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Abstract

Protein domains are structural and functional subunits of proteins. The recombination of
existing domains is a source of evolutionary innovation, as it can result in new protein features
and functions. Inspired by nature, protein engineering commonly uses domain recombination
in order to create artificial proteins with tailor-made properties. Customized control over
protein activity, for instance, can be achieved by harnessing switchable domains and
functionally linking them to effector domains. Many natural protein domains exhibit
conformational changes in response to exogenous triggers. The insertion of light-switchable
receptor domains into an effector protein of choice, for instance, allows the control of effector
activity with light. The resulting optogenetic proteins represent powerful tools for the
investigation of dynamic cellular processes with high precision in time and space. On top,
optogenetic proteins enable manifold biotechnological applications and they are even
considered potential candidates for future therapeutics.

In this study, we first focused on CRISPR-Cas9 genome editing and applied a domain insertion
strategy to genetically encoded inhibitors of the CRISPR nuclease from Neisseria meningitidis
(NmeCas9), which due to its small size and high DNA sequence-specificity is of great interest
for CRISPR genome editing applications. Fusing stabilizing domains to the NmeCas9 inhibitory
protein AcrlIC1 allowed us to boost its inhibitory effect, thereby yielding a potent gene editing
off-switch. Furthermore, the insertion of the light-responsive LOV2 domain from Avena sativa
into AcrlIC3, the most potent inhibitor of NmeCas9, enabled the optogenetic control of gene
editing via light-dependent NmeCas9 inhibition. Further investigation of the engineered
inhibitors revealed the potential these proteins could have with respect to safe-guarding of the
CRISPR technology by selectively reducing off-target editing.

The laborious optimization of the engineered CRISPR inhibitors necessary by the time
motivated us to more systematically investigate possibilities and constraints of protein
engineering by domain insertion using an unbiased insertion approach. Previously, single
protein domains were usually introduced only at a few rationally selected sites into target
proteins. Here, we inserted up to five structurally and functionally unrelated domains into
several different candidate effector proteins at all possible positions. The resulting libraries of
protein hybrids were screened for activity by fluorescence-activated cell sorting (FACS) and
subsequent next-generation sequencing (Flow-seq). Training machine learning models on the
resulting, comprehensive datasets allowed us to dissect parameters that affect domain
insertion tolerance and revealed that sequence conservation statistics are the most powerful
predictors for domain insertion success. Finally, extending our experimental Flow-seq pipeline
towards the screening of engineered, switchable effector variants yielded two potent
optogenetic derivatives of the E. coli transcription factor AraC. These novel hybrids will enable
the co-regulation of bacterial gene expression by light and chemicals.

Taken together, our study showcases the design of functionally diverse protein switches for the
control of gene editing and gene expression in mammalian cells and E. coli, respectively. In
addition, the generation of a large domain insertion datasets enabled - for the first time - the
unbiased investigation of domain insertion tolerance in several evolutionary unrelated
proteins. Our study showcases the manifold opportunities and remaining challenges behind
the engineering of proteins with new properties and functionalities by domain recombination.
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Zusammenfassung

Domanen sind die strukturellen und funktionalen Untereinheiten von Proteinen. Die
Rekombination bestehender Doméanen dient als Quelle evolutionarer Innovationen, die neue
Proteinfunktionen und -eigenschaften ermdglichen kann. Inspiriert von der Natur nutzt das
Protein Engineering haufig die Domanenrekombination, um kiinstliche Proteine mit
maBgeschneiderten Eigenschaften herzustellen. Die Kontrolle Uber Proteinaktivitat kann
beispielsweise erreicht werden, indem schaltbare Doméanen genutzt und funktionell mit
Effektordomanen  verknlpft werden. Viele natirliche Proteindomdnen  zeigen
Konformationsanderungen als Reaktion auf exogene Ausldser. Die Insertion licht-schaltbarer
Rezeptordomanen in ein beliebiges Effektorprotein ermdglicht beispielsweise die Kontrolle der
Effektoraktivitat mit Licht. Die resultierenden optogenetischen Proteine sind leistungsstarke
Werkzeuge zur Untersuchung dynamischer zelluldrer Prozesse mit hoher zeitlicher und
raumlicher Prazision. Darliber hinaus ermdglichen optogenetische Proteine vielfaltige
biotechnologische Anwendungen und gelten sogar als potenzielle Kandidaten fiir zukinftige
Therapeutika.

In dieser Studie konzentrierten wir uns zunachst auf Geneditierung mittels CRISPR-Cas9 und
wendeten eine Domaneninsertionsstrategie auf genetisch codierte Inhibitoren der CRISPR-
Cas9-Nuklease aus Neisseria meningitidis (NmeCas9) an. Diese Nuklease ist aufgrund ihrer
geringen GroBe und hohen DNA-Sequenzspezifitdt von groBem Interesse flir Anwendungen
der CRISPR-Genomeditierung. Durch die Fusion stabilisierender Doméanen mit dem NmeCas9
Inhibitorprotein AcrllC1 konnten wir dessen suppressive Wirkung verstarken und so einen
effektiven Ausschalter fiir die Geneditierung herstellen. Darliber hinaus ermdglichte die
Insertion der lichtempfindlichen LOV2-Domaéne von Avena sativa in AcrllC3, den wirksamsten
NmeCas9 Inhibitor, die optogenetische Kontrolle der Geneditierung durch lichtgesteuerte
NmeCas9-Hemmung. Weitere Untersuchungen der konstruierten Inhibitoren unterstrichen das
Potenzial, das diese Proteine in Bezug auf die Absicherung der CRISPR-Technologie haben
kdnnten, indem sie die Off-Target-Veranderung von DNA selektiv reduzieren.

Die muhsame Optimierung der konstruierten CRISPR-Inhibitoren, die zur damaligen Zeit
notwendig war, motivierte uns, Potenzial und Limitationen des Protein-Engineerings durch
Domaneninsertion unter Verwendung eines randomisierten Insertionsansatzes systematischer
zu untersuchen. Friher wurden einzelne Proteindomanen normalerweise nur an wenigen
bewusst ausgewahlten Stellen in Zielproteine eingefihrt. In dieser Studie dagegen, fligten wir
bis zu fiinf strukturell und funktionell nicht verwandte Doméanen an allen méglichen Positionen
in verschiedene Kandidatenproteine ein. Die resultierenden Bibliotheken von Proteinhybriden
wurden durch fluoreszenzaktivierte Zellsortierung (FACS) und anschlieBende Next-Generation-
Sequenzierung (Flow-seq) auf Aktivitat gescreent. Das Trainieren von Machine Learning
Modellen auf Grundlage der den resultierenden, umfassenden Datensatzen ermdglichte es uns,
Parameter zu analysieren, die sich auf die Insertionstoleranz der Proteine auswirken. Es zeigte
sich, dass Parameter der Sequenzkonservierung die besten Pradiktoren fir den Erfolg von
Domain-Insertionen sind. SchlieBlich fihrte die Erweiterung unserer experimentellen Flow-seq-
Pipeline fir das Screening von engineerten, schaltbaren Effektorvarianten zu zwei potenten
optogenetischen Versionen des E. coli-Transkriptionsfaktors AraC. Diese neuartigen Hybride
werden die Co-Regulierung der bakteriellen Genexpression durch Licht und Chemikalien
ermdglichen.
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Zusammenfassend zeigt unsere Studie das Design von funktionell unterschiedlichen
Proteinschaltern fiir die Kontrolle der Geneditierung und Genexpression in Saugetierzellen
bzw. E.  coli. Dariber hinaus ermdglichte die Erstellung eines grofen
Domaneninsertionsdatensatzes erstmals die unvoreingenommene Untersuchung der
Insertionstoleranz in mehreren evolutionar nicht verwandten Proteinen. Unsere Studie zeigt die
vielfaltigen Chancen und verbleibenden Herausforderungen hinter dem Engineering von
Proteinen mit neuen Eigenschaften und Funktionalitaten durch Doméanenrekombination.
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Introduction: Proteins — from sequence to function

1 Introduction

1.1 Proteins - from sequence to function

Proteins represent one of the major macromolecule classes in living systems and are arguably
the most versatile in nature. The variety of protein functions and properties is enormous. They
serve as structure giving elements in the cytoskeleton, as enzymes in the metabolism, as
regulators and actuators of practically all cellular processes ranging from cell cycle to cell
differentiation, as signaling molecules and many more. In fact, proteins are involved in all key
processes that make up the core foundations of life as we know it.

Proteins exhibit a modular architecture. They are composed of linear chains of covalently linked
amino acids. 20 different canonical amino acids serve as their building blocks. Every protein is
defined by a unique sequence of amino acids. The reason for the sheer endless diversity of
proteins lies in the three-dimensional structure of these chains. All major properties, such as

A hysical stability, catalytic activity or
LATTL prysiea Yo carayic acmiy
binding interfaces for the interaction with
ERIEK other molecules are the consequence of
NFVID a protein’s specific structure. In 1973,

Sequence Stucture Function Christian Anfinsen postulated that each
amino acid sequence possesses a single
optimal fold defined by a minimum of
free energy (Anfinsen, 1973). In other
words: the three-dimensional structure of
a protein is determined by its amino acid
sequence (Fig. 1.1A). Over the last
decades said dogma has been revised as
it is well known today that proteins or
parts of proteins can be disordered
(Dyson & Wright, 2005). Moreover, even

ordered structures often adopt various
Figure 1.1: Proteins - from sequence over structure to

function. (A) Sequence, structure and function of a protein conformations (Motlagh et al, 201.4)‘
are mutually dependent. (B) Schematic of the protein ~Nonetheless, the fact that proteins

folding energy landscape. mostly exist in one or few three-

dimensional conformations, which are

determined by the primary amino acid sequence, still holds true. These profound assumptions
are the very basis of many protein engineering strategies that | am going to describe later.

The points discussed above result in an inter-dependence between the primary sequence of a

protein, its structure and its function (Fig. 1.1A). It is thus no surprise, that the investigation of
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protein function is always concerned with questions regarding sequence and structure. Basic
research aiming to elucidate the role existing proteins play in nature and biotechnology, which
envisions the design of new protein functions, are very similar in this regard.

The key challenge in protein science can be illustrated by two numbers games: Considering a
small protein of 100 amino acids, in which the peptide bond connections between them had
only two degrees of freedom, the number of possible protein conformations would be 2%°. Even
if different three-dimensional folds could be sampled at a speed of 10" conformations per
second, the exploration of all possible conformations would take 100 million years. This
problem, known as Levinthal's paradox (Levinthal, 1969), exemplifies that efficient protein
folding must necessarily follow certain principles. Diverse theories on how proteins can adapt
a stable structure within seconds in vitro have been discussed over the decades. These include
the assumption that protein folding energy landscapes are funnel-shaped, i.e. they possess few
relative energy minima corresponding to stable conformations with steep surroundings (Fig.
1.1B) (Ivankov & Finkelstein, 2020; Dill & MacCallum, 2012). From a practical perspective, the
numbers impressively demonstrate the complexity of the folding problem and why the in silico
prediction of protein structures is so challenging. Indeed, structure prediction algorithms only
recently became powerful enough to be of practical use for the broader research community
(AlQuraishi, 2019; Jumper et al, 2021) (see section 1.2.1.1.1).

The second example is not about the complexity of individual proteins, but considers protein
sequence diversity as a whole. Assuming an average protein size of ~470 amino acids (AA) in
eukaryotes (Tiessen et al, 2012) and 20 naturally occurring amino acid building blocks, the
number of possible unique protein sequences, 20*’, is incredibly vast. This number gives an
impression of the size of the protein sequence space, through which evolution navigates. At
the same time, it leads to the main challenge behind every protein engineering approach, as it
is impossible to systematically explore all sequences that could result in a desired structure and
hence function. Thereby, the need for sophisticated strategies to generate proteins with new
functionality becomes evident.

Taken together, the complexity of sequence-structure-function relationships in combination
with the immense size of the protein sequence space are the reasons for our limited
understanding of the protein world in general and the resulting challenges for protein
engineering in particular.

1.1.1 Protein domains in natural proteins

The last section illustrated the enormous number of possible protein sequences. From a
structural point of view, however, it is well-known that the number of unique folds found in
natural proteins is surprisingly small (Ponting & Russell, 2002). Many proteins share similar
structures or at least parts that are structurally related. In this context, the term “protein
domain” becomes important (Baron et al, 1991). Protein domains describe families of similar
amino acid sequences or structures that can be considered individual compact units. A protein
can be composed of a single or several domains. The definition of such domains can be derived
from sequence conservation, structural or functional similarity and even a combination thereof
(Ponting & Russell, 2002). In the context of this thesis, | will look at domains mainly from a
structural perspective, as protein structures are often more conserved than sequences (Glantz
et al, 2016).
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Although many single-domain proteins exist the majority of proteins consists of two or several
domains (Apic et al, 2001). Interestingly, the same domains appear over and over again in
nature (Ponting & Russell, 2002). Evolutionary processes can explain this phenomenon. It is for
example well established that domain boundaries often correlate with the location of introns
(Marsh & Teichmann, 2010). In the same line, the recombination or shuffling of domains was
shown to be a driver of protein evolution that can give rise to proteins with new functionality
(Peisajovich et al, 2010; Jin et al, 2009; Apic & Russell, 2010; Vogel et al, 2004). Contrary to the
propagation from a common ancestor, convergent evolution towards specific folds was shown
to contribute to the reoccurrence of domains in nature as well (Alva et al, 2010). Furthermore,
not only protein domains are conserved, but also their combination, meaning that certain folds
tend to appear in specific combinations. This feature has been referred to as “domain clubs”
(Jin et al, 2009). On the contrary, very promiscuous domains, that are found in combination
with a variety of other domains in natural proteins, are less common (Apic et al, 2001).
Despite these observations, the number of different domains that have been identified appears
to be rather small, in relation the quantity known, as well as theoretically possible protein
sequences. From an evolutionary perspective one could argue that the protein folding space
has simply not been fully explored by nature. This theory is supported by the fact that proteins
with new stable folds not found in nature can be artificially designed (Harbury et al, 1998;
Kuhlman et al, 2003). The observation that many amino acid sequences are not able to fold
into functional conformations and thus unlikely to exist in nature, adds another aspect
(Finkelstein et al, 1993).

Taken together the abundance of natural proteins is, in fact, based on a limited pool of existing
components. From a protein engineering perspective, the artificial recombination of natural
protein domains represents an appealing strategy.

1.2 Protein engineering

Due to their broad application spectrum, engineered proteins play a pivotal role in the life
sciences. Use case for engineered proteins range from the study of cellular processes in basic
research, over biosensors for diverse molecule types in diagnostics towards medical
applications such as chimeric antigen receptors in cancer therapy. The corresponding protein
engineering goals and approaches are equally diverse. Proteins can be modified to tune their
inherent properties, such as temperature stability or overall efficiency (Lovelock et al, 2022).
Moreover, parameters, such as substrate specificity can be altered via protein engineering with
the aim to create new protein functions (Kan et al, 2016; Lovelock et al, 2022). Fusion proteins
link certain features of different proteins in time and space (Yu et al, 2015). Other approaches,
in turn, aim at gaining control over the activity of a protein via exogenous stimuli (Mathony &
Niopek, 2021; Herde et al, 2020). Even examples of entirely new proteins with defined functions
designed from scratch have been reported (Hsia et al, 2016; Langan et al, 2019; Chen et al,
2020).

The following sections do not attempt to comprehensively cover this vast research area.
Instead, | will give an overview of selected protein engineering methods, focusing on the main
concepts and their strengths and weaknesses. | will further highlight aspects with particular
relevance to this thesis.
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1.2.1 Protein engineering approaches

In general, protein engineering is often based on heuristics informed by experimental results.
More specifically, the functional and/or structural characterization of proteins provides
information that can guide the engineering of proteins. Knowledge about active sites and other
functionally important residues or structure elements give hints at which parts of a protein are
suited for modifications and which ones should be left untouched. Engineering of the substrate
specificity of enzymes, for instance, necessarily requires mutations at the substrate-binding
pocket (Lovelock et al, 2022). If the stability of a protein should be optimized, in contrast, the
active site will most likely not be the focus. Given the complexity of the protein engineering
problem, prior experimental knowledge is often insufficient and trial and error approaches can
be a very tedious procedure and may yield only suboptimal outcomes. Researchers have
therefore developed a plethora of experimental and computational methods to more
efficiently guide protein engineering efforts.

1.2.1.1  Computational approaches

Computationally-guided protein engineering aims at predicting promising protein variants in
silico, which is then followed by testing and validation of lead candidates in the lab. To this end,
mutations are computationally sampled and scored with respect to the desired protein
property. The arguably most widely applied framework for this purpose is the Rosetta modeling
suite (Rohl et al, 2004b). Originally developed by the group of David Baker, Rosetta has been
improved and expanded over the years by many labs around the world (Das & Baker, 2008;
Leman et al, 2020). Rosetta was initially developed for in silico protein structure prediction, but
soon turned into a powerful tool for various kinds of protein engineering approaches. Its core
feature is an energy function that scores putative protein conformations. This function captures
a number of physical requirements of protein folding. Non-polar residues, for instance, must
be buried within the protein core (Das & Baker, 2008). Van der Waals interactions and hydrogen
bonds are further taken into account (Leman et al, 2020). Applying this function, Rosetta
searches for conformations with local energy minima followed by optimization towards the
absolute energy minimum (Das & Baker, 2008). Empirically informed strategies, in turn, are
employed with respect to torsion angles and rotamers of amino acids. This procedure
represents the basis for a plethora of protocols specific to different protein engineering goals,
including the modeling of loops (Rohl et al, 2004a; Chivian & Baker, 2006), binding interface
design (Barlow et al, 2018; Sevy et al, 2019; Shui et al, 2021) as well as the modeling of protein
complexes (André et al, 2007; Courbet et al, 2022).

While Rosetta might well-represent the most comprehensive structure modeling environment,
a large number of alternative stand-alone tools exist, including software packages for
molecular dynamics (Brooks et al, 2009; Van Der Spoel et al, 2005) or tools for specific protein
engineering tasks (Bienert et al, 2017; Tubert-Brohman et al, 2013; Trott & Olson, 2010).
Moreover, the recent emergence of machine learning models trained on enormous amounts
of protein data improves protein structure prediction and engineering at an astounding pace.
The next section gives a brief overview of current structure prediction approaches relevant for
this study.
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1.2.1.1.1 Protein structure prediction with AlphaFold2 and related approaches

Protein structure prediction is often considered as one of the major unsolved questions in
biology. The Critical Assessment of Techniques for Protein Structure Prediction (CASP), a
community-driven recurring evaluation of the best structure prediction approaches has
documented the persisting challenges in the research field over the last decades (Moult et al,
1995; Kryshtafovych et al, 2021). Recent advances in the area of machine learning (ML) gave
rise to a rapid increase in prediction performance (Kryshtafovych et al, 2021). Importantly, ML
models are not based on physics-inspired energy functions, but use neural networks, which are
trained on structure and sequence information, obtained from publicly accessible protein
repositories, such as UniProt (www.uniprot.org) (The UniProt Consortium, 2021) and the Protein
Data Bank (PDB) (www.rcsb.org) (Berman et al, 2000). Various neural network architectures,
such as graph neural networks (Ingraham et al, 2019), long short-term memory (LSTM)
networks (AlQuraishi, 2019) and convolutional neural networks (Senior et al, 2020) have been
explored and employed for structure prediction. Recently, a major leap in performance was
achieved by DeepMind with the release of the AlphaFold2 (AF2) model (Jumper et al, 2021).
Inspired by this work, the Baker lab constructed a similar network called RoseTTAfold with only
slightly weaker performance, shortly thereafter (Baek et al, 2021). Both models build on the
transformer architecture, which is based on a mechanism termed “self-attention”, a concept
well suited to represent long-range interactions within sequential data (Vaswani, 2017). This
type of neural network was originally developed in the field of natural language processing
(Vaswani, 2017; Devlin et al, 2019). Due to their general ability to efficiently learn sequence
representations, transformers have since been widely adopted for the learning of biological
information on the basis of DNA or Protein sequence data (Vig et al, 2020; Clauwaert &
Waegeman, 2020).

AF2 and RoseTTAfold predict protein structures based on an input amino acid sequence. This
input is used to construct multiple sequence alignments (MSAs) of homologues proteins,
fetched from public databases. The MSA, in fact, is the key source of information used by AF2.
In addition, structural templates are identified and harnessed by the network. As a
consequence, the quality of the prediction depends to some degree on the availability of
related sequences to generate meaningful MSAs, as well as structural templates. Of note,
shortly after the release of AF2, alternative models with improved performance on single-
sequence inputs (without MSA), reduced compute time and higher memory efficiency have
been reported (Chowdhury et al, 2022; Ahdritz et al, 2022).

Given the large margin by which AF2 outperformed competing models in the CASP14
evaluation (Kryshtafovych et al, 2021), it became rapidly praised as one of the most
transformative breakthroughs in biology in recent years (Callaway, 2022). As a note of caution,
however, one must consider that the exceptional performance of AF2 is at least in parts limited
to smaller more compact proteins, while the structures of large multi-domain proteins remain
challenging to be precisely predicted (Jumper et al, 2021; Akdel et al, 2022). A vivid discussion
has emerged with respect to the impact AF2 is going to have on the diverse research fields
that rely on protein structure information (Diwan et al, 2021; Subramaniam & Kleywegt, 2022;
Tong et al, 2021). It is highly debated, for instance, to which extend AF2 can be harnessed to
explore the conformational diversity of proteins. It is further questionable, if AF2 is capable of
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predicting the structural impact of small sequence changes that are induced by genetic
variation or artificial mutagenesis (Diwan et al, 2021).

A number of recently published and ongoing investigations aim at answering these questions.
Early studies came to the conclusion that AF2 would not be powerful enough to predict the
structural effects of single point mutations (Diwan et al, 2021; Buel & Walters, 2022; Pak et al,
2021). The situation looks more promising though with respect to the modeling of
conformational ensembles (del Alamo et al, 2022; Saldaio et al, 2022). Another aspect that
gained increasing attention is the predicted local distance difference test (pLDDT) score, an
AF2 internal measure of the position-wise quality of a structure model. This score was shown
to be suited as an indicator for intrinsically disordered regions (Akdel et al, 2022; Wilson et al,
2022). Finally, first attempts to exploit AF2 for the design of new proteins have already been
published (Jendrusch, 2021; Goverde et al, 2022). It remains to be seen, however, how widely
these frameworks can be applied.

Taken together, the recent developments in protein structure prediction fuel new approaches
within the protein engineering field. The exploration of AF2 and related models with respect
to protein design has just begun.

1.2.1.2 Directed evolution

Computational modeling intends to predict promising mutations, so that only a limited number
of candidates must be tested in the laboratory. Directed evolution follows a different, but
complementary path. It aims at exploiting the principles of Darwinian evolution by selecting
the best protein variants from a large pool of candidates. The two central steps of directed
evolution are (i) the generation of a variant library, derived from a parent protein of choice and
(i) the subsequent selection of best performing variants. This procedure can be iteratively
repeated. Various protocols describing different experimental procedures with diverse
strengths and weaknesses have been developed over the decades. Overall, the concept has
proven to be highly powerful and was recognized with a Nobel prize in 2018 awarded to the
pioneers in the field, Frances Arnold, George P. Smith and Gregory Winter.

Traditional methods frequently used for the generation of sequence libraries are error-prone
PCR (Chusacultanachai & Yuthavong, 2004) and DNA shuffling (Stemmer, 1994). An alternative
that has become increasingly attractive due to more affordable DNA synthesis, is
oligonucleotide-based saturation mutagenesis (Miyazaki & Arnold, 1999). It further allows the
precise determination of regions or even individual codons that will be mutated. In vivo
mutagenesis represents another well-established option, enabled by DNA propagation in
mutator strains (Greener et al, 1997; Badran & Liu, 2015), although it comes at the cost of
limited control over the mutated regions. The recent past has witnessed an increase in
complexity with respect to the types of mutations that can be introduced into a coding DNA
sequence. The deletion or insertion of several amino acids can nowadays easily be generated
in bulk (Coyote-maestas et al, 2019; Guntas & Ostermeier, 2004; Macdonald et al, 2022). A
global challenge with respect to directed evolution is the overall library complexity i.e., the
number of different variants that can be created and screened. In order to effectively evolve or
adapt a desired trait, introducing multiple mutations is often necessary, in particular when
epistatic effects are considered (Bloom & Arnold, 2009; Voskarides, 2021). The size of
comprehensive mutant libraries, however, increases exponentially when combinations of two
or even more mutations should be covered. Although the cloning of libraries including millions

6



Introduction: Protein engineering

of candidates is nowadays feasible, the required complexity can still represent a crucial
bottleneck for directed evolution experiments.

In this context, the screening method is of equal importance as the generation of complex
libraries. While variants can certainly be individually characterized, this would drastically limit
the throughput to a few dozens to several hundred candidates. In most cases, it is thus
necessary to screen libraries in bulk, by establishing a robust genotype-phenotype linkage and
then selecting lead candidates in high throughput. One of the first strategies to do so was
phage display which enabled the evolution of protein interactions (McCafferty et al, 1990;
Smith, 1985). Here, the fusion of a candidate library to a bacteriophage capsid protein is
encoded within a phage genome. Recombinant phages that present the fusion protein on their
surface and carry the corresponding coding sequence within their genome are exposed to a
surface, coated with a binding partner for the protein of choice. Only proteins that can
effectively bind to the partner stick to the surface, while non-functional variants can be washed
off. Phages carrying the functional protein candidates are later eluted from the surface, so that
the lead candidates can be recovered and sequenced.

Many alternative strategies use in vivo selection by expression of the library in a host organism,
often Escherichia coli (E. coli). To this end, the activity of the candidates from the library must
be coupled to the expression of a fluorescent reporter so that functional variants can be
enriched via FACS (Zhao & Arnold, 1997). Alternatively, enrichments can be achieved by linking
the phenotype of the candidate to cell survival. Important prerequisites for these procedures
are monoclonality, i.e. the fact that every cell expresses only one variant, and a sufficient
correlation between candidate protein activity and reporter expression.

A second, more recent development in the directed evolution field are continuous in vivo
systems, comprehensively reviewed by Morrison et al. (Morrison et al, 2020). The idea behind
continuous directed evolution is to combine the diversification via mutations and the selection
of lead candidates within a single continuous process in living cells. Prominent examples are
phage-assisted continuous evolution (PACE) (Esvelt et al, 2011) and OrthoRep (Ravikumar et
al, 2018). Here, the propagation of phages (PACE) or yeast cells (OrthoRep) is coupled to the
fitness of the protein variant they express. At the same time, the coding sequence of the protein
to be evolved is continuously mutated inside the host itself, resulting in new variants with each
generation of phages or cells. Such experiments can be performed in continuously growing
cultures for days or even weeks, e.g. using chemostats (Esvelt et al, 2011). The big advantage
of these methods is the enormous number of different variants that can be screened in parallel
within a relatively small culture volume. The laborious generation of libraries, in contrast, is not
required. In addition, due to the continuous character of the evolution, the currently best
variants are permanently optimized, resulting in an automated iterative evolution process.
Finally, directed evolution has been interfaced with machine learning models in several
instances over the past years (Alley et al, 2019; Romero et al, 2013; Yang et al, 2019; Bedbrook
et al, 2019). The idea behind this concept is to use a limited number of experimentally screened
candidates to train models that are then able to predict new, improved protein variants.
Coming back to the functional effects of mutations acquired during directed evolution
experiments, it can be assumed that 30-50 % of random mutations impair protein function,
while 50-70 % are neutral. Only a very small fraction, 0.01-0.5 %, are expected to be beneficial
(Bloom & Arnold, 2009). The surprisingly large proportion of point mutations that do not result
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in substantial effects on protein fitness, motivated the appreciation of genetic drift as an
important contribution to evolution (Kimura, 1968). That means, depending on the sequence
context, seemingly neutral mutations might become decisive for protein function due to
epistatic coupling, for instance, if additional amino acid are changed later on (Davis et al, 2009).
This observation underscores the need for large and complex libraries, as the effect of
combinations of mutations can hardly be predicted from the individual amino acid changes.
Practically, the situation is further complicated by the fact that experimental setups for directed
evolution often select for only a certain feature. Assuming the optimization of enzyme activity
as the goal of a directed evolution experiment, the performance of the candidate variants is
usually measured by the amount of substrate they convert per time period. Unfortunately, such
assays will most likely ignore deleterious effects on other protein properties, such as stability,
as long as the defect is not substantial enough to be reflected by the respective protein activity.
How exactly the factors described above for point mutations translate to other types of
mutations, such as insertions or deletions, has never been systematically investigated. Recent
studies probed the systematic insertion or deletion of few amino acids in membrane channels
and Cas9. The results gave hints that proteins often tolerate short insertions as well as deletions
at diverse sites (Shams et al, 2021; Macdonald et al, 2022). The datasets are, however, too small
for a general interpretation regarding the functional effects insertions can evoke in directed
evolution experiments.

1.3 Protein switches

1.3.1 Controlling protein activity

In the last section, | introduced protein engineering methods without going into the details of
a certain application field. In the following, | will focus on the engineering on switchable
proteins in particular. In the context of this study, | use the term “switchable protein” to describe
proteins, the activity of which can be turned on/off or be modulated by an exogenous trigger.
Exogenous triggers refer to signals such as light or small molecules. On the contrary, the many
endogenous processes that involve changes in protein activity are reviewed elsewhere (Lee &
Yaffe, 2016; Gebauer & Hentze, 2004) and not further considered here.

The application spectrum of switchable proteins is diverse. They can be employed, for instance,
as biosensors the context diagnostics or to detect contaminants (Jayanthi et al, 2017; Mansouri
et al, 2019). Protein switches are also frequently used in basic research to control and dissect
the function of molecular pathways (Toettcher et al, 2013; Wilson et al, 2017). Similarly, their
application in biotechnology enables the user-defined regulation of metabolic processes
(Morgan et al, 2016; McCarty & Ledesma-Amaro, 2018). In a medical context, protein switches
can in principal be harnessed to restrict the activity of protein drugs in time or space (Mathony
et al, 2020b; Ye & Fussenegger, 2019). Mechanistically, the activity of proteins can be controlled
opto- or chemogenetically in many ways. Here, | will mainly focus on optogenetic examples,
since this category is most relevant in the context of my Ph.D. work.

The technically easiest way to regulate the activity of a protein species within a cell is to control
its expression. A plethora of tools exist, to induce the expression of a protein of interest in a
controlled manner (de Mena et al, 2018). The particular advantage of this strategy is the plug-
and-play fashion by which the controlled DNA sequence encoding a protein of choice can be
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Figure 1.2: Possibilities to control genes and proteins optogenetically. Schematic of the various ways how
genes and proteins can be optogenetically controlled. These include the light-dependent actuation of gene
editing, transcription activation and repression, as well as the optogenetic regulation of protein activity,
localization and stability. mMRNA stability and translation, in turn are more often regulated via photo-cleavable
RNA-modifications (Klocker et al, 2022; Zhang et al, 2020). GOI, gene of interest.

exchanged. In section 1.4.1, | am going to describe the design of optogenetic transcription
factors for bacteria in greater detail. Similar to its expression, the stability of a protein also
affects its abundance and hence the resulting activity. To this end, optogenetically controlled
degradation tags have been developed, which can be added as terminal fusions to a protein
of choice (Bonger et al, 2014; Renicke et al, 2013). Collectively, these tools have in common
that they regulate protein activity indirectly via control of its cellular abundance (Fig. 1.2). While
this strategy might be well-suited for many use cases, it has also several drawbacks. The key
issue is that only the abundance of a permanently active protein is regulated. The speed at
which protein levels within a cell change are, however, determined by several factors, including
transcription and translation rates, as well as protein stability. It is hardly possible to
optogenetically control all these factors at once, resulting in limitations with respect to the
speed at which the levels of a specific protein can be changed. A related technique enables the
programmed import and export into or from the nucleus (Niopek et al, 2016, 2014). These and
related methods were shown to respond rapidly to the light stimulus (Wang et al, 2016),
rendering them an efficient option, if re-localization of the active protein is the desired mode
of control.

The control over the actual activity of a pre-existing protein would, in contrast to all
aforementioned strategies, enable immediate response to a trigger independent of expression
levels or localization. As illustrated by the above points, this direct control of protein activity
can be advantageous. It can be achieved by engineering of the target proteins themselves. The
following sections describe methods for the direct optogenetic regulation of proteins.
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1.3.2 Split proteins versus single-chain switches

The strategies to design switchable proteins can be roughly divided into two categories: split-
proteins and single-chain approaches (Ostermeier, 2009). As the name already implies, split-
protein switches are created by splitting the protein of choice into parts that are inactive on
their own. Enabling the inducible reconstitution of the two parts allows to control the protein’s
activity (Shekhawat & Ghosh, 2011). Said reconstitution is usually mediated by fusion to
additional protein domains that dimerize upon induction by light or a chemical trigger. Single-
chain switches, in contrast, are engineered by the fusion of a protein of choice to a domain
that affects its activity via structural rearrangements in an inducible fashion (Fig. 1.3) (Stratton
& Loh, 2011).

Light-inducible

demain Light-induced
Active + — S activity switch
o °
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®e o®
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inducible Chemically-induced
domain activity switch

Domain insertion

Figure 1.3: Controlling protein activity by domain insertion. Proteins can be controlled
optogenetically or chemogenetically upon domain insertion. Light- or chemically inducible
domains are inserted into a protein of choice in order to affect its conformation and activity
upon induction. If the protein of choice is activated or deactivated by induction depends on
specific structural adaptions of the insert domain in response to the trigger.

An efficient split-protein switch has to satisfy several requirements. Most importantly, suitable
split-sites must be identified, meaning the division into parts that do not automatically
reassemble into the original fold, when expressed individually. High rates of auto-
reconstitution would lead to undesired background activity in the off-state. At the same time,
the reassembly of a functional unit must still be possible when the two parts are brought into
proximity by the induced dimerization. Moreover, a plethora dimerization domains exist,
including dimerization mechanisms that are controlled by small molecules or light and can be
employed to control the reassembly of the split-protein (Dagliyan et al, 2018; Guntas et al,
2015; Strickland et al, 2012; Jo et al, 2019; Rihtar et al, 2022; Shekhawat & Ghosh, 2011).
Furthermore, examples of domain pairs enabling inducible dissociation have been reported
(Wang et al, 2016). Generally, homo- and hetero-dimerizing domains are known. With respect
to split proteins, hetero-dimers consisting of two different domains that bind to each other are
often preferred (Shekhawat & Ghosh, 2011) as the dimerization of two copies of the same
protein part can be prevented that way. Homo-dimerization systems are more frequently used
if identical subunits are to be assembled (Romano et al, 2021; Wang et al, 2012).

In the context of this study, focus lies on single-chain protein switches. The core principle of
these systems is a trigger-dependent conformational change, which brings the protein from
an inactive conformation into an active state and vice versa (Fig. 1,3). This can be achieved with
10
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help of protein domains that change their conformation in response to an input signal. Before
the details of these switches are reviewed in the next section, it is important to consider the
similarities and differences between single-chain and split-protein methods.

Split-protein systems are by definition more complex in several regards. Both protein parts
have to be expressed individually, meaning that either two expression cassettes are necessary
or both components have to be transcribed from a single promoter. The latter architecture
requires the separation of the two parts via internal ribosomal entry sites (Pelletier &
Sonenberg, 1988; Jang et al, 1988), 2A peptides (Luke et al, 2008) or bicistronic organization in
bacteria. Here, it is important to ensure that the translation of a single full-length protein, e.g.
via translation read-through, is prohibited. Furthermore, the dimerization of the split-parts
partially depends on diffusion of both components within the cell, which could result in an
activation delay, depending on the expression levels. Also, a complete activation of the
expressed proteins cannot be reached, as it is unlikely that all parts present in a cell dimerize.
These factors are irrelevant in the case of single-chain switches.

Considering the dynamic range of both approaches, the key difference lies in their mechanism
of action. The activity of split proteins depends on the affinity of the dimerization domains. In
addition, it relies on the reconstitution efficiency of the split parts. These factors define how
“leaky” the system is, meaning to what degree the dimerization domains are able associate
even in absence of the trigger and if the split-halves could re-assemble to some degree
independent of the dimerization domains. The performance of single-chain protein switches,
however, relies on biophysical restrictions and the forces driving the underlying conformational
change. Here, the energy differences of the two conformational states (+/- stimulus) of the
switchable domain, as well as the nature of this conformational change, are critical factors.
Conformational changes usually underly equilibrium changes of structural ensembles (Yao et
al, 2008; Motlagh et al, 2014). Consequently, not all molecules will exhibit the preferred
conformation, resulting in some degree of natural leakiness in the system (Yao et al, 2008;
Motlagh et al, 2014). In addition, the conformational regulation of protein activity can also be
a question of the force a switchable domain can impose on the effector protein it is fused to
(Dagliyan et al, 2016). In summary, the two strategies have different strengths and weaknesses
that determine the performance of the resulting protein switches.

1.3.3 Engineering single-chain protein switches by domain insertion

The fact that the artificial insertion of additional amino acids into a natural protein is often
possible without a loss of function is already known since the late 1980s (Starzyk et al, 1989;
Freimuth et al, 1990; Ladant et al, 1992). Although the potential of insertional mutagenesis to
alter protein activity was recognized early on (Shortle & Sondek, 1995), the effects reported in
these studies mostly related to permanent changes in protein stability (Ladant et al, 1992). In
1997, the first successful insertion of larger random peptides (120-130 AA) into RNase H was
described. In the same year the green fluorescent protein (GFP) was the first folded domain
inserted into another protein with the aim to engineer a biosensor (Siegel & Isacoff, 1997).
Siegel et al. inserted GFP into a potassium channel, achieving a voltage-dependent change in
fluorescence of about ~5 %. Shortly thereafter, in 1998, a first domain insertion screen was
performed, by random introduction of GFP into a cAMP-dependent protein kinase (Biondi et
al, 1998). Several insertions with preserved kinase activity were thereby identified. Taking the
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opposite route, Geoffrey et al. inserted ion-binding domains into GFP, which enabled the
authors to create metal ion-specific biosensors (Baird et al, 1999). The same approach was used
by Doi et al., who inserted a TEM1 B-lactamase into GFP (Doi & Yanagawa, 1999). To achieve
measurable changes of fluorescence upon ligand binding, the scientists randomly mutated the
fusion protein, followed by selection of variants with the desired properties. At this time, it was
already assumed, that the structural changes of the ligand-binding domain (LBD) are
allosterically linked to the GFP conformation, thus causing the observed change in fluorescence
(Doi & Yanagawa, 1999). Functional examples of this kind were also taken as evidence that the
proper folding of proteins does not require sequentially continuous domains (Collinet et al,
2000). Another study showed that different combinations of the same two domains can result
in switches with different directionality, meaning an activation of fluorescence either in
presence or absence of the ligand (Nagai et al, 2001). The dynamic range of this early
generation of biosensors was often very limited. Nakai et al. were among the first to address
this problem (Nakai et al, 2001). They created Ca**- sensors with improved signal-to-noise ratio
by using enhanced GFP as effector domain, which exhibits brighter light emission as compared
to related fluorescent proteins (Yang et al, 1996).

Over the years a plethora of allosteric protein switches have been developed (Skretas & Wood,
2005; Teasley Hamorsky et al, 2008; Ghanbarpour et al, 2019; Feil et al, 1997). The arguably
most extensively studied and used class are biosensors based on luciferases (Fan et al, 2008;
Taneoka et al, 2009) or fluorescent proteins (Siegel & Isacoff, 1997; Tallini et al, 2006; Akerboom
et al, 2012). However, the application of protein switches is not limited to fluorescent and
luminescent sensors. The group of Klaus Hahn has demonstrated the control of cell motility via
optogenetically and chemogenetically triggered kinases (Dagliyan et al, 2016; Karginov et al,
2010; Chu et al, 2014; Dagliyan et al, 2013). Among others, they further showed that it is not
only possible to insert single domains into proteins, but also tandems of linker-connected
dimerization domains. This concept is exemplified by the rapamycin-dependent FKBP/FRB
(FK506-binding protein; FKBP12-rapamycin binding protein) pair (Dagliyan et al, 2016) and the
blue light-dependent homo-dimerizing vivid (VVD) domain (Shaaya et al, 2020) which were
employed in potent single-chain protein switches. To this end, the domain pairs were
connected via an amino acid linker and then inserted at the site of choice. The
association/dissociation reactions of these domain pairs could then mediate the activity switch.
Instead of the domain insertion at a single site, another architecture based on dimerization was
used by Dueber et al. (Dueber et al, 2003). A PDZ domain and its cognate peptide-ligand were
fused to either terminus of the neuronal Wiskott-Aldrich syndrome protein (N-WASP),
respectively. The dimerization of these terminally linked domains sterically blocked the N-
WASP induced increase of actin polymerization. In case a second separate ligand with higher
affinity to the PDZ domain was provided, the interaction between N- and C-terminus of the
fusion protein was revoked, resulting in the activation of N-WASP (Dueber et al, 2003). Similarly,
the dimerizing fluorescent proteins pdDronpa were used to control the activity of kinases (Zhou
et al, 2017a) or Cas9 nucleases (Zhou et al, 2017b).

In some cases, the simple terminal fusion of a switchable domain that sterically blocks
important active sites can already be sufficient. The conformational change of the fused
domain is then supposed to release the steric inhibition. This approach was nicely exemplified
by Wu et al., who created a blue-light controlled Rac1 GTPase via terminal fusion to a light-
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oxygen-voltage 2 (LOV2) domain from of Avena sativa phototropin-1 (AsLOV2) (Wu et al,
2009). The AsLOV2 domain was further employed as a lever arm, to control myosin action
(Nakamura et al, 2014). To this end, the photoreceptor domain was fused as a molecular joint
between myosin and a-actinin, so that it could control the angle between those proteins.

1.3.3.1 Mechanistic investigation of switchable proteins

Although allosteric protein switches are often engineered on the basis of structural
considerations, the resulting fusion proteins have been rarely investigated, with respect to their
actual structural adaptions. An exception is the calcium sensor GCaMP2, which consists of a
calmodulin-M13 peptide insertion into eGFP. Crystal structures of the fusion proteins revealed
that the binding of calcium, followed by conformational adaption of the insert, results structural
changes at the interface between the domains (Akerboom et al, 2009). These effects stabilize
the fluorophore’s excited state and limit solvent access to the GFP core (Akerboom et al, 2009;
Wang et al, 2008). In a different study, NMR-based investigation of the hybrid between a
maltose binding domain and the TEM B-lactamase confirmed that the structures of the
individual domains remain largely unaffected by the fusion. Still, the expected maltose-
dependent conformational changes of key residues could also be observed (Wright et al, 2010).
Beyond these exceptions, the structural consequences of domain insertion engineering
attempts have barely been experimentally investigated.

1.3.4 Rational design of protein switches

Many of the examples discussed above were engineered based prior knowledge about the
candidate proteins and domains. However, most of them were either constructed by trial and
error (Biondi et al, 1998) or under consideration of aspects specific to certain proteins
(Nakamura et al, 2014). Although the examination and utilization of specific structural features,
such as the reversible formation of certain disulfide-bonds (Choi & Ostermeier, 2015) or the
alternate folding of specific secondary structure elements (Yousef et al, 2004) can be successful,
such approaches are hardly generalizable. This absence of broadly applicable strategies might
also explain, why the same small set of effector proteins, such as GFP, B-lactamase or specific
kinases have been repeatedly used in most previous studies.

Nonetheless, to overcome the limitation to specific use cases, diverse strategies for the rational
design of switchable proteins have been proposed (Fig. 1.4).

1.3.4.1 Mutually exclusive folding
The group of Stewart Loh suggested a concept of mutual exclusive folding. To showcase their
strategy, they inserted ubiquitin into a barnase (Radley et al, 2003). The termini of the ubiquitin
domain are typically separated by 38.5 A Its insertion between P64 and T70 of the barnase was
hence expected to result in drastic structural tension. Consequently, it must be impossible for
both fusion partners to coexist in their native conformations, resulting in a structural “tug-of-
war”. The design was indeed successful, as the activity of ubiquitin could be switched by
temperature changes or by the addition of a barnase binding partner (Radley et al, 2003).
Similarly, a different combination between a barnase and a DNA-binding peptide (GCN4)
resulted in switchable barnase activity, dependent on the presence of a cognate DNA motif
(Ha et al, 2006). Regulation of the fusion protein’'s DNA-binding capabilities were enabled by
changes of physical properties, such as temperature or buffer conditions.
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The idea of mutual exclusive folding has since been adapted in several studies. Ha et al. for
instance, inserted ubiquitin into a ribose binding protein (RBP) (Ha et al, 2015). The resulting
fusion protein was inactive on its own, but could dimerize so that one RBP fragment could
reconstitute a functional protein in trans, together with the complementary half from the
identical partner molecule. Two other concepts showed that the competition for a structure
element that is shared between two domains can also be used as a strategy for molecular
switching. Sallee et al. designed proteins that react to the presence of the peptide Cdc42 (Sallee
et al, 2007) and Strickland et al. merged the terminal helices of a LOV2 domain and the bacterial
repressor TrpR, resulting in light-dependent DNA binding (Strickland et al, 2008). In both cases,
the fusion proteins could only be active, when the shared structure element (the shared helix)
adopted a specific conformation.

Similarly, the duplication of a C-terminal protein part and its subsequent fusion to the N-
terminus of the same protein was exploited to establish conformational competition, as
exemplified on the Ca®*-binding protein calbindin D9k (Stratton et al, 2008). The duplicated
parts of calbindin were now competing to associate with the unique middle domain of the
protein to form a functional unit. By introducing a deactivating point mutation into one copy
of the duplicated domain, a conformational switch was created. Proper folding of the wildtype
domain resulted in a functional protein, while association of the central domain with the
mutated copy led to an inactive state. The switching between the two conformations could,
once again, be induced by changes in buffer composition.
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Figure 1.4: Workflow for the design of switchable proteins by domain insertions. (A, B) Surface sites that
accept domain insertion (A) and ideally even control of protein conformation (D) are identified with help of prior
experimental work, structural modeling, the analysis of surface exposed loops or harnessing information from
MSAs. (C) Extensive optimization of the lead candidates is often required to result in a well-functioning
conformational switch (D).

1.3.4.2 Activity switching by induced disorder

A different rational design strategy was proposed by the group of Klaus Hahn. Dagliyan et al.
postulated the engineering of “extrinsic disorder” into proteins, by inserting switchable
domains into so-called tight loops (Dagliyan et al, 2016, 2019). Tight loops refer to surface-
exposed unstructured regions that bridge spatially aligned secondary structure elements. To
achieve this, the authors employed the photo-switching mechanism of the AsLOV2 domain,
which results in a structural change of the domain’s termini upon excitation by blue light. The
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idea was that insertion of the domain does not interfere with the structure of the target protein
in the dark state, i.e. when the terminal a-helices of AsLOV2 are in close proximity. Upon light-
induced unfolding of these helices, however, structural tension is imposed on the connected
secondary structure elements, ultimately resulting in a conformational distortion of the fused
effector protein and hence in an allostery-mediated loss of function. This concept was validated
on several kinases, using AsLOV2 and similarly uniRapR, a rapamycin responsive domain, as
inserts (Dagliyan et al, 2016).

An elegant recent example made use of a peptide that undergoes a disorder-to-helix
conversion, when a second helical peptide is present as a cognate binding partner (Plaper et
al, 2022). In the bound state, both helices form a coiled-coil. When the unstructured peptide
was inserted into the loop of a protein, it did not interfere with protein activity. Addition of the
binding partner, however, caused the insert to adopt its helical conformation and to structurally
disturb the activity of the parent protein. In contrast to the insertion of larger domains, such as
AsLOV2, this concept is compatible with many protein classes. The insert is relatively small and
flexible in its unstructured state, so that more surface sites are suitable for insertion (Plaper et
al, 2022). On the contrary, the system relies on helical peptides as input triggers, which need
to be co-supplied. Non-invasive regulation with inputs such as light is not possible.

1.3.4.3 Structural ensembles and protein switches

The working principle of the examples above can be explained by the simplified mechanistic
model of allosteric regulation via “induced fit". The addition of a ligand (and similarly light
exposure) is believed to induce a conformational change of the protein from one state to
another (Boehr et al, 2009). While this view on allosteric regulation of protein activity is still
helpful and often sufficient as a conceptual basis, the more complex idea of conformational
ensembles draws a more nuanced picture (Boehr et al, 2009; Motlagh et al, 2014; Weber, 1972).
It assumes that several thermodynamically favorable conformations coexist in an equilibrium.
The relative concentrations of the different folds in the equilibrium are defined by their energy,
meaning that energetically favorable states are more prevalent. The coexisting conformations
can also be perceived as local minima in an energy landscape (Boehr et al, 2009). With respect
to conformational switches, it is assumed that a ligand selects for certain pre-existing
conformation instead of actively inducing the conformational change (Choi et al, 2015; Motlagh
et al, 2014). In other words, the ligand remodels the energy landscape in a way that the bound
conformation becomes energetically more favorable than before (Motlagh et al, 2014). An
example of how of important these considerations can actually be is given by the DNA-binding
mechanism of certain transcription factors. Several variants of the catabolite activator protein
(CAP) were shown to exhibit substantial differences in their ability to bind DNA, despite the
fact that their respective DNA-binding interfaces are structurally identical (Tzeng & Kalodimos,
2012). It was shown, that the variants only differed with respect to their conformational entropy
and that this structural flexibility was necessary for DNA binding (Tzeng & Kalodimos, 2012,
2013).

These observations raise the question: How can our knowledge of structural ensembles be
used to guide and to improve the engineering of allosteric switches? Given that for most
proteins no structural information or only the crystal structure of a single conformation is
available, the nature of the structural ensemble is usually unknown. Nonetheless, Choi et al.
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motivated an engineering strategy by conformational ensembles. First, they inserted the TEM1
B-lactamase into a maltose-binding protein (MBP), resulting in a hybrid, both components of
which were still constitutively active (Choi et al, 2015). Based on this variant, they followed the
hypothesis that the insertion of linkers would increase the conformational entropy, enabling
inducible structure changes. Indeed, the addition of flexible G-rich linkers resulted in switchable
variants, responsive to the addition of maltose, as well as temperature and pH changes (Choi
et al, 2015). Thermodynamic predictions revealed a decrease in stability for one of the linker
regions. Like many other strategies, this procedure has - to my best knowledge - not been
validated for other effector proteins.

1.3.4.4 Allostery prediction and switchable proteins

The majority of examples discussed above are allosteric switches. A domain is inserted at a site
distant to the catalytic center of a protein, but is still able to affect the proteins activity. This
behavior must necessarily be caused by long-range structural effects and interdependencies.
It is well known that even in proteins that are generally considered non-allosteric, single
mutations can affect distant sites within the protein (Clarkson et al, 2006), which is in agreement
with the assumption that all proteins could potentially be allosterically regulated (Gunasekaran
et al, 2004). This hypothesis gives rise to the question whether certain surface sites are better
suited for engineering of allosteric protein control and if these locations can be predicted? The
investigation of allosteric proteins and the principles underlying allostery have been intensively
studied (Dokholyan, 2016; Schueler-Furman & Wodak, 2016). However, most of the previous
work focused on allosteric intervention via small molecule ligands and less on direct
modification of a protein (Lu et al, 2014). Overall, the examination of allostery can be divided
into analyses based on structural information, such as molecular dynamics or elastic network
analysis (Ming & Wall, 2005; Su et al, 2014; Zheng et al, 2006), and the exploration of allosteric
pathways informed by MSA-based coevolutionary insights (Dokholyan, 2016; Lee et al, 2008).
Interestingly, only the latter approach has been adapted to engineer switches via domain
fusions.

The idea to use coevolution in order to predict allosteric sites was pioneered by the group of
Rama Ranganathan. It grounds on the observation of evolutionary couplings between
functionally important residues and was mathematically formalized as statistically coupling
analysis (SCA) (Lockless & Ranganathan, 1999; Halabi et al, 2009). The general assumption
behind SCA is that the coevolution of residues has a functional meaning. The method uses
MSAs to calculate the evolutionary coupling between amino acids (Rivoire et al, 2016) and
predicts physically connected amino acid networks, comprising coevolving residues termed
protein “sector” (Tesileanu et al, 2015; Halabi et al, 2009). The relevance of sector residues for
protein function was demonstrated in several, previous studies (Lockless & Ranganathan, 1999;
Stel et al, 2003; Halabi et al, 2009; Salinas & Ranganathan, 2018). Protein sectors often connect
distant surface sites to the active center of a protein. On the basis of this observation, sector-
connected surface sites were suggested as promising regions for the engineering of allosteric
regulation by receptor fusion (Lee et al, 2008). In an initial study, one of two selected surface
sites of the E. coli dihydrofolate reductase (DHFR) exhibited a modest blue light-induced
change in activity upon insertion of the AsLOV2 domain (Lee et al, 2008). In a follow-up study,
a set 70 insertion sites was probed. 14 of the generated DHFR-LOV2 hybrids showed noticeable
light-dependent activity. The insertion sites underlying these lead candidates were all located
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close to predicted sector residues (distance below 4 A) (Reynolds et al, 2011). Based on these
results, Pincus et al. outlined an engineering strategy, based on protein sector analysis: the
“rational engineering of allostery at conserved hotspots” (REACH) (Pincus et al, 2017). The
authors suggested to predict surface-exposed sector sites, based on SCA. These sites could
subsequently be screened by insertion of the domain of choice. To optimize the lead
candidates, the additional incorporation of mutations was discussed (Pincus et al, 2017). A
subsequent study experimentally analyzed mutational effects on one of the light-switchable
DHFR-LOV2 hybrids, demonstrating that allostery-enhancing mutations tended to be enriched
outside of the sector (McCormick et al, 2021). Interestingly, the combination of some beneficial
mutations was shown to have an additive effect. It remains to be seen, whether these
observations can be confirmed on different, structurally unrelated target proteins.

1.3.4.5 Screening-based approaches to study switchable proteins

Screening of randomized domain insertions in order to identify allosteric protein switches has
long been considered a powerful method (Guntas et al, 2004; Guntas & Ostermeier, 2004). The
concept behind this strategy is to randomly insert a domain of choice at many or even all
positions of a protein followed by enrichment of variants with the desired properties. In
essence, this method is a variation of the classic directed evolution approaches described in
section 1.2.1.2. Fluorescence reporters or cell survival are typical readouts for insertion variant
screening. The use of transposon libraries (Edwards et al, 2008) or DNA synthesis-based
libraries (Coyote-maestas et al, 2019) enabled the comprehensive sampling of every possible
insertion sites on practically any protein of interest. Although these procedures tend to be
labor intensive, they have been successfully used in several cases. By sampling of large domain
insertion libraries, allosteric fusions of the TEM1 B-lactamase with MBP (Guntas et al, 2004;
Guntas & Ostermeier, 2004; Edwards et al, 2008), as well as GFP-MBP biosensors (Nadler et al,
2016), have been created in the past. Similarly, the screening of comprehensive insertion
libraries led to the identification of Cas9 variants that can be activated by 4-hydroxytamoxifen
(Oakes et al, 2016). Moreover, insertion of zinc-finger motifs into MBP resulted in maltose-
dependent DNA-binding of the fusion protein (Younger et al, 2018).

While these examples mainly focused on the isolation of lead candidates, the relative fitness of
every variant from such a comprehensive library can be assessed via next generation
sequencing (NGS). This workflow, which was termed “domain insertion profiling with DNA
sequencing” (DIP-seq) (Nadler et al, 2016) is based on the enrichment of variants from a library
via FACS. In the sorted library, functional variants are enriched, while dysfunctional ones are
depleted. Deep sequencing is then used to capture the distribution of variants. This strategy is
of particular interest from a mechanistic standpoint, as it measures the insertion tolerance at
every single site within a protein under conditions controlled by the experimenter. Studies on
ion channels have recently highlighted the potential of such comprehensive domain insertion
screens. Coyote-Maestas et al. randomly inserted a PDZ domain, Cib81, as well as short flexible
peptides into the human potassium channel Kir2.1 (Coyote-Maestas et al, 2019). Using plasma
membrane localization of Kir2.1 as readout, the authors first confirmed several trends that have
previously been suggested in context of insertional tolerance. Overall, small flexible peptide
insertions were better-tolerated than larger, structured inserts. Also, the unstructured C-
terminal region of the channel showed a particularly high insertion tolerance. Functionally
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important sites, in contrast, exhibited a more differential permissibility for the different inserts.
Of particular note, unstructured loops did — unexpectedly — not show a particularly high domain
insertion tolerance, albeit this is commonly assumed to be the case. Furthermore, the authors
found that dynamic features derived from protein structures (normal modes) modestly
correlated with insertion tolerance, while other factors, such as the predicted effects of point
mutations at the respective site did not. It was further possible to train decision tree models
based on normal modes that could to some degree identify sites that tolerate insertion. Finally,
some variants carrying insertions of the Cib81 domain were light-switchable upon co-
expression of its cognate binding partner Cry2.

In a large scale follow-up study, the same group randomly inserted 759 different motifs and
domains at all possible positions into Kir2.1 (Coyote-Maestas et al, 2021). Most strikingly,
different inserts tended to be tolerated at the same insertion sites, which could be viewed as
domain insertion “"hot-spots”. In addition, the insertion of smaller motifs was, overall, better
tolerated in the central parts of the channel, while successful insertions of larger domains were
enriched in regions close to the protein’s termini. Interestingly, correlations between the
biophysical features of the different inserts and the tolerance of their insertion were site-
dependent so that no general trends could be deduced for the dataset. Moreover, random
forest models were trained on a combination of biophysical features of the insert motifs and
features derived from the recipient protein. Overall, these models were able to explain about
40 % of the variance observed in the data. Hydrophobicity and sequence length were
determined to be the most decisive insert properties, while the root mean square fluctuations
of residues were most important for model performance on site of the recipient ion channel. It
is also noteworthy, that the observed effects were transferrable to other evolutionary related
ion channels. Overall, the authors emphasized flexible regions as ideal insertion sites. Although
the two studies above may not be generalizable, since they employ protein localization as a
readout (not function) and focus on ion channels only (Coyote-Maestas et al, 2019), their
findings represent an important step towards a more systematic evaluation of domain insertion
tolerance.

1.3.4.6 The role of linkers and structural modeling

In recent years, the role linker regions that connect insert and parent domains has gained
attention in context of domain fusion approaches (Grawe & Stein, 2020). The drastic effect
linkers of varying length and flexibility can have on the performance of protein switches was
demonstrated in several studies (Grawe et al, 2022; Ranglack et al, 2020; Bubeck et al, 2018).
However, a rational engineering strategy that predicts optimal linkers for a given fusion
constructs has thus far not been developed and linker engineering still remains a trial an error
procedure.

Finally, computational algorithms to model domain insertions have been created, building on
the Rosetta framework (Berrondo et al, 2008; Blacklock et al, 2018). However, these strategies
have to my best knowledge never been experimentally validated.

1.3.5 Protein domains as conformational switches

The last chapters highlighted the challenge to identify a proper insertion site, while selection
of the insert domain was given less consideration. Although Coyote-Maestas et al. tested an
impressive number of inserts in context of Kir2.1, the majority of them were small, often
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unstructured motifs and the study was not focused on allosteric control of protein activity
(Coyote-Maestas et al, 2021). In the literature, only a small set of insert domains is recurrently
used. Among them is the estradiol-binding domain from human estrogen receptor-a (ERD),
the uniRapR domain and the AsLOV2 domain. All three domains have in common that they
change their conformation upon stimulation with their respective trigger, which renders them
good candidates for the engineering of allosteric protein switches by domain insertion.

1.3.5.1 The Estradiol-binding domain

The ERD has already been used for chemogenetic control of proteins for more than 20 years
(Feil et al, 1997). In its apo state the termini of the ERD are widely separated with the C-terminal
helix 12 sticking out from the protein core (Tanenbaum et al, 1998; Oakes et al, 2016). The
distance between N- and C-terminus was determined to be 64 A in the apo state (Oakes et al,
2016). Binding of the [-estradiol results in a conformational change leading to a decrease in
the termini's distance to 37 A (Wéarnmark et al, 2002). Interestingly, binding of 4-
hydroxytamoxifen (4-HT), an B-estradiol antagonist, results in a third, distinct conformation,
which is even more compact (Shiau et al, 1998). Here, the termini are only separated by a
distance of 21 A. Feil et al. further identified a triple mutant G400V/M543A/L544A, that is only
responsive to 4-HT, while not being able to bind [-estradiol anymore (Feil et al, 1997). The
published ERD-based protein switches were all activated by addition of the ligand (Oakes et al,
2016; Feil et al, 1997). In the apo-state, the ERD presumably disturbs the conformation of the
effector it is inserted into, due to the strain imposed at the insertion site by the ERD's termini.
Ligand binding, however, is expected to release that strain by moving the ERD’s termini closer
together, hence allowing the fused effector protein to adopt its native, active structure.

1.3.5.2 The uniRapR domain

The uniRapR is a synthetic switch, based on FKBP12 and FRB (Dagliyan et al, 2013). Both
domains are well-characterized and known to dimerize in response to rapamycin binding (Choi
et al, 1996). More specifically, uniRapR is a synthetic construct created by fusing an engineered
variant of FKBP12 (Karginov et al, 2010) to a truncated version of FRB. In response to rapamycin,
the domain undergoes a stabilization through interaction of the two binding partners (Dagliyan
et al, 2013). Upon insertion of the uniRapR domain into effector proteins, this stabilization was
shown to affect the flexibility of certain protein regions, which is supposed to cause the
activation of the target protein (Dagliyan et al, 2016, 2016).

1.3.5.3 The AsLOV2 domain

The AsLOV2 domain, is the insert domain most extensively used in this study. It was identified
as part of the plant photoreceptor phototropin-1 of the common oat, Avena sativa. The use of
photoreceptors for targeted control of cells was first demonstrated by Edward Boyden and Karl
Deisseroth, who employed the ion channel channelrhodopsin-2 from Chlamydomonas
reinhardtii for the regulation of neuronal activity (Boyden et al, 2005; Nagel et al, 2003). In the
two decades since this landmark study was published, numerous different photoreceptors have
been employed for the optogenetic control of cells. In fact, AsLOV2 is only one of several
functionally similar LOV domains, used in optogenetics, although it is arguably the most
intensively studied one (Hoffmann et al, 2018; Mathony & Niopek, 2021). LOV domains are part
of Per-ARNT-Sim (PAS; period circadian protein—aryl hydro-carbon receptor nuclear

19



Introduction: Protein switches

translocator protein—single-minded protein) domain class (Moglich et al, 2009, 2010). Their
photo-activation is mediated by flavin nucleotide co-factors. In case of AsLOV2, the
chromophore is a flavine mononucleotide (FMN), which is bound by the LOV2 domain core
(Fig.1.5). (Crosson & Moffat, 2002; Salomon et al, 2001). Excitation of the chromophore by
absorption of blue light (up to ~490 nm) induces the formation of a covalent bond between
the FMN and C450 (numbering follows the positions within the full-length phototropin-1) of
the AsLOV2 domain (Fig. 1.5) (Crosson & Moffat, 2002; Salomon et al, 2001). This results in a
structural rearrangement driven by the release and formation of several hydrogen bonds in
LOV2. Ultimately, these structural adaptions lead to the unfolding of the two terminal a-helices,
A'a and Ja, which are initially attached to the domains core (Fig. 1.5) (Harper et al, 2003;
Halavaty & Moffat, 2007; Zayner et al, 2012). Importantly, the excitation of AsLOV2 is fully
reversible, i.e. in the absence of light, the LOV2 domains falls back into the dark-adapted state
within about ~1 min (Swartz et al, 2001).

Figure 1.5: Structural features of the AsLOV2 domain. A cryo-electron
microscopy structure of the AsLOV2 domain is shown. The FMN chromophore is
indicated in blue and the functionally important residue C450 is shown in red. The
terminal helices A'a and Ja unfold upon photo-excitation. They are marked in
different tones of green. PDB-ID: 2VOU.

Over the years, a large number of mutants affecting the AsLOV2 photo-cycle have been
described. Among these are modifications that lock the domain in a pseudo dark-adapted
(C450A and C450M) (Richter et al, 2005; Kothe et al, 2014; Wong et al, 2015) or pseudo light-
adapted state (I510E, 1532E, A536E and I539E) (Yao et al, 2008; Wang et al, 2016; Strickland et
al, 2008). In addition, mutations that improve the docking of the Ja-helix to the protein core in
the dark state (Strickland et al, 2010) or affect the duration of the photo-cycle have been
identified (Zoltowski et al, 2009; Wang et al, 2016). For a more detailed description of AsLOV2
mutants and their impact on LOV2 photoswitching and photocycle, | kindly refer the reader to
reviews by Pudasaini et al. and Hoffmann et al. (Hoffmann et al, 2018; Pudasaini et al, 2015). As
a note of caution, it has become apparent that the effect of the described mutations highly
depends on the protein context in which the AsLOV2 domain is used and a variability from case
to case is to be expected (Hongdusit et al, 2020; Bubeck et al, 2018)

The adaption of the AsLOV2 domain for the engineering of photo-switches is grounded on its
compact size (16.5 kDa) and the reversible unfolding of the terminal a-helices, in particular the
long C-terminal Ja helix (24 AA). Several studies, for instance, employed a photo-caging
strategy based on the fusion of the C-terminal Ja helix to functional peptides. This approach
enabled the light-controlled nuclear import or export (Niopek et al, 2014, 2016; Yumerefendi
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et al, 2016, 2015), as well as the light-induced degradation (Bonger et al, 2014; Renicke et al,
2013) of proteins. To this end, hybrid sequences between localization- or degradation tags and
the Ja-helix were created. In the dark-adapted state, the helical tag is folded and attached to
the LOV2 domain, hence shielding these peptides from their cognate receptors. Upon
illumination, in turn, unfolding of the Ja-helix exposes the peptide tag, which can then mediate
the desired function.

The light-dependent relaxation of the AsLOV2 terminal helices can also be employed to
engineer allosteric effectors by LOV2 domain insertion. Importantly for this approach, the
distance between the AsLOV2 helical termini in the dark-state is only ~10 A. Consequently,
AsLOV2 insertion tends to be well-tolerated in the dark (Dagliyan et al, 2016). Upon light
absorption, however, the domain’s terminal helices relax, which will create flexibility around the
LOV2 insertion site. This “local disorder” can eventually disturb the structure and hence activity
of the fused protein (Bubeck et al, 2018; Dagliyan et al, 2016). Functionally, this mechanism is
practically the opposite of the chemically regulated domains described above (ERD, uniRapR),
which cause a trigger-induced activation of the fused effector protein. Besides the common
light-induced deactivation of protein activity via AsLOV2, also light-activated AsLOV2-based
hybrids have been described (Reynolds et al, 2011; Gil et al, 2020), pointing towards a highly
context-specific mediation of protein (de-)activation. Although the AsLOV2 domain has been
subject to extensive study and use by the optogenetics community, new applications in
combination with different proteins still rely substantially on optimization by trial and error
(Bubeck et al, 2018; Gil et al, 2020; Mathony & Niopek, 2021).

1.4 Applications of switchable proteins in transcription regulation
and gene editing

In this study, the optogenetic control of proteins is exemplified and investigated in the context
two different use cases, as well as protein classes: First, the optogenetic control of transcription
in bacteria using engineered, light-dependent transcription factors; second, the light-mediated
control of gene editing tools based on clustered regularly interspaced short palindromic
repeats (CRISPR)-effectors.

1.4.1 Optogenetic control of transcription in bacteria

Transcription control in bacteria is a widely studied field of central importance for metabolic
engineering, bioproduction and synthetic biology. In fact, the two seminal publications that
laid the foundation for synthetic biology, described genetic circuits based on bacterial
transcription factors (Gardner et al, 2000; Elowitz & Leibier, 2000). Since that time, optogenetics
has long found its way into the area of bacterial gene expression control. Here, | will give a
brief overview of the existing optogenetic transcription systems in E. coli.

1.4.1.1 Diversity of optogenetic expression systems

A variety of optogenetically regulated transcription systems for use in E. coli have been
developed over the past 15 years. The strategies and functional mechanisms underlying these
are diverse. Optogenetic systems can be categorized by several parameters, such as the used
photoreceptor or the mechanism of action. Here, the existing tools are divided into direct
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versus indirect transcription activators. Indirect means, that the optogenetic mechanism does
not immediately affect transcription and at least one additional mediator protein is needed.
Well-studied examples are bacterial adenylate cyclases (BAC), which convert adenosine
triphosphate (ATP) into cyclic adenosine monophosphate (cAMP). Several natural light-
dependent BACs are known (Raffelberg et al, 2013; Stierl et al, 2011). cCAMP, in turn can activate
gene expression by binding to the transcription factor CAP (Busby & Ebright, 1999). A number
of optogenetic tools using light-dependent BACs have been described (Stliven et al, 2019;
Blain-Hartung et al, 2018; Ryu et al, 2014). In addition, engineered BACs in which the native
regulatory domains were exchanged to a red light responsive receptor were reported (Ryu et
al, 2014, 2010; Blain-Hartung et al, 2018). The modular domain architecture of BACs enabled
this domain swap. An advantage of the longer wave lengths of red light is an increased tissue
penetration, as exemplified by BAC application in Caenorhabditis elegans (Ryu et al, 2014; Shu
et al, 2009). On the other hand, red light-absorbing bacteriophytochromes require biliverdin
as a co-factor, which is a natural metabolite in many eukaryotes, but not in E. coli. It thus needs
to be co-supplied in the culture media or must be synthesized in vivo upon expression of
additional enzymes (Ryu et al, 2014). Another drawback is the fact that cAMP is a rather
universal second messenger in bacteria so that adverse side effects could arise when employing
this molecule as mediator for gene expression control. An elegant solution for this problem is
provided by the red light-inducible diguanylate cyclase BphS, which produces cyclic dimeric
guanosine monophosphate (c-di-GMP) from GTP (Ryu & Gomelsky, 2014). Its reaction product,
c-di-GMP, is not a natural metabolite of E. coli. The enzyme can be used in combination with
the c-di-GMP-binding transcription factor MrkH. However, to keep c-di-GMP levels at a
baseline a c-di-GMP phosphodiesterase had to be co-supplied.

Another mechanistically different strategy employs bacterial two-component systems,
consisting of histidine kinases and their cognate transcription factors. Levskaya et al., for
instance, harnessed a chimeric red light-responsive membrane-bound kinase for transcription
activation (Levskaya et al, 2005) This engineered chimera was derived by fusing the
phytochrome Cph1 from Synechocystis to a structurally similar histidine kinase EnvZ from E.
coli. In the dark, auto-phosphorylation occurs, followed by phosphorylation of the transcription
factor OmpR, thereby leading to the activation of gene expression. Upon stimulation with red
light, however, the kinase becomes inactive and gene expression turns off. A number of similar
systems were developed using natural and engineered kinases including photoreceptors that
respond to blue and green light (Tabor et al, 2011; Ohlendorf et al, 2012; Schmidl et al, 2014;
Ong & Tabor, 2018). It is important to note that the directionality of the switch depends on the
used photoreceptor. The protein ccaS, for instance, initiates the phosphorylation cascade upon
stimulation with green light (instead of inhibition by light) (Tabor et al, 2011). The
activation/deactivation directionality could also be inverted by incorporation of an
intermediate step in which the phosphorylated transcription activator induced the expression
of a transcriptional repressor, such as Lacl. This repressor, in turn, regulated the expression of
the actual gene of interest (Multamaki et al, 2022; Lalwani et al, 2021). Despite increasing the
complexity of the whole system, this approach was also successfully used to boost the dynamic
range of a previously generated light switch following the above design principle (Lalwani et
al, 2021).
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In contrast to such mediator-dependent, indirect approaches, direct gene expression control
can be achieved, e.g. using split-protein systems (refer to section 1.3.2). The widely applied
RNA polymerase from the T7 phage mediates transcription only from its cognate T7 promoters.
Several studies created Split-T7 polymerase variants fused to optogenetic homo- or
heterodimerization systems, i.e. the so-called magnets and VVD domains, respectively, both of
which react to blue light (Baumschlager et al, 2017; Han et al, 2017; Seifert et al, 2019). Also,
the fusion of only one VVD domain to a split-part of the T7-polymerase turned out to be
sufficient for optogenetic regulation, as the dark-adapted conformation of VVD already
blocked the re-association of the full-length polymerase (Baumschlager et al, 2017). To enable
the same photo-regulation by red light, Raghavan et al. linked the split-T7 parts to inteins,
which were fused to the phytochrome B (phyB)/phytochrome-integrating factor 3 (PIF3)
domain pair, a red light inducible dimerization system from Arabidopsis thaliana (Raghavan et
al, 2020). Dimerization of the photo-receptors triggered trans-splicing of the inteins, resulting
in reconstitution of the single chain T7-polymerase. This approach was, however, not reversible
and, due to it being based on the PhyB/PIF3 system, required the chromophore
phycocyanobilin to be exogenously supplied.

A particularly interesting example for gene expression control with split proteins are
optogenetic recombinases re-constituted with help of optogenetic dimerizers, e.g. based on
VVD (Sheets et al, 2020; Sheets & Dunlop, 2022). Similar to the two-component systems
described above, recombinases do not directly control transcription, but can be used to initiate
the reconstitution of a functional gene expression cassette, for instance by excising a
terminator that is placed between a promoter and the coding sequence of a gene of interest
(Sheets et al, 2020; Sheets & Dunlop, 2022). Interestingly, this strategy results in a binary
behavior, since the removal of the terminator is a singular event, which irreversibly switches on
gene expression.

Optogenetic transcription factors, in turn, represent an alternative to split-proteins. A natural
example is the bacterial protein EL222. It consists of a helix-turn-helix (HTH) DNA-binding
domain linked to a LOV2 domain and constitutes, like many transcription factors, a homodimer
(Rivera-Cancel et al, 2012). Interestingly, EL222 can act as a repressor in the dark, as well as a
transcription activator upon induction with blue light (Jayaraman et al, 2016; Camsund et al,
2021). Apart from light-regulated transcription by EL222 alone, hybrid promoters, bearing
additional binding sites for the chemically inducible transcription factors AraC or LasR were
constructed, which then respond to a combination of light and chemicals as input (Jayaraman
et al, 2018). Similarly to EL222, the bacteriophytochrome photoreceptor 1 (BphP1) controls
transcription via red light induction (Ong et al, 2018). However, this receptor depends, again,
on the supply of biliverdin as a co-factor and can only repress transcription. A more
unconventional mechanism of action was described for another repressor, CarH, which binds
the coenzyme B12. Ligand binding leads to oligomerization and DNA-binding of the repressor
(Ortiz-Guerrero et al, 2011). Light-exposure, in turn, triggers the dissociation of the co-factor
and release of CarH from DNA (Ortiz-Guerrero et al, 2011). In contrast to other proteins, the
photo-mechanism can be activated at diverse wavelengths, ranging from 360 nm to 540 nm.
Besides the adaption of natural transcription factors for the control of gene expression, also
artificial transcription regulators have been engineered. To this end, the DNA-binding domain
(DBD) of the widely used AraC and TetR proteins were fused to the VVD dimerization domains,
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resulting in robust optogenetic switches (Komera et al, 2022; Romano et al, 2021). In these
examples, the TetR hybrids act as repressors that are activated by light, while the AraC fusions
inhibit transcription in the dark state. The reasons are different mechanisms of action: In case
of TetR, dimerization is required for binding to its corresponding DNA recognition motif
(Komera et al, 2022). AraC, in contrast, already binds to the pBAD promoter in the dark state
where it acts as repressor, while the light-induced conformational change alters its properties
toward an activator-state (Schleif, 2010). The details of AraC-DNA interactions are described in
the next section (1.4.1.2). A similar approach was published by the group of Andreas Méglich,
who fused a LOV domain from Rhodobacter sphaeroides (RsLOV) to the DBD of TetR in order
to render the transcription factor light-responsive (Dietler et al, 2021). Due to the intrinsic
properties of RsLOV, the resulting repressor was not only light controllable, but its activity was
also temperature-dependent. While fusions with the wildtype RsLOV exhibited limited
switchability at higher temperatures around 37 °C, different mutants with optimized dynamic
ranges were reported (Dietler et al, 2021).

The described strategies showcase the rich toolbox comprising diverse optogenetic
transcription systems and their various mechanistic features. Importantly, all of these tools have
specific properties and corresponding advantages and disadvantages due to differences in the
activation wavelength, the specific dynamic range of activation, the number of genetically
encoded components required, the degree of reversibility, requirements for exogenous co-
factors and the leakiness of the systems in the off-state. Furthermore, the last years have
witnessed the emergence of optogenetic gene expression systems based on more than one
input (Dietler et al, 2021; Jayaraman et al, 2018). These allow to construct more complex genetic
logic functions. Since the optogenetics field constantly innovates, the toolbox of light-
controlled transcription regulation in bacteria is expected to further grow in the future.

1.4.1.2 Structure, function and application of AraC

AraC is a member of the AraC/XylIS transcription factor family. In E. coli, AraC controls the
expression of genes from the arabinose operon by regulating the activity of the pBAD promoter
(Fig. 1.6) (Schleif, 2010). Importantly, AraC can act as both, a transcriptional repressor and an
activator. It does so by binding to different operator sites within the pBAD promoter region.
Two so-called aral1 and 12 half-sites are located close to the transcription start site, while an
additional operator site (O2) is positioned several hundred base pairs upstream (Schleif, 2010).
In its apo state, an AraC homodimer binds the O2 and 11 half-sites thus creating a DNA loop,
which results in transcription repression (Lobell & Schleif, 1991). Upon binding of arabinose,
the AraC dimer associates with both aral half-sites, now acting as a transcription activator by
promoting RNA polymerase binding (Lobell & Schleif, 1991).

Structurally, each AraC monomer consists of two domains. An N-terminal arabinose-binding
domain (Soisson et al, 1997) and a C-terminal a-helical DBD (Rodgers & Schleif, 2009). The
DBD consists of two canonical HTH DNA-binding motifs, which are separated and flanked by
additional a-helices (Rodgers & Schleif, 2009). The LBD constitutes a B-barrel, containing the
arabinose-binding pocket (Soisson et al, 1997). An N-terminal “arm” comprising the first 20
amino acids remains unstructured in the apo-state and acts as a “lid” for the binding pocket
once arabinose is bound (Soisson et al, 1997). The C-terminal end of the LBD is a coiled coil
that mediates the dimerization of AraC in the active state. It is C-terminally connected to the
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DBD via a longer interdomain linker. In absence of arabinose, dimerization is mediated by the
B-barrel instead of the coiled-coil (Soisson et al, 1997).

The molecular mechanism underlying the arabinose-induced switching is still not fully
understood. It is well established though that binding to both neighboring 11/2 sites in the
uninduced state is prevented due to a lack of conformational flexibility. In consequence, AraC
bridges the distant I1 and O2 sites (Harmer et al, 2001). Two structural elements have been of
particular interest with respect to the AraC regulatory mechanism. First, the AraC N-terminal
arm is known to attach more tightly to the LBD in presence of arabinose (Soisson et al, 1997).
It is speculated, that this arm mediates contact to the DBD in absence of arabinose, supposedly
resulting the restricted flexibility, which defines the DNA-binding preferences. This hypothesis
was mainly studied by mutation
experiments and molecular dynamics (MD)
simulations (Lowe et al, 2014). It is
supported by the fact that many mutations
in the arm strengthened the activation of
AraC (Tang & Cirino, 2010) or even led to
constitutively active behavior (Dirla et al,
2009; Wu & Schleif, 2001a). Furthermore,
constitutively negative mutations in the

Repression

DBD could be rescued by additional Ir

mutations in the arm (Saviola et al, 1998; Araiilnose

Wu & Schleif, 2001b). Nonetheless no

direct evidence that the arm indeed affects Activation

the inter-domain mobility has so far been o0
reported. Arabinose [ )

The second region of interest is the linker
between DBD and LBD. It was suggested to
play an important role by mediating the
domain flexibility and in consequence DNA Figure 1.6: AraC — Mechanism of action. In absence of
binding preferences (Seedorff & Schleif, arabinose, the AraC dimer binds to the 11 and O2 operator
2011; Eustance et al, 1994). An arabinose- sites, resulting in the repression of transcription (upper

! ! . panel). Arabinose induction leads to a conformational
dependent conversion from a helical to an change, accompanied by the “capping” of the arabinose-
unstructured state has been proposed binding pocket via the N-terminal “arm” of the protein.
(Brown & Schleif, 2019: Malaga etal, 2016). The A‘raC‘dlmer ca‘n r)ow b|r)d t.o the I1 and 12 half-sites,

. L. . resulting in transcription activation (lower panel).

At the same time, it is well established that
this linker tolerates many mutations without measurable effects on AraC function, thus
speaking against its critical role (Seedorff & Schleif, 2011; Malaga et al, 2016).
Despite our incomplete mechanistic understanding, AraC is widely employed as a tool for
inducible protein expression. Its main advantage is the very low leakiness as compared to other
gene expression control systems in E. coli, such as the IPTG-dependent lac promoter (Guzman
et al, 1995; Balzer et al, 2013). However, expression from AraC inducible cassettes tends to
exhibit an all or nothing behavior, limiting the gradual titration of expression levels (Siegele &
Hu, 1997; Khlebnikov et al, 2002). Over the years, AraC was used for the design of genetic

circuits in diverse application contexts (Otero-Muras & Banga, 2017; Daniel et al, 2013; Stricker
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et al, 2008). Furthermore, engineered variants have been employed as biosensors for
metabolites (Picard et al, 2022; Tang et al, 2008). Here, the vast number of naturally occurring
homologues that respond to different ligands made the rational design of new variants with
altered biding properties relatively easy (Cortés-Avalos et al, 2021). Recently, also an
optogenetically switchable variant of AraC was published (see section 1.4.1.1 for details)
(Romano et al, 2021). In summary, AraC is one of the best studied and most frequently used
bacterial transcription factors.

1.4.2 CRISPR-Cas9

1.4.2.1 The bacterial CRISPR-Cas immune system — a brief history

CRISPR research dates back to the 1980s, when genomic sequence repeats of 29 base pairs
(bp) were discovered in E. coli (Ishino et al, 1987). Over the next years, similar repats were
described in diverse bacterial and archeal species, the function of which was entirely unclear at
the time (Mojica et al, 1993, 2000). In 2002, the term CRISPR (for clustered regularly interspaced
short palindromic repeats) was established and the presence of CRISPR associated (Cas) genes,
located in vicinity to the CRISPR loci, was identified (Jansen et al, 2002). Later, it became clear
that the spacers sequences separating the CRISPR repeats originated from phages and
appeared to mediate resistance against the pathogens (Mojica et al, 2005; Bolotin et al). Phage
infection was further proven to trigger the integration of new spacers into the CRISPR locus
(Barrangou et al, 2007). The main missing link was made in 2008, when the groups of Eugene
Koonin and John van der Oost showcased how RNAs transcribed from the CRISPR repeats are

\ CRISPR array
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pre-crRNA (4]
N

crRNA

Figure 1.7: The adaptive CRISPR-Cas immune system of bacteria. Fragments from phage genomes are
integrated into the CRISPR array upon phage infection (1). Expression of the array generates pre-crRNA (2) which
is processed into mature crRNA (3). Cas proteins bind the crRNA with help of a second RNA (trans-activating
RNA, not shown) (4), enabling them to selectively bind to and cleave invading DNA (5).
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processed by complexes of Cas proteins, called Cascade (Brouns et al, 2008). The resulting
small RNAs were shown to serve as guides for Cascade to target phage genomes, hence
interfering with infections (Brouns et al, 2008). In 2012, seminal papers by Jinek et al. and
Gasiunas et al. showed that a Cas protein (Cas9), guided by CRISPR-RNAs (crRNAs) was able to
induce DNA double strand breaks (DSBs) in vitro (Gasiunas et al, 2012; Jinek et al, 2012).
Today, the process of CRISPR-mediated phage immunity is well understood, as nicely
exemplified by the Streptococcus pyogenes (S. pyogenes) CRISPR-Cas9 system. CRISPR-Cas loci
usually consist of the described CRISPR array and several Cas genes located in genomic
proximity (Makarova et al, 2015). Upon phage infection, Cas1 and Cas2 mediate the acquisition
of new protospacers, by inserting pieces of the invading DNA between the CRISP repeats into
the bacterial genome (Fig. 1.7, (1)) (Arslan et al, 2014; Yosef et al, 2012; Nufiez et al, 2014). Cas
and Cas2 are also the only two proteins present in all types of CRISPR sytems, pointing towards
a mechanistically universal role (Makarova et al, 2012).

Expression of the CRISPR array containing the acquired spacers, first results in a pre-crRNA (Fig.
1.7, (2)), which is then cleaved into smaller mature crRNAs consisting of one protospacer and
one of the repeats (Fig. 1.7, (3)) (Carte et al, 2008; Haurwitz et al, 2010; Wang et al, 2011; Gesner
et al, 2011). This process is less conserved between different CRISPR classes. In S. pyogenes a
trans-activating (tracr)RNA is required for crRNA to be processed by Csn1 and RNase llI
(Deltcheva et al, 2011). The mature crRNA in duplex with the tracrRNA is finally bound by Cas9
and the ribonucleoprotein complex cleaves DNA at sites which are complementary to the
protospacer RNA sequence (Fig. 1.7, (4, 5)) (Jinek et al, 2012). In order to avoid targeting of the
own CRISPR array, Cas9 requires a so-called protospacer adjacent motif (PAM) (Deveau et al,
2008; Mojica et al, 2009). This PAM sequence must be located directly 3’ of the target site for
Cas9 (Mojica et al). In case of Cas9 from S. pyogenes (SpyCas9) the PAM consists of the
nucleotides NGG (Jinek et al, 2012).

1.4.2.2 Diversity of CRISPR-Cas systems

The diversity of CRISPR-Cas systems in nature is stunning. They are found in approximately
50 % of all bacterial species (Makarova et al, 2015). The classification of CRISPR systems is
defined by the organization of the CRISPR locus, as well as the sequence and function of Cas
proteins (Makarova et al, 2015). CRISPR systems can be subdivided into two classes. Class | is
characterized by a multi-protein nuclease complex and will not be discussed here as this
architecture renders them less attractive for gene editing applications (Makarova et al, 2015,
2012). Class Il systems in contrast, possess single-protein nucleases, such as Cas9, the simplicity
of which explains the popularity they gained over the last decade. This class can be further
grouped into the types Il, V and VI. Again, genomic organization and their prevalence in
different taxonomic clades are among the reasons for this classification. Interesting in this
context are the properties of their respective nucleases. Type Il systems, which were the first to
be used for CRISPR gene editing (Cong et al, 2013; Mali et al, 2013b), are characterized by a
Cas9 nuclease, which is guided by a complex of crRNA and tracrRNA (Makarova et al, 2015).
Type V systems, in contrast, employ Cas12 nucleases, which are nowadays also frequently
employed for genome engineering (Zhang, 2019, 12; Makarova et al, 2015). Apart from
differences regarding the domain architecture of the proteins, Cas12 does not require a
tracrRNA and is further able to process its own pre-crRNA without the need for helper proteins
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(Dong et al, 2016, 1; Zetsche et al, 2015a, 1). Finally, type VI CRISPR systems target single-
stranded RNA via Cas13 nucleases (Abudayyeh et al, 2016) and have been repurposed for RNA-
editing and -interference (Abudayyeh et al, 2017; Cox et al, 2017).

1.4.2.3 CRISPR-Cas as a gene editing tool

The report of the targeted DNA cleavage by Cas9 (Gasiunas et al, 2012; Jinek et al, 2012) kicked
off a revolution in the field of gene editing. To understand how disruptive the development of
CRISPR-based technologies was, one should consider the problems of previous gene targeting
techniques. Although genome engineering can principally be achieved without the use of
nucleases, namely by harnessing homologous recombination, this method is extremely
inefficient and highly dependent on the cell type (and species), as well as the cell cycle state
(Capecchi, 1989; Thomas et al, 1986; Smithies et al, 1985).

It has long been known that DNA DSBs can lead to more efficient gene editing (Rudin et al,
1989; Rouet et al, 1994). In humans and many other eukaryotes, DSBs are mainly repaired by
one of two competing pathways. During non-homologous end-joining (NHEJ) the open DNA
ends are fused together without the need for repair templates (Weterings & Chen, 2008). This
pathway is prone to errors though, often leading to the formation of small insertions or
deletions (indels) comprising one to several base pairs (Rouet et al, 1994). When a DSB within
the coding sequence of a gene is repaired via NHEJ, the occurring indels often result in frame
shifts and premature stop codons. As a result, the correct gene product is no longer expressed.
This is why the pathway can be employed to generate genetic knock-outs. The second repair
option is the homology-directed repair, which enables perfect reconstitution of the original
DNA sequence using a homologous template, usually the sister chromatid (Jasin & Rothstein,
2013). Due to the use of a repair template, the pathway is less prone to errors. In case an
artificial template is provided, this process can be exploited to introduce knock-ins of custom
DNA sequences (Storici et al, 2006, 2003). Importantly, the repair pathway choice is highly
regulated and dependent on the cell cycle phase (Scully et al, 2019). DNA repair and its role in
gene editing are reviewed in greater detail elsewhere (Jasin & Rothstein, 2013; Weterings &
Chen, 2008; Scully et al, 2019).

For a long time, the targeted introduction of DSBs had been challenging. Initially
programmable nucleases, that could be recruited to a DNA site of choice were designed as
fusion proteins between DNA-binding zinc finger domains and DNA endonucleases, such as
Fokl (Kim et al, 1996; Bibikova et al, 2001; Porteus & Baltimore, 2003). Zinc fingers recognize
specific combinations of three nucleotides. The consecutive fusion of several such modules
enabled highly specific targeting of custom DNA sequences. Similarly, transcription activator-
like effectors (TALEs) are protein domains that recognize single bases, which further increased
the flexibility with respect to user-defined target sequences (Moscou & Bogdanove, 2009; Boch
et al, 2009). Although being of great value, TALE nucleases (TALEN) and zinc finger nucleases
(ZFN) suffer from the inherent disadvantage, that large parts of the respective protein need to
be modified in order to target a specific DNA sequence.

Here the beauty of CRISPR-Cas systems becomes apparent, as they only require redesign of
the 20-30 nt protospacer RNA sequence (Jinek et al, 2012; Gasiunas et al, 2012). To make things
even simpler, Jinek et al. showed that the crRNA and tracrRNA could be fused together,
resulting in a two-component gene editing system comprising the nuclease in complex with a
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single guide RNA (sgRNA) (Jinek et al, 2012). It is no surprise, that this gene editing strategy
was immediately adapted for the use in mammalian cells (Cong et al, 2013; Mali et al, 2013b).
Importantly, the application spectrum of Cas9 is not limited to gene editing. Catalytically dead
variants (dCas9) can still be targeted to DNA and act as repressors (Qi et al, 2013). Fusion of
additional repressor domains, such as the Kruppel-associated Box (KRAB) domain, to dCas9
can further improve the gene silencing efficiency (Gilbert et al, 2013). Vice versa, the linkage of
dCas9 to transcription activation domains enable the induction of gene expression, when Cas9
is targeted to promoter regions (Gilbert et al, 2013; Perez-Pinera et al, 2013; Maeder et al, 2013;
Cheng et al, 2013). CRISPR activation cannot only be achieved by protein fusions, but also by
activator recruitment to the sgRNA scaffold (Zalatan et al, 2015; Konermann et al, 2015; Mali et
al, 2013a). Moreover, dCas9 effector fusions are not limited to transcription regulation, but can
be employed for the targeted regulation of epigenetic modifications, such as DNA methylation
(Liu et al, 2016a; Amabile et al, 2016; Vojta et al, 2016; Xu et al, 2016) or histone acetylation
(Kwon et al, 2017). dCas9, tagged with fluorescent proteins, was further used to image specific
DNA loci (Chen et al, 2013; Ma et al, 2015b)

Another transformative set of innovations was developed by the lab of David Liu. The fusion of
dCas9 and Cas9 nickases (nCas9) to Cytosine or Adenosine deaminases enabled the
programmed conversion of Cytosines (C) into Thymines (T) or Adenosines (A) into Guanosines
(G), respectively (Komor et al, 2016; Gaudelli et al, 2017). This method, called base editing,
facilitated the precise re-writing of single nucleotides, without the need for introduction of
DSBs. Moreover, the development of prime editing, even allowed the exchange of larger
sequence stretches without DSBs through a fusion between nCas9 and a reverse transcriptase
(Anzalone et al, 2019).

Finally the discovery of RNA targeting Cas orthologues (Abudayyeh et al, 2016, 1; East-Seletsky
et al, 2016, 2) lead to the repurposing of the above-mentioned methods to the RNA level.

In this overview, only the core principles of the most important CRISPR tools were presented.
The discussion of the whole diversity of CRISPR applications and especially the constant
optimization of existing editors is far beyond the scope of this introduction and I refer the
reader to respective reviews (Zhang, 2019; Adli, 2018).

1.4.2.4 Challenges of CRISPR applications

Despite the immense progress in the genome editing field, CRISPR-Cas tools still have their
challenges and limitations. While a number of aspects, including the in vivo delivery, editing
efficiencies and DNA repair pathway choice are worth discussion, | will focus on a critical and
in the context of this study highly relevant topic, namely gene editing specificity. Early during
the CRISPR tool development, it was shown that Cas9 frequently edits off-target sites, i.e.
genomic sequences that exhibit high similarity to the actual target site (Fu et al, 2013; Hsu et
al, 2013; Pattanayak et al, 2013). Although off-target activities tend to be much lower that the
on-target editing rate (Jones et al, 2021), this undesired feature represents a major risk,
especially with respect to gene therapy applications in patients. Furthermore, even larger
genomic rearrangements have been detected upon Cas9 activity, albeit at very low frequencies
(Kosicki et al, 2018; Frock et al, 2015).

To reduce the risk of unwanted Cas9 activity, diverse strategies have been proposed and tested.
One solution is the use of Cas orthologues that naturally exhibit a higher target specificity
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(Amrani et al, 2018, 9; Jones et al, 2021). In addition, a variety of engineered Cas9 variants with
improved target specificity have been reported (Rees et al, 2017; Kleinstiver et al, 2016).
Unfortunately, the increase in specificity was often accompanied by lower on-target editing
rates (Schmid-Burgk et al, 2020; Jones et al, 2021). Also, the use of paired nickases with two
sgRNAs, each enabling the cleavage of one DNA strand was shown to reduce off-targets (Ran
et al, 2013). The reason is that two different ribonucleoproteins must be active at the same
locus for a DSB to occur.

Looking at the problem from a mechanistic angle, one can state that off-target effects are also
a result of Cas9 being active for too long. This is due to the fact that editing kinetics at off-
target sites tend to be much slower, as compared to on-target sites (Shin et al, 2017; Jones et
al, 2021). Methods that allow the timely inhibition or degradation of Cas9 and thus further
contribute to increased editing specificity are highly desired. These approaches are described
in the next section.

1.4.2.5 Inducible CRISPR-Cas gene editors

The realization that the tight control of Cas9 is crucial for the versatility and safety of the CRISPR
method raises the question, how to effectively control the nuclease? As pointed out earlier, the
direct control of protein conformation and hence function, rather than the regulation of protein
expression, can provide a substantial advance with respect to response time and precision
(refer to section 1.3.1). In case of Cas9, both of its components, the protein and the sgRNA are,
in principle, amenable for engineering of switchable CRISPR effectors. On the sgRNA-level, the
activity of Cas9 has been made inducible via photo-cleavable RNA modifications, that inhibited
gene editing in the absence of light (Jain et al, 2016; Liu et al, 2020) or self-cleaving aptazymes,
which react to chemical triggers (Tang et al, 2017; Ferry et al, 2017). Reversible activation in
turn, could be reached by using aptamers, the conformation of which prevented gene targeting
in absence of their cognate stimulus (Liu et al, 2016b; Kundert et al, 2019).

With respect to the control of the protein component, one has to differentiate between the
regulation of DNA editing via Cas9-induced DSBs and Cas9 tools based on effector fusions. In
the latter scenario, the use of dimerization domains represents an efficient method. Linking a
dimerization domain to Cas9 and another one to the effector domain of choice can enable the
inducible recruitment of the effector to the targeted locus. Many tools employing this principle
have been developed over the years. Blue light-induced transcription control was, for example
achieved by using the light-dependent hetero-dimerizer pairs CRY2 and CIB1 or CIBN for the
recruitment of transcription activation domains to dCas9 (Polstein et al, 2015; Nihongaki et al,
2015b). Similarly, protein domains that dimerize upon chemical induction by abscisic acid or
gibberellin have been exploited for the control of effector recruitment (Gao et al, 2016). The
beauty of this approach lies in its simplicity as it can be viewed as a plug-and-play system, the
effector domains of which can easily be exchanged. As a major disadvantage, Cas9 remains
permanently bound to the DNA, which could cause unwanted side-effects such as the
inhibition of transcription.

To regulate the gene editing activity of Cas9, it becomes necessary to engineer the nuclease
itself. Although Cas9 is compatible with inducible degradation systems (Kleinjan et al, 2017;
Senturk et al, 2017) and conditional nuclear import/export strategies (Zhao et al, 2018), these
methods are irreversible and suffer from the dependence on the expression dynamics of new
Cas9 protein. Similar to sgRNAs, also Cas9 can be photo-caged by chemically modified amino
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acids, enabling its (irreversible) photo-activation (Hemphill et al, 2015). For the dynamic control
of gene editing, Cas9 variants that can be reversibly activated are required. To this end, split-
Cas9 systems were developed, the reconstitution of which is mediated by ligand dependent
dimerizers (Nihongaki et al, 2019, 1; Zetsche et al, 2015b). Fusing the split halves of Cas9 to the
rapamycin interacting domains FKBP and FRB enabled the rapamycin-dependent
reconstitution of the full protein. Apart from this, also chemically activatable single-chain
proteins were designed, for instance by insertion of the ERD as allosteric disrupter into the
nuclease (Oakes et al, 2016; Davis et al, 2015). Also the steric occlusion of the DNA-binding
groove of Cas9 via small molecule-induced dimerization domains that were covalently linked
to Cas9 was demonstrated (Rose et al, 2018).

Optogenetic control over gene editing was achieved in similar ways. Nihongaki et al., for
instance, described the design of light-dependent split Cas9 and Cas12 variants using the blue
light-activated magnet system (Nihongaki et al, 2015a, 2019). A different dimerization
approach was established by Richter et al., who inserted the RsLOV domain into Cas9, resulting
in an inactive dimer of Cas9-LOV2 hybrids that could be reactivated by exposure to blue light
(Richter et al, 2016). Unfortunately, when tested in E. coli, the system was only active at
temperatures around 30 °C. As an optogenetic single-protein approach, the fusion of Cas9 to
a pair of pdDronpa domains was constructed (Zhou et al, 2017b). pdDronpa is a dimerizing
GFP variant, which dissociates upon irradiation with ~500 nm light. In the dimerized state, the
position of the pdDronpa domains was shown to inhibit DNA binding by Cas9. Since a single
pdDronpa domain comprises 224 amino acids, the size of the resulting fusion protein was,
however, rather large.

1.4.2.6 Anti-CRISPR proteins

Anti-CRISPR proteins (Acr) represent a diverse class of small, phage-derived proteins, able to
inhibit CRISPR-Cas systems (Pawluk et al, 2017). They equip phages with the power to
counteract the bacterial CRISPR defense system (Bondy-Denomy et al, 2013). Acrs were first
discovered in 2013 by Bondy-Denomy et al. as inhibitors of type I-F CRISPR systems (Bondy-
Denomy et al, 2013). Soon, it became clear that Acrs are a wide-spread class of functionally
diverse proteins. Acrs that inhibit various types of CRISPR systems from both classes, have since
been identified (Bondy-Denomy et al, 2013; Pawluk et al, 2016). In context of gene editing,
inhibitors of several Cas9 orthologues (Rauch et al, 2017; Pawluk et al, 2016; Harrington et al,
2017), but also Cas12- (Marino et al, 2018) and Cas13-specific Acrs (Meeske et al, 2019) were
described. The versatility of Acrs is not only striking from a phylogenetic, but also from a
mechanistic perspective. Acrs can, for instance, block sgRNA loading onto Cas nucleases
(Thavalingam et al, 2019), prevent their DNA binding (Bondy-Denomy et al, 2015; Chowdhury
et al, 2017; Yang & Patel, 2017), inhibit target cleavage (Bondy-Denomy et al, 2015; Harrington
et al, 2017), impair spacer acquisition (Philippe et al, 2022) or enzymatically modify Cas proteins
(Athukoralage et al, 2020; Dong et al, 2019).

The application of Acrs in the gene editing field is currently focused on inhibitors of the type Il
Cas9 nucleases. A straightforward use case of Acrs is the reduction of off-target effects by
temporal restriction of Cas9 activity. Here, blocking Cas9 after a period of activity is expected
to mainly impair the editing at off-target sites, which are inefficiently targeted and hence take
longer to be edited as compared to on-targets. This approach was successfully demonstrated
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by temporally separating the delivery of Cas9 RNPs and Acrs (Shin et al, 2017), as well as the
covalent fusion of attenuated Acrs to Cas9, which only slightly decreased the overall on-target
activity (Aschenbrenner et al, 2020). Another way to improve DNA targeting specificity,
especially with respect to medical applications, is blocking Cas9 activity in cell types or tissues,
in which editing is undesired. Towards this goal, Hoffmann et al. placed Acr-encoding
transgenes under regulation of cell-type specific microRNAs (miRNAs). Introducing miRNA
binding sites into the 3'-UTR of Acr-encoding mRNAs enabled the miRNA-mediated
degradation of the Acr transcript and hence released CRISPR-Cas9 activity selectively in the
target cell type (expressing the microRNA) as compared to off-target cells (lacking the
microRNA) (Hoffmann et al, 2019; Lee et al, 2019). The use of optogenetically controlled Acrs
for the spatio-temporal control of Cas9 is another exciting use case and is described in detail
under previous work in section 1.4.2.4.2.

Apart from the regulation of DNA cleavage, Acrs that inhibit DNA-binding are also compatible
with many other CRISPR applications. These include the inhibition of Cas9-mediated
transcription control (Nakamura et al, 2019), the regulation of gene drives (Basgall et al, 2018)
and the confinement of base editing via Acrs (Liang et al, 2020). Besides their use for gene
editing control, Acrs were also applied in biosensing gene circuits (Li et al, 2018) and as
substitutes for antibodies with the aim to capture Cas9 (Johnston et al, 2019).

1.4.2.7 Cas9 orthologues and Acrs used in this study

1.4.2.7.1 Cas9 orthologues

A large number of Cas9 orthologues have been identified and characterized over the last
decade. SpyCas9 is still the most widely applied nuclease when it comes to gene editing, but
several disadvantages promoted the use of alternative Cas variants (Table 1.1). First and
foremost, the large size of SpyCas9 (1,368 AA) can become a problem, in particular with respect
to in vivo delivery. Many viral vectors have size restrictions with respect to the DNA that can be
packaged into a capsid. The commonly used recombinant adeno-associated viruses (AAVs), for
instance, exhibit a packaging capacity of ~4.7 kilobases (kb) (Wu et al, 2010). A SpyCas9

Table 1.1: List of Cas9 orthologues relevant for this study.

Protein Source AA €9 pam Structure
length

SpyCas9 Streptococcus pyogenes 1,368 NGG 4008

SauCas9 Staphylococcus aureus 1,053 NNGRRT 5AXW

NmeCas9 Neisseria meningitidis 1,082 NNNNGATT  6J9N

Nme2Cas9 Neisseria meningitidis 1,082 NNNNCC 6JFU

expression cassette together with a sgRNA expression module would already exceed this limit.
Moreover, many of the tools described above include the fusion of additional effector domains
to Cas9, which further increases the construct’s size. The aforementioned relatively high off-
target rate of SpyCas9 is an additional drawback (Fu et al, 2013; Pattanayak et al, 2013). Finally,
as it is the case for all Cas9 nucleases, the PAM (NGG) represents a restriction with respect to
the genomic sites that can be edited, i.e. AT-rich genome regions can hardly be targeted with
SpyCas9.
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A different nuclease, relevant to this work is Cas9 from Staphylococcus aureus (SauCas9) (Ran
et al, 2015; Kleinstiver et al, 2015). With a size of only 1053 amino acids, its encoding sequence
easily fits into AAVs together with a sgRNA expression cassette, rendering it a good candidate
for gene therapy applications (Friedland et al, 2015). Furthermore, split-SauCas9 architectures
were successfully developed, enabling the distribution of the editor over two self-
complementary AAVs (scAAV) (Schmelas & Grimm, 2018). These virus derivatives allow a faster
expression of the cargo transcript, which is accompanied by reduced packaging capacities (only
~2.4 kb) (Schmelas & Grimm, 2018). The main disadvantage of SauCas9, however, is the longer
four nucleotide PAM sequence, NNGRRT, which restricts the targetable DNA sequence space.
It should be noted though, that the engineering of the PAM requirements of various Cas9
orthologues made substantial progress over the years, resulting in optimized SauCas9 mutants
with altered PAM specificities (Ma et al, 2019).

Another orthologue with promising features is Cas9 from Neisseria meningitidis (NmeCas9). In
contrast to the previous two candidates, it originates from a type II-C instead of a type II-A

Table 1.2: List of anti-CRISPR proteins relevant for this study. CjeCas9, Cas9 from Campylobacter jejuni;
GeoCas9, Cas9 from Geobacillus stearothermophilus; HpaCas9, Cas9 from Haemophilus parainfluenza; BoeCas9,
Cas9 from Brackiella oedipodis; KlaCas9, Cas9 from Kiloniella laminariae.

Protein AA seq- Targeted orthologues Mechanism Structure
length
NmeCas9, Nme2Cas9, CeCas9, Inhibition of
AcrliIC1 86 GeoCas9, HpaCas9, BoeCas9, DNA cleavage 5VGB
KlaCas9, SauCas9
Inhibition of
AcrliIC3 117 NmeCas9, Nme2Cas9 DNA  binding,

dimerization

6JHW,
6JE9

CRISPR system (Esvelt et al, 2013; Hou et al, 2013). Alike SauCas9, NmeCas9 is relatively
compact nuclease (1,082 AA) and requires a four nucleotide PAM (NNNNGATT) (Esvelt et al,
2013; Hou et al, 2013). Interestingly, it also possesses the ability to bind and cleave single-
stranded DNA and RNA (Rousseau et al, 2018; Ma et al, 2015a). Moreover, NmeCas9 is a natural
high-fidelity orthologue with almost no measurable off-target effects (Lee et al, 2016; Amrani
et al, 2018). Finally, additional NmeCas9 variants have been identified, which possess high
sequence similarity (>86 %) to the "original” nuclease (Edraki et al, 2018). One of them,
Nme2Cas9, is of identical size (1,082 AA) and exhibits an equally high target specificity, while
requiring a more compact C-rich PAM sequence (NNNNCC). This discovery significantly
advanced the genomic target range of the N. meningitidis nuclease family. Finally, the
applicability and high specificity of both NmeCas9 orthologues was also demonstrated in vivo
(Ibraheim et al, 2018, 2021).

14272 Acrs

This study focuses on the anti-CRISPR proteins AcrlIC1 and AcrlIC3. As the names already imply
both inhibit type 1I-C Cas9 enzymes (Table 1.2). They are small proteins (86 and 117 amino
acids, respectively) that share no sequence or structure similarity (Harrington et al, 2017; Pawluk
et al, 2016). While several other AcrlIC inhibitors are known (Lee et al, 2018, 5), these two are
the best characterized members of the family. As most striking difference, AcrlIC3 only inhibits
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NmeCas9 and the closely related orthologue from Haemophilus parainfluenza, while AcrliC1
was the first described broad-spectrum inhibitor, being able to deactivate many Cas9
orthologues from type II-C systems (Table 1.2) (Harrington et al, 2017; Garcia et al, 2019, 5). It
was even shown to have modest activity on the type II-A SauCas9 orthologue (Mathony et al,
2020a; Garcia et al, 2019, 5). Importantly, AcrlIC1 is a relatively weak inhibitor of Cas9, in stark
contrast to the very strong activity of AcrllC3 (Harrington et al, 2017). A reason for this notable
difference may lie in the respective mechanisms of action. AcrlIC1 binds to the catalytic HNH
domain, thus abolishing DNA cleavage, while still allowing Cas9 to bind to target DNA
(Harrington et al, 2017). AcrllC3 also binds the HNH domain, but at a different surface site,
which might be a reason for the higher specificity towards NmeCas9 (Kim et al, 2019; Zhu et al,
2019). In addition, AcrlIC3 further contacts the Rec lobe of Cas9 resulting in a dimerization of
the nuclease (Sun et al, 2019) and inhibition of DNA binding (Harrington et al, 2017).
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Figure 1.8: Previous work — improving the inhibition potency of AcrlIC1. (A) Insertion of mCherry into AcrlIC1
results in increased inhibition potency of NmeCas9. The binding interface of AcrliC1 was redesigned to bind to
and inhibit the HNH-domain of SauCas9. (B) Analysis of gene editing efficiencies by T7 endonuclease assay.
HEK293T cells were co-transfected with plasmids encoding NmeCas9, a sgRNA targeting the endogenous F8
locus and the indicated Acr variants. The Cas9:Acr DNA ratio was 1:1. | acquired the data prior to the start of the
Ph.D. Chimera 11 is a control construct carrying a PDZ domain insertion instead of mCherry. Chim., Chimera. (C)
Analysis of the inhibition potency of AcrllC1X on SauCas9. HEK293T cells were co-transfected with constructs
encoding SauCas9, a sgRNA against the EMX1 locus and the indicated Acr variant. Gene editing efficiencies were
assessed by TIDE sequencing. The experiments were performed by Sabine Aschenbrenner and Carolin Schmelas.
(B, C) Individual data points from n=3 independent biological replicates are shown. Bars represent the mean and
error bars represent the standard deviation (SD). Neg, negative control (Cas9 + non-targeting sgRNA). Pos,

positive control (Cas9 + sgRNA). **P < 0.01, ****P < 0.0001 by one-way analysis of variance (ANOVA) with
Bonferroni correction.
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1.4.2.8 Prior work on Anti-CRISPR proteins

The work presented in this section stems from the time of my Master thesis, at which the Acr
projects were initiated. It laid the foundation for the characterization and application of the Acr
variants that | worked on during my subsequent Ph.D and which is described in chapter 2.1 of
this thesis.

1.4.2.8.1 Improving the inhibition strength of Acrs

As stated in the last section, AcrlIC1 is of interest due to its high promiscuity, thus providing a
possible “one fits many” solution for the control of gene editing tools. To be useful as molecular
tools though, Acrs needs to show high levels of activity, which is unfortunately not the case for
AcrlIC1. In order to increase the inhibition potency, we chose two different strategies.

First, by inserting the fluorescent protein mCherry into an unstructured loop around Y70 of
AcrlIC1, we increased its stability and in consequence its inhibitory effect on NmeCas9 (Fig.
1.8A, B). Testing different insertion variants, we identified two lead candidates, chimera 7 and
10 (Mathony et al, 2020a). The former variant carries mCherry between E68 and Y72 and
chimera 10 bears the insert behind Y70, flanked by GSG linkers. While it was hardly possible to
fully inhibit NmeCas9 using the wildtype inhibitor, the engineered chimeric versions (chimera
7 and chimera 10) drastically reduced DNA cleavage (Fig. 1.8B).

Having shown that it is possible to increase the inhibition potency on AcrlIC1's natural target,
NmeCas9, we next wanted to effectively inhibit SauCas9 activity, an orthologue, only mildly
affected by AcrlIC1 (Mathony et al, 2020a). At the time the project was initiated, no effective
inhibitor of this orthologue was known. We reasoned that the lack of inhibition must be caused
by a low binding affinity of AcrlIC1 to the HNH domain of SauCas9. In collaboration with the
group of Bruno Correia, we hence redesigned the binding interface of AcrlIC1 to optimize it's
affinity to SauCas9. The result was an AcrlIC1 triple mutant, N3F/D15Q/A48I, which was termed
AcrlIC1X. Experiments performed by Carolin Schmelas and Sabine Aschenbrenner
demonstrated that AcrlIC1X strongly outperformed wildtype AcrlIC1 with respect to SauCas9
inhibition in human cells (Fig. 1.8C).

1.4.2.8.2 Engineering of light-switchable Acrs

In the chapter 1.4.2.5, | pointed out, how important the control of Cas9 activity is for many
applications. A general problem of most published tools is that they are specific to certain
applications and are not necessarily compatible with the diverse Cas9 fusion proteins that are
commonly used. An approach published by Bubeck et al. (Bubeck et al, 2018) from our group
provided an elegant solution to this problem. Instead of engineering Cas9 itself, they inserted
the AsLOV2 domain into AcrllA4, a protein inhibitor of SpyCas9. The hybrid inhibitor was active
in the dark, while the blue light-triggered conformational change of the LOV2 domain resulted
in an inactive conformation of the fused Acr. Once the inhibitor was turned off, Cas9 became
active and gene editing could progress (Fig. 1.9A). This approach was termed CASANOVA
("CRISPR—-Cas9 activity switching via a novel optogenetic variant of AcrllA4"). The advantage of
the method lies in the fact that it can easily be combined with all sorts of CRISPR-derived tools,
such as Cas9-based transcription activators or epigenetic modifiers without the need for re-
engineering of the nuclease.

Similar to most other inducible CRISPR systems, CASANOVA is specific to a single Cas
orthologue, namely SpyCas9. The gene editing field, however, has moved far beyond the use
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of only this one orthologue (refer to section 1.4.2.7.1). In order to evaluate to what extend the
CASANOVA approach can be adapted to other Acrs, we set out to develop a light switchable
variant of the NmeCas9 inhibitor AcrlIC3. Following the screening of several insertion sites in
this Acr (Hoffmann et al, 2021), we identified two variants that enabled the effective light
control of gene editing (Fig. 1.9B). The respective variants carried AsLOV2 domain insertions
behind F59 of AcrlIC3. One derivative was the naive insertion of the domain at this site, the
other variant was flanked by single G's as linkers. The AcrllC3-LOV2 hybrids were named
CASANOVA-C3 (CN-C3) and CASANOVA-C3G (CN-C3QG), respectively. When co-expressed with
NmeCas9 and a sgRNA into human cells, CN-C3 and CN-C3G of them efficiently inhibited gene
editing in the dark, while allowing NmeCas9 activity upon illumination, albeit at slightly lower
efficiency (Fig. 1.9B). These results set the basis for the further characterization that is described
in the results section.
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Figure 1.9: Previous work on CASANOVA-C3. (A) Working principle of CN-C3. (B) T7 endonuclease assay
assessment of optogenetic control over gene editing by CN-C3. HEK293T cells were transfected with constructs
expressing NmeCas9, a sgRNA targeting the indicated loci and the respective Acr variants and incubated under
blue-light irradiation or in the dark. Cas9:Acr vector mass ratios are shown above the panels. Individual data
points from n=3 independent biological replicates are shown. Bars represent the mean and error bars represent
the SD. A representative agarose gel image is shown. Fold changes are indicated for CN-C3 variants. | performed
the experiments during my Master thesis. Fold changes in activity are indicated above the bars.

1.5 Aim of study

The control of protein activity via exogenous signals, such as light or chemicals, is widely used
in basic research and biotechnology. It can be employed to restrict protein activity in time and
space, hence enabling unprecedented direct control over cellular processes. The engineering
of switchable proteins via the insertion of domains responsive to light or chemicals represents
an elegant and frequently used strategy to create switchable proteins. At the same time,
protein engineering by domain insertion is still hampered by an incomplete mechanistic
understanding of proteins, so that extensive experimental optimization is often required.
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In the first part of this study, we harnessed protein engineering to improve the control of
compact and high-fidelity gene editing tools. We created Acrs with enhanced inhibition
potency on the RNA-guided nucleases NmeCas9 and SauCas9, as well as optogenetically
switchable inhibitors for NmeCas9. While strategies to control and safeguard CRISPR nucleases
were previously focused on other Cas9 orthologues, our aim was to provide a versatile toolkit
that enables the precise regulation of these two promising nucleases.

Focusing on the CRISPR inhibitor AcrlIC1, we first sought to improve its inhibition potency on
NmeCas9 and SauCas9, in order to guarantee a complete deactivation of nuclease activity. On
top, we aimed to demonstrate the value of the engineered Acr by establishing a method to
specifically activate SauCas9 only in selected cell types.

Next, using an exceptionally potent inhibitor of NmeCas9, AcrlIC3, we planned to create an
optogenetic CRISPR switch by insertion of the AsLOV2 domain into this inhibitor. The
photoreceptor insertion was supposed to enable the light-mediated deactivation of the Acr
and in consequence activation of Cas9. The resulting tool would allow users to perform gene
editing in a spatiotemporally defined manner.

Our experience with optogenetic Acrs, as well as previously published work showcased
persisting challenges with respect to the design of switchable proteins. The identification of
suitable insertion sites and the subsequent optimization of lead candidates are still
cumbersome processes, depending on extensive trial and error.

In the second part of this study, we thus sought to dissect constraints underlying successful
domain insertions in an unbiased fashion. To this end, we intended to perform comprehensive
domain insertion screens with diverse insert and effector proteins. We selected four target
protein candidates of great structural and functional diversity, including the transcription factor
AraC, the Flp recombinase, the protease of the tobacco vein mottling virus (TVMV) and the
Sigma factor F from Bacillus subtilis (B. subtilis). In an unbiased fashion, we then inserted one
or several different candidate domains into these proteins followed by FACS-mediated
enrichment of active variants and next generation sequencing (Flow-seq). Thereby, we aimed
at creating comprehensive datasets enabling us to dissect biophysical and evolutionary
constraints of domain insertion tolerance.

Finally, we aimed at extending our Flow-seq approach towards the identification of switchable
protein variants, thus providing a powerful strategy to engineer proteins to control selected
cellular functions.
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2 Results

The following chapter is subdivided into three parts. In the first part, | am going to describe
the characterization and application of engineered Acrs that show enhanced or light-
switchable Cas9 inhibition. An overview of experiments that were performed on these projects
prior to my Ph.D. is provided in the introduction (section 1.4.2.8). All experiments described in
the results chapter below, were, however, obtained during my Ph.D. and are reported in two
peer-reviewed articles (Mathony et al., 2020 and Hoffmann, Mathony et al., 2021).

The second part describes an unbiased domain insertion screen as well as the corresponding
bioinformatic analysis. Lastly, in the third part, | am going to present the characterization of
two light-switchable variants of the transcription factor AraC that were identified during the
screen.

2.1 Characterization of enhanced and light-switchable Cas9
inhibitors

2.1.1 Performance of improved Acrs on different NmeCas9 orthologues

During my Master’s thesis, | started the characterization of different domain fusions between
the broad-spectrum Cas9 inhibitor AcrlIC1 and the fluorescent protein mCherry resulting in
two lead candidates, chimeras 7 and 10 (refer to section 1.4.2.8.1). Since our previous analysis
was limited to T7E assays, | first established a Tracing of indel by decomposition (TIDE)-based
readout to measure Cas9 activity in the Acr application context (Brinkman et al, 2014). In case
of high editing rates, TIDE sequencing is considered to give a qualitatively better representation
of indel percentages than T7E assays do (Brinkman et al, 2014; Sentmanat et al, 2018). TIDE is
based on Sanger sequencing of PCR products amplified from the edited locus. DNA repair at
the target site via NHEJ results in the occurrence of errors, which in turn lead to a diverse set
of indels in the targeted cell populations. In Sanger sequencing chromatograms, the varying
length of the indels results in superposed sequence shifts within the chromatogram starting at
the Cas9 cut site. Decomposition of the individual traces of the chromatogram allows the
efficient assessment of indel frequencies. In order to evaluate the inhibition potency of the
chimeras by TIDE, | targeted two endogenous loci by NmeCas9 either in presence or absence
of the respective engineered, chimeric inhibitors (Ch. 7, Ch. 10; see Fig. 1.8A, B) or wild-type
AcrlIC1 and -C3 as controls (see below). Three days post transient transfection, the cells were
lysed and indel frequencies were assessed (Fig. 2.1A) Indeed, the results exhibit higher editing
efficiencies for the control with active Cas9 as compared to prior T7E-assays (Fig. 1.8B). At the
same time, background signal of up to 5 % was detected, even in the non-targeting control.
This phenomenon is caused by background signal in the sequencing read. Wildtype AcrlIC1
only mildly decreased the editing efficiency of NmeCas9. The chimeras 7 and 10, instead
drastically reduced editing to the background level (Fig. 2.1A). AcrllC3 was included into the
experiments as a positive control. In contrast to AcrlIC1, this inhibitor is known to be
highlyefficient, while being also very specific, only inhibiting NmeCas9 (Harrington et al, 2017;
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Garcia et al, 2019, 5). The inhibition levels of the engineered chimeras and AcrlIC3 were
comparable, indicating high inhibition potency of the AcrlIC1-mCherry chimeras as compared
to wild-type AcrlIC1.

Shortly after the initial characterization of NmeCas9 as a compact high-fidelity genome editor
(Amrani et al, 2018; Lee et al, 2016), the closely-related Nme2Cas9 orthologue distinguished
by a more compact PAM sequence (N4+CC instead of N4GATT for NmeCas9) was identified
(Edraki et al, 2018). A detailed description of Nme2Cas9 and comparison with NmeCas9 can be
found in the introduction (section 1.4.2.7.1). To test, if our engineered inhibitors work
comparably well on the Nme2Cas9 orthologue, | performed a similar assay as before. This time,
| targeted the genomic loci VEGFA and FANCI, since potent sgRNAs were reported for these
loci (Edraki et al, 2018). As Nme2Cas9 exhibited a lower overall editing efficiency as compared
to NmeCas9, | assessed indel frequencies by T7E assay, which tends to be more sensitive in my
experience. The results resembled very much the outcomes for NmeCas9. While AcrlIC1
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Figure 2.1: Performance of engineered AcrlIC1 variants on different NmeCas9
orthologues. (A) Engineered Acr variants show improved inhibition potency.
HEK293T cells were co-transfected with plasmids encoding NmeCas9, a sgRNA
targeting the VEGFA or F8 locus and the indicated Acr variants. The Cas9:Acr DNA
mass ratio was 4:1. The performance of the different Acrs on Nmel1Cas9 was
assessed by TIDE sequencing. (B) engineered Acrs also exhibit enhanced inhibition
of Nme2Cas9. HEK293T cells were co-transfected with plasmids expressing
Nme2Cas9, a sgRNA targeting the indicated locus as well as the respective Acr
variant with a Cas9:Acr plasmid mass ratio of 1:1. 72 h post-transfection, indel
formation was assessed by T7E assay. Representative gel images are shown. (A,B)
data points represent three independent biological replicates. Horizontal lines are
the mean. Neg, negative control (Cas9 + non-targeting sgRNA). Pos, positive control

(Cas9 + sgRNA). **P < 0.01, ***P < 0.001, calculated by one-way ANOVA with
Bonferroni correction.
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inhibited Nme2Cas9 only partially, the engineered AcrlIC1-mCherry chimeras, as well as wild-
type AcrllC3 completely blocked gene editing (Fig. 2.1B).

As a side note, this experiment included one additional Acr variant named AcrlIC1X*. This
protein is a derivative of chimera 10 which carries three point mutations in the Cas9 binding
surface of the Acr that increase its inhibition potency on SauCas9 (see chapter 2.1.2 and
(Mathony et al, 2020a)). Interestingly, upon introduction of the three mutations, the capability
of the chimeric Acr to efficiently inhibit Nme2Cas9 was still maintained.

2.1.2 Enabling cell type specific gene editing with AcrX

The chimeric Acrs described in the last section showed improved inhibition of NmeCas9.
AcrlIC1X, on the other hand, was engineered by us to very potently inhibit SauCas9 (see
previous work in section 1.4.2.8). To demonstrate its applicability, | employed AcrlIC1X for cell
type-specific activation of SauCas9. To this end, | built on a concept that had originally been
developed by Mareike Hoffmann, a former Ph.D. student of our lab (Hoffmann et al, 2019). The
strategy makes use of the fact that many miRNAs are expressed in humans in a highly tissue-
and cell-type-specific manner (Landgraf et al,

2007; Patil et al, 2022). In order to restrict j C0 g G -

gene editing to the cell type or tissue of TCMV - Cas9 - U6 - sgRNA -
choice, Acr transgenes are co-delivered with / \
Cas9/sgRNA. The Acr transgenes carry

miRNA  binding sites within the 3'- 4 @
untranslated region (UTR) (Fig. 2.2). In cell ] 1
types strongly expressing the corresponding /

miRNA, the Acr-encoding mRNA is hence 7- o
degraded or its translation is inhibited by miR\NA induced / 7 -
RNAI. This, in turn, prevents Acr expression degradation

and consequently enables gene editing by ! !
Cas9. In any off-target cell type not a0
expressing the cognate miRNA, however, the Cas9

Acr-encoding  mRNA remains  stable, @ Aclra\m_m_l
therefore resulting Acr expression and hence

in inhibition of genome editing. This strategy PO OD X

provides an additional safety layer for gene
Figure 2.2: Enabling cell type specificity with help

editing technologies. To prove the feasibility ) )

. of miRNA-controlled Acrs. The Acr is co-expressed
of this approach for the control of SauCas9 it cas9 and a sgRNA. The mRNA encoding the
activity, | inserted binding sites for the inhibitor carries miRNA-binding sites in its 3'-UTR.
hepatocyte-speciﬁc miRNA-122  (Lagos- When delivered to a cell type that expresses the

. . , cognate miRNA, the mRNA gets degraded and Cas9
Quintana et al, 2002) into the 3'-UTR of the becomes active. In off-target cell types, the mRNA
AcrlIC1 as well as AcrllIC1X transgenes. As  remains stable. Consequently, the Acr is translated and
controls, versions of the same vectors with  inhibits CRISPR gene editing.

UTRs of the identical length, which carried a scaffold sequence instead of the miRNA binding
site, were used. First, | assessed the system in HEK293T cells that do not express miRNA-122.
To this end, cells were transfected with plasmids encoding SauCas9, a sgRNA targeting the

endogenous EMX1 locus and the different Acr variants. On top, one batch of samples was co-
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transfected with a vector expressing miRNA-122, while miRNA-155 was used as a control in a
second set of samples. Finally, controls that did not overexpress either miRNA were included.
The results were analyzed by T7E-assay (Fig. 2.3A), as well as by TIDE sequencing (Fig. 2.3B). As
expected, the Cas9 control without Acr exhibited strong gene editing as indicated by high indel
frequencies independent of the presence of a miRNA. Wildtype AcrlIC1 generally resulted in a
noticeable, but incomplete Cas9 inhibition, as already observed in the previous experiments.
TIDE sequencing revealed a significant release in genome editing efficiency when AcrllC1-
miRNA-122 was co-expressed with miRNA-122, but not upon co-expression with the control
miRNA-155 (Fig. 2.3B). This effect was, however, not visible in the T7E-assay, possibly due to
saturation of the measurable indel rate (Fig. 2.3A). Overall, Cas9 inhibition by AcrlIC1 tended
to be slightly (albeit not significantly) weaker, when expressed from a transcript with miRNA-
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Figure 2.3: Hepatocyte-specific gene editing enabled by miRNA-controlled AcrliC1X. (A, B) HEK293T cells
were transfected with plasmids encoding SauCas9, a sgRNA targeting EMX1 and Acr derivatives carrying a miR-
122-binding site, a miR-155-binding site or a scaffold of the same length in their 3'-UTR. In addition, a plasmid
expressing the indicated miRNAs was co-supplied. Three days post transfection, indel formation was assessed by
T7E assay (A) or TIDE sequencing (B). (C, D) HEK293T cells (C) and Huh7 (B) cells were transduced with AAVs
encoding Cas9, a sgRNA targeting the EMX1 locus and the Acr transgenes with or without miR-122 binding sites.
The multiplicities of infection (MOI) used during transfection were 10> and 5x10* for SauCas9 and the Acrs,
respectively. Gene editing was evaluated after three days by T7E assay. (A-D) Data points represent three
independent biological replicates. Horizontal lines are the mean. Representative gel images of the T7 assays are
shown below the graphs. Neg, negative control (Cas9 + non-targeting sgRNA). Pos, positive control (Cas9 +
targeting sgRNA). n.s., not significant; ***P < 0.001 as calculated by one-way ANOVA with Bonferroni correction.
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122-binding sites as compared to the scaffold controls, independent of the co-transfected
miRNA. This might be due to some mild, basic expression of miRNA-122 in HEK293T cells or
differences in the Acr's mRNA expression or stability due to the differences in the 3'UTRs.
Irrespective of this mild difference, the inhibition of gene editing by AcrlIC1 was rather weak in
all samples.

AcrlIC1X, in contrast, effectively blocked gene editing, when used in the scaffold configuration
(Fig. 2.3A, B). The AcrlIC1X-miR-122 samples, in turn, showed potent Cas9 inhibition in absence
of miRNA-122, but exhibited a drastic increase in the indel percentage upon miRNA-122 co-
expression. Comparing the T7E assay and TIDE data, both readouts reveal the same qualitative
trends and slightly differ with respect to the absolute indel values (Fig. 2.3A, B).

To take the concept further, Cas9, sgRNA and the aforementioned Acr transgenes (with and
without miRNA-122 binding sites) were packaged into AAVs (serotype 2) and the efficiency of
the system was tested in Huh7 cells, a hepatocyte cell line, which endogenously expresses
miRNA-122. The respective AAVs were produced and purified by my colleague Dr. Carolin
Schmelas and | performed the subsequent genome editing experiments. As the gene editing
rates turned out to be rather low in Huh7 cells, likely due to inefficient viral transduction, the
indel formation was assessed by T7E assay only. Nevertheless, co-transducing AAV encoding
Cas9, a sgRNA and AcrlIC1 or AcrlIC1X resulted in enhanced genome editing for the miR-122-
dependent Acr variants as compared to the control variants (scaffold; Fig. 2.3C). This indicates
that miRNA-dependent genome editing can even be achieved with endogenous miRNAs.
Beyond the release of Cas9 activity within target cells (here: hepatocytes), the ability of the
system to prevent editing in off-target cells is of equal importance. For this reason, the same
experiment was performed in HEK293T cells, which served as an off-target cell line. As seen
before upon plasmid transfection, AcrllC1 showed a much weaker inhibition of gene editing as
compared to AcrlIC1X when delivered by AAVs (Fig. 2.3D). The engineered inhibitor, in turn,
efficiently blocked Cas9 activity. Again, the Acr variant carrying the miRNA-122 binding sites
resulted in low, albeit detectable rates of editing in HEK293T cells. In sum, the presented data
demonstrate the applicability of miRNA-regulated gene editing control concept in
combination with SauCas9 and further shows that potent inhibitors, such as AcrlIC1X, are
required to efficiently inhibit genome editing in off-target cell types. The results of this section
together with additional experiments were published under the title “computational design of
anti-CRISPR proteins with improved inhibition potency” (Mathony et al, 2020a).

2.1.3 Characterization of CASANOVA-C3

2.1.3.1 Optogenetic control of gene editing at on- and off-target loci

Apart from inhibition potency, described in the last section, reversibility is another key factor,
when it comes to the effective control of gene editing. To this end, we designed CASANOVA-
C3 (CN-C3), an optogenetically switchable NmeCas9 inhibitor. As stated before, the initial
identification and early characterization was performed by Mareike Hoffmann and me prior to
this thesis and the datasets shown here are new experiments that | performed during my Ph.D.
The previous work is outlined in section 1.4.2.8.2. Two variants of this inhibitor exist, both of
which are based on AcrlIC3 carrying a AsLOV2 domain inserted behind residue F59. While CN-
C3 has no linker residues between the Acr and the LOV2 domain, the second variant, CN-C3G,
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Figure 2.4: Optogenetic control of gene editing by CN-C3. (A-D) Cells were co-transfected with plasmids
expressing NmeCas9, a sgRNA targeting the annotated locus and CN-C3 or CN-C3G in the indicated vector mass
ratios, followed by blue-light exposure or incubation in darkness. Indel formation was assessed after 72 h by TIDE
sequencing (A, B) or targeted amplicon sequencing of the selected locus (C) or of a previously described off-
target site (chr16:+:30756950:30756980) (D). (E) the ratio between on- and off-target gene editing from panels
C and D is shown. (A-E) Data points represent n=3 individual biological replicates. Bars indicate the mean and
error bars the SD.

carries single glycines as linkers. These hybrids were the lead candidates identified in a larger
screen of diverse Acr-LOV2 combinations.

Following the initial characterization, | tested the properties of the AcrliC3-LOV2 hybrids by co-
transfecting different Cas9 to Acr vector mass ratios into HEK293T cells. The experiment was
motivated by the fact that inhibition by Acrs is usually not 100 %. Consequently, it is important
to assess, which ratio of nuclease and inhibitor results in minimal background (genome editing
in the dark) as well as an efficient photo-switching of the system. On these grounds, | tested
various vector mass ratios, ranging from 1:1 to an eight-fold excess of the NmeCas9 plasmid
on different genomic loci (Fig. 2.4A, B and Supp. Fig. 1). During this and the following
experiments, two replicates of each sample were prepared, one of which was incubated in the
dark, while the other one was illuminated by blue light at a wavelength of ~460 nm and an
intensity of ~3 W/m?. Editing rates of around 60 % were observed in the positive control, i.e.
in absence of the inhibitor, irrespective of the light condition, as expected (Fig. 2.4A, B). The
CN-C3(G) samples in turn, exhibited an up to 3-fold light switch in indel frequencies between
the light and dark conditions. Comparing CN-C3 to CN-C3G, no significant differences could
be found. Application of CN-C3(G) resulted in slightly decreased editing rates of about 45 % at
the highest Acr concentration under light exposure, as compared to 55-60 % in the Cas9
control without inhibitor (Fig. 2.4A, B). At higher Cas9:Acr ratios, indel frequencies increased up
to the positive control levels. With respect to gene editing in the darkness, leakiness of around
10 % was observed for both CN-C3 variants. As expected, background editing in the dark
increased at lower Acr vector doses.
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Figure 2.5: Optogenetic control is not mediated by changes in Acr stability and
CN-C3 is generally compatible with Nme2Cas9. (A-C) HEK293T cells were co-
transfected with vectors expressing NmeCas9, a non-targeting sgRNA and the indicated
Acr variant using a Cas9:Acr vector mass ratio of 1:1. Protein expression was assessed by
Western blot and relative expression levels of the Acrs (A) and Cas9 (B) were calculated by
normalizing the respective band intensities to the a-tubulin control. Representative gel
images are shown (C). (D, E) HEK293T cells were transfected with constructs expressing
Nme2Cas9, a sgRNA targeting the respective locus and the indicated Acr variant, followed
by incubation under blue-light exposure or in darkness. The formation of indels was
assessed by TIDE sequencing. (A, B, D, E) Points represent n=3 (A, B) or N=2 (D, E) biological
replicates. Bars indicate the mean and error bars the SD. (A, B). The different colors of the
data points represent the individual replicates.

Another key aspect of gene editing control by Acrs is the possibility to reduce off-target effects.
It is known, that off-target editing is a matter of kinetics. A detailed description of this problem
and its solutions is given in section 1.4.2.4. In short, it has previously been shown that the timed
inhibition of Cas9 by Acrs can decrease the off-target editing rate, while only marginally
affecting on-target activity of Cas9 (Shin et al, 2017). Practically, this has been achieved, by
double transfection of cells, first with Cas9 and its sgRNA, then six hours later with the Acr.
Unfortunately, this procedure is impractical especially with respect to potential applications
outside the tissue culture. As CN-C3, even in its light-activated state, shows some degree of
inhibition, we reasoned that this effect might be sufficient to decrease off-target gene editing,
while preserving sufficiently high on-target activity. The advantage of this approach would be
its applicability without the need for double transfections. One should note however, that
NmeCas9, the target of CN-C3 is already a Cas9 orthologue with high fidelity. In fact, only a
single sgRNA (targeting SLC9A9) was available by the time, which caused significant off-target
editing in my experimental setup (Fig. 2.4D). When | tested NmeCas9 on this locus, indel rates
around 25 % percent were observed for active Cas9 without the inhibitor (Fig. 2.4C). At the off-
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target locus, substantial levels of undesired editing of ~12% were detected (Fig. 2.4D). Co-
transfection of CN-C3 reduced the editing levels to 12 % and 1.9 % under light exposure at the
on- and off-target site, respectively. In darkness, substantially lower editing rates of only ~5 %
and 0.8 % were observed (Fig. 2.4C, D). In order to achieve the most accurate representation
even at low residual editing rates, the reported indel percentages were measured by NGS
instead of TIDE sequencing. In the absence of CN-C3, on-target editing exceeded the off-target
effect by 2.5-fold (Fig. 2.4E). Application of CN-C3 increased this ratio to 6-7.5-fold. This
improvement of specificity was slightly more pronounced in the light-activated state than the
dark state, indicating that our optogenetic Acr can selectively decrease off-target editing.
Comparing the results shown Figure 2.4A-B with the on-target editing efficiency in Figure 2.4C,
a locus dependency of the editing activity becomes apparent. Depending on the targeted site,
differences in the inhibition strength of CN-C3, as well as its dynamic range of light-control
were observed. An additional experiment, including another target locus and different Cas9:Acr
vector mass ratios, further confirmed this effect (Supp. Fig. 1). This result is in line with previous
reports (Bubeck et al, 2018; Mathony et al, 2020a; Hoffmann et al, 2019) and describes a
phenomenon of locus-specific CRISPR inhibition, that we generally observe when working with
Acrs and which is not specific to AcrllC3 or CN-C3.

2.1.3.2 Light-induced switching does not affect protein stability

An important aspect, mechanistically and with respect to applicability of CN-C3, are the
expression levels of the different components. We had previously shown that the introduction
of an additional domain into AcrlIC1 increases its stability (Mathony et al, 2020a), a factor that
likely contributed to its improved inhibition strength. In case of CN-C3, it was still unclear,
whether LOV2 domain insertion affected only the inhibitor's activity or also its stability. To
investigate this question, | performed a time-resolved Western blot experiment to determine
protein expression at different time points in between 6 h to 48 h post transfection (Fig. 2.5A-
C). Detection of the proteins was enabled by their fusion to HA-tags. Quantification of the
results revealed substantial differences of the expression levels relative to the a-tubulin
reference between replicates (Fig. 2.5A-C). The data points within a replicate, as well as the
global trends, however, were very consistent: 6 h after transfection, neither Cas9 nor the Acrs
were detectable. At the next time point, 12 h post-transfection, the relative CN-C3 expression
started to rise (Fig. 2.5A), while wildtype AcrlIC3 was still undetectable. The expression of both
Acrs plateaued after 24 h. Importantly, no effect of the LOV2 insertion on the final protein levels
was observed. Relative expression levels of Cas9 behaved similarly, being rather low at the 12 h
time point and reaching strong expression after 24 h. In one replicate, a slight increase was
visible between the 24 h and the final 48 h time point.

2.1.3.3 CN-C3is principally compatible with Nme2Cas9
Having investigated CN-C3 with respect to the inhibition of NmeCas9, | further assessed, if the
optogenetic control of Nme2Cas9 is also possible. Application of Nme2Cas9 resulted in editing
levels around 20 % in HEK293T cells. (Fig. 2.5D, E). Background signals of 2.5 % to 5 % were,
however, as visible in the TIDE sequencing results. As expected, wildtype AcrlIC3 completely
inhibited Nme2Cas9 down to the background levels. CN-C3 and CN-C3G, exhibited only
slightly increased background editing in the dark as compared to wildtype AcrlIC3, while upon
light-induction indel rates increased to 10-15 %. Especially, on the GAPDH locus, this
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represented a substantial decrease in gene editing efficiency as compared to the Cas9 only
control. Different Cas9:Acr ratios, optimized for the locus of choice, might pose a solution to
this problem. Taken together, only modest light-dependent editing was visible, which might
be at least partially caused by the high background signal. A further, more detailed
investigation of gene editing with Nme2Cas9 would be required in order to investigate the
potential of CN-C3 on this Cas9 orthologue in detail.
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LOV2
insertion site

Figure 2.6: CN-C3 carries the LOV2 insertion at an unexpected site. (A) Residue contact
map of AcrllC3. Black squares mark residue pairs with relative distances <7 A. Secondary
structure elements are indicated next to the graph (left). Insertion sites that were
experimentally tested and resulted in inactive AcrllIC3-LOV2 hybrids are marked in red. The
successful insertion site for CN-C3 is indicated in green. R, region that was sampled. (B)
Structural representation of the LOV2 insertion site for CN-C3. AcrlIC3 is shown in yellow and
the NmeCas9 HNH domain in grey. The residues that mediate the contact between the Acr
and Cas9 are shown as sticks and highlighted in red. The distance and angle between the
secondary structure elements flanking the insertion site are indicated. PDB-ID: 6J9N.

2.1.3.4 CN-C3 carries the functional AsLOV2 insertion at an unexpected site

From a protein engineering perspective, not only the performance of the engineered switches
is of interest, but also possible mechanisms of action. Here, a better understanding of the
interaction between CN-C3 and Cas9 is required. To this end, our collaboration partners, from
the group of Professor Bruno Correia, designed computational models of the AcrllC3-LOV2
hybrids (Supp. Fig. 2). Their analysis revealed that diverse LOV2 conformations relative to
AcrlIC3 are possible for both variants, CN-C3 (Supp. Fig. 2A) and CN-C3G (Supp. Fig. 2B).
Superimposing these models onto the experimentally resolved structure of AcrllC3 bound to
the NmeCas9 HNH domain (Supp. Fig. 2C, D) showed that one predicted conformational cluster
exists that would not sterically clash with the Acr's binding partner. This is in line with the
experimental observation that the LOV2 insertion did not significantly reduce AcrlIC3 activity
in the dark. More recently, complete structures of AcrliC3, bound to the full-length NmeCas9
have been published (Sun et al, 2019). The authors showed, that AcrlIC3 not only binds to the
HNH domain, but also dimerizes the nuclease by making contacts with the REC2 lobe, resulting
in a circular complex comprising two nucleases, as well as two inhibitors. This unique complex
can be expected to drastically decrease the structural flexibility granted to the LOV2 domain
positioning relative to AcrllC3. Structural alignment of the hybrid inhibitor to the dimerized
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structure (Supp. Fig. 3) confirmed, however, that the aforementioned conformational cluster
would exactly fit into the limited space without clashing with either NmeCas9 binding partner.
The agreement between the modeled fusion protein and the structure of the NmeCas9-AcrlIC3
complex further supported the validity of the structural model. At the same time, the structural
restriction due to the dimerized conformation of the complex also exemplify that the selected
insertion site must be one of very few positions that can tolerate a functional insertion of the
LOV2 domain. This observation is backed by insertion screening experiments performed prior
to this thesis, indicating that solely at the AcrlIC3 region around F59, LOV2 insertion results in
functional AcrlIC3-LOV2 hybrids (Fig. 2.6A) (Hoffmann et al, 2021).

With respect to the general design of switchable proteins, previous publications suggested the
selection of so called “tight loops”, which bridge spatially aligned secondary structure elements
often connected by hydrogen bonds (Dagliyan et al, 2016, 2019). These loops would enable
the disturbance of the secondary structure integrity and position upon the light-induced
conformational changes of the LOV2 domain (refer to section 1.3.4.2 for details). Such tight
loops can be easily identified from contact maps, in which the aligned secondary structure
elements are visible as lines orthogonal to the main diagonal (Fig. 2.6A). Although several of
these loops exist in AcrllC3, we know from the previously mentioned insertion screen
experiments that none of these positions tolerated the insertion of the LOV2 domain (Fig. 2.6A)
(Hoffmann et al, 2021). The structural constraints caused by the Cas9-dimerization mechanism,
partially explain the failure of the “tight loop” concept in case of AcrlIC3.

The successful insertion site instead, although positioned within a surface exposed loop, does
link an a-helix to a B-sheet, which are not closely connected by any hydrogen bonds (Fig. 2.6B).
Instead, the insertion site is located between two key residues, L58 and N60, both of which
directly contact the HNH domain of Cas9 (Kim et al, 2019, 3). It is at least surprising that this
insertion site did not seem to interfere with AcrllC3 activity. On the other side, it appears
reasonable that only slight conformational changes of these important residues, caused by
photo-switching, could affect Cas9 inhibition. Taken together, the structural analysis revealed
unconventional mechanistic insights, that are distinct from previously studied AsLOV2-based
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Figure 2.7: Overview of the domain insertion screen. (A, B) First, comprehensive insertion libraries are created.
(C) A reporter assay to measure the activity of the parent protein is established, followed by FACS enrichment of
functional variants from the domain insertion libraries (D). The input libraries, as well as the enriched subsets are
finally sequenced and analyzed (E).
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2.2 Unbiased insertion screens

Previous work by me and others in our lab has shown how cumbersome the identification of
suitable insertion sites for the design of allosteric switches can be (Hoffmann et al, 2021; Bubeck
et al, 2018). Currently the main hurdle is the fact that mostly positive examples are published
and very few comprehensive domain insertion tolerance screens exist (Nadler et al, 2016; Oakes
et al, 2016; Coyote-Maestas et al, 2019). To create a better basis for the biophysical and
structural analysis of the domain insertion permissibility, | planned an unbiased screening of
structurally and functionally diverse proteins. Towards this goal, the first prerequisite is an
efficient cloning strategy for

comprehensive domain

insertion libraries (Fig. 2.17A).

To this end, | used saturated

programmable insertion uniRapR eYFp

engineering (SPINE) (Coyote- :

maestas et al, 2019). The ';‘1; ;;‘1; fv v;‘-b

details of the procedure are 2 ¥ 2 2
PDZ PDZ PDZ PDZ

described in the methods
(section 4.19.1). Once a
candidate library is
constructed (Fig. 2.17B), a
reporter assay system s
required to link the activity of
the  parent-insert  hybrid

proteins to a fluorescent Flp recombinase AraC TVMV protease o-factor F
readout (Fig. 2.17C). These Figure 2.8: Candidate proteins and insert domains. A comprehensive
domain insertion screen was performed for four candidate proteins: The
. . Flp recombinase, the transcription factor AraC, the protease of TVMV and
established and performed in the SigF from B. subtilis. The PDZ domain from murine a1-syntrophin was
E. coli due to the possibility to  used as insert. In case of AraC, additional libraries were generated and
analyzed, comprising an ERD, uniRapR, eYFP and the AsLOV2 domain as
) . : inserts. The depicted structures of the parent proteins are AF2 predictions.
Finally, ~ functional  hybrid  ppg_|ps of insert domains: 2v0U, 1FAP, 1286, 62Q0, 1A52.

proteins can be enriched, via

FACS of the fluorescent fraction of cells (Fig. 2.17D). In case a switchable domain, such as
AsLOV2, is inserted, the FACS screen could further be performed after incubation of the culture
in presence or absence of the cognate inducer. In the end, the enriched libraries are subjected
to NGS, followed by bioinformatic analysis of the results (Fig. 2.17E). It is important, though, to
also sequence the initial libraries, since the frequency of candidates in the input pool can
already differ prior to the sorting.

assays are typically

work in a monoclonal setting.

2.2.1 Insertion library screening of structurally and functionally diverse
proteins

Four effector proteins were chosen for the domain insertion screen: The transcription factor

AraC, the recombinase Flp, the TVMV protease and the o-factor F (SigF) from B. subtilis (Fig.

2.8). This specific selection was made for several reasons. First, the proteins are structurally and
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functionally diverse. Previous screens with different insert domains have primarily focused on
closely related ion channels (Coyote-Maestas et al, 2019, 2020), which inherently limits the
interpretability to this specific protein class. Second, the reporter assays for all four candidates
could be adapted from published experiments, ensuring that the screening procedure could
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Figure 2.9: Reliable reporter assays enable the enrichment of the candidate libraries via FACS. Schematics
of the reporter assays for AraC (A), the Flp recombinase (B), the TVMV protease (C) and SigF (D) are shown (left
panel). E. coli cultures carrying the reporter construct and the domain insertion library were inoculated from
precultures and grown under induction for 16 h, followed by FACS. Two rounds of sorting were performed. The
panels in the middle and on the right show representative histograms generated from 25,000 gated events for
the first and second round of enrichment, respectively. The (-) negative controls carried a plasmid expressing a
different candidate protein.
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rapidly be established in the lab. Third, all proteins have been thoroughly studied, thus
providing substantial additional information with respect to structure and function as a rich
resource for the subsequent analysis (refer to section 1.4.1.2). Finally, all proteins are widely
used "workhorses” in synthetic biology, so that the information obtained in this study, as well
as potential switchable variants derived from the screen would be of high relevance for the
scientific community.

As insert, the PDZ domain from murine al-syntrophin was selected. It is a relatively small
domain (86 AA) with a compact globular fold, which has been used for similar purposes before
(Oakes et al, 2016). Importantly, its termini are located in spatial proximity, so that the insertion
into other proteins is possible without substantially affecting their overall structure. On top, |
planned to test to what extend the domain identity affects the insertion tolerance. To this end,
| selected four additional domains for the random insertion into AraC. They included the
AsLOV2 domain, the estradiol binding domain from the human estrogen receptor-a (ERD), an
enhanced yellow fluorescent protein (eYFP) (Ormo et al, 1996) and the synthetic rapamycin-
binding domain uniRapR (Dagliyan et al, 2013). These candidates extended the size range of
inserts to up to 257 AA in case of the ERD and further included switchable candidates: The
LOV2 domain reacts to light, while uniRapR and ERD change their conformation upon binding
of rapamycin (Ormo et al, 1996) and B-estradiol or 4-hydroxytamoxifen (Shiau et al, 1998;
Tanenbaum et al, 1998; Warnmark et al, 2002), respectively.

The construction of the comprehensive libraries via SPINE was followed by NGS in order to
ensure a good coverage of all possible insertion sites. The frequency of each variant was
assessed, by selecting reads that span the boundaries between insert and parent protein. The
processing of the sequencing data further included quality control steps, ensuring that only
functional fusions without mutations at the ligation sites were considered valid. The complete
processing procedure is outlined in the methods (section 4.2.3). Analysis of the initial libraries
revealed near complete coverage of all possible insertion sites for most libraries (Supp. fig. 4).
The only exception was the SigF-PDZ library, for which the overall sequencing depth was very
low and the several insertions within the first 50 amino acids appeared to be missing.

To functionally screen the libraries, | constructed reporter plasmids, based on the monomeric
red fluorescent protein 1 (RFP) (Campbell et al, 2002). The design of the reporter circuits is
depicted in Figure 2.9 (left). In short, the AraC reporter was created simply by placing the RFP
coding sequence under control of a pBAD promoter. In case of the FIp recombinase, RFP was
expressed from a constitutive promoter (J23102,
http://parts.igem.org/Promoters/Catalog/Anderson). However, the coding sequence was
inverted and flanked by Flp recognition target (FRT) sites. In the ground state, a dysfunctional
mRNA is transcribed and only upon inversion of the open reding frame (ORF) by the
recombinase, RFP is expressed. It is important to note, that this reporter gives, in contrast to
the other examples, a binary output, since its activity is permanently switched on by the single
inversion event. A pseudo-analog behavior is achieved though, as several plasmid copies are
present within the cells, which all must be activated individually by the recombinase. To report
TVMV protease activity, a ssrA-like degradation tag (McGinness et al, 2006) was fused to a
constitutively expressed RFP; a TVMV recognition site was placed in between RFP and the
degradation tag. Active TVMV protease would thus cleave off the degron resulting in RFP
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stabilization and an increase in fluorescence. Several similar designs of this reporter were
initially tested, as described in supplementary note 1.

Many potyvirus proteases undergo a process called autolysis (Kapust et al, 2001), during which
the protease cleaves off its own C-terminal region albeit at low efficiency. This results in a
truncated protease with decreased activity. This behavior is, however, not expected for TVMV
protease and a truncated TVMV version was shown to maintain wildtype activity (Sun et al,
2010). Nonetheless, to ensure that only one protein species could be present during all assays,
the active, truncated version was selected for the experiments. Finally, a reporter for SigF was
constructed, based on a SigF-specific promoter design that was previously reported by
Bervoets et al. (Bervoets et al, 2018).

When | screened the libraries by FACS, the activity distribution differed greatly between the
candidate proteins (Fig. 2.9A-D, middle). For AraC, a very clear separation between the controls
was achieved (Fig. 2.9A, middle and right panel). The insertion library showed a large peak with
supposedly inactive variants at low fluorescence levels and a much smaller population of active
variants with high RFP fluorescence. Since the number of active variants seemed to be rather
small, | decided to enrich all libraries a second time (Fig. 2.9A-D, right). During second
enrichment, the active peak of the AraC library was already much more pronounced. Its
maximum though, had a slightly weaker RFP signal than the wildtype AraC control. The Flp
recombinase library, in contrast, appeared to be largely inactive (Fig. 2.9B). Only a small tail at
the left end of the peak towards higher fluorescence levels indicated the presence of active
variants. At the second enrichment step a more pronounced population with active insertion
hybrids was clearly visible in the data. Still the active population was overall small, indicating
the importance of the second sorting round.

The TEV protease reporter system initially showed a minor dynamic range, i.e. a small difference
between the positive and negative controls (Fig. 2.9C). Nonetheless, a small but clearly visible
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Figure 2.10: Domain insertion profiling outcomes are highly reproducible. The enrichment scores of
biological replicate-1 are plotted against the respective scores from a second replicate-2 for all different parent
proteins (A) and the additional AraC insertion libraries (B). (A, B) Only variants that were not fully depleted during
enrichment are shown. A linear fit with 95 % confidence intervals is shown. Pearson correlations coefficients are
indicated. Rep., replicate; norm., normalized.
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shift of the library histogram towards higher RFP fluorescence was observed during the second
round of enrichment (Fig. 2.9C, right). Finally, the library of SigF showed a growth defect at
high induction rates. Interestingly, this effect disappeared after enrichment, hinting at a high
proportion of toxic, probably misfolded proteins in the initial library (data not shown). To
circumvent this problem, | sorted the initial library at low IPTG inducer concentration of 100 uM
and doubled the amount to 200 uM for the second screening round. The difference in IPTG
levels between the sorting rounds in case of SigF is also visible in the resulting histograms. For
the positive control, a clear shift to higher fluorescence values during the second enrichment
could be observed (Fig. 2.9D). A strong enrichment of functional SigF variants was achieved
this way.

2.2.2 NGS of the enriched libraries reveals distinct patterns of successful
insertions
Following the FACS screen, all enriched libraries were sequenced and subjected to the same
processing pipeline as the input libraries (refer to methods, section 4.2.3 for details). The whole
insertion screen and the sequencings were performed in biological duplicates. To calculate the
enrichments of insert domains, the read counts from the sorted fractions were first normalized
to the total number of reads from the respective sample. The resulting values were divided by
the proportion of reads from the initial libraries at the respective position and finally Log2-
scaled to equally weigh enrichment and depletion. The score is a measure for the fold
enrichment per position and is referred to as “enrichment score” from now on. A score of -10
was automatically assigned to variants that went extinct during sorting. The value was rationally
chosen to be just below the score of the variants with the strongest depletion still observable,
i.e. with corresponding reads being present in the NGS dataset.
Following the data processing, | evaluated the reproducibility of the procedure. To this end, |
analyzed the Pearson correlation between the replicates for all different proteins (Fig. 2.10A)
as well as for AraC with its additional inserts (Fig. 2.10B and Supp. fig. 5). To provide a fair
comparison, positions that were scored with -10 were excluded from that correlation as they
would have artificially boosted the outcome (the same candidates were usually fully depleted
in both replicates). The majority of the libraries showed strong correlations between biological
replicates with a Pearson’s r > 0.8 (Fig. 2.10A, B). An exception was the TVMV-PDZ library with
a correlation coefficient of only 0.65 (Fig. 2.10A). | note that the strength of the enrichments
was not always identical between replicates, as exemplified by regression lines with slopes
different than 1.0 (Fig. 2.10A, B).
Next, we compared the NGS data with measurements of activity for individually selected
variants using the previously described reporter assay. The obtained reporter activities were
then compared between enriched and depleted variants (Supp. fig. 6). In most cases, drastic
differences in activity between both groups were observed. One must also add that in two
cases, only one enriched sample was measured. This was due to the fact that the experimentally
validated variants were randomly selected and the majority of candidates within the libraries
was depleted. Overall, the measurements were in good agreement with the sequencing-
derived enrichments and depletions.
Mapping of the enrichment scores to the protein amino acid sequences for the PDZ libraries
of all four proteins revealed different trends. Generally, roughly 80 % of the positions in each
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protein were depleted (Fig. 2.11A-D). In case of AraC (Fig. 2.11A) and Flp (Fig. 2.11B), many
variants disappeared completely after sorting in at least on replicate, while only very few
insertion variants were completely abolished in case of the TVMV protease (Fig. 2.11C) and
SigF (Fig. 2.11D). This has probably to do with the selection stringency that was applied during
selection. In this regard, the relatively weak overall enrichment of the TVMV library is
noteworthy, which corresponds well with the reduced resolution of the reporter assay, as stated
in the last section.
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Figure 2.11: Domain insertion screens reveal clusters of surface sites that
tolerate insertions. (A-D) The proportion of NGS read counts per insertion
variant were normalized to the relative number of read counts derived from the
input library, resulting in log2-normalized enrichment scores. Data from the
candidate proteins AraC (A), Flp (B), TVMV protease (C) and SigF (D) with PDZ
domain inserts are shown. Light green, dark green: individual replicates. Grey:
variants with zero reads after enrichment. Red: variants missing in the initial
library.
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An interesting trend was the fact that positions tolerating insertions appeared in clusters
spanning regions of different size. In this regard, my results differ from a previous study, which
has shown a more scattered distribution of successful insertions (Oakes et al, 2016). Only very
few single positions with enrichment, surrounded by depleted insertion sites, were detected
for SigF. Also, the number of enrichment clusters differed between proteins. While the Flp
recombinase showed only two regions with enrichments, both close to the C-terminus (Fig.
2.11B), AraC exhibited seven clusters, widely distributed over its primary sequence (Fig. 2.11A).
After having gained a first impression with respect to domain insertion tolerance in the four
effector proteins, | asked to which extend domain insertion depends on the nature of the
inserted domain. This time, four different insert domains were included into the screen, i.e.
LOV2, ERD, uniRapR, eYFP. To this end, | performed the library generation, FACS enrichment
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Figure 2.12: Insertion tolerance depends on the used insert domain.
(A-D) After NGS of the enriched libraries, the proportion of read counts
per insertion variant were normalized to the relative number of read
counts derived from the input library, resulting in log2-normalized
enrichment scores. Domain insertion data of AraC with the ERD (A), LOV2
(B), uniRapR (C) and eYFP (D) insert domains are shown. Light green, dark
green: individual replicates. Grey: variants with zero reads after
enrichment. Red: variants missing in the initial library.
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and NGS for AraC, since it showed the broadest distribution of insertion-tolerating regions.
Remarkably, the observed clusters of enriched insertion variants differed substantially between
the insert domains (Fig. 2.12, supp. fig. 5). While the LOV2 domain (Fig. 2.12B) exhibited a
pattern very similar, albeit not identical, to the PDZ domain (Fig. 2.11A), for the other three
inserts substantially fewer enriched positions were detected (Fig. 2.12A, C, D). The uniRapR
library was prominently enriched at the N- and C-terminal regions of AraC. The ERD and eYFP
libraries, in contrast, resulted in peaks only at the C-terminal end of the protein. Taken together,
it became apparent that rather promiscuous sites exist (especially at the C-terminus), which
accepted the insertion of diverse domains, while other protein regions tolerated only the
insertion of the more compact domains, such as LOV2 and PDZ. Interestingly, | hardly
discovered insertion sites that were selective for just one specific domain.

A AraC C TVMV

RMSD: 0.73 A, 1.50 A

B AF prediction
Experimental structure

RMSD: 0.73 A, 0.86 A

Figure 2.13: AlphaFold2 predictions accurately capture the structures of the candidate proteins. (A-C)
Structural alignments between experimentally resolved structures (grey) and AlphaFold2 predictions (green) are
shown for AraC (A), Flp (B) and the TVMV protease (C). The RMSD of the aligned residues as wells as the RMSD
for all amino acids are shown. PDB-IDs: 2ARA, 2K9S, 1FLO, 3SMMG.

Having described the observations from the screen on the sequence level, | next wanted to
relate these findings to protein structural information. Unfortunately, experimentally resolved
full-length structures were only available for the TVMV protease (Sun et al, 2010) and the Flp
recombinase (Chen et al, 2000). In case of AraC, partial structures of the arabinose binding
domain (Soisson et al, 1997), as well as the DNA-interacting domain (Rodgers & Schleif, 2009)
exist. No experimentally resolved structure has so far been published for SigF. To circumvent
this limitation, | predicted structures for all four proteins with AlphaFold2 (AF2) (Jumper et al,
2021) using the colabfold framework (Mirdita et al, 2022) (Fig. 2.13). The predictions of AraC
and TVMV were in excellent agreement with the experimental structures. In case of the Flp
recombinase, a large proportion of the structures aligned perfectly, while the position of the
N-terminal domain was significantly shifted (Fig. 2.13B). The fold of this domain was, however,
still highly similar to the experimental structure. Finally, although no comparison could be
made for SigF, the conformation predicted by AF2 is in agreement with typical o-factor folds
(Paget, 2015). To be able analyze the structures of all proteins as well as for reasons of
consistency, | show AF2 structures in the following section. To get a more detailed view of
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possible Flp conformations, the experimentally resolved structure is additionally shown for
comparison (Supp. Fig. 7).

Starting with AraC, the protein consists of an N-terminal arabinose binding domain and a C-
terminal DNA-binding domain which are spatially clearly separated (Fig. 2.14A). Well-
characterized functionally important residues were identified (marked in grey). These include
R38 and W95 that make important contacts to bound arabinose (Soisson et al, 1997). Y103,
E106 and Y146 instead form connections with a second AraC monomer in the activated,
dimerized state (PDB-ID: 2ARC) (Soisson et al, 1997). The DNA-binding residues were identified
from a structural alignment to the highly similar transcription factor Rob, of which a crystal
structure in the DNA-bound form exists (PDB-ID: 1D5Y) (Kwon et al, 2000).

Mapping of the enrichment scores onto the structure revealed several trends (Figure 2.14A).
Overall, insertions within the arabinose-binding B-barrel were mostly depleted, except for the
two outward-pointing B-sheets (4 and B5). At the ends of the two central a-helices that are
important for AraC dimerization, several positions tolerated the insertion of the PDZ domain.
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Figure 2.14: Positions with insertion tolerance are clustered at diverse, locally confined surface sites (i). (A,
B) the insertion scores from the PDZ libraries are mapped onto the AF2 structure predictions of AraC (A) and Flp
(B), respectively. The functional residues of AraC are indicated in grey.
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The enrichment appeared to be the strongest within the domain-connecting linker. In line with
physical constraints, the positions around the DNA-binding residues did not tolerate domain
insertion. Within the DBD, only the most C-terminal a-helix of AraC exhibited high enrichment
scores. Of note, this helix is oriented outwards, away from the supposed location of the DNA
or the second AraC monomer, which explains the high scores. Overall, the depletion of
insertions within the DBD appeared to be slightly stronger, as compared to the rest of the
protein. Also, none of the loops within the AraC DBD exhibited domain insertion tolerance.

In case of the Flp recombinase, the situation differs significantly, as only two sequence stretches
were enriched (Fig. 2.11 B). Structurally both clusters are in spatial proximity (Fig. 2.14B). The
Flp recombinase consists of two domains, which bind the target DNA in their middle (Supp.
Fig. 7). The C-terminal domain is responsive for DNA-cleavage (Lee et al, 1999). Interestingly,
this domain carries the region that tolerated domain insertion. In this context, | note that in its
DNA-bound state, the Flp recombinase exists as a tetramer, bound to two copies of the target
DNA sequence, forming a Holliday-junction (Supp. Fig. 7) (Chen et al, 2000). Each pair of Flp
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Figure 2.15: Positions with insertion tolerance are clustered at distanced locally confined surface sites (ii).
(A, B) the insertion scores from the PDZ libraries are mapped onto the AF2 structure predictions of the TVMV
protease (A) and SigF (B), respectively. The protease substrate is depicted in blue.
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Figure 2.16: Insertion tolerant regions are domain-specific and are scattered across AraC. The enrichment
scores for all insert libraries of AraC were min-max scaled and the SD was calculated for each position. The AF2
structure of AraC is colored by SD. Functionally critical residues are highlighted in grey.

proteins facing each other exhibit the same conformation, while the conformation of the other
pair differs, respectively (Conway et al, 2003). Furthermore, Flp is known to cleave DNA in trans,
meaning it does not catalyze the cleavage of the strand it is bound to, but of another DNA site
within the complex (Lee et al, 1999). Altogether, the structure of the DNA-bound tetramer, as
well as the cleavage mechanism are highly complex (Supp. Fig. 7). It is thus not surprising that
only a very limited fraction of the protein’s surface was amenable to domain insertion.

In case of the TVMV protease, the results overall trends share similarity with the Flp
recombinase in the way that insertions were mainly tolerated within one surface patch (Fig.
2.15A). As mentioned before, enrichments and depletions were less pronounced as compared
to the other candidate proteins. Only very few positions inside the protein’s core and around
the substrate-binding site were obviously depleted. The TVMV protease is the only protein
from the set that acts on its own, i.e. it does not need any protein-protein interactions besides
engaging with its substrate peptide sequence. Nonetheless, most surface sites appeared to
only modestly tolerate domain insertion. In this context, one must consider that, in contrast to
other protein effector candidates, the protease exhibits a rather compact fold without larger
unstructured regions.

Finally, SigF is structurally constituted very differently from the TVMV protease. According to
AF2, it consists of three rather small domains which are connected via long flexible linkers (Fig.
2.15B). With respect to possible domain insertion sites, | note that SigF is part of a large
transcription initiation complex and responsible for recruitment of RNA-polymerase (Paget,
2015). Consequently, many of the sites in principle amenable to domain insertion are likely to
be important protein-protein interaction interfaces. The SigF C- and N- terminal domains,
which are supposed to bind DNA (Paget, 2015; Bervoets et al, 2018), were most prominently
depleted in insertion variants (Fig. 2.15B). Here, only very few positions exhibited a modes
enrichment. The middle domain, in contrast, is constituted by a coiled-coil motive that
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tolerated insertions at several sites. Interestingly, the flexible inter-domain linkers, as well as
some of the larger loop regions, were not enriched for domain insertions.

Finally, the differences in domain insertion tolerance of AraC with respect to the various inserts
were investigated. To this end, data for each insert domain was min-max scaled and the
standard deviation of the enrichment scores was calculated for each position. The results are
shown in Figure 2.16. As it was already visible in the sequential representation, differential
insertion tolerance seemed not to be associated with high or low enrichment scores (compare
Figure 2.14A). For instance, parts of the B-barrel that generally did not tolerate insertions had
a low SD, while the same applies to the C-terminal a-helix, which accepted the insertion of all
five different domains. In sum, the domain insertion permissibility appeared to vary less in the
DBD, as compared to the N-terminal fraction of the protein. In particular, the dimerizing a-
helices and the neighboring B-sheet harbor positions with high variability. As shown above
(Fig. 2.12), the differences in the standard deviation mainly arise from diverging scores between
the more compact PDZ- and LOV2 domain, as compared to the remaining larger domains.
Finally, it is striking that sites with high variability do not appear to be clustered around
functionally important regions of the protein.

2.2.3 Single biophysical amino acid features at the insertion site do not explain
insertion preferences

Having analyzed the data with focus on the individual proteins, | next aimed to investigate
general trends in the datasets. In order to gain a complete picture of the obtained results, |
started to explore the correlation of diverse features with domain insertion tolerance. A
previous study already hinted at the absence of a clear link to general sequence or structure
features (Coyote-Maestas et al, 2019). To validate these observations on my own, more diverse
dataset, | analyzed possible preferences for certain amino acids or biophysical properties that
could determine domain insertion permissibility. Such analyses are frequently performed
following deep mutational scanning experiments, in which single amino acids are mutated
(Willow Coyote-Maestas et al, 2022; Faure et al, 2022; Dunham & Beltrao, 2021). Point
mutations, however, are positional changes by definition. Domains, instead, are inserted
between two amino acids and can be considered much more drastic alterations, likely to
structurally and/or functionally affect a larger proportion of the protein. To account for the
issue of position assignment in the following analysis, the two neighboring amino acids were
assigned to the insertion between them. Consequently, the mean value of their biophysical
properties was considered to correspond to the enrichment of this insertion variant.

As a starting point, | looked at preferences for specific amino acids in the vicinity to insertion
sites (Fig. 2.17). For none of the proteins, clear trends were visible. Between proteins, the means
of the enrichment scores changed with the overall protein-specific insertion permissibility,
meaning that the average insertion tolerance of an amino acid in the FIp recombinase
necessarily had to be lower than the corresponding value for AraC. Overall, the distributions
were rather similar for all amino acids with only weak tendencies into either direction. In AraC
(Fig. 2.17A), for example, threonine seemed to be weakly associated with depleted variants,
while for the Flp recombinase (Fig. 2.17B) tryptophane and glutamic acid were more frequently
located near insertion sites with higher scores. However, these very weak trends were not
conserved across proteins. In contrast to Flp, for instance, tryptophane was among the amino
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acids with higher corresponding enrichment scores in case of the TVMV protease (Fig. 2.17C).
The absence of clear trends is even more obvious, when focusing on different groups of side
chains, such as aliphatic, or charged residues. Together, these observations indicate that amino
acid identity at the insertion site cannot explain domain insertion tolerance. As stated earlier,
this finding is in agreement with a previous report (Coyote-Maestas et al, 2019). The result
further represents a major difference to DMS screens, where clear trends would be expected.
This is not surprising, given the aforementioned, strong difference between the outcomes of
point mutations and insertions. Finally, | note that due to the limited size of single proteins,
only a relatively small number of data points were available for each amino acid. A larger
dataset would be required to ensure that no trend was missed due to noise within the small
dataset.

Since the identity of single residues was shown to be not informative with respect to domain
insertion, | next considered structural aspects. Generally, it is to be expected that domain
insertion would be tolerated more frequently at surface-exposed sites as compared to sites
buried within the protein, since the latter would result in steric clashes and misfolding. To
analyze the surface exposure requirement in context of our dataset, | calculated the average
surface accessibility (ASA) for each position in our four effector proteins. As mentioned before,
the mean of the values corresponding to the two neighboring amino acids was assigned to the
insertion site effectively located between them. In principle, the expected trend was visible,
since negative enrichment scores primarily had an ASA below 0.6 (Fig. 2.18A and Supp. fig. 8A).
Also, variants with positive enrichment scores tended to correspond to higher ASA values.
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Figure 2.17: Successful domain insertion cannot be predicted from amino acid identity. (A-D) The
enrichment score distribution for each amino acid is shown as boxplots for the PDZ libraries of AraC (A), Flp (B),
TVMV protease (C) and SigF (D). Both residues neighboring an insertion site were taken into account for the
calculations. The IQR is marked by the box and the median is represented by a line within the box. Whiskers
extend to the 1.5-fold interquartile range (IQR) or to the value of the smallest or largest enrichment, respectively.
Colors indicate the different amino acid categories as marked underneath the plots.
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Surprisingly, these trends were, overall, very weak or completely absent in some libraries as
indicated by spearman correlation coefficients around r=0.2.

Previous strategies for the design of hybrid proteins stressed the importance of unstructured
loops as sites that frequently accept domain insertions. Thus, | continued the analysis by
assessing the enrichment scores with respect their location within different secondary structure
elements (Fig. 2.18B and Supp. fig. 8B). Surprisingly, the score distributions were very similar
for all three major secondary structure elements. In case of most libraries, a bimodal
distribution was visible, consisting of a large proportion of depleted variants and a smaller
population of enriched candidates. Only for the AraC-PDZ library, a very weak trend towards
higher enrichments in coils as compared to a-helices and 3-sheets was observed (Fig. 2.18B).
Interestingly, the different insert domains in combination with AraC did not result in major
changes of the distributions. Although an enrichment in unstructured regions appeared to be
absent, one has to take into account that there might be a tendency towards enrichment in
structured elements at sites that are closer to loops, as it could be observed at some sites in
AraC (Figure 2.14A). The definite confirmation of this trend, however, would require a larger
dataset.

In order to obtain a more comprehensive overview over protein features that could affect
domain insertion tolerance, | gathered a larger set of position-specific properties (Table 2.3.1).

Table 2.1: Position-specific properties included into the analysis of insertion tolerance.

Property Description
ASA Average surface accessibility
pLDDT Position-wise pLDDT of AF2 models
Linker idx Suyama Linker propensity index (Suyama & Ohara, 2003)
Linker idx George Linker propensity index (George & Heringa, 2002)
Linker idx Bae Linker index (Bae et al, 2005)
Hydrophobicity Hydrophobicity (Prabhakaran, 1990)
Flexibility idx Flexibility index (Bhaskaran & Ponnuswamy, 1988)
Molecular weight Molecular amino acid weight
Average volume Average amino acid volume
Positive charge Positive charged amino acid
Negative charge Negative charged amino acid
Net charge Net charge of amino acid
Radius of gyration Radius of gyration of the side chain
Side-chain stab idx Side-chain contribution to protein stability (KJ/mol) (Takano & Yutani)
Buriability Buriability (Zhou & Zhou, 2004)
KLD KLD Kullback-Leibler divergence calculated from MSA
Insert frequency Insert frequency at the respective position within the MSA
Deletion frequency Deletion frequency at the respective position within the MSA
Mean ins len Mean insertion length at the respective position within the MSA
Median ins len Median insertion length at the respective position within the MSA

These features comprise a number of biophysical amino acid properties that were fetched from
"AAindex”, a database that curates a large set of diverse amino acid related statistics
(Kawashima et al, 2008; Kawashima & Kanehisa, 2000). | also included three different linker
propensity indices (Suyama & Ohara, 2003; George & Heringa, 2002; Bae et al, 2005). These
describe to which extend amino acids tend to be present in inter-domain linkers. Regions with
high linker propensities were supposed to be well suited for the insertion of domains, as will
be discussed later (refer to section 3.4.4). Further, | included the pLDDT confidence score from
AF2 models (Akdel et al, 2022; Tunyasuvunakool et al, 2021). It was previously shown that the
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pLDDT correlates with intrinsically disordered sites (Akdel et al, 2022), which might tolerate
insertions to larger extend, as compared to tightly structured regions. Finally, | also created
MSAs for all four proteins and added features, such as the Kullback-Leibler divergence (KLD)
as a measure of conservation. Additional scores with respect to the frequency of insertions and
deletions were calculated from pairwise alignments between the protein of choice and all
homologous sequences (see methods section 4.2.3 for details).

First, all pairwise Spearman correlations were determined for the AraC-PDZ dataset (Fig. 2.18C).
Obviously, certain features, such as side-chain volume and molecular weight are by definition
highly correlated, while others such as side-chain stability and flexibility must be negatively
correlated. The pLDDT score and ASA were also anti-correlated because surface exposed
elements can be more flexible and thus tend to have lower pLDDT scores. Also, the alignment-
derived features corresponded to each other as expected. The appearance of insertions and
deletions in the MSA correlated, but both features were negatively related to sequence
conservation, i.e. KLD. Finally, it was striking, that no single feature showed a particularly strong
correlation with the enrichment scores.

To investigate this phenomenon further, the same correlations were calculated for all datasets
(Fig. 2.18D). Overall, no clear link between the enrichment scores and any of the features was
found. Even the strongest correlation observed, i.e. relation between the AraC-LOV2 dataset
and the position-wise insert frequency, was determined to have a Spearman’s r of only 0.53. In
most cases, the correlation coefficients were in the range between -0.2 and 0.2, indicating the
absence of any clear interconnection. As the previous analysis already suggested, the results
revealed, that no individual feature can explain the measured domain insertion tolerance.
When comparing the correlations for a certain feature from different datasets to one another,
the overall tendencies were often in agreement (Fig. 2.18D). However, given the small values
of Spearman’s r, even a change in directionality of the correlation between two datasets should
not be overinterpreted. In fact, only one slightly clearer global tendency was observed: The
correlations of the sequence alignment derived features were slightly stronger, as compared
to the amino acid specific, biophysical features, supporting the assumption that sequence
context and conservation is more important than local information derived from a specific
position alone, at least in context of domain insertion tolerance.

On a side note, | also considered a potential problem due to the fact that many biophysical
properties were calculated on the basis of just the two residues, adjacent to the insertion site.
As mentioned before, the introduction of a new domain must be seen in a larger context than
just the neighboring residues. To this end, | also experimented with biophysical properties of
larger patches, i.e. residues surrounding the respective insertion site, by averaging the features
of residues within certain distances to the insertion. Also weighted averages, depending on
spatial proximity were considered. This investigation did, however, not improve correlations or
reveal stronger trends as compared to the simpler, residue pair-wise analysis.

Taken together, the analysis underlined the complexity of the problem and the lack of simple
predictors for domain insertion tolerance.
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Figure 2.18: Secondary structure and amino acid features alone do not explain the observed
preferences for domain insertions. (A) Correlation between variant enrichment and the average
surface exposed area (ASA) of the residues neighboring an insertion site are plotted for AraC-PDZ.
(B) The insertion score distribution with respect to different secondary structure elements is shown
for the AraC-PDZ insertion library. For each insertion site, the secondary structure assignment of
the amino acids prior and after the insertion were considered. The IQR is marked by the box and
the median is represented by a white dot. Whiskers extend to the 1.5-fold IQR or to the value of
the smallest or largest enrichment, respectively. (C) Pairwise correlations of all features are
presented for the AraC-PDZ library as heatmap. (D) Spearman correlations between all datasets
and diverse positional features are shown. (C, D) The last five features were calculated from
sequence alignments. Linker idx: Different amino acid specific linker propensity indices that were
reported by the indicated authors.
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2.2.4 Comparing requirements for domain insertion tolerance to sites

amenable to protein splitting

In the introduction, | pointed out that domain insertion is only one way to create switchable
proteins. A different approach is the creation of split proteins, able to conditionally reassociate,
as mediated by dimerization domains fused to its parts. At its core, this strategy is concerned
with a similar question: How can sites be identified, at which a protein can be split into two
parts, so that a re-constitution of the original fold is still possible, when both parts are fused to
dimerizing domains? Despite the obvious differences, the selected sites must tolerate the
presence of additional domains in both scenarios. A direct comparison that could reveal
similarities between the approaches is therefore of interest. Conveniently, the Wilson Wong lab
already reported a screen of several split candidates of the Flp recombinase (Weinberg et al,
2019). A comparison of their reported activities to the enrichment scores revealed that all
enriched positions within the subset were also highly active split variants, while the majority of
the depleted candidates corresponded to dysfunctional split-proteins (Fig. 2.19A). As a note of
caution, only three of the reported variants were enriched in my screen, all of which carried the
insertion in the same region close to the C-terminus. Furthermore, two of the depleted variants
correspond to efficient split-protein designs.

Apart from experimental data, a computational model for the prediction of split sites has also
been reported previously (Dagliyan et al, 2018). This model called "SPELL" calculates a “split
energy”, which is meant to indicate sites, which —when a protein is split at this position - would
result in auto-reassembly of the corresponding N- and C-terminal protein fragments. However,
when overlaying the SPELL predictions with the enrichment scores for Flp recombinase, no
correlation was observed.
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Figure 2.19: Domain insertion tolerance partially correlates with successful sites for split-proteins. (A)
Boxplot showing the activity of inducible split-Flp recombinases reported by Weinberg et al. (Weinberg et al,
2019) for sites that were enriched or depleted in our domain insertion screening. Individual data points are shown.
The IQR is marked by the box and the median is represented by a red line. Whiskers extend to the 1.5-fold IQR
or to the value of the smallest or largest enrichment, respectively. (B) The Flp-PDZ enrichment histogram from
Figure 2.11B is overlayed with the split-energy of the Flp recombinase for each position, as calculated by the
SPELL algorithm (Dagliyan et al, 2018).

2.2.5 Assessment of AlphaFold2 structures in context of domain insertions

The field of protein structure prediction has recently seen major advances, most famously
exemplified by Deepmind’s AlphaFold2 (Jumper et al, 2021) and the Baker lab’s RoseTTAfold
(Baek et al, 2021). The applicability of these and similar models for protein engineering
purposes is currently heavily explored (Jendrusch, 2021; Anishchenko et al, 2021; Pak et al,
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2021; Akdel et al, 2022; Zhang et al, 2021; Dauparas et al, 2022). As discussed in section
1.2.1.1.1, the impact of the pLDDT score with respect to conformational flexibility and disorder
is currently debated. Because structural flexibility is also of interest in the context of domain
insertions, | analyzed the pLDDT scores of individual amino acids from an AF2 derived structure
of wildtype AraC (Fig. 2.20). The observed values ranged from very weak prediction confidence
of below 50 up to values close to the highest possible score of 100. While the sites with high
insertion susceptibility were scattered across all pLDDT levels, positions with low insertion
susceptibility were slightly enriched at higher pLDDT scores. The resulting correlation was,
however, very weak with Spearman’s r of -0.26.
Next, | aimed to investigate if the predictions of individual AraC-insert fusion exhibit stronger
correlation to their respective enrichments. With this goal, AF2 structures of all possible PDZ
insertions into AraC were predicted (Fig. 2.21A). To reduce the compute time to a minimum,
only one model was predicted per candidate and a single “recycling step” was used. Note that
conventionally, multiple models are predicted per input sequence and several "recycling steps"
are employed to improve the accuracy of predicted models. First, the amino acid-wise pLDDT
scores from each fusion variant were plotted as a heatmap for AraC (Fig. 2.21B). Of note, the
heatmap does not include the PDZ domain
insert sequences so that each column
represents the same AraC amino acid in a
different insertion context. The resulting
representation allowed a direct investigation
V3 o of the effect a certain insertion had on pLDDT
209 values corresponding to the AraC amino acid
sequence. Generally, the pLDDT scores tended
o 0 70 %0 %0 oo to be high, >80 at most positions, indicating
PLDDT per residue high quality predictions (Fig. 2.21B). Most
Figure 2.20: The position-specific pLDDT scoresof ~ prominent in the heatmap is a diagonal of
wildtype AraC do not correlate with domain  gecreased pLDDT values corresponding to the
insertion susceptibility. Scatterplot of the relation . . . . ..
between the enrichment scores of the AraC-PDZ residues neighboring the respective position
library and the amino acid pLDDT scores from an  Of the PDZ insertion. These lower values could
AraC structure predicted by AF2. The corresponding implicate structural flexibility around the
Spearman’s s -0.26. respective insertion site. The interpretation is
backed by the fact that the unstructured loops of AraC are visible as vertical regions, also with
decreased pLDDT scores. This observation is most pronounced for the inter-domain loop
between the DBD and the LBD around amino acid position 170. The same applies to the
protein’s termini hinting towards their flexibility. Apart from that, the structure of the N-
terminal B-barrel (AA 20-100) is implicitly visible in the heatmap by a symmetric pattern of
locally decreased pLDDT scores in the upper left quarter (Fig. 2.21B). In summary, the pLDDT
scores reflected structural features of AraC and potentially local conformational effects of
insertions, albeit these findings remain speculative as this point.
However, the pLDDT scores of specific AraC residues derived from the predictions of all
different insertion variants did not correlate with the experimentally determined enrichment
scores (Fig. 2.21C). In other words, changes of the confidence score of a residue with respect
to the insertion site of PDZ did not correlate with the activity of AraC.

Log?2 variant enrichment
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Figure 2.21: Correlations of structure predictions with domain insertion susceptibility.
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Figure 2.21: Correlations of structure predictions with domain insertion susceptibility. (A) Depiction of the
structure prediction workflow. Structures for all possible insertions of the PDZ domain into AraC were generated
with AF2. Structural changes at single positions in response to different insertions were then compared and
correlated to the experimental enrichments. (B) Structures of all possible PDZ insertions into AraC were predicted.
The heatmap shows the pLDDT scores per position for each variant. Only AraC amino acids are depicted so that
each column corresponds to pLDDT values from the same residue in different insertion variants. Rows, in turn,
correspond to the different AraC-PDZ hybrids. (C) For each amino acid position, the pLDDT scores from all variants
(columns in B) were correlated with the corresponding enrichment scores at these positions. The resulting
Spearman correlation coefficients are shown. (D, E) The predicted AraC-PDZ structures were aligned to a predicted
structure of wildtype AraC (D) or PDZ (E). The RMSDs between the wildtype and the respective part of the hybrid
proteins are shown in the heatmap. Rows correspond to the different AraC-PDZ hybrids and columns to RMSD
values of the same residue in different variants.

Apart from analyzing pLDDT scores, | also assessed the actual structure deviation between the
hybrid proteins and the wildtype structures for all AraC-PDZ fusions. To achieve this, the
structures of the individual AraC-PDZ hybrids were aligned to the structure of wildtype AraC
and the distances between corresponding residues were measured. Comparison of these
distances with respect to all hybrid proteins revealed a pattern that resembled the one of the
pLDDT scores (Fig. 2.21D). A diagonal of local positional rearrangements around the respective
insertion sites was observed, which was, however, less pronounced than the pLDDT score
changes (Fig. 2.21B). Interestingly, no additional structural changes within the loop regions
were visible. The predictions of the protein’s termini, in turn, underwent considerable changes
as compared to the wildtype conformation, when the domain was inserted nearby. Globally,
the predicted structures shared high similarity, independent of the insertion site, with only very
few outliers.

The situation was however different, when the predictions were compared to the structure of
the PDZ domain, following the same procedure (Fig. 2.21E). In the majority of cases, the
conformation of the domain was predicted to be identical to its wildtype structure independent
of the site it was inserted at. In some AraC-PDZ hybrids, however, the PDZ conformation was
predicted to be significantly distorted in comparison to the wildtype structure. These cases can
be identified as dark green lines within the plot (Fig. 2.21E). Such conformational changes
appeared more frequently, when the PDZ domain was inserted into the C-terminal DBD in
contrast to insertions closer to the N-terminus. Interestingly, these sites were, again, not related
to the experimentally observed patterns of domain insertion tolerance, suggesting no
functional meaning.

Taken together, the exploration of state-of-the-art structure predictions suggested that AF2 is
not able to capture the functional effects of domain insertions. The predicted structures of the
hybrid proteins share high similarities with the individual structures of the insert domain or the
parent protein. Nonetheless, AF2 predictions do reflect diverse structural features of AraC.

2.2.6 Machine learning models can guide the selection of sites susceptible to
domain insertion

The results from the previous sections demonstrated the lack of clear indicators for domain

insertion tolerance. Nonetheless, they also showed that very weak trends are indeed present.

The logical follow-up question was, if a combination of the features analyzed above could

enable the prediction of domain insertion tolerance. Towards this goal, machine learning

models were trained on the entirety of the gathered insertion site properties in combination
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with amino acid identity and secondary structure information as additional features. The main
objective was to discriminate between sites that tolerated the insertion of a domain versus
positions that resulted in inactive protein hybrids. Hence, the enrichment scores were binarized
by assigning positions that were enriched during the screens to positive labels and vice versa
the depleted sites to negative labels. Based on these datasets, | trained gradient boosting
classifiers (Friedman, 2002) for each protein. This type of machine learning model is known to
perform particularly well on tabular datasets (refer to methods section 4.2.4 for technical
details) (Fig. 2.22). It was chosen after initial exploration of diverse classifier architectures. To
evaluate the performance of a model, five-fold cross-validation was used.

The gradient boosting models reached surprisingly good performances on individual proteins
ranging from a mean area under the receiving operator characteristic (AUROC) of 0.77 for SigF-
PDZ (Fig. 2.22D) to 0.93 for FIp-PDZ (Fig. 2.22B). The corresponding average precisions ranged
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Figure 2.22: Gradient boosting models trained on positional features learn the insertion tolerance of
individual proteins. (A-D) Models were trained on the PDZ datasets for AraC (A), Flp (B), TVMV protease (C) and
SigF (D) with five-fold cross-validation. The ROC (left panel) is shown for individual folds in grey and the mean
ROC in red. The mean AUC is marked in light red. Exact values are indicated. Precision-recall metrics for individual
folds are shown in the right panels. The mean average precision is indicated.

from 0.5 for SigfF-PDZ (Fig. 2.22D) to 0.82 in case of AraC-PDZ (Fig. 2.22A). With respect to
weaker performance of the models for SigF-PDZ, it should be noted that the hyperparameters
were not individually optimized for each protein (see section 4.2.4).

Encouraged by these results, | wondered whether a classifier could be trained on the combined
dataset of hybrid proteins. Fortunately, the binarization during dataset preparation is expected
to reduce batch effects between the enrichment scores of different proteins. The reason is that
the main difference between the individual experiments was the varying enrichment stringency.
While different stringencies can affect the absolute scores of all samples, only few candidates
would be expected to switch from enriched to depleted or vice versa. The former effect,
however, is negated by binarization, which, in turn, increases the comparability between the
datasets of the different proteins. Optimizing the gradient boosting classifier on this complete
training set resulted in a mean AUROC of 0.84 (Fig. 2.23A) and an average precision of 0.54
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(Fig. 2.23B). These values were within the range of the previously trained models for the
individual proteins.

To place these metrics into context, | compared them to several benchmarks. These included a
dummy baseline, build on random choice of insertion sites, and the use of individual features
as predictors (Fig. 2.23C, D, Supp. fig. 9). This analysis was performed on a separate test set,
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Figure 2.23: Gradient boosting models improve the prediction of domain insertion sites. (A, B) The model
was trained on the combined PDZ datasets of all candidate proteins with five-fold cross-validation. (A) The ROC
is shown for individual folds in grey and the mean ROC in red. The mean AUC is marked in light red. Precise
values are indicated. (B) Precision-recall metrics for individual folds are shown. The mean average precision is
indicated. (C, D) The AUROC (C) and average precision (D) of the trained model and different benchmarks are
shown. The values were calculated from a previously withheld test set. The performance of the gradient boosting
classifier is compared to a random baseline and several individual features. (E) The decrease in accuracy upon
random permutation of the respective features is presented. The results were calculated individually for each fold
in the cross-validation dataset. The IQR is marked by the box and the median is represented by a red line.
Whiskers extend to the 1.5-fold IQR or to the value of the smallest or largest score, respectively. Outliers are
shown as points. (F) Bar plot indicating the Gini importance of each feature.
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withheld from the previously used cross-validation dataset the entire time. The random
baseline had an AUROC and AP in the range of 0.50 and 0.16, respectively (Fig. 2.23C, D). Most
of the individual features were also within this range or only slightly above, confirming again

that they have no predictive power on their own. Only few parameters, including
hydrophobicity and ASA, exhibited higher AUROCS and AP, with ASA being the best
performing feature with values of 0,71 (AUROC) and 0.33 (AP), respectively. This result is in line
with the previously discussed necessity of insertions not being tolerated at buried sites. My
gradient boosting classifier showed a highly improved performance with an AUROC of 0.89
and an AP of 0.61, suggesting that the entirety of features implicitly provided information

relevant for the successful prediction
of domain insertion tolerance.

The remaining open question was,
which features contributed the most to
the predictions, i.e. carried the most
essential information with respect to
the prediction of domain insertion
tolerance. To approach this question,
the  importance  of individual
properties for the model was assessed.
Two complementing strategies were
employed. First, the permutation
importance of each feature was
assessed, meaning that the loss in
accuracy upon random permutation of
the corresponding values was
calculated (Fig. 2.23E). Second, the
mean decrease in impurity (Gini
importance) was measured, a method,
which takes into account the rank of
the decision nodes related to a feature
(Louppe, 2015) (Fig. 2.23F). The results
indicated, that the KLD and the
frequency of insertions and deletions
are the most important features, as
they were top ranked by both
methods. The only other two
properties that were represented in
the top ten most important features
for both, the impurity and the
permutation importance approaches,
were ASA and the linker propensity
index by Suyama et al. The majority of
the other features did not seem to be
of  particular  importance. The

70

A 1.0 B 1.0
208 208
T (o]
< <
206 £06
Z 2
L£04 £04
() ()

2 2
=02 =0.2
—Mean AUC = 0.59 —Mean AUC = 0.87

0.0
00 02 04 06 08 10
False Positive Rate

0.0 T T T T ]
00 02 04 06 08 1.0
False Positive Rate

Permutation importance 4Mean decrease in impurity

0.0501 o

o
w

0.025+

Decrease in impurity
o
N

Decrease in accuracy
o
o
o
o
o [

o
-

o—IH -

-0.025 +r——T———r 0.0-
> QA > c © k= A >k > © c
O 3 0 g g o J 9 0o @ g o
S ¥ § L s O  $ 4 5 5 o
[ (] (%] = v = [ [%)]
=] S £ > =] S 2> c
s 5 a =% 5 =
o o a o S
[ [ = (7] (3] C
L 2 6 x L S x ©
=4 E= v ° “ =3 b
< t s T < £ T =
2 e ] .0 Q3
kT £ < B 2
o] 5 ] 5
[a)] o

Figure 2.24: A set of six features determines the model’s
predictive power. (A) A gradient boosting model was trained
exclusively on the amino acid identities. (B) The model was
trained on a subset of features comprised of Deletion
frequency, KLD, insert frequency, mean insertion length, the
linker propensity index by Suyama (Suyama & Ohara, 2003) and
the pLDDT score from AF2 structure predictions. (A, B) The ROC
is shown for individual folds in grey and the mean ROC in red.
The mean AUC is marked in red. Precise values are indicated.
(C) The decrease in accuracy upon random permutation of the
respective features are presented for the reduced model. The
results were calculated individually for each fold in the cross-
validation dataset. The IQR is marked by the box and the
median is represented by a red line. Whiskers extend to the 1.5-
fold IQR or to the value of the smallest or largest enrichment,
respectively. Outliers are shown as points. (D) The Gini
importance of each feature in the reduced model is shown.
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permutation of some features even resulted in minimal gains of accuracy (Fig. 2.23E). In this
context it should be considered, however, that the overall changes in accuracy were rather mild
and in the range of only +/-0.03.

Nonetheless, the results raised the question if a subset of parameters might already contain all
the information required for successful prediction of domain insertion sites. Given the
accumulating evidence that amino acid identity is not an important feature, a model was
trained on this information alone, which, as expected, did not “learn” much, indicated by a
mean AUROC of 0,59 (Fig. 2.24A). As a consequence, amino acid information was removed
from the training data. Next, additional features were depleted in a stepwise manner, always
assuring that the performance of the model did not decrease upon feature removal. Following
this procedure, | ended up with a reduced model, only trained on six features: KLD, deletion
frequency, insertion frequency, mean insertion length, pLDDT and the linker index by Suyama
et al. With an AUROC of 0.89 and an AP of 0.61, this model performed as good as the one
trained on the dataset comprising all properties (Fig. 2.24B). Further reduction of features
below the six above resulted in substantial decrease in model performance. Lastly, the feature
importance analysis was repeated with the reduced model (Fig. 2.24C, D). Akin to the previous
observations, KLD, insertion frequency and deletion frequency were detected as most
important parameter explaining domain insertion tolerance.

2.3 Transcription control by optogenetic variants of AraC

2.3.1 Identification of light-switchable AraC variants
The last chapter dealt with the identification and prediction of sites that tolerate domain
insertion. With respect to the design of switchable, allosteric proteins, however, this is only the
first step. To gain a better understanding of which insertions actually mediate activity switching
behavior and in order to identify optogenetic variants, | repeated the screen for the AraC-LOV2
library (refer to section 2.2.2), this time incubating the cultures under blue-light exposure
instead of darkness prior to the sorting. Comparison of the previous enrichment in the dark
(Fig. 2.25A) with the dataset enriched under illumination (Fig. 2.25B) revealed a high similarity
between the resulting scores under both conditions. When only sites that tolerated the LOV2
insertion under at least on condition (light and/or dark) are included into a comparison, the
differences between the datasets become more clearly visible (Fig. 2.25C). Here, only the dark-
state replicates of these positions correlate well, while the light-induced replicate differs
substantially. Thus, the observed similarities must mainly result from variants that were inactive
under either condition. Indeed, when the enrichments from the light and dark experiments are
plotted against each other (Fig. 2.25D), it becomes apparent that the majority of the hybrid
proteins was inactive independent of light exposure. A smaller fraction appears to be
constitutively active. Nonetheless, a remaining set of candidates exists that were enriched
under one condition only and otherwise depleted. Interestingly, more variants could be found
that are supposed to be active in the light and inactive in darkness than vice versa.
In order to obtain a better overview over the most promising, presumably switchable variants,
the combined light and dark enrichment scores were plotted for the lead candidates (Fig.
2.25E). These variants were selected based on two requirements: One state had to exhibit an
enrichment score >1, meaning that the corresponding AcaC-LOV2 fusion protein is supposed
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to be highly active under one condition. Secondly, the difference between the light and dark
scores had to be >2.5, hinting at a potent activity switch. The candidates fulfilling these
prerequisites were located in four distinct clusters consisting of one to four individual variants.
Interestingly, only one cluster represented hybrids, which seemed to be active in the dark, while
all other variants were light-activated. Further, all members of each group exhibited the same
switching directionality. The clusters all corresponded to positions within the N-terminal LBD
or the linker region, while none was identified within the DBD.
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Figure 2.25: Domain insertion screening of an AraC-LOV2 hybrid library yields light-switchable variants. (A,
B) The enrichment scores of AraC-LOV2 libraries that were sorted after incubation in darkness (A) or under blue-
light exposure (B) are shown. The read counts per insertion variant obtained from NGS were normalized to read
counts derived from the input library, resulting in log2-normalized enrichment scores. For the dark state, two
biological replicates are shown. The scores for the light exposed sample resulted from a single experiment. Light
green, dark green: individual replicates. Grey: variants with zero reads after enrichment. Red: variants missing in the
initial library. (C) Pearson correlations between the different datasets are shown. Only positions of interest, that
exhibited an enrichment in at least one replicate were included in the calculation. (D) Scatterplot showing the
relation between the different enrichment conditions for each insertion variant. The two lead candidates are marked
in red and their names are indicated. (E) Enrichment scores derived from experiments under light exposure or in
darkness are marked by blue and grey points, respectively. Only datapoints from promising candidates with a log2
enrichment of at least one in the active state and a difference >2.5 between the light and dark states are shown.

2.3.2 Characterization of two potent light-switchable transcription factors

Having identified several promising candidate hybrids, | chose two of them for further
characterization, one light-ON switch with the LOV2 insertion behind 1113 (AraC-1113-LOV2)
and a light-OFF variant carrying the insertion behind S170 (AraC-S170-LOV2). The performance
of both proteins was assessed in joint work together with Sabine Aschenbrenner using the
previously established RFP transcription reporter in E. coli (see section 2.2.1 for details).
Together with wildtype AraC as a positive control and a strain expressing the TVMV protease
as negative reference, the optogenetic hybrids were evaluated under a wide range of arabinose
concentrations. Replicates under light exposure and in darkness were included for each
concentration. The negative control underlined the exceptional tightness of the pBAD
promoter with almost no leaky reporter expression detectable in absence of AraC (Fig. 2.26A).
Wildtype AraC was completely inactive in absence of arabinose, while strongly activated gene
expression was detected at increasing arabinose levels, reaching the full induction at 4 mM
arabinose. Both AraC-LOV2 hybrids turned out to be still dependent on the presence of

72



Results: Transcription control by optogenetic variants of AraC

arabinose. AraC-1113-LOV2 showed strong activity at high arabinose concentrations under
illumination with 8 mM required for full activation. At this concentration, the RFP expression
levels were only slightly below the corresponding values for wildtype AraC. In darkness, though,
the expression levels were substantially lower at all tested concentrations. At very high
arabinose levels though (16 mM and 25 mM), leaky reporter expression was detectable in the
dark. The highest dynamic range of regulation was reached at a concentration of 4 mM
arabinose, representing a 23-fold switch in activity. As expected, AraC-S170-LOV2 switched
into the opposite direction, being completely inactive under light-exposure, while enabling RFP
expression in the dark. The increase of RFP expression with rising arabinose concentrations
turned out to be slower, as compared to the light-ON variant. The highest induction was
reached at 16 mM arabinose. The slightly weaker activation came along with extremely low
levels of leakiness under illumination. As a consequence, a 43-fold change in reporter activity
was observed at 16 mM arabinose, indicating high performance of this optogenetic construct.
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Figure 2.26: Optogenetic AraC variants mediate robust spatio-temporal gene expression control. (A)
Cultures were inoculated from precultures carrying plasmids encoding an RFP reporter and the respective AraC
variant. Inducers were added in the indicated concentrations. The samples were incubated for 16 h under light
exposure or in darkness, followed by plate reader measurements of RFP fluorescence and the OD at 600 nm. The
experiments were jointly performed with Sabine Aschenbrenner. Bars represent means from three independent
biological replicates. Error bars show the SD. (B) Top agar mixed with inducers and bacteria carrying an RFP
reporter plasmid and the AraC-S170-LOV2 variants was plated on an ager plate, which also contained arabinose
and IPTG. The plate was incubated overnight, while being illuminated through a photo-mask of the logo on the
left (without the text). A photo of the fluorescent signal from the RFP reporter was taken under UV-light exposure
(right panel). (C) Cultures were inoculated with from precultures carrying plasmids encoding an RFP reporter and
the respective AraC variant into media carrying 400 uM IPTG and 25 mM arabinose. The cultures were incubated
either in darkness or under blue-light exposure. At the beginning of the experiment and every three hours from
then, RFP fluorescence and OD600 were measured, followed by 1:30 dilution in fresh media. The experiment was
performed together with Sabine Aschenbrenner. Points represent the mean of n=3 biological replicates. Error
bars indicate the SD.
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Having established the co-dependence of both systems on blue light, as well as arabinose, we
next evaluated two of key advantages of optogenetic systems, their spatial and temporal
resolution of control. Choosing AraC-S170-LOV2 for the test, | grew cells on an agar plate in
presence of arabinose and IPTG (required for expression of AraC), while illuminating the plate
through a photo-mask. When RFP expression was assessed under UV-light, the pattern of the
mask was clearly visible with surprisingly sharp borders between fluorescent and dark regions
(Fig. 2.26B). As a second experiment, we incubated liquid cultures of both variants in darkness
or under illumination. Every three hours the light conditions were switched and the
fluorescence was measured (Fig. 2.26C). The outcome shows the desired light-dependent
increases and decreases of fluorescence. It is also visible that the wildtype AraC accumulated
much higher RFP levels over time. Taken together, both results exemplify the versatility of this
new optogenetic tool with respect to spatiotemporal control of gene expression in E. coli.

2.3.3 Structural analysis of the AraC-LOV2 hybrids

Apart from the experimental characterization, the structural aspects underlying the two
optogenetic AraC-LOV2 fusion proteins were analyzed. Figure 2.27 shows the position of both
insertion sites. Curiously, both sites are located in the region between the LBD and the DBD.
This intermediate region consists of two parallel a-helices that are attached to the -sheet core
of the LBD. A longer linker connects them to the DBD. Both helices are oriented towards the
dimerization interface. The light-ON insertion site (1113) is located within the loop prior to these
two helices, relatively close to the LBD, while the light-OFF insertion site is occupying a position
at the C-terminal end of the second helix. Both sites are distant, from functionally important
residues so that the insertion would not be expected to permanently disturb protein activity.
Finally, it is noted that both insertion sites are in proximity to larger loops and, thus, supposedly
are flexible.

As mentioned before, the lead candidates, were members of clusters of switchable variants,
each comprising four consecutive insertion sites. Figure 2.27 indicates that additional parts of

Dimerization Arabinose binding Arabinose binding Dimerization

Crystal

Crystal

Figure 2.27: Optogenetic AraC variants carry the LOV2 domain in the linker region between the arabinose-
binding domain and the DNA-binding domain. An AF2 prediction of the full-length AraC (green) is shown
alongside the crystal structure (grey) of the arabinose binding domain. Relative positioning of the structures was
obtained by superimposing the AF2 model onto crystalized dimer. Residues that bind to the operator are
highlighted in pink, key residues for dimerization in red and the amino acids that are important for arabinose
binding in vermilion. The insertion sites of the lead candidates are marked in blue. Additional insertion sites,
corresponding to the switchable variants identified in Figure 2.25E are indicated in light green. PDB-ID: 2ARA.
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the loop containing 1113 were amenable to domain insertion resulting optogenetic switching.
In case of the S170 region, the “switchable sites” extend into the neighboring a-helix, instead
of the remaining part of the loop. The two additional clusters of switchable hybrids are located
in the LBD, both within outward facing turns between two sheets of the arabinose-binding B-
barrel. Based on these observations one could argue that in contrast to positions with general
insertion tolerance, switchable candidates indeed carry insertions preferentially within surface-
exposed loops. However, this observation is currently limited to the AraC protein.
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3 Discussion and outlook

The unifying theme of this study was the engineering of proteins by the insertion of exogenous
domains. The utility of this strategy was first exemplified for Acrs. By employing domain
insertions to improve the stability of the NmeCas9 inhibitor AcrlIC1, we created a highly potent
off-switch for this RNA-guided nuclease. Using a different inhibitor, AcrllC3, we further created
a system for the light control of NmeCas9 activity, by inserting the AsLOV2 domain into the
Acr. This design enabled the activation of gene editing by the illumination of cells with blue
light.

Motivated by the experiences in the context of Acrs, we conducted a larger domain insertion
screen, with the aim to further investigate the restrictions underlying insertions into diverse
proteins. Based on a dataset derived from the screening of four different proteins,
computational analysis revealed that simple biophysical features do not explain the observed
distribution of successful insertions. Instead, machine learning models, based on a combination
of features, most of which were derived from sequence alignments, were able to improve the
prediction of domain insertion tolerance.

Finally, two potent optogenetically controlled variants of AraC were engineered. Both proteins
harbored an insertion of the AsLOV2 domain. Surprisingly, they differed with respect to the
directionality of the light switch, meaning that one candidate, AraC-1113-LOV2, was activated
by light, while the other variant, AraC-S170-LOV2 was light-deactivated. The further
characterization of these constructs revealed their potential with respect to the
spatiotemporally confined activation of transcription.

In this chapter, | am going to discuss the results obtained during these studies in context of
related work. A particular focus will lie on the engineering strategies that have been developed
over the years and how they compare to our examples and the results from the insertion screen.
Finally, I will give an outlook with respect to future perspectives and challenges.

3.1 Improving the inhibition potency of AcrliC1

3.1.1 Reasons for the increased inhibition potency

The work on AcrlIC1 was motivated by reports showing that the inhibitor has broad-spectrum
activity, i.e. is able to inhibit several, biomedically relevant Cas9 orthologues, but with low
efficiency (Harrington et al, 2017; Garcia et al, 2019). In previous work, we have already
engineered different optimized AcrllC1 variants: AcrllIC1X was a redesigned version of the
inhibitor with improved potency on SauCas9; The chimera-7 and -10 were engineered by the
insertion of mCherry, which increased the inhibition potency on NmeCas9 and Nme2Cas9.
Interestingly, the insertions had no effect on the inhibition of SauCas9 (Fig. 2.1 and Mathony
et al, 2020a). Vice versa, AcrlIC1X exhibited increased performance only on SauCas9, but not
on NmeCas9 (Mathony et al, 2020a). The combination of both approaches in AcrlIC1X*, finally,
resulted in an additive effect leading to the potent inhibition of all orthologues (Fig. 2.1 and
Mathony et al, 2020a). The explanation for these outcomes lies in different mechanisms of
actions. AcrllC1X, for instance, was engineered with the aim to reach increased affinity to
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SauCas9. Consequently, one would expect a decreased inhibition of NmeCas9 due to mutations
suboptimal for the interaction with this orthologue. Indeed, our collaborators measured a
reduced affinity between AcrlIC1X and the HNH domain of NmeCas9, as compared to the
wildtype inhibitor (Mathony et al, 2020a). Interestingly however, my data obtained from gene
editing experiments in human cells did not confirm these results, since no difference in
inhibition potency could be measured between AcrlIC1 and AcrlIC1X (Mathony et al, 2020a). It
is further unlikely that the differences were masked by saturated inhibition due to high inhibitor
expression levels, considering the mild effect AcrliIC1 had on NmeCas9 under the chosen
experimental conditions. Thus, the mild reduction in affinity of AcrlIC1X for NmeCas9 as
compared to wild-type AcrllC1 did not negatively impact its ability to inhibit NmeCas9 in vivo.
More surprising were the results with respect to the AcrliIC1-mCherry chimeras. Together with
Carolin Schmelas, | had already shown that the insertion of mCherry results in an increase of
protein stability (Mathony et al, 2020a). Additional in vitro data from our collaboration partners
Yanli Wang and Sun Wei indicated, that the domain insertion might lead to a slight increase of
cleavage inhibition, independent from protein stability (Mathony et al, 2020a). Taken together,
we expect the stabilizing effect of the additional mCherry domain to be the main driver of
increased inhibition (Fig. 2.1A), while a mechanistic improvement could still play a minor role.
The reason for this gain of function might lie in AcrllC1's mechanism of action. By binding to
the HNH nuclease domain, the inhibitor prevents the conformational change that brings the
domain into proximity of the bound target DNA (Harrington et al, 2017). The presence of the
fused mCherry domain might have increased this steric block and practically “locked” the Acr-
Cas9 complex in a stable, inactive conformation.

While the inhibition of NmeCas9 by the AcrlIC1-mCherry chimeras met our assumptions, the
absence of inhibition improvements regarding SauCas9 was not expected (Mathony et al,
2020a). In principle, the increased stability of AcrlIC1 should have equally affected both target
nucleases. Although the functionality of AcrllC1 particularly with respect to SauCas9 has never
been separately investigated, the nucleases high degree of structural and functional similarity
to NmeCas9 renders differences in the working mechanism rather unlikely. It is thus reasonable
to assume, that the weaker affinity of AcrliC1 (and its chimeras) to SauCas9 as compared to
NmeCas9 explains the lack of improvement. Perhaps, the increase of available inhibitor caused
by the stabilization did not outweigh the low affinity AcrlIC1 has towards SauCas?9. It can further
not be ruled out that the small stability-independent increase in cleavage inhibition observed
in in vitro experiments with NmeCas9, is indeed specific to the precise structural configuration
of this orthologue and does hence not translate to SauCas9. In summary, the observed effects
appear to be predominantly caused by an increase in stability of the inhibitor and differences
with respect to binding affinity. Certain aspects of the explanation, however, remain to be
experimentally confirmed.

Finally, the fact that both approaches could be successfully combined in AcrliIC1X* (Fig. 2.1B)
(Mathony et al, 2020a) provides additional evidence that the gains in inhibition potency did
not come at the cost of inhibition efficiency on different orthologues. AcrlIC1X* seemed to be
indistinguishable from the strongest inhibitor of NmeCas9, AcrlIC3, with respect to inhibition
potency, thus underlining the success of the engineering approach (Fig. 2.1B and (Mathony et
al, 2020a).
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3.1.2 The potential of engineered Acrs in comparison to natural inhibitors

The results discussed above demonstrated that protein engineering can be used to improve
Cas9 inhibitors and that potent inhibition of several Cas9 orthologues by a single inhibitory
protein is possible (Fig. 1.6 and Fig. 2.1). A remaining question is, to which extend such
approaches will be required in the future to complement the increasingly rich repertoire of
newly discovered and well-characterized, natural Acrs (Dong et al, 2018). In this regard, one
has to take into account some of the inherent Acr characteristics. Anti-CRISPRs appear to be a
common protein class in bacteriophages and the diversity of phages is still in large parts
uncharacterized (Pawluk et al, 2017). In addition, the identification of new Acrs is non-trivial as
they lack sequence conservation (Borges et al, 2017). Consequently, the discovery of new
natural inhibitors is still cumbersome. With respect to Cas9 inhibition, AcrlIC1 was the first
described broad-spectrum inhibitor (Harrington et al, 2017). Around the time we reported the
engineered AcrlIC1 variants, a second promiscuous inhibitor, AcrllA5, was characterized in two
independent publications (Garcia et al, 2019; Song et al, 2019). Both reports showed that this
inhibitor blocks the activity of a broad range of Cas9 orthologues, including the widely applied
SpyCas9, which is not targeted by AcrlIC1. Surprisingly, the publications differed in their
mechanistic explanation of Cas9 inhibition by AcrllA5. Song et al. reported inhibition of only
DNA cleavage, but not DNA binding to be the driving mechanism, much alike AcrlIC1. However,
they suspected AcrllA5 to bind the second catalytic domain, RuvC, instead of the HNH domain
(Song et al, 2019). Garcia et al. instead postulated a catalytic mechanism that involves sgRNA
cleavage mediated by the inhibitor (Garcia et al, 2019). None of these postulated mechanisms
has, however, been convincingly proven. From the application perspective, knowing the exact
mechanism-of-action is highly relevant though. The catalytic mechanism, for instance, would
result in a permanent loss of Cas9 RNP function, meaning that new ribonucleoprotein
complexes have to be produced in order to reactivate gene editing. The steric inhibition, in
turn, would only depend on the presence of the inhibitor. In summary, it remains unclear if
AcrllA5 is mechanistically similar to our engineered variants and could serve as a direct
alternative to them or if it governs a second functionally complementary mechanism.

With respect to the full CRISPR application spectrum, AcrlIC1 and its derivatives, are restricted
to the regulation of gene editing, as they only inhibit DNA cleavage (Harrington et al, 2017).
The inhibition of CRISPRi or base editing would thus not be possible on the basis of AcrlIC1.
Unpublished data from our group suggests that AcrllA5, in contrast, can indeed inhibit CRISPRIi
and thus Cas9 DNA binding, hence favoring the postulated AcrllA5 catalytic mechanism.
However, the experiments revealed a limited inhibition potency that further depends on the
targeted Cas9 orthologue. In this regard, our engineered AcrlIC1 variants would provide a more
potent alternative, although a detailed side-by-side characterization is still needed.

Overall, the set of available inhibitors is limited and the current options differ greatly with
respect to efficiency, mechanism of action and the range of targeted orthologues. Especially
for the application of Acrs in genetic circuits (Nakamura et al, 2019), the discussed factors could
have major impact on experimental outcomes. Thus, it appears plausible that a combination of
the continued search for broad-spectrum inhibitors and the rational engineering focused on
the precise tuning of desired properties will remain as complementary strategies for the
foreseeable future.
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3.1.3 Towards cell type-specific control of gene editing

The hepatocyte-specific gene editing technique enabled by global Cas9 expression in
combination with AcrlIC1X, expressed in all, but the cell type of choice, demonstrated a
promising use case for engineered CRISPR inhibitors (Figu. 2.2). It further exemplified how
important the inhibition potency can be with respect to experimental outcomes and Acr
applications. The miRNA-based control was assessed in a HEK293T system using miRNA
overexpression (Fig. 2.3A, B), as well as in different cell types, where the observed effect
depended on the endogenous levels of the respective miRNA trigger, miR-122 (Fig. 2.3A, B).
First, these experiments provided additional evidence that miRNA-regulated gene editing,
which was initially developed by Hoffmann et al., is indeed a plug-and-play system that can be
used in combination with different Cas9 and Acr variants (here SauCas9 and AcrlIC1X)
(Hoffmann et al, 2019). Second, my data revealed facets of the system that are important to
consider for future experiments. Very clearly, the data showed that the miRNA dose matters.
In the overexpression experiment, in which the miRNA concentration was not the limiting
factor, the Acr-encoding mRNA appeared to be fully degraded when the required miRNA
binding site was present in the 3'-UTR (Fig. 2.3A, B). Consequently, the gene editing activity in
AcrlIC1X-miR-122 samples did not differ from the control without an Acr expressing construct.
In Huh7 cells, in which the system relied on endogenous miRNA-122, the observed effects were
qualitatively similar, albeit a slightly decreased editing rate was measured in AcrlIC1X-miR-122
samples as compared to the control lacking the inhibitor (Fig. 2.3C). This observation confirmed
that endogenous miRNA levels can be sufficient to activate gene editing via miRNA-regulated
Acr transgene suppression. At the same time, it underlined the requirement for strongly
expressed miRNAs, such as miR-122, to avoid incomplete Acr suppression and hence further
reduction of gene editing activity in ON-target cells.

Another factor determining the success of the approach is the background expression level of
the chosen miRNA. It was visible in HEK293T cells that AcrlIC1X represses gene editing more
strongly when no miR-122 binding sites are present within its 3'-UTR (Fig. 2.3A, B). Residual
levels of miR-122, naturally expressed by HEK293T cells, or effects of the altered 3'-UTR on the
expression of AcrlIC1X (as compared to the control with a scaffold UTR) are possible
explanations for the observation. Of note, a complete absence of the chosen miRNA in all off-
target cell types cannot be expected. Even more important appears to be the choice of the
inhibitor. Wildtype AcrllC1 was much more affected by the described phenomena than the
engineered AcrlIC1X (Fig. 2.3A-D), the latter of which could robustly suppress unintended
editing in off-target cells.

In summary, the results demonstrated that gene editing in off-target cell types can be
drastically reduced using our miRNA-dependent Acr transgene strategy. Further, our
experiments revealed that the inhibition strength of the Acr is indeed an important factor to
consider for prospective applications of this strategy.

3.1.3.1 The role of methods for the detection of gene editing frequencies

In the results section, | have already mentioned differences between T7E-assays and TIDE
sequencing for the quantification of indels (section 2.1.1 and 2.1.2). Both measurement
methods are still widely applied, although the NGS-based assessment of editing rates became
increasingly popular over the last years. The advantages of the T7E-assay and TIDE are their
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low costs per sample, speed and overall good reliability, especially if clear differences in editing
rates should be distinguished, as is the case for many of the datasets presented in this thesis
(Brinkman et al, 2014).

In the context of this study, the miRNA-related experiment provided a side-by-side comparison
between both methods (Fig. 2.3A, B). Qualitatively, the results were similar, but the absolute
numbers, i.e. indel %, differed between TIDE and T7E-assay. These differences were most
prominent at intermediate editing rates. While the highest and the lowest values were nearly
identical, editing efficiencies in the range of 10-20 % as measured by T7E-assay corresponded
to lower values in TIDE sequencing (Fig. 2.3A, B). This effect was especially pronounced between
the AcrllC1-scaffold samples in Figure 2.3A and B. In addition, | note that many experiments in
our lab over the years have shown that very low editing frequencies are often not detectable
by TIDE sequencing, while still being visible in T7E-assays. The same trend became apparent in
the miRNA-regulation experiments (Fig. 2.3A, B).

Importantly for the results of this project, most of the measured samples, exhibited a rather
binary outcome, that is, efficient gene editing in controls versus complete inhibition of DNA
cleavage by the improved Acrs. Consequently, differences in absolute values detected between
T7E-assays and TIDE sequencing data do not affect the interpretation of the results. This is also
an encouraging sign for the validity of experiments, in which only one method could be used.

3.2 Characterization of CASANOVA-C3

3.2.1 Performance of CASANOVA-C3

This project part transferred the concept of optogenetic Acrs from the SpyCas9 inhibitor
AcrllA4 (Bubeck et al, 2018) to AcrliC3, an anti-CRISPR protein specific to NmeCas9. The
successful implementation of CN-C3 enabled, for the first time, the direct optogenetic control
of NmeCas9 (Fig. 2.4) and Nme2Cas9 (Fig. 2.5D, E). This renders CN-C3 the first tool for the
reversible light-mediated activation of type II-C CRISPR nucleases.

As previous work already indicated (Bubeck et al, 2018), the performance of CN-C3 is a question
of dosage (Fig. 2.4A, B). Consequently, in order to identify the ideal dynamic range, the ratio
between Cas9 and CN-C3 has to be chosen carefully. In addition, the results showed that a
complete activation of gene editing in the light, as well as full inhibition in the dark, are difficult
to achieve (Fig. 2.4A, B). The underlying reason is the nature of the AsLOV2 photoswitch. The
LOV2 domain exists in an equilibrium between its light- and dark-adapted states. lllumination
substantially shifts this equilibrium towards the light-adapted conformation, but a completely
binary behavior cannot be expected (Yao et al, 2008). The result is a natural limit to the dynamic
range of engineered photo-switches. Moreover, the insertion into the Acr can also be
suspected to result in physical strain on the domain towards a certain state, thus affecting the
conformational ensemble (Dagliyan et al, 2019, 2016). This conformational stress might also
reduce the efficiency of the light switch as compared to the natural photo-switching behavior
of the AsLOV2 domain.

With respect to the dynamic range, it is important to note that our group could show for several
effector proteins an increase of switchability, when optogenetic Acrs were delivered by AAVs
(Bubeck et al, 2018; Hoffmann et al, 2021). Higher transduction efficiencies in contrast to
transient transfection likely explain this gain in performance. The efficient AAV delivery ensures
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that almost every cell expresses similar amounts of Cas9 and the inhibitor. In consequence, the
results in Fig. 2.4 might slightly underestimate the performance of CN-C3, as cells that were
not co-transfected with both, the Acr and the Cas9/sgRNA constructs, might have been edited
irrespective of the light condition due to the absence of the inhibitor. The opposite effect,
namely no editing caused absence of Cas9 might have also played a role with respect to the
upper limit of gene editing in the light condition.

Considering the specificity of genome editing, we showed that the use of CN-C3 can decrease
off-target effects. Noteworthy, our group and others have reported various strategies to
employ Acrs for enhancing target specificity by attenuation or timely control of Cas9 activity
(Aschenbrenner et al, 2020; Shin et al, 2017; Liang et al, 2020). In case of NmeCas9, the situation
slightly differs from other use cases. Due to the fact that this nuclease already possesses a high
target specificity (Amrani et al, 2018), | could demonstrate the off-target reduction for one
sgRNA only (Fig. 2.4C-E). As the off-target editing was successfully reduced, NmeCas9 in
combination with CN-C3 could potentially be used as a gene editor with exceptionally high
specificity. Nonetheless, convincingly demonstrating the superiority of the combination over
comparable systems will require the examination of off-target reduction at a larger scale and
ideally in an unbiased fashion using whole genome off-targeted detection methods. A future
study, investigating these aspects could be of great value for the gene editing community,
especially if performed under consideration of gene therapy applications. In this area of
research, the minimization of off-targets is given particularly high priority and even incremental
improvements could potentially have a major impact with respect to therapy outcomes and
treatment acceptance.

When comparing CN-C3 to the AcrlIC1-mCherry chimeras, the differences observed on the
corresponding protein levels are rather striking. We have previously shown that AcrlIC1, as well
as the engineered chimeras, destabilize NmeCas9 (Mathony et al, 2020a). Neither AcrlIC3, nor
CN-C3 exhibited this feature under my experimental conditions (Fig. 2.5B, C). In both cases,
Cas9 protein levels were identical when the wild-type AcrlIC3 inhibitor and its engineered
variants were present (Fig. 2.5B, C) (Mathony et al, 2020a). The AcrlIC1 chimeras were
significantly stabilized by mCherry insertion (Mathony et al, 2020a), while the LOV2 insertion
into AcrllC3 did not affect protein stability (Fig. 2.5A, C). It was principally not surprising, that
domain insertions could have different effects on protein stability. Nonetheless, the results
stress the importance to consider such effects, especially when the mechanism of action of a
protein is not entirely understood.

3.2.2 Structural analysis of the AsLOV2 insertions into AcrliC3

In the introduction, | already highlighted the difficulty to identify suitable insertion sites (refer
to section 1.3.4.5) and in the second part of this study, | focused on exactly this challenge. It
makes thus sense to analyze CN-C3 from a structural perspective. To engineer its predecessor
CASANOVA, a fusion of AsLOV2 and AcrllA4, Bubeck et al. successfully followed the principle
of insertions into tight loops as it was proposed by Dagliyan et al. (Bubeck et al, 2018; Dagliyan
et al, 2016, 2019). The rationale is described in detail in the introduction (refer to section
1.3.4.2). In short, the concept suggests the insertion of domains into loops, which connect
aligned secondary structure elements. At these sites, the insertion can have the largest
conditional impact on the structure of the target protein.
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CN-C3 carries the LOV insertion at a surface site with unexpected properties (refer to section
2.1.3.4 and Fig. 2.6B). Based on structural considerations, one would probably avoid this site
for the insertion of whole domains as a permanent loss of function appears to be likely. Indeed,
the CN-C3 hybrid was originally created without this information, prior to the publication of
AcrlIC3 structures. On the contrary, other insertion sites suggested by the engineering
approach from Dagliyan et al., resulted in dysfunctional hybrids, presumably due to steric
clashes with the NmeCas9 binding partner (Fig. 2.6A) (Dagliyan et al, 2016, 2019). From the
insertion strategy standpoint, the configuration of CN-C3 pronounces the limited
understanding we still have with respect to the structural requirements of successful insertions.
Existing strategies are not generalizable across protein classes and can be very successful for
one candidate (AcrllA4), while being not suited for the other (AcrlIC3).

Finally, the analysis of the AcrlIC3 structure in complex with the full-length NmeCas9 (Supp. fig.
3 and Sun et al, 2019) point towards another aspect. Switchable proteins based on the insertion
of LOV2 domains are typically supposed to be regulated allosterically by conformational
changes the LOV2 domain imposes onto the fused protein. However, in the case of CN-C3, two
additional mechanisms are possible. Due to the proximity of the insertion site to residues,
which are in contact with Cas9, small local conformational changes of the residues directly
connected to the LOV2 domain’s terminal a-helices might already be sufficient to control
AcrlIC3's activity (Fig. 2.6B). Long-range allosteric effects could then be neglected. However,
considering the larger number of inter-residue contacts, AcrliC3 makes with different parts of
Cas9 (Supp. fig. 3), this explanation remains debatable (Sun et al, 2019). A second option is the
steric inhibition of HNH domain-binding via the LOV2 domain. Rather than affecting the
inhibitor's conformation, a light-induced change of the LOV2 domains position relative to
AcrlIC3 could sterically block access of the binding interface to the HNH domain. Interestingly,
the structural models of CN-C3 in supplementary figure 2 and 3 would also support this
hypothesis.

3.2.3 Comparison of CN-C3 to other optogenetic CRISPR tools

In the introduction, | described the different approaches for the control of Cas9 activity (section
1.4.2.5). CN-C3 differs in several regards from alternative strategies for optogenetic CRISPR
control. To begin with, CN-C3 is the first optogenetic tool for the control of a type II-C Cas9
orthologue. That said, also other approaches that were outlined in the introduction could
prospectively be adapted for this class of Cas9 nucleases (section 1.4.2.5). The unique
advantage of the CASANOVA concept in contrast to other methods, however, lies in the fact
that only the inhibitor is engineered (altered) and not Cas9 itself. At first sight, this could be
considered a disadvantage, as the number of individual components is increased. However,
several benefits are linked to this feature. First, as explained above, the ratio of Cas9 to CN-C3
can easily be titrated, which is not possible for single-chain- or split-protein tools. The system
can hence easily be fine-tuned, for instance with the goal to reach maximum efficiency under
illumination or alternatively for minimal leakiness in the dark. Moreover, since the light-
regulation module is separate from the actual gene editing component, researchers can easily
use CN-C3 as an add-on system to be combined with CRISPR vectors, cell lines etc. already up
and running in the lab. Finally, CN-C3 is expected to be fully compatible with all kinds of Cas9-
derived tools. Base editing and prime editing, for example, rely on complex architectures
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comprising Cas9 fusions to one or several additional domains. The combination of such a
system with optogenetic concepts, that would require fusing even more domains to Cas9,
could be problematic and lead to steric clashes. Moreover, adding optogenetic domains to the
already large base- or prime editors would result in large proteins exceeding the size limit of
most viral delivery systems. Light-regulated sgRNAs, in turn, would only provide a partial
solution, here. While principally suitable for the control of base editing, prime editing requires
a complex RNA architecture, called pegRNA (prime editing gRNA), which is likely incompatible
with the majority of the published methods (Kundert et al, 2019; Jain et al, 2016). Employing
the CASANOVA concept for the control of base- and prime editing is thus a logical and
promising next step.

Despite the advantages of CASANOVA, it is always possible that alternative systems are better
suited or more straightforward for certain applications. This leads to a last and arguably most
important point: The choice of the optogenetic strategy is always a matter of the application
and the details of the experimental setup it is used in. In this regard, the largest benefit of the
optogenetic CRISPR-tools that we and others developed in recent years is their diversity and
the manifold options and features that arise from it.

3.3 Outlook: applications of engineered Acrs

Acrs represent a fascinating class of proteins that has been discovered in the more recent past
(Bondy-Denomy et al, 2013). They surprised with their diversity with respect to structure and
inhibition mechanism (Chaudhary et al, 2018; Gussow et al, 2020). Among others, our group
has substantially contributed to the application of Acrs for gene editing control (Mathony et
al, 2020a; Hoffmann et al, 2021; Bubeck et al, 2018; Hoffmann et al, 2019; Aschenbrenner et al,
2020). Considering the body of work on Acr applications, published by now, one can state that
the field is still in a proof-of-concept phase. The main lines of work that focus on actual
application of Acrs have been the optogenetic control of gene editing (Hoffmann et al, 2021;
Bubeck et al, 2018), cell-type specificity (Hoffmann et al, 2019; Lee et al, 2019; Mathony et al,
2020a) and the reduction of off-target effects (Aschenbrenner et al, 2020; Shin et al, 2017;
Hoffmann et al, 2021; Liang et al, 2020). These different areas vary substantially though, with
respect to their future perspectives.
CASANOVA, for instance is currently a tool for cell biology, allowing to dynamically regulate
Cas9 activity, e.g. for the study of molecular pathways. Its expansion to in vivo applications is
challenging due to its regulation by blue light. The tissue penetration of light at wavelengths
in the range of 450 nm is highly restricted (Ash et al, 2017; Finlayson et al, 2022). Nonetheless,
illumination of skin or the gastrointestinal tract is feasible and optogenetic experiments in the
brain of mice are routinely performed using implanted fiber optics (Kim et al, 2017). A
consequential application of CASANOVA in mouse models would hence be the investigation
of skin phenotypes. In the context of biomedical research, wound healing or the study of
melanoma are obvious candidates. In the future, CASANOVA could help to decipher the time-
resolved dynamics of the processes underlying wound healing or cancer development. From a
therapeutic standpoint, spatiotemporal restriction of Cas9 activity to increase the safety of
gene therapy represents a long-term perspective. With respect to deeper layers of tissue, red
light-induced systems could be beneficial, due to the increased tissue penetration of light at
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longer wavelengths (Ash et al, 2017; Finlayson et al, 2022). Unfortunately, no compact red light-
responsive domain, which undergoes considerable structural changes to be suited for insertion
strategies, is known. Overall, the application of optogenetics in inner organs is challenging and
alternative tools, e.g. based on chemical triggers or magnetism, might be more convenient in
such use cases.

The development of cell-type specific gene editing, instead, is clearly targeted to applications
in gene therapy. Initial experiments in mice demonstrated the huge potential of this technique
(Lee et al, 2019). Prior to the use of Acrs, only the stability of the mRNA encoding for Cas9
could be directly regulated via miRNAs (Senis et al, 2014). The shortcoming of this previous
strategy was, however, that gene editing could only be deactivated in a certain cell type or
tissue, while being active in all other tissues. The opposite effect mediated by miRNA-regulated
Acrs, namely the targeted activation of Cas9 only in a certain defined tissue, is much more
relevant for practical use. This strategy in turn, shares similarity with other approaches, such as
cell type-specific promoters (Senis et al, 2014) or tissue-specific AAVs (Schmidt & Grimm, 2015;
Srivastava, 2016). Importantly, none of the individual strategies provides complete tissue
specificity. Importantly, they are mechanistically compatible so that a combination of different
approaches might provide the best solution in the future.

Finally, the application of Acrs for reduction in off-target editing, has been demonstrated in
several previous studies. Firstly, the timed delivery of Acrs has been applied to limit the time-
span in which Cas9 is active (Shin et al, 2017; Liang et al, 2020). Although effective, this
approach is not suited for in vivo application and even in cell culture systems the required
transfection at two separate time points is cumbersome. The fusion of attenuated Acrs and the
use of the CASANOVA concept as demonstrated in this study provide promising alternatives
(Hoffmann et al, 2021; Bubeck et al, 2018; Aschenbrenner et al, 2020). The method of choice
will probably depend on the question if light-regulated control is desired or not.

Altogether, several promising concepts to apply Acrs in research and beyond have recently
been developed. This study contributes to many aspects of the aforementioned applications.
It will be interesting to see which lines of research will eventually take the leap towards in vivo
use or clinical applications.

3.4 A comprehensive domain insertion screen of diverse protein
classes

3.4.1 Creating randomized insertion libraries

In order to perform the domain insertion screen, | selected the proteins, AraC, Flp recombinase,
SigF and the TVMV protease. The four candidates exhibited major differences with respect to
their structure and function, which translated into different behaviors during the performed
experiments (Fig. 2.9). For related future studies, several factors are important to consider.
First, the majority of proteins interacts with and binds to other macromolecules. Examples in
this dataset are AraC, which acts as a dimer and binds to DNA (Schleif, 2010) or SigF which
recruits a polymerase to DNA (Paget, 2015). These interactions are functionally essential and
restrict the number of surface sites that are amenable to domain insertion.

Second, the assays | employed for FACS screening rely on the activation of a fluorescent
reporter by the candidate protein. This is usually achieved via control of reporter transcription.
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The type of assay naturally reflects a bias towards DNA-interacting proteins in my set. The
protease is the only example of transcription-independent reporter regulation. Although many
of such non-transcriptional reporter assays have been published, one should keep in mind that
depending on the candidate protein, the setup of a functional assay could be cumbersome.
Especially in case of enzymes that metabolize small molecules, this can be a problem. In this
regard, two points are important to consider: Many molecules that serve as educts or products
of enzymatic reactions cannot simply be linked to a (fluorescent) readout in vivo. On top, the
enrichment of functional variants in E. coli relies on the measurement and sorting of individual
cells. If the substrates or products of an enzyme can diffuse between cells, the read-out could
be substantially blurred.

Referring back to the particular candidates from this study, the respective reporter assays
differed substantially. Overall, the dynamic range was very large for AraC and the Flp
recombinase, resulting in a clear separation between active and inactive variants upon FACS
sorting (Fig. 2.9A, B). The assay for the TVMV protease exhibited much weaker separation
between positive and negative controls (Fig. 2.9C). The reason lies in the inefficient stabilization
of RFP. This can be explained either by incomplete cleavage of the degradation tag through
the protease or an insufficient change in RFP stability after the tag was removed. It should be
noted, that prior to this study, | tested additional reporter designs, including various
degradation tags, promoters and also different positions of the cleavage site, none of which
resulted in improvements regarding the dynamic ranges (refer to supplementary note 1,
section 5.1). The truncated variant of the TVMV protease that was used for the screen might
explain suboptimal cleavage efficiency, albeit this would contradict a previous study (Sun et al,
2010). Further investigation of the results with different TVMV protease variants will be
necessary to elucidate this question.

With respect to the insert domains, PDZ was a convenient choice, as it has already been used
for similar purposes (Oakes et al, 2016; Coyote-Maestas et al, 2019) and provides a suitable
baseline as a small (86 AA) and compact protein domain. With reference to the body of work
described in the introduction (see section 1.3.4), the additional insert domain, selected for AraC,
are also self-explanatory, as they were frequently used in the context of domain insertions in
the past. | chose AraC for the screening of additional domains, due to the very robust reporter
assay (Fig. 2.9A) and because the optogenetic engineering of bacterial transcription factors had
so far mainly been achieved by domain swapping (Romano et al, 2021; Komera et al, 2022;
Dietler et al, 2021). It was thus interesting to investigate the combination of the original
allosteric connection of arabinose-induced activation and the insertion of an additional
switchable domain. Obviously, the used screening method is principally compatible with any
type of insert. However, the success rate of insertions can vary drastically (Fig. 2.12).
Regarding library construction, the SPINE cloning strategy worked well and provided near
complete coverage for all samples (Supp. fig. 4). SPINE requires the independent cloning of
sub-libraries by splitting coding sequence of the effector protein into chunks of fifty codons.
The different regions of the effector covered by individual sub-libraries, were still visible in the
in the sequencing results as their coverage varied. This is a sign of differences in DNA
concentration upon pooling of the sub-libraries. Overall, these effects were, however, in an
unproblematic range, as no insertion variant was strongly depleted (Supp. fig. 4). A second
observation that cannot be explained easily is the underrepresentation of the one or two
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variants around the borders between two sub-libraries within the variant pool. Ligation errors
during assembly of the sub-libraries could, in theory, be the reason, although the SPINE
workflow is implemented in a way that such errors are unlikely to affect the representation of
individual variants (refer to SPINE publication (Coyote-maestas et al, 2019)). As a note of
caution, the sequencing coverage of the initial SigF-PDZ library was rather shallow and the
sequencing will be repeated for future work on the protein (Supp. Fig. 4). The results for SigF
were hence overall noisier (Fig. 2.3.5D).

When comparing this targeted insertion method to transposon-based libraries used in several
publications (Coyote-maestas et al, 2019; Oakes et al, 2016; Nadler et al, 2016), the significantly
increased coverage and more balanced distribution of candidates in the input libraries
becomes apparent (Supp. fig. 4). Considering these benefits and the increasing affordability of
the required DNA-oligonucleotide pools, | would argue that the SPINE technique provides
superior efficiency as well as quality, as compared to conventional transposon libraries.

3.4.2 Data processing and quality control

The performed experiments can only be judged, based on the resulting sequencing data. The
key parameter for data interpretation is the choice of the used scoring metric. The number of
reads for a specific insertion site has to be normalized by the overall number of reads in the
sample, as the sequencing depth varies between experiments. In addition, a previous study has
shown that setting the read count of each candidate in proportion to their respective
prevalence in the initial library considerably improved the quality of the results, as it corrects
for artificial differences that arose during library preparation (Nadler et al, 2016). After this
correction for biases, a Log2 transformation allowed to better distinguish enriched from
depleted sites. This is especially important with respect to the later analysis (refer to section
4.2.3 for further methodological details).

An alternative metric that has previously been used is z-scored enrichment (Coyote-Maestas
et al, 2019). | decided against it, since the expectation value of this standardization is zero by
definition. Consequently, exactly half of the candidates would end up with a positive score
although many of them might actually have decreased activity as compared to the wild-type
effector protein. The counter-argument would be that in our screen, the enrichment was not
benchmarked against the activity of the wildtype protein without insertion. Consequently,
depending on the stringency of the enrichment, also the chosen scoring method could result
in scores that either under- or overestimate the activity of variants, although probably to a
lesser extent. Also, the z-score normalization could better correct for differing selection
stringencies between experiments. What turned the balance upon consideration of the above
factors, were the cytometry histograms prior to enrichments, indicating that a large majority of
the candidates were inactive (Fig. 2.9). | thus concluded that applying the z-scoring would pose
a strong bias on the data, which I intended to avoid.

Next, the quality of the experiments was judged, based on biological duplicates. Overall,
experimental replicates were in good agreement (Fig. 2.11). The only outlier was the TVMV
protease library with a Pearson’s r of only 0.65 between replicates. This effect is likely caused
by the overall weak enrichment. Nonetheless, several variants were enriched in both replicates.
Apart from that, in most cases the best linear fit between the replicates revealed that the trends
are in good agreement, although the absolute values differ (Fig. 2.11). Similarly, experimental
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validation of the screen with individual variants proved the overall reliability of the measured
categorization into enrichments versus depletions (Supp. fig. 6). The sparsity of robustly
enriched variants resulted only relatively few enriched samples that were experimentally
validated.

3.4.3 Analysis of the tolerated insertions

Most of the observed insertion preferences and enrichments can be explained by the
experimental conditions. The less pronounced depletions within the TVMV library (Fig. 2.3.5C)
resulted from the milder selection due to the reporter assay exhibiting a rather low dynamic
measurement range (Fig. 2.9C). The complete extinction of many Flp variants upon enrichment
(Fig. 2.3.5B) was caused by the stringent selection of the very small fraction of candidates, which
were active in the starting library (Fig. 2.9B). Also, the global observation that libraries were
dominated by inactive hybrids is in agreement with previous publications (Nadler et al, 2016;
Oakes et al, 2016; Coyote-Maestas et al, 2019). In case of AraC, Flp and the TVMV protease, the
enriched variants carried the insertion often close to the termini, which was recently reported
by Coyote-Maestas et al. (Coyote-Maestas et al, 2021). In many regards though, the results
differ significantly between the proteins. In the following, | will briefly discuss the implications
of the observed enrichments with respect to both, protein sequence and structure.

3431 AraC
AraC tolerated insertions at several different regions (Fig. 2.3.5A). Most striking was the C-
terminal a-helix of the DBD, which appeared to be irrelevant to protein function (Fig. 2.14A
and Fig. 2.16). As expected, insertions immediately neighboring the DNA-binding sites or the
arabinose-binding B-barrel tended to be strongly depleted upon enrichment (Fig. 2.14A). Two
findings, in turn, were rather unexpected. First, certain sites within the B-barrel tolerated
insertions very well. Apparently, the overall stability of this domain is high enough not to be
disturbed by an additional PDZ domain at these sites (Fig. 2.14A). The second observation
refers to two regions that were previously described as being functionally crucial for AraC, the
N-terminal arm and the linker region between the coiled-coil and the DBD (Harmer et al, 2001;
Eustance et al, 1994; Seedorff & Schleif, 2011; Saviola et al, 1998; Wu & Schleif, 2001a). Both
sites tolerated insertions relatively well, although the exact position appeared to matter a lot
in case of the "arm” (Fig. 2.14A). PDZ-fusion were only accepted within the 6 N-terminal
residues of the arm and just one of these variants was strongly enriched. Nonetheless, it is
surprising that despite the supposed importance of the arm for AraC function the N-terminal
fusion of a whole PDZ domain to this region seemed not to impair AraC activity (Fig. 2.14A).
The interpretation of these results is, unfortunately, non-trivial. Our incomplete mechanistic
understanding of AraC is a central limitation here. Moreover, AraC plays a double role as
repressor and activator, depending on its binding preferences for different operator sites. If the
measured enrichments result from AraC adopting its activator state or if inhibition of the
repressing conformation alone could have already led to these outcomes remains unclear.
The situation is further complicated by the results from experiments with the additional
domains beyond PDZ. The insertions in the middle part of the protein, i.e. the inter-domain
regions, were only tolerated in case of PDZ and LOV2 as inserts (Fig. 2.16). While both are rather
small and compact domains, the other insert domains are, in turn, larger and their termini are
separated by a longer distance. Intuitively, the observed size cutoff with respect to insertion
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tolerance appears reasonable, since the middle part of AraC around the coiled-coils is involved
in AraC dimerization (Soisson et al, 1997). Larger domains might hence interfere with the
homo-dimer conformation. The C-terminal a-helix is the only stretch that tolerated the
insertion of all five domains, again underscoring the rather minor role it must play in DNA-
binding (Fig. 2.16). It is further surprising that, although this a-helix does not interact with DNA
by itself (Fig. 2.16), also the DNA-binding of the neighboring parts within the DBD was
apparently not affected by the presence of large additional domains at the C-terminus. Finally,
uniRapR could be successfully inserted into the N-terminal arm (Fig. 2.12C). It is noteworthy
that the insertion was tolerated throughout the “arm” until residue 18, in contrast to fewer sites
with high insertion permissibility in case of the PDZ and LOV2 domain (Fig. 2.11A and Fig.
2.12B). This observation further supports our finding that the disordered N-terminus of AraC is
not of functional relevance.

On a more global level, it is striking that with rare exceptions most AraC positions either
tolerated the insertion of more than on domain or none (Fig. 2.11A and Fig. 2.12). This
observation is in agreement with a previous study in ion channels (Coyote-Maestas et al, 2021)
and suggests that tolerance towards insertions tends to be a general feature, which is not very
selective for specific inserts. While in unstructured loops, this might not be too surprising, |
identified several successful insertion sites in AraC, which are located in a-helices or B-sheets
(Fig. 2.14A).

Coming to the deviation between the different insertion datasets, the largest differences can
be spotted in the arabinose-binding domain and the linker region (Fig. 2.16). The DBD, in
contrast exhibited similar enrichments for all domains. This means that the depletions at the
DNA-interacting sites, as well as the enrichments at the most C-terminal o-helix are
“conserved” over the different domains. An explanation might be derived from the evolutionary
conservation of the HTH motifs in the DBD, which already indicate that the structural
constraints might be high (Cortés-Avalos et al, 2021). More surprising are the differences
observed within the B-barrel, which tolerates the insertion of some (PDZ and LOV2), but not all
domains (Fig. 2.16). Consequently, this region must be more tolerant to structural strain, while
still exhibiting certain constraints.

3.43.2 Flp recombinase

Like the other proteins, the Flp recombinase dataset differs substantially from the results for
AraC. Only two sequence clusters tolerated the insertion of PDZ. Structurally they are located
in proximity (Fig. 2.14B). In section 2.2.2, | described the complex mechanistic and structural
features of Flp. Its two domains wrap around the target DNA and during recombination a
holliday-junction complex is formed (Chen et al, 2000). This complex includes four DNA-bound
Flpo-monomers arranged in a square-like conformation. Moreover, this state can be conceived
as a dimer of a dimer, since two pairs of Flp slightly different conformation are formed (Conway
et al, 2003). This unique complex explains, why the overall insertion tolerance of Flp was low.
The location of the identified insertion patch is in agreement with the observed surface
accessibility within the complex (Supp. fig. 7). It remains unclear, however, why different sites
with similar solvent accessibility did not tolerate insertions. Putatively, the conformational
dynamics during recombination of the target DNA could be an underlying reason.
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3433 TVMV protease

The pattern from the TVMV protease library screening resembles the Flp recombinase in the
sense that insertions were mostly tolerated within one region of the protein surface (Fig. 2.15A).
Not too surprisingly, this site is located far away from the active center of the protease. The
fact that successful insertions were relatively rare is stunning, however. The TVMV protease is
the only protein from my set, which has no major binding partners and acts as a monomer. On
the other hand, it adopts a rather compact globular fold, which might not accept much physical
distortion (Sun et al, 2010). Interestingly, while few positions inside the protein core had
strongly negative enrichment scores, the active site did not stand out as a highly depleted part
(Fig. 2.14A).

3434 SigF

This candidate differs from the others, in that no crystal structure was available. In contrast to
AraC, the DNA-binding domains did not exhibit a homogenous depletion following screening
(Fig. 2.15B). While many insertion sites were strongly depleted, a significant proportion had at
least neutral or slightly positive scores. The only clearly enriched cluster was located in the
coiled-coil part of the intermediate domain (Fig. 2.14A). Apparently, this region does not make
close contacts to the polymerase during transcription initiation. Finally, SigF has several
unstructured regions, located either terminally, in between domains, or occurring as loops
between a-helices. These parts however, were not particularly enriched for insertions (Fig.
2.14A). Overall, a more detailed mechanistic understanding of SigF would be required to further
interpret the observed enrichment pattern.

Taking the results from all four candidates together, the datasets provided a combination of
easily interpretable features and more surprising enrichment trends. The characterization of
the insertion patterns for AraC demonstrated that this method could even deliver hints with
respect to mechanistic aspects. Overall, a general discussion regarding the function of the
candidate proteins remains difficult and any trends should be interpreted carefully.

3.4.4 Decisive factors for domain insertion tolerance

Single, biophysical properties of amino acids located close to domain insertion sites did not
correlate with domain insertion tolerance (Fig. 2.17). This observation was no surprise and
showcases the main differences between a domain insertion scanning and the more common
method of deep mutational scanning, which investigates point mutations. In case of DMS, a
comparison between the mutated and the original amino acids inherently makes sense. This is
because the exchange of amino acids with similar properties is more likely to be tolerated as
compared to exchanges of biophysically very different ones. The effect of a domain insertion,
however, cannot be assigned to a single, exact position at which the domain was introduced,
but must be interpreted as a more global event with potentially larger implications on protein
structure and function. Investigating which part or which feature of the protein determines if
an insertion is tolerated at a specific site is thus a non-trivial task that will be discussed
throughout a large part of the remaining chapter.

Coming back to the amino acid positions, the only effect one could have expected, was an
enrichment close to prolins, as they tend to be located in loops (Suyama & Ohara, 2003; Bae

et al, 2005). The absence of this trend is, however, in agreement with the observation that
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insertions were not necessarily enriched within loops at all (Fig. 2.18B and Supp. fig. 8B).
Another factor must be considered here and during the following analysis; Although our
dataset is to date the largest of its kind to date, it is still relatively small. As a result, the statistical
power, especially with respect to relatively rare amino acids or other sparse features, is limited.
In contrast to the amino acid identity, surface accessibility and secondary structure elements
are factors that were considered much more likely to affect the success of domain insertions.
Interestingly and in contrast to conventional perception of domain insertion tolerance
(Dagliyan et al, 2018, 2019; Lee et al, 2008), this was not the case (Fig. 2.18A, B and Supp. fig.
8). Starting with the surface accessibility, two aspects might mask a potential correlation with
insertion tolerance. First, many surface sites present on our candidate proteins could be critical
for interaction with other molecules/proteins or fulfill other functional roles (Fig. 2.18A and
Supp. fig. 8A). In addition, domain insertion at some sites may permanently disturb the protein
structure independent of how surface exposed this site is. Second, the candidate proteins used
in this study are of small or medium size and especially AraC and SigF do not have one large
protein core in which a significant proportion of residues is buried. As a result, less pronounced
effects in relation to surface exposure must indeed be expected.

With respect to the secondary structure elements, | described the absence of any trend in
section 2.2.3, again contradicting common assumptions (Dokholyan, 2016). It should be noted,
however, that the categorization into three structure elements is rather superficial. For instance,
not all loops can be considered identical. Linding et al. introduced the concept of "hot loops”
(Linding et al, 2003). The idea is to distinguish between loops that are flexible and others that
tend to keep a single conformation. Due to a lack of data, | could not make that or similar
distinction in the study. One final point with respect to the statistic evaluation of insertion
preferences for secondary structure elements has to be added. The shown distributions do not
indicate if an insertion is tolerated at the middle of an a-helix of B-sheet, splitting this structure
element in halves or if the insertion is located rather close to an unstructured loop.

Besides diverse biophysical features, | also included three linker-propensity indices into the
analysis (Suyama & Ohara, 2003; Bae et al, 2005; George & Heringa, 2002). These indices are
meant to identify inter-domain linkers. Several amino acids in a row with high linker propensity,
have a higher probability of being unstructured and thus to link different domains. The
insertion of a domain into a protein artificially creates new inter-domain regions. As a result,
stretches with high linker propensity may be suited for insertion. The absence of any correlation
with the observed enrichments was thus surprising and further underlines the difficulty of
insertion site prediction (Fig. 2.18C, D). On a side note, this concept very much resembles the
assumption of enrichments within unstructured loops.

That said, a further refinement of these correlations would still be possible. One could consider
weighted contributions of the region around the insertion site which decreases with larger
distance. Also, the assessment of surface spheres instead of volume, which also considers the
protein core, could affect the outcome. Given the absence of any clear correlations with the
observed enrichments and the overall simplicity of this approach, it seems reasonable that
overall, more powerful methods are necessary.
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3.4.5 Domain insertions versus split-proteins

The insertion of domains and the design of switchable split-proteins differ mechanistically.
They are, however, similar in the regard that the insertion site as well as the split site carry
additional domains, which must not interfere with protein function. It was thus interesting to
see, whether these approaches would result in the identification of similar sites. The
comparison of my enrichment scores to the 19 variants tested by Weinberg et al. showed some
degree of similarity (Weinberg et al, 2019). As already stated in the results section, the outcome
should not be overinterpreted. The total number of variants screened by Weinberg et al. is
rather small and only three of them were enriched in my dataset (Fig. 2.19). Nonetheless only
two successful split sites (out of the 19 tested sites), position 27 and 168, are in conflict with
my data. This particular discrepancy could also be caused by the entirely different fusion
domains underlying the respective datasets. Overall, the results provided a first indication that
further investigation of a link between both methods could be promising.

The SPELL algorithm, in contrast, predicted high split energies close to the termini and between
residues 100 and 180, which does not align with my data. That said, the SPELL algorithm has a
different purpose (predicting split sites) based on different theoretical assumptions as well as
engineering constraints that are likely distinct from the domain insertion problem.

3.4.6 Harnessing AlphaFold2 to analyze the dataset

AF2 has shaken up the field of structural biology over the last year. As described in the
introduction (section 1.2.1.1.1), the debate about the impact AF2 is going to have on different
research areas and with respect to different scientific challenges is currently ongoing.
Concerning this study, the main question is: Can AF2 guide the insertion of domains into
effector proteins? At this point, it should be stressed once again that AF2 performs best on
single domain proteins (Jumper et al, 2021; Akdel et al, 2022). Hence, domain insertions are
probably not the most ideal use case for AF2. That said, many impressive examples with respect
to the prediction of complex protein structures have been shown (Jumper et al, 2021; Akdel et
al, 2022; Tunyasuvunakool et al, 2021). Thus, it is still reasonable to analyze AF2 predictions of
the hybrid proteins screened in this study.

As detailed in section 2.2.5, neither structure correlation between the fusions and the single
proteins nor the pLDDT scores were correlated with insertion tolerance. Nonetheless, two clear
conclusions can be drawn (Fig. 2.21). The role of the pLDDT score as a predictor of unstructured
regions is currently discussed (Wilson et al, 2022; Akdel et al, 2022). My results also point into
this direction, as a clear decrease of the score was visible in proximity to the loops of AraC (Fig.
2.21B). In addition, a pLDDT decrease in the region immediately neighboring the insertion site
was observed. This trend demonstrates one of the very trivial aspects of domain insertion: local
rearrangements. These local changes are expected, but have so far rarely been measured (Choi
& Ostermeier, 2015; Wright et al, 2010). In this context, the AF2 predictions provide an
additional indication.

When inserts were introduced close to local pLDDT minima, these regions of decreased pLDDT
values were often extended towards the insertion site (Fig. 2.21B). A certain distance cutoff
usually resulted in the reversion of the local minimum'’s size to its original proportion. This
behavior is visible in the plot as triangular patterns of lower values observed around the
“insertion diagonal”. The same observation can also be made with inserts, which are located
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close to the protein termini. Explained on the structural level, insertions that disrupt secondary
structure elements close to a loop, cause a decrease in the pLDDT score of the faction between
the insertion and the loop, likely due to a gain in flexibility. If the insertion site is located beyond
a critical distance to the unstructured loop, the pLDDT scores within the region regain the
higher default values. This might reflect that the secondary structure element between the
insertion site and the loop can adapt its wildtype conformation, again.

On a global level, the predicted overall integrity of insert and parent protein irrespective of the
insertion sites was striking, as none of the predictions resulted in larger structural
rearrangements or general misfolding (Fig. 2.21D, E). One possible, technical explanation is a
bias, caused by the MSAs that underly the predictions. Deep MSAs of the separate protein
parts might bias the model towards the near-perfect prediction of their original conformation.
Similar observations have been made in a different context (del Alamo et al, 2022). It is
consequently unclear if or to which extend AF2 tends to predict reasonable structures for
actually misfolded fusion hybrids.

Regarding the future of structure prediction models for similar tasks, different scenarios are
possible. The latest results from CASP15 showed that the quality of structure prediction models
is still improving (https://predictioncenter.org/casp15). The most important factor in recent
models, which mostly built on AF2, seems to be quality of the MSAs. In anticipation of a further
increase in model performance, accurate predictions of multi-domain proteins are now within
reach. It could be possible, to build a framework on top of AF2 or future models with the aim
to predict insertion sites. Such strategies have already been implemented for other tasks,
including protein design or studying of conformational ensembles (Jendrusch, 2021; del Alamo
et al, 2022; Goverde et al, 2022). This points towards another key aspect, namely the challenge
of protein dynamics and conformational changes, which are highly relevant to domain insertion
tolerance and allosteric protein regulation. It is well possible that current models are not
capable to capture protein dynamics in a way that would allow the prediction of insertion sites.
Finally, given the speed at which the field currently moves, it is also an option that neural
network architectures that are completely unrelated to AF2 will provide better solutions in the
near future.

3.4.7 Training gradient boosting classifiers on domain insertion datasets

3.4.7.1 Model selection and training

The initial analysis of individual amino acid features did not yield any significant correlation
with the observed insertion data (Fig. 2.18), which motivated the subsequent machine learning
approach. The models were employed to (i) elucidate if several combined features implicitly
explain the observed insertion tolerance, (ii) investigate, which features are important and (iii)
evaluate if useful predictions could be made based on the models.

The choice to train classifiers instead of regressors was motivated by trends within the data.
First, most enrichment datasets showed a very clear separation between enriched and depleted
variants (Fig. 2.3.5). A discrimination between those two states thus appeared the ideal learning
goal. In addition, a classifier had the advantage that artifacts arising from the complete
depletion of some variants would not affect the outcome.
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With respect to the model choice, gradient boosting classifiers tend to perform very well on
tabular data and performed best in preliminary tests. For hyperparameter optimization, grid
search allowed a rather systematic evaluation of different settings.

34.7.2 Performance and observations

Models trained on individual datasets for AraC, TVMV protease and Flp, all showed a similar
AUROC within a range of 0.88-0.93, while the average precision of the Flp model was with 0.65
considerably lower as compared to the other two candidates (0.82 and 0.77) (Fig. 2.22). The
explanation lies in the effect that different label distributions have on both metrics. The
imbalance between the number of negative and positive scores is greater in case of the
recombinase, as compared to AraC or TVMV (see Fig. 2.11). The precision metric tends to be
more sensitive towards such imbalances. It is also noteworthy that the differences with respect
to the performance of the individual cross-validation folds was, in parts, relatively large (Fig.
2.22). The likely reason is, once again, the training data. First, the datasets were overall rather
small as each of them contained only a few hundred data points. On top, the sparsity of positive
labels resulted in a very small number of positive samples in each validation set, which further
decreased the training stability. Finally with respect to the weaker performance of the classifier
for SigF, the explanation could either be a reduced quality of the experimental data or that the
protein was indeed a more difficult target for reasons that could not yet be elucidated.
Training of the model on the complete dataset revealed a performance in the range of the
individual models, as expected (Fig. 2.23A, B). In addition, the fold-to-fold differences with
respect to cross-validation were smaller, due to the larger sample size. This model also
answered the first of the initial questions (i) that a combination of different features can indeed
to some degree elucidate the sites at which insertions are tolerated (Fig. 2.23C, D).
Assessment of the feature importance, although being of great value for the further analysis,
exhibited relatively weak trends (Fig. 2.23E, F). It appeared, that only a few top-ranked features,
such as KLD and deletion frequency could be considered important, based on the analysis. The
fact that the rank order differed significantly between both tested methods, however, showed
that they were rather weak indicators of feature importance in the presented context (Fig.
2.23E, F). The median insert length, for instance, showed the lowest permutation importance,
but was placed among the higher ranked features in the impurity analysis (Fig. 2.23E, F). A
combination of aspects explains the absence of clearer trends. The overall differences upon
permutation of a feature were relatively small, supposedly because the remaining data still
provided considerable predictive power. In addition, several features were indeed meaningless
to the model. As shown in Figure 2.24A, amino acid identities did not provide useful
information for training of the classifier. Hence, it is not surprising that the permutation of
these features was irrelevant (Fig. 2.23E). Another important factor is the issue of collinearity
between certain properties. Residue volume and molecular weight, for instance, correlate by
definition. If one feature is permutated, the model can compensate for the loss of information
as the same data is still “stored” in another variable. As a result, the role of such features
becomes only apparent if all correlating variables are permutated or deleted from the dataset.
Of note, the final reduced model did exactly this, based on an iterative deletion of features (Fig.
2.24B). Here, the removal of all biophysical measures did not decrease the model performance,
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demonstrating that these features are indeed dispensable (Fig. 2.24B-D). This also marks the
second goal (ii), the successful identification of parameters relevant to insertion susceptibility.
The final set of parameters was based on information derived from sequence alignments (Fig.
2.24C, D). This appears reasonable, since many modern machine learning approaches for
protein data rely heavily on information on sequence conservation and coevolution.

3.4.7.3 Limitations and future perspectives

Although the described models performed very well, this study also shows their limitations and
remaining challenges. First, the trained classifiers are still far from perfect with 20-50 % of the
predictions still being false positives (Fig. 2.22 and Fig. 2.23B). As domain insertions are
generally rather likely to be deleterious, it is no surprise that it remains challenging to achieve
high precisions. Nonetheless, referring to the third goal (iii) from the last section, the trained
models cannot be expected to completely replace the screening of several variants. In addition,
the used validation sets necessarily included data from proteins that were already present in
the training data. Cross-protein prediction, i.e. making predictions for proteins that were absent
from the training data and thus completely unknown by the model was not possible to achieve.
This lack of generalization is the biggest hurdle for the application of the discussed models as
predictors for domain insertion sites. This issue is caused by the following factors: First, the
dataset used in this study is still very small, as it comprises only four different proteins. It is
reasonable to assume that a much larger dataset would be necessary to enable a model to
generalize from specific example to more general aspects in order to make useful predictions
for previously unseen proteins. Second, the described model learns only very simple, i.e.
position-specific, representations of insertion sites. Given the complexity of protein structure
and function, one could argue that even with a bigger dataset the selected model would reach
its limits. The solution would be to train machine learning models on better representations of
the insertion sites. The most simplistic solution is to integrate information of the insertion site
surroundings, by using distance spheres. Preliminary tests on presented dataset explore this
possibility (Supp. Fig. 10). Different levels “context” were provided for each insertion site. This
was achieved by defining the features of a given insertion site as the mean of the values
corresponding to residues within a specific distance radius around the insertion site. The
stepwise increase of this radius from 2 A to 10 A was accompanied by an increase of the AUROC
and average precision from 0.82 to 0.92 and from 0.54 to 0.69, respectively (Supp. Fig. 10).
Despite the simplicity of the approach the result is encouraging with respect to the power that
ML models trained on more detailed representations of an insertion site’s surrounding could
reach. | did not yet explore this direction further, as potential problems due to information that
is shared between data points cannot be excluded at the given size of the dataset.

A more advanced approach to represent the region around the insertion sites is represented
by graph-based models. Gainza et al. used such representations in order to predict protein-
ligand interactions (Gainza et al, 2019). The ideal scenario, however, would be to use the whole
protein as input data for the prediction of insertion sites. Here MSA- and structure-based
representations of the data as they are used by many state-of-the-art models could be
imagined (Jumper et al, 2021; AlQuraishi, 2019; Sverrisson et al, 2020). Harnessing the entire
protein as information source to judge the insertion at a specific site, would enable complex
models to consider long-distance interactions between residues and global effects an insertion
could have on the overall stability or conformation of proteins. Obviously, this would require
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datasets that are beyond the limits of current experimental methods and ML approaches
beyond the scope of gradient boosting models.

This brings me back to the main problem at the current research state. My dataset, as well as
the few comparable published ones (Coyote-Maestas et al, 2019, 2021), can only deliver
information about very few individual proteins. Hence, the data availability lacks far behind the
technical possibilities that modern machine learning approaches provide nowadays.
Nonetheless, while predicting insertion sites for proteins without prior random sampling might
remain challenging, the trained classifiers clearly underlined the importance of evolutionary
factors instead of biophysical properties. It will be interesting to see, how the evolutionary
constrains that determine insertion tolerance can be most efficiently extracted.

3.4.8 Comparison of the gradient boosting models to related concepts

Predicting domain insertion tolerance is a challenging task and only few approaches with this
aim have been proposed over the years (Dagliyan et al, 2016; Reynolds et al, 2011). In the last
section, | pointed out that the main reason for the absence of reliable strategies might be a
lack of data that can be exploited to develop such approaches. The same applies to the
validation and comparison between existing approaches.

In case of the "extrinsic disorder” hypothesis for instance, a few kinases and CASANOVA are
the only positive examples (Dagliyan et al, 2016; Bubeck et al, 2018; Gil et al, 2020). In this
study, however, | could not confirm the expected trend of switchable variants close to tight
loops in the presented data (refer to section 3.4.4). It must, however, be mentioned that | only
screened for allosteric switching in two cases, AraC and AcrlIC3.

Most interesting in the given context is the protein sector analysis of the Ranganathan lab
(Reynolds et al, 2011; Rivoire et al, 2016). The reason is that coevolution is computed from
MSAs, meaning it is in agreement with my observation that conservation must be a
determining factor for insertion tolerance (Fig. 2.24). As explained earlier, key to the analysis is
the determination of a “sector” that is usually represented by a sparse but continuous network
of residues that coevolve (Rivoire et al, 2016). To enable a comparison, | subjected AraC to SCA,
which resulted in the prediction of a network of sector residues that was scattered across the
protein (Supp. fig. 11). Interestingly, around most sector residues, insertions were not tolerated,
supporting the expected functional relevance of these sites. Only very few sector residues were
located next to enriched insertion sites. Importantly, only two of the four switchable clusters
were in direct proximity to the sector (Supp. fig. 11), in contradiction to previous work (Reynolds
et al, 2011).

On a conceptual level, several differences between the Ranganathan approach and our models
exist. As the name already implies, statistical coupling analysis is a purely mathematic approach,
following the premise that the information about the sector (and promising insertion sites) can
be computed from an MSA (Rivoire et al, 2016). The modeling presented here, took a far more
explorative route, considering diverse factors as potentially predictive (refer to section 2.2.6).
Nonetheless, the features that were the basis for the final model, are also MSA-derived statistics
(Fig. 2.24C, D). The beauty of SCA lies in the fact that the method follows a mathematically
constructed rationale from front to back. The ML models trained in this study, instead process
relatively simple input statistics in a harder to interpret fashion. The advantage of the ML
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approach in turn, lies in the fact that it can potentially learn implicit factors that a researcher
would not consider relevant.

Finally, Coyote-Maestas et al. trained decision trees and random forest models that exhibit high
similarity to the gradient boosting classifiers presented here (Coyote-Maestas et al, 2019,
2021). While the decision trees showed only modest performance (Coyote-Maestas et al, 2019),
their random forest models performed much better (Coyote-Maestas et al, 2021). The main
difference to my models is that the authors combined information from the parent protein with
features from the insert domain in their dataset. | used only one insert domain, while including
different candidate proteins, whereas Coyote-Maestas et al. only focused on ion channels,
albeit in combination with a much larger number of insert domains. Importantly, their study
was centered solely on biophysical features and did not include sequence information. It would
be interesting to see if the published models could be improved upon the inclusion of insertion
statistics.

In summary, it is realistic to expect a combination of an increasing mechanistic understanding
about the structural requirements and improvements in the ML-based prediction of domain
insertion tolerance as the successful path for the future.

3.4.9 Outlook: How to improve the prediction of insertion sites?

The analysis above underlined the complexity of the domain insertion problem and the
persisting need for better predictive models that could guide and improve protein engineering
efforts. Like all previous methods, also the models described this study come along with their
strengths and weaknesses. Overall, the problem can be pinpointed to the size of the available
datasets as outlined in section 3.4.6.3. With four different target proteins, this study represents
the largest collection of comprehensive domain insertions into candidates of different protein
classes. The small number of proteins still sets the upper bar for all data analysis strategies.
With focus on future directions, experimental methods to create and screen domain insertion
libraries in high throughput will be essential to increase the size of the available datasets.
Unfortunately, a substantial expansion in assay throughput is currently unlikely. Here, the
bottleneck are robust reporter assays for different classes of proteins. While the construction
and screening of libraries could already be scaled up, establishing and validating functional
assays as the basis for screening can still be a tedious and time-consuming task.

Alternatively, one could try to harness the immense resource of natural protein sequences and
structures. Indeed, domain insertion represents a common feature in natural proteins. It is thus
easily possible to gather large sets of over two million non-redundant protein sequences
bearing domains, which are inserted into other domains. Together with a colleague, Benedict
Wolf, | currently work on transformer models with the aim to create generalizable predictors
for domain insertion tolerance. Due to the large dataset, it is possible to train such complex
neural network architectures and to provide entire protein sequences as input for predictions.
Our ongoing investigation suggests that domain architectures and the prediction of domain
boundaries can efficiently be learned, although no final conclusions can yet be drawn at the
current state of this new approach. A recently published study which aimed to predict domain
annotations for proteins based on similar transformer networks is in line with our suggested
approach (Bileschi et al, 2022). The main challenge will be the transfer of the learned
information from natural proteins to the prediction of artificial domain insertions. First, domain
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combinations in natural proteins were shaped over long periods of time, while we naively
create new artificial combinations in the laboratory. This could be expected to result in inherent
differences between natural and engineered examples, which transformers could unintendedly
learn. Second and more importantly, nature provides only positive examples, i.e. successful
insertions that are tolerated by the parent protein and are functionally relevant. For all sites of
a protein at which no insertions are found in nature, it remains unclear if an insertion would
indeed interfere with protein function or would still be tolerated, but did not evolve in the
given biological context. To address this problem, we plan to build more heavily on MSAs
instead of single sequences in the future. MSAs have the advantage that they can capture the
information about insertions at different sites of a domain more comprehensively. This strategy
is also in agreement with the results presented in this study.

The consideration of experimental screens and datasets derived from natural proteins
exemplified the strengths and challenges of both approaches. Future progress in both areas,
the experimental research as well as the further exploration of more powerful computational
approaches based on the natural sequence repertoire, will likely be required for further
advances in the field.

3.5 Identification and characterization of light-switchable AraC-
LOV2 hybrids

3.5.1 Parallel screening at different conditions is a powerful method to identify
allosteric switches

The comparison of the AraC-LOV2 libraries under light and dark conditions confirmed the
expectation that many surface sites that accepted the introduction of domains did not result
in LOV2-dependent switching of protein activity (Fig. 2.25). This finding is in line with previous
reports by us and others (Bubeck et al, 2018; Reynolds et al, 2011). Of note, it is known, that
the switchability can often be tuned by small changes, such as mutations or deletions around
the insertion site (Bubeck et al, 2018; McCormick et al, 2021). In fact, Bubeck et. al started their
optimization at a site that tolerated the insertion, but was hardly switchable and subsequently
optimized the design, resulting in a powerful optogenetic tool (Bubeck et al, 2018).
Consequently, the benefit of successful insertions, which are constitutively active is hard to
judge without further experiments. It is however clear that the value of these constitutive sites
should not be underestimated.

Coming back to the identification of switchable variants, our results further show that the
simple parallel enrichment under different conditions is sufficient to identify switchable
proteins (Fig. 2.25E). In a previous study several consecutive rounds of enrichments at
alternating conditions were performed in order to reach a similar goal (Nadler et al, 2016). The
procedure used here, however, allows a more straightforward and potentially faster screening
in higher throughput.

The identified optogenetic AraC variants showed that LOV2 domain insertions clustered
around four AraC sites (Fig. 2.25E). This fact supports an observation previously made with
respect to anti-CRISPR proteins (Hoffmann et al, 2021; Bubeck et al, 2018): Allosteric regulation
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is usually not restricted to one position, but to a stretch of 3-4 sequential insertion sites.
Referring back to the previous results, the same tends to be true for insertion tolerant sites
irrespective of switching (Fig. 2.11 and Fig. 2.25A, B). In this case, the clusters tended to be
much larger, often in the range of 10-20 consecutive positions. In order to identify successful
insertions sites or even switches, a comprehensive mapping of insertion tolerance might thus
not always be necessary, since sampling of several selected sites could identify these hotspots.

3.5.2 The identified switches are clustered around functionally important sites
Zooming in on the location of the insertion sites that resulted in switchable transcription
activation, some functional connections become apparent. The first three switchable clusters
around position 29, 61 and 113 are all loop regions within the arabinose-binding B-barrel (Fig.
2.25 and Fig. 2.27). These variants differ from the distribution of tolerated insertions in that
they are more strongly enriched within loops. In addition, all three clusters resulted in light-ON
switches. In its structurally relaxed lit-state, the LOV2 domain apparently does not interfere
with AraC activity when inserted at these sites, while it does so in the more compact dark-
adapted conformation. In this regard it is also worth noting that the directionality of the switch
did not change within a cluster. This fact is less trivial than it might appear, since several studies
have shown that very small changes of only one or two amino acids around the fusion site can
indeed turn an ON- into an OFF-switch in selected cases (Ryu et al, 2014; Etzl et al, 2018).

Arabinose binding

r|\

180°

Dimerization Dimerization

DNA binding

DNA binding

Figure 3.1: AlphaFold2 predicts different conformations for the lead AraC insertion variants. AF2
predictions of AraC-1113-LOV2 (A) and AraC-S170-LOV2 (B) are shown. AraC is depicted in green and the AsLOV2
domain in blue. Residues that bind to the operator are highlighted in pink, key residues for dimerization in red
and the amino acids that are important for arabinose binding in vermilion.
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The fourth cluster around insertion position 170 differed in two ways. First, AraC activity was
turned off by light and second the location was outside the arabinose-binding domain in the
linker region close to the DBD (2.26E and Fig. 2.27). In this case, the best insertion sites were
located within an a-helix. Due to the proximity to the dimerization interface of AraC, a steric
mechanism of action instead allostery cannot be excluded. Still, a steric explanation remains
the less likely option as it would be very surprising, if the LOV2 domain restricted dimerization
just in its structurally relaxed light-adapted state. In addition, AF2 models of the two lead
candidates, AraC-1113-LOV2 (Fig. 3.1A) and AraC-S170-LOV2 (Fig. 3.1B), predicted the LOV2
domain to point away from the dimerization interface, speaking in favor of an allosteric
mechanism. Furthermore, the predictions suggest a more compact conformation of AraC in
combination with the dark-adapted LOV2 domain state for the S170 variant (Fig. 3.1B), which
is in agreement with the proposed active conformation of AraC (Schleif, 2010). Vice versa, the
1113 variant is predicted to adopt a more stretched conformation (Fig. 3.1A), which would be
compatible with DNA-looping and inhibition of switching (Schleif, 2010). Taken together, the
structure predictions support the observed phenotypes. However, it is important to mention
that AF2 always predicted the dark state conformation of the LOV2 domain. Although these
considerations give a coherent image, | once again note the limitations of AF2 predictions and
the open questions with respect to the AraC mechanism of action. In this light, the proposed
explanation should rather be seen as a working model.

3.5.3 Characterization of optogenetic AraC variants

The characterization of the switches revealed a co-dependence on light and arabinose (Fig.
3.2A). Both variants exhibited high dynamic ranges and especially the light-OFF version
performed exceptionally well (Fig. 2.26A). The co-dependence on two different inducers might
contribute to the performance. Mechanistically, the combined response to two inputs
represents a curious phenomenon. Apparently, two allosteric pathways must work in
combination to control the activity of the protein. The fact that LOV2 insertions worked only in
conjunction with arabinose induction, implies the explanation that the LOV2 domain hijacks
the arabinose-induced allosteric mechanism. Mutational studies could help in the future to
further dissect the mechanistic background.

The spatiotemporal precision further proved the versatility of these switches (Fig. 2.26B, C) and
also the reached dynamic ranges are in the range or above comparable approaches (Romano
et al, 2021; Dietler et al, 2021).

Although frequently used in combination, it is known that IPTG inducible promoters and pBAD
can exhibit compatibility issues (Lee et al, 2007; Daniel et al, 2013; Stricker et al, 2008). Using
the similarly well characterized TetR system as alternative, however, was not an option in
context of our study, as the cognate inducer anhydrotetracycline is light-sensitive. In my
experiments, the IPTG and arabinose-inducible promoters worked surprisingly well together
and enabled strong as well as titratable expression levels (Fig. 2.26A and Fig. 2.9).
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3.5.4 Outlook: Impact of optogenetic AraC-LOV2 switches and future directions
Transcription factors, the activity of which depends on two inputs enable to control the
activation of transcription and the level of activity, separately. In the context of optogenetic
control for instance, different parallel experiments could be performed under the same light
regime, while transcription activity could be individually fine-tuned by arabinose induction.
Previously, = the  combination  of

A o B o . chemically inducible transcription factors

% % 7 AND &% ®  and the light-responsive regulator EL222
frapnose o , - * has been used to this end (Jayaraman et
N/ o al, 2018). The optogenetic variants

Loy oV @- °®

% | NIM :Q: % presented here allow similar
PLY r 3 experimental setups, while at the same

simplifying the underlying system to a
Figure 3.2: AraC-LOV2 hybrids represent single protein sinale brotein component
logic gates. (A) Schematic of the co-dependence of the glep ) P ) )
AraC-LOV2 hybrids on arabinose and blue light. () Arac-  Recently a different optogenetically

I113-LOV2 acts as a single-protein AND gate and AraC-  gctivatable AraC variant, BLADE, was

5170-LOV2 as a NIMPLY gate. published (Romano et al, 2021). The main
difference to my proteins is that BLADE only represents a light-ON switch and is activatable by
light alone. A direct side-by-side comparison was not performed.
Conceptually, the AraC-LOV2 fusions represent single protein boolean logic gates (Fig. 3.2B).
The ON-switch AraC-1113-LOV2 acts as an AND-gate integrating blue light and arabinose as
inputs, while AraC-S170-LOV2 represents a NIMPLY-gate. Such protein-based logic circuits
recently gained attention as the group of Michael Elowitz created protease-based circuits and
the lab of David Baker published work on protein computations with help of artificially
designed a-helix bundles (Chen et al, 2020; Gao et al, 2018). Their work enabled DNA-
independent computations with fast response times. In contrast to the tools presented here,
these circuits all consisted of several components, for example split-proteases and their
substrates (Gao et al, 2018). Engineered single-protein logic gates, in turn, provide the most
compact and direct wiring from the input signals to the output computation and could
potentially simplify the protein circuits in future work. To my knowledge, only one other
example, an OR gate, constructed by fusing LOV2 and uniRapR domains to a kinase has so far
been engineered (Vishweshwaraiah et al, 2021). My combination of the natural existing
allostery with an artificially second input might be an approach that could be easily adapted to
other proteins.

PBAD O

The theoretical background of single molecule computation agents has recently been
discussed (Dokholyan, 2021). Apart from the aforementioned functional flexibility of proteins,
which respond to different stimuli, | see the main future application in increasingly complex
protein-based computations. For instance, a recent preprint demonstrated design of neural-
network computations on the protein level (Chen et al, 2022), showcasing the increasing power
of artificial protein and gene networks in living cells. The possibility to integrate complex
information and wiring it to desired actuations is one of the main goals in synthetic biology.
Such complex synthetic programs also require efficient processing on the level of the individual
protein components. Integrating more functions into single amino acid chains has the potential
to simplify molecular networks, release metabolic burden from the host cell (Ceroni et al, 2018)
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and could reduce noise derived from stochastic fluctuations of the individual components
(Eldar & Elowitz, 2010). This way, single-protein logic gates could contribute to future
generations of synthetic biology strategies to program and re-wire cells.
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4 Materials and Methods

This section describes the procedures applied for experiments and data analysis. The methods
regarding the work on Acrs were also reported in two publications (Hoffmann et al, 2021;
Mathony et al, 2020a). The descriptions of the AAV production and the CN-C3 structural
modeling are based on reports by Carolin Schmelas and Julius Upmeier zu Belzen, respectively.

4.1 Experimental methods

4.1.1 Molecular cloning

All constructs used in this study are listed in supplementary table 1. The corresponding amino
acid sequences of the encoded proteins are shown in supplementary table 2. Plasmids were
generally constructed using Golden Gate assembly (Engler et al, 2008). In brief, DNA fragments
were amplified by PCR (Q5 2x Master Mix, New England Biolabs (NEB)), with primers carrying
type IIS restriction enzyme recognition sites in their overhangs, which enabled the scarless
assembly of the constructs. PCRs were performed according to the NEB standard protocols.
For Golden Gate assembly, the procedure described by Engler et al. was used (Engler et al,
2008). DNA-oligonucleotides were ordered from Merck and Integrated DNA Technologies
(IDT). Double-stranded DNA fragments were purchased at IDT. PCR products were resolved on
0.5x Tris-acetate-EDTA (TAE) 1 % agarose gels and the corresponding bands were cut out and
purified using the QIAquick Gel Extraction kit (Qiagen). Restriction enzymes and T4 DNA ligase
were obtained from NEB and Thermo Fisher Scientific. Following DNA assembly, Top10 E. coli
cells (Thermo Fisher Scientific) were transformed with the respective construct, followed by
overnight incubation at 37 °C. Liquid cultures were inoculated from single colonies and grown
overnight at 37 °C and 220 rounds per minute (rpm). DNA was purified using the QIAamp DNA
Mini, Plasmid Plus Midi or Plasmid Maxi kit (all Qiagen). All constructs were verified using
Sanger sequencing (Microsynth Seqlab and Genewiz).

The plasmids pEJS654 All-in-One AAV-sgRNA-hNmeCas9 and Nme2Cas9_AAV encoding
NmeCas9 or Nme2Cas9 and a corresponding sgRNA expression cassette (Addgene #112139
and #119924) were a kind gift from Erik Sontheimer. The construct pX601-AAV-CMV:NLS-
SaCas9-NLS-3xHA-bGHpA;U6::Bsal-sgRNA encoding SauCas9 together with a sgRNA
expression cassette (Addgene #61591) was a kind gift from Feng Zhang.

4.1.2 Cell culture and transient transfection

4.1.2.1 General cell culture procedures

For most assays, HEK293T cells (human embryonic kidney) were used. Only in case of the
miRNA-dependent Cas9 activity switch, Huh7 cells (hepatocyte cell line) were used as
additional cell line. Cells were cultured at 37 °C in a humidified atmosphere of 5 % CO.. Phenol
red-free Dulbecco’s Modified Eagle Medium (DMEM, Thermo Fisher Scientific) was used for
cultivation. Media were supplemented with 10 % (v/v) fetal calf serum (Biochem AG), 2 mM L-
glutamine (Thermo Fisher Scientific), 100 U per ml Penicillin (Thermo Fisher Scientific) and 100
and 100 pg/ml streptomycin (Thermo Fisher Scientific). To ensure integrity, cell lines were
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authenticated prior to usage and regular tests for Mycoplasma contamination using the PCR
Mycoplasma Detection Kit (ABM) were conducted.

4.1.2.2 Transient transfection

For all gene editing experiments, transient transfection was performed in 96-well plates, using
a seeding density of 12,500 cell per well for HEK293T. For optogenetic experiments, black plates
with clear bottom (Corning) were employed. All other experiments were performed in
transparent multi-well plates (Corning). For the AcrlIC1 project, transfections were performed
using Lipofectamine 3000, according to the manufacturer’s protocol (Thermo Fisher Scientific).
200 ng of DNA were transfected per well, using 0.2 pl Lipofectamine and 0.4 pl p3000. The
vector ratios between the respective Acr expressing construct and the corresponding all-in-
one Cas9/sgRNA expressing constructs are indicated in the figure legends. For the controls,
the Acr expressing plasmid was replaced by the vector pBluescript (Invitrogen), as stuffer DNA.
In case of the negative controls, an all-in-one construct expressing a non-targeting sgRNA was
used. The experiment involving miRNA overexpression was performed with 30 ng SauCas9
plasmid, 120 ng of the respective Acr construct and 80 ng of the miRNA plasmid per well,
following the same transfections protocol.

The assays regarding CN-C3 were performed with 150 ng of total DNA per well, following the
identical Lipofectamine 3000 protocol as described above. As sole exception, the CN-C3
titration experiment was performed using the JetPrime transfection reagent (Polyplus)
following the manufacturer’'s recommendation, again, with 150 ng of DNA per well. The vector
mass ratios are indicated in the respective figure panels/legends. To keep the amount of DNA
constant, pBluescript was, used as stuffer. Transfections for Western Blots were performed in a
six-well format, after seeding 2.5x10° cells/well, the day before. 2 ug of DNA were used in total,
comprising of the all-in-one Cas9 and sgRNA plasmid, as well as the Acr expressing plasmid in
a vector mass ratio of 1:1. Transfection was performed using JetPrime following the
manufacturer’s protocol, as above.

4.1.3 AAV production and transduction

4.1.3.1 AAV production
The following section was adapted from a protocol kindly provided by Carolin Schmelas. In
order to produce and purify AAVs, five 14 cm petri dishes were seeded with HEK293T cells at a
density of 4x10° cells per dish. Two days after seeding, cells were co-transfected with (i) a
construct carrying the transgene, flanked by AAV-specific ITRs, (ii) a plasmid encoding the AAV
rep and cap genes (serotype 2) and (iii) an adenoviral helper construct. A total amount of 14.6
pg of DNA was mixed with 6 ml H20, 7.9 ml of 300 mM NaCl (Sigma-Aldrich) and 1.75 ml
polyethylenimine (PEI, Polyscience). Following 10 minutes of incubation at room temperature,
3.2 ml of transfection mix were slowly added dropwise per dish. After three days, the cells were
harvested by incubation at 37 °C for 1 h in 5 ml of Benzonase buffer (50 mM Tris-HCI, 150 mM
NaCl, 2 mM MgCly, pH 8.5). Addition of 1 ul of highly concentrated Benzonase (Merck Millipore)
ensured the digestion of remaining DNA. Cell lysis was performed by five subsequent freeze
and thaw cycle using liquid nitrogen and a 37 °C water bath. This step was followed by removal
of cell debris via centrifugation at 4,000 g for 15 min. Finally, AAVs were purified using a
iodixanol gradient, following a protocol described by Borner et al. (Bérner et al, 2013). In short,
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ultracentrifugation tubes (Seton Scientific), were filled with the AAV-containing supernatant,
which was then underlaid with 1.5 ml of 15 %, 25 %, 40%, and 60 % iodixanol phases using a
Pasteur pipet. Next, these gradients were centrifuged at 50,000 rpm at 4 °C for 2 h, so that the
AAVs accumulated at the interface of the 40 % and 60 % phases. Finally, the virus was collected
from the tube using a syringe and aliquots were stored at -80 °C until further use.

AAV yields were measured by quantitative PCR (qPCR) using the Sensimixll Probe kit (Bioline)
and the Rotor Gene 6000 gPCR cycler (Qiagen). The primers and the probe targeted the
Cytomegalovirus (CMV) promoter  from the  transgenes (forward: 5-
AACGCCAATAGGGACTTTCC, reverse: 5-GGGCGTACTTGGCATATGAT, probe: 5-FAM-
CGGTAAACTGCCCACTTGGCAGT-BHQ1). The following gPCR program was used: Initial
denaturation for 10 min at 95 °C, followed by 40 cycles of denaturation at 95 °C for 10 s and
elongation at 60 °C for 20 s. The results were analyzed using the RotorGene 6000 Series
Software 1.7.

4.1.3.2 AAV transduction

AAV-transduction was performed at the 96-well format, seeding cells at a density of 12,500 or
3,000 cells per well for HEK293T and Huh7, respectively. Cells were transduced on two
subsequent days, i.e. 24 h and 48 h after seeding. For the AAV encoding SauCas9 and the
sgRNA, a MOI of 10° was used. The Acrs were supplied at an MOI of 5x10*. The cells were lysed
two days after the second transduction and indel frequencies were measured by TIDE
sequencing and T7E-assay.

4.1.4 Measurement of gene editing efficiencies

4.14.1 T7-endonuclease assay

Cells were lysed three days post transfection. Media was removed and 141 pl of 1x DirectPCR
Lysis Reagent (Peqlab), supplemented with 200 ug/ml Proteinase K (Roche Diagnostics) was
added. The lysis mix was incubated at 55 °C for at least 6 h, while shaking at 100 rpm. Lysis was
followed by inactivation of proteinase K at 85 °C for 45 min. Next, the genomic loci targeted
by Cas9 (Supplementary table 2) were amplified by the primers indicated in supplementary
table 3, using the Q5 Hot Start High-Fidelity DNA Polymerase (New England Biolabs).

To perform the T7E assay, 5 pl of the amplicons were diluted to a volume of 20 pl in 1x
NEB buffer 2. This mix was heated to 95 °C for 5 min in a PCR cycler, followed by re-
annealing of the single-stranded DNA, using a cooling ramp rate of -2 °C/s at the
temperature range between 95 °C and 85 °C. From thereon, a slower cooling rate of only
-0.1 °C/s was applied until a temperature of 25 °C was reached. Samples were placed on
ice, 0.5 pl of T7 endonuclease (New England Biolabs) was added, and samples were
incubated at 37 °C for 15 min. Subsequently, the reaction was again placed on ice
immediately and the samples were analyzed on 2 % Tris-borate-EDTA (TBE) agarose gels. Gel
images were taken, while ensuring that the brightness levels of the DNA bands were not
oversaturated. DNA band intensities were assessed using the Image] software
(https://imagej.nih.gov/ij) (Rueden et al, 2017; Schneider et al, 2012). Indel frequencies
were then calculated by the following formula: indel(%) = 100 x (1 - (1- fraction cleaved)'?),
where the fraction cleaved = Sum(cleavage product bands) / Sum(cleavage product bands +
PCR input band).
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4.14.2 TIDE sequencing

For TIDE sequencing, the same lysis and amplification procedure, as described for T7E-assays
was applied. The amplicons were analyzed on a 0.5 x TAE 1 % agarose gel and the DNA bands
were extracted using the QIAquick Gel Extraction Kit (Qiagen). DNA concentrations were
measured using a nano-photometer (Nanodrop, Thermo Fisher Scientific). Next, samples with
a concentration of approximately 75 ng/ul were sent for sanger sequencing (Genewiz or
Eurofins) using the either the forward or the reverse PCR primer (Supplementary table 3) as
sequencing primer. The resulting sequencing chromatogram was analyzed using the TIDE web
tool (https://tide.nki.nl) (Brinkman et al, 2014).

4143 Targeted amplicon sequencing

The cells were lysed and PCRs were performed as described in the T7E-assay section. In this
case, however, modified PCR primers carrying the Illumina adapters, as well as custom barcodes
for multiplexing were used. As before, the PCR products were resolved on an agarose gel, the
desired bands were cut out and DNA was extracted. Finally, the DNA was diluted to 20 ng/pl
and up to six different, individually barcoded samples were pooled. Targeted amplicon
sequencing was performed using the commercial Genewiz Amplicon-EZ service. The samples
were de-multiplexed using the Sabre package (https://github.com/najoshi/sabre). Indel
frequencies were calculated using the CRISPresso 2.0 suite
(https://github.com/pinellolab/CRISPResso2) (Clement et al, 2019).

4.1.5 Western blot

To lyse the cells at the time points indicated in the figures, the media was aspired, followed by
washing with PBS. Next, 150 pl of protein lysis buffer (150 mM NaCl, 10 mM Tris, T mM
Ethylenediaminetetraacetic acid (EDTA), 0.5 % NP-40 and 10 % cOmplete Protease Inhibitor
(Roche Diagnostics), pH 8.0) was added per well. Cells were scraped off using a plastic spatula
and the cell debris was removed by centrifugation at 10,000 g for 5 min at 4 °C. The supernatant
was collected in new 1.5 ml reaction tubes. From now on, the samples were kept on ice. Protein
concentrations were assessed by Bradford assay (Sigma-Aldrich) according to the
manufacturer’'s protocol. Next, 30 pug of protein were diluted in Laemmli Sample Buffer (Bio-
Rad) and the final volume was adjusted to 25 ul with lysis buffer. Finally, the samples were
heated to 95 °C for 5 min, before being loaded on a 10 % Bis-Tris gel (Life Technologies).
Electrophoresis was performed in 1x MOPS (3-(N-morpholino)-propanesulfonic acid) buffer
(Life Technologies) at 130 V for 120 min. As ladder, the PageRuler Plus Prestained Protein
Standard (Thermo Fisher Scientific) was used. The proteins were then blotted onto a
nitrocellulose membrane (poresize: 0.2 um) (Millipore) in 1x Towbin buffer at 120 V, again
applied for 120 min. Membrane pieces covering the protein size ranges of <40 kDa, 40-80 kDa
and >80 kDa were cut out and blocked for 1 h in 5 % (w/v) milk powder (Carl Roth) dissolved
in tris-buffered saline (TBS) (ChemCruz) and supplemented with 1 % (v/v) Tween (TBS-T) (Carl
Roth). Subsequently, the middle part of the membrane was incubated overnight with a primary
antibody against a-tubulin (Santa Cruz, sc-32293, 1:1,000), while the other parts were
incubated with a primary antibody against the HA-tag (Santa Cruz, sc-7392, 1:1,000) under
constant rocking. Both antibodies were diluted with 5 % milk powder in TBS-T. The next day,
membranes were washed with TBS-T three times for 10 min and then incubated with HRP-
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(horse radish peroxidase)-conjugated secondary antibodies (anti-mouse antibody, 1:5,000 in
5% milk in TBS-T (Dianova)) for another hour on gyratory rocker. After washing the membranes
again three times with TBS-T for 10 min under constant rocking, they were incubated with the
SuperSignal West Pico PLUS Chemiluminescent Substrate (ThermoFisher) for 5 min. Finally,
images were acquired with a ChemoStar detector (Intas). Band Quantification, was performed
with ImageJ (https://imagej.nih.gov/ij) (Rueden et al, 2017; Schneider et al, 2012).

4.1.6 Illumination setup

4.1.6.1 [lllumination of mammalian cells

To illuminate cells, a custom-made blue light setup was used, consisting of six high power LEDs
(type CREE XP-E D5-15; emission peak ~460 nm; emission angle ~130° LED-TECH.DE)
individually mounted onto cooling elements. The LEDs were connected to a Switching Mode
Power Supply (Manson; HCS-3102) and controlled via a Raspberry Pi, executing a custom
Python script. The clear bottom 96-well plates were positioned on a table made of acrylic glass
and illuminated by the LEDs from below. The whole setup was placed into a standard cell
culture incubator. An illumination duty cycle of 5 s light-on and 10 s light-off was chosen at a
light intensity of 3 W/m?. The illumination intensity was regularly validated using a LI-COR LI-
250A light meter. Control plates, with identical samples were kept within the same incubator,
but were constantly protected from light.

4.1.6.2 [Hlumination of E. coli

For the illumination of liquid cultures, another custom-made LED setup was used. Eight blue
light high-power LEDs (type CREE XP-E D5-15; emission peak ~460 nm; emission angle ~130°;
LED-TECH.DE) were mounted onto an aluminum plate and connected to a Switching Mode
Power Supply (Manson; HCS-3102). The LED-plate was installed upside down within a shaking
incubator, so that the LEDs could illuminate the surface area of the shaking platform from a
distance of approximately 30 cm. Liquid cultures were incubated in multi-well plates and
illuminated at a constant intensity of 50 pmol/(m?s).

For the illumination of agar plates a different illumination device was applied. Here, a custom-
made array of 96 LEDs (LB T64G-AACB-59-7484-20-R33-Z, Osram, emission peak 469 nm,
viewing angle 30 °, Mouser Electronics) mounted on circuit board were used at a light intensity
of 15 ymol/(m? s), powered by a Switching Mode Power Supply (Manson; HCS-3102). A photo-
mask made from black vinyl (Starlab) was cut out by hand and was directly attached to the
bottom of the agar plate used in the experiment. This plate was placed above the LED array at
a distance of ~5 cm. The whole setup was installed inside a standard bacteria incubator
(Minitron, Infors). The electronic light setups were constructed by the workshop of the biology
department at TU Darmstadt. | thank them very much for their great support.

4.1.7 TVMV reporter assay test

In order to test the different reporter constructs, plasmids were co-transformed with an IPTG
inducible TVMV protease. Precultures of 1 ml, supplemented with 50 pg/ml chloramphenicol
(Carl Roth) and 25 pg/ml of kanamycin (Carl Roth), were grown overnight at 37 °C and 220
rpm. The next day, 1 ml of media containing 0 uM, 200 uM or 400 uM of IPTG, again
supplemented with identical concentrations of kanamycin and chloramphenicol, were
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inoculated with 5 pl of each preculture. The main cultures were grown for 16 h at 37 °C and
220 rpm. After incubation, RFP fluorescence and ODeoo were measured in a plate reader (Tecan
Infinite 200 Pro). RFP levels were acquired at an excitation wavelength of 490 nm and an
emission wavelength of 520 nm. The reported values were then calculated, by dividing
measured fluorescence by the ODsoo levels.

4.1.8 Optogenetic assays in E. coli

4.1.8.1 Characterization of AraC-LOV2 hybrids

Precultures of Oneshot Top10 cells (Thermo Fisher Scientific) carrying the RFP reporter plasmid
for AraC and an IPTG inducible expression plasmid encoding the transcription factor or its
derivatives, were inoculated from glycerol stocks into lysogeny broth (LB) (Carl Roth),
supplemented with 50 ug/ml chloramphenicol (Carl Roth) and 25 pg/ml of kanamycin (Carl
Roth). Cultures were prepared in 48-well plates (Corning), using a volume of 0.5 ml per well.
The precultures were incubated for 16 h at 37 °C, while shaking at 220 rpm. Main cultures were
similarly prepared in 48-well plates, using LB supplemented with 50 ug/ml chloramphenicol
and 25 pg/ml of kanamycin, together with different amounts of IPTG (Carl Roth) and L-
arabinose (Carl Roth). IPTG concentrations used in each sample are indicated in the
corresponding figures/legends. The cultures were prepared in duplicates using with 5 pl from
the respective precultures. Subsequently, one replicate was incubated under blue light
illumination, while the other replicate was kept in the dark within the same incubator. The
growth conditions were again 37 °C and 220 rpm for 16 h. After incubation, RFP fluorescence
and ODego were measured in a plate reader (Tecan Infinite 200 Pro). For RFP measurements, an
excitation wavelength of 490 nm and an emission wavelength of 520 nm were used. The
reported values were the calculated, by dividing measured fluorescence by the ODsoo levels.
Three independent biological replicates were generated by repeating experiments on different
days.

4.1.8.2 Agar plate photography

Prior to the experiment, agar plates were poured using 1.5 % LB-agar, supplemented with 50
pg/ml chloramphenicol and 25 pg/ml of kanamycin, 400 uM IPTG and 25 mM L-arabinose (all
Carl Roth). A preculture was prepared as described above (section 4.1.7.1) in a volume of 4 ml
from Oneshot Top10 cells (Thermo Fischer Scientific), transformed with the pBAD-RFP reporter
plasmid and a construct expressing AraC-S170-LOV2 from an IPTG-inducible trc (trp-lac)
promoter. The preculture was incubated overnight at 37 °C and 220 rpm. The next day, 0.6 %
LB-agar was freshly prepared and cooled to ~40 °C. Then, 3 ml of the liquid agar were
supplemented with IPTG and L-arabinose to final concentrations of 400 uM and 25 mM,
respectively. Finally, 300 ul of the preculture were quickly added to the agar, mixed by shaking
and distributed on the previously prepared agar plates. After 30 minutes at room temperature,
the top ager had solidified, and the photo-mask was glued to the bottom of the plate. Finally,
the plate was incubated at 37 °C overnight, under constant blue light illumination. Images were
acquired on the next day using a UV light source and camera.
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4.1.8.3 Reversibility experiment

In a 48-well plate (Corning), 0.5 ml cultures were prepared, using LB media, supplemented with
50 pg/ml chloramphenicol and 25 pug/ml of kanamycin, 400 uM IPTG and 25 mM L-arabinose
(all Carl Roth). The wells were inoculated with 5 ul of precultures that had been prepared as
described in section 4.9.1, the day before. The cultures were then incubated at 37 °C and 220
rpm for three hours in darkness, followed by 3 h incubation under blue light exposure and a
final step of 3 h in the dark. Prior to the first incubation step and after each following incubation
period, the RFP fluorescence and the ODsoo were measured via plate reader (Tecan Infinite 200
Pro). After every incubation period the samples were diluted 1:30 into new plates with pre-
warmed fresh media, containing all supplements. The final relative fluorescence was obtained,
by normalizing the RFP values to the measured ODeoo. Three independent biological replicates
were generated by repeating experiments on different days.

4.1.9 Comprehensive domain insertion screen

4.1.9.1 Insertion library generation

To construct comprehensive insertion libraries, | used saturated programmable insertion
engineering (SPINE) (Coyote-maestas et al, 2019). The method builds on oligonucleotide pools
(ordered at Agilent) that allow to order thousands of individual oligonucleotides with lengths
up to 230 bases. The protein of interest was subdivided into chunks of ~50 amino acids. For
each chunk, an oligonucleotide sub-pool was designed, comprising 50 individual sequences,
each of which carried a Type IIS restriction enzyme recognition site behind a specific amino
acid encoding triplet. A python pipeline for the automatic design of the required DNA
sequences is provided Coyote-Maestas et al. (Coyote-maestas et al, 2019). The sub-pools were
then individually introduced into an expression vector carrying the full coding sequence of the
respective parent protein of interest. The sub-libraries were transformed into chemically
competent Oneshot Top10 E. coli and grown overnight in liquid culture. To ensure an at least
40-fold coverage of the library, serial dilutions were plated on agar after transformation and
the number of colony-forming units was calculated the next day. The sub-libraries were
extracted from the bacteria using the QlAamp DNA Mini Preparation Kit (Qiagen) on a plate
reader (Tecan Infinite 200 Pro). The DNA concentration was measured using the Quant-iT
dsDNA (HS) assay kit (Thermo Fisher Scientific) and all sub-libraries from each protein were
pooled at equal concentrations. To ensure that no wildtype protein contamination was carried
on during cloning, the insertion handle was replaced by a kanamycin expression cassette via
Golden Gate assembly. This insert was again flanked by a pair of different Type IIS restriction
site, enabling its exchange to the actual domain of interest via Golden gate cloning. E. coli cells
were transformed with the resulting kanamycin resistant library and plated on three 20 cm LB-
agar plates, supplemented with 50 ug/ml chloramphenicol and 25 pg/ml of kanamycin (Carl-
Roth). This procedure resulted in plates that were densely covered, but individual colonies were
still visible. Again, a library coverage of at least 20x was observed by colony counting. The next
day, each plate was rinsed with 3 ml of LB and the colonies were gently scraped off with a
spatula. The resulting liquid cultures were collected from the plates and pooled for each
protein. Plasmid DNA was then purified from the cultures and the kanamycin handle was
replaced by the domain of choice in a final Golden Gate step. In the meantime,
electrocompetent Oneshot Top10 E. coli cells carrying the respective RFP reporter plasmid had
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been prepared. The cells were transformed with the assembled libraries by electroporation
using the Gene Pulser Xcell electroporator (Bio-Rad). Following recovery in super optimal broth
supplemented with 20 mM glucose (Carl Roth) (SOC) for one hour at 37 °C and 220 rpm,
transformed cells were grown in LB (50 ug/ml chloramphenicol and 25 pg/ml of kanamycin)
overnight. Serial dilutions plated on agar were performed. Plates were incubated overnight,
and a library coverage was estimated from colony counts (coverage was >50-fold for all
samples). Finally, glycerol stocks of the libraries were prepared, by mixing the culture with
sterile 50 % (v/v) glycerol at a ratio of 1:1.

4.1.9.2 Screening procedure

Precultures of LB media (50 pug/ml of chloramphenicol and 25 pg/ml of kanamycin) were
inoculated from glycerol stocks of E. coli strains carrying the insertion libraries. Positive controls
expressing the wildtype parent protein without insert, as well as negative controls expressing
a different protein of similar size from the same plasmid backbone, were included. The
precultures were incubated for 16 h at 37 °C while shaking at 220 rpm. The next day, 1 ml LB
cultures were inoculated with 10 pl from the precultures. These main cultures were
supplemented with 16 mM L-arabinose and 400 uM IPTG for AraC, 400 uM IPTG for the TVMV
protease, 200 uM IPTG for Flp, 100 uM IPTG for SigF during the first enrichment round and 200
uM for SigF during the second round of enrichment. These cultures were incubated for 16 h at
37 °C while shaking at 220 rpm. For the AraC-LOV?2 libraries, two identical replicates were
generated, one of which was incubated under blue light illumination and the other one in the
dark. The next morning, the samples were diluted 1:100 in 1x PBS (Thermo Fisher Scientific)
and kept on ice until sorting. FACS was performed on a FACSAria Fusion flow cytometer (BD
Biosciences) at the ZMBH FACS facility (Heidelberg University). E. coli cells were identified and
gated via their forward scatter (FSC) and side scatter (SSC). The red fluorescent peak was sorted
from each library. If no clear peak was visible, the 5 % cells with the highest RFP levels were
sorted. 25,000 cells were sorted, into LB media. After sorting, the collected cells were recovered
for one hour without antibiotics at 37 °C and shaking at 220 rpm. Subsequently, 50 pyg/ml
chloramphenicol and 25 pg/ml of kanamycin were added and samples and incubation
proceeded overnight. The next day, glycerol stocks were prepared from the libraries. As two
rounds of sorting were necessary, the whole procedure was identically performed a second
time, starting from the glycerol stocks of the first round of enrichment. The sorting data was
analyzed using the python package (https://cytoflow.github.io/).

4.1.9.3 Next generation sequencing

The samples of the input libraries, as well as the enriched sorted fractions were objected to
heat lysis. Cells were pelleted and resuspended in water. Aliquots were heated to 95 °C for 10
min, followed by centrifugation at 10,000 g for 10 min to remove cell debris. The supernatant
was transferred to new tubes and stored at -20 °C for further usage. The coding sequence of
the libraries was amplified using the Q5 Hot Start High- Fidelity DNA Polymerase (New
England Biolabs) and the PCR amplicons separated from primer dimers on a 0.5x TAE 1 %
agarose gel. The respective bands were excised and DNA was purified from them using
the QIAquick Gel Extraction Kit (Qiagen). The DNA concentration was measured with the
Quant-iT dsDNA (HS) assay kit (Thermo Fisher Scientific) on a plate reader (Tecan Infinite 200
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Pro). Next, the DNA was fragmented and the sequencing libraries were prepared using the
[llumina Nextera XT kit (Illumina). In general, the manufacturer’'s protocol was followed, with
two modifications. First, to prevent under-tagmentation, only 0.2 ng of DNA was used as input
and the tagmentation step was performed for 15 min, instead of 5 min. Second, during library
preparation, samples to be pooled were barcoded using the Nextera XT Index Kit v2 (Illumina).
The final sequencing libraries were then purified using AMPure XP magnetic beads (Beckman
Coulter) according to the manufacturer’s protocol. A two-sided size selection was performed
using 25 pl beads together with 50 ul input reaction during the first size selection step and 100
ul of beads during the second. Following library clean-up, the DNA concentration was
measured again using the Quant-iT dsDNA (HS) assay kit (Thermo Fisher Scientific) and the
different libraries were pooled at equal concentrations. Next, library quality was assessed on a
Bioanalyzer (Agilent) using the Agilent DNA 1000 Kit. NGS was performed as paired-end
lllumina MiSeq and NextSeq runs at the EMBL Gene Core facility.

4.1.10 Experimental characterization of individual variants from the domain
insertion screen

Switchable variants were isolated from the sorted fractions and stored as glycerol stocks in 25
% glycerol (Carl Roth). Additionally selected variants were cloned following the protocol in
section 4.1.1. The variants tested are listed in supplementary table 1. Precultures of Oneshot
Top10 cells (Thermo Fisher Scientific) carrying a RFP reporter plasmid specific for the respective
candidate switch, as well as a plasmid encoding the respective switchable variant, were
inoculated from glycerol stocks into lysogeny broth (LB) (Carl Roth), supplemented with 50
ug/ml chloramphenicol (Carl Roth) and 25 ug/ml of kanamycin (Carl Roth). Cultures were
prepared in technical triplicates in 96-well plates (Corning), using a volume of 200 pl per well.
The precultures were incubated for 16 h at 37 °C, while shaking at 220 rpm. Main cultures were
similarly prepared in 96-well plates, using LB supplemented with 50 pug/ml chloramphenicol
and 25 pg/ml of kanamycin, using the inducer concentration indicated in section 4.1.8.2 for
each candidate protein, respectively. The cultures were inoculated with 3 pl from the respective
precultures and grown at 37 °C and 220 rpm for 16 h. Following incubation, RFP fluorescence
and ODego were measured in a plate reader (Tecan Infinite 200 Pro). For RFP measurements, an
excitation wavelength of 490 nm and an emission wavelength of 520 nm were used. The
reported RFP/OD600 values were calculated, by dividing the measured fluorescence by the
ODsoo levels. Three independent biological replicates were generated at three different days.

4.2 Computational methods

4.2.1 Analysis of AcrlIC3 inter-residue contacts

The inter-residue contacts for AcrllC3 were identified using the PyMol 2.4 contact map
visualizer (The PyMOL Molecular Graphics System, Version 2.0 Schroédinger, LLC.) based on a
published AcrllC3 structure (PDB-ID: 6J9N), applying a cutoff of 7 A.
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4.2.2 Structural modeling

4221 Modeling of CN-C3

The structural modeling of CN-C3 was performed by Julius Upmeier zu Belzen and Zander
Harteveld. This section is adapted from their protocol. The AcrlIC3-LOV2 hybrid models are
based on experimental structures from the individual proteins, AcrlIC3 (PDB-ID: 6J9N) and the
AsLOV2 domain (PDB-ID: 2VOW). The three N-terminal amino acids of the LOV2 domain were
not present in the CN-C3 constructs and thus deleted from the structure. Structural modeling
was performed using the Rosetta remodel application (Huang et al, 2011). To this end, the
terminal parts of the LOV2 domain including the glycine linkers, in case of CN-C3G, were
rebuild using the fragment insertion with cyclic coordinate descent (Canutescu & Dunbrack,
2003) and kinematic closure (Mandell et al, 2009; Harper et al, 2003) with default parameters.
For both protein variants, 1,000 decoys were generated, 206 and 236 of which passed the
chain-break filter for CN-C3 and CN-C3G, respectively. Finally, these models were clustered
using a root-mean-square deviation of 5 A as threshold, resulting in 8 clusters for CN-C3 and
17 clusters for CN-C3G, respectively.

4.2.2.2 Structure prediction with AlphaFold2

Sructures of AraC, SigF, the TVMV protease, Flp, as well as the AraC-LOV2 fusions were
predicted by AlphaFold2 (Jumper et al, 2021) using the Colabfold implementation (Mirdita et
al, 2022). This implementation makes use of the MMseqs2 algorithm for the generation of
multiple sequence alignments (Steinegger & Sdding, 2017). Structures were predicted using
the “colabfold_batch” command with the “MMseqs2 (UniRef+Environmental)” MSA
preferences. For the proteins without insertion, 5 models were run with three recycling
iterations. To reduce compute time, only one model was predicted for the AraC-LOV2 hybrids,
using a single recycling step. Images of the models were generated using UCSF ChimeraX
(version 1.4) (Goddard et al, 2018; Pettersen et al, 2021). To compute the position-wise RMSDs
for between the AraC-LOV2 hybrids and the respective wildtype structures, the AF2 structures
of AraC and the LOV2 domain were separately superimposed onto the prediction of the fusion
proteins and RMSDs were calculated amino acid-wise. Computations were performed on the
KIT Horeka cluster.

4.2.3 NGS and data analysis

To analyze the sequencing data, the fastq files were de-multiplexed using the Sabre tool
(https://github.com/najoshi/sabre). The domain insertion frequencies were then calculated
using a slightly modified version of the DIP-seq library (Nadler et al, 2016). Next the enrichment

scores were determined using the following equation:

] count enriched; count initial;
Enrichment score; = log, S
i

count enriched;/ ¥} count initial;

where n are the insertion positions within a given protein, count enriched represents the read
counts after enrichment and count initial indicates the read counts of the initial library that
was used as input to the sorting experiments. Insertions that were missing from the initial
libraries were not taken into account during analysis. Insertion variants that entirely
disappeared during sorting were assigned a value of -10, which was slightly below the lowest
obtained enrichment scores.
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To gather position-wise protein features, diverse sources were used. Biophysical properties and
linker propensity indices were fetched from the AAindex database (Kawashima & Kanehisa,
2000). Information about secondary structure, accessible surface area and pLDDT score were
extracted from the AF2-predicted structures. To map these features to the enrichment scores,
the mean of the respective feature corresponding to the two amino acids that neighbor the
insertion site were assigned to the enrichment. For the machine learning applications described
below, the categorical features, such as secondary structures were binarized similar to one-hot
encodings, with the difference that every position could have two possible positive labels (for
instance if the secondary structure assignments of the two neighboring residues differ). The
KLD, as well as the insertion and deletion statistics were based on sequence alignments. To this
end, similar sequences were gathered using position-specific iterated basic local alignment
search (PSI-BLAST) (Altschul et al, 1997, 1990), with an expect threshold of 0.01 and a PSI-BLAST
threshold of 0.005. The maximum number of sequences was limited to 5000. Based on these
sequences, an MSA was calculated with MUSCLE (Edgar, 2004), using the Super5 algorithm
with standard parameters. Finally, the KLD was calculated by the following equation:

Divergance; = Efi(a) . logw%

where the divergence is determined for the position i and f(a) is the frequency of the amino
acid a at the given position, while b(a) represents the background frequency of the amino acid.
The background frequencies were defined as the AA frequencies in SwissProt (Bairoch &
Apweiler, 1997). Of note, the definition of the gap background frequencies is non-trivial, as
discussed by Tesileanu et al. (Tesileanu et al, 2015). Here, gaps were not included and the KLD
is only based on AA frequencies. The position-wise insertion and deletion frequencies as well
as the scores for the mean and median insertion lengths were calculated from pairwise
alignments between the sequence of the protein of interest and its related sequences gathered
by PSI-BLAST.

4.2.4 Gradient boosting models

In order to train predictive models on the insertion data, the enrichment scores were first
binarized. All sites exhibiting a positive enrichment were assigned the label 1 and all sites with
negative insertions were labeled 0. All position-wise properties collected during data analysis
were used as features. In addition, each amino acid and each secondary structure element
represented individual additional features. Dataset construction and model training were
performed using the Scikit-learn framework (Pedregosa et al, 2011). Individual datasets for
every candidate protein, as well as a complete dataset using the combined data of all four
proteins were constructed. A 80:20 train-test split was applied and the features were min-max
scaled prior to training. Gradient boosting classifiers (Friedman, 2002) were trained using five-
fold cross-validation. The hyperparameters were optimized on the complete dataset using grid
search. For the final model, 100 estimators were trained using squared error and a learning rate
of 0.1. The maximum depth of the trees was limited to four and the exponential loss was
chosen. The maximum number of features parameter was kept at "auto”. The receiving
operator characteristic and the average precision were chosen as performance metrics. The
permutation importance and loss of impurity were calculated using the respective Scikit-learn
functions.
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In order to create the datasets including the structural context, the insertion site was defined
as the center between the Ca atoms of the neighboring amino acids. The values of the
biophysical features were calculated as the mean of the values from the amino acids lying
within the chosen radius of the insertion site. Alignment-derived features were not processed
that way, since the occurrence of natural insertions and deletion already depend on the
structural context. The linker propensity indices represent a special case because they were
established with respect to linker sequences. Here, the mean of the sequence with a length of
the defined context, symmetrically surrounding the insertion site, was used. The models based
on these datasets were trained as described before. The same hyperparameters as for the
original model were used.

4.2.5 Statistical coupling analysis of AraC

For SCA, the same MSA as described in section 4.2.3 was employed. The data was processed
and analysis was performed as previously described by Rivoire et al. (Rivoire et al, 2016). The
predicted sector residues were mapped onto the AF2 predicted structure of AraC (Supp. fig.
11).

4.2.6 Statistical analysis

Bars usually indicate the mean from three individual experiments, unless otherwise stated in
the figure/legends. Error bars represent the standard deviation. In boxplots, the IQR is marked
by the box and the median is represented by a line within the box. Whiskers extend to the 1.5-
fold interquartile range (IQR) or to the value of the smallest or largest enrichment, respectively.
Biological replicates were performed as independent experiments on different days.
Differences in mean values were assessed for statistical significance by Bonferroni-corrected
post-hoc one-way ANOVA. The p-values corresponding to the asterisks are reported in the
figure legends.

4.2.7 Software

Structures were analyzed and images were rendered using UCSF ChimeraX (version 1.4)
(Goddard et al, 2018; Pettersen et al, 2021) and PyMol (The PyMOL Molecular Graphics System,
Version 2.0 Schroédinger, LLC.). Data analysis was performed using Python 3 (version 3.7.12)
(Van Rossum et al, 2009), Biopython (version 1.79) (Cock et al, 2009), NumPy (version 1.21.6)
(Harris et al, 2020) and Pandas (version 1.3.5) (McKinney, 2010). Plots were generated using the
Matplotlib (version 3.2.2) (Hunter, 2007) and Seaborn (version 0.11) packages (Waskom, 2021).
The machine learning models were trained using the Scikit-learn framework (version 1.0.2)
(Pedregosa et al, 2011). Protein structures were predicted using the Colabfold implementation
(Mirdita et al, 2022) of AF2 (Jumper et al, 2021). SCA was done using the pySCA package
(Rivoire et al, 2016). ImageJ (version 1.46) (Rueden et al, 2017; Schneider et al, 2012) was used
for image analysis. FACS data was analyzed using the Cytoflow software (version 2.1)
(https://cytoflow.github.io/). Figures were created in Affinity Designer (version 1.10.5) and
Zotero (version 1.6.19) was employed as reference manager. The thesis was written in Microsoft
Word (Office 2021).
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Appendix: Supplementary note 1 — Evaluation of different TVMV reporters

6 Appendix

6.1 Supplementary note 1 - Evaluation of different TVMV reporters

In contrast to other reporter assays, the dynamic range of the TVMV protease assay was
relatively low. Prior to the FACS screening experiments, different reporter setups were tested.
They comprised two promoter configurations driving the expression of the RFP degron
reporter, the strong constitutive J23102 and the weaker J23105 promoter
(http://parts.igem.org/Promoters/Catalog/Anderson). In addition, different degradation tags
were tested. One strategy was to fuse the M0051 or M0052 (McGinness et al, 2006) tag C-
terminally to RFP via the TVMV protease recognition site, which acted as linker. In this scenario,
the active protease would cleave the degradation tag off, thus stabilizing the reporter. The
second strategy was adapted from Fernandez-Rodriguez et al. (Fernandez-Rodriguez & Voigt,
2016). The protease recognition site was positioned at the N-terminus of the fusion protein,
followed by either Y- or F-degron sequences and lastly the RFP reporter. In this case, the
protease recognition site was expected to shield the tag so that it remained inactive. Upon
proteolytic cleavage by TVMV, however, the degradation machinery recognizes the tag and
hence degrades the reporter.

Evaluation of the reporters via measurements of the RFP fluorescence revealed modest
changes of the reporter expression upon induction of protease expression (Supp. fig. 12). Here,
only minimal differences were observed between the samples that were induced with 200 uM
IPTG and those induced with 400 uM IPTG. In case of the stronger J23102 promoter, rather
high fluorescence levels could be reached in combination with the M0052 tag (Supp. fig. 12A).
However, the changes in fluorescence between the native and the induced state were rather
small. The N-terminal degradation tags, in turn, resulted in much lower overall fluorescence
levels (Supp. fig. 12A). Even lower fluorescence levels were measured when the reporter was
under control of the J23105 promoter (Supp. fig. 12B). Here, the induction of degradation by
the F- and Y- degron designs turned out to be extremely weak. A clearer effect could be
measured with the C-terminal fusions though, which exhibited the expected increase in
fluorescence upon induction of TVMV protease expression. Overall, the combination of the
J23105 promoter with the M0051 degradation tag showed the highest dynamic range and was
hence as TVMV reporter in the FACS screen (Supp. fig. 12A, B).
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6.2 Supplementary figures
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Supplementary figure 1: NmeCas9 inhibition by CN-C3 can be tuned by adjusting the transfected vector
dose. (A-C) HEK293T cells were transfected with plasmids encoding NmeCas9, a sgRNA targeting the
endogenous AAVS1 (A), F8 (B) or IL2RG (C) locus and the indicated Acr variant. Cas9:Acr vector mass ratios used

for transfection are shown in the figure. The editing efficiencies were assessed by T7E assay 72 h post
transfection. The bars represent indel frequencies of a single experiment.
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Supplementary figure 2: Structural modelling of CN-C3. (A-D) Structural models CN-C3 (A, C) and CN-C3G
(B, D) are shown. The models were generated by domain assembly simulation, performed by Julius Upmeier zu
Belzen. The most populated conformational clusters of the LOV2 domain are located in diverse positions relative
to AcrlIC3 (A, B). Superimposition onto the structure of AcrllC3 bound to the HNH domain of NmeCas9, reveals
a conformation without sterical clashes (C, D). PDB-IDs: 6J9N, 2VOW.

Supplementary figure 3: Two of the three most populated clusters of the LOV2 domain sterically clash
with NmeCas9. The structural model of CN-C3 was superimposed on the structure of the dimerized
conformation of NmeCas9 bound by AcrlIC3. The HNH domain is depicted in dark grey. PDB-IDs: 6J9N, 2VOW,
6JE9.
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Supplementary figure 4: Cloning of domain insertion libraries via SPINE yields near-complete coverage of
domain insertion positions. (A-H) The insertion library coverage was assessed via NGS. Histograms represent
the log-normalized read counts for insertions at the respective position (amino acid/codon).
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Supplementary figure 5: Pairwise correlations
between enrichment scores of different domains
inserted into AraC. The heatmap shows pairwise
Pearson correlations between all domain inserted into
AraC. Enrichments of the AraC-LOV?2 library in darkness

and under light induction (ind.) were assessed and are
depicted separately.
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Supplementary figure 6: Validation of the domain insertion screen by
characterization of individual insertion variants. Individual domain insertion variants
were cloned and their activity was assessed using the respective RFP reporter assays. To
this end, cells were grown 200 pl in 96-well plates in presence of inducers, overnight. RFP
and OD600 values were assessed by plate reader measurements. Boxplots indicate the
resulting normalized fluorescence by enriched and depleted candidates, respectively.
Individual data points correspond to the mean of three biological replicates, each of which
consisted of three technical replicates. The data was obtained in collaboration with Sabine
Aschenbrenner. The IQR is marked by the box and the median is represented by a red line.
Whiskers extend to the 1.5-fold IQR or to the value of the smallest or largest enrichment,
respectively.
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Supplementary figure 7: Enrichment scores mapped onto structures of the Flp-holliday junction complex.

PDB-ID: 1FLO.
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Supplementary figure 8: Correlations between the enrichment scores and surface accessibility or
secondary structures. (A) Scatter plot showing the relation between variant enrichment and the average
surface exposed area (ASA) of the residues neighboring an insertion site. (B) The insertion score in regions
with the respective secondary structure element are shown. For each insertion site, the secondary structure
assignment of the amino acid prior and after the insertion were considered. The IQR is marked by the box and
the median is represented by the white dot. Whiskers extend to the 1.5-fold IQR or to the value of the smallest
or largest enrichment, respectively.
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Supplementary figure 9: Full comparison of the trained classifier to baseline predictors. (A, B) The AUROC
(A) and average precision (B) are shown. The values were calculated on a previously withheld test set. The
performance of the gradient boosting classifier is compared to all individual features.
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Supplementary figure 10: Influence of the insertion site context on classifier performance. The mean
AUROC (A) and mean average precision (B) are indicated for models trained on datasets consisting of all four
candidate proteins. Each data point in the training set represented the average of information derived from the
residues within the indicated distance to the insertion site, resulting in different levels of surrounding context
used for prediction. (A, B) Individual data points represent cross-validation folds. Bars represent the mean and
error bars the SD.
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Supplementary figure 11: Analysis of the AraC protein sector. An AF2 predicted full-length structure of AraC
is shown. The enrichment scores are mapped onto the structure. Residues belonging to the protein sector are
highlighted as spheres. Key residues within the allosterically switchable clusters are marked by circles.
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Supplementary figure 12: Analysis of different TVMV protease reporters. (A, B) Samples were inoculated
from precultures carrying plasmids encoding the TVMV protease and an RFP reporter under control of either (A)
a strong constitutive promoter (J23102) or (B) a weaker one (J12305). Different reporter constructs that were
tested are indicated below the bars. IPTG was added in the indicated concentrations. The samples were incubated
for 16 h at 37 °C and 220 rpm before RFP fluorescence and the OD at 600 nm were assessed by plate reader
measurements. Bars represent values from a single experiment.
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6.3 Supplementary tables

Supplementary table 1: Constructs used in this study. NLS, nuclear localization signal; CMV, cytomegalovirus.

# Name
1 pBluescript

hNmeCas9 + sgRNA scaffold

2 (pEJS654  All-in-One  AAV-sgRNA-
hNmeCas9;  Addgene  plasmid:
#112139)

3 hNmeCas9 + VEGFA sgRNA (AAV)

4 hNmeCas9 + AAVS1 sgRNA (AAV)

5 hNmeCas9 + F8 sgRNA (AAV)

6 hNmeCas9 + IL2RG sgRNA (AAV)

7 hNmeCas9 + SLC9A9 sgRNA (AAV)

8 hNme2Cas9 + sgRNA scaffold
9 hNme2Cas9 + VEGFA sgRNA

10  hNme2Cas9 + FANCJ sgRNA

11 hNme2Cas9 + GAPDH sgRNA
12 hSaCas9 + sgRNA scaffold

13 hSaCas9 + EMX1 sgRNA

14 AcrliCl

15  AcrllC1 chimera-7

16  AcrllC1 chimera-10

17 AcrliC3

18  AcrX (AcrllIC1_N3F/D15Q/A48l)

19 AcrX*

20 AcrllC1-scaffold
21 AcrllC1-miR-122
22 AcrX-scaffold

23 AcrX-miR-122

24 AcrliIC3  F59-LOV2-N60
(Addgene: #137191)
25 AcrllIC3  F59-G-LOV2-G-N60 (CN-

C3G) (Addgene: #137192)
26 HA-AcrlIC3

156

(CN-C3)

Description. In sequential order
empty vector

U1a promoter, NLS hNmeCas9 NLS 3xHA;
U6 promoter, sgRNA scaffold

U1a promoter, NLS hNmeCas9 NLS 3xHA;
U6 promoter, VEGFA sgRNA

U1a promoter, NLS hNmeCas9 NLS 3xHA;
U6 promoter, AAVS1 sgRNA

U1a promoter, NLS hNmeCas9 NLS 3xHA;
U6 promoter, F8 sgRNA

U1a promoter, NLS hNmeCas9 NLS 3xHA;
U6 promoter, IL2RG sgRNA

U1a promoter, NLS hNmeCas9 NLS 3xHA;
U6 promoter, SLC9A9 sgRNA

NLS hNme2Cas9 NLS 3xHA; U6 promoter,
sgRNA scaffold

NLS hNme2Cas9 NLS 3xHA; U6 promoter,
VEGFA sgRNA

NLS hNme2Cas9 NLS 3xHA; U6 promoter,
FANCJ sgRNA

NLS hNme2Cas9 NLS 3xHA; U6 promoter,
GAPDH sgRNA

CMV promoter, NLS hSaCas9 NLS 3xHA;
U6 promoter, sgRNA scaffold

CMV promoter, NLS hSaCas9 NLS 3xHA;
U6 promoter, EMX1 sgRNA

CMV promoter, AcrlIC1

CMV promoter, AcrliC1 with mCherry
insertion between E68 and Y72

CMV  promoter, AcrllC1 with GSG-
mCherry-GSG insertion behind Y70

CMV promoter, AcrllC3

CMV promoter, AcrlIC1_N3F/D15Q/A48I

CMV promoter, AcrliIC1_N3F/D15Q/A48I
with GSG-mCherry-GSG insertion behind
Y70

CMV promoter, AcrllC1 with scaffold for
miRNA binding site insertion in the 3'-UTR
CMV promoter, AcrliC1 with 2x miR-122
binding sites in the 3'-UTR

CMV promoter, AcrX with scaffold for
miRNA binding site insertion in the 3'-UTR
CMV promoter, AcrX with 2x miR-122
binding sites in the 3'-UTR

CMV promoter, AcrllC3 F59-LOV2-N60

CMV promoter, AcrliC3 F59-G-LOV2-G-
N60

CMV promoter, HA-AcrlIC3

Source

Invitrogen

(Ibraheim et al,
2018)

(Hoffmann et al,
2019)
(Mathony et al,
2020a)
(Mathony et al,
2020a)
(Mathony et al,
2020a)
(Hoffmann et al,
2019)
(Edraki et al,
2018)
(Mathony et al,
2020a)
(Mathony et al,
2020a)
(Mathony et al,
2020a)

(Ran et al, 2015)

(Mathony et al,
2020a)
(Hoffmann et al,
2019)
(Mathony et al,
2020a)
(Mathony et al,
2020a)
(Hoffmann et al,
2019)
(Mathony et al,
2020a)

(Mathony et al,
2020a)

(Hoffmann et al,
2019)

(Mathony et al,
2020a)
(Mathony et al,
2020a)
(Mathony et al,
2020a)
(Hoffmann et al,
2021)
(Hoffmann et al,
2021)
(Hoffmann et al,
2021), this work



27

28
29
30

31

32

33

34

35

36

37

38
39
40
41

42

43

44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
61
62
63
64

HA-CN-C3

RFP reporter for AraC
RFP reporter for SigF

RFP reporter for Flp recombinase

RFP reporter for TVMV
(J23105 + M0051)

RFP reporter for TVMV

(J23105 + M0052)

RFP reporter for TVMV

(J23102 + M0051)

RFP reporter for TVMV
(J23102 + M0052)
RFP reporter for
(J23105 + Ydeg)
RFP reporter for
(J23102 + Ydeg)
RFP reporter for
(23102 + Fdeg)
AraC

Flp recombinase
TVMV protease

SigF

TVMV

TVMV

TVMV

AraC_S170_LOV2

AraC_|113_LOV2

AraC_E3_PDZ
AraC_S14_PDZ
AraC_N16_PDZ
AraC_A17_PDZ
AraC_L23_PDZ
AraC_E27_PDZ
AraC_T50_PDZ
AraC_Q60_PDZ
AraC_E63_PDZ
AraC_S112_PDZ
AraC_l113_PDZ
AraC_N116_PDZ
AraC_R121_PDZ
AraC_H129_PDZ
AraC_G143_PDZ
AraC_E165_PDZ
AraC_S170_PDZ
AraC_T241_PDZ
AraC_D286_PDZ
AraC_E3 LOV2
AraC_S14_LOV2

protease

protease

protease

protease

protease

protease

protease
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CMV promoter, HA-CN-C3

BAD promoter, mRFP1, LVA degradation
tag
F1 promoter, mRFP1

J23102  promoter, inverted mRFP1,
flanked by FRT sites

J23105  promoter, mRFP1, TVMV
recognition  site, (M0051)  DAS+2
degradation tag

J23105  promoter, mRFP1, TVMV
recognition site, M0052 degradation tag
J23102  promoter, mRFP1, TVMV
recognition  site, (M0051)  DAS+2
degradation tag

J23102 promoter, mRFP1, TVMV

recognition site, M0052 degradation tag
J23105 promoter, TVMV recognition site,
Ydeg tag, mRFP1

J23102 promoter, TVMV recognition site,
Ydeg tag, mRFP1

J23102 promoter, TVMV recognition site,
Fdeg tag, mRFP1

TRC promoter, AraC

TRC promoter, Flp recombinase

TRC promoter, TVMV protease

TRC promoter, SigF

TRC promoter, AraC with insertion of
AsLOV2 behind S170

TRC promoter, AraC with insertion of
AsLOV2 behind 1113

AraC with insertion of PDZ behind E3

AraC with insertion of PDZ behind S14
AraC with insertion of PDZ behind N16
AraC with insertion of PDZ behind A17
AraC with insertion of PDZ behind L23
AraC with insertion of PDZ behind E27
AraC with insertion of PDZ behind T50
AraC with insertion of PDZ behind Q60
AraC with insertion of PDZ behind E63
AraC with insertion of PDZ behind S112
AraC with insertion of PDZ behind 1113
AraC with insertion of PDZ behind N116
AraC with insertion of PDZ behind R121
AraC with insertion of PDZ behind H129
AraC with insertion of PDZ behind G143
AraC with insertion of PDZ behind E165
AraC with insertion of PDZ behind S170
AraC with insertion of PDZ behind T241
AraC with insertion of PDZ behind D286
AraC with insertion of LOV2 behind E3
AraC with insertion of LOV2 behind S14

(Hoffmann et al,
2021), this work

This work
This work

This work

This work

This work

This work

This work
This work
This work

This work

This work
This work
This work
This work

This work

This work

This work
This work
This work
This work
This work
This work
This work
This work
This work
This work
This work
This work
This work
This work
This work
This work
This work
This work
This work
This work
This work

157



Appendix: Supplementary tables

65
66
67
68
69
70
71
72
73
74
75
76
77
78
79
80
81
82
83
84
85
86
87
88
89
90
91
92
93
94
95
96
97
98
29
100
101
102
103

104
105
106

107
108

109

158

AraC_N16_LOV2
AraC_A17_LOV2
AraC_L23_LOV2
AraC_E27_LOV2
AraC_T50_LOV2
AraC_Q60_LOV2
AraC_E63_LOV2
AraC_S112_LOV2
AraC_l113_LOV2
AraC_N116_LOV2
AraC_R121_LOV2
AraC_H129_LOV2
AraC_G143_LOV2
AraC_E165_LOV?2
AraC_S170_LOV2
AraC_T241_LOV2
AraC_D286_LOV2
AraC_E3_eYFP
AraC_N16_eYFP
AraC_L23_eYFP
AraC_T50_eYFP
AraC_Q60_eYFP
AraC_l113_eYFP
AraC_N116_eYFP
AraC_E165_eYFP
AraC_S170_eYFP
AraC_T241_eYFP
AraC_E3_ERD
AraC_N16_ERD
AraC_L23_ERD
AraC_T50_ERD
AraC_Q60_ERD
AraC_I113_ERD
AraC_N116_ERD
AraC_E165_ERD
AraC_S170_ERD
AraC_T241_ERD
AraC_E3_uniRapR
AraC_N16_uniRapR

AraC_L23_uniRapR
AraC_T50_uniRapR
AraC_Q60_uniRapR

AraC_l113_uniRapR

AraC_N116_uniRapR

AraC_E165_uniRapR

AraC with insertion of LOV2 behind N16
AraC with insertion of LOV2 behind A17
AraC with insertion of LOV2 behind L23
AraC with insertion of LOV2 behind E27
AraC with insertion of LOV2 behind T50
AraC with insertion of LOV2 behind Q60
AraC with insertion of LOV2 behind E63
AraC with insertion of LOV2 behind S112
AraC with insertion of LOV2 behind 1113
AraC with insertion of LOV2 behind N116
AraC with insertion of LOV2 behind R121
AraC with insertion of LOV2 behind H129
AraC with insertion of LOV2 behind G143
AraC with insertion of LOV2 behind E165
AraC with insertion of LOV2 behind S170
AraC with insertion of LOV2 behind T241
AraC with insertion of LOV2 behind D286
AraC with insertion of eYFP behind E3
AraC with insertion of eYFP behind N16
AraC with insertion of eYFP behind L23
AraC with insertion of eYFP behind T50
AraC with insertion of eYFP behind Q60
AraC with insertion of eYFP behind 1113
AraC with insertion of eYFP behind N116
AraC with insertion of eYFP behind E165
AraC with insertion of eYFP behind S170
AraC with insertion of eYFP behind T241
AraC with insertion of ERD behind E3
AraC with insertion of ERD behind N16
AraC with insertion of ERD behind L23
AraC with insertion of ERD behind T50
AraC with insertion of ERD behind Q60
AraC with insertion of ERD behind 1113
AraC with insertion of ERD behind N116
AraC with insertion of ERD behind E165
AraC with insertion of ERD behind S170
AraC with insertion of ERD behind T241
AraC with insertion of uniRapR behind E3

AraC with insertion of uniRapR behind
N16
AraC with insertion of uniRapR behind L23

AraC with insertion of uniRapR behind T50

AraC with insertion of uniRapR behind
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AraC with insertion of uniRapR behind
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AraC_S170_uniRapR AraC with insertion of uniRapR behind This work
S170
AraC_T241_uniRapR AraC with insertion of uniRapR behind This work
T241
TVMV_L5_PDZ TVMV with insertion of PDZ behind L5 This work
TVMV_D11_PDZ TVMV with insertion of PDZ behind D11 This work
TVMV_G37_PDZ TVMV with insertion of PDZ behind G37 This work
TVMV_l42_PDZ TVMV with insertion of PDZ behind 142 This work
TVMV_L56_PDZ TVMV with insertion of PDZ behind L56 This work
TVMV_T105_PDZ TVMV with insertion of PDZ behind T105  This work
TVMV_S121_PDZ TVMV with insertion of PDZ behind S121  This work
TVMV_H143_PDZ TVMV with insertion of PDZ behind H143  This work
TVMV_F187_PDZ TVMV with insertion of PDZ behind F187  This work
TVMV_D193_PDZ TVMV with insertion of PDZ behind D193  This work
TVMV_W198 PDZ TVMYV with insertion of PDZ behind W198  This work
TVMV_F204_PDZ TVMV with insertion of PDZ behind F204  This work
TVMV_I209 PDZ TVMV with insertion of PDZ behind 1209 This work
Flp_L15_PDZ Flp with insertion of PDZ behind L15 This work
Flp_C42_PDZ Flp with insertion of PDZ behind C42 This work
Flp_D115_PDZ Flp with insertion of PDZ behind D115 This work
Flp_S129_PDZ Flp with insertion of PDZ behind S129 This work
Flp_L151_PDZ Flp with insertion of PDZ behind L151 This work
Flp_I239_PDZ Flp with insertion of PDZ behind 1239 This work
Flp_N290_PDZ Flp with insertion of PDZ behind N290 This work
Flp_W330_PDZ Flp with insertion of PDZ behind W330 This work
Flp_S397_PDZ Flp with insertion of PDZ behind S397 This work
Flp_Y403_PDZ Flp with insertion of PDZ behind Y403 This work

Supplementary table 2: Amino acid sequences of the used proteins and insert domains. Tags and NLS’
linked to the proteins are marked in bold. The AsLOV2 amino acids marked in red were only present in CN-C3,
but not part of the AsLOV2 used for insertion screens and AraC hybrids.

Protein
AcrlIC1

AcrllC3

AraC

AsLOV?2

ER domain

eYFP

Flp recombinase

Sequence
MANKTYKIGKNAGYDGCGLCLAAISENEAIKVKYLRDICPDYDGDDKAEDWLRWGTDSRVKAA
ALEMEQYAYTSVGMASCWEFVEL
MAFKRAIIFTSFNGFEKVSRTEKRRLAKIINARVSIIDEYLRAKDTNASLDGQYRAFLENDES
PAMTEFLAKLKAFAESCTGISIDAWEIEESEYVRLPVERRDFLAAANGKEIFKI
MSAEAQNDPLLPGYSFNAHLVAGLTPIEANGYLDFFIDRPLGMKGYILNLTIRGQGVVKNQGR
EFVCRPGDILLFPPGEIHHYGRHPEAREWYHQWVYFRPRAYWHEWLNWPSIFANTGFFRPDEA
HQPHFSDLFGQIINAGQGEGRYSELLAINLLEQLLLRRMEAINESLHPPMDNRVREACQYISD
HLADSNFDIASVAQHVCLSPSRLSHLFRQQLGISVLSWREDQRISQAKLLLSTTRMPIATVGR
NVGFDDQLYFSRVFKKCTGASPSEFRAGCEEKVNDVAVKLSGHHHHHH
LATTLERIEKNFVITDPRLPDNPIIFASDSFLQLTEYSREEILGRNCRFLOGPETDRATVRKI
RDAIDNQTEVTVQLINYTKSGKKFWNLFHLQPMRDQKGDVQYFIGVQLDGTEHVRDAAEREGV
MLIKKTAENIDEAAKEL
GPLDNSLALSLTADQMVSALLDAEPPILYSEYDPTRPFSEASMMGLLTNLADRELVHMINWAK
RVPGFVDLTLHDQVHLLECAWLEILMIGLVWRSMEHPGKLLFAPNLLLDRNQGKCVEGMVEIF
DMLLATSSRFRMMNLQGEEFVCLKSIILLNSGVYTFLSSTLKSLEEKDHIHRVLDKITDTLIH
LMAKAGLTLQQQHQRLAQLLLILSHIRHMSNKGMEHLY SMKCKNVVPLYDLLLEMLDAHRLHA
PGSEL
VSKGEELFTGVVPILVELDGDVNGHKFSVSGEGEGDATYGKLTLKFICTTGKLPVPWPTLVTT
FGYGLQCFARYPDHMKQHDFFKSAMPEGYVQERTIFFKDDGNYKTRAEVKFEGDTLVNRIELK
GIDFKEDGNILGHKLEYNYNSHNVYIMADKQKNGIKVNFKIRHNIEDGSVQLADHYQQONTPIG
DGPVLLPDNHYLSYQSKLSKDPNEKRDHMVLLEFVTAAGITLGMDELYK
MSPQFGILCKTPPKVLVRQFVERFERPSGEKIALCAAELTYLCWMITHNGTAIKRATFMSYNT
IISNSLSFDIVNKSLQFKYKTQKATILEASLKKLIPAWEFTIIPYYGQKHQSDITDIVSSLQL
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mRFP1

Nme2Cas9

NmeCas9

PDZ domain

SauCas9

SigF
160

QFESSEEADKGNSHSKKMLKALLSEGESIWEITEKILNSFEYTSRETKTKTLYQFLFLATEFIN
CGREFSDIKNVDPKSFKLVONKYLGVIIQCLVTETKTSVSRHIYFEFSARGRIDPLVYLDEFLRN
SEPVLKRVNRTGNSSSNKQEYQLLKDNLVRSYNKALKKNAPYSIFAIKNGPKSHIGRHLMTSF
LSMKGLTELTNVVGNWSDKRASAVARTTYTHQITAIPDHYFALVSRYYAYDPISKEMIALKDE
TNPIEEWQHIEQLKGSAEGSIRYPAWNGIISQEVLDYLSSYINRRISGHHHHHH
MASSEDVIKEFMRFKVRMEGSVNGHEFEIEGEGEGRPYEGTQTAKLKVTKGGPLPFAWDILSP
QFQYGSKAYVKHPADIPDYLKLSFPEGFKWERVMNFEDGGVVTVTQDSSLODGEFIYKVKLRG
TNFPSDGPVMQKKTMGWEASTERMY PEDGALKGE IKMRLKLKDGGHYDAEVKTTYMAKKPVQL
PGAYKTDIKLDITSHNEDYTIVEQYERAEGRHSTGA
MVPKKKRKVEDKRPAATKKAGQAKKKKMAAFKPNPINYILGLDIGIASVGWAMVEIDEEENPI
RLIDLGVRVFERAEVPKTGDSLAMARRLARSVRRLTRRRAHRLLRARRLLKREGVLQAADFDE
NGLIKSLPNTPWQLRAAALDRKLTPLEWSAVLLHLIKHRGYLSQRKNEGETADKELGALLKGV
ANNAHALQTGDFRTPAELALNKFEKESGHIRNQRGDYSHTFSRKDLQAELILLFEKQKEFGNP
HVSGGLKEGIETLLMTQRPALSGDAVQKMLGHCTFEPAEPKAAKNTYTAERFIWLTKLNNLRI
LEQGSERPLTDTERATLMDEPYRKSKLTYAQARKLLGLEDTAFFKGLRYGKDNAEASTLMEMK
AYHAISRALEKEGLKDKKSPLNLSSELQDEIGTAFSLEFKTDEDITGRLKDRVQPEILEALLKH
ISFDKFVQISLKALRRIVPLMEQGKRYDEACAEIYGDHYGKKNTEEKIYLPPIPADEIRNPVV
LRALSQARKVINGVVRRYGSPARIHIETAREVGKSFKDRKE IEKRQEENRKDREKAAAKFREY
FPNFVGEPKSKDILKLRLYEQQHGKCLYSGKEINLVRLNEKGYVEIDHALPFSRTWDDSEFNNK
VLVLGSENQNKGNQTPYEYEFNGKDNSREWQEFKARVETSREFPRSKKQRILLOQKFDEDGFKECN
LNDTRYVNRFLCQFVADHILLTGKGKRRVFASNGQITNLLRGFWGLRKVRAENDRHHALDAVV
VACSTVAMQOKITREVRYKEMNAFDGKT IDKETGKVLHOQKTHEFPQPWEFFAQEVMIRVEGKPD
GKPEFEEADTPEKLRTLLAEKLSSRPEAVHEYVTPLEVSRAPNRKMSGAHKDTLRSAKRFVKH
NEKISVKRVWLTEIKLADLENMVNYKNGREIELYEALKARLEAYGGNAKQAFDPKDNPFYKKG
GQLVKAVRVEKTQESGVLLNKKNAYTIADNGDMVRVDVEFCKVDKKGKNQYFIVPIYAWQVAEN
ILPDIDCKGYRIDDSYTFCEFSLHKYDLIAFQKDEKSKVEFAYYINCDSSNGREFYLAWHDKGSK
EQQFRISTONLVLIQKYQVNELGKEIRPCRLKKRPPVREDKRPAATKKAGQAKKKKYPYDVPD
YAGYPYDVPDYAGSYPYDVPDYAAAPAAKKKKLD
MVPKKKRKVEDAAFKPNSINYILGLDIGIASVGWAMVEIDEEENPIRLIDLGVRVFERAEVPK
TGDSLAMARRLARSVRRLTRRRAHRLLRTRRLLKREGVLQAANFDENGLIKSLPNTPWQLRAA
ALDRKLTPLEWSAVLLHLIKHRGYLSQRKNEGETADKELGALLKGVAGNAHALQTGDFRTPAE
LALNKFEKESGHIRNQRSDYSHTFSRKDLQAELILLFEKQKEFGNPHVSGGLKEGIETLLMTQ
RPALSGDAVQKMLGHCTFEPAEPKAAKNTYTAERFIWLTKLNNLRILEQGSERPLTDTERATL
MDEPYRKSKLTYAQARKLLGLEDTAFFKGLRYGKDNAEASTLMEMKAYHATISRALEKEGLKDK
KSPLNLSPELQDEIGTAFSLFKTDEDITGRLKDRIQPEILEALLKHISFDKEFVQISLKALRRI
VPLMEQGKRYDEACAEIYGDHYGKKNTEEKIYLPPIPADEIRNPVVLRALSQARKVINGVVRR
YGSPARIHIETAREVGKSFKDRKEIEKRQEENRKDREKAAAKFREYFPNFVGEPKSKDILKLR
LYEQQHGKCLYSGKEINLGRLNEKGYVEIDHALPFSRTWDDSEFNNKVLVLGSENQNKGNQTPY
EYFNGKDNSREWQEFKARVETSRFPRSKKQRILLOKFDEDGFKERNLNDTRYVNRELCQFVAD
RMRLTGKGKKRVFASNGQITNLLRGFWGLRKVRAENDRHHALDAVVVACSTVAMQQOKITREFVR
YKEMNAFDGKTIDKETGEVLHQKTHFPOQPWEFFAQEVMIRVFGKPDGKPEFEEADTLEKLRTL
LAEKLSSRPEAVHEYVTPLEVSRAPNRKMSGQGHMETVKSAKRLDEGVSVLRVPLTQLKLKDL
EKMVNREREPKLYEALKARLEAHKDDPAKAFAEPEFYKYDKAGNRTQQVKAVRVEQVQKTGVWV
RNHNGIADNATMVRVDVFEKGDKYYLVPIYSWQVAKGILPDRAVVQGKDEEDWQLIDDSEFNFK
FSLHPNDLVEVITKKARMEFGYFASCHRGTGNINIRIHDLDHKIGKNGILEGIGVKTALSFQKY
QIDELGKEIRPCRLKKRPPVREDKRPAATKKAGQAKKKKYPYDVPDYAGYPYDVPDYAGSYPY
DVPDYAAAPAAKKKKLD
RRRVTVRKADAGGLGISIKGGRENKMPILISKIFKGLAADQTEALEFVGDAILSVNGEDLSSAT
HDEAVQALKKTGKEVVLEVKYMK
MAPKKKRKVGIHGVPAAKRNYILGLDIGITSVGYGIIDYETRDVIDAGVRLFKEANVENNEGR
RSKRGARRLKRRRRHRIQRVKKLLEFDYNLLTDHSELSGINPYEARVKGLSQKLSEEEFSAALL
HLAKRRGVHNVNEVEEDTGNELSTKEQISRNSKALEEKYVAELQLERLKKDGEVRGSINRFKT
SDYVKEAKQLLKVQKAYHQLDQSFIDTYIDLLETRRTYYEGPGEGSPFGWKDIKEWYEMLMGH
CTYFPEELRSVKYAYNADLYNALNDLNNLVITRDENEKLEYYEKFQITENVFKQKKKPTLKQI
AKEILVNEEDIKGYRVTSTGKPEFTNLKVYHDIKDITARKEITIENAELLDQIAKILTIYQSSE
DIQEELTNLNSELTQEEIEQISNLKGYTGTHNLSLKAINLILDELWHTNDNQIAIFNRLKLVP
KKVDLSQQOKEIPTTLVDDFILSPVVKRSFIQSIKVINAITIKKYGLPNDIIIELAREKNSKDAQ
KMINEMOKRNRQTNERIEEIIRTTGKENAKYLIEKIKLHDMQEGKCLYSLEAIPLEDLLNNPF
NYEVDHITIPRSVSEFDNSENNKVLVKQEENSKKGNRTPFQYLSSSDSKISYETFKKHILNLAKG
KGRISKTKKEYLLEERDINRFSVQKDEFINRNLVDTRYATRGLMNLLRSYFRVNNLDVKVKSIN
GGFTSFLRRKWKFKKERNKGYKHHAEDALIIANADFIFKEWKKLDKAKKVMENOQMEFEEKQAES
MPEIETEQEYKEIFITPHQIKHIKDFKDYKYSHRVDKKPNRELINDTLYSTRKDDKGNTLIVN
NLNGLYDKDNDKLKKLINKSPEKLLMYHHDPQTYQKLKLIMEQYGDEKNPLYKYYEETGNYLT
KYSKKDNGPVIKKIKYYGNKLNAHLDITDDYPNSRNKVVKLSLKPYRFDVYLDNGVYKFVTVK
NLDVIKKENYYEVNSKCYEEAKKLKKISNQAEFIASFYNNDLIKINGELYRVIGVNNDLLNRI
EVNMIDITYREYLENMNDKRPPRIIKTIASKTQSIKKYSTDILGNLYEVKSKKHPQIIKKGKR
PAATKKAGQAKKKKGSYPYDVPDYAYPYDVPDYAYPYDVPDYA
MSDVEVKKNGKNAQLKDHEVKELIKQSQONGDQQARDLLIEKNMRLVWSVVQRFLNRGYEPDDL
FOIGCIGLLKSVDKFDLTYDVRFSTYAVPMIIGEIQRFIRDDGTVKVSRSLKELGNKIRRAKD
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ELSKTLGRVPTVQEIADHLEIEAEDVVLAQEAVRAPSSIHETVYENDGDPITLLDQIADNSEE
KWEFDKIALKEAISDLEEREKLIVYLRYYKDQTQSEVAERLGISQVQVSRLEKKILKQIKVQMD
HTDG
MSSKALLKGVRDENPISACVCLLENSSDGHSERLFGIGFGPYITANQHLFRRNNGELTIKTMH
GEFKVKNSTQLOMKPVEGRDIIVIKMAKDFPPFPQKLKFRQPTIKDRVCMVSTNEFQQKSVSSL
VSESSHIVHKEDTSFWQHWITTKDGQCGSPLVSIIDGNILGIHSLTHTTNGSNYFVEFPEKEV
ATYLDAADGWCKNWKENADKISWGSFTLVE
TCVVHYTGMLEDGKKFDSSRDRNKPFKEFMLGKQEVIRGWEEGVAQMSVGQRAKLTISPDYAYG
ATGHGSGSGSGVKDLLOAWDLYYHVFRRISGPPGPGSGLWHEMWHEGLEEASRLYFGERNVKG
MFEVLEPLHAMMERGPQTLKETSENQAYGRDLMEAQEWCRKYMKSGSSGGSGSGIIPPHATLV
FDVELLKLE

Supplementary table 3: Genomic target sites underlying the CRISPR experiments in mammalian cells.
Protospacer sequences are underlined. The PAM sequence is in bold.

Locus
AAVS1
EMX1
F8
FANCJ
GAPDH
IL2RG
SLC9A9
VEGFA — Nme1Cas9
VEGFA — Nme2Cas9

Target sequence including PAM (5’ to 3°)
ACCCCACAGTGGGGCCACTAGGGACAGGATT

GGCCTCCCCAAAGCCTGGCCAGGGAGT
GGTTTCTAGTTGTGACAAGAACACTGGTGATT
AAAATTGTGATTTCCAGATCCACAAGCCC
CAAGAGCACAAGAGGAAGAGAGAGACCC
CTCTTTCTCCTCAAGGAACAATCAGTGGATT
TGGTCTGGGGTACAGCCTTGGCATCATGATT
GCGGGGAGAAGGCCAGGGGTCACTCCAGGATT
GTGTGTCCCTCTCCCCACCCGTCCCTGTCC

Supplementary table 4: Primers for T7E-assays and TIDE sequencing.

Locus

AAVS1

EMX1

F8

FANCJ

GAPDH

IL2RG

SLC9A9

SLCY9AY9, off-target
VEGFA — Nme1Cas9

VEGFA — Nme2Cas9

Direction Primer sequence (5 to 3)
Forward TGCTTTCTTTGCCTGGACAC
Reverse CCTCTCTGGCTCCATCGTAA
Forward GGAGCAGCTGGTCAGAGGGG
Reverse GGGAAGGGGGACACTGGGGA
Forward GGGAGAGAACCTCTAACAGAACG
Reverse GCTCCAGGTGATGGATCATCAG
Forward GTTGGGGGCTCTAAGTTATGTAT
Reverse CTTCATCTGTATCTTCAGGATCA
Forward TAAAAAGTGCAGGGTCTGGCG
Reverse CTAACCAGTCAGCGTCAGAGC
Forward ATGACACTGGTGGGTGTTCAG
Reverse TCTTCACCTTGCAGGCTCTCT
Forward GCACTTATTCTGGCCCCTGACTGC
Reverse GAGAACCATGGTCTGGGGAAGAAGACC
Forward AGGCCTGGGCTTTATCCA
Reverse AGCAGTAGTTCTCAAACTATGT
Forward GTGTGCAGACGGCAGTCACTAG
Reverse CTCTGCGGACGCTCAGTGAAG
Forward ATCAAATTCCAGCACCGAGCGC
Reverse AGAACTCAGGACCAACTTATTCTG

Supplementary table 5: PDB IDs of protein structures shown and used in this study.

Structure

AcrllC3, NmeCas9
AraC, apo-form

AraC, complexed with L-arabinose

AraC, DBD
AsLOV2 domain

PDB-ID Source
6JE9 (Sun et al, 2019)
2ARA (Soisson et al, 1997)
2ARC (Soisson et al, 1997)
2K9S (Rodgers & Schleif, 2009)
2VOwW, 2VoU (Halavaty & Moffat, 2007)
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ERD 1A52 (Tanenbaum et al, 1998)
eYFP, F165G 6Z2Q0 (Pletneva et al, 2021)
Flp recombinase 1FLO (Chen et al, 2000)
NmeHNH, AcrlIC3 6J9N (Zhu et al, 2019)

PDZ 1286 (Yan et al, 2005)

Rob transcription factor 1D5Y (Kwon et al, 2000)

TVMV protease

uniRapR

3IMMG (Sun et al, 2010)
1FAP (Choi et al, 1996)
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6.6 Abbreviations

Units

A angstrom

g gravity of earth
h hour

kDa kilodalton

I liter

m meter

M molar

mg  milligramme
min  minute

ml milliliter
mM  millimolar
mol  mole

nm nenometer
S second

\Y volt

W watt

A wavelength
ul microliter

pum micrometre

Amino acids
Alanine
Arginine
Asparagine
Aspartic acid
Cysteine
Glutamic acid
Glutamine
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Amino acid sequences of the used proteins and insert
domains.

Genomic target sites.

Primers for T7E-assays and TIDE sequencing.

PDB IDs of protein structures shown and used in this
study.

Leucine
Lysine
Methionine
Phenylalanine
Proline

Serine
Threonine

—|U1'U'n§x|—

32
33

61
156
159

161
161

161



G Glycine
H Histidine
| Isoleucine

Nucleobases

A Adenine
C Cytosine
G Guanine
T Thymine

Appendix: Abbreviations

Other Abbreviations

AA
AAV
Acr

AcrlIC1 chim.

AcrlIC1X
AcrlIC1X*

AF2
AMP
ANOVA
AP

Ara
ASA

AsLOVZ, LOV2

ATP

AUC
AUROC
B. subtilis
BAC

bp

CAP

Cas

CASANOVA

CASP
c-di-GMP
CMV
CN-C3

CN-C3G

CRISPR
crRNA
DBD
dCas9
DHFR
DNA

W Tryptophan
Y Tyrosine
V Valine
N Random base
U Uracil
R Purine
Amino acid

Adeno-associated virus

Anti-CRISPR protein

AcrlIC1 chimera

Engineered AcrliC1 (N3F/D15Q/A48I)

Engineered AcrlIC1 (N3F/D15Q/A48I), GSG-mCherry-GSG insertion
behind Y70

AlphaFold2

Adenosine monophosphate

Analysis of variance

Average precision

Arabinose

Accessible surface area

LOV2 domain of Phototropin 1 from Avena sativa

Adenosine triphosphate

Area under the curve

Area under the receiving operator characteristic

Bacillus subtilis

Bacterial adenylate cyclases

Base pair

Catabolite activator protein

CRISPR associated

CRISPR-Cas9 activity switching via a novel optogenetic variant of
AcrllA4

Critical Assessment of Techniques for Protein Structure Prediction
Cyclic dimeric guanosine monophosphate

Cytomegalovirus

CASANOVA-C3, AcrlIC3 with AsLOV?2 insertion behind F59
CASANOVA-C3G, AcrlIC3 with AsLOV? insertion behind F59, flanked
by glycine linkers

Clustered regularly interspaced short palindromic repeats
CRISPR RNA

DNA-binding domain

Catalytically dead Cas9

Dihydrofolatereductase

Deoxyribonucleic acid
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DSB
E. coli
ERD
eYFP
FACS
FKBP
FMN
FRB
FRT
HDR

HEK293T

HTH
indel
IPTG
IQR
kb
KRAB
LBD
LOV2
ML
MBP
MD
miRNA, miR
MOl
MSA
nCas9
NGS
NHEJ
NmeCas9
NLS
NMR
ORF
PAM

PAS

PCR
PDB

PDZ

POI

PR
REACH
RFP
RMSD
RNA
ROC
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Double-strand break

Escherichia coli

Estrogen receptor-a domain

Enhanced yellow fluorescent protein

Fluorescnece activated cell sorting

FK506 binding protein

Flavine mononucleotide

FKBP-rapamycin binding

Flp recognition target

Homology-directed repair

Human embryonic kidney 293 cells expressing a mutated SV40 large T
antigen

Helix-turn-helix

Insertion/deletion

Isopropyl-p-D-thiogalactopyranosid

Interquartile range

Kilo base

Krippel associated box

Ligand-binding domain

Light, oxygen, voltage

Machine learning

Maltose-binding protein

Molecular dynamics

microRNA

Multiplicity of infection

Multiple sequence alignment

Cas9 nickase

Next generation sequencing

Non-homologous end-joining

Cas9 orthologue from Neisseria meningitidis

Nuclear localization signal

Nuclear magnetic resonance

Open reading frame

Protospacer adjacent motif

Per-ARNT-Sim; period circadian protein—aryl hydro-carbon receptor
nuclear translocator protein—single-minded protein
Polymerase Chain Reaction

Protein data bank

post synaptic density protein (PSD95), Drosophila disc large tumor
suppressor (Dlg1), and zonula occludens-1 protein (zo-1) (Kennedy,
1995)

Protein of interest

Precision recall

Rational engineering of allostery at conserved hotspots
Red fluorescent protein

Root-mean-square deviation of atomic positions
Ribonucleic acid

Receiving operator characteristic



rem
S. aureus
S. pyogenes
SauCas9
SCA
SCAAV

SD
SgRNA
SigF
SPELL
SPINE
SV40

T7E assay
TAE

TALE

TBE

TIDE
tracrRNA
TVMV
UTR

VVD

WT

ZFN

Rounds per minute

Staphylococcus aureus

Streptococcus pyogenes

Cas9 orthologue from Staphylococcus aureus
Statistical coupling analysis
Self-complementary adeno-associated virus
Standard deviation

Single guide RNA

Sigma factor F from Bacillus subtilis

Split Protein Reassembly by Ligands or Light
Saturated Programmable Insertion Engineering
Simian vacuolating virus 40

T7 endonuclease assay

Tris-acetate-EDTA

Transcription activator-like effector
Tris-borate-EDTA

Tracking of indels by decomposition
Trans-activating RNA

Tobacco vein mottling virus

Untranslated region

vivid

wildtype

Zinc finger nuclease
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