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Abstract

The questions of why things are the way they are and if they could have been any different are
frequently occupying the minds of us human beings. One way out is provided by the assumption of
contingency, the view that long-term development is mainly dependent on the results of many random
events. However, | argue that from a scientific point of view, fundamentally revolving around
skepticism and the search for underlying patterns, contingency does not provide a comfortable answer
and should always be perceived as a preliminary resort. This thesis revolves around the investigation
of evolutionary alternatives related to case studies at three different levels of biological complexity.
Key aspects of evolutionary alternatives are the pool of available elements to choose from, the
pressures which lead to the preference for the selection of certain choices over others, and the
conditions under which these selections comprise a viable or even optimal choice for the organism(s).

On the lowest level of biological complexity, we will deal with the selection and optimality of the 20
proteinogenic amino acids. Experiments on prebiotic chemistry show that the pool of amino acids
available for incorporation into the system of genetic encoding contained many more alternative
options. Although pressures for the preference of some amino acids from the pool over others are also
discussed, the main focus in this part resides on the question of the optimality of the 20 proteinogenic
amino acids. Previous studies try to answer this question by examining the occupation of chemical
space by the 20 proteinogenic amino acids and comparing it to randomly chosen sets of putatively
available amino acids at the emergence of life. Complementary, our approach focuses more on the
unique functional roles of each amino acid. Therefore, we developed a median-based classification
approach using binary feature patterns to classify the 20 proteinogenic amino acids. In comparison to
the famous classification of Ramsay Taylor our approach provides an optimal solution as it requires
only the minimum number of features for complete classification.

The second part considers the design space of coiled coils. Coiled coils are a prominent type of
supersecondary structure. They form oligomers of a-helices and take part in a multitude of different
functions, such as transcriptional regulation, catalytic activity, and provision of structural stability.
Critical for the stability of coiled coils are non-covalent interactions between a-helix residues pointing
toward the core of the coiled-coil. Geometrically, the distances with which these interactions reoccur
along the sequence are restricted to certain discrete values. We developed a recursive algorithm to
compute all possible decompositions of inter-contact distances for any period length. To further
narrow down the design space of coiled coils, experimentally determined coiled-coil decompositions
are extracted from publicly available databases. One key aspect is the forces driving the realization of
demanding coiled-coil decompositions deviating from the canonical heptad repeat.

In the last section, we arrive at the level of microbial interactions. The system of bacteria employing
iron ions as electron donors or electron acceptors, respectively, is characterized by an astonishing
amount of interdependencies. At a basic level, Fe(lll) reducing and Fe(ll) oxidizing bacteria provide
each other with the required substrate for their respiration and therefore allow for the cycling of iron
between different ionization states. In detail, the efficiency of this process is dependent on a multitude
of factors, such as spatial distribution of the bacteria, temporal oscillations of oxygen, pH, and the
choice of microbial strategies pursued. We developed an agent-based model to derive preconditions
for efficient cooperation between these bacteria, with a focus on the dynamics of iron nanoparticles.



Zusammenfassung

Die Fragen warum die Dinge sind, wie sie sind und ob sie anders hatten sein kénnen, haben uns
Menschen seit jeher beschaftigt. Ein Ausweg stellt die Annahme der Kontingenz dar, also die Ansicht,
dass die langfristige Entwicklung hauptsachlich ein Produkt der Resultate vieler Zufallsereignisse
darstellt. Aus wissenschaftlicher Perspektive, deren grundlegende Charakteristika Zweifel und die
Suche nach zugrundeliegenden Mustern darstellen, kann Kontingenz nur als eine Zwischenlésung
dienen. Diese Arbeit behandelt die Untersuchung evolutionarer Alternativen in Hinblick auf Fallstudien
auf drei unterschiedlichen Ebenen biologischer Komplexitat. Schllisselaspekte evolutionadrer
Alternativen sind der Mdglichkeitsraum auszuwahlender Elemente, die Driicke, die die Bevorzugung
gewisser Auswahlmaoglichkeiten mit sich bringen und die Bedingungen unter denen diese gewahlten
Moglichkeiten eine funktionierende oder gar optimale Losung aus Sicht der Organismen darstellen.

Auf der niedrigsten Ebene biologischer Komplexitat widmen wir uns der Auswahl und Optimalitat der
20 proteinogenen Aminosauren. Experimente der prabiotischen Chemie haben gezeigt, dass der Pool
flr den Einbau in den genetischen Code verfligbarer Aminosduren neben den 20 proteinogenen
Aminosauren viele andere Optionen beinhaltete. Auch wenn die Driicke, die die Bevorzugung gewisser
Aminosauren des Pools gegeniliber anderer diskutiert werden, verbleibt der Fokus bei der Frage
hinsichtlich der Optimalitat der 20 proteinogenen Aminosduren. Vorausgehende Studien versuchen
diese Frage zu beantworten, indem sie die Besetzung des chemischen Raums durch die 20
proteinogenen Aminosaduren untersuchen und sie mit der Besetzung durch zufallige Sets mutmalilich
verfligbarer Aminosduren zum Zeitpunkt der Entstehung des Lebens vergleichen. Komplementar dazu
verfolgt unser Ansatz die einzigartigen funktionellen Rollen unterschiedlicher Aminosduren. Dafir
haben wir einen Ansatz zur Median-basierten Klassifikation anhand binarer Eigenschaftsmuster der 20
proteinogenen Aminosauren entworfen. Im Vergleich mit der beriihmten Klassifikation Ramsay Taylors
liefert unser Ansatz eine optimale Losung, da zur vollstdandig disjunkten Klassifikation nur die minimale
Anzahl von Eigenschaften bendétigt wird.

Der zweite Teil der Arbeit beschaftigt sich mit der Beschreibung des Raums maglicher Coiled Coil
Strukturen. Coiled Coils stellen einen verbreiteten Typ von Supersekundarstrukturen dar. Sie setzen
sich aus einzelnen a-Helices zusammen und partizipieren in einer Reihe unterschiedlicher Funktionen,
z. B. Regulation der Transkription, katalytische Aktivitat und die Bereitstellung struktureller Stabilitat.
Kritisch fur die Stabilitdt von Coiled Coils sind non-kovalente Wechselwirkungen zwischen Resten der
a-Helices die in Richtung des Coiled Coil Zentrums orientiert sind. Geometrisch sind die Abstande in
denen diese Wechselwirkungen entlang der Sequenz auftreten auf wenige diskrete Werte limitiert.
Wir entwickelten einen rekursiven Algorithmus um alle moglichen Zerlegungen dieser Abstande
zwischen non-kovalenten Kontakten fiir jede beliebige Periodenldange zu ermitteln. Um den
Moglichkeitsraum fiir die Realisierung von Coiled Coils genauer zu beschreiben, wurden verfiigbare
Datenbanken auf experimentell bestimmte Coiled Coil Zerlegungen analysiert. Ein Schlisselaspekt
stellen die Kréfte dar, die die Realisierung anspruchsvoller Coiled Coil Zerlegungen antreiben, also
solcher die vom kanonischen Heptad Motiv abweichen.

Im letzten Teil sind wir auf der Ebene mikrobieller Interaktionen angelangt. Das System von Bakterien,
die Eisenionen als Elektronendonoren oder -akzeptoren nutzen, zeichnet sich durch ein erstaunliches
Mal} an gegenseitigen Abhangigkeiten aus. Grundlegend betrachtet stellen Fe(lll) reduzierende und
Fe(ll) oxidierende Bakterien einander die benétigten Substrate fiir die jeweiligen Respirationsprozesse
zur Verfigung und ermoglichen dadurch einen Zyklus zwischen Eisenionen unterschiedlicher
Wertigkeit. Im Detail jedoch hangt die Effizienz dieses Prozesses von einer Vielzahl von Faktoren ab, so
etwa der raumlichen Organisation der Bakterien, der zeitlichen Oszillation von Sauerstoff, dem pH und
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der Realisierung mikrobieller Strategien. Wir entwickelten ein Agenten-basiertes Model um die
Voraussetzungen fir eine effiziente Kooperation zwischen diesen Bakterien zu ermitteln. Einen Fokus
stellte dabei die Dynamik von Eisen-Nanopartikeln dar.
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1.Introduction

1.1. Evolutionary alternatives for proteinogenic amino acids

1.1.1. Available amino acids at the origin of life

For the treatment of the question of, if and how the 20 proteinogenic amino acids of the genetic code
represent an optimal choice, it is necessary to first summarize what is known about the pool of amino
acids available at the origin of life, approximately 4.5 Ga to 3.9 Gal. The presumed composition of
amino acids depends on the processes which took part in the formation of the amino acids. Among
the potential sources of amino acids discussed is the formation in hydrothermal vents, an introduction
via external sources, such as comets or meteorites, or atmospheric and photolytic reactions, triggered
for example by electric discharge?. Probably the most well-known experiment trying to mimic the
conditions of prebiotic amino acid synthesis is the Miller-Urey experiment®*,

Miller and Urey performed sparked and silent discharges on a highly reducing atmosphere composed
of CH4, NHs, H,0, and H,, while capturing the produced non-volatile organic compounds in an aqueous
solution. Via paper chromatography they were able to detect milligram amounts of simple
proteinogenic amino acids such as glycine, alanine, aspartic acid, and glutamic acid. In addition, they
detected also other, non-proteinogenic a-amino acids, for example, a-amino butyric acid. B-amino
acids, such as B-alanine, were less prevalent. This led to the hypothesis that the reaction mechanism
for the most amino acid is a variation of the Strecker synthesis®. In the Strecker synthesis an aldehyde,
ammonium, and cyanide react to acetonitrile which is subsequently hydrolyzed into an amino acid.
The Strecker synthesis produces mainly a-amino acids. In respect to the Miller-Urey experiment, the
assumption is that the educts of the reaction are formed in the gaseous phase, whereas the reaction
to the amino acids then occurs in solution. B-amino acids are then assumed to be formed by alternative
reaction mechanisms.

Since the original experiment by Miller and Urey analytical techniques made substantial progress, now
allowing for the quantification and detection even of low abundant compounds. One study employed
modern analytical techniques on original samples of one of Millers experiments where he included H,S
as a sulfur source®. The authors were able to detect and quantify 23 amino acids and 4 amines,
including amino acids not detected by Miller himself, such as threonine, serine, leucine, isoleucine, and
methionine. Although cysteine itself was not detectable, its known degradation products cysteamine
and homocysteic acid were found. A recent review notes that except for tyrosine, tryptophan, and
glutamine, all proteinogenic amino acids were abiotically synthesized in at least one experiment
mimicking prebiotic chemistry’.

Although most single experiments on prebiotic chemistry produce only a limited amount of amino
acids®, combined they provide an ample pool of possible candidates for usage as monomer building
blocks at the origin of life. This can also be seen by analyzing the amino acid diversity of meteorites,
which are considered an external input source of amino acids®. Meteorites have been shown to
sometimes contain over 80 different aliphatic amino acids of a chain length up to eight carbon atoms?°.
Although it might be tempting to include the amino acids accessible via enzymatic synthesis into the
pool of available amino acids as well, this reasoning appears questionable. The product range of the
enzymatic machinery is dependent on the 20 proteinogenic amino acids living organisms actually
incorporated in their genetic code. Without further evidence, the enzymatically accessible amino acids
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can therefore not be safely regarded as available options at the onset of life. The range of compounds
accessible via enzyme synthesis could be regarded as a criterion for the optimality of the set of 20
proteinogenic amino acids, though. The impressive range of accessible compounds is exemplified by
the natural occurrence of all theoretically possible branched and unbranched amino acids solely
composed of single bonded carbon up to a chain length of 5. Overall it seems reasonable to assume
that at least a few hundred amino acids were available for incorporation into the earliest version of a
genetic code. Of course, it is safe to assume that they varied in abundance, as well as in terms of
regional distribution. Abundance itself does not provide the most important criterion for the selection
of amino acids in early life though??. In the following chapter we will explore how functional criteria
might have driven the selection of a set of early amino acids.

1.1.2. Functional criteria and optimality of the 20 proteinogenic amino acids

In an early attempt to explain why these particular 20 amino acids form the basis for the protein
synthesis of all organisms, Weber and Miller divided the amino acids into functional groups and
reasoned about why they are preferable to other available options within the same group'?. For
example, longer linear alkyl chains in hydrophobic amino acids as they occur in norvaline and
norleucine might be disadvantageous as they come with a higher degree of rotational flexibility,
thereby impeding the formation of ordered tertiary protein structures. As another reason for the
exclusion of norleucine, they mention the structural similarity of norleucine to methionine supported
by the fact that methionine has been replaced by norleucine in some proteins without the loss of
enzymatic activity. Such reasoning about the preferability of amino acids in terms of functional
properties is especially relevant in cases where equal abundance would have made it possible to have
incorporated alternative amino acids as well.

Aside from attempting to find plausible, but non-testable reasons for the occurrence of these
particular 20 proteinogenic amino acids, other studies focused more on identifying quantitative
measures which then form the basis for comparison with random sets of amino acids sampled from a
pool of reasonable candidates. The research of Philip and Freeland is part of the latter category as they
compare the coverage of the chemical space for certain physicochemical characteristics by the
proteinogenic amino acids to those of random sets'®. The coverage itself consists of range, i. e. the
difference between the maximum and the minimum value for the physicochemical characteristic, and
evenness, the variance of the intervals between consecutive members of amino acids sorted based on
their value for the physicochemical characteristic. The authors mention coverage as an improvement
to their previously employed measure on the adaptive value of amino acid alphabets, which is the
statistical variance of the amino acid alphabet on the physicochemical characteristic**. This
measurement is flawed in that it favors amino acid alphabets whose members cluster towards the
ends of the range of the occupied chemical space. As the amino acids exhibit a high redundancy in the
considered physicochemical parameters in question, those alphabets should be considered as
alphabets with low adaptive value. In their study, Philip and Freeland choose size, charge, and
hydrophobicity as relevant physicochemical characteristics. They show that only a low percentage of
random sets outperforms the proteinogenic amino acids in coverage of the chemical space associated
with these characteristics and combinations between them (between 0.0 and 3.4 %).

Whereas Philip and Freeland only considered an amino acid pool size of at most 76 amino acids, a
latter study extended the pool to a library of 1913 amino acids within the molecular weight range of
the proteinogenic amino acids?®. They found that from the 108 possible sets, only six achieved a better
coverage of the three-dimensional chemical space of size, charge, and hydrophobicity. Interestingly
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they also showed that all six sets exhibit higher summed heats of formation (AH¢°). The free energy of
formation AG, a thermodynamic quantity related to the heat of formation, has been previously shown
to correlate well with the abundancies of amino acids from prebiotic synthesis experiments and the
chemical analysis of meteorites®. In combination, this strongly supports natural selection rather than
chance being responsible for the selection of this particular set of 20 proteinogenic amino acids. Amino
acids might actually have been chosen based on their coverage of chemical space. From the range of
suitable candidate sets, the abundancies of the amino acid elements might then have been the decisive
factor.

Another way to look at the adaptability of the 20 proteinogenic amino acids is to look at their historic
development. Based on their abundancies and complexity It is deemed unrealistic that all the
proteinogenic amino acids were part of the coding set from the start. Instead, there is support for a
consensus set of nine early amino acids consisting of Ala, Asp, Glu, Gly, Leu, Pro, Ser, Thr, and Val with
high prebiotic abundancies and sufficient capability of forming foldable proteins'’. This set of an early
set of amino acids could then have been complemented by stepwise integration of more complex
amino acids via codon evolution®®. This idea has been further supported by experimental and
theoretical mutation studies which showed that a reduced set of amino acids still allows for the proper
folding of extant proteins!®?°. This raises the question of why this functional early set of amino acids
had to be further extended in the first place.

As Higgs pointed out?!, translational errors increase when more amino acids are added to the genetic
code. This disadvantage has to be justified by the newly incorporated amino acid adding to the existing
chemical diversity of the set. The larger the set already is, the smaller the benefit upon the addition of
new amino acids. Examining the consensus set of ten early amino acids it becomes apparent that they
lack key catalytic groups. The three amino acids which exhibit high catalytic propensity, His, Cys, and
Arg, are assumed to be late introductions into the genetic code??. This hypothesis is corroborated by a
study that analyzed the gap between the highest occupied molecular orbital (HOMO) and the lowest
unoccupied molecular orbital (LUMO) as a proxy for reactivity?®. It has been shown that amino acids
assumed to be late additions to the genetic code, have a lower HOMO-LUMO gap and are therefore
more reactive. In conclusion, the early set of amino acids might have been sufficient in providing the
structural basis for protein folding, for a diverse range of catalytic activity though the recruitment of
further amino acids was necessary.

1.1.3. Classification approaches for amino acids

When talking about extending the genetic code, both in the initial phases of the evolution of life and
nowadays in synthetic biology, it is useful to classify the amino acid for characterizing their functional
roles and redundancies. The most famous classification of amino acids has been conducted by William
Ramsay Taylor?*, His aim was to condense the information of Dayhoffs’ matrix depicting the odds that
amino acid will mutate into another? in a more accessible format. Initial visualization attempts showed
that there is a good correspondence between two physicochemical properties, notably size and
hydrophobicity, on one side, and Dayhoffs’ mutational odds on the other. The eight features Taylor
employed - aliphatic, aromatic, charged, hydrophobic, polar, positive, small, and tiny — are therefore
mostly derived from these two properties.

For visualization, Taylor uses an Euler diagram, although he erroneously terms it a Venn diagram. The
difference is that in a Venn diagram every possible intersection between the features has to be
displayed. In Taylors visualization, this is not the case, as for example there is no intersection displayed
between the features positive and tiny. The classification does not provide complete segregation of
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amino acids, as the pairs, Tyr-Trp, lle-Leu, and Ala-Gly reside together in the same sub-sets.
Furthermore, even though Taylor mentions that for the purpose of simplicity as few sets as possible
have been introduced, in this sense his classification is not optimal as he uses more than the minimum
number of five features to classify the 20 proteinogenic amino acids. The usefulness of his classification
is demonstrated by applying logical operations on the features to construct the smallest set or sub-
sets to describe all conserved amino acids in a specific sequence alighment.

The aforementioned sets resulting from logical operations on the features are often difficult to
interpret, as combinations of Taylors’ features, which center mainly around size and hydrophobicity,
are not always well suited to describe the characteristics of amino acids responsible for their
conservation in a sequence alignment. Later approaches detach themselves even further from
interpretability and focus on identifying classifications optimally representing the amino acid
conservation of the sequence alignment at hand. Kosiol et al. assume a Markov process for the
description of protein evolution and aim at identifying almost invariant sets of amino acids?®. Amino
acids within such sets often mutate into each other in protein sequence alignment but rarely into
members of other almost invariant sets. This strength of mixing within a Markov process can be
guantified by calculating the conductance, a measure for the tendency of elements to mutate around
states. Considering this measure, the classification approach has been shown to outperform Taylors’
classification based on physicochemical properties of the amino acids, although this comes at the price
of further reducing interpretability, as the algorithm does not consider any amino acid properties
despite conservation in the sequence alignment at hand. A further disadvantage is that the algorithm
requires the specification of the number of sets as input and does not provide a way to decide on the
best number of sets.

Many more reduction schemes of amino acids have been suggested over the years, based on,
chemistry, sequence alignments, structure alighments, contact potential, and protein blocks?’. Their
benefits show in many machine learning applications by simplifying feature extraction, boosting
predictive performance for example in protein fold and antimicrobial peptide prediction®?°,
Unfortunately, most classification approaches for improving performance in machine learning heavily
rely on data only available for the 20 proteinogenic amino acids. Therefore, these classification
schemes are not capable of easily extending to non-proteinogenic amino acids and do not provide any
guidance on which amino acids could provide functional benefits upon addition to the genetic code. A
discussion sparked by the rapid developments in synthetic biology.

1.1.4. Extending the genetic code with non-proteinogenic amino acids

Neither the assignment of the 64 genetic codons, nor the composition of proteinogenic amino acids
are carved in stone. In fact, genetic code expansion towards the integration of selenocysteine and
pyrrolysine is naturally occurring via the repurposing of stop codons®*. These 21 and 22™
proteinogenic amino acids differ though in how they are synthesized. Selenocysteine requires serine
bound to the selenocysteine tRNA% as a precursor. An enzyme called selenocysteine synthase then
catalyzes the transfer of selenium from selenophosphate. A stem-loop secondary structure in the
mRNA is then required to recognize the opal stop codon (UGA) for a selenocysteine codon. Pyrrolysine
in contrast is directly attached to its tRNA® and is inserted in amber stop codons (TAG). There are 25
proteins in humans that contain selenocysteine3!. Selenocysteine has probably been introduced to the
genetic code because of its suitability for catalyzing redox-reactions, as all functionally catalyzed
proteins belong to this category3?33. This is in good agreement with selenocysteine having a smaller
HOMO-LUMO gap than any of the other proteinogenic amino acids®. Pyrrolysine occurs only in a few
enzymes with methyltransferase activity and has been shown to be important for the binding of
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methylammonium3*. Thus, both proteinogenic amino acid additions seem to have taken place
primarily for reasons of catalytic activity.

Building on the insights of natural genetic code expansion, the process has also been made
synthetically available for introducing a variety of non-proteinogenic amino acids. Young and Schultz
summarize the requirements for the artificial expansion of the genetic code in their review®. A codon
which does not code for any of the natural amino acids has to be reutilized. Possible options include
the three stop codons, rarely used codons for an amino acid that has multiple codons, or engineered
quadruplet codons. Because it has the lowest frequency of all the three stop codons, the most
commonly used codon is the amber codon (TAG)®. Furthermore, an orthogonal pair of an aaRS (amino
acyl-tRNA synthethase) and a tRNA for the non-proteinogenic amino acid is required. Orthogonality
means, that the aaRS only amino-acylates tRNA for the non-proteinogenic amino acid and none of the
endogenous tRNAs. Furthermore, the aaRS has to specifically amino-acylate its partner tRNA with the
non-proteinogenic amino acid. Finally, the non-proteinogenic amino acid has to be available to the cell
via transport across the membrane, nontoxic, and stable. Employing these principles, researchers have
been able to incorporate more than 200 different non-proteinogenic amino acids into proteins®’.

The applications for genetic code expansion are extremely diverse®®. Most studies focus on the
investigation of specific proteins and are not yet attempting to answer questions about the putative
advantages of globally enhancing the design space by supplying new building blocks to the protein
expression machinery. A prominent field comprises the incorporation of amino acids with functional
groups for bioorthogonal labeling of proteins®. The functional groups of the introduced amino acids
rarely occur in nature and therefore provide the specificity for selective reactions under physiological
conditions conjugating them to interacting proteins or ligands. In general, these studies focus mostly
on finding one accessible and functional non-proteinogenic amino acid. Other studies on genetic code
expansion applications already include the functional characterization of a variety of non-
proteinogenic amino acids, albeit mostly for one specific protein. An early example is the investigation
of replacements for a proline residue critical for the ion-channel activity of the 5-Hydroxytryptamine
type 3 receptor?’. Upon replacing the proline with different analogues of similar structure they were
able to deduce that the cis-trans energy gap is critical for switching between the closed and open state
of the ion-channel.

Recent developments which increase the ease of incorporation and number of available non-
proteinogenic amino acids*, complete control over the amber codon placement via genome
engineering®?, and the introduction of a new base pair between unnatural nucleotides® brings the
scientific community close to the genome-wide introduction of non-proteinogenic amino acids®”. This
prospect calls for novel computational methods which classify proteinogenic and non-proteinogenic
amino acids into functional categories. They can help to decide which amino acids to prioritize for
genome-wide introduction on the basis of how much they might contribute to expanding the design
space of available protein functions and structures. These amino acids should not be part of a
functional category already occupied by one of the proteinogenic amino acids. To determine the
relevant features, we develop a classification scheme which allows for the unique assignment of each
proteinogenic amino acid to one functional category defined by repeated median-based separation
along the selected features. By choosing the minimal number of features to uniquely group each
proteinogenic amino acid, we obtain 52 = 32 functional categories. Twenty of them are occupied by
proteinogenic amino acids, twelve are left unoccupied. As the classification approach is developed by
separating the proteinogenic amino acids selected by evolution, we deem it likely that non-canonical
amino acids which occupy the remaining twelve categories may greatly expand the design space of
proteins upon genome-wide introduction.
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1.2. Evolutionary alternatives for decompositions of coiled-coil
periods

1.2.1. Structural description of protein helices and coiled coils

Protein helices are secondary structures which have in common that they are stabilized by hydrogen
bonds between the backbone carbonyl and amine group of non-adjacent amino acid residues. The
distance along the sequence between amino acids that participate in hydrogen bonds with each other
varies with the type of the helix. Hydrogen bonding amino acids are two residues apart in the 2.2~
helix, three residues in the 310-helix, four residues in the a-helix (3.613-helix), and five residues in the
ni-helix (4.416-helix), whose propensity takes part as a binary feature in the optimal classification
achieved in the amino acid related part of this thesis. The x, refers to x for the number of amino acids
required to complete one turn and to y for the number of atoms within the backbone enclosed by one
hydrogen bond. The most abundant helix in proteins is the a-helix. This helix and in particular the
coiled-coil superhelix formed by oligomerization of at least two a-helices will be the focus of this work.

The structural parameters mentioned in the following for the description of the a-helix and coiled-coil
geometry are retrieved from the textbook “Fibrous proteins: Structures and mechanisms” by D. A.
Parry and J. M. Squire*. The axial translation describes the distance covered along the helical axis with
each amino acid residue and amounts to 0.15 nm for the a-helix. In combination with the information,
there are 3.6 amino acid residues per turn, which amounts to a pitch of 0.54 nm. The pitch describes
the distance covered along the helical axis upon performing one full turn and is an important
parameter for the structure and stability of the different types of helices. The n-helix for example has
a comparatively short pitch of 0.47 nm. This favors the incorporation of aromatic amino acids, as the
aromatic rings can come into close distance to each other and engage in strong stacking interactions
to further stabilize the helix structure®. On the other hand, Cs-branched amino acids have been shown
to destabilize the a-helix in general due to steric clashes with the backbone, although in some local
contexts B-branched amino acids might also stabilize the helix due to reduced entropic costs for
participating in Van der Waals interactions*®. If the a-helix occurs in natural proteins consisting of L-
amino acids, it is right-handed.

The a-helix produces a macrodipole nearly parallel to its helical axis with putative contributions to
functions such as the binding/long-range attraction of charged residues and enzymatic catalysis®’.
However, the potential effect the electrical field of the macrodipole has on processes such as
oligomerization and stability of a-helices seems to have been overestimated. Baker et al. showed that
energetically favored salt bridge orientations between lysine and glutamate are oriented exactly
opposite (namely Ki = Ei.4 preferred over Ei & Kia) to what would have been expected if the
electrostatic interactions with the macrodipole are of major importance®. They, therefore, argue that
macrodipole involving explanations of phenomena whose local scale goes beyond the helix termini,
where the macrodipole is strongest, should be taken with caution. For example, Parry and Squire
showed that the preference for anti-parallel a-helices in coiled coils, which was assumed to be caused
by favorable macrodipole interactions, disappears if considering only intermolecular coiled-coils**. This
hints at sterical demands in intramolecular coiled coils as a more plausible explanation for the
preference of anti-parallel a-helix orientation. Also, the hypothesis that the macrodipole limits the
length of a-helices to around 40 residues has been rejected by identifying helix lengths of up to 200
amino acids*. This is important, as macrodipoles do not preclude the realization of longer
decompositions in coiled coils. Therefore, these decompositions remain in the pool of evolutionary
alternatives.
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The propensity of an amino acid is defined by its abundance in a particular secondary structure divided
by its total abundance in proteins. Propensity values in connection with the subsequent structural
analysis form the basis to decide which kind of structure stabilizes or destabilizes the secondary
structure in hand. From the analysis of a-helix propensities important insights into the structural
requirements of helix stability have been obtained®®°!. First, proline and glycine destabilize the a-helix
and are frequently called helix breakers. Proline destabilizes the a-helix because of its secondary
amine, which is unable to participate in helix-stabilizing hydrogen bonds and causes strain in the helix
backbone. The incorporation of glycine comes with high entropic costs, as the incorporation into the
helix restricts the available ¢- and -angles, which can otherwise assume a wide range of different
values in glycine as it lacks a side chain®2. Important factors for the interpretation of the relative
propensities of the other amino acids include the burial of non-polar surface area of the side chain
close to the helix backbone (preference of lle over Val), sufficient chain length for electrostatic
interactions with other side chains (Glu over Asp), and again the entropic costs associated with a
restriction of conformational space (Ala over Leu).

Coiled coils are supersecondary structures consisting of at least two a-helices wound around each
other. They are either called parallel if all the a-helices are aligned with their N-termini on one end of
the coiled coil and the C-termini on the other, or anti-parallel if N- and C-termini of different a-helices
are located on opposite ends of the coiled coil. The canonical interaction responsible for the
stabilization of coiled coils is the knobs-into-holes packing®3. For this interaction, typically, hydrophobic
side chains of one helix are located into a diamond-shaped cavity formed by four hydrophobic side
chains of the partner helix. For the standard heptad decomposition those interactions take place
alternating between every third and fourth residues. Therefore, on average there is an interaction
every 3.5 residues. (Super-)helices are either left-handed (anti-clockwise rotation around the axis) or
right-handed (clockwise rotation around the axis). As the period of the a-helix is 3.6, the helices in the
coiled-coil have to be wound around each other in a left-handed manner to engage in interactions
every 3.5 residues. The canonical heptad motif can be interrupted in sequences by insertion of another
interhelical contact after 3 (stammer) or 4 (stutter) residues, which affects the structural parameters
of the coiled coil, for example the pitch or the handedness®*. Non-canonical motifs were already
envisaged by Pauling and include the motifs 4/1, 10/3, 11/3, 15/4, and 18/5, where the first number
states the period length and the second the number of interhelical contacts®®.

In the following chapter | am going to shed light on how the pattern and frequency of hydrophobic
interactions influence the structural dynamics of coiled coils. The aforementioned stammers and
stutters allow for different decompositions, i. e. sequences of distances between hydrophobic
contacts, of coiled coil periodicities for higher period lengths. As an algorithm for the complete
identification of all possible decompositions for any period length comprises the core of the publication
associated with this section of the introduction, it is important to better understand the impact
different decompositions can have on protein functionality associated with coiled coils.

1.2.2. Influential factors for coiled-coil dynamics and applications in protein design

Because of their suitability for experimental methods and their simple heptad motif, coiled coils were
in the initial phase of research traditionally associated with fibrous proteins, such as a-keratin and
kinesin®. In these cases, the opposite handedness of the coiled coil compared to the a-helix and the
frequent hydrophobic interactions of the canonical heptad motif provide mechanical stability. Only
later the dynamic behavior of coiled coils in connection with molecular recognition became apparent.
Well-known examples include leucine zippers as transcription factors® and HAMP (histidine kinase and
methyl-accepting proteins) domains in signal transduction®’. Specificities of interaction are often
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conveyed by packing geometry and interhelical salt bridges, whereas signal transduction often takes
places via axial shifts, tilts, or rotations of the coiled coil**.

Though the plasticity of coiled coils is certainly higher than initially anticipated, there are limits to the
amount of strain coiled coils are able to tolerate. Hartmann et al. experimentally confirmed a
prediction that 10/3 = 3.33 residues per turn comprises the lower limit of supercoiling a coiled coil can
endure®®*. Upon introduction of a stammer, the resulting strain causes the formation of a short 310
helix fragment. Because this lower limit is 0.3 residues per turn lower than the periodicity of a strainless
straight helix, they estimate the upper limit to be around 3.9 residues per turn®. This reasoning
assumes symmetry in the resulting strains caused by over- or underwinding the coiled coil. The highest
observed periodicity in a coiled coil so far is 3.8 residues per turn®. If the strain is locally confined, as
it is the case for a single one or two residue insertion, the strain can be relieved by the formation of a
ni-turn® or B-layer®, respectively. In general, the periodicity is not necessarily averaged and the
resulting strain homogenously distributed over the coiled coil. Instead, coiled coils can consist of
separate regions which assume different periodicities and sometimes even switch from left-handed to
right-handed or vice versa.

The determination of the correct decomposition for a certain periodicity is crucial for differentiation
between these cases. For example, the membrane-spanning coiled coil of a transmembrane receptor
has been shown to realize the rather complicated decomposition (3 + 4 + 3 + 4) + (4 + 4) instead of the
more balanced decomposition (3 + 4 + 4) + (3 + 4 + 4) for the periodicity of 22 / 6 = 3.67 residues per
turn®. This causes the coiled coil to switch along the helical axis from a slightly left-handed “body” to
a shorter, strongly right-handed “neck” segment. Transition regions can also contain characteristic
motifs, as it is the case with the YxD motif for right-handed coiled-coil regions in trimeric
autotransporter adhesins®. The preceding examples already show that a complete enumeration of all
possible decompositions for a certain period length or periodicity is critical for the evaluation of the
coiled-coil design space.

Because coiled-coils are understood very well by parametric equations and their dynamic behavior in
response to different environmental cues can be fine-tuned by residue mutation and/or realization of
alternative decompositions, they meet a large interest in protein design. Cysteine and histidine
residues of a-helices pointing towards the core of the coiled coil are ideally suited for the complexation
of metals and the promotion of metal-catalytic activity. It has been shown that by altering the pitch of
the coiled coil, the introduction of a stammer in coiled coils can alter the associated catalytic activities
by distorting the local complexation geometry®4. Coiled coils with cysteine/histidine layers are often
capable to bind multiple metals and can therefore in principle catalyze different reactions depending
on the bound metal cofactor. Deletion/Insertion of the discontinuities has been used to fine-tune the
metal-binding and catalytic profile®. Asymmetry opens up the design space of complexation geometry
and has for example been employed to boost copper-catalyzed nitrate reductase activity®®. When
applying anti-parallel coiled coils with non-heptad motifs, precise knowledge about how different
decompositions of coiled-coil periods affect the geometry is of utmost importance.

Not only the geometry of the coiled coil in its folded state is of interest to protein-design applications,
but also its dynamic behavior, switching between the folded and unfolded state upon exposition to
different environmental cues. One field of application is the drug delivery by liposomes containing
membrane-spanning coiled coils. The idea is to transport drugs with high cytotoxicity in liposomes with
relatively low cytotoxicity and release them at the target site by exposure to changing environmental
conditions. Reja et al. proved the principle of this method by designing coiled coils with environment-
sensitive amino acids as part of the hydrophobic core and incorporating them into liposomes®. Once
these liposomes enter lysosomes and are exposed to a pH lowered from 7.4 to 5.5, the coiled coils
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unfold, destabilizing the liposome membrane and thereby causing the leakage of the drug. In a similar
study, an increase in temperature was used to trigger doxorubicin release liposomes with leucine
zippers anchored to them®®, Interestingly, the susceptibility of coiled-coil stability to changing pH can
be affected by altering the period decomposition. This has been shown for the coiled coil of influenza
hemagglutinin HA2%. Insertion of a stutter conveys coiled-coil stability over a pH-range of 4.5 to 7.1,
whereas coiled coils with the canonical heptad motif depend on low pH for correct folding. The stutter
causes a local unwinding which gives two glutamate residues the flexibility to align for proper hydrogen
bonding. This hydrogen bond prevents the deprotonation of the glutamate residues upon neutral pH,
which causes electrostatic repulsion and according destabilization in heptad coiled coils.

Fig. 1 provides a scheme of how the pool of theoretically possible decompositions provides
evolutionary alternatives for the differentiation and fine-tuning of various functions. Notably, as non-
heptad decompositions can be achieved by the insertion/deletion/mutation of a single amino acid, the
transition between heptad and non-heptad or between alternate non-heptad decompositions can
readily take place. On the structural level non-heptad decompositions affect the pitch and accordingly
the handedness of the coiled coil, but can also introduce kinks or local unwinding. That many non-
heptad decompositions can be found in nature® hints at the functional benefits they provide. Some
benefits were introduced in the aforementioned sections, including the resilience of coiled-coil
dynamics to changing environmental conditions or the realization of different catalytic functions. By
developing an algorithm for the complete enumeration of all possible coiled-coil decompositions and
comparing them with the experimentally confirmed coiled-coil decompositions, the article associated
with this section provides the basis for a systematic assessment of different coiled-coil decompositions
and the functional benefits they provide.
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Figure 1: Scheme for the conducted research on alternative decompositions in coiled coils. From the theoretically possible
decompositions enumerated by the algorithm developed in the second article, only a subset has been experimentally
determined in coiled coils. Based on examples in the literature, alternate non-heptad decompositions can alter coiled coil
structure, enable the catalysis of different reactions by altering cofactor binding geometry, or provide enhanced resilience to
changes in environmental conditions, such as pH or temperature.
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1.3. Evolutionary alternatives for cooperative strategies of iron-
cycling bacteria

1.3.1. The study of microbial cooperation through agent-based modeling

Agent-based models (ABMs) are characterized by the rule-based simulation of individuals in a spatial
2D- or 3D-environment. Their implementation was driven by the insight that reductionist approaches
like ordinary differential equation models (ODE-models) are either not suitable or excessively
complicated to study phenomena emerging as a result of the local interactions of a population of
agents’®. Over the last 20 years, ABMs have been increasingly employed for the simulation of microbial
communities’’2, They are most suitable for systems with high spatial heterogeneity, agent diversity,
stochasticity, and adaptivity in behavior. In the following, | will exemplify the usefulness of ABMs for
studying microbiological systems for three research areas which fulfill most if not all of the
aforementioned criteria: Chemotaxis, biofilms, and microbial cross-feeding.

Chemotaxis is the non-random movement guided by a concentration gradient of a chemical mediator.
As the distribution of these chemical mediators in the environment changes with time, the modeling
of chemotaxis is often accompanied by the implementation of one or multiple random diffusion
processes. The explicit implementation of diffusion can however quickly become expensive in
computing power and might get in conflict with obtaining meaningful results for processes that unfold
over larger time scales. In Brownian motion, the mean square displacement of the particle is
proportional to time’”®. For small-scale environments associated with microbiological systems,
diffusion subroutines have to be called frequently as otherwise there would always be complete
equilibration between discrete time steps. The associated computation becomes intractable if the total
runtime of the simulation is in the region of hours or days which is often required to assess processes
like for example the influence of microbial metabolism on the habitat. ABMs on chemotaxis have to
circumvent this problem by limiting the simulation time and thereby the scope of the study, using
heuristic approaches instead of explicitly implementing diffusion and/or choosing an environment with
high viscosity to lower the diffusion coefficient.

Tokarski et al. used an ABM to investigate the influence of different movement strategies of
phagocytes on its clearing efficiency on conidia of the opportunistic pathogen Aspergillus fumigatus’™.
They were not only able to rank the different strategies in regard to clearing efficiency but also showed
how the efficiency of the strategy depends on related parameters such as initial placement of the
phagocytes or conidia, and communication thresholds (for chemotaxis along a gradient of chemokines
released by other phagocytes). But ABMs can also be used to study the protein signaling network
underlying chemotaxis™. In this case, the agents are membrane and cytosolic proteins which interact
with themselves for oligomerization/ligation and change states upon ligand binding. The model has
been developed for hypotheses testing and showed for example that receptor heterogeneity and
dependence of coupling strength on receptor methylation increase the dynamic range of the stimulus,
i. e. the concentration of the ligand, the system can appropriately respond to.

The dynamics of many biofilms is closely linked with chemotaxis. Sweeney et al. extended the
iDynoMICS platform, which has been developed for individual-based modeling of biofilms’¢, to
simulate the dependence of Helicobacter pylori biofilm structure on the production and sensing of the
quorum-sensing molecule autoinducer-2 (Al2)”’. By conducting simulations with agents representing
wild-type H. pylori and mutants deficient in chemotaxis or Al-2 production, they confirmed that the
heterogenous surface structure correlates with Al-2 mediated chemorepulsion. This study highlights
many advantages of ABMs, as it includes individual heterogeneity, spatial complexity, and the
spontaneous emergence of higher-order structures (biofilm structure) by rules guiding local
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interactions (chemorepulsion). The last aspect is also illustrated by another study which test different
hypotheses about local interactions to assess which are able to reproduce experimental observations
on biofilm formation of Pseudomonas aeruginosa in microwell arrays’®.

Another interesting research area that benefited from the application of ABMs is the study of
metabolic interactions within microbial communities. BacArena for example is a modeling framework
which combines flux balance analysis’® with ABMs to investigate the influence of cross-feeding on the
spatial structure of heterogeneous communities®®. One key connection the authors were able to
observe when applying the framework is that the balance between species abundances in the gut
microbiome critically depends on the mucus secretion of the host epithelium. Impaired mucus
secretion can thereby contribute to inflammatory diseases of the gut. Germerodt et al. investigated
the formation of local cooperation clusters of mixed microbial communities of wild-type bacteria and
different auxotrophs (species deficient in the synthesis of at least one proteinogenic amino acid)®. The
ABM simulations confirmed the evolutionary stability of local cooperation clusters for nutrient
exchange over a broad range of different parameter values. This study is an example of how ABMs can
be helpful to test the validity of a hypothesis without requiring parameter values to be exactly known.

All the aforementioned fields, where ABMs have already proven beneficial as a complementary
modeling approach, are related to the system under study in the third publication of this thesis. Iron-
cycling bacteria are challenged with sensing and migrating towards their non-soluble source of
electron acceptors/donators (see subsequent subsection 1.3.2). They adhere to minerals and thereby
form spatially dense communities. And finally, as we investigate a system of two species, one reducing
iron and one oxidizing iron, they metabolically cooperate by consuming the product of the other
species’ respiration. In the following, the biological processes will be described which were eventually
implemented in an ABM framework.

1.3.2. Principles of iron respiration

When laymen think about respiration they might usually associate it with mammals breathing for air
to survive. From a scientific point of view, the process of aerobic respiration requires the transport of
electrons along a chain of enzymes via redox reactions until they eventually reduce oxygen to
molecular water. Part of the energy generated during this process is used to transport protons across
the membrane to establish the gradient. Finally, the backflow of said protons across the membrane
and down the proton gradient is coupled to the synthesis of adenosine triphosphate (ATP) via the
enzyme ATP synthase. When we further abstract from aerobic respiration to general respiration, we
see that the use of many electron acceptors other than oxygen is theoretically possible and to be found
in nature.

The maximal energy to be acquired from a respiratory process depends on the difference between the
midpoint potential (En) of the electron donor and electron acceptor. Enincreases with the tendency of
a molecular species to accept electrons. For our system of interest, the relevant values at neutral pH
are +0.77 V for Fe(Il)/Fe(Ill) (the reduction of Fe(lll) to Fe(ll)) and +0.82 for H,0/0; (the reduction of
oxygen to molecular water)®2. This means that upon the usage of the same electron donor, the
organism can potentially draw a higher amount of energy from the reduction of O, compared to the
reduction of Fe(lll). The energetic disadvantage is also the reason why Fe(lll)-reducing bacteria (FeRB)
only fall back to using Fe(lll) as an electron acceptor if oxygen is not available anymore, i. e. under
anoxic conditions.

In contrast to the mostly insoluble Fe(lll)-minerals, the product of microbial dissimilatory Fe(lll)
reduction, namely Fe(ll), dissolves to a considerable degree in aqueous media. Fe(ll) can be oxidized
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back to Fe(lll) when used as an electron donor in respiratory processes by Fe(ll)-oxidizing bacteria
(FeOB). Of course, the corresponding electron acceptor has to have a higher Ey, than the Fe(ll)/Fe(lll)
redox pair as the FeOB would otherwise not be able to conserve energy from the associated electron
transport processes. The most common electron acceptors in the natural environment matching this
requirement are O, and NOs', where oxygen is energetically favored®?. In environments where nitrate
is absent, this already hints at how the oxygen requirements differ for FeRB and FeOB. FeRB require
oxygen concentrations close to zero, because otherwise they would not conduct Fe(lll) reduction, but
aerobic respiration instead. In contrast, FeOB require at least some oxygen for Fe(ll) oxidation, as
oxygen is the terminal electron acceptor of their respiratory chain. This either leads to FeOB and FeRB
coexisting in slightly different locations at the aerobic/anerobic interface® or at the same location with
temporal oscillations of oxygen concentrations®®. In the latter case the activity phases of Fe(ll)
oxidation by FeOB and Fe(lll) reduction by FeRB switch between each other in accordance with the
oxygen concentration of the environment.

Although FeOB benefit from the higher accessibility of Fe(ll) in solution, they have to compete with the
abiotic, homogeneous oxidation of Fe(ll). Druschel et al. measured the percentage contribution of
biotic Fe(ll) oxidation to the total rate of Fe(ll) oxidation for the neutrophilic FeOB Sideroxydans
lithotrophicus under different oxygen concentrations®®. They showed that the highest contribution
(88 %) is achieved for 15 uM O, compared to 4 % at 275 uM O, (the oxygen concentration of water in
equilibration with atmospheric oxygen). They did not observe growth bands of S. lithotrophicus above
oxygen concentrations of 50 uM O,. This seems to be the upper limit for competition with the rapid
abiotic Fe(ll) oxidation at circumneutral pH.

Instead of conducting experiments on different oxygen concentrations, one might wonder why the
relative contribution of biotic/abiotic Fe(ll) oxidation is not simply determined by a universal rate
equation. In their review, Melton et al. concisely pointed out the difficulties in formulating such an
equation®. First, the product of oxidation, Fe(lll) oxyhydroxides, provides a catalytic surface for
heterogeneous Fe(ll) oxidation, thereby increasing the abiotic competition for Fe(ll). Furthermore,
both biotic and abiotic heterogeneous Fe(ll) oxidation depend on the FeOB species. The latter depends
on if the Fe(lll) oxyhydroxides formed on the surface of the FeOB are embedded in exopolysaccharides
as this limits the sorption capacity of catalytic sites for Fe(ll). Finally, the composition of the aqueous
medium influences the reaction rates by potentially providing impurities upon Fe(lll)-oxyhydroxide
crystallization which in turn affects the reaction rates. These interdependencies make the
straightforward implementation of an ODE-model very cumbersome and support the implementation
of a simplified ABM beforehand to identify the relevant processes associated with this system.

The FeRB do not face equally strong competition with abiotic Fe(lll)-reduction processes as the FeOB.
Nevertheless, the efficiency with which they are able to reduce Fe(lll) strongly depends on a number
of environmental parameters. One key influence of the biotic Fe(lll) reduction rate is the crystallization
state of the Fe(lll) minerals®”. Upon comparison of fresh and aged biogenic iron oxides, it has been
shown that the main influential factor is not the mineral composition or thermodynamic properties
but the morphology of the minerals, especially the specific surface area®. Interestingly, the
crystallization state is influenced by the FeRB indirectly via Fe(ll) produced upon mineral reduction®.
As the Fe(ll) concentration declines with the activity of FeOB, the two species mutually influence each
other’s reduction/oxidation rates. Another example of this it the production of iron nanoparticles by
the FeOB®. These nanoparticles provide substrates for FeRB and have an increased surface-area-
normalized reduction rate compared to macroparticles®.

17



1.3.3. Microbial strategies to face the challenges associated with iron respiration

FeRB face the challenge to locate and move towards an insoluble substrate, namely the Fe(lll) minerals.
In contrast to regular chemotaxis the insoluble Fe(lll) minerals do not provide any concentration
gradient by themselves to guide the bacteria through chemotaxis. From microscopic observations, it
became apparent that the model FeRB Shewanella oneidensis exhibits chemotaxis towards insoluble
electron acceptors (IEA) characterized by an increase in speed and flagellar reversal frequency when
in close proximity (approximately within 60 um distance) of the IEA%%, There exist some strong
arguments that the chemotaxis is mediated by sensing the electronic state of redox-active
compounds®®. By correlating the applied oxidative potential which causes a switch in chemotactic
behavior with the reduction potential of the compound, Oram and Jeuken deem flavins most likely to
be the mediators of chemotaxis®.

Instead of locating and moving towards the IEA, FeRB have also developed strategies for non-contact-
dependent Fe(lll) reduction. Marsili et al. proved the secretion and usage of flavins as electron shuttles
by different species of Shewanella®. Electron shuttles are small organic redox-active compounds which
are reduced upon contact with the surface of FeRB, diffuse through the medium, and in turn reduce
the Fe(lll) mineral upon contact. FeRB do not only benefit from the production of these compounds
because they enable long-range electron transfer, but also because the flavins establish redox
gradients towards the IEA important for chemotaxis, as mentioned before. The electron shuttles
provide an important means for Fe(lll) reduction. Experiments suggest that they account for up to 75 %
of total Fe(lll) reduction by FeRB%. Despite of electron shuttles, some FeRB also employ chelators®.
Instead of transporting the electrons towards the Fe(lll) mineral, upon binding they solubilize the Fe(lll)
and make it thereby accessible for FeRB swimming in the medium.

One of the two key processes for which we tested alternative hypotheses in our ABM is the adhesion
of FeRB on the Fe(lll) mineral. Adhesion is the prerequisite for contact-dependent Fe(lll) reduction.
The options discussed for maintaining the adhesion of FeRB are electrostatic interactions and the
utilization of pili or polymers to form a biofilm for higher cell densities®. Electrostatic interactions have
been shown to play a role, as the strength of the adhesion depends on the redox state of MtrC, the
protein which mediates the reduction of Fe(lll)*°. Interestingly, with continuous contact-dependent
reduction, the charge of the Fe(lll) mineral gets more negative, which makes continued adhesion more
difficult as the cell surface of the FeRB is also negatively charged!®. In contrast, the strength of
adhesion based on the formation of biofilms should increase with time, as more extracellular polymeric
substances (EPS) are produced. This means that two adhesion mechanisms are proposed which differ
from each other in fundamental ways, which makes it worthwhile to assess their influence on system
variables via mathematical modeling.

The other key strategy concerns encrustation prevention of the FeOB. FeOB have to prevent the
excessive precipitation of Fe(lll) oxyhydroxides to maintain the exchange of metabolites with their
environment. The two main competing hypotheses are shedding of the extracellular mineral sheet or
prevention by locally lowering of the extracellular pH of the environment. Schmid et al. observed
extracellular iron sheets on Acidovorax sp. strain BoFeN1, Interestingly, although some of the cells
were nearly completely surrounded by the iron sheets, others seemed not to be affected by
encrustation at all. This suggests that the microscopic images capture cells at different points of time
between right after the shedding of the iron sheets and the peak of cell encrustation. The other
hypothesis includes the prevention of cell encrustation by lowering the local pH and thereby directing
the precipitation of Fe(lll) oxyhydroxides at a distance from the cell surface. This strategy has been
observed for Thiodyction sp. strain F4%2. As of now it is unclear which strategy is employed by the
model FeOB of our study, Sideroxydans spp., we tested the influence of both strategies.
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Two main research questions we investigate with the ABM developed as part of the third article are
depicted in Fig. 2. First, we test the possible combinations of the aforementioned evolutionary
strategies for adhesion (FeRB) or the prevention of encrustation (FeOB). Particular interest resides in
the question whether the combinations are equally efficient for cooperation between FeRB and FeOB
in terms of total iron-cycling and nanoparticle reduction. This is of interest, as for a specific FeRB/FeOB
species the employed strategy might be often be unknown. For predicting the dynamics of metals in
the natural environment it is therefore of importance to assess the sensitivity of biological redox-
processes with respect to the underlying assumptions about microbial strategies. The second question
considers the effect of changing pH on both, the macroaggregate iron-cycling and the cycling of iron
nanoparticles. When discussing evolutionary alternatives for microbial strategies, it is important to
determine within what boundaries they remain stable. FeRB can either adhere to macroaggregate iron
minerals, allowing for a relatively constant reduction of Fe(lll), or they swim in the liquid medium and
reduce nanoparticles which have a much higher surface-normalized reduction rate. The second
strategy depends strongly on the production of nanoparticles by FeOB, but also on the aggregation
behavior of the nanoparticles themselves. By literature survey we determine the influence of pH on
the key processes of our model and perform simulations in order to clarify under what pH efficient
reduction of nanoparticles can take place.
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Figure 2: Two research questions about evolutionary alternatives in connection to iron-cycling bacteria. A Adhesion of FeRB
can be mediated by electrostatic forces or biofilm formation, whereas encrustation of the FeOB cell membrane can be
prevented by shedding of membrane-grown nanoparticles or by shifting the precipitation of Fe(lll) to the surrounding
medium by lowering the local pH around the cell membrane. We test all possible combinations of these strategies. B pH
influences the viability of cooperative strategies between iron-cycling bacteria. We test the influence of pH on the reduction
of macroaggregate Fe(lll)-reduction and nanoparticle Fe(lll)-reduction.
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2.Article 1

A novel method for achieving an optimal classification of the proteinogenic
amino acids

André Then, Karel Macha, Bashar Ibrahim, Stefan Schuster

Published in Nature Scientific Reports 10, Article number: 15321 (2020), on 18™ September 2020

In this study we develop a novel median-based classification to group the 20 proteinogenic amino acids
into distinct categories via separation with the minimum number of five features. We thereby improve
Ramsay Taylors’ classification, as he used eight features for amino acid classification and was not able
to separate some amino acids from each other. Our optimal classification is tightly linked to the
guestions why exactly these 20 proteinogenic amino acids have been integrated into the genetic code
and if and how they are optimal. Whereas previous studies tried to answer these questions be
examining the coverage of chemical space of the proteinogenic amino acid set and compared it with
the coverage of random sets of prebiotic amino acids, we argue that it might be sufficient that amino
acids occupy different functional niches although these niches might be located in close proximity in
chemical space. Leucine and isoleucine provide an excellent example. In four of the five features we
found to enable optimal classification, they have very similar values. But in contrast to isoleucine,
leucine frequently occurs in a-helices. Thereby the encoding of both amino acids can be justified, as
they may contribute their similar physicochemical characteristics in different structural environments.
Finally, we demonstrate the applicability of our classification approach to other evolutionary problems,
as it also allows for ranking the amino acids in terms of how redundant their physicochemical
contribution to the set is.
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3.Article 2

Bioinformatics analysis of the periodicity in proteins with coiled-coil structure
- Enumerating all decompositions of sequence periods

André Then, Haotian Zhang, Bashar Ibrahim, Stefan Schuster

Under review

In the second article we investigate the design space of coiled coil structures in respect to the
decomposition of core-contact residues. For this purpose, we develop a recursive algorithm to
enumerate all decompositions for any period length. By comparing the output with the
decompositions actually found in databases of experimentally determined coiled-coil structures, we
discuss the limitations which narrow down the design space. Furthermore, coiled coils with
decompositions deviating from the heptad repeat are examined and the putative functional
advantages they provide are discussed. The study points to further interesting research questions, for
example what determines the distribution of local periodicity along the coiled-coil structure. From our
observations, the decompositions alone do not allow for sufficient prediction of these distributions.
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4.Article 3

Agent-based modeling of iron cycling bacteria provides a framework for
testing alternative environmental conditions and modes of action

André Then, Jan Ewald, Natalie Sollner, Rebecca E. Cooper, Kirsten Kiisel, Bashar Ibrahim, Stefan
Schuster

Published in Royal Society Open Science, Volume 9, Issue 5, Article number: 211553, on 18" May
2022

The third article uses an agent-based modeling framework to investigate the conditions under which
iron reducing/oxidizing bacteria interact to maximize the throughput of iron between its redox states
Fe(ll) and Fe(lll). The key processes are carefully selected and parameterized from the literature. Most
experimental studies deal with a single species under specific environmental conditions with emphasis
on a single system variable. As several more recent studies hint at the importance of the interaction
between FeRB and FeOB, we investigate how their interactions depend on environmental parameters
or assumptions about their strategies. One important aspect are the nanoparticles produced by the
FeOB, as they have shown to be reduced much faster by FeRB than macroaggregates.
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5.Discussion

5.1. Applying the optimal classification scheme to non-canonical
amino acids

In the first article we developed a classification scheme to uniquely separate the 20 proteinogenic
amino acids into functional categories by median-based separation along a minimal number of five
features. Candidate features were retrieved from the AAindex database!®®!%4 Just running our
algorithm on the complete set of features would have led to a high number of solutions, with most of
them consisting of features not easily accessible to interpretation and probably also of little biological
significance. We therefore manually selected features for inclusion in our search based on the
following criteria: Interpretability, relatedness to biological contexts, and determinability for non-
proteinogenic amino acids.

The criterion of interpretability has been chosen because we assumed that concepts which are
thoroughly discussed in science, and therefore are known to many scholars in biological sciences, are
of higher relevance for the description of amino acid roles. The rule of thumb for this criterion is related
to our experience in teaching, notably whether undergraduate students get acquainted with the
feature during introductory courses. The criterion of relatedness to biological contexts excludes
features such as solubility in organic solvents, which are easily interpretable but unlikely to have played
arolein the selection during the course of evolution. The determinability for non-proteinogenic amino
acids is a requirement for the application of our classification scheme to synthetic biology.

The identified eighteen different solutions for median-based, optimal classification of the 20
proteinogenic amino acids are highly redundant in terms of the features they employ. The features
electron-ion interaction potential, a-helix propensity, and ni-helix propensity are part of every solution,
whereas the two remaining features volume and hydrophobicity can only be replaced by highly similar
features. To give an example: Hydrophobicity can be replaced with the percentage of buried residues
in proteins, but this feature is of course strongly correlated with hydrophobicity. In the following, | will
shed some light on the definition of the five different features and how they are measured. As
mentioned in the Introduction, one particular point of interest is the classification of non-
proteinogenic amino acids for giving an estimate of the functional/structural benefits of genetic code
expansion.

The feature ‘volume’ is here defined as the side chain volume minus the constant peptide volume in
A3105106 The constant peptide volume is the glycine residue volume minus the estimated glycine side-
chain volume of 3 A3. The volume can easily be calculated for every non-proteinogenic amino acid.
Hydrophobicity has been determined by measuring the energy involved in the transfer of the free
amino acid between water and 0il*”1%, Therefore, in contrast to the other four features, low values
correspond to a high hydrophobicity. This led to a mistake in the Venn diagram Fig. 4 of our publication.
The yellow set correspond to high values for the free energy for the transfer of the amino acids from
water to oil and hence represents the hydrophilic amino acids. Hydrophobic interactions reduce the
non-polar surface area in contact with water. To calculate hydrophobicity by this means in a strict
sense requires experimental measurements. For deciding whether to group a non-proteinogenic
amino acid into the hydrophobic or hydrophilic category, computational octanol-water partition
coefficients like the XLOGP3-AA should be sufficient though?®,

The electron-ion interaction potential is a combination of the two quantities Z* and W', Z* is the
“average quasi-valence number” and is completely determined by the chemical composition of the
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compound. For some atoms, the quasi-valence number equals the ordinary valence number, whereas
for others the values deviate without the authors giving a theoretical justification. The second part, W,
is the calculated energy of a charge brought within 5 A of the investigated compound. The method for
the derivation of the final formula involves complex equations but has been criticized by Linus Pauling
as being inaccurate and incompletely described!!!. At the time the method has been published,
accurate calculations of electrostatic interaction energies would have been too difficult to compute,
which may justify the usage of a less accurate pseudo-potential. However, nowadays these kind of
computations are standard in molecular mechanics calculations and can be easily applied to non-
proteinogenic amino acids''2. In conclusion, it is possible to determine the electron-ion interaction
potential also for non-proteinogenic amino acids.

The a-helix propensity gives the empirical preference for amino acids to occur in an a-helix sequence
compared to the relative abundance of the amino acid in protein sequences in general'®. As the a-
helix propensity is calculated from large sequence/structural databases, strictly it can only be
calculated for proteinogenic amino acids. However, it is possible to take advantage of the fact that for
functional characterization within our classification scheme it is sufficient to assign the non-
proteinogenic amino acid either to the left or right side of the median. Horovitz et al. discuss structural
features which contribute to the helix-stabilizing or -destabilizing tendencies of amino acids!'*. Proline
is a helix-breaker because its backbone nitrogen is part of the pyrrolidine ring and can therefore not
participate in hydrogen bonds. Although glycine is a helix-breaker as well, the reason differs. Here the
conformational restriction of the main chain in a helix compared to the random coil is unfavorable in
entropic terms. Entropy also plays a role in the helix-destabilizing effect of Cs-branched amino acids,
as the dihedral torsion involving the branch along the side chain is restricted to the trans conformation.
For linear side chains or side chains that branch farther away from the backbone, the conformation is
not restricted in the same manner. Although conformational preferences of non-proteinogenic amino
acids have been used to identify helix-stabilizers in the Noncoded Amino acids Database in specific
cases'®, there is no straight-forward connection between conformational preferences and helix
propensity. Other effects, such as the local environment of the helix and the possibility of non-covalent
interactions between residues of subsequent turns also play a role. Structural features of non-
proteinogenic amino acids might therefore only be sufficient to group them left or right of the median
for a-helices in clear-cut cases, as for example (a-methyl)-alanine (strong conformational preference
for fitting into a helix backbone) and 1-aminocyclopropanecarboxylic acid (similar to proline)!2®,

The assignment of r-helix propensity to non-proteinogenic amino acids faces similar problems. Further
complications arise due to the small t-helix sample size in comparison to a-helices and the deviation
of real-world ni-helix parameters from the canonical case'”. Both issues are related to the fact that
hydrogen bonds are formed between residue i and i+5, instead of i and j+4 for the a-helix. This results
in the formation of an energetically unfavorable central helical hole with a diameter of approximately
1 A. This hole is too small to allow the occupation of water molecules. As a consequence, the canonical
helix is not formed in real-world proteins. Instead, irregular backbone conformations enable the
stabilization of this structure by cross-core van der Waals interactions. These irregular backbone
conformations make it even more difficult to assign m-helix propensity values based on the
conformational preferences of the amino acids than for a-helices. Fortunately, some structure-
propensity connections were observed based on the evaluation of the available m-helices®. The
authors found that large and aromatic amino acids are generally preferred over smaller ones®. As the
side chains of hydrogen bonding residues (i and i+5) are located close to each other due to the small
unit rise of the m-helix (only 1.2 A), these kinds of residues enable energetically favorable Van der Waals
or aromatic interactions. As most ni-helices are rather short containing 7 to 13 residues, polar residues
like Asn, Glu, Ser, and Thr are preferred in positions where they can stabilize backbone carbonyl groups
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which have no partner to form main-chain hydrogen bonds. Again, as we only aim to group non-
proteinogenic amino acids left or right of the median in terms of n-helix propensity, this information
might already be sufficient for functional categorization in some cases.

With our method of classification, each of the 20 proteinogenic amino acids is functionally categorized
into a unique role. In Fig. 3 we visualize the introduction of new functional roles over the course of
natural genetic code expansion. For this, we assume the consensus order of amino acid appearance as
described by Trifonov!®118,

NH4*

s MNHz A~ 57
ot - P / ~ /
e A N c00H HN” COOH A oo e .
HaN" ~COOH HaN” ~COOH N HaN “COOH HaN TCo0 N7 "COOH HzNT COOH HaN" "COOH
Oy, OH o HN
NH*
M AH OH A )y Sy _SH
"o < OH y, v . ~ Nz
HaN” CooH HaN" COOH HaN" “COOH - " HzN” “COOH N~ “COOH HaN ™ ~000H Ha” ~GO0H HeN™ cooH Iy N en

Mﬁm Ille Gin Alsn Lys Hlis Phe C|YS Met T!/r Trp s!zc Pyr
®00000000000000000000®CT
©0000000000000000000000

DO00000000000000000000

@©@000000000@0OOOO000O®:
QL [ [ o 1 @@ | @ @ 000 @

order of appearance

Figure 3: Functional classification of the 20 + 2 proteinogenic amino acids according to our classification scheme. The features
are from top to bottom: Volume, electron-ion interaction potential, hydrophobicity, a-helix propensity, and m-helix
propensity. A green circle signifies that the corresponding amino acid exceeds the median and possesses the corresponding
characteristic, e. g. large for volume or hydrophobic for hydrophobicity. A red circle means that the amino acid lacks the
characteristic. The boxed amino acids are the consensus early amino acids!’, available at the onset of life via prebiotic
chemistry. For selenocysteine and pyrrolysine the feature values are not accessible in the AAindex database. See the main
text for the assignment of these two amino acids into groups.

The characteristics of large, electrostatically interactive, and m-helix abundant are mostly present
among amino acids which comprise late additions to the genetic code. This is in accordance with the
ideas summarized in the Introduction: Small/simple amino acids which were available in high
abundance at the onset of life form a core set, which is sufficient for the synthesis of foldable proteins.
The more complex amino acids, which provide catalytic functionality by being more electrostatically
interactive and flexible in terms of a longer side chain, were introduced later. As discussed earlier,
there is a connection between the size and aromaticity (which in turn requires a certain minimum size)
of the amino acid side chains and the m-helix propensity. It is therefore not surprising that also most
ni-helix abundant amino acids are late additions to the genetic code.

For applications in synthetic biology, it would be interesting to group also non-proteinogenic amino
acids into functional categories. The non-proteinogenic amino acids categorized into hitherto
unoccupied functional categories can be expected to open up new possibilities for the structural
evolution and design of proteins. Although the AAindex database does not provide the feature values
for amino acids beyond the 20 proteinogenic ones, taking selenocysteine and pyrrolysine as examples,
I will show that an assignment to functional categories is feasible. The categorization on the features
size and electron-ion interaction potential is straight-forward, as the exact values can either be found
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in other databases (size) or calculated by using the provided equation (electron-ion interaction
potential)!'®. For deciding whether selenocysteine and pyrrolysine are hydrophobic or not, we can
either conduct experiments on the octanol/water partition coefficient or simply compute the
coefficient via methods like the XLOGP3-AA, which correlate well with experimental datal®. The
difficult part is the decision of whether the two amino acids have a high a-/mt-helix propensity or not.
As the definition of propensity prevents the exact determination of this feature value for amino acids
beyond the 20 proteinogenic ones, we have to rely on the connections observed between structure
and propensity. As selenocysteine is nearly identical in structure to cysteine we can assume that they
are located on the same side of the median (high helix propensities). However, as cysteine itself is close
to the median in terms of the two propensities, this assignment has to be taken with caution. Serine is
also very similar to selenocysteine and is grouped in both cases on the other side of the median (low
helix propensities). As pyrrolysine is not Cg-branched and the bulky ring is located far away from the
backbone, we might assume that it is a-helix abundant. As stated previously larger, aromatic groups
tend towards higher mt-helix propensities. The long side-chain of pyrrolysine might stabilize the m-helix
via Van der Waals interactions and should therefore be grouped towards high nt-helix propensities.

In conclusion, this shows that our classification scheme is in principle extendable towards non-
proteinogenic amino acids. For the helix propensities, experiments which incorporate the candidates
for genetic code expansion into helices and measure/model the changes in stability are recommended
to increase the certainty of classification. Although pyrrolysine falls into a functional category
unoccupied by any of the 20 proteinogenic amino acids, this might not necessarily be the main reason
why it has been added to the genetic code in some organisms. In the Introduction, it was explicated
that both, selenocysteine and pyrrolysine, are required for specific catalytic functions. Nevertheless,
as the development in synthetic biology proceeds, scientists will put more emphasis on the question
of which non-proteinogenic amino acids to choose for genetic code addition to expand the structural
and functional possibilities of protein design.

5.2. Drawing a connection between coiled-coil decompositions and
structure

In the publication “Bioinformatics analysis of the periodicity in proteins with coiled-coil structure —
Enumerating all decompositions of sequence periods” | developed an algorithm to assess the
theoretically possible design space for coiled-coil periods in terms of their possible decompositions.
Two mistakes were discovered after publication. First, when discussing the mass fragmentation
problem in the mathematical background of the methods, x; on the left side of the equation should be
replaced by x/m]. Second, when giving an example for possible decompositions in the methods section,
the decompositions [3, 3, 4], [3, 4, 3] and [4, 3, 3] correspond to a period length of 10 instead of 11.

Upon comparison with experimentally confirmed coiled coils from the CC+ database!®, we were able

to draw connections between the distributions of theoretically possible and experimentally confirmed
coiled coils over increasing period lengths. We retrieved experimentally confirmed coiled coils in
agreement with our assumptions on allowed hydrophobic distances whose helix lengths range from 7
up to 140. The minimum helix length is assumed to be 5, which is the lowest length allowing for the
formation of an intrahelical hydrogen bond between residue i and i+4?1.

However, this helix length is not visible in our analyses as its period cannot be decomposed with any
combination of the allowed interhelical contact residue distances of 3, 4, and 7. This simplification
accurately represents around 88 % of the dimeric coiled coils in the database. We showed that the
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most common of the interhelical contact residue distances different from 3, 4, and 7 are 1, 10, and 11.
Localized one residue insertions can be accommodated by the formation of a wider m-turn®.
Hydrophobic distances of 10 and 11 still exhibit tolerated periodicities of 10/3 =3.33 and 11/3 = 3.67.
They are expected to be accompanied by lower hydrophobic distances though, as they exhibit a low
density of hydrophobic distances which are required for coiled-coil stabilization.

Another key observation was the oscillating pattern for the number of decompositions realized in
experimentally confirmed coiled coils for increasing period lengths. This was not expected based on
the number of theoretically possible decompositions alone, as they were found to be generally
increasing with higher period lengths, although there are a few exceptions (for example there are
fewer theoretically possible decompositions for a period length of 19 than for 18). Instead, if we
canceled the theoretical decompositions which contain two or more insertions of stammers or
stutters, we retrieved an oscillatory pattern that closely resembles the one for the naturally occurring
decompositions. This is in accordance with the fact that we did not observe any natural
decompositions containing such insertion of two or more stammers/stutters in the analyzed dimeric
coiled coils.

By taking a closer look at the strain applied to the coiled coil, the symmetry of stammer/stutter repeats
does not hold true. The periodicity of stammers (3) deviates stronger from the proposed lower
boundary of possible coiled-coil periodicities (3.33) than the periodicity of stutters (4) from the
proposed upper boundary of possible coiled-coil periodicities (3.9)*?2. Accordingly, Hartmann et al.
showed that the insertion of two or more stammers leads to the formation of a/B-coiled coils as the
strain breaks the helices into short B-strands®. In contrast, the same author identifieda3+4+4+4 +
4 decomposition in a coiled-coil tetramer without the disruption of coiled-coil structure®. This shows
that rather than the number of stammer/stutter repeats, the average periodicity of decomposition
should be regarded as an approximation to predict if it can be realized.

The average periodicity of a decomposition might be a good predictor of whether the decomposition
can be realized, but without further information, it is not sufficient to predict the coiled-coil geometry.
Experimental examples illustrate this. For a transmembrane coiled coil, it has been shown that the
coiled coil is split into two separate regions, a longer left-handed region and a shorter, strongly right-
handed region®. The total decomposition is 3 + 4 + 3 + 4 + 4 + 4 and has the same periodicity as the
hendecad motif 3+ 4 + 4, namely 11/3 = 3.67. If one only takes into account the periodicity, both coiled
coils should be nearly parallel, as has been shown for the surface layer protein tetrabrachion?,
However, from this example and our analysis on non-heptad coiled coils it became apparent that the
periodicity is not necessarily homogenously distributed along with the coiled coil. Rather the coiled
coil can split into regions with different periodicities.

An interesting research topic to pin down the design space associated with different decompositions
is to determine which separations in regions with distinct periodicity are possible for a given
decomposition. It might be difficult to find hard criteria for the exclusion of certain separations though.
The aforementioned example with the (3 + 4 + 3 + 4) + (4 + 4) separation showed that even regions
which have periodicities above the proposed upper boundary, namely the short strongly right-handed
segment, can exist. We were also able to identify (3 + 3) segments that are below to proposed lower
boundary for allowed coiled-coil periodicities. Interestingly, upon geometric analysis, these segments
showed local periodicities higher than both the theoretical periodicity of 3 and the lower boundary
periodicity of 3.33. This is only possible for very short sections and probably leads to distorted knobs-
into-holes packing, which might be on the edge of what SOCKET tolerates in the identification of
hydrophobic interactions. An in-depth structural analysis to see what kind of interactions besides the
hydrophobic contacts between helices stabilize these coiled-coil geometries would be insightful.
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Another important research question emerging from our analysis of coiled-coil decompositions is what
sequence patterns allow us to predict the realization of a particular segmentation from the possible
alternatives. Alvarez et al. showed that in YadA, the adhesin of enteropathogenic Yersiniae, right-
handed segments of the coiled coil are accompanied by the sequence motif YxD, whereas left-handed
segments often show the motif RxD®. The further stabilization to the coiled-coil superhelix through
additional hydrogen bonds between the tyrosine and aspartate residues of the YxD motif is only
geometrically possible in right-handed coiled coils. These motifs are therefore likely to be part of a
right-handed coiled-coil segment. Analogous reasoning applies to the RxD motif for left-handed
segments of a coiled-coil.

| suggest a data-driven approach to identify additional sequence motifs correlated with specific
segments or transition regions in-between segments. For this purpose, our algorithm can easily be
extended to enumerate all possible segmentations for each decomposition. The distributions of local
periodicities of different segmentations are then fitted to the corresponding experimental data
available at CCdb'?*, The sequences are then segmented and further analyzed to identify characteristic
patterns. This approach might be limited though by the influence of the protein structure environment
surrounding the coiled coil.

The coronavirus spike glycoprotein (PDB-ID: 6B30)'% contains a coiled coil from residues 973 to 1062

and might be a reasonable example for studying such effects (Fig. 4). Interestingly the decomposition,
as analyzed with SOCKET2 (cut-off distance of 7.6 A)26 is symmetric: (4 + 7 +4+7+7+7+7+4+7 +
7+7+7)+(4+7+4). The brackets indicate the long left-handed segment of the coiled coil and the
short right-handed segment with the pentadecad motif, respectively. Although in principal the
asymmetric segmentation of a symmetric decomposition might be due to differences in amino-acid
sequence, the difference in protein environment, in this case, is very distinctive. The C-terminus of the
coiled coil is surrounded by a clamp and engages in a multitude of different interactions, whereas the
only potential interaction partners at the N-terminus are three surrounding a-helices. The fact, that
the right-handed segment begins as soon as the coiled coil enters the clamp environment hints at the
potential role the interactions might play for enforcing the right-handed orientation.

Figure 4: Coronavirus spike glycoprotein (PDB-ID: 6B30). The left-handed segment of the coiled coil is colored blue, whereas
the right-handed segment is colored red. The remainder of the protein structure is transparently white. The inlets highlight
the different orientations of the two segments. Beneath the protein structure, the amino acid sequence (residue 972 to 1062)
and decomposition of the coiled coil are depicted.
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5.3. Assessment of the preconditions and implications for different
strategies of iron-cycling bacteria

In our ABM we integrated and carefully parameterized the key processes for describing the interplay
between FeRB and FeOB. As the Introduction already pointed out the astonishing complexity of this
system, especially when studied in their natural environment, the scope of this pioneering model is
not to give highly accurate, quantitative predictions for a broad range of different species and
environmental conditions. Instead, we deliver an ABM for testing hypotheses about the underlying
mechanisms for the emergence of characteristic patterns observed in experiments. Furthermore, the
model provides the option to test the influence of the implemented processes on the outcome of any
variable of interest via sensitivity analysis. This will be helpful in the implementation of minimal
models, which describe parts of the system with higher accuracy for prediction. These minimal models
can build on the information provided by the sensitivity analysis of our ABM to neglect the processes
which have been shown to have little influence on the variables of interest.

In the manuscript, we provide an example for testing hypotheses for the mechanisms underlying an
experimental pattern. The example consists of an observation made by Barcellos et al., which states
that high frequencies (60 h anoxic, 10 h oxic) in oscillations of the environment between oxic and
anoxic states of the environment cause an increase in the rate of Fe(lll) reduction’?’. For low
frequencies (240 h anoxic, 40 h oxic) no such increase has been observed. The authors hypothesize
that the frequent recurrence of anoxic phases with active Fe(lll) reduction prevents the formation of
secondary minerals with higher crystallinity. This is supported by the findings of Mejia et al., who
observed a higher abundance of magnetite (high crystallinity) compared to lepidocrocite and
ferrihydrite (low crystallinity) when the Fe(lll) reduction activity of FeRB is lowered by the availability
of the alternative electron acceptor nitrate!?,

In our model, we tested if the linear decline in reduction susceptibility due to a prolonged break from
microbial Fe(lll) reduction, which prevents transition into a secondary mineral with higher crystallinity,
is sufficient to explain the experimentally observed pattern. We indeed were able to show that the
implementation of this mechanism causes a stronger increase in Fe(lll) reduction rate for high
frequencies compared to low frequencies. That we were able to reproduce this phenomenon is
especially remarkable in the view that it was not required to integrate more detailed information. A
specialized ODE-model focusing on this particular process integrated growth kinetics, physical
protection against oxidation for a percentage of Fe(ll), and initial distribution of Fe(lll) between states
of high and low reduction susceptibility to observe the same pattern?. This finding supports the case
for the complementary of ABMs. ODE-models might be more successful for accurate prediction if fitted
to experimental data, but ABMs can often provide a faster way for the reproduction of emergent
system patterns and the testing of underlying mechanisms.

We then went from the testing of hypotheses to the comparison of the system behavior for different
pH values. Computational simulations of this kind are of importance, as there is a large variety of
environmental conditions FeRB/FeOB species can drive in. By carefully reviewing the literature, we
identified the key processes affected by pH. First, the abiotic oxidation rate declines with decreasing
pH. The E,, of the redox couple 0,/H,0 increases with decreasing pH, driving the oxidation reaction®.
However, this affects both, abiotic and biotic oxidation. The reason why eventually biotic oxidation can
profit more from this change is assumed to be the shift at low pH from ferrous hydroxides towards
ferrous ions which are less susceptible to abiotic oxidation3%!3!, Second, via influencing the charge of
Fe(lll) macroaggregates and nanoparticles, pH affects the adhesion of bacteria to these substrates. A
previous study on the adhesion of Shewanella putrefaciens on ferrihydrite has observed a decline of
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bacteria attached to the mineral from 80 to 20 % upon increasing the pH from 5 to 6%. A continued
increase in pH does not result in a further decline of the percentage of attached bacteria. Finally, for
similar electrostatic reasons, pH also affects the aggregation of nanoparticles. Here the decline of
aggregation due to electrostatic repulsion with decreasing pH is extreme, comprising two orders of
magnitude upon a drop of pH from 7 to 5.

Again, our focus was less on making extremely accurate, quantitative predictions and more on
discovering patterns of general system behavior. We found for example that the efficient reduction of
nanoparticles seems to be constricted to a narrow range around a pH of 6. At lower pH, the adhesion
between the FeRB and the macroaggregates becomes so strong, that basically none of the FeRB are
left swimming in the medium. This contrasts the oscillations of the number of attached FeRB upon
switching between the oxic and anoxic phase in simulations of higher pH. In their experimental study
Roberts et al. observed that even under adjustment of pH to circumneutral values, the adhesive forces
are too strong to be overcome by environmental conditions driving the bacteria towards
detachment®. Using or ABM for testing alternative hypotheses on the underlying mechanisms of this
observation might provide new insights in the future. The strong adhesion is probably the reason why
nanoparticle reduction is not working efficiently at lower pH. The number of nanoparticles attached to
the surface of the FeRB is reduced, which makes sense, as attached FeRB have less surface area
available for nanoparticle adsorption.

Higher pH prevents the efficient reduction of nanoparticles for different reasons. Here the strong
aggregation leads to a declining number in nanoparticles. The nanoparticles are on average larger, but
the total surface area critical for Fe(lll) reduction is declining in comparison to a higher number of small
nanoparticles. Therefore, under conditions of high pH nanoparticle reduction is slowed down.
Interestingly, we observed that the beneficial effect of nanoparticles on the efficiency of iron cycling is
not only due to their higher surface-area-normalized reduction rate. We also observed that the buildup
of a nanoparticle pool with their associated high surface areas functions as a sink for ferrous ion (Fe?).
Upon contact-dependent reduction of the Fe(lll) macroaggregates, FeRB passivate the surface of the
macroaggregate they are adhered to with ferrous ion. This leads to a decline in the local Fe(lll)
reduction rate and might eventually lead to the detachment of the FeRB due to electrostatic repulsion.
However, as ferrous ion is soluble it equilibrates with the solution and other available surfaces in the
environment which allows for its adhesion. If nanoparticles provide a high surface area for ferrous ion,
this ultimately leads to larger periods of uninterrupted attachment and thereby to a more efficient
Fe(Ill) reduction of FeRB. Our findings also explain the catalytic effect of nanoparticles on FeRB
macroaggregate reduction Bosch et al. identified®2. In addition to the kinetic enhancement, also a
three to four times increase in maximum reduction of macroaggregates was detected. This agrees with
the function of nanoparticles as a sink for ferrous ions due to prolonged reduction phases upon
attachment.

To lay the path for further improving the accuracy of predictions it is important to discuss some of the
uncertainties associated with the behavior of nanoparticles in connection with FeRB and FeOB. First,
although or model assumes a positive correlation between available surface area of nanoparticles and
their rate of reduction by FeRB, experimental studies show that this might only be an accurate
prediction for certain range of nanoparticle sizes*33, Both studies show that for very small
nanoparticles (< 10 nm in diameter) the surface-area-normalized reduction rate declines, whereas
comparatively large nanoparticles (> 100 nm in diameter) have an unexpectedly high surface-area-
normalized reduction rate. The putative reasons for this behavior are still discussed, though it seems
likely that multiple factors contribute. From the thermodynamic point of view, it seems that narrower
band gaps between the O 2p and the Fe 3d orbitals of larger nanoparticles lead to a higher electron
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affinity3*. In conclusion, larger nanoparticles are stronger electron acceptors which cause an increase
in the FeRB Fe(lll) reduction kinetics.

In our model, we assume for reasons of simplicity that nanoparticles are perfectly round spheres and
upon aggregation combine into a new, proportionally larger round sphere. In reality, however, the
shape of nanoparticles and their aggregates varies. Associated parameters like the density of packing
and the size of cavities have been shown to be influential factors for the microbial Fe(lll) reduction
rate®’. However, these parameters are not easily predicted and depend on a multitude of factors
themselves, such as salinity, pH, and content of natural organic matter'®, Natural organic matter for
example influences not only the size and shape of the nanoparticles but often coprecipitates with the
nanoparticles into a mixed aggregate. This hampers discerning whether natural organic matter exhibits
a positive or negative effect on microbial Fe(lll) reduction rate. One study about the reduction of
alginate-hematite composites by Shewanella oneidensis MR-1 shows that the initial Fe(lll) reduction
rate is reduced compared to pure hematite!®. It has been proposed that the reason for this is the
impaired accessibility of hematite caused by the surrounding alginate matrix. In contrast, another
study focusing on the reduction of oxyhydroxide nanoparticles by Shewanella putrefaciens CIP 80.40 T
in the presence of humic acids observe an eight times increase in Fe(lll) reduction rate compared to
nano-lepidocrocite!®, Therefore, the influence of natural organic matter on Fe(lll) reduction rate
seems to be complex and probably depends on a multitude of different factors.

Another layer of complexity is added if one considers that iron is not only used as an electron acceptor
for the dissimilatory reduction but also comprises a micronutrient whose acquisition is critical for any
species of bacteria. The acquisition can occur via a multitude of mechanisms, for example by
complexation through siderophores or, interestingly, also the direct penetration of the outer
membrane by nanoparticles. Dehner et al. have shown that this latter option requires a diameter of
less than 10 nm for Pseudomonas mendocina and hematite nanoparticles’®’. From the view of the
FeRB, the presence of Pseudomonas species could therefore be beneficial or detrimental, depending
on the environmental conditions. The produced siderophores increase the bioavailability of Fe(lll),
whereas nanoparticles penetrating the outer membrane of other bacteria results in a loss of potential
electron acceptor for the FeRB. From the modelers’ perspective, this opens up the perspective of an
interesting tri-partite system of interaction in the context of microbial iron cycling. However, for the
accurate description of conditions supporting mutually beneficial interactions of the participating
species, further research is required on how the size, shape, and state of Fe nanoparticles influence
important characteristics like bioavailability and Fe(lll) reduction rate. | am confident that in this regard
as well, mathematical modeling can contribute to the identification of key patterns from the multitude
of available experimental studies.
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