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AThe universe i s, I nstant
There is in truth no past, only a memory of the past.
Blink your eyes, and the world you see next did not
exist when you closed them. Therefore, the only
appropriate state of the mind is surprise. The only
appropriate state of the heart is joy. The sky you
see now, you have never seen before.

The perfect moment is now. Be glad of it.0

- Terry Pratchett -

by
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Zusammenfassung

Biomakromolekiile als Bausteine des Lebens sind verantwortlich fir den Ablauf fast
aller biologischen Prozesse. Neben Nukleinsduren, Kohlenwasserstoffen und Lipiden
spielt die Gruppe der Proteine hierbei eine zentrale Rolle.

Wenn wir bis ins Detail verstehen wollen, wie die Natur diese Vielzahl an Funktionen
hervorgebracht hat bietet es sich an, die evolutiondre Geschichte der Proteine naher
unter die Lupe zu nehmen. Durch Erforschung der molekularen Prozesse, die bei der
Evolution von Proteinen eine Rolle spielten, lernen wir nicht nur die Grundregeln wie
sich die Struktur von naturlichen Proteinen aufbaut, sondern kdnnen dieses Wissen

auch in Zukunft fur unsere Zwecke verwenden.

Durch den Aufstieg von immer sensibleren Methoden der Sequenz- und
Strukturanalyse konnen wir eine davor unerahnte Menge an Information fir gezielte
Forschungszwecke nutzen (Paper V). Systematische Analyse der Regeln und
strukturellen Gegebenheiten der frihen Proteinevolution bieten Einsicht in eben diese
grundlegenden Spielregeln. In dieser Arbeit soll am Beispiel eines periplasmatischen
Bindeproteins (PBP) dieser Weg von kleinen, subdomanengro3en Struktureinheiten i
den grundlegenden Bausteinen i Uber vorhergegangene, schon komplexere
Proteinstrukturen bis hin zu der Form, die wir heute in der Natur beobachten, verfolgt
werden. Zu diesem Zweck wurden, mithilfe der Datenbank Fuzzle subdoméanengrolle
Fragmente in PBPs identifiziert (Paper Ill). Eines dieser Proteine, das Ribose-
Bindeprotein von T. maritima (RBP) wurde auf Basis dieser Analyse als Modelsystem
im Labor erforscht. Die strukturelle Analyse der aus dem RBP isolierten Fragmente
zeigt, dass diese Bausteine auch dann eine grundlegende Stabilitat aufweisen, wenn
sie aus dem Kontext des parentalen Proteins enthnommen werden (Paper 1V). Durch
spatere Anlagerung oder Duplikation weiterer Elemente erreichen wir in diesem
Gedankenspiel nun eine mogliche Vorstufe eines Proteins mit einer den Flavodoxinen
ahnelnden Struktur. Die Flavodoxin-&hnliche Faltung gilt als ein Vorgénger der
modernen PBP. Durch eine Duplikation dieses als Vorganger geltenden Proteins und
der Aneignung der Funktion, spezifische Liganden zu binden, erreichen wir letztendlich
das moderne PBP mit seiner charakteristischen, symmetrischen Struktur mit einer

Bindetasche zwischen den sich gegentiberstehenden Einzeldoménen.



Um die jeweiligen Einzeldomé&nen des konkreten Beispiels des RBPs zu isolieren,
wurden zyklische Permutationen der N- und C-terminalen Doméanen generiert (Paper
II). Eine strukturelle Analyse dieser jetzt als vollstandige Domanen geltenden
Strukturen zeigt, dass sie sich im Kern mit der als einen potenziellen strukturellen
Vorgéanger vermuteten Flavodoxin-ahnlichen Faltung vergleichen lassen.

Il n einer weiteren Studie wurden zus?2tzlich
Einzeldomanen analysiert (Paper 1). Es zeigt sich, dass sich die beiden Doméanen in

einer definierten Struktur wiederfinden lassen. Bei Coexpression der beiden Domanen

bilden diese eine Heterodimer, bei gleichzeitiger Rekonstitution der Funktion des

RBPs, Ribose zu binden.

Durch eine systematische Analyse von weiteren Proteinen ahnlich wie in dieser Arbeit
kénnten wir nicht nur unser Verstandnis von Proteinfaltung im Einzelnen erweitern,
sondern auch unser Wissen uber die Prozesse des frihen Lebens ausbauen. Auch
die hohe Modularitdit des Modellsystems koénnte nitzlich sein, um weitere

Einsatzmoglichkeiten von PBPs in Forschung und Technik zu entwickeln.



Abstract

As the building blocks of life, biomacromolecules are responsible for almost all
biological processes. Alongside nucleic acids, hydrocarbons and lipids, proteins play

a central role.

If we want to understand in detail how nature has produced this multitude of functions,
it is worth taking a closer look at the evolutionary history of proteins. By studying the
molecular processes that played a role in the evolution of proteins, we not only learn
the basic rules of how the structure of natural proteins is built up, but can also use this

knowledge for our purposes in the future.

With the rise of increasingly sensitive methods of sequence and structural analysis, we
can utilize a previously inaccessible amount of information (Paper V). Systematic
analysis of the rules and structural features of early protein evolution provides insight
into these fundamental processes. In this work, we will use the example of a
periplasmic binding protein (PBP) to trace this path from small subdomain units - the
basic building blocks 7 via more complex progenitor protein structures to the structure
which we can observe in nature today. To this end, subdomain-sized fragments in
PBPs were identified using the Fuzzle database (Paper IIl). One of these proteins, the
ribose-binding protein of T. maritima (RBP), was investigated as a model system in the
laboratory based on this analysis. Structural analysis of the fragments isolated from
RBP shows that these building blocks exhibit fundamental stability even when removed
from the context of the parental protein (Paper 1V). By accreting or duplicating further
elements, we can now build a possible precursor of a protein with a structure similar to
that of flavodoxins i a fold thought to be a precursor of PBPs. By duplicating this
protein and subsequent functionalization of binding specific ligands, we ultimately
obtain the modern PBP with its characteristic symmetrical structure with a binding
pocket between the opposing individual domains.

To now isolate the respective single domains of the specific example of the RBP, cyclic
permutations of the N- and C-terminal domains were generated (Paper Il). A structural
analysis of these now complete domains shows that they can be compared in their
core with the flavodoxin-like fold, which is thought to be a potential structural

predecessor.



In a further study, the two linearly "cut" single domains were also analyzed (Paper ).
It was shown that the two domains maintain their defined structure. When the two
domains are co-expressed, they form a heterodimer, while simultaneously

reconstituting the function of the RBP to bind ribose.

By expanding and systematically analyzing other proteins similar to this work, we could
not only expand our understanding of protein folding in detail, but also expand our
knowledge of the processes of early life. The high modularity of the model system
could also be used to explore further applications of PBPs in research and technology

applications.
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1. Introduction

1.1. The stability and folding of natural proteins i An enigma

For more than half a century the central dogmas of protein folding have more or less
stood firm: The central idea that the flow of information happens from nucleic acid to
proteins, the Anfinsen dogma that proteins only fold into one, native conformation and
t he Levi nt h ahlatépsoteins ado aat sample the entire possible three-
dimensional space on their transition to their native structure'234, While these results
have shown for the first time that a polypeptide chain of a certain sequence can

spontaneously adopt its natural conformation in vivo, this process for any given protein

is still a mystery to us, with many aspects left to discover.

Structural level |

a2

Primary Structure N@

Figure 1: Schematic representation of the structural hierarchy and timescales at play during protein folding.
The main structural levels during protein folding and their rise in structural complexity, from a single unstructured
poly-peptide chain to a folded, globular protein (left). Beginning from the primary, unfolded polypeptide chain (1), the

developing of secondary structure elements (Il), formation of tertiary structure (Ill) and assembly into a quaternary
structure (IV). Time scales associated with common events during protein folding (left).
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Since unfolded, denatured polypeptide chains do not only interact with the surrounding
environment, but also have many interactions within the molecule itself, folding is a
complex process. Generally, the folding of a protein can be broken down into several
major steps, that must happen in sequence to reach the native conformation (Figure

1). The first step is the exchange of external solvent interactions in favor of internal
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interactions, with hydrophobic interactions being the main driver of this process®. This
step happens extremely fast, limited only by the diffusion speed of the polypeptide
chain folding onto itself. In these first nano- to microseconds, first regions of the chain

are already forming a rudimentary secondary structure of the protein®’.

As a consequence of this initial collapse, amino acids with hydrophobic side chains
begin to become buried in a now solvent-excluded interior, while polar and charged
side-chains favor interactions with the outside solvent. This leads to what is generally
termed the hydrophobic collapse of the protein. Since investigation of these fast early
events in folding is a challenge, it is still unclear whether this step is universal in the
folding pathway of globular proteins®°1°, Some studies show that hydrophobic collapse
might occur before the formation of secondary structure!l. Other studies of several
model proteins used in the investigation of protein folding such as lysozyme!?13,
triosephosphate isomerase!4, barstar'®16.17  ribonuclease?!® or myoglobint®2® have
shown that the hydrophobic collapse is an integral step in the folding of these proteins.
After the formation of this more compact structure, the next crucial step is the
rearrangement of sidechains. Native sidechain orientation can then be achieved via
sidechain-sidechain interaction, interactions with the protein backbone, and
rearrangement via larger domain movements. These last steps that happen on a
microsecond to second scale are the last on the path to obtaining the definite, precisely
formed native conformation any given protein needs to be able to carry out its

function??.

Other models of the early stages of folding include the framework or diffusion-collision
model, the nucleation model, and the model of hydrophobic collapse. The diffusion-
collision model presumes that local stretches of native-like secondary structure form
independently as a basis for the correct formation of the tertiary structure?%2223, These
partially formed elements then diffuse until they come in contact with other
corresponding elements and fold into their native tertiary structure. Similarly, the
nucleation model first presumes the formation of a native-like secondary structure
based on interactions of neighboring side chains and the backbone, but reaches the
tertiary structure as a consequence of this previous nucleation of the secondary
structure through specific interactions?*. Both the diffusion-collision and the nucleation
model propose that secondary structure is mostly formed prior to tertiary structure,
whereas in the model of hydrophobic collapse the formation of secondary and tertiary

structure is not proceeding sequentially during folding?>19:°,
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All these mechanisms and interactions however offer only relatively small individual
contributions to the total stabilizing energy of a given protein (Figure 2). Only in
combination can the stabilizing effects of hydrophobic, entropic and enthalpic
interactions overcome the destabilizing terms of chain entropy and hydrophilic

interactions with the solvent?62’. These underlying circumstances govern the

properties of all proteins?®. As a consequence, the precisely set equilibrium of
destabilizing and stabilizing energies lead to proteins being only marginally stable?®:0,

meaning thatthe netcont ri buti on of ener gyQ%istelatibelyl i zi ng
small compared to the other energies at play.

Interactions with
AG° hydrophobic core
--------------------------------- AHsidechains <0
Loss of interactions
to solvent
AH hainssolvent > 0

Destabilizing effects Stabilizing effects

Figure 2:Overview of stabilizing and destabilizing effects that govern total protein stability. Enthalpic and
entropic energy terms and their contribution to either destabilization (left column) and stabilization (right column) of
folded protein struct ur e9repretdnts thettadtaf fieeeeneegy af the protein andieformed ( pG
by a relatively small offshoot in the equilibrium of the many effects at play.

This circumstance might seem to contain a paradox on first sight; however, it provides
crucial advantages. Not only does the marginal stability of proteins allow for more
inherent flexibility of their structure, and thus for example important side-chain
movements needed for the function of the protein3!, but also expands the sequence
space accessible for evolution. While proteins with high stabilities could compensate
substitutions necessary for the emergence of new functions more easily, proteins with
lower structural stability offer accessto i b r i d g ein the saquence @pace. These

Abri dge st at iethesequane spae @ which different structures overlap.
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These interstitial spaces could allowfornew evol uti onary trajector.]

stat es 0, inacbebsiblato proteins of high stability°.

The marginal stability ensures a sufficient turn-over in a cell environment, since a
protein with an energy barrier too high to allow for degradation in a physiological
context would accumulate over the life cycle of an organism3>33, It has been
hypothesized that transition states in folding are not universally necessary and could
be a mechanism to ensure cooperativity of folding and stabilize the native state34.
Colloquially one could propose that a protein is ever just as stable as it needs to be to
carry out its function, which is also reflected by the lack of evolutionary pressure for
higher stabilities. This corresponds to the behavior of the first computer-generated
proteins, which were designed to be as stable as possible and with a focus on
optimizing folding rates, showing a much higher stability than natural proteins.

These circumstances in protein folding when observed in natural proteins are one of
the main reasons why their investigation is so important. This balancing act of energy
terms that lead to a stable, yet flexible protein is something that is generally not in the
scope of protein design approaches. Generally, computer-based approaches aim to
minimize the energy state of a protein, potentially disfavoring marginally stable
solutions. This often leads to computer-designed proteins being extremely stable, and
thermodynamic stability being one of the main design goals®6:3738  While recent
advances in this field can reliably produce very stable scaffolds for a variety of binding
functions, something we still struggle with is the design of enzymatic functions.
Furthering our knowledge of the marginal stability of proteins could one day help us

learn how to also recapture this feature in designs®°.

1.2. Folding in the context of Protein Evolution i Why it matters

To bolster our knowledge on how protein folding works in general and how to leverage
this knowledge for protein design, retracing the steps of protein evolution could offer
valuable insights. To investigate the origin of life on our planet however is a
complicated matter. There is no way to directly go into the past and investigate, and e.
Evolution is an unstopping process, ever changing the status-quo of life. The science

of evolution, the origin of life and its path to the modern day is somewhat akin to how



Page5 of 137

humanity has treated knowledge for millennia: By telling stories, a painting on the wall
of a cave, writing down fantastic tales, singing songs about a successful hunt, we are
passing down knowledge from one generation to the next, deviating and adapting to
new circumstances. Similar to how linguists operate when trying to figure out the
etymology of a word, we can apply the same methods for the investigation of molecular
evolution*?4t, Whereas the challenge for a linguist is to correctly infer the historical
context of a word by tracing the change of the word through the course of time, a
scientist investigating the molecular evolution of a protein can implement similar
methods by tracing the changes in the protein sequence??. This is also reflected in the
vocabulary shared to convey concepts both in linguistics and evolutionary sciences,
for example the idea that the origin of a certain word/protein could stem from the same
origin (homologues) or happen to share similarities while not sharing a common origin
(analogues). Similarly, this concept has been picked up by John Maynard Smith in his
1970s article about traversing the protein space, creating an analogy that is still popular

today+344,

While the protein world we can observe today is incredibly sophisticated, it is the result
of billions of years of evolution. However, the mechanism of evolution did not have to
reinvent the groundwork of this system for each new protein. It has used a powerful
machinery of processes that led to new protein structures, added function, and refined
it*>, The make-or-break process in the world of proteins is its transformation from an
unstructured string of amino acids into a three-dimensional structure*®. Ultimately, the
given sequence of amino acids governs this shape, and determines the role of a

protein.

Completely understanding how this three-dimensional puzzle works would help to
apply this knowledge for our own advantage, such as helping us create new proteins
with tailor-made functions, create new design tools, engineer protein building blocks or
invent complex multi-protein systems*7:48:4950 The idea that during the evolution of a

modern protein the original amino acid sequence could not have sampled the entirety

of the theoretical space of confor mat i

paradox?. If the sampling of the conformational space happened with equal probability,

a polypeptide chain cannot spontaneously fold in the timeframes we observe in nature.

ons

The | ogical e X p | a natfirst glamce ts cathdr simpte: Péoteia foldirdj o x 6

is facilitated by a rapid, energetically favored formation of local interactions which

nudge the fold into a certain conformation, a concept also first described by Levinthal
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in 1968 °1. This also gives rise to the popular theoretical construct of the folding funnel,
which depicts the energy landscape during folding as a multitude of energy gradients
the protein must pass to reach the lowest possible energy state®? (and thus its native
conformation). While this concept first proposed by Ken Dill in 1989 is helpful in
visualizing the core principles of protein folding, its two-dimensional nature and coarse
scope is inadequate to describe the multiple folding pathways a protein can take. A
way to improve on this concept has already been proposed in the 90s 3. Shifting the
perspective from a single pathway the protein can take to a three-dimensional
landscape resembling a rugged crater, displaying valleys and crevices that can

describe local energy minima, or even intermediates respectively?354,

However, these schemes were developed to describe protein folding that has been
investigated mainly in vitro. The environment for proteins to fold in vivo have been
described as vastly different, possibly influencing the folding landscape a great

dea|55:56.57,

In the last two decades, protein design in silico became a powerful method to create
macromolecules of pre-mediated function. The rise of new methods to predict, design
and reliably produce de-novo protein structures utilizing machine learning techniques
has opened many new avenues for scientists to create novel protein structures for
specific functions®8. We are currently at the precipice of a new age of protein design
and engineering, with a great potential for progress®®606%.62, But with computing
resources currently being the limiting factor, access to this technology is restricted to

those with the computing infrastructure to support it*.

1.3. Fragments and their significance in protein evolution

Investigating the origin of modern protein structures is a tricky endeavor, and we can
only rely on deduction of plausible scenarios of what happened based on evidence that
we can gather today. Thankfully, continuous progress in related sciences (like for
example cryo-EM) made it more accessible than ever to evaluate great amounts of
data on protein structures, their sequences, and the wealth of additional information.
With the rise in computing power in the last 20 years, statistical analysis of the entirety

of the known protein universe is well within our capabilities. Already early on, the
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recurrence of certain sequence or structural features in proteins from diverse
backgrounds led to the concept of shared ancestry being a major component in the
evolution of proteins®34°. Through mechanisms like duplication, permutation, fusion,

and general mutation, a set of existing primordial stretches of proteins could have given
rise to most of the modern protein folding space®4:6566.67,

pepf\de
id wor\®

I'—-
<L.
=32

Q- <

Figure 3: Step-by-step process of the evolution of complex protein structures from smaller building
blocks. Starting from a theoretical RNA-peptide hybrid world where structure could have been governed by
interaction with specific RNA, the emergence of the first self-folding peptides, their diversification via sub-domain
arrangements and finally their assembly into modern multi-domain proteins. This schematic represents just one
interpretation of how protein structures could have evolved, based on information of each successive step.

Due to the nature of how we think protein evolution happened 7 the combination of
smaller, pre-existing building blocks i a better understanding of the underlying
processes is of great interest (Figure 3). Classification and grouping of protein
structures according to their structural and sequence properties and subsequent
inferrance of evolutionary relationships is a well-established approach and can be used
to investigate some key aspects in the evolutionary hierarchy of protein structures.

Protein structural networks used in the annotation of proteins like SCOP®86° CATH™


https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3964979/
https://doi.org/10.1093/nar/gky1097

PageB of 137

or ECOD7? can offer a wealth of information on protein structures and provide an
easy to use but powerful tool for gathering information on a given protein. Additionally,
these extensive databases can be used in training machine-learning approaches,

incorporating evolutionary information into the resulting output”3:74:75.76,

The mentioned databases, however, have one thing in common, the smallest unit they
consider is that of the protein domain. To include the smaller, sub-domain building
blocks or fragments, newer methods in the classification of sequence and structure
relationships can be implemented to generate a more detailed evolutionary hierarchy
of these structural elements. Introduction of sequence analysis methods such as
hidden Markov models (HMMs) in combination with the data already accessible via the
established structural classification made it possible to detect remote homology that
had previously been inaccessible for analysis’”:’879, Taking these methods into
account led to a paradigm shift in how protein evolution must be considered. Detection
of remote homologies using sensitive sequence analysis methods, shows that
elements previously thought to have stemmed from convergent evolution most likely

share a common, homologous origin’82°,

Several databases exist that try to classify these new-found relationships within folding
space and represent some of the first steps in systematically mapping this subdomain
regime of protein evolution®-8280 |dentification and examination of subdomain
fragments produces a clear picture: In line with the previously proposed mechanisms
of early protein evolution, re-use of an extensive fraction of sequence space is
prevalent across the entirety of the protein fold space. Implementation of this wealth of
data will help us solve the question of the evolutionary origin of some of the most
ubiquitously occurring protein folds in nature®. A categorization of these ancient
building blocks is also useful for protein design. If we follow the idea that in general,
these fragments proliferated because of their desirable properties of foldability, they
could also introduce a suitable scaffold to design on. Proteins re-using already
established building blocks in such a way could also benefit from the native-like
properties, such as a certain flexibility. This approach could open avenues for the

design of proteins with future models potentially profiting from this intrinsic flexibility.

One of these databases trying to catalogue the evolutionary and structural relationship
of protein fragments is the Fuzzle database®. Fuzzle is based on the SCOPe database

and utilizes HMMs created from sequence information of about 60% of all PDB entries


https://doi.org/10.1371/journal.pcbi.1003926
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and the SCOP domain classification’®. This sequence information was then used to
infer structural relationships. By comparing similarities in structure using both the
absolute deviation in structure (RMSD) of sequences aligned in the HMM analysis and
superimposing the results using TM-align®*, it was possible to identify sub-domain
sized regions in this comprehensive dataset (Figure 4). The results of this analysis
were subsequently classified by similarity and clustered into different units, termed

fragments.

Match in structural
superimposition

Structural
"’ 1 Domain alignment

Structures RMSD < 3 A
' J TM-score > 0.3 Fuzzle
Database
. All-against-all I —
e s Domain comparison o Entry
] > 70% probability
[ ———
|I|||II|.||||I|||I._ Sequences —

Match between HMMs

Figure 4: General construction of the Fuzzle database. Structure and sequence information from the original
protein dataset is compared via structural alignment and profile-profile comparison of sequences. The results of
these two steps are then concatenated in a singular database and filtered with specific cut-offs. Shown here are the
standard cut-offs.
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1.4. Fragments in the context of entire proteins

It has been shown that modern-day proteins arose from a combination of different
evolutionary mechanisms like duplication, permutation, fusion of sequences and
mutations®88, This implies that before these mechanisms could create the fold space
we observe today, there had to already be some smaller elements, perhaps governed
by these same rules?’. Indeed, the implementation of sequence’®® and structure
analysis sensitive enough to detect these remnants of evolutionary ancestry show
stretches of sequence in modern proteins that are shared between folds that were
previously not considered to be evolutionarily connected*?828%9°_ This could also be
one of the reasons why we observe a conservation of transition-states in the folding of

small proteins from homologous families®?.

The relationship of sequence space and the connections we observe at a structural
level for subdomain-sized fragments can now be addressed by utilizing these new
methods. A visualization of this network as clusters of relationships in combination with
the already existing domain classification (for example using SCOPe as underlying
information) highlights the high interconnectivity of these fragments across the domain
space®2. Taking the Fuzzle database as an example, the fragments that are detected
span a considerable portion of the protein fold universe. Using the standard cut-offs in
this database (70% HHM probability and a TM-score of over 0.3) and using the
resulting dataset to create a network representation offers a suitable way of depicting
the interconnectivity at play. Of the roughly 28000 domains classified in the Fuzzle
dataset, over 8 million pairwise hits can be found, meaning that there are a significant
number of hits spanning more than one domain®. This large amount of data can
however be clustered based on the similarity of its individual hits. For example, a
fragment consisting of only a few secondary structure elements can be found to have
been re-used in many different folds, while still hinting to a homologous origin (Figure
5). Identification of fragments that can be considered unigue can then be mapped onto
the known fold space (which in the case of Fuzzle is SCOP), resulting in a network of

interconnected fragments within different folds.
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a: All alpha proteins
b: All beta proteins @ c. 16: Lumazine synthase
@ c: Alpha and Beta proteins (a/b) @ c.93: Periplasmic binding protein-like |
@ d: Alpha and Beta proteins (a+b) @ c.23: Flavodoxin-like
@ e: Multi-domain proteins (alpha and beta) @ c5: MurCD N-terminal domain
f: Membrane and cell surface proteins and peptides €78: ATC-like
g: small proteins @ c.88: Glutaminase/Asparaginase @ dir8ja2 (SCOP Superfaily: c.23.1)
® Several classes €92: Chelatase-like @ d2fna_ (SCOP Superfamily: c.93.1)

Figure 5: Different structural levels that can be explored hierarchically with help of the Fuzzle database. (1)
On the class-level, hits within Fuzzle are clustered in a connected network of folds. Connections between classes
rise from a connected fragment found in Fuzzle. (2) On the fold-level, information on connection between folds is
accessible. Shown here is the connection of a fragment taken from the ribose-binding protein domain (SCOP-
ID: d2fn9a_). (3) On the domain-level, information of the fragment is broken down to a structural level. The structural
alignment of the fragment is shown in context of the parental proteins.

This clustered network can not only help show the possible evolutionary connections
of a given fragment within the context of multiple different protein folds, but also be
used to find suitable fragments for the insertion or grafting of elements in a different
context. This technique has been successfully applied in the construction of protein
chimeras, and in the future could be a way to even transfer functions from one protein

to another0,

1.5. Evolution of a protein i The case of periplasmic binding
proteins

One of the folds that has been in the focus of evolutionary and protein engineering
investigations for a long time is the periplasmic binding protein-like fold. The group of
periplasmic binding proteins (PBPs) consists of a range of bacterial solute binding
proteins that are involved in the binding and transport of various ligands classified into
different types (see 1.6 for the more detailed classification). Their role is not only the
transport of solutes into the cell, but also the associated signal transduction makes

them play an important part in the ability of an organism survive®® (Figure 6).
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Figure 6: Overview of the mode of operation of periplasmic-binding proteins. Solutes (different small symbols)
are transported from the extracellular milieu (EM) via pores into the periplasm (PP). Periplasmic proteins in the PP
then recognize each specific solute and undergo their characteristic conformational change upon binding. This
enables them to bind to their cognate receptors, leading to various downstream processes.

Their versatility and importance in many central cell functions is further reflected in the
variety of ligands PBPs can recognize and bind, such as mono- and oligosaccharides,
amino acids, short peptides, minerals such as sulphates, phosphates or vitamins®.
Their mode of action is often described as a result of their architecture resembling a
i Ve nful sy tlikeashpmpee®. PBPs consist of two lobes connected via a short hinge
region, with the ligand binding site being formed in between those two domains.
Unbound PBPs generally exist in an equilibrium of an open and closed conformation,
with the two states being defined by the change in angle of the two lobes on both sides
of the ligand binding site. Under physiological conditions, this equilibrium is almost
entirely on the side of the open conformation, allowing for the specific ligand to bind.
Upon binding the equilibrium however is strongly shifted to the closed conformation,
effectively trapping the ligand between the two lobes. In this closed conformation,
PBPs are able to interact with the corresponding membrane-bound receptors located
at the surface of the cell, resulting in the respective outcome, such as the active

transport of the solute, or downstream signal.
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This central role in the metabolism of both gram-positive and gram-negative bacteria
is one of the possible reasons why this fold is found ubiquitously within this group of
organisms, and why this class of proteins adapted to binding such a wide variety of
solutes®6:°7.98.99 The unique bi-lobal architecture that is classified as the PBP-like fold
(named after the functional class of bacterial proteins) can also be found in numerous
eukaryotic proteinst®. The PBP-like fold as a module appears as a binding motif in
proteins, like seen in the crystal structure of the glutamate receptor GIuR2, and based
on sequence similarity is proposed to also exist in other hormone- and
neurotransmitter-binding domains'®?. This relationship of the binding modules of
eukaryotic binding proteins and the PBP-like proteins highlights the pervasiveness of

this particular fold being found in nature.

A B

C C-terminal
lobe
Hinge Binding C > Domain
region cleft > closure
N-terminal
lobe

Figure 7: Schematic structural makeup of a periplasmic binding protein. Characteristic bi-lobal structure
consisting of the opposing N- and C-terminal domains, with the binding cleft in-between. (A) Open structure of the
PBP. Opening and closing of the protein is facilitated by the hinge region at the opposite end of the binding cleft.
(B) Closed structure of the same PBP, with the closure of the cleft around the ligand. (Structures used are ribose
bound form [PDB-ID: 2FN8] and unliganded form [PDB-ID: 2FN9] of Ribose Binding Protein of T.maritima.)

The versatility of functions can partially be explained by the unique topology of the
PBP-like fold'2. As previously mentioned, the binding site of the ligand is located in
the cleft between the two globular lobes, with a transition of the PBP from an open to
closed conformation upon binding. The two opposing lobes each consist of a parallel
fiveestrandéaeeb, fl anked by an ahelices,withaleitwog pat t
lobes being connected via a short linker region. In the open conformation, the angle

between the two lobes allows for solvent to access the interface between them. If the
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specific ligand is recognized, the subsequent binding event induces a conformational
change in the hinge region, resulting in a large shift in the orientation of the two lobes
towardsthecl osed <confor mati on. This #ndAcl osi

correct orientation of the interacting residues from each side of the lobe, but also helps
in excluding solvent from the binding site'®3. This mechanism of action offers several
advantages, from securing the ligand in an environment free from the influence of
surrounding solvent, as well as the thus tightly controllable interface allowing for single-
point mutations to fine-tune ligand interactions, and the conformational change on the
surface of the entire protein enabling recognition by the respective downstream

receptors.

This specific mode of binding makes PBPs an attractive target for biotechnological
applications®*. Their ability to accurately recognize specific ligands and bind them with
high affinity can be used to engineer complex reporter systems for a variety of small
solutes. Additionally, the extensive conformational change can be utilized to enable
insertion of functional groups within the protein, creating for example a photometrically
detectable readout upon binding. A range of biosensors has already been created this
way, detecting a variety of different solutes using the natural affinity of the
corresponding PBPs in combination with an additionally engineered readout
modulel04105.106 Sjince then, several improvements to specificity and sensor sensitivity
have been made'®’. Further improvements to engineering approaches utilizing the
PBP-like fold also enable the direct readout of carbohydrate concentrations in-cell'%8,
or the active monitoring of glucose'?®. Other approaches for molecular engineering
utilize the ability of PBPs to interface with transporters located in the cell wall of bacteria
to actively transport unnatural amino acids into the cell'1°, or use the ability of PBPs in
guorum sensing to monitor solute concentration in a bacterial culture via FRET-

readout?,

However, these techniques use only the natural affinity of already existing PBPs,
modulating readout by introducing additional residues on the surface of the protein.
Extensive efforts have been conducted to redesign the ligand specificity of this class
of protein, particularly to function as novel biosensors for the application in a
biologically relevant context, for example the detection of solutes like neurotransmitters
in vivo''2113 The immense diversity of this protein fold highlights the potential of
technical applications, and explains the intensive effort put into engineering PBPs to

suit a specific function. The ubiquitous occurrence in nature and the resulting great

ngo

of
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number of possible templates is already a good starting point. In combination with the
already existing functions and the precise mode of binding while still offering enough

malleability to do redesign makes it a good target for continued investigation.
1.6. Structural classification of PBPs

Generally, PBPs share low sequence similarity with each other, making classification
of this class a complex issue by itself''4. PBPs are classified into three types, based
on differences in their topological arrangements and sequence similarities. Based on
the number of crossovers within the hinge region, PBPs are generally categorized into
either being Type I, Il or lll. These three types correspond to clusters found in sequence
analyses!?®116 and are used in the main structural classification databases. However,
there are also other studies on the classification of PBPs, for example based solely on
structure and binding specificity, or the combination of structural and sequence
information, which lead to the definition of multiple different structural
clusters!1’.118.119.120  Every one of these classifications are in agreement with the
general distinction into Type | 7 lll. There do not appear to be any incongruities in the
overlap of the different classifications with those identified as Type I-1ll. The periplasmic
binding proteins are part of the class of solute binding proteins, which in turn are part
of the larger group of the ATP-binding cassette (ABC) protein superfamily. Similar to
the ubiquitous nature of PBPs, members of the ABC superfamily have been found in
all phylogenetic branches, with the different functions of the cassette often being found
as paralogues across the genome!?1122123.124 - ABC proteins perform a variety of
functions, ranging from the previously mentioned importing of periplasmic solutes in
bacteria, or ATP-driven import of substrates, DNA-repair and translation regulation or
transmembrane transport of hormones, lipids, peptides or other secondary
messengers in eukaryotes!®, Analysis of different sequence databases indicates that
the genes for ABC proteins most likely stem from multiple gene duplication and fusion

events, causing the significant diversity we see in this gene family today*25°7:%,

1.7. Dismantling the protein i the evolution of periplasmic binding
proteins

Already shortly after the first structures of PBPs (the solute binding part of the ABC
transporter cassette) were solved the hypothesis was put forward that this fold might

have evolved via duplication of a smaller single domain protein, an idea first put forward
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by Louie et al.*?6 and further explored in the classification by Fukami-Kobayashi et
al.**>. However, since PBPs are considered to be a relatively old fold, sequence identity
has likely drifted too far to infer any direct homologous relationship with other folds. At
least when utilizing relatively straight-forward sequence analysis methods such as
BLAST, no homology with other folds can be detected.

Duplication/
Dimerization

Fusion Decoration

Ancient Ancestral Type 1 Type II
flavodoxin- Dimer blnc_lln?— binding-
like fold protein fold protein ?old

Figure 8: Proposed evolutionary trajectory of modern PBP-type | proteins and the derived constructs used
in this study. Proposed steps that reconstruct the evolution of modern periplasmic-binding-protein (PBP) folds from
an ancestral protein adapting the flavodoxin-like fold (adapted from Fukami-Kobayashi, 1999). A duplication and
dimerization along with swaps in secondary structure led to the formation of an ancestral dimer. Subsequent fusion
of the genes then led to the emergence of an ancestral PBP-like fold and further changes of secondary structure to
that of the modern PBP-like type | fold. (Figure adapted from 127)

There is some evidence that the PBPs of type Il originated from a domain dislocation
step from those of type I. This is corroborated by the intersections of these types
observed in the more detailed classification methods mentioned in chapter 1.6. The
differences in sequence and in the arrangement of secondary structure elements led
to the hypothesis that a tandem domain swap was the responsible event leading to the
divergence of the two classes!'®>. Connecting the emergence of specific structural
insertions, accretions, and deletions with the proposed evolutionary age of the PBPs
further enabled inferring of directionality of evolution. With both PBP types being found
in bacteria and archaea, the divergent event must be older than the separation of those
two clades if an origin from a homologous ancestor is presumed. The number of in-
depth studies on the general evolution and these structural peculiarities makes the

PBP-like fold an interesting candidate for the investigation of early evolutionary events.
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1.8. Thinking smaller i Origin and elements of the PBP fold

As previously mentioned, it has been proposed that the modern architecture of PBPs
arose from the duplication of a single (U hs-protein. Based on structural similarities,
candidates have been proposed to originate from the family of CheY-like proteins. The
distinctive mode of binding could have been facilitated by the subsequent exchange of
a n -halix from the originating domains into the opposing one, creating the proto-hinge
region that led to the venus-flytrap like behavior. However, this event would have had
to happen early in the evolution of PBPs. The considerable divergence of possibly
related sequences due to its age makes it extremely difficult to substantiate this claim.
So far, no analysis led to a definite conclusion, but studies on the domain
arrangement!?® and studies on the evolutionary relationship of similar folds®® offer

reasons to further investigate this case.

1.9. Fragments in the evolution of PBPs

Considering the evolutionary history of the PBPs, originating from a duplication event
of a primordial CheY-like protein, we can also investigate the relationship between sub-
domain fragments found in this fold. Since analysis methods allow for comparison of
fragments found in all folds, inferring possible evolutionary relationships between folds
should be possible as well. This approach has previously been used to identify not only

the relationship i n ot h-barrel prthe TiMd-barrel fbld dnd s

the flavodoxin-like fold'?°, or the HemD-like fold and the flavodoxin-like fold®°. Both
studies used the identification and subsequent characterization of these fragments as
a way to investigate the evolutionary relationship of the shared sub-domain unit. Using
these fragments that are believed to have a common evolutionary origin is a way to
overcome the insufficient evidence of homology when using the entire protein in

sequence comparisons.

One of the proteins where this approach has been used is the TIM-barrel fold. This

protein consi ®lementgis farhed byithg Bymmeéirical assembly of the

ei ghstt rlaends i nto a centr al -helcesroening themuterh

surface of the barrel. It has also been proposed that this protein evolved via a
duplication of a precursor equivalent to one half of the barrel*3°, This relationship is
also found when applying deep sequence searches utilizing hidden Markov models.

When using these methods, a clear relationship between TIM-barrels and proteins of

k ¢

he
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the flavodoxin-like fold can be detected*®!, hinting at a common evolutionary
relationship (Figure 9). These connections can further be investigated with a hybrid-
approach using the detection of common fragments through available databases such

as Fuzzle in combination with experimental data.

The design and investigation of chimeric proteins T meaning proteins in which a portion
of the sequence is exchanged by another evolutionarily related one i can be one such
tool to experimentally investigate the properties of fragments thought to be related.
Proteins containing pieces from different protein folds have already been created and
characterized using fragments from the flavodoxin-like fold with the TIM-barrel
fold32133, the HemD-like fold (*3413%) and also the PBP-like fold (PDB 4QWV). Not only
does elucidation of the structure confirm correct folding in most of these chimeras, but
it is also possible to retain original binding capability, verifying the similarity of the
inserted fragment in a possibly physiologically relevant context. Since all these
chimeras rely on an i t3of adrggment thoaghtéo sterefoommb i na't
an evolutionary precursor, and thus being from a smaller protein one can also turn that
approach around: Taking a modern version of a protein fold and try to isolate either the
halves (presuming duplication), or the fragments (presuming recombination). A
stabilization of sub-domain elements within a fold has for example already been
observed for the HemD-like half®®. One of the challenges of this approach is the
significant divergence of the sequences from their progenitors. Due to evolutionary
pressure on stabilizing interactions being lifted the isolation of the individual fragments

or subdomains can be difficult36.

Figure 9: Exemplary fragments found in a PBP-like fold and a TIM-barrel-like fold. (A) Fragment found in the
Ribose-binding protein of T.maritima.(PDB-ID: 2FN9) (B) Fragment found in the triose phosphate isomerase from
G.Gallus (PDB-ID: 1TIM). While not directly related, both fragments share similarities with the original protein they
were found in, as well as share connections to the flavodoxin-like fold.
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To summarize, we now not only have the tools to detect evolutionary relationships
between fragments of proteins of different folds, but also have methods at our disposal
to investigate these relationships in more detail. If we now apply the same approach to
the PBP-like fold, we can get a more comprehensive picture of the evolution of some
elements within this fold. This study aims to recapture the process of fragment
propagation, incorporation into a possible flavodoxin-like ancestor and the following
duplication leading to the modern PBP-like fold I. Additionally, the investigation of a
particular fragment detected in the PBP-like fold | can provide more information on why
some fragments are so widely detected in many different folds. To this end, the modern
ribose-binding protein of the thermophilic organism Thermotoga maritima and the main
fragment found within that protein have been investigated in the context of its possible
evolutionary trajectory. While it is almost impossible to ever provide any definite proof
of the evolutionary history of PBPs as millions of years passed since the events
described here transpired, this study provides useful indicators to expand the already

fascinating progression of this fold.

This work is a comprehensive study of an evolutionarily related fragment, which has
been taken from within the context of its parental protein and analyzed regarding its
evolutionary significance. This could give important insights in the principles of early
protein folding. One of the most interesting avenues could be the investigation whether
these fragments could pose the illusive fold-on units important for early-stage protein
folding. As at least the fragment investigated in this work seems to fold, adopt structure,
and is resistant to extensive mutation of its sequence this approach could work for the
investigation of other fragments as well. With the existence of sub-domain databases,
a systematic study of different fragments could further our understanding of these

elements, with possible applications for targeted protein design down the lane.
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2. Synopsis
2.1. Dismantling of an established PBP

With the rise of more powerful computational methods and the wealth of structural
information we have at our disposal, we can now try to retrace the pathway of evolution
from fragments to a modern PBP-like protein. As with most studies in the field of protein
evolution however, there is the caveat that the evidence we gather only leads to an
inferred conclusion. Since we cannot directly access structures or sequences already
existing millions of years back, we must use indirect methods, accessible via

investigating the nature we can observe today.

Consider for example the modern PBP-like fold as a starting point. When we look at its
structure, one first notices its general shape. It can be roughly distinguished into two,
almost equal portions, connected by a smaller cross-over region. If we then look closer
at the sequence similarity of these two structurally similar lobes, their sequence
similarity does not support direct inference of a common ancestry3’. This holds true
even when comparing a variety of individual lobes of the known PBP-like sequences
from different sources among each other. One possible explanation to this low
similarity could be that the fold originated from two individual proteins, which at some
point fused (Figure 10) 115,

Figure 10: Showcase of the two principal components of a modern PBP. To the left are the two halves of the
ribose-binding protein (PDB: 2FN9) identified by using HHpred sequence analysis. To the right is the complete
structure. Worth noting is the symmetry of the two lobes, as well as their structural similarity with the flavodoxin-
like fold.
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An alternative explanation for the evolution of this fold from two or more unrelated
elements is also possible. Since evolution is guided by efficiency, often navigating the
simplest possible path to a given solution and factoring in the existing structural and
(to an extend) sequence similarities make this a less likely explanation. One should
keep in mind when trying to explain an origin of this fold from two (or more) individual
proteins: To reach the bi-lobal structure always necessitates the fusion and adaption
of at least two components. An alternative explanation comes to mind if we take a
closer look at the sequences. By not only using multiple sequence alignments but
combining that approach with the building of profiles we can make more detailed
comparisons of sequences. This in turn enables us to improve our predictions of
sequence similarities based on the probabilities of any given amino acid in a profile’®.
If implemented, this approach enables us to see even remote homologies of the PBP-
like fold. While we cannot directly detect a similarity of the entire sequence of the
halves with each other, we find a common link: Proteins of the flavodoxin-like fold are
detected when looking for remote homologies of the single lobes. This supports the
idea that PBPs and flavodoxin-like proteins might share a common evolutionary origin
(see chapter 1.7). These results also provide additional credibility to the proposal of
the duplication of an ancestral flavodoxin as the origin of the PBP-like fold'®, similar

to what has already been described as a common origin for other folds®.

To investigate this process in detail, a modern Ribose-binding protein was analyzed in
depth, with the hypothesis in mind: Aif modern PBPs originate from a duplication event,
could it be possible to revert this process, and end up with a singleton resembling a

flavodoxin-like protein?0

This is something we explored in Paper I, with the disassembly of the Ribose-binding
protein from T. maritima into its two constituent lobes and investigating their structure

and function both in isolation as well as in combination.

In Paper II, an alternative approach to this disassembly was implemented, using
permuted variants of the two lobes, identifying their structural differences to the
proposed model, and opening new implications for the flexibility of the PBP-like fold.
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2.1.1. Paper I'i The two lobes

A method that has been employed to investigate the role of sequence duplication in
the generation of new protein topologies is the dissection of modern folds into
partst39.140.141  Applying the same methodology to investigate the properties of stability
and binding of the individual lobes of the modern ribose binding protein (RBP) from
T.maritima can similarly help us understand its proposed evolutionary history. Coupled
with modern sequence analysis, this structural investigation can inform us not only on
the duplication event itself, but also the process of the folds divergence into its

multitude of functions after the evolutionary and functional decoupling of the individual
|Obesl42,143,144,145_

Since previous studies on the duplication event have been based on either
structuralt14118.146.117 or sequence’® analysis, a more hands-on investigation can add
further insight. To this end, RBP of T.maritima was used as a model system. In addition
to the protein being more accessible for analysis due to its thermophilic nature, a
truncated version of this protein was reported indicating that it might be more amenable
to structural manipulation!®. To investigate this duplication event, several constructs
based on the sequence analysis of the modern RBP were designed and characterized

biochemically.

To generate the different constructs, the information of the multiple sequence
alignment, the corresponding HHpred’”:147 profiles and structural features were taken

into consideration (Figure 11).

N PBP C

N Flx C N Flx : C

Figure 11: Schematic of the alignment of the two flavodoxin-associated profiles found within the sequence
of the RBP.

The resulting analysis of the constructs clearly showed that not only it is possible to
stabilize both individual lobes of RBP, but that their behavior is even like that of the
full-length protein. Furthermore, experiments with the combination of the different
constructs indicate that it is possible for the individual lobes to regain their binding

function when in presence of each other, while this is not the case when tested in
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isolation. Even when the two corresponding halves were purified independently, mixing
them reconstituted binding function to a degree similar to that of the parental protein.
The successful crystallization and determination of the structure of the two parts in
presence of each other shows a dimer of the two lobes very closely resembling the
structure of the full-length RBP. These results are in agreement with the observed
ribose binding, indicating that the protein reconstitutes its native conformation to a point
that re-enables function. Upon binding of ribose, the thermostability of the heterodimer
of the N- and C-terminal halves increases significantly, almost exactly mirroring the
behavior of the intact, full-length RBP. In addition, previous constructs that only
expressed insolubly can be brought to solubilize when co-expressed with the

corresponding half via the formation of a dimer.

The fact that we can create stable proteins based on the halves of a modern PBP-like
protein is a good indicator for a duplication being the reason. While the sequence of
the individual lobes has diverged to a point that direct inference of homology has
become impossible, the structural similarity and sequence analysis by profiles still
supports this hypothesis.

2.1.2. Paper Il T The permutations

Another approach implemented to study the two lobes of RBP has been the
introduction of permutations within the sequence of the halves. Core principle of this
study i s t hehelxwanpd9, cespectivelgin-détween the two lobes of the
modern PBP-like fold. If we think of the two lobes stemming from a single entity that
has been duplicated somewhere on the evolutionary timeline of what is now a two-
lobed PBP, the helices should i intheory i also stem from the same structural element
of the progenitor. This means that these helices already possess a sequence optimized
to interact with the equivalent surface of each lobe. Arguably, this enables us to isolate
another analogue of the ancient single-lobe configuration of the progenitor.

In this new appr oach, a per mut ati on -belix and et each
c or r es p esheitiomthe sbme side of the binding cleft structurally isolates each

lobe T albeit in a non-linear fashion to its sequence. The two constructs generated in

this manner thus represent the structural entities of the N- and C-terminal lobe of RBP

(Figure 12).
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The points of permutation were manually selected after analysis of structural and
sequence data. A comparison of the full-length protein with proteins of the flavodoxin-
like fold that are thought to be modern day ancestors of the single-domain protein at
the origin of PBPs was used to inform the point of duplication. After determination of
most likely duplication sites, the structures were cut at these positions, and the
resulting fragments connected via short, computationally designed loops of 3 to 4
residues. With this permutation in place, it was possible to isolate and individually
produce the two lobes of RBP that at least structurally represent the units of the
progenitor prior to duplication. Subsequent analysis of their biochemical features
showed that both halves form stable, well folded proteins in isolation (Figure 12). An
interesting result of this study was that the lobes show a strong intrinsic propensity to
form stable, well-defined dimers. For example, the N-terminal construct (RBP-CPN)
displays a concentration-dependent equilibrium of monomeric and dimeric states in
solution. The C-terminal construct (RBP-CPC) shows similar behavior, with a shift of
monomeric population to dimer, albeit at higher total concentrations than its

correspondent half.

RBP-CPN RBP-CPC

Figure 12: Crystal structures of single-chains of RBP-CPN (left, blue) and RBP-CPC (right, yellow).
Comparison with the model structures generated with Rosetta (in grey) shows an almost identical core structure,
with some differences observable in the C-terminal region of both the N- and the C-terminal permutated structures.
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In both halves however, the formation of the dimer increases the thermodynamic
stability of the constructs, as shown by the significant increase in the transition
temperature in DSC measurements. Determination of the atomic structures of the two
proteins confirms the formation of the dimer for at least RBP-CPN. However, both RBP-
CPN and RBP-CPN display previously unobserved configurations of secondary
structural elements. Dimer formation within RBP-CPN is facilitated by a novel swap of
the C-t e r mi relerhent®dfeach monomer, resulting in an antiparallel elongation of
t he c e=sheet arhis cbnfiguration has not been observed before in modern
proteins of the PBP-like or flavodoxin-like folds and gives some insights into how
flexibility of structural rearrangements can create platforms for the evolution of new

protein topologies.

2.2. Fragments and their role in the PBP-like fold

While the proposed duplication event of an ancestral progenitor most likely played the
major role in the generation of the functionality of modern PBPs, it is not the full
evolutionary story we can tell. Utilizing the powerful analysis tools which have been
developed in recent years, we can infer even more connections in the evolution of
modern proteins. In this case, using the Fuzzle database it was possible to identify a
fragment within the N-terminal part of RBP, spanning its first 88 residues. Looking at
the fragment in a network of folds different from the originating PBP-like fold I, we can
detect this fragment as part of a cluster of considerable connectivity. One of these
connections we observe within this fragment is to proteins of the flavodoxin-like fold.
This is another indication that the duplication of an ancient flavodoxin-like protein is at
the origin of the PBP-like fold. However, within the cluster some previously unknown
connections to other folds can also be detected. This would imply that the origin of this
fragment might even predate the origin of the flavodoxin-like fold. To investigate the
connections within the Fuzzle database in more detail, we took a closer look at the
relationships of the fragment between different folds, and the functions carried in these

contexts.

The next step was to investigate the biochemical and structural properties of the
fragment. Isolating the residues equivalent to the fragment found in RBP and removing

it from its structural context led to several constructs with interesting properties. The
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existence of these elements in isolation opens interesting implications for the existence

of these fragments, as well as their role in the evolution of proteins in general.

2.2.1. Paper llI T Using Fuzzle as a tool for identifying fragments

The Fuzzle database allows to search for such common fragments in different
contexts. The database combines the structural information within the already
established SCOP database and their sequences. SCOP offers the possibility to use
information on the homology of proteins on a domain level, classified in a hierarchal

manner. The relationships in SCOP are leveled as

1 families (clear evidence of shared evolutionary origin),

1 superfamily (mostly same structure, probable evolutionary ancestry),

1 fold (grouping via shared structure, not necessarily related),

1 class (classification by secondary structure content only)

These terms are generally used to infer evolutionary relationships (at family and super-
family level) or structural similarities (at fold and class level) of protein structures’s. If
we however combine this structural information with sequence analysis that is sensitive
enough to detect even remote homologies i in this case Hidden-Markov-Model
(HMMs) based sequence comparisons, we can access an additional layer of
information!48, Using an all-against-all comparison of the HMM-profiles generated with
the entire SCOP dataset, it is possible to identify matching regions. Depending on the
cut-offs used in this analysis, the likelihood of these matching regions sharing a
common evolutionary ancestry is high. The main advantage of this approach is its
capability of finding matching regions on relatively small stretches of different

sequences without major loss of prediction accuracy.

Combining these profiles with the data already contained within SCOP, it is possible to
assign each of these unique matches to certain structural elements. As a last step, a
sequence superposition of the profiles within the structures in SCOP at a certain
similarity cut-off offers another indicator for the proposed evolutionary relationship.
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Combining all three information levels, the sequence profiles, the evolutionary
hierarchy from SCOP, and the structural comparison resulted in the distinct set of

fragments we observe in the Fuzzle database®°.

One additional aspect of classifying these subdomain-sized fragments as common
evolutionary units is their hypothetical interchangeability within existing protein
structures. Several chimeric proteins have been successfully created using this
approach. One of the main goals of these studies has been the conservation of function
within the fragments and bringing them into a new structural context. Since the
previous version of Fuzzle (1.0) did not include ligand information, an update to include
molecule interactions was developed, allowing for systematic searches of ligands in
the dataset. The research paper not only shows an update of the underlying SCOP-
dataset to a newer version increasing the total amount of hits within the database, but
also highlights the possibility of finding relevant functionalities within any given

fragment.

To showcase this new capability, the N-terminal fragment of RBP was analyzed in
detail regarding its connection to other proteins and possible ligand interactions. Not
only is the fragment displaying a higher than usual connectivity in the entire network 1
meaning that it is found within proteins of many different folds i but also a wide variety
of different ligand binding. The enhanced analysis showed that the fragment can be
found in 121 unique protein domains from a total of 15 superfamilies and 9 folds.
Through the inclusion of ligand binding information in the 2.0 release of Fuzzle, it was
possible to identify 21 unique domains sharing a connection with the fragment in the

network and their accompanying ligands.

One of the main goals of Fuzzle is to provide a database for identifying remote
evolutionary relationships in a sub-domain regime. However, the additional
functionality the ligand analysis provides can also be used to inform more functionally
inspired endeavors. The creation of functional protein chimeras by active site transfer
via switching the entire fragment could be a possible application. Additionally, the
information of functionality and evolutionary connections could be used to inform

evolutionary analyses in the future.
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2.2.2. Paper IV 1 Isolation of Fragments from RBP

While the previously mentioned events of duplication and rearrangement of elements
within a given protein structure are the main drivers of diversification of protein
structures today, evolution of structures at the beginning of the protein universe were
governed by different rules. It has been proposed that a specific subset of suitable
substructures i called fragments i posed the primordial starting point of protein
structure. While the specific identity and propagation of these fragments is a matter of
great debate and generally hard to follow through the course of evolution, several ideas
and concepts have been developed to classify this region of sequence and structure
space. Modern sequence analysis coupled with the plethora of structural information
made it possible to attribute recurring elements within different protein folds to a
possible shared evolutionary origin. Utilizing this method, we identified one of those
fragments within the modern PBP-like fold Il of RBP. This fragment of 88 residues
consi sts of t lelemehts of thetfull-tevgin RRPH

To understand more about the possible role this fragment played in the structure of the
protein today, and consequently gain more insight into its relevance in the evolution of
this fold, we looked at the fragment in isolation i.e. away from its structural framework.
To this end, variants consisting of only the fragment were designed and analyzed
(Figure 12). One of the constructs is the fragment directly taken from the sequence of
RBP. In this case, this were the first 88 residues of RBP from T. maritima. Since the
ancestry of this fragment cannot only be found within the PBP-like fold it originates
from but other folds as well (see also 4.2.1.), the hypothesis arises that its identity might

predate the divergence of these folds.
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Color code:
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c23
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Fragment: res. 1 - 88 Fragment: res. 1 - 88

Figure 13: Analysis of the fragment within RBP. (A) Cluster representation of the different fragments identified
using Fuzzle. In this case, Fragment No. 8 corresponds to the fragment shared with the flavodoxin-like fold. (B)
HHpred results taken from Fuzzle, with the sequence of the fragment corresponding to the first 88 residues of the
whole RBP sequence. (C) Cartoon representation of the structure of RBP (PDB: 2FN9) with the fragment highlighted
in green.

We can show that isolation of the fragment is not only possible but appears to yield a
relatively stable protein in solution, with spectroscopic data displaying behavior similar
to that of the parental full-length protein. Light scattering analysis also indicates the
protein is monomeric at low concentrations, with a concentration-dependent shift to a

possible dimer configuration at higher concentrations.

To get an idea of how this fragment might be adaptable to change, we used the
consensus sequence as an approximation of a more ancient-like sequence. While
ancestral sequence reconstruction could also have offered a way to analyze the
behavior of this fragment, the extensive sequence analysis to create a suitable
phylogenetic tree was out of scope for this study. However, since the profiles generated
during the HMM-search provide a multiple sequence alignment with stringent cut-offs,
they also provide suitable consensus sequences for the fragment. Utilizing this
approach, we created two fragment constructs. The consensus fragment (CFragment)

from the sequence considering all folds found in the HMM-analysis, and the consensus
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fragment with the consensus only built from sequences not of the same fold-class of

PBPs (cFragmentnorsp).

Both consensus fragments can be obtained from the soluble cell fraction upon
expression in E.coli, however only cFragment shows proper secondary-structure
formation. The results of light scattering analysis also indicate that while cFragment
can be found as a homodimer in solution over a wide range of concentrations,

cFragmentnorsp does not have any defined peak indicating a lack of globular structure.

While there are still many open questions about this fragment, the results clearly show
that it is not only possible to isolate the parts from the originating PBP, but also that it
forms a stable protein unit. The behavior of the fragment also closely resembles that
of the parental protein, indicating that it might form a comparable structure as well.
Additionally, changing the identity of this fragment by introducing mutations via a
consensus approach introduced some interesting behavioral changes in the
fragments. For the cFragment the secondary structure content still seems to be
comparable to that of the original fragment. However, it appears to form a stable dimer
in solution, while still retaining its secondary structure. It is impossible to tell whether
this is a random byproduct introduced by the changes in sequence, but it would be
interesting to investigate a possible relationship of whether this propensity to form
multimers might be an intrinsic property of fragments. Understanding the mechanisms
of this could help understand the origins of bigger proteins by accretion. If other
fragments share this property, it could partially explain the propagation of fragments in

fold space.

2.3. Further exploration of these concepts and their application in
protein design

While we can now reliably identify segments of proteins that are very likely to share an
evolutionary connection, we still lack the fundamental understanding of why we can
find these recurring elements. There exist several theories as to why these elements
T even when not directly incorporating any function i might have been successfully
reused within evolution. One such concept is that protein diversification simply started
with a very limited subset of structural archetypes, and through duplication, accretion,
diversification, mutation, and deletion in addition to the hundreds of millions of years of
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evolution led to the complexity we observe nowadays. Since this also implies that all
this stems from only a handful of amino acid sequences, it would follow that we are still
able to identify and describe these relationships today. As to why some of these
fragments do not appear to carry any function, a possible explanation that is often
brought up in this context is the existence of an RNA-based world**°. In this scenario,
the essential catalytic functions stem from an interacting ribozyme partner, with the
structural backbone being provided by a non-functional peptide. It is possible that the
fragments we observe today might be remnants of those architectural features, rather

than functional ones.

This however does not exclude the possibility of these fragments carrying any inherent
function. The process of fragment propagation in the early evolution of protein
structures could have happened both before and after the first catalytic functions
carried out by the proteins themselves. Functional residues could also have evolved
within any fragment already incorporated in the bigger context of a larger protein as

well, resulting in the various ligand binding observed in fragments found in Fuzzle 2.0.

Combining the structural uniqueness of the fragments, their proposed role in early
protein evolution and their functions in the context of their modern counterparts could
greatly help inform protein design in the future. Understanding what makes these
fragments especially attractive to be kept in a protein, even without any functional
benefit could help us understand what is important for overall protein fitness. As these
fragments might display interesting properties regarding scaffolding or general stability
of a protein, investigating their behavior could also result in principles that may be used

in protein engineering or design.

2.3.1. Paper V1 Connecting the fragments

An important aspect of investigating these evolutionary mechanisms is their
applicability to protein design. Understanding how the fragments work in the context of
the entire folding space of proteins can help us develop a mix-and-match approach to
function without the need for extensive de-novo design. Consequently, understanding
the underlying mechanisms of these evolutionary events also helps us in classifying
the modern fold space. To use this information of not only the origin of fragments, but
also their mechanisms of propagation can lead to new insights of how folds arose. This
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can also be applied to learn common principles in protein folding, for example whether

fragments can generally represent independent folding units.

To review the current state of the field of evolutionary informed protein design, this
work sets out to summarize the different aspects on the example of a single fold. The
fold that was chosen for this purpose is the TIM barrel, a symmetric barrel-shaped fold.
Similar to what has been shown with the PBP-like proteins, the TIM-barrel proteins are
thought to stem from a duplication event not unlike that proposed for the PBPs.

Starting with a comprehensive overview of evolutionary mechanisms, we highlight the
possible ways a protein must undergo, starting from small evolutionary units, their
diversification, and how we can apply knowledge of these processes for protein design
applications. By also highlighting other attempts to classify the subdomain fold space,
our own work with Fuzzle is set into perspective in an emerging field of protein structure
classification. Using this knowledge of the subdomain parts, we tried to retrace the
evolutionary history of the TIM barrel, focusing on its connection with other folds of
s i mi | @mateing) Pulting it into context of other publications, a way to identify several
possible steps in the evolution of TIM barrels is proposed. To highlight the
interconnectivity of evolutionary processes, their implications in protein structure and
stability as well as manipulation of the TIM barrel fold, an overview of the current state
of literature on both evolution and design of the fold is given. Additionally, application
of these past conclusions and the de-novo design of a protein with a TIM barrel

architecture is discussed.

To consolidate the aspects needed to be considered when trying to design or engineer
an existing protein, the four main aspects of evolution, folding, stability and function

are set in the context of this ubiquitous protein fold.
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using ribose-binding protein (RBP) as our model. We found that this modern PBP
can be deconstructed into its lobes, producing two proteins that represent possible
progenitor halves. The isolated halves of RBP are well folded and monomeric pro-
teins, albeit with a lower thermostability, and do not retain the original binding
function. However, the two entities readily form a heterodimer irn vitro and in-cell.
The x-ray structure of the heterodimer closely resembles the parental protein.
Moreover, the binding function is fully regained upon formation of the heterodi-
mer with a ligand affinity similar to that observed in the modern RBP. This high-
lights how a duplication event could have given rise to a stable and functional
PBP-like fold and provides insights into how more complex functional structures
can evolve from simpler molecular components.
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FIGURE 1
trajectory of modern PBP-type I proteins
and the derived constructs used in this
study. (a) Proposed steps that
reconstruct the evolution of modern
periplasmic-binding-protein (PBP) folds

Proposed evolutionary

from an ancestral protein adapting the
flavodoxin-like fold (adapted from
Fukami-Kobayashi et al., 1999). A
duplication and dimerization along with
swaps in secondary structure led to the
PBP type | formation of an ancestral dimer.

fold Subsequent fusion of the genes then led
to the emergence of an ancestral PBP-
like fold and further changes of
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secondary structure to that of the
I C modern PBP-like type I fold.
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(b) Schematic representation of the
profile-profile alignments for a
representative full-length PBP with the
flavodoxin-like-fold (FIx). (c) First-
generation constructs RBP (black),
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ancient protein fold (Clifton & Jackson, 2016; Felder
et al., 1999).

The PBP architecture consists of two opposing lobes,
with each lobe being built of a central, five-stranded par-
allel p-sheet with five a-helices flanking its sides. The two
lobes are connected via a hinge region, with the complex-
ity and number of crossovers dependent on the class of
PBP. This architecture also gives rise to the most com-
mon mechanism in which PBPs recognize and bind their
ligands (Berntsson et al., 2010; Chandravanshi
et al., 2021; Scheepers et al., 2016). This distinct mode of
binding that a majority of PBPs follow is a “venus

were analyzed in this work to recreate
the PBP-halves.

flytrap-like” mechanism and considered one of the
hallmark features of this protein class (Felder
et al., 1999). While in the unbound state, PBPs are in an
“open” form with a space created by the two lobes acces-
sible to surrounding solutes. Recognition and binding of
the ligand facilitates interaction between the two lobes,
leading to the eponymous hinge-bending motion which
results in the “closed” conformation with the cleft now
being tightly shut around the ligand, excluding the sol-
vent upon binding (Berntsson et al., 2010; Felder
et al, 1999). This common binding mechanism is
reflected in PBPs that bind similar molecules with very
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different selectivities and affinities at the same binding
site (Kréger, Shanmugaratnam, Ferruz, et al., 2021). For
these reasons, PBPs have been used in several engineer-
ing and design approaches, especially creating highly sen-
sitive biosensors and molecular switches (Dwyer &
Hellinga, 2004; Jeffery, 2011; Medintz &
Deschamps, 2006; Steffen et al., 2016), and designing new
binding properties (Banda-Vizquez et al., 2018; Kroger,
Shanmugaratnam, Scheib, et al, 2021; Scheib
et al., 2014).

Despite diversity in the sequences of different PBPs, a
shared common ancestry has been proposed a while ago
(Fukami-Kobayashi et al., 1999; Louie, 1993). Their struc-
tural features, similarities in binding mechanism, and
shared operon structure—with the PBP being on the
same operon as the associated signaling proteins
downstream—have long led to the theory that PBPs arose
via gene duplication of a progenitor protein and subse-
quent diversification. However, it is unclear in which
order these events might have occurred (Fukami-
Kobayashi et al., 1999). It has been previously suggested
that this common ancestor could have been a CheY-like
protein adopting a flavodoxin-like fold. Formation of an
ancestral dimer in combination with a gene duplication
and fusion event might have led to the typical bilobal
structure of the modern PBP (Figure 1a), an event that
has already been investigated for the evolution of other
protein folds (Alvarez-Carrefio et al., 2022; Farias-Rico
et al., 2014; Toledo-Patifio et al., 2019).

Although the sequences of modern PBPs have diversi-
fied from their evolutionary ancestors, the topology is
predominantly conserved. There are mainly two classes
of PBP, with a slight difference in the order of secondary
structural elements. It is thought that the second class
descends from already evolved class T PBPs even though
sequence similarity is not high between the two folds
{Fukami-Kobayashi et al., 1999). They are in fact classi-
fied as independent folds of either PBP-like I or PBP-like
IT in SCOP (Chandonia et al., 2019), as being of the same
topology level as flavedoxins (for type I) and an indepen-
dent homology group (for type II) in ECOD (Cheng
et al., 2015), and as two different superfamilies in CATH
(Sillitoe et al., 2021). The application of modern bioinfor-
matic resources has opened up new opportunities to
revigit some of these concepts of evolutionary relation-
ships, partially through emergence of tools to more effi-
ciently probe sequence space also in the sub-domain
regime of proteins (Alva et al, 2015; Farias-Rico
et al, 2014; Ferruz et al, 2020; Nepomnyachiy
et al., 2017).

In this work we combine the approach of a sequence
profile-profile comparison analysis using Hidden Markov
Models (HMMs) with a structural comparison of the two

B Sy WILEY- L2

lobes of the PBP-like fold type 1. Based on this analysis,
the emergence of the PBP-like fold via the duplication of
a flavodoxin-like ancestor can be revisited. To further
substantiate the claim, we biophysically and structurally
characterized truncated constructs of the ribose-binding
protein (RBP) from Thermotoga maritima that corre-
spond to the proposed duplicated progenitor halves. We
found that it is generally possible to obtain stable and
well folded monomeric proteins expressing only the indi-
vidual lobes of full-length RBP. The two independent
halves appear to readily form a heterodimer, while also
reconstituting the ribose-binding ability of the parental
protein, with affinities in the same order of magnitude.
These results suggest a plausible path for the evolution of
modern PBPs and increase our understanding of the evo-
lution of complex and multidomain proteins from smal-
ler molecular components.

2 | RESULTS AND DISCUSSION

2.1 | Disassembling a modern RBP into
likely progenitor halves

The proposed mechanism of a duplication event being
responsible for the architecture of PBPs mostly relies on
analysis of either the available structures of modern PBPs
(Louie, 1993; Berntsson et al., 2010), or comparison of the
sequences of PBP-like and flavodoxin-like proteins
(Fukami-Kobayashi et al., 1999). We wanted to investi-
gate whether the duplication of the flavodoxin-like pro-
genitor is not only theoretically feasible, but also
practically. To retrace the evolution of a PBP, we charac-
terized constructs based on the halves of an RBP
(Figure 1 and Table S1). This not only allows to probe the
plausibility of this mechanism in general, but also offers
an opportunity to investigate the individual impact of
each subdomain-part on the stability and function
of modern PBPs.

We chose the RBP of T. maritima for this purpose.
Not only does the thermophilic nature of this protein
offer a robust system, but also a previously reported
expression of a 21kDa truncated version (Cuneo
et al., 2008) made this an excellent candidate for a model
system. To generate an overview of possible intersections,
a multiple sequence alignment with RBP as input was
generated with HHpred (Figure S1). The results show not
only the alignment of other full-length PBPs on the query
sequence but also an alignment of the individual lobes.
The lobes align with a clear cut being observable between
residues 30-155 and 156-310 of the RBP (numbering con-
sistent with Uniprot entry Q9X053). To compare this
with the alignment of the proposed progenitor
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flavodoxin-like proteins, the same alignment was gener-
ated within the Fugzzle database (Ferruz et al., 2021),
which automatically excludes sequences of the same fold.
It shows that flavodoxin-like proteins align with both the
corresponding N- and C-terminal halves of the PBP
sequence (Ferruz et al., 2021). While alignment of
flavodoxin-like proteins with RBP seems to heavily favor
hits on the N-terminal half, some hits are also found with
the C-terminal half. A reason why less hits might be
observed on the C-terminal half of this modern RBP
could be a result of the duplication and a subsequent
decoupling of the sequences of the two halves, resulting
in increased divergence from the progenitor flavodoxin-
like protein, and thereby making it harder to identify.

While the existence of the earlier reported truncated
RBP variant could be an artifact of the expression in
Escherichia coli (Cuneo et al., 2008), it is also possible to
be a natural occurrence. A shortened version of a solute-
binding protein with a proposed biological function has
been reported previously (Bae et al., 2018). Although it is
unclear why these single-lobed proteins might exist, the
truncated RBP could also carry biological significance.
Thus, we chose to use the truncated protein that is
roughly the equivalent of the single-lobed half as a base
for the constructs used in this study.

For the first generation of constructs we took to the
lab, the sequence of the full-length RBP was disas-
sembled into the corresponding halves (Figure 1 and
Table S1). The site of dissection was determined by struc-
tural alignment of RBP in absence of ribose (PDB ID:
2FN9) to the top-scoring flavodoxin-like proteins in the
HHpred analysis, resulting in the constructs RBP-N
(amino acid 30-153 of RBP) and RBP-C (amino acid 157-291)
that contain a sequence identity and similarity to each
other of 16.8% and 25.6%, respectively. These constructs
were expressed and characterized using biochemical and
biophysical methods.

2.2 | RBP halves are well folded

Upon overexpression of the RBP halves in E. coli the pro-
tein RBP-N was found in the scluble fraction of the cell
extract while RBP-C was located in inclusion bodies.
Since full-length RBP also features a C-terminal decora-
tion common to modern PBPs which does not correspond
to any elements in the canonical flavodoxin-like architec-
ture, the additional elements (two p-strands that facilitate
another cross-over between the two lobes and extend the
central p-sheet of the two halves) had been removed in
RBP-C. This removal might be the reason why in contrast
to RBP-N, which expressed solubly, could be purified to
homogeneity, and remained stable at concentrations

above 15 mg mL ™', RBP-C only expressed insolubly. We
therefore decided to continue the investigation with the
truncated construct RBP-Trunc (residues 142-310)
instead (Figure 1c), which is related to the RBP-C half
and expressed solubly with similar stability to the
N-terminal construct RBP-N.

Both RBP-N and RBP-Trunc display far-UV CD spec-
tra with the signature a-helix minima at 208 and 222 nm
and moderated by the signal of the p-sheet at 218 nm,
both characteristic for o/p-proteins (Figure 2a) and com-
parable with the native full-length RBP. Comparison of
the intrinsic fluorescence (IF) also corroborates this
(Figure S2A), indicating that the constructs are well
folded since the intensity maximum suggests that the aro-
matic residues are buried from the solvent. In addition,
DSC endotherms show cooperative thermal-unfolding
transitions with melting temperatures and enthalpy
values close to full-length RBP (Table 1, Table S3, and
Figure 3), confirming the characteristics of well-folded
proteins (see next section for further details).

Further analysis with SEC-MALS (Figure 2b) con-
firmed the monomeric state of RPB and RBP-N. How-
ever, RBP-Trunc is in an equilibrium of mostly
monomeric species and homodimers, with higher oligo-
mers also being present (Table S2). These results indicate
that the RBP halves are well folded proteins and express
mainly as monomeric systems, similar to those observed
in another PBP, HisJ (Chu et al., 2013). To follow up on
this, we continued to study their properties in the pres-
ence of each other.

2.3 | RBP halves form a heterodimer
whose structure is identical to full-
length RBP

Since one of the steps proposed in the evolution of the mod-
ern PBP architecture involves an ancient dimer, we investi-
gated whether the obtained constructs had the ability to
reconstitute the full-length RBP fold. For this, the individu-
ally purified RBP-N and RBP-Trunc were mixed in an equi-
molar ratio and then analyzed. The far-UV CD spectra
(Figure 2a) show a significant change of the signal to the
individual constructs, with the signal of the mixed RBP-N/
RBP-Trunc resembling that of the full-length RBP. A simi-
lar behavior can be observed in the IF spectra (Figure S2A),
where the original characteristics of the full-length protein
are reconstituted when mixed in vitro, hinting at the forma-
tion of an RBP-N/RBP-Trunc heterodimer. Complex forma-
tion is supported by SEC-MALS analysis where only one
well-defined peak is displayed corresponding to the mass of
the RBN-N/RBP-Trunc dimer of heterodimers (Figure 2b
and Table S2).
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