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ABSTRACT 
Metabolic engineering is commonly used to improve biological production systems. Often, 

the generation and screening of huge libraries is indispensable to the identification of 

improved candidates. However, this screening is laborious and time consuming. Smart 

designs, which (i) cover a broad range of the experimental space, (ii) in which variants are 

uniformly distributed in this space and (iii) for which the library size is compatible with the 

screening throughput provide an efficient way to circumvent this issue. In this thesis tools 

are provided to reduce the screening effort for different applications by either reducing the 

bias which is created when a library is integrated into the genome of a potential production 

strain or by fully rationally predicting permissive sites in proteins, which can be used for 

small protein tag insertion. These tools were developed for facilitated genome editing, 

which has become a major engineering tool in biotechnology over the recent years. Briefly, 

with multiplex automated genome engineering (MAGE) mutations encoded on small single-

or double-stranded DNA molecules are introduced as an Okazaki fragment during 

replication with the help of a phage protein. More recently, genome edits have become 

selectable by CRISPR/Cas9 counterselection. Due to their major impact on strain 

engineering and their critical importance for the practical aspects of this thesis, these recent 

developments are reviewed in chapter 1. 

Metabolic engineering can be performed on in vivo and on in vitro systems, often based on 

the model bacterium Escherichia coli. While in vivo systems can be used to efficiently 

produce most metabolite-based products, in vitro systems can be used to couple biological 

and chemical synthesis in a one-pot reaction, allow for the use and formation of non-natural 

and/or toxic educts and products or for the application of non-cytoplasmic conditions. For 

both types of systems, cell free extract (CFX) or living organisms, the production pathway 

needs to be optimized, e.g. in terms of the stoichiometry of participating enzymes. A key 

element for pathway optimization are ribosome binding sites (RBSs). RBS strength 

regulates the protein translation level and therefore can be used to modify fluxes in a given 

pathway. To find the optimal RBS strength, small smart libraries of modified RBSs can be 

used and inserted by λ-Red and CRISPR/Cas9-facilitated genome editing, but their 

insertion is subject to bias due to DNA mismatch repair in response to genome editing. We 

develop and test a protocol called genome library optimized sequences (GLOS) that uses 

the known substrate profile of E. coli’s DNA mismatch repair to adapt input RBS libraries 

so that they are no longer recognized and this can be used for unbiased genome editing 

(chapter 2).  



 II     

 

While RBSs can be engineered for up- and down-regulation of fluxes of interest to optimize 

in vivo and in vitro pathways, there is a natural limitation to the scope of this method: 

essential reactions cannot be downregulated extensively, as this would lead to cell death. 

To produce CFX, E. coli needs to be able to grow and therefore requires the essential gene. 

In an in vitro system, essential proteins are not required. However, they often interfere with 

the reaction of interest in vitro. For example, part of the F1F0- ATP-Synthase, important for 

energy generation in a living cell, detaches from the membrane during CFX production and 

continues to hydrolyze ATP in CFX applications, the regeneration of which is one of the 

main impediments for the application of such systems. Such proteins need to be removed 

at the in vitro stage of the experiment, for example by protein switching. A switchable protein 

is equipped with a tobacco etch virus (TEV) protease cleavage site at a functionally 

unobtrusive location in its amino acid sequence. Upon addition of a TEV protease, these 

proteins are cleaved and rendered nonfunctional. We inserted TEV cleavage sites into the 

genome of E. coli into different subunits of the ATP-synthase and other ATP- and ADP-

degrading enzymes, evaluated protein functionality with growth assays and showed 

enzyme deactivation by stabilization of nucleotides in CFX, illustrating the potential of the 

method (chapter 3).  

Ideally, protein switching should be applied to large number of proteins to easily optimize 

CFX, which requires a reliable high throughput method to detect permissive and accessible 

(taggable) insertion sites for small protein tags. Since the state of the art methods are either 

based on random transposome mutagenesis or individual evaluation of protein structure 

and known functionalities, they are very time consuming. Therefore, we developed 

GapMiner, a tool that predicts putatively taggable internal sites based on evaluation of four 

criteria: sequence and length variability, relative surface accessibility and preservation of 

secondary structure. GapMiner gives the user a list of tagging sites sorted by predicted 

taggability, which reduces the experimental workload by minimizing the number of sites 

that need to be tested. GapMiner does not require any knowledge about the protein except 

for its sequence, however, if available, an expert user can use additional knowledge to 

reduce the number of sites to test even further. We tested GapMiner on a randomly selected 

set of five essential proteins of E. coli and found could insert two different tags into these 

five proteins and only one strain showed growth deficits. For four test proteins both tags 

worked, illustrating the usefulness of the tool (chapter 4). GLOS and GapMiner both 

integrate available knowledge to either produce small smart RBS libraries or predict internal 

protein tagging sites. Both tools will help to facilitate further engineering projects.  
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ZUSAMMENFASSUNG 
Metabolic Engineering ist eine weitverbreitete Methode, um biologische 

Produktionssysteme zu verbessern. Hierzu werden oft riesige Bibliotheken an 

Stammvarianten generiert. Um daraus den besten Kandidaten identifizieren zu können, 

müssen diese mit sehr großem Arbeits- und Zeitaufwand analysiert werden. Oft reicht die 

Kapazität des Screeningsystems jedoch nicht aus, daher versucht man, mit gut 

durchdachten Designs die Größe dieser Bibliotheken zu reduzieren (Smart Designs). Um 

die Vielfalt in der Bibliothek nicht zu verlieren, entfernt man möglichst repetitive Designs 

aus der Ursprungsbibliothek. Smart Designs müssen einen großen Bereich des zu 

optimierenden experimentellen Parameters abdecken, die einzelnen Varianten sollten 

uniform über den Parameterbereich verteilt sein und die finale Bibliothekgröße sollte der 

Kapazität des Screeningsystems entsprechen. 

Im Mittelpunkt dieser Arbeit stehen deshalb verschiedene Methoden, welche den 

Screeningaufwand für verschiedene Anwendungen verkleinern. Im ersten Teil reduzieren 

wir die Verzerrung, die entsteht, wenn Bibliotheken funktionaler DNA Sequenzen direkt in 

ein bakterielles Genom integriert werden. Im zweiten Teil entwickeln wir mit einem komplett 

rationalen Ansatz eine computergestützte Anwendung, die es erlaubt, Positionen zum 

Einfügen funktionaler Peptide in Proteine vorherzusagen, sodass das Protein auch nach 

dem Einfügen noch funktional ist. Diese Anwendung wurde für die erleichterte 

Sequenzeditierung von Genomen entwickelt, welche sich in den letzten Jahren zu einem 

wichtigen Ingenieurwerkzeug in der Biotechnologie entwickelt hat. Kurz gesagt, mit 

multiplexem automatisierten Genom-Engineering (MAGE) können Mutationen, die auf 

kleinen einzel- oder doppelsträngigen DNA-Molekülen kodiert sind, während der Zellteilung 

mit Hilfe eines Phagenproteins als Okazaki-Fragment eingebaut werden. Seit kurzem kann 

man die Effizienz des Genom-Engineering durch CRISPR / Cas9-Gegenselektion noch 

weiter verbessern (CRMAGE). Aufgrund ihrer großen Bedeutung für die 

Stammentwicklung und ihrer Wichtigkeit für die praktischen Anwendungen in dieser Arbeit, 

haben wir diese jüngsten Entwicklungen dieser Technologie in Kapitel 1 zusammengefasst. 

Solche Ingenieursmethoden finden sowohl beim Modulieren von biotechnologischen in vivo 

als auch in vitro Systemen Anwendung. Während in vivo Systeme effizient für die 

Produktion von Produkten, welche E. coli Metaboliten ähneln, genutzt werden können, gibt 

es bei in vitro Systemen weitaus mehr Möglichkeiten. Es können zum Beispiel biologische 

und chemische Synthesemethoden kombiniert werden, nicht-natürliche und/oder toxische 

Edukte verwendet werden und/oder Produkte produziert werden oder die 

Reaktionsbedienungen verändert werden. Beim Arbeiten mit lebenden Zellen sind diese 
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Möglichkeiten sehr begrenzt, da die Bedingungen für lebende Zellen sehr schnell toxisch 

werden. Damit lebende Zellen oder zellfreie Systeme als Produktionssysteme verwendet 

werden können, müssen beide für ihr Ziel optimiert werden.  

Eine wichtige Möglichkeit, den Fluss durch einen Stoffwechselweg zu verändern, ist die 

Modifizierung ribosomaler Bindungsstellen (RBS) auf mRNA Molekülen. So kann die 

Affinität zwischen RBS und Ribosomen durch die Veränderung einzelner Basen beeinflusst 

werden, wobei eine höhere Affinität die Proteinbiosynthese positiv beeinflusst. Da die 

optimale RBS-Stärke vorab unbekannt ist, versucht man diese mit Hilfe von smartem 

Design zu optimieren. Um die resultierenden Bibliotheken direkt auf dem Genom von E. 

coli zu integrieren, verwenden wir CRMAGE. Zu Problemen führt dabei das 

unterschiedliche Erkennen und Reparieren der modifizierten Basen durch das DNA-

Reparatursystem von E. coli, da sich diese neuen DNA-Abschnitte in ein bis sechs Basen 

zur ursprünglichen DNA unterscheiden. Dies führt zu einer niedrigeren Effizienz der 

Integration und einer unerwünschten ungleichen Häufigkeitsverteilung der einzelnen 

Sequenzen nach der Integration. Unser neu entwickeltes Protokoll, welches wir „Genome 

Library Optimized Sequences“ (GLOS) nennen, verhindert diese ungleiche Verteilung, da 

keine der eingefügten Sequenzen vom DNA-Reparatursystem erkannt wird, sodass die 

Vielfalt der Bibliothek gewährleistet ist (Kapitel 2).  

Während wir RBSs dazu verwenden können, um die Translation vieler Proteinen zu 

regulieren, ist diese Möglichkeit für essentielle Proteine limitiert, da hier die Translationsrate 

nur bedingt verringert werden kann, denn die Zelle ist auf die korrekte Produktion dieser 

Protein angewiesen. Für die Anwendung von in vitro Systeme sind wir nicht auf diese 

Proteine angewiesen, zur Produktion der zellfreien Extrakte, auf denen die in vitro Systeme 

aufbauen, jedoch schon. Daher können wir auf die Gene für essentielle Proteine auch für 

in vitro Produktionssysteme nicht verzichten. Oft sind es aber genau diese Enzyme, die 

uns in einem Produktionssystem stören. Ein Beispiel hierfür ist die F1F0- ATP-Synthase, 

die in lebenden Zellen wichtig für die Energiegewinnung ist. Sie wird im zellfreien Extrakt 

nicht mehr in die Membran integriert und hydrolysiert ATP unspezifisch. Nucleotide, 

insbesondere ATP und ADP, werden in fast allen in vitro Produktionssystemen gebraucht 

und müssen deshalb zugegeben und mit komplexen Systemen regeneriert werden. Mit 

„schaltbaren Enzymen“ gelang es uns, solche essentiellen Enzyme erst in der in vitro 

Phase zu entfernen, indem wir in die Aminosäuresequenz des Enzyms ein kurzes 

Peptidstück („Tag“) eingefügt hatten, ohne dass dadurch die Funktionalität des Enzyms 

verloren ging. Dieser Peptidtag ist in unserem Fall die Erkennungssequenz für eine 

Protease des Tobacco Etch Virus (TEV). Durch Expression oder Zugabe der TEV Protease 
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werden Proteine mit Erkennungssequenz geschnitten und damit deaktiviert. Da ADP und 

ATP im zellfreien Extrakt schnell abgebaut werden, aber wichtig für fast alle 

Produktionssysteme sind, versuchten wir die Nucleotide durch Inaktivierung der Nucleotid-

abbauenden Enzyme zu stabilisieren. Durch das Einfügen des Peptid-Tags und 

nachfolgendes Zerschneiden einzelner ATP- und ADP-abbauender Enzyme konnte die 

Stabilität des Nukleotidpools verbessert werden (Kapitel 3). Diese Methode eröffnet uns 

aber auch die Möglichkeit, andere Nebenreaktionen sowie Kofaktor- und Energieträger-

abbauende Reaktionen auszuschalten. Diese Anwendung setzt jedoch eine Methode 

voraus, die es erlaubt, schnell und möglichst ohne detailliertes Wissen in vielen 

verschiedenen Zielenzymen eine geeignete Position zum Einsetzen eines Tags zu 

identifizieren. Alle derzeitigen Methoden, die dafür in Frage kämen, sind entweder sehr 

arbeitsintensiv, wie zum Beispiel Transposon-Mutagenese, oder individuell auf das 

Zielprotein zugeschnitten. Um ein schnelles und universelles Beschicken von Enzymen mit 

Peptiden („Taggen“) von Enzymen zu ermöglichen, haben wir GapMiner entwickelt, ein 

selbstlernenden Algorithmus, welcher auf die vier Eigenschaften Sequenz- und 

Längenvariabilität, relative Oberflächenzugänglichkeit und Erhaltung der Sekundärstruktur 

trainiert ist. GapMiner ermöglicht es, potentielle Tag-Positionen vorherzusagen, sodass 

Tag und Enzym nach Einfügen noch funktional sind. Hierfür braucht das Programm nur die 

Aminosäuresequenz des Proteins (Kapitel 4). 

Diese beiden Methoden, GLOS und GapMiner, werden es ermöglichen, in der Zukunft 

Produktionssysteme effizienter zu entwickeln.  
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1.1 ABSTRACT 
Prokaryotes modified stably on the genome are of great importance for production of fine 

and commodity chemicals. Traditional methods for genome engineering have long 

suffered from imprecision and low efficiencies, making construction of suitable high-

producer strains laborious. Here, we review the recent advances in discovery and 

refinement of molecular precision engineering tools for genome-based metabolic 

engineering in bacteria for chemical production, with focus on the λ-Red recombineering 

and the CRISPR/Cas9 nuclease systems. In conjunction, they enable the integration of in 

vitro synthesized DNA segments into specified locations on the chromosome, and allow 

for enrichment of rare mutants by elimination of unmodified wild-type cells. Combination 

with concurrently developing improvements in important accessory technologies such as 

DNA synthesis, high-throughput screening methods, regulatory element design, and 

metabolic pathway optimization tools has resulted in novel efficient microbial producer 

strains, and given access to new metabolic products. These new tools have made and will 

likely continue to make a big impact on the bioengineering strategies that transform the 

chemical industry. 
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1.2 INTRODUCTION 
The biotechnological production of fine, specialty, and commodity chemicals, often 

summarized as “white biotechnology”, is of substantial interest for industry. As these 

categories are only loosely defined, we assume the following meanings here: fine 

chemicals are highly pure building blocks for biologically active small molecules (e.g. 

pharmaceuticals, agrochemicals, compounds for flavor and fragrance applications), and 

specialty chemicals are materials used directly, based on their performance or function. 

Both are high value added [> $10/kg] compounds that are usually manufactured at a low 

production volume [often < 1000 metric tons per year], although many exceptions exist. 

Examples include riboflavin or pyrimidines, but also compounds of higher molecular weight 

such as peptides. Commodity (or bulk) chemicals are produced on a large scale (up to 

millions of metric tons per year), and are cheaply priced1. Common examples are acetic 

acid, ethanol, or L-lysine. While in general synthesis from petroleum feedstocks still 

dominates, global white biotechnology market demand was over USD 200 billion in 2015, 

and is expected to more than double within the next decade2.  

Biotechnology is well poised to complement, and in many cases replace, chemical 

synthesis. Biosynthesis, or whole-cell fermentation, does not depend on specific educts 

for biotransformation or bioconversion, but on relatively inexpensive renewable carbon 

sources such as glucose. Reaction conditions need not be repeatedly adjusted over 

biosynthetic cascades (e.g. batch fermentation), or require only substrate replenishment 

(continuous or fed-batch fermentation). Biosynthesis often operates at lower temperatures, 

produces less toxic waste, fewer emissions and by-products compared to conventional 

chemical processes3. Some chemicals, such as citric acid, have been produced with 

biotechnology for decades in cost effective and straightforward large scale fashion, 

whereas chemical synthetic routes are complex and expensive4. In addition, biocatalysts 

(enzymes and their co-factors) are continuously replenished in the course of fermentation 

through biosynthesis and cofactor recycling. In addition, bacteria (and multi-enzyme 

catalysis) can produce a large variety of complex optically pure products5 directly from a 

renewable carbon source or a prochiral starting material, and therefore biotechnology is 

an attractive alternative to purification from chemically produced racemates6.  

A suitable prokaryotic producer organism must not only be capable of overproduction of 

the compound of interest, it also needs a stable genotype. While plasmids and other mobile 

genetic elements can be easily constructed and transferred into the host and thus are 

highly useful in discovery and testing, there are a number of downsides to this approach 

when it comes to application on process level. For example, plasmid retention requires 

continuous selection pressure, often implemented through antibiotic selection. However, 
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for large scale fermentation this is an additional cost factor, and product contamination 

with antibiotics remains a non-negligible risk, which is of concern for many applications. 

Additionally, environmental considerations apply, as discharge of waste water 

contaminated with antibiotics can give rise to antimicrobial resistance, and appropriate 

treatment of waste water is expensive. Moreover, genetic instability may result from 

deletion or rearrangement of the plasmid7, or can lead to downregulation of copy number, 

which can cause loss of productivity8.  

All these issues can be circumvented by genomic integration of the recombinant functions, 

at which point the flexibility of plasmid-based methods is lost. Methods that engineer DNA-

encoded functions directly on the chromosome, often termed genome editing, are typically 

substantially slower, yet an important tool in bioengineering stable production strains. 

Heterologous DNA elements, such as coding sequences, regulatory parts, or short 

templates for mutagenic libraries are inserted into the chromosome in a targeted, site-

specific manner via recombination-mediated genetic engineering, or recombineering for 

short. In the model bacterium Escherichia coli, efficient recombineering relies on the 

recombination proteins of bacteriophage λ, which mediate incorporation of foreign DNA by 

homologous recombination9.  

Recently, recombineering is complemented by a sophisticated selection technology. In 

1987 Ishino et al. first described clustered repeating sequences of genetic code interrupted 

by spacer sequences in the genome of Escherichia coli. Thirty years later, these repeats, 

now called clustered regularly interspaced short palindromic repeats (CRISPR), are 

revolutionizing the field of genome editing in general (for a timeline see Fig. 1.1), and in 

bacteria specifically by offering a highly flexible and easy-to-program method to select 

against non-edited cells. Thus, the combination of λ-based recombineering and the 

CRISPR machinery provides an extraordinarily powerful new toolkit that may well 

drastically accelerate the transformation of the chemical biotechnology industry. 
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1.3 E. COLI AS A MODEL ORGANISM AND PRODUCTION HOST 
The most widely studied prokaryotic organism is the Gram-negative bacterium E. coli11. It 

serves as a model organism for molecular genetics and microbiology, and has been the 

host organism for the majority of method development with recombinant DNA12. For no 

other organism is there currently a larger genomic engineering toolbox13. Its metabolism 

and the efficiency of carbon use are fairly well characterized. Moreover, E. coli is also one 

of the most important species in biotechnology14. In an industrial setting, the bacterium is 

used as a producer of specialty chemicals such as amino acids15,16, vitamins17,18, organic 

acids19, and alcohols20,21. Chemicals from E. coli are used as building blocks for the 

synthesis of chemicals, polymers, and pharmaceuticals, such as shikimic acid for 

production of the antiviral drug Tamiflu22, taxadiene as a precursor for taxol, a potent 

anticancer drug23, polyhydroxyalkanoates for biopolyesters24 and biofuel25. Other 

examples include the anti-malarial drug artemisinin26, the antibiotic echinomycin27, and 

coenzyme Q10 used in medicine, foods and cosmetic applications28. Examples of higher 

molecular weight products that are produced in E. coli include insulin29, somatotropin30, 

interleukin-2, tumor necrosis factor31, and β- and γ-interferon32. Recently deposited patents 

list E. coli as a production host for the production of stevioside, a sweetener33, cis-5-

hydroxy-L-pipecolic acid, a precursor for the synthesis of the β-lactamase inhibitor MK-

765534, and 3-amino-4-hydroxybenzoic acid (3,4-AHBA), a precursor for polybenzoxazole, 

a thermostable bioplastic35. Clearly, E. coli has become a major biotechnological 

production host, and therefore we focus primarily on genomic engineering tools developed 

for E. coli, but briefly discuss the transferability to other microorganisms in section 6 of this 

review. 

1.4 PATHWAY OPTIMIZATION AND STRAIN SELECTION 
For industrial production of a chemical, product yield (product obtained per substrate 

consumed) or productivity (product produced per time spent) need to be optimized. To this 

end, overall metabolic flux of a selected pathway must be optimized by metabolic 

engineering. Product formation can be increased by (a) enhancing the flux into the 

pathway by modifying the feeding central metabolism, (b) optimization of the pathway itself 

to alleviate rate limiting steps, (c) removal of unwanted side reactions or competing 

pathways, and (d) removal of negative feedback regulation to allow overproduction of a 

desired compound36,37. This optimization is a complex endeavor. Not only are there a 

multitude of regulating elements to choose from in order to manipulate specific aspects of 

a host strain or pathway, but there is often no comprehensive understanding of what 
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elements enhance a pathway of interest or make it more efficient. Many of the interactions 

show non-linear behavior, and therefore tuning of one element can have unanticipated 

consequences. Often tuning of multiple elements may be required. The following elements 

can be used for modifying various aspects of metabolism: influence on protein levels: 

genomic position, gene copy number, codon usage, strength of promoters and ribosome 

binding sites (RBS), riboswitches, translational coupling, RNA stability, RNA interference, 

protein degradation or stabilization, and expression kinetics, and intrinsic regulation of 

enzymatic activity: catalytic properties of enzymes, allosteric interactions or inhibitory 

effects such as inhibition by product, by intermediates of the pathway, or by other 

metabolic compounds. To guide this broad variety of possible interventions, model-based 

approaches such as metabolic modelling38–40 and flux analysis41,42 can be applied to 

support target selection. Additionally, bioinformatics can for example aid with the 

identification of novel enzymes from other organisms that are to be included into a 

pathway. The availability of huge genome and transcriptome databases, and algorithms to 

mine these, enables identification of potential candidates43–45. 

Once these fundamental considerations of what to change and what method to use have 

been worked through, the designed changes need to be efficiently implemented on the 

chromosome. The challenge is that even when the necessary elements of change have 

been decided upon, it is not necessarily clear how to implement this on the DNA sequence 

level. Therefore, in many instances, one will approach the engineering task with a library 

interrogation, in which a small or broad variety of candidates needs to be assessed. Of 

course, the number of strains to evaluate explodes combinatorically when multiple targets 

are addressed. In other words, even when applying tools that allow the selective 

elimination of non-edited strains (see below), chances are that the strain engineering 

requires the evaluation of large numbers of candidate strains. In fact, it is the capacity to 

evaluate large numbers of strains that allows addressing multiple targets at once, enabling 

a more efficient combinatorial exploration of solution space46. With each strain engineering 

iteration, an appropriate discrimination step needs to be included. Not only do non-

modified wild-type cells need to be sorted out, but also unstable and low-producing cells 

need to be eliminated. A prerequisite for an efficient screen is a phenotype that can be 

efficiently scored: an end or side product, an intermediate, or other trait such as growth 

rate must be measured and if necessary converted into a scorable output signal. Signals 

are mostly based on fluorescence, colorimetry, luminescence, gas production, or change 

in biomass. In some cases, substrate consumption can be determined. If a product or trait 

cannot be directly measured with a suitable device in sufficient throughput, a biological 

sensor/converter must be built. Examples include aptamers that sense small molecules 
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and for example modulate translation47, product-specific transcriptional regulators such as 

the (methyl)phenol-responsive transcriptional activator DmpR48 that change promoter 

activity in response to accumulating product, split proteins such as a split RNA polymerase 

biosensor49, engineered enzymes50, or external sensors such as biosensor cells that apply 

one of the above mentioned principles in response to a product secreted by a producer 

cell51. Coupled to high-throughput scoring methods such as fluorescence-assisted cell 

sorting52, particle53 or droplet54 sorting, such methods allow then an efficient enrichment of 

cells with an improved trait. 

1.5 THE RECOMBINEERING TOOLKIT 

1.5.1 Mechanism of λ-Red based recombineering 
After discussing the context in which modern genome editing is applied, we now turn to 

the molecular strategies and tools that are available for efficient intervention on the 

chromosome. Traditionally, transposons55 and phages56 have played an important role in 

this regard, but in general they are not specific with respect to the site at which they 

integrate. An entirely different proposition is represented by homologous recombination 

(see Fig. 1.2), which is an essential biological process that by definition is targeting a 

specific section of the chromosome.  

Native homologous recombination of DNA fragments in E. coli is mediated by the RecA 

protein. RecA, ATP, and single stranded DNA (ssDNA) form a complex, bind to 

homologous DNA and catalyze the recombination of the ssDNA fragment with the 

chromosome. This process is independent of host replication, and rather inefficient57. By 

introducing phage-derived recombination systems into the bacterium, the efficiency of 

recombination events can be improved by orders of magnitude. Two prominent examples 

are the bacteriophage-encoded RecET proteins of the prophage Rac58 and the λ-Red 

recombination system of coliphage λ59. The more efficient λ-Red system consists of three 

key components, expressed from the three genes gam, exo and beta. Gam is a double 

stranded DNA (dsDNA)-binding protein and inhibits degradation of dsDNA by the RecBCD 

system of E. coli. Exo is a 5`- 3` exonuclease, which creates ssDNA from a dsDNA 

template. Beta can then bind to this ssDNA, stabilize it, and help to bind ssDNA to the 

genomic target (summarizied by Hillyar, 2012)62. To bind the ssDNA correctly to the 

genomic target, beta requires a homologous sequence of at least 20 nucleotides63. During 

chromosomal replication these ssDNA fragments are then integrated as Okazaki 

fragments in the replication fork64. A chimeric and a wild type chromosome are produced 
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after the first cell division. After the second cell division, the chimera segregates into a fully 

mutant genotype and a wild type chromosome (see Fig. 1.2).  

1.5.2 dsDNA λ-Red based recombineering 
From the mechanistic discussion above, it is clear that one can provide the template for 

recombineering either in form of linear ssDNA or linear dsDNA. Only beta is needed for 

ssDNA recombineering, and we will discuss below protocols for providing ssDNA for 

mutagenesis. However, ssDNA synthesis – usually from chemical, de novo DNA synthesis 

–is limited to a few dozen nucleotides of length. Longer pieces of DNA can be obtained in 

double stranded form, and then all three proteins are required for integration. In fact, 

plasmids can be used as DNA source, even though presently it remains unclear how the 

plasmid donor is converted into the ssDNA that is required for the λ-Red system. However 

of course, dsDNA can be made available in considerable length, easily exceeding several 

1000s of base pairs (bp), with DNA amplification methods such as polymerase chain 

reaction (PCR). This allows either to integrate more novel information into the process or 

to extend the homologous regions of the dsDNA fragment, which are identical to the DNA 

flanking the insert location at either side. Longer homology arms improve the allelic 

replacement (AR) efficiency (here defined as the number of edited clones per total number 

of clones), but require additional cloning efforts, as they cannot be introduced as 

overhangs by one-step PCR like it is routine for 50 bp homology arms63,65.  

Complex modifications like longer insertions or deletions can only be introduced with low 

AR efficiencies of 10−5 to 10−6 by λ-Red recombineering66. In those cases, available 

screening capacity is most often not sufficient to find the right mutant. Therefore, Datsenko 

and Wanner developed a 1-step recombination method, in which single genes are 

replaced via recombineering by an antibiotic cassette that is flanked by homologous 

regions, and that allows easy selection of the rare modified mutants. To continue 

recombineering at additional loci, the chromosomally integrated antibiotic resistance is 

preferably removed, and therefore it also contained two FLP recombinase recognition 

target (FRT) sites that allow for the removal of the cassette by the FLP recombinase67. 

This method is generally highly efficient, as illustrated by the construction of the Keio 

collection, a complete collection of single gene knockouts of non-essential genes in E. coli 

K-12 strain BW2511368. However, FRT sites remain in the chromosome as scars, which 

ultimately might even lead to reorganization of the chromosome in the presence of the 

proper recombinase. Scar-less genomic engineering was made possible with the 

development of a two-step recombineering approach. To this end, markers that can be 

used both for positive and negative selection, such as galK or thyA69 or the combination 
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cat-sacB 9, are inserted into the genome at the target site. In a subsequent recombineering 

step a second DNA fragment is provided, which is then introduced by homologous 

recombination to replace the markers70.  

All above methods are effectively limited to insertions of up to 2500 bp71. For longer 

fragments transformation and integration efficiency are not sufficient. To circumvent this 

problem, RecA-based dsDNA repair was recruited in addition to λ-Red recombineering. 

To this end, a landing pad, containing a tetA resistance gene together with a yeast 

endonuclease I-SceI recognition site, can be integrated into the genomic target locus by 

λ-Red based recombineering first. By expression of the endonuclease I-SceI a lethal 

genomic DNA double strand break is introduced, and only cells that repair the break by 

integrating the provided donor template can survive. Overexpression of RecA mediates 

intermolecular recombination, in some cases even quite efficiently. However, in general, 

expression of the λ-Red system increases low AR efficiencies considerably, in the best 

case up to 44%. With this method fragments up to 7 kb were introduced into the E. coli 

chromosome71.  

RecA-mediated intramolecular recombination was used to create an E. coli minimal 

genome. In this case a λ-Red-mediated first insertion contained both a selectable marker 

flanked by two I-SceI and a duplication of a genomic segment adjacent to the targeted 

deletion. This cassette replaced the segment to be deleted from the chromosome. After I-

SceI cleavage to eliminate the marker, the double strand break was repaired by 

endogenous RecA, resulting in elimination of the desired segment from the chromosome72. 

1.5.3 ssDNA λ-Red based recombineering and multiplexing 
As discussed above, for smaller modification or deletions, the donor DNA can be provided 

as a chemically synthesized single-stranded oligonucleotide. Because ssDNA fragments 

are integrated during DNA replication as Okazaki fragments in the replication fork, 

targeting the lagging strand instead of the leading strand results in 10-100 fold higher 

efficiencies9. Not considering cellular error correction mechanisms for the moment, a 

theoretically maximal AR efficiency of 25% can be achieved (see Fig. 1.2). Theoretically, 

ssDNA can be integrated at each chromosome replication, as long as beta and ssDNA 

fragments are present leading to even higher AR efficiencies. In reality the efficiency 

depends on the kind of mutation, transformation efficiency, ssDNA design and stability. A 

major influence is the native methyl-directed DNA mismatch repair (MMR) system which 

recognizes mismatches introduced through the ssDNA fragment and corrects them. AR 

efficiency can be improved by more than 100-fold for a single point mutation by inactivating 

the MMR system73. In fact, for all experiments discussed in this section the MMR system 
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was deactivated or in another way avoided, and we return to scenarios with active MMR 

system in section 1.4.4.  

To upscale ssDNA λ-Red-based recombineering, an automated iterative approach was 

developed with which many different genomic locations can be targeted at the same time. 

With the help of laboratory automation, multiplex automated genome engineering (MAGE) 

allows for repeated expression of beta and strain transformations with ssDNA to saturate 

the cells with modifications at different loci in the chromosome74. To achieve the highest 

AR efficiencies, it was shown that oligonucleotides should have a length of 90 bp75. It is 

unclear which factors contribute to this, but we speculate that the optimal length is a 

combination of several effects. For example, shorter oligonucleotides may lack sufficiently 

long homologous regions76. For longer oligonucleotides, likelihood of an error in the 

sequence (from chemical synthesis) increases with length, and the potential for secondary 

structure formation increases. Strong secondary structures in oligonucleotides were 

shown to have a negative effect on AR efficiency, as the oligonucleotides anneal to the 

chromosome less effectively, and therefore they should be optimized to have a weak 

propensity for the formation of secondary structures74,77. 

To reduce degradation of ssDNA by exonucleases, and hence increase oligonucleotide 

stability in the cell, four phosphorothioated bonds can be introduced at the 5`end of an 

oligonucleotide. This considerably increases AR efficiencies74. Along the same lines, 

removal of the endogenous E. coli nucleases ExoI, ExoVII, ExoX, and RecJ76,78 improves 

AR efficiencies at low oligonucleotide concentration.  

The AR efficiency of MAGE was further improved by use of co-selection markers (Cos-

MAGE). Here, a silent marker in close proximity to the target (e.g., an antibiotic resistance 

gene that has been inactivated by a point mutation) can be selected for by introduction of 

a second oligonucleotide that restores function of the marker. Since the two 

oligonucleotides are integrated simultaneously into the same newly synthesized strand, 

they end up in the same daughter cell79. Screening for marker presence increases the 

likelihood of identifying the desired modification next to it. 

Since MAGE allows in principle and in praxi for simultaneous targeting of several hundred 

locations, the limiting factor becomes oligonucleotide synthesis. Recent development of 

DNA microarray synthesis have made cost-efficient production of several thousand 

oligonucleotides at once possible80. For example, on such a chip 2585 oligonucleotides 

were synthesized simultaneously and used to edit the E. coli chromosome in an approach 

termed microarray-oligonucleotide (MO)-MAGE81.  
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1.5.4 Strategies to deal with the native DNA mismatch repair (MMR) system 
One major drawback of ssDNA recombineering is that its efficiency is drastically reduced 

by MMR and therefore mostly done in MMR deficient strains. This results in a high number 

of off-target mutations over the many generations of growth that are required to carry out 

these experiments. Since most often ssDNA recombineering is done in cycles (e.g., 

MAGE) these mutations accumulate over the number of cycles and continue to accumulate 

afterwards, and as a result the engineered strains do not have a stable genotype82–85. If 

the MMR system is active, a high repair rate for single point mutations is observed, which 

lowers the AR efficiency. If a mismatch occurs during DNA replication there is a small time 

window during which the newly synthesized strand is not yet methylated by the Dam 

methylase, and the MMR system can repair it. For this, the MutS protein binds to the 

mismatch and recruits MutL. The MutSL complex activates MutH to cleave at an 

unmethylated GATC site. UvrD then degrades a part of the “wrong” (unmethylated) strand, 

DNA is resynthesized complementary to the methylated template strand, and the break 

thus repaired86. If no GATC site is present within 2 kb of the mismatch, the DNA repair rate 

is substantially impaired87. Interestingly, not all mismatches are recognized with the same 

rate, e.g., repair rates decrease for G:G > T:C > A:G > C:C73. A C:C mismatch is not 

recognized, and it also masks adjacent mutations from the MMR system76. 

In order to prevent the MMR system from decreasing AR efficiency, one straightforward 

option is to delete either mutH, mutL, mutS, or uvrD73, but this is a suboptimal measure 

because of the higher error rate during DNA replication. Therefore, several methods were 

implemented that try to deactivate the MMR system temporarily during the oligonucleotide 

incorporation step, and thus reduce the number of off-target effects. By introducing a 

temperature-sensitive MMR system, which is functional at 30°C but is deactivated at 

higher temperature, the MMR system could be selectively deactivated during the 

recombineering steps84. Similar effects were shown for strategies in which a dominant 

negative allele of mutL88 or dam89 was expressed temporarily during the recombineering 

step. These methods reduce the number of cell divisions during which the MMR system is 

deactivated, and the resulting final strain still has an active MMR system. Off-target 

mutations can still occur during strain construction, but the final production strain has a 

stable genotype compared to strains with a permanent MMR deficiency. 
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1.5.5 Counterselection method: CRISPR Cas9-mediated oligonucleotide 
recombineering 

The Streptococcus pyogenes protein Cas9 is an RNA-guided nuclease that cuts dsDNA90. 

Cas9 belongs to the class 2 type II CRISPR/Cas9 system, and its crystal structure was 

recently resolved91. Excellent summaries of the different classes and types of 

CRISPR/Cas9 systems are available92–94, so we focus here on the properties that are 

material for the present discussion. Naturally, Cas9 is part of the adapted immune 

response of bacteria against phages. Short sequences of foreign DNA are stored in a so-

called CRISPR array95, which is basically a memory of foreign DNA that the cell has 

previously encountered96. The CRISPR array is transcribed and processed into the guide 

RNA (gRNA). The gRNA consists of two RNAs, the CRISPR RNA (crRNA), and the trans-

activating CRISPR RNA (trRNA). This RNA complex then directs Cas9 to the target 

specified by the crRNA, where Cas9 introduces a double strand break and thereby 

inactivates newly invading foreign DNA97. Although recognition and cleavage at the target 

position are very specific, a limited number of mismatches between target and crRNA is 

tolerated at the 5´end of the gRNA98. Cas9 however can only bind and cut the target DNA 

if a protospacer adjacent motif (PAM) (5'-NGG-3') sequence is present immediately after 

the targeting sequence on the target DNA.  

This adapted immune response can be used for genome engineering, specifically, to 

actively cut genomic DNA at a precise target location of choice99. As the ability of E. coli 

to repair DNA double strand breaks is limited, most cells will die as a result of a Cas9-

introduced cut in absence of a provided repair template. If in a previous step the 

chromosome was modified by λ-Red recombineering, then a gRNA that targets the wild-

type sequence does no longer bind to the recently altered genomic location (see Fig.1.2). 

Modified cells thus prevent the double strand break and are enriched, while wild-type cells 

are eliminated. This strategy is referred to as CRISPR/Cas9 counterselection, which has 

a theoretical upper limit of 100% can be reached. The presence of endogenous RecA 

seems to be undesirable in this case, most probably because double-strand breaks are 

repaired without making use of the provided donor DNA100,101.  
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Figure 1.2: Mechanism of CRISPR/Cas9 counterselection. (a) Wild type cells are modified 
with oligonucleotide λ-Red phage based recombineering methods (based on Exo, Beta, Gam), 
resulting in a maximal 25% mutants in the population. A gRNA (crRNA + trRNA) complementary 
to the wild type sequence recruits the Cas9, which introduces a double strand break in the wild 
type chromosome, resulting in cell death of the wild type. The crRNA however cannot anneal to 
the mutant cells and therefor these cells survive the CRISPR/Cas9 treatment. Leading to an 
enrichment of the mutant in the population. (b) Genomic loci of the λ-Red and CRISPR/Cas9 
system. 
 

 

In theory, a plasmid-based CRISPR/Cas9 can be used as selection method for every 

genome editing method, especially ssDNA λ-Red recombineering99,101,102. Jiang et al. first 

used CRISR mediated λ-Red recombineering to introduce an A to C single point mutation 

with 65% AR efficiency99. The AR efficiency of a single point mutation was further improved 

beyond 95% by a method called “CRISPR-optimized MAGE recombineering“ 

(CRMAGE)101. Here, in addition to the target mutation, a silent point mutation is introduced 

into the neighboring PAM site, so that the mutated DNA sequence is no longer a substrate 

for Cas9. While the killing efficiency may vary depending on where and how many 

mismatches are introduced between chromosome and gRNA98, an altered PAM sequence 

prevents Cas9 completely from cutting. 

Despite the potency of CRISPR/Cas9 counterselection, it is effectively not possible to 

reach an AR efficiency of 100%, since either the cas9 gene, the CRISPR locus containing 

the crRNA, or the PAM site can be lost or mutated in wild type cells (so-called escape 
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mutants)103. Since these mutations can occur with a much higher frequency in MMR 

deficient strains, more escape mutants are observed in an MMR-deficient background, 

leading to lower AR efficiencies104. Still, the efficiency of the CRISPR/Cas9 

counterselection is so high that it even allows isolating point mutations from ssDNA-

derived mutagenesis in strains that are MMR positive throughout the entire mutagenesis 

process104.  

λ-Red based recombineering with CRISPR/Cas9 counterselection is not limited to point 

mutations; also insertions or deletions have been implemented. Deletions up to 3 kb are 

possible with ssDNA recombineering, but for longer deletions the AR efficiency is declining 

rapidly, while for dsDNA AR efficiency stays at nearly 100%. Up to 12 kb deletions are 

possible with dsDNA recombineering if 500 bp homolog arms are used104. For long 

insertions only dsDNA can be used. Here up to 2 kb can be inserted with nearly 100% 

efficiency, which for longer fragments AR declines significantly (see also Section 1.4.2). 

Still, a remarkable 8 kb could be inserted with 15% AR efficiency by using Cas9-based 

counterselection104. In another study, a 560 bp long dsDNA fragment with 40 bp homology 

arms was used to replace segments from 8 to 19 378 bp of length. The efficiencies ranged 

from 47% to 3%105. 

An alternative to using oligonucleotides to transform target cells is to provide the donor 

DNA on a plasmid. Indeed, combined with CRISPR/Cas9 this can also result in high 

efficiency deletions and insertions106. The drawback here is that a donor construct (the 

plasmid with the donor DNA) has to be assembled first, which is an additional (laborious) 

step.  

To tackle this challenge, a CRISPR-enabled trackable genome engineering (CREATE) 

method was developed107. Here, high-throughput oligonucleotide synthesis on a 

microarray was used to synthesize a large population of oligonucleotides that contained 

on the one hand the donor DNA and on the other hand the information for the gRNA that 

would subsequently be used to cut the chromosome if it has not been edited. The 

microarray was then used to PCR amplify individual sub pools for multiplexed construction 

of plasmids in an automated way. With these plasmids, encoding the gRNA and the 

template for recombination, AR efficiencies of on average 70% for single point mutations 

and deletions were achieved by co-expressing Cas9. However, the most important benefit 

of this method is the high throughput that can be achieved, which was reported to be as 

high as 50 000 mutations at 7 000 loci in 1 to 2 weeks.  

An alternative to improve the throughput is to use CRISPR/Cas9 counterselection 

strategies in iterative protocols such as known from the original MAGE protocol. However, 

for each new target, the strain has to be cured of the plasmid containing the old CRISPR 
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array, if the same plasmid backbone with a new CRISPR array is used to target the next 

locus. The plasmid containing cas9 can remain in the cells during the whole process. One 

strategy is to develop self-curing plasmids on which the inducible CRISPR targets include 

a locus on the CRISPR plasmid itself, so that the plasmid is destroyed in response to 

inducing the system in nearly all cells101,104.  

Despite the impressive advances in gene editing as a result of the introduction of Cas9-

based counterselection, some questions remain. This includes, for example, the effect of 

the chromosomal position of insertion on AR efficiencies? By integrating a gfp into seven 

different loci on the E. coli chromosome 70-100% AR efficiency could be achieved, 

indicating that the method works on different loci but with different efficiencies108. Recently, 

78 “dispensable” genes were targeted by a 30 bp deletion with AR efficiencies ranging 

from 10 to 100%109, confirming that chromosomal position might play an important, yet 

underappreciated role. 

1.6 APPLICATION OF CRISPR/CAS9 SYSTEMS FOR DIFFERENT SCENARIOS 
IN METABOLIC ENGINEERING 

To implement a production strain for a fine or commodity chemical, most often foreign 

genes need to be introduced into the system and the fluxes of the existing system need to 

be optimized. In early engineering efforts foreign genes were most often introduced on 

plasmids without further engineering effort, and only the endogenous, chromosomally 

encoded genes were optimized21,74,104. With the establishment of CRISPR/Cas9 

counterselection, chromosomal integration of foreign genes105 or even whole pathways 

became possible with high efficiency108,110. An example is the one step genomic integration 

of a 10 kb pathway encoding the conversion of pyruvate to isobutanol108, which had been 

optimized previously111. The pathway consists of five genes recruited from different 

organisms, promoter and terminator, and was assembled by PCR and yeast 

transformation-associated recombination cloning. Followed by the integration into the 

chromosome of E. coli with the help of CRISPR/Cas9-mediated λ-Red recombineering. 

However, most often simple integration of heterologous genes is not sufficient for optimal 

performance of a recombinant strain. These genes need to be integrated into a complex 

network of endogenous pathways, and fluxes need to be fine-tuned. Up or down regulation 

of a reaction can be done on different levels: transcription and translation. For example, 

on the transcriptional level, promoters can be replaced79. If a reaction is not needed at all 

for product formation, the corresponding gene can be deleted or a STOP codon can be 

introduced to generate a translational knockout112. 
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A second recombineering option on the translation level is the modulation of translation 

initiation rates (TIRs) by editing RBSs. Modulating RBS strength can be done by full 

randomization of an RBS, resulting in huge libraries in which most library members 

predictably have a weak or non-functional RBS. Therefore, partly degenerated RBS 

sequences such as DDRRRRRDDDD (D=A,G or T, R= A or G) can be used to make the 

editing result more similar to the canonical Shine-Dalgarno sequence (TAAGGAGGT) in 

E. coli, as was done to optimize lycopene production74. A fivefold increase in lycopene 

levels was achieved by modifying four of 20 targeted RBS sequences after 35 MAGE 

cycles. A similar success rate was obtained for the overproduction of L-DOPA, a drug 

against Parkinson’s disease, in E. coli: after 30 MAGE cycles three of the targeted 23 

RBSs were modified in the best producer strain113. However, with large library sizes (due 

to combinatorial explosion), and low AR efficiency, it is important that successful 

recombineering events are meaningful (i.e. feature a functional RBS) and involve only few 

non- or low-performing elements. Therefore, an important improvement of the method 

includes the prediction of RBS strength (TIR), which can be reasonably accurately 

predicted from the DNA sequence only114. On this basis several tools were developed to 

predict customized information rich libraries46,115–117. Library sizes can be reduced to 5-20 

RBSs that presumably cover the TIR range either in an exponential or linear fashion. 

However, even with these improvements multiplexed genome editing with RBSs remains 

challenging, due to limtations in transformation and AR efficiencies: While targeting five 

RBSs with 16 variants each leads only to a libray size of 165 (1,048,576), still 40 MAGE 

cycles were required to identify an overproducing strain due to the low efficency of 

MAGE118. However, with additional CRISPR/Cas9 counterselection to improve AR 

efficency for small mismatches (6 bp) from 6% to 70%101 this problem can be solved. 

CRISPR/Cas9 was used to optimize the production of n-butanol, where five RBSs were 

integrated and screened separately to find the highest producer 21. When smart libraries 

were combined with CRISPR/Cas9, four rounds of CREATE were sufficent to optimize 4 

RBSs for isopropanol production119. However one problem remains, which is the different 

repair rate of the library members by the MMR system. Since different library members 

may result in a different number of mismatches, different library members are recogonized 

with different affinities by MutS. This results in a bias towards some mutants of the library. 

By designing the library based on a 6 bp mismatch we could show in this thesis that we 

are able the integrate uniformly distributed libraries into the chromosome of E. coli 

(chapter 2). 

For some applications, the functionality of a chromosomally encoded enzyme needs to be 

evolved. This can for example be done by using the discussed genome editing tool 
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(CREATE) combined with site directed saturation mutagenesis of predetermined codons 

on the chromosome directly107. Also, integration of non-natural amino acids can introduce 

novel functionality, but again requires codon changes, in this case to STOP-codons, which 

can in principle be re-coded to sense codons if a suppressing tRNA is available120. Such 

schemes benefit if a re-coded STOP codon is no longer used as a STOP codon in other 

parts of the chromosome, as this prevents undesired read-through. This prompted the 

MAGE-based construction of a strain which had all 314 TAG stop codons replaced with 

synonymous TAA codons121. After deletion of the gene for release factor 1 (RF1, 

interacting with TAG) and integration of an orthogonal archaeal aminoacyl-tRNA 

synthetase and a corresponding tRNA, this strain was used to incorporate the unnatural 

amino acid phosphoserine122. To have even more codons available for the incorporation 

of unnatural amino acids, the rare arginine codons AGA and AGG were synonymously 

replaced by the frequent CGT123. While the replacement of the TAG codon has been done 

with “laborious” λ-Red recombineering only, CRISPR/Cas9 counterselection was used for 

14 of 123 replacements of the rare arginine codons to speed up the construction. 

Genome engineering based on the λ-Red system can also be used in the context of in 

vitro systems biocatalysis124. By disrupting the nuclease genes csdA and endA by MAGE 

from an E. coli strain lacking RF 1, 4-fold higher levels of super-folder green fluorescent 

protein containing p-acetyl-l-phenyl-alanine were produced by cell free protein 

synthesis125. As another in vitro application, the multi-step enzymatic production of fine 

chemicals in cell-free so-called cascade reactions also has great potential, since typical 

constraints of in vivo production (cell viability) no longer apply, yet many of the advantages 

still hold (multiple reactions can be performed in the same solvent (water or water-rich 

mixtures), physiological conditions with respect to pH and temperature, non-natural 

starting materials possible, no mass transfer limitation, etc.)126. One of the challenges of 

multi-step in vitro systems is system assembly, as production and possibly purification of 

multiple enzymes can be costly. Therefore Wang et al. appended via genome editing the 

information for His-tags to a whole suite of genes in the chromosome of E. coli, so that 

with a one-pool purification they purified the 38 essential proteins of E. coli’s translation 

machinery127. In this thesis we present a different approach to remove proteins from the 

CFX and therefore orthogonalize a pathway of interest, instead of pulling them out of the 

CFX by affinity chromatography we render them non-functional, by “switchable enzymes”. 

A switchable enzyme is equipped with an internal protease cleavage site, upon addition of 

the protease the protein is rendered non-functional. In chapter 3 we explore rules for the 

design of these switchable proteins, they mainly have to fulfil three criteria, the protein has 

to be still functional after tag insertion (permissiveness of the site), the protease cleavage 
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tag needs to be accessible for the protease and, last but not least, the protein has to lose 

function after cleavage. Chapter 4 continues this work by the design of four computational 

features which are important for taggability: length variability, sequence variability, 

preservation of secondary structure and relative surface accessibility. These features are 

further combined in a single score by a classifier trained on literature data. 

1.7 TRANSFERABILITY OF GENOMIC ENGINEERING TOOLS TO OTHER 
BACTERIA 

Tools for multiplexed genome engineering usually need to be optimized for a specific 

organism of interest. Basic engineering principles are generally transferable between 

species, but individual species-specific traits have to be taken into account. For example, 

mismatch repair systems may differ slightly in substrate specificity, a particular 

recombineering protein may work better in one prokaryote than in another, and 

transformation protocols need to be optimized for the specific organism in question 

anyway. Correspondingly, the reach of specific recombineering tools is currently limited, 

yet the validity of the underlying principles is not. For example, a successful attempt at 

generating a portable genome engineering method was made with a MAGE-based 

genome editing and library generation tool that can be implemented in E. coli, Citrobacter 

freundii and Salmonella enterica88,128.  

More important from a biotechnological perspective would be to extend the reach of such 

methods to important production systems such as the Gram-positives Corynebacterium 

glutamicum and Bacillus subtilis14. The soil bacterium C. glutamicum has been used as an 

industrial producer for more than half a century, mainly for the production of L-amino acids 
129,130. Thanks to advances in recombineering131, its product spectrum was recently 

expanded to include vitamins132, D-amino acids133, organic acids134, pyrazines135, 

pyrimidines136, diamines137, alcohols138, fatty acids139, and polymers140,141. Most of these 

advances relied on low-throughput genome engineering methods142. An exception is a 

high-throughput recombineering strategy based on the RecET system for the development 

of producer strains of L-lysine143. Rational approaches to improving the chassis by 

homologous recombination based deletion of non-essential gene clusters were also 

undertaken144.  

B. subtilis is a widely distributed industrial producer of proteins, antibiotics, insecticides, 

flavor enhancers, and riboflavin145–147. Many recombineering tools were developed 

specifically for B. subtilis148, and λ-Red based ssDNA recombineering has also been 

implemented for this bacterium149. Genome engineering was improved with the native 

phage recombinase GP35150. Recently, CRISPR/Cas9 was functionally implemented in 
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B. subtilis. In contrast to E. coli, no additional recombinant recombination system like 

λ-Red was needed there since the efficiency of the RecA-system is sufficient in 

B. subtilis151.  

Next to these model biotechnological hosts, the scope of recombineering is continuously 

extended to include other relevant bacteria. For example, Pseudomonas putida is 

emerging as another attractive strain due to its inherent robustness to adverse production 

environments152. Here, λ-Red-based recombineering was introduced recently153,154, as 

was oligonucleotide-based recombineering155.  

Lactococcus lactis and other lactic acid bacteria are used not only as starter cultures in 

the industrial manufacture of fermented food products, but also as producers of a variety 

of industrial products, e.g., lactic acid and its stereoisomers, antimicrobial peptides, and 

high-value metabolites involved in flavor, texture or health applications of probiotic 

products147. Metabolic engineering strategies were made to re-route metabolic flux to 

maximize important fermentation end products, mainly lactic acid, and to produce 

compounds such as diacetyl, alanine, exopolysaccharides156, nutraceuticals157, and 

vitamins158. Here, ssDNA-based precision genome engineering based on the RecT protein 

and CRISPR/Cas9 counterselection methods have recently become available (reviewed 

by van Pijkeren and Britton, 2014)159. Finally, Streptomyces spp are efficient producers of 

antibiotics147,160. Recent studies showed efficient CRISPR/Cas9 mediated 

recombineering161,162. 

1.8 PRESENT AND FUTURE CHALLENGES 
Despite the rapid advances of bio-based production of chemicals in the past decades, it 

remains a challenge to predictably rewire genetic and metabolic networks to obtain a 

desired product yield due to the complexity of cellular systems. Interactions of the pathway 

components with the chassis (the host cell) play an important role163. Even within the same 

species, different microbial strains display different physiologies. For example, product 

inhibition can be strain-dependent23. Enzyme expression levels associated to high 

productivity may be confined to narrow operational windows, which, due to non-linear 

characteristics of interactions, might not be easy to identify. Simple, seemingly 

straightforward parameters such as the position on the chromosome matter164. True facile 

portability of neither gene regulation elements, nor of genomic engineering tools across 

species has been achieved yet. There remains much to be learned about genetic 

organization, gene regulation and metabolic fluxes, and maintenance coefficients of host 

strains165,166. Furthermore, intermediate metabolites can be toxic, physiological pathways 
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may compete with product formation, metabolic burden can be too high. Indeed, Cas9 

itself proved to be a toxic molecule99,107, and its detoxification will require further 

engineering efforts.  

Two points seem obvious in terms of future developments: First, the commonly used Cas9 

from Streptococcus pyogenes requires a 5′-NGG-3′ PAM site, which limits the gRNA 

design. Here a PAM site-independent nuclease would allow more freedom in the gRNA 

design. Alternatively, more readily available orthogonal Cas9 enzymes with their 

respective guide mechanisms and different PAM sites92, such as the Cas9 nuclease Cpf1 

from Staphylococcus aureus that recognizes 5′-TTN-3′ as PAM site167, or Cas9 with altered 

PAM motif recognition engineered by directed evolution168, would serve the same purpose.  

On the screening side and somewhat counter-intuitive given the selectivity of the 

Cas9/chromosome interaction, the advent of recombineering and Cas9/CRISPR 

counterselection reinforces the importance of large scale screening campaigns. Increasing 

the efficiency of one tool does not remove the requirement for combinatorial exploration of 

the non-linear systems space, and this can only be done with efficient screening and/or 

selection protocols. As many target molecules in, broadly speaking, the (bio-)chemical 

synthesis domain do not possess properties which are easily amenable to screening (e.g., 

their formation is not associated with a change of fluorescence properties), strategies for 

readouts for high-throughput screens remain an important tasks. Intermediate products 

present additional difficulties, and sensor engineering can be non-trivial50,169,170. 

The last three decades have seen substantial advances in a broad front of activities 

required for the improvement of microbial production processes, from classical 

microbiology to almost fully automated strain engineering platforms. The discovery and 

development of powerful genome editing tools such as λ-Red and CRISPR/Cas9 that now 

allow for surgical precision engineering of entire bacterial genomes. They complement 

other technological advances such as cheaper, faster, more accurate, and massively 

parallel DNA synthesis and sequencing, as well as more conceptual improvements in our 

understanding of prokaryotes. Advances in enzyme and biosensor engineering allow for 

better monitoring and balancing of metabolic fluxes. Computer-aided data analysis and 

sophisticated bioinformatics modelling reduces wet lab effort. It seems safe to say that the 

future will see an increasing number of industrial biotechnology applications, and a greater 

market share of fermented fine, specialty, and commodity chemicals.  
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1.9 SCOPE OF THIS THESIS 
With genome editing being no longer a time-consuming and laborious affair, applications 

that require the modification of multiple functions come into focus. We explore in this thesis 

the application of these methods to two important problems for metabolic engineering, 

genomic ribosome binding site engineering and protein tagging. 

While CRISPR/Cas9 counterselection revolutionized the efficiency of the MAGE 

technology (called CRMAGE) one problem still remains. In the process of CRMAGE a 

mismatch is created between the new mutated strand and the original one, depending on 

the length and kind of mismatch this may or may not be repaired by native DNA mismatch 

repair (MMR). Ribosome binding sites (RBSs) can be easily modified by randomization of 

the Shine Dalgarno sequence. Library construction, however is very biased since the 

different mismatches are recognized with a different rates by the native MMR system of 

E. coli. Chapter 2 describes a novel approach how to integrate RBS libraries in MMR 

proficient strain by CRMAGE. We therefore integrate RBS libraries based on a 6 bp 

mismatch instead of full randomization to avoid the MMR system. This new protocol was 

validated on the riboflavin pathway. 

For the optimization of in vitro production systems certain reactions have to be removed. 

Often the genes encoding the enzymes for these reactions can be simply knocked out, 

however this is not possible if the gene is essential since the cells are required to growth 

to produce the cell free extract for the in vitro production system. Chapter 3 describes the 

genomic integration and evaluation of conditional protein knockdowns called switchable 

proteins. A switchable protein is equipped with a tobacco etch virus (TEV) protease 

cleavage site (TEV-tag) into functionally unobtrusive sites. Upon addition of a TEV 

protease these proteins are cleavage and rendered non-functional. We inserted genomic 

TEV-tag into the genome of E. coli by lambda Red recombineering and showed these 

deactivation of these proteins by the stabilization of nucleotides in cell free extract. To 

improve the throughput of genomic tagging, a novel pipeline to predict internal tagging site 

in the proteins of E. coli was developed in chapter 4. Since the permissive sites in chapter 

3 were obtained by laborious analysis and testing of potential sites, we integrated our 

knowledge into a computational pipeline. Based on the four biologically motivated criteria: 

sequence variability, length variability, preservation of secondary structure and relative 

surface accessibility we developed an aa based score for each aa position. The pipeline 

was validated by insertion of Strep-tags and a Strep-TEV double tag into essential protein 

on the genome of E. coli by CRMAGE, followed by functional evaluation of the tag. 
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2.1 ABSTRACT 
Multiplexed gene expression optimization via modulation of gene translation efficiency 

through ribosome binding site (RBS) engineering is a valuable approach for optimizing 

artificial properties in bacteria, ranging from genetic circuits to production pathways. 

Established algorithms design smart RBS libraries, based on a single partially degenerate 

sequence that efficiently samples the entire space of translation initiation rates. This 

degenerate sequence is in turn an excellent starting point to implement libraries for 

chromosomal RBSs engineering using CRISPR/Cas9-based genome editing tools if 

rational design is not feasible. However, the sequence space that is accessible through 

the library is severely restricted by DNA mismatch repair (MMR) systems. MMR efficiency 

depends on the type of the introduced mismatch and its length and thus efficiently removes 

potential library members from the pool. Rather than working in MMR-deficient stains, 

which accumulate off-target mutations, or recruiting temporary MMR inactivation, which 

requires additional steps, we eliminate this limitation by developing a rule for the pre-

selection of genome library optimized sequences (GLOS) that allows introducing large 

functional diversity into standard MMR-positive strains with sequences that are no longer 

subject to MMR processing. We implement here several GLOS libraries in the model 

bacterium Escherichia coli and show that libraries based on GLOS indeed retain diversity 

during genome editing and that such libraries can be used in complex editing operations 

such as concomitant deletions. We argue that this approach allows stable and efficient 

fine tuning of chromosomal functions with minimal effort and can be expanded to other 

microorganism and other genome editing methods.   
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2.2 INTRODUCTION 
Modifying ribosome binding site (RBS) strength is a popular and efficient approach to tune 

gene expression levels in prokaryotic systems74,171. Small changes in as few as 6 to 8 bp 

in a spatially well-defined region result in the up- or down-regulation of translation172. Since 

the translation initiation rate (TIR) of any RBS can be approximately predicted solely from 

its nucleotide sequence172, RBS engineering is a useful tool for rationally optimizing a 

broad range of artificial functions, such as the signaling characteristics of genetic circuits173 

or pathway fluxes for production of valuable products117. Still, in many cases the required 

level of translation is not known nor is the prediction of the RBS strength exact. In addition, 

confounding factors such as metabolic burden, essentiality of involved genes, side product 

formation and toxicity may apply174, and predicted expression levels may not be met due 

to a lack of availability of free ribosomes175. Therefore, a library approach is often needed 

to optimize the TIR for each of the involved genes. As full randomization of even a short 

part of the RBS produces a set of sequences that is too large to evaluate for a single gene, 

let alone for gene combinations, and in addition is heavily biased towards non-functional 

or weak RBSs46, a number of tools exist that use the mentioned approximate prediction of 

RBS strengths to design smaller libraries with a high level of functional sequences whose 

predicted TIRs still span the entire accessible range. They include the “RBS library 

calculator”114,117, the “MAGE Oligo Design Tool” (MODEST)81, the “Empiric Model and 

Oligos for Protein Expression Changes” (EMOPEC)116, and “Reduced Libraries” 

(RedLibs)46. While the overarching goal is the same, the methods to achieve the smart 

library differ in their implementation. For example, RBS strength is either predicted by a 

biophysical model or by machine learning (random forest), another difference is the 

spacing of the variants in the TIR space, which is either chosen to be linear or exponential.  

In many cases, in particular those in which genetic stability of engineered strains is of 

importance, such as for industrial biotechnology7,176, the relevant functions that need 

tuning are located on the chromosome, presenting a considerable practical obstacle to 

efficient engineering177. However, the development of multiplex automated genome 

engineering (MAGE), by which small changes in the prokaryotic genome can be efficiently 

introduced using the lambda red-supported exploitation of single stranded DNA 

oligonucleotides as fake Okazaki fragments74,178, has allowed extending RBS engineering 

to chromosomal genes, including large scale multiplexing74,113,117,118. However, the 

mechanism of action of this targeted mutagenesis method inherently leads to effects that 

depend on the sequence of the mutagenic oligonucleotide: the target cell counters 

mutagenesis by removing mismatches during replication using its MMR enzyme MutS, 
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and the efficiency of this process depends on the length and nature of the mismatch73–

75,178,179. Consequently, the members of libraries of mutagenic oligonucleotides will meet 

with quite different fates upon transformation of the target cell. The effect can be avoided 

in MMR-deficient (MMR-) strains, but this results in an increased overall mutation rate 

(approximately four unwanted point mutations in the genome per MAGE cycle82–85 (see 

also Supplementary Fig. 2.1)) and can undermine selection (see below). The MMR system 

can be temporarily inactivated83–85, thus limiting the potential for undesired mutations, but 

this adds additional complexity to the process. 

Here, we develop an alternative protocol for genome engineering that allows ignoring the 

MMR system altogether and thus [i] is optimally suited for manipulations in practically 

relevant MMR+ strains and [ii] eliminates the potential for sequence-based bias from library 

strategies. Specifically, MutS recognizes longer insertions or mismatches with decreasing 

efficiency; mismatches that are greater than 5 bp are hardly recognized at all76. Therefore, 

using oligonucleotides that introduce the desired mutation(s) on an (at least) 6 bp-long 

mismatch should eliminate sequence bias. Practically speaking, this rule, which we term 

the GLOS rule (for genome library optimized sequences) can be easily implemented as 

an additional requirement for available oligonucleotide selection algorithms, in our case for 

RBS engineering using the RedLibs algorithm46 (see Fig. 2.1).  

For practical implementation, we combine our MAGE-based library designs with 

CRISPR/Cas9-based counter-selection (CRISPR-optimized MAGE or CRMAGE101), 

which has been shown to deliver excellent allelic replacement (AR) efficiencies (more than 

95% and 60% for inserting 1 and 6 bp mismatches, respectively101). The GLOS-strategy 

fits well to this approach, as by design all oligonucleotides will have the same mismatch 

length and thus AR efficiency and gRNA/target binding should be similar, avoiding 

additional sources of biases (see Supplementary Table1). 

Here, we demonstrate the scope of the GLOS approach with a particular focus on avoiding 

the introduction of sequence bias into library approaches. We validate the GLOS method 

by modulating the RBS of E. coli’s chromosomal lacZ gene, and then illustrate its practical 

utility by modulating a production pathway, specifically the production pathway for the 

industrially produced vitamin riboflavin (vitamin B2, see Supplementary Fig. 2.2)180.  
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Figure 2.1. GLOS-RedLibs-supported library design. 
Schematic comparison of RBS-library design without (upper path) and with (lower path) GLOS-
pretreatment. Upper path: A fully randomized RBS sequence (N6-library) is reduced by the 
RedLibs algorithm in order to identify the partially degenerate oligonucleotide sequence (N6-
RedLibs) that encodes a given number, here n=18, of RBS sequence variants whose predicted 
TIRs are as uniformly as possible distributed through TIR space. If this library is used to change 
the RBS of a target gene in an MMR- strain, all 18 sequences can be expected to be integrated. 
In an MMR+ strain, only 6 (*) sequences would be incorporated assuming that C:C mismatches 
are not recognized by MMR system 178,179. For simplicity, we assumed here a repair “cutoff” of 
3 bp. In reality, there is no “cutoff” and mismatches of increasing length are repaired with 
decreasing efficiencies. Lower path: According to the GLOS-rule, only sequence variations that 
ensure a mismatch of 6 contiguous nucleotides are allowed (a 729-members subset of the 4’096-
members fully randomized library of the upper path, GLOS-library). This subset is then reduced 
via RedLibs to yield the oligonucleotide that encodes n=18 RBS sequence variants (GLOS-Red-
Libs) whose predicted TIRs are most uniformly distributed through TIR space. As the 6 bp 
mismatches are not recognized by the MMR system, the diversity of the integrated libraries 
should be the same in MMR- and MMR+ strains. B, D, R, V, Y: placeholders for 2 or 3 specific 
nucleotides, see IUPAC nucleotide code 181. 
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2.3 RESULTS AND DISCUSSION 
GLOS allows unbiased and efficient sampling of the functional space by oligonucleotide-

directed mutagenesis in an MMR+ strain 

While it was shown previously that both the length and nature of mismatches affect the 

frequency of repair in MMR+ strains73–75,178,179, we wanted to confirm that this has indeed a 

strong impact on library diversity. We chose translation from the chromosomal lacZ gene 

as a test case, as the effects on translation are easy to analyse and LacZ is not essential. 

Therefore, the AR frequency would not be strongly influenced by changes in expression 

level, as it would be the case for essential proteins (e.g. due to possible growth defects 

due to low expression levels). Moreover, it was previously shown that lacZ can be modified 

with high AR efficiency182. This was important to exclude variations in AR efficiency due to 

the position on the genome81,108. 

Next, we analysed the effect of an active MMR system on RBS engineering if GLOS was 

not applied. We randomized position -10 to -15 relative to the start of E. coli’s lacZ ORF 

with fully degenerate bases (“N6-library”) and obtained the predicted TIRs for each RBS 

sequence from an RBS calculator117,183. We used this dataset as input for the RedLibs 

algorithm to design an oligonucleotide encoding a smart 18-member lacZ RBS library with 

a TIR distribution as uniform as possible (“N6-RedLibs”, see Fig. 2.2). This library was 

introduced into an MMR+ and an MMR- strain (EcNR1 and Ec-, respectively) and 

successful mutagenesis was selected for using CRMAGE (see Fig. 2.2). Sanger-

sequencing of 96 randomly selected clones obtained for the MMR- strain showed that in 

two independent experiments, AR efficiencies of at least 98% were achieved and 16 and 

18 of the 18 library members, respectively, were recovered. In contrast, in the MMR+ strain 

an average AR efficiency of only 48% was achieved, and only 5 and 9 out of 18 possible 

sequences could be recovered from the two experiments. Clearly, the MMR system had 

substantially reduced the diversity of variants that could be sampled with a given number 

of analyzed clones, while simultaneously increasing the number of wild-type clones, 

indicating that the MMR system degrades the efficiency of library construction.  

While an active MMR system clearly decreases library diversity, it might have beneficial 

effects with respect to other aspects of sequence integrity. Specifically, chemical 

oligonucleotide synthesis is error-prone and introduces indels on the genome via MAGE 

close to the target site85. We analyzed indel frequency within the genomic sequence 

equivalent to mutagenic oligonucleotides for the 4 times 96 clones obtained before, and 

found indels in 16.5% of the MMR- clones versus only 7.5% for the MMR+ clones (see 
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Supplementary Fig. 2.3a). In other words, MMR+ strains have an improved capacity to 

remove erroneous oligonucleotides, but not sufficient to compensate for the loss in library 

diversity. In summary, library-based RBS genome editing in regular, MMR+ strains is 

severely hampered. 

For comparison we applied the GLOS rule on the N6-library (see above), which left us with 

36 = 729 oligonucleotides with a 6 bp mismatch at the position of the RBS (“GLOS library”). 

This GLOS library was then further reduced using RedLibs to generate a single 

oligonucleotide encoding an 18-member library with TIRs again distributed as uniformly as 

possible. The resulting smart library was integrated into the genome of MMR+ EcNR1 by 

CRMAGE again in two independent experiments. We observed an improvement of the AR 

efficiencies to over 98%, with 16 and 18 of the 18 library members incorporated (see Fig. 

2.2d). Clearly, the GLOS rule allows maintaining library diversity and analysis 

effectiveness. 
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Figure 2.2. Construction of 18-members N6-RedLibs and GLOS-RedLibs genomic lacZ 
RBS libraries. 
Randomized RBS sequences were created with N6-degeneracy or according to the GLOS rules 
and subsequently reduced to 18-members libraries with RedLibs to uniformly span the TIR range. 
Frequencies of the 18 members of the N6-RedLibs library in (a) the MMR- Ec- strain and (b) the 
MMR+ EcNR1 strain. N6-RedLibs degenerate oligonucleotide sequence: DDKGAG. (d) 
Frequencies of the 18 members of the GLOS-RedLibs RBS library in the MMR+ EcNR1 strain. 
GLOS-RedLibs degenerate oligonucleotide sequence: BDGGGW. Each library was integrated in 
duplicate and individual clones were analyzed by Sanger sequencing (n=96 for each library). 
Red: wild type lacZ RBS sequence. RBS sequences showing indels were excluded. (c and e) 
Distribution of sequences in the oligonucleotide pool after chemical synthesis for the 
oligonucleotides used for the N6-RedLibs library (c) and GLOS-RedLibs library (e). Illumina-
based oligonucleotide pool sequencing for the different oligonucleotide libraries. Assuming a 
uniform distribution, each sequence should be represented in the pool with 5.5%, which 
correspond to 0% discrepancy from uniform distribution. A discrepancy of 50% corresponds to 
2.75% abundance in the oligonucleotide pool. Bars in black indicate oligonucleotides for which 
no corresponding strains could be recovered in the single library preparations. 
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Remaining deviations from ideal sequence distributions are partially due to biases in 

folding energy and chemical synthesis 

When we inspected the recovered sequences in more detail, we observed that while we 

found most or even all of the sequences that were expected to be present in the library, 

the abundances were not uniformly distributed. We therefore investigated some potential 

reasons that might affect the distribution (summarized in Supplementary Table 2.1), 

specifically under- or overrepresentation of a sequence within the oligonucleotide pool 

after chemical synthesis and different folding energies (∆G) of the oligonucleotides. To 

start with the latter, unstructured oligonucleotides (with higher folding energies) can 

hybridize to the target more easily and therefore show higher AR efficiencies75. Indeed, 

analysis of the ∆G values of all library members suggested that oligonucleotides with lower 

folding energy (-7.03 kcal mol-1 and -6.05 kcal mol-1) were not integrated as efficiently (0 

to 5% abundance in the library) as oligonucleotides with higher folding energy 

(-4.33 kcal mol-1; 0 to 40% abundance) (see Supplementary Fig. 2.4a). These results 

suggest that ∆G has an influence on the final distribution, and that a higher ∆G is indeed 

beneficial but not a sufficient requirement for a high AR efficiency. 

We next examined whether the composition of the initial pool of chemically synthesized 

DNA oligonucleotides was a source of bias. One potential reason therefore could be again 

the ∆G of the oligonucleotide since highly structured oligonucleotides are harder to 

synthesize. We analysed Illumina next-generation sequencing (NGS) data of the 

synthesized oligonucleotides to detect bias before genome editing. Even though we found 

up to a 3-fold difference in the oligonucleotide distribution after NGS, there is no correlation 

with ∆G. Next we compared the abundances after chemical synthesis with the Sanger-

sequencing data of the strains obtained after genome editing to characterize abundances 

afterwards. We could not identify a strong correlation between sequence abundances 

before and after, but did note that the four sequences that we had not found in the four 

experiments with N6-RedLibs-treated MMR- and GLOS-RedLibs-treated MMR+ strains 

were underrepresented by 5% to 37% in the initial oligonucleotide pool (in an ideal uniform 

distribution pool of 18 oligonucleotides, each sequence would constitute 5.5% of the 

population; an underrepresentation of 50% of a particular oligonucleotide for example 

would therefore correspond to an overall abundance of 2.75%). Similarly, the sequences 

that were recovered most frequently (N6-RedLibs library and MMR- strain: TTTGAG; 

GLOS-RedLibs library and MMR+ strain: CTGGGA) were 79% and 45% overrepresented 

in the pool (see Fig. 2.2c,e). Taken together, the composition of the oligonucleotide library 
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after synthesis as well as oligonucleotide folding energies probably contributed to some 

extent to the absence or presence of sequences after genome editing.  

In conclusion, by including GLOS into the design of a smart RBS library AR efficiency after 

CRISPR/Cas9-counterselection can be improved from 48% to 98% in an MMR+ strain, and 

the library coverage from 39% to 94%. Looking at a sample of roughly 200 clones (for an 

18-membered library), the entire sequence space can be covered with reasonable 

certainty. Careful analysis suggests that deviations from an ideal distribution of sequences 

after genome editing can be linked to some extent to external factors (such as 

oligonucleotide selection and/or folding energy and synthesis).  

Application of GLOS to tuning the riboflavin pathway  

To test the efficiency of the GLOS-RedLibs strategy for a biotechnologically relevant 

problem, we chose riboflavin production in E. coli (see Supplementary Fig. 2.2a). 

Riboflavin is an industrially produced vitamin180. All genes are endogenous to E. coli, and 

the product is secreted and easily quantifiable by absorbance or fluorescence 

measurement in the supernatant184. To identify bottlenecks in the riboflavin production 

pathway we first analyzed the riboflavin production levels when separately overexpressing 

ribA, ribB, ribC, ribD, and ribE from low copy plasmids controlled by an inducible promoter 

(see Supplementary Fig. 2.2b). In case of ribB, the genomic negative feedback loop 

(riboregulator)185 is not included on the plasmid. Indeed, overexpression of ribA, ribB, or 

ribC led to 2-, 3- and 2-fold increased levels of secreted riboflavin, respectively. We chose 

ribA and ribB for further experiments.  

Implementation of an GLOS-RedLibs RBS library for ribA 

We designed a GLOS-RedLibs RBS library for ribA, targeting positions -11 to -16 relative 

to the start of the ribA ORF, and integrated it into an MMR+ strain (see Fig. 2.3a). We 

sequenced 88 clones and observed over 98% AR efficiency with 15 of the 18 library 

members incorporated (see Fig. 2.3b). As previously observed, we found a higher folding 

energy of the oligonucleotide to be beneficial for the AR efficiency (see Supplementary 

Fig. 2.4c). In addition, comparison of sequence abundances in the oligonucleotide pool 

before and in the E. coli population after genome editing showed that two of the three 

missing sequences were already underrepresented before editing (40% and 52%, see Fig. 

2.3f). However, in contrast to the earlier experiments with lacZ, ribA is an essential gene, 

and therefore clones with a change in TIR might have growth advantages or disadvantages 

that could have contributed to a non-ideal library sequence distribution in the analyzed 

population. To explore this further, we individually integrated the three missing sequences 
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into the E. coli genome in front of ribA and determined riboflavin production levels and 

growth rates. Since all sequences could be incorporated and did not affect growth 

(Fig. 2.3e), we exclude differences in specific growth rate as a reason for the fact that they 

were missing before, and conclude that the imbalance of sequence distribution already 

before genome editing was the most important source of library bias. 

The 88 clones of the library plus the parental clone were examined for riboflavin production 

(see Fig. 2.3c). The levels of secreted riboflavin varied by a factor of 2.5. When we 

separately looked at the riboflavin production level of the three strains that were not 

included in the first library, their levels did not diverge from the overall library range (see 

Fig. 2.3d). We chose the clone (AACAGA) with the highest riboflavin production (2.5-fold 

over parent) for further analysis. We verified riboflavin production levels in triplicate, and 

confirmed the 2.5-fold increase observed in the initial screen (see Fig. 2.5a). Notably, 

although our GLOS-RedLibs library has a reduced potential sequence space compared to 

an N6-RedLibs, we were able to achieve the expression level observed with plasmid-based 

overexpression (see Supplementary Fig. 2.2). 
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Figure 2.3. Genomic integration of a chromosomal 18-members GLOS-RedLibs ribA RBS 
library into an MMR+ strain. 
(a) Schema of the reduced ribA RBS library construction. Upper: wild type ribA RBS sequence; 
lower: GLOS-RedLibs degenerate ribA RBS sequence. (b) Library clones were analyzed by 
Sanger sequencing (n = 88). The 18 possible RBS sequence variations (grey) as well as the wild 
type RBS sequence (red) are listed in ascending order of their predicted TIR. RBS sequences 
showing indels were excluded from analysis. Therefore, only 86 of 88 sequenced clones are 
displayed. (c) Riboflavin production of all isolated RBS library member strains (n=88, grey, single 
measurements) compared to wild type (red, in triplicate, mean ± standard deviation). (d-e) 
Analysis of the separately constructed ribA library members CATAGA, GAGAGA, GAGGGA not 
found in the sequenced library clones in b (d) Riboflavin production of the strains compared to 
wild type (wt, red), values in triplicate are mean ± standard deviation. (e) Growth curves of the 
corresponding strains in LB medium at 30°C (n=3). (f) Distribution of sequences in the 
oligonucleotide pool after chemical synthesis. Illumina-based oligonucleotide pool sequencing 
for the oligonucleotide used to construct this library. Bars in black indicate oligonucleotides for 
which no corresponding strains could be recovered during library-based genome editing. 
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Combination of deletions and GLOS-RedLibs RBS libraries 

Next, we tested whether the efficient introduction of broad sequence variation by our GLOS 

method could be implemented in more complex editing processes, specifically if combined 

with introducing a deletion in the same step. Therefore, we designed an oligonucleotide to 

delete the FMN riboregulator (220 bp) in front of ribB and to concomitantly encode an 

GLOS-RedLibs RBS library targeting positions -5 to -11 relative to the start of the ribB 

ORF, and integrated this library into MMR+ EcNR1 (see Fig. 2.4a). We sequenced 96 of 

the recovered clones, and observed an AR efficiency of 86% with 14 of 18 possible library 

members incorporated (see Fig. 2.4b). Similar to lacZ and ribA, the sequences 

overrepresented in this set of strains had higher folding energies for the oligonucleotide 

(see Supplementary Fig. 2.4d) and oligonucleotide sequencing showed that all sequences 

not found in 96 sequenced clones (AGGAAG, AGGAGG, AGAAGC, AGGACG) were 

underrepresented (10% to 25%) in the oligonucleotide pool (see Fig. 2.4d). 

Screening for riboflavin production levels among the recovered strains, we found clones 

producing up to 2.6-fold more riboflavin than the wild type, indicating that the library nearly 

covered the riboflavin production range (1- to ~3-fold wild type) expected from the initial 

plasmid-based overexpression experiments. Production levels of the best producer 

(AGGACA) were verified in triplicate (see Fig. 2.5a). We conclude that complex 

modifications like library-based RBS modification with concomitant deletion is possible. 

However, since the AR efficiency drops in this case, more clones need to be screened to 

cover the library.  
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Figure 2.4. Genomic integration of a chromosomal 18-members GLOS-RedLibs ribB RBS 
library and FNM riboswitch removal in an MMR+ strain. 
(a) Schema of the GLOS-RedLibs ribB RBS library construction. Left: FMN riboswitch and wild 
type ribB RBS sequence; right: degenerate ribB RBS sequence after GLOS treatment. Note that 
the riboswitch is supposed to be eliminated concomitantly with the RBS modification step. (b) 
Library clones were analyzed by Sanger sequencing (n=96). The 18 possible RBS sequences 
after genome editing (grey) as well as the wild type context (red) are listed in ascending order of 
their predicted TIR, except wild type since the TIR including the riboswitch cannot easily be 
estimated. RBS sequences showing mutations were excluded. Therefore, only 94 of 96 
sequenced clones are displayed. (c) Riboflavin production of all isolated RBS library member 
strains (n=96, grey, single measurements) compared to wild type (red, in triplicate, mean ± 
standard deviation). (d) Distribution of sequences in the oligonucleotide pool after chemical 
synthesis. Illumina-based oligonucleotide pool sequencing for the oligonucleotide used to 
construct this library. Bars in black indicate oligonucleotides for which no corresponding strains 
could be recovered during library-based genome editing. 
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Combination of experimentally optimized RBSs leads to higher riboflavin production 
levels than the combination of RBSs that are predicted to show highest TIRs 

Since ribA and ribB are both on the negative strand on replichore 1 and 2, respectively, 

their RBSs cannot be simultaneously mutated with high efficiency. Therefore, to further 

improve riboflavin production we combined the RBSs in front of ribA and ribB found in the 

respective best producer strains. We also constructed a strain that contained in front of 

ribA and ribB the two RBSs that were predicted to show the highest TIRs after GLOS-

RedLibs library construction (GAGGGA for ribA and AGGAAC for ribB). We found that the 

strain containing the optimized RBSs showed a 9.3-fold increase in riboflavin production 

over wild type, while the strain containing the RBSs with the highest predicted TIRs 

showed only a 6.7-fold increase in production (see Fig. 2.5a). Neither mutant exhibited a 

growth defect when compared to the wild type (see Fig. 2.5b). Even though we realize that 

this does not constitute a full analysis, we note that combining RBSs that were 

experimentally optimized results in our case in a better productivity than combining RBSs 

that were predicted to have the highest TIRs (TIRpred_ribA=40,769, TIRexp_ribA =25,264, 

TIRpred_ribB= 42,340 and TIRexp_ribB =36,992, see Supplementary Table 2.4 for all TIR 

values). We therefore confirm that there can be a benefit in a library-based metabolic 

engineering approach. 

 

 

 
Figure 2.5: Riboflavin production of ribAB double mutants. 
(a) The ribA RBS sequence of the highest producer of the ribA library (AACAGA) and the ribB 
RBS sequence of the highest producer of the ribB library (AGGACA) were combined in one strain 
by CRMAGE (ribABexp), and riboflavin production was measured. In comparison a strain with the 
two strongest predicted RBS in the libraries was created and measured (ribABpred). Values are in 
triplicate, mean ± standard deviation. (b) Growth curves of all three strains in LB medium at 30°C 
(n=3). 
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The engineered MMR+ strain has a strongly improved mutational profile 

Finally, in order to confirm our original argument that the frequency of undesired mutations 

is much lower after MAGE-based genome editing in an MMR+ than in an MMR- strain, we 

re-constructed the different RBSs in front of ribA and ribB and the deletion of the 

riboregulator in front of ribB in an Ec- strain, in which we had previously inactivated the 

mutS gene in two additional MAGE cycles. This way, both strains had undergone the same 

number of CRMAGE cycles (amounting to eight transformations per strain). The MMR- 

strain had undergone in addition two transformations to inactivate mutS, which is a 

necessary prerequisite to inactivate the MMR system. Therefore, analyzing the genomic 

sequence of the two strains for off-target mutations should accurately reflect the impact of 

engineering in an MMR- background. We performed Illumina-based genome sequencing 

on both strains and compared the sequences to the parental EcNR1 strain. Indeed, the 

MMR+ strain exhibited only 4 off-target mutations, while the MMR- strain exhibited 57 off-

target mutations (see Supplementary Fig. 2.1 and Supplementary Table 2.5).  
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2.4 CONCLUSIONS 
The GLOS rule presented here enables fast and efficient construction of smart RBS 

libraries in MMR+ strains while reducing the amount of off-target effects and retaining a 

higher tendency to repair oligonucleotide-induced indels. Moreover it was previously 

shown that an active MMR system leads to higher killing efficiency for the CRISPR/Cas9 

counter selection104. We show that complex modifications such as RBS library construction 

with simultaneous sequence deletion can be performed in a single step with high AR 

efficiencies, demonstrating the potential of this method. In terms of drawbacks, it should 

be noted that due to the requirement of a 6 bp mismatch it might be that the covered TIR 

range is smaller than for the full randomization, especially if the targeted Shine-Dalgarno 

sequence is already similar to the optimal consensus sequence and therefore predicted to 

be very efficient. In such a case, the members of a GLOS-RBS library might suffer 

disproportionally much from a 6 bp mismatch. However this can be counteracted by slightly 

shifting the target region for randomization towards the start codon. Moreover, we believe 

that the maximal TIRs are unlikely to be required for most applications. Very high TIR 

values often do not lead to higher activities for various reasons, including metabolic burden 

or translation being no longer rate-limiting172. Furthermore, we argue that this limitation is 

a reasonable trade-off given that our method drastically reduces off-target mutations and 

thus might become valuable to many industrial production strains. We demonstrated the 

functionality of this method on E. coli but it could be applied to any bacteria which have a 

similar MMR system. We therefore conclude that GLOS is a helpful tool for many kinds of 

genomic RBS optimization applications.  
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2.5 METHODS 
Chemicals and media 

Restriction enzymes, Taq polymerase, Q5 high-fidelity DNA polymerase and T4 DNA 

ligase were obtained from New England Biolabs (BioConcept AG, Allschwil, Switzerland) 

and used according to the manufacturer’s instructions. Chemicals were purchased in the 

highest purity available from Sigma-Aldrich (Buchs, Switzerland) or BD Bioscience 

(Allschwil, Switzerland). Low salt Difco Luria broth base, Miller (LB Miller) was used for all 

CRMAGE experiments, where required supplemented with chloramphenicol at 20 µg mL-1, 

kanamycin at 50 µg mL-1, streptomycin 50 µg mL-1, or carbenicillin at 50 µg mL-1 for 

antibiotic selection. Sucrose was added to a final concentration of 5 g L-1 for selection of 

loss of plasmid pSEVA431_SacB. Medium M9 GCA contained 1x M9 salts186, 10 mg L-1 

thiamin, 2 mg L-1 biotin, 0.5 g L-1 glucose and 1 g L-1 casamino acids. Desalted 

oligonucleotides were purchased from Sigma-Aldrich (Haverhill, UK) or Microsynth 

(Balgach, Switzerland). MAGE oligonucleotides contained four phosphorothioated bases 

at the 5’-end.  

Strains and plasmids 

Strains and plasmids used in this study are shown in Supplementary Table 2. The gRNAs 

for the CRISPR Cas9 system were designed and checked for off-target effects with the 

web tool COD (Cas9 Online Designer, cas9.wicp.net;187). They were inserted into the 

plasmid pCRISPR according to the Addgene protocol99. Shortly, pCRISPR_X plasmids 

were constructed by digestion of pCRISPR with BsaI followed by insertion of a double 

stranded linker assembled from oligonucleotide pairs recruited from primers 11-14. 

Plasmid pSEVA431_SacB was constructed by restriction digest-based cloning. The sacB 

gene including a constitutive promoter was amplified from plasmid pKO3 and HindIII and 

EcoRI restriction sites were included by PCR (Q5 polymerase, primer 23+24, see 

Supplementary Table 2.3). The PCR was done as follows: step 1: 30 s at 95°C; step 2: 

10 s at 95°C; step 3: 30 s at 50°C; step 4: 90 s at 72°C; repeat steps 2 to 4 25 times; step 

5: 2 min at 72°C and storage at 8°C. The PCR fragment was purified and digested with 

EcoRI and HindIII and ligated into equally digested pSEVA431. For the plasmids 

containing the riboflavin genes, the genome of E. coli MG1655 was used as a template for 

the genes encoding the biosynthetic pathway enzymes RibA, RibB, RibC, RibD, RibE. 

Each of the rib genes was cloned into a separate operon as a transcriptional fusion with 

the gene for the red fluorescent protein mKate2188 downstream of the rib gene. The 

operons had a common structure where the rib genes were fused to a 5’ region containing 
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a cloning site (underlined), and the rib RBS sequence (bold) 

(TCTAGAAATAATTTTGTTTAACTTTAAGAAGGAGATATAAGCTT). Between the two 

genes, an intergenic region 

(TAATAAGCTAGAAATAATTTTGTTTAACTTTAAGAAGGAGATATAAGCTT) containing 

the mkate2 RBS sequence (bold) was integrated. After the mkate2 gene, a 3’ region 

(TAGTAAGCTAGCTCGAATTC) containing a cloning site (underlined) was inserted. To 

express the operons, we constructed vector pSEVA261_Ptet, which allows induction of 

gene expression via the tet-system in response to anhydrotetracycline (aTc). It was 

constructed by isolation of the Ptet promoter together with tetR from plasmid pAB92 by 

restriction digest with SpeI and EcoRI and ligation into plasmid pSEVA261, linearized with 

the same enzymes. Integration of the operons as ribX-mKate2 fragments into 

pSEVA261_Ptet produced plasmids pSEVA261_ribX, where X=A, B, C, D, or E. 

In silico RBS library preparation 

For all involved genes, the nucleotides of the RBS were identified and fully diversified (N6). 

The fully degenerate sequence, and the partially degenerate sequence that was designed 

according to GLOS rules (see main text), were submitted to the RBS Calculator version 

1.0 in the “Predict: RBS Library” mode117 (salislab.net/software) in order to calculate TIR 

values. For each gene, this data set was then used as input for the RedLibs algorithm 

version 1.1 as described in the documentation provided with the algorithm’s script 

(Supplementary file 1; github.com/dgerngross/RedLibs). The RedLibs algorithm was set 

to generate reduced libraries of 18 sequences whose predicted TIRs distribute as 

uniformly as possible between the minimal and maximal value of the input library 

(Supplementary Table 2.4). The resulting reduced degenerate DNA sequences (one for 

each gene) were used to design MAGE oligonucleotides (oligonucleotide 1-8, 

Supplementary Table 2.3). 

Chromosomal integration: CRMAGE 

E. coli (strains EcNR1 or Ec-, each transformed with plasmid pCas9) were grown in 3 mL 

of LB Miller supplemented with chloramphenicol at 32°C until an OD600 of approximately 

0.6 was reached. Cells were heat-shocked for 15 min at 42°C to induce production of the 

Red Beta protein. The induced cells were made electrocompetent by washing 3 times with 

1 mL of ice cold water. Then, each oligonucleotide was added to the cells to a final 

concentration in the cuvette of 2 µM and the cells were electroporated (1 mm gap cuvettes; 

Cell Projects, Harrietsham, United Kingdom; 1.8 kV and 4-6 ms pulse). Cells were 

recovered by addition of 3 mL of fresh LB Miller medium supplemented with 
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chloramphenicol for one further CRISPR/Cas9 assisted MAGE cycle. For the second cycle 

cells were electroporated with 2 µM oligonucleotide and 50 to 100 ng of the pCRISPR 

plasmid. Cells were incubated for recovery at 32°C, after 1 h kanamycin was added for 

selection of pCRISPR, and the incubation was continued overnight. On the next day, cells 

were plated on selective medium plates with kanamycin and chloramphenicol. Clones 

were analyzed by colony PCR (Multiplex PCR kit; Quiagen, Hombrechtikon, Switzerland). 

PCR primers (15-20) are listed in Supplementary Table 2.3. The PCR program was as 

follows: step 1: 15 min at 95°C; step 2: 30 s at 95°C; step 3: 30 s at 50°C; step 4: 60 s at 

72°C; repeat steps 2 to 4 30 times; step 5: 10 min at 72°C and storage at 8°C. To perform 

the next round of CRMAGE, the strain was cured from pCRISPR by transformation with 

pSEVA431_SacB that can be selected for by streptomycin. Due to incompatibility of the 

plasmid origins of replication, pCRISPR was lost during streptomycin selection. Afterward, 

the strain was grown without antibiotic, and cells that had lost pSEVA431_SacB were 

selected on medium containing sucrose. Loss of pSEVA431_SacB was confirmed by loss 

of the antibiotic resistance. 

Sanger sequencing 

A PCR on the genomic regions of interest was performed with Taq DNA polymerase 

(primer 17-22 see Supplementary Table 2.3). The PCR program had the following steps: 

step 1: 5 min at 95°C; step 2: 30 s at 95°C; step 3: 30 s at 50°C; step 4: 30 s at 68°C; 

repeat steps 2 to 4 28 times; step 5: 10 min at 68°C and storage at 8°C. PCR products 

were sequenced by GATC (Konstanz, Germany) or Microsynth (Balgach, Switzerland).  

Next generation sequencing (NGS) 

To analyse the off-target effects caused by the MMR- strain, we sequenced the genomes 

of EcNR1, Ec-, Ec+ribAB and Ec-ribAB on an Illumina MiSeq platform (Illumina RTA 

Version: 1.18.54, Sequencer: GFB MiSeq, Run type: PE-250). Whole genome data were 

analysed with the software breseq version 0.26.0189. In order to investigate the composition 

of the oligonucleotide libraries, ssDNA was filled up by a primer extension reaction with 

one primer (primer 25-27 see Supplementary Table 2.3). Sequencing adapters were PCR 

free ligated to the dsDNA fragments by the Hyper Prep Kit (KAPA Biosystems, Wilmington, 

US) and sequenced by Illumina MiSeq as described above. Oligonucleotide sequencing 

data were analysed by an in-house developed software for NGS data analysis (S. Schmitt, 

manuscript in preparation). 
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Riboflavin quantification 

Strains were incubated in 96-deep well plates (System Duetz, EnzyScreen, Haarlem, 

Netherlands) for 24 h at 30°C in M9 GCA medium. Riboflavin was quantified in the cell-

free supernatant using an Infinite M1000 PRO microplate reader (TECAN, Maennedorf, 

Switzerland) measuring fluorescence (excitation wavelength 440 nm and emission 

wavelength 535 nm). Additionally, the OD600 of the culture was measured. 

Growth curves 

Growth curves were analysed in 1 mL LB medium at 30°C and shaking at 800 rpm using 

a BioLector (m2p-labs GmbH, Baesweiler, Germany) device in a 48-well FlowerPlate 

(m2p-labs GmbH, Baesweiler, Germany). 
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2.8 SUPPLEMENTARY INFORMATION 
 

 

Supplementary Figure 2.1: Genomic off-
target mutations introduced by MAGE 
observed in different MAGE projects taken 
from literature: 182; 283; 384 and 485 in MMR- 
(black) and MMR+ (grey), each MAGE cycle 
is counted as one transformation step. For 
our work transformation steps are either 
plasmid or oligonucleotide transformation 
for Ec-ribAB or Ec+ribAB (four 
oligonucleotide and four plasmid 
transformation or six and four, respectively. 
For Ec-ribAB two additional step were 
required to deactivate mutS by introduction 
of an early STOP codon). 

 

 

 
Supplementary Figure 2.2. Riboflavin production  
(a) Pathway of riboflavin synthesis in E. coli and involved enzymes. GTP: Guanosine 5'-
triphosphate; DARPP: 2,5-Diamino-6-(5-phospho-D-ribosylamino)pyrimidin-4(3H)-one; ARPP: 5-
Amino-6-(5'-phosphoribosylamino)uracil; ARP: 5-amino-6-(5'-phospho-D-ribitylamino)uracil; 
DHPB: L-3,4-dihydroxybutan-2-one 4-phosphate DRL: 6,7-dimethyl-8-(D-ribityl)lumazine. (b) 
Riboflavin production after 24 h at 30°C in the wildtype strain E. coli BW23474 carrying an empty 
expression plasmid (wt) and after plasmid-based overexpression of single riboflavin genes after 
induction with 0 (white) or 10 ng mL-1 (black) of anhydrotetracyclin (aTc). Note that in this setup all 
rib genes are also present and functional at their endogenous chromosomal locus. Values are mean 
(n = 3) ± standard deviation.  

 



 - 46 -     

 

 

Supplementary Figure 2.3. Indels found within the oligonucleotide-covered sequences after 
genome editing.  
Fraction of all library members which have an insertion (grey) or deletion (black) on the genome 
within the 90 bp oligonucleotide sequence. (a) Comparison of the N6-RedLiba lacZ library in an 
MMR- and MMR+ strain. (b) Analysis of the GLOS-RedLibs libraries. Frequencies were determined 
by Sanger sequencing. Numbers indicate absolute numbers, mutants with indels/total. Wild type 
sequences were excluded from the analysis. 
 

 
Supplementary Figure 2.4. Folding energies (∆G) of all oligonucleotides present in RBS 
libraries and their occurrence after genome editing.  
Folding energies were calculated (mFold web server190) for each of the 18 members of each library 
and are plotted against the frequency with which a strain was found that had acquired the 
corresponding change in RBS. Note that those library members for which no corresponding strain 
could be identified have the count “0”. (a) Data for the lacZ (N6-RedLibs) library, two experiments 
in MMR+ and two experiments in MMR- strains. Different shades of grey refer to the four different 
experiments. Compare also Figure 2.2a (b) Data for the lacZ (GLOS-RedLibs) library, two 
experiments in MMR+ strain. Different shades indicate the different libraries displayed in Figure 
2.2abd. (c) Data for the ribA (GLOS-RedLibs) library, see Figure 2.3b. (d) Data for ribB (GLOS-
RedLibs) library see Figure 2.4b.  
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Supplementary Table 2.1: Possible sources of bias leading to non-uniform distribution of 
library members.  
Occurrence of biases depends on genetic configuration of the host strain (MMR- or MMR+) and the 
design strategy (N6-RedLibs or GLOS-RedLibs) for the supplied oligonucleotide pool during 
CRMAGE. 

 

N6-RedLibs 
(0-6 bp mismatch) 

GLOS-RedLibs 
(6 bp mismatch) 

MMR- MMR+ MMR+ 
DNA synthesis-derived bias in oligonucleotide pool yes yes yes 
AR efficiency bias due to 

- different length of the mismatch yes yes no 
- folding energy of the oligonucleotide yes yes yes 
- generation at which the oligonucleotide is 

integrated yes yes yes 

CRISPR/Cas9 counterselection    
- inactivation due to mutation of the 

components yes no no 

- bias in escape rate due to length and 
position of the mismatch between gRNA and 
target 

yes yes no 

MMR bias due to length or type of mismatch no yes no 
Survival rate bias due to essentiality or metabolic 
burden yes yes yes 
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Supplementary Table 2.2: Strains and Plasmids used in this study. 

Strains Relevant genotype Reference 
BW23474 E. coli Δ(argF-lac)169, ΔuidA4::pir-116, recA1, rpoS396(Am), 

endA9(del-ins)::FRT, rph-1, hsdR514, rob-1, creC510 
191 

Top10 E. coli F- mcrA Δ(mrr-hsdRMS-mcrBC) φ80lacZΔM15 
ΔlacX74 nupG recA1 araD139 Δ(ara-leu)7697 galE15 galK16 
rpsL(StrR) endA1 λ- 

Invitrogen 

MG1655 E. coli F-, lambda-, rph-1 CGSC 
EcNR1 E. coli MG1655 Δ(ybhB-bioAB)::[λcI857 N(cro-ea59)::tetR-

bla] 
Addgene 
#2693074 

Ec- EcNR1 translational knockout of mutS  This study 
Ec+LacZ_Red EcNR1 with a RBS variant (DDKGAG) for lacZ This study 
Ec-LacZ_Red Ec- with a RBS variant (DDKGAG) for lacZ This study 
Ec+LacZ_GLOS EcNR1 with a RBS variant (BDGGGW) for lacZ This study 
Ec+ribA EcNR1 with a RBS variant (VABRGA) for ribA This study 
Ec+ribB EcNR1 with a RBS variant (AGRAVV) for ribB and deletion of 

the riboregulator of ribB 
This study 

Ec+ribABexp EcNR1 with RBS variant (AACAGA) for ribA and (AGGACA) 
for ribB and deletion of the riboregulator of ribB 

This study 

Ec+ribABpred EcNR1 with RBS variant (GAGGGA) for ribA and (AGGAAC) 
for ribB and deletion of the riboregulator of ribB 

This study 

Ec-ribAB Ec- with a RBS variant (AAGAGA) for ribA and (AGGACA) for 
ribB and deletion of the riboregulator of ribB 

This study 

Plasmids   
pCas9 Bacterial expression of Cas9 nuclease, CamR, p15A ori Addgene 

#4287699 
pCRISPR A crRNA expression plasmid for targeting a specific 

sequence of choice, KanR, pBR322 ori 
Addgene 
#4287599 

pCRISPR_lacZ pCRISPR with gRNA targeting the RBS of lacZ This study 
pCRISPR_ribA pCRISPR with gRNA targeting the RBS of ribA This study 
pCRISPR_ribB pCRISPR with gRNA targeting the RBS of ribB This study 
pSEVA261 KanR, p15A ori  pSEVA 

collection192 
pAB92 pBR322 ori, AmpR gene with Ptet and TetR 193 
pSEVA261_Ptet pSEVA261 with Ptet and TetR This study 
pSEVA261_Kate pSEVA261_Ptet plasmid with mKate2 under control of a Ptet This study 
pSEVA261_ribA pSEVA261_Ptet plasmid with ribA (EcoGene accession 

number: EG11331) and mKate2 under control of a Ptet 
This study 

pSEVA261_ribB pSEVA261_Ptet plasmid with ribB (EcoGene accession 
number: EG10465) and mKate2 under control of a Ptet 

This study 

pSEVA261_ribC pSEVA261_Ptet plasmid with ribC (EcoGene accession 
number: EG11406) and mKate2 under control of a Ptet 

This study 

pSEVA261_ribD pSEVA261_Ptet plasmid with ribD (EcoGene accession 
number: EG11321) and mKate2 under control of a Ptet 

This study 

pSEVA261_ribE pSEVA261_Ptet plasmid with ribE (EcoGene accession 
number: EG11322) and mKate2 under control of a Ptet 

This study 

pKO3 Plasmid with B. subtilis gene sacB under control of a Pconst, 
CamR, pSC101 ori 

194 

pSEVA431 pBR322 ori, SmR pSEVA 
collection192 

pSEVA431_SacB pSEVA431 plasmid with sacB under control of a Pconst This study 
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Supplementary Table 2.3: Oligonucleotides used in this study. 

ID Name Sequence (5' to 3')a 

MAGE Oligonucleotides 
1 lacZ_RBSa T*G*C*T*TCCGGCTCGTATGTTGTGTGGAATTGTGAGCG

GATAACAATTTCDDKGAGGAAACAGCTATGACCATGATT
ACGGATTCACTGGCC 

2 lacZ_RBS_GLOSa T*G*C*T*TCCGGCTCGTATGTTGTGTGGAATTGTGAGCG
GATAACAATTTCBDGGGWGAAACAGCTATGACCATGATT
ACGGATTCACTGGCC 

3 ribA_RBS_GLOSa C*C*C*T*TCTCGTTATGGCAAAATAAGCCAATACAGAACC
AGCAVABRGAGGAGAATTTCATGCAGCTTAAACGTGTGG
CAGAAGCCAAACTG 

4 ribB_RBS_GLOSa A*A*A*A*GAGGAAAGTAGCGTCTGATTCATGGTABBTYCT
CCTCACTAACTGAGAATAAGCGGATTCACTATAACGCTA
ATGATTAGCGGCAG 

5 ribA_GAGGGAa C*C*C*T*TCTCGTTATGGCAAAATAAGCCAATACAGAACC
AGCAGAGAGAGGAGAATTTCATGCAGCTTAAACGTGTGG
CAGAAGCCAAACTG 

6 ribA_GAGAGAa C*C*C*T*TCTCGTTATGGCAAAATAAGCCAATACAGAACC
AGCAGAGGGAGGAGAATTTCATGCAGCTTAAACGTGTG
GCAGAAGCCAAACTG 

7 ribA_CATAGAa C*C*C*T*TCTCGTTATGGCAAAATAAGCCAATACAGAACC
AGCACATGGAGGAGAATTTCATGCAGCTTAAACGTGTGG
CAGAAGCCAAACTG 

8 ribA_AACAGAa C*C*C*T*TCTCGTTATGGCAAAATAAGCCAATACAGAACC
AGCAAACAGAGGAGAATTTCATGCAGCTTAAACGTGTGG
CAGAAGCCAAACTG 

pCRISPR cloning 
9 pCRISPR_lacZ _fw AAACTGGAATTGTGAGCGGATAACAATTTCACACG 
10 pCRISPR_lacZ _rv AAAAC GTGTGAAATTGTTATCCGCTCACAATTCCA  
11 pCRISPR_ribA_fw AAACAAAATAAGCCAATACAGAACCAGCATTATCG 
12 pCRISPR_ribA_rv AAAAC GATAATGCTGGTTCTGTATTGGCTTATTTT 
13 pCRISPR_ribB_fw AAACATCAACTCAGTTGAAAGCCCGCGAGCGCTTG 
14 pCRISPR_ribB_rv AAAACAAGCGCTCGCGGGCTTTCAACTGAGTTGAT 
PCR 
15 lacZ_RBS_fw GTTGGCCGATTCATTAATG 
16 lacZ_RBS_seq_rv GGACGACGACAGTATC 
17 lacZ_RBS_rv TCATAGCTGTTTCCTGTGT 
18 ribA_RBS_fw ACTGCGGTACGTCTGG 
19 ribA_RBS_seq_rv GCTTCGAGCTGGAAGC 
20 ribA_RBS_rv GCTGCATGAAATTCTCCAGATAA 
21 ribB_fw TTGCTCAATTTTTTTCGGG 
22 ribB_rv ACACGTTCGAAAGGCGTAC 
23 SacB_fw ATATATAAGCTTCACATATACCTGCCGTTCAC 
24 SacB_rv ATATATGAATTCTTATTTGTTAACTGTTAATT 
25 Fill_up_lacZ GGCCAGTGAATCC 
26 Fill_up_RibA CAGTTTGGCTTCTGC 
27 Fill_up_RibB CTGCCGCTAATCAT 

a Phosphorothioated bases are indicated with an asterisk after the base.  
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Supplementary Table 2.4: Different sequences of each RBS library and their predicted TIR 
and ΔG of the corresponding oligonulceotide.  
TIRs are predicted by the Salis RBS Calculator version 1.0 in the “Predict: RBS Library” mode114. 
No value for the TIR of RibB wt is given since the riboregulator affects the TIR. Folding energies 
(∆G) of all oligonucleotides were calculated on the mFold web server190. 
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Sequence TIR (AU) ΔG (kcal mol-1) 
wt 731  wt 732  

GGTGAG 916 -4.33 GTGGGT 69 -5.47 
ATGGAG 1104 -7.03 GTGGGA 325 -5.1 
GTTGAG 1147 -5.02 TGGGGT 340 -5.47 
TGTGAG 1256 -5.41 CGGGGT 348 -5.47 
GTGGAG 1321 -5.1 CTGGGT 359 -5.47 
AGTGAG 1510 -6.05 CAGGGT 470 -5.92 
ATTGAG 3379 -4.68 TAGGGT 800 -5.47 
GATGAG 3379 -4.33 TTGGGT 821 -5.47 
TGGGAG 3868 -4.69 GAGGGT 881 -5.47 
TTTGAG 4046 -4.33 CGGGGA 1448 -4.68 
AATGAG 4046 -4.57 TTGGGA 1880 -4.75 
TATGAG 7048 -4.33 CTGGGA 1880 -4.33 
TTGGAG 10955 -4.33 GGGGGT 2441 -5.47 
TAGGAG 11563 -4.33 GGGGGA 3227 -4.33 
AGGGAG 14351 -4.65 GAGGGA 3375 -4.33 
GGGGAG 18800 -4.33 CAGGGA 3898 -5.38 
AAGGAG 19843 -4.57 TGGGGA 4227 -4.33 
GAGGAG 28442 -5.94 TAGGGA 9167 -4.65 
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wt -  
CATGGA 2358 -10.54 AGAACG 2376 -8.27 
AATGGA 5544 -9.95 AGGACG 2845 -9.18 
GATGGA 7263 -9.95 AGAAGC 4265 -9.79 
CATAGA 10743 -8.49 AGAAGG 5845 -8.20 
AAGAGA 11915 -8.47 AGAAAG 6997 -8.30 
CAGAGA 11915 -8.67 AGGAGG 10030 -8.81 
GAGAGA 13037 -8.57 AGGAAG 13139 -9.53 
GACAGA 13454 -8.27 AGGAGC 15731 -10.50 
AACGGA 14265 -8.37 AGAAGA 19701 -8.20 
CACGGA 16327 -8.27 AGAAAA 23586 -8.20 
GACGGA 18437 -8.27 AGAAAC 23586 -8.20 
GATAGA 19285 -8.27 AGAACA 23586 -8.20 
CACAGA 22073 -8.27 AGAACC 23586 -8.20 
AAGGGA 22407 -8.46 AGGAGA 25808 -8.81 
AACAGA 25264 -9.67 AGGAAA 27610 -9.75 
AATAGA 31639 -8.37 AGGACA 36992 -8.81 
CAGGGA 38975 -8.33 AGGACC 36992 -8.81 
GAGGGA 40769 -8.33 AGGAAC 42340 -8.81 
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Supplementary Table 2.5: List of all off-target mutations in Ec+ribAB and Ec-ribAB after four 
CRMAGE cycles and four CRMAGE and two MAGE cycles for deactivation of mutS, respectively. 
Three mutations(*) occurred in the mutS deactivation step. Genome sequencing data were 
analyzed by breseq189, arrows indicate the orientation of the gene on the genome (→ plus strand 
and ← minus strand). If the mutation is between two genes (intergenic), both flanking genes are 
reported. If the gene does not code for a protein the entry in “aa change” is “noncoding”. Gene 
descriptions are taken from input GenBank files by breseq189.  

Ec+ribAB 

Position Mutation aa 
change Gene Description 

158,933 A→G V54A  pcnB ← poly(A) polymerase I 

1,588,170 C→T intergenic  b1505 ← / ← b1
506 

putative outer membrane protein, 
hypothetical protein 

3,636,556 G→A A298T  pitA → low-affinity phosphate transport 

4,164,808 G→T noncoding
  rrsB → 16S ribosomal RNA 

 
Ec-ribAB 

Position Mutation aa 
change Gene Description 

53,484 A→G S407P  surA ← survival protein 

74,110 C→T G138S  yabK ← putative transport system permease 
protein 

119,651 A→C D124A  ampE → regulates ampC 

123,331 C→T G105G  aceE → pyruvate dehydrogenase 
(decarboxylase component) 

157,118 T→C intergenic yadN←/←folK 
putative fimbrial-like protein/ 
7,8-dihydro-6-hydroxymethylpterin-pyrop
hosphokinase 

158,672 C→T G141D  pcnB ← poly(A) polymerase I 

166,050 A→G T441A  mrcB → peptidoglycan synthetase; 
penicillin-binding protein 1B 

182,555 C→T A37A  cdaR → regulator of D-galactarate, D-glucarate 
and D-glycerate metabolism 

204,986 A→G Y165C  rnhB → RNAse HII, degrades RNA of DNA-RNA 
hybrids 

273,119 T→C V345A  ykfC → hypothetical protein 
280,733 G→A R159C  yagA ← hypothetical protein 

320,783 G→A intergenic  ykgD→/→ykgE putative ARAC-type regulatory protein/ 
putative dehydrogenase subunit 

347,141 A→G I176T  prpR ← regulator for prp operon 

512,101 C→T T101M  ybaT → putative amino acid/amine transport 
protein 

543,006 A→G S89P  ylbA ← hypothetical protein 
664,168 C→T L82L  rlpA ←  a minor lipoprotein 

703,366 A→G D67G  nagE → 
PTS system, 
N-acetylglucosamine-specific enzyme 
IIABC 

834,779 T→C I103I  ybiB → putative enzyme 

900,961 C→T V171V  artQ ← arginine 3rd transport system permease 
protein 

1,113,039* A→G D123D  msyB ← acidic protein suppresses mutants 
lacking function of protein export 

1,136,623 T→C S10S  flgJ → flagellar biosynthesis 
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1,191,766 T→C H30R  ycfC ← hypothetical protein 

1,275,414 A→G F476F  narX ← nitrate/nitrate sensor, histidine protein 
kinase acts on NarL regulator 

1,333,276 G→A intergenic  cysB→/→acnA positive transcriptional regulator for 
cysteine regulon/aconitate hydrase 1 

1,346,830 A→G L36P  rnb ← RNase II, mRNA degradation 
1,374,703 A→G S219G  ycjR → hypothetical protein 
1,416,937* A→G L122L  sieB → phage superinfection exclusion protein 
1,536,890 T→C Q1242R  narZ ← cryptic nitrate reductase 2 alpha subunit 
1,554,862 G→A G72R  osmC → osmotically inducible protein 

1,620,820 G→A intergenic  ydeE→/←ydeH putative transport protein/orf, 
hypothetical protein 

1,894,197 G→A E2K  yeaB → hypothetical protein 
1,898,742 T→C N290D  yoaE ← putative transport protein 
1,906,040 (A)7→8 intergenic  yobF←/←yebO hypothetical protein/hypothetical protein 

2,086,286 C→T A6A  yeeY ← putative transcriptional regulator 
LYSR-type 

2,102,024 
repeat 
region +9 
bp  

coding  wbbK ← putative glucose transferase 

2,503,109 A→G V154A  ypdE ← hypothetical protein 
2,602,988 C→T A52A  hyfD → hydrogenase 4 membrane subunit 
2,757,357 (A)8→9 coding  yfjI → hypothetical protein 
2,768,789 A→G K112K  yfjS → hypothetical protein 
2,770,160 A→G I6T  yfjU ← hypothetical protein 
2,816,972 A→G intergenic  serV←/←csrA tRNA-Ser/carbon storage regulator 

3,076,675 A→G G69G  cmtA ← PTS system, mannitol-specific enzyme II 
component, cryptic 

3,081,206 T→C N205S  speB ← agmatinase 
3,165,071 T→C T224A  ygiS ← putative transport periplasmic protein 

3,204,250 T→C D10G  ygiP ← putative transcriptional regulator 
LYSR-type 

3,303,854 A→G intergenic  mtr←/ ←deaD 
tryptophan-specific transport 
protein/inducible ATP-independent RNA 
helicase 

3,359,337 T→C V47A  gltF → regulator of gltBDF operon, induction of 
Ntr enzymes 

3,441,036 T→C T362A  prlA ← putative ATPase subunit of translocase 

3,823,370 T→A D46E recG → DNA helicase, resolution of Holliday 
junctions, branch migration 

4,047,248 C→T R754C polA → DNA polymerase I 
4,047,374 C→T P796S  polA → DNA polymerase I 
4,317,108 C→T P174P  phnJ ← phosphonate metabolism 

4,380,567 (T)7→6 intergenic frdA←/→yjeA 
fumarate reductase, anaerobic, 
flavoprotein subunit/putative lysyl-tRNA 
synthetase 

4,455,398 G→A P164L  yjgA ← putative alpha helix protein 
4,548,135 A→G G395G  gntP ← gluconate transport system permease 3 
4,581,282* T→C E1186G  hsdR ← host restriction; endonuclease R 

4,637,628 A→G G234G  arcA ← 
negative response regulator of genes in 
aerobic pathways, (sensors, ArcB and 
CpxA) 
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3.1 ABSTRACT  
Internal tagging of proteins by inserting small functional peptides into surface accessible 

permissive sites has proven to be an indispensable tool for basic and applied science. 

Permissive sites are typically identified by transposon mutagenesis on a case-by-case 

basis, thus limiting scalability and preventing internal tagging from being used as a system-

wide protein-engineering tool. Here, we develop an approach for predicting permissive 

stretches (PSs) in proteins based solely on primary structure information. Identified PSs 

are predicted to be predominantly surface accessible, hence the position of inserted 

peptides is likely suitable for diverse applications. We demonstrate the viability of this 

approach by inserting a Tobacco etch virus protease recognition site (TEV-tag) into several 

PSs in a wide range of proteins, from small monomeric enzymes (adenylate kinase) to 

large multi-subunit molecular machines (ATP-synthase) and verify their functionality after 

insertion. We apply this method to engineer conditional protein knockdowns in the E. coli 

chromosome and generate a cell-free platform with enhanced nucleotide stability.  
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3.2 INTRODUCTION  
Small functional peptides have shifted into focus as tools for advanced in vivo imaging and 

chemical biology. Peptides bring along a diversity of functions condensed into few amino 

acids: they can serve as highly specific binding motifs for small molecules or metals195–197, 

as recognition sequences for proteases198 or labelling enzymes199,200, and they can self-

catalyse covalent bonding201. Furthermore, they can mimic carbohydrates202 and serve as 

inhibitors203, or as epitopes able to elicit an immune response204 or modulate innate 

immunity205. Tagging proteins with functional peptides has revolutionised the ease and 

scale of protein purification, opened novel pathways for vaccine design, as well as enabled 

visualisation and characterisation of biological systems and processes in vivo and in 

vitro206. Although many proteins can be tagged N- or C-terminally, it is frequently necessary 

or desirable to insert a tag internally at a permissive site that accepts additional amino 

acids. Possible reasons include multiple tagging or that the termini of a protein are 

functionally relevant or buried207–210, that an internal tag might be more resistant to 

proteolytic degradation than a terminal fusion209, that the inserted peptide needs to be 

structurally stabilised in order to exhibit its function (e.g. sufficiently rigidified as shown for 

lanthanide binding tags for for nuclear magnetic resonance (NMR) studies197), or if the 

specific peptide’s conferred function requires it to be located internally (as is the case for 

engineering conditional protein-knockdowns by protease hydrolysis site insertion)207,211–

213. 

Due to the limited understanding of the precise mechanisms underlying site 

permissiveness, the full potential of internal protein tagging has largely remained 

untapped. State-of-the-art approaches are based on transposon mutagenesis208,212,213. We 

previously showed the feasibility of this approach by identifying permissive sites in the 

molecular chaperonin GroEL207. However, transposon mutagenesis is laborious, involving 

several in vitro DNA manipulation and engineering steps. This limits its potential use for 

high-throughput protein tagging and thus prevents the true exploitation of permissive sites 

as a proteome-wide engineering approach. Furthermore, tags inserted by transposon 

mutagenesis contain large (~19 bp) transposase recognition sites flanking the tag 

sequence, which we have previously observed to impair protein function207. 

In contrast, rational approaches could minimise the number of engineering cycles for 

designing and implementing desired functions and thus improve scalability. In combination 

with novel precision genome editing tools74,99, rational design approaches could augment 

systematic internal protein tagging efforts directly in the genome, e.g., as recently 
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proposed for systematic protein quantification using designed peptide tags for mass-

spectrometry214. 

Here, we present a general method for predicting permissive stretches (PSs) in proteins. 

We hypothesise that length-variable regions (regions containing indels) in homologous 

proteins tolerate insertions. Such regions can be inferred by searching for gaps in a 

multiple sequence alignment (MSA) of homologous proteins. A similar strategy was 

employed to identify a permissive site in the glycoprotein of vesicular stomatitis virus215 or 

the yeast Ser/Thr kinases TOR1 and TOR2210, but the generality of this approach remained 

unclear. This procedure only requires primary sequence information, which is available for 

presumably any protein of interest. We further combine this method – which we call 

permissive stretch search (PSS) – with secondary structure and surface accessibility 

measures to establish a workflow that allows us to select sites, which are not only in 

flexible, but also in surface accessible regions (see Fig. 3.1).  

  



 - 57 -     

 

 

 

Fi
gu

re
 3

.1
 –

 E
st

ab
lis

he
d 

w
or

kf
lo

w
 fo

r i
de

nt
ify

in
g 

pe
rm

is
si

ve
 s

tr
et

ch
es

 (P
Ss

) i
n 

pr
ot

ei
ns

 a
nd

 d
es

ig
n 

of
 p

ro
te

in
 k

no
ck

do
w

n 
 

Th
e 

es
ta

bl
is

he
d 

w
or

kf
lo

w
 is

 e
xe

m
pl

ifi
ed

 w
ith

 A
de

ny
la

te
 k

in
as

e 
(A

dk
) a

nd
 re

qu
ire

s 
pr

im
ar

y 
st

ru
ct

ur
e 

in
fo

rm
at

io
n 

al
on

e.
 It

 s
ta

rts
 w

ith
 a

 p
er

m
is

si
ve

 s
tre

tc
h 

se
ar

ch
 (P

S
S)

: (
a)

 G
ap

s 
in

 a
 m

ul
tip

le
 s

eq
ue

nc
e 

al
ig

nm
en

t (
M

S
A)

 o
f s

ev
er

al
 (>

5)
 h

om
ol

og
ou

s 
pr

ot
ei

ns
 in

di
ca

te
 s

tre
tc

he
s 

in
 a

 p
ro

te
in

 li
ke

ly
 p

er
m

is
si

ve
 to

 
in

se
rti

on
 o

f a
dd

iti
on

al
 a

m
in

o 
ac

id
 re

si
du

es
. (

b)
 T

he
 s

pa
n 

of
 a

 P
S 

is
 d

ef
in

ed
 a

s 
th

e 
ga

p 
in

 th
e 

al
ig

nm
en

t p
lu

s 
its

 fl
an

ki
ng

 re
si

du
es

. T
he

 fo
ur

 id
en

tif
ie

d 
PS

s 
w

ith
in

 A
dk

 a
re

 in
di

ca
te

d 
w

ith
 R

om
an

 n
um

er
al

s.
 (c

) T
he

 d
es

ig
n 

of
 p

ro
te

in
 k

no
ck

do
w

ns
 re

qu
ire

s 
th

e 
in

se
rti

on
 o

f a
 T

E
V

-ta
g 

in
to

 a
 fl

ex
ib

le
, s

ur
fa

ce
 a

cc
es

si
bl

e 
PS

. R
el

at
iv

e 
su

rfa
ce

 a
cc

es
si

bi
lit

y 
(R

SA
) a

nd
 s

tru
ct

ur
al

 c
on

te
xt

 o
f a

 P
S

 c
an

 b
e 

pr
ed

ic
te

d 
ba

se
d 

on
 p

rim
ar

y 
st

ru
ct

ur
e 

in
fo

rm
at

io
n.

 R
SA

 v
al

ue
s 

fo
r e

ac
h 

P
S

 
w

ith
in

 A
dk

 a
re

 in
di

ca
te

d 
an

d 
w

er
e 

ca
lc

ul
at

ed
 b

y 
co

m
pu

tin
g 

th
e 

ge
om

et
ric

 m
ea

ns
 o

f t
he

 R
S

A 
va

lu
es

 o
f a

dj
ac

en
t r

es
id

ue
 p

ai
rs

 w
ith

in
 a

 g
iv

en
 s

tre
tc

h 
an

d 
ta

ki
ng

 th
ei

r m
ax

im
um

 v
al

ue
. R

SA
 v

al
ue

s 
ra

ng
e 

fro
m

 0
 (b

ur
ie

d)
 to

 1
 (f

ul
ly

 e
xp

os
ed

). 
Th

e 
av

er
ag

e 
m

ax
im

um
 g

eo
m

et
ric

 m
ea

n 
(s

ee
 m

et
ho

ds
 s

ec
tio

n)
 R

S
A

 
of

 a
 ra

nd
om

 s
tre

tc
h 

w
as

 d
et

er
m

in
ed

 to
 b

e 
0.

30
. F

or
 il

lu
st

ra
tio

n,
 P

Ss
 w

er
e 

ad
di

tio
na

lly
 m

ap
pe

d 
on

to
 th

e 
su

rfa
ce

 re
pr

es
en

ta
tio

n 
of

 th
e 

cr
ys

ta
l s

tru
ct

ur
e 

of
 

Ad
k 

(P
D

B 
1A

KE
). 

(d
) 

Th
e 

in
fo

rm
at

io
n 

ac
qu

ire
d 

ab
ov

e 
gu

id
es

 t
he

 i
de

nt
ifi

ca
tio

n 
of

 a
 p

ot
en

tia
lly

 f
un

ct
io

na
l, 

su
rfa

ce
 e

xp
os

ed
, 

an
d 

fle
xi

bl
e 

P
S 

fo
r 

ch
ro

m
os

om
al

 T
EV

-ta
g 

in
se

rti
on

. T
he

 re
d 

do
t i

nd
ic

at
es

 th
e 

si
te

 w
ith

in
 A

dk
 c

ho
se

n 
fo

r i
ns

er
tio

n 
of

 a
n 

ex
te

nd
ed

 T
EV

-ta
g,

 s
pe

ci
fic

al
ly

 a
fte

r r
es

id
ue

 D
76

.  
 



 - 58 -     

 

We apply this workflow to engineer conditional protein knockdowns for tailoring cell-free 

production platforms, in which the catalysts for complex biological processes can be 

recruited from living cells but employed outside the cell216. Cell-free biotechnology is a 

quick and cost-effective method that allows for facilitated supply of non-membrane 

permeable or toxic substrates, easy monitoring, manipulation, and access to the desired 

products217. Cell-free platforms have shifted into focus for in vitro protein synthesis218, for 

production of fine chemicals or medications124,219–221, or have been used for implementing 

paper-based biosensors222. To prevent laborious and expensive purification schemes, we 

only disrupt the cellular envelope, leaving a crude lysate as the source of the required 

catalysts. However, yield-efficient operation is then compromised by the presence of an 

additional complex enzymatic background that interferes with the desired reaction by 

sequestering starting materials, important intermediates, and/or cofactors. 

We tackle this problem by employing conditional protein knockdown: we label enzymes 

with a protease-hydrolysis tag (TEV-tag) at a PS such that it can be inactivated at the cell-

free stage through hydrolysis by a selective orthogonal protease. This allows us to target 

essential proteins that cannot be genetically inactivated or proteins that cause a growth 

phenotype in the biomass production strain in case of genetic elimination. 

As a proof-of-principle, we address the rapid degradation of the expensive and universal 

co-factor adenosine triphosphate (ATP) and its hydrolysis product adenosine diphosphate 

(ADP), a problem that constrains the productivity of most cell-free production efforts219,223. 

To avoid the addition of stoichiometric amounts of ATP, these cell-free processes rely on 

ATP-regeneration from ADP. Stabilising the availability of ATP as well as its hydrolysis 

product ADP will allow for the more cost-efficient operation of cell free production systems 

in general. 
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3.3  RESULTS 

3.3.1 Identification of functional PSs within proteins using sequence 
information alone. 

We first tested our hypothesis that length-variable regions are permissive to tag insertion 

with two E. coli proteins for which various sites permissive to five-residue insertions had 

been experimentally identified by transposon mutagenesis previously – triosephosphate 

isomerase (TpiA) and TEM1 β-lactamase (Bla)224. For both proteins, sequences of 4-6 

functionally conserved homologs with sequence identities ranging between 23% and 52% 

were selected and aligned. Alignments are given in Supplementary Figure 3.1 and input 

sequences are summarized in Supplementary Data 3.1. The imposed sequence identity 

range was defined empirically: sequences with high similarity had very few gaps, while 

sequences with low identity exhibited too much alignment error and their homology cannot 

be reliably determined from sequence information alone225. In general, an identity range 

between ~30% and ~70% worked best in our hands (see Supplementary Data 1 for input 

sequences and identity ranges). Transposon-identified permissive sites for TpiA and Bla 

were mapped onto the corresponding alignments (see Supplementary Fig. 3.1 and 

Supplementary Table 3.1). Remarkably, almost all of the experimentally identified 

permissive sites within TpiA (13 out of 16) and all within Bla (5 out of 5) mapped either 

directly to one of the identified gaps (9 out of 13 for TpiA and 4 out of 5 for Bla) or scattered 

close (within +/- 5 residues) to an identified gap (4 out of 13 for TpiA and 1 out of 5 for 

Bla). Scattered permissive sites – sites that are shifted from the actual gap in the specific 

alignment – tended to be at least part of the same secondary structural element as the 

identified gap. For Bla, semi-permissive sites (arbitrarily defined as conferring ≤ 30% wild-

type resistance to ampicillin by the authors of the study) and non-permissive sites (loss of 

function) had been characterised as well224. Only 4 out of 10 semi-permissive sites mapped 

to one of the identified gaps, but perhaps more importantly, none of the non-permissive 

sites mapped to a gap.  

Overall, this first analysis suggested that the predicted gapped regions in the alignments 

were indeed tolerant to insertion of additional amino acids. However, the gap search 

resulted in the identification of a potentially flexible stretch within a protein rather than a 

precise site. We therefore call this approach permissive stretch search (PSS) rather than 

permissive site search. 
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3.3.2 Experimental validation of PSS with three test proteins 
To experimentally validate PSS, we used three test proteins which are either essential or 

conditionally essential: adenylate kinase (Adk), glycerol-3-phosphate dehydrogenase 

(GpsA) and the previously discussed triosephosphate isomerase (TpiA). MSAs for all test 

proteins, the identified PSs, and their numbering can be found in Supplementary 

Figure 3.2. We selected TpiA as a test protein for PSS – despite the fact that transposon-

identified permissive sites for this protein are known – to validate the permissiveness of 

PSs that had not been transposon-identified (PS IV, Supplementary Fig. 3.2c), to sample 

additional sites scattering around transposon-identified PSs (site T130 scattering around 

PSVI, Supplementary Fig. 3.2c), as well as to explore permissiveness of transposon-

identified sites towards longer insertions (site E55 within PSIII and site T153 within PSVI, 

Supplementary Fig. 3.2c).  

For all proteins, we inserted a TEV-tag (ENLYFQ↓G), or derivatives thereof, and explored 

insertion positions lying directly within predicted PSs as well as insertion positions 

scattering closely around them – similar to the distribution of our reference (transposon-

identified) permissive sites. Varying the exact sites around the identified PSs is 

reasonable, as the exact gap position in an MSA can vary depending on the choice of 

alignment algorithm and the gap open and extension penalties that were employed226,227. 

We also explored small deletions or duplications of the original sequence to study the 

extent of permissiveness for specific insert designs. Table 3.1 summarises the identified 

PSs for each protein and the final sequences of tagged protein variants. Input sequences 

and MSAs for all three proteins can be found in Supplementary Data 3.1 and 

Supplementary Figure 3.2. 

Functionality of all protein variants was assessed in vivo by measuring the ability of a 

tagged protein variant to sustain wild type-like growth rates on different carbon sources, a 

strategy frequently employed to examine functionality of protein variants208,228. Adk is an 

essential protein required for the biosynthesis of purine ribonucleotides229 and plays a key 

role in controlling the rate of cell growth by tuning the availabilities of nucleotide species 

via inter-conversion230. GpsA is also an essential protein, catalysing the first step in the 

biosynthesis of phospholipids starting from the glycolytic intermediate DHAP231. As a 

central enzymatic activity in glycolysis and gluconeogenesis232, TpiA is conditionally 

essential: it is non-essential for growth on rich media (e.g. Lysogeny Broth (LB) medium), 

but essential if glucose or glycerol are the only carbon sources (M9 medium). Therefore, 

differences in the specific growth rates on a glycolytic carbon source (glucose) and a 

gluconeogenic carbon source (glycerol) should identify impairment of catalytic activity for 



 - 61 -     

 

the various Adk, GpsA, and TpiA variants once the wild-type gene on the chromosome 

was inactivated233. 

Protein variants were expressed from their natural promoters on low copy plasmids in 

strains lacking the corresponding wild type gene in their chromosome, thus creating a 

situation that is strongly resembling the wild-type situation. A wild type version of each 

protein expressed from the same genetic context was used as a reference for growth rate 

comparisons. Note that due to the essential nature of adk and gpsA, the final strains had 

to be constructed by genetic replacement rather than standard transformation233. As gpsA 

is encoded within an operon, we included the upstream gene secB on the test plasmid to 

maintain its genetic context and tested TEV-tag carrying variants in strain secB gpsA::kan. 

Adk variants were tested in strain adk::kan and TpiA variants were tested in the previously 

constructed double knockout strain amn::FRT tpiA::FRT219. For TpiA and GpsA, all of the 

tagged protein variants sustained wild type-like growth rates on minimal media with 

glucose and glycerol (see Fig. 3.2a and b).  

For Adk, TEV-tag insertions into two of four PSs (PSI, and IV, see Supplementary Fig. 

3.2a for numbering) resulted in protein variants that could sustain wild type-like growth on 

glucose and glycerol (see Fig. 3.2c). Insertion into PSIII resulted in a variant with wild type-

like growth on complex LB medium and on minimal M9 medium with glucose but showed 

a growth defect on minimal medium with glycerol (66 ± 18% (mean ± stdev) of wild type 

specific growth rate, respectively). As literature indicated that PSIII is located in a 

functionally relevant loop234, we excluded PSIII from further analysis. The TEV-tag 

insertion into PSII (specifically after residue A93) resulted in a variant that sustained wild 

type-like growth on complex LB medium but caused a growth defect on M9 minimal media 

with glucose and glycerol (54 ± 14% and 47 ± 18% of wild type specific growth rate, 

respectively). This indicated that insertion at site A93 was not fully permissive, despite the 

lack of reports of the PSII region’s functional relevance. To explore if changing the exact 

insertion position within PSII could restore wild type-like growth we created a small 

insertion library by polymerase chain reaction (PCR) (see Supplementary Fig. 3.4). After 

screening several library members we identified one variant (tagged after residue A99, 

with a four-residue duplication of the original sequence) sustaining wild type-like growth 

on all carbon sources. Other screened insertion sites (after residue K97) and insertion 

designs (after residue A99, with a six-residue duplication of the original sequence) resulted 

in proteins with compromised function (see Fig. 3.2d). In summary, we examined a total of 

11 PSs and 19 insert designs within 3 proteins and showed that 15 out of 19 designs 

resulted in functional protein variants. This suggested that PSS allows for a substantial 
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reduction in effort from screening/selecting from a transposon library of variants to the 

functional evaluation of a few variants. 

 

Figure 3.2 – Functionality of TEV-
tagged protein variants in vivo 
Upper and middle panels: 
functionality of plasmid encoded 
TEV-tagged protein variants in vivo. 
Variants were expressed from their 
natural promoter on low copy 
plasmids. (a) TpiA; (b) GpsA; (c) 
Adk (d) Adk variants isolated from 
an insertion library around PSII. 
Insertion positions and 
corresponding permissive stretches 
are given for each variant. 
Functionality was evaluated as the 
ability of a certain variant to support 
growth of the corresponding 
knockdown strain on different 
carbon sources at 37°C. 
Experiments were done in biological 
duplicates. Lower panel: 
functionality of chromosomally 
encoded TEV-tagged proteins 
variants in vivo. (e) Indicated strains 
carrying a TEV-tag on the 
chromosome were grown in LB 
media or M9 glucose with casamino 
acids at 32°C and growth rates were 
compared to the appropriate parent 
strain (Ec or Ec*) which was used 
for chromosomal integration, in 
case of TpiAL70 the strain has an 
additional STOP codon in amn (Ec*) 
resulting in a translational knockout. 
(f) Growth rates on M9 succinate of 
strains carrying a TEV-tag in the 
alpha- (AtpA) and beta- (AtpD) 
subunit of ATP-synthase. A 
functional ATP-synthase is 
essential for growth on the non-
fermentable carbon source 
succinate. Strains having AtpA or 
AtpD replaced by a kanamycin 
cassette fail to grow on succinate. 
Experiments were done in triplicate. 
Error bars are std.  
 



 - 63 -     

 

3.3.3 Identified stretches are sufficiently permissive for chromosomal 
protein tagging  

Having confirmed that the protein variants are functional in principle, we proceeded to 

explore their effect when the encoding genes are present only in monocopy, which would 

correspond to our ultimate objective: designing and implementing internally tagged 

proteins on the chromosome of E. coli with only minimal testing and re-engineering. We 

chromosomally inserted TEV-tags into two of our test proteins, Adk and TpiA, using co-

selection MAGE (CoS-MAGE)79. We chose to integrate the two cleavable variants 

AdkD76.3 and TpiAL70, (see Fig. 3.3d and Supplementary Fig. 3.7a). The constructed 

strains were designated EcAdkD76.3 and Ec*TpiAL70 (see Table 3.1 and Supplementary 

Table 3.3). Wild type-like growth rates on complex medium and minimal medium 

supplemented with glucose verified full functionality of both variants in vivo (see Fig. 3.2e)  

After confirming the wild type-like function of strains that contain a chromosomal gene for 

a TEV-tagged protein variant designed by the PSS, we tested the procedure on the α- and 

β-subunits of the ATP-synthase (AtpA and AtpD). ATP synthase is a complex multi-subunit 

molecular machine and should therefore be a very stringent target for verifying the PSS 

approach. We had also identified ATP-synthase as a major source for unspecific ATP 

depletion in cell-free extract (CFX) (see Supplementary Fig. 3.11). We predicted PSs for 

AtpA and AtpD and inserted the nucleotide sequence for TEV-tags into the chromosomal 

gene sequence for two identified PSs, specifically after residues H123 (AtpA) and E101 

(AtpD) (see Table 3.1 and Supplementary Fig. 3.4).  
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Table 3.1. Overview of internally tagged protein variants 

  Stretch Span Insertion 
site Original sequencea Sequence after insertionb 

Plasmid insertions 

Adk 
 

PSI I72-
R78 D76 QEDCRNGFLLD 1- QEDENLYFQGLLD 

PSII D94-
A95 

A93 PQADAMKE PQAENLYFQGMKE 
K97 AMKEAG AMKENLYFQGEAG 

A99  KEAGIN 
1-KEAENLYFQGMKEAGIN 
2- KEAENLYFQGDAMKE 
AGIN 

PSIII V142-
G150 P140 NPPKVEGKDDVTG

E NPPENLYFQGTGE 

PSIV T191-
P201 A186 KEAEAGNTK KEAENLYFQGNTK 

GpsA 
 

PSI P55-
V57  

C49 DRCNAAFLPDVPF
PD DRCENLYFQGFPD 

P60 PFPDTL PFPENLYFQGVPFPDTL 

PSII P97-
D102 M99 PLMRPD PLMPTTENLYFQGCLGRPD 

PSIII L128-
Q131 I132 DQIPLA DQIPTTENLYFQGCLGPLA 

PSV D272-
V273 Q269 LGQGMD LGQPTTENLYFQGGTVGMD 

TpiA 
 

PSIII E53-
I59  E55 EAEGSH 

1 –EAEGGSGENLYFQ 
GSGGSGSH 
2 – EAEGCLGESENLY FQG 
DERKNKGSH 
3 – EAEGCLPTTENLYF QSG 
TVKNKGSH 

PSIV D67-
N69 N69 DLNLSG DLNENLYFQGLSG 

PSVI E133-
A156 

T130  GETEAENEAGKTE  
1 – GETENLYFQGGSG KTE 
2 – GETGGSENLYFQGGS 
GKTE 

T153 LKTQGA LKTDYDIPTTENLYFQSGTVD
AGADQGA 

Chromosomal insertions 

Adk PSI I72-R78 D76 QEDCRN 3 – QEDENLYFQGESL 
FKCRN 

TpiA PSIV D67-
N69 L70 LNLSGA LNLPPKNENLYFQGESLFKG

PSGA 

AtpA PSIII H123-
F126 H123 LDHDGE LDHENLYFQGDGF 

AtpD PSIII E101-
E105 E101 KGEIGE KGEENLYFQGIGE 

Extended TEV-tag  

Adk PSI I72-R78 D76 QEDCRN 
2 - QEDENLYFQGCRN 
4 – QEDENLYFQGESLF 
KGGCRN 

GpsA PSII P55-
V57 D56  LPDVPS  

1 - LPD ENLYFQG VPS 
2 – LPDPPKNENLYFQG 
ESLFKGPVPS 

a residues deleted during the insertion process are shown in bold. If no residues were deleted, a 6-
residue stretch of the protein sequence is shown, and the insert was placed in the middle. 
b Minimal TEV-tag and extended derivatives used for insertion are shown in bold 
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The corresponding strains EcAtpAH123 and EcAtpDE101 exhibited 92 ± 6% and 

72 ± 12% of wild type growth rate on the non-fermentable carbon source succinate, 

indicating the assembly of a functional ATP-synthase235 (see Fig. 3.2f). The strains further 

exhibited wild type-like in growth on complex medium and minimal medium supplemented 

with glucose (see Fig. 3.2e).  

These results suggested that the PSS could be used for direct chromosomal engineering, 

as tagged proteins were functional when expressed from a monocopy gene and targets 

could be chromosomally tagged with minimal testing effort.  

3.3.4 Extending the workflow to incorporate surface accessibility and 
secondary structure context: PSS-identified PSs are biased towards 
being surface accessible 

Besides functionality, a further requirement for the usefulness of a permissive site is its 

accessibility to interaction partners, such as proteases, labelling enzymes or antibodies. 

Depending on the partner, PS accessibility may not only be a function of simple surface 

accessibility but also dependent on secondary structure context, e.g., if the partner 

requires its recognition site to be located in a surface-accessible unstructured loop. As we 

aimed to keep the entire workflow based on primary structure information we used the 

freely available NetSurfP structure prediction tool236 to assess relative surface 

accessibilities (RSA) and secondary structures of each stretch.  

We first verified that predicted results for RSA and secondary structure of a given protein 

correlated well with the structural data which were available for five of our test proteins, 

AtpA, AtpD, TpiA, Bla, and Adk (correlations ranging from 0.69 to 0.8 between sequence- 

and structure-based predicted RSA and secondary structure; Supplementary Table 3.2). 

Given this result and the good accuracy reported for NetSurfP’s predictions236, we 

considered this tool sufficiently accurate for evaluating protein structure for PS selection 

in the absence of crystal structures.  

Interestingly, when predicting RSA and manually mapping the positions of PSs onto 

available crystal structures, we realised that almost all of them were at least partly surface 

accessible (see Fig. 3.1, Supplementary Table 3.2 and Supplementary Fig. 3.5). 

Encouraged by this result, we were interested to evaluate if PSS-predicted stretches 

tended to be surface accessible in general. This would support our goal to identify surface 

accessible PSs in a variety of proteins to eventually engineer protein knockdowns in a 

proteome-wide approach.  
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We therefore automated the PSS and predicted PSs across the functionally annotated part 

of the E. coli K-12 proteome. The most accessible insertion site (as defined in the methods 

section) in predicted stretches displayed significantly higher RSA (0.389, 95% confidence 

interval (CI) = [0.0661,0.712]) when compared to the most accessible insertion site in 

randomised stretches with the same length distribution (0.298, 95% CI = [0.0224,0.574]) 

(see Online Methods). To evaluate the significance of this difference, we generated 1000 

bootstrap samples of PS position shuffles to determine how these differences are 

distributed. We observed very little variability among the samples, with a mean average 

surface accessibility of 0.298, 95% CI = [0.297, 0.300]. This indicates that the higher 

average RSA of observed insertion sites is indeed statistically significant (p < 10-3, 

Supplementary Fig. 3.10). In the experimentally tested PSs located in our test proteins, 

we also found this significant enrichment with respect to RSA in PSs versus randomly 

chosen stretches: only 6 of 34 PSs are below, 14 of 34 within one stdev, and 14 of 34 

within two stdev above the mean RSA of a randomly placed site (see Supplementary Table 

3.2 and Supplementary Fig. 3.5). These results support that PSs identified by PSS 

exhibited higher-than-average RSAs. 

3.3.5 Testing and improving cleavability of the minimal TEV-tag by adding 
flanking residues 

Our specific interest in chromosomal protein tagging is the engineering of conditional 

protein knockdowns to enable easy elimination of undesired catalytic activities from a cell-

free platform. This requires efficient hydrolysis of the primary peptide backbone by TEV 

protease and loss of enzymatic activity after cleavage.  

When examining the cleavability of all functional Adk TEV-tagged variants by western 

blotting, we realised that the inserted minimal TEV-tag (i.e. the canonical and widely used 

sequence ENLYFQG) was generally poorly hydrolysed and cleavage efficiency seemed 

to be dependent on specific sequence and secondary structure context. Specifically, the 

TEV-tag was partly hydrolysed (to different extents) when placed into a loop, as seen for 

AdkD76.1 and AdkA99.1 (see Fig. 3.3a and b), but not at all when placed into an α- helix, 

as seen for AdkA186 (see Fig. 3.3d). This finding was confirmed when examining the 

cleavability of all TEV-tagged variants of TpiA and GpsA (see Supplementary Fig. 3.6). 

Therefore, despite ensuring at least theoretically good access to tags, TEV-hydrolysis 

seemed to require the consideration of additional criteria, and we developed a “flanked 

TEV-tag” that could be efficiently hydrolysed even when placed into a presumably 

structurally more rigid internal position.  
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Our flanked TEV-tag extends the minimal cleavage site by residues derived from one of 

the variable hydrolysis sites in the natural TEV-polyprotein (UniProtKB: P04517). We 

tested variants of different length for improved cleavage and found that a TEV-tag minimal 

sequence extended by five residues at its C-terminus (ENLYFQ↓G ESLFK) substantially 

enhanced the cleavage efficiency of variant AdkD76.3 (see Fig. 3.3d). The same strategy 

was successfully employed to engineer cleavable variants of GpsA and TpiA (see 

Supplementary Fig. 3.7).  

 

Figure 3.3 – Cleavability of internally TEV-tagged protein variants 
Cleavability of TEV-tagged Adk-6xHis variants was examined by incubating crude lysates derived 
from strains expressing the indicated Adk variant from a low copy vector under control of the 
natural Adk promoter in the presence or absence of TEV protease. Samples were separated by 
SDS PAGE and blotted. Cleavage products were detected with a 6xHis-tag specific antibody. (a) 
AdkD76.1; (b) AdkA99; (c) AdkA186. The predicted secondary structure context of each residue 
is indicated in red. The loop length for variants AdkD76 and A99 was determined based on 
secondary structure prediction. (d) Cleavage of flanked TEV-tag variants inserted after residue 
D76. Purified AdkD76-Strep variants with differing TEV-tag flanking region lengths were in the 
presence or absence of TEV protease of TEV protease and cleavage products were detected 
with a Strep-tag specific antibody.  
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3.3.6 Stabilising the nucleotide pool in a cell-free platform using 
conditional protein knockdowns 

As the first step towards stabilizing the nucleotide pool in CFX, it was necessary to identify 

the major ADP and ATP sinks present in CFX. A database search for potentially abundant 

ADP consumers with no specific additional substrate or cofactor requirements yielded Adk 

as a strong candidate. As for ATP consumers, a database search for ATPases resulted in 

a set of potential candidates with uncertainty about abundance and activity under cell-free 

platform operation conditions. Therefore, ATP sinks were identified in a reverse approach 

by separating cell free extracts on native PAGE, followed by activity detection and mass-

spectrometric identification of corresponding proteins (see Supplementary Fig. 3.1). One 

identified major ATP sink was the soluble F1 portion of the membrane spanning ATP-

synthase. Although membranes and membrane-bound proteins are removed during CFX 

preparation, the soluble F1-portion of ATP-synthase is known to separate from the 

membrane-associated F0-part and remains present in CFX preparations. Without coupling 

to the proton-motive force, F1 hydrolyses ATP unspecifically237,238. We therefore 

investigated tagging of Adk and of two of the subunits of ATP-synthase as possible 

measures for stabilizing nucleotides in CFX.  

We first tested for ADP stabilisation using the cleavable Adk variant AdkD76.3 (see above). 

We prepared a CFX from strain EcAdkD76.3, and used high-performance liquid 

chromatography (HPLC) to determine the stability of externally added ADP (and its 

metabolites) with or without pre-treatment by TEV protease (see Fig. 3.4a). Fitting the data 

to an exponential decay model revealed that the half-life of ADP in CFX obtained from 

strain EcAdkD76.3 increased from ~10 min to greater than two hours when Adk was 

inactivated by proteolysis (see Fig. 3.4d). The interruption of inter-conversion of ADP to 

ATP and AMP after proteolysis was verified by monitoring ATP and AMP concentrations 

(see Fig. 3.4a). 

Subsequently, to test for ATP stabilisation, we assessed the stability of ATP in a CFX 

prepared from strains EcAtpAH123 and EcAtpDE101 with or without pre-treatment by TEV 

protease. In the presence of TEV protease, the half-life of ATP increased two- and three-

fold for inactivated AtpA or AtpD, respectively (see Fig. 3.4b-d). ATP half-life in a CFX 

prepared from the wild type strain Ec was not affected by protease treatment (see 

Supplementary Fig. 3.8). We verified by western blotting that AtpAH123 and AtpDE101 

were indeed cleaved by TEV protease (see Supplementary Fig. 3.9). 
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Figure 3.4 – Stabilisation of nucleotide pool in CFX using conditional protein knock-
downs. Time course of nucleotide inter-conversion in CFX with or without pre-treatment by TEV 
protease (a) Adk: ADP was added to a CFX prepared from strain EcAdk76.3 (b) AtpA and (c) 
AtpD: ATP was added to a CFX prepared from strains EcAtpA and EcAtpD. Nucleotide 
concentrations were quantified at indicated time points by HPLC in triplicate. 95% confidential 
intervals indicated the accuracy of the fits. (d) Specific half-life times (min) of ATP or ADP before 
and after knocking out enzymatic activity by TEV protease cleavage. 



 - 70 -     

 

3.4 DISCUSSION 
We developed and tested an approach for predicting PSs in proteins to enable the rational 

design of internally tagged proteins based on primary structure information alone. We 

validated our approach by harnessing existing literature data on permissive sites in 

bacterial proteins as well as by experimentally verifying predicted PSs in various E. coli 

proteins.  

Our approach can minimise the number of design, test and re-engineering cycles, enabling 

efficient internal protein tagging directly into the genome. We exemplify this by functionally 

tagging AtpA and AtpD directly on the E. coli chromosome in a single engineering cycle. 

Both our literature-derived and our own experimental data suggest that PSs are permissive 

to insertions of various lengths at different positions within a stretch. Additionally, in a 

proteome-wide analysis, we show that identified PSs are enriched in surface accessible 

regions, making them suitable candidates for tag interaction.  

However, during the engineering of conditional protein knockdowns, we observed that 

surface accessibility is not the only requirement for efficient hydrolysis of a TEV-tag by the 

TEV protease. Inefficient hydrolysis of internal TEV-tags has already compromised other 

engineering efforts211, and therefore, we wanted to exclusively insert TEV-tags that could 

be efficiently hydrolysed. Hydrolysis seems strongly dependent on the structural context 

of the chosen stretch. In fact, cleavage of our tested proteins was only achieved when the 

TEV-tag was inserted into a structurally flexible loop region and could be sufficiently 

improved by extending the minimal TEV-tag by additional residues derived from one of the 

TEV polyprotein cleavage sites. Proteases frequently recognize their substrates in an 

extended beta-strand conformation239 and we assume that adding flanking residues to the 

TEV-tag gives the substrate more flexibility to adopt the correct conformation. 

To demonstrate the applicability of our approach, we designed conditional protein 

knockdowns to engineer a cell free platform with enhanced ADP and ATP stability after 

TEV cleavage. The single-protein knockdown of Adk could almost completely halt 

drainage of ADP over a time span relevant for cell-free protein production240 or 

biotransformations219. In addition, ATP half-life could be stabilised two- to three-fold by 

employing single protein knockdowns. These results were very encouraging given that our 

activity mapping showed ATP degradation in CFXs to be complex and several further 

potential sinks were identified, like the chaperones Dnak and GroEL, suggesting that 

proteolytic elimination of additional enzymes could further enhance stability. 
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Based on our analysis of existing data, experimental verifications and proteome-wide 

predictions, we suggest that this method is of general utility. Correspondingly, we have 

developed design guidelines consisting of four steps (Identification of PSs by searching 

for gaps in functionally conserved homologous proteins; Determination of PS accessibility; 

Determination of loop flexibility; Genomic integration) for successfully engineering 

internally tagged proteins and inserting them into the chromosome (see Supplementary 

Note 1). Although established in E. coli, we believe that the basic concept of PSS is widely 

applicable to proteins from different species across kingdoms. We are aware that in higher 

organisms, post-translational modifications, splicing, or protein-protein interactions play a 

more important role and will need to be considered. PSS leaps beyond state-of-the-art 

methods for permissive site identification and allows for the rapid and parallel design and 

implementation of engineered proteins. This is essential for systematic protein engineering 

efforts like the herein presented cell-free platform engineering, where we envision protein 

knockdown multiplexing on a whole-proteome scale. We also emphasise the simplicity of 

our approach: harnessing the vast repository of protein sequences contained in sequence 

databases as the sole input results in straightforward design of internally tagged proteins. 
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3.5 METHODS 
Chemicals and Enzymes 

Restriction enzymes, T4-ligase and the Gibson assembly kit were obtained from New 

England Biolabs (Ipswich, MA, USA) and used according to manufacturers’ instructions. 

Chemicals were purchased in the highest purity available from Sigma-Aldrich (St. Louis, 

Missouri, United States), Fluka (Buchs, Switzerland) or Roth (Lauterbourg, France). 

Trypton, yeast extract, Bacto™ casamino acids, Low salt Difco™ LB Base, Miller (LB 

Miller) and Difco™ MacConkey agar base were from BD Bioscience (Basel, Switzerland). 

Low salt LB Miller media was used to grow cells for MAGE experiments, chloramphenicol 

at 20 µg mL−1, kanamycin at 50 µg mL-1, or carbenicillin at 50 µg mL-1 was supplied for 

antibiotic selection. Isopropyl β-D-1-thiogalactopyranoside (IPTG) was added to 0.1 mM 

and 5-bromo-4-chloro-indolyl-β-D-galactopyranoside (X-gal) to 40 µg mL-1 to LB-agar 

plates for blue/white selection for LacZ functionality. MalK functionality was tested on 

MacConkey agar (40 g L-1) supplemented with 10 g L-1 D-(+)-maltose monohydrate. 

Complex LB medium contained 10 g L-1 trypton, 5 g L-1 yeast extract and 10 g L-1 NaCl. M9 

minimal medium contained 1x M9 salts241 and was supplemented with 10 mg L-1 thiamine, 

2 mg L-1 biotin and the carbon source as mentioned in the text.  

For affinity purification of proteins, Strep-Tactin® purification resins (iba, Göttingen, 

Germany) or Ni-NTA agarose (Thermo Fischer, Reinach, Switzerland) was used using the 

recommended buffers of the corresponding supplier. 

Desalted oligonucleotides and Sanger-sequencing services were obtained from 

Microsynth (Balgach, Switzerland) and Sigma-Aldrich (St. Louis, Missouri, United States). 

MAGE oligo were purchased with 4-phosphorothiolated bases at the 5` end. 

Strains, plasmids and primers 

See Supplementary Tables 3.3-3.5 

Growth rate determination 

Determination of initial growth rates of strains carrying plasmids with TEV-tagged protein 

variants was performed in 5 mL LB or M9 minimal medium supplemented with 

0.5% glucose or 1% glycerol and 0.2% casamino acids at 37°C. Samples were taken every 

60 minutes, transferred to a 96-well plate, and OD600 was determined in a Viktor3 96-well 

reader from Perkin Elmer (Schwerzenbach, Switzerland). Chromosomally tagged variants 

were tested at 32°C in one of the following media (as specified in the main text): LB 
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medium, M9 minimal medium supplemented with either 20 mM succinate and 0.05% yeast 

extract or 0.5% glucose and 0.2% casamino acids. Growth rates were measured optically 

with a BioLector in a 48 well FlowerPlate from m2p-labs GmbH (Baesweiler, Germany). 

TEV protease and protease cleavage in CFX 

For cleavage, we used two different TEV protease versions: For initial small-scale 

cleavability determination, we used an N-terminally Strep-tagged TEVopt version that was 

affinity purified using Strep-tactin resin as indicated by the manufacturer (iba, Göttingen, 

Germany). TEVopt was codon optimised for E. coli, and carries the following substitutions, 

which were reported previously to enhance solubility or functionality242,243: N68D, S219V, 

last 6 residues deleted. An aliquot of 50 µg of TEVopt was used per mg of CFX.  

For optimisation of cleavage and proteomic switching we used a TEV protease variant 

which is expressed as a cleavable C-terminal fusion with maltose binding protein (MBP) 

and is equipped with a 6xHis-tag at the N-terminus244. It was purified by Ni2+-NTA affinity 

purification followed by dialysis against TEV buffer (10 mM sodium phosphate buffer pH 

7.5 with 1 mM DTT and 1 mM EDTA). An aliquot of 5 µg of TEV per mg of CFX was used 

for proteomic switching experiments and 1:5 (wt/wt) TEV:protein for purified protein 

samples in TEV buffer. Typically, the first 1/3 of the total amount of TEV protease was 

added followed by incubation at 30°C for 2 to 3 h, after which time 1/3 of the TEV was 

added again followed by incubation for 3 to 4 h at 30°C. Afterwards the mix was centrifuged 

at 20,817 × g and 4°C for 30 min and the last 1/3 of TEV was added to the supernatant 

and incubated over night at 4°C.  

Cleavage analysis of purified Adk variants 

Adk variants with a Strep tag were cloned by Gibson assembly into vector pKTS245. For 

overexpression, E. coli BL21 cells with the corresponding plasmid were grown in LB 

medium at 37°C until an OD600 of around 0.6 and induced by 100 ng mL-1 

anhydrotetracycline (aTc). 6 h after induction of the cells were harvested and the Adk 

protein purified on a Strep-Tactin spin column. The purified Adk was TEV treated like 

mentioned above. 

Protein detection 

Protein cleavage was analysed by western blot: cleaved proteins were separated on an 

SDS gel of appropriate concentration and blotted on a nitrocellulose membrane of pore 

size 0.4 µm (GE Healthcare, time and voltage depending on protein size). Proteins were 

detected using a monoclonal mouse 6xHis-tag antibody (Quiagen, Hilden, Germany) in 
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case of Adk, GpsA, and AtpD variants, a mouse monoclonal Strep-tag antibody (Quiagen, 

Hilden, Germany) in case of AtpA variants, or a rabbit polyclonal E-tag antibody (Abcam, 

Cambridge, UK) in case of TpiA variants (LabForce AG, Nunningen, Switzerland). A goat 

anti-mouse IgG-alkaline phosphatase conjugate (Sigma-Aldrich, Buchs, Switzerland) or a 

goat anti-rabbit IgG-alkaline phosphatase conjugate (Sigma-Aldrich, Buchs, Switzerland) 

in combination with a chromogenic alkaline phosphatase reagent kit (Thermo Fisher, 

Reinach, Switzerland) was used for detection. Purified Adk proteins were probed by a 

mouse anti-Strep monoclonal antibody (iba, Goettingen, Germany) followed by detection 

by IRDye® 800CW goat anti-mouse (LI-COR, Bad Homburg, Germany). 

Chromosomal integration 

The DNA sequences for inserted peptides were delivered to chromosomal genes by co-

selection oligonucleotide-directed chromosome engineering (CoS-MAGE). General 

procedures were carried out as described earlier79. More specifically, the oligonucleotides 

were designed to insert the sequence for the 21 bp TEV-tag or the flanking regions at the 

gene site corresponding to the permissive site of the protein of interest (see 

Supplementary Table 3.5 for specific primers). The oligonucleotides targeted the lagging 

strand of the chromosome and were optimize to have a ∆G of >-12.5 kcal/mol (determined 

with mfold190). Additionally, oligonucleotides for translational knockouts for tpiA and amn 

were designed with the online platform MODEST115. For CoS-MAGE, 3 mL of E. coli (Ec) 

were grown in LB medium at 32°C until an OD600 of around 0.6. Cells were then heat-

shocked for 15 min at 42°C to induce the lambda red genes. An aliquot of 2 mL of induced 

cells were made electro competent by washing 3 times with ice cold water. Then, 2 µM of 

each TEV-tag oligo and 0.2 µM of the co-selection oligo were added to the cells and the 

cells were electroporated (1 mm gap cuvettes, 1.8 kV). Cells were recovered by the 

addition of 3 mL of fresh LB Miller medium for further MAGE cycles. After 2 cycles of MAGE 

cells were recovered overnight at 32°C and spread on selective medium plates, the 

specific composition of which depended on the selection marker (LB agar plate with the 

selective antibiotic for bla (ampicillin) or rpsL (streptomycin); McConkey agar plate with 

maltose for malK)). Clones were analysed by Colony PCR (Multiplex PCR Quiagen). For 

PCR primers see Supplementary Table 3.5. PCR program was done as follows: step 1: 

15 min at 95°C; step 2: 30 s at 95 °C; step 3: 30 s at 50°C; step 4: 60 s at 72°C; repeat 

steps 2 to 4 for 30 times; step 5: 10 min at 72°C and storage at 8°C.The insertions were 

verified by Sanger sequencing of PCRs of the genomic regions.  
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Preparation of CFX 

Cultures of the appropriate strain were cultivated in LB medium and harvested at an OD600 

of around 2.8 by centrifugation. Cell pellets were re-suspended 1:1 (cell wet weight to 

buffer volume) in 10 mM sodium phosphate buffer (pH 7.5 and disrupted by 

homogenization with EmulsiFlex-C3 (Avestin Europe GmbH, Mannheim, Germany) at a 

pressure of 1,500 bar). Cell debris was pelleted by centrifugation at 40,000 × g and 4°C 

for 30 min and the supernatant was used as a CFX or stored at -80°C. The protein 

concentration in the CFX was determined by a standard Bradford assay246. Prior to use, 

the CFX was centrifuged again (21,130 × g and 4°C for 30 min to remove denatured 

proteins)  

ATP and ADP stability assay 

In order to determine the stability of ADP and ATP in CFX, 15 mM ATP or 15 mM ADP 

was incubated in 10 mg mL-1 CFX in 10 mM sodium phosphate buffer (pH 7.5) with 

additional 1 mM MgCl2, 10 mM KCl and 1 mM DTT and three samples were withdrawn at 

each sampling time (30 µL). Proteins were immediately precipitated by the addition of 

30 µL ice-cold isopropanol and subsequent centrifugation at 21,130 × g and 4°C for 

30 min. Samples were 1:1 diluted with ddH2O and 2 µL aliquots were analysed by high-

performance liquid chromatography (HPLC) in an Agilent Series 1200 device equipped 

with an auto-injector, an Accucore aQ (2.6 μm particle diameter, 150 x 4.6 mm2 column 

dimensions, Thermo Fisher Scientific, Reinach, Switzerland) column and a UV monitor set 

to 254 nm. An isocratic elution was performed with 50 mM potassium phosphate pH 6 at 

a flow rate of 0.7 mL min-1. Peaks for ATP, ADP and AMP were identified and quantified 

by retention times and comparison with authentic standards.  

In order to compute the half-life, the concentration data was fitted to an exponential decay 

model using the Levenberg-Marquardt non-linear least squares algorithm from the 

MATLAB R2016b (Mathworks, Natick, MA) curve fitting toolbox. We used the decay model  
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to fit the initial concentration (2 ) mMb+  and ln(2) c⋅  for the ATP half-life (where t , c  and 

the half-life are in minutes, and b  is unitless). The asymptote was set to 2 mM as the ATP 

concentration did not drop below this level within 4 hours in previous experiments (data 
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not shown). Since no asymptote could be determined experimentally for ADP decay, we 

used the model 

[ ] 1

mM
tcADP

d be
−

= +
 

instead and fit  d  as well, where (   ) mMd b+  is the initial concentration. Finally, 95% 

parameter confidence intervals were plotted for both models.  

Manual PSS 

Relevant sequences were retrieved from the functionally annotated database Universal 

Protein Resource Knowledgebase (UniProtKB)247 using Domain Enhanced Lookup Time 

Accelerated BLAST (DELTA-BLAST)248. Alignments were performed using the online 

version of Clustal Omega with default parameters249. Input sequences and UniProtKB 

accession numbers for all MSAs are summarised in Supplementary Data 3.1.  

The span of each PS was defined by the two flanking residues of the gap in the underlying 

alignment, and its surface accessibility assessed by the maximum geometric mean RSA 

of adjacent residue pairs within the PS. 

Correlation of crystal structures and predictions for secondary structure and RSA 

Crystal structures were obtained in PDB format from the RCSB Protein Data Bank250. 

Secondary structure and absolute surface areas (ASAs) for each residue were obtained 

from the DSSP database251, while relative surface areas, a measure of RSA, were 

computed from ASAs using the Bio.PDB.DSSP Python module252. RSA and secondary 

structure predictions were performed using the NetSurfP tool236. Given predictions, the 

secondary structure context assigned to each residue was defined as the annotation (helix, 

strand, or coil) with the highest probability. 

Correlation of predicted and crystal structure surface accessibilities was assessed by 

computing the distance correlation253 between the per-residue RSA values. To assess the 

correlation of secondary structures, annotations were mapped onto the set of points 

1 20 1
, ,

0 0 3 2
SS

    =    
     

 

to ensure that all annotation types are equidistant. Distance correlation was then 

calculated in this space.  
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Automated proteome querying and homolog retrieval 

As a sample set to test if PSs are enriched in surface accessible regions, 4434 proteins in 

the UniProtKB/Swiss-Prot database247 were chosen from the E. coli K-12 proteome254. 

RSA and secondary structure were predicted for each residue using the NetSurfP tool236 

and when available, obtained from crystal structures from the DSSP database251. 

Homologs were retrieved using the DELTA-BLAST tool248, searching against the version 

of the UniProtKB/Swiss-Prot database from March 23, 2016 and the conserved domain 

database from May 27, 2015. With composition-based statistics disabled, all search hits 

with an E-value below 0.001 were retrieved. The hits were subsequently filtered to discard 

those whose high-scoring pairs (HSPs) covered less than 80% of the query length or had 

no inserts. Since the sensitivity of DELTA-BLAST drops significantly below a sequence 

identity of 30%248, all hits below this cut-off were also discarded. Of the 4434 proteins 

tested, 4097 had at least one homolog in the Swiss-Prot database and 2613 had at least 

one search hit satisfying the filtration criteria. 

Detecting PSs from HSPs 

Given a query protein and its respective homologs, a PS in the query is defined as a gap 

in their MSA plus its immediate flanking residues. To avoid the expense of computing a 

MSA for each query protein for this analysis, indels in the HSPs for the query proteins were 

used to construct PSs. We justify this approximation by noting that the exact positions and 

lengths of stretches are dependent on choice of alignment algorithm and gap scoring 

model. We define a PS of a query protein precisely using its HSPs in the following manner: 

Let p  denote a query protein in the proteome P  and let HSP( , )p i  be its ith HSP. We define 

the gap set of HSP( , )p i  as ( ) [ ] ( ) ( )}{g , , indel in HSP ,  in ,p i s e p i s e= , where s  and 

e  denote the left and right flanks of the indel, respectively. Using this, the set of PSs of

p , PS( )p , is defined a 

( ) ( )PS  connected component of g ,
i

p g g p i
 =  
 
 



 

Testing PSs for enrichment in accessible regions 

After detecting PSs in the sample set of proteins, the stretches were tested for significant 

enrichment in surface accessible regions, i.e. 
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{ }PS( ): E [RSA] [RSA]
i i

a pH > Ε
, 

by generating 1000 bootstrap samples of PSs site shuffles. Using the definition of the RSA 

of the ith residue of the query, RSA( )i , the RSA of a PS is defined as 

{ },..., 1RSA([ , ]) max RSA( ) RSA( 1)i s es e i i∈ −= +
. 

The RSAs of the sites preceding the N-terminus and proceeding C-terminus are defined 

to be RSAs of the first and last residues, respectively. 

To generate a sample, each stretch [ , ]m ms e  was assigned to a random protein kp  with a 

probability proportional to kp 's length. Then for each protein kp  its assigned stretches 

were distributed uniform-randomly in the protein. This process was repeated to generate 

each bootstrap sample  ( )PS j P . The statistic 
 ( ) ( )PS

RSA
j P

µ  was then computed for all 

bootstrap samples to generate the null distribution of mean RSAs. The test statistic 

( ) ( )PS RSAPµ  was evaluated for significance against this distribution. 
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3.8 SUPPLEMENTARY INFORMATION 

3.8.1 Supplementary Figures 

 

Supplementary Figure 3.1. Mapping of previously known permissive sites within TpiA and 
Bla onto the corresponding MSA.  
(a) E. coli triosephosphate isomerase (TpiA); (b) E. coli TEM1 β–lactamase224; Known permissive 
sites are summarised in Supplementary Table 3.1. Predicted permissive stretches (PS) are 
highlighted in grey. Dark blue arrows: functional permissive sites, light blue arrows: semi-permissive 
sites (sequence insertion altered the function to some extent), red arrows: non-permissive sites. 
Predicted secondary structures are given above the alignment. Light grey boxes depict α-helices, 
dark grey arrows depict β-strands, and the grey line depicts unstructured coils. Note that due to the 
experimental approach, which selected for only functional protein variants, there are no known non-
permissive sites for TpiA.  
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Supplementary Figure 3.2 (continues next page). Identification of permissive stretches in 
Adk, GpsA and TpiA.  
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Supplementary Figure 3.2 (continued). Identification of permissive stretches in Adk, GpsA 
and TpiA.  
MSAs for Adk (a) GpsA (b) and TpiA (c). Identified permissive stretches are highlighted in grey. 
Residues which were chosen for TEV-tag insertion are given as red numbers above the alignment. 
The predicted secondary structure for both proteins is given above the alignments. Light grey boxes 
indicate α-helices, dark grey depict β-strands. 
 

 

 
Supplementary Figure 3.3: Construction of 
Adk-test library.  
A TEV-tag insertion library around PSII of Adk 
was generated by vector-PCR using a pool of 
different primers. The primer design allowed for 
different insert designs such as simple 
insertion, replacements, and duplications. We 
sampled the region, spanning residue A93 to 
A99 for potential insertions. The identified gap 
in our alignment spans D94 and A95 of E. coli 
Adk. 
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Supplementary Figure 3.4 (continues next page). Identification of permissive stretches in 
the α- and β-subunits of Fo-part of ATP-synthase. 
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Supplementary Figure 3.4 (continued). Identification of permissive stretches in the α- and β- 
subunits of Fo-part of ATP-synthase. MSAs were generated for AtpA (a) and AtpD (b). 
Permissive stretches are highlighted in grey. Insertion positions are given in red. The predicted 
secondary structure for both proteins is given above the alignments. Light grey boxes indicate 
α-helices, dark grey arrows indicate β-strands. 
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Supplementary Figure 3.5 (continues next page): PSS-identified permissive stretches are 
enriched to be surface accessible. 
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Supplementary Figure 3.5 (continued): PSS-identified permissive stretches are enriched to 
be surface accessible. 
Each plot summarizes the predicted surface accessibility and the predicted secondary structure of 
each residue for all test proteins (upper panel within each plot) as well as relative surface 
accessibility and secondary structure calculated from available crystal structures by the DSSP 
algorithm (lower panel within each plot). (a) Adk; (b) Bla, (c) TpiA, (f) AtpA, (g) AtpD and (h) GpsA. 
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PSs are highlighted in grey. The RSA of a site is defined as the geometric mean of the RSAs of its 
flanking residues, while the RSA of a predicted stretch is defined as the maximum site RSA in the 
stretch. RSAs of stretches derived from predictions and crystal structures are summarised in 
Supplementary Table 3.2. For illustration, identified permissive stretches were mapped onto the 
surface representation of the crystal structures of TEM1 β-lactamase (PDB 1AXB) (d), TpiA, (shown 
as dimer, PDB 1TRE) (e) and the F1-part of ATP synthase (PDB 3OAA) (i). α- subunits (AtpA) are 
given in light green, β-subunits are given in dark green, and the γ-subunit is given in yellow. PSs 
are marked in grey. For permissive site numbering refer to Supplementary Figures 3.1-3. For TpiA 
and Bla, two different orientations are displayed to capture all PSs. Note: PSVIII within TpiA is not 
surface exposed and therefore not visible. PSI and PSVII within AtpA are not resolved in the crystal 
structure and therefore not given.  
 

 

Supplementary Figure 3.6. Structural context and cleavability. TEV-tagged protein variants 
were expressed from their natural promoters from the low copy plasmid pSEVA132 and crude lysate 
was incubated with TEV protease. Samples before and after cleavage were separated by SDS 
PAGE, blotted and detected with specific antibodies: TpiA variants: eTag antibody, Adk and GpsA 
variants: 6xHis antibody. To broadly normalise the ratio of target protein and TEV protease, 10x 
more concentrated lysate was used for GpsA variants to account for the low abundance of GpsA in 
the cytosol. (a) TpiAE55.1-.3 with variations in the TEV-tag sequence (see Table 3.1); (b) TpiAN69; 
(c) TpiAT130.1 and .2 with variations in the TEV-tag sequence (see Table 3.1) (d) TpiAT152; (e) 
GpsAC49 and P60, both insertions are located in the same secondary structural element; (f) 
GpsAM99; (g) GpsAI132; (h) GpsAQ269 
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Supplementary Figure 3.7: Engineering cleavable TpiA and GpsA variants using an extended 
TEV-tag. 
(a) TpiAL70 is located in a 15 residue loop (Supplementary Figure 3.2c and 3.6b). An extended 
TEV-tag flanked by C-and N-terminal extensions derived from the TEV polyprotein was inserted 
after position L70. Hydrolysis of the variant TpiAL70 by TEV protease was tested as described for 
Supplementary Figure 3.5. Note: Supplementary Figure 3.6b verifies that the minimal TEV-tag 
inserted after residue N69 is not cleaved by TEV protease. TpiA was C-terminally 6xHis-tagged and 
detected with a 6xHis specific antibody. (b) GpsAD56 is located in a 16 residue loop, as predicted 
by secondary structure prediction (see Supplementary Fig. 3.2b and 3.6d). The minimal TEV-tag 
as well as an extended TEV-tag flanked by C-and N-terminal extensions derived from the TEV 
polyprotein was inserted after position D57. Hydrolysis of the corresponding variants GpsAD57.1 
and GpsAD57.2 by TEV protease was tested as described for Supplementary Figure 3.5. GpsA 
was C-terminally 6xHis-tagged and detected with a 6xHis specific antibody. 
 

 

 

Supplementary Figure 3.8: Control – Stabilisation of nucleotide pool in CFX. Time course of 
nucleotide interconversion of CFX derived from wild type strain Ec with or without pre-treatment by 
TEV protease. Nucleotide concentrations were quantified at indicated time-points by HPLC in 
triplicates. The 95% confidence interval for fitting half-life is highlighted in grey. 
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Supplementary Figure 3.9: Cleavability of α- and β-subunit of F1-part of ATP-synthase. 
Plasmid encoded versions of Strep and TEV-tagged variants of (a) AtpAH123 and 6xHis and TEV-
tagged variants of (b) AtpDE101 before and after addition of TEV protease. Proteins were detected 
by either an anti-Strep or anti-6xHis antibody on a western blot. 

 

 

Supplementary Figure 3.10: Whole-proteome analysis of E. coli. Relative surface 
accessibilities of observed permissive stretches (dark grey) and a random shuffling of permissive 
stretches (light grey) are plotted. The relative surface area (RSA) of a given single amino acid 
residue is calculated as the predicted accessible surface area in the polypeptide chain, relative to 
the maximal possible exposure of that residue in the centre of a tri-peptide flanked with either 
glycine or alanine. The RSA of a site is calculated as the geometric mean of the RSAs of its flanking 
residues (see Online Methods). The RSA of a predicted stretch is then calculated as the maximum 
RSA of its constituent sites’ RSAs. 
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Supplementary Figure 3.11: Systematic identification of ATP sinks in CFX. Separation of CFX 
fractionated by step-wise (increments of 10%/step) ammonium sulphate precipitation by native 
PAGE, subsequent incubation with ATP and staining of liberated inorganic phosphate (Pi) by 
malachite green (lower panel). Samples were split after fractionation and additionally stained with 
Coomassie Blue to visualise all present protein bands (upper panel).White arrow: spots 
corresponding to GroEL; red arrow: spots corresponding to the F1-part of ATP-synthase; grey 
arrow: spot corresponding to DnaK; Purified GroEL was used as a positive control (C).  
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3.8.2 Supplementary Tables 
Supplementary Table 3.1. Mapping of known permissive sites within TpiA and Bla. A known 
permissive site (1st column, given as residue number) within TpiA and Bla224 was assigned to a 
predicted stretch (PS) if it mapped directly within a PS (see Supplementary Fig. 3.1 for illustration) 
or if it was shifted by few residues but at least mapped to the same secondary structural element 
(“scattered” permissive sites). The number of residues by which a given “scattered” site is shifted 
is given in column 5. Note, due to the experimental approach, which selected for only functional 
protein variants, there are no known non-permissive sites for TpiA. 

 

Site  Assigned 
to PS # 

Maps within 
same 2D- 
element of PS? 

Maps directly 
within PS? 

Scatters around PS? 
+/- # of residues 

Tp
iA

 

Permissive sites 
N25 PSI yes/helix no PSI + 3 
E55 PSIII yes/helix yes / 
K117 PSV yes/helix yes / 
E118 PSV yes/helix no PSV + 1 
V142 PSVI yes/helix yes / 
V150 PSVI yes/helix yes / 
T153 PSVI yes/helix yes / 
A157 no no no / 
F159 no no no / 
E160 no no no / 
A195 PSVII yes/helix yes / 
A199 PSVII yes/helix yes / 
N200 PSVII yes/helix yes / 
K247 PSVIII yes/helix yes / 
E250 PSVIII yes/helix no PSVIII + 3 
A251 PSVIII yes/helix no PSVIII + 4   

B
la

 

Permissive site (residue) 
E195 (197)* PSVI yes/coil yes / 
L196 (198) PSVI yes/coil yes / 
T261 (265) PSIX yes/coil no PSIX - 5 
A266 (270) PSIX yes/helix yes / 
M268 (272) PSIX yes/helix yes / 
Semi-permissive sites 
E35 (37) no no no / 
Y95 (97) PSIII yes/sheet yes / 
Q97 (99) PSIII yes/coil yes / 
V117 (119) no no no / 
Q204 (206) no no no / 
V214 (216) PSVII yes/coil yes / 
G216 (218) PSVII yes/coil yes / 
I256 (260) no no no / 
Y260 (264) no no no / 
N272 (276) no no no / 
Non-permissive sites 
E61 (63) no no no / 
M66 (68) no no no / 
D161 (163) no no no / 
R162 (164) no no no / 
I206 (208) no no no / 
A230 (232) no no no / 
D231 (233) no no no / 
I244(246) no no no / 
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Supplementary Table 3.2. Structural features of predicted permissive stretches determined 
by structure prediction and crystal structures.  
Secondary structure (SS) and RSA were predicted from sequence using NetSurfP45 and calculated 
from crystal structures using the DSSP algorithm63. A crystal structure for GpsA was not available. 
The RSA of a stretch is defined as the maximum RSA of its constituent sites. The correlations of 
RSA and SS between predictions and crystal structures at all residues were computed by distance 
correlation64. The crystal structure was not resolved in TpiA PSIV and AtpA PSI. See Methods for 
more precise definitions of these calculations. 
 

Protein 
UniProtKB PDB PS NetSurfP DSSP RSA Correlation SS Correlation 

Adk 
P69441 
1AKE 
  

I 0.58 0.61 

0.74 0.7 II 0.3 0.27 
III 0.58 0.82 
IV 0.52 0.43 

TpiA 
P0A858 
1TRE 
  
  
  
  
  

I 0.17 0.23 

0.8 0.8 

II 0.62 0.85 
III 0.7 0.76 
IV 0.45 NA 
V 0.32 0.24 
VI 0.67 0.67 
VII 0.59 0.62 
VIII 0.32 0.06 

GpsA 
P0A6S7 
N/A 
  
  

I 0.61 

 
II 0.67 
III 0.65 
IV 0.37 
V 0.36 

Bla 
P62593 
1AXB 
  
  
  
  
  
  

I 0.21 0.29 

0.82 0.79 

II 0.26 0.11 
III 0.43 0.56 
IV 0.24 0.34 
V 0.6 0.76 
VI 0.41 0.62 
VII 0.42 0.48 
VIII 0.52 0.46 
IX 0.42 0.49  

AtpA 
P0ABB0 
3OAA 
  
  
  
  

I 0.31 NA 

0.69 0.77 

II 0.25 0.37 
III 0.38 0.49 
IV 0.49 0.5 
V 0.36 0.14 
VI 0.58 0.7 
VII 0.45 0.4 

AtpD 
P0ABB4 
3OAA 
  
  

I 0.6 0.63 

0.69 0.74 
II 0.69 0.79 
III 0.44 0.67 
IV 0.08 0 
V 0.51 0.38 
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Supplementary Table 3.3. Strains used in this study 

Strains Genotype/Description Reference 
DH10B E. coli F- endA1 recA1 galE15 galK16 nupG rpsL 

ΔlacX74 Φ80lacZΔM15 araD139 Δ(ara,leu)7697 mcrA 
Δ(mrr-hsdRMS-mcrBC) λ- 

Internal 
strain 
collection 

BL21 E. coli gal hsdS B ompT Internal 
strain 
collection 

EcNR1 E. coli MG1655 Δ(ybhB-bioAB)::[λcI857 N(cro-
ea59)::tetR-bla] 

Addgene 
#2693074 

Ecwt EcNR1 translational knockout of mutS according to ref This study 
W3110 adk::kan 
[pCOMP-adk 
pPBAD-ISceI] 
 

Adk-replacement system: W3110 with adk replaced by a 
kanamycin cassette, plasmid pCOMP-adk can be 
eliminated by induction of I-SceI nuclease expression 
from plasmid pPBAD-ISceI 

233 

W3110 
secBgpsA::kan 
[pCOMP-
secBgpsA pPBAD-
ISceI] 

GpsA-replacement system: W3110 with secB and gpsA 
replaced by a kanamycin cassette, plasmid pCOMP-
secBgpsA can be eliminated by induction of I-SceI 
nuclease expression from plasmid pPBAD-ISceI 

233 

W3110 groE::kan 
[pCOMP-groE 
pPBAD-ISceI] 
 

GroEL-replacement system: W3110 with groE replaced 
by a kanamycin cassette, plasmid pCOMP-groE can be 
eliminated by induction of I-SceI nuclease expression 
from plasmid pPBAD-ISceI 

233 

tpiA::FRT 
amn::FRT 
 

Derivative of KEIO strain BW25113 tpiA::kan with the 
kanamycin resistance gene eliminated, followed by 
subsequent deletion of amn by P1 transduction using 
lysate of KEIO strain BW25113 amn::kan and followed 
by elimination of the kanamycin resistance cassette 

This study 

EcΔatpA KEIO strain BW25113 atpA::kan 68 
EcΔatpD KEIO strain BW25113 atpD::kan 68 
EcAtpAH123 Chromosomal integration of the switchable atpAH123 

TEV variant on the genome of Ecwt by MAGE; rpSL(-) 
phenotype due to co-selection 

This study 

EcAtpDE101 Chromosomal integration of the switchable atpDE101 
TEV variant on the genome of Ecwt by MAGE; rpSL(-) 
phenotype due to co-selection 

This study 

EcAdkD76.1 Chromosomal integration of the switchable adk76.1 
variant on the genome of Ecwt by MAGE 

This study 

Ec* Chromosomal integration of the translational knockout 
for amn on the genome of Ecwt by MAGE 

This study 

EcTpiAstop* Chromosomal integration of the double translational 
knockout for amn and tpiA on the genome of Ecwt by 
MAGE 

This study 

EcTpiA L70* Chromosomal integration of the switchable tpiA70.1 
variant on the genome of Ecwt*by MAGE; malK-
phenotype due to co-selection 

This study 
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Table 3.4. Plasmids used in this study 

Plasmid Genotype/Construction/Comment Reference 
Parent plasmids 
pSEVA132 pBBR1 ori, AmpR 255 
pCKO1 pSC101 ori, CmR 256 
pKTs pUC ori, AmpR 245 
Adk insertions 
pSEVA132-adk pSEVA132 encoding for C-terminally 6xHis-tagged 

Adk under control of its natural promoter. Adk 
including its promoter were amplified from E. coli 
genomic DNA using primers adk-forward and adk-
reverse and cloned into pSEVA132 via restriction 
sites XmaI and SacI This construct was used as 
template for the insertion of various TEV cleavage 
sites.  

233 

pSEVA132-adkD76 All internal TEV-tag insertions were constructed by 
amplification and re-ligation of pSEVA132-adk using 
the forward and reverse primers for each specific 
insertion variant given in Supplementary Table 3.5. All 
forward primers were purchased as 5'-phosphorilated 
oligonucleotides. 

This study 

pSEVA132-adkP140 see pSEVA132-adkD76 This study 
pSEVA132-adkA186 see pSEVA132-adkD76 

 

pSEVA132-adkA93 see pSEVA132-adkD76 
 

pSEVA132-adkA93, 
K97, A99.1, A99.2  

constructed as outlined in Supplementary Figure 3.3 This study 

GpsA insertions  
pSEVA132-
secBgpsA 

pSEVA132 encoding for SecB and C-terminally 
6xHis-tagged GpsA under control of the natural 
promoter of the operon. The natural secB-gpsA 
transcriptional unit was amplified with primers 
secBgpsA-forward and secBgpsA-reverse and cloned 
into pSEVA132 via restriction sites PacI and XmaI. 
This construct was used as template for the insertion 
of various TEV cleavage sites 

233 

pSEVA132-
secBgpsAC49 

All internal TEV-tag insertions were constructed by 
amplification and re-ligation of pSEVA132-secBgpsA 
using the forward and reverse primers for each 
specific insertion variant given in Supplementary 
Table 3.5. All reverse primers were purchased as 5'-
phosphorilated oligonucleotides. 

This study 

pSEVA132-
secBgpsAP60 

see pSEVA132-secBgpsAC49 This study 

pSEVA132-
secBgpsAM99 

see pSEVA132-secBgpsAC49 This study 

pSEVA132-
secBgpsAI132 

see pSEVA132-secBgpsAC49 This study 

pSEVA132-
secBgpsAQ269 

see pSEVA132-secBgpsAC49 This study 

pSEVA132-
secBgpsAD56.1 

Constructed as pSEVA132-secBgpsAC49, but 
Gibson assembly was used instead of re-ligation.  

This study 

pSEVA132-
secBgpsAD56.2 

 see pSEVA132-secBgpsAD56.1 This study 

  



 - 95 -     

 

TpiA insertions 
pCKO1-tpiA pCKO1 encoding for C-terminally e-tagged tpiA under 

control of its natural promoter. This construct was used 
as template for the insertion of various TEV cleavage 
sites. tpiA and its promoter were amplified from E. coli 
chromosomal DNA and cloned into the MCS of pCKO1 
via restriction sites XbaI and HindIII 

This study 

pCKO1-tpiAE55.1 All internal TEV-tag insertions were constructed by 
amplification and re-ligation of pCKO1-tpiA using the 
forward and reverse primers for each specific insertion 
variant given in Supplementary Table 3.5. All reverse 
primers were purchased as 5'-phosphorilated 
oligonucleotides. 

This study 

pCKO1-tpiAE55.2 See pCKO1-tpiAE55.1 This study 
pCKO1-tpiAE55.3 See pCKO1-tpiAE55.1 This study 
pCKO1-tpiAN69 See pCKO1-tpiAE55.1 This study 
pCKO1-tpiAT130.1 See pCKO1-tpiAE55.1 This study 
pCKO1-tpiAT130.2 See pCKO1-tpiAE55.1 This study 
pCKO1-tpiAT153.1 See pCKO1-tpiAE55.1 This study 
pSEVA132-tpiAL70 Constructed as pCKO1-tpiAE55.1, but Gibson 

assembly was used instead of re-ligation. 
This study 

Adk cleavage analysis 
pKTs-adkwt pKTs encoding the natural Strep-tagged Adk under 

control of an anhydrotetracycline inducible promoter 
(Ptet) 

This study 

pKTs-adk76.2 pKTs encoding Strep-tagged Adk 76.2 (TEV-tag only) 
under control of an anhydrotetracycline inducible 
promoter (Ptet) 

This study 

pKTs-adk76.3 pKTs encoding Strep-tagged Adk 76.3 (TEV-tag plus 
5aa flanks at C-terminus) under control of an 
anhydrotetracycline inducible promoter (Ptet) 

This study 

pKTs-adk76.4 pKTs encoding Strep-tagged Adk 76.4 (TEV-tag plus 
7aa flanks at C-terminus) under control of an 
anhydrotetracycline inducible promoter (Ptet) 

This study 

TEV protease expression  
pKTs-TEVopt pKTs encoding for TEVopt (see the section on TEV 

protease in the Methods) under control of a T7 
promoter. The protein was produced in strain 
BL21(DE3) The gene coding for TEVopt was cloned into 
pKTs via the unique restriction sites NdeI and XhoI. 

This study 

pEXP3-TEVsol His-tagged TEV protease (with mutations at T17S, 
L56V, N68D, I77V, S135G, S219V, and deletion of last 
eight amino acids.) under control of a T7 promoter, 
expressed as auto-cleaved MBP fusion protein, p15A 
origin, KanR 

Luzi 
Pestalozzi 
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Supplementary Table 3.5. Primers used in this study 

ID Name Sequence (‘5 to ’3) 
TpiA insertions 

1 TpiAE55.1-fw GGCGGTTCTGGTGAAAACCTGTATTTTCAGGGCTCTGGTGGCTCT
GGCAGCCACATCATGCTGGG 

2 TpiAE55.2-fw GGGTGTCTGGGGGAATCTGAAAACCTGTATTTTCAGGGCGATGAA
AGAAAGAACAAAGGCAGCCACATCATGCTG 

3 TpiAE55.3-fw GGCTGCCTGCCGACAACCGAAAACCTGTATTTTCAGAGCGGCACA
GTGAAAAACAAAGGCAGCCACATCATGCTG 

4 TpiAE55-rv TTCAGCTTCGCGCTTCGCCATATC 
5 TpiAN69-fw GAGAATCTTTACTTCCAAGGTCTGTCCGGCGCATTCACCG 
6 TpiAN69-rv GTTCAGGTCCACGTTTTGCGCAC 

7 TpiAT130-fw GAAAACCTGTACTTCCAGGGTGGTTCTGGTAAAACTGAAGAAGTT
TGCGCACGTC 

8 TpiAT130.1-rv GGTTTCACCGATGCACAGAACCG 
9 TpiAT130.2-rv AGAACCACCGGTTTCACCGATGCACAGAACCG 

10 TpiAT152-fw GACTATGACATCCCGACAACCGAAAACCTGTATTTTCAGAGCGGC
ACAGTGGACGCCGGCGCCGACCAGGGTGCTGCGGCATTCGAAG 

11 TpiAT152-rv AGTTTTCAGTACCGCGTCGATCTG 

12 TpiAL70-fw GACTCACCTTGGAAGTACAGATTTTCATTTTTCGGTGGCAGGTTCA
GGTCCACGTTTTGC 

13 TpiAL70-rv TGAAAATCTGTACTTCCAAGGTGAGTCCCTGTTTAAAGGTCCATCC
GGCGCATTCACCGG 

Adk insertions 
14 adk-forward GGATCCCGGGCCGCAAATTATCTCGCCATTAACCG 
15 adk-reverse CGGAGCTCTTAATTAACGGCCGGCTTAGTGGTGGTGGTGGTG 
16 D76-fw GAAAACCTGTATTTTCAGGGCAATGGTTTCCTGTTGGACGGCTTC 
17 D76-rv GTCTTCCTGAGCAATGCGCTC 

18 
PSII-library1-
fw 

GAAAACCTGTATTTTCAGGGGGAAGGGCATCAATGTTGATTACGT
TTAATAATTCG 

19 
PSII-library2-
fw GAAAACCTGTATTTTCAGGGGGAAGCGGGCATCAATGTTGATTAC 

20 PSII-library3-
fw 

GAAAACCTGTATTTTCAGGGG 
AAAGAAGCGGGCATCAATGTTGATTACG 

21 PSII-library4-
fw 

GAAAACCTGTATTTTCAGGGGGAAGATGAAAGAAGCGGGCATCAA
TGTTGATTAC 

22 PSII-library5-
fw 

GAAAACCTGTATTTTCAGGGGGCGATGAAAGAAGCGGGCATCAAT
G 

23 
PSII-library6-
fw 

GAAAACCTGTATTTTCAGGGGGAAGGACGCGATGAAAGAAGCGG
GCATCAATG 

24 PSII-library1-rv CGCTTCTTTCATCGCGTCTGCCTG 
25 PSII-library2-rv TTTCATCGCGTCTGCCTGCG 
26 PSII-library3-rv CATCGCGTCTGCCTGCGGAATGG 
27 PSII-library4-rv CGCGTCTGCCTGCGGAATG 
28 PSII-library5-rv GTCTGCCTGCGGAATGGTACGCGG 
29 PSII-library6-rv TGCCTGCGGAATGGTACGCGGGAAGCCG 
30 AdkP140-fw GAAAACCTGTATTTTCAGGGGGACGACGTTACCGGTGAAGAAC 
31 AdkP140-rv CGGCGGATTGAATTTAACGTGAT 
32 AdkA186-fw GAAAACCTGTATTTTCAGGGGAATACCAAATACGCGAAAGTTGAC 
33 AdkA186-rv TTCTGCTTCTTTGGAGTAGTAGCC 
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GpsA insertions 
34 secBgpsA-fw CGCCCGGGCCATGGGTGTGAACGTTGGCATTACATTGCG 

35 secBgpsA-rv GTCTCTAGATTACTTAGTGGTGGTGGTGGTGGTGGTGGCTGCT
GCGCTCGTCC 

36 GpsAC49-fw GAGAATCTGTACTTCCAAGGCTTTCCCGATACGCTCCATCTTG 
37 GpsAC49-rv ACAGCGGTCGCGTTCAAGC 
38 GpsAP60-fw GAGAATCTGTACTTCCAAGGCGTGCCTTTTCCCGATACGCTCC 
39 GpsAP60-rv GGG AAA AGG CAC ATC GGG GAG AAA C 

40 GpsAM99-fw CCAACCACCGAAAACCTGTATTTTCAGGGGTGTCTGGGGCGTC
CTGATGCGCGTCTGG 

41 GpsAM99-rv CATCAGTGGTTTAATCTGGCGCAG 

42 GpsAI132-fw CCAACCACCGAAAACCTGTATTTTCAGGGGTGTCTGGGGCCGC
TGGCGGTTATCTCTGG 

43 GpsAI132-rv AATTTGATCGCCTAAGGCCTCACG 

44 GpsAQ269-fw CCGACCACAGAGAATCTGTACTTCCAAGGCGGCACCGTTGGCA
TGGATGTACAAAGCGCG 

45 GpsAQ269-rv CTGACCGAGCATCATGCCAAAAC 

46 GpsAD56.1-fw CCGATGAAAACCTGTATTTTCAGGGTGTGCCTTTTCCCGATACG
CTC 

47 GpsAD56.1-rv TATCGGGAAAAGGCACACCCTGAAAATACAGGTTTTCATCGGG
GAGAAACGCGGCGTTAC 

48 GpsAD56.2-fw CTGTATTTTCAGGGTGAAAGCCTGTTTAAAGGCCCGGTGCCTTT
TCCCGATACGCTC 

49 GpsAD56.2-rv ACAGGCTTTCACCCTGAAAATACAGGTTTTCGTTTTTCGGCGGA
TCGGGGAGAAACGCGG 

pKTS adk  
50 Adk-wt-fw GCGCATTGCTCA 
51 Adk-wt-rv AGGAAACCATTACGGCAGTCTTCCTGAGCAATGCGC 

52 Adk76-1-rv TTTAAACAGGCTTTCCCCCTGGAAGTACAGATTCTCGTCTTCCT
GAGCAATGCGCTC 

53 Adk76-1-fw GAGAATCTGTACTTCCAGGGGGAAAGCCTGTTTAAATGCCGTAA
TGGTTTCCTGTTG 

54 Adk76-2-fw GGTCCATGCCGTAATGGTTTCCTGTTGGACGGCTTCCCG 
55 Adk76-2-rv GAAACCATTACGGCATGGACCTTTAAACAGGCTTTCCCC 
Colony PCR and sequencing for MAGE 
56 MutS(mut)-fw182 AACCGGACATAA 
57 MutS(wt)-fw182 AACCGGACATAACCCCATG  
58 MutS-rv182 CGGGATCGGCTCTCC  
59 MutS-seq182 GCTGCAAAACAGCATCTTTCC  
60 TEV-rv  CCCCTGAAAATACAGGTTTTC 
61 TEV-2-rv ACCTTGAAAGTACAAATTCTC 
62 TEV-3-rv CCCCTGAAAATACAGATTCTC 
63 TEV-4-rv CCCCTGGAAGTACAGATTCTC 
64 Adk-fw AAAGGGACTCAGGCTC 
65 Adk-ins2-rv ACGGCATTTAAACAGGCTTTC 
66 AtpD-fw GGCATGGGGGATAAC 
67 AtpA-fw ATGAAGCTGCTAACAGC 
68 AtpA-seq_rv ACCTTGCCGAAGGCATGAAAG 
69 AtpD-seq_rv GGATGTAAAAGACCTCGAACAC 
70 Adk-seq-rv TTAGCCGAGGATTTTTTCC 
71 TpiA-rv CTGCTCTTTCAGCACCGCG 
72 TpiA-ins1-fw ATGCGACATCCTTTAGTGATGG 
73 TpiA-ins2-fw CGGACCCCTGGAAGTACAGATT 
74 TpiA-ins3-fw ACCTTTAAACAGGGACTC 
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75 TpiA-STOP-fw CATCCTTTAGTGATGGGTTAGTGAT 
76 TpiA-STOP-rv ATAACCGCACCTTCGAATGCCGCAG 
77 Amn-seq-rv TTTGCCGGGAACTGGCATAG 
78 Amn-STOP-rv  GCTCGGAATAGGAATATCGG  
79 Amn-STOP-fw AACTCGACGCGCTGTAATAGTG 
MAGE Oligosa 

80 mutS_off182 A*T*C*A*CACCCCATTTAATATCAGGGAACCGGACATAACCCCAT
CAGTGCAATAGAAAATTTCGACGCCCATACGCCCATGAT  

81 mutS_on182 A*T*C*A*CACCCCATTTAATATCAGGGAACCGGACATAACCCCAT
GAGTGCAATAGAAAATTTCGACGCCCATACGCCCATGAT 

82 rpsL_off84 
G*T*C*A*GACGAACACGGCATACTTTACGCAGCGCGGAGTTCGG
TTTTTTAGGAGTGGTAGTATATACACGAGTACATACGCCACGTTT
TTGC 

83 rpsL_on84 
G*T*C*A*GACGAACACGGCATACTTTACGCAGCGCGGAGTTCGG
TTTTCTAGGAGTGGTAGTATATACACGAGTACATACGCCACGTT
TTTGC 

84 bla_off182 
G*C*C*A*CATAGCAGAACTTTAAAAGTGCTCATCATTGGAAAACG
TTATTAGGGGCGAAAACTCTCAAGGATCTTACCGCTGTTGAGAT
CCAG 

85 bla_on182  
G*C*C*A*CATAGCAGAACTTTAAAAGTGCTCATCATTGGAAAACG
TTCTTCGGGGCGAAAACTCTCAAGGATCTTACCGCTGTTGAGAT
CCAG 

86 malk_off84 
C*C*AAATGACATGTTTTCTGCTACTGACAGGTGGGGATAGAGC
GCCTAAGACTGAAACACCATACCAACGCCGCGTTCTGCTGGCG
GAG*T*G 

87 malK on84 
C*C*A*A*ATGACATGTTTTCTGCTACTGACAGGTGGGGATAGAG
CGCGTAAGACTGAAACACCATACCAACGCCGCGTTCTGCTGGC
GGAGTG 

88 atpA_H123 
C*C*G*G*AGCGATTGCTTCTACAGCAGAGAAGCCGTCCCCCTGA
AAATACAGGTTTTCGTGATCCAGCGGACCTTTACCGTCGATTGG
TGCAC 

89  atpD_E101 
C*G*C*G*GTGAATCGCCCAACGCTCTTCTTCACCGATCCCCTGA
AAATACAGGTTTTCCTCGCCTTTCATGTCGACCGGTTCACCCAG
TACGT 

90 tpiA_l70_1 
A*C*A*T*CATGCTGGGTGCGCAAAACGTGGACCTGAACCTGCCA
CCGAAAAATGAGGGGTCCGGCGCATTCACCGGTGAAACCTCTG
CTGCTA 

91 tpiA_l70_2 
G*C*T*G*GGTGCGCAAAACGTGGACCTGAACCTGCCACCGAAAA
ATGAGAATCTGTACTTCGGGTCCGGCGCATTCACCGGTGAAAC
CTCTGC 

92 tpiA_I70_3 
G*C*C*A*CCGAAAAATGAGAATCTGTACTTCCAGGGGGAGTCCC
TGTTTAAAGGTCCATCCGGCGCATTCACCGGTGAAACCTCTGCT
GCTAT 

93 adk_D76 
G*G*A*A*GCCGTCCAACAGGAAACCATTACGGCACCCCTGAAAA
TACAGATTCTCGTCTTCCTGAGCAATGCGCTCTTTAACCAGCGC
GATCA 

94 adk_D76_2 
C*G*C*G*GGAAGCCGTCCAACAGGAAACCATTACGGCATTTAAA
CAGGCTTTCCCCCTGAAAATACAGATTCTCGTCTTCCTGAGCAA
TGCGC 

aPhosphorothioated bases are indicated with an asterisk after the base.  
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3.8.3 Supplementary Note 3.1 
Based on our analysis of existing data, experimental verifications, and proteome-wide 

predictions, we provide general design guidelines for successful engineering of internally-

tagged proteins and their chromosomal insertion. 

Step 1: Identification. Search for gaps in functionally-conserved homologous proteins. 

For MSA construction and gap identification, we recommend aligning at least 4-6 

functionally conserved protein sequences from different species. The percent identity of 

the chosen sequences should be sufficiently high with respect to the selected search 

algorithm to prevent misidentification of homologs – which could potentially introduce 

incorrect gaps into the MSA, while ensuring that the chosen sequences are dissimilar 

enough to reduce sampling bias. We observed that permissive sites scattered around 

identified PSs, which indicates that there is some freedom in insert site selection around 

PSs. To avoid false positives, we recommend considering, when available, literature 

information on important functional features of a protein or a protein family, to avoid 

disrupting components known to be important for function. 

Step 2: Accessibility. Find an accessible PS. 

Although we found predicted PSs to be enriched for surface accessibility, we recommend 

verifying the accessibility of the location of a stretch. Predicted surface accessibility236 is a 

good proxy if structural data is unavailable. For partially buried stretches, a user can simply 

choose an exposed position within the stretch. 

Step 3: Flexibility. Find a stretch within a flexible loop region.  

Some applications require more stringent criteria than surface accessibility. As shown 

herein for the TEV-tag, but also known for other tags197, the structural context of a PS 

might be relevant to the function of a peptide tag. Thus we suggest evaluating the 

secondary structure context by examining available 3D structural data or using secondary 

structure prediction.  

Step 4: Genomic integration.  

We demonstrate that inserts can be integrated into the chromosome, allowing for genomic 

tagging of proteins. Although we specifically used MAGE for genomic insertion of TEV-

tags, we emphasise that any precision genome-editing tool can be used since the design 

and implementation of tagged proteins is de-coupled. Therefore, we recommend carefully 

choosing the most suitable genome-editing tool for the relevant host.   
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3.8.4 Supplementary Note 3.2 
ATP stability in CFX depends on magnesium (Mg2+) concentration 

During the course of our HPLC experiments, we noticed that the Mg2+ concentration in the 

CFX has a strong effect on nucleotide stability (see Supplementary Fig. 3.12a), warranting 

a more in-depth analysis into the origins of this effect. Mg2+ is an important divalent cation 

in E. coli, and it is known to play a role in the following general processes: enzymatic 

activity and stabilization of nucleotides, macromolecular complexes and the cell 

membrane257. Here, we show that the exact Mg2+ concentration is an important parameter 

in our experimental setup, that is, nucleotide stability in CFX depends on different 

enzymatic activities which themselves depend on the Mg2+ concentration. 

In vivo in E. coli, the equivalent of around 100 mM of Mg2+ is bound to proteins (with a 

major fraction of 12% bound to ribosomes), while the free Mg2+ concentration is only 

around 1 to 5 mM258,259. In our assay, we dilute the supernatant of the cell lysate 1:1 with 

magnesium-free buffer to obtain the CFX, and then add 1 mM Mg2+. We reason this should 

be close to physiological conditions, as this should approximately result in a final 

concentration of free Mg2+ of around 1.5-3.5 mM. Additionally, in our assay, the proteins in 

the CFX still carry the bound Mg2+, which would not necessarily be the case if dialysis was 

performed during preparation of the CFX. 

Indeed, the major difference between the experiments described in chapter 2 and 

established protocols from literature is that all of the latter contain a dialysis step, removing 

the free Mg2+ and most probably also a major fraction of the bound Mg2+ from the lysate. 

Therefore, the final concentration of free Mg2+ is determined by the amount added to the 

reaction minus the equivalent of the Mg2+ re-bound by the enzymes. To compensate for 

Mg2+ lost during dialysis, 2.5-5 mM Mg2+ are added for production systems like for example 

production of DHAP260, and for cell free protein synthesis an even higher concentration of 

around 15-20 mM261,262 is added. For cell free protein synthesis, Mg2+ is required for 

making ribosomes fully functional, and if we assume that the Mg2+ was lost during dialysis 

these amounts are indeed required to obtain fully functional ribosomes again263.  

We examined the previously identified ATP consumers F1/F0 ATPase and the chaperone 

GroEL (see Supplementary Figure 3.11) and the ATP recycling enzyme adenylate kinase 

(Adk). What we found is that for purified enzymes, the Mg2+-level at which maximum 

enzymatic activity is achieved is highly enzyme-dependent: for the F1/F0 ATPase complex, 

maximum activity was reported at 4-5 mM Mg2+ 264.  
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However, our experiments indicate that the Mg2+-level at which maximum enzymatic 

activity is achieved is a lot higher for GroEL, as nearly no ATP is degraded by 36 µM GroEL 

at 1 mM and 5 mM Mg2+ (see Supplementary Figure 3.12b). This concentration is 

comparable to the amounts of GroEL in CFX containing 10 mg mlL-1 protein produced at 

30°C (see Supplementary Figure 3.12c). We note that GroEL is a heat shock protein and 

therefore has a lower expression level at 30°C265. However, due to the heat inducible 

ʎ-Red system in the EcNR1 strain, our CFX needed to be prepared at low temperatures, 

which made raising the temperature any further impossible. Therefore, even though we 

engineered a switchable variant of GroEL (GroELS139.1, which is functional after tag 

insertion and cleavable (see Supplementary Figure 3.13a-c), switching this enzyme did 

not contribute to the overall ATP stability at buffer condition with around 1.5-3.5 mM free 

magnesium (see Supplementary Figure 3.13d) in CFX.  

 

  

Supplementary Figure 3.12: 
Consumption of ATP in CFX (a) and by 
GroEL (b). Degradation of 15 mM ATP by 
10 mg mL-1 CFX (a) and 36 μM 
GroEL_S139_6xHis monomers, (b) levels 
are determined by HPLC. (c) Shows a 
Western blot validating that approximately 
the same amount of GroEL is used in both 
assays. (a+b) All values are mean  
(n=3) ± std. 
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When adding a higher Mg2+ concentration of 15 mM we could indeed see high ATPase 

activity by pure GroEL (see Supplementary Fig. 3.12b), confirming that the optimal 

concentration for GroEL activity is higher than for F1/F0 ATPase. However, at these 

concentrations the overall ATP consumption is extremely high (see Supplementary Fig. 

3.12a) and therefore the share of GroEL of this ATP degradation is probably still negligible. 

Additionally, the only production system which uses such high Mg2+ concentrations is cell 

free protein synthesis, but removing GroEL from a cell free protein synthesis system is not 

recommended since it is required for correct folding of the newly synthesized proteins. For 

some proteins even overexpression of GroEL is recommended266. Therefore, we conclude 

that ATP degradation by GroEL in CXF production systems for chemicals under 

physiological conditions is ultimately not an issue. For Adk the picture is even more 

complicated: depending on Mg2+ concentration, the equilibrium of the reaction changes. It 

is reported that that the equilibrium is shifted in favor of the forward reaction 

(ATP + AMP  2 ADP) is increased with increasing Mg2+ concentration267. Therefore, also 

the activity of Adk is a function of the Mg2+ concentration, but can be expected to high at 

low Mg2+ concentration 

To sum up, ATP consumption in CFX is highly dependent on the Mg2+ concentration, a 

factor that was not sufficiently appreciated in earlier reports on this subject. For specific 

applications, we would therefore recommend screening for ATP consumers using the 

same conditions as for the final applications, such that the application-relevant ATP 

consumers can be identified specifically, and targeted. 
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d Nucleotide interconversion of 15 mM ATP in CFX at 1 mM Mg2+ 
 

 

 
Figure 3.13: Structural context, cleavability and functionality of switchable chaperone 
GroEL.  
(a) Structural context of the TEV sites indicated in red, domains indicated in blue, green and 
cyan. (b) TEV site mutants (139 and 301: simple insertion; 139.1 and 301.1 insertion with flanks) 
were expressed from their natural promotors from the low copy plasmid pSEVA132. CFX 
samples before and after cleavage by addition of TEV protease were separated by SDS PAGE, 
blotted and detected with specific Anti-GroEL antibody. (c) µmax of the chromosomal GroEL I301 
and GroEL S139.1 variants were measured at 32°C in respect to their parent Ec- in the biolector 
in LB media and sM9 Glucose. (d) ATP degradation and nucleotide inter-conversions, effect of 
switching off GroEL in CFX on the interconversion of 15 mM ATP to ADP and AMP at 1 mM 
Mg2+. ATP, ADP and AMP levels are determined by HPLC. (c+d) All values are mean  
(n=3) ± std. 
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Additional Strains, Plasmids and Oligonucleotides 

  

Supplementary Table 3.6 
 
Strains Genotype/description/sequence Reference 

EcGroELI301 Chromosomal integration of the switchable groELI301 
variant on the genome of Ecwt by MAGE This study 

EcGroELS139 Chromosomal integration of the switchable groELS139.1 
variant on the genome of Ecwt by MAGE This study 

Plasmid 

pCas9 Bacterial expression of Cas9 CamR, p15A ori 
addgene 
Plasmid 
#4287699 

pCRISPR A crRNA expression plasmid for targeting a specific 
sequence of choice, KanR, pBR322 ori 

addgene 
Plasmid 
#4287599 

pCRISPR_groEL
_S139 

A crRNA expression plasmid for targeting groEL around 
site S139 This study 

pCRISPR_groEL
_I301 

A crRNA expression plasmid for targeting groEL around 
site I301 Ákos Nyerges 

pSEVA132_groE
LS139_6xHis 

pSEVA 132 for expression of GroEL with an internal 
6xHIS tag at position S139 This study 

Oligonucleotide  
CRISPR_groEL_
S139_rv 

5Phos/AAACATGCTCTGACTCTAAAGCGATTGCTCAG
TTT This study 

CRISPR_groEL_
S139_fw 

5Phos/AAACAACCTGAGCAATCGCTTTAGAGTCAGA
GCAG This study 

CRISPR_groEL_ 
I301_rv 

5Phos/TGATCTCTGAAGAGATCGGTATGGAGCTGGC
AAAA Ákos Nyerges 

CRISPR_groEL_ 
I301_fw 

5Phos/AAACCCAGCTCCATACCGATCTCTTCAGAGAT
CAG Ákos Nyerges 

groEL_fw TTCGGTAACGACGCTCGTGTG This study 
groEL_S139_rv GCAATCGCTTTAGAGTCAAAATAC This study 
groEL_S139_ins2
_rv TTTAAACAGGCTTTCACCCTG This study 

groEL_I301_fw TCTTCAGAGATTACCGTCCCCT Ákos Nyerges 
groEL_I301_rv ACCTGAAACGTGGTATCGAC Ákos Nyerges 
groEL_seq_rv CCTGGATTGCAGCTTCTTC This study 

groEL_I301 
T*T*TTTCCAGCTCCATACCGATCTCTTCAGAGATTAC
CGTCCCCTGGAAATACAGGTTCTCGATCACGGTACC
GCCAGTCAGGGTTGCG*A*T 

Ákos Nyerges  

groEL_S139 
A*G*A*T*GGTACCAACCTGAGCAATCGCTTTAGAGTC
AAAATACAGGTTTTCGTTTTTCGGCGGAGAGCATGG
TACGGACAGCGCTTTCAGTT 

This study 
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4 GAPMINER – PREDICTION OF INTERNAL PROTEIN 
TAGGING SITES 

Sabine Oesterle*, Lukas Andreas Widmer*, Harun Mustafa*, Niresh Berinpanathan, Tania 

Michelle Roberts, Jörg Stelling and Sven Panke 

* Equally contributed 
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4.1 ABSTRACT 
Small peptide tags are commonly-used tools for protein purification, immunodetection, or 

as recognition sequences for proteases. Usually, tags are placed at the N- or C-terminus, 

but some cases and applications require an internal positioning of the tag. Because it is 

more likely that an internal tag interferes with protein function by disrupting its structure, 

the insertion site needs to be chosen wisely. Here we present a pipeline called GapMiner 

to in silico predict internal tagging sites in proteins, and refer to the propensity of a protein 

to functionally tolerate a peptide insertion and present it to the outside in an accessible 

way as “taggability” of this site. To predict taggability we chose four features: length and 

sequence variability among homologs at the site of potential insertion, preservation of 

secondary structure of the target protein after insertion, and relative surface accessibility 

of an internal tag. For an accurate computation of length variability, we developed an insert 

length resolving profile hidden Markov model of protein clusters that models the empirical 

distribution of insert lengths at each residue. We trained a balanced random forest binary 

classifier on these four features and on a set of (non-) permissive labels derived from 

literature data on (non-)permissive insertions into proteins, as well as from sites that are 

essential for function in the Escherichia coli K-12 proteome as annotated in 

UniProtKB/Swiss-Prot. When we tested, at most, the top three sites predicted by 

GapMiner, we could insert a Strep-tag and protease hydrolysis-tag in five essential 

proteins in E. coli, with 9 of the 10 engineered strains not showing severe growth defects. 

We believe that GapMiner can accelerate internal tagging site design and reduce the 

number of sites that need to be experimentally tested, and in this way can accelerate 

engineering of proteins for applications in molecular biology. 
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4.2 INTRODUCTION 
Small peptide tags are widely used for a variety of applications in molecular biology. They 

can be attached to a protein of interest for purification, detection, immobilization, 

localization, or to influence the solubility or half-life of the protein268,269,206. In most cases, 

they can be easily attached to the N- or C-terminus of a protein. However, N- or C-terminal 

tagging may inactivate the protein270, the tag may not be functional because the terminus 

is buried271, or the terminus with the attached tag can cleaved off, e.g., when fusing tags 

to signaling peptides272. Tagging can not only influence the protein function it can also 

effect the expression of genes downstream in the operon273. In these cases, functional 

internal tagging sites need to be found. Furthermore, there are specific tags that cannot 

be attached to the N- or C-terminus, such as protein hydrolysis tags274. One example is 

the Tobacco etch virus (TEV) hydrolysis tag (TEV-tag), which can be hydrolysed by the 

TEV protease, resulting in loss of protein function after the two protein parts fall apart. The 

requirements for an insertion site to be suitable depend on the tag of choice, for example 

a TEV-tag needs to be placed in long unstructured loops to be cleavable (see chapter 3). 

There are two common criteria that any insertion site needs to fulfil (or, in order to become, 

in our terminology, “taggable”): permissiveness of the protein, that is the protein must still 

be functional after tag insertion at this site, and accessibility of the tag, that is the tag at 

this site needs to be accessible for interactions from the outside.  

Internal tagging sites are mostly determined randomly by laborious transposon 

mutagenesis274,208,275. With CRISPR/Cas9-assisted multiplexed automated genome 

engineering (CRMAGE)99,101 it has, become possible to rapidly and scarlessly insert the 

sequence for protein tags directly into the genome of Escherichia coli. However, there are 

only few examples where good insertion sites were discovered rationally. Rationally 

selected insertion sites are often in solvent-exposed loops276,277, but choosing an 

appropriate loop is nontrivial and requires a profound understanding of the target protein, 

which only sometimes is available. Other studies use sequence conservation or length 

conservation as determined from an alignment of approximately five homologs of the 

target protein to find an internal tagging site215,210,278 (see also chapter 3). However, these 

require additional a priori knowledge on the protein, for example which loops are not 

functional, or domain and functional annotations, and none of them are fully automated, 

necessitating the tedious and time-consuming analysis of an MSA of manually chosen 

homologs. 

To our knowledge, there are no computational pipelines tailored specifically to predicting 

internal tagging sites in proteins. Several methods tackle the criterion of permissiveness 
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by computing an alignment-based score for the whole protein and predicting if a protein 

variant is deleterious279. Most of them are optimized for single amino acid (aa) exchanges; 

only Protein Variation Effect Analyzer (PROVEAN) is trained on data for up to 6 aa 

insertions and deletions (indels)280,281. However, protein tags are at least 6 aa long, and 

often fall into a range of lengths of 6-15 aa206. Additionally, most of these tools are 

restricted to predicting functional effects in human proteins282, while we are interested in 

internal taggable sites in proteins of model biotechnological hosts, mostly unicellular 

organism such as the model bacterium E. coli. In contrast to the previous approaches, our 

goal is to predict a taggability score defined on individual insertion sites, not on whole 

proteins, by evaluating permissiveness and accessibility simultaneously. In this manuscript 

we present and test the fully automated GapMiner pipeline (see Fig. 4.1) for predicting 

internal taggable sites. It is based on the following four features: sequence variability, 

length variability, preservation of secondary structure and relative surface accessibility of 

an insertion site. To distinguish taggable from non-taggable sites we used a data-driven 

approach to train the method´s parameters for the four features, rather than choosing them 

arbitrarily. We computed the scores for all internal tagging sites in the proteome of E. coli 

and provide them in a database online (http://www.bpl.ethz.ch/software/gapminer/), 

highlighting the most taggable sites, and tested them by introducing a Strep and a TEV-

Strep double tag in 5 essential E. coli proteins. For an overview of the method, see 

Figure 4.1. 

  

http://www.bpl.ethz.ch/software/gapminer/)
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Figure 4.1: Overview of the GapMiner pipeline. 
For each E. coli protein, the sequence variability and length variability features were calculated 
from the parameters of an insert length resolving profile HMM (ilrp-HMM) and features for 
preservation of secondary structure and relative surface accessibility (RSA) were calculated 
based on predictions computed using the NetsurfP software tools. Together with labels from 
annotation and literature data, a classifier was trained, to obtain a taggability function (GapMiner 
pipeline in grey). With the help of this taggability function a database containing each E. coli 
protein and its top taggable sites was created (GapMiner Database in blue). We validate this 
GapMiner pipeline on our prediction set (5 essential E. coli proteins) by insertion of a Strep and 
a TEV-Strep double tag (GapMiner experimental validation green). The database is available 
online and can be visualized with the GapMiner Viewer (violet). 
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4.3 RESULTS AND DISCUSSION 
Many homologs contain insertions and deletions (indels), but most indels have little 

support among homologs 

Based on the hypothesis that length variable sites in proteins are functionally permissive 

to insertions we analyzed how many indels we find in sequence alignments to homologs. 

We used the HHblits tool283 to find clusters corresponding to homologous sequences for 

every protein annotated as being in the Escherichia coli K12 proteome in the 

UniProtKB/Swiss-Prot database247 (4434 proteins). With the search hit filtration criteria set 

to infer protein clusters from the sequences that aligned with at least 80% of the query 

residues and which are at least 20% identical in sequence to the query, at least one similar 

sequence was found for 4349 of the 4434 query proteins. 3082 (69.5%) of the query 

proteins had more than 100 search hits. After recomputing multiple sequence alignments 

(MSAs) of the protein families post-filtration, the number of gaps per query protein and the 

amount of evidence observed to support the gaps was evaluated. Of the 4349 query 

proteins with more than one protein in their HHblits profile hidden Markov model (pHMM) 

clusters, 92 (2.1%) did not have any indels in their MSAs. On average, 46.2 gaps were 

observed per 100 residues, but 55% of these indels were only supported by one sequence 

(see Supplementary Fig. 4.1). This means that an indel could be inferred at every second 

aa position depending on which homologs are chosen for the analysis. Solely the 

appearance of an indel is not informative, therefore manual approaches as in chapter 3 

are highly dependent on the user’s choice of homologs. 

The empirical distribution of the probabilities of indel lengths can be modeled by an 

insertion length resolved profile HMM (ilrp-HMM) 

We are interested in discovering regions that accept indels of a variety of lengths, rather 

than those in which only an indel of a particular length is abundant in the protein family. 

Therefore, we quantitatively characterized this diversity in the distribution of indel lengths 

in the homologs using a single score calculated for each potential tag insertion site, rather 

than just using the number of distinct indels. To this end, we use the Shannon entropy (a 

diversity index284, see Supplementary Methods) of the distribution of indel length 

probabilities as our measure of length variability (see Fig. 4.2a). Rather than computing 

the entropy of the insert length distribution modelled by a traditional pHMM, for which the 

probability of an insertion decays exponentially with the length of the insertion, we chose 

to compute an empirical entropy from the data. Since more and more sequence data is 

available, we thought it could be worthwhile to directly compute the entropy from the data, 
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rather than assuming a model for the indel distribution a priori. Therefore, we developed a 

novel ilrp-HMM to model the empirical probabilities of all insert lengths for each residue in 

a protein family, meaning each insert of length n is modelled by a state In (see Fig. 4.2b). 

This way, the Shannon entropy is computed from the empirical distribution rather than from 

an assumed model distribution fit to the data.  

Shannon entropy for indel length computed from the ilrp-HMM performs similarly to the 
one computed on the pHMM when used as a standalone predictor 

For an initial comparison, we investigated the taggable site classification performance of 

simply applying a threshold to the length variability measures derived from the pHMM and 

ilrp-HMM models. Literature data (see Supplementary Table 4.1) were used to derive the 

positive and negative taggability labels for the data: a site is assigned a positive label (it is 

declared “taggable”) if a tag was inserted and at least 80% of a protein´s activity or of cell 

growth in case of essential proteins (often measured as some growth parameter, such as 

final OD or specific growth rate) was retained in experiments. We derived additional 

negative labels for taggability by declaring sites annotated as “binding site", “active site”, 

“DNA-binding region”, “site” (defined as “interesting single aa site on the sequence”285), 

and “metal-ion binding site” in the UniProtKB/Swiss-Prot database as “non-taggable”, 

assuming that tag insertion at these sites would disrupt protein function. This data set is 

highly imbalanced, as there are many more annotations for negative labels (12925 inferred 

negative labels) plus experimental negative labels (92) than experimentally demonstrated 

positive labels (68) from functional internal tags. 

Although no hyperparameters needed to be optimized when using the standalone features 

as classifiers, the partition of the labeled data into training (80%) and test (20%) sets was 

done at this state so that the evaluation could be comparable to the machine learning 

methods trained later, making sure that the ratio of positive to negative labels was roughly 

equal in both sets. For the test set, we computed receiver operating characteristic (ROC) 

and weighted precision recall (WPR) curves as well as the area under curve (AUC), 

AUROC and AUWPR, respectively (see Table 4.1 and Fig. 4.3)286. Briefly, the ROC shows 

the fraction of true positives – the fraction of real permissive sites found, that is, recall – 

with respect to the fraction of false positives – the fraction of non-permissive sites predicted 

to be permissive. Briefly, the ROC shows the fraction of true positives – the fraction of real 

permissive sites found, that is, recall – with respect to the fraction of false positives – the 

fraction of non-permissive sites predicted to be permissive. In addition, the precision 

indicates the fraction of predicted sites that are permissive in reality. 
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Figure 4.2: pHMM and insertion ilrp-HMM as stand-alone classifiers. 
(a) Schematic example of five aligned homologs and a corresponding entropy score based on 
how diverse the indel probabilities in the homologs are. Length variability is measured as the 
Shannon entropy of the indel length distribution. (b) Schematic of the classic pHMM (left panel) 
and the ilrp-HMM (right panel). Each box corresponds to a state, where at position i  of the 
sequence, 

iM  corresponds to a match, 
iD  corresponds to a deletion, and 

iI  to an insertion. The 
arrows indicate transitions with associated probabilities p . In order to capture the empirical 
insert length distribution for each residue, in the ilrp-HMM, each insert of length j  at residue i  is 

represented by the state j
iI  with a transition probability (

1
j

i iM I
p

+
) from state 

iM  and a transition 

probability (
1

j
i iI M

p
+
) to state

1iM +
. (c) Receiver operating characteristic (ROC), briefly the true and 

false positive rates are the ratio of true and false positives and all positives and negatives, 
respectively and (d) weighted precision recall (WPR) curves for classification performance of the 
length variability measures derived from the ilrp-HMM and traditional profile HMM models 
calculated on the test set. Precision is the ratio of true positives and all predicted positives. Recall 
(true positive rate) is the ratio of true positives and all positives in the data. The baseline 
performance of a random classifier is indicated by the dashed line. 
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Table 4.1: AUC values of the ROC and WPR curves shown in Figures 4.2, 4.3 and 4.4. 
Hyperparameters: MD: maximum tree depth; ML: minimum samples per leaf; MS: minimum 
samples to add a split. 

 Hyperparameters AUROC AUWPR 
Single features 
Sequence variability  0.749 0.675 
Length variability (pHMM)  0.673 0.709 
Length variability (ilrp-HMM)  0.671 0.702 
Secondary structure  0.545 0.541 
RSA  0.716 0.693 
Classifier 
BRF (ilrp-HMM) 2000 trees, MD=5, ML=1, MS=2 

2000 trees, MD=3, ML=3, MS=2 
0.845 0.828 

BRF (pHMM) 0.789 0.806 
DT(ilrp-HMM) MD=5, ML=4, MS=2 0.757 0.781 

 

The overall performance of length variability alone as a classifier, derived from pHHM and 

ilrp-HMM, is better than random (AUROC and AUWPR >0.5). However, classification 

performance of the two features varies depending on the user’s choice of false positive 

rate (see Fig. 4.2c and d). For false positive rates in the 10-50% range, the ilrp-HMM 

performs better as a classifier, which may be relevant for experimental testing, where the 

aim usually is to find one taggable site reliably. However, the data also indicates that, when 

used alone, length variability is not sufficiently accurate and several insertion sites would 

need to be tested to ensure successful tagging (see Fig. 4.2cd and Table 4.1).  

Length variability, sequence variability, and relative surface accessibility perform well as 

standalone predictors for taggability 

Another measure derived from profile HMMs, sequence variability, is a feature that 

approximates the functional importance of a site. Intuitively, it is a measure of how much 

the distribution of observed amino acids at an insertion site deviates from the background 

distribution (see Fig. 4.3a and Supplementary Methods for a precise definition of the 

measure). We can assume that a site is more taggable if the sequence variability is high, 

since residues involved in functionality of the protein are often preserved. We also 

computed two more features based on relative surface area and secondary structure 

predictions via the secondary structure and surface accessibility prediction tool 

NetsurfP236: relative surface accessibility (RSA) and preservation of secondary structure 

(PSS) after tag insertion. The reasoning why evaluation of these features should help 

identifying taggable sites is as follows: since insertion into a flexible region is a requirement 

for most tags and insertions into α-helices and β-strands (potentially secondary-structure-

breaking) decreases the chances of preserving protein function after tag insertion, we 

should look for sites for which the probability with which an insertion would affect the 
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nearest non-coil element is low287. Further, a tag must be surface accessible in order to 

interact with binding partners, therefore the RSA of the site should be high. 

Similar to the length variability, we used ROC and WPR curves to evaluate the 

performance of each feature. While sequence variability, length variability, and RSA 

perform well as standalone predictors (in decreasing order), the performance of the PSS 

feature was closer to, but still better than, random (see Table 4.1 and Fig. 4.3).  

 

 
 
Figure 4.3. Overview of the features used for classification 
(a) Analysis of the features (sequence variability, length variability (ilrp-HMM), preservation of 
secondary structure after tag insertion (a high value meaning that the position is far away from a 
helix or sheet) and relative surface accessibility (RSA)) for the first 90 aa of E. coli’s 
Adenylatekinase. (b) Receiver operating characteristic (ROC) and (c) weighted precision recall 
(WPR) curves for classification performance of the individual features. The baseline performance 
of a random classifier is indicated by the dotted line. 
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Balanced random forest: training decision trees on balanced subsamples leads to good 

classification performance 

Although all four features can assist in deciding whether a site is taggable or not, we could 

not rationally motivate a rational combination of the features, we decided to train a binary 

classifier to compute a single taggability score from the features. We chose a balanced 

random forest288 (BRF) as our classifier model because it is suitable for highly imbalanced 

data, as it is also the case here. While traditional random forests train each of their 

constituent decision trees on random bootstrap samples of the training data, BRFs tackle 

the class imbalance problem by training each decision tree with a balanced subsample 

(equal proportions of positive and negative data) of the training data. A single decision tree 

(DT), trained using the ilrp-HMM was used as a baseline classifier for comparison. ROC 

analysis on the test set showed that BRFs, trained on ilrp-HMM performs better as the DT 

in terms of classification performance on previously unseen data (test set), with an AUROC 

measure of 0.845 and an AUWPR measure of 0.828 (see Fig. 4.4 and Table 4.1 for all 

AUC values and optimal hyperparameters). 

 
 
Figure 4.4: Performance of the different classifiers. 
(a) Receiver operating characteristic (ROC) and (b) weighted precision recall (WPR) curves for 
classification performance of the balanced random forest (BRF) using the features sequence 
variability, preservation of secondary structure, RSA and length variability either computed with 
the ilrp-HMM (green) or pHMM (red) and the decision tree (DT) using the ilrp-HMM (black). The 
baseline performance of a random classifier is indicated by the dotted line. 
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Ilrp-HMM improves classification performance and sequence variability is the most 

important feature in the BRF classifier 

Although the taggability classification performance of length variability computed from the 

new ilrp-HMM model was similar to that computed from profile HMMs, we explored if the 

ilrp-HMM measure led to an improvement in classification performance when used as 

feature for the BRF. After performing the same cross-validation and training procedure 

using pHMM-derived length variability, the same hyperparameters (see Table 4.2) were 

found to be optimal for performance. However, we measured lower AUWPR and AUROC 

scores when using pHMM instead of ilrp-HMM-derived length variability as a feature (see 

Table 4.1). Thus, using length variability computed from the empirical distribution of indel 

lengths led to better classification performance .To rank the contribution of each feature to 

classification performance, we calculated their respective Gini importances. Briefly, the 

Gini importance of a feature measures its average discriminative power (see 

Supplementary Methods for a more precise definition). Consistent with the predictive 

powers of the individual features, we found that sequence variability is the most important 

feature, followed by RSA, then length variability, and finally PSS (see Table 4.2). In 

comparison, the Gini importance of the features showed that length variability is less 

important when using the pHMM (see Table 4.2). 

Together with the better overall performance (see Table 4.2 and Fig. 4.4) of the classifier, 

this demonstrates the benefit of using the ilrp-HMM. We believe that this measure has the 

potential to improve substantially as the number of sequences in databases grows. Since 

the negative sites were picked from those that are functionally important, the high feature 

importance of sequence variability can be attributed to the fact that we selected functionally 

important regions of presumably high sequence conservation as negative labels.  

Although PSS had a very low mean Gini importance in classification, our results indicate 

that sites selected as taggable are indeed in loops. When comparing the top three 

predicted tagging sites of E. coli´s proteins to the predicted structural context of each 

amino acid residue position, 93% of the top three sites were in loops (while only 40% of 

all residues are in loops). This shows that the RBF learned, as hypothesized previously, 

to prefer loops over secondary structure elements even though the importance of the 

feature is the lowest of all.  
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Table 4.2. Gini importance of the single features in the two machine learning models. 

 BRF (pHMM) BRF (ilrp-HMM) 
Sequence variability 0.572 0.504 
RSA 0.243 0.253 
Length variability (ilrp-HMM) Not included 0.184 
Length variability (pHMM) 0.167 Not included 
Secondary structure 0.018 0.058 

 

Validation: identifying permissive sites by only testing a maximum of three sites per 

protein experimentally 

As an independent evaluation of GapMiner’s prediction performance, we randomly chose 

five essential E. coli proteins (prediction set) as targets for CRMAGE101-mediated internal 

Strep tagging: NH3-dependent NAD+ synthetase (NadE, nicotinamide adenine 

dinucleotide biosynthesis), the α-chain of phenylalanine-tRNA ligase (PheS, tRNA 

charging), peptide chain release factor RF1 (PrfA, termination of translation), GTP 

cyclohydrolase II (RibA, riboflavin pathway) and the α-subunit of acetyl-CoA 

carboxyltransferase(AccA, fatty acid biosynthesis initiation), and predicted their top 

insertion sites. To assess permissiveness, we measured growth curves in Lysogeny Broth 

(LB) media. While for NadE and RibA we successfully inserted a Strep-tag into the best 

predicted site, we needed to include the second best sites for PrfA and PheS and the third 

best site for AccA (see Table 4.3). PheS and AccA might be more difficult to engineer as 

they are part of protein complexes composed of several subunits, and our model does not 

explicitly take this into account. To maintain consistency with our initial criteria for a site 

being labeled positive for permissiveness, we required 80% remaining activity or growth 

rate, and all mutants showed at least 80% of wild type specific growth rate (102% for Ec 

NadE A89 Strep to 80% for Ec PrfA P72 Strep. It has to be noted that the Ec PrfA P72 

Strep does not show a standard exponential growth behaviour) and reached over 80% of 

the final wild type OD600 (105% Ec NadE A89 Strep to 83% for Ec PheS T163) (see for the 

full growth curve Fig. 4.5a). Summarizing, by testing a maximum of three sites per protein 

we constructed internally tagged variants for our five test proteins.  
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Table 4.3: Overview of the essential proteins of the prediction set, including information about 
the protein size and occurrence in larger protein complexes. “Top sites“ indicates the evaluated 
sites as predicted by GapMiner. Strikethrough numbers mean we were not able to construct this 
mutant, meaning the tagged protein is either non-functional and/or tag insertion failed. 

Gene Enzyme name Complex 
Top sites 

1st 2nd 3rd 
nadE NH3-dependent NAD+ synthetase No A89   
ribA GTP cyclohydrolase II No G29   
prfA Peptide chain release factor RF1 No E153 P72  
pheS Phenylalanine-tRNA ligase, α-subunit Yes Q181 T163  
accA Acetyl-CoA carboxyltransferase, α-subunit Yes P279 R93 L32 
 
 

 

 
 
 
Figure 4.5: Experimental 
validation.  
(a) Permissiveness of the 
predicted sites is 
evaluated by the ability of 
the strains with an 
internally tagged essential 
protein to grow on LB 
media at 30°C compared 
to the wild type (wt) 
EcNR1. Values are mean 
(n=3). (b) Accessibility of 
the internal tag under 
native conditions, 
evaluated by the ability to 
bind to a Strep-tactin resin 
from cell free extract, 
followed by elution with 
D-biotin and detection of 
the protein in the eluate by 
Western blotting with an 
anti-Strep antibody (iba) 
followed by a horseradish 
peroxidase (HRP)-
coupled rabbit anti-mouse 
antibody (abcam). 
 
 
 
 

Next, we tested accessibility by determining if we can purify the internally tagged protein 

variants using Strep-tactin affinity chromatography. We reasoned that if we could 

successfully isolate the tagged protein, this would mean that the folded protein can bind 

to the column in its native form and is therefore accessible from the outside. In 4 out of 5 

cases, it was possible to isolate protein in this fashion (see Fig. 4.5b), suggesting that at 

least in these cases the tag was accessible. The variant PheS T163Strep could not be 

detected in this fashion, which could mean that either the tag is not accessible or that the 

overall amount of protein that we purified in this manner was too low for detection. In case 
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the former explanation is correct, it has to be mentioned that some of the labels we used 

for training of the RBF did not contain information about tag functionality since they came 

from linker mutagenesis studies and therefore there is maybe a lack of data to predict 

functionality of the tag. Therefore prediction can still be improved further once better data 

becomes available. Additionally, PheS is part of a complex and RSA is only calculated for 

the individual subunits, therefore the permissive site could be on the interface between the 

subunits. However, we excluded this possibility after examining the crystal structure of the 

complex and confirming that T163 is indeed in an exposed loop and not on an interface 

between the subunits (see Supplementary Fig. 4.2) – therefore the reason for its 

inaccessibility must lie elsewhere. 

 
Application: Inducible protein knockdowns of essential proteins in vivo 

In order to construct protein knockdown variants of the essential prediction set evaluated 

before, we inserted an additional TEV-tag in front of the Strep-tag. Elongation of the tag 

only lead to growth deficits in the case of AccA (see Fig. 4.6). All other mutants retained 

specific growth rates between 93% (Ec prfA P72 TEV-Strep) to 110% (Ec nadE L32 TEV-

Strep) and final ODs between 87% (Ec ribA G29 TEV-Strep) to 101% (Ec pheS T163 TEV-

Strep) of the wild type. To test tag functionality, we transformed each mutant with either a 

low copy plasmid containing an inducible gene for TEV protease (pSEVA271 TEVsol) or an 

empty plasmid (pSEVA271) as control. Comparing the uninduced and induced state of the 

TEV protease regarding growth behaviour we could see that all mutants besides PheS 

showed severe growth defects in the presence of TEV protease indicating that the TEV-

tag is functional (see Fig. 4.7). Effects, however, are different from case to case since the 

abundance and also the importance of the proteins for the overall cell is different. For 

example, some enzymes, such as the peptide chain release factor, have a direct effect if 

removed, while other enzymes like the NH3-dependent NAD+ synthetase have a slower, 

indirect effect, in this example by producing a metabolite, which gets used up over time 

after the protein is removed. It can take some time until the loss of such an enzyme is 

affecting the cell since the already produced metabolite remains after TEV digestion. For 

PheS we see minor effects compared to the control EcNR1, however, we do not know if 

the tag is not accessible, similar to the Strep-tag, or if the longer tag improved accessibility 

but due to the potentially low importance of this protein the effect on the growth rate is only 

minor.  
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Figure 4.6: 
Permissiveness of 
TEV-Strep-tagged 
variants 
is evaluated by the ability of 
the strains with an internally 
TEV-Strep-tagged essential 
protein to grow on LB media 
at 30°C compared to the 
wild type (wt) EcNR1. 
Values are mean (n=3). 

 

 
Figure 4.7: Inducible protein knockdowns of our essential prediction set in vivo.  
Evaluation of the functionality of the TEV-tag: the TEV-tagged strains (a) EcNR1 (negative 
control), (b) Ec RibA G29 TEV Strep (c) Ec PrfA P72 TEV Strep (d) NadE A89 TEV Strep (e) 
AccA L32 TEV Strep and (f) PheS T163 TEV Strep transformed with either the low copy plasmid 
pSEVA271 TEVsol (red) or the empty plasmid pSEVA271 (black) and either induced by 200 µM 
IPTG at t=0 (dashed line) or non-induced (solid line) were grown in LB media at 30°C. Values 
are mean (n=3) ± std. 
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4.4 CONCLUSION 
The GapMiner database enables instant and effortless prediction of putative internal 

tagging sites for E. coli proteins while only requiring the sequence of the protein of interest. 

It is the first fully automated pipeline for prediction of tag-independent internal permissive 

and accessible sites. It combines evolutionary and structural features of a protein to feed 

a prediction algorithm trained on literature data, and its predictions are quite reliable in 

practice, on previously not tested proteins. In most experimentally tested cases our initial 

assumption of a site being permissive for different tags seemed to be correct, with AccA 

as an exception. For the end user, we would therefore recommend to test several sites, 

and for more advanced users, to still perform an in-depth analysis of the features (for a 

screenshot of an example output see Supplementary Fig. 4.3) and if available, examine 

the location of the predicted tagging sites on crystal structures. To improve performance 

for a specific tag, more literature data for this tag would be needed, which would in turn 

allow for retraining a tag-specific classifier. At the time of writing, however, this amount of 

specific literature data was not available. Similarly, if a sufficient amount of organism-

specific data was available, the current classifier could be retrained to predict taggable 

sites in proteins of other organisms, or even be generalized across organisms for broader 

applicability. GapMiner will help users who cannot tag their E. coli proteins of interest at 

the C- or N-terminus and for example also facilitate design of inducible protein knockdowns 

for the easy study of essential genes, as we have demonstrated here. 
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4.5 METHODS 
Code availability of the GapMiner pipeline 

The GapMiner pipeline programmed in Python 3 is provided on 

https://gitlab.com/bpl.ethz/GapMiner.git together with the documentation and 

computational methods. GapMiner is licensed under Mozilla Public License Version 2.0. 

The GapMiner Database and Viewer for E. coli K-12 is provided on gitlab 

(https://gitlab.com/bpl.ethz/GapMinerDB.git) and results can be browsed at 

http://www.bpl.ethz.ch/software/gapminer/. 

Chemicals and media 

Restriction enzymes, Taq polymerase, and T4 ligase were obtained from New England 

Biolabs (Bioconcept, Allschwil, Switzerland) and used according to manufacturers’ 

instructions. Chemicals were purchased in the highest purity available from Sigma-Aldrich 

(St. Louis, Missouri, United States) or BD Bioscience (Allschwil, Switzerland). Low salt 

Difco™ lysogeny broth Miller (LB Miller) medium was used for all CRMAGE experiments, 

where required supplemented with chloramphenicol at 20 µg mL-1, kanamycin at 

50 µg mL-1, or carbenicillin at 50 µg mL-1 for antibiotic selection. Desalted oligonucleotides 

were purchased from Sigma-Aldrich (St. Louis, Missouri, United States) or Microsynth 

(Balgach, Switzerland).  

Strains and plasmids 

Strains and plasmids used in this study are shown in Supplementary Table 4.2. For design 

and off-target optimization of the gRNAs for the CRISPR Cas9 system we used web tool 

COD (Cas9 Online Designer, cas9.wicp.net187). The sequences for the gRNAs were 

inserted into the plasmid pCRISPR according to the Addgene protocol99. Shortly, 

pCRISPR_X plasmids were constructed by digestion of pCRISPR with BsaI followed by 

insertion of a double stranded linker assembled from oligonucleotide pairs recruited from 

primers 10-26 (Supplementary Table 4.3). 

Design of MAGE oligonucleotides 

The top tag-insertion sites were predicted by our GapMiner pipeline. A CRMAGE 

oligonucleotide was designed to introduce a DNA sequence encoding the Strep-tag 

(WSHPQFEK) immediately behind the predicted aa position (oligo 1-14, see 

Supplementary Table 4.3). CRMAGE oligonucleotides contained four phosphorothiolated 

bases at the 5’-end. If a site could not be integrated the next permissive site predicted by 

GapMiner was chosen. In the case of accA the site R277 (same loop as P279) and G317 

https://gitlab.com/bpl.ethz/GapMiner.git
https://gitlab.com/bpl.ethz/GapMinerDB.git
http://www.bpl.ethz.ch/software/gapminer/
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(not considered internally since the total protein length is 319 aa) were skipped for 

analysis.  

Chromosomal integration: MAGE with CRISPR Cas9 counter selection 

An aliquot of 3 mL of E. coli EcNR1[pCas9] was grown in LB Miller media supplemented 

with chloramphenicol at 32°C until an OD600 of approximately 0.6 was reached. Cells were 

heat-shocked for 15 min at 42°C to induce the beta protein. The induced cells were made 

electrocompetent by washing them 3 times with 1 mL of ice cold water. Then, each 

oligonucleotide was added to the cells in a final concentration in the cuvette of 2 µM and 

the cells were electroporated (1 mm gap cuvettes; cell projects, Harrietsham, United 

Kingdom; 1.8 kV and 4 to 6 ms pulse). Cells were recovered by addition of 3 mL of fresh 

LB Miller medium supplemented with chloramphenicol for one further CRMAGE cycle. For 

the second cycle cells were electroporated with 2 µM oligonucleotide and 50 to 100 ng of 

the pCRISPR plasmid. Cells were incubated for recovery at 32°C, after 1 h kanamycin was 

added for selection of pCRISPR and the incubation was continued overnight. On the next 

day, cells were plated on selective medium plates. Clones were analyzed by colony PCR 

(Multiplex PCR kit Quiagen, PCR primers 35-41 are listed in Supplementary Table 4.3). 

The PCR program was done as follows: step 1: 15 min at 95°C; step 2: 30 s at 95°C; step 

3: 30 s at 50°C; step 4: 60 s at 72°C; repeat steps 2 – 4 30 times; step 5: 10 min at 72°C 

and storage at 8°C.  

Sanger sequencing 

A PCR of the genomic regions of interest was prepared with Taq DNA polymerase (primer 

36-48, see Supplementary Table 4.3). The PCR program had the following steps: step 1: 

5 min at 95°C; step 2: 30 s at 95°C; step 3: 30 s at 50°C; step 4: 30 s at 68°C; repeat steps 

2 – 4: 28 times; step 5: 10 min at 68°C and storage at 8°C. PCR products were send for 

sequencing with Microsynth (Balgach, Switzerland).  

Growth curves 

In order to test permissiveness of our insertion sites, we measured growth curves in LB 

Miller medium at 30°C and shaking at 800 rpm in a a BioLector (m2p-labs GmbH, 

Baesweiler, Germany) device in a 48-well FlowerPlate (m2p-labs GmbH, Baesweiler, 

Germany). Since the test proteins are essential a cell can only survive tag insertion if the 

internally tagged protein variants is functional. To determine specific growth rates, the 

exponential part of the growth curves were analysed (the exponential part lasted 

approximately for 2 to 3 h). 
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Accessibility testing of Strep-tag 

To test accessibility, we purified the Strep-tagged protein variants from crude extract of an 

E. coli culture with Strep-Tactin Spin Column Kit (iba, Göttingen, Germany), since this 

ensures binding and therefore accessibility of the tag in native conditions. To visualize the 

Strep-tagged proteins Western blot analysis was done due to the low abundance of these 

proteins. Purified proteins were loaded on a 15% SDS gel and blotted on nitrocellulose 

membrane pore size 0.4 µm (GE Healthcare, 30 min 25 V). Proteins were probed by a 

mouse anti-Strep monoclonal antibody (iba, Göttingen, Germany) followed by incubation 

with with HRP-coupled rabbit anti-mouse antibody (abcam, Cambridge, UK) and detection 

with Amershan ECL Prime Western blotting detection reagent (GE Healthcare, Freiburg 

im Breisgau, Germany). 

Cleavage of TEV-tagged mutants by TEV protease in vivo 

All strains were cured by pCas9 and pCRISPR. Shortly, the strain was cured from 

pCRISPR by transformation with pSEVA431_SacB that can be selected for by 

streptomycin. Due to incompatibility of the plasmid origins of replication, pCRISPR was 

lost during streptomycin selection. Afterward, the strain was grown without antibiotic, and 

cells that had lost pSEVA431_SacB were selected for on medium containing sucrose. 

Loss of pSEVA431_SacB was confirmed by loss of the antibiotic resistance. Some for the 

loss of pCas9, which is lost during cultivation without antibiotics. Afterwards the strains 

were transformed with an empty plasmid control (pSEVA271) or pSEVA271_TEVsol, in 

order to test cleavage of the tagged proteins. Growth rates were measured in the Biolector 

(same conditions as above), in induced and non-induced conditions. The cultures were 

induced from t=0 with 200 µM IPTG. 
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4.8 SUPPLEMENTARY INFORMATION 

 
 
Supplementary Figure 4.1: Number of indels detected and the sizes of the respective 
protein cluster for each query protein in the E. coli K12 proteome. Colours are indicating the 
evidence for each indel, blue are indels which are found in more than five sequences (5 hits), red 
two to five and green only a single hit. The proteins are sorted by increasing protein cluster size. 
Two proteins (UniProtKB ID P62593 and P06970) had 4086 and 9160 search hits, respectively, 
and so were removed as outliers. 
 

 
Supplementary Figure 4.2: Surface model of the crystal structure (3PCO289) of the 
phenylalanine-tRNA synthetase complex with the phenylalanyl-tRNA synthetase, alpha 
subunit (green) and beta subunit (blue) and the permissive site T163 highlighted in red. 
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Supplementary Figure 4.3: Example output file of GapMiner for Adk. After entering the 
protein name and organism on the homepage (start screen) the corresponding output file is 
loaded, by default the highest scoring 5 sites are displayed (as a list on the left site of the plots 
and as dashed blue lines indicating the aa position on the feature curves). The user has the 
option to display more or fewer sites by entering the number of site in the field. The lowest 
taggability score of these sites is displayed in the field above (full taggability function can be seen 
in red). All features (sequence variability in blue, length variability in green, preservation of 
secondary structure in violet and relative surface accessibility in orange) and the final taggability 
function derived from the classifier (red). If the user moves the mouse over a position the values 
for each feature at this position is displayed and the corresponding aa is highlighted in the aa 
sequence above the plot. 
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Supplementary Table 4.1: Positive and negative taggability labels derived from a manual 
search of the literature on E. coli protein tagging and random linker mutagenesis experiments. 
A site was labelled “taggable” if and only if the tagged site preserved at least 80% of wild-type 
functionality by some reported measure and when available if the tag was functional. 
 
Protein UniProt Taggable sites Untaggable sites Tag Reference 
TpiA P0A858 N25,E55,K117, 

E118,V142,V150, 
T153,A157,F159, 
E160,A195,A199, 
N200,K247,E250, 
A251 

 Protease 
recognition 
tag 

transposon-
scanning 
search of 
permissive 
sites (details 
to be 
published 
elsewhere). 

Bla P62593 E195,L196,T261, 
A266,M268 

E35,E61,M66, 
Y95,Q97,V117, 
D161,R162,Q204, 
I206,V214,G216, 
A230,D231,I243, 
I256,Y260,N272 

Various 
(STa, HA, 
ChBD, 
CD22, C2C3, 
PolyQ) 

290 

FaeD P06970 A128,R470,D513, 
I520,S538,R564, 
S587,D605 

L151,S187,D209, 
S239,D356,A379, 
S419,G439,S630, 
V648,S679,V746, 
S762 

factor Xa 
recognition 
site 

291 

LacZ P00722 G21,E250,R256, 
I279,L632,P704, 
K1024 

Y101,F275,I280, 
N346,R389,N582, 
D672,D773,V796 

RGD-cap, 
18 aa linker, 
scFv, 

277,292,293 

LamB P02943 S171,S178,P208, 
H244,T261,A278, 
E399 

V93 C3 epitope 294,295 

Cat P62577 D112  HibK 296 
MalE P0AEX9 I133,A303  T-cell, B-cell  

epitope 
297 

RpoH P0AGB3 E33,K143,V163, 
Y200,R243,T252, 
I282 

H57,H63,I64, 
D77,N83,I84, 
L101,A105,V106, 
K125,K130,Q132, 
L146,E155,M156, 
R159,R169,S173, 
L184,S186,M195 

4 aa linker 298 

McrA P24200 V3,C15,E20,Q58, 
V60,S74,V128, 
L157,L158,N159, 
K167,E174,R177 

L28,N37,K38, 
L44,Y46,E49,L63,S
67,L98,M100, 
Y103,K122,I124,Q1
72,R191,A197,S20
3,Y217,Y224,L225,
H229,S235,N250,C
251,E266,M267, 
N271 

5 aa linker 299 

FadL P10384 I216,V408 G39,P79,P387 TAB (linker) 300 
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Supplementary Table 4.2: Strains and plasmids used in this study. 

Strains Relevant genotype Reference 
Top10 E. coli F- mcrA Δ(mrr-hsdRMS-mcrBC) φ80lacZΔM15 

ΔlacX74 nupG recA1 araD139 Δ(ara-leu)7697 galE15 
galK16 rpsL(StrR) endA1 λ- 

Invitrogen 

EcNR1 E. coli MG1655 Δ(ybhB-bioAB)::[λcI857 N(cro-
ea59)::tetR-bla] 

Addgene 
#2693074 

Ec_nadE_A89Strep EcNR1 with the sequence for a Strep-tag in nadE after 
the position equivalent to aa A89,  

This study 

Ec_pheS_T163Stre
p 

EcNR1 with the sequence for a Strep-tag in pheS after 
the position equivalent to aa T163,  

This study 

Ec_prfA_P72Strep EcNR1 with the sequence for a Strep-tag in prfA after 
the position equivalent to aa P72, 

This study 

Ec_accA_L32Strep EcNR1 with the sequence for a Strep-tag in accA after 
the position equivalent to aa L32, 

This study 

Ec_ribA_G29Strep EcNR1 with the sequence for a Strep-tag in ribA after 
the position equivalent to aa G29, 

This study 

Ec_nadE_A89TEV
_Strep 

EcNR1 with the sequence for a TEV Strep-double tag in 
nadE after the position equivalent to aa A89,  

This study 

Ec_pheS_T163TEV
_Strep 

EcNR1 with the sequence for a TEV Strep-double tag in 
pheS after the position equivalent to aa T163,  

This study 

Ec_prfA_P72TEV 
_Strep 

EcNR1 with the sequence for a TEV Strep-double tag in 
prfA after the position equivalent to aa P72, 

This study 

Ec_accA_L32TEV 
_Strep 

EcNR1 with the sequence for a TEV Strep-double tag in 
accA after the position equivalent to aa L32, 

This study 

Ec_ribA_G29TEV 
_Strep 

EcNR1 with the sequence for a TEV Strep-double tag in 
ribA after the position equivalent to aa G29, 

This study 

Plasmids   
pCas9 Bacterial expression of Cas9 nuclease, CamR, p15A ori Addgene 

#4287699 
pCRISPR A crRNA expression plasmid for targeting a specific 

sequence of choice, KanR, pBR322 ori 
Addgene 
#4287599 

pCRISPR_nadE 
_A89 

A crRNA expression plasmid for targeting nadE close to 
position A89 

This study 

pCRISPR_pheS 
_Q181 

A crRNA expression plasmid for targeting pheS close to 
position Q181 

This study 

pCRISPR_pheS 
_T163 

A crRNA expression plasmid for targeting pheS close to 
position T163 

This study 

pCRISPR_prfA 
_ E153 

A crRNA expression plasmid for targeting prfA close to 
position E153 

This study 

pCRISPR_prfA 
_ P72 

A crRNA expression plasmid for targeting prfA close to 
position P72 

This study 

pCRISPR_ribA 
_ G29 

A crRNA expression plasmid for targeting ribA close to 
position G29 

This study 

pCRISPR_accA 
_ P279 

A crRNA expression plasmid for targeting accA close to 
position P279 

This study 

pCRISPR_accA 
_ R93 

A crRNA expression plasmid for targeting accA close to 
position R93 

This study 

pCRISPR_accA 
_ L32 

A crRNA expression plasmid for targeting accA close to 
position L32 

This study 

pCRISPR_accA_ 
L32_2 

A crRNA expression plasmid for targeting accA Strep 
close to position L32 

This study 

pSEVA271 p15A ori, KanR 255 
pSEVA271_TEVsol pSEVA271 with TEVsol (TEVwt protease with mutations 

at T17S, L56V, N68D, I77V, S135G, S219V and a 
deletion of last eight amino acids.) expression under 
control of a Ptac 

This study 

pSEVA431_SacB pSEVA431 plasmid with sacB under control of a Pconst This study 
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Supplementary Table 4.3: Oligonucleotides and primers used in this study. 

ID Name Sequence (5' to 3') 

MAGE oligonucleotides 
1 prfA_P72_Strepa G*C*A*G*TTCATCCTGCGCCATCTCACGCATTTCCTTCTC

GAACTGCGGGTGAGACCAAGGATCATCGAGCATCATCT
GTGCGGTTTCGATAT 

2 prfA_E153_Strepa C*G*A*T*GATCTCTTTATAACCACCATGTTCACCCTTCTC
GAACTGCGGGTGAGACCACTCGCTGGCGCTCATGATTT
CTACCCGCCAGCGGC 

3 pheS_T163_Strepa T*G*T*A*CGCCAGAGGTCTGGGTACGCAGCAGGCGCTTC
TCGAACTGCGGGTGAGACCAGGTAGTGTCAAACCAGAA
AGTGTCGTGGTCAGCG 

4 pheS_Q181_Strepa G*C*C*A*GGCGCGATGATACGAATCGGTGGCTGCTTCTC
GAACTGCGGGTGAGACCACTGGGCTTTCATGGTGCGGA
TCTGTACGCCAGAGGT 

5 nadE_A89_Strepa T*T*A*T*TGCCGTACGCCTGCCCTATGGTGTTCAGGCCT
GGTCTCACCCGCAGTTCGAGAAGGACGAACAAGATTGC
CAGGATGCCATTGCCT 

6 ribA_G29_Strepa C*T*G*A*TGGTGGGATTTGAAGAACTGGCAACCGGATGG
TCTCACCCGCAGTTCGAGAAGCACGATCATGTCGCGCT
AGTCTATGGCGATATT 

7 accA_P279_Strepa C*A*G*T*TGCGCTTTCAACGATGCCGCCATCGCTTCCTTC
TCGAACTGCGGGTGAGACCACGGGTTACGGTGAGCACC
ACCCAGTGGTTCCGG 

8 accA_L32_Strepa A*G*A*C*GATGCACTTCTTCATCGATGTTAATATCCTTCTC
GAACTGCGGGTGAGACCACAGTTTCTCATCCTGACGGC
TAACCGCAGTCAGA 

9 accA_R93_Strepa A*C*C*G*ACGATAGCTTTATCGTCTGCATACGCCTTCTCG
AACTGCGGGTGAGACCAGCGGTCGCCAGCCAGTTCGTC
AAATTCATCAAATGC 

10 nadE_A89_TEV_Strepa T*T*A*T*TGCCGTACGCCTGCCCTATGGTGTTCAGGCCG
AGAATCTGTATTTTCAGGGGTGGTCTCACCCGCAGTTCG
AGAAGGACGAACAAGATTGCCAGGATGCCATTGCCT 

11 accA_L32_TEV_Strepa A*G*A*C*GATGCACTTCTTCATCGATGTTAATATCCTTCTC
GAACTGCGGGTGAGACCACCCCTGAAAATACAGATTCTC
CAGTTTCTCATCCTGACGGCTAACCGCAGTCAG 

12 prfA_P72_TEV_Strepa G*C*A*G*TTCATCCTGCGCCATCTCACGCATTTCCTTCTC
GAACTGCGGGTGAGACCACCCCTGAAAATACAGATTCTC
AGGATCATCGAGCATCATCTGTGCGGTTTCGAT 

13 ribA_G29_TEV_Strepa C*T*G*A*TGGTGGGATTTGAAGAACTGGCAACCGGAGAG
AATCTGTATTTTCAGGGGTGGTCTCACCCGCAGTTCGAG
AAGCACGATCATGTCGCGCTAGTCTATGGCGATAT 

14 pheS_T162_TEV_Strepa T*G*T*A*CGCCAGAGGTCTGGGTACGCAGCAGGCGCTTC
TCGAACTGCGGGTGAGACCACCCCTGAAAATACAGATTC
TCGGTAGTGTCAAACCAGAAAGTGTCGTGGTCAGC 

a Phosphorothioated bases are indicated with an asterisk after the base 
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pCRISPR cloning 
15 pCRISPR_ribA_G29_fw AAACCGCCATAGACTAGCGCGACATGATCGTGTCG 
16 PCRISPR_ribA_G29_rv AAAACGACACGATCATGTCGCGCTAGTCTATGGCG 
17 pCRISPR_accA_P279_fw AAACCGGAACCACTGGGTGGTGCTCACCGTAACCG 
18 pCRISPR_accA_P279_rv AAAACGGTTACGGTGAGCACCACCCAGTGGTTCCG 
19 pCRISPR_pheS_Q181_fw AAAC CCAGGCGCGATGATACGAATCGGTGGCTGC G 
20 pCRISPR_pheS_Q181_rv AAAAC GCAGCCACCGATTCGTATCATCGCGCCTGG 
21 pCRISPR_prfA_E153_fw AAACCTGGCGGGTAGAAATCATGAGCGCCAGCGAG 
22 pCRISPR_prfA_E153_rv AAAACTCGCTGGCGCTCATGATTTCTACCCGCCAG 
23 pCRISPR_nadE_A89_fw AAACAGGCAATGGCATCCTGGCAATCTTGTTCGTG 
24 pCRISPR_nadE_A89_rv AAAACACGAACAAGATTGCCAGGATGCCATTGCCT 
25 pCRISPR_pheS_T163_fw AAACTGTACGCCAGAGGTCTGGGTACGCAGCAGGG 
26 pCRISPR_pheS_T163_rv AAAACCCTGCTGCGTACCCAGACCTCTGGCGTACA 
27 pCRISPR_accAL32_fw AAACTGACTGCGGTTAGCCGTCAGGATGAGAAACG 
28 pCRISPR_accAL32_rv AAAACGTTTCTCATCCTGACGGCTAACCGCAGTCA 
29 pCRISPR_accAR93_fw AAACCCGACGATAGCTTTATCGTCTGCATACGCGG 
30 pCRISPR_accAR93_rv AAAACCGCGTATGCAGACGATAAAGCTATCGTCGG 
31 pCRISPR_prfA_P72_fw AAACCAGTTCATCCTGCGCCATCTCACGCATTTCG 
32 pCRISPR_prfA_P72_rv AAAACGAAATGCGTGAGATGGCGCAGGATGAACTG 
33 pCRISPR_accA_strep_fw AAACACTGCGGTTAGCCGTCAGGATGAGAAACTGG 
34 pCRISPR_accA_strep_rv AAAACCAGTTTCTCATCCTGACGGCTAACCGCAGT 
Colony and sequencing PCR primers 
35 Strep_rv ACTGCGGGTGAGACC 
36 accA_fw TGTCTCGCCTCGGC 
37 prfA_fw AACGCCATGAAGAAGTTCAG 
38 ribA_fw GCAGCTTAAACGTGTGGC 
39 nadE_fw CGCAGATTAATGCTGAAGAGG 
40 accA_L32_R93_fw CCTTGATTTTGAACAGCCG 
41 pheS_fw TCTCTCTGCCAGGTCGTC 
42 acca_seq_rv TAACCGTAGCTCATCAGG 
43 prfA_seq_rv TTCCGTAGCAGGAACACG 
44 ribA_seq_rv GTTACGACCTTCCTGAC 
45 nadE_seq_rv CTATATTGTGCTTTCATCCGC 
46 ribA_G174_seq_rv TTATTTGTTCAGCAAATGGC 
47 prfA_210_seq_rv AGCGTGGATGCGAGCACCG 
48 phes_seq_rv TTACGCAGGAAGTCGTGCAG 

. 
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5 CONCLUSION AND OUTLOOK 
The last three decades have seen huge advances in the engineering of strains for 

biotechnological production, reaching from classical microbiology to almost fully 

automated strain engineering platforms. The discovery and development of powerful 

genome engineering tools such as λ-Red and CRISPR/Cas9 now allows for surgical 

precision engineering of bacterial genomes. In comparison to mammalian cells, E. coli is 

not capable of efficient homologous end joining, therefore distant frameshift mutations at 

off-target locations are not observed. However, we frequently observed off-target 

mutations in the form of frame-shifts within the oligonucleotide range for non-essential 

genes. These mutations are most probably caused by erroneous oligonucleotides within 

the pool used for the CRMAGE. Therefore, high-quality oligonucleotides are currently still 

recommended, otherwise each mutant has to be verified for the right mutation by 

sequencing.  

Having the potential to rapidly rewrite the genome of bacteria in a high-throughput manner 

shifts the bottleneck towards designing edits that optimize towards an application-specific 

target in an automated, high-throughput fashion. Improved computational power, high-

throughput data generation, and automated data analysis will together create an 

exponential increase of knowledge in a reinforcing feedback loop, getting us closer to fully 

automated strain optimization and engineering  

In this thesis, we evaluated the design of switchable proteins/inducible protein 

knockdowns, meaning proteins which are equipped with internal protease hydrolysis tags 

like the Tobacco etch virus tag (TEV-tag). Upon addition of the TEV protease, the protein 

is cleaved and loses function. We could show that cleaving AtpA and AtpD is beneficial for 

the ATP and Adk for the ADP stability (chapter 3). While these three test cases required 

extensive and explorative testing, we envision that we can simplify or even completely skip 

the testing step, which enables multiplex and high throughput tagging on chromosomal 

level. To achieve this vision, we developed GapMiner (chapter 4), a classifier trained on 

literature data which integrated the features we evaluated to be important in chapter 3. 

These four features are, length variability, sequence variability, preservation of secondary 

structure and RSA to predict internal tagging sites in proteins. With GapMiner we could 

tag five proteins with a Strep and a Strep-TEV double tag. Only one mutant with the double 

tag showed severe growth defects, while the Strep-tagged mutants all showed no defects, 

and for four out of five the tag was also functional. While our measures for sequence 

variability and length variability will become more and more accurate as more sequence 
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data is added into the databases and estimation methods improve, and secondary 

structure as well as surface accessibility prediction performance continue to improve as 

improved methods become available301, the classifier itself could be improved by feeding 

in a larger and more targeted dataset and additional features. Promising features that were 

recently developed or have seen large improvements in sequence-based prediction 

performance are for example protein disorder302 or half-sphere exposure303. One could 

easily imagine a specific classifier for different tags or even slightly different questions, for 

example which aa can be modified in a protein. However, this would require more 

experimental data for each specific case. Especially TEV-tags would benefit from such an 

approach since the requirements for a functional TEV-tag are much higher than for a 

purification tag – further improving prediction performance here might also necessitate the 

addition of new features as discussed before. Although GapMiner is currently limited to 

protein tags and the E. coli organism, similar classifiers can be trained to target a more 

broad class of protein modifications than tag insertions, and to target other organisms once 

enough organism-specific data is available. Another limiting factor for a high throughput 

application of switchable proteins is the catalytic activity and stability of the TEV protease 

in vitro. There, an ongoing directed evolution approach in our lab will help to develop a 

TEV protease less sensitive to oxidation and having a better catalytic performance. 

Combining both projects, reliable high throughput genomic tagging of the proteins of 

interest in CFX, with a fast and stable TEV protease, will enable a simple use of this 

technology.  

More computational power and more available DNA sequences should also result in deep 

understanding of bacterial genomes, better molecular engineering tools, and result in an 

increased proficiency for rational engineering of finely tuned cells for the production of 

chemicals. For the example of ribosome binding sites (RBSs), the translation initiation rate 

(TIR) can already be predicted using physical models172. However, the optimal TIR 

remains unknown in most applications, since it is determined by the combination of 

metabolic burden, essentiality of involved genes, side product formation and toxicity. 

However, smart libraries can drastically reduce the screening effort required during 

optimization, making it feasible to experimentally determine the optimal TIR. With GLOS 

(chapter 2), we can implement such RBS libraries in a less biased way on the genome of 

a native mismatch repair system (MMR) proficient strain, reducing screening effort and 

accumulation of off-target mutations that may interfere with the rational engineering efforts. 

The MMR system does not recognize longer than 6 bp mismatches, but shorter 

mismatches are not only repaired, they are also repaired with different rates leading to a 

bias in library construction. We believe that even though CRISPR/Cas9 counterselection 
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is very powerful tool to reduce screening effort, as soon as applied for multiplexing or in 

library construction, it is not just important to have a high allelic replacement (AR) 

efficiency, but also that AR efficiencies are uniformly distributed among the library 

members or genetic targets before counterselection. This can only be achieved by 

avoiding the MMR system, for example as implemented by us in GLOS.  

With all these new tools, the future will see an increasing number of industrial 

biotechnology applications, and a greater market share of fermented fine and commodity 

chemicals. We will see novel products, and integration of fine chemicals with other 

components such as biomaterials and electronics in vivo. When it comes to the white 

biotechnology hype cycle, it is very possible that we’ve finally reached the slope of 

enlightenment, and are steadily climbing up towards the plateau of productivity.  
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