a narrow range
of 7.6 -8.6 ppm (Figure 3.4). Nevertheless, NMR-derived secondary chemical
shifts indicate that both the GSK33 and (3-catenin binding sites adopt transient
o-helical conformation. In line with this, addition of TFE, an agent stabilizing

o-helical structure?©!

, increased the population of x-helical conformation (Fig-
ure 3.4). Based on the secondary NMR chemical shifts obtained in presence of
TFE, Axin-1 adopts a helicity of approx. 40% for residues 390-420 and 15% for

residues 470-480 in the native state, respectively.
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Figure 3.5.: Averages per segment and total histograms of radius of gyration
and number of intra-molecular H-bonds of the peptides for differ-
ent force fields.

3.3.4. Differences Between Force Fields

The simulation results on the peptides using the four water models also
indicated differences in the sampled peptide structural properties. Figure 3.5
shows the averages per segment and global histograms of the radius of gyration
and number of intra-molecular H-bonds of the peptides in different force fields.
In the simulations with TIP4P-D states with a larger radius of gyration were
consistently sampled more frequently than with the other water force fields.
With TIP3P, instead, more states with a higher number of intra-molecular
hydrogen bonds were sampled. Especially for the segments 401-410 and 411-
420 many intra-molecular H-bonds persisted. In the segment from residue
401 there are two Arg-Glu pairs that stabilize the helical fold: Arg403-Glu410
and Arg401-Glu404 on opposite sides of the helix (see Figure 3.6). With TIP3P
water these two bonds are more persistent than with TIP4P-ws and far more
persistent than with TIP4P-D. Similarly, a stable bond between Arg412-Glu420
stabilizes a slightly kinked helical motif and is sampled the least by TIP4P-D.

To find further differences in the sampled structures we clustered the trajecto-
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Figure 3.6.: Snapshots from the lowest R replica of segment 401. A shows two
stable double-H-bonds between Arg401-Glu404 and Arg403-Glu410
typically sampled with TIP3P water. B shows a typical snapshot
from TIP4P-D water where neither contact is formed.

ries of all replicas and force fields. This can provide information on the degree
of diversity of sampled structures and can tell whether or not some structures
are strongly favored only for a specific force field. Figure 3.7 shows average
cluster sizes after sorting the clusters by size for each force field. A tendency of
TIP4P-D can be observed to sample highly populated clusters less and sparsely
populated clusters more. In a second plot Figure 3.7 furthermore shows the
number of populated clusters for each force field and segment. All tested water
force fields sampled similar cluster size distributions. The numbers of clusters
in the different segments approximately agree for all force fields. Only for
the segment starting at residue 391 simulations with TIP3P sample a larger
number of clusters than the modified IDP water force fields. Simulations with
both TIP4P-ws and TIP4P-s systematically sampled fewer clusters than the
other two.

A more detailed look at the obtained clusters involved checking for structures
predominantly sampled by specific force fields. We identified all significant
clusters (i.e. containing more than 100 structures) of all segments that were
dominated or neglected by a force field. Clusters were considered neglected
if less than 1% and dominated if more than 80% of the cluster structures was
contributed from simulations with one force field. We found 118 dominated
clusters (30 TIP3P, 35 TIP4P-D, 27 TIP4P-s, 26 TIP4P-ws) and 378 neglected
clusters (68 TIP3P, 93 TIP4P-D, 108 TIP4P-s, 109 TIP4P-ws). In Figure 3.8 the
radius of gyration and the number of intra-molecular H-bonds of all such
dominated or neglected clusters are plotted. TIP3P dominates for structures

with small R¢g but with many H-bonds and neglects structures with larger Rg.
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Figure 3.7.: Left: Average size of clusters after sorting clusters by size for each
force field. Right: Number of populated clusters for each segment
and force field.

TIP4P-D dominates structures with large radii of gyration and neglects several
clusters with many H-bonds. TIP4P-s and TIP4P-ws both dominate fewer
clusters than the first two water models and neglect more clusters. Dominated
clusters are all in the small Rg and modest number of H-bonds regime, and
neglected clusters include extended peptides, more than TIP3P, as well as

structures with many H-bonds.

3.3.5. Convergence

Figure 3.9 shows the convergence of the PMFs after 80 ns, with the first 10ns
dropped as equilibration time. After the first quarter most PMFs do not shift
any more. Some segments, notably starting at residue 431 and 441, still show a
continued decrease of the PMF in the unfolded region, but the overall shape of
the free energy remains similar. Obtained PMFs from the four different force
fields show very similar shapes for each segment except for the emphasis on
the helical state and thus are considered converged. The similar numbers of
sampled clusters are a further indication that (at least a comparable level of)

convergence has been reached in all simulations.
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Figure 3.8.: Radii of gyration and number of intra-molecular H-bonds for all
clusters dominated or neglected by the different water force fields.
Clusters were considered dominated by a force field when more
than 80% and neglected if less than 1% of their structures was
obtained with that force field. Representatives of indicated clusters
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Figure 3.9.: Time evolution of all PMFs for all water force fields. Simulation
data was evaluated after 10ns of equilibration. Global shapes of the
PMFs barely change after the first quarter of evaluated simulation
time.
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3.4. Discussion

NMR secondary chemical shifts and MD simulations provided evidence that
Axin-1 is largely disordered but shows areas of helix propensity, especially in
the binding regions of GSK-33 and -catenin. The transiently folded regions
identified here agree with results from the neural network predictor PONDR?#,
where residues ~ 380 — 400 and ~ 450 — 480 show a reduced disorder score.
Segmenting the 100 amino acid chain into peptides of 10 residues we were
also able to identify regions of increased helicity in MD simulations. The used
water model, however, has a significant impact on the structural ensemble of
10 amino acid peptides.

The TIP3P water model reproduces the higher helix propensity for the
binding regions as observed in the NMR experiments. The helix propensity is
in the same order as the experimentally observed helix formation probability.
Newer water force field models, specifically adapted to describe IDPs, reduce
the helicity of all segments. TIP4P-s reduces overall helicities, but differences
between segments persist and helical regions are still identified. With the
backbone correction of TIP4P-ws absolute helicities of TIP3P are reproduced or
even exceeded. With TIP4P-D water folded states are energetically penalized
and all peptides strongly favor unfolded conformations. In particular, it tends
to underestimate the formation and persistence of secondary structure elements
and seems to destabilize salt bridges of charged side chains, as seen for the
Arg-Glu pairs of segments 401 and 411.

The difference in the radii of gyration in Figure 3.5 seems small but is of
importance, as the systems were forced to cover all areas of the R reaction
coordinate, which strongly correlates with Rg. Since the sampling is forced
to all regions of Rg, TIP4P-D must consequently favor larger Rg. The same
argument goes for the number of H-bonds. At low R peptides are forced
into completely helical structures already featuring 7 H-Bonds, so all force
tields do sample structures with a high count of H-bonds. Yet only TIP3P
samples collapsed structures with an even higher number of hydrogen bonds
to a relevant degree.

Best et al.??® tested their new water model with the amber03w protein force

field, but in the supplement provided an adaption for amber99sb*-ILDN used
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in this work. The adapted amber99sb*-ILDN with TIP4P-ws overstabilized
helices at higher temperatures in a Ac-(AAQAA)3-NH2 peptide, but correctly
sampled helix propensities at 300 K. This is in agreement with our simulations,
where TIP4P-s, with increased solute-solvent interactions but no adjustment
of the protein backbone dihedral potentials, undersampled helical states, but
TIP4P-ws with the backbone modifications increased helix propensity. Piana et
al.??2 in their validations mostly used the amber99sb-ILDN force field. Their
validation results should be valid with amber99sb*-ILDN used here, which is
only adds a modification to improve helix—coil transitions®’. An explicit test
of the helix—coil equilibrium of short sequences was, however, not part of the

original force field validation.

3.5. Conclusion

In this chapter we investigated the property of intrinsically disordered re-
gions to contain transient helical population with MD simulations and NMR
secondary chemical shifts. Our model system Axin-1 showed intrinsically disor-
dered behavior but increased transient helical content in the binding regions of
two binding partners. This result is of significant importance for understanding
the function of IDP regions in proteins. Even a small preference for adopting
conformations close to the bound structure can significantly modulate the bind-
ing capacity of a protein segment that could be a general basis for fine tuning
the binding properties of IDP containing proteins. While simulations with the
traditional TIP3P water model reproduced this trend, water models explicitly
parametrized for IDPs underestimated the helical content. With corrections to
backbone parameters amber99SBws was able to reproduce and even slightly
overestimate the higher helical propensities of the binding regions. TIP4P-D,
however, strongly disfavors collapsed, folded peptide conformations. Hence,
the choice of the force field water model remains to be of critical importance

for studying the properties of intrinsically disordered proteins.
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4. Mechanism of pKID/KIX

Association

The phosphorylated kinase-inducible domain (pKID) associates with the
kinase interacting domain (KIX) via a coupled folding and binding mechanism.
The pKID domain is intrinsically disordered when unbound and upon phos-
phorylation at Ser133 binds to the KIX domain adopting a well-defined kinked
two-helix structure. In order to identify putative hot spot residues of binding
that could serve as initial stable anchor we performed in silico alanine scanning
free energy simulations. The simulations indicate that charged residues includ-
ing the phosphorylated central Ser133 of pKID make significant contributions
to binding. However, these are of slightly smaller magnitude compared to
several hydrophobic side chains not defining a single dominant binding hot
spot. Both continuous Molecular Dynamics (MD) simulations and free energy
analysis demonstrate that phosphorylation significantly stabilizes the central
kinked motif around Ser133 of pKID and shifts the conformational equilibrium
towards the bound conformation already in the absence of KIX. This result
supports a view that pKID/KIX association follows in part a conformational se-
lection process. During a 1.5 ps explicit solvent MD simulation folding of pKID
on the surface of KIX was observed after an initial contact at the bound position
of the phosphorylation site was enforced following a sequential process of
helix association and a stepwise association and folding of the second «p helix

compatible with available experimental results.

The contents of this chapter have been published!'® in similar form.
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4. Mechanism of pKID/KIX Association

pKID pSerl33

Figure 4.1.: pKID (gray cartoon) bound to KIX (white cartoon). Heavy atoms
of side chains that face the binding interface and were subject to
alchemical free energy simulations are shown in atom color-coded
stick representation.

4.1. Introduction

Eukaryotic gene transcription is mediated by protein-protein interactions of
DNA-bound factors and cofactors interacting with the basal transcription
machines. Cyclic AMP response-element binding protein (CREB) and its co-
activator CREB-binding protein (CBP) are essential for cell growth?>%63 and
differentiation?®*. Also many human diseases, including leukemia, cancer
and mental retardationZ®®, have been linked to CBP. CBP and CREB associate
via their kinase-inducible domain interacting domain (KIX) and phosphory-
lated kinase-inducible domain (pKID), respectively. The isolated CBP-KIX
domain forms a stable structure made of a small bundle of three interacting
alpha-helices and two short 31 helices joined by small loops enclosing a hy-
drophobic region. KID, however, is an intrinsically disordered protein (IDP)
when unbound and only forms two stable helices, s and «p, upon binding to
KIX2%. In the complex with KIX the two helices are oriented approximately
perpendicular forming a 90 degree angle (Figure 4.1). Using nuclear magnetic
resonance spectroscopy (NMR) it has been shown that the disordered KID still

shows a residual helicity of 50% in helix x5 and 10% in helix o200,

Phosphorylation of KID was shown to be of critical importance for CBP-
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CREB binding®>?%” and increases the affinity by two orders of magnitude®®.

It is, however, still not completely clear how phosphorylation affects binding.
Binding studies at different pH to affect the ionization state of the phosphate
group showed a favorable electrostatic contribution®®. Several direct contacts
of the phosphate moiety with KIX residues Lys662 and Tyr658 observed in the
experimental complex structure?>268270.271 haye been identified and support
an energetic stabilization of the complex. However, in addition a bias towards
more helical structures in the free KID upon phosphorylation has been observed
by an increase of helicity in helix ap, observed via NMR-shifts?®. Molecular
dynamics (MD) simulations indicate a free energy landscape favoring the
bound form upon phosphorylation?”2. Hence, phosphorylation may affect
the equilibrium between folded bound conformation and unfolded (unbound)
structures which indirectly influences the binding affinity of KID/pKID to KIX.

The process of coupled folding and binding can in principle take any path

273 On the one side conformational selection

in between two extreme scenarios
is the process of exclusive binding of the correct, i.e. bound form from the
unstructured ensemble. On the other hand in the induced fit mechanism any
unstructured conformation can bind and transform into the bound structure af-
ter binding. NMR titration experiments?’* have identified an intermediate state
of pKID on the surface when binding to KIX. Coarse-grained simulations®”>
point in the same direction: Unstructured pKID binds to KIX and on the surface
forms the bound structure. In principle MD simulations are ideally suited
to investigate IDPs, since they can resolve structural dynamics of ensembles
with accurate spatial and temporal resolution. Combined with free energy
simulation methods it has been possible to calculate the absolute binding free
energy of pKID and KID to KIX?”2 and also to estimate a possible influence of

the phosphorylation on the KID conformational ensemble.

In order to better understand the mechanism of coupled structure formation
and binding in the present study we investigate the binding free energy contri-
butions of individual interface residues. The characterization of hot spot bind-
ing residues may allow identification of stable initial binding placements that
initiate the subsequent folding process. Interestingly, the simulations indicate

that there is no single key residue in KID that dominates binding but several
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4. Mechanism of pKID/KIX Association

hydrophobic residues and the phosphorylated Ser133 make similar binding
free energy contributions. In addition, we use both extensive unrestrained MD
simulations and free energy simulations to investigate the equilibrium between
unbound (unfolded) and bound KID conformations and how it is influenced
by phosphorylation of Ser133 in pKID. Although convergence of free energy
estimates appears to be difficult to achieve the calculations support a view
that phosphorylation indeed shifts the conformational equilibrium towards the
bound form even in the absence of the KIX binding partner. The latter result
also supports a view that pKID-KIX binding is not entirely based on induced-fit
but at least in part also involves a phosphorylation controlled conformational
selection mechanism. Finally, a folding simulation of disordered pKID initially
bound at the pSer133 binding site results in rapid formation and near native
binding of the xa helix followed by stepwise formation and binding of the
agp helix. This agrees with the coupled binding and folding model suggested
by NMR spectroscopy?’* and allows obtaining atomic level insight into the

binding mechanism.

4.2. Methods

All the simulations were performed using GROMACS 4.6.5%°! with periodic

d136 method with a Fourier-

boundary conditions and the Particle-Mesh-Ewal
spacing of 0.16nm and a grid interpolation up to order 4 to account for
long-range electrostatic interactions. Close Coulomb real space interactions
were cut off at 1.0nm and Van-der-Waals interactions were cut off after 1.4nm.
Long range dispersion correction was applied to account for errors stemming
from truncated Lennard-Jones interactions. To constrain bond lengths of H-
atoms LINCS?> was used with a coupling matrix extension order of 4 (12 in
equilibration runs). All simulations except the association simulation were
started from equilibrated conformations of the NMR structure (model 1 in pdb
1KDX).

Initial energy minimization was performed with the steepest descent al-
gorithm for 50000 steps. For each replica or continuous simulation a NVT

equilibration for 50ps, controlling the temperature at 300K with velocity
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rescaling®’®, and a NPT equilibration of 100 ps using the Berendsen®’” barostat
were run with a step size of 1fs. For the production runs the time step was
increased to 2 fs and the Parrinello-Rahman barostat!?> was used. All produc-
tion simulations were performed at a temperature of 300K and a pressure of
1.01bar.

In Silico Alanine Scanning

In silico free energy perturbation (FEP) simulations, evaluated with the Bennett
Acceptance Ratio?”® method (FEP/BAR), were performed with the amber99sb-
ILDN?” force field with TIP3P?® water and phosphoserine parameters from
Homeyer et al.?8!. Along an alchemical transformation parameter A 21 replicas
with evenly spaced A values were used. To improve convergence “Soft-core”

potentials?82283

were applied both for Lennard-Jones- and coulombic potentials
with @ = 0.3, linear lambda scaling and a radius power of 6. For changes
of charge we separated mutation of charge- and vdW-interactions?®* and 3
simulations with 21 A windows were conducted: For both complex and ligand
first the charges of the wild-type side chain were removed, then the uncharged
wild-type side chain was transformed into the uncharged mutant and finally
the mutant’s side chain charges were turned on again. Separate FEP/BAR
simulations for the complex and the isolated pKID protein were performed.
To minimize effects of charge alteration due to the finite system size equal
box sizes were used for the complex and the ligand. Free energy differences
were calculated using the Bennett Acceptance Ratio method as implemented
in GROMACS 5.0.5. AAG-values were also calculated using thermodynamic

integration, which yielded similar results, though with larger errors.

Available experimental data from ITC experiments?®”2%8 had been gathered
at 50 mM salt concentration while for the simulations we only added salt to
neutralize the system, which was approximated as a 10 mM concentration. To
correct for this discrepancy the electrostatic effect of a higher salt concentration
was estimated. Electrostatic energies were calculated by solving the Poisson-
Boltzmann equation with the adaptive Poisson-Boltzmann-solver APBS?®°. The

change of the binding free energy difference, AAGsomm - AAG1omMm can be
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4. Mechanism of pKID/KIX Association

estimated as
AAGsymm — AAG1omm = (AGE M — AGTimM) — (AGH mm — AGTgmm) (4.1)

where AG? is the electrostatic contribution to binding at salt ¢ for the wild type
(wt) or the mutation (mut), calculated as the difference of APBS electrostatic
energies: AGX = Ec”' % lex _ (EEP)KID + EXX). The final correction applied (see
Table 4.1) was an average over complex, KIX and (p)KID structures taken from
10 snapshots of the 200 ns simulation of the complex. Identical structures were

used for both wild type and mutated systems, apart from the mutation.

Conformational Analysis

Continuous MD simulations of free pKID and KID were performed for 1040 ns
and employed the amber99sb*-ILDN?79286.287 force field with phosphoserine
parameters?®! as before but the TIP4P-D??? water force field optimized for in-
trinsically disordered proteins. Test simulations indicated that a uniform cutoff
(1.1 nm) for real space electrostatic and Lennard Jones interactions resulted in
essentially the same dynamics and RMSD distribution as using two different
cutoffs (see above). For greater computational efficiency the uniform cutoff
scheme was used for the simulations of the free (p)KID.

To sample the full conformational space of the unbound and unfolded pKID
as a reaction coordinate R we used the root mean square deviation of a set of

N distances d; relative to the distances in the bound form, d; o:

1 N
R(di.N) = N z(di —dip)? (4.2)

1

Harmonic potentials forced the systems to specific regions along R. Replica
Exchange allowed overcoming artificial energy barriers within umbrella win-
dows.

Replica Exchange dRMSD umbrella sampling simulations were run with 32
replicas for 20ns for the full pKID and 200 ns for the core motif, attempting
exchanges every 1ps. All replicas were started at the equilibrated bound
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structure. The unfolding coordinate R was sampled between 0.0 -0.5nm
for the full protein and between 0.0 -0.8nm for the core motif, in evenly
spaced A-intervals enforced by harmonic potentials with a force constant of
400kJ/mol/nm?. PMFs along the R were obtained using the WHAM?38:289
algorithm.

Association Simulations

To follow the structure formation process of pKID at the binding surface of
KIX 10 simulations starting from an unfolded pKID structure (snapshot taken
from the above simulations of the isolated pKID) employed the same force
fields as the alanine scanning simulations and were run for 500ns. During
the simulations the C, atoms of KIX were weakly restraint to positions in the
bound starting structure with a force constant of 250k]J/mol/nm?2. To pull
the disordered pKID structure near the binding position on the KIX surface
a positional restraint of the C, atom of pSer133 with respect to the position
in the complex and using a force constant of 50 k]/mol/nm? was included.
The restraint enforced an initial encounter at the binding site of pSer133 and
avoided dissociation during the subsequent folding process. During the 500 ns
simulation time only one simulation showed a significant decrease of the
deviation from the bound structure and signs of folding on the surface and

was continued up to 1.5ps.

4.3. Results

During a 200 ns simulation of the pKID-KIX complex starting from the experi-
mental structure the protein partners stayed in a stably bound conformation
with a root mean square deviation (RMSD) from the starting structure of < 4 A,
as shown in Figure 4.2. This proves, that in our simulations and with our force

field the bound state is a stable free energy minimum.
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Figure 4.2.: Backbone RMSD of pKID-KIX complex simulation relative to the
NMR structure (pdb1KDX, model 1) during MD simulation. Devi-
ations mostly arise from a slight reorganization of helix x4.

4.3.1. Contributions of Side Chains to Binding Free Energy

The binding interface of the pKID/KIX complex consists of several non-polar
side chains supplemented by charged and polar residues at the rim region of
the interface (see Figure 4.1). As suggested by Sugase and coworkers*’* based
on results of NMR spectroscopy a possible mechanism of coupled folding and
binding of pKID may involve an initial encounter contact of a pKID residue
with the interface region followed by structure formation on the KIX surface.
The initial anchoring must be stable enough for a sufficiently long time to
result in productive pKID folding and formation of additional contacts without
prior dissociation. In order to identify such putative hot spot binding residues
we performed in silico free energy simulations to calculate the binding free
energy contribution of interface side chains by alchemical transformation to
Alanine (Ala). The contribution was obtained by performing the corresponding
transitions in the complex and in the isolated binding partner in 21 steps (3 x 21
steps for charged side chains) of a coupling parameter lambda (see Methods
for details). In order to check the accuracy of the approach in silico “mutations”

for which experimental data is available were included.

The calculated differences in the free energy of binding for several mutations,

shown in Figure 4.3 and Table 4.1, show very good agreement with experimen-
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Figure 4.3.: Calculated free energy contributions to binding of side chains at
the pKID/KIX interface using the FEP/BAR method. Available
experimental data are shown as dark and light gray bars from two
separately published measurements: ITC-12%7 and ITC-22%8.

tal values for uncharged side chains and reasonable agreement for charged side
chains. The free energy contribution of all three pKID Leu interface residues is
similar (11 -14k]J/mol) and slightly larger than the calculated contribution of
Argl124 and of the phosphoryl group attached to Ser133. The most important
contributions arises from hydrophobic contacts in helix «g, but also contacts in
helix ap and the phosphorylation at Ser133 contribute significantly.

A closer look at the trajectories indicates the detailed interactions in the
complex, illustrated in Figure 4.4): Of the KIX side chains Tyr650 occasionally
establishes a hydrogen bond to the pKID backbone oxygen at Alal45 and
seals off the hydrophobic core around Leul41, whereas water entered the
interface upon Tyr650Ala mutation. The hydroxyl group of Tyr658 and the
amine of Lys662 are constantly contacting the phosphate moiety, forming
crucial links which are missing when mutated to Phe or Ala, respectively. For
pKID the most important contributions to binding arise from the hydrophobic
contact of residues Ile137, Leul38 and Leul41 with the hydrophobic groove
of KIX which tightly bound in the interface of the complex. In the other
helix s Argl24 either forms salt bridges with Glu655 or Asp120, while in
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4. Mechanism of pKID/KIX Association

AAG ITC 1% ITC2%8 decharge vdw recharge PB
Y650A | 562  5.90 6.30
Y658F | 10.24  10.20 8.90
K662A | 998  6.20 4.70 9.74 0.10 0.14 -0.62
R124A | 10.83 11.89 -1.05 -0.01 -0.84
L128A | 11.16
R131A | 6.24 6.03 0.36 -0.15  -1.03
pS133S | 10.51 9.10 10.00 291 -2.40 1.51
Y134A | 5.24
I137A | 6.32
L138A | 12.37
L141A | 13.49

Table 4.1.: Data of free energy perturbation simulations and difference of
Poisson-Boltzmann-calculations for salt concentrations 50 - 10 mM.
All values in kJ/mol.

simulations of the free pKID Argl24 also connects to the C-terminal end of
pKID. Leul28 in the complex contacts the phenyl rings of Tyr650 and Tyr134.
In the kink region Argl131 is highly solvent accessible in the complex but also
tightly bound to pSer133 in both the complex and during simulations in the
absence of the binding partner. Tyr134 establishes a stable H-Bond with His651
in the complex. Finally, pSer133 tightly binds to Tyr658 and Lys662 in the
complex simulation and forms two stable salt bridges with Argl31 in both
simulations. When bound pKID remained in a stable folded structure for all in
silico mutations. Free energy simulations in the absence of the binding partner
show signs of unfolding but the simulation time was insufficient to sample
major conformational changes. The alchemical transformations do not indicate
a single dominant hot spot binding residue in pKID that might be responsible
for an initial stable anchoring of the unstructured peptide.

4.3.2. Unrestrained MD Simulations of KID and pKID

The influence of individual side chains on the helix-coil transition of peptides is
in most cases below 1 -2kJ/mol?*°. The contribution of individual side chains
to the equilibrium between conformations close to the bound pKID structure

and unfolded conformations is therefore likely to be much smaller than the
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Figure 4.4.: Snapshots from wild type replicas of the FEP-BAR simulations.
Image A shows the hydrogen bond between Tyr650 and Alal45,
B shows the interaction network around the phosphorylation site,
C shows side chains of pKID’s helix o in contact with the hy-
drophobic groove of KIX and D shows interactions of pKID’s helix
XA -
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Figure 4.5.: Backbone RMSD and radius of gyration of continuous MD simula-
tions with TIP3P and TIP4P-D water models. With TIP3P structures
can be stuck for hundreds of ns, e.g. for KID from 600 -1000ns.
R shows with TIP3P only collapsed states are sampled.

above calculated free energy contributions to binding. However, for the removal
(or creation) of a phosphoryl group at Ser133 this may not be negligible, since
it involves removal of two unit charges involved in long-range electrostatic
interactions. In the particular case of pKID it furthermore involves the removal
of a specific structural kink motif formed with Argl31 that may stabilize the
bound conformation. To assess the behavior of unbound phosphorylated and
non-phosphorylated KID we performed 1 ps continuous MD (cMD) simulations
with TIP4P-D??? water parameters specifically developed to cover the dynamics
of intrinsically disordered proteins. For comparison simulations were also
performed with TIP3P water. Results are shown in Figure 4.5.

During 1.1us simulations both pKID and KID largely unfold. For KID
helix ag completely unfolds at times and oy unfolds from the N-terminus and
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Figure 4.6.: Mean helicity calculated with the DSSP algorithm?® for 1ps con-
tinuous simulations of pKID and KID, respectively.

occasionally reforms a helical turn. pKID, in contrast, unfolds from the ends but
maintains helicity close to the phosphorylation site for both helices. Helicities
according to the DSSP algorithm?® in the two helical regions o, (residues
120-129) and o (residues 134-144) are 46% and 27% for KID and 34% and 54%
for pKID, respectively. KID reproduces the trend from NMR-measurements?%®,
where 50-60% for helix x5 and 10% for ag were estimated. For pKID our strong
observed increase of helical content in helix ag exceeds the NMR-estimates of
15%, while no decrease in helix xp was observed in experiment. In particular,
phosphorylation further increases the higher helical content in the core around
the phosphorylation site itself (Figure 4.6). A coupling of helicity and deviation
from the experimental structure of the sampled pKID and KID structures was

observed, shown in Figure 4.7.

On the atomic scale the pSer133 group strongly interacts with the charges of
Argl31 and, to a lesser degree, of Lys136. This, together with the formation
of a stable hydrophobic core of residues Ile121, Leul28, Tyr134(phenyl ring),
Ile137 and Leul38, leads to a stabilization of the opening angle, as shown in
Figure 4.8. For KID, in contrast, the angle frequently opens up and no stable
central kinked motif is observed.
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Figure 4.7.: Free energy surface in the space of helicity and dRMSD reaction

coordinate R (as defined for the core motif) for continuous MD
simulations of and KID and pKID. The main free energy basin
of pKID is narrower and at slightly higher helical content. KID
structures are distributed over a wider area of R but also reach
higher helical content more frequently.
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Figure 4.8.: The angle of the C, atoms of residues 125, 131 and 138 of pKID
and KID, illustrated for the white cartoon structure, served as an
indicator of the global shape and has been recorded for the 1us
simulations. Values near the bound form (dashed line) indicate a
geometry of the central kink motif similar to the bound structure
whereas large deviations indicate a disruption of the motif. Typical
sampled snapshots are shown as cartoons along the plot.
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4.3.3. Free Energy of Unfolding Along the dRMSD

To control the trends obtained from the cMD simulations Replica Exchange
Umbrella Sampling (REUS) simulations along the mean deviation of a number
of distances, the dRMSD R, were performed. A dRMSD of R = Onm indicates
a structure in exact agreement with the native bound conformation whereas
a dRMSD of R = 0.3 — 1.0nm corresponds to unfolded structures. The
simulation of the full pKID or KID with 32 replicas, each simulated for 20 ns
data gathering time, indicated a broad minimum around R = 0.2nm for both
pKID and KID (Figure 4.9). However, the increase in R along the reaction
coordinate was mainly the result of unfolding the last helical turns of both the
N- and C-termini of the peptide. For this part of the transition a similar shape
near the free energy minimum was found for both pKID and KID. Hence,
not surprisingly, the unfolding of the terminal helical turns is not affected by
the phosphorylation of the central Ser133. For KID, however, two secondary
minima at the unfolded end of the R scale are observed coupled to an onset of
unfolding of the central core motif. Thus, differences in the stability of pKID
vs. KID arise near the central kink motif, in qualitative agreement with the

cMD simulation results of the previous paragraph.

The conformational flexibility of the central motif is poorly sampled in
dRMSD free energy simulations of the complete pKID or KID protein. A
simulation time of 20ns for each of 32 windows, already far beyond the
simulation time of previous studies to characterize the stability of KID or
pKID?”2, was found to be still insufficient for a converged PMF (Figure 4.9).
Since the most significant changes upon phosphorylation seem to affect mainly
the central structural motif we conducted further dRMSD-REUS-simulations
biasing solely the core motif structure. Only pairs of C,-atoms in residue range
125-138, less than 0.7 nm apart and with at least 3 residues between them in the
peptide sequence were included (see Figure 4.10). Even for this much smaller
peptide segment convergence of the folding free energies along the dARMSD
reaction coordinate was difficult to achieve, requiring 200 ns per US window
and shown in Figure 4.11. Note, that it is expected that for the full pKID or
KID even longer sampling per window is required. The global minimum of

the central KID motif clearly shows that KID favors an open, unfolded motif
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Figure 4.9.: Calculated PMF of the full KID protein unfolding/folding along the
R coordinate where low dRMSD indicates close resemblance to the
folded structure and high values correspond to unfolded structures.
Thick lines indicate the total PMF after 5ns equilibration, thinner
lines show PMFs of simulation time intervals of the simulation.
Full (p)KID, as shown in the structure inset, was simulated with
all pairs contributing to R indicated by yellow dashed lines.

conformation whereas the phosphorylation of Ser133 shifts this minimum to
a folded conformation relatively close to the native bound pKID structure
(Figure 4.10). The free energy difference of being in the folded state, here
defined as R < 0.2nm, is 11.3k]/mol lower for the phosphorylated peptide in
comparison with the non-phosphorylated KID.

4.3.4. Simulation of the pKID Folding Process

To directly follow the encounter and subsequent folding of pKID near the bind-
ing site on KIX we initiated 10 simulations started with an unstructured and
unbound pKID extracted from the simulation of the free pKID and dragged to
the binding site by a single positional restraint on the C, atom of pSer133. We
note that while in principle initial binding can occur at several positions (see
previous paragraphs) it is reasonable to assume that long range electrostatic
interactions of pSer133 may guide pKID towards the initial approximate bind-
ing position. Out of 10 simulations 9 did not get any closer towards the bound

structure within the first 500 ns and were terminated (data not shown).
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Figure 4.10.: Calculated potential-of-mean-force (PMF) along R for the kinked
core motif of (p)KID, as shown in the inset structure. Pairs con-
tributing to R are shown as yellow dashed lines in the depicted
structures.
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Figure 4.11.: Calculated PMF obtained from different time intervals of the
US simulations along the dRMSD coordinate of the kinked core
motif. Inset shows the difference of free energy gain upon folding:
AGio1q(KID) - AGgo14(pKID). For the different time intervals the
calculated free energy difference between pKID and KID remains
approximately constant.
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In one trajectory, however, the helix xa folded and moved to a near-native
position on the KIX surface after 100ns (Figure 4.12). Such an intermediate
initial binding of the aa helix mediated by residues 124-128 was also observed
in the NMR study of Sugase et al.>”’* and the trajectory was continued up to
1.5pus. Subsequently, at ~230ns, the first turn of helix ap close to pSer133
formed. This was accompanied by a significant change of the global kink
angle between helices towards the bound form, displayed in Figure 4.13. The
remainder of helix o then was locked on the surface of KIX for 1ps, partially
detaching twice. The second detachment allowed a twist of the C-terminal end
and the intrusion of Leul41 into the binding pocket, effectively locking the
bound position. Interestingly, also the NMR study of Sugase et al. found that
the op helix is incompletely folded in the encounter and intermediate stages
of binding and proposed two separate binding regions in the o region that
bound in a stepwise manner during the coupled binding and folding process.

4.4. Discussion

The in-silico alanine scanning of pKID indicates that, although the pSer133 and
also some charged residues contributed significantly to binding to KIX, the
largest contributions arise from hydrophobic contacts. However, a preferable
initial hot spot contact residue could not be identified. Phosphorylation of
Ser133 was found to have a two-fold effect: The phosphate moiety directly
interacts favorably with KIX through hydrogen bonds with Lys662 and Tyr658
of KIX, but also alters the conformational free energy landscape in favor of
the folded structure. Although previous experimental and simulation studies
(of much shorter length) came to similar conclusions our simulations clearly
indicate that the central kinked structural motif involving specific contacts
between pSer133 and its neighboring residues is responsible for this effect. The
phosphorous group contributes directly to binding through hydrogen bonds
and reduces the overall charge of the positively charged central segment. As
suggested earlier?’??7! this stabilizes a compact structure for this segment. The
present continuous MD simulations also indicate that isolated KID undergoes

larger global fluctuations than pKID.
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4. Mechanism of pKID/KIX Association
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Figure 4.12.: RMSD of association of pKID with respect to the NMR structure
(pdb 1KDX model 1). RMSD is calculated for backbone atoms of
pKID after a fit of KIX backbone atoms. When calculated with
respect to the final MD equilibrated complex structure the RMSD
exhibits similar behavior but is lowered by approximately 1 A.
Images depict crucial events of coupled folding and binding. I:
Starting structure with unfolded and detached pKID. II: pKID
pulled to binding site via harmonic restraint on C, 133 III: Helix
ap flips to correct position. IV: First turn of helix o forms on
surface. V: ap region detaches. VI: Semi-stable structure with «p
region incorrectly folded. VII: Second detachment of «p region.
VIIIL: Correct folding with insertion of Leul41.
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Figure 4.13.: Angle between C, atoms of residues 125, 131 and 137 sampled
during the successful association simulation of pKID to KIX. The
correct folding of helix x4 (at 200ns) and the first helical turn of
helix ap (after 240ns) is coupled to a drop of the kink angle.

The calculated relative free energy difference of binding to KIX for pKID
compared to KID consists of a direct contribution (obtained from the alchemical
transformation) and an indirect contribution due to a relative stabilization of
the bound form which sums up to (—10.51 — 11.3)kJ/mol = —21.81kJ/mol. It
agrees with other simulation results (—19.2k]J/ mol?’?) but exceeds experimen-
tal results of —9.1k]J/mol?®® or —7.32kJ/mol?*?. Both contributions, obtained
from alchemical transformation of pSer133 to Ser133 (—10.51 k] /mol) and stabi-
lization of the folded form due to phosphorylation (—11.3 kJ/mol), also roughly
agree with the simulation results of Dadarlat & Skeel’s?”2, with —7.07 kJ/mol
for the direct interactions with KIX and —15.3kJ/mol for the conformational
contribution. However, it should be emphasized that simulation times of 200 ns
for each of the 32 umbrella windows for unfolding were required to achieve
reasonable convergence of the calculated free energies of unfolding which
is considerably longer than previous studies using 3ns each for 18 umbrella

windows?’2,

The pKID folding studies on the surface of KIX upon initial anchoring of
the disordered pKID start structure near the pSer133 binding site resulted
in successful structure formation within 1.5ps in one case. Although other

simulations were unsuccessful and it is not possible to extract statistics on the
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4. Mechanism of pKID/KIX Association

mechanism of folding the observed folding process agrees remarkably well
with experimental findings of Sugase & colleagues?’. Based on NMR results
these authors proposed a three step mechanism based on the formation of an
encounter complex followed by an intermediate complex and formation of the
final bound state. In the intermediate state the oy helix of pKID was found to
be already formed and bound in a near-native geometry?’*. Such a state was
also observed in our simulations as first intermediate structure after the initial
encounter mediated by the pSer133 binding. The subsequent process can be
roughly considered as a two-step process taking longer than formation of the
tirst intermediate state and resulting in a partially formed g helix bound to
KIX followed by a final folding process to result in the completely folded pKID

and bound complex.

4.5. Conclusion

The results of this study support a coupled folding and binding mechanism
of pKID to KIX that is a mixture of conformational selection and induced fit.
The free energy simulations suggest that at least the central structural motif
involving pSer133 and also the xp helix are at least transiently already formed
in the absence of the binding partner and allow initial binding in part based
on conformational selection (or very rapid formation of the x4 helix after the
encounter). The subsequent folding of the «g helix can involve several steps
and is driven by the significant free energy contributions of hydrophobic side

chains that become buried at the interface.
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5. 4E-BP2 Protein Fold Stabilization
Induced by Phosphorylation

Protein phosphorylation can affect the interaction with partner proteins
but can also induce conformational transitions. In case of the eukaryotic
translation initiation factor 4E-binding protein 2 (4E-BP2) threonine (Thr)
phosphorylation at two turn motifs results in transition from a disordered
to a folded structure. In order to elucidate the stabilizing mechanism we
employed comparative Molecular Dynamics (MD) free energy simulations on
the turn motifs indicating that Thr-phosphorylation favors a folded whereas de-
phosphorylation or substitution by Glu residues destabilizes the turn structure.
In multiple unrestrained MD simulations at elevated temperature of the 4E-BP2
domain only the double phosphorylated variant remained close to the folded
structure in agreement with experiment. Three surface Arg residues were
identified as additional key elements for the tertiary structure stabilization
of the whole phosphorylated domain. In addition to the local turn structure
double phosphorylation also leads to an overall electrostatic stabilization of the
folded form compared to wild type and other investigated variants of 4E-BP2.
The principles of phosphorylation mediated fold stabilization identified in the
present study may also be helpful for identifying other structural motifs that

can be affected by phosphorylation or provide a route to design such motifs.

d293

The contents of this chapter have been publishe in similar form.
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5. 4E-BP2 Protein Fold Stabilization Induced by Phosphorylation

5.1. Introduction

The impressive level of versatility of the cellular machinery is, to a significant
part, facilitated by post-translational modifications (PTMs). The highly dynamic
manner of attachment and removal of such PTMs allows for fast and precise
activation and deactivation of protein functions. In eukaryotes, regulation
via PTMs is used in practically every aspect of cellular activity, from cell
growth and differentiation to programmed cell death?*. Of the many different
possibilities®® to modify proteins after transcription, phosphorylation, i.e. the
attachment of a phosphate group to a hydroxyl group of a protein side chain,
is the most abundant®*®. Phosphorylation at Tyr, Ser or Thr side chains exerts
its regulatory function often by influencing the binding properties of a peptide
or protein to a partner if located at or close to the binding interface. However,
phosphorylation has also been shown to influence the structural properties of

294,296-298 104 105,106/ e.g. by

proteins , capable of inducing both disorder™™* and order

stabilizing «-helices!?7/108

, in proteins.

In a recent study, multiple site phosphorylation of the eukaryotic translation
initiation factor 4E-binding protein 2 (4E-BP2) was found to not only affect
the conformation of secondary structure elements but to induce folding of an
entire 4-stranded -sheet domain®®. 4E-BP2 plays a critical role during cap-
dependent translation initiation by binding to eukaryotic translation initiation
factor 4E (elF4E), which prevents translation initiation and is vital for synaptic
plasticity and learning®®. 4E-BP2 is the major elF4E binding partner in the
brain®! and binds to eIF4E via a YXXXXL®-motif, which forms an a-helix
when bound. Dissociation rates of 4E-BP2 from elF4E are increased by two
orders of magnitude when two sites, Thr37 and Thr46, are phosphorylated and
can even increase by four orders of magnitude for a 5-fold phosphorylation of
a larger segment of 4E-BP2. Thus, phosphorylation effectively prevents binding
to elF4E. Wild type 4E-BP2 is intrinsically disordered®"?2%, but phosphory-
lation at Thr37 and Thr46 leads to the formation of a stable fold of residues
18-62 in a structure with 4 -sheets and a short 31¢-helix, covering the binding
motif and effectively locking the tyrosine of the binding motif in a hydrophobic
core (see Figure 5.1) making it inaccessible for partner binding. The two phos-
phorylated Threonines Thr37 and Thr46 are embedded in identical pTPGGT
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5.1. Introduction

Figure 5.1.: MD equilibrated structure of the 4E-BP2 protein (red cartoon).
The two phosphorylated threonines Thr37 and Thr46 (stick model)
stabilize their respective turn via a network of hydrogen bonds.
Interaction of Arg20 with pThr46 in simulations holds the sheet 1
in place and prevents exposure of the el[F4E binding motif starting
at Tyr54 (orange).

sequence motifs. When phosphorylated, hydrogen bonds of the phosphate
with the rest of the motif impose a tight turn structure of the motif that is
located at turns linking 3 of the 4 3-sheets.

In this work we investigated the stability of the folded structure of phospho-
rylated 4E-BP2 with molecular dynamics (MD) simulations. First, comparative
replica-exchange molecular dynamics (H-REMD) simulations were employed
to study the influence of phosphorylation on the stability of an isolated turn
motif. The simulations indicate stabilization of the folded motif due to favor-
able interactions of the phosphate group with several other residues of the
motif. The stability of the entire folded domain in the native un-phosporylated
and phosphorylated form and with different mutations is investigated with
multiple 200 ns simulations. While the phosphorylated 4E-BP2 remains folded
in all simulations the wild type and phosphomimetic T37ET46E variant unfold
in several simulations and allow us to characterize the de-phosphorylation-
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5. 4E-BP2 Protein Fold Stabilization Induced by Phosphorylation

induced unfolding process. The simulations also indicate an important role
of three arginine residues (Arg20 and, to a lesser extend, Arg51, Arg56) that
contact the phosphate groups in the folded state. An Arg20Ala substitution
results in an increased tendency of unfolding and indicates a vital importance
of the additional hydrogen bond between Arg20 and the phosphate group of
pThr46 for stability. Finally, estimates of the electrostatic energy change upon
phosphorylation show, that the folded state is energetically more beneficial for
4E-BP2 when phosphorylated. The simulation study reveals the important role
of contacts at the surface of a protein to stabilize the folded structure and how
this is utilized to mediate phosphorylation dependent conformational switches
in the 4E-BP2 system.

5.2. Methods

Simulations were started from the experimental, phosphorylated pT37pT46
NMR structure with PDB code 2MX4?%° (Figure 5.1). Sequence variants
with non-phosphorylated T37 and T46 (T37T46), an Arg20Ala (R20A) and
a T37E/T46E substitution were generated in silico using PyMOL?®. Each sys-
tem was solvated in TIPAP-D3* water, explicitly parametrized for intrinsically
disordered proteins, and neutralized with Na+ and Cl- ions. MD simulations
used a step size of 2 fs and the Particle Mesh Ewald method!3® for long range
electrostatic interactions. In the equilibration procedure first energy minimiza-
tion was performed for 5000 steps with the steepest descent algorithm. Next,
50000 steps of NVT equilibration were run with the Berendsen thermostat'?° at
300 K(turn motif) or 325 K(entire protein domain), where all heavy atoms were
position-restrained. Finally, NPT equilibration with the Berendsen barostat!2

at 1.01 bar was run for 500000 steps with only the backbone atoms restrained.

5.2.1. Free Energy Calculations on Peptide Turn Unfolding

The free energy calculations were run with v4.6 of the GROMACS®® package,
using the amber99sb-ildn-star?122% force field for the protein with a cut-off

of 11 A. Free energy simulations were performed on the turn motif formed
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5.2. Methods

by residues 44 to 53 of the E4-BP2 protein. Start and reference structure
corresponded to the coordinates in the 2MX4 pdb structure (with NH3+ and
COO- termini). We simulated three variants of the turn motif: Residue 46 (Thr)
was either phosphorylated (pT46), non-phosphorylated (T46) or replaced by a
phosphomimetic Glu residue (T46E substitution). All initial, folded structures
were solvated with ~ 2850 water molecules. The distance between C, of end
residues 44 and 53 as the reaction coordinate was enforced in 21 harmonic
umbrella windows with a force constant of 500 k] /mol between 5 - 25 A, placed
at distances 0.50 0.62 0.74 0.80 0.86 0.92 0.98 1.04 1.08 1.14 1.20 1.26 1.32 1.42
1.54 1.66 1.82 2.00 2.16 2.34 2.50A. To enhance sampling, we used Hamiltonian
replica exchange molecular dynamics (H-REMD) and attempted exchanges
between umbrella windows every 500 steps (H-REUS method). Production runs
were run for 50 ns per window, discarding the first 10ns as equilibration. The
potential of mean force (PMF) was calculated using the WHAM?306 algorithm.

5.2.2. Unrestraint Molecular Dynamics Simulations

Simulations of the entire folded 4E-BP2 domain were run with pmemd.cuda®"”

as implemented in Amber143%8. All variants of the 4E-BP2 domain, parametrized
with the ff14SB3® force field, were solvated in ~ 38000 water molecules. Hy-
drogen mass repartitioning'! in combination with SHAKE!!® constraints for
all solute bonds without hydrogens allowed for a time step of 4 fs in produc-
tion runs at a temperature of 325K and pressure of 1.01 bar controlled with
Berendsen baro- and thermostats. 10 simulations of 200 ns were run for all four

sequence variants. Trajectories were visualized and analyzed with VMD3%.

5.2.3. Finite Difference Poisson Boltzmann Calculations

Effects of electrostatic interactions were estimated for the intra-molecular and
solvent interactions after removal of explicit solvent. Intra-molecular electro-
static energies were calculated summing the pairwise electrostatic potential
between all non-excluded atoms as implemented in cpptraj>'?. Solvent interac-
tions were estimated by solving the finite-difference Poisson-Boltzmann (FDPB)
with the adaptive Poisson-Boltzmann Solver®!! (APBS) and calculating the
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5. 4E-BP2 Protein Fold Stabilization Induced by Phosphorylation

difference of energies of the solvated and de-solvated molecule. Since FDPB
calculations are sensitive to the placement of molecules in the finite difference
grid we performed all calculations on the same ensemble of conformations
and produced all sequence variants by eliminating/modifying only the cor-
responding side chains in the basic ensemble. This results in cancellation of
errors due to different placements of conformations in the finite difference
method. As the dielectric constant of the protein we used €, = 20 to cover

reorganization of the protein polar groups and water penetration®?

. Energies
were calculated for one unfolded structure and an ensemble of 200 folded
structures. The unfolded structure was taken from a snapshot of wild type
4E-BP2 where the protein was mostly and extended chain. The 200 folded

structures were snapshots from the simulations of phosphorylated 4E-BP2.

5.3. Results

Phosphorylation can influence the stability of local structural motifs in proteins
(formed by short sequence segments) such as alpha-helices or turn motifs.
However, due to the negative charge of the phosphate group a long range
electrostatic stabilization of the whole global protein fold is also possible. By
using H-REMD Umbrella Sampling (H-REUS) free energy simulations we first
investigated the influence of phosphorylation on the stability of a turn motif in
4E-BP2 followed by studying the stability of the whole domain by extended
MD simulations.

5.3.1. Effects of Phosphorylation on a Turn Motif

The formation of tight turn motifs in the two identical pTPGGT sequences at
T37 and T46 seems to be a key factor for the stability of the folded 4E-BP2
upon phosphorylation®”. Free energy H-REUS simulations along a distance
coordinate between the terminal amino acids were employed for turn open-
ing/closing and to assess the influence of the phosphorylation on turn stability,
using the peptide segment formed by residues 44-53. The H-REUS method

along the reaction coordinate was used to improve convergence and effectively
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allow folding and unfolding of the turn motif upon replica exchanges.

The calculated potential of mean force (PMF) or free energy along the reaction
coordinate indicates a significant dependence on the modification of residue
46 (Figure 5.2). For the T46 and the pT46 variants conformations close to the
native turn structure are the most stable conformations with the lowest free
energy whereas for the T46E substitution unfolded conformations with large
distance between terminal residues are of lower free energy than conformations
close to the native structure. The minimum at d ~ 6 A is defined by a H-bond
between the backbone oxygen of residue 52 and the NH3 cap at Ser44 and
differs slightly from the native turn structure. The second, global minimum
at d ~ 8 A is closest to the the turn motif from the NMR structure with three
backbone H-bonds (44/0-52/H, 50/0-46/H, 46/0-49/H) and, for pThr46,
additional H-bonds of the phosphate group. The third minimum at d ~ 11 A
represents an overall still collapsed state with the turn partially present but no
stable backbone H-bonds. The non-phosphorylated turn structure (wt) is barely
stable. Integrating the Boltzmann probability for folded and unfolded regimes,
respectively, actually gives an overall positive folding free energy, favoring the
unfolding of the isolated turn. The calculated free energy of transitions from
the unfolded to the folded native like state is 2 kJ/mol, if states up tod =9 A
are considered folded. Surprisingly the substitution T46E further destabilizes
the turn motif and increases the folding free energy to 7kJ/mol. In contrast,
phosphorylation stabilizes the folded turn motif and also creates a significant
energetic barrier towards opening. Turn folding is, in this case, energetically

beneficial with a folding free energy of —2kJ/mol upon phosphorylation.

Aside from formed H-bonds we took a closer look at replica 4 representing
the folded state with its umbrella minimum at d = 8.0A. In this replica,
most of the time the methyl groups of pThr46 or Thr46 form a hydrophobic
closed contact with the methyl group of Thr50 and the apolar side chain of
Ile52. Glu46, lacking such a methyl group, cannot engage as well in such a
hydrophobic interaction and is solvated more frequently. The root mean square
fluctuations (RMSF), particularly of the apolar groups of Thr50 and Ile52, are
increased for T46E compared to wt and pT, shown in Figure 5.3, pointing

toward more flexibility and less stability of hydrophobic interactions.
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Figure 5.2.: Calculated free energy change (Potential of mean force: PMF) of

the opening of a turn motif for the wild type, phosphorylated pT46
and the phosphomimetic mutation T46E. The reaction coordinate d
was chosen as the distance between C,-atoms of residues 44 and
53. Structures (from left to right) show a folded sub-state with
an additional H-bond to the artificial N-terminal cap, the folded
turn motif, the opening of the furthest (3-sheet H-bond, a collapsed
state without defined structure and a completely open turn loop.
Secondary structure characterization was identical for all structures
for clarity, i.e. the last three structures are not (3-sheet like any
more. Backbone H-bonds are shown in yellow dashes.
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Figure 5.3.: Root mean square fluctuations (RMSF) of all heavy side chain
atoms of the three simulated turn motifs. RMSF is calculated for
the 4th replica where the umbrella minimum d = 8 A matches
the global free energy minumum and thus the stable turn motif.
Values on the x-axis indicate residue numbers for orientation, but
the RMSF was calculated for each side chain atom. Structures show
snapshots with hydrophobic contacts that fluctuate more with the
T46E mutation.

All side chains forming H-bonds are also present in the motif containing the
other phosphorylation site Thr37 and the hydrophobic Ile52 finds an equivalent

in Phe43, so we expect the free energy landscape to be similar.

5.3.2. Global Stability of Variants of Folded 4E-BP2

In order to compare the global stability of the folded 4E-BP2 domain we
performed multiple unrestrained MD simulations of 200ns at elevated tem-
perature (325K) for the domain variants. This allowed for qualitative insight
into the stabilization due to phosphorylation. Simulations were performed
on the non-phosporylated domain (wt), the pT37 and pT46 phosphorylated
domain (pT), a variant with an Arg (residue 20) replaced by Ala (pT-R20A) and
one variant with T37E and T46E substitutions (T37ET46E). The backbone root
mean square deviations (RMSDs) with respect to the experimental structure?”’

served as indicators for unfolding and are plotted in Figure 5.4. All simulations
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of phosphorylated 4E-BP2 (pT) stay close to the native folded structure with an
RMSD below 5 A. In contrast, several of the wild type (wt) simulations show
an unfolding of the protein and large RMSD fluctuations. Using an unfolding
criterion of an RMSD from the native structure above 10 A, in all pT simulations
4E-BP2 remained stable, but in 4 out of 10 wt simulations the domain unfolded.
For a lower unfolding criterion of 5 A RMSD 9/10 of the wt simulations unfold
compared to 3/10 for the pT simulations. Independently of an explicit RMSD
threshold the evolution of the average of the RMSD over all simulations in
the lowest panel of Figure 5.4 shows that only the phosphorylated 4E-BP2
remains stable (compare red line with other lines in lowest panel of Figure 5.4).
Remarkably, in all unfolding simulations of the wild type, unfolding starts
with the detachment of the 1 strand and subsequent exposure of the binding
motif. The two turn motifs at some point deform/unfold in all wt simulations,

even if the overall fold of the protein is roughly conserved.

A means of investigating the structural impact of phosphorylation of Thr37
and Thr46 are the hydrogen bonds formed by the two amino acids with
and without phosphorylation. Figure 5.5 reports all hydrogen bonds (within
a distance cut-off of 3.0 A) formed by (p)Thr37 and (p)Thr46, respectively.
The hydrogen bonding pattern with other loop residues is similar for both
phosphorylation sites, as expected since the sequence and the structural motif
of the loops are identical. For the wild type, no significant binding to Gly39
is observed. The occasional H-bond to Gly40/49 is made by the backbone
oxygen of the (phosphorylated) threonine and the backbone nitrogen of the
glycine. H-bonds to Thr41/Thr50 are mostly formed as the (3-sheet backbone
H-bond, but also by side chain oxygens of both threonines. H-bonds for Thr46
are observed less compared to Thr37 as the loop containing Thr46 unfolded
more easily. Apparently, adding the phosphate group with three free oxygens
increases the number of possible hydrogen bonds significantly. The backbone
nitrogen of Gly39/Gly48 forms a H-bond with the phosphate group in half of
the simulation times. In addition to the backbone H-bond also seen without
phosphorylation, Gly40/Gly49’s nitrogen occasionally binds to an oxygen of
the phosphate moiety. Contacts to Thr41/Thr50 strongly increase compared to
the wild type as the phosphate moiety forms a stable hydrogen bond to the
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Figure 5.4.: Backbone RMSD of 10 simulations at T = 325K of 4E-BP2 for the
wild type, the pT37pT46-phosphorylated protein, a phosphory-
lated variant where Arg20 is mutated to Ala and another variant
where phosphorylated side chains are substituted by Glu residues.
The bottom panel shows the average RMSD of all 10 simulations.
Cartoon structures indicate characteristic snapshots from the un-
folding pathway of the simulations: From the folded structure
(A) B1 unzips from the N-terminus (B) and completely detaches
(C), followed by an opening of the bar covering the binding motif
(orange) (D).
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side chain oxygen of the threonine. Finally, pThr46 features another contact to
Arg20 from the neighboring (3-sheet 1. For pThr37 no tight H-bond outside
of the turn motif were observed, but Arg51 and Arg56 are mostly pointing
towards the phosphorylation site, resulting in electrostatic stabilisation. As an
indication of an effect on these arginines the root mean square fluctuations
(RMSF) of the carbon atom of side chains of Arg20, Arg51 and Arg56 are
reduced in simulations of the phosphorylated protein relative to wild type,

shown in Figure 5.6.

In the pT simulations Arg20 was identified to form stable H-bonds with
pT46. In order to test the contribution of Arg20 to the stability of the 4E-
BP2 domain we also performed 10 independent 200ns simulations on the
phosphorylated 4E-BP2 with an R20A substitution. Unfolding was observed in
5 out of 10 simulations(Figure 5.4) with the unfolding criterion of backbone
RMS deviation above 10 A from the native fold (9/10 for RMSD 5 A threshold).
The average RMSD resembles the evolution of wild type 4E-BP2. Hydrogen
bonding of the phosphorylated threonines shows identical H-bonds are formed
apart from the broken Arg20-pThr46 connection and H-bonds were equally
stable over the simulation time. Unfolding in each MD run did occur via a
detachment of 1 from the parallel f4, as observed for the wild type. Hence,
the simulations indicate that Arg20 plays a key role for stabilizing the 4E-BP2
fold by preventing rapid dissociation of the N-terminal B1 strand in the early
stage of unfolding.

Substitution of phosphorylated threonines with glutamic or aspartic acid as
phosphomimetics did not show any sign of folding in the experimental NMR
study of 4E-BP2?”. Indeed, our free energy calculations of the isolated turn
motif sequence show, that the turn motif with phosphomimetic Glu is even less
stable than the wild type (see previous paragraph). The turn conformation is
not the global free energy minimum as Glu46 rarely forms stabilizing H-Bonds
with Thr50 but instead even disfavors the turn state. Furthermore, multiple
200ns MD simulations at elevated temperature on the 4E-BP2 domain variant
with the T37E and T46E substitutions indicate similar behavior as the wild type.
The respective backbone RMSD and hydrogen bonding pattern are shown in
Figures 5.4 and 5.5. In 3/10 cases the protein unfolded to a RMSD larger
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Figure 5.5.: All H-bonds formed by the two phosphorylation sites Thr37 and
Thr46 during unrestraint MD simulations. Both show identical
patterns for the loop stabilizing contacts but pThr46 additionally
features a hydrogen bond with Arg20 from the neighboring B1-
strand. Note, that this interaction stabilizes the whole 3-sheet. The
cartoon structure shows the folded turn motif around pThr46. Only
hydrogen atoms relevant for H-bonds are depicted.
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Figure 5.6.: Root mean square fluctuations of CZ of three arginines interact-
ing with the phosphorylation site. To avoid artifacts from already
unfolded conformations for all four variants of 4E-BP2 only simu-
lations remaining stable were considered.

than 10 A (9/10 for RMSD 5 A). Hydrogen bonding patterns differ for the two
phosphorylation sites, as opposed to the other three systems. Glu46 produced
a similar hydrogen bonding pattern as pThr46, contacting turn residues as well
as Arg20, albeit with significantly lower occupancy, as typically only one of
the bonds to Arg20 or the turn motif was formed. Glu37, however, formed
less hydrogen bonds to the other turn residues than the backbone hydrogen
bonds of wild type and instead contacted the spatially more distant, positively
charged Arg51 and Arg56. These two arginines also pointed in the direction of
pThr37 in the pT simulations, but do not reach close enough to form hydrogen
bonds. Glu37 is less tightly bound to the turn motif than pThr37 and the
negative charge can reach closer to the arginines to form actual H-bonds. The
distance of Glu37 to both arginines was on average, however, larger than that
of pThr37 in the respective simulations and the arginine side chains are more
flexible compared to phosphorylated Thr37/46 residues (see SI Figure 5.6).
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5.3.3. Electrostatic Contributions

Phosphorylation significantly alters the charge distribution of the 4E-BP2
domain. To assess electrostatic effects we estimated the electrostatic energy
difference between the unfolded state and an ensemble of folded states taken
from the pT MD simulations. Electrostatic reaction field contributions due to
interactions with the solvent were calculated by solving the finite-difference
Poisson-Boltzmann (FDPB) equation using the adaptive Poisson-Boltzmann
Solver APBS®!! (see methods for details). The intra-molecular electrostatic
Coulomb energies of the protein were determined from pair-wise electrostatic
energies between all non-bonded atoms. The same structures for the unfolded
reference and the folded ensemble were used for all cases. Errors are calculated
as the standard deviation of energies obtained for the folded ensemble.

The calculated electrostatic energy differences between folded and unfolded
states indicates that electrostatic interactions overall disfavor folding (Table
5.1). For the wild type this is due to both increased Coulomb energies and
increased reaction field energies. Upon phosphorylations folding is favored
in terms of improved Coulomb interaction energy, but still penalized by the
less favorable reaction field of the solvent, as charges are more exposed to
solvent in the unfolded state. Although the results suggest that, overall,
electrostatics disfavor folded structures, double phosphorylation at T37 and
T46 reduces the energetic penalty by almost 20k]/mol. Single phosphorylation
at either T37 or T46 resulted in electrostatic interactions of similar magnitude
as the wild type. This is in line with experimental results indicating that
only double phosphorylation leads to a significant stabilization of the folded
domain. The phosphomimetic T37ET46E mutations slightly reduced the overall
electrostatic folding penalty compared to the wild type, but are not as effective
as phosphorylations. The R20A mutation on pT shows similar penalization by
the reaction field but drastically reduced coulombic benefits of folding and has
the highest electrostatic folding costs of all systems.

Visualizations of the electrostatic potential on the surface of final folded
conformations of all four simulated systems, obtained from APBS calculations,
are shown in Figure 5.7. For the wild type both phosphorylation sites as well
as the B1 strand have a positive surface charge. When phosphorylated, both
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Thr46
PDB Arg20 A

B1

pThr37

q

Figure 5.7.: Surface charges for all simulated systems. The top cartoon shows
the experimental structure in similar orientation for reference. Sur-
face potentials are obtained from approximate solutions of the
finite difference Poisson-Boltzmann equation and are colored from
-3 (red) to +3 (blue) KBT potential units.

turns containing the phosphorylation sites are negatively charged and the
Thr46-loop attracts 1. The R20A mutation de-charges the surface of g1 almost
completely. The phosphomimetic T37ET46E mutations almost neutralize the
two turn motifs and lead to a neutral protein surface compared to the wild type
or phosphorylated 4E-BP2. The C-terminal binding motif (bottom left in Figure
5.7) is very flexible, slightly more so in the non-phosphorylated simulations.
A specific affinity to remain in tighter positions, that could be inferred from
Figure 5.7, could not be observed.

106



5.4. Discussion

dEfold-unfold (k] / mOI)

system | dE;s dE oy dE
wt 10 20 |29 £+ 12
pT 70 -62 9 £ 10
pT37 40 -6 124 £ 9
pT46 42 -5 38 £+ 14
T37ET46E | 39 17 121 £ 11
R20A 72 30 142 £ 10

Table 5.1.: Electrostatic energy of folding

5.4. Discussion

Post-translational modifications have been shown to affect the secondary struc-
tural elements in intrinsically disordered proteins!?”. The 4E-BP2 domain,
intrinsically disordered in the wild type non-phosphorylated form, has been
found to not only change properties of a secondary structure element but to
fold completely upon phosphorylation?”. Here we applied several simulation
methods to investigate effects of the phosphorylations in atomic detail.

As suggested by Bah et al.>*? the phosphorylation of two threonines stabilizes
two similar turn motifs allows for several hydrogen bonds to be formed with
the phosphate moiety. Both phosphorylation sites are followed by the same

PGGT sequence and create comparable hydrogen bonds. Bah et al.?*

roughly
estimated the free energy of unfolding the phosphorylated protein to be in
the range of 0 -2kJ/mol. Our calculated free energy of 4k]J/mol for unfolding
the phosphorylated turn motif compared to the wild type agrees with this
estimate, as the energy obtained for the segment would be reduced by a loss of
entropy of the full protein. The agreement of the folding free energies indicates,
that the turn motif is formed without further folding of the protein if only one
threonine is phosphorylated.

However, effects of the phosphorylation do not end at the stabilization of the
turn motifs linking f2 with B3 and B3 with f4. Additionally, the phosphate
group of pThr46 holds B1 in its parallel sheet with 4 through non-bonded
and non-local interactions with Arg20. Residues Arg51 and Arg56 perform
a similar function in case of the pT37 residue but are not precisely in H-

bonding distance during the simulations. However, the strong electrostatic
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interaction was reflected in reduced flexibility in the pT vs. wt simulations.
The importance of these residues for structure formation and thus elF4E
binding and translation inhibition is underlined further by the fact that all
three Arg residues interacting with the phosphorylation sites are conserved

across multiple species’!3

. Furthermore, phosphorylation drastically alters
the charge distribution in the protein and the altered electrostatic interactions
alleviate folding for phosphorylated 4E-BP2.

The lack of a third H-Bond partner for Arg20 can explain why substitution
of the phosphorylation sites by phosphomimetics, T37ET46E or T37DT46D,

299, Indeed simulations

did not show any signs of folding in experimen
with a T37ET46E mutation showed that occasionally formed hydrogen bonds
are not stable enough to maintain the folded turn motif. Furthermore, the
phosphomimetics did not simultaneously establish bonds to the turn motif
and the stabilizing arginines Arg20 or Arg51/Arg56.

While we are confident that equilibrium is reached with the advanced
sampling techniques applied to the isolated loops, we do not expect the 10
continuous MD simulations per system to represent the equilibrium. For
the phosphorylated 4E-BP2, Bah and colleagues®” found indications of an
exchange between major and minor conformers, so the phosphorylated protein
might also be unfolded at times. One of our trajectories of phosphorylated
4E-BP2 did show signs of detaching 1. The overall higher stability of phos-

phorylated 4E-BP2, however, can clearly be seen from our simulations.

5.5. Conclusion

Our simulations explain the mechanism of fold stabilization by phosphoryla-
tion of 4E-BP2 due to specific local effects on two tight turn motif connecting
the 3-strands and a global electrostatic stabilization of the entire folded form.
The simulation results are in good agreement with the experimental observa-
tion that only a double-phosphorylation of 4E-BP2 effectively stabilizes the
folded form. The simulations on the T37ET46E variants indicate that in the
case of 4E-BP2 these substitutions abrogated the stabilizing benefits of the
phosphorylations not acting as effective mimetics because of a reduced ability
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5.5. Conclusion

to form stable H-bonds and less close van der Waals contacts. It also explains
the experimental observation that this variant does not fold. Our simulations
suggest further that the Arg residues in 4E-BP2, although located at the sur-
face, are critical for stable folding. Specifically, our prediction that the R20A
substitution strongly destabilizes the protein could be tested experimentally.
The combined local and global stabilizing effects of specific phosphorylation
might be characteristic for other phosphorylation dependent structural motifs
in proteins. These principles could useful for identification of structural motifs
in proteins that can be stabilized by phosphorylation and for the design of
motifs that undergo phosphorylation induced conformational changes.
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6. Summary and Outlook

Intrinsically disordered proteins are a recent and fascinating topic in modern
biophysics. In this work we attempted to study some representatives of IDPs
with both traditional and new methods of molecular dynamics simulations.

The empirical and classical force fields employed to model proteins in their
aqueous environment are able to reproduce the intrinsic disorder, but largely
differ in the amount of helical content. In our simulations of 11 segments of the
IDP Axin the common TIP3P water model did predict the amount of helicity
in good agreement with NMR measurements. Newly developed water force
tields and especially TIP4P-D did sample more open and extended structures,
but come at a price of correct helical content in the short peptides. Only with
adaptions to the backbone torsional potentials, as done for the amber99ws
force field, the higher helical content can be reproduced.

For a system of coupled folding and binding, the pKID-KIX complex, our
simulation data suggests that phosphorylation does shift the conformational
equilibrium of pKID towards the bound state in the immediate vicinity of
the phosphorylation site. This indicates that not all structure formation in
pKID must happen on the surface of KIX and that the binding process might
involve some conformational selection. A simulation of the association process,
however, also showed that structure formation after an initial key contact is
possible. So the association of pKID and KIX is in part a conformational
selection through phosphorylation and an also a case of induced fit.

As another example of the effects of phosphorylation the stability of folded
4E-BP2 was investigated. Our advanced sampling simulations confirmed that
the two phosphorylations stabilize similar turn motifs. Furthermore, in free
simulations we identified interactions with other surface arginine side chains
that are crucial for the stability of the fold. Electrostatic calculations supported
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the view of a stabilizing effect of the additional phosphate groups. Substitution
of the phosphorylations with aspartic acid did not recover the stabilizing effects,
underlining the unique properties of phosphate groups.

As became clear during the investigations of this work the simulation of
IDPs still faces some problems. Force fields are not yet accurate enough and
optimizations with respect to one property of IDPs, e.g. the radius of gyration,
might worsen the representation of other properties. The diverse nature of
IDPs, ranging from compact molten globules to extended random coils, will
continue to pose a problem in the search of suitable force field parameters. The
difficulties of obtaining precise experimental data that can be compared with
simulations pose a further problem for force field optimization. Even with
correct force fields the time scales accessible to current simulations are not
nearly enough to cover the conformational dynamics of IDPs and the exchange
between conformational sub-states. Already our microsecond simulations of
free pKID show that conformations of relatively small systems can be stable
for hundreds of nanoseconds. Many conversions between substates must to be
sampled for statistical validity, so converged simulations are a distant prospect
for IDPs and more powerful techniques of advanced sampling will have to be
applied.

Nevertheless, simulations consistently and correctly predicted disorder
where it was found in experiments. While the complete conformational ensem-
ble was inaccessible, the stability of specific conformations could successfully
be compared for different phosphorylation states.

For the future MD simulations are on their way to becoming a reliable and
valuable tool for biophysicists to learn about IDPs. The force field problem is
being tackled by several groups around the world and better force fields are
currently developed®“. Since there are no fundamental differences to folded
proteins, which today can be described quite well with the approximations
of MD, an adaption to IDPs should be feasible. The future is looking even
better on the sampling front. Computer power has steadily increased over
the last decades, and with the transition to calculations on GPUs the highly
parallelizable MD simulations will further benefit from the rapid development

in this area.
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A. Implementation of the dRMSD

The dRMSD as a reaction coordinate for umbrella sampling with replica
exchange has been implemented in GROMACS 4.6.2[251].

Equations of the dRMSD potential

As stated in Chapter 2, Equation 2.34, the distance root mean square deviation
(dRMSD) is defined as

N
R(dy,...,dN) = J %Z(di —dj)? (A1)

1

Where index i runs over all distances between the N atom pairs that contribute
to the dRMSD.

The harmonic potentials along R are of the form
1 2
V(dy,...,dy) = EkO(R(dlrude) —Ro) (A.2)

with a specific reference dRMSD R and the distance d; being a function of the

coordinates r;q, rj> of the two atoms of the pair:

di =di(rn, rip) = |tq — | =/ (tin — 112)? (A.3)
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The forces on atom coordinate x of atom i1 is then calculated from

dv(dy,...,dy)

F,, = —
* dxﬂ

il

_ ko R(dy,...,dn) —Ro (di — di) - Xi| — Xp2
N~ R(dy,...,dn) i o d;
= —Fy,
Thus the vectorial force is given by
ko R(di) — Ro d;
)=——= - —————"(di—dj) - — A4

Finally, the contribution to the Hamiltonian of this distance RMSD potential
is
Harmsp = V(dy, ..., dN) (A.5)

Lambda Scaling Along the dRMSD

For the application of US typically several windows along the reaction coordi-
nate are defined via a transition coordinate A. We defined the A-dependence of
R as

1Y ?
R(d;, A) = J N Z (di —(1—=7)d4 — Ad%) (A.6)
1
The A-dependent distance RMSD potential has then the form
ko A B
V(d;, A) = 5 | R(di, A) = (1= A)Ry — ARy (A7)

This allows transitions from one state with reference distances dgg to another
state with reference distances dl%. Also, with no d% defined, a continuous
sampling of A in the range [0, 1] allows sampling from the structure defined
with distances d4 to unfolded structures up to a dRMSD deviation of R
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The derivative of the potential with respect to A then is

AV (d;, )

o =ko (R(di,)\) — (1= A)RE — AR§> .

dR(d;, A
(—Ei;\ )+R5‘—R§)

—ko (R(di,)\) —(1- AR - AR@) :

(W (272(@— (1-A) d;%—)\dﬁ)) (d;%—d}%)) +

R - Rg)
(A.8)
and the force in direction x for atom i1 is
BT
ko R(di,A) = (1= M)R§ — AR}
N R(d;, A) (A.9)
Xi — X;
(di = (1= A)dig — Adfy) - 12
1
= — P(xiz)
and thus the vectorial force is
ko R(d;,A)—(1—A)RS — ARE
F(d,A) = — — - 0 0.
N R(d;, A) (A.10)
d:
(ds— (1= )iy — AdB) - &
1

Gromacs Parameters

To run a simulation with the adapted GROMACS code the following settings

are required.
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A. Implementation of the ARMSD

MDP Parameters

drmsd-pot: yes/no
Enable/Disable distance based RMSD potential.

drmsd-ref: (0.0) [nm]
Reference distance RMSD for state A

drmsd-refB: (0.0) [nm]
Reference distance RMSD for state B

drmsd-k0: (1000.0) [kJ mol™! nm~2]
Force konstant of the distance RMSD potential

nstdrmsdpout: (100)
Frequency of writing distance RMSD potential output

bonded-lambdas = 0.00 0.20 0.40 0.60 0.80 1.00

A values for umbrella windows. (requires further free energy parameters)

Topology File

The topology needs to include a [ drmsd_restraints ] section:

Topology file parameters:

[ drmsd_restraints ]

;ail aj type do dOB (optional)
9 39 1 0.5 0.6
19 49 1 0.5 0.6
29 59 1 0.5 0.6

Atom pair ai, aj which forms a distance pair. Default function type 1. d0 is
the reference distance of this atom pair. Note that ai, aj are molecule interal

indices. The first atom of each molecule has index 1.
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mdrun Parameters

The possible long distance bonds that have to be calculated each step clash
with the domain decomposition principle of Gromacs. Simulations will not

start without the explicit request of particle decomposition:

mdrun [...] -pd

g drmsd

The implementation of the distance restraint can write out the dRMSD cal-
culated during the simulation. Additionally the tool g_drmsd can be used to
calculate dRMSDs from a given trajectory. To obtain the distances and applied
forces use g_drmsd. g_drmsd has to be given at trajectory and a run input file
with all the settings for the dRMSD method. The tool then for each frame of
the trajectory extracts the dRMSD and the resulting potential to a output file.

-f Input, trajectory: .xtc, .trr etc.
-s Input, run input file: .tpr

-0 Output file (drmsd.xvg), optional

If g_drmsd is given a list of trajectories and tpr files it will calculate the
drmsd and potential for the first given trajectory with the first tpr and so
forth. Non-matching numbers after the last underscore, e.g. traj_l.xtc and
topol_2.tpr will give an error. Output for each trajectory will be written to files

with matching number.
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Acronyms

ABF adaptive biasing force.

AFM atomic force microscopy.

BAR Bennett acceptance ratio.

CD circular dichroism.

dRMSD root mean square deviation of a set of distances.
ER endoplasmatic reticulum.

FCS fluorescence energy transfer.
FEP free energy perturbation.

FRET Forster resonance energy transfer.

GPU graphics processing unit.

H-REMD Hamiltonian replica exchange molecular dynamics.

IDP intrinsically disordered protein.

IDR intrinsically disordered region.

MC Monte Carlo.
MD molecular dynamics.

MOoRF molecular recognition features.
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Acronyms

NMR nocleo-magnetic resonance.

NOE nuclear overhauser effect.

PME particle mesh Ewald.
PMF potential of mean force.
PRE paramagnetic relaxation enhancement.

PTM post-translational modification.

RDC residual dipolar couplings.

REMD replica exchange molecular dynamics.
REUS replica exchange umbrella sampling.
RMSD root mean square deviation.

RMSF root mean square fluctuations.

SAXS small angle X-ray scattering.

SLiM short linear motif.

T-REMD temperature replica exchange molecular dynamics.

TI thermodynamic integration.

US umbrella sampling.
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