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Résumé

Depuis la découverte de 'ADN, notre compréhension de la morphogénese bactérienne a beaucoup
progressé mais aussi donné lieu a de nouvelles questions. La bactérie Escherichia coli est capable de
maintenir une forme de batonnet de fagon robuste, mais son génome ne contient aucun de plan de con-
struction précis. La forme des cellules est déterminée dynamiquement par les enzymes qui synthétisent
la paroi cellulaire, un polymere rigide qui entoure la cellule. Pour étudier quantitativement comment la
biogéneése de la paroi et la forme des cellules dépend des concentrations des enzymes essentielles, nous
utilisons un dérivé sans activité nucléase de CRISPR/Cas9 pour bloquer partiellement la transcription.
Cette méthode n’ayant pas été utilisée avant, nous avons étudié ses propriétés en détail sur des rappor-
teurs fluorescents. Cela nous a conduit a des découvertes surprenantes: on considérait auparavant que
la répression dépendait de la fréquence de fixation de dCas9 a sa cible. Nous avons démontré un mécan-
isme différent: la complémentarité guide/cible détermine la probabilité que la RNA polymérase déplace
activement dCas9 lors de la transcription. Cela conduit a des propriétés désirables: la force de répression
ne dépend pas du niveau d’expression natif de la cible, et n’ajoute pas de bruit extrinséque a 'expression.
Armés de cet outil, nous avons pour objectif de comprendre globalement comment les différents com-
posants de la machinerie de synthése de la paroi cellulaire sont articulés entre eux. Pour polymériser la
paroi cellulaire, qui donne sa forme a la cellule, deux groupes d’enzymes ont été décrits: le complexe Rod
etles PBP de classe A. Nous avons créé des souches exprimant ces deux catégories d’enzymes a des niveaux
variables et caractérisé leurs phénotypes par différents moyens biophysiques (résistance mécanique, dif-
fusion de molécules uniques, sensibilité a des antibiotiques...). Nous avons pu mettre en évidence que
des enzymes avec des activités biochimiques similaires peuvent provoquer des réponses completement
différentes lorsque leurs niveaux sont changés. Ces travaux ont permis de mieux comprendre comment
ces différents mécanismes sont coordonnés pour maintenir I'intégrité de la paroi a de multiples échelles.

Abstract

Since the discovery of DNA, our understanding of the morphogenesis of bacterial cells has made great
advance and also gave rise to new questions. Even though the bacterium Escherichia coli is able to main-
tain rod shape robustly, the genome does not encode any internal blueprint of what the cell should look
like. Rather, cell shape is dynamically determined by the enzymes synthesizing the cell-wall, a rigid poly-
mer that surrounds the cell. To quantitatively study the dependence of cell-wall biogenesis and cell shape
on levels of essential cell-wall synthesis proteins, we use a nuclease-deficient CRISPR/Cas9 to partially
block transcription. As this method had no been put into practice before, we thoroughly investigated its
properties on a model system using fluorescent reporters. This led us to surprising findings: it was previ-
ously assumed that decreased levels of guide RNA complementarity would decrease repression strength
by virtue of reduced occupancy of the target. We demonstrated a different mechanism: complementarity
determines the probability that RNA polymerase kicks out dCas9 during the transcription attempt, while
the rate of spontaneous dCas9 unbinding is negligibly small. If dCas9 levels are high enough to saturate
the target this mechanism alone determines repression strength. This leads to desirable properties: First,
relative repression strength is independent of native expression levels. Second, repression does not add
any extrinsic noise to gene expression. Armed with this tool, we aim get a global understanding of the in-
terplay between the different components of the cell-wall machinery. To polymerize the cell wall, which
gives its shape to the cell, two groups of enzymes were described: the Rod Complex and class A PBPs.
We created strains expressing this two categories of enzyme at variable levels, then characterized their
phenotypes by different biophysical means (mechanical resistance, single-molecule diffusion, antibiotic
sensitivity...). This way, we could show that enzymes that share similar biochemical activities can elicit
very different responses when their levels are changed. This work allowed to better understand how
these different mechanisms are coordinated to maintain cell wall integrity at multiple scales.
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Chapter 1

How can bacteria be so large?

1.1 Introduction

HE question of morphogenesis was settled by natural philosopher and
theologian Nicolas Malebranche in 1680. Microscopes had recently
been introduced to biologists by Antonie van Leeuwenhoek, revealing
the existence of creatures so small the naked eye could not see them.
As there were no reasons, at the time, think that there was lower limit

to the size of living creatures, Malebranche suggested that there were, in fact, infinitely
small creatures so that one could always discover new species by building better mi-
croscopes. This solved the problem of the origin of organisms: animals simply carry
miniature versions of themselves in their body, which in turn carry even smaller ver-
sions of themselves, and so forth ad infinitum. This way, all past, present and future
living organisms were already imbricated there, waiting for their turn since the time
God created the Universe!.

However, this theory was still obscured by two clouds. The first cloud was that it
was not entirely clear whether these infinite lineages of animals were stored in male or
female gonads (figure 1.1), a debate that would enrage natural philosophers for decades.
The second cloud was that, in the following centuries, the development of atomic theory
put quite a hard limit on the minimal size of living bodies. On top of that, the theory
of natural selection and evolution cast some doubt on the hypothesis that God created
the living realm. Eventually, it was found that all living organisms had one thing in
common: instructions about how to build an entire organism are stored inside each
cell, in the form of long molecules of DNA.

This information includes morphological traits [1], as mutants can have different
morphologies.

How can DNA, a one-dimensional, structure-less molecule that is hundreds of times
smaller than the full organism, describe such complex shapes?

Nicolas Malebranche, Traité de la nature et de la grace, 1680.
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Figure 1.1: Nicolaas Hartsoeker, “le petit infant”, in Essay de dioptrique, 1694.
This famous woodcut shows of a sperm cell, and the pre-formed human that it
supposedly contains.
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1.2 A matter of scales

To give a better idea of the problem, here is a summary of the scale of different com-
ponents of life (table 1.1). For example, the typical size of a bacterial protein is about
5 nm [2], which is about one hundredth of the size of the bacterium itself. On top of
that, enzymes have no long distance sight and no memory, so they cannot build struc-
tures larger than themselves by refering to a determined construction plan. A major
challenge in building the shape of organisms is thus to transmit information from one
scale to another.

Table 1.1: Orders of magnitude of the size of different components in life.

Size Object

0.1 nm Distance between two atoms in the main chain of a protein
1 nm Length of one disaccharide unit in E. coli’s cell wall [3]

10 nm Order of magnitude of the diameter of an enzyme [4]

100 nm Size of the A-phage (multi-protein assembly)

1 000 nm Diameter of an E. coli cell

10000 nm  Diameter of a human red blood cell [2]

100 000 nm  Diameter of a human oocyte [2]

Many processes can be responsible for generating the shape of an organism, and
most of them are not really well understood. Some simple morphogenetic principles
are commonly found in nature. Here are a few well-known examples of them.

While the size of a single protein is limited, it is possible for multiple proteins to
assemble together and form larger complexes. The eukyarotic cytoskeleton is a promi-
nent example of this. Among others, actin and tubulin form filaments of different sizes
that are responsible for cell shape, motility and intracellular transport [5].

Fractal structures are extremely common across life (figure 1.2). They can typically
extend over multiple scales, as they are self-similar: the layout of the entire system mir-
rors the layout of individual parts [6, 7]. The most obvious self-similar pattern is perhaps
phyllotactic spirals, which are found in many plants [8] (figure 1.2) and allow for efficient
packing of leaves using only very simple instructions. Fractal shapes have the advantage
of maximizing surface contact while minimizing transport distances [7]. They can be
found in coral growth, in the organization of blood vessels of mammals, in neural net-
works [9] and also in the shape of some bacterial colonies [10].

The synthesis of curved surfaces is also a common way for organisms to generate
large scale organization, as the construction of materials with a forced intrinsic curva-
ture, positive or negative, can generate complex shapes (figure 1.3), a phenomenon that
is common in corals and algae, and is a well-known technique in crochet knitting. This
phenomenon was also suggested to play a role in the blastulation and gastrulation of
metazoan embryos [11, 12] and in the morphogenesis of some eukaryotic cells [13].

Above the cellular level, the morphogenesis of organisms often involves gene reg-
ulatory networks combined with the diffusion of morphogenes. Due to the limits of

10
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Diatomea.

Figure 1.2: Ernst Haeckel, “Diatomea” and “Mycetozoa”, in Kunstformen der
Natur, 1904. Notice the potential fractal organization, reaction-diffusion pat-
terns and phyllotactic spirals.

Figure 1.3: A negative-curvature cactus, belonging to the author’s mother.
Mathematically, it is not possible to tile an Euclidian surface such that the average
number of neighbors per tile is larger than six [11]. I speculate that, in this cactus,
because each spine bundle tends to have more than six equally-spaced neighbors,
a negatively-curved surface is created, resulting in large folds.

protein size, long distances cannot be directly encoded in genetic information. How-
ever, DNA sequences can encode for products with specific diffusion speeds and reac-
tion rates, which in turn allow to describe structures much bigger than the size of the
protein themselves [14].

This has been studied in depth for the development of drosophila embryo [15], where

11
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the diffusion of morphogenes (e.g. bicoid and hunchback) serves as a basis for the devel-
opment of the anterior-posterior axis. Positive feedback in the expression of a diffusing
morphogene can be used for symmetry-breaking and axial patterning [16]. The dif-
ferential expression of cell-cell adhesion molecules can reorganize the cells spatially, a
property that has been used to generate artificial multi-cellular structures [17]. Turing
patterns are another famous example of reaction-diffusion process, where two mor-
phogenes with different diffusion constants generate complex motifs (figure 1.2). This
is found, among many others, in the stripes of the zebra fish [18, 19]. Amusingly, some
bacterial proteins are also able to generate dynamic patterns. This was observed by
transfering proteins from E. coli’s Min system on a supported lipid bilayer [20, 21], al-
though the origin of these patterns is still controversial [22]. The scale of such patterns
is much larger than the size of the cells of E. coli. Inside living cells, the MinDE proteins
form a dynamical system that oscillates from pole to pole and acts as a sensor for cell
geometry [23]. The resulting gradient allows to find the middle of the cell and deter-
mines the position of the FtsZ ring to initiate cell division. They may also influence the
localization of many other membrane proteins in E. coli [24].

1.3 Understanding bacterial morphogenesis

The shape of a bacterial cell

Bacteria are relatively simple organisms, as they are made of only one cell without any
organelle. In particular, model organisms like Escherichia coli or Bacillus subtilis have
been studied extensively, a large part of their genomes is annotated, and they are ar-
guably the organisms that scientists know the best. Yet, the origin of their shape is still
poorly understood.

Bacteria can have a wide diversity of shapes, reflecting their mechanism of growth
and division. The most well-known bacterial morphologies are bacilliform (rods) and
cocci (spheres). Not only are they widespread in nature, they also tend to be frequent
among pathogens, making them more likely to be studied [25]. Interestingly, rod-shaped
bacteria are not monophyletic. They can be found in very diverse taxa, that usually con-
tain many other shapes (figure 1.4), suggesting that it appeared and disappeared multiple
times throughout evolution [26, 25]. Typically, E. coli and B. subtilis would be hard to
distinguish on an electron micrograph, yet belong to completely different clades in the
phylogeny of bacteria.

Another sign of convergent evolution is that taxa with the same rod-like shape can
use very different modes of construction (lateral elongation, polar elongation or bud-
ding) [27]. Together, this highlights how having a rod shape can provide an evolutionary
advantage. The exact reasons why the rod shape is beneficial are not clear [28], especially
since one single shape rarely dominates a given environment [29]. Among the factors
that could put selective pressure on bacterial shape, there is the rate of nutrient uptake,
mechanical resistance, gradient sensing, equal partition during division and the ability
for dispersing or sticking to a niche. Cell morphology can also adapt to the conditions,
for example some pathogenic strains of E. coli can grow as filaments to escape phago-
cytosis [30]. Some bacteria (like E. coli but not B. subtilis) also have different diameters
depending on their growth rate [31, 32].
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Figure 1.4: Phylogenetic tree of diverse bacteria and their morphology.

Reprinted with permission from [26].

The cell wall

Within one species’s population, the shape of individual cells is remarkably robust, re-
vealing a tight control of shape determination [28]. To understand the shape of bacteria,
one must understand the structure of the peptidoglycan cell wall. This large molecule
forms a cage around the cell and is responsible for its shape, mechanical resistance and
elasticity. When isolated, the peptidoglycan sacculus retains its shape [33], as can be seen
in figure 1.5. This makes it one of the largest molecules in nature that have a defined
spatial structure on its own.

In monoderm (gram-positive) bacteria, the envelope is made of one lipidic mem-
brane surrounded by a thick layer of peptidoglycan, while in diderm (gram-negative)
bacteria, there is one thin layer of peptidoglycan that stands between an inner mem-
brane and an outer membrane. In the later case, peptidoglycan is covalently attached to
the outer membrane by Braun’s lipoprotein [35].

The chemical composition of peptidoglycan is the same for monoderm and diderm
bacteria. Large glycan strands strands are arranged perpendicularly to the cell axis [36].
At the chemical level, they consist in the repetition of two monosaccharide units, N-
acetyl-glucosamine and N-acetyl-muraminic acid. These strands are covered with pep-
tide stems that can be cross-linked together, to form a 2D (diderm) or 3D (monoderm)
meshwork. As peptide crosslinks are more flexible than glycan strands, rod cells exhibit

anisotropic elasticity and stretch more easily in the direction of their long axis.
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Figure 1.5: Purified sacculus from E. coli observed under a transmission electron
microscope, retaining the bacteria’s rod shape.
Scale bar: 0.5 pum. Reprinted with permission from [34].

A bacterial cytoskeleton?

Analogous to the cytoskeleton that determines eukyarotic cell’s shape, the hypothesis
that bacteria have a rigid cytoskeleton formed by a multi-protein assembly received a
lot of attention. A homolog of tubulin, FtsZ, was indeed discovered in E. coli in the
1990s [37, 38], followed by a homolog of actin called MreB [39]. At the time, MreB
was thought to form a spiral structure spanning the entire cell, and effectively serve as a
bacterial cytoskeleton [40]. Figure 1.6 shows a model from 2001 about how MreB could
possibly be responsible for bacterial rod shape.

Width

Linear axis control <A ength control . |
|
cantral

Figure 1.6: Early model of actin-like polymers forming a skeleton inside B. sub-
tilis cells. Reprinted with permission from [40].

Unfortunately, more than ten years later, it turned out that the long helical struc-
ture was in fact an artefact due to the fusion of a yellow fluorescent protein to MreB.

14
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In fact cytoskeleton-like structure disappeared when looking at MreB by electron cry-
otomography or at an internal mCherry fusion [41]. Rather than forming cell-spanning
helices, MreB forms a large number of filaments whose length averages about 300 nm
[42, 43, 44], meaning that they are not long enough to form a spiral scaffold holding the
cell together. In addition, these patches are very dynamic and their number, length and
orientation varies with conditions. Therefore, they are unlikely to serve as a cytoskele-
ton that would directly determine cell shape.

Local coordination of cell wall synthesis

Simulations have found that a local coordination of peptidoglycan insertion can be suf-
ficient to maintain rod-shape without a cell-wide skeleton [45]. Indeed, recent experi-
ments suggest a feedback between strain on the envelope and cell wall insertion [46, 47].
In some models, filaments of MreB are thought to sense the curvature of the peptidogly-
can and drive insertion accordingly. For example, it was suggested that MreB filaments
tend to localize in regions of negative curvature [48]. If true, this would result in more
insertion in the negatively-curved regions, thus cell straightening. However, in a curved
cell, the circumferential rotation of MreB [49, 50] along the curved envelope would also
focalize filaments in the negative-curvature regions, so it is not clear if this is an active
process . More recently, mechanical strain on MreB filaments in reaction to curvature
has been proposed to determine their trajectories [51, 52], even if it might not be the
only factor.

Moreover, rod-like bacteria usually possess multiple paralogs of the essential com-
ponents of cell-wall synthesis, one being used for cylindrical cell elongation, and one
for spherical pole formation [53, 26]. For example, in E. coli, PBP2, RodA and PBP1A fill
roughly the same role in elongation as PBP3, FtsW and PBP1B do in division, respec-
tively. This suggests that the specific structure of polymerization enzymes determines
the local curvature of the peptidoglycan they construct.

1.4 Investigating cell wall synthesis as a dynamical system

As most of the genes involved in peptidoglycan synthesis are essential genes, it is not
possible to simply delete them and study the behaviour of the knock-out organism. It
is however possible to perturb the concentration of components in vivo and observe
how the modified organisms grow, if their morphology has changed, and if they have
different physical or mechanical properties.

Furthermore, the components involved in bacterial growth are all interlinked, inter-
acting dynamically and adapting their activity to growth conditions and to the current
state of the cell. Thus, by changing the amount of one part, we can look at how the other
parts respond and find quantitative relationships between the different machineries.

When this work started, the bacterial immune system CRISPR had just been repur-
posed for all kinds of biotechnological applications, including the control of gene ex-
pression [54]. At the time, such a method was limited to proofs of concept and had
not been applied to actual scientific questions. Therefore, I set to use CRISPR-based
repression systems to explore bacterial morphogenesis, with the hope of improving the
characterization of CRISPR systems in the way, finding their advantages, and their lim-
itations.
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Chapter 2 will cover the progress that has been made in recent years in the develop-
ment of CRISPR-based tools to control transcription. It is meant as a review of the
different biotechnological applications of CRISPR knock-down and the mechanistic
knowledge that could be gained from them. Chapter 3 is a published article about the
use of mismatched CRISPR guides to change the level of genes by fractional amounts.
This work studied the outcome of collisions between RNA polymerases and dCas9 on
a strand of DNA, and uncovered a new parameter, the passage probability of the poly-
merase, that has important consequences for the strength of the repression. In chapter
4, I present a design for a high-throughput experiment to understand how the sequence
of a guide RNA influences the polymerase’s passage probability. The measurement has
not been done yet, but I will discuss the theoretical considerations that drove the library
design.

In chapter 5, I put the CRISPR knock-down technology into practice and system-
atically modulate the concentration of the core components of the cell wall synthesis
machinery. I find that, even for enzymes with the same biochemical activity, a pertur-
bation in concentration can elicit completely different responses in cell morphology.
As our method allows to observe strains with essential enzymes repressed close to the
lethal level while they are still growing steadily, [ perform biophysical and biochemi-
cal measurements to better understand the function of these enzymes. This work high-
lights fundamental differences between the Rod complex and class A PBPs, and suggests
that the later act on a smaller scale, repairing the cell wall and maintaining its integrity.
Chapter 6 recounts how an unexpected side effect of CRISPR knock-down affected the
study of cell wall synthesis. I discuss how the so-called Bad Seed Effect led to false con-
clusions, and how we could overcome it.

In chapter 7, I focus on another aspect of class A PBPs’ function, which is their sub-
cellular localization. I find that these enzymes have specific patterns of localization
along the cell, and discover multiple factors that contribute to these patterns. In chap-
ter 8, | investigate the effect of D-aminoacids on the cells, as they seem to interact with
class A PBPs, though their biological significance is unknown. We perform a series of
genome-wide CRISPR screens to find which cellular processes are related to it, and
validate them. Finally, in chapter 9, I present two small side projects, both related to
CRISPR knock-down, that gave promising and interesting results, but that I could not
turn into complete stories due to the lack of time.
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Chapter 2

Progress and mysteries in CRISPR
control of bacterial transcription

2.1 Introduction

The ability to control gene expression levels in live bacteria is attractive for many rea-
sons. First, modifying the concentration of a protein or enzyme is a classical way of
understanding gene function. This is especially relevant in the case of essential genes
were a simple knock-out is impossible. By comparing the phenotypes of cells at differ-
ent levels of a gene of interest, one can gain fundamental insight on its function, and on
the importance of this function for the organism’s fitness. Controlling gene expression
is also a way to discover regulatory circuits, by applying a perturbation and measuring
how the expression of other genes adapts as a response. Furthermore, recent research
in systems biology has aimed to understand the biological significance of gene expres-
sion levels in a broader context. Experimenting with gene expression levels has helped
understand the evolutionary dynamics of gene regulation [55, 56], and the importance
of stochastic processes in protein expression [57, 58]. Finally, the fine-tuning of gene
expression level has great potential for the engineering of organisms with the aim of
making them more efficient for industrial metabolite production or to create artificial
regulatory circuits to be used in bio-sensors and diagnostic tools [59, 60].

Thus, there is a great interest for biotechnological methods that would allow to
change gene expression in a programmable way, in the sense that the expression of any
protein of interest can be set to arbitrary levels, according to some user-defined input in
the form of a DNA sequence. However, the development of programmable biological de-
vices has remained limited by a longstanding barrier: the complexity of macromolecule
folding and their interactions makes it very difficult to design sequences de novo such
that they have the desired function in vive. For this reason, biotechnological design
has typically been limited to the recycling of components from nature, or the artificial
generation of many random devices followed by selection. In particular, inducible pro-
moters are established as the standard tool for the control of gene expression in bacteria,
allowing to link the expression level of a gene to the concentration of a chemical in the
medium. While this method is extremely useful for a range of applications, the recent
emergence of programmable methods has brought up new possibilities, especially in
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conjunction with high-throughput sequencing and DNA-synthesis technologies. Such
technologies offer many advantages in principle: as they are generative, it is easy to
create large scale libraries, or to make multiple orthogonal systems to be used at once
in the same cell. As they are genetically-encoded, they can themselves act as barcodes,
allowing for identification by sequencing. The field of eukaryotic biology was first to
be revolutionized by programmable control of gene expression, with the development
of RNA interference (RNAi) during the 1990s [61]. It took a few more years before
similar methods were discovered for bacteria: the first tools based on antisense RNA
(asRNA) were developped in the 2000s [62, 63, 64], before the rise of CRISPR in the
2010s [65, 54, 66).

In both cases, the target of repression is specified by cloning a part of the gene se-
quence next to a short scaffold sequence which may serve as a recognition site for helper
proteins. Antisense RNAs act by forming a duplex with cognate messenger RNA and
recruiting host-specific proteins, such as Hfq in E. coli, which leads to the degradation
of the messenger [67]. The strength of asRNA knock-down is tunable by changing the
binding energy between the asRNA and the target mRINA [68, 69] and it can be used on
multiple targets in parallel [70]. Unfortunately, some technical constraints have limited
the use of asRNAs for engineering gene expression. First, their efficiency strongly de-
pends on the concentration of the antisense RNA, making it necessary to express it in
excess compared to the target mRNA [67]. The scaffold sequence is also specific to each
species, and the presence of endogenous nucleases may greatly impair the applicability
of the method, in particular in E. coli, a problem that can be alleviated by using paired
termini [64].

A few years ago, the discovery of the CRISPR bacterial immune system brought an
alternative repression method to the spotlights.

2.2 Turning the CRISPR adaptative immune system into ar-
tificial transcription factors

By analogy with RNAi, gene knockdown using CRISPR effectors has been dubbed
CRISPRi. However, unlike RNAi, which acts on translation, CRISPRIi typically works
by stopping transcription. CRISPR systems are an extremely diverse ensemble of adap-
tative immune systems found in bacteria and archea, that can be grouped in two classes,
each comprising many types and subtypes (reviewed in Koonin et al. [71]) with very
different mechanisms. To grant protection against bacteriophage infection, CRISPR
systems work in two phases. The first one, called adaptation, is responsible for sam-
pling short DNA sequences from the genomes of phages, and storing them in the form
of a series of fixed-length sequences called the CRISPR array (for Clustered Regularly
Interspaced Short Palindromic Repeats). The second phase is called interference and uses
the collection of stored phage sequences to recognize their invading DNA and destroy
it.

The machinery involved in the interference step can be repurposed to artificially
control transcription. In nature, the CRISPR array is first transcribed and processed
into individual guide RNAs, which are then associated with one or several enzymes (the
CRISPR effectors) to form a nucleoprotein with nuclease activity. Upon phage infection,
this nuclease will recognize the invading genome through base pairing and introduce
a double-strand break to stop the infection. The nature of CRISPR effectors can be
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very different depending on the class and type of CRISPR system. For some types, the
effector is one single enzyme, making them very popular for biotechnology. This is the
case for the Type Il which uses the famous Cas9 protein, as well as the Type V systems,
with their effector Cas12a (formerly Cpf1) which have recently gained a lot of attention.
In other cases, the effector consists in a large multi-protein complex, like the Cascade
complex of Type I systems. By disabling the nuclease activity of the CRISPR effectors,
it is possible to create an artificial DNA-binding protein, that can then be sent to any
DNA sequence by putting arbitrary addresses in the CRISPR array.

To reprogram a CRISPR system, one can simply replace the native sequences in the
CRISPR array by the desired target sequences and rely on natural processing and assem-
bly of the nucleoprotein complex. Type Il systems rely on a ternary complex comprising
Cas9, the processed guide RNA and a linker called the tracrRNA. As an alternative, it is
possible to use a pre-processed construct called single-guide RNA (sgRNA) [72]. In type
V systems, there is no tracrRNA and the effector Cas12a is able to process the arrays by
itself, so there is no major advantage in a single-guide design.

Not any position can be targeted by CRISPR effectors. The target sequence must
be flanked by a DNA motif called the PAM!. The sequence of the PAM is different de-
pending on which ortholog of CRISPR is being used, but is typically between 3 and 8
nucleotides long, meaning that there are usually many discrete possible targeting sites
throughout a given sequence. Some CRISPR effectors have strict PAM requirements
while others recognize a more variable range of motifs. For example, the PAM for the
widely popular Cas9 from Streptococcus pyogenes (SpCas9) is NGG in 3’ of the target [65],
while Eubacterium eligens’s Cas12a requires TTTV in 5’ of the target [73]. The length
of the PAM determines the frequency of possible targets: on average, SpCas9 has one
target every 8 bp in E. coli’s genome if both DNA strands are considered. This of course
depends on the characteristics of the target genome: as SpCas9’s PAM is NGG, it is not
as common in genomes with a low GC-content. After binding to the DNA, the CRISPR
effector starts to unwrap the DNA starting from the side of the PAM [74]. As the DNA
unwinds, the guide RNA progressively forms an hybrid with the target DNA [75, 76].
This structure is called the R-loop. When the entire guide is annealed, a conformation
shift occurs and a double-strand break is introduced in the DNA.

To simply block gene expression without cutting the target DNA, the nuclease ac-
tivity of the CRISPR effectors must be eliminated. For the types Il and V, this is done
by mutating the catalytic residues [65, 66]. The resulting enzymes are marked with the
letter “d” (for “dead”), for example the inactive variant of Cas9 is called dCas9. For type
[, where the CRISPR effector is a multi-protein complex, the deletion of one of the sub-
units is also possible to abolish nuclease activity [77].

Owing to the remarkable effectiveness of CRISPR systems, many applications were
quickly developed even with a limited knowledge of its exact mechanism. As a result,
many rules of thumb were discovered during the testing and optimization of particular
applications and research is still on going to develop an unified, predictive biophysical
model.

! PAM stands for Protospacer Adjacent Motif. This name goes back to the time where the function
of CRISPR systems was not well understood. Protospacer designates the part of phage DNA that will
eventually be incorporated into the CRISPR array as a spacer during CRISPR adaptation.

19



CHAPTER 2 CRISPR CONTROL OF BACTERIAL TRANSCRIPTION

2.3 Molecular and systemic mechanism

A roadblock on the way of the RNA-polymerase

To repress a gene, multiple choices of target are possible. If the effector (e.g. the
dCas9/sgRNA complex) binds to the promoter region of the target, it lowers the num-
ber of mRNA transcripts by blocking the initiation of transcription. If the target is
located within the coding sequence of the target gene, it interrupts elongation by
standing in the way of the RNA-polymerase (RNAP) [66, 78].

When the target is in the promoter sequence, any DNA strand can be targeted and
the repression will be equally strong. This has been observed for all types of CRISPR
used so far: Type I1[54, 79], Type V [73, 80] or Type I[77]. On the contrary, when the tar-
get is downstream of the promoter, within the coding sequence, target orientation has
a crucial importance and the best orientation varies depending on the type of CRISPR
system. For dCas9 (type I), repression is effective only if the guide RNA pairs with the
non-template strand (i.e. when the guide RNA is homologous to the template strand,
figure 2.1, top). If dCas9 is in the other orientation, the repressive effect virtually disap-
pears [79]. Interestingly, an opposite behaviour has been observed for dCas12a (type V),
which produces a stronger repression when it binds to the template strain [73] (figure 2.1,
middle). For Type-I CRISPR of E. coli, the guide RNA must bind to the non-template
strain to produce a strong repression [77] (figure 2.1, bottom). Together, these indicate
that no simple rule determines which orientation is most effective for a given type of
CRISPR system, be it PAM position, the direction of R-loop extension or the nature of
the targeted strand. The exact mechanism of the collision thus remains to be elucidated
on a more structural level, especially for effectors other than S. pyogenes’s dCas9. Impor-
tantly, for dCas9, the ability to stop the RNAP strongly depends on temperature, higher
temperatures leading to weaker repression [81, 82]. It is not known if other effectors
(such a dCas12a) are affected in the same way.

Consequences of the collision

Early experiments on the effect of target position within a gene suggested that targets
farther away from the initiation codon tend to be less efficient for target repression [66],
with no conclusive molecular explanation. More recent studies have since contradicted
this phenomenon [79, 83], showing that on average the position of the target does not
systematically affect the repression strength, as long as the target is far enough from the
promoter to avoid interactions with the initiation step.

When elongation by the RNAP is interrupted, an incomplete mRNA is generated.
If the target is inside the coding sequence of a protein, the incomplete transcript may
have a ribosome binding site but no stop codon. In that case, it will likely be subject to
degradation to avoid ribosome stalling [84], however the exact fate of the incomplete
mRNA is hard to predict. Sequencing of the incomplete transcripts suggested that, af-
ter encountering dCas9, the RNAP may remain in place for some time, giving birth to
trains of stalled polymerases [85]. There is also evidence that, depending on the interac-
tion strength between the dCas9/sgRNA complex and the target, the RNAP can actively
displace dCas9 and continue elongation to produce a full mRNA transcript [82].

Another crucial aspect of transcription interruption in bacteria is that genes are of-
ten co-transcribed in operons. As a result, interfering with one gene will likely have
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Figure 2.1: Targeting the right strand for efficient repression. The configu-
ration depicted here is the one that leads to the strongest repression. The R-loop
typically forms next to the PAM, then extends along the CRISPR guide. This is
represented here by an imperfect annealing on the PAM-distal side.

effects on the other genes from the same mRNA molecule, referred to as polar effects?.
Repression by CRISPR with a target inside an operon has a clear effect on all down-
stream genes, which are also repressed [87], a property that has been exploited to reveal
the presence of unknown cryptic promoters in the middle of operons [87].

There is also some evidence that genes upstream of the target in an operon can be
affected [78], especially when the target is within the first 50 bp of the gene [88]. This
is probably due to changes in mRNA stability, however the exact process is not fully
understood and might be specific to each operon due to different mRINA regulation
motifs [89]. Possibly for similar reasons, a target within 100 bp downstream of the stop
codon may also reduce gene repression to some extent [79].

Polar effects may be troublesome for singling out the effect of one gene, they may
also be an advantage as operons usually consist of genes of related functions, from the
same metabolic pathway or machinery. As a result, polar effects allow to reduce the
number of targets needed in screening libraries.

Other factors may interfere with dCas9 binding to its target. One potentially impor-
tant contextual factor is transcription on the opposite DNA strand in the case of two
convergent promoters [90]. RNAP transcribing the “bottom” strand will eject dCas9
from the DNA with a very high probability, possibly alleviating the repression in the
“top” direction. DNA supercoiling has also been shown to affect dCas9’s binding, as it
increases the force required to unwind the DNA for target recognition. This may be
important when using multiple binding sites on the same target, hoping to increase

?It should also be noted that antisense RNA, in spite of acting at the translation step, are also subject
to polar effects since they trigger RNA degration [64, 86], though this effect is only partial.
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the repression strength: if the targets are too close from each other, they might exhibit
anti-cooperative behaviour [91].

Mismatched guides and off-targets

Large data sets have been produced to understand the effect of mismatches between the
guide and the target. These efforts have currently focused on DNA cleavage by Cas9, for
which many sequences have been compared using a repurposed sequencing flow cell
[92] or the tx/tl in vitro translation system [93]. In most cases, the seed sequence (first
5 bp next to the PAM) is of essential importance for stable binding to the target. This
is however not an universal rule, as mismatches in the seed do not necessarily abolish
repression when the target is in a promoter [94].

The other end of the guide, the PAM-distal side, is typically important for DNA
cleavage, but not necessary for strong binding, and guides with up to 9 mismatches on
that side can still have a significant repressive effect [54]. For both dCas9 and dCas12a,
the complementarity of the PAM-distal region influences the dissociation rate, to the
point that it was called the reversibility-defining region [92]. This must be taken into
account during guide design, in order to avoid off-targets in essential genes that could
have a major impact on growth.

Kinetic models have been used to understand the behaviour of CRISPR effectors in
the presence of a mismatched target. In these models, the system is broken up into a
finite number of states, with kinetic parameters associated with the different transitions
[95, 96]. As the R-loop extends from the PAM-proximal to the PAM-distal end of the
guide, mismatches between the guide and the target can be seen as high potential barri-
ers that can be overcome, in agreement with the observation that when the R-loop has
extended past a mismatch, it can continue to extend normally [97]. Such models make
interesting predictions: for example, they have been used to explain the somewhat para-
doxical result that Cas9 variants with more relaxed PAM recognition tend to have less
off-target cutting sites, despite having a higher number of potential targets [98, 95]. In-
terestingly, owing to the long-lasting binding of Cas9 to the target, the unbinding rate is
usually much lower than the catalytic rate [95]. The consequence is that, for DNA cleav-
age, the kinetic equilibrium (where unbinding happens as fast as binding) will never be
reached in most cases. This is a major difference with repression by deactivated nucle-
ases, where the system may eventually reach equilibrium, and is an important reason
why repression efficiency cannot be extrapolated from cutting efficiency.

Temporal dynamics and the search for target

Many points of the mechanism of effector assembly and association to the guide RNA
remain to be elucidated. It is likely that the assembly of Cas9 and the guide RNA (crRNA
or sgRNA) is quite stable and the two pieces stay together after initial association, as free
Cas9 has a quite flexible structure and is stabilized by the crRNA [99].

The process by which the CRISPR effectors find their target has also received a lot
of focus. Most known transcriptional regulators, such as those involved in inducible
promoters, recognize their binding motif from the side, without unwrapping the two
strands of the DNA. They can thus slide along the DNA groove until the operator is
found. For CRISPR systems, however, this is not possible as target recognition involves
complementary Watson-Crick base pairing and double-stranded DNA has to be open.
Experiments with DNA curtains and fluorescently-labelled effectors allow to monitor
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the target search process in vitro. Such data exists for type II (Cas9) and type V (Cas12a).
For both, there is a first step of 3D-diffusion until a DNA molecule is encountered [100].
This is followed by 1D-diffusion along DNA [101] though the contact with DNA is
only intermittent. For Cas9, the 1D-diffusion is limited to very short distances (along
20 bp) but allows to jump from one PAM to another. For Casl2a, however, the 1D-
diffusion step is dominant [102], and a molecule of Cas12a can appear to diffuse along
the DNA molecule for extended periods of time. Another core difference between Cas9
and Cas12a regarding target search is that Cas9 needs only a PAM to bind to the DNA,
even without any matching sequence. Cas12a will typically not stay associated with a
PAM if the sequence next to it has no complementarity with the guide. In fact, Cas9
transiently associates with non-matching sites, with a residence time that depends on
complementarity [99]. As a result, it spends a few milliseconds on each potential bind-
ing site, and a single dCas9 molecule may take several hours to find its target [103]. This
search time has been evaluated to about 6 hours for E. coli’s 4 Mbp genome. Thus a large
number of Cas9 complexes might be required for quick response, which is of particular
importance for anti-phage defense. The importance of this for gene knock-down is still
unclear.

The dissociation of dCas9 from the target is also very slow [100], in the order of
a few hours in vitro. Because of that, the amount of effector that is required for gene
silencing is very small. In fact, one single complex per target locus might be sufficient
to shut down expression until it gets kicked out by the RNAP or the replication fork.
After stopping the expression of dCas9, it takes up to five hours to reach the original
expression level [66, 104]. This process can be made faster by using antisense RNA to
trigger guide RNA degradation [105].

2.4 Improving CRISPR control of transcription

While the repurposing of natural CRISPR systems quickly lead to impressive results,
a lot of effort has been undertaken to extend their capabilities. Here we discuss re-
cent advances in improving the repression strength, controlling multiple targets at the
same time and extending the application of CRISPR knock-down to a broader range
of species, including some organisms that are not standard laboratory models. We also
review the efforts that have been made to detect the potential undesirable effects of
CRISPR systems, and strategies to tamper with them.

Tunable gene repression and activation

To obtained partial repression of the gene of interest, multiple approaches have been
undertaken. The most straightforward one is to express the CRISPR system from an
inducible promoter such at Py,q in E. coli [104, 106], or Py in B. subtillis [78]. In that
case, the repression strength is controlled by using variable amounts of a chemical in
the medium, using a single strain. Changing the amount of sgRNA, rather than of dCas9,
may provide better control [107]. Alternatively, by expressing a mismatched guide RNA
and a constant amount of effector, it is possible to repress genes by a well-defined frac-
tion [82]. While the later strategy requires several plasmids for different repression fac-
tors, it is easier to multiplex and is less noisy.

Inducible promoters, that are often used to turn CRISPR knock-down on or off,
usually produce a base rate of leaky expression even when they are not induced. As pre-

23



CHAPTER 2 CRISPR CONTROL OF BACTERIAL TRANSCRIPTION

viously discussed, due the long residence time of CRISPR effectors on the DNA, a small
number of repressor complexes are enough to silence a target. Thus, even tight promot-
ers can produce significant repression of the target in the absence of inducer [78, 104, 80].
One way to improve the dynamic range is to use a genetically recoded organism, with a
non-natural aminoacid in dCas9. In this case, the leaky repression is strongly alleviated
unless the non-natural aminoacid is also present [108]. While effective, this method is
currently limited to one heavily-modified strain of E. coli and cannot be easily adapted
to other organisms. Using anti-sense RNA targeted at the CRISPR guide itself, it is pos-
sible to antagonize repression, probably by actively triggering degradation of the guide
RNA [109]. This provides another layer of regulation to construct genetic circuits, and
a way to quickly recover gene expression once the repression is established.

Finally, CRISPR-based programmable transcription factors are not restricted to
gene repression. By linking dCas9 to a transcription activator, it is also possible to
increase the expression level of a target. Initial studies used the o sub-unit from the
RNA polymerase to induce expression [54], but subsequent screening found much
more potent activators, in particular SoxS [110], an activator normally involved in
oxydative stress response. When SoxS is tethered to dCas9 and the complex is targeted
upstream of a promoter, expression of the reporter can be increased by more than
10-fold, making it possible to look at over-expression phenotypes for many genes in an
easy way. Gene activation is also possible in B. subtilis using a similar approach [111].
A potential drawback for this method is that it requires a PAM at the right distance
from the promoter, as the range of target positions that are effective for activation is
very narrow, highlighting the importance of developing CRISPR effectors variant with
different PAM specificities.

Simultaneous control of multiple targets

Natural CRISPR arrays often contain several dozens, sometimes hundreds, of guides
[112]. Accordingly, is it possible to express multiple guides with a deactivated effector
to repress multiple target at the same time. The upper limit on the number of guides
used simultaneously for repression is unknown, but up to 8 sgRINAs have been used at
the same time without any loss in repression strength [78]. Multiplex gene repression
has been useful to find pairs of synthetic lethal gene and measure epistatic interactions
[78, 113], as well as for metabolic engineering. Moreover, activation and repression can
be used in the same cell by using a sgRNA-linked aptamer to recruit the activation tag
only on certain targets [110].

Co-expressing sgRNAs can be quite cumbersome, as each of them requires its own
promoter and transcription terminator. CRISPR arrays, similar to what is found in na-
ture, might be more practical for the expression of many guides. Owing to the minimal
processing of the array, dCas12a is particularly attractive for this purpose [114]. Due
to their very repetitive nature, it is challenging to produce long CRISPR arrays with
multiple spacers using standard DNA synthesis. However, by splitting the array into
multiple parts to separate the repeats, streamlined protocols to assemble large CRISPR
arrays have been designed, either using iterative [115, 77] or single-step assembly meth-
ods [107]. As the pool of effectors is shared between all CRISPR guides, having more
guides in one array makes each individual complex less abundant, which can lead to
reduced efficiency when targeting the promoter [77]. The number of complexes car-
rying each guide may also be different depending on the guide’s context and position
within the array. However, if the target is in the coding region and if the concentration
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of dCas?9 is sufficient to saturate the binding sites, the strength of repression should not
be affected [82].

From one bacterium to all others

One reason for the popularity of CRISPR systems is the fact that they are remarkably
portable. Within just a few years after their discovery, CRISPR-based technologies were
successfully used in all kingdoms of life [116, 117, 118, 119, 120]. Systems for gene
knock-down are readily available for many bacteria, including species for which the
available genetic tools are limited [121], bacteria used in industrial context [122, 123] or
clinical pathogenic strains [124]. By using easily transferable, modular plasmid systems
relying on bacterial conjugation, it is possible to perform genetic screens on non-model
bacteria, including many human pathogens [85]. Furthermore, a thermostable variant
of dCas9 was characterized for use in thermophilic organisms [125].

As about 45% of bacterial species possess a native CRISPR immune system [112], it
is also possible to use it for repression. This has been done with E. coli’s endogenous
Type I CRISPR system, where a simple deletion of the Cas3 protein, which carries the
nuclease activity, allowed to create a programmable repressor [77].

Addressing side effects

When expressed at an excessive level, dCas9 itself can have some toxic effects on bacte-
ria [126]. Morphological defects have been reported upon over-expression [127]. But
the main source of side effects when using CRISPR knock-down is off-target binding.
Even if a good complementarity between the guide and the target is necessary for strong
repression, only a few matching bases in the PAM-proximal region may be enough to
produce a small repressive effect [79]. If this effect happens on an essential gene, a severe
growth defect may ensue. For some applications, off-target binding can be greatly re-
duced by replacing the PAM-binding domain of dCas9 with a binding domain from the
PhIF repressor [128]. Consequently, dCas9 can only be targeted at regions containing
the PhIF operator sequence, which restricts the application of this system to synthetic
biology.

Another unresolved problem is the “bad seed effect” (BSE) [79]. Among all the possi-
ble seed sequences (the last five nucleotides in 3’ of a guide), a few of them systematically
cause a strong fitness defect when used with S. pyogenes’s dCas9. For instance, when a
guide finishing in ACCCA is expressed in K-12 E. coli, it causes a near-complete death of
the population. About 130 seed sequences (out of 1024 possible) cause this kind of sick-
ness. A list of the ten most toxic ones is provided in table 2.1. The origin of this effect is
still unknown. It does not appear to be due to off-target binding to a particularly critical
locus, but may involve multiple simultaneous binding events, or binding to substrates
other than genomic DNA [79]. This effect is very pervasive and can go unnoticed: for
example, we could find evidence for BSE in data previously published by others [83]
(figure 2.2), showing that it could be an unsuspected source of noise. To date, the best
solution to avoid the BSE is simply to avoid bad seeds when designing a CRISPR guide.
However, it was also shown that the BSE depends on dCas9’s concentration, and that it
can be almost erased by using a carefully-chosen expression cassette [79], while still re-
taining a strong repression capacity. We hope that future work will elucidate the origin
of the BSE.
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Seed sequence

Mean logs(fold-change)

High dCas9 Low dCas9
AGGAA -6.50 -2.98
TGACT -5.90 -1.34
ACCCA -5.87 -2.46
AAAGG -5.63 -1.68
GAGGC -5.41 -1.91
CGGAA -5.40 -1.51
ATATG -5.37 -1.08
AACTA -5.10 -0.88
TGGAA -5.07 -1.26
CACTC -5.01 -1.76

Table 2.1: The 10 seed sequences that have the highest toxic effect on E. coli,
according to Cui et al. [79]. Using an optimized strain with low dCas9 expres-
sion allows to greatly reduce the bad seed effect, but not completely abolish it.
CRISPR guides with these seed sequences should be avoided if possible.
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Figure 2.2: Unnoticed “bad seed” effect in Wang et al.'s CRISPR screen
Using only CRISPR guides that target non-essential genes, we calculated the aver-
age fitness score (logy of fold-change) of guides depending on their seed sequence.
The sequences ACCCA and TGGAA are the two most toxic “bad seeds” discovered
in Cui et al. [79]. In Wang et al. [83], guides carrying these two seeds produce a
large fitness defect regardless of the gene they target.
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2.5 Current applications

Genome-wide CRISPR screens

For a few model organisms, large collections of knock-out strains have been developped
and used successfully. This includes the Keio collection for E. coli [129] and two bar-
coded deletion libraries in B. subtilis [130]. While these work-intensive construction
projects are extremely valuable for the people working on these two models bacteria,
they are impossible to transfer to new strains or species and, most importantly, they are
limited to non-essential genes.

Early screens for essential genes were conducted using antisense RNA [63, 62, 86]
though they were limited by the DNA synthesis and sequencing capabilities of the time.
More recently, the random insertion of transposons in the genome has been leveraged to
find essential genes in bacteria, a technique called Tn-Seq [131, 132]. As the insertion is
random and not necessarily homogeneous across all the chromosome, deep sequencing
isrequired to cover the entire genome. Long genes are more likely to be disrupted, while
short sequences like non-coding RNAs are unlikely to be targeted, making it difficult to
reach the desired precision on fitness measurement.

As an alternative, the fact that CRISPR knock-down and activation can control the
expression of chromosomal genes remotely, even from a plasmid, makes it a promising
tool for genome-wide screens. To create a CRISPR guide, one just needs to insert a short
sequence (20 bp in the case of SpdCas9) in a well-defined locus. Thus, the construction
procedure can be standardized and streamlined so that a large number of guides can be
assembled in parallel, allowing to make customized screening libraries using on-chip
oligonucleotide synthesis. Several cloning methods, using homologous assembly [115],
golden-gate assembly [79, 133] or direct oligo integration coupled with a negative selec-
tion [104], have made it possible to assemble CRISPR guides in a single-step. Moreover,
strains repressed by a CRISPR effector can easily be genotyped by simply sequencing
the CRISPR guide, eliminating the need for a barcode or for a complex amplification
protocol to locate an inserted sequence in the genome like in Tn-Seq.

Multiple CRISPR screens have already been used to find essential genes in various
conditions [83, 87, 134, 135]. The applications of these data include discovery of drug
targets, searching for synthetic lethal pairs, or genome minimization. Partial repression
can also be useful to find phenotypes for essential genes [78]. CRISPR screens are also
more versatile than TnSeq, as one can target only a subset of genes of interest, for ex-
ample by targeting only genes implicated in a function of interest, or taking advantage
of closely-related paralogs which are likely to be functionally identical [83]. If CRISPR
guides are expressed from a plasmid, the same library can easily be re-used on many
strains and in many conditions, making the method more cost-effective in the long run.

Measuring fitness through competition assays is perhaps the most evident output
for a genome-wide CRISPR screening, but it is not the only one. For example, by per-
forming a complete phage replication cycle in a population repressed by such a screen-
ing library, it was possible to identify host factors necessary for the production of in-
fectious phage particles [87]. A CRISPR library has been combined with high-content
microscopy to find the effect on growth, morphology, and identify the function of un-
known genes in the pathogen S. pneumoniae [134]. In another study, comparing growth
of a CRISPR strain library in the presence of a variety of chemicals allowed to recon-
struct genetic networks and identify the target of antibiotics [78]. These last two ap-
proaches required isolated cultures of the different library members, greatly limiting the
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throughput of the screen. Recently, a method was developed to identify the genotype
of CRISPR-repressed strains in-situ during a pooled assay, using fluorescence measure-
ments [136]. While this proof of concept was only using a small number of strains, this
principle could be scaled up to analyse large-scale libraries by high-content microscopy.

Synthetic biology and metabolic engineering

The programmability of CRISPR has made it popular among synthetic biologists. By
expressing multiple guides at the same time, targeting them at each other, it is possi-
ble to construct predictable genetic circuits. As these circuits can interface with native
chromosomal genes, it makes it easy to build artificial regulatory networks that control
the bacteria’s natural functions [126]. Such genetic circuits have been used to improve
the yield of protein expression, by creating a feedback between metabolic burden and
transcription [137], so that protein expression is regulated to an optimal level. The
emergence of high-throughput transcriptomics and proteomics methods [138] makes
it possible to measure how organisms respond to perturbations at the genome-scale,
making the method very promising for deciphering regulatory motifs.

Aside from gene repression or activation, dCas9 has been programmed to interfere
with various processes in the cell. This includes modifying the spatial structure of E.
coli’s chromosome to create artificial DNA loops [139], blocking the initiation of repli-
cation to take control on cell cycle [81], and triggering cell filamentation in a reversible
manner [140].

Another successful domain of application of CRISPR knock-down is metabolic engi-
neering. CRISPR-based methods allow to quickly identify competing pathways and op-
timize metabolic fluxes [141] for the production of a compound of interest. CRISPRi has
been set-up in multiple industrially-relevant organisms, such as Lactococcus lactis [122],
Clostridium beijerinckii [88] or Corynebacterium glutamicum [123]. A review of other in-
dustrial strains were CRISPRi has been used can be found in [142], along with strategies
used to improve production yield. Guides targeted at genes involved in rod-shape main-
tenance were used to diversify the morphology of cells and optimize production of a
biodegradable plastic [143]. Finally, by inhibition of cell growth, one can optimize the
balance between the production of biomass and the synthesis of metabolites [144].

2.6 Conclusion

Compared to the usual speed of biotechnological development, CRISPR systems were
repurposed as tools in a particularly short time after their discovery. Owing to the mul-
tiplicity of their components, many degrees of freedom, like the sequence of the guide
RNA scaffold or the stoichiometry of different parts were not fully explored. After a
few years, we now know better the importance of each part, and begin to have a clear
overview of how CRISPR interference happens, including the assembly of dCas9 com-
plex, the search for target, the extension of the R-loop and the outcome of collisions with
RNA polymerase. While many questions remain open, the control of transcription by
CRISPR is becoming a mature technology, that can now be used for more ambitious
large-scale projects.

Modern biology is in need for precise and quantitative results, as opposed to qualita-
tive differences that simply pass the test for significance. Hence, it is crucial to identify
all potential artifacts and false-positive that are likely to arise when using CRISPR sys-
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tems. Off-target binding, time- and concentration-dependence, and the bad seed effect
are all important challenges that need to be understood better to take full advantage of
CRISPR’s capabilities.
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Chapter 3

Tuning dCas9’s ability to block
transcription enables robust, noiseless
knockdown of bacterial genes

This part of the project was an initial characterization of CRISPR knock-down. Using
a toy bacteria with multiple fluorescent reporters, the goal was to have an idea of the
timescale, strength and reproducibility of the repression.

Figure 3.1: Rainbow plate obtained by setting
RFP and GFP to various levels using CRISPR
knock-down.

In particular, as we expected to use this method for single-cell studies, we wanted
to know how repression is distributed across the population. This was the beginning

of along study on CRISPR knock-down that ended up revealing an unsuspected mech-
anism.
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Abstract

Over the past few years, tools that make use of the Cas9 nuclease
have led to many breakthroughs, including in the control of gene
expression. The catalytically dead variant of Cas9 known as dCas9
can be guided by small RNAs to block transcription of target genes,
in a strategy also known as CRISPRi. Here, we reveal that the level
of complementarity between the guide RNA and the target
controls the rate at which RNA polymerase “kicks out” dCas9 from
the target and completes transcription. We use this mechanism to
precisely and robustly reduce gene expression by defined relative
amounts. Alternatively, tuning repression by changing dCas9
concentration is noisy and promoter-strength dependent. We
demonstrate broad applicability of this method to the study of
genetic regulation and cellular physiology. First, we characterize
feedback strength of a model auto-repressor. Second, we study the
impact of amount variations of cell-wall synthesizing enzymes on
cell morphology. Finally, we multiplex the system to obtain any
combination of fractional repression of two genes.
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Introduction

A powerful way to investigate genes and their regulation in bacteria
is to vary their expression levels and investigate the response of the
cell. To that end, genes are typically placed under inducible promot-
ers. While easy to implement, this approach has multiple disadvan-
tages: First, native expression can lie outside the dynamic range of
the inducible promoter. Second, inducible promoters typically
increase expression noise in comparison with native promoters

& Sven van Teeffelen®”

(Elowitz et al, 2002). And third, only few orthogonal inducible
systems exist, thus making multiplexing difficult. Recently, different
strategies have been devised to knock down gene expression by rela-
tive amounts from their native levels: Specifically, antisense tran-
scription can reduce gene expression in a defined manner (Brophy &
Voigt, 2016). While this approach works well for moderate promoter
strength, it becomes less efficient the stronger the promoter. As an
alternative strategy, genes can be knocked down from their native
locus to varying degrees using CRISPR technology (Bikard et al,
2013; Qi et al, 2013). The catalytic mutant form of the RNA-guided
Cas9 nuclease from Streptococcus pyogenes (dCas9) can be easily
programmed to bind any position of interest on the chromosome,
with the requirement of an “NGG” protospacer adjacent motif
(PAM). dCas9 is unable to cleave target DNA, but still binds DNA
strongly. If the target is chosen downstream of the promoter, dCas9
serves as a roadblock that blocks transcription elongation. Here, we
characterize this system at the single-cell level, with interesting
implications for the native CRISPR immune system. We then develop
a strategy to use this system for precise and noise-preserving relative
gene repression that is independent of promoter strength.

Target search of Cas9 begins by probing DNA for the presence of
a PAM motif followed by DNA melting and complementarity-depen-
dent RNA strand invasion (Sternberg et al, 2014; Szczelkun et al,
2014). While complementarity in the PAM-proximal region known
as the seed sequence is important for binding, several mismatches
in the PAM-distal region can be tolerated as demonstrated by DNA
binding assays (Kuscu et al, 2014; Wu et al, 2014) and by monitor-
ing target-gene repression in Eschericha coli (Bikard et al, 2013).
The degree of gene repression can then be controlled quantitatively
in two different ways: first, by changing the level of dCas9 expres-
sion from an inducible promoter, which impacts the probability of
dCas9 binding to target DNA. This has recently been demonstrated
in Bacillus subtilis where dCas9 was placed under the control of a
xylose-inducible promoter (Peters et al, 2016), as well as in an
E. coli strain modified to enable tunable control of expression from
a Pgap promoter (Li et al, 2016); second, by introducing mismatches
between the guide RNA and the target DNA, as demonstrated in E.
coli (Bikard et al, 2013). While a perfectly matched guide RNA leads
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to very strong repression, decreasing complementarity in the PAM-
distal region progressively reduces the repression strength (Bikard
et al, 2013).

Here, we compare these two repression strategies by characteriz-
ing the properties of dCas9-mediated repression at the single-cell
level. This enables us to propose a novel physical model of dCas9-
mediated repression. It was previously assumed that decreased
levels of guide RNA complementarity would decrease repression
strength by virtue of reduced occupancy of the target by dCas9
(Farasat & Salis, 2016). Here, we demonstrate a different mecha-
nism: If the target is inside an open reading frame (ORF), comple-
mentarity determines the probability that RNA polymerase (RNAP)
kicks out dCas9 during the transcription attempt, while the rate of
spontaneous dCas9 unbinding is negligibly small. If dCas9 levels are
high enough to saturate the target, this mechanism alone determines
repression strength. This leads to desirable properties: first, relative
repression strength is independent of native expression levels.
Second, repression does not add any extrinsic noise to gene expres-
sion. On the contrary, tuning gene expression by changing the level
of dCas9 expression is inherently noisy and depends on the
promoter strength of the target.

We demonstrate the use of complementarity-based CRISPR
knockdown in combination with fluorescent-protein reporters
inserted upstream of a gene of interest to precisely and robustly
control its expression. The use of reporter gene fusions rather than
direct targeting of the gene of interest yields a predictable repression
fold as characterized in this study and provides an easy way to
monitor expression levels in single cells. We demonstrate the versa-
tility of our approach using two examples: first, the accurate control
of the rate at which the RNAP kicks out dCas9 enables us to quan-
tify the degree of feedback in a model auto-repressor by measuring
how much actual gene expression differs from the controlled rate.
Second, we take advantage of the ability to obtain a precise degree
of repression during steady-state growth to investigate the impact of
expression level of an operon coding for two essential cell-wall
synthesis enzymes of the “rod” complex, PBP2 and RodA. Finally,
we demonstrate that this system can be easily and robustly multi-
plexed to obtain any combination of the fractional repression of two
genes.

Results

Varying levels of guide RNA-target complementarity enables
controlling gene expression without addition of noise

To quantify how CRISPR-dCas9 modulates gene expression at the
single-cell level, we integrated expression cassettes for two constitu-
tively expressed reporters, sfgfp coding for the superfolder green flu-
orescent protein (GFP) and mCherry coding for a red fluorescent
protein (RFP) at two different chromosomal loci of E. coli strain
MG1655. To repress either of these genes using CRISPR knock-
down, we integrated the dcas9 gene from S. pyogenes under a Py
promoter, inducible by the addition of anhydrotetracycline (aTc) (Qi
et al, 2013). We then guided the dCas9 protein to target the coding
strand of GFP- and RFP-coding ORFs using a constitutively
expressed CRISPR array coding for the guide RNAs and the neces-
sary tractrRNA, which form a complex together with dCas9 (Hsu
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et al, 2014). Inducing dCas9 expression in this setup did not have
an impact on growth (Appendix Fig S1). We also measured the
stability of the target-gene repression over time and saw repression
over 5 days of culture. Once we stopped dCas9 induction all 40
clones tested recovered the target-gene expression. This genetic
system is thus very stable, and dCas9 expression did not show any
toxicity.

In this system, repression strength can be tuned in two dif-
ferent ways: either by modulating dCas9 expression level using
different aTc concentrations or by modulating spacer complemen-
tarity to the target gene using different numbers of mismatches at
the 5 side of the spacer. We employed these two different strate-
gies to repress GFP by different amounts and measured GFP
concentration at the single-cell level by high-throughput micro-
scopy (Fig 1A and B). As expected, average GFP levels decreased
with increasing aTc concentration or increasing spacer comple-
mentarity. However, the distributions of single-cell GFP concen-
trations differed significantly between the two different modes of
repression modulation (Fig 1C and D). Specifically, using a
perfectly matched guide RNA and varying aTc concentrations led
to large cell-to-cell fluctuations in the intermediate induction
regime, where fluctuations of dCas9 levels strongly affect gene
expression (Fig 1D and Appendix Fig S2). When dCas9 was not
induced, fluctuations of the non-repressed constitutive promoter
were recovered. For strong dCas9 expression, fluctuations were
presumably reduced as the target site was saturated with dCas9
as elaborated below. On the contrary, inducing dCas9 at a
constant high level with 100 ng/ml of aTc and varying the degree
of guide RNA complementarity maintained the noise (standard
deviation over the mean) of single-cell GFP concentration almost
constant (Fig 1C and Appendix Fig S2). The plateau value of the
expression noise of about 0.3 (corresponding to cell-to-cell varia-
tions of 30%) is similar to measurements made by others for
constitutive genes in wild-type E. coli (Taniguchi et al, 2010).
Complementarity-based gene repression is qualitatively different
from gene repression using transcriptional repressors. For exam-
ple, the Lac repressor can increase the extrinsic part of the noise
of its targets by about fivefold as compared to the unrepressed
case (see Appendix Fig S3), in agreement with previous measure-
ments (Elowitz et al, 2002). Accordingly, a similar increase of
noise is observed if repression is modulated by inducer concentra-
tion. The alternative system proposed here thus enables to tune
expression levels with high precision in single cells.

RNAP can transcribe dCas9-bound targets in a complementarity-
dependent manner

The lack of additional noise in gene expression at high dCas9
concentrations for different numbers of mismatches suggested to
us that repression might be independent of fluctuations in dCas9
concentration. To test this hypothesis, we reduced the fraction of
active dCas9 complexes roughly by a factor of two by introducing
a decoy guide RNA (Fig 2A). We then measured population-
averaged gene expression by flow cytometry. Indeed, we found
the level of gene repression to be constant in the presence or
absence of the decoy for both high and low degrees of comple-
mentarity (Fig 2B), confirming the hypothesis that the target is
saturated by dCas9 for degrees of complementarity between 20
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Figure 1. In saturating conditions, CRISPR knockdown can modulate gene expression over a large dynamic range without generating noise.

A B Average cellular GFP concentration obtained (A) by changing guide RNA-target complementarity at a constant high dCas9 concentration or (B) by varying dCas9
levels with increasing concentration of the aTc inducer. Relative GFP concentrations are obtained by high-throughput microscopy and given relatively to the non-
targeting spacer at high dCas9 expression. Individual points represent independent replicates. Horizontal bars represent the median of three replicates.

C, D Distribution of GFP concentrations for each experiment in panels (A and B). Curves of the same color represent replicates of the same condition.

E Mechanistic model of dCas9-mediated repression. The expression level of a dCas9-targeted gene is reduced by the product of two probabilities: the probability
P(stop) of dCas9 blocking RNAP upon collision if occupying the target, and the probability of dCas9 occupying the target (termed occupancy). The occupancy is
determined by binding constant ko, dCas9 concentration [dCas9], and dCas9 unbinding rate k.. The unbinding rate Ry, in turn, is the sum of transcription-
independent unbinding rate and kick-out rate due to collision with the RNAP (see Materials and Methods for details).

F The two panels schematically illustrate the behavior of the probability of dCas9 blocking RNAP P(stop) and dCas9 occupancy if repression strength is controlled by
guide RNA complementarity (left) or dCas9 concentration (right), respectively.

Source data are available online for this figure.
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In saturating conditions, CRISPR knockdown by mismatched guide RNAs does not depend on the concentration of active dCas9 complexes.

A Left: Schematic of the assay used to investigate dependence on dCas9 complex concentration. R20 is a spacer targeting RFP with a perfect match. R11 targets RFP
with 11 bp of complementarity. C is a non-targeting spacer. Introducing the spacer C in the CRISPR array acts as a decoy and halves the concentration of active
dCas9 complex. Right: Northern blot measurement of the concentration of the processed guide RNA R20, reflecting the amount of complexes carrying R20 at the
moment of the measurement. Error bars represent standard deviations of three biological replicates. a.u.: arbitrary units.

B Flow cytometry measurement of relative RFP expression levels, with each point representing one biological replicate. The values are normalized with respect to the
non-targeting CRISPR array (C-C). Expression did not differ in the presence of the decoy (C-R20 vs. R20-R20, P-value: 0.68), nor when the order of the array was
reversed (C-R20 vs. R20-C, P-value: 0.21), even with only 11 bp of complementarity (C-R11 vs. R11-R11, P-value: 0.53). P-values come from a two-sided Student’s t-test
applied to the natural logarithms of the mean expression (significance threshold: 0.017 after Bonferroni correction).

Source data are available online for this figure.

and 11 bp. This remained true even with three decoy spacers in
a CRISPR array, regardless of the position of the active spacer in
the array (Appendix Fig S4). The effectiveness of the decoy strat-
egy was confirmed by gradually lowering the concentration of
aTc until we observed the transition from strong repression to no
repression. As expected, the transition happened at higher aTc
concentrations with three decoys than with one (Appendix Fig
S4B), confirming that decoys reduce the concentration of active
complex. In both cases, at high induction, the residual expression
reached a plateau value around 3%, corresponding to the concen-
tration-independent regime. We note that these and the following
measurements of population averages are performed by flow
cytometry and are thus generally noisier than the results obtained
by high-throughput microscopy presented in Fig 1.

Previously, it was thought that the repression strength due to
dCas9 is solely determined by the occupancy of target DNA, that is,
by the rates of target binding and spontaneous unbinding. Accord-
ing to this simple view, low and intermediate levels of target repres-
sion should inherently depend on dCas9 concentration, as higher
dCas9 concentrations lead to higher equilibrium binding rates and
thus higher occupancy, if the target is not fully occupied. This view
is in clear contradiction to the observed independence of repression
on dCas9 concentration for low and intermediate levels of repres-
sion (Fig 2B). On the contrary, independence of dCas9 concentra-
tion suggests that the target is saturated by dCas9, that is, that
dCas9 is bound to the target at almost all times, and that a different
mechanism must be responsible for different degrees of repression
strength.
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To reconcile the robustness of repression strength with respect to
dCas9 concentration, we hypothesize that residual expression of the
target gene might be possible even if dCas9 is saturating the target.
We suggest that upon collision of RNAP with dCas9, dCas9 blocks
the RNAP with a probability P(stop) <1 that depends on guide
RNA-target complementarity (Fig 1E). If P(stop) = 1, the system
efficiently blocks RNAP every time RNAP and dCas9 collide. At the
opposite extreme, if P(stop) = 0, dCas9 never blocks RNAP (Fig 1F).
According to this mechanism, the expression level of a dCas9-
targeted gene is given by

Y = vo[1 — P(stop)P(bound)].

Here, v, is the native transcription rate and P(bound) is the proba-
bility that dCas9 is occupying the target.

The probability P(stop) only depends on guide RNA-target
complementarity. Therefore, repression is independent of dCas9
concentration, if the occupancy is very close to 1, that is, if the
target is saturated. In these conditions, cell-to-cell fluctuations of
dCas9 concentration also no longer affect the repression of the
target, thus explaining the low and constant noise obtained for dif-
ferent degrees of repression (Fig 1C and Appendix Fig S2).

Interestingly, when the same target is moved from the ORF to the
promoter region, repression is increased and depends on concentra-
tion of active dCas9 complex (Appendix Fig S5). This finding
suggests that RNAP can pass the occupied target site inside the ORF
thanks to its processive polymerase activity, but that the RNAP
cannot bind at the occupied target site inside the promoter region,
where it relies on diffusion.

© 2018 The Authors
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If dCas9 is saturating the target, relative repression is
independent of target-gene promoter strength

To use CRISPR knockdown on genes with different native expression
levels, it is important to know whether the transcription rate of the
target has an influence on the relative repression. According to our
model definition, the probability P(stop) that dCas9 blocks RNAP does
not depend on promoter strength. Repression strength should thus
not be measurably affected for promoters of different strengths, if
dCas9 is saturating the target, that is if P(bound) is very close to 1. To
verify this prediction, we put sfgfp under the control of two promoters
of different strengths (P;,; and Pppyf) and blocked expression using
four different guide RNAs with an increasing number of mismatches.
While the strain with Pppr expressed about three times more GFP
than the strain with Py,; (Fig 3A), the repression fold with regard to
the promoter’s initial expression level was identical in each case
(Fig 3B). We found the same behavior when we compared P;,; with
the 12 times weaker Pp,. promoter with 1 mM IPTG (Appendix Fig
S6). These observations confirm that repression by mismatched guide
RNAs in saturating conditions is independent of promoter strength.

If dCas9 is not saturating the target, relative repression depends
on promoter strength, supporting a “kick-out” model of dCas9
ejection by RNAP

As transcription can be successful if dCas9 is saturating the target,
we wondered whether dCas9 would be ejected from the target by
RNAP during successful transcription events. While physical
displacements would not affect repression in saturating conditions,
they could measurably reduce the occupancy of the target P(bound)
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if dCas9 does not saturate the target, for example, if repression is
controlled by dCas9 concentration. According to our kick-out model
of dCas9 ejection by RNAP, the occupancy is given by

kon[dCas9]
Pbound) = 2 Cas9] + kom”
Here, k,,[dCas9] is the rate of binding and k,, is the combined rate of
RNAP-induced ejections, spontaneous unbinding and possibly replica-
tion-fork-based displacements (Jones et al, 2017; see Materials and
Methods for details). A stronger promoter would increase the unbind-
ing rate ko and therefore reduce the occupancy P(bound), which, in
turn, would reduce the repression fold. Indeed, we observed a weaker
repression of the stronger Ppy; promoter compared to P, at low
dCas9 concentrations. This observation quantitatively agrees with our
kick-out model for full and intermediate (14 bp) levels of complemen-
tarity, respectively (Fig 3C and Appendix Fig S7A). For these levels
of complementarity, our model also predicts that unbinding is
dominated by kick-out events, while spontaneous unbinding is rare
(Materials and Methods; Appendix Fig S7B).

For full complementarity, our model is compatible with the
hypothesis that dCas9 never leaves the target spontaneously but
gets kicked out either by the RNAP or during DNA replication. This
prediction is consistent with the long half-life of dCas9 binding
recently reported in vivo (Jones et al, 2017) and previously reported
in vitro (Sternberg et al, 2014).

The kick-out model is expected to be valid for levels of comple-
mentarity lower than 14 bp, as the rate of successful transcription is
increased (Fig 1A) while the target remains saturated down to 11 bp
at high dCas9 concentrations (Fig 2B). However, spontaneous
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Figure 3. Relative repression by dCas9 is independent of promoter strength only in saturating conditions.

Relative GFP expression measured by flow cytometry for two promoters of different strengths (P17 and Ppp ¢ and repressed using the same set of spacers for saturating (A, B)

and non-saturating (C) dCas9 concentrations.

A, B Raw GFP expression (A) and relative GFP expression with respect to a non-targeting spacer (B) for a saturating dCas9 concentration. While Ppp e is about three
times stronger than Pi,, the relative expression levels after repression are similar for both promoters.

C Experimental and predicted relative GFP expression for a non-saturating dCas9 concentration (using a 40 times lower concentration of aTc). Repression is weaker
for the stronger Pppis promoter for up to six mismatches on the guide RNA, in quantitative agreement with the kick-out model (see Appendix). Error bars: standard

error of the mean of the computational prediction.

Source data are available online for this figure.
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unbinding is expected to become equally or more important than
collision-based ejections below some level of complementarity below
14 bp. Yet, at high dCas9 concentrations used for all applications
below, the combined rates of unbinding and ejections are still much
lower than the rate of rebinding (see previous paragraph).

Finally, we note that our observation of promoter-strength
dependence is compatible with any mechanism, for which the ejec-
tion rate is proportional to transcription rate, that is, it is in principle
possible that a fraction of successful transcription events leaves
dCas9 bound to the coding strand while the RNAP reads the
template strand (see Materials and Methods for details).

dCas9 ejection probability increases with temperature

It was recently reported (Wiktor et al, 2016) that dCas9 is no longer
active at 42°C, suggesting that repression strength might decrease
with increasing temperature. This observation also bears the possi-
bility that our system becomes less robust with respect to dCas9-
copy number fluctuations and promoter strength with increasing
temperature, if the condition of target saturation was not fulfilled.
To quantify the temperature dependence of repression and test for
robustness, we measured the repression of RFP by guide RNAs with
11 bp or 20 bp of complementarity at temperatures ranging from 30
to 42°C. The repression strength decayed continuously with increas-
ing temperature (Fig 4), displaying a sharp decrease of repression
between 37 and 42°C. Regardless of the temperature, repression
strength was not affected by dCas9 complex concentration
(Appendix Fig S8). From our model, we can thus conclude that
increasing temperature does not affect dCas9 occupancy but
increases the probability of dCas9 being kicked out by the RNAP.
This also indicates that our system should work independently of
promoter strength at all temperatures tested.

CRISPR knockdown in combination with fluorescent-protein
insertions can be used to repress and monitor genes in their
native contexts

Precision, robustness, and large dynamic range make complemen-
tarity-based CRISPR knockdown a versatile repression strategy. To
repress genes of interest in their native context, we propose to
insert sfgfp or mCherry reporters as transcriptional or translational
fusions upstream of the gene. We provide here a convenient
CRISPR-based method to perform these insertions inspired by a
previous allelic exchange strategy (Posfai et al, 1999) (see
Appendix Text and Appendix Fig S9). A library of CRISPR plas-
mids can then be introduced to repress the fusions to the desired
levels by targeting the sfgfp or mCherry coding sequences. The
method thus allows taking advantage of the measured repression
levels for constitutive promoters established above. Furthermore,
gene expression can be measured at the single-cell level, reveal-
ing cell-to-cell variations. The library of CRISPR plasmids used
here can be obtained through addgene (https://www.addgene.
org/depositor-collections/bikard-crispr-repression/).

In the following, we demonstrate that this system has broad
applicability for the study of genetic regulation and cellular physiol-
ogy: first, we study the regulation of a model transcriptional feed-
back circuit, and second, we quantify the effect of fractional protein
repression on cell morphology during steady-state growth.

6 of 14 Molecular Systems Biology ~14: €7899 | 2018

Noiseless knockdown of genes by dCas9  Antoine Vigouroux et al

0 bp
100— Gz

Q C
< - 11 bp
o B o
S i
n
9 -
o
X
(]
o 10—
|¢|— =
) - 20 bp
> B
g
()
@ i

1=

30 32 34 36 38 40 42

Temperature (°C)

Figure 4. The efficiency of CRISPR knockdown is affected by high
temperatures.

Relative RFP expression measured by flow cytometry upon repression with
different levels of complementarity and at different temperatures. The values
are normalized with respect to the non-targeting spacer at each temperature.

Source data are available online for this figure.

CRISPR knockdown can be used to uncover and characterize
genetic feedback

To demonstrate the versatility of our system for the study of
genetic circuits, we chose the previously described PhIF auto-
repressor from Pseudomonas fluorescens (Abbas et al, 2002) as a
model system: We constructed a synthetic operon consisting in
the Ppyr promoter followed by the sfgfp and phiF genes in a
single operon (Fig SA). The PhIF repressor binds to the Ppp
promoter and decreases transcription initiation, thus creating an
artificial negative feedback loop. The strength of this feedback
can be externally reduced by adding the chemical inducer 2,4-di-
acetyl-phloroglucinol (DAPG) that blocks binding of PhIF to the
promoter. Accordingly, higher DAPG concentrations lead to higher
steady-state concentrations of PhIF and GFP (Appendix Fig S10).
To determine whether PhIF binds to the operator cooperatively,
we aimed to quantify the feedback strength as a function of
promoter strength for different DAPG concentrations. To mimic
different promoter strengths, we targeted the sfgfp ORF using
spacers with variable degrees of complementarity (Fig 5). CRISPR
knockdown of GFP should lead to an increased transcription-
initiation rate of the promoter. As a consequence, the fold change
of expression during CRISPR knockdown should be lower in the
case of feedback than without feedback. The quantitative dif-
ference between the two situations can then be used to quantify
the feedback strength.

As anticipated, expression of GFP decreased with increasing
complementarity and the relative reduction of expression was less
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pronounced with feedback than without feedback (Fig 5B). We
then fit the expression data to a mathematical model of gene
repression (Fig 5B, Appendix Fig S11 and Appendix Text) to
calculate for each DAPG concentration the binding constant of
the repressor K and a Hill coefficient n, which describe the
dependence of repression on promoter strength. We observe that
a Hill coefficient of n =2 describes our data for low DAPG
concentrations (0 and 5 uM), while a Hill coefficient of n = 1 was
required to describe our observations at 50 uM. PhIF proteins
dimerize in vitro and are thought to bind the operator as a dimer
(Abbas et al, 2002). To reconcile our observation, we speculated
that PhIF might be predominantly found as monomers at high
DAPG concentrations and as dimers at low DAPG concentrations
(see the Appendix Text for details). However, the detailed mecha-
nism underlying the sharp transition in Hill coefficients remains
to be studied by independent experiments.

The detailed insights obtained here demonstrate the usefulness
of precisely controlling the rate at which the RNAP is blocked by
dCas9, while monitoring residual expression with a fluorescent
reporter. The same method can be applied to other and more
complex problems of gene regulation, for example, by monitoring
the response of one gene to the precisely tuned levels of another
gene repressed by CRISPR knockdown.

CRISPR knockdown reveals how cells adapt their shapes to low
levels of an essential cell-wall synthesis operon

We then used our approach to explore the morphological response
of cells to different expression levels of two essential proteins for
peptidoglycan cell-wall synthesis encoded by the mrdAB operon.
PBP2 (encoded by mrdA) and RodA (encoded by mrdB) are inner
membrane proteins with, respectively, transglycosylase (Meeske
et al, 2016) and transpeptidase activity (Sauvage et al, 2008). The
two highly conserved enzymes are part of the multi-enzyme “rod”
complex, which is essential for cell-wall synthesis during cell elon-
gation (Cho et al, 2016).

Previous depletion experiments suggest that PBP2 expression is
buffered against large fluctuations in enzyme number, as cells grow
for multiple generations before showing a reduction of growth rate
(Lee et al, 2014). The drawback of depletion experiments is that
they do not allow studying the effect of protein abundance in the
steady state. To quantify the relation between PBP2 levels and
morphological response during steady-state growth, we constructed
a translational protein fusion by seamlessly integrating mCherry in
front of the mrdA ORF in the native chromosomal mrdAB locus
(Fig 6A). The mCherry-PBP2 fusion is fully functional, similarly to a
fusion constructed previously (Lee et al, 2014). We then introduced
a chromosomal P-dCas9 cassette and different pPCRRNA plasmids
programmed to target mCherry with 0, 11, 18 or 20 bp of comple-
mentarity in order to obtain a range of transcription rates for the
operon. These strains were induced for dCas9 expression and grown
until protein levels and cell dimensions reached steady state
(Appendix Fig S12). Single-cell measurements were then performed
by phase-contrast and epi-fluorescence microscopy.

Lowering expression of the mrdAB operon led to increasing cell
width, with a sharp rise of cell width below ~20% of the native
expression level (Fig 6B and C, and Appendix Fig S13A), while cell
length was largely unaffected except for the highest repression

© 2018 The Authors
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Figure 5. CRISPR knockdown can be used to quantitatively characterize

feedback loops.

A Schematic of the synthetic feedback loop constructed for this experiment.
The strength of the feedback can be modulated by addition of DAPG, an
inhibitor of PhIF. RBS: ribosome binding site. T: transcription terminator.

B Flow cytometry measurements and fits to a theoretical model of relative
GFP expression levels, where GFP is expressed from the artificial feedback
loop presented in panel (A). GFP expression is normalized by the maximal
level of GFP expressed constitutively from the Pppr promoter alone
(indicated as “No PhIF”). The GFP is repressed using four different guide
RNAs with, respectively, 10, 11, 14, and 20 bp of complementarity. The
passage probability 1 — P(stop) associated with each of these guide RNAs
was measured in parallel on a strain expressing GFP constitutively from the
P1,; promoter. Adding different amounts of DAPG to the medium reduces
the strength of the feedback, causing the steady-state level to increase and
repression to become more efficient. The colored lines represent the GFP
expression as predicted by a mathematical model that was fitted to the
data (see Appendix). For each DAPG concentration, a binding constant
characterizing the strength of the feedback and a Hill coefficient were
determined. Error bars: 95% confidence interval of the mean based on three
biological replicates.

Source data are available online for this figure.

strength (Appendix Figs S13B and S14), consistently with PBP2 and
RodA being essential for building the cylindrical part of the cell wall
but not the cell septum. We then wondered whether enzyme levels
in individual cells were responsible for cell-to-cell variations in cell
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Figure 6. CRISPR knockdown of the mrdAB operon increases cell width at high repression strengths.

A Schematic of the modified chromosomal locus of the mrdAB operon in strain AVO8.

B Cell shapes observed by phase-contrast microscopy for cells grown in M63 minimal medium. Different repression levels of the mrdAB operon are compared to wild-
type Eschericha coli. Cells with different cell lengths were picked at random and images were rotated numerically.

C Cell width as a function of the mCherry-PBP2 concentration measured by fluorescence microscopy. Each point represents a cell, and colors represent different
levels of spacer complementarity. The connected white dots represent the population averages (mean of three biological replicates). The dotted line represents the
average cell width for wild-type E. coli (mean of three replicates). The values are normalized with respect to the non-targeting spacer.

D, E Linear regression between mCherry-PBP2 concentration level and cell width, for the strains repressed with 11 bp (panel D) and O bp (no repression, panel E). rs is
the Spearman correlation coefficient (median of three biological replicates). The negative value indicates that cells with a lower level of PBP2/RodA tend to be
wider. The P-values (two-sided F-test) measure the certainty that the slope is different from 0.

Source data are available online for this figure.

diameter at low or intermediate expression levels, where the aver-
age cell diameter was affected by mrdAB repression. Indeed, we
found cell-to-cell fluctuations in the intracellular density of
mCherry-PBP2 to be negatively correlated with cell diameter for
intermediate mrdAB repression (at 11-bp guide RNA/target comple-
mentarity; Fig 6D). Such a correlation was not observed when the
operon was not repressed (Fig 6E), indicating that the cells buffer
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natural fluctuations of mrdAB and thus avoid fluctuations of cell
morphology, as previously suggested (Lee et al, 2014). By gradually
lowering the levels of PBP2 and RodA, we were able to take the cells
out of the buffering regime at about 30% of native expression.
Together, these experiments demonstrate that cells buffer stochastic
gene expression of an essential operon against fluctuations of about
threefold and that cells cope with even stronger fluctuations by

© 2018 The Authors
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adjusting their surface-to-volume ratio. However, once expression
levels are reduced by more than fivefold, cells show severe growth
defects.

CRISPR knockdown can be used to modulate the expression of
two genes

With our method, the fractional repression level of any target
gene is controlled genetically rather than chemically by the
concentration of an inducer. It can thus be used to modify
expression of multiple genes independently. To assess this poten-
tial, we built a library of CRISPR arrays containing two spacers,
one targeting sfgfp and the other mCherry. We selected five spac-
ers with varying levels of complementarity to each of the target,
spanning a large range of expression, from 2 to 100% of the
initial level. We combined these spacers to form 20 CRISPR
arrays that cover the entire space of expression and used them to
control the concentrations of GFP and RFP expressed from the
chromosome (Fig 7A). As expected, the repression of one gene is
independent of the repression of the other (Fig 7B). Strong corre-
lations between GFP and RFP in single cells targeted with the
same combinations of guide RNAs are due to common sources of
extrinsic noise (Elowitz et al, 2002). We anticipate this to be a
useful tool to study interactions of genes and specifically the
effect of stoichiometry in genetic networks.

Discussion

Here, we demonstrate that tuning gene expression through comple-
mentarity between guide RNA and target works robustly at the
single-cell level, with two specific advantages over previous meth-
ods: First, relative repression strength is independent of native
expression levels, making the system applicable to study genes of
vastly different promoter strengths. Second, the system preserves
endogenous expression noise of the repressed gene. This allows
studying the impact of gene repression on cellular physiology with-
out generating stochastic cell-to-cell variability, which is known to
have important downstream consequences for processes such as cell
differentiation or the emergence of spatial structure in populations
(Cagatay et al, 2009; Waite et al, 2016).

The ability to control gene expression level through guide RNA
complementarity rather than the concentration of an inducer has
other advantages: For example, it enables differential control of dif-
ferent cells within the same culture. This could prove useful in
pooled screens or competition assays. Furthermore, the strategy can
be multiplexed to enable the simultaneous control of multiple genes
independently without requiring multiple chemical inducers. We
demonstrated this ability with two targets (GFP and RFP; Fig 7),
which can be inserted in front of genes of interest. The strategy can
easily be extended to include more than two fluorescent reporters as
targets, as demonstrated in Appendix Fig S4.

Alternatively to using fluorescent-protein fusions it is also possi-
ble to guide dCas9 directly to the gene of interest, but this comes
with the disadvantage of uncertainty about the exact repression
strength due to two reasons: first, the rate at which dCas9 blocks
the RNAP is dependent on the specific target sequence. In the
future, it might thus be desirable to develop computational means

© 2018 The Authors
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Figure 7. CRISPR knockdown can be multiplexed to modulate expression

of two genes without cross-talk.

A Schematic of the strain expressing two reporters and Pre-dCas9 integrated
in the chromosome at phage attachment sites. The levels of the two
reporters can be controlled using a plasmid-borne CRISPR array coding for
guide RNAs (diamonds) interspaced with CRISPR repeat motifs (squares),
and also carrying the tracrRNA sequence (not shown).

B Relative GFP and RFP concentration given relatively to the non-targeting
spacer measured by high-throughput microscopy for a collection of 20
CRISPR plasmids. Each point represents a single cell, and each color
represents the population obtained with one CRISPR plasmid. The overlaid
meshwork connects the median values of the different populations.

Source data are available online for this figure.

to predict target repression based on sequence alone (Boyle et al,
2017). Second, any feedback controlling the expression of the target
could lead to altered transcription-initiation rates (Fig 5). Therefore,
using fluorescent-protein fusions has the advantage to report the
exact expression level.

The properties of dCas9 repression described in this study origi-
nate from the mechanism of dCas9 binding to DNA inside ORFs. We
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show that at high concentrations, dCas9 is saturating the target site
even when using guide RNAs with large numbers of mismatches,
where repression of the target gene is weak. We explain these obser-
vations by a “kick-out” model of repression, according to which
RNAP kicks out dCas9 with a probability that can be tuned by
spacer complementarity. The exact passage probability depends on
the crRNA sequence. Here we provide a collection of guide RNAs
against mcherry and sfgfp with known passage probabilities. Further
work and larger datasets of diverse sequences will help to design
new guides with predictable repression strength on arbitrary targets.
The model predicts that repression is promoter-strength dependent
in non-saturating conditions, in quantitative agreement with experi-
ments (Fig 3C).

For full complementarity, our model is compatible with the
hypothesis that dCas9 never leaves the target spontaneously but
gets kicked out either by the RNAP or during DNA replication,
consistent with the long half-life of dCas9 binding recently
observed by single-molecule tracking and by restriction-protection
assays (Jones et al, 2017) and previously also observed in vitro
(Sternberg et al, 2014). A recent high-throughput study of dCas9
off-target binding and unbinding suggests that mutations in the
PAM-distal region control the unbinding kinetics of dCas9
(Boyle et al, 2017). Since unbinding is dominated by RNAP-dCas9
collisions for the promoters tested here and as rebinding to the
target is fast at high dCas9 concentrations, spontaneous unbinding
plays no significant role for gene repression in our model system.
However, if dCas9 targets the promoter rather than the coding
region, spontaneous unbinding or replication-fork-based displace-
ments might be the only modes allowing residual gene expression.
This view is supported by the higher repression strength observed
when targeting the promoter region (Bikard et al, 2013; Qi
et al, 2013) and by the dependence on concentration (Appendix
Fig S5).

Our results also suggest that dCas9 ejection does not lead to
bursts of transcription, but that instead dCas9 returns to the target
site after ejection in a time that is small with respect to the typical
time interval between transcription initiations. It is still conceivable
that such bursts may occur for transcription rates higher than the
strongest promoter we used.

The results presented here argue for the use of high levels of
dCas9 when performing CRISPRI assays in order to ensure that the
target position is saturated. It is however important to highlight that
the overexpression of dCas9 has been reported to be toxic for E. coli
(Nielsen & Voigt, 2014). It is therefore preferable not to overexpress
dCas9 far above the saturation point.

Our strategy enables to precisely control gene expression with-
out introducing cell-to-cell variability, and should be useful for
any quantitative measurements that depend on the expression
level of a gene. By taking advantage of the ability to precisely
control the rate at which dCas9 blocks the RNAP we could char-
acterize a synthetic feedback loop, revealing unexpected proper-
ties of Phlf repression activity. In a second example, we took
advantage of the ability to fine-tune expression levels at the
steady state to quantitatively measure cell shape as a function of
the levels of PBP2 and RodA. The level of precision achieved
here would be hard to establish with conventional methods.
Accordingly, this is the first study to establish a quantitative rela-
tionship between the abundance of cell-wall synthesizing proteins
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and cell morphology at the population and single-cell levels. We
anticipate that our method will be useful to study many other
systems and in particular genetic circuits that include high levels
of noise, such as stochastic switches, or other noise-dependent
processes, where preservation of a well-defined level of expres-
sion noise is desirable.

Materials and Methods
Kick-out model of CRISPR knockdown

As already described in the main text, dCas9 is thought to bind to
target DNA where it provides a roadblock for RNAP, thus blocking
transcription. According to this mechanism, the expression level y
of a dCas9-targeted gene is given by

¥ = Yo[1 — P(stop)P(bound)]. (1)

Here, v, is the native transcription rate, P(stop) is the probability
of dCas9 blocking RNAP if dCas9 is occupying the target, and
P(bound) is the probability that dCas9 is occupying the target
(henceforth also termed occupancy).

While the probability P(stop) only depends on guide RNA-target
complementarity, the occupancy P(bound) generally depends on
complementarity, dCas9 concentration, and possibly on transcrip-
tion-initiation rate (see the following paragraph). Therefore, repres-
sion is independent of dCas9 concentration only if the occupancy is
very close to one (1 — P(bound) <« 1), that is, if the target is
saturated.

According to straight-forward reaction kinetics, the occupancy is
given by

kon[dCas9]

Pbound) = 4 Cas] + kou "

)

where ko, is the rate of dCas9 leaving the target. dCas9 can in
principle leave the target by two different mechanisms, by tran-
scription-independent unbinding (with rate k. if bound to the
target), or by being kicked out from the target during all or part of
the successful RNAP passage events, that is, during collisions
where transcription continues. Alternatively, dCas9 could stay
bound during all successful passage events. According to the two
different models, ko is given by

Kout = 6[1 - P(Stop)]Yo + kof[: (3)

where we introduced an ejection frequency 6. If 6=1, all
successful passage events lead to dCas9 ejection. On the contrary,
8 =0 corresponds to the scenario, where dCas9 stays bound
during successful passage events. If the kick-out model was
correct (6 > 0), higher transcription-initiation rates vy, should thus
lead to lower target occupancy. If the spontaneous unbinding
model was correct (6 =0), occupancy should be independent
of vo.

To identify the correct collision mechanism, we measured repres-
sion of msfgfp placed under two promoters with different promoter
strengths at an intermediate level of dCas9 concentration, where the
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target is not saturated by dCas9 and where changes of occupancy
due to promoter strength should be clearly visible. We found that
the relative GFP expression (normalized with respect to the unre-
pressed case) of a promoter with 2.6-fold higher promoter strength
is increased by 1.7-fold as compared to the weaker promoter for full
complementarity between guide RNA and target (Fig 3C). Thus,
repression shows a strong dependence on promoter strength. This
observation suggests that dCas9 is kicked out of the target site
during all or part of the successful passage events. Plugging
equation (2) into equation (1) and using equation (3) for kqy, the
kick-out model of dCas9-based gene repression thus predicts a
normalized transcription rate

. 1 — P(stop)kop[dCas9] @
7T kon[dCas9] + 8[1 — P(stop)]vo + kot

where we defined y* = y/yo. Equation (4) is the central result of
our model.

Quantitative comparison with the experiment

Here, we compare model prediction and experimental expression
rates for two different promoters in saturating and non-saturating
conditions (Fig 3B and C, respectively). We first consider the case
of full complementarity between guide RNA and target. For a quan-
titative comparison, we eliminate one of the three experimentally
unknown parameters, the dCas9 rebinding rate k,,[dCas9], by intro-
ducing the following dimensionless quantities: A = &y/(kon[dCas9])
is the ratio of the rate of induced dCas9 displacements over the rate
of dCas9 rebinding, o = kof/(kon[dCas9]) is the ratio of transcrip-
tion-independent unbinding rate over rebinding rate, and r=1 — P
(stop) is the probability of successful transcription in the presence
of target-bound dCas9. The latter probability is known to be
r=0.026 + 0.003 for full complementarity between guide RNA and
target from independent experiments in saturating conditions
(Fig 3B). Equation (4) can then be written as

. THA+o

14+ Arto )

b

leaving two unknown parameters, A and o.

The lifetime of dCas9-DNA complexes is greater than 45 min
in vitro (Sternberg et al, 2014), suggesting that the unbinding rate
ko is low in vivo. We thus hypothesized that the dimensionless
transcription-independent unbinding rate might be negligibly small,
that is, o < 1 + Ar, which would allow us to simplify

r+Ar
1+ar’

*
~

ifoa<<1+Ar ©)

thus leaving only one unknown parameter A.

To test this hypothesis, we compare the predicted expression
level (equation 5) for zero and finite values of o to our experimen-
tally obtained data of GFP expression from the two promoters Ppyr
and Pj,; (Fig 3C). In Appendix Fig S7A, the predicted expression
v* is plotted as a function of Ar for two values of o (o = 0, o0 = 0.3).

To obtain the prediction of GFP expression, we used the
measurements of P,,,-GFP as a reference to infer the normalized
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kick-out rate A(Py,7)r corresponding to the experimental GFP
expression levels of y*.(P127) = 0.32 + 0.04 (Fig 2C),

(14 o)y (Pra7) =7 —a

MP1a7)r =
(Przr) 1 — v (P127)

@)

also indicated by the gray vertical lines in Appendix Fig SSA for
the two values of o« =0 and o = 0.3. Then, we asked for the
predicted relative expression level of the repressed Ppyr-GFP, given
prior knowledge that the Pppr promoter is (2.6 £ 0.2)-times
stronger than Pj,; (Fig 3A) and therefore A(Ppnr) = (2.6 & 0.2)A
(P137). The predicted expression level of the Ppyr promoter is thus

. T+ MPppp)r + o
P = 8
Y* (Ppnir) T 2 (Pone )T + o (8)

According to our hypothesis of o =0, we obtain y*(Pppy) =
0.54 £ 0.05. This value is in great quantitative agreement with the
measured expression level of y*.(Ppnr) = 0.54 + 0.02. On the
contrary, values of o > 0.14 lead to predicted expression levels
significantly lower than the experimental value (Appendix Fig S7B).
Together, these results confirm that the kick-out model quantita-
tively describes the mechanism of dCas9 repression and suggest that
the transcription-independent unbinding rate for guide RNAs of full
complementarity to their targets is indeed much lower than the
rebinding rate (ko < kon[dCas9]).

We then wondered whether the transcription-independent
unbinding rate o would increase for reduced degrees of complemen-
tarity. To that end, we performed the same analysis as above on
experimental data for GFP expression from the two promoters at
non-saturating levels of dCas9 but now for guide RNA that carries
six mismatches (corresponding to a increased passage probability of
r=0.056 + 0.001). As in the case of full complementarity, we
found an excellent agreement between the experimental and
predicted GFP expression levels (y*ex(Ppnr) = 0.79 + 0.04 vs. y*
(Ppnyp) = 0.77 4+ 0.03) for a transcription-independent unbinding
rate of oo = 0 while predicted expression values for o > 0.35 are
significantly lower than the measured expression level. We also
carried out experiments with a guide RNA of 10 mismatches.
However, the experimental data showed uncertainties too large to
make conclusions about the level of o. We thus conclude that the
dCas9-target complex is stable even for reduced degrees of comple-
mentarity of down to 14 bp and maybe less.

A lower limit for the lifetime of the dCas9-DNA complex
To obtain a quantitative estimate of the rate k. in the case of full
complementarity, we took advantage of the relationship

0.145v,

Kot 5 0. 14kon[dCas9] = =

~ 8 x 10738y,,

where we used Ar(P,,7) ~ 0.43 and r ~ 0.026. P, is based on the
consensus promoter sequence and thus not expected to be stronger
than well-studied model promoters in E. coli, which display
transcription rates of not more than about 20min~' (Kennell &
Riezman, 1977; So et al, 2011). This suggests that the unbinding
rate of dCas9 in the absence of RNAP-based collisions is smaller
than 1/6 min~!. This is based on the conservative assumption that
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all successful transcription events lead to a displacement of dCas9
from the target, that is, § = 1. For the reduced complementarity of
6 mismatches we obtain a lower limit of 1/2.4 min~".

The average number of chromosomal loci per cell coding for
msfgfp is about 2, given a doubling time of about t3 ~ 30 min in
our growth conditions, an average DNA replication time of about
tc ~ 60 min at 30°C (Breier et al, 2005), and assuming a D-period
of tp = 20 min. The gene copy number per cell is then given by
n(®) = 2-1®) 41, ~ 2, where ® = 0.66 is the relative distance of
the gene locus from the origin of replication, if distance is normal-
ized with respect to the distance between origin and terminus. Thus,
the lifetime of a single dCas9-DNA complex (n/k.g) is greater than
about 12 min (full complementarity) or 5 min (6 mismatches).
Notably, these timescales should be regarded as lower bounds,
while the actual lifetimes might be significantly larger. This estimate
is thus in agreement with recent single-molecule tracking and
restriction-protection assays (Jones et al, 2017), which demonstrate
that the lifetime of the dCas9-DNA complex is equal to the cellular
doubling time in the case of full complementarity. It is also in agree-
ment with in vitro data, which suggest that the lifetime is greater
than 45 min (Sternberg et al, 2014). Given that the lower limit of
the in vivo lifetime is of the same order of magnitude as the cell
doubling time of 30 min, it is conceivable that dCas9 virtually never
leaves the target site by equilibrium unbinding but instead is kicked
out during DNA replication events by the DNA replication machin-
ery, as also strongly supported by (Jones et al, 2017).

Genome modifications

All the strains used for measurements derive from E. coli MG1655.
Appendix Table S1 details the construction of the strains used in this
study.

For integration of cassettes at phage attachment sites, we used
the “clonetegration” method (St-Pierre et al, 2013). Integrated
backbones were excised by expressing a flippase from pE-FLP.
Plasmid pLC97 can be used to easily integrate P-dCas9 at the
lambda attB site.

For scarless integration of mCherry-mrdA in the native mrdAB
operon, we used the pCas/pTarget system (Jiang et al, 2015). The
PAmCherry-PBP2 protein fusion present in strain TKL130 (Subach
et al, 2009; Lee et al, 2014) was replaced by a translational fusion
with mCherry extracted from plasmid pFB262 (Bendezu et al, 2009).
To this end, the pAV06 variant of pTarget was constructed and
genome editing was performed as described in reference (Jiang
et al, 2015). The deletion of the lacY gene in AV76 was done by P1
transduction using the strain JW0334 from the Keio collection (Baba
et al, 2006) as a donor.

We also propose a novel CRISPR-Cas9 allelic exchange strategy
for the scarless integration of mCherry or sfgfp in front of genes of
interest. This strategy is detailed in the Appendix Fig S9.

The sequences of the sfgfp and mCherry genes used in this study
can be found on the GenBank database with accession codes
KT192141.2 and JX155246.1, respectively.

Plasmid design and construction

The CRISPR targets were chosen next to the beginning of the ORF,
but at least 50 bp away from the initiation codon, in order to
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preclude unwanted interactions with the native regulation of tran-
scription. None of the spacers used in this study have any off-target
position with more than 8 bp of complementarity in the PAM-
proximal region. Spacers were cloned into the CRISPR array of plas-
mid pCRRNA using Golden-Gate assembly as previously described
(Bikard et al, 2014; Cui & Bikard, 2016). The oligonucleotide
sequences are available in Appendix Table S4.

The other plasmids from this study were constructed by Gibson
assembly (Gibson et al, 2009). The fragments are described in
Appendix Table S2 and the primer sequences in Appendix Table S3.
DNA constructions were electroporated in E. coli strain DHSa or Pil
for pir-dependent origins of replication (Shafferman & Helinski,
1983).

Media and reagents

For all flow cytometry measurements, the cells were grown in
Luria-Bertani (LB) broth. As a minimal medium for the mrdAB
measurements, we used M63 medium supplemented with 2 g/1 of
glucose, 10 mg/l of thiamine, 10 mM of MgSO,, and 1 g/1 of casa-
minoacids. When needed, we used various antibiotics (25 pg/ml
chloramphenicol, 100 pg/ml carbenicillin, 50 pg/ml kanamycin,
100 pg/ml spectinomycin). Di-acetyl-phloroglucinol (DAPG), anhy-
drotetracycline (aTc), and isopropyl B-D-1-thiogalactopyranoside
(IPTG) were used, respectively, for induction of Ppp, Prer, and Ppac
promoters. All oligonucleotides were obtained from Eurofins
Genomics.

Preparation of steady-state exponential cultures

Unless stated otherwise, all cultures were grown at 30°C. Strains were
first re-streaked from a freezer stock. Independent single colonies
were picked for each replicate. Cells were then grown overnight in
96-deep-well plates using a tabletop shaker in 1 ml of medium with
100 ng/ml of aTc and 50 pg/ml of kanamycin (Eppendorf). The day
of the measurement, cultures were back-diluted 250 times in fresh
medium with aTc and kanamycin, and grown for 1 h 45 min into
exponential phase. We then fixed the cells with 4% formaldehyde
(30 min on ice) and washed with phosphate-buffered saline (PBS).

Growth rate measurements

To determine the doubling times of E. coli with various induction
levels of dCas9, we prepared the cells into steady-state exponential
growth then diluted the cultures 1/250 in a flat-bottomed 96-micro-
well plate (Greiner) and recorded optical density along growth using
a microplate reader (Tecan). We fitted an exponential function to
the data points corresponding to the exponential phase in order to
calculate the doubling time.

Flow cytometry

Fluorescence of single cells was recorded using a Miltenyi MACS-
quant flux cytometer. 10,000 events were recorded per replicate. In
all cases, the AVO1 strain (with no reporters) carrying a non-
targeting pCRRNA plasmid was used to measure the auto-fluores-
cence background. We calculated the mean fluorescence signal of
each population and subtracted the mean auto-fluorescence signal.
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To test whether differences in expression were significant, we
performed Student’s t-test on the natural logarithms of the average
fluorescence (Beal et al, 2016).

High-throughput microscopy (imaging cytometry)

An Amnis ImageStreamX (EMD Millipore) imaging cytometer was
used to image the cells in high-throughput in brightfield, GFP, and
RFP channels. Images were analyzed using the IDEAS® (EMD Milli-
pore) software suite. For each condition, at least 10,000 events were
recorded per replicate. Cells that were out of focus or tilted were
identified by calculating the average gradient of a pixel normalized
for variations in intensity levels (Gradient RMS feature in IDEAS®).
Additionally, we used the Feature Finder script of IDEAS® to remove
contaminating particles, images with multiple cells and beads. After
filtering, at least 2,000 images remained per sample. The fluores-
cence channels were not used for filtering. A color compensation
matrix was calculated to account for spectral overlap of GFP and
RFP emission spectra, so cultures of AV02 (GFP only) and AV04
(RFP only) would each have a null signal on the converse channel.
As a proxy for the reporter’s intracellular concentration, we used
the average image intensity inside the area corresponding to each
cell. The cell area was determined by using a threshold on the bright
field images. Single points located more than three standard devia-
tions away from the population average were discarded as outliers,
as they can disrupt the noise computations. The average fluores-
cence p of each sample was calculated by taking the mean of the
single-cell fluorescence. The noise was defined as o/p, with
G = /Gsample — Oblank Where Ggampie is the standard deviation of the
intracellular average intensity of the sample, and oypjank is the stan-
dard deviation of a sample with no fluorescent reporter (noise from
auto-fluorescence).

Fluorescence and phase-contrast microscopy

Fixed cells were transferred to PBS microscopy pads with 1.5%
UltraPure Agarose (Invitrogen) and imaged using an inverted micro-
scope (TI-E, Nikon Inc.) equipped with a 100x phase-contrast objec-
tive (CFI PlanApo LambdaDM100x 1.4NA, Nikon Inc.), a solid-state
light source (Spectra X, Lumencor Inc.), a multiband dichroic
(69002bs, Chroma Technology Corp.). mCherry fluorescence was
measured using excitation (560/32) and emission (632/60) filters.
Images were acquired using a sCMOS camera (Orca Flash 4.0,
Hamamatsu) with an effective pixel size of 65 nm.

MATLAB code adapted from the Morphometrics package (Ursell
et al, 2017) was used to find cell contours from phase-contrast
images. Background intensity, uneven illumination, and cell auto-
fluorescence were accounted for in the analysis. For the analysis
of fluorescence signal, we corrected the raw mCherry values for
uneven illumination, background intensity, and cell auto-fluores-
cence. Intracellular protein concentration was obtained as the
mean pixel intensity inside the cell area. Total regression was used
to find the major axis of the cell. Cell width was defined as the
average distance between the cell contour and this axis, excluding
the poles.

Measurements of cell morphology during steady-state exponen-
tial growth (Appendix Fig S12) were performed after overnight
induction of dCas9, followed by 1/250 dilution of the culture in
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fresh M63 medium with aTc and while the culture was kept in expo-
nential growth phase at an optical density below 0.1. Samples were
taken from the culture, fixed, and imaged after 2 and 4 h.

Northern blot

Total RNA was extracted from cultures in early stationary phase
using TRIzol. Electrophoresis on Novex® TBE-Urea Gels (10% poly-
acrylamide gels containing 7 M urea, Invitrogen) was used to sepa-
rate RNAs. The gels were blotted onto Nylon membranes
(Invitrogen), which were subsequently cross-linked with 1-ethyl-3-
(3-dimethylaminopropyl) carbodiimide (EDC, Thermo Scientific)
buffer (Pall & Hamilton, 2008). The probes were labeled as follows:
100 pmol of oligonucleotide was heat denatured, labeled, and phos-
phorylated by mixing 40 uCi of **P-y-ATP (PerkinElmer) and T4
PNK (NEB) reagents. A labeled probe specific to the guide RNA R20
(5 GCATAGCTCTAAAACTCCGTATGAAGGCACCCAGA 3') was
column purified (Macherey-Nagel PCR cleanup kit) and used for
overnight hybridization. The intensity of the shortest band, corre-
sponding to the fully processed guide RNA, was quantified using the
Fiji software package.

Expanded View for this article is available online.
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1 A novel method of allelic exchange using CRISPR/Cas9

To make scar-less genome modifications easier, we developed a new method which relies
on the integration of a non-replicating plasmid through homologous recombination fol-
lowed by backbone removal promoted by Cas9 cleavage in the antibiotic resistance gene
(Appendix Fig S9). This method was inspired from a similar strategy that makes use of
the I-Scel nuclease instead of Cas9 (Posfai et al., 1999).

The chromosomal modifications are carried out using a plasmid typically made by
assembling together four PCR fragments: 1) a chloramphenicol-resistant backbone with
the R6K conditional origin of replication (such as pSW23t), 2) a homology region of about
1 kbp matching the sequence before the desired site of insertion, 3) a reporter sequence,
possibly using a linker for protein fusions, or a stop codon and a ribosome binding site
for mRNA fusions, 4) a second homology region of 1 kbp matching the sequence after
the site of insertion, i.e. the beginning of the gene of interest.

This plasmid is electroporated in the recipient strain. Cells that have integrated the
plasmid by homologous recombination (HR) are selected by plating on chloramphenicol.
Either one or the other homology arm will be used for HR. The two insertion orders can
be told apart by colony PCR with one primer in the backbone and one primer on the chro-
mosome. We then pick a colony from each insertion order, dilute them in 500 ul of LB and
grow them during 1h30, after which cells are centrifuged and recovered in 100 ul of TSS
(Transformation and Storage Solution) (Chung, Niemela and Miller, 1989).The cells are
then transformed with plasmid pAV10, expressing Cas9 under the control of a DAPG-
inducible promoter and a sgRINA targeting the cat gene of the suicide vector, followed by
plating on LB agar with kanamycin and DAPG at 30°C. Cleavage by Cas9 in the chromo-
some triggers the resolution of the co-integrate in two possible ways: recombination can
either restore the wild-type locus, or lead to the desired seamless modification. Several
colonies from each insertion order are re-streaked on LB agar without kanamycin and
grown at 42°C to eliminate thermo-sensitive pAV10 and obtain clonal populations. Ex-
cising the backbone from both insertion orders greatly increases the chances of finding
a good clone, as for each order the recombination might be biased towards a particular



outcome. We recommend to re-streak a minimum of 2 colonies for each order. Finally,
we screen for edited clones by colony PCR with one primer on each side of the insert.

As a demonstration for this method, we created plasmid pAV25, allowing integration
of a PAmCherry-PBP2 fusion in the native locus using a variant of the PAmCherry gene
that can be targeted by our collection of guide RNAs. Without changing the amino-acid
sequence of PAmCherry, the nucleotide sequence of the ORF was silently modified so the
mCherry-targeted guide RNAs would also be effective on the photo-activatable version.
Thus we produce a strain where the concentration of PBP2 and RodA can be controlled
like in Figure 6, but whose mCherry can be activated by light for single-molecule track-
ing.

2 Autorepressor model

In this section we present two simplified models of the PhlF-autorepressor. In both cases,
PhIF expression is represented by the straight-forward reaction kinetics

R = f(R,c)Bax — AR, (2.1)

where R is the PhIF concentration (including proteins bound in dimers or other multi-
mers), « is the rate of the protein production in the absence of any feedback or CRISPR
knockdown, B is the passage probability due to dCas9, A is the protein dilution rate,
and f (R, c) characterises the feedback strength as a function of protein concentration R
and DAPG concentration c. During steady-state conditions PhlF expression is thus de-
termined by the self-consistent equation

f(r,c)p—r=0. (2.2)

Here, r = R/ («/A) is the PhIF concentration normalised with respect to the PhlF concen-
tration in the absence of feedback or CRISPR-knockdown.

2.1 Repression modelled by Hill-function

In the first model (model a), auto-repression through PhIF proteins is represented by a
Hill function

f(r,e) =1/ [1+4 (r/k(c))"] . (2.3)

Here, cooperativity of two or more PhlF proteins in dimers or multimers is subsumed in

the Hill exponent n and any DAPG-dependent reduction of repression is modelled by an

effective binding constant k(c). Here, we assume that DAPG binding and unbinding to

PhIF proteins is much more rapid than the dynamics of PhlF expression and dilution.
Together, Egs. (2.2, 2.3) lead to a self-consistent equation for r:

r[1+ (r/k(c))"] —p=0. (2.4)

In Appendix Figures S11A and S11B this model is fit to the experimental data of GFP
expression assuming two different values of n = 1,2. The model with n = 2 fits the data
well for 0 and 5 uM DAPG, but not for 50 uM. On the contrary, the model with n = 1 fits
the data well for 50 uM, but not for 0 and 5 uM.



2.2 Repression modelled by dimer formation

Since PhlF is known to dimerise in vitro (Abbas et al., 2002) and thought to bind the opera-
tor site as dimer we hypothesised that the different Hill coefficients observed could come
about because PhlF proteins are predominantly found as monomers at low DAPG con-
centrations, thus rendering dimer concentration proportional to 2, while they are mostly
found as dimers at high DAPG concentration, thus rendering dimer concentration pro-
portional to . We thus formulated a simple model (model b) of dimer-based repression

f(r,c) =1/ [ +d/K(c)], 25)

where d is the concentration of all PhlF dimers, normalised with respect to the maximum
number of PhIF proteins («/A), and K(c) is the DAPG-dependent effective binding con-
stant of dimers, considering that only a sub-fraction of dimers can efficiently bind the
operator. During steady-state conditions the concentration of dimers is determined by

d = kon(r —2d)? — koged = 0, (2.6)

where kon and kg are binding and unbinding constants. Introducing the parameter a =
kogs/ kon, we can solve Eq. (2.6) for d:

d= é (a +4r — a2 —|—8ar) . (2.7)

For low PhIF concentrations (r < a), dimer concentration is approximately given by
d ~ r2/a, which is equivalent to model a with a Hill coefficient of n = 2. For values
r > a, dimer formation is approximately given by d ~ r/2, which corresponds to a
Hill coefficient of n = 1. We thus wondered whether the transition in Hill coefficients
observed for different DAPG concentrations could come about by a concomitant change
of PhIF concentration alone, i.e., if the dimerisation binding constant a remains indepen-
dent of DAPG concentration. We thus fit the model Egs. (2.6, 2.7) to the experimental
data, using a single binding constant a for all DAPG concentrations but different values
of K(c), which reflect different fractions of dimers being capable of binding the operator
site.

Empirically, we found for a value of 2 = 0.15 that the increasing PhlF concentration
upon increasing DAPG concentration can partially explain the transition in Hill coef-
ficient (Appendix the S11C), while lower or higher values of a provide better fits for
the regimes of low or high DAPG concentrations, respectively, but not for both regimes.
However, it appears that the transition is more sudden in the experimental data than in
the fit. The discrepancy between model and experimental data can be alleviated by ren-
dering the dimerisation constant 2 DAPG-dependent, with a higher value of a ~ 2 for
low DAPG concentrations (0 uM and 5 uM) and a low value of a = 0.01 for high DAPG
concentrations (50 uM) (Appendix Fig S11D).

The molecular mechanism underlying the DAPG-dependent binding constant is not
understood yet. One potential scenario (possibly among others) is the following: DAPG
could effectively stabilise the fraction of dimers that are capable to repress the promoter.
A stabilisation of operator-binding dimers through DAPG would be surprising, as DAPG
is thought to inhibit operator binding. However, it is conceivable that "'UB’-dimers, where
one of the two protomers is DAPG-bound (B) while the other is unbound (U), still bind
to the operator, possibly with reduced affinity or increased unbinding rate. These dimers
could be stabilised at high DAPG concentrations due to direct or indirect effects of DAPG
binding on dimer formation. One possible explanations is the following: If dimers of both



protomers DAPG-bound ("BB’-dimers) were energetically unfavourable to form, the pool
of DAPG-bound monomers would be high at high DAPG levels. This pool would then
effectively facilitate dimerisation of "UB’-dimers. We note that this hypothesis remains
highly speculative and other mechanisms might be responsible for the transition in Hill
coefficients observed.
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Appendix Figure S1 — Expression of dCas9 from Py with up to 100 ng/ml of aTc does not
produce growth defects. Here the doubling time is measured on the strain AV03 with a non-

targeting CRISPR array, in LB at 30°C.
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Appendix Figure S2 — GFP is expressed from Py,; promoter and repressed using dCas9. For
a given expression level, the noise is ~3 times lower if expression is tuned by guide RNA
complementarity than if expression is tuned by changing dCas9 induction level. The points
corresponding to maximal repression (spacer without mismatch at the highest induction
level of dCas9) are omitted, as their exact noise could not be quantified accurately using our
setup (high-throughput microscopy). Fluorescence values are population means, as a
percentage of the fluorescence of P1,7-sfGFP in a strain with no repression. S.d.: standard
deviation.
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Appendix Figure S3 — Noise in mCherry concentration as a function of expression level
from a P ,c-inducible promoter.

mCherry is expressed from P, in a AlacY background and its concentration is changed using
different concentrations of IPTG. Fluorescence values are population averages, as a
percentage of the fluorescence of P.c-mCherry in a strain with no repression and 2 mM of
IPTG. This measurement was done by fluorescence microscopy using agarose pads, as
expression from P, is much lower than expression from P1,7.
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Appendix Figure S4 — At least 4 mismatched guide RNAs can be expressed at the same time
while saturating the target.

A: Schematics of the CRISPR arrays used in this experiment. G20 targets the sfGFP ORF with
full complementarity (20bp), G11 targets it with 11bp of complementarity (9 mismatches),
R20 targets the mCherry ORF with full complementarity. The C guides have no target in E.
coli’s chromosome.

B: Flow cytometry measurement of GFP fluorescence when dCas9 is induced with different
amounts of aTc. For a low enough aTc concentration, we leave the saturation regime and
enter the concentration-dependent regime. Adding other spacers (decoys) to the CRISPR
array decreases the concentration of active complex. Therefore, the concentration of aTc
required to reach the saturation regime is higher with 3 decoys than with 1 decoy.

C: With 100 ng/ml of aTc, at least 4 different spacers can be added to the array without
leaving the saturation regime. This is true even with a mismatched crRNA (G11).

D: The last guide RNA of the CRISPR array (R20) with four spacers is still expressed highly
enough to reach saturation of the target and repress mCherry strongly.
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Appendix Figure S5 — Targeting the same sequence inside the ORF or inside the promoter
region shows qualitatively different behavior.

Comparison between two strains with the same target either inside the mCherry ORF (A;
reproduced from Figure 2B) or inside the promoter sequence to gfp (B). In the new strain
(sequence indicated in C), the P17 promoter was modified to include the target sequence
(red) otherwise found inside the mCherry ORF. This way, the R20-R20, C-R20, R11-R11 and C-
R11 CRISPR arrays used previously (panel a) can bind to the promoter region in this strain,
but not to the gfp ORF. As dCas9 now blocks transcription initiation rather than elongation, it
cannot be kicked out by the RNAP. Accordingly, repression is stronger for low levels of
complementarity but dependent on dCas9-complex concentration.
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Appendix Figure S6 — Repression by dCas9 is independent of promoter strength over a
wide range of transcription rates.

A: Raw RFP expression measured by flow cytometry for P57 (also used in Fig 3) and Py, in
the presence of 1 mM of IPTG and repressed using 4 different guide RNAs in saturating
conditions. In these conditions, the native expression from P 4 is about 12 times weaker
than P127.

B: Relative GFP expression normalized with respect to the non-targeting spacer. The relative
expression levels are similar for both promoters. Together with Fig 3, this shows that the
independence on transcription rate applies also at a low expression level.
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Appendix Figure S7 — Predictions from the kick-out model of CRISPR knockdown: The
effect of promoter strength and dCas9 transcription-independent unbinding on gene
repression at low and intermediate dCas9 concentrations in the case of full
complementarity.

A: The relative GFP expression y* is plotted as a function of the kick-out rate r 4, where A is
the ratio of the rate of transcription-induced dCas9 displacements (given by the product of
transcription initiation rate y, and the ejection frequency ) over the rate of dCas9 rebinding
([dCas9]kon), and r = 1-P(stop) is the probability of dCas9 leaving the target upon collision
with the RNAP (see Appendix text for details). The red and blue curves are generated based
on the kick-out model and correspond to zero (red) and finite (blue) rates of transcription-
independent dCas9 unbinding. Here, a is the transcription-independent unbinding rate
normalized by the rebinding rate. The relative expression of the P1,; promoter ye*(P127) (the
lower of the two horizontal lines, see also Figure 3C) is used as a reference to infer the
unknown kick-out rate r 4 (P127) as the intersection point of the two lines (indicated as the
lower blue and red open circles). Predicted values for GFP expression from the Ppp-
promoter are indicated by open circles with error bars corresponding to 95% confidence
intervals. The experimental GFP expression from the Pppje-promoter ye™(Ppnie) (the higher of
the two horizontal lines) is predicted correctly by the model if the transcription-independent
unbinding rate is assumed to be a =0, but notif o =0.3.

B: Predicted and measured relative expression of Pphi-gfp as a function of a. Only the values
of a lower than 0.14 show agreement between prediction and measurement, indicating that
transcription-independent unbinding of dCas9 occurs at a rate much smaller than the rate of
dCas9 rebinding and smaller than the rate of dCas9 being kicked out by the RNAP.
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Appendix Figure S8 — Relative RFP expression for different temperatures with either 20 or
11 bp of complementarity, in the presence or absence of a decoy guide RNA.

RFP expression levels are first normalized with respect to a constitutively expressed GFP
reporter. RFP/GFP ratios are then normalized with respect to the non-targeting CRISPR
array. Doubling of dCas9 concentration does not affect the repression strength at any
temperature even with partial complementarity.
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Appendix Figure S9 — Overview of the allelic exchange procedure to integrate a reporter in
front of a target gene, using CRISPR/Cas9-triggered excision.

HR: Homologous recombination. Ori: Origin of replication. cat: chloramphenicol acetyl-
transferase. This procedure is described in details in Appendix text, section 1.
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Appendix Figure S11 - Different mathematical models for the PhIF auto-repressor. Points
represent relative GFP expression levels as shown in Figure 4. Solid lines represent the
values predicted by the different models. a: The transcriptional response of Ppyr is modeled
as a Hill function with Hill coefficient n = 1 (A) or n = 2 (B) (model a). b: Biophysical model
accounting for PhIF binding to DAPG and its dimerization with either fixed (C) or variable (D)
dimerization binding constant a (model B). See Appendix text for more details.
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Appendix Figure S12 — Upon partial depletion of PBP2 and RodA by CRISPR knockdown,
the cells maintain their altered morphology stably over time. The mCherry-mrdA fusion
gene was repressed using a guide RNA with 18 bp of complementarity (lowering mrdAB to
20% of the native level) then the culture was maintained in exponential phase. At two time
points (after 2h and after 4h) a sample of the culture was fixed and imaged by microscopy.
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Appendix Figure S13. Distribution of cell diameter (A) and cell length (B) for different levels
of mrdAB repression. Horizontal lines indicate, from top to bottom, the 9ot percentile, the
median and the 10" percentile. WT: wild-type.
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Appendix Figure S14. Cell length as a function of the cellular concentration of RFP-PBP2.
Each color represents the population obtained with one CRISPR plasmid. The connected
white dots represent the population averages (mean of 3 biological replicates). The dotted
line represents the mean cell length for wild-type E. coli (mean of 3 replicates).



Table S1: New strains used in this study and the successive plasmid transformations used
to make them from their parental strain. All strains derive from MG1655 E. coli, except
AV08 that derives from TKL130 (Lee et al, 2014).

Name Genotype Construction

AV01 186::P-dcas9 pAV03 - pE-FLP

AV02 186::P-dcas9, pAV03 - pE-FLP - pAVO1 - pE-FLP
HK022::P1,;-sfgfp

AV03 186::P-dcas9, pAV03 - pE-FLP - pAVO1 - pE-FLP - pAV02 - pE-FLP
HK022::P1,;-sfgfp,
A::Py,7-mcherry

AV04 186::P-dcas9, pAV03 - pE-FLP - pAV02 - pE-FLP
A::Py,;-mcherry

AV06 186::P-dcas9, pAV03 - pE-FLP - pAV01l - pE-FLP - pAV04 - pE-FLP
HK022::P1,;-sfgfp,
A::P,,c-mcherry

AV08 mrdA::mcherry-mrdA, pCas - pAVO07 - pLC97 - pE-FLP
A::Pi-dcas9

AV14 186::P-dcas9, pAV03 - pE-FLP - pAV14 - pE-FLP
A::Poni-sfafp-phlF

AV27 186::P-dcas9, pAV03 - pE-FLP - pAV25 - pAV10
mrdA::pamcherry-mrdA
(repressible variant)

AV75 186::P-dcas9, pAV03 - pE-FLP - pAV01l - pE-FLP - pAV04 - pE-FLP
HK022::P1,5-sfgfp, - P1 from JWO0334 (Baba et al, 2006) - pE-FLP
A ::Pi.-mcherry, A lacY

AV76 186::P-dcas9, pAV03 - pE-FLP - pAV81 - pE-FLP

HK022::P4,,(R20 target)-
sfafp




Table S2: Plasmids constructed or used for this study and the corresponding assembly

fragments (either PCR products or digested plasmids). In brackets: Addgene IDs.

Name Description PCR primers or Template Reference
restriction enzyme
pAVvV01 P127-sfafp Vi V2 pDB127 (Bikard et al, 2013)
Integration in V3 V4 pHC942 (Cho et al, 2016)
HK022 site
EcoR1 Pstl  pIT5-KH (45983)  (St-Pierre et al, 2013)
pAV02 P1,7-mcherry Vi V40 pDB127 (Bikard et al, 2013)
integrationin 1 38 V39  pFB262 (Bendezd et al, 2009)
site
EcoR1 Pstl  pIT5-KL (45984) (St-Pierre et al, 2013)
pAV03 Piet-dcas9 LC100 LC283 pDB275 (Depardieu et al, 2016)
integration in 186 c5g4 LC285 pdCas9-bacteria  (Qi et al, 2013)
site
EcoR1 Pstl  pIT5-KO (45985)  (St-Pierre et al, 2013)
pLC97* Piet-dcas9 LC100 LC283 pDB275 (Depardieu et al, 2016)
integrationin 4 | 284 LC285 pdCas9-bacteria (Qi et al, 2013)
site
EcoR1 Pstl  pIT5-KL (45984) (St-Pierre et al, 2013)
pAV04 Piac-mcherry V75 V76 MG1655
integrationin 1 /77 V78  pFB262 (Bendezd et al, 2009)
site
EcoR1 Pstl  pIT5-KL (45984) (St-Pierre et al, 2013)
pAV06 Replaces V67 V68  TKL130 (Lee et al, 2014)
pamcherry-mrdA  y/6q V70  pFB262 (Bendezu et al, 2009)
with mcherry-
mrdA V71 V72 TKL130 (Lee et al, 2014)
V73 Va3 pTargetF (Jiang et al, 2015)
V66 V92 pTargetF (Jiang et al, 2015)
pAV10 Ppnir-Cas9-gRNA pJF1 Gift from Eligo Bioscience
pAV14 Penit-sfgfp-phlF V140 V143  Ppne-sfgfp-phlF (Stanton et al, 2014)
integration in A (synthesis)
site EcoR1 Pstl  pIT5-KL (45984)  (St-Pierre et al, 2013)
pAV25 Integrates V170 V171 pSW23t (Demarre et al, 2005)
pamcherry-mrdA V180 V188 TKL130 (Lee et al, 2014)
in the native locus /195 V189 TKL130 (Lee et al, 2014)
pPAV81 Py(R20 target)- V1 V351 AV02 (This study)
sfgfp integration in V4 V350 AV02 (This study)
HKO022 site. EcoR1 Pstl  pIT5-KH (45983)  (St-Pierre et al, 2013)
pCas Cas9, A-red (Jiang et al, 2015)
pE-FLP Flippase (St-Pierre et al, 2013)
pCRRNA- CRISPR array (Cui & Bikard, 2016)
cos cloning vector

*pLC97 is available on Addgene at https://www.addgene.org/depositor-collections/bikard-crispr-repression/




Table S3. PCR primers used in this study.

Name Sequence (5’ to 3’)

V1 CGCCATAAACTGCCAGGAATTGGGGATCGGCCTATGAACTGTCGACTCGAGG

V2 TTCTTCACCTTTACTCATCTAGATTTCTCCTCTTTAAAGG

V3 GGAGAAATCTAGATGAGTAAAGGTGAAGAACTGTTCACC

\'Z! TTAGGCGCCATGCATCTCGAGGCATGCCTGCATTATTTGTAGAGTTCATCCATGCCGTGC
V38  GGAGAAATCTAGATGGTTTCCAAGGGCGAGGAGGAT

V39 TTAGGCGCCATGCATCTCGAGGCATGCCTGCATTATTTGTACAGCTCATCCATGCC

V40  ATCCTCCTCGCCCTTGGAAACCATCTAGATTTCTCCTCTTTAAAGGAATTCC

V66 GCTGGACGTACCCGTACAGATGACAAAAAAAGCACCGACTC

V67  GAGTCGGTGCTTTTTTTGTCATCTGTACGGGTACGTCCAGC

V69  AGTAGAAAACGCAGCGGATGGTTTCCAAGGGCGAGG

V71 GCATGGATGAGCTGTACAAAACCGGTTCCGGAGGGCATG

V73 GCGGCAACGCATGATATCGGGAATTCTCTAGAGTCGACCTGCAGAAG

V75 CTGCCAGGAATTGGGGATCGGAATTCGCAACGCAATTAATGTGAG

V76 TCCTCGCCCTTGGAAACCATAGCTGTTTCCTGTGTGAAATTG

V77  ATTTCACACAGGAAACAGCTATGGTTTCCAAGGGCGAGG

V78  CATCTCGAGGCATGCCTGCATTATTTGTACAGCTCATCCATGCC

V101 TGGTGGCTGGCACAAGTGCCCTCCAGCTTTTGTTCCCTTTAGTGAGGGTTAATTGC
V102 TGACAACAAGCATTACCGCGGCTGCAGGAATTCGATATCAAGCT

V103 TGATATCGAATTCCTGCAGCCGCGGTAATGCTTGTTGTCAG

V108 AAAGGGAACAAAAGCTGGAGGGCACTTGTGCCAGCCAC

V109 AAGGTAAAAGATCTCTCCGGCTCCAGCTTTTGTTCCCTTTAGT

V110 CCATCCGTGGCGGCTCTTCGGGCTGCAGGAATTCGATATCAAGC

V111l GATATCGAATTCCTGCAGCCCGAAGAGCCGCCACGGAT

V116 AAAGGGAACAAAAGCTGGAGCCGGAGAGATCTTTTACCTTATCGC

V140 CGCCATAAACTGCCAGGAATTGGGGATCGGATCTGATTCGTTACCAATTGACATGATACG
V143 TTAGGCGCCATGCATCTCGAGGCATGCCTGCATAGTTAACGCTGTGTACCCGGACA
V170 CTCCAGCTTTTGTTCCCTTTAG

V171 GGCTGCAGGAATTCGATATCAAG

V180 TCGATAAGCTTGATATCGAATTCCTGCAGCCgccgtgccatcggggte

V185 AACCCTCACTAAAGGGAACAAAAGCTGGAGcagtcacgataacgtttttccg

V188 CAGTTTGGCGGTCTGGGTGCCTTCATACGGACGGCCCTCGCCTTCACCTTCG

V189 GCCGTCCGTATGAAGGCACCCAGACCGCCAAACTGAAGGTGACGAAGGGTGGTC

V350 TCTGGGTGCCTTCATACGGAAGGAGAAATCTAGATGAGTAAAGGTG

V351 TCCTTCCGTATGAAGGCACCCAGACATTATAGGTATCCATGAGGTACCTG

LC100 GCAGGACGCCCGCCATAAACTGCCAGGAATTGGGGATCGGTTAAGACCCACTTTCACATTTAAG
LC283 TCCATTTTTGCCTCCTAACTAGGTCATTTGATATGCCTCC

LC284 CCTAGTTAGGAGGCAAAAATGGATAAGAAATACTCAATAGGC

LC285 AGTTTAGGTTAGGCGCCATGCATCTCGAGGCATGCCTGCAATGCCTGGAGATCCTTACTC




Table S4. Oligonucleotides pairs ligated in vectors to construct the CRISPR arrays.

Name Primer1

Primer 2

First position in pCRRNA-cos

G20

G14

G1l1

G10

c

R20

R11

aaacCCTTCACCTTCACCACGAACAGAGAATT
TGgttttagagctatg

aaacCCTTCACCTTGTGGTGGAACAGAGAATT
TGgttttagagctatg

aaacCCTTCACCTTGTGGTGCTTCAGAGAATT
TGgttttagagctatg

aaacCCTTCACCTTGTGGTGCTTGAGAGAATT
TGgttttagagctatg

aaacATCGCACATCCTGGTCGCGACATTAAGA
GTgttttagagctatg

aaacAGTTTGGCGGTCTGGGTGCCTTCATACG
GAgttttagagctatg

aaacAGTTTGGCGGAGACCCACGCTTCATACG
GAgttttagagctatg

aacagcatagctctaaaacCAAATTCTCTGTT
CGTGGTGAAGGTGAAGG

aacagcatagctctaaaacCAAATTCTCTGTT
CCACCACAAGGTGAAGG

aacagcatagctctaaaacCAAATTCTCTGAA
GCACCACAAGGTGAAGG

aacagcatagctctaaaacCAAATTCTCTCAA
GCACCACAAGGTGAAGG

aacagcatagctctaaaacACTCTTAATGTCG
CGACCAGGATGTGCGAT

aacagcatagctctaaaacTCCGTATGAAGGC
ACCCAGACCGCCAAACT

aacagcatagctctaaaacTCCGTATGAAGCG
TGGGTCTCCGCCAAACT

Second position in pCRRNA-cos

R20

R18

R11

c

ctgttttgaatggtcccaaaacAGTTTGGCGG
TCTGGGTGCCTTCATACGGAg

ctgttttgaatggtcccaaaacAGTTTGGCGG
AGTGGGTGCCTTCATACGGAg

ctgttttgaatggtcccaaaacAGTTTGGCGG
AGACCCACGCTTCATACGGAg

ctgttttgaatggtcccaaaacATCGCACATC
CTGGTCGCGACATTAAGAGTg

aaaacTCCGTATGAAGGCACCCAGACCGCCAA
ACTgttttgggaccattcaa

aaaacTCCGTATGAAGGCACCCACTCCGCCAA
ACTgttttgggaccattcaa

aaaacTCCGTATGAAGCGTGGGTCTCCGCCAA
ACTgttttgggaccattcaa

aaaacACTCTTAATGTCGCGACCAGGATGTGC
GATgttttgggaccattcaa

Arrays of 3 guide RNAs in pCRRNA-cos

G20*

c

R20

aaacCCTTCACCTTCACCACGAACAGAGAATT
TGgttttagagctatg

ctgttttgaatggtcccaaaacATCGCACATC
CTGGTCGCGACATTAAGAGTgttttaga

gctatgctgttttgaatggtcccaaaacAGTT
TGGCGGTCTGGGTGCCTTCATACGGAg

aacagcatagctctaaaacCAAATTCTCTGTT
CGTGGTGAAGGTGAAGG

atagctctaaaacACTCTTAATGTCGCGACCA
GGATGTGCGATgttttgggaccattcaa

aaaacTCCGTATGAAGGCACCCAGACCGCCAA
ACTgttttgggaccattcaaaacagc

Arrays of 4 guide RNAs in pCRRNA-cos

G20*
C(a)
C(b)

R20

aaacCCTTCACCTTCACCACGAACAGAGAATT
TGgttttagagctatg

ctgttttgaatggtcccaaaacATCGCACATC
CTGGTCGCGACATTAAGAGTgttttagagcta

tgctgttttgaatggtcccaaaacATCGCACA
TCCTGGTCGCGACATTAAGAGTgttttaga

gctatgctgttttgaatggtcccaaaacAGTT
TGGCGGTCTGGGTGCCTTCATACGGAg

aacagcatagctctaaaacCAAATTCTCTGTT
CGTGGTGAAGGTGAAGG

cagcatagctctaaaacACTCTTAATGTCGCG
ACCAGGATGTGCGATgttttgggaccattcaa

atagctctaaaacACTCTTAATGTCGCGACCA
GGATGTGCGATgttttgggaccattcaaaa

aaaacTCCGTATGAAGGCACCCAGACCGCCAA
ACTgttttgggaccattcaaaacagc

Single-guide RNA for pAV10

cat

agcaTATTCTCAATAAACCCTTTA

aaacTAAAGGGTTTATTGAGAATA

*May be replaced with G11 to make pCRRNA-G11-C-C-R20.
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Chapter 4

The ppppredictor

4.1 Introduction

CRISPR knock-down is a promising tool for fine-tuning the level of one gene of inter-
est, as well as for library works. Unfortunately, it is difficult to know in advance the
Passage Probability of Polymerase (PPP, see chapter 3) of a given CRISPR guide. For
the quantitative control of gene expression, this remains a major obstacle, as it requires
quantification of the target protein, plus a series of trial and error to obtain a satisfy-
ing collection of CRISPR guides, as we did in chapter 3. Using fusions to fluorescent
reporters is an useful workaround, but it is time-consuming and can create large dif-
ferences in the baseline expression level of the cassette, even for chromosomal fusions
in the native locus (see chapter 5). If one could predict the PPP from the sequence,
it would propel CRISPR knock-down beyond being a simple alternative to inducible
promoters, and open the way for new approaches in systems biology, especially on the
high-throughput side.

For example, it would remove one layer of uncertainty in CRISPR screens: in works
like Rousset et al. [87], what is measured is the fitness of a cell with one gene repressed to
some undefined low level. By making sure all the guides have roughly the same repres-
sion strength, one could have a direct, quantitative measurement of gene essentiality.
It would also be possible to perform a competition screen between several expression
levels of multiple genes of interest, granting direct access to the relationship between
concentration and fitness, similar to what Keren et al. [55] obtained in yeast.

There are some obstacles to the prediction of PPP from the guide’s sequence. It
cannot be infered easily from the number of mismatches, as the effect of one mismatch
can be very different depending on the target (figure 4.1).

PPP also seems to depend on the specific dynamics of the RNAP-dCas9 collision,
which is influenced by the structural properties of each complex. As evidence for this,
the exact same CRISPR guide sequence can lead to very different PPPs depending on
the type of scaffold (crRNA or sgRNA, figure 4.1). In some way, this also means that
PPP could be tuned by changing not only the targeting sequence, but also by changing
the scaffold or adding some prefixes or suffixes to the guide. This also means that one
should be careful when using CRISPR knock-down with a modified version of dCas9,
such as a fluorescent protein fusion, as the PPP might not be exactly the same as what
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Figure 4.1: Comparison of the same set of guide RNAs, targeting either GFP or
mCherry, in the form of crRNA or sgRNA. crRNA are embedded in a CRISPR
array in the pcrRNA vector. sgRINA are expressed from the pAV20 vector. 5 bp
of complementarity is not enough to produce repression.

we measure on normal dCas9.

To date, no large-scale dataset of sequences and associated PPPs in vivo has been
reported. There are datasets of binding kinetics in vitro [92, 100], which can help finding
the parameters that determine dCas9’s affinity to its target, and those paramaters may
be important for PPP as well, but the outcome of dCas9/RNAP collisions cannot be
determined from the kinetic parameters alone. Also, a lot of data exists about cleavage
by Cas9, but the cutting probability is very different from the binding affinity, due to
the peculiar kinetics of Cas9 cleavage [95, 96].

4.2 Cloning a large number of guide-target pairs

To determine the PPP of CRISPR guides with mismatches between the guide and the
target, we must be able to control both sequences simultaneously. Using on-chip oligo
synthesis, we synthesize a library of oligos constisting in an assembly prefix, a single-
guide RINA sequence, a restriction cloning site, a target sequence with a NGG PAM, and
an assembly suffix. This is inserted in a plasmid, which carries a promoter for the sgRINA
in 5" upstream of the library insertion site, and a mCherry coding sequence in 3’ down-
stream. After the first cloning step, a round of sequencing will be done to check the
integrity of the library, and in particular identify which targets have a defect in the asso-
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ciated CRISPR guides. Thanks to an unique molecular identifier (UMI) in the sequence,
individual clones that have an assembly problem can be discarded during the analysis,
and the other clones carrying the same sequence can still be exploited. Subsequently,
a fragment containing the GFP coding sequence is inserted between the guide and the
target, using the restriction site present in the middle of the library’s oligos (figure 4.2).
This allows to decouple the guide expression cassette from the target, as they would
otherwise be very close from each other and likely to interact.

scaffold sgRNA GFP target mCherr:

Figure 4.2: Schematic of the expression cassette used to measure PPPs in
high-throughput. The guide sequence is cloned next to the scaffold, then a
cassette with a constitutive promoter and GFP is inserted between the guide and
the target. Image courtesy of Alicia Calvo-Villamanan.

This collection of plasmids is then transformed in a strain able to express dCas9.
All the strains and plasmids supporting this library were designed and constructed by
Alicia Calvo-Villamanan.

4.3 Principle of the measurement

Using this strain library, there are two ways to measure the PPP for each pair of guide
and target:

By mRNA sequencing

The most direct measurement of PPP is by extracting the mRNA of the pooled cells,
performing reverse-transcription of the mRNA that contains the CRISPR target, then
sequencing the cDNA. The number of times each target appears in the sequencing run
reflects the number of times the RNAP could displace the dCas9 complex for this partic-
ular guide/target pair. This is compared to the number of reads obtained with a control
target that does not have a PAM.

By fluorescence-activated cell sorting (FACS)

The intensity of mCherry reflects the amount of transcripts which extend beyond the
target site. The cells are sorted into bins of fluorescence intensity, then we sequence the
target sites of all cells present in each bin. As each sequence will be found in different
proportions in each bin, it will be possible to fit a lognormal distribution and obtain the
average mCherry intensity of each sequence. The intensity of GFP can also be used, as it
reflects the total amount of transcripts that get initiated. The GFP/mCherry ratio would
then be proportional to the PPP. An advantage of using FACS is that we can estimate
the noise on gene expression following the repression.

As, in both case, the PPP is determined by sequencing only the target, and not the
full guide/target pair, it is essential that the sequence of the guide can be identified using
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only the target sequence. This can be done by using a limited number of guides, and
putting mismatches in the target, rather than in the guide. Therefore, as long as two
guides never share the same seed sequence (which is never mismatched in this library), it
is possible to know both the sequence of the guide, and the number, nature and position
of the mismatches just from the sequence of the target. Thus, there is no need for any
barcode.

4.4 General structure of the library

The library consists in 256 different guides of diverse DNA sequence, designed to cap-
ture as much information as possible based on the proposed mechanism of dCas9 bind-
ing to DNA. For each of these guides, the library will contain a pool of 130 target se-
quences with different degrees of complementarity with the guide. The length of the
complementary region ranges from 20 bp (perfect match) to 8 bp. Below that, we expect
that the repression will be very weak. As the number of reads is higher for higher PPP,
the weak guide-target pairs will be over-represented in the sequencing results. How-
ever such targets are unlikely to produce a large repression, making them less useful for
biotechnological applications. Moreover, the more mismatches there are, the higher
dCas9’s concentration must be to reach saturating conditions. With only 8 matching
bases, we might be out of the saturation regime and the results will be harder to inter-
pret. Thus, there is no point in having sequences with less than 8 matching nucleotides
in the library. To increase the diversity of the guides that are present in the library, we
include an additional 256 guides, that will only have perfectly-matched targets, and no
mismatched targets, due to constraints on the library’s size.

To account for the potential effects of the guide on cell growth (due to off-targets,
bad seed effect or any other unexpected reason), there will also be one “non-target” with
amutated PAM. In the absence of PAM, dCas9 will not bind and there will be no repres-
sion, but the guide will still exert its off-target effects. In any case, it is important to
make sure none of the guides has a predictable repressive effect on an essential gene, as
this would lead to their depletion from the library regardless of their effect on passage
probability. Finally, as restriction enzymes are used for cloning the library, the number
of restriction sites for corresponding enzymes in the guides or target sequences should
be reduced as much as possible. In this particular library, the context around the tar-
get is kept constant. Another unrelated library currently in construction in the lab will
address this issue.

4.5 Designing the guide RNA pool

For readability, the examples will involve 6 bp mini-gRINA instead of the “real” 20 bp
ones.

Maximizing the sequence diversity

Most likely, the bases that make up a gRNA sequence are interacting with each other,
and do not affect the PPP in an independent, additive way. For instance, if we know the
passage probabilities associated with these 3 guides: AAAAAG; AAAAAT; AAAACG we
will not have enough information to predict the PPP of AAAACT, because the effect of
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changing the last G to a T might not always be the same depending on the context (here,
A or C in penultimate position).

We make here the assumption that bases that are far away from each other are less
likely to interact significantly, and that only the local context should matter for predict-
ing the effect of a given sequence in a given position. For example, if we know the PPP
from the following guides: AAAAAG; AAAAAT; CAAAAG, we assume that we have all the
required information to compute the PPP of CAAAAT.

In other words, bases separated by more than 4 bases should have independent ef-
fects on the passage probability. If we know the separate effect of each 4-gram at each
possible position, it should be possible to predict the PPP of virtually any guide. Once
the data generated we will attempt to extract the effect of each 4-gram in each position
using statistical and machine learning methods.

To this end, we want to design a diverse library that will contain every possible
4-gram (there are 4* = 256) at each position along the guide (there are 17 possible posi-
tions for a given 4-gram within a 20 bp guide). Ideally, each 4-gram/position should be
present multiple times within different contexts, so we can better distinguish its specific
effect (figure 4.3).

Due to constraints from on-chip oligo synthesis, the library should be as small as
possible. To generate such a library, we first generate a long sequence that contains all
the possible 4-grams once (and only once). Let’s call this sequence the “universe”. The
universe will be, at the minimum, 256 bp long.

Generating the universe sequence is not trivial. One can think of it as a directed
graph with 64 vertices (corresponding to all 3-letter words), each connected with 4 other
vertices (the 2 last bases of the word + the 4 possible candidates for the next base). Each
4-letter word thus corresponds to one line connecting 2 vertices. The goal is to find a
path that goes through each line only once (figure 4.4). As the graph is fully connected
and each vertex has an even number of inputs and outputs, such a minimal path has to
exist. The nodes AAA, CCC, TTT and GGG are connected to themselves, so that n-grams
such as AAAA are also part of the universe.

A naive approach is to start with an arbitrary word (e.g AAAA), then pick the next
base so that the newly formed word is never already in the sequence. At some point,
there will be no unvisited exit out of a node. In that case, the algorithm picks a line that
is not visited yet, and extends from there until coming back to the starting node. This
produces another cycle. The two cycles can be fused by swapping two connectors they
have in common.

Here is an example of “universe” sequence, generated with the algorithm above, that
contains every possible 4-gram only once:
AAAATGATCACAGCCAATTCGCCGGTCGGAGTTTATTACAAACACGCAAGCTCGAAA
GTCAGTGACTGAATCTCTGGATGTGTAGTATCGTCCAGACGGCGGGGACATCCCCGT
TAATAAGATTTTCATAGCATTGTCTTTGGCCTGTTGAGGAAGGGCAGGCTTCTAGGT
ACCATGGTGCGTGGGTTCCGATACTTGCACTAACCGCGCTATATGCTGCCCTACGAC
CCACCTCCTTAGAGCGAGAACTCAACGTAAA

Then, a 20 bp window is slid along this sequence to get a set of 256 20 nucleotides-
long words. For the last 20 positions, the universe is extended by taking again the first
nucleotides, as if it were a cycle. These 20 nucleotides sequences will be the CRISPR
guides that we use in the library. They indeed contain every possible 4-gram, in every
possible position along the guide.

From an information theory perspective, if we use only this set of 256 guides, we
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['ACTGgcttcattaggggccct',
'ACTGtcacaattgacctgaac',
'ACTGaactattgtgacaatac',
'ACTGaagatcgagggtattaa',
'gCTGTtgaaggtttacccatg',
'aCTGTcacaattgacctgaac',
'gCTGTcaccgctaggtatcag',
'tCTGTttatggcgaaaaccat',
'cgTGTGagcctcgecgcacget',
'caTGTGgggcgaaatcaagga',
'atTGTGacaatacgatgagat"',
'ttTGTGgattggggagttacg',
'taaGTGGaaaatcaagatctc',
'catGTGGggcgaaatcaagga',
'aacGTGGttaattcggagett',
'tttGTGGattggggagttacg',
'gaacTGGCttcattaggggec',
'atgcTGGCtcgtaactcateg',
'acccTGGCattttageccggtg’,
'tttaTGGCgaaaaccattccg',
'gtagaGGCAatagcatcgttc',
'accgcGGCAaccccgaggteg’,
'accctGGCAttttagecggtg’,
'taacgGGCAtagcgtgatgta’,
'tatcctGCAGaactggcttea',
'agcccaGCAGggttcgactac',
'agaaaaGCAGactgaactatt’,
'gtcgttGCAGgccacgccgta',
'acacaacCAGCgaccttaacg',
'ggtagccCAGCagggttcgac’,
'tctcgtcCAGCgaagtctacc’,
'ttcacccCAGCacatgacgat”',
'gaggcaatAGCAtcgttctat’,
'ggtagcccAGCAgggttcegac’,
'tgtagaaaAGCAgactgaact',
'ttcaccccAGCAcatgacgat',
'ttgtatcctGCAGaactggcet',
'ggtagcccaGCAGggttcgac’,
'tgtagaaaaGCAGactgaact"',
'agtgtcgttGCAGgccacgec',
'caaacacaacCAGCgacctta’,
'gttggtagccCAGCagggttc’,
‘cactctcgtcCAGCgaagtet”’,
'cttttcacccCAGCacatgac',
'gtagaggcaatAGCAtcgttc',
'gttggtagcccAGCAgggtte’,
'acatgtagaaaAGCAgactga',
'cttttcaccccAGCAcatgac',
'tgtgagcctcgcGCACgetgt ',
'aacattcagtacGCACtgtca’,
'gggccaagggtcGCACtcteg’,
'cttttcaccccaGCACatgac’,
'attccccgggtgcCACCgtac’,
'gtaactcatcggaCACCgcgg’,
'tagccggtgctgtCACCgcta’,
'ccgtagagcttttCACCecag’,
'aaacacaaccagcgACCTtaa',
'cactgtcacaattgACCTgaa',
'aggtatcaggctcaACCTcct',
'acagtaatcttcggACCTccc’,
'tcgatgatattgtatCCTGea',
'cactgtcacaattgaCCTGaa',
'tccagcgaagtctacCCTGge ',
'actcatcaaataaagCCTGgt',
'gtgagcctcgcgcacgCTGTL!,
'aaacattcagtacgcaCTGTc',
'ggcattttagccggtgCTGTc',
'aaagcctggtccaagtCTGTL" ]

THE PPPPREDICTOR

Figure 4.3: The library contains every 4-gram, in every position, four
times. Example for the CRISPR guide ACTGTGGCAGCAGCACCTGT. This guide
itself is not in the library, however the 64 guides above are present in the library,
and each of them shares 4 nucleotides with it (in upper case for emphasis). We
speculate that knowing the PPP of these 64 guides will allow to make a decent
prediction of the PPP of ACTGTGGCAGCAGCACCTGT, using a deep neural net-

work.
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Figure 4.4: Simplified version of the graph used to generate the “universe”.
Here, only two nucleotides are used, so the full graph is small, but the real graph
with 4 nucleotides has 64 vertices.

are seriously undersampling: Even under the assumption that there are no interactions
between bases separated by more than 4 nucleotide, it is likely that a given 4-gram will
have a different effect depending on its position within the guide. Thus, to get the PPP
of any perfectly matched guide, there are 256 * 17 = 4352 degrees of freedom to be
measured. In our experiment, each guide gives only one PPP value (in the best case). To
have a number of observable matching the number of degrees of freedom, we would
need to repeat the process of generating the universe 17 times to get 4352 independent
guides. This would make the library too large, so we generated 1024 different guides
only (using 4 different universe sequences). This might be sufficient as the effects of
each 4-gram in each position are not completely independent: for instance, having the
same motif shifted by 1 nucleotide may still produce a similar effect, and very similar
4-grams should also have correlated effects. To account for these potentially complex
interactions, we plan to use a deep neural network for the analysis.

Avoid gRNAs with a known toxic effect on the cells

None of the guides in the library should bind to an essential gene with more than 10 bp
of complementarity on the PAM-proximal side. Using data from Francois Rousset’s
CRISPR screen [87], we make the list of all potential targets in the essential genes of E.
coli. Then, we only keep the last 10 bp on the 3’ side, to make a list of sequences that
we never want to find inside a guide from the library. The “universe” sequences are
then modified, using a simple cutting and re-assembling algorithm, to eliminate these
sequences when they appear.

4.6 Designing the target pool

Using four different “universe” sequences, we obtained 1024 diverse guides with no off-
targets in essential genes. For half (512) of these guides, we will design a set of 130
mismatched targets with various complementarities.

According to structural studies, the R-loop extends from the PAM-proximal side to
the PAM-distal side [74, 75, 76]. Depending on the number and position of mismatches,
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the R-loop may not be fully extended at equilibrium, and will rather be extended only
up to a certain position along the guide. Thus, a naive model would say that the PPP is
determined by the affinity of the part of the guide that is effectively annealed to the DNA
at the moment of the collision. This affinity can be determined by multiple things, in-
cluding the GC-content, the nature of mismatches and the presence of position-specific
motifs that could fit more or less well with dCas9’s molecular structure.

Among the many ways we could introduce mismatches between the target and the
guide, only a few are relevant for biotechnological applications. If the mismatches are
spread out along the sequence, the R-loop may be able to overcome them and we expect
the PPP of such guides to be quite unpredictable. When mismatches are clustered, on
the contrary, it is very unlikely that the R-loop will extend through them. Rather, the
R-loop should, in most cases, extend until it reaches the mismatch cluster. If we assume
this, it follows that the sequence that comes after a mismatch cluster will never really be
interrogated, and therefore should not have a tremendously important effect. For most
applications, it is thus preferable to work with guides that comprise a matching region
(of variable length, depending on the desired PPP), followed by a mismatch cluster that
extends until the end of the guide.

In our library, we vary the 3’ complementarity from 8 to 20 bases. It is still possible
that the few bases directly following the first mismatch have an effect on PPP, especially
if they are matching the target, so we will also investigate their effect. Thus, with N the
number of matching bases:

» Base N+1 is mismatched, to each of the 3 other nucleotides (3 combinations)
+ Base N+2 is either opposite or matched (2 combinations)

+ Base N+3 is either opposite or matched (2 combinations)

+ Bases N+4 to 20 are all opposite mismatches (1 combination)

By « opposite » mismatches, we mean that Gs are swapped with Cs, and Ts are
swapped with As. By using different ways to select the mismatches, we hope to have
more degrees of freedom for guide design rather than just the number of mismatches.

4.7 Planned analysis

Unfortunately, our first attempt at synthesizing this library did not succeed, as the qual-
ity of on-chip synthesis was quite poor and the vast majority of the sequences contained
errors, rpreventing any exploitation. Another attempt using a more compact design will
be done in the future.

In the meantime, the analysis can already be planned. Rather than making assump-
tions about the additivity, or multiplicativity, of the effects of different motifs, we plan
to use a deep neural network such as what was already used in Cui et al. [79]. In addition,
a convolutional neural network could be used to identify motifs that influence the PPP
regardless of their position within the guide. Using the raw data and the predictions
from the model, we can gain mechanistic information about the mechanism of R-loop
extension and the outcome of collisions:

« Which features (e.g., GC content) of a motif determine the R-loop transition rates?
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+ Does the sequence that follow the first mismatch matter for the PPP? Does it de-
pend on the nature of the mismatch?

+ Does the transition rate change depending of the position of a motif along the
guide?

Is the degree of R-loop extension at equilibrium a good predictor of PPP?
+ Can cleavage efficiency be predicted better using the R-loop transition rates?

On a longer term, it is in principle possible to use this library in vitro, for example
in a cell extract, similar to what is used in Marshall et al. [93]. This would allow to
eliminate all effects of the CRISPR guides on cell growth, and get a cleaner and more
direct measurement of the passage probabilities.
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Chapter 5

Class A PBPs maintain cell wall
homeostasis at an intermediate scale in
diderm bacteria

5.1 Introduction

The cylindrical shape of E. coli is determined by the peptidoglycan cell wall, a rigid
molecule that surrounds the bacterium [53, 145]. This two-dimensional polymer is
made of parallel glycan strands organized circumferentially around the cell [36], and
peptide cross-links that connect adjactent glycan strands together. Cell wall polymeri-
sation involves two kinds of enzymatic reactions: transglycosylase (TGase) to extend the
glycan strands, and transpeptidase (TPase) to create crosslinks between them. These ac-
tivities are present in two different sets of machineries: the Rod complex and class A
PBPs (aPBPs). The Rod complex comprises a variety of proteins (including the essen-
tial PBP2 and RodA) that accompany the cytoskeletton MreB in its rotation around the
cell [146, 147]. On the other hand, class A PBPs (including the redundantly essential
PBP1A and PBP1B) are not known to follow cytoskeletton motion [147]. PBP1A and
PBP1B are bifunctional: each of them carry both the TPase and TGase activities. Im-
portantly, PBP1A and 1B need to be activated through the peptidoglycan layer by two
outer-membrane lipoprotein cofactors called LpoA and LpoB [53, 148]. Until recently,
only aPBPs were known to possess transglycosylase activity and thus were thought to be
the main actors of cell wall insertion [149], though it is now known that SEDS proteins
(RodA, FtsW) can also perform this activity [150].

While there is evidence for physical interaction and cooperativity between the Rod
complex and aPBPs [151, 152, 153], each complex remains partially active upon inhibi-
tion of the other one. First, in the absence of aPBP activity, the cytoskeletton protein
MreB does not stop its circumferential motion [147], which itself depends on pepti-
doglycan polymerisation [49]. Second, when Rod complex activity is abolished by the
MreB-depolymerizing drug A22, PBP1B remains partially active [147]. Peptidoglycan
insertion is then reduced by two thirds.

Combined with the fact that both groups are necessary for cell growth, this suggests
that, in spite of catalysing the same chemical reactions, these two categories of pepti-

77



CHAPTER 5 CLASS A PBPS MAINTAIN CELL WALL HOMEOSTASIS

doglycan polymerases serve different purposes in vivo. Recent work in the monoderm
(gram-positive) B. subtillis showed that the Rod complex and aPBPs have opposing ac-
tions on cell diameter [133], but it is not known whether this holds true for E. coli.

On the basis of their subcellular localization and interactions, PBP1A is presumed
to be involved primarily in cell wall elongation [154] and PBP1B in cell division [152],
although each of them is able to complement for the other when it is deleted. The
two paralogs also exhibit different pH sensitivities, suggesting that the presence of two
enzymes allows the bacteria to grow over a wider range of pH [? ]. Yet, the precise
function of PBP1A and PBP1B is currently unknown.

The absence of PBP1B causes a few changes in cellular phenotype: First, strains
lacking PBP1B have been shown to have greater mechanical plasticity [155]. They are
also more sensitive to certain chemicals including D-methionine [156], mecillinam [157]
and A22 [158]. Second, the total peptidoglycan insertion rate is lower in the absence of
PBP1B [159].

To better understand these properties, we systematically change the levels of PBP1A
and PBPI1B to well-defined amounts using CRISPR/dCas9 with mismatched guide
RNAs. This repression strategy preserves the original noise on gene expression [82],
thus facilitating precise gene repression. In addition, it allows observation of cells with
a reduced level of the gene(s) of interest during steady-state growth. Compared to
depletion experiments, where the concentration of enzymes continuously decreases
until cell lysis, steady-state measurements eliminate the effect of transient memory of
cell shape, and leave time for enzyme levels to have repercussions on the peptidoglycan.
This is particularly relevant in our case, as it is known that aPBP’s inactivation only
affects cell wall synthesis after a 20 min delay [153].

We examine the phenotype of cells at various concentrations of PBP1AB and show
that variations in the level of Rod complex enzymes and aPBPs lead to very different
reactions from the cells. Strikingly, the concentration of enzymes from the Rod complex
has direct repercussions on cell shape, while the concentration of aPBPs can be changed
over a hundred-fold range with virtually no effect on cell shape or growth rate. Below
this range, the cells abruptly lyse in an “all-or-nothing” behavior.

[t is tempting to think that the mechanical and chemical defects observed in APBP1B
are the consequence of a thinner or sparser cell wall, but this has never been verified.
Here, we nuance this hypothesis by creating cells with low levels of PBP1AB, that insert
peptidoglycan at the normal rate but still exhibit altered mechanical properties. Further-
more, by submitting cells to the depletion of cytoplasmic precursors of the cell wall, we
show that PBP1B is important not only to protect cells from subsequent stress, but also
to recover from the damage after the stress.

By measuring the motion of single molecules, we show that aPBPs are increasingly
immobile with increasing need for cell wall insertion or with increasing LpoAB levels,
providing direct quantification of the interplay between the cell wall, aPBPs and their
outer-membrane activators LpoA and B.

This suggests that PBP1AB are required to maintain the integrity and structural or-
ganization of the peptidoglycan on a local scale.
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5.2 Results

Class A PBPs have an “all-or-nothing” behaviour

We constructed a strain with tunable levels of PBP1A and 1B by fusing them to mCherry
and GFP respectively, and then controlling their expression level using partial CRISPR
knock-down [82] (figure 5.1A). The fusions were expressed from the native promoter, in
the native locus, while making sure all the isoforms of PBP1B would still be expressed.
By doing so, we expected the concentrations to closely match wild-type (WT) levels.
In fact, both fusions were overexpressed compared to the wild-type: quantitative mass
spectrometry measurements showed that the levels of the mCherry-PBP1A and GFP-
PBP1B fusions were respectively 1300% and 360% of wild-type enzyme levels (table 5.1).
While not anticipated, this overexpression was ultimately beneficial since it allowed us
to explore aPBP levels ranging from strong repression to strong overexpression in a
single strain using only mismatched CRISPR guides as a genetic remote control.

To control the concentration of both GFP-PBP1B and mCherry-PBP1A indepen-
dently, we used the 5x4 GFP/mCherry crRNA matrix described previously [82]. In addi-
tion, we also constructed single-guide RNA (sgRNA) repressors for sSfGFP and mCherry
to extend the range of possible concentrations (see supplementary information).

By combining mass spectrometry, single-cell fluorescence measurements and SDS-
page, we determined the absolute levels of PBP1B when repressed by those different
CRISPR guides. Previous estimates of the number of PBP1A and PBP1B molecule per
wild-type cell vary between 100-1000 copies [160, 161, 162, 148]. Accordingly, we find
the absolute copy number of PBP1B in the wild-type to be 166126 (table 5.1). To ensure
that the repression is effective, bocillin-labeled SDS-page was used to verify that no
cryptic, truncated or non-fluorescent form of PBP1AB could be produced to escape the
repression (figure 5.5A).

Table 5.1: Levels of PBP1AB in different strains, measured by mass spec-
trometry with Data Independent Acquisition (DIA). @: Guide with no tar-
get. N.D.: not determined. PRM: Parallel Reaction Monitoring.

*measured by fluorescence microscopy rather than DIA.

Strain LC69 AV44 AV44 AV51 AV58
Pair of CRISPR guides (bp) () 0} 14-20 14-0 (%]

PBP1A level (%) 100 1337615 2042 Deleted Deleted
PBP1B level (%) 100 367132 2742 33+3 1167£17*
Absolute PBP1B (western blot)  N.D. 688+115 40+5.0 67+14 N.D.
Absolute PBP1B (PRM) 166£28 547+52 56+17 567 N.D.
Doubling time in M63 (min) 77+£3 7242 77+4 79+2 75+1

Interestingly, the remaining level of GFP-PBP1B after repression is higher than what
we would expect from the passage probability of the CRISPR guides we used, as mea-
sured by repressing a constitutive GFP reporter (figure 5.6, left). This provides evidence
for genetic feedback raising the expression of PBP1B in response to the repression (see
also Vigouroux et al. [82]). We did not detect such a feedback for mCherry-PBP1A (fig-

79



CHAPTER 5 CLASS A PBPS MAINTAIN CELL WALL HOMEOSTASIS

ure 5.6, right).

B 125- C 125 -
@ = 100- = 100-
: 8 £
oo} £
CrRNA @ 75- ® @-p @ 75-8 &
on pCRRNA-cos g §
2 50- 2 50- i i
3 3
=3 3
o = 4
0- 0-
Chromosome of E. coli SGRNA ! ! ' ! ' ' !
on pAV20 PBP1Blevel <10% 33% 136% 367% 1167% 14-20 wT
sgRNA compl. 20bp 14bp 10bp 5bp 5bp 20+2% 1A 100% 1A
Strain —— AV51 (APBP1A) ——  AV58 27+2% 1B 100% 1B
D E F 4 min
20- 2.0- o 5“”‘1 =5 [ =S [ =S | S [
= WT level = WT level
1S 4 IS -
2 15- J 1o g 2 15- l el el e
< <
g o2 » 8 °
2 10-  DOPO—DOP 100- €990 2 10-
z 1.0 33%08 2 z 1.0 04-
o o o o
€ 5. ©PBPIA(nAPBPIB) \ oo S 5. ©PBP2RodA g 03~
g 777 oPBPIB (inAPBP1A) Rt R R 3 - © MreBCD Q 02-
= 10 100 1000 = © 0.1-
O'O-ul ||||||u| ||||uu| o 0'0-|"“| L] """l 0.0-; i ' ' '
10 100 1000 10 30 100 0 2 4 6 8
Enzyme concentration (%) Enzyme concentration (%) Time after induction (h)

Figure 5.1: Class A PBPs have an “all-or-nothing” behavior.

A: Sketch of the strain AV44 with tunable levels of PBP1A and PBP1B. B: Dou-
bling times in M63 at 30°C, as a function of PBP1B level in APBP1A. Skull logo:
not viable. C: Doubling times of WT and the “14-20” strain, and their morphol-
ogy in phase-contrast microscopy. D: Effect of aPBPs’ concentration on cell di-
ameter. E: Effect of enzymes from the Rod complex on cell diameter. F: Growth
curve of a strain with PBP1AB repressed to a lethal level, and time-lapse of cell
morphology during lysis.

Individual points indicate biological replicates.

As expected from the synthetic lethality of PBP1AB, strains with a strong repression
(or deletion) of both PBP1A and PBP1B could not survive. In particular, in a strain lack-
ing PBP1A, a reduction of PBP1B’s concentration to about 10% of WT (obtained with a
single-guide RNA with 20 bp complementarity), resulted in cell death. However, all the
other levels of PBP1B expression, ranging from ~30% to ~1200% of W'T, were viable in
the APBP1A background. For the dual repression of PBP1A and PBP1B, the lowest level
we could reach without killing the cells was 27+2% of PBP1B and 20+2% of PBP1A. This
was done using sgRINAs with respectively 14 bp and 20 bp of complementarity, thus we
nicknamed this strain “14-20".

By examining the phenotype of these surviving strains, we aimed to see the potential
repercussions of a perturbed PBP1B level. Surprisingly, the growth rate was completely
unaffected: regardless of the level of PBP1B in APBP1A, the cells either grew at the same
rate as the wild-type, or died, with no in-between (figure 5.1B). The “14-20” double-
repression strain did not have any growth defect either (figure 5.1C).

To measure the impact of PBP1AB levels on cell morphology, we varied the level of
each PBP1 from 30 to 1200% in strains lacking the other PBP1. As in B. subtillis, we
found that repression of either PBP1A or B is associated with a reduction in diameter,
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while overexpression makes the cells wider (figure 5.1D). While reproducible, this effect
is extremely small in magnitude: a 60-fold change in PBP1A or PBP1B concentration
leads at most to a 75 nm increase in diameter. For comparison, a mere 10-fold change
in PBP2/RodA or MreBCD level using the same method changes the diameter by about
800 nm (figure 5.1E). Our observations are also in stark contrast to B. subtilis, where
a similar change of the level of the major aPBP PBP1 leads to a 600 nm increase in
diameter [133]. As a further control, we used an alternative setup based on the inducible
Pgap promoter to check the lack of major shape phenotype at low PBP1AB induction
(figure 5.5B and C).

We also examined the terminal phenotype of the strains whose level of PBP1AB is
too low for survival. We used timelapse microscopy to monitor single cells at the time of
the collapse after induction of our strongest CRISPR plasmid (20 bp of complementarity
for each target, leading to a repression below 10% of WT). Contrary to the death by
lack of PBP2-RodA, when PBP1AB were repressed the cells abruptly lysed without any
further change in cell dimensions compared to the minimum viable expression (figures
5.1F and 5.7). We often observed small bulges on the sides of the cells just before lysis,
as previously observed using other methods [53, 163]. These observations suggest that
enzymes from the Rod complex are responsible for global rod-like shape, while aPBP
are involved in maintenance of peptidoglycan integrity on a smaller scale.

At a critically low level, cells insert as much peptidoglycan as wild-type cells but
have different mechanical properties

We then focused on the 14-20 repressed strain, and sought to know if it differed from
wild-type cells in any way that is not visible from growth rate and morphology alone.

One possibility is that the density (or thickness) of the peptidoglycan layer is reduced,
as it was previously reported for a APBP1B mutant [159]. We therefore measured pep-
tidoglycan insertion rate by recording the incorporation of the radio-labeled cell wall
precursor meso-diaminopimelic acid (mDAP) as a function of time [164]. As expected,
in APBP1B, peptidoglycan insertion was reduced by about 2-fold, even with a high level
of PBP1A (figure 5.2A). This was also the case when using a sgRNA with 20 bp of com-
plementarity, repressing PBP1B to less than 10%. Intriguingly, the strain 14-20, with
both PBP1A and PBP1B repressed below 30%, inserted mDAP at the same rate as the
non-repressed strain with 1300% PBP1A and 370% PBP1B (figure 5.2A). This means
that PBP1AB’s concentrations can be varied over a large range without changing the
rate of peptidoglycan insertion. It also means that a strain with 20% of PBP1A and 30%
of PBP1B inserts more peptidoglycan than a strain with 1300% PBP1A but no PBP1B,
further confirming that PBP1A and PBP1B are not equivalent. As a positive control, we
also reproduced the finding that 5 mg/ml of D-methionine causes a moderate decrease
in peptidoglycan insertion [156].

Furthermore, we measured the chemical composition of the peptidoglycan in these
strains by digesting it with mutanolysin and analysing the fragments by HPLC-UV. No
large difference was observed in any of the peaks, meaning that the rate of cross-linking
is not affected by the repression (figure 5.8B). This indicates that the essential activity
of PBP1AB does not take place at the molecular level. Together, these data confirm that
PG insertion by the aPBPs is rigorously buffered against variation in their levels, and
this buffering holds over a wide range of concentrations.

Previously, it has been reported that cells lacking PBP1B have a more elastic cell wall
[155]. As a small amount of PBP1B is enough to completely restore cell wall insertion
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Figure 5.2: Strong repression of PBP1AB does not change peptidoglycan in-
sertion rate, but changes the mechanical properties of the cell. A: Amount
of incorporated >H-mDAP per optical density as a function of time (in gener-
ations) since SH-mDAP addition. The solid line and shaded area represent an
exponential fit + standard error on the calculated steady-state value. B: Exten-
sion of the cell’s long axis (left) and short axis (right) after a 1 osm/L downshock.
A value of one corresponds to no extension. C: Left: Example of growth curves
to test osmotic shock resistance. Right: Percentage of cells that are lost during
the medium replacement, with or without downshock.
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rate, we sought to know whether it also restores normal mechanical properties. One
method to measure the elasticity of cell surface is to submit the cells to an osmotic
downshock. The sudden intake of water causes the cell to expand, and the difference
in cell size before and after the shock allows to estimate the rigidity of the cell wall
[165]. To make the expansion more visible, we deleted the mechano-sensitive channels
mscS and mscL that normally open after a shock to equilibrate the osmotic pressure. A
downshock going from M63 supplemented with 1 osm/L of NaCl, to normal M63 was
performed in a “tunnel slide” setup [165]. As the fluorescence from the GFP-PBP1B
and mCherry-PBP1A fusions is sufficient to distinguish the non-repressed strain from
the repressed one, we pooled both strains in the same tunnel slide and used single-cell
fluorescence to identify the two genotypes during analysis. This way, we ensure that the
temporal dynamics and magnitude of the osmotic shock were exactly the same for both
strain, greatly improving the sensitivity of the measurement. When PBP1A and PBP1B
are strongly repressed (strain 14-20), both the axial and circumferential elasticity of the
cell are larger than in the non-repressed case, indicating structural differences in the cell
wall (figure 5.2B). For both the repressed and non-repressed strains, the expansion along
the long axis of the cells was much larger than along the short axis. This is presumably
due to the greater elasticity of peptide crosslinks compared to the glycan strands [166].

To rapidly quantify the survival of our strains after an osmotic shock, we developed
a simple assay based on optical density in a plate reader: the cells are grown in a high-
osmolarity (1 osm/L NaCl) medium up to an optical density of 0.1, then the medium is
washed away and replaced either with the same salted medium (no osmotic shock) or
with normal medium (1 osm/L downshock). We then continue to monitor growth and
estimate the fraction of cells that stopped growing by fitting an exponential curve before
and after the shock (figure 5.2C). When both mechanosensitive channels are present, we
do not detect any difference between the two resuspension media, meaning that most
cells survived the osmotic downshock (black dots versus white dots in Fig. 5.2C), even
at a low level of PBP1AB. In the AmscLS strain, however, the osmotic shock caused the
death of a large fraction of the cells, especially for the repressed strain, where about two
thirds of the cells died due to the shock. In contrast, at high PBP1AB levels, only 20% of
the cells died from the shock.

Surprisingly, the 14-20 repressed strain showed some significant mortality even in
the absence of any osmotic shock, when the cells were simply pelleted and resuspended
in an identical medium (white dots in figure 5.2C). While this washout process had no
effect on the strain with high PBP1AB, about 25% of the cells were lost in the repressed
case. This suggests that cells with low PBP1AB are more vulnerable to the centrifugation
or resuspension step, or have lower adherence. Interestingly, this happened regardless
of the presence of the mechano-sensitive channels MscLS.

It is counter-intuitive that cells with normal peptidoglycan insertion rate can have
altered mechanical properties. This indicates that, at low PBP1B levels, peptidoglycan
polymerization is quantitatively normal, but qualitatively different, in the sense that the
structural organization of the peptidoglycan is altered.

PBP1B maintains cell wall integrity and repairs it after stress

The maintenance of cell wall integrity englobes two different tasks: First, PBP1AB could
have a preventive effect, making the cell wall more resistant and less likely to break dur-
ing stress. Second, PBP1AB could have a repair function and help restore peptidoglycan
integrity after a damaging event.
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Figure 5.3: Depletion of peptidoglycan precursors by D-cycloserine.

A: Increase of cell length during a timelapse of D-cycloserine treatment, rela-
tive to the length on the first frame. Solid lines are living cells, dashed lines are
lysed cells. Colors are arbitrary. B: Growth curves of recovery after 25 min of D-
cycloserine treatment then washout. C: Growth curves of recovery after 30 min
of mDAP depletion in an auxotrophe. D: Growth curves following mDAP deple-
tion in an auxotrophe.

To distinguish between these two roles, we make use of a strain with inducible
PBP1B, in combination with D-cycloserine treatment. This antibiotic is an analogue of
D-alanine that blocks the synthesis of cell wall precursors in the cytoplasm [167]. Upon
treatment with high dose (1 mM) of D-cycloserine, the cells continue to extend during
about 15 minutes, before what they brutally lyse (figure 5.3A). Small bulges sometimes
appear on the sides of the lysing cells, similarly to cells dying from the lack of PBP1AB.

To measure the ability of PBP1B to repair the damage due to D-cycloserine treat-
ment, cells are grown without PBP1B, then treated with D-cycloserine for 25 min and
washed out to allow for recovery. Five minutes before the wash-out, PBP1B is either in-
duced or not. The cells with induced PBP1B recover much better than the cells without
it, showing that PBP1B can repair the peptidoglycan after stress (figure 5.3B). The dif-
ference in recovery appears almost immediately after induction, so the newly-induced
PBP1B did not have time to contribute significantly to cell wall elongation. Thus, the
better recovery is probably not due to synthesis of new peptidoglycan, but to repair of
the existing cell wall.
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We performed a similar experiment using an mDAP auxotrophe. As this strain can-
not synthesize mDAP, the culture collapses after about 30 min when it is transfered to
a medium without mDAP. If mDAP is supplied again, the culture is able to recover. In
figure 5.3C, all the cultures initially lack PBP1B. If PBP1B is induced during the course
of mDAP depletion, the recovery is much faster, and the sooner the induction occurs,
the better. This suggests that peptidoglycan insertion by PBP1B allowed to use the resid-
ual stock of mDAP in a more efficient way, preventing lysis and making the cells more
likely to recover. Additionally, we grow the same auxotrophe with or without inducing
PBP1B, then transfer them in a medium without mDAP. We find that strains that had
initially a high concentration of PBP1B take more time to lyse than strains that were
not induced. This demonstrates that the changes in the peptidoglycan due to the lack
of PBP1B made the cells more sensitive to mDAP depletion, in other words PBP1B is
important for the quality of the cell wall even in normal conditions, before the cells are
subjected to any stress (figure 5.3D).

PBP1B and LpoB sense the need for cell wall insertion

Single-molecule tracking of fluorescent protein fusions have shown that PBP1AB can
be divided in two populations: one « bound » fraction with a negligible diffusion coef-
ficient, and one « mobile » fraction that is diffusing in two dimensions along the inner
membrane [147]. Presumably, the mobile molecules are searching for regions that need
polymerization. It is not known whether the interaction with LpoAB alone is able to
stop PBP1AB diffusion, or if immobilization is only due to processive peptidoglycan
insertion.

To localize individual GFP-PBP1B molecules, we first bleached a large fraction of
the molecules in epifluorescence mode. Then, we tracked single GFP-PBP1B molecules
in TIRF mode for reduced background fluorescence (figure 5.4B and C). The bound
fraction of molecules was then calculated by fitting the observed distribution of single-
particle effective diffusion coefficients (Methods).

A lower concentration of PBP1B (=30% of WT) results in an increased fraction of
bound molecules (up to 30% from 10% around wild-type levels, figure 5.4D) while over-
expression of PBP1B (to 22370% of WT) decreases the bound fraction (down to 3%). The
relative changes in bound fraction seem to mirror the changes in total PBP1B amount,
compatible with a constant absolute number of immobile PBP1B molecules per cell.

We measured the bound fraction of PBP1B in a strain with PBP1A either deleted,
or overexpressed to 1300%. We kept PBP1B repressed to about 30% in both case. At
high PBP1A, the bound fraction is dramatically lower than in APBP1A (figure 5.4E). As
PBP1A and PBP1B are not known to communicate directly, it could be that PBP1B’s
binding is adjusted to the state of the cell wall, possibly mediated by the interaction
with LpoAB through the cell wall. In the absence of PBP1A there would be a higher
need for cell wall insertion causing more PBP1B immobilization. Another possibility
is that PBP1B’s binding reflects its activity, which itself reflects the availability of pep-
tidoglycan precursors, so that the deletion of PBP1A redirects the flux of precursors to
PBP1B and increases its activity.

In support for the first hypothesis, deleting LpoB makes the bound fraction vanish.
On the contrary, overexpressing LpoB from a plasmid causes PBP1B’s bound fraction to
increase, indicating that the contact with LpoB may be the driving force behind PBP1B’s
immobilization (figure 5.4F).

We then wondered if the immobilization of PBP1B is due to processive peptidogly-
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Figure 5.4: PBP1B’s bound fraction adapts to the need for PG synthesis.
A, B: Sample tracks of GFP-PBP1B within the cells, and distribution of apparent
diffusion coefficients. C, D, E: Calculated bound fraction of PBP1B at different
levels of PBP1B, PBP1A or LpoB. F: Propidium iodide allows to exclude dead
cells from the analysis. G: Bound fraction and H: diffusion coefficient of PBP1B
during D-cycloserine treatment. The vertical black ticks are the time when we
took samples for microscopy. Circle size reflects the number of tracks per point,
ranging from 200 to 1500.
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can insertion, or if it simply reflects the demand for cell wall insertion, perhaps through
stable interaction with LpoB. We performed single-molecule tracking at three steps of
D-cycloserine treatment: before adding the drug, during the treatment and after wash-
ing out the antibiotic, all in the absence of PBP1A. As we expected some cells to die
because of D-cycloserine, we stained the cells with the vital dye propidium iodide to
distinguish living cells from lysed ones (figure 5.3F).

During treatment, the bound fraction of PBP1B goes up to 35-40% compared to 20%
for untreated cells (figure 5.3C). This confirms the hypothesis that PBP1B diffusion is
governed by the state of the cell wall and not by PBP1’s activity or precursor availabil-
ity, as it is impossible for it to perform cell wall synthesis in the absence of precursors.
However, it does not exclude that PBP1B can have some repair activity using just the
material already present in the cell wall. At the same time, the diffusion coefficient goes
down, from 0.050 to 0.025 pum?/s (figure 5.3D). After washing the D-cycloserine away,
the production of lipid Il starts again, allowing the cells to recover. During recovery, the
bound fraction remains as high as during treatment, however the diffusion coeflicient
increases again to pre-treatment values.

These observations support the following model: upon precursor depletion, the hy-
drolases continue to cleave the peptidoglycan for cell wall elongation, uncovering LpoB
molecules from the outer membrane. When PBP1B encounters LpoB, it immobilizes.
If the D-cycloserine treatment is prolonged, the cells eventually lyse. If it is washed out,
newly synthesized precursors can be incorporated and the cell continues to grow, so
PBP1B’s bound fraction remains high. Such a model would explain why the amount of
PBP1B is important for recovery: when cell wall precursors become available again, the
demand for cell wall insertion is high and a higher PBP1B concentration allows the cell
to catch up quicker.

5.3 Discussion

Using a systematic CRISPR knock-down strategy, we investigated the importance of
aPBP’s concentration in E. coli. Overall, class A PBPs have an “all-or-nothing” behaviour.
We estimated the minimum amount of PBP1A and PBP1B for survival to be around
20%. Below this level, the cultures lysed a few hours after induction. All the other levels
grew at the same speed as the wild-type. For the surviving strains, we did not find any
large variation of cell dimensions. Upon careful examination, the level of PBP1AB is
positively correlated with cell diameter, something that was also observed in B. subtilis
[133], but the magnitude of the effect was much smaller.

Focusing on a strain called “14-20" that expresses critically low amounts of PBP1A
(20%) and PBP1B (30%), we find that it inserts as much peptidoglycan as the wild-type
but has different mechanical properties. It is more elastic and less resistant to osmotic
shocks than wild-type. This indicates that the repression of class A PBPs affects the cell
not by reducing peptidoglycan polymerization, but by doing so in a structurally differ-
ent way. By examining how cells react to the depletion of peptidoglycan precursors, we
showed that PBP1B was at the same time capable of making the cell more resistant to
future damage, but also to repair the damage once it is done.

In our experiments and others, the deletion of PBP1B resulted in stronger pheno-
types than the deletion of PBP1A (in insertion rate, elasticity, antibiotic sensitivity). This
could mean that PBP1B is intrinsically more important than PBP1A, but may also de-
pend on the experimental conditions, such as pH [? ]. Perhaps, in certain ranges of pH,
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the absence of PBP1A has a larger effect on cell stiffness.

We measured the 2D-diffusion of PBP1B at the single-molecule level, and found that
the immobile fraction of PBP1B increases or decreases depending of the total concen-
tration, so that the number of bound molecules is roughly constant. The lack of PBP1A
also causes an increase in PBP1B bound fraction, showing that PBP1B’s mobility adapts
to the need for cell wall insertion. During precursors depletion by D-cycloserine, the
bound fraction of PBP1B becomes higher, confirming that it is the state of the cell wall,
and not the polymerization activity, that determines immobilization. This change in dif-
fusion dynamics is likely mediated by LpoB, as the deletion of LpoB greatly decreases
the immobile fraction of PBP1B.

There are large discrepancies between our single-molecule tracking measurements
on PBP1B, and similar measurements from Lee et al. [168]. First, they found that the
deletion of PBP1A did not change the diffusion coefficient of single PBP1B molecules,
while we find that it causes quite a large increase in bound fraction. Second, they find
that removing LpoB did not change PBP1B’s diffusion coefficient either. This is sur-
prising, as they observed a large increase in PBP1A’s diffusion coefficient when LpoA is
deleted. In our measurements, a deletion of LpoB makes PBP1B’s bound fraction dis-
appear, so the average diffusion coefficient would be higher. A likely explanation for
this discrepancy is that Lee et al. fused the PAmCherry fluorescent protein to PBP1B
in its native chromosomal locus, very similarly to the native GFP-PBP1B fusion we use
in this study. It is possible that the fusion largely increased the level of PBP1B in their
strain, exactly like it did in ours. At a very large level of PBP1B, most molecules are
diffusive and it becomes very difficult to see differences in bound fraction, something
that we saw ourselves when working with overexpressed GFP-PBP1B. If this explana-
tion is true, then both PBP1A and PBP1B’s diffusion are affected by LpoA and LpoB
respectively, a result that seems more plausible biologically.

At a critically low level of PBP1AB (in the 14-20 strain), there is no difference with
the wild-type in terms of peptidoglycan insertion rate, density of cross-linking, and cell
morphology. However, the mechanical properties of the cells are modified. This indi-
cates that class A PBPs maintain the local integrity of the peptidoglycan at an intermedi-
ate spatial scale, larger than the molecular scale but smaller than the general rod-shape.
The defect in elasticity could come from a difference in length or orientation of glycan
strands, or in homogeneity of the cross-linking rate across the cell surface.

When the polymerases from the Rod complex are lacking, the orientation of glycan
strands is disorganised [169], something that was also observed in B. subtilis [133]. As
PBP1AB are not known to co-localize with the rotating cytoskeletton MreB, it seems
that PBP1AB insert glycan strands in a random orientation, contrary to the Rod complex
which extends glycan strands circumferentially. One can speculate that the aPBPs make
homogeneous, but disorganized cell wall, while the Rod complex makes well-aligned
cell wall, but does not know where to insert it to have an homogeneous density. Po-
tentially, these two systems could act in a synergistic way, each of them extending or
reinforcing strands initiated by the other. This model is compatible with the terminal
phenotypes we observe: When there is no class A PBPs, some points in the cell wall be-
come too fragile and bulges appear around the cell (as in figure 5.1F). When there is no
Rod complex, the cell wall is resistant and there are no bulges, but there is no large-scale
organization, as the class A PBPs are not able to sense the general geometry of the cell.

While aPBPs may not be involved in rod-shape determination, they may still play a
role in the sensing of mechanical strain and be important for the straightening of cells
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after bending [51]. These hypotheses will be interesting to explore in the future.

5.4 Experimental procedures

Strains and media

All the strains and plasmids used in this study are described in the supplementary text.
Cloning and strain preparation were done in Luria-Bertani (LB) medium. Unless men-
tionned otherwise, every measurement was done in M63 minimal medium with 0.2%
glucose, 0.1% casaminoacids and 0.5% thiamine. To induce the Py,q promoter, we used
0.5% lactose instead of glucose as a carbon source. For single-molecule tracking, the
concentration of casaminoacids was reduced to 0.01% to minimize background fluores-
cence.

As needed, media were supplemented with kanamycine (50 pg/ml), carbenicilline
(100 pg/ml), chloramphenicol (25 pg/ml) or spectinomycine (50 ptg/ml), all from Sigma-
Aldrich. CRISPR repression is induced with 100 ng/ml of anhydro-tetracycline (Acros
Organics). For overexpression of PBP1A, PBP1B or LpoB from Py,,4, 10 mg/ml of arabi-
nose were added to the medium. The concentration of propidium iodide used to reveal
dead cells was 0.4 ©M.

Biological replicates result from independent cultures grown from separate colonies.

Genetic constructions

All strains used in this study derive from the MG1655 E. coli wild-type strain. Table 2
gives the genotypes of all strains used here, with the series of plasmids that were used
to modify them. Gene deletions were carried out starting from the Keio collection
[129]. P1 phage lysate was prepared from the Keio strain, then used to infect the re-
cipient strain and the cells were plated on kanamycine to select for transducers. After
each phage P1 transduction, as well as all “clonetegrations” [170], the kanamycine re-
sistance marker was removed by transforming pE-FLP. Integration of mCherry-PBP1A
and GFP-PBP1B in the native locus was done using the allelic exchange procedure de-
scribed in [82].

The plasmids constructed for this study were assembled by Gibson assembly, from
the fragments indicated in table 3. The fragments were obtained either by PCR, or by
enzymatic digestion, as described in table 4. Oligonucleotide sequences can be found
in table 5.

The CRISPR plasmids are either from the pcrRNA collection described in [82],
or were assembled using the pAV20 double-sgRNA vector [133] and oligo pairs men-
tionned in table 6. In the later case, complementarity oligos (forward and reverse) were
phosphorylated with T4 PNK in the presence of T4 ligase buffer (New England Biolabs),
then annealed together. A mix containing the pAV20 vector, the two pairs of annealed
oligos, the Bsal restriction enzyme (New England Biolabs), T4 ligase (New England
Biolabs) and ATP was subjected to thermal cycles for digestion, annealing and ligation.
The assembly product was subsequently electroporated in DH5x and the resulting
plasmids were sequenced. The control guides, producing no repression, still contain
the same 5 bp seed sequence as the sftGFP- and mCherry-targeting guides. This is to
account for potential mild “bad seed effect” [79].
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mDAP incorporation measurement

Overnight cultures of AlysA strains were grown with induction of the CRISPR system.
They were then diluted to ODgpp = 0.1 in M63 Glucose 0.2% with 50 pg/ml of lysine.
When OD reached 0.4, H-labelled mDAP was added for a final activity of 5 pCi/ml.
For each point, 200 pl of culture were transferred to tubes containing 800 p of boiling
5%SDS. After at least one hour of boiling, the samples were transferred to 0.22 pm
GSWP filters. After applying vacuum, the filters were washed twice with 50 ml of hot
water. The filters were then moved to 5 ml scintillation vials, treated overnight with
400 pl of 10 mg/ml lysozyme, and dissolved in 5 ml FilterCount cocktail (PerkinElmer)
before counting.

The amount of 3H-mDAP per cell was calculated by dividing the total counts by the
optical density of the culture, with the assumption that changes in cell shape are negligi-
ble (see Fig. 5.1). The number of generations since >H-mDAP addition was obtained by
fitting an exponential to ODggg as a function of time, giving the doubling time 7. The
number of generations is defined as G = T'/7. To calculate the incorporation rate A
and steady-state value I,ax, we fit the data with formula I = I, (1 — e™¢) with
non-linear least squares (Supplementary Table 1).

Chromatography of peptidoglycan content

The chromatography of mutanolysin-digested peptidoglycan was done on a Shimatzu
HPLC system with a hypersil Gold eQ 250x4.6 mm column with 3 pm particle size.
The mobile phase was a gradient from water with 0.05% TFA to 50% acetonitrile with
0.05%TFA over 135 min. The flow was set to 0.5 ml/min.

Morphological measurements

Cells were grown to steady-state exponential phase (ODggp ~0.1) and fixed with
4% formaldehyde in phosphate-buffered saline (PBS) during 30 minutes. Fixed cells
were transferred to PBS microscopy pads with 1.5% UltraPure Agarose (Invitrogen)
and imaged using an inverted microscope (TI-E, Nikon Inc.) equipped with a 100x
phase-contrast objective (CFI PlanApo LambdaDM100x 1.4NA, Nikon Inc.), a solid-
state light source (Spectra X, Lumencor Inc.), a multiband dichroic (69002bs, Chroma
Technology Corp.). GFP and mCherry fluorescence were measured using excitation
filters (560/32 and 485/25 resp.) and emission (632/60 and 535/50 resp.) filters. Images
were acquired using a sSCMOS camera (Orca Flash 4.0, Hamamatsu) with an effective
pixel size of 65 nm. The Morphometrics package [171] was used to find cell contours
from phase-contrast images. The analysis accounted for background intensity, uneven
illumination, and cell auto-fluorescence. Intracellular concentration was obtained by
integrating the corrected fluorescence intensity inside cell contours. Total regression
was used to find the major axis of the cell. Cell width was defined as the average distance
between the cell contour and this axis, excluding the poles. Cell length was calculated
as the maximal distance between contour points projected on the cell axis.

Growth measurements

Overnight cultures were diluted 1/500 and grown in a tabletop shaker (Eppendorf) for
90 min to obtain exponential growth. The cultures were then transferred to a flat-
bottomed 96-microwell plate (Greiner) and optical density at 600 nm was recorded
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along growth using a microplate reader (Tecan). To calculate the doubling time, we
fit an exponential function to the data points corresponding to the exponential phase.
The exponential phase was checked by using Durbin-Watson statistics on the residuals
of exponential fit. Optical density at the peak was determined by calculating the first
zero of the derivative of ODggg after mean-filtering with a bandwidth of 10 min.

Single-particle tracking of PBP1B

Single particle tracking of sftGFP-PBP1B was performed on a custom-designed fluores-
cence microscope, in a custom-built temperature controlled chamber at 29°C. Prior to
imaging the cells were transferred to a pre-heated 1% agarose pad (Invitrogen) then left
to dry in the dark for 3 minutes. After covering with a 0.1 mm cover slip, the slide was
mounted on the microscope and incubated 5 min to equilibrate sample temperature and
minimize drift. The microscope was equipped with a 100x TIRF objective (Apo TIRF,
100x, NA 1.49, Nikon), three laser lines: 405 nm (Obis, Coherent), 488 nm (Sapphire,
Coherent), 561 nm (Sapphire, Coherent), a dichroic beamsplitter (Di03-R488/561-t3-
25x36, Semrock) and a laser-line filter (NF561-18, Thorlabs). Shuttering of the 488 nm
laser was controlled with an acusto optic tunable filter (AA Optoelectronics) or with
shutters (Uniblitz, 1S3 and TS6B, Vincent Associates). Images were acquired with an
EMCCD camera (iXon Ultra, Andor). All components were controlled and synchro-
nized using MicroManager [172]. For high-frequency imaging of sSftGFP-PBP1B, images
were acquired with exposure time and intervals of 60 ms for a duration of 1 min. To
distinguish single molecules, this requires a photo bleaching phase prior to image ac-
quisition. The sample was exposed to 488 nm laser in epifluorescence mode in order
not to bias our analysis towards diffusive molecules as exposure to light in TIR mode
would dominantly bleach bound PBP1B in the field of view. After photo bleaching, we
immediately switched to TIR mode for image acquisition. Bleaching time is adjusted ac-
cording to the level of PBP1B and varies between 100 ms and 5 s. The analysis pipeline
is described in details in the supplementary text.

Quantification of PBP1AB levels
Bocillin-labeling of the PBPs

The bocillin-binding assay used to check the absence of non-fluorescent PBP1AB is sim-
ilar to whatis used in [147, 173]. We prepared exponentially-growing cells at ODgo~0.4.
We washed 1.8 ml of each culture in PBS, resuspended them in 200 pl PBS and kept cul-
tures on ice. We disrupted cells by sonication (FB120, Fisher Scientific) and centrifuged
them for 15 min at 4°C (21,000 g). We subsequently resuspended the pellet correspond-
ing to the membrane fraction in 50 pl PBS containing 15 uM fluorescently labelled
Bocillin-FL (Invitrogen). Membranes were incubated at 37°C for 30 min and washed
once in 1 ml PBS. We centrifuged the membranes for 15 min (21,000 g) and resuspended
them in 50 pl PBS. We measured the protein concentration of each sample with a col-
orimetric assay based on the Bradford method (#5000006, Bio-Rad) and loaded equal
amounts of protein mixed with 4X Laemmli buffer onto a 10% polyacrylamide gel. We
visualized the labelled proteins with a Typhoon 9000 fluorescence imager (GE Health-
care): excitation at 488 nm and emission at 530 nm. We quantified the relative amounts
of PBP2 in each sample by quantifying the grey values of each lane in ImageJ [174].
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Content analysis of the peptidoglycan

Extraction of peptidoglycan from exponentially-growing cells was done according to
the protocol described in [175]. Mutanolysin digestion was done following the same
reference’s protocol.
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Figure 5.5: A: The mCherry-PBP1A fusion (respectively GFP-PBP1B) is the only
present form of PBP1A (respectively PBP1B) in the strain AV44 used in this study.
The fluorescent bocillin binds specifically to Penicillin Binding Proteins (PBP).
The change in band intensity after repression by CRISPR does not reflect the
change in fluorescence measured by microscopy for the same conditions, pre-
sumably because bocillin only labels active molecules. “C” refers to a control
CRISPR spacer (no target). B and C: Diameter of single cells at different levels
of an inducible GFP-PBP1B fusion (B) or mCherry-PBP1A fusion (C). Different
colors indicate different concentrations of arabinose.

5.6 Supplementary information

Single-particle tracking of PBP1B

We first segmented images using the brightfield channel and standard image processing
functions. PBP1B spots in fluorescence images were identified as the local maxima of
the bandpass filtered images with intensity 3.5 times higher than background (bpass and
pkfnd functions from https://site.physics.georgetown.edu/matlab/code.
html). Sub-pixel resolution was achieved by finding the center of a two-dimensional
Gaussian fitted to the intensity profile of each spot. Spots in subsequent frames were
then connected into raw trajectories if their distance was below 600 nm [176]. If track-
ing of a particle lead to a situation where a particle can be connected to more than one
possible peak in the next frame we discontinued the tracking for this trajectory.

The effective diffusion constant, D.g, was calculated for the first 4 steps of each track
from a linear fit of single-track MSD’s according to (2%(t)) = 4 Dginglet. The empirical
distribution of D.g values was then compared with the distribution computed from
simulated tracks in order to extract the unknown parameters of a 2-state model (diffu-
sion constants D1, D2 and localization uncertainty o) based on finding the minimum
residual sum of squares (RSS). The population size, p, is extracted by fitting the peak
value at Dog = 0 um? to the 2-state model.

For simulating tracks, molecules were generated as either immobile with D1 set
to 0 um?/s or diffusive with diffusion constant D2. To account for the localization
uncertainties for each population, we subsequently added to all x- and y-coordinates
a random displacement drawn from a normal distribution with a mean of 0 nm and
standard deviation of o, repeated 4 times to simulate 4 frames.
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Figure 5.6: Genetic feedback regulates PBP1B but not PBP1A. Left: The
same CRISPR guides are used to repress either a constitutively-expressed GFP,
or the GFP-PBP1B fusion from the native chromosomal locus. The increase of
relative residual expression for GFP-PBP1B indicates feedback on gene expres-
sion. Right: Same measurement comparing constitutively-expressed mCherry
and the mCherry-PBP1A fusion, this time showing no evidence of feedback.
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Figure 5.7: Dimensions of individual cells in the instant before death.
PBP1A and PBP1B are both repressed by single-guide RNAs with perfect com-
plementarity. The film starts 4h45 after the induction of the CRISPR system.
Cell length and cell diameter are normalized with respect to the dimensions of
the cell in the first frame of the film. Solid lines are living cells, dashed lines are
lysed cells (phase-bright and blurry). Colors are arbitrary.

94



CHAPTER 5 CLASS A PBPS MAINTAIN CELL WALL HOMEOSTASIS

S

3 5

I

c

8 M M A

[eV]

©

[0}

o

g

X} &

S S

8 o

< ®
JLJL,J &
0 50 100

Retention time (min)

Figure 5.8: HPLC analysis of the peptidoglycan after digestion by mu-
tanolysin, in a wild-type strain (WT) and in a repressed strain (14-20).

We performed a 2-step exploration of the parameter space to find values of D2 and
o. First, we simultaneously varied D2 between 0.0 and 0.1 um?/s with an interval of
0.005 um?/s and o between 0 and 50 nm with an interval of 5 nm. For each parame-
ter set, the RSS between empirical and simulated distributions were calculated, using a
bin width of 0.005 pm?/s. Using the parameters which gave the lower RSS, we finally
determined the bound and mobile fractions.

Table 5.2: Fit parameters for the mDAP incorporation experiment. The
incorporated >H-mDAP per cell [ is fit with formula I = I;ax (1 —e™*%), where
A is the rate of mDAP incorporation, and I,y is the steady-state mDAP content.
Standard errors for the two parameters are also indicated.

Strain PBP1B (%) PBP1A (%) D-methionine A\ Tmax

AV44 non-repressed 370 1300 No 2.23+0.86 43.51+9.03
AV44 14-20 30 20 No 1.84+0.59 46.74£8.73
AV4420-5 <10 1300 No 2.66+0.68 30.72+3.84
AV50 non-repressed  Deleted 1300 No 2.15+1 25.2145.61
AV44 non-repressed 370 1300 3 mg/ml 2.87+1.41 27.29+4.51
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Figure 5.9: Raw distributions of apparent diffusion coefficients for GFP-
PBP1B single-molecule tracking.

The bound fractions shown in Fig. 5.4 were extracted from the distributions
showed here. Each line represents one independent replicate. A: Variable PBP1B
levels in APBP1A. B: Variable PBP1A levels in a strain with PBP1B repressed to
30% of WT level. C: Variable LpoB levels in a strain with PBP1A and PBP1B both
repressed close to the WT level.
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Table 5.3: Strains used in this study.

CLASS A PBPS MAINTAIN CELL WALL HOMEOSTASIS

Strain  Genotype Construction

LC69 186::Pe75-dCas9 MG1655—pLC143

AVO03 186::PTer-dcas9, HK02211P127, ?\::P127 from [82]

AV04 186::Prec-dcas9, A::P1o7-mcherry from [82]

AV44 186::P1e¢75-dCas9, mrcB::msfgfp-mrcB, mrcA::mcherry-mrcA LC69—pAV42—pAV43

AV47 186::Prec75-dcas9, HK022::P127-sfgfp, A::P127-mcherry AV03—P1 (pLC143)

AV50 186::Pre¢75-dCas9, mrcA::mcherry-mrcA, AmrcB AV44—Keio (AmrcB)

AV51 186::Pre¢75-dCas9, mrcB::msfgfp-mrcB, AmrcA AV44—Keio (AmrcA)

AV58 186::P1e¢75-dCas9, mrcB::msfgfp-mrcB, AmrcA, AV51—pAV71
HKO022::Pbad-sfgfp-mrcB

AV63 186::Pre¢75-dCas9, mrcA::mcherry-mrcA, AmrcB, AV50—pAV77
HKO022::Pbad-mCherry-mrcA

AV80 186::P1e75-dCas9, mrcB::msfgfp-mrcB, mrcA::mcherry-mrcA,  AV44—Keio (AmtgA)
ApbpC, AmtgA, AmscS, AmscL

AV84 186::P1e75-dCas9, mrcB::msfgfp-mrcB, mrcA:mcherry-mrcA,  AV80—Keio (AlysA)
ApbpC, AmtgA, AlysA

AV8S8 186::Pret75-dCas9, mreB::sfGFP-mreB from [133]

AV93 186::P1e75-dCas9, mrcB::msfgfp-mrcB, mrcA:mcherry-mrcA,  AV80—Keio (AmscS)
ApbpC, AmtgA, AmscS, AmscL

AV100  186::Pre75-dCas9, AmrcA, AmrcB, HK022::Pbad-sfgfp-mrcB AV58—Keio (AmrcB)

AV101  186::Pr75-dCas9, AmrcA, AmrcB, AV63—Keio (AmrcA)
HKO022::Pbad-mCherry-mrcA

AV105  186::Pre75-dCas9, AmrcB, mrcA::mcherry-mrcA, ApbpC, AV93—Keio (AmrcB)
AmtgA, AlysA

AV109  186::P1e75-dCas9, mrcB::msfgfp-mrcB, mrcA::mcherry-mrcA,  AV44—Keio (AlpoA)
AlpoA

AV110  186::P175-dCas9, mrcB::msfgfp-mrcB, mrcA::mcherry-mrcA,  AV44—Keio (AlpoB)

AlpoB
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Table 5.4: Plasmids used in this study. The fragments "D" are obtained by en-
zymatic digestions, while the fragments "R" are obtained by PCR amplification.
Details about the fragments can be found in table 5.5.

Plasmid  Assembly or reference

PAVIO  [82]
pE-FLP  [170]
PAV20  [133]
pLC143  [79]

pAV42  R62+R63 +R27
PAV43  R64 +R65 + R66 + R23
pHC942  [147]

pAV71  DI1+R97+R98

pAV77  DI+R97+R105

Table 5.5: Fragments used to assemble plasmids by Gibson assembly.

Fragment Enzyme 1 Enzyme 2 Substrate Reference
D1 EcoR1 Pstl pIT5-KH [170]
Fragment Primer 1 Primer 2 Template Reference
R23 V1ol V102 pSW23t [177]

R27 V109 V110 pSW23t (177]

R62 V111 V234 MG1655

R63 V233 V116 pHC942 [147]

R64 V103 V238 MG1655

R65 V235 V236 AV04 (82]

R66 V237 V108 MG1655

R97 V317 V318 pBAD30 [178]

R98 V319 V320 AV44 This work
R105 V322 V341 AV44 This work
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Table 5.6: Oligonucleotides used to make the fragments in table 5.5.

Oligo  Sequence

V101 TGGTGGCTGGCACAAGTGCCCTCCAGCTTTTGTTCCCTTTAGTGAGGGTTAATTGC
V103 TGATATCGAATTCCTGCAGCCGCGGTAATGCTTGTTGTCAG

V109  AAGGTAAAAGATCTCTCCGGCTCCAGCTTTTGTTCCCTTTAGT

V111  GATATCGAATTCCTGCAGCCCGAAGAGCCGCCACGGAT

V233  GATGACTATGAGGATGAAGAACCGATGAGTAAAGGTGAAGAACTGTTCACCGGTG
V235 ATGAAACTAAATGGGAAATTTCCAGTGGTTTCCAAGGGCGAGGAG

V237  ATGGATGAGCTGTACAAAGGATCCAAGTTCGTAAAGTATTTTTTGATCCTTGCAG
V317 CGCCATAAACTGCCAGGAATTGGGGATCGGGTTACCAATTATGACAACTTGACGGCTAC
V319 TCGCAACTCTCTACTGTTTCTCCATACCCGTGCGGAGAAAAAGCATGGCCGG

V322 AGGCGCCATGCATCTCGAGGCATGCCTGCATAATCAGAACAATTCCTGTGCCTCG

Table 5.7: Oligonucleotides inserted in the pAV20 cloning vector to make plas-
mids expressing two single-guide RNAs, one against sfGFP and one against
mCherry. The capital letters emphasize the sequence of the CRISPR guide.

Oligo  Target Complementarity =~ DNA strand Sequence

V272 sfGFP 20 bp Forward ctagt CACCACGAACAGAGAATTTGgt
V273 sfGFP 14 bp Forward ctagtGTGGTGGAACAGAGAATTTGgt
V274  sfGFP 10 bp Forward ctagtGTGGTGCTTGAGAGAATTTGgt
V275  stGFP 5bp Forward ctagtGTGGTGCTTGTCTCTATTTGgt
V276  mCherry 20bp Forward tagt TCTGGGTGCCTTCATACGGA
V277  mCherry 18bp Forward tagtAGTGGGTGCCTTCATACGGA
V278 mCherry 11bp Forward tagtAGACCCACGCTTCATACGGA
V279  mCherry 5bp Forward tagtAGACCCACGGAAGTAACGGA
V280  sfGFP 20 bp Reverse taaaacCAAATTCTCTGTTCGTGGTGa
V281  sfGFP 14 bp Reverse taaaacCAAATTCTCTGTTCCACCACa
V282  sfGFP 10 bp Reverse taaaacCAAATTCTCTCAAGCACCACa
V283  sfGFP 5bp Reverse taaaacCAAATAGAGACAAGCACCACa
V284 mCherry 20bp Reverse aaacTCCGTATGAAGGCACCCAGA
V285 mCherry 18 bp Reverse 4aacTCCGTATGAAGGCACCCACT
V286 mCherry 11bp Reverse aaacTCCGTATGAAGCGTGGGTCT
V287 mCherry 5bp Reverse aaacTCCGTTACTTCCGTGGGTCT

99



Chapter 6

A CRISPRi screen in E. coli reveals
sequence-specific toxicity of dCas9

6.1 Impact on the project

When I started to work on changing the levels of class A PBPs, the Bad Seed Effect (BSE,
see chapter 2) had not yet been identified. However, in my early experiments on PBP1A
and PBP1B, the BSE was already apparent. The fact that it went unnoticed for such a
long time is the consequence of several unfortunate choices.

For growth measurements, it was preferable to have all the compared strains in the
exact same medium, meaning that all conditions should carry the same antibiotic mark-
ers. Also, to avoid potential unexpected effects of dCas9’s expression and only mea-
sure the effect of gene repression by CRISPR, my initial experiments involved a random
CRISPR guide, called “C” that had no target anywhere in E. coli’s genome, even when ac-
counting for highly-mismatched potential off-targets. Unfortunately, this control guide
produced a mild, non-lethal Bad Seed Effect: any strain expressing dCas9 with the “C”
guide would suffer from a slight reduction of growth rate.

A typical experiment would involve a strain with tunable GFP-PBP1A and mCherry-
PBP1B, that expressed either the control CRISPR plasmid, or CRISPR arrays against
GFP and mCherry to change the levels of the genes. In addition, I usually included a
strain without the fusions, but still able to express dCas9 and also carrying the control
guide. This is to make sure that the simple presence of GFP- and mCherry- fusions does
not affect the measured phenotype in any way.

Due to the bad seed effect of the control guide, the non-repressed strains grew a
little slower than the rest. On the contrary, the strains where PBP1A and PBP1B were
both repressed did not carry the control guide. As partial repression of PBP1AB does
not reduce growth rate (something that was unknown at the time, see chapter 5), all
these strains grew at a normal rate and, therefore, faster than the strains carrying the
“C” control guide. Thus, in appearance, it was as if the repression of PBP1AB made the
cells grow faster (figure 6.1).

To add more confusion, this experiment included strains with either PBP1A or
PBP1B deleted, and then a variable level of the remaining one. The CRISPR plasmids
contain two guides (one for PBP1A, one for PBP1B). When one of them is deleted, there
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Figure 6.1: Due to the bad seed effect of the “C” guide (0 bp of complementarity),
the repression of PBP1A and PBP1B appeared to make the strains grow faster
than the wild-type (WT). The doubling times showed here are the averages of
three biological replicates. Measured in M63 minimal medium at 30°C.

was no need for a CRISPR guide targeting it, thus I used the “C” guide again. This is
why, in the experiment showed in figure 6.1, the row of strains with APBP1B appear to
grow at the same rate as the wild-type.

As a result, for a long time, changes in growth rate that were caused by the BSE
were mistakenly attributed to changes in PBP1AB concentration. Only when Lun Cui’s
CRISPR screen [79] allowed to characterize better the bad seed effect, I could realise
that this was an artifact, and thus a major dead-end.
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Figure 6.2: Expressing less dCas9 alleviates the bad seed artifacts. As AV44
expresses lower amounts of dCas9 than AV34, the bad seed effect of the “C” guide
(0 bp) disappears. Each point is one biological replicate. Measured in LB at 30°C.

Building on the mechanistic model presented in chapter 3, we could find a way to
alleviate the BSE. While the exact cause of the BSE was (and still is) unknown, the fact
that only the first 5 bp of the guide are sufficient to produce an effect suggested that the
BSE would behave like a highly-mismatched off-target. A prediction of our model is
that, for highly mismatched sequences, the concentration of complex that is necessary
to saturate the target becomes higher. Thus, by decreasing dCas9’s concentration, we
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could find a regime where the well-matched targets would be saturated, but the weak
targets would be in the concentration-dependent regime and have attenuated effects.
Accordingly, we found a range of expression levels for dCas9 where on-target repres-
sion is still efficient, but where the BSE is minimal. Using this new expression system,
the mild BSE that we observed for the “C” guide completely vanished, allowing us to
pursue the experiments on PBP1AB (figure 6.2).

In the bad seed study, I performed the fluorescence measurements, designed the
strains and plasmids used for flow cytometry and constructed most of them.

The next pages are published as:

Lun Cui, Antoine Vigouroux, Francois Rousset, Hugo Varet, Varun Khanna &
David Bikard, A CRISPRi screen in E. coli reveals sequence-specific toxicity of
dCas9. Nature Communications, 9(1):1912, May 2018, ISSN 2041-1723.

doi: 10.1038/s41467-018-04209-5.
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ARTICLE

A CRISPRi screen in E. coli reveals sequence-
specific toxicity of dCas9

Lun Cui® !, Antoine Vigouroux1, Francois Rousset 12 Hugo Varet3, Varun Khanna3 & David Bikard® '

High-throughput CRISPR-Cas9 screens have recently emerged as powerful tools to decipher
gene functions and genetic interactions. Here we use a genome-wide library of guide RNAs to
direct the catalytically dead Cas9 (dCas9) to block gene transcription in Escherichia coli. Using
a machine-learning approach, we reveal that guide RNAs sharing specific 5-nucleotide seed
sequences can produce strong fitness defects or even kill E. coli regardless of the other 15
nucleotides of guide sequence. This effect occurs at high dCas9 concentrations and can be
alleviated by tuning the expression of dCas9 while maintaining strong on-target repression.
Our results also highlight the fact that off-targets with as little as nine nucleotides of
homology to the guide RNA can strongly block gene expression. Altogether this study
provides important design rules to safely use dCas9 in E. coli.
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3Hub Bioinformatique et Biostatistique, Institut Pasteur - C3BI, USR 3756 IP CNRS, Paris 75015, France. Correspondence and requests for materials should be
addressed to D.B. (email: david.bikard@pasteur.fr)
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ver the past few years, tools derived from the bacterial

immune system known as Clustered Regularly

Interspaced Short Palindromic Repeats (CRISPR) and the
associated cas genes have led to many breakthroughs in genome
editing and the control of gene expression’. In particular the Cas9
protein has proven to be a very versatile RNA-guided nuclease?.
Target search goes as follows: Cas9 first scans DNA for the
presence of the protospacer adjacent motif (PAM), a small
sequence pattern of 2-8 nucleotides (nt)>*. It then initiates the
formation of an R-loop by pairing the guide RNA to the target
starting from the PAM-proximal region, also known as the seed
sequence®. The catalytic dead variant of the RNA-guided Cas9
nuclease, known as dCas9, binds to target positions without
cleaving DNA®. In bacteria, directing dCas9 to bind a promoter
region blocks the initiation of transcription, while binding the
non-template strand downstream of a promoter efficiently
stops elongation of transcription®”. This provides a convenient
method to silence genes that has already been used to investigate
the role of essential genes in Bacillus subtilis and Streptococcus
pneumoniae via high-throughput screens®?.

The action of Cas9 at off-target positions is a major concern for
genome-editing applications'%~12, as it could lead to undesired
mutations. While extensive binding beyond the seed sequence is
required for a conformational shift in Cas9 to occur leading to
DNA cleavage13’14, chromatin immunoprecipitation sequencing
experiments have revealed that Cas9 can bind to target positions
with as little as 5 nt of homology between the seed region of the
guide RNA and the target'>!®, possibly binding hundreds of
positions in genomes. These results are also consistent with
in vitro assays showing that dCas9 binding to its target remains
unaffected by up to 12 mismatches in the PAM-distal region'”, as
well as evidence that DNA binding guided by as little as 10 bases
can be sufficient for dCas9 to have an effect on transcription in
Escherichia coli’. These results are, however, in sharp contrast to
what was reported in a study of dCas9-mediated repression
or activation in human cells, where activity was highly sensitive
to mismatches!8, While substantial work has already been
conducted to characterize the off-target activity of Cas9 in
eukaryotes for genome-editing applications, comparatively little
has been done for dCas9 in general and in bacteria in particular.

In this study, we performed a genome-wide pooled dCas9
knockdown screen in E. coli with the initial purpose of
uncovering the properties and design rules of such screens. This
screen confirmed previously reported properties of dCas9
repression in bacteria but revealed the presence of many guides
producing unexpectedly strong fitness defects. A combination of
machine learning and experimental approaches enabled us to
attribute the effect of these guides to two main causes: (i)
off-target binding positions that can block the expression of
essential or fitness genes with as little as 9 nt of identity in the
seed sequence, and (ii) an unexplained sequence-specific toxicity
effect that is determined by the 5 PAM-proximal bases and that
we refer to as the “bad-seed” effect.

Results

Effect of dCas9-binding position and orientation. We designed
a library of ~92,000 unique guide RNAs targeting random posi-
tions along the genome of E. coli MG1655, with the simple
requirement of a “NGG” PAM. The library contains an average of
19 targets per gene. A pool of guide RNAs obtained through on-
chip oligo synthesis was cloned under the control of a constitutive
promoter on plasmid psgRNA and electroporated in strain
LC-E18 carrying the dCas9 gene under the control of a Ptet
promoter in the chromosome (Supplementary Fig. 1). The
pooled library of cells was then grown in rich medium over 17
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generations with anhydrotetracycline (aTc). The effect of each
guide on the cell fitness can be measured as the fold change in
abundance (log2FC) of the guide RNA in the library during the
course of the experiment, as measured through deep sequencing
of the library.

In order to investigate the properties of dCas9 repression in
E. coli, we can analyze the effect of guides targeting essential
genes. We expect guides that efficiently block the expression of
these genes to be depleted from the library. Previous reports
suggested that dCas9 efficiently blocks transcription elongation
only when binding the coding strand (non-template strand)®’. As
expected guide RNAs targeting essential genes have on average a
strong fitness effect when they bind to the coding strand and no
fitness effect when they bind to the template strand (Fig. 1a). On
the other hand, dCas9 binding in both orientations was reported
to efficiently block the initiation of transcription. We analyzed the
effect of guides binding the promoter region of a subset of 64
essential genes whose promoter is well defined (Supplementary
Data 1). Our results also corroborate these findings (Fig. 1b).

Since dCas9 blocks transcription, we expect that targeting a
gene in an operon will also silence all the downstream genes.
Guides targeting non-essential genes upstream of essential genes
in operons indeed showed a strong fitness defect (see the
examples of cydDC and ycaR-kdsB operons in Fig. 1c). A reverse
polar effect was reported in B. subtilis where targeting down-
stream of a gene was seen to block the expression of the upstream
gene likely through destabilization of the interrupted transcript®.
In our screen, we can find many examples where targeting a non-
essential gene downstream of an essential gene does not have an
impact on the cell fitness (see the examples of rpoZ-spoT-trmH-
recG and psd-mscM operons in Fig. 1d). Opposite examples where
targeting the downstream non-essential gene does have an effect
can also be found, but in these cases the non-essential gene is
typically known to be required for normal growth or is itself
followed by another essential gene. These observations suggest
that translation can still efficiently occur from mRNAs inter-
rupted by dCas9 in E. coli. We did nonetheless observe that
guides targeting within ~100nt after the stop codon of an
essential gene sometimes produced a fitness defect. This can, for
instance, be seen for a guide in Fig. 1c targeting just after kdsB. To
study this in a more systematic way, we compiled a list of
essential or fitness genes that are not followed by another essential
or fitness gene (Supplementary Data 2). Guides targeting within
100 nt of the end of these genes on the coding strand indeed
produce a weak but significant fitness defect (Fig. le, single
sample t-test comparison to the mean log2FC of guides targeting
the template strand of genes, p-value < 10~%). On the other hand,
guides targeting 100-200 nt after the end of these genes did not
show a significant effect. A reverse polar effect of dCas9 on the
expression of upstream genes thus does seem to exist in E. coli,
but it is likely short range and weak.

Previous reports suggested that dCas9-mediated repression is
negatively correlated with the distance from the beginning of the
gene®. The same list of genes was used to look at the effect of the
relative distance along the gene (Fig. 1f). No effect could be seen:
dCas9 efficiency does not seem to correlate with the position
inside the gene.

Guides producing unexpected fitness defects. Surprisingly, we
observed a high variability of fitness effects between guide RNAs
targeting nearby positions in the same orientation (Fig. 2a). These
effects are reproducible between three independent experiments,
suggesting that they are not the product of experimental noise
but a real biological effect. In particular guides, binding to the
template strand of non-essential genes are not expected to be

| DOI: 10.1038/541467-018-04209-5 | www.nature.com/naturecommunications
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Fig. 1 Effect of dCas9 binding position and orientation. a Distribution of the fitness effect of guide RNAs in our library depending on target gene essentiality
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depleted from the library, but in fact 7% of these guides (2499/
36,111) produce a strong fitness defect (log2FC< —3.5, see
Methods), accounting for 34% of all guides producing a strong
fitness defect (Supplementary Table 1).

We arbitrarily decided to further investigate two such guides
targeting IpoB (T-lpoB) and hisI (T-hisI). As a control, for each
gene we also analyzed the effect of a nearby guide RNA targeting
the coding strand (C-lpoB, C-hisl). Cells carrying T-IpoB or
T-hisI only show a small reduction of the target gene
transcription but show a markedly reduced plating efficiency

NATURE COMMUNICATIONS | (2018)9:1912

when dCas9 is induced, consistently with the screen results
(Fig. 2b, c). On the contrary, the C-lpoB and C-hisI guides
strongly block the transcription of their target gene but show no
defect in plating efficiency. Since a moderate repression of a non-
essential gene is very unlikely to cause the death of E. coli, we
hypothesized that this phenotype results from off-target activity.
When looking for putative off-target positions for the T-hisl
sgRNA, we identified an 11 base pair (bp) perfect match between
the seed region of the guide RNA and a putative off-target in the
promoter of the dnaK-dnaJ operon. We could measure that the
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T-hisI guide RNA produces a three-fold repression of the
dnaK-dnaJ operon. While dnaK or dnaJ are not essential genes,
our screen results show that guides blocking the expression of this
operon consistently produce a strong fitness defect (Supplemen-
tary Fig. 2). This off-target position thus likely explains the fitness
defect produced by T-hisl. To investigate the preponderance of
guides with such off-targets, we looked for off-targets that
displayed a perfect identity of 9nt or more between the seed
sequence and regions where a strong fitness defect was
consistently observed (i.e. essential or fitness genes). We found
such off-targets for 24% (600/2499) of the guides that produced
an unexpected fitness defect. As a control, we also looked at the
proportion of guides with such off-targets among guides that
target the same genes in the same orientation but produce no
fitness defects. This occurs for 10.7% (3609/33,612) of these
guides, giving a measure of the false-positive discovery rate.
Guides that produce unexpected fitness defects are thus
significantly more likely to have an off-target blocking the
expression of a fitness or essential gene (Fisher exact test p-value
<0.001). This enables to provide a conservative estimate that the
fitness defect produced by 13% of these guides is due to their off-
target activity.

When doing this analysis, it became evident that no obvious
off-target positions could be identified for a large majority of
guide RNAs producing an unexpectedly strong fitness defect. This
is in particular the case of the T-lpoB guide as well as another
guide targeting IpoB (T-lpoB2), which also produces an
unexpected fitness defect. As a definitive proof that the phenotype
produced by these two guide RNAs was not due to on-target
activity, we deleted the I[poB gene in strain LC-E18. This deletion
itself produced no growth defect, but the T-IpoB and T-lpoB2
guides still generated a strong fitness defect (Fig. 2d).
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Machine-learning approach reveals toxic seed sequences. We
then turned to a machine-learning approach to understand
whether some sequence features could explain the unexpected
fitness defect produced by these guides (Supplementary Fig. 3).
We first used a regression tree to predict log2FC using target
orientation and position as unique input features in order to
locate all the regions where guides consistently produce a fitness
defect, i.e., essential and fitness genes. We then analyzed guides
targeting outside of these “important” regions. These guides are
not expected to produce a fitness defect but ~8% of them show a
log2FC < —3.5. We reasoned that some sequence patterns might
be predictive of the toxicity of these guides. We used a locally
connected neural network to predict the log2FC of guide RNAs
using the one-hot-encoded sequence as the only input feature. A
first model was trained using an arbitrary 60 nt region around the
target and achieved a Pearson correlation coefficient of 0.54 (Root
Mean Square Error (RMSE): 0.82) between the measured and
predicted fitness on a held-out test set (Fig. 3a). The model thus
seems to learn some features explaining the toxicity observed for
guide RNAs such as T-lpoB.

To understand what information the model used to make
predictions, we performed in silico experiments. We generated a
set of 1000 random sequences and measured the effect on the
model prediction of mutating each position along the sequence.
This revealed that the model uses the whole 20 nt of the guide
sequence, and in particular the 5 PAM-proximal bases, but not
the surrounding region to make its predictions (Fig. 3b). We thus
trained a second model using only the 20nt of the target
sequence. This model performed slightly better (Pearson-r: 0.56,
RMSE: 0.81) and was used in the rest of the analysis.

When doing this in silico mutational analysis, one can also see
that the effect of individual mutations depends a lot on the

| DOI: 10.1038/541467-018-04209-5 | www.nature.com,/naturecommunications
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Fig. 3 A machine-learning approach reveals a toxicity effect determined by the seed sequence. a A locally connected neural network was trained to predict
the fitness effect of guide RNAs that target neutral regions, using the one-hot-encoded 60 nt sequence window around the target. Comparison of predicted
and actual log2FC values on a held-out test set. b To identify the positions used by the model to make its predictions, we generated a set of 1000 random
sequences, mutated each position in silico, and computed the effect of each mutation on the model prediction. The standard deviation of the effect of
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sequence context (Fig. 3c and Supplementary Fig. 4). For
instance, a mutation at position 18 to a G can have a positive
or a negative impact on the fitness depending on the rest of the
sequence. This suggests important interactions between bases. To
analyze these interactions, we mutated in silico every pair of bases
and compared the effect of individual mutations to that of pairs of
mutations. An interaction is observed if the effect of a pair of
mutation is not simply the sum of the effects of individual
mutations (Supplementary Fig. 5). The analysis revealed a strong
network of interaction among the last 5 bases of the target/guide
(Fig. 3d and Supplementary Fig. 6).

We observed that the distributions of fitness effects produced
by guides with any given five base seed sequence are remarkably
narrow. For instance, all guides with an ACCCA seed sequence
produce a strong fitness defect regardless of their target position,
while all guides with an ATACT seed sequence produce an
intermediate fitness defect (Fig. 4a). The T-lpoB and T-lpoB2
guides have an AGTTT and TGGAA seed sequence, which show
an average log2FC of —3.2 and —5.1, respectively. All in all, 130
out of the 1024 possible combinations of 5 nucleotides show a
significantly reduced fitness compared to the mean (single sample
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t-test, p <0.01 after Bonferroni correction). We then refer to the
fitness defect produced by these seed sequences as the “bad-seed”
effect. The average fitness effect and standard deviation for all 5 nt
seed sequences is given in Supplementary Data 3.

We experimentally validated the effect of three additional
guides targeting the template strand of non-essential genes with a
TGGAA or ACCCA seed sequence (T-garD, T-yhhX, T-ydeO).
We also designed four guides with either the ACCCA or TGGAA
seed sequences but where the 15 other nucleotides of the guide
were randomized (R1-ACCCA, R2-ACCCA, R1-TGGAA, R2-
TGGAA). Guide RNAs were cloned on the psgRNA plasmid,
transformed in strain LC-E18, and plated on petri dishes
containing aTc. All these guides produced a strong fitness defect,
with the ACCCA seed sequence leading to a ~1000x reduction in
platting efficiency and the TGGAA seed sequence leading to a
small colony phenotype, while the control sgRNA with a TCTCG
seed showed no visible phenotype (Fig. 4b). These results are
consistent with an action guided by the seed sequence itself
regardless of the rest of the guide sequence. As a matter of fact,
guides truncated down to 10bp are still able to kill E. coli
(Supplementary Fig. 7).
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Fig. 4 Specific 5nt seed sequences produce strong fitness defects that can be alleviated by reducing dCas9 concentration. a Distribution of the fitness
effect of guide RNAs that share specific 5 nt seed sequences as compared with the distribution of all the guides in the library targeting the template strand
of genes. b Plasmid psgRNA was programmed with various guide RNAs sharing either the TGGAA seed sequence or the ACCCA seed sequence and
introduced in strain LC-E18. Guides named R1 and R2 have sequences that do not match any position in the chromosome of E. coli. Cells were grown
overnight, serially diluted, and plated on LB agar with 1nM of aTc. Representative figure from four independent experiments. ¢ Distribution of the fitness
effect of guide RNAs in our library depending on target gene essentiality and target strand in strain LC-E75, which expresses dCas9 at a lower
concentration than strain LC-E18. d Distribution of the fitness effect of guide RNAs sharing the ACCCA or TGGAA seed sequences in strain LC-E18 and LC-
E75. e Average fitness effect of guides sharing specific 5bp seed sequences in strain LC-E18 (x axis) and LC-E75 (y axis). The red line shows a linear
regression (slope = 0.2, RZ = 0.47). f Fitness effect of guides targeting gene IpoB and gene hisl in strain LC-E75. The strong fitness defect produced by C-
IpoB2 can be explained by the presence of an off-target position in the def essential gene

The bad-seed effect is alleviated at low dCas9 concentrations.
To better understand the mechanism of action of these “bad-
seed” sequences, we selected mutants of the LC-E18 strain that
could survive killing by the T-yhhX guide (ACCCA seed
sequence) while maintaining an efficient repression of a target

6 NATURE COMMUN\CATIONS| (2018)9:1912

rpsL gene. Six such mutants were obtained, and their genome
sequenced. Unexpectedly, they all displayed mutations either in
the promoter of dCas9 or frameshift mutations in dCas9 itself
(Supplementary Table 2). Note that others have observed the
same type of mutations in dCas9, suggesting that they are

| DOI: 10.1038/541467-018-04209-5 | www.nature.com,/naturecommunications
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relatively frequent'®. The fact that these frameshift mutants still
showed efficient rpsL repression indicates that they still express
dCas9, likely through ribosome slippage, but do so at lower levels.
This led us to hypothesize that the bad-seed effect is concentra-
tion dependent. A low dCas9 concentration is enough to block
the expression of on-target positions, while a high dCas9
concentration is required to observe the bad-seed effect.

We thus designed a novel expression cassette that would
reduce the expression level of dCas9 by introducing mutations in
the RBS?® (Supplementary Fig. 8a, b). We screened for the right
level of expression by selecting clones that would result in cell
death when the essential rpsL gene was targeted but that showed
normal colony size in the presence of the R1-ACCCA or T-yhhC-
ACCCA guide RNAs. The expression level of dCas9 was
measured in several strains through western blot and correlated
with the strength of the bad-seed effect (Supplementary Fig. 8c,
d). The expression cassette selected in this manner displayed an
expression level 2.6-time lower than the original strain LC-E18
and was integrated in strain LC-E75. It could repress a target
mCherry reporter gene 91x, compared to the 167x repression
obtained with the dCas9 expression cassette present in strain
LC-E18 (Supplementary Fig. 9).

Strain LC-E75 carrying this fine-tuned Ptet-dCas9 cassette was
then used to perform a genome-wide dCas9 knockdown screen
following the same protocol as the screen previously performed
with strain LC-E18. As expected, many guides that produced a
strong fitness defect in strain LC-E18 had a weaker or no effect in
strain LC-E75, but targets in the coding strand of essential genes
still produced a strong fitness defect (Fig. 4c and Supplementary
Fig. 10). When plotting the fitness effect of guides sharing a given
seed sequence, one can see that the “bad-seed” effect is largely

alleviated in strain LC-E75 but not abolished (Fig. 4d, e). Only
14 seed sequences still produced a moderate or weak significant
effect (Supplementary Data 3). This new dCas9 expression
cassette also makes the general quality of the screen better as
the effect of targets within the same gene is now much more
consistent (compare Fig. 4f and Fig. 2a; Supplementary Fig. 11).
The number of guides producing a strong fitness defect (log2FC
< —3.5) while targeting the template strand of non-essential genes
dropped from 2499 to 532, due in the most part to the alleviation
of the bad-seed effect.

The mechanism of the bad-seed effect described above remains
to be elucidated. The binding of dCas9 with only 5 nt of identity
between the seed and the target is likely too weak and transient to
have a substantial effect on target gene expression. We verified this
by targeting the promoter or open-reading frame of a mCherry
reporter gene with only 5nt of identity in the PAM-proximal
region (Supplementary Fig. 12). At best, a 14% repression could be
observed. Since blocking the expression of any single gene by only
14% is unlikely to stop the growth of E. coli, the bad-seed effect is
likely due to dCas9 binding at many positions simultaneously or
to an entirely different phenomenon. Note that the number of off-
targets with a perfect identity of 5 nt in the PAM-proximal region
and the fitness defect produced by bad-seed sequences are not
correlated (Supplementary Fig. 13).

A 9nt match to the seed sequence can produce off-target
effects. The bad-seed effect is thus a different phenomenon than
the off-target effect described above for guides like T-hisI, which
block the expression of essential genes. We made the estimate
that ~13% of the guides producing an unexpected fitness defects
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Fig. 5 Off-targets with only 9 nt of identity to the seed sequence can produce strong fitness defects. a We plot here the proportion of guide RNAs that have
an off-target position in a region where guides consistently produce a strong fitness defect. This proportion is shown for guides that target the template
strand of non-essential genes but produce an unexpected fitness defect (orange), as well as for guides in the same genes and orientation but that do not
produce a fitness defect (blue). This blue curve can be interpreted as the false-positive rate. The green curve is the difference between the green and blue
curves. It can be interpreted as an estimate of the proportion of guides whose fitness defect is due to an off-target effect. The maximum is obtained for a
perfect match of 9 nt in the seed sequence, which indicates that 9 nt of identity in the seed sequence is enough to produce a strong fitness defect, but
mostly false-positive off-target positions are detected when going down to 8 nt of identity. b Fitness effect of guides targeting gene gt in strain LC-E75. The
strong fitness defect produced by the T-bioC guide can be explained by the presence of an off-target position in the promoter of essential gene Igt. ¢ Off-
target position of the T-bioC guide in the promoter of Igt essential gene. d Repression of bioC and Igt expression by the T-bioC guide in strains LC-E18 and
LC-E75 as measured by RT-gPCR. Points show biological replicates (n = 4), the black bar shows the median
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in strain LC-E18 have a likely off-target position to an essential or
fitness gene, with 9 nt of identity or more to the seed sequence. In
the screen performed in strain LC-E75, this number can now be
estimated to be 45%. The same analysis was also performed while
considering a minimum perfect match in the PAM-proximal
region ranging from 6 to 15bp (Fig. 5a and Supplementary
Fig. 14). A seed size of length nine gave the largest difference
between the positive detection rate (proportion of guides pro-
ducing an unexpected fitness defect for which an off-target to an
important region is detected) and false-positive detection rate
(proportion of guides that do not produce an effect and for which
an off-target to an important region is detected), suggesting that
9nt of identity can be sufficient to block gene expression. We
experimentally verified the fitness defect produced by one such
guide, T-bioC, which has a candidate off-target position of 9 nt
and a proper NGG PAM in the promoter of the essential gene Igt
(Fig. 5b, c). This guide is indeed able to efficiently block the
expression of Igf as measured by quantitative PCR (qPCR;
Fig. 5d).

Note that, in strain LC-E75, the reduced dCas9 concentration
not only alleviated the bad-seed effect but to a lesser extent also
limited off-targeting. This can, for instance, be seen for the T-hislI
target described above that showed a strong fitness defect in strain
LC-E18 and no effect in the new screen (compare Fig. 2a and Fig.
4f). Conversely, the T-bioC off-target effect on Igt is still as strong
in strain LC-E75 as in strain LC-E18 (Fig. 5d). Another example of
a guide that still shows a strong off-target effect can be found at
the beginning of the [poB gene (C-lpoB2, Fig. 4f). This guide RNA
has a perfect match of 14bp between its seed sequence and a
target on the coding strand of the essential def gene.

Discussion

We performed here an unbiased screen of dCas9 effect on the
growth of E. coli. Our results shed light on important design rules
to consider when performing CRISPRi assays:

(i) Targeting promoter regions in both orientations leads to
strong silencing, but targeting the coding strand is required
to block transcription elongation as described previously®’.

(ii) Guides targeting genes in operons block the expression of

all the downstream genes, while guides targeting down-

stream genes do not substantially affect the expression of
the upstream genes.

Guides that have off-targets in the genome with 9 nt of perfect

identity or more to the seed sequence should be avoided.

Unfortunately, such off-target positions are too frequent to be

avoided easily. Guides that target the chromosome of E. coli

MGI1655 have a median of 4 off-targets that carry a perfect

match of 9 nt or more with the seed sequence and a NGG

PAM motif (see distribution in Supplementary Fig. 15). One

can limit the chances that these off-targets will influence the

phenotype under study by making sure that they fall in
neutral regions, away from regulatory elements, and on the
template strand of genes rather than on their coding strand,

but researchers should be aware that this could be a

confounding factor in their experiments.

dCas9 concentration needs to be tuned to avoid the “bad-

seed” effect while maintaining good on-target repression.

Even under such conditions, it is preferable to avoid using

guides that carry the strongest “bad seeds” identified here.

(v) For the reasons described above, the effects of genes on a
given phenotype should ideally not be inferred from the
effect of a single guide but rather from the statistical
analyses of several guides.

(iii)

(iv)

8 | (2018)9:1912

All in all, the results of the new screen performed with a
reduced dCas9 concentration are much more consistent than the
initial screen, but there remains a few hundred guide RNAs out of
the 84,215 whose fitness effect could not be easily assigned to the
bad-seed effect, a polar effect, or an off-target effect. Under-
standing the effect of these guides on fitness will require further
analysis and might reveal interesting biology.

The dataset generated will also likely prove useful in future
studies to decipher the determinants of dCas9 repression
strength. Indeed, we observed some variability among guides
targeting within the same essential gene in the same orientation,
suggesting that some guides block expression better than others.

Perhaps the most puzzling question raised by this work is that
of the mechanism responsible for the “bad-seed” effect. Others
previously reported a dCas9 toxicity at high concentrations,
which is likely the same as what we report here?!. On average, we
can find 280 positions in the chromosome of E. coli that can be
bound by any 5 nt seed sequence with the requirement of a NGG
PAM. It is unclear whether weak dCas9 binding at one, a few, or
hundreds of positions simultaneously is required for this effect.
The fact that it is observed at high dCas9 concentrations and that
we were not able to identify mutants that can rescue cells by other
means than reducing dCas9 expression suggests that binding to
several positions is required. Our work also does not allow
excluding the hypothesis that binding to other substrates than
DNA might be responsible for the effect. While we further
investigate this phenomenon, the results presented here are
directly relevant to anyone using dCas9 in bacteria.

Methods

Bacterial strains and media. E. coli strain MG1655 was obtained from the
laboratory of Didier Mazel, Institut Pasteur. Cells were grown in Luria-Bertani (LB)
broth. LB agar 1.5% was used as solid medium. Different antibiotics (20 ug/ml
chloramphenicol, 100 ug/ml carbenicillin, 50 pg/ml kanamycin) were used as
needed and lower concentrations were used to select for the integration of vectors
in the chromosome (10 ug/ml chloramphenicol or 20 pg/ml kanamycin). E. coli
strain DH5a (New England Biolabs) or MG1655 were used as transformation
recipients for plasmid construction.

Plasmid cloning and strain construction. Linear vectors and inserts were gen-
erated by digestion with restriction enzymes or PCR and assembled through
Gibson assembly?? as detailed in Supplementary Table 3. Primers and plasmids are
listed in Supplementary Tables 4, 5. Guide RNAs were cloned into plasmid
psgRNA or psgRNAc by golden gate assembly?3. The sequence of these plasmids is
provided as supplementary Data 4. A list of all guides and corresponding primers is
given in Supplementary Table 6.

The pOSIP plasmids?* were used to integrate genetic elements at phage-
attachment sites in the chromosome of E. coli K12 (MG1655). All the integrations
were verified by PCR, and the backbones were flipped out using the pE-FLP
plasmid®*. Supplementary Table 7 summarizes the construction of strains LCE-18,
LCE-75, and AV04.

Deletion of gene IpoB was performed using the lambda red recombineering
strategy®>. A linear DNA fragment was generated by PCR using pKD3 as a
template with primers LC961 and LC962, followed by electroporation into
MG1655 carrying plasmid pKOBEG-AZ®. Colonies resistant to chloramphenicol
were selected and the resistance gene was removed using plasmid pE-FLP.

Library construction. The library was designed by randomly choosing targets with
a proper NGG PAM around the genome of E. coli strain MG1655 (NC_000913.2).
A pool of 92,919 oligonucleotides (synthesized by CustomArray) was amplified
with primers LC296 and LC297 using the Phusion DNA polymerase (Thermo
Scientific) over 18 cycles. The psgRNA backbone was PCR amplified using primers
LC293 and LC294. Both the vector backbone and library insert were gel purified,
followed by Gibson assembly. To avoid the introduction of bottlenecks in the
library, a total of 19 transformation assays were performed each using 0.2 pl of
Gibson assembly product and 20 pl of MG1655 electro-competent cells and plated
on 12 x 12 cm? petri dishes resulting in a total of about 107 colonies. Colonies were
allowed to grow for only 4-5h at 37 °C before pooling all the cells together. The
plasmid library was then extracted from 5 ml of pooled colonies using a miniprep
kit (Macherey-Nagel). The resulting plasmid library DNA was further transferred
to strains LC-E18 and LC-E75 by electroporation.

| DOI: 10.1038/541467-018-04209-5 | www.nature.com/naturecommunications
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dCas9 knockdown assay. Strain LC-E18 or LC-E75 containing the psgRNA library
were grown from 1 ml aliquots frozen at —80 °C into 1000 ml LB until OD600 of 0.2.
The expression of dCas9 was then induced by addition of aTc to a final concentration
of 1 nM. Cells were grown for 17 generations by diluting the culture 100-fold once it
reached OD600 2.2-2.5. This step was repeated twice. The plasmid library was
extracted from 50 ml of culture at the beginning of the experiment (OD600 ~0.2) and
5ml of the culture at the end of the experiment (OD600 ~2.2-2.5). The experiment
was performed in triplicates starting from independent aliquots of the library
generated from independent electroporation assays.

Library sequencing. A customized Illumina sequencing method was designed to
avoid problems arising from low library diversity when sequencing PCR products.
Two nested PCR reactions were used to generate the sequencing library with pri-
mers described in Supplementary Table 8. The first PCR adds the first index. The
second PCR adds the second index and flow cells' attachment sequences. Sequen-
cing is then performed using primer LC609 as a custom read 1 primer. Custom
index primers were also used: LC499 reads index 1 and LC610 reads index 2.
Sequencing was performed on a NextSeq 500 benchtop sequencer. The first 2 cycles
that read bases common to all clusters were set as dark cycles, followed by 20 cycles
to read the guide RNA. Using this strategy, we obtained on average 7.5 million and
17 million reads per experimental condition for LC-E18 and LC-E75, respectively.

Fold-change computation. The fold change in abundance of each guide RNA was
computed from read counts using DESeq2?’ using data from the three replicates
and normalized to the control guide 5'-TGAGACCAGTCTAGGTCTCG-3".
Guides with a total number of reads across samples <20 were discarded from the
analysis. A list of all targets with computed fold-change values is provided as
Supplementary Data 5.

Machine learning. To model the fitness effect of guide RNAs, a regression tree was
first fitted using only two features: the target orientation and position along the
genome?®. This allows the identification of all chromosomal regions that show a
consistent fitness effect when targeted in a specific orientation (Supplementary
Fig. 3). We were then interested in predicting the fitness effect of guide RNAs
targeting regions where the regression tree predicts no substantial fitness defect
(log2FC > —3.5).

The dataset was split into training, validation, and test sets. Several network
architectures, including dense, sparse, and convolutional, were implemented using
Keras and TensorFlow and hyperparameters were manually tuned on the
validation set. The dataset used can be found in Supplementary Data 5 and the
indices of the rows used for training, validation, and test sets can be found in
Supplementary Data 6. The model used in this study consist in a sparsely
connected network with 4 layers of size 40, 20, 10, and 5 where each neuron is only
connected to the 5 proximal neurons in the previous layer. A tanh activation was
used. The network was trained to minimize the mean square error of the log2FC
prediction with L2 regularization using the Adam optimizer?®. Training was
interrupted when loss on the validation set ceased do decrease for more than two
epochs. Note that we only performed a manual tuning of the architecture and
hyperparameters of the model. Better models can likely be built, but this should not
affect the conclusions of the study. The machine-learning approach performed here
is summarized in Supplementary Figure 3, and the code is available as a jupyter
notebook at the following address: https://gitlab.pasteur.fr/dbikard/badSeed_public.

Reverse transcription-gPCR. Overnight cultures were diluted 1:100 in 3 ml of LB,
grown 1 h, and induced by addition of aTc. Cells were further grown 2 h followed
by RNA extraction from 2 ml of culture using Trizol. All the RNA samples were
treated with DNase (Roche) and reverse transcribed into cDNA using the Tran-
scriptor First Strand cDNA Synthesis Kit (Roche). Dual-labeled probes (5FAM,
3’BHQ1) were used to perform qPCR with the FastStart Essential DNA Probes
master mix (Roche) in a LightCycle 96 (Roche). The 5FAM is a reporter that is
quenched by the 3’BHQI but released upon amplification of the target DNA. The
FastStart Essential DNA Green Master Kit (Roche), which contains DNA Poly-
merase and double-stranded DNA-specific SYBR Green I dye, was used for the
qPCR of bioC off-target effect. The fluorescence signal is directly proportional to
the amount of target DNA. Primers and probes used are listed in Supplementary
Table 9. Relative gene expression was computed using the AACq method*.

dCas9 induction on agar plates. Strain LC-E18 or LC-E75 carrying specific
psgRNA plasmids were grown overnight, followed by serial dilutions, and plating
of 5 ul spots on LB agar plates with or without aTc (1 nM). Plates were incubated
overnight and scanned using an Epson Perfection V550 Photo Color Scanner with
a black background.

Selection of mutants surviving the bad-seed effect. An overnight culture of LC-
E18 carrying plasmid psgRNAc::T-yhhX was plated on LB agar with 1 nM aTc and
Kanamycin. After an overnight incubation at 37 °C, plates showed colonies of

different sizes. Twenty-one big colonies were selected. The psgRNA plasmid car-
rying a guide RNA targeting the essential rpsL gene (C-rpsL) was then introduced

| (2018)9:1912

into these mutants. Clones where dCas9 is still able to efficiently block the
expression of rpsL are expected to die. We selected 9/21 positive clones that were
killed in this assay. As a final confirmation that these clones suppressed the bad-
seed effect, we introduced a psgRNA plasmid carrying the R1-ACCCA guide. In all,
6/9 clones tolerated the expression of this sgRNA. The genomes of these 6 clones
were sequenced to identify mutations (Supplementary Table 2). Genomic DNA was
fragmented using a Covaris E220 ultrasonicator and sequencing libraries were
prepared with the NEXTflex PCR-free DNA-Seq Kit (Bioo Scientific Corporation).
Sequencing was done on a HiSeq2500 with paired-end reads of 100 bases.

Fine-tuning of dCas9 expression level. A library of RBS sequences was intro-
duced in front of dCas9 to obtain a library of strains producing varying levels of
dCas9. Primer LC1088 includes ambiguous positions leading to 64 different var-
iants and was used to amplify and clone dCas9 on plasmid pOSIP-CO-RBS-library-
dCas9 (Supplementary Table 3). The plasmid library was integrated into the
chromosome of strain MG1655 and individual colonies were screened as follows:
the psgRNA:rpsL plasmid was introduced into the cells to identify variants where
dCas9 is still expressed at sufficient levels to efficiently block the expression of a
target gene. The psgRNA:R1-ACCCA and psgRNA:T-yhhX plasmids were intro-
duced to identify clones that would not produce the bad-seed effect. These plas-
mids carry a lambda cos site, which facilitated the screen of a large number of
clones by enabling their transfer in the recipient strains via transduction with phage
lambda as previously described>!. Finally, 4 candidate colonies were selected from a
total of 96 screened colonies. The pOSIP backbone was removed using pE-FLP, and
the selected clones were named LC-E69, LC-E70, LC-E71, and LC-E72. Strain LC-
E75 was constructed by integrating plasmid pIT5-KL-mcherry into strain LC-E69.

Repression of mCherry by the fine-tuned dCas9 expression cassette. The day
before the measurement, cells were grown in 1 ml LB supplemented with 1 nM of
aTc and 50 pg/ml of kanamycin at 37 °C using a 96 deep-well plate table-top shaker
(Eppendorf). The day of the measurement, cells were diluted 250 times in fresh
medium with aTc and kanamycin and grown for 1 h 45 min at 37 °C to reach the
exponential phase. Cells were then fixed with 4% formaldehyde and washed with
phosphate-buffered saline. A strain without mCherry was used to measure the
auto-fluorescence background. Fluorescence of single cells was measured using a
Miltenyi MACSquant flux cytometer. Ten thousand cells were measured per
replicate. The average fluorescence of each sample was calculated by taking the
mean of the single-cell fluorescence values and subtracting the mean fluorescence
of the background.

Western blot. Western blot analysis was carried out as previously described®?. In
brief, cells were harvest after 2 h of dCas9 induction in 2x Laemmli sample buffer
(with 5% of 2-mercaptoethanol). Samples were run in NuPAGE® Novex® Bis-Tris
gels in reducing condition. Proteins were transferred to polyvinylidene difluoride
membranes at 15 volts overnight. Rabbit monoclonal antibodies to SpCas9
(ab189380, Abcam, diluted 10,000-fold) and rabbit polyclonal antibody to RecA
(ab63797, Abcam, diluted 3,000-fold) were used. Goat anti-rabbit horseradish
peroxidase (ab6721, Abcam) was used as secondary antibody to visualize the
protein with chemiluminescence (ECL). A Syngene G:box machine was used to
acquire the images, which were subsequently analyzed with imageJ. Supplementary
Figure 16 shows the uncropped western blot pictures.

Code availability. The code used for the machine-learning approach is available as
Jupyter notebooks at the following address: https://gitlab.pasteur.fr/dbikard/
badSeed_public.

Data availability. The screen results are provided as Supplementary Data 4. Other
relevant data supporting the findings of the study are available in this article and its
Supplementary Information files or from the corresponding author upon request.
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Supplementary Figure 1. Experimental scheme of the CRISPRI screen performed in E.
coli. Oligonucleotides synthesized on chip were cloned on plasmid psgRNA and electroporated
into E. coli LC-E18 carrying dCas9 under the control of a Ptet promoter. Cells were grown at
37°C in LB supplemented with aTc and the psgRNA library was extracted and sequenced at the
beginning and at the end of the experiment. Sequencing the guides enables to estimate their
relative abundance in the population and to compute their fitness effect on the cell.
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Supplementary Figure 2. The T-hisl guide RNA blocks the expression of the dnaK-dnaJ
operon. (a) Fitness effect of guides targeting the dnaK-dnad operon (red: template strand, blue:
coding strand). (b) There is a 11 bp perfect match between the seed sequence of the T-hisl
guide RNA and the dnaK p2 pormoter region. (c) RT-gPCR results showing repression of both
dnaK and hisl by the T-hisl guide RNA, after 2H of growth with and without aTc. n = 4, the black
bar shows the median.
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Supplementary Figure 3. Flow chart of machine learning analysis. A regression tree was
first fitted using guide orientation and position as the unique features to predict log2FC. This
enables to identify regions and orientations were guides consistently produce a fitness defect.
The goal of this analysis was then to investigate the fithess defect produced by guides that
target in “neutral” regions. In these regions, the log2FC of guides is not consistent and most
guides have no effect. We kept guides in genomic regions where the prediction fo the
regression tree was greater than -3.5 and then fitted a neural network using the one-hot-
encoded sequence as the unique feature to predict the log2FC. The neural network consists in
4 locally connected layers with a kernel size of 5 followed by a dense layer. More details are

provided in the methods section.
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Supplementary Figure 4. Effect of mutations on the model predictions. We generated 1000
random sequences and computed the effect on the model prediction or mutating each base to
all possible bases. The distribution of these effects are shown as boxplots for each type of
mutation (using the default matplotlib boxplot parameters). The y-axis shows the difference in
predicted log2FC between the mutated sequence and the initial sequence (a lower value means
that the mutation is predicted to cause a stronger fitness defect). The x-axis shows the position
along the guide sequence. Transitions are highlighted in blue and transversions in red.
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Supplementary Figure 5. Measuring interactions between positions in the model. To
measure the level of interaction between positions we generated all possible pairs of mutations
for each sequence in a set of 100 random sequences, and compared the effect of individual
mutations to that of pairs of mutations. Positions are interacting if the effect of a double mutation
(Eij) is different from the sum of the effect of the single mutations (Ei+Ej). As an example we plot
Eij vs. Ei+Ej for interacting (i=18,j=19 ; i=17,j=19) and non-interacting positions (i=1,j=14;
i=10,j=19).
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Supplementary Figure 6. Level of interaction predicted by the model for different
combinations of mutations. We generated all possible pairs of mutations for each sequence
in a set of 100 random sequences, and compared the effect of individual mutations to that of
pairs of mutations. The color shows the average Euclidian distance between the effect of a
double mutation and the sum of the effect of single mutations (dark: no interaction, white: strong
interaction).
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Supplementary Figure 7. Truncated guides with a bad seed sequence can still kill E. coli.
Truncated single guide RNAs with the ACCCA seed sequence were cloned on plasmid psgRNA
and transformed in strain LC-E18. Serial dilutions were then plated on LB supplemented with
aTc and kanamycin. The C-rpsL lane shows a positive control where the transcription of rpsL
essential gene is repressed by dCas9. n = 3.
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Supplementary Figure 8. The bad seed effect can be alleviated by reducing dCas9
concentration. A library of RBS controlling the expression of dCas9 was generate and clones
were selected for their ability to survive the dCas9 expression in the presence of a bad seed
sequence while still efficiently blocking the expression of rpsL when guided by the C-rpsL
sgRNA. Four clones where selected (LC-E70, LC-E71, LC-E72 and LC-E75). (a) RBS sequence
of the selected clones. (b) Cells carrying the T-yhhX, R1-ACCCA or C-rpsL guide RNAs were
grown overnight, followed by serial dilution and plating with aTc. (c) Western blot image of
selected dCas9 strains. (d) quantification results of 3 western blots, the black bar shows the
median (Uncorpped photos are shown in Supplementary Figure 16).
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Supplementary Figure 9. The LC-E75 strain efficiently blocks target gene expression.
Strain LC-E75 carries an optimized dCas9 expression cassette integrated at the 186 attB site
and a constitutively expressed mcherry reporter gene at the lambda attB site. Strain AV04 is
identical to LC-E75 but carries the stronger un-optimized dCas9 expression cassette from strain
LC-E18. Cells carrying plasmids (psgRNA::C-mcherry20orf, psgRNA::C-mcherry20p) or a
control psgRNA were grown with aTc overnight. The next morning, the cells were diluted 250
times in fresh medium with 1 nM aTc and kanamycine, and grown for 1.75 hours at 37°C to
reach the exponential phase. The cells were fixed and fluorescence was measured using flow
cytometry. n = 3.
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Supplementary Figure 10. Comparision of fithess measurments in strain LC-E18 and LC-
E75. Scatter plot of the log2FC value (LC-E18 vs LC-E75) for all the guides in the library.
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Supplementary Figure 11. Comparison of the fitness effects of sgRNAs targeting the
template strand of genes. The log2FC value distribution of guides targeting template strand is
much narrower in strain LC-E75, showing that guide RNAs have a more consistent effect in
strain LC-E75 than LC-E18.



PAM

m""‘;f"y 5' CGRAGGGCCGTCCGTATGAAGGCACCCAGACC 3
(o]

C-mcherrySorf FRCCCR e B
sgRNA ACTT TCT &
h paM -35
meneny g 1cGAGGCCTTGACAGGTACCTCATGGATACC 3
promter EEEEE T
C-mcherry5p ¥pcrer
sgRNA GGTACCTCATGGATA §
*
100 o== - ==
]
8 [ ]
% - +
@ 80
(]
L
o
=
= 60
L
o
Qo
>
2 40
o
Q
o
. mcherry mcherry mcherry mcherry
Guides:  control ORF  promoter control ORF  promoter
dCas9: high high high low low low

Strains:  AV04 AV04 AV04  LC-E75 LC-E75 LC-E75

Supplementary Figure 12. A 5 bp of seed match has minimal or no effect on gene
transcription. Guides with only 5 bp of identity between the PAM-proximal region and the
target where used to target either the mcherry ORF region (C-mcherry5orf) or the promoter
region (C-mcherry5p). Strain LC-E75 carries an optimized dCas9 expression cassette
integrated at the 186 attB site and a constitutively expressed mcherry reporter gene at the
lambda attB site. Strain AV04 is identical to LC-E75 but carries the stronger un-optimized dCas9
expression cassette from strain LC-E18. Cells were grown with aTc overnight. The next
morning, the cells were diluted 250 times in fresh medium with 1 nM aTc and kanamycine, and
grown for 1.75 hours at 37°C to reach the exponential phase. The cells were fixed and
fluorescence was measured using flow cytometry. The In the high dCas9 concentraction strain
(AV04), 5 bp matches can block transcription by 13.7% and 12.5% when targeting the ORF and
promoter region respectively. In the low dCas9 concentraction strain (LC-E75), repression was
not significant. “*” indicates a p-test value than 0.05 (double sided t-test with equal variance). n
= 3, the black bars show the median.
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Supplementary Figure 13. The bad seed effect does not correlate with the number of off-
targets in the genome. Mean log2FC for guides sharing the same 5nt seed sequence as a
function of the number of off-targets in the genome of E. coli MG1655 that have a perfect match
to these 5nt and a “NGG” PAM.
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Supplementary Figure 14. Guide RNAs with more than 9nt of perfect identity between the
seed sequence and off-target positions can have a strong fitness effect. We plot here the
proportion of guide RNAs which have an off-target position in a region where guides
consistently produce a strong fitness defect. This proportion is shown for guides that have an
unexpectedly strong log2FC (<-3.5) while targeting the template strand of non-essential genes
(orange), as well as for guides targeting the same regions but with log2FC>-3.5 (blue), which
can be interpreted as the false discovery rate. The green curve is the difference between the
green and blue curves. The maximum is at 9nt, which indicates that 9nt of identity in the seed
sequence is enough to produce a strong fitness defect, but mostly false positive off-target
positions are detected when going down to 8nt of identity.
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Supplementary Figure 15. Distribution of the number of off-target for guides targeting the
chromosome of E. coli MG1655. 88.3% of all possible guides with a target in the chromosome
of E. coliMG1655 have at least one off-target with 9nt of identity in the seed sequence or more.
The red dash line is the medium value (4) of the distribution.
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Supplementary Table 1. Repartition of guides according to their fithess effect in strain
LCE-18 and binding orientation.

Template strand Coding strand All
Log2FC Log2FC>-3.5 | Log2FC<-3.5 | Log2FC>-3.5 | Log2FC<-3.5
Essential 2628 351 701 1834 | 5514
Non-essential 33612 2499 25989 2694 | 64794
All 36240 2850 26690 4528 | 70308

Supplementary Table 2. Mutations selected in strain LC-E18 that abolish the fitness
defect produced by the T-yhhX-ACCCA guide RNA while maintaining strong repression
of rpsL. Mutations in samples 1,2,3,4 and 6 led to frameshifts in the dCas9 gene. The ability of
these strains to still efficiently block rpsL shows that they still express low levels of dCas9 likely
thanks to translational slippage.

Sample ID Mutation types Mutations Consequences

1 Insertion T inserted between 423 and 424 Frame shift

2 Insertion T inserted between 1714 and 1715 Frame shift

3 Insertion T inserted between 1714 and 1715 Frame shift

4 Insertion T inserted between 1714 and 1715 Frame shift

5 Deletion Deletion from -27 to +7 Promoter mutated
6 Insertion T inserted between 1714 and 1715 Frame shift




Supplementary Table 3. Plasmids constructed in this study.

Plasmid Backbone Fragment 1 Fragment 2
name Template Prime | Primer Template Prim Prime | Templa | Prime | Prim
r1 2 er1 r2 te r1 er2
pCRRNAcos pCRRNA N/A N/A MG1655, LC74 | LC75 N/A N/A N/A
digested with lambda
Avrll lysogen
psgRNA* pCRRNAcos LC41 LC42 sgRNA_bs | N/A N/A N/A N/A N/A
al_gBlock
(IDT)
psgRNAc* pCas9 LC89 LC132 psgRNAco | LC31 | LC317 | N/A N/A N/A
S 6
psgRNAcos::R1 psgRNAcos LC191 LC1027 | psgRNAco | LC19 | LC102 | N/A N/A N/A
_ACCCA_5bp S 2 8
psgRNAcos::R1 psgRNAcos LC191 | LC1029 | psgRNAco | LC19 | LC103 | N/A N/A N/A
_ACCCA_10bp S 2 0
pOSIP-KL-sulA- pOSIP-KL N/A N/A pZA31- LC24 | LC246 | N/A N/A N/A
GFP digested with sulA-GFP 5
EcoRI and Pstl
pOSIP-KL- pOSIP-KL N/A N/A pDB127 V1 V40 pFB262 | V38 V39
mcherry digested with
EcoRlI and Pstl
pOSIP-KH- pOSIP-KH N/A N/A pDB275 LC10 | LC283 | pdCas9 | LC284 | LC28
RBS2-dCas9 digested with 0 - 5
EcoRlI and Pstl bacteria
pOSIP-KO- pOSIP-KO N/A N/A pOSIP- LC12 | LC125 | N/A N/A N/A
RBS2-dCas9 digested with KH-RBS2- | 4
EcoRI and Pstl dCas9
pOSIP-CO-RBS- | pOSIP-CO N/A N/A pDB275 LC65 | LC109 | pdCas9 | LC108 | LC28
library-dCas9 digested with 3 0 - 8 5
BamHI and Pstl bacteria

* Sequence provided in Supplementary Data 4

Plasmids and strains were deposited in Addgene.




Supplementary Table 4. Primers used for cloning.

Name Sequence (5’ to 3’)

LC41 TGCAGCGCGATCGTAATCAGGATCCCATGGTACGCGT

LC42 ACAGAACTTAATGGGCCCGAAGACGAAAGGGCCTCGT

LC74 TGAACGCTCTCCTGAGTAGGACAAATCCGCCGCCCTAGACCCTCCACGCACGTTGTGATATG
LC75 CCTTTGAGTGAGCTGATACCGCTCGCCGCAGCCGAACGCCCCAAAAAGCCTCGCTTTCAGC
LC89 CAGGTGCTACATTTGAAGAGAT

LC100 GCAGGACGCCCGCCATAAACTGCCAGGAATTGGGGATCGGTTAAGACCCACTTTCACATTTAAG
LC124 CTGCCAGGAATTGGGGATC

LC125 CAGTTTAGGTTAGGCGCCAT

LC132 GGGGAGAGCCTGAGCAAA

LC191 GTCTAGGGCGGCGGATTTG

LC192 CGCTCTCCTGAGTAGGACAAAT

LC245 GACGCCCGCCATAAACTGCCAGGAATTGGGGATCGGATCGGTATTCAATTGTGCCCA

LC246 TAGGTTAGGCGCCATGCATCTCGAGGCATGCCTGCATTATTTGTATAGTTCATCCATGCCA
LC283 TCCATTTTTGCCTCCTAACTAGGTCATTTGATATGCCTCC

LC284 CCTAGTTAGGAGGCAAAAATGGATAAGAAATACTCAATAGGC

LC285 AGTTTAGGTTAGGCGCCATGCATCTCGAGGCATGCCTGCAATGCCTGGAGATCCTTACTC
LC293 GTTTTAGAGCTAGAAATAGCAAGTTAA

LC294 ACTAGTATTATACCTAGGACTGAGCTA

LC296 TATATTTTAGGAATTCTAAAGATCTTTGACAGCTAGCTCAGTCCTAGGTATAATACTAGT

LC297 ACTTTTTCAAGTTGATAACGGACTAGCCTTATTTTAACTTGCTATTTCTAGCTCTAAAAC

LC316 CAAATGCCTGAGGCCAGTTTGCTCAGGCTCTCCCCCCTGATTACGATCGCGCTG

LC317 TTCAGTGCAATTTATCTCTTCAAATGTAGCACCTGGCTAGGAGGTGACTGAAGT

LC499 GATCGGAAGAGCACACGTCTGAACTCCAGTCAC

LC609 GCACGCCCGTCGCTCAGTCCTAGGTATAATACTA

LC610 TATTATACCTAGGACTGAGCGACGGGCGTGC

LC653 GGAATTGGGGATCGGAATTCGAGCTCGGTACCCGGGGGTTAAGACCCACTTTCACATT

LC961 GCACAAAGTCAGACTTTATCTATATTTGTAAGGGGTGAATCTTGATGACAACATGGGAATTAGCCATGGTCC
LC962 TGTAGGGTCGGAGCGTTAACGTTGCCAGAGGCGCTGGAGTACAGCACGTAGTGTAGGCTGGAGCTGCTTC
LC1027 | TAATACTAGTTCTCTACCCAGTTTTAGAGCTAGAAATAGCAAG

LC1028 CTAGCTCTAAAACTGGGTAGAGAACTAGTATTATACCTAGGACTGAGCTA

LC1029 | TAATACTAGTACCCAGTTTTAGAGCTAGAAATAGCAAG

LC1030 CTAGCTCTAAAACTGGGTACTAGTATTATACCTAGGACTGAGCTA

LC1088 E??Zé(g#GTGATATCCGGAGGCATATCAAATGACGSKMGSAGGTGNCAAAAATGGATAAGAAATACTCAATAGG
LC1090 CATTTGATATGCCTCCGGATATCACTCTATCA

V1 CGCCATAAACTGCCAGGAATTGGGGATCGGCCTATGAACTGTCGACTCGAGG

V38 GGAGAAATCTAGATGGTTTCCAAGGGCGAGGAGGAT

V39 TTAGGCGCCATGCATCTCGAGGCATGCCTGCATTATTTGTACAGCTCATCCATGCC

V40

ATCCTCCTCGCCCTTGGAAACCATCTAGATTTCTCCTCTTTAAAGGAATTCC




Supplementary Table 5. Plasmids used in this study.

Plasmids from other studies | Addgene Catalog # (or References)
pCRRNACcos Plasmid #78493
pCas9 Plasmid #42876
pOSIP-KH Plasmid #45983
pOSIP-KL Plasmid #45984
pOSIP-KO Plasmid #45985
pOSIP-CO Ref'
pZA31-sulA-GFP Plasmid #78492
pDB127 Ref?

pDB275 Ref
pdCas9-bacteria Plasmid #44249
pE-FLP Plasmid #45978
pKD3 Plasmid #45604
pKOBEG-A Ref*

pFB262 Ref®




Supplementary Table 6. sgRNA guide sequences and corresponding primers

Target name

Target sequences

Forward primer

Reverse primer

TAGTTTGTCGCCGCAGGACAGT

AAACAAACTGTCCTGCGGCGACA

T-lpoB TTGTCGCCGCAGGACAGT | T A
TT
T-IpoB2 ATTCGCCATTATGACTGG | TAGTATTCGCCATTATGACTGG | AAACTTCCAGTCATAATGGCGAA
AA T
AA
C-lopB CGCCATCGACAGTTGCTG | TAGTCGCCATCGACAGTTGCTG | AAACCCCAGCAACTGTCGATGGC
GG G
GG
T-his| TGGACCAAAGGCGAAAC | TAGTTGGACCAAAGGCGAAAC | AAACGACGTTTCGCCTTTGGTCC
GTC A
GTC
C-hisl GGTGACTTTGCCGCTTTC | TAGTGGTGACTTTGCCGCTTTC | AAACTCGAAAGCGGCAAAGTCAC
GA C
GA
CrpsL AGCGCGGAGTTCGGTTTT | TAGTAGCGCGGAGTTCGGTTTT | AAACAAAAAACCGAACTCCGCGC
T T
T
R1-ACCCA TCGAACACACTCTCTACG | TAGTTCGAACACACTCTCTACC | AAACTGGGTAGAGAGTGTGTTCG
CA A
CA
R1-ACCCA GCTACCTTAACGCCTACC | GCTACCTTAACGCCTACCCA éAACTGGGTAGGCGTTAAGGTAG
CA
T-yhhX TTGTATCAAACCATCACGC | TAGTTTGTATCAAACCATCACC | AAACTGGGTGATGGTTTGATACA
CA A
CA
T-ydeO ACATGAAGCCGGCGCAC | TAGTACATGAAGCCGGCGCAC | AAACTGGGTGCGCCGGCTTCATG
CCA T
CCA
R1-TGGAA CCGCTATGTCAGGCGTG | TAGTCCGCTATGTCAGGCGTG | AAACTTCCACGCCTGACATAGCG
GAA GAA G
R2-TGGAA GTCAGTCATATTAACTGG | TAGTGTCAGTCATATTAACTGG | AAACTTCCAGTTAATATGACTGAC
AA AA
T-garD TGAGCGCCTGCTGACTG | TAGTTGAGCGCCTGCTGACTG | AAACTTCCAGTCAGCAGGCGCTC
GAA GAA A
R1-ACCCA_15bp | CACACTCTCTACCCA TAGTCACACTCTCTACCCA AAACTGGGTAGAGAGTGTG
T-bioC ACGCGGGTTGTGGACCT | TAGTACGCGGGTTGTGGACCT | AAACGCCAGGTCCACAACCCGC
GGC GT
GGC
C-mcherry20orf | TCTGGGTGCCTTCATACG | TAGTTCTGGGTGCCTTCATACG | AAACTCCGTATGAAGGCACCCAG
GA A
GA
C-mcherry20p TATCCATGAGGTACCTGT | TAGTTATCCATGAGGTACCTGT | AAACTGACAGGTACCTCATGGAT
cA CA A
C-mcherrySorf AGACCCACGGAAGTAACG | TAGTAGACCCACGGAAGTAACG | AAACTCCGTTACTTCCGTGGGTC
GA T
GA
ATAGGTACTCCATGGTGT | TAGTATAGGTACTCCATGGTGT | AAACTGACACCATGGAGTACCTA

c-mcherry5p

CA

CA

T




Supplementary Table 7. Strains made using the OSIP system.

Strain Original strain | Integration at lambda attB | Integration at primary 186 Integration at HK022 attB
Name attB
LC-E18 MG1655 pOSIP-KL-sulA-GFP N/A pOSIP-KH-RBS2-dCas9
LC-E75 MG1655 pOSIP-KL-mcherry pOSIP-CO-RBS-library- N/A

dCas9 (2-3)*
AV04 MG1655 pOSIP-KL-mcherry pOSIP-KO-RBS2-dCas9 N/A

*The number in the parentheses is corresponding to the selected colony number.




Supplementary Table 8. Primers and corresponding indexes used to prepare the

sequencing libraries.

Primer Index primer sequences PCR function

name

LC606 AGAT TTCCCTACACGACGCTCTTCCGATCTTAGANNNNGCACGCCCGTCGCTCA | 1% PCR forward
GTCCTAGGTATAATACTA

LC607 TCTC TTCCCTACACGACGCTCTTCCGATCTCTCTNNNNGCACGCCCGTCGCTCA | 1% PCR forward
GTCCTAGGTATAATACTA

LC608 CTTA TTCCCTACACGACGCTCTTCCGATCTATTCNNNNGCACGCCCGTCGCTCA | 1%t PCR forward
GTCCTAGGTATAATACTA

LC863 N/A GTGACTGGAGTTCAGACGTGTGCTCTTCCGATCTNNNNNNAAAGGACCC 15t PCR reverse
GTAAAGTGATAATGAT

LC415 N/A AATGATACGGCGACCACCGAGATCTACACTCTTTCCCTACACGACGCT 2" PCR forward

LC416 CGAGTAAT | CAAGCAGAAGACGGCATACGAGATCGAGTAATGTGACTGGAGTTCAGAC | 2" PCR reverse
G

LC417 TCTCCGGA | CAAGCAGAAGACGGCATACGAGATTCTCCGGAGTGACTGGAGTTCAGAC | 2" PCR reverse
G

LC420 TTCTGAAT | CAAGCAGAAGACGGCATACGAGATTTCTGAATGTGACTGGAGTTCAGACG | 2™ PCR reverse

LC421 ACGAATTC | CAAGCAGAAGACGGCATACGAGATACGAATTCGTGACTGGAGTTCAGAC 2" PCR reverse

G




Supplementary Table 9. qPCR primers and probes.

Targeted gene | rrsA hisl IpoB bioC gt
Forward GGATAACTACTGG | CAGTGGCTGTTCC | CGCTCATTACGTG | GATATCGAATCCC | GCCACCCATCACA
primer AAACGGTAGC TGTATCAA CTGTACT TGCCGTTAG GCTTTA
(5'----3")
Reverse primer CTAATCCCATCTG | ATACAGTTTGGCG | CCAGATAATTTCG | CGGAGTGCCGTG GCCGTAACCAATC
(5wemen 3) GGCACATC GTGTAGG CCCGTCT GATAAAT AGGAACA
Probe FAM - FAM — FAM -- N/A N/A
(5'=memv 3') TACCGCATAACGT | CGCAAATCTGCCG | TAACGCTCCGACC
CGCAAGACCAA -- | ATCCGGAAAC-- CTACAAATGCA--
BHQ1 BHQ1 BHQ1
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Chapter 7

Subcellular localization of class A PBPs
changes in response to stress

7.1 Introduction

The motion of membrane molecules along the bacterial envelope is not fully under-
stood. In E. coli, the envelope comprises three layers: the inner lipidic membrane, the
peptidoglycan and the outer lipidic membrane. Peptidoglycan synthesis enzymes are
usually linked to the inner or outer membrane, either by having a fragment embed-
ded in the membrane (like PBP2, PBP1AB or RodA) or by using an anchor (like LpoA
or LpoB). Therefore, their diffusion is restricted to 2-dimensional motion along the
envelope. However, this diffusion is subject to many constraints : many interactions
have been found between the different enzymes, which may form large macromolecu-
lar complexes with other proteins [179] or with themselves [180]. Such interactions of-
ten span from one membrane to the other [181, 148]. Some geometry-sensing systems
like MinCDE or Tol-Pal can also affect the localization of various membrane proteins
(182, 24, 183].

In addition, peptidoglycan construction reacts to extrinsic stimuli. For instance, ex-
ternal mechanical constraints affect peptidoglycan synthesis so that cells retain their
deformation when the constraint is removed [47, 46]. The molecular components of
the envelope are therefore in complex interaction with their environment, rather than
simply building new cells in a blind manner. The outer membrane itself is important for
the mechanical properties of the cell, a role that has been neglected for a long time [184].

The peptidoglycan synthesis enzymes PBP1A and PBP1B were previously reported
to have different roles in cell wall synthesis, despite their relatedness and their very sim-
ilar activities. When both PBP1 enzymes are present, PBP1B is supposed to have a pref-
erence for cell division [152], and PBP1A a preference for elongation [154]. Accordingly,
PBP1B localizes preferentially at the poles [154], but little is known about the robust-
ness and origin of this localization. There is also evidence that PBP1A and PBP1B are
not equivalent, as their deletions produce slightly different phenotypes: when PBP1B
is missing, the strain is more sensitive to certain chemicals [185, 156, 157, 158], inserts
less cell wall [159] and has reduced stiffness [155] (see also chapter 5).

For the first time, we explore the reaction of PBP1A and PBP1B’s localization to var-
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CHAPTER 7 SUBCELLULAR LOCALIZATION OF CLASS A PBPS

ious stimuli, including genetic modifications, mechanical shocks and osmotic pressure.
Most of the work presented here has been done using the strain AV44, or its deriva-
tives, which expresses a GFP-PBP1B fusion to ~370%, and a mCherry-PBP1A fusion to
~1300% of wild-type level. This is a potential confounding factor, as most molecules
would now be inactive and it is hard to tell whether their localization is influenced by
their concentration.

Nevertheless, we provide evidence that PBP1AB localization is not random and con-
firm that PBP1A and PBP1B have different patterns consistent with their alleged pref-
erences of activity. As each of the class A PBPs is able to replace the other one when
it is deleted, we investigate whether the localization patterns change when one or the
other is deleted. This preliminary data show that subcellular localization of PBP1AB is
directly related to their activities.

We then submit the cells to osmotic down-shocks as well as steady-state growth at
different osmotic pressures and find that these stimuli exacerbate the patterns. In addi-
tion to polar and midcell localization, we also find that both enzymes can form patches
on the sides of the cells under certain conditions. By overexpressing the cell wall hydro-
lase MepS, expecting to stimulate peptidoglycan cleavage and the need for more syn-
thesis, we also find that the localization patterns of PBP1AB are amplified. Combined
with growth measurement, this provides an interesting lead for better understanding
the role of MepS, the activity of PBP1AB and the forces driving their localization.

Finally, as we previously found that the outer-membrane lipoprotein LpoB has a
large effect on the single-molecule dynamics of PBP1B (Chapter 5), we looked at the
localization patterns in the absence of either LpoA or LpoB. To our surprise, we find
that some part of the patterns are independent of the presence of LpoAB, suggesting
that the observed localization is the result of multiple superimposed phenomena.

7.2 Results

PBP1A and PBP1B have different sub-cellular localization

As PBP1A and B are inner-membrane proteins, they appear on the contour of the cell
when imaged in epifluorescence with the focal plane in the middle (figure 7.1A). Both
PBP1A and PBP1B have a marked tendency to localize at cell poles, but this tendency is
stronger for PBP1B (figure 7.1B). PBP1A tend to be distributed more evenly around the
cell. There is also a peak of intensity in the middle of the cell. This only occurs in larger
cells, as seen in the demographs of figure 7.1C, indicating that mid-cell localization is
linked to the formation of the new septum. However, this central peak of localization
could often be seen before any constriction was visible in phase contrast.

We therefore sought to know whether the different localization of PBP1A and B
were related to their difference in function. Even if the two enzymes have preferences
for division or elongation, they are both capable to compensate for the loss of the other
one. Thus, we deleted either PBP1A or PBP1B and measured if the sub-cellular local-
ization of the other one is affected by the deletion. In the absence of PBP1A, PBP1B’s
localization to cell poles is less marked, and there is more signal on cell sides and at mid-
cell (figure 7.1D). This confirms that the localization patterns that we see are reflecting
the function of the enzymes in the cell, and reinforces the hypothesis that PBP1A and
1B have preferential roles for cell elongation and division, respectively.
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Figure 7.1: Differentlocalization for PBP1A and PBP1B. A: Sample images of
the PBP1AB fusions. B: Mean density of PBP1A (left) and PBP1B (right) along cell
contour (0% and 100% are poles). C: Demographs of PBP1AB cell contour, sorted
by area. Lighter pixels correspond to higher fluorescence. C: Mean density of
PBP1B along cell contour, with or without PBP1A.
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CHAPTER 7 SUBCELLULAR LOCALIZATION OF CLASS A PBPS

PBP1AB localization patterns are amplified after osmotic shocks
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Figure 7.2: Localization of PBP1AB during an osmotic downshock. A: Fluo-
rescence images of representative cells before and after a 1 osm/L osmotic down-
shock. B: Kymographs of PBP1A localization of a few cells during a 1 osm/L
osmotic downshock. Lighter pixels correspond to a higher density of mCherry-
PBP1A.

When measuring the elasticity of cells by trapping them in polylysine-coated tun-
nel slides [165], we noticed that sharp patterns of fluorescence appear during osmotic
downshock (figure 7.2A and B). As the cells expand due to the drop in osmotic pres-
sure, both GFP-PBP1B and mCherry-PBP1A relocalize to the poles and to the middle
of the cell quickly after the shock. The localization to mid-cell was observed in most
cells after shock, even in cells without any sign of constriction. This indicates that the
cause of PBP1AB localization is already present at a very early stage of cell division. The
change of localization appeared within seconds of the osmotic downshock, narrowing
down the kind of cellular processes that could explain the pattern. For example, it is un-
likely that any mechanism involving genetic control is involved. Asymmetric patches
also appear frequently on the sides of the cells (figure 7.2B, first cell from the left).

This is reminiscent of a previous study in C. crescentus where PBP2 was found to
localize at the poles after an osmotic shift [186]. In E. coli, the localization of PBP2 is
more heterogenous than PBP1AB, possibly due to its association with MreB [146, 147],
making it harder to follow its motion after an osmotic shock (figure 7.3).

As the osmotic downshock produces a sudden expansion of the cell, there may be
large perturbations in the peptidolycan as well as the membranes. Many phenomena
could give rise to the patterns we observed, however when doing a similar osmotic
downshock on cells labelled with the outer-membrane dye FM4-64 (figure 7.4), the pat-
tern of FM4-64 fluorescence remained uniform, meaning that simple movement of the
outer membrane is not enough to account for the observed patterns.
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Figure 7.3: The distribution of PBP2 (right) is not as smooth as PBP1A (left).
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Figure 7.4: FM4-64 localization during an osmotic downshock. Each frame
corresponds to 10 seconds. The fluorescence intensity decreases after each frame
due to photobleaching.

Polar localization increases with medium osmolarity

Due to the relative brutality of osmotic downshocks, cells are subject to potentially com-
plicated changes after the shock. Thus, we sought to establish the relationship between
PBP1AB localization and osmotic pressure during steady-state growth. This way, we
expect our observations to be easier to interpret. We grew cells in a range of osmolar-
ities, by adding up to 600 mM of sodium chloride to the medium. During exponential
growth, the cells were fixed with 4% formaldehyde then imaged. As E. coli possesses
mechano-sensitive channels (including MscS and MscL), it is able to regulate its inter-
nal pressure in response to changes in external osmolarity [165]. We thus performed
this experiment in parallel in a wild-type strain, and in a strain without the MscS and
MscL channels.

The polar localization of both PBP1A and PBP1B tends to intensify as the salt con-
centration increases (figure 7.5A and B). However, this effect is much more marked in
the absence of mscSL. In that case, there is a clear, monotonic relationship between the
osmolarity of the medium and the fraction of PBP1A or PBP1B fluorescence that is
found at the poles (figure 7.5A and B). Cell dimensions are not dramatically affected by
the different salt concentration, so the shift in localization is not due to a change in cell
size.

In addition to polar and mid-cell localization, we frequently found foci on the sides
of the cells. Such patches usually (but not always) appear at the same exact location for
PBP1A and PBP1B (figure 7.5C).
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Figure 7.5: Steady-state localization depends on osmotic pressure. A: Den-
sity of PBP1A along cell contour of fixed cells, at different salt concentrations. B:
Idem for PBP1B. C: Patches tend to be present in the same place for both PBP1A
and PBP1B.

The peptidoglycan hydrolase MepS enhances the localization pattern

MepS is one of the three redundantly essential hydrolases of the cell wall. In standard
M63 minimal medium, overexpression of MepS does not affect growth rate, though it
lowers the maximum optical density reached by the culture by a small margin (figure
7.6A). When the osmolarity of the medium is increased, however, the overexpression of
MepS causes a sharp decrease in growth rate compared to wild-type cells.

This effect was observed at all tested osmolarities, but its magnitude is variable and
non-monotonic, with a minimum at intermediate osmotic pressures (figure 7.6B).

Localization patterns do not require LpoAB

We then tried to see if these patterns persisted in the absence of the outer-membrane
proteins LpoA and LpoB, which are known to interact through the cell wall with PBP1A
and 1B [148] and activate them. As we determined (chapter 5), deletion of LpoB abol-
ishes the immobilization of PBP1B molecules, which then appear to diffuse randomly.
It could be that the patches that we observed at the poles and on the sides of the cells
are breaking points of the cell wall, exposing LpoAB molecules and causing a rush of
PBP1AB in order to repair them.

However, the deletion of LpoB and LpoA does not abolish the localization patterns of
PBP1B and PBP1A respectively. In fact, the re-localization of PBP1B to the poles due to
MepS overexpression is even higher in ALpoB than with LpoB (figure 7.7). This suggests
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Figure 7.6: MepS overexpression enhances PBP1AB patterns. A: In AmscLS,
MepS overexpression only has an effect on growth at high osmotic pressure. B:
Density of PBP1AB along cell contour depending on MepS overexpression and
salt concentration.

that the change of subcellular localization of PBP1AB upon MepS overexpression is not
mediated by LpoAB.

7.3 Discussion

As, in the absence of LpoB, PBP1B molecules are all inactive and in a diffusive state, it
seems that the large-scale pattern of polar localization is the “natural” localization of
PBP1B, where it tends to go when it is not immobilized by LpoB.

Perhaps the polar preference is just determined by the enzyme’s biophysical prop-
erties, independent on the state of the peptidoglycan and polymerization activity. It
could be that the enzyme accumulates predominantly in regions where the cell wall is
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Figure 7.7: The deletion of LpoB does not suppress patterns of PBP1B.
When MepS is overexpressed, the pattern is in fact stronger without LpoB.

the densest, and, depending on the internal pressure, the thickness of the peptidoglycan
is different at the poles and on the sidewalls. Likewise, the volume of periplasmic space,
or the distance between the inner membrane and the cell wall, may also be important
factors in PBP1AB localization. It is likely that osmotic pressure causes some change in
the thickness of the periplasm. Due to differences in mechanical strain, or due to the
different proteins that link the inner membrane to the cell wall, the size of this spacing
may be affected differently at the poles and on the sides of the cell. The observation
that LpoB attenuates PBP1B’s polar localization during MepS overexpression could be
explained by the fact that, as it immobilizes PBP1B molecules, it maintains them in their
lateral positions, where cell wall synthesis is needed, and prevents them from diffusing
back to the poles. It can be speculated that the preference of PBP1A and PBP1B for elon-
gation and division respectively is due to this difference in localization, and not due to
differences in biochemical activity. However, experimental evidence, possibly in vitro,
would be required to back up this hypothesis.

To understand PBP1AB’s function, it may not be enough to look at their local inter-
action with LpoAB and with the cell wall (chapter 5), and the global pattern due to other
local cues might play an equally important role.
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Chapter 8

Interaction between D-aminoacids and
cell wall synthesis

8.1 Introduction

The mirror images of L-aminoacids, D-aminoacids, are extremely rare in the biological
world. However, some of them, such as D-methionine and D-leucine, are known to be
synthesized endogenously by diverse bacterial phyla. They may be inserted occasionally
in the peptidoglycan, where they are thought to play a regulatory role in stationary
phase remodeling and biofilm formation [187, 188].

At high doses, typically higher than 10 g/L, D-methionine is toxic for E. coli. The
mechanism of toxicity is unclear, but may be due to the insertion of D-methionine in
the peptidoglycan, which could create imperfections in the cell wall or prevent further
cross-linking. It is also not excluded that D-methionine directly inhibits transpeptidases
by competitively binding to their active site.

The deletion of PBP1B was previously reported to increase the sensitivity of E.
coli to high concentrations of D-methionine [185]. Yet, it is not known why the two
class A PBPs would have different reactions to D-aminoacid treatment. Understand-
ing the effect of D-methionine could help understand both the physiological role of
D-aminoacids and the function of the redundantly essential PBP1A and PBP1B.

8.2 Results

At low aPBPs concentration, cells become highly sensitive to D-aminoacids

To better understand how this difference in sensitivity comes about, we grew strains
lacking either PBP1A, PBP1B, or having both of them repressed strongly (using
the strain 14-20 from chapter 5), in the presence of different concentrations of D-
methionine. We calculated the growth rate and the maximum optical density reached
by the culture (figure 8.1A).

As expected, the APBP1A strain is not affected, while the APBP1B strain is more
sensitive and could not grow with more than 1 mg/ml of D-methionine. Quite surpris-
ingly, the 14-20 repressed strain is extremely sensitive to D-methionine treatment, with
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CHAPTER 8 D-AMINOACIDS AND CELL WALL SYNTHESIS
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Figure 8.1: Strong repression of the class A PBPs increases sensitivy to D-
methionine.

A: Schematic of the two parameters extracted from growth curves to quantify
fitness. B: Doubling times of strains with class A PBPs either deleted or repressed,
as a function of D-methionine concentration. The skull logo indicates than no
exponential growth was observed. C: Optical density reached by the same strains
at the plateau, as shown in panel A. D: Distribution of PBP1B’s apparent diffusion
coefficient when treated with 3 mg/ml of D-methionine. Left is from a strain with
high PBP1B and no PBP1A ; right is in a strain where PBP1A and PBP1B are at
wild-type level. Each line represent one biological replicate.

a minimum inhibitory concentration (MIC) at least 20 times lower than in APBP1B (fig-
ure 8.1B and C), and 40 times lower than the wild-type. Contrary to the wild-type or
APBP1B, which does not exhibit any slow-down of growth at sublethal concentrations
of D-methionine, the repressed strain’s growth rate seems to reflect directly the concen-
tration of D-methionine (figure 8.1B). Interestingly, the strain lacking PBP1B reaches a
lower OD plateau than the other strains, regardless of D-methionine concentration, and
this effect disappears when the non-essential class A PBPs MtgA and PBP1C are deleted
(figure 8.1C).

To estimate the minimal amount of PBP1AB needed to grant resistance to D-
methionine, we repressed PBP1A and PBP1B to 25 different combinations of levels,
using the crRNA matrix from Vigouroux et al. [82]. We then grew this matrix in the
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CHAPTER 8 D-AMINOACIDS AND CELL WALL SYNTHESIS

presence of 1 mg/ml of D-methionine (enough to kill 14-20 but not APBP1B). Over-
all,the doubling times were not drastically affected, and only the repression of one PBP1
combined with the deletion of the other one produced an effect on maximal OD (figure

8.2), confirming that the increased sensitivity only appears at critically low levels of
PBP1AB.
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Figure 8.2: D-methionine sensitivity at different levels of PBP1A and
PBP1B.

The matrix of CRISPR spacers used in this experiment is described in [82]. The
indicated crRNA numbers are the number of matching base pairs between the
guide and the target. We estimate that the strain with crRNA 10 for PBP1B and cr-
RNA 14 for PBP1A is repressed to levels close to wild-type. Top: doubling time,
bottom: maximum optical density. "Control" refers to a non-targeting spacer.
Each square represents one replicate (3 per conditions).

D-methionine prevents PBP1A activity, much more than PBP1B

To gain more insight into D-methionine’s mode of action, we measured single-molecule
PBP1B diffusion in presence of 3 mg/ml of D-methionine. According to our growth ex-
periments (figure 8.1BC), this concentration of D-methionine has no effect in APBP1A
but would result in cell death in APBP1B. In the presence of PBP1A at wild-type level,
the bound fraction of PBP1B is greatly increased by D-methionine treatment, similarly
to what we obtained when PBP1A is deleted (figure 8.1D, right). In a APBP1A strain, the
bound fraction of PBP1B is mostly unaffected by to D-methionine treatment, and may
in fact become lower (figure 8.1D, left). This contradicts the idea that PBP1B repairs
damage in the cell wall due to D-methionine, as PBP1B activity would be expected to
increase. This suggests that D-methionine inhibits PBP1A, directly or not, thus giving
more work for PBP1B and explaining why a strain lacking PBP1B is more sensitive.
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CHAPTER 8 D-AMINOACIDS AND CELL WALL SYNTHESIS

D-methionine treatment is more severe when MepS is over-expressed

While the exact effect of D-methionine on E. coli is not clear, we previously found that
it interferes with PBP1A’s activity and provokes cell lysis if the level of PBP1AB is not
sufficient. The peptidoglycan-hydrolase MepS, that we use extensively in chapter 7, also
seems related to D-methionine treatment in some way: the deletion of nilpl, an outer-
membrane protein the negatively regulates MepS, also makes the strain more sensitive
to D-methionine [189], but only if MepS is present. This negative regulation presumably
relies on the protease Prc, that uses Nlpl as an adaptator to degrade MepS [190, 191].
Using a strain expressing MepS from an inducible promoter, we found that overexpres-
sion of MepS itself also made cells more vulnerable to D-methionine treatment (figure
8.3).
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Figure 8.3: The over-expression of the hydrolase MepS makes cells more
sensitive to D-methionine. “+” means that the enzyme in question is over-
expressed from an inducible promoter. When MepS is overexpressed, the min-
imal inhibitory concentration of MepS become lower. The cells are still able to
grow to some extent, but the population collapses before reaching a high optical
density. The over-expression of PBP1A or PBP1B does not seem to compensate
this effect in a major way.

Genome-wide CRISPR screen identifies processes related to D-methionine

As many processes seem to be interlinked and there is a lot of uncertainty about the
function of each part, we decided to scale up and find if other genes are affected by
D-methionine treatment. For this, we used the CRISPR library presented in [79] in a
variety of deletion strains, either in the presence or absence of a sublethal concentration
of D-methionine. The library is transfered to each strain by cosmid transduction, then
the pooled collection of strains are induced and grown in competition. Finally, high-
throughput sequencing of the CRISPR guides in the population allows to find the fitness
of each strain.
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CHAPTER 8 D-AMINOACIDS AND CELL WALL SYNTHESIS

Among the strains tested here, there were strains lacking PBP1A, PBP1B, MepS,
MtgA, PBP1C and others. We also included a strain that over-expresses MepS. The
screening itself (competition and sequencing) was done by Lun Cui. Unfortunately,
the sequence coverage was very limited, and a lot of guides had zero reads and there-
fore cannot be analyzed accurately. It made it especially difficult to compare different
strains, however we could use the few strains that had a good coverage to investigate
D-methionine sensitivity.

Thus, we compared the fitness cost of repressing each gene, either in LB, or in LB
with 2 mg/ml of D-methionine. Among the expected results, we could confirm that
the repression of NlpI, Prc, PBP1B and LpoB increased D-methionine sensitivity, as did
MepS over-expression. In addition, we found that members of the Tol-Pal system (tolA,
tolB, tolR, pal) also greatly increased the sensitivity to D-methionine, as well as ftsB and
envC, two proteins involved in cell division (figure 8.4, left).
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Figure 8.4: CRISPR screen identify genes that affect D-methionine treat-
ment. The plots show the number of reads obtained in LB, or in LB with 2 mg/ml
of D-methionine. Each point represents the average of all the guides from the li-
brary that target one gene. Left: Points that stand below the diagonal show that
repressing this gene increases sensitivity to D-methionine. Right: Ina APBP1B
background, points that are above the diagonal show that this gene rescues the
over-sensitivity to D-methionine due to APBP1B.

Interestingly, a few genes would consistently rescue a APBP1B strain from D-
methionine sensitivity (figure 8.4, right). Among them were the stress-response regula-
tors sspA and sspB, and the glucan synthesis enzymes opgG and opgH.

Before further investigation of these results, we sought to validate the potential D-
methionine rescue by deletion mutants. Using strains from the Keio collection [129]
as donnors, we made strains with repressible PBP1AB and a deletion of either sspA or
0pgG. These strains were grown in the presence of 2 mg/ml of D-methionine, with the
levels of PBP1AB set to either wild-type level, or strongly repressed with the "14-20"
pair of guides (see chapter 5).

This experiment confirmed that these two genes abolished the extra sensitivity of a
strain with low PBP1AB to D-methionine (figure 8.5). In a strain lacking sspA, the re-
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Figure 8.5: Validating the hits from the CRISPR screens Growth curves of
strains with PBP1AB either at WT level, or strongly repressed, in 2 mg/ml of
D-methionine. The repressed strain is very sensitive to D-methionine, but this
disappears when sspA or opgG are deleted. After about seven hours, the repressed
wild-type strain starts growing again. This is likely due to the selections of mu-
tants where CRISPR repression is not efficient anymore.

pression of PBP1AB had no effect on growth in 2 mg/ml of D-methionine. As sspAB are
involved in stringent starvation response and interact directly with the RNA polymerase
[192], they might be related to the genetic feedback we observed on PBP1B (chapter 5)
and it is possible that their deletion raised levels of PBP1B, explaining the rescue. This
remains to be investigated. One possible way AopgG could rescue D-methionine hy-
persensitivity is through its effect on periplasm thickness [193], as this could stimulate
aPBP’s activity by making the Lpo/PBP1 interaction easier. In the strain lacking opgG,
interestingly, the repression of PBP1AB made the cells grow to a higher maximal optical
density than at wild-type levels. Further experiments will be required to elucidate the
origin of this somewhat paradoxical phenomenon. As optical density measurements are
influenced not only by the number of cells, but also by cell morphology, it is possible
that the repression of PBP1AB starts to have a noticeable effect on cell shape when 0pgG
is absent.

Related to cell constriction [194] and the maintenance of outer-membrane integrity
[195, 183], the Tol-Pal complex has also be shown to enable polar localization of other
proteins, in conjunction to membrane curvature [182]. The glucans synthesis genes
opgGH are also interesting, as glucans are major regulators of the pressure in the
periplasm, and are known to affect the thickness of periplasmic space [196]. All to-
gether, these provides a new lead to investigate the complex interaction between class
A PBPs, hydrolases, osmotic pressure and D-aminoacids.
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Chapter 9

More CRISPR exploration

9.1 Genetic regulation of the mreBCD operon

In chapter 5 and [133], we used CRISPR to change the level of a GFP-MreB fusion. When
the concentration of MreB becomes lower, the cell diameter increases but the growth
rate is not dramatically affected until very low levels. However, it quickly appeared
that the repression was not as strong as expected, hinting at the possibility of a negative
feedback on MreB’s expression. As the mreB gene is part of an operon that also contains
mreC and mreD, that would mean that the three proteins are affected by the feedback
loop.

At first, we sought to use fluorescence microscopy to measure the strength of the po-
tential feedback, but to quantify the number of GFP proteins per generation, we would
need to find the total amount of GFP per cell. This is made difficult by the large changes
in shape that the cells undergo, especially as the cells become spherical and thus a larger
part of it may escape the focal plane. Rather than using the microscope, we used flow cy-
tometry instead. In that case, the fluorescence signal is recorded by a photo-multiplier,
without any focal plane, so we can make a less biased measurement of the total amount
of GFP by integrating the area under the fluorescence peak.

This way, we confirmed the presence of a strong feedback loop on the level of GFP-
MreB (figure 9.1), as the same CRISPR guides would produce a much weaker repression
on Ppyep-gfp-mreBCD than on the constitutive Py,7-gfp. To investigate the origin and
mechanism of this feedback, we performed the same experiment in a mutant lacking
bolA. BolA was shown to regulate MreB’s expression [197], as well as other enzymes
related to cell wall synthesis. In the absence of bolA, the strength of the feedback on
MreB was attenuated, but not quite suppressed (figure 9.1, right). This suggests that
BolA is implicated in the negative feedback on MreB’s expression level. However, the
exact genetic network is likely to be complex and tightly linked to cell wall synthesis
and growth, as multiple cell wall carboxpeptidases (PBP5, PBP6) are also regulated by
BolA [198], and their function is not well understood.

This experiment demonstrates that CRISPR knock-down can be used easily to dis-
cover genetic regulations and to find genes that are responsible for such genetic control.
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Figure 9.1: Strong genetic feedback regulates MreBCD expression. The
same CRISPR guides with 10 bp or 14 bp of complementarity, are used on either
a constitutive GFP or GFP-MreB in native locus. MreB'’s expression is subject to
negative feedback, that disappears when bolA is deleted. Points are independent
replicates.

9.2 Anti-CRISPR proteins to reverse the repression

Due to the long-term binding of dCas9 to its target, combined with the low concen-
tration of effector that is necessary to maintain strong repression (see chapter 2), it
can take a long time for the expression of the target to recover after one washes away
dCas9’s inducer [66, 109]. To make this system truly reversible, a possibility would be
to use one of the antagonists of dCas9 that are found in nature. Anti-CRISPR proteins
are widely found in phages’ genome, as a counter-attack against the CRISPR immune
systems. The mechanisms discovered so far work primarily by preventing interaction
between CRISPR effectors and the PAM next to the target [199]. We thus decided to
use the small anti-CRISPR protein AcrlIA4, as it was shown to work on SpCas9 [200].
First, a strain expressing mCherry and a CRISPR guide against mCherry was grown
overnight with induction of dCas9, in order to get a population of cells that are already
repressed. This strain also carried a plasmid with an inducible acrlIA4 cassette, though
this was not induced yet. As a control, we also had the same strain with an empty vec-
tor without acrlIA4, and a strain with a non-targeting CRISPR spacer to know what
the original expression is. Figure 9.2 shows a timecourse, measured with a fluorimeter
and spectrophotometer, of these three strains after the anti-CRISPR is induced. The
fluorescence per cell is calculated by dividing the total fluorescence by the ODgq of the
culture.

After the anti-CRISPR is induced, the level of mCherry returns to a non-repressed
level after a few hours. This shows that, when both a dCas9 complex and an anti-
CRISPR are expressed, the anti-CRISPR is dominant and there is no repression. How-
ever, the recovery of expression took about 5 hours. To explain this slow behaviour,
one needs to consider that Acrll4A is not able to displace the dCas9 complex once it is
bound to the DNA. The guide we used here, a sgRNA with 20 matching nucleotide on
mCherry, produces a very strong repression and only about 1% of the collisions with
the RNAP are able to kick dCas9 out of the DNA. Thus, even if the anti-CRISPR can
bind to dCas9 once it has been kicked out, and prevent a re-binding, many transcription
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Figure 9.2: Anti-CRISPR proteins can be used to restore expression after
knock-down by dCas9. Here the small anti-CRISPR protein AcrlIA4 is ex-
pressed in a population where the RFP reporter was already repressed, causing
the expression of the reporter to increase back to non-repressed levels. Lines are
independent replicates.

events are necessary to clear the target from the repressors.

154



Chapter 10

Discussion

10.1 Summary of the results

Bacteria exhibit a vast range of possible shapes, yet each species maintains its own shape
with a great precision. It is an important characteristic, that has been selected through
evolution and is passed on from generation to generation using specific instructions
from the genome. In the case of bacteria, the relationship between the DNA sequence
and the shape of the whole organism is very complex, as there is no construction plan
and no cell-wide cytoskeleton to use as a canvas. Rather, the shape information is spread
out within many enzymes that continuously construct and remodel the peptidoglycan.
Together, these enzymes form a dynamical system with many essential parts. To under-
stand what the different parts do, we constructed modified strains with various concen-
trations of each components, and looked at the resulting organisms.

To gain control over the concentration of these enzymes, we used the ability of
CRISPR effectors to knock-down bacterial genes. The first part of this project was to
characterize the properties and mechanism of this method on a toy model that expresses
two fluorescent proteins. We showed that RNAP can transcribe targets even when they
are occupied by dCas9, by actively kicking dCas9 out with a probability that depends on
guide/target complementarity. If dCas9 is saturating the target, the relative repression
depends only of the passage probability of the polymerase (PPP), and is independent of
the target gene’s transcription rate. If dCas9 is not saturating the target, relative repres-
sion depends on promoter strength, and we developed a mathematical model to predict
the resulting expression level. Based on this model, we found interesting properties of
CRISPR knock-down that could be harnessed as a technology.

In particular, mismatched guides allow to repress the target without addition of
noise. CRISPR knockdown can also be used to uncover and characterize genetic feed-
back, as the change in protein level affects the transcription rate from the promoter.
This situation turned out to be very frequent. We found a strong genetic feedback on
PBP1B expression (chapter 5), that was, curiously, not found on PBP1A. The genes sspA
and sspB, identified in the D-methionine CRISPR screen (chapter 7), could be involved
in this feedback, and future measurements on deletion strains will confirm or dismiss
this hypothesis. MreB was also found to be involved in a negative feedback loop (chapter
9).
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Currently, the main limitation of CRISPR knock-down is that the relationship be-
tween the guide’s sequence and the PPP is quite unpredictable. To address this issue,
we designed an experiment to provide a clean data set of guide RNAs, target sequences
and associated PPPs, that will in future works be used to build predictive models of PPP
from the target sequence information.

Armed with this tool, we perturbed the concentration of the different enzymes that
polymerize the cell wall and play an important role in determining cell shape.

First, by repressing the mrdAB operon, we could show that below wild-type level,
stochastic fluctuations of PBP2/RodA levels created morphological diversity in the pop-
ulation. In an echo to this work, another laboratory showed that the stoichiometry of
PBP2 and RodA must be tightly regulated [44], hightlighting the advantage of acting on
genes in their native operon with a low-noise method.

We then used dCas9 to change the levels of the redundantly-essential cell wall poly-
merases PBP1A and PBP1B. We estimated the minimum amount of PBP1A and PBP1B
for survival to be around 20%. Below this level, the cultures lysed a few hours after in-
duction. At all the other levels, the cells grew at the same speed as the wild-type and we
did not find a large variation of cell dimensions. Upon careful examination, the level of
PBP1AB is positively correlated with cell diameter, something that was also observed
in B. subtilis [133], but the magnitude of the effect is much smaller. Overall, class A PBPs
have an “all-or-nothing” behaviour.

Focusing on a strain called “14-20" that expresses low amounts of PBP1A (20%) and
PBP1B (30%), we found that it inserts as much peptidoglycan as the wild-type but has
different mechanical properties: cell elasticity is increased and it is less resistant to os-
motic shocks. This indicates that the repression of class A PBPs affects the cell not
by reducing peptidoglycan polymerization, but by doing so in a structurally different
way. By looking at the 2D-diffusion of PBP1B, we found that the immobile fraction of
PBP1B increases or decreases depending of the total concentration, so that the number
of bound molecules is roughly constant. The lack of PBP1A also causes an increase in
PBP1B bound fraction, showing that PBP1B’s mobility adapts to the need for cell wall
insertion. This change in diffusion dynamics is likely mediated by LpoB, as the deletion
of LpoB greatly decreases the immobile fraction of PBP1B. Finally, by examining resis-
tance and recovery to D-cycloserine treatment and to mDAP depeletion, we showed
that PBP1B was useful for maintaining cell wall integrity, thus making it more resistant
to future stress, and also for repairing it after stress.

Within the cell, PBP1A and PBP1B have different sub-cellular localization. Both
tend to be enriched at the poles, but this pattern is stronger for PBP1B. When one of
them is deleted, the localization of the other changes to compensate, showing that the
localization patterns are related to the enzyme’s function. After an osmotic downshock,
PBP1AB localization patterns are amplified and patches often appear on the sides of the
cell. Polar localization is also magnified by high osmotic pressures. As a further demon-
stration of the link between peptidoglycan state and PBP1AB localization, we showed
that an over-expression of the hydrolase MepS enhances the localization pattern. Inter-
estingly, this happened even in the absence of outer-membrane activators, suggesting
that the localization is not due to LpoAB sensing the state of the peptidoglycan, but
rather to a more indirect phenomenon, possibly involving periplasmic volume or mem-
brane dynamics.

When PBP1A and PBP1B are low, cells become highly sensitive to D-methionine,
even more so that a APBP1B strain. It is likely that D-methionine impairs PBP1A’s ac-
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tivity, as our single-molecule tracking data suggests. We performed a series of genome-
wide CRISPR screens to find which other processes are associated with D-methionine
sensitivity and resistance, and found a link with the stringent starvation response and
to the synthesis of periplasmic glucans.

Finally, in addition to the work presented in this thesis, I also contributed to other
projects, for example by designing and constructing strains with tunable levels of vari-
ous genes.
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Sub-cellular localization of class A PBPs changes in response to stress.
Requires verification at wild-type levels of PBP IAB expression.

Interaction between D-aminoacids and cell wall synthesis.
Still in exploration.

* Equal contribution.

10.3 Future work

Mistakes and dead ends

On the way to understand cell wall synthesis, there were many dead ends and artifacts,
and there will continue to be. The extensive use of fusions with fluorescent tags is a
common source of artifacts in the field of microscopy-heavy molecular biology. For
about ten years, it was believed that MreB formed a spiral cytoskeleton within B. sub-
tillis’s cells, a structure that was in fact created artificially by the presence of the yellow
fluorescent protein on the N-terminus of MreB. In my case, fusing mCherry and GFP
to PBP1A and PBP1B caused a dramatic change in their expression levels. This was
unfortunate, given that the main goal of the fusions was to study the concentration of
these enzymes. The fact that overexpression of PBP1AB did not produce any obvious
phenotype, something that was not known at the time, helped this accidental overex-
pression go unnoticed. In addition, it is likely that the difference of expression happens
at the translational level, making it impossible to detect by quantitative PCR. We even
performed absolute quantification of GFP-PBP1B, using GFP fluorescence and an anti-
GFP antibody, without noticing the over-expression as all these measurements relied
on GFP. Only mass spectrometry allowed us to compare directly the levels of the fusions
to the levels of the wild-type enzymes.

Another major impediment for this work was the Bad Seed Effect. While still unex-
plained, we ended up finding a workaround and the CRISPR method could still be used,
after a few weeks of reconstructing every strain. Further work is currently being under-
taken in the lab to identify the cause of the Bad Seed Effect. More generally, this kind
of unpredictable problem is hard to avoid, aside from systematically testing every part
separately to find potential effects of allegedly innocuous vectors. Fortunately, this hap-
pened in the context of fundamental research, and [ hope nothing similar ever happens
to the people using CRISPR to edit human embryos.

Technological improvements

Among the countless technologies that are flourishing in the field of molecular biology,
a few seem particularly promising, especially when they allow to have more confidence
in experimental results.

The rise of large-scale proteomics, and their increasing accessibility, will be benefi-
cial for all studies concerned about gene expression levels. Data-Independent Acquisi-
tion (DIA), as we used in chapter 5, allows to quantify proteins without any label. Thus,
it is one of the best tools to check the level of protein fusions. It also does not require
antibodies specific to the protein of interest, although specific fragmentation peptides
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are necessary for absolute quantification. Moreover, it directly measures the amount of
protein, so translational effects can be accounted for. This is not the case with quanti-
tative PCR or RNA-sequencing, for example, as they only count the number of mRNA
transcripts. As it is proteome-wide, we can also monitor changes in the expression lev-
els of other genes in the cell, which may be a way to explain puzzling results that would
be confusing otherwise.

When preparing strains for molecular biology, we usually sequence only some parts
of the plasmids we construct, typically the insert, by Sanger sequencing. In addition,
strain construction often requires to grow the cells over multiple nights, making mu-
tations inevitable. As high-throughput sequencing becomes more widely available, re-
searchers should be able to check the full genome of their working strains more often
and avoid many non-reproducible results.

The use of fluorescent fusions for single-molecule tracking opens the way for more
direct measurements of the dynamics of cell-wall synthesis. As new tags and dyes are
being developed, alot of work is still required to make sure they give the expected results
in bacteria. For example, a tag that binds a fluorescent molecule with a fast turnover
can be used to circumvent the problem of photo-bleaching [201]. To bypass the need
for fusions, an interesting perspective can be found in genetically recoded organisms
[202, 203]. In the genome of these organisms, all TAG stop codons have been replaced by
TAA, and the release factor RF1 is deleted. This turns the TAG stop codon into a regular
codon that can code for an aminoacid as long as a corresponding tRNA is provided.
This way, it is possible to incorporate unnatural aminoacids in proteins, and possibly
fluorescent dyes. This should minimize the effect of the tagging on protein’s function
and localization and hopefully help to avoid artifacts.

Another rapidly improving technology is electron microscopy, as well as atomic-
force microscopy (AFM) [204]. As these methods achieve better resolution, they should
allow to analyse the state of the bacterial cell wall in more detail and distinguish struc-
tural features that cannot be seen by optical microscopy. For instance, AFM has already
been used to see individual glycan strands from the peptidoglycan of E. coli [169]. This
information will be valuable to understand whether the pre-existing features of the cell
wall, such as the glycan strands that are already present, play a role in determining where
the polymerases are going to insert new material. It is possible, for example, that the
motion of MreB filaments is in part influenced by the position and orientation of the
previous generation of glycan strands. As it allows to see the structure of peptidoglycan
at an intermediate scale between the molecular level and the global cell shape, AFM,
could help knowing why a strain with a low level of PBP1A and PBP1B is more elastic
than normal, despite having the same amount of peptidoglycan (chapter 5).

Next steps

More research will be required to clarify some points that remain unclear in this work.

The CRISPR-based method to control the levels of genes still has room for improve-
ment, in particular regarding the predictability of repression. When succesfully syn-
thesized, the “ppppredictor” CRISPR library should allow to understand better the se-
quence determinants of repression, to identify potential off-target binding sites and to
design tailored CRISPR guides to get a range of repression on new targets, without the
need for fusions. This big dataset should require a large amount of bio-informatics to
exploit it as much as possible. In the best case, the model could bring valuable informa-
tion on the mechanism of R-loop extension and RNAP/dCas9 collisions.
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Our experiments on the role of PBP1AB in cell wall synthesis brought new informa-
tion and allowed to exclude some previous hypothesis, but they also revealed that this
machinery has many interacting parts. In particular, we observed many unexplained re-
lationships between the class A PBPs, the hydrolase MepS, D-aminoacids, osmotic pres-
sure and the subcellular organization of membrane proteins. All these elements appear
to be connected, and step by step progress on the characterization of each part should
hopefully allow to solve this puzzle. Another interesting point is whether PBP1AB can
repair damage in the peptidoglycan without relying on new cell wall synthesis, meaning
that they can bring together material that is already in the cell wall without the need for
new precursors. One way to address this question would be to deplete cell wall pre-
cursors using D-cycloserine, then measure cell wall elasticity as a proxy for repair. As
many time-sensitive parameters need to be adjusted, this kind of experiment is difficult
to perform. It is likely that in vitro studies will be necessary before this question can be
solved in vivo. It would also be interesting to look at the TPase and TGase activities of
PBP1AB separately, by using site-specific mutants.

Another research direction is to investigate the apparition of blebs on the sides of
the cell in response to D-cycloserine or D-methionine or to PBP1AB depletion. We
previously sought to know whether PBP1AB would localize at the spots where these
blebs appear, but this is difficult to do as blebs can be anywhere around the cell, not
necessarily in the focal plane, so 3D-imaging has to be used. Moreover, the fact that
patches of PBP1AB still appear in the absence of LpoA or LpoB makes this hypothesis
less attractive.

Finally, a mutant of PBP1B, PBP1B(E313D), was reported to insert cell wall with-
out the need for activation by LpoB [205]. We previously attempted to work with this
mutant, including a sfGFP-PBP1B(E313D) fusion, as it could provide insight on the dif-
ferences between E. coli and B. subtilis control of diameter. However, our preliminary
work involved strains with numerous chromosomal modifications and many scars from
genome editing. As these strains gave very variable results, this part of the project was
set aside. Making a new, simpler strain would be useful to study the importance of
LpoB as a sensing mechanism, and to know the effects of processive cell-wall insertion
on PBP1B(E313D)’s diffusion. Now that we know more about this protein, a new set of
experiments involving the mutant could be undertaken. By changing the level of this
mutant, we could see if its concentration has a larger effect on cell morphology than
wild-type PBP1B, maybe more similar to what is seen in B. subtilis [133]. It would also
be possible to look at the mechanical properties of the cell with such a mutant, to know
whether the lack of sensing by LpoB leads to a cell wall of lower quality and thus to
less mechanical resistance. As a caveat, it is not clear whether the rate of peptidogly-
can insertion by this mutant is identifical to the wild-type protein. In particular, as the
need for activation by LpoB no longer limits insertion, the E313D mutant may insert
much more peptidoglycan than the wild-type. In addition, LpoB may still be able to
increase the activity of the mutant, so it is preferable to work in a strain lacking LpoB.
Finally, by using a fluorescent fusion to this hyper-active mutant, we could perform
single-molecule tracking to know if it immobilizes, and which factors this depends on.

The project to understand PBP1AB’s subcellular localization is still in an early phase.
With the revelation that the strains used in these experiment are over-expressing class
A PBPs, the biological significance of our previous results is to be examined. When ex-
pressing a high level of a fusion protein, it is possible that its localization is altered and
that excess proteins form aggregation bodies. While some of the results seem indepen-
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dent from over-expression (especially the change in one aPBP’s localization when the
other is removed), most of the experiments from chapter 7 should be reproduced using
wild-type levels of the fusions.

To better understand the importance of LpoB in localization, one could repress
PBP1B to a non-lethal level in APBP1A (or the opposite), with or without LpoB, and
see if the change in localization due to 1A repression requires LpoB.

It is also possible that the patterns we see are not specific to PBP1AB, but are com-
mon for inner-membrane proteins. Using an artificial membrane protein with no bio-
logical function could help understand the dynamics of freely-diffusing proteins in the
inner membrane. The Min system [24] and the Tol-Pal system [182] have also been
reported to change the localization of membrane proteins. Their relationship with
PBP1AB could also be investigated.

Figure 10.1: Left: Allegorical depiction of the experiments that worked and
made it to this thesis. Right: Allegorical depiction of all the other experiments I
attempted to do. Drawings by André Franquin.
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The Misspellings of CRISPR*
in Scientific Abstracts

(*Clustered Regularly Interspaced Short Palindromic Repeats)

Deletion InDel Insertion

[UEIUS  vou made it congrats!

10000 —
Talking about a whole bunch of them CI’ISPI'S
crisp
1000 —
[0} =
£ -
- =) Litteraly scientific research about crisps
8 B tteraly t t crisp
2 crisps crispi  crispa
C )
o .. crispo
» B crispri
8
2 Real thing, probably not a typo
2 100—
8 E crispy Some people do entire PhDs on crispy stuff
o
o o .
5 i - crispra
= . cripsr
© L crisper
o
IS
5 2
z
10— Latin alphabet is not my native alphabet
P crisrp  crsipr  crispp
= crspr crisr
¥ crispor cripr  rispr
- Exhausted postdocs writing late in the night
§ cispr  cirspr crisprm crisprn  crisprz  crispro  crispu
Just go to sleep already
1— cripspr crisrpr crisprd crisprc crispv crirpr crespr

Figure 11.1: Random mutagenesis was applied to the word CRISPR, then the
number of occurrences in abstracts on the MedLine database was counted for
each of them.
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Figure 11.2: Current state of my bench. I will come back in 10 years and check
that nothing has moved.
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