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2 1. Introduction

1.1. General introduction
Bacteria are masters of adaptation, occupying almost every environment on Earth.
The key to their success lies in their ability to multiply rapidly. Organisms adapt
to new environments gradually: on balance, offspring are better adapted to local
environmental conditions than their parents are. Because they multiply rapidly,
bacteria have incredibly short generation times and thus produce better-adapted
offspring very quickly. Once a few bacterial cells become suitably adapted for life in
a new environmental niche, they grow quickly and thus rapidly expand their range.

Changes in environmental conditions induce stress – a term used to describe mis-
match between an organism’s capabilities and its environment. Exogenous stress
can be a source of constant harm in bacterial cells. Such external pressures include
starvation, abrupt changes in pH and temperature, DNA damage, and exposure
to antibiotics. These conditions may affect the cell during its lifetime or result in
accumulated effects felt over several generations. Over time, natural selection de-
termines which organisms survive in a particular environment, and which do not.

Can environmental conditions also provoke changes in organisms? In many or-
ganisms, environmental stresses induce pathways that result in higher frequencies
of genomic mutations. This stress-induced mutagenesis increases genetic diversity
within populations of organisms that become maladapted to their environments. If
stress-induced mutagenesis increases the number of offspring with the new physi-
ological traits needed to succeed in the new conditions, it will accelerate the adap-
tation process [1, 2]. Stress-induced mutagenesis is one invocation of the broader
theory of adaptive mutation. Under its broadest definition, the adaptive mutation
theory posits that environmental conditions not only determine which organisms
are selected for during the course of evolution, as in the classical neo-Darwinian
description, but also plays a role in helping maladapted organisms mutate to better
fit conditions [3–5].

The best-studied mechanism for stress-induced mutagenesis involves the SOS
response – a global cellular response to DNA damage, typically brought about by
exposure to external stress. In E. coli, the SOS response leads to upregulation of
more than 40 genes, including three different DNA polymerases [6]. These spe-
cialized polymerases (pols) have the ability to carry out translesion DNA synthesis
(TLS), i.e. they can insert a nucleotide base opposite a damaged base, or lesion,
on the template DNA. The primary purpose of TLS pols has long been thought to
be rescue of replication complexes that have been stalled by lesions in the DNA [7].
Under this model, the TLS Pol temporarily replaces the replicative DNA polymerase
at a stalled replication fork, synthesizes past the lesion and thus allows replication
to continue. The lesions are left behind to be repaired by other mechanisms later.
However, this ability to support TLS comes at a cost: these polymerases display a
much higher error rate than the specialized replicative DNA polymerase and thus
their use lead to higher rates of mutation. Why do cells maintain TLS pols, when
other, less error-prone mechanisms for replication restart exist? One view is that
the negative effects of increased mutation are offset by the positive effects on cell
survival that their lesion bypass activity provides. An alternative view is that the
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stress-induced mutation facilitated by TLS pols contributes to adaptive mutation,
allowing cells carrying TLS pols to more readily adapt to new environments. In any
case, TLS polymerases play an important role in balancing genetic diversity and
genome maintenance [8–10].

The number of DNA pols produced by a species varies; the yeast Saccharomyces
cerevisiae expresses 7 and humans produce at least 14 different DNA polymerases
[7]. Despite belonging to several different sequence families, they share common
features, such as an affinity for a processivity clamp (𝛽 for bacteria and PCNA
for eukaryotes and archaea). Furthermore, the DNA polymerases show conserved
structural features. E. coli Pol IV, for example, has homologs in all domains of life
[11, 12]. The vast knowledge accumulated on DNA replication and repair in E. coli
and other model organisms allows us to hypothesize how DNA-damage responses,
and stress-induced mutagenesis, might be regulated in different organisms.

Mechanisms to regulate TLS pols must exist to avoid their error-prone activity
beyond what is minimally needed to rescue replication and/or to modulate muta-
tion rates as part of an adaptive mutagenesis mechanism. How does E. coli decide
which of its DNA polymerases will be active at any given moment? How does the
cell coordinate which DNA polymerase replaces the replicative polymerase when
replication is stalled? The predominant hypothesis in the field is that the transcrip-
tional regulation (the SOS response) increases the cellular concentration of TLS pols
and thus promotes mass action-driven switching of pols at stalled replication forks
[7, 9, 13]. In this case, the thermodynamic properties of the system, such as affini-
ties of the different polymerases for the replication machinery and their respective
concentrations, should be the main determinants of which polymerase is present at
the replication machinery.

Because E. coli displays short generation times and high genomic plasticity it rep-
resents an ideal model system to understand how organisms manage their genetic
material and what factors influence their fitness. Its short generation time enables
monitoring of damage response and the establishment of mutationally adapted
progeny on a timescale that is easily experimentally accessible. Recently, the Austin
group demonstrated that bacteria are able to evolve antibiotic resistance within ten
hours [14]. These experiments and others are increasingly highlighting the rela-
tionship between antibiotic resistance and the activity of specialized but mutagenic
polymerases [15]. Since several such mechanisms are conserved between large
numbers of bacterial species and even higher organisms [11, 12], such knowledge
improves our understanding of evolution mechanisms and may help to explain why
bacteria develop resistance to antibiotics faster than we can develop new drugs and
why cancer cells so often become resistant to treatment.

In this thesis, I describe how we have applied single-molecule microscopy tools
to visualize the spatiotemporal dynamics of individual protein molecules in live E. coli
cells to investigate regulatory mechanisms that control DNA polymerase V activity
and to revisit the mass-action hypothesis. E. coli is a well-suited model organism to
study how the specialized DNA pols are regulated and activated as a consequence
of DNA damage [16]. These DNA pols play a key role in adaptive mutation; because
mutagenesis rates are dependent on polymerase fidelity, low-fidelity TLS pols pro-
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mote genetic diversity and consequently boost adaptation by producing genetic
variety [17].

In this introductory chapter, I will briefly review key mechanistic properties
of DNA pols in Escherichia coli and their roles in bacterial mutagenesis, includ-
ing current models of DNA Pol switches at sites of replication. Further, I will dis-
cuss methodological aspects of single-molecule microscopy in live bacteria and how
such approaches can address fundamental questions related to bacterial stress re-
sponses.

1.2. E. coli and its multiple DNA polymerases
E. coli contains five DNA polymerases (Table 1.1). DNA polymerase III (Pol III) is
the main replicative polymerase of which at least two copies are present in the repli-
some, the multi-protein complex that is responsible for the coordinated unwinding
of double-stranded DNA and production of two identical daughter duplexes. DNA
polymerase I (Pol I) is responsible for a number of repair duties, a major one of
which is the replacement of RNA with DNA at between Okazaki fragments on the
lagging-strand product of replication. Both Pol I and Pol III are maintained at rel-
atively constant expression levels. Three other specialized polymerases – Pol II,
Pol IV and Pol V – are expressed as part of the SOS response. Each of these five
polymerases differs in their structure, preference for substrates, and nature of the
reactions they catalyse. For example, 3’–5’ exonuclease activity (proofreading) is
present only on Pols I, II and III, and serves to enhance fidelity when copying an
undamaged DNA template. Pols IV and V are error-prone polymerases able to repli-
cate undamaged DNA, but their primary role is in carrying out TLS on damaged
DNA.

1.2.1. DNA Polymerae III and the replisone
The replisome is a dynamic multi-protein structure conserved across viruses, bacte-
ria, archaea and eukaryotes (Table 1.2). Replisomes share a common structure that
comprises a number of key parts: a helicase to unwind the double-stranded DNA; a
polymerase subunit to synthesize the new strand; sliding clamps that encircle DNA
and confer processivity to the replicative DNA polymerase; a clamp loader to load
the sliding clamps and to organize the replisome on the DNA, a primase to synthe-
size RNA primers needed for polymerase activity, and single-stranded DNA-binding
protein (SSB) to coat and protect transiently exposed single-stranded DNA.

In E. coli, the DNA Polymerase III Holoenzyme (Pol III HE) represents the core
structure of the replisome and coordinates the activity of all components involved in
unwinding and coordinated synthesis of the two daughter strands. Pol III HE con-
sists of three main parts: Pol III core, the sliding clamp, and the clamp loader com-
plex. Pol III core consists of three subunits, 𝛼, 𝜖, and 𝜃. The dnaE gene encodes the
𝛼-subunit has polymerase activity; the 𝜖 subunit (dnaQ) has 3’–5’ exonuclease ac-
tivity; the 𝜃 subunit (holE) stimulates 𝜖-proofreading activity. The 𝛽 sliding clamp
is a dimeric ring composed of two 𝛽 subunits (dnaN) that encircles double-stranded
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Table 1.1 | The five DNA polymerases of Escherichia coli and few of their relevant properties.

Number of molecules/cell

5’-3’polymerase

3’-5’ exonuclease

5’-3’ exonuclease

–SOS

+SOS

Family

Structural Gene

Biological
functions

PolA

Pol I

400

Dna Replication
Okazaki fragment maturation

DNA Repair

A

polA

X

X

X

400

Pol II

50 - 75

Dna Replication
(Backup polymerase)

DNA Repair,
TLS

B

polB

X

X

350 -1000

PolB

Pol III

10 - 20

C

dnaE dnaQ holE

X

X

10 - 20

DNA polymerase
DNA Repair

β2

α
ε θ

Pol IV

150 - 250

TLS

Y

dinB

X

1200 - 2500

DinB

Pol V

< 15

Y

umuDC

X

200

TLS

UmuD’2C

Table 1.2 | Replisomes and common characteristics across different groups.

T7 Phage T4 Phage E. coli Eukaryotes Archaea

Polymerase Gp5/TRX Gp43 Pol III Pol / / Pol
Clamp – Gp45 PCNA PCNA
Clamp loader – Gp44/62 / complex RFC RFC
SSB Gp2.5 Gp32 SSB RPA RPA
Primase Gp4 Gp61 DnaG Pol -primase primase
Helicase Gp4 Gp41 DnaB MCM2/CMG MCM

DNA. It tethers Pol III to the DNA and ensures that the polymerase stays attached,
allowing processive DNA synthesis. The clamp-loader complex [𝜏𝛾] 𝜎𝜎 𝜒𝜓 consists
of a ring of three 𝜏 subunits (dnaX), one 𝛿 subunit (holA), and one 𝛿’ subunit (holB).
Each of the 𝜏 subunits tethers a Pol III core complex to the replisome. A shorter
dnaX product gives rise to the γ protein that can replace 𝜏 subunits in the clamp
loader but is unable to bind to the Pol III core. Finally, the 𝜒 (holC) and 𝜓 subunits
(holD) interact with SSB and play a role in the coordination of the enzymatic events
at the lagging strand [18, 19].

1.2.2. Coordination of DNA replication
E. coli has a single, circular chromosome of about 1.2 mm in length, containing
4.5 million base pairs (bp)[20] and more than 4200 protein-coding genes. With
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two sister replisomes that each copy half of the chromosome at a rate of ∼ 1,000
bp/s, the entire chromosome is duplicated in 40 minutes. Under optimal growth
conditions, cells can divide as fast as one division each 20 minutes, which is achieved
using nested cycles of replication [21, 22].

The replication of circular chromosomes occurs in three steps: initiation, exten-
sion and termination. Replication initiates at a single region called chromosomal
origin of replication, oriC, and commences by the cooperative binding of the ini-
tiator protein DnaA to its multiple sites (DnaA boxes). Separation of the two DNA
strands at the AT-rich DnaA boxes results in the local unwinding of DNA and en-
ables the replicative DNA helicase (DnaB in E. coli) to load. Subsequent binding
of primase (DnaG) and assembly of two replisomes facing opposite directions ends
the initiation step [23, 24](Fig. 1.1).

The elongation phase of replication, the processive and coordinated duplication
of duplex DNA into two double-stranded daughter DNA strands, takes place in a
bidirectional fashion, where replisomes travel in opposite directions around the cir-
cular chromosome. The synthesis of DNA in the replisome is a high-fidelity process
mainly carried out by DNA Polymerase III (Pol III), although other polymerases
may also play a role [25–29]. The DNA helicase (DnaB) separates double-stranded
DNA ahead of the replisome, producing two complementary daughter strands as
templates for the DNA polymerase III (Fig. 1.2). The leading strand is copied con-
tinuously with the direction of DNA synthesis the same as the direction of movement
of the replisome. The lagging strand, however, needs to be synthesized in the op-
posite direction and as a result is copied as a series of 1-2 kb-long DNA fragments
called Okazaki fragments. A DnaG primase is perioidically recruited to the DnaB
helicase to synthesize the RNA primers required to initiate the synthesis of every
new Okazaki fragment.

1.2.3. Coordination of Multiple DNA polymerases
Our knowledge of DNA replication has increased substantially in recent years. Con-
trasting with older models of DNA replication, we now know that the replisome is
a very dynamic structure that is able to dynamically exchange components such as
the DNA polymerase while supporting accurate and processive replication [30–35].

First, I will describe the classical view of the coordination of DNA polymerases
within the replisome and the switching of DNA polymerases in non-damaged cells.
A more extensive discussion about polymerase switching in the context of heavy
DNA damage follows later.

The traditional view of the bacterial replisome is that of a stable structure con-
taining tightly bound DNA polymerases that are responsible for the processive syn-
thesis of many hundreds of thousands of base pairs. The leading-strand polymerase
synthesizes DNA directly on the ssDNA produced by the DNA helicase, allowing the
5’–3’ polymerase activity to work continuously at rates up to 1000 nucleotides per
second [34, 36, 37]. The lagging strand, however, cannot be continuously copied
and requires a mechanism that allows polymerases to switch from the end of one
Okazaki fragment to the start of the next one. SsDNA newly produced by the he-
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oriC

Ter

oriC

Ter

Fork progression
oriC

Ter

Fork progression

DnaA

oriC

Unwinding of origin

Primosome

DnaG
DnaB

Primosome assembly Pol III HE assembly

RNA primer

Helicase
(DnaB6)

Clamp
loader
complex

polymerase

Core 
polymerase

β2(sliding clamp)

α
ε
θ

δ
τ

δ’

ψ
χ

Figure 1.1 | Bi-directional DNA replication in bacteria. Bidirectional replication in bacteria can be
divided into three steps. To initiate the process, the origin of replication (oriC) is melted by the initiator
protein DnaA, generating single-stranded DNA substrates for replication. The primosome (DnaB6-DnaG3)
and DNA polymerase holoenzyme (Pol III HE) assembles at the melted origin. Each replisome contains
two core polymerases, one for leading strand synthesis and one for lagging strand. In the elongation
phase, replication proceed bidirectionally around the circular chromosome. The termination phase hap-
pens when replisomes meet at the Ter region and dissociate from the chromosome. The chromosomes
are then separated. Top figure reproduced from [23].

licase is coated with SSB and DNA primers are synthesized every 1-2 kb by the
primase. The 𝛽-sliding clamp assembles on the primer template; Pol III binds to
it and starts replication. When the polymerase reaches the end of ssDNA template
and thus completes the Okazaki fragment, Pol III disengages and is recycled to
bind to the next primer. Pol I is recruited to the 3’ end of the completed Okazaki
fragment to remove the RNA primer of the previous fragment and allow ligation of
the fragments into a continuous product.

With five DNA polymerases, E. coli requires mechanisms to regulate polymerase
access to DNA templates, especially since each of the polymerase have particular
characteristics and demonstrate different fidelities during nucleotide incorporation.
DNA Pols II, IV and V are reported to switch with Pol III and gain access to the
primer-DNA template [38, 39]. Studies using single-molecule microscopy revealed
a highly dynamic polymerase exchange for T7 replication [40] and more recently
a similar dynamic exchange of replicative polymerase has been observed for E.
coli (Spenkelink, Lewis and van Oijen, unpublished results). Taken together, these
results suggest that replisomes may not be the stable structures as envisioned
before but instead allow dynamic exchange of their polymerases.

This revised view of a highly dynamic replisome raises new questions. How does
the cell manage which polymerase will be active at any given moment? What mech-
anism triggers the switch between different polymerases? Selecting the incorrect
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Escherichia coli replication fork

SSB

Lagging-strand
‘trombone’ loop

Transient association
with helicase

Primase

Polymerase

Fork progression

Leading strand

Bulk-solvent
exchange

Tethered-polymerase 
exchange

3’ 5’

3’
5’

5’

β2

Helicase

Figure 1.2 | Escherichia coli replication fork. During DNA synthesis, E. coli DNA polymerase III
holenzyme (Pol III HE) can exchange polymerase subunits while simultaneously remaining attached ath
the replication fork. Each of the three -subunits in the clamp loader complex contains a binding site
for a core polymerase ( ). Image reproduced from [23].

polymerase to synthesize DNA in the replisome may have an immediate impact on
mutation rates, which in turn affect cellular fitness.

The dominant mechanistic hypothesis for how for polymerase switching occurs
at the replisome relies on the 𝛽 sliding clamp acting as a ”tool belt”. This model,
originally proposed by Pages and Fuchs, is based on the ability of multiple poly-
merases to bind to a single 𝛽-sliding clamp [13]. Depending on the expression
levels of the various polymerases and their relative affinities for the sliding clamp,
mass action dictates which polymerases are associated with the clamp at what time
[13]. The importance of mass action in controlling polymerase exchange has been
demonstrated in a number of studies. For example, DNA polymerases have a com-
mon binding site at the C-terminus of the 𝛽-binding clamp (𝛽 ). Different DNA
polymerases may exchange with Pol III and with two copies of this binding site
in the dimeric clamp, different polymerases may even interact simultaneously with
𝛽 [41]. Another study used single-molecule tools to visualise the simultaneous
binding of Pol III and Pol IV to the 𝛽 clamp [42]. The authors showed that an
increase in Pol IV concentration directly reduced Pol III processivity, supportive of
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a polymerase exchange driven by mass-action exchange. The strength of the inter-
action between pols and the sliding clamp depends on whether the clamp is bound
to DNA [32]. If the sliding clamp is not attached to DNA, the polymerase cannot
form a stabilizing interaction with the primer-template and the dissociation rates are
high. While the dimeric β clamp provides two binding sites for polymerases, one
per monomer, it has been shown that polymerase interactions are preferred to take
place on, or even limited to, only one half of the clamp [32]. In such a scenario,
other interactions and contacts must be present to drive and regulate polymerase
switching. For example, studies of the replacement of Pol III by Pol IV on 𝛽 have
shown that additional contacts between Pol III and the clamp-loader protein 𝜏 trig-
ger polymerase release [43]. This process suggests that additional mechanisms
must be present to regulate switching between the various polymerases. In a sim-
plified picture, Pol III is a very efficient, fast and accurate polymerase; it should
not switch with other polymerases unless its path is blocked. Since lagging-strand
synthesis involves frequent interruptions of Pol III synthesis, it is expected that Pols
II, IV and V gain sporadic access to the DNA on the lagging strand [27](Fig. 1.3).
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Figure 1.3 | Stalled bacterial replisome. Bacteria replisome stalled at a damaged site (red cross)
and DNA polymerases available for switching.
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1.3. DNA-repair mechanisms
Endogenous and exogenous sources of damage constantly introduce lesions to ge-
nomic DNA, resulting in mutations if not resolved. The frequency of generation
of spontaneous mutations within the genome is found to be very similar within a
broad range of different organisms [44, 45]. In E. coli, for example, the mutation
rate is as low as 10-3 per genome per generation [44, 46]. While baker’s yeast (S.
cerevisiae) and the filamentous fungus N. crassa have genome sizes 3 times and
9 times larger than that of E. coli, respectively, their mutation rates per genome
are very similar [44]. Maintaining such low mutation rates suggests the presence
of tightly controlled repair mechanisms.

DNA damage can be divided in two main categories: endogenous, occurring as a
consequence of cellular metabolism; and exogenous, introduced by environmental
factors such as antibiotics, chemical agents or UV light. Several pathways in the cell
are available to remove lesions from genomic DNA [39]. Here, I will briefly discuss
three fundamental repair pathways: Base excision repair, nucleotide excision repair,
and mismatch repair.

Base excision repair (BER) is the main pathway responsible for removing a broad
spectrum of small base lesions, especially lesions caused by oxidation, alkylation
and deamination [47, 48]. The first example of BER was provided by Tomas Lin-
dahl describing the activity of a uracil DNA glycosylase from E. coli [49]. DNA
glycosylases recognise DNA lesions and cleave the base-deoxyribose bonds to re-
move the base while leaving the phosphodiester backbone intact. Several specific
DNA glycosylases exist to deal with different classes of lesions. Subsequent nucle-
ase, polymerase, and ligase activity is responsible for restoring the DNA proximal
to the lesion to its original state [48, 49].

Nucleotide excision repair (NER) is the mechanism responsible for recognizing
and removing bulky lesions such as thymine dimers and 6-4-photoproducts. These
lesions, predominantly caused by UV radiation, are repaired in bacteria by the
UvrABC endonuclease complex. UvrA scans the DNA searching for distortions in
the DNA helix. When found, UvrA is replaced by UvrB, which melts the dsDNA and
recruits UvrC. UvrC makes an incision away from the lesion, removes the lesion with
DNA helicase II, leaving a stretch of ssDNA. This gap is then filled by Pol I and DNA
ligase [50].

Mismatch repair (MMR) is responsible for removing lesions that escape the proof-
reading activity of DNA polymerases and form a non-Watson-Crick base pair[51].
Briefly, MMR in E. coli is initiated by MutS searching for and recognizing the lesion.
MutS then recruits MutL to trigger a cascade of reactions that results in the re-
moval of the lesion and synthesis of correctly base-paired DNA. Its ability to repair
mistakes made by the replicative DNA polymerases makes MMR essential to avoid
mutations becoming permanent after cell division[51].

Deficiency in these repair mechanisms has major impact on cellular functions. In
humans, many genetic diseases are related to malfunctions in repair mechanisms.
For example, deficiencies in NER are related to xeroderma pigmentosum, Cockayne
syndrome, and trichothiodystrophy, diseases mainly related to deficiencies in deal-
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ing with UV-dependent lesions [52]. Further, the accumulation of lesions caused
by a deficiency in BER is reported to be related to cellular aging and cancer [48]
and MMR deficiencies are related to neurological diseases [51] and a variety of can-
cers, such as hereditary colorectal cancer [53]. However, a direct link between the
deficiency in DNA repair and a particular disease is often not clear. For instance,
Huntington’s disease is reported to be associated with both BER and MMR [48, 51].

Other mechanisms such as repair mediated by homologous recombination (HR)
exist to supplement the activity of the DNA-repair mechanisms discussed above.
Homologous recombination is essential for accurate repair of breaks of dsDNA
caused by ionizing radiation and by anti-tumour agents in humans [54]. The non-
homologous end joining (NHEJ) mechanism repairs double-strand breaks by direct
ligation. Many species of bacteria, including E. coli, lack the ability to perform NHEJ
and instead have to rely on homologous recombination to repair double-stranded
breaks. Figure 1.4 summarize these mechanisms.
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Figure 1.4 | DNA damage and repair mechanisms. DNA damage and repair mechanisms. Exem-
plification of DNA lesions caused by a common DNA damaging agents and the pathways responsible for
damage removal. Figure reproduced from [55].

1.3.1. Replisome and DNA lesions
The DNA-repair mechanisms discussed above act on lesions outside the context of
DNA replication. In such a scenario, DNA damage may have occurred well before
the replisome encounters the damage site, thus leaving ample time for repair mech-
anisms to deal with the lesion before the replisome arrives at the damage site. As
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discussed before, Pol III is highly efficient when replicating undamaged DNA, but is
unable to synthesize past most lesions. When a replisome encounters a lesion be-
fore DNA repair pathways have taken care of it, the replication machinery will stall
and may collapse entirely. In UV-damaged cells, for example, replisomes stalls for
at least 15 minutes having serious consequences on genome stability and the cell
fate [56]. Therefore, it is of crucial importance that replication is resumed as rapidly
as possible [57–60]. Many mechanisms exist to restart replication in an error-free
manner. These pathways include helicase-mediated (PriA RecA-mediated restart)
[58, 59] and the replisome skipping over the lesion, reengaging DNA downstream
of the lesion site [60].

Excessive levels of DNA damage, however, surpass the cell’s basal ability to
restart replication and lead to the induction of other repair pathways, such as the
RpoS and SOS response. The RpoS and SOS response are complementary mech-
anisms and both are activated in response to various sources of stresses [57, 61].
The RpoS response is based on the RNA polymerase subunit 𝜎 . The transcription
factor 𝜎 is involved in initiating transcription of up to 10% of E. coli’s genome and
is upregulated by environmental changes, such as pH change or lack of nutrients.
Like the SOS response, RpoS response is not detectable in fast-growing cells [62].
The SOS response is a general response to DNA damage and lies at the heart of
bacterial mutagenesis. Since it also represents the main focus of this thesis, it will
be discussed in much greater detail below.

1.3.2. Regulation of the SOS response
The SOS response is a global response to DNA damage that once triggered arrests
the cell cycle and starts a number of DNA-repair and mutagenesis pathways. The
process is started by the accumulation of single-stranded DNA (ssDNA) inside the
cell. This accumulation of ssDNA is typically attributed to continued unwinding of
the parental DNA after Pol III has stalled at a leading strand lesion [63]. However,
ssDNA gaps left in the wake of the replisome likely also contribute to induction
of the SOS response [64]. Such gaps are thought to arise frequently, each time
Pol III encounters a lesion on the lagging strand, but are also produced under the
leading strand lesion-skipping mechanism. The SOS response and its regulatory
mechanisms that control the upregulation of various genes are well understood in E.
coli, although the subsequent regulatory pathways involving the expressed proteins
are far from clear. In this section, the discussion will focus on the mechanisms for
which experimental support is in good agreement; work presented later in this
thesis will address aspects of the regulatory pathways that have been more poorly
understood.

The long stretches of ssDNA produced when Pol III encounters lesions repre-
sent the binding substrate for RecA, a DNA-dependent ATPase that forms helical
filaments on ssDNA. RecA is constitutively expressed at a level of 10,000 monomers
per cell to facilitate its role in homologous recombination [65], a copy number suf-
ficiently high to ensure filament formation. To selectively form RecA filaments only
on long stretches of ssDNA and not on the transiently exposed ssDNA in an active
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Figure 1.5 | The SOS response in Escherichia coli. Only a subset of the 43 known genes included
in this system is shown. Under normal growth conditions, the SOS genes are repressed by the dimeric
transcriptional repressor, LexA. Upon exposure to DNA damage, such as ultraviolet radiation, the LexA
repressor is autocatalytically cleaved in a reaction involving the RecA protein, and the SOS genes are
induced. Figure reproduced from [38]

replisome, RecA binds as nucleoprotein filaments in two steps. The first, and slow-
est, step involves nucleation of a small number of RecA monomers on the DNA and
is followed by a rapid, cooperative extension of the filaments in the 5’–3’ direction
[66]. Single-molecule experiments have shown that two monomers of RecA are suf-
ficient for nucleation and that slow growth takes place in both directions, although
faster in the 5’→ 3’ direction on the DNA [67].

RecA also functions as a co-protease. Rapidly after formation of the RecA nu-
cleoprotein filament (denoted as RecA*), it catalyses auto cleavage of the LexA
protein, the repressor that controls expression of the SOS genes.

At a rate that depends on the amount of RecA* present in the cell after damage,
the concentration of intact LexA repressor will gradually decrease. With the different
affinities of LexA to the repressor sites of the various genes, the expression of these
genes is carefully timed, with some genes transcribed well before others. Pols II
and IV, for example, are expressed in the first minutes of the SOS response while
umuD and umuC, the Pol V genes, are not expressed until ∼ 30 min after damage
[6, 65].

1.3.3. SOS-inducible DNA polymerases

Pol II
DNA polymerase II is encoded by the gene polB (dinA) and is one of the SOS-
inducible polymerases [6, 68, 69]. Its promoter displays the weakest affinity to the
LexA repressor of all those controlling the DNA polymerase genes, as predicted by
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the Heterologous Index (HI) [70, 71]. The HI for polB is close to that for dinB, the
gene encoding for Pol IV, but is much higher than that for umuDC (HIpolB=12.55,
HIdinB=9.40, HIumuDC=2.12). Lower HI values indicate tighter binding to LexA re-
pressor and therefore a later expression in the SOS response. Courcelle and col-
laborators show in their microarray experiments that E. coli cells exposed to UV
damage promptly de-repress polB and dinB while umuDC keeps repressed for at
least 30 minutes [6].

Pol II is a member of the B family of polymerases and is the only TLS polymerase
with the 3’–5’ exonuclease activity that enables proofreading. As such, it replicates
DNA with relatively higher affinity than other TLS polymerases [72]. In normal
conditions (no SOS), Pol II is reported to be present in the cell with 30-50 copies
[73]. Upon induction of the SOS response, Pol II levels increase about 10-fold, to
a level of 350 – 1000 copies per cell [7].

The precise role of Pol II remained obscure for years after its discovery in 1970.
Today, Pol II is thought to participate in a number of pathways, such as bypass
of abasic sites, repair of interstrand cross links, and repair of UV-induced lesions
[74, 75]. In the context of SOS response and polymerase switching in the repli-
some, Pol II has been reported to be a key protein in replication restart, allowing
a replisome stalled on UV-damaged DNA template to restart in an error-free man-
ner. This activity could explain why Pol II confers greater fitness to fast growing E.
coli cells [76, 77]. Despite its proofreading activity, Pol II displays error-prone TLS
at certain lesions. The first report of Pol II TLS activity involved the bypass of a
single N-2-acetylaminofluorene (AFF) guanine located within the NarI hotspot and
resulting in -2 frameshift [75].

These aspects taken together, and many others that would require a deeper
discussion that is outside the scope of this thesis, suggest a picture that Pol II
acts as a backup for Pol III, exchanging places in the replisome via a polymerase
switch mechanism. Such a model is supported by the observation that stalled Pol
III replisomes are prone to disengage from the DNA template, favouring association
of Pol II [27].

Pol IV
DNA Polymerase IV (Pol IV) and DNA Polymerase V are the two members of the Y
family of TLS polymerases found in E. coli [27, 78, 79]. Y-family polymerases have
the ability to accommodate bulky lesions and are able to replicate past damaged
sites, thanks to their more open catalytic site. However, when copying undamaged
templates Pol IV and Pol V display higher error rates than other polymerases. As
a result, these polymerases play a major role in induced mutagenesis and stress-
induced adaptive modification by allowing replication to continue at the cost of
increased mutagenesis [79, 80].

Pol IV is encoded by the damage-inducible dinB gene and is constitutively ex-
pressed in high amounts in the cell (∼ 200 copies) [81], increasing up to ten-fold
upon induction of the SOS response. In contrast to the other polymerases consti-
tutively expressed by the cell, Pol IV lacks 3’–5’ proofreading exonuclease activity
and, as a result, displays relatively low fidelity [78]. The high Pol IV concentra-
tion in the cell, even without damage, raises several questions about its role in
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Figure 1.6 | UV induction of TLS polymerases during SOS response in Escherichia coli. The
LexA repressor (yellow) binds tightly to the gene promoters and limits transcription in normal conditions.
Upon UV irradiation, RecA (red) binds to ssDNA forming the active RecA nucleoprotein filament, RecA*
(red helix). RecA* promotes LexA auto cleavage resulting in the derepression of SOS genes. Similar
RecA*-dependent autocatalytic activity responsible for the conversion of the UmuD subunit (purple) into
the mutagenically active UmuD’. Shortly after induction, Pol II is upregulated (<1 min post UV) and is
involved in error-free replication restart. DinB, encoding for Pol IV, is expressed later (<10 min) and
is involved in TLS. Pol V (UmuD2C) appears much later (∼ 45 min post UV) and is the main complex
responsible for SOS-dependent mutagenesis. Figure is based on [6, 11].

DNA replication and cellular fitness [27]. Cells lacking Pol IV do not display a clear
phenotype and even grow as efficiently as wild-type cells in rich medium. In the
context of DNA damage, Pol IV activity is mostly related to -1 frameshift mutations,
accurate bypass of N2-dG adducts, and TLS alkylation damage [79]. Upregulation
of Pol IV allows it to compete and switch with Pol III HE, reducing significantly DNA
replication velocity and increasing significantly mutagenic rates [82].

Pol V
DNA polymerase V (Pol V) is a heterotrimeric complex, composed of the UmuC and
UmuD gene products. The active form, UmuD’2C, contains the catalytic subunit
(UmuC) and two copies of the gene product UmuD’. UmuD’ is the product of RecA-
mediated auto cleavage of UmuD. Pol V also lacks proofreading activity and is clearly
an error-prone polymerase with TLS activity across a large number of different types
of lesions [27]. Pol V is expressed in the SOS response later than the other TLS
polymerases, with the transcription of umuDC being delayed for at least 20 minutes
and Pol V achieving maximum cellular concentration around 45 min after induction
[6]. Pol V is the major TLS polymerase in E. coli, able to bypass a much wider
variety of lesions than Pol II and Pol IV. Pol V requires a number of activation steps
before it acquires TLS activity. These activation mechanisms will be discussed in
great detail in Chapter 3 [83].
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1.4. Single-molecule in live cells
“Seeing is believing” is at the core of the pioneering work of Antonie van Leeuwen-
hoek, which fundamentally changed biology by allowing us to visualize microscopic
structures and life forms. Since the first reported observations of microorganisms
(animacula) in the late 17th century, the microscope as a scientific tool has changed
drastically: simple lenses have been replaced by objectives containing dozens of
lenses; excitation sources evolved from a candle to high-intensity lasers; and the
human eye cannot compete with the sensitivity and precision of modern electron-
multiplying CCDs. A full historical review is outside the scope of this thesis; instead,
I would like to refer the reader to a recent publication that nicely summarizes the
evolution of microscopy over the last 300 years [84].

The observation of molecular processes inside living cells is key to our under-
standing of how biological systems work. For many centuries, Abbe’s diffraction
limit has posed a challenge to microscopy. Diffraction theory states that the wave-
like nature of light limits the resolution of a microscope. With typical optics, the
smallest observable object has a size equal to half of the wavelength of the light
used to observe it (Fig. 1.7).

ABBE’S DIFFRACTION LIMIT  (0.2 µm) 
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Figure 1.7 | The diffraction limit. Abbe was the first to describe that the smallest observable object
in a microscope has a size of no less than 0.2 μm when using visible light. Figure reproduced from Johan
Jarnestad/The Royal Sweedish Academy of Science.

The ability to visualize the fluorescence of individual molecules has catalysed
the development of methods that overcome the resolution barrier. Boris Rotman
developed methods to sensitively detect the activity of β-galactosidase by fluores-
cence and demonstrated the potential for the observation of single molecules in an
aqueous environment [85]. Not until 1989, W.E. Moerner observed for the first time
the optical absorption profile of an individual molecule at liquid-helium (4 K) tem-
peratures [86]. In 1995, Eric Betzig published a theoretical proposal to use similar
single-molecule imaging as a basis for a method to visualize structures at a length
scale smaller than the diffraction limit [87, 88]. In combination with the develop-
ment of the ability to switch the fluorescence of a single molecule on and off [89],
this approach led to the birth of a number of very powerful imaging approaches
that to overcome the diffraction limit [90–92]. In parallel, Stefan Hell developed a
method based on stimulated emission to quench the fluorescence of molecules sur-
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rounding the center of a laser spot. This technique, later called stimulated emission
depletion (STED), removes the fluorescence of the outside of a diffraction-limited
spot and results in a spot size that is much smaller than the diffraction limit [93].
Moerner, Hell and Betzig received the 2014 Nobel Prize in Chemistry for their con-
tributions to the development of super-resolution microscopy.

1.4.1. Ensemble versus single molecule studies
Single-molecule based super-resolution microscopy directly exploits the observation
of individual molecules and provides astonishing pictures of biological phenomena.
Single-molecule microscopes allow us to observe and follow an individual molecule
in the crowded interior of a cell. The ability to follow an individual molecule inside a
living cell opens up tremendous possibilities in the study of the molecular processes
that underlie life.

During decades of advances in biochemistry, molecular biology, cell biology, and
genetics, we have accumulated enormous amounts of data and molecular insight.
Much of this knowledge is obtained by ”ensemble” approaches. In ensemble exper-
iments, a measurement of a molecular property represents the average behaviour
of billions and billions of individual contributions. Capturing averaged behaviour
comes at the cost of hiding molecular heterogeneity and thus not completely repre-
senting the system. For instance, when assuming that solutions are in equilibrium
and stable states are prevalent, ensemble experiments are often not sensitive to
sub populations corresponding to states with a short lifetimes and thus providing a
biased observation.

Single-molecule studies represent an approach in a way opposite to ensemble
measurements. The goal is to disentangle the heterogeneity and follow individual
molecules throughout the experiment. By doing so, subpopulations can be sepa-
rated and information about molecular heterogeneity and synchronicity be obtained.
Furthermore, biomolecules often work in the energetic regime corresponding to a
few kBT. This means that Brownian motion has a significant effect that can directly
influence molecular behaviour and induce heterogeneity. A good example is the
F1-ATPase molecular motor, which acts as the smallest rotary engine in the cell
and works with efficiencies close to 100% by making use of thermally induced
random effects [94]. The direct observation of such molecules in action at the
single-molecule level is critical to their mechanistic understanding.

1.4.2. Test tube versus live cells
Single-molecule imaging as a research field is relatively young, especially applied
to the visualization of biomolecular processes in live cells. The next step in the
biophysical and biochemical tools that aim to study single molecules is to perform
such measurements inside living organisms. In vitro experiments based on aque-
ous solutions of purified proteins are often significantly better controlled, usually
provide better signal-to-noise ratio, less contamination and are easier to handle.
Experiments involving live cells (in vivo studies) provide a much more complex en-
vironment for reactions and cells cannot be faithfully reduced as test tubes yet.
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Single-molecule imaging in cells adds many uncontrolled factors: variation in the
subpopulations, asynchronicities in the cell cycle, uncertainty in the amount of re-
actants taken up by the cell, and high sensitivity of the imaging to contamination.

The first in vivo single-molecule imaging was reported in 2000. Yanagida and
colleagues investigated signal transduction from the epidermal growth effect recep-
tor (EGFR) in human carcinoma cell and suggested that EGFR could exist in different
states [95]. At a similar time, Schindler and colleagues reported 3D imaging of ion
channels using fluorescently labelled toxin ligands at the plasma membrane of T-
cells with 40 nm resolution [96]. A few years later, the bacterial actin homolog
tagged with a yellow fluorescent protein was imaged at the single-molecule level
[97].

The fast development of single-molecule techniques is changing the way we
visualize cells and study biomolecules [23, 98]. Nevertheless, there are still fun-
damental challenges to overcome. Many studies exploit the fusing fluorescent pro-
teins (FPs) to the protein of interest with well-developed molecular biology methods
[83, 99–101]. The main advantage of such an approach is that bacteria can directly
synthesize the tag within the target protein, removing the need of fixation followed
by staining. More recently, tools have become available that allow the introduc-
tion of unnatural amino acids with fluorescent properties, but major changes in the
cellular background are needed [102].

When imaging single molecules in live cells, three main categories of molecular
behaviour are expected: molecules bound to structures in the cytosol, molecules
diffusing through the cytosol, and molecules in the membrane. These different
behaviours are identified by determining the diffusion properties of the tracked
molecule (Fig. 1.8). Even though the precise identification of single-molecules
trajectories in live cells remains a challenge due to photo physical limitations [103],
this classification represents the major methodological framework within which the
single-molecule imaging described in this thesis has been done.

1.4.3. In vivo single-molecule studies of DNA replication
Genome processing lies at the core of cellular metabolism and represents a rich area
for single-molecule studies. DNA replication, for example, involves several protein
components that are found in relatively low copy in cells [99] and thus is ideally
suited to the high sensitivity of single-molecule fluorescence imaging. The events
corresponding to these protein factors binding to and unbinding from DNA result
in starkly different diffusive behaviours and the spatial geometry of the bacterial
nucleoid enables the visualization of replication complexes moving through the cell.

The first single-molecule visualization studies of the bacterial replisome within
live cells were reported in 2008, where the authors tagged replisomal components
with the bright fluorescent protein YPet. They observed that replisomes always
assemble and initiate replication at the oriC region in the bacterial chromosome,
irrespective of where oriC is located in the cell. This finding changed the view of
replication happening in ”replication factories” in E. coli, which were considered
fixed structures for DNA replication [104]. The authors showed that the replisome
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Figure 1.8 | Imaging single molecules in live bacteria. A – Profile of the flow-cell device used
in the experiments reported in the chapters 4 and 5 of this thesis. Bacteria attach to a glass surface
that is treated with (3-aminopropyl)triethoxysilate (APTES, Sigma). The quartz piece on top of the
flow cell allows for in situ UV irradiation as a means to induce DNA damage. B – Bacteria adhere to the
treated coverslip surface by electrostatic interactions. C – Three main molecular behaviours are expected:
freely diffusing proteins cannot be precisely localized and give rise to a blurred signal; proteins binding
to cellular structures are much more static on the timescale of the frame duration and thus yield low
diffusion coefficients; and proteins interacting with the cellular membrane also giving rise to reduced
diffusion coefficients.

position is highly dynamic and that the movements of the bacterial chromosome
during cell cycle are linked to the replication process. These findings argue against
an existing structure restricting the replication machinery to a certain region of the
cell [104]. Further, a precise characterization of the replisome subunit stoichiometry
was obtained with single-molecule microscopy. This work strongly supports a model
in which three copies of Pol III are associated with the clamp loader, in contrast to
the long-standing model of two polymerases, one for leading-strand synthesis and
other for lagging-strand synthesis [99].

Aspects of DNA repair have also recently been investigated by single-molecule
microscopy. The visualization of individual DNA Polymerase I inside single E. coli
cells enabled the characterization of the mechanisms underlying the binding to DNA
primers, the identification of miss-incorporated nucleotides, and the synthesis of
DNA synthesis by Pol I [100]. Even though precise reaction kinetics are yet to be
fully characterized in vivo, the authors investigated the spatial organization of and
interactions between Pol I and DNA ligase by attaching fluorescent proteins to each
protein and performing two-color single-molecule imaging.

The studies described above have played an important role in the development
of single-molecule microscopy tools to study the dynamics of DNA polymerases
inside living cells and have paved the road for a further development of these tech-
niques. Single-molecule microscopy in live cells has the potential to enormously
improve our current understanding of molecular processes and even change our
thinking on how bacteria behave. Although relatively young, single-molecule mi-
croscopy is rapidly establishing itself as an important field, providing contributions
that challenge our current understanding about biological processes [23, 98, 105].
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1.5. Aims of the project
This thesis focuses on establishing methodology for single-molecule imaging of TLS
polymerases in live E. coli cells, with a particular focus on Pol V. At the outset of my
thesis work, a number of basic properties of Pol V were poorly understood, such as
expression levels and localization upon DNA damage. With the ability to produce
E. coli strains expressing UmuC-mKate2 (Pol V) and DnaX-YPet (𝜏-subunit of the
replisome), we set out to answer the following questions:

1. Can we observe and monitor at the single-molecule level the behaviour of
TLS polymerases inside living cells? As reported, DNA Polymerase V is hardly
present in undamaged cells [6, 65]. Can we visualize the behaviour of individ-
ual Pol V molecules upon induction of DNA damage and the SOS response?

2. Previous reports of the cellular concentration of Pol V after DNA damage are
based on Western blots and other ensemble measurements [65], which hide
cell-to-cell variations. Can we use single-molecule imaging to arrive at an
accurate assessment of Pol V expression levels at the single-cell levels? What
are the factors that influence Pol V cellular localization? Pol V is dependent
on UmuD’ and RecA to be active [38]. Does Pol V cellular localization depend
on its activation state?

3. Can we co-localize Pol V and the bacterial replisome? Does Pol V access the
DNA independently of the replisome?

4. Can we observe the effects of polymerase competition, as reported by Fuchs
and Fujii [30] inside living cells? How does the presence of Pol II and Pol IV
affect the localization/behaviour of Pol V?

5. The field of live-cell single-molecule imaging is young and large par tof the
methodology not well developed. What tools do we need to develop to acquire
and analyse the large amounts of fluorescence images needed for the single-
molecule studies? How do we implement existing single-molecule image pro-
cessing strategies to cope with the extra requirements of single-molecule
imaging in live cells? (i.e. hierarchical organization of data; subdivision of
images into cells; cellular movement and growth);

1.6. Scope of this thesis
The research underlying this thesis was conducted in the Single-Molecule Biophysics
group at the University of Groningen. The research focus is twofold: the develop-
ment of single-molecule imaging techniques for imaging of live Escherichia coli cells
and the use of these tools for the mechanistic investigation of TLS polymerases, par-
ticularly DNA Polymerase V, in the context of the SOS response to DNA damage.

A brief summary of the content of this thesis is presented below:
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1. Chapter 2 presents the development of an open-source software platform
developed as a plugin for ImageJ. iSBatch (in Singulo Biology Batch tools) aims
to aid image processing and storage of highly hierarchical datasets. Most of
the analysis performed in this thesis took advantage of this software package.

2. Chapter 3 addresses a protein localization artefact found when imaging Red
Fluorescent Proteins (RFPs) at the single-molecule level inside E. coli. We
found that lower concentrations of RFPs induce association with the mem-
brane, leading to biased localization and potential for miss interpretation of
biological phenomena.

3. Chapter 4 presents a new finding in the regulation of DNA Polymerase V mu-
tagenesis activity. We identified a spatial and temporal localization in bacteria
and discuss the consequences of the Pol V sequestration by the inner mem-
brane for the cell;

4. Chapter 5 challenges the current model of DNA polymerase exchange. We
investigate how the deletion of TLS polymerase influences Pol V localization
and Pol V access to DNA. Current models focus on protein competition based
on mass-action principles while we demonstrate that although present, mass-
action is a secondary actor in the exchange of polymerases, at least in relation
to Pol V.

5. Chapter 6 provides a general conclusion of this thesis and a brief outlook on
the implications of our findings.
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Abstract

Recent technical advances havemade it possible to visualize single molecules
inside live cells. Microscopeswith single-molecule sensitivity enable the imag-
ing of low-abundance proteins, allowing for a quantitative characterization of
molecular properties. Such data sets contain information on a wide spectrum
of important molecular properties, with different aspects highlighted in differ-
ent imaging strategies. The time-lapsed acquisition of images provides infor-
mation on protein dynamics over long time scales, giving insight into expres-
sion dynamics and localization properties. Rapid burst imaging reveals prop-
erties of individual molecules in real-time, informing on their diffusion char-
acteristics, binding dynamics and stoichiometries within complexes. This
richness of information, however, adds significant complexity to analysis pro-
tocols. In general, large datasets of images must be collected and processed
in order to produce statistically robust results and identify rare events. More
importantly, as live-cell single-molecule measurements remain on the cutting
edge of imaging, few protocols for analysis have been established and thus
analysis strategies need to be explored for each individual scenario. Exist-
ing analysis packages are geared towards either single-cell imaging data or
in vitro single-molecule data and typically operate with highly specific algo-
rithms developed for particular situations. Our tool, iSBatch, instead allows
users to exploit the inherent flexibility of the popular open-source package
ImageJ, providing a hierarchical framework in which existing plugins or cus-
tom macros may be executed over entire datasets or portions thereof. This
strategy affords users freedom to explore new analysis protocols within large
imaging datasets, while maintaining hierarchical relationships between ex-
periments, samples, fields of view, cells, and individual molecules.
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2.1. Introduction
Fluorescence microscopy has played an enormously important role in our under-
standing of biology. By tagging molecules of interest with fluorescent proteins, the
dynamics of many cellular systems have been observed within live cells. However,
many important cellular processes are carried out by proteins that are expressed
at very low levels and are therefore undetectable using standard fluorescence mi-
croscopes [2–4]. Proteins that replicate and repair chromosomes in bacteria, for
example, are often expressed at a level of less than 100 molecules per cell [5]. The
recent development of fluorescence microscopes with single-molecule sensitivity is
allowing us to peer into this world for the first time.

In addition to extending the sensitivity of established wide-field microscopy tech-
niques, single-molecule microscopes allow rapid image sequences to be recorded
that reveal the movements of individual molecules. Single-molecule microscopes
can be used to record wide-field video-rate movies, with exposure times of 10-100
ms for individual images. On this timescale, fluorescent signals from molecules
that diffuse freely within the cytosol of a bacterial cell or within the organelles of
eukaryotic cells, blur out over the accessible volume in the cell or organelle due to
rapid diffusion rates ( 𝐷 ∼ 1-10 μm2/s) [6–8]. On the other hand, molecules that
bind relatively static structures, such as chromosomal DNA, exhibit a much smaller
diffusion constant and thus present as static foci of diffraction-limited size (∼ 300
nm). Similarly, molecules that diffuse slowly, such as proteins associated with cell
membranes, present discrete foci that move along the cell periphery. Movements
of such single-molecule foci can be tracked in order to observe events that lead to
a change in diffusion rate, for example, binding of molecules to DNA or other large
structures. At the same time, intensities of foci in conjunction with photobleaching
can be tracked in order to measure the number of fluorescent molecules giving rise
to each focus, allowing the compositions of molecular complexes to be determined
[9].

These extra layers of information provide fresh insight into the behaviors of
molecules within cells, but also pose a problem for the scientists who study them: in
order to obtain sufficient statistics to generalize observations, data must be recorded
for many molecules, within many cells. Single-molecule imaging requires the use
of high-magnification, high-numerical aperture objectives [8], limiting the size of
the field-of-view and thus the number of cells that can be observed simultaneously.
Typically, to discern statistically significant outcomes, hundreds of images must
be recorded for a particular a live-cell single-molecule sample. That sample may
contain hundreds of fields, potentially containing hundreds of time-points, up to
thousands of cells of which each contain a handful of foci. Furthermore, it is often
desirable to collect images in two or more fluorescence colors in order to correlate
the behaviors of multiple types of molecules, as well as bright-field or phase-contrast
images to define cell boundaries. These data are highly hierarchical in nature and
efficient analysis is only possible when the hierarchical relationships between the
different levels in the data are maintained during analysis.

A software package for single-molecule analysis in live-cells should meet four
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basic conditions. Firstly, it should allow for hierarchical classification of images
and regions-of-interest (ROIs): samples contain fields of view (images), fields of
view contain ROIs that capture individual cells (cell ROIs), and cells contain ROIs
that define single-molecule foci (focus ROIs). Secondly, it should allow for analysis
over both long and short time scales, resulting in the generation of different data
structures: in time-lapse datasets there is one cell ROI per time point, whereas in
rapid-imaging mode each cell ROI is typically used to analyze fluorescence signals
over many time-points (Fig. 2.1). Thirdly, and most importantly, a package for
live-cell single-molecule analysis should be highly flexible and allow for exploration
of new analysis techniques. Finally, the source code used in the package be made
available to users so that researchers can fully understand the algorithms they use
[10].

Sophisticated packages for both cell analysis and single-molecule analysis are
currently available, however none meet all of the requirements listed above [11].
Commercial packages typically offer out-of-the-box solutions to a particular set of
problems, often involve high licensing fees and utilize undisclosed source code, lim-
iting the users’ ability to adapt the software or to add their own customized code.
CellProfiler [12] (and its extension CellProfiler Analyst [13] is a free open-source
package with a robust set of algorithms for analysis of 2D images. CellProfiler ex-
cels at automated assignment of cellular phenotypes, as well as identification of
sub-cellular particles. However, with its focus on high-throughput screening data,
the package provides little support for time-resolved studies. MicrobeTracker [14]
allows users to conveniently assign outlines for microbial cells within time-lapse
datasets and provides some support for characterization of foci. It is, however, not
suitable for analysis of rapid-imaging data and is not geared towards exploration
of new analysis methods. In addition, while MicrobeTracker itself is free, it runs
within an environment that requires a paid licence (Matlab). Single-molecule pack-
ages such as the Mosaic Suite [15], as well as plugin collections, such as GDSC
ImageJ Plugins [16]1 offer a myriad of analysis methods for single-molecule image
processing, but are intended for in vitro analysis and thus lack the hierarchical clas-
sification systems that are required for the analysis of data derived from cellular
systems. A significant advantage of these packages, however, is that they are ex-
tensions of the popular image-analysis platform ImageJ [2, 17]; which is extremely
flexible, supported by a strong user community and a wealth of user-written ex-
tensions. Unfortunately, ImageJ is geared towards working with individual files,
making hierarchical analysis strategies difficult to implement.

Flexible software that links analysis routines used in single-molecule imaging
with those used in live-cell imaging is required for researchers to keep up with
the rapid development of new imaging techniques. Ideally, one would be able to
utilize ImageJ to develop code for new analysis routines, whilst being able to eas-
ily accommodate data structures that are large, hierarchical and multi-dimensional.
We present a free open-source ImageJ plugin, iSBatch, which allows users to use
batch processing to treat files within hierarchical datasets in a straightforward man-
ner. Routines built into ImageJ [2], downloadable plugins and even user-written
1http://www.sussex.ac.uk/gdsc/intranet/microscopy/imagej/gdsc_plugins

http://www.sussex.ac.uk/gdsc/intranet/microscopy/imagej/gdsc_plugins
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Figure 2.1 | Schematic design of a single-cell, single-molecule experiment. Panel A – Struc-
ture of a time-lapse experiment. Each time point shows a bright-field (BF) image and its corresponding
fluorescence channel (in this example 568-nm excitation). The intervals are on the time scale of minutes.
Panel B – Monitoring of cell fluorescence intensity and its relation to total observable protein concentra-
tion and protein number per cell throughout the experiment. Panel C – Structure of a rapid-acquisition
experiment. A single bright-field image is taken prior to subsequent rapid image acquisition in the fluo-
rescence channel (in this case 568-nm excitation). Panel D – Simulated data of binding dynamics of a
molecule

macros can be executed across any level of the dataset hierarchy. This strategy dra-
matically simplifies the often cumbersome tasks of scripting and data management,
allowing users to run scripts over their entire datasets or portions thereof. Our tool
complements existing single-cell and single-molecule analysis packages by allowing
cell and focus ROIs generated in single-cell packages to be applied across hierar-
chical time-lapse and rapid-imaging datasets, with complete flexibility in choice of
analysis methods.

2.2. Results and Discussion
iSBatch is straightforward to use, platform independent, and requires only ImageJ
and Java Virtual Machine, which are freely available. iSBatch provides an interface
to explore data in hierarchical datasets. Its graphical user interface (GUI) provides
an intuitive means for controlling the operations and manipulating datasets of any
size. iSBatch incorporates a powerful adapter for the ImageJ macro interpreter,
allowing users to implement existing or newly written macros within the data hi-
erarchy. Data is stored in an SQL database and displayed in a tree format for
manipulation (Fig. 2.2). The database format assists in managing the transfer and
back-up of large imaging datasets, which may contain hundreds or even thousands
of images and can be prone to errors when handled manually [18]). A file named
’iSBatch.zip’, which contains the plugin, its source code and user manual, is included
in the online Supplementary Material. To help to illustrate the concepts in the fol-
lowing sections of this report, we also include an example dataset containing three
Experiments in the Supplementary Material.

2.2.1. Data Structure and Graphical User Interface (GUI)
The fundamental unit of iSBatch is the image itself. Each image belongs to a Field of
View, representing the region of the sample that was imaged by the microscope. A
collection of Fields of View is called a Sample, and a collection of Samples is called an
Experiment. This hierarchy is assigned to each image by placing hierarchy param-
eters alongside the image within an image object. Image objects may contain an
unlimited number of additional parameters. Within iSBatch, image objects contain
information on the nature of the image, for example identifiers for color channels,
metadata generated during operations, such as peak tables and image projections,
as well as ROIs that designate the positions of cells and foci. A dedicated dialog
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Figure 2.2 | iSBatch Structure. Panel A – Schematic representation of data structure (Experiment
– E, Sample – S, Field of View – FoV) and its connections. Panel B – Logic structure of the algorithm;
Panel C – User interface including ImageJ main panel (upper part) and iSBatch interface with the main
commands.
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guides the import of imaging data and assures compatibility with iSBatch. There is
no specific requirement for file name structure, however we suggest the inclusion
of a useful identifier for the imaging channel (e.g. 514.tif, BF.tif, GFP.tif).

The general workflow within iSBatch is straightforward (Fig. 2.2B). In short,
the user selects which subset needs to be processed, chooses the operation to
be performed and indicates either to save results and images to disc or keep it
in the database. The graphic user interface is divided into subpanels containing
the navigation tree, file lists, buttons to run built-in functions or custom macros
and a log panel (Fig. 2.2C). The GUI also has buttons to add images to the data
structure, as well as cell ROIs generated in ImageJ or in MicrobeTracker [19]. We
have included several operations commonly used in single-molecule analysis within
iSBatch, such as functions to correct images for uneven illumination, find and fit
peaks inside or outside of cells, and basic peak table operations. These operations
will be explored in detail in the form of case studies in the sections below.

2.2.2. Case studies
To demonstrate the applicability of our iSBatch software we present here a case
in which the custom macro interpreter was applied to a dataset, as well as two
detailed case studies based on the most common types of data generated by single-
molecule single-cell measurements: rapid-acquisition movies and time-lapse series.
We imaged Escherichia coli cells in which two different subunits of the replisome
were tagged with fluorescent proteins at their carboxy-termini; the 𝜖 subunit (DnaQ
gene) is tagged with red mKate2 (DnaQ-mKate2) and the 𝜏-subunit (DnaX gene) is
tagged with yellow YPet (DnaX-YPet). The E. coli replisomes contain ten different
proteins, each at different copy numbers, including up to three molecules of 𝜏 (a
component of the clamp loader complex) and three molecules of 𝜖 (proof-reading
exonuclease) [5]. Replisome proteins are of particular interest for single-molecule
studies [5, 20] both because of their biological role of importance (replisomes du-
plicate the genome prior to cell division) [21] and because the replisomal proteins
are present at extremely low levels within cells. A single E. coli cell produces only
about 100 molecules of τ per cell and ∼ 250 molecules of 𝜖 [5].

The example data is comprised of a single database containing three exper-
iments, labeled RA_DnaX-YPet, RA_DnaQ-mKate2 and TimeLapse). RA_-
DnaX-YPet and RA_DnaQ-mKate2 are Rapid Acquisition (RA) experiments (500
times 34 ms) that each contain three samples recorded at different excitation laser
powers. Each of these samples contains 10 fields of view. TimeLapse contains just
one sample and 10 fields of view (50 ms every 20 min, repeated for 400 minutes).
RA_DnaX-YPet includes 134 cell selections, RA_DnaQ-mKate2 contains 107
and TimeLapse contains 10 fully tracked cells. iSBatch assumes that, if no cell ROIs
are provided, the entire image is selected. This scenario is applicable to analyses
that do not rely on cell outlines, such as reconstruction of super-resolution images
by PALM [22, 23] or STORM [24], or even to the analysis of in vitro single-molecule
data.
When loaded into iSBatch, our datasets appear in the operation panel (Fig. 2.2C).
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Selecting a node within one of the datasets allows image-processing operations to
be executed across all images falling under that node. For example, when the user
selects the node RA_DnaQ in the tree and the operation flatten, iSBatch guides the
user through the steps required for image flattening and correction for the uneven-
ness of the beam profile (more details found in the User Manual – Supplementary
Materials) within selected images in the RA_DnaQ experiment. Next, iSBatch as-
sumes that operations will be performed on the resulting flattened images as will
be shown in the following sections.

2.2.3. Custom macro interpreter
The ImageJ support to macros is a powerful tool to execute a sequence of oper-
ations in an image. Traditionally, in order to apply basic ImageJ functions across
portions of a dataset, the user has to write sequences of steps and functions to navi-
gate through the folders, to identity the required files, and to save the results. Even
small changes in the folder or file structure prevent the code from running prop-
erly and troubleshooting becomes a daunting task. iSBatch, via its custom macro
interpreter, provides the necessary tools to automatize these steps (Fig. 2.3).

Within our rapid acquisition data, for instance, stacks exported from the micro-
scope contain dark frames at the beginning of the image series, resulting from a
small delay before the opening of the laser shutter. The custom macro interpreter
can be easily used to trim stacks in order to remove these frames. There are two
possibilities of implementation: an experienced user may just write a macro to trim
one image and them use it within the custom macro interpreter; or could take ad-
vantage of ImageJ Macro Recorder – a panel that stores all commands performed
by the user while processing an image – and then simply paste the sequence of
steps into the iSBatch custom macro interpreter. The user then can analyse the
images further in a statistical package, like R [25]).

2.2.4. Rapid-Acquisition Analysis
Rapid-Acquisition experiments usually result in a stack of fluorescence images, con-
taining hundreds or thousands of individual frames, acquired at rapid frame rates
(typically continuous series of frames, 10-100 ms duration each, with a total dura-
tion of seconds), as well as a bright-field image enabling the identification of cell
boundaries in cases of low fluorescence signals. This type of imaging allows the
behaviors of individual molecules to be monitored in real time. It is typically used
to count molecules within foci, to count the total number of molecules in cells, to
measure diffusive behavior and to observe binding kinetics [3, 5, 9].

In our datasets, DnaX-YPet and DnaQ-mKate2 frequently are associated with
DNA-bound replisomes, and as a result form immobile foci on the imaging timescale
(34 ms). We used iSBatch to detect foci and measure their integrated intensities
using the peak fitter operation in a selected node (Fig. 2.4A). The built-in peak fitter
fits each peak to a Gaussian profile using least-squares fitting. It takes into account
sources of noise, such as general background noise, and uses a non-symmetric
2D Gaussian, so peaks can be later filtered based on their symmetry [26]. The
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iSBatch custom macro panel

Figure 2.3 | Custom Macro runner. iSBatch contains a custom macro runner that support syntax-
highlighting for creating, running and editing existing ImageJ macros and plugin commands from the
MacroRecorder.

properties of foci in single-molecule single-cell measurements can vary between
experiments, depending on the brightness of the fluorophore and the amount of
background fluorescence arising from cellular auto fluorescence.

It is therefore desirable to be able to explore parameters such as peak-detection
thresholds for individual samples. iSBatch automatically stores peak tables gener-
ated from the peak fitter module, appending the results with the values of key
parameters used. In this way, the user can explore different parameters and plot
the resulting peaks lists in an external plotting or statistical analysis package, for
example GNU Octave [27] or R [25]. In our example data, we see that for both
fluorescent species the intensities of peaks increase with higher excitation power,
as expected (Fig. 2.4).

Foci containing fewer than about 10 molecules show step-wise photobleaching
behavior that can be used to quantify the number of fluorescent molecules within
each focus [7, 28]. Using iSBatch, trajectories of intensity versus time can be
generated for foci using the traces module. This can be done in two different ways.
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One option is to produce an average projection of each image stack, assign
focus ROIs in the projected image using peak finder and measure the integrated
intensity under each ROI for each frame of the stack. The second option is to
use peak fitter to measure foci throughout the entire stack of a ’Field of View’ and
then use track to identify foci falling within a small, user-defined search radius of
a focus that appeared in the first frame and produce a time-ordered list of their
intensities. As expected, traces for DnaQ-mKate2 show step-wise photobleaching
behavior (Fig. 2.5). Intensity levels within traces can be automatically assigned
using the changepoint analysis (Fig. 2.5C, red lines).

This algorithm estimates the time point at which the statistical properties of a
sequence change, e.g. photobleaching causing a discrete jump in intensity followed
by a period of constant intensity [29, 30].

As well as quantifying the number of molecules in each focus, the single-molecule
intensity determined within the change-point module can be used to determine the
total number of molecules in each cell. For this, it is necessary to have ROIs defining
the cell boundaries. These can be generated in ImageJ or imported from Microbe-
Tracker using the module MicrobeTracker I/O. In iSBatch, the total fluorescence sig-
nal originating from a cell as it photobleaches can be measured by applying the cell
intensity operation to a batch (Fig. 2.6). Comparing the three DnaQ-mKate2 sam-
ples within the RA_DnaQ experiment (Fig. 2.6), we observe that DnaQ-mKate2
photobleaches faster at higher laser excitation intensities, as expected (Fig. 2.6B).
Comparing the OD1 samples between the RA_DnaX and RA_DnaQ experiments
(Fig. 2.6C), we observed that YPet photobleaches faster than mKate2 (Fig. 2.6D),
as expected [31, 32]. Using the cellular concentration operation, the amplitudes
of these decays (representing the total fluorescence of the cell) is divided by the
intensity of a single molecule in order to obtain the number of molecules in that cell
and the cellular concentration. For DnaX-YPet and DnaQ-mKate2 we measure 110
± 35 and 95 ± 22 molecules per cell respectively. Based on the mean volume of
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Figure 2.5 | Step-wise photobleaching. Panel A – Selected node highlighting a ’Field of View’ level.
Panel B – Selected cell within a ’Field of View’ with the boundaries assigned in yellow and a selection
box in red. Panel C – Representative photobleaching trace of a detected focus. Red traces represent
the detected steps by change-point analysis algorithm.

cells as measured from bright field images (4.6 ± 0.9 fL), these values correspond
to concentrations of approximately 23 and 20 nM for DnaX-YPet and DnaQ-mKate2
respectively.

Rapid-acquisition imaging can also be used to measure the movements of molecules.
Single-particle tracking can be used to measure the diffusional motions of molecules.
In iSBatch this operation is implemented in the tracking module. Here foci within the
tables generated by peak fitter are assigned to trajectories if they fall within a set
distance on consecutive frames and, optionally, are within the same cell ROI (Fig.
2.7A). These trajectories can be used to build step-size distributions or mean-square
displacement plots that allow for measurement of properties such as diffusion coef-
ficients. For DnaQ-mKate2, which present long-lived trackable foci, we observe two
populations: one with low diffusion coefficients corresponding to molecules bound
to DNA, and one with higher diffusion coefficients corresponding to freely-diffusing
molecules [7] (Fig. 2.7B).

2.2.5. Time-Lapse Analysis
Time-lapse datasets consist of image stacks containing equal numbers of bright-field
images and fluorescence images, with individual frames corresponding to measure-
ments at periodically sampled time-points. Time-lapse measurements can be used
to monitor temporal changes in the expression level of a protein, the number of foci
within cells, or the localization of proteins within cells. With the availability of auto-
mated microscopes, we can monitor hundreds cells in several fields of view over a
period of minutes to days [33]. Our example dataset, TimeLapse, contains images
of cells expressing DnaX-YPet and DnaQ-mKate2 recorded over 400 minutes. Using
the module cell intensity, we measured the levels of each fluorescent protein for ten
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Figure 2.6 | Cellular fluorescence obtained by Rapid Acquisition. Panel A – Selected node
highlighting a ’Experiment’ level Panel B – Dependence of cellular fluorescence photobleaching on laser
intensity for DnaQ-mKate2. Panel C – Selected node highlighting two ’Samples’ selected within different
experiments. Panel D – Comparison of photobleaching properties of YPet and mKate2 when excited with
same laser intensity (180 W.cm-2).

cells over time. The levels of DnaX and DnaQ remain relatively constant through-
out the measurement (Fig. 2.8A). Using the number of foci detected by peak finder
or peak fitter, we quantified the number of DnaX-YPet and DnaQ-mKate2 foci ob-
served over time. As expected, cells periodically changed between zero, one, two
and occasionally three foci (Fig. 2.8B). Because we imaged in time-lapse mode,
movie sequences of individual cells could be synchronized to the beginning of the
cell cycle. This analysis shows that after division, daughter cells contain one foci on
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Figure 2.7 | Particle tracking within cells. Panel A – DnaQ-mKate2 particles tracked inside a live
E. coli cell (fluorescence on the left, tracked positions on the right). The confined nature of the track
indicates protein bound to DNA. Panel B – Analysis of all detected focus tracks within a ’Sample’ level,
e.g. DnaQ-mKate2 acquired at 180 W.cm-2. Left panel shows the peak lifetime distribution and right
panel the calculated diffusion coefficient for the same population.

average, then the increases to two foci later in the cell cycle (Fig. 2.8C). If cell ROIs
have been imported from MicrobeTracker, it is possible to produce maps of focus
locations within cells using the location maps module. MicrobeTracker ROIs consist
of high-resolution meshes, allowing the relative positions of foci to be mapped to
their relative cellular coordinates. For DnaX-YPet and DnaQ-mKate2 cells, one focus
was present from 0 to 40 min after birth (Fig. 2.8C). This focus was located close
to the mid-cell position (Fig. 2.8D). In contrast, 60 to 120 min after division, cells
exhibited two foci (Fig. 2.8C). These foci were more evenly distributed through the
entire cell (Fig. 2.8D).

2.3. Materials and Methods

2.3.1. Implementation

Software
iSBatch is a Java 1.6-based plugin for ImageJ [2] (version 1.50a) or its distribution
Fiji [34]. iSBatch is designed for quick evaluation of analysis pipelines and visual
exploration of datasets. It is distributed under an open open-source [35] license
(GNU General Public License, version 3). iSBatch handles the data in a hierarchical
fashion based on a source folder containing all data and little guidance provided
by the user. Due to memory limitations when handling large datasets, iSBatch
alleviates memory overload by loading only the minimum set of images required
for a process. Garbage collection is done after each cycle so effective memory
limitations are imposed by the amount of memory available in the system and not
by the size of the database.

The software is designed for rapid exploration of large datasets and it includes an
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Figure 2.8 | Built-in Time-Lapse analysis. Panel A – Fluorescence cell intensity over time for DnaX-
YPet and DnaQ-mKate2. Panel B – Number of long-lived immobile peaks per cell, i.e. foci. Panel C –
Data synchronization considering cell division times. Time zero is the first frame after cell division; cell
division time is 100 – 120 min. Panel D – Location maps. A projection of detected peaks in an artificial,
normalized cell. Left: projected cells with one detected focus, distributed towards the centre of the cell;
Right: projected cells with two detected foci, distributed more towards the ¼ and ¾ positions in the
cell.

internal SQLite database2 for convenience. All files related to the iSBatch platform,
including source codes and API for developers can be accessed directly from the
plugin website 3.

General workflow
In the following subsections, we describe the general workflow and how to use the
plugin for accessing basic cellular information. iSBatch guides the user in the initial
configuration steps to proper categorization of the input data.

Processing and Exploring Data – Custom functions
iSBatch couples its hierarchical data structure management to an extended version
of ImageJ’s macro interpreter. The user can record the executed operations, e.g.
using ImageJ’s built in macro recorder, and simply copy and paste the code in
2http://sqljet.com
3https://github.com/SingleMolecule/iSBatch

http://sqljet.com
https://github.com/SingleMolecule/iSBatch
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iSBatch interpreter. After selecting the desired parameters, the results are displayed,
allowing the user to quickly check the results.

Built-in functions
Data preprocessing involves image operations as well. Image Flattening is available
and follows the equation:

𝐹𝑙𝑎𝑡𝐼𝑚𝑎𝑔𝑒 = 𝑅𝑎𝑤𝐼𝑚𝑎𝑔𝑒 − 𝐵𝑎𝑐𝑘𝑔𝑟𝑜𝑢𝑛𝑑𝐼𝑚𝑎𝑔𝑒
𝐵𝑎𝑐𝑘𝑔𝑟𝑜𝑢𝑛𝑑𝐼𝑚𝑎𝑔𝑒 − 𝐶𝑎𝑚𝑒𝑟𝑎𝐷𝑎𝑟𝑘𝐶𝑜𝑢𝑛𝑡 × 𝐼𝑚𝑎𝑔𝑒𝑅𝑎𝑛𝑔𝑒 (2.1)

were ImageRange depends on the image type (8-, 16- or 32-bit), the CameraDark-
Count can be provided either as a constant or an image; BackgroundImage, if not
available, can be generated from all images acquired. Generating the Background
image may lead to biased correction if saturated peaks or high intensity regions are
found for long time in the movies. A Gaussian filter with a default value of four
pixels is applied to reduce the influence of bright spots. Ideally, the background
should be an image taken in the same conditions of the experiment prior to have
the sample in the Field Of View.

To allow for fast and accurate detection of peaks, we implemented the fluo-
roBancrof algorithm [36]. This algorithm localizes peaks with sub-diffraction limit
accuracy without the need of numerical fitting [37]. All the results will be available
in human-readable format like comma-separated-values (csv).

Acquiring peak tables from the images configures a starting point of a whole
new section of analysis of single molecule data. Change point analysis is used to
assign steps to single-molecule traces and infer stoichiometry of molecules. Cellular
ROIS can be either added manually or imported from MicrobeTracker. In the later,
a detailed subdivision of each cell with meshes is available. Therefore, is possible
to localize every peak in relation to the mesh and assign relative positions. With
the cellular parameters, such as cell length, width, area, can be obtained from the
imported ROIs and an artificial cell is created for the peaks to be inserted.

2.3.2. Image Acquisition

Cell Culture
Derivatives of E. coli K12 MG1655 carrying a chromosomal C-terminal fusions [38]
containing DnaX-YPet and DnaQ-mKate2 were grown overnight in M9 Minimal medium
supplemented with Glycerol 2% and 10 mM thiamine hydrochloride; Cell cultures
were diluted to 1:100 and grown from 4 hours at 37 °C at 1100 rpm prior to the
start of the imaging experiment.

Image Acquisition
The images were taken on a home-built single-molecule fluorescence microscope
consisting of a fully-automated inverted microscope body (Olympus IX-81) with
excitation light provided by 514 nm and 568 nm Sapphire lasers (Coherent) and
equipped with a 1.49 NA 100x objective and a 512 X 512 pixel EM-CCD cam-
era (C9100-13, Hamamatsu). For imaging we used flow cells derivatized with 3-
aminopropyl triethoxy silane (APTES, Sigma) and kept the flow at 10 µl/min.
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The datasets are described as follows: 1) Rapid acquisition of DnaX-YPet and
DnaQ-mKate2 each containing 10 Fields of View. A Field of View comprises a ref-
erence bright field image and a fluorescence movie (500 frames each with 34ms
interval between acquisitions under different laser intensities); 2) Time Lapse ac-
quisition of DnaX-YPet and DnaQ-mKate2 containing 10 fields of View containing
a bright field and two fluorescent images of 50 ms for each fluorescent protein.
The cycle time is 20 minutes and the experiment was carried out for 400 minutes.
Datasets are available as supplementary materials S1 and S24;

2.4. Conclusion
We present here a fully open-source and community-driven ImageJ plugin for single-
molecule analysis focused on hierarchical data obtained from live-cell single-molecule
experiments. The plugin facilitates data exploration and bookkeeping of datasets
with large number of images in multiple colour channels, including basic pipelines
and support for custom macros. We present case studies that illustrate the ability to
carry out analysis in a structured way, minimizing the burden of code development.
With this in mind, we envision that the user will be able to place a larger focus
on exploration of biological phenomena and new analysis routines. The develop-
ment of open-source analysis tools such as the ones presented here allows for a
community-based sharing and development [39] of the platforms required to anal-
yse experiments that increasingly grow in complexity and data richness. Software
documentation is included within the Supplementary Material. The source code is
available for download5.

4http://singlemolecule.nl/~vcaldas/iSBatch/
5https://github.com/SingleMolecule/iSBatch

http://singlemolecule.nl/~vcaldas/iSBatch/
https://github.com/SingleMolecule/iSBatch
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Abstract

Genetically encoded fluorescent proteins (FPs) have been used extensively
to endogenously tag individual proteins in a stoichiometric manner to study
localization and interactions in live cells. Recent developments in single-
molecule localization microscopy have enabled the dynamic visualization of
individual proteins inside living cells. However, tagging proteins with FPs
is not without problems: formation of insoluble aggregates and inhibition of
native functions of the protein are well known issues. Previously reported
artifacts manifest themselves at all expression levels of the FP-tagged pro-
teins, making the design of control experiments relatively straightforward.
Here, we describe a previously uncharacterized mislocalization artefact of
red FP (RFP) variants that specifically and exclusively manifests at the single-
molecule level in live E. coli cells.
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3.1. Letter to the editor
Biological imaging, in particular, fluorescence microscopy has revolutionized the un-
derstanding of many biological processes. In particular, the ability to endogenously
tag proteins in cells using genetic fusions of fluorescent proteins has provided im-
portant insights into sub-cellular localizations and structures formed by proteins in
live cells as part of normal metabolism [1]. While genetic fusions of fluorescent
proteins represent the most convenient strategy to image biological phenomena
while approximating native conditions, they are not without problems. Besides well
known problems of aggregation and modification of function, recent reports provide
evidence for other types of artefacts related to the fusion protein, substantiating
the observation that fluorescent proteins are not inert reporters. Notably, it has
been reported that Clp proteins in Escherichia coli formed artefactual clusters when
tagged with particular FPs [2] More recently, it has been demonstrated that pho-
toswitchable FPs can influence the localization of DNA-binding proteins in E. coli
[3].

Red fluorescent proteins constitute an important part of the fluorescent toolkit,
not only because they extend the number of available channels for imaging, but also
because cellular autofluorescence tends to be lower in these channels. Dimerization
of RFPs is a well known downside, but the latest generation RFPs promise to be
monomeric and possess much improved photophysical properties [3, 4]. To test
the suitability of these RFPs for live cell imaging in E. coli, we expressed these RFPs
in the absence of any tagged protein and uncovered a mis-localization artefact of
RFPs that is evident only at the single molecule level.

We expressed the Entacmaea quadricolor RFP derivative, mKate2 [4] (Fig. 3.2)
from an arabinose-inducible pBAD promoter at single-molecule levels in E. coli
(MG1655) cells (Fig. 3.1A). Fluorescence (and hence, copy numbers) of mKate2
could be tuned by varying the concentration of L-arabinose in the growth medium
[5]. Unexpectedly, fluorescence images of individual cells revealed that mKate2
exhibits distinct, long-lived as well as, transient foci when expressed at very low
levels. These foci appear to be excluded from the nucleoid, and localize at the cell
periphery suggesting a membrane association (Fig. 3.1A). This localization is con-
sistent with that of the FP-tagged membrane protein LacY-mCardinal (Fig. 3.1]B)
[6]) and distinct from that of the nucleoid-associated replisome protein DnaQ-YPet
(the 𝜖 subunit of DNA polymerase III tagged with the YFP variant YPet; Fig. 3.1C).
Remarkably, fewer foci were detected in cells expressing higher levels of mKate2,
and the localizations at higher arabinose concentrations were consistent with cy-
tosolic localization of fluorescent proteins (Fig. 3.1A). Expressed without fusion
partners, YPet did not exhibit clear foci and appeared to be homogenously cytosolic
(Fig. 3.2A), whereas the mKate2 derivative mCardinal exhibited distinct foci at low
expression levels (Fig. 3.2B).

These observations suggest that artefactual localization may be specific to RFP
derivatives. As the artefact is only evident when imaging at low expression levels,
analyzing the localization of low copy number RFP fusions should still be possible
provided that appropriate control measurements are made. For example, in our
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recent work on the localization of DNA polymerase V in E. coli we observed an
interaction between the fusion protein UmuC-mKate2 and the cell inner membrane
[7]. To demonstrate that membrane interaction is a bona fide property of UmuC,
as opposed to an artefact introduced by mKate2, we used an inducible plasmid to
increase the concentration of mKate2 to levels where the artefact no longer occurred
and showed that foci of UmuC-mKate2 remained visible on the membrane. As an
additional confirmation, electron microscopy revealed the membrane association of
wildtype UmuC in fixed cells, using antibody conjugated gold nanoparticles.

In conjunction with previous work, these findings suggest that fluorescent pro-
teins and their derivatives from different organisms possess characteristics that can
differentially influence the behavior of the tagged protein. Control experiments
should account for the possibility that some artefacts may only manifest at certain
expression levels. These findings underscore the importance of verifying observa-
tions of fluorescently tagged proteins with orthogonal techniques wherever possi-
ble.

3.2. Materials and Methods
Construction of linker-FP
Fluorescent proteins mKate2 (GeneArt, Life Technologies) [4] and YPet [8] (Gen-
eArt, Lifetechnologies) were PCR amplified with primers containing the sequence
for the linker (see table) using KOD polymerase (Novagen) using the following cy-
cling conditions: Initial denaturation 95 °C for 5 minutes, denaturation 95 °C for
15s, annealing at 58 °C for 30 s and extension at 72 °C for 35 s (30X), followed by
final extension at 72 °C for 1 minute. Insert and vector pBAD-myc-HisB (Invitrogen)
were both digested with XhoI and XbaI (New England Biolabs) followed by ligation
with T4 DNA ligase at 16 °C overnight (New England Biolabs) and transformed into
E.coli DH5𝛼. Colonies were screened for insertion by PCR, followed by isolation of
plasmid and DNA sequencing (GATC biotech).

Table 3.1 | Primers for fluorescent proteins

Primer Sequence

Linker-mKate2_FW
atc cga gct cga g ATG TCG GCT GGC TCC GCT GCT GGT TCT GGC
GAA TTC ATG GTG AGC GAG CTG ATT AAG GAG

Linker-mKate2_Rev GTT CCT ATT CTC TAG AAA CTA TAG GAA CTT CTC ATCTGT GC

Linker-YPet_FW
atc cga gct cga g ATG TCG GCT GGC TCC GCT GCT GGT TCT GGC
GAA TTC ATG TCT AAA GGT GAA GAA TTA TTC ACT GGT GTT GTC C

Linker-YPet_Rev
CGA GGG TAT GAA TGA ATT GTA CAA AGA GCT
CTA ATC TAG AAA GCT TCG A

Construction of LacY-mCardinal

mCardinal insert was amplified from pCDNA-mCardinal using the primers containing
KasI and XbaI sites using the PCR program as above with annealing temperature
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of 70 °C and extension time of 20ns using KOD polymerase. Both, the insert and
pBAD-LacY-eYFP (generous gift from J.T.Mika, University of Groningen) were di-
gested with KasI and XbaI (New England Biolabs) followed by gel purification and
ligation with T4 DNA ligase at 16 °C overnight. Colonies were screened for the
presence of mCardinal (as opposed to eYFP) by digestion of purified plasmid DNA
with PstI (New England Biolabs) followed by sequencing.

Table 3.2 | Primers for mCardinal fluorescent protein

Primer Sequence
LacY-mCardinal_F: GGC ACT GGA GGC GCC atg gtg agc aag ggc g
LacY-mCardinal_R GAG TTT TTG TTC TAG Att act tgt aca gct cgt cca tgc

Preparation of cells for imaging

MG1655 cells carrying pBAD plasmids containing the genes for either linker-mKate2,
linker-YPet or mCardinal were cultured overnight at 37 °C in EZ rich media (Teknova)
with glycerol as the carbon source, and the indicated amounts of L-arabinose, and
ampicillin. Overnight cultures were reset in fresh EZ media with glycerol with a
1:100 dilution and grown for at least two hours before imaging. Early log phase
cells (𝑂𝐷 ∼ 0.2) were then sandwiched between a silanized glass cover slip and
a clean cover slip, followed by imaging. Coverslips were prepared by first sonicat-
ing in 5M KOH for 1 h followed by extensive washing with water. Silanization was
performed with 2% 3-aminopropyl triethoxy silane in acetone followed by extensive
washing with water and drying with nitrogen. LacY-mCardinal cells were grown at
37 °C in EZ rich media with glycerol as carbon source. Cells were fixed by pelleting
an early log phase culture followed by resuspension in 100 mM MgSO4 and either
2.8% formaldehyde and 0.04% glutaraldehyde for 30 min or 5.6% formaldehyde
and 0.08% glutaraldehyde for 15 min. This was followed by washing twice with
100 mM MgSO4 followed by resuspension in EZ media with glycerol. Resuspended
fixed cells were then imaged using the same protocol as for live cells. Chromoso-
mal fusion of dnaQ-YPet was created by recombination of the YPet-FRT-Kan-FRT
cassette into the C-terminus of the dnaQ gene in MG1655 as described previously
[9, 10].
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Imaging

Samples were imaged on a custom built live-cell imaging microscope (Olympus
IX-81) with a 1.49 NA objective and 512x512 pixel2 EM-CCD camera (C9100-13,
Hamamatsu) with either the 514 nm or 568 nm laser (Sapphire LP, Coherent). Im-
ages were acquired under rapid acquisition mode with the first frame being a bright
field image followed by rapid acquisition in the fluorescence channel of a total of
500 frames (mkate2 and mCardinal) and 400 frames (YPet) with an integration time
of 34 ms. mKate2 was imaged at a laser power of 180 W.cm-2, mCardinal was im-
aged at 18-180 W.cm-2 whereas YPet was imaged at a laser power of 9 W.cm-2.

Image analysis

Image analysis was performed in ImageJ [11] and Fiji [12] using custom plug-
ins and macros (available at https://github.com/SingleMolecule). The
fluorescent channel acquisition was first ’flattened’ to correct the intensity varia-
tion arising from the laser beam profile. Flattened images were then Z-projected
to obtain the average projection for each acquisition. Next, we used the average
projections in conjuction with the brightfield images in MicrobeTracker [13] to iden-
tify the cell outlines. Next, peaks were identified in the average projections using
custom written ImageJ plugins [14]. The peak list thus obtained was filtered to
only retain peaks that exhibited a full-width at half maximum height of 5 pixels or
550 μm. This filter eliminated diffuse background fluorescence arising from soluble,
cytosolic proteins. Finally, image reconstructions were plotted from the relative po-
sitions of these peaks within the cell outline obtained using MicrobeTracker and the
fitting parameters obtained from peak fitting algorithm.

Figure 3.1 | Bright-field, fluorescence, reconstructed images and short-axis projection.
Bright-field (top), fluorescence (middle), reconstructed images and short-axis projections (bottom) of A
– mKate2 expressed under a pBAD promoter in the presence of varying amounts of arabinose [0 (ncells
= 142, npeaks = 4,248), 5x10-3 (ncells = 137, npeaks = 6175) and 10-1 (ncells = 149, npeaks = 10,185)
percent] in live E. coli. B – mCardinal fusion of LacY expressed under a pBAD promoter on a plasmid in
fixed E. coli MG1655 (ncells = 26, npeaks = 22,954). C – a chromosomally expressed YPet fusion of dnaQ
( subunit of polymerase III) in live E. coli MG1655 (ncells = 154, npeaks = 277). Scale bar represents
2.0 μm.

https://github.com/SingleMolecule
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Figure 3.2 | Bright field, fluorescence image, reconstructions of the localizations and short-
axis distribution. Bright field, fluorescence image, reconstructions of the localizations and short-axis
distribution of A. linker-YPet expressed under an arabinose promoter in the presence of the indicated
concentrations of L-arabinose (ncells = 61, 51, 55, 97 and 95; npeaks = 2934, 3540, 5885, 9604 and 9949
for % ara = 0, 10-3, 5x10-3, 10-2 and 10-1 respectively) and B. mCardinal expressed under a pBAD
promoter in the presence of either 0 % L-arabinose (ncells = 51, npeaks = 1164). Scale bar is 2 µm.
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Abstract

Spatial regulation is often encountered as a component of multi-tiered reg-
ulatory systems in eukaryotes, where processes are readily segregated by
organelle boundaries. Well-characterized examples of spatial regulation are
less common in bacteria. Low-fidelity DNA polymerase V (UmuD2C) is pro-
duced in Escherichia coli as part of the bacterial SOS response to DNA dam-
age. Due to the mutagenic potential of this enzyme, Pol V activity is con-
trolled by means of an elaborate regulatory system at transcriptional and
posttranslational levels. Using single-molecule fluorescence microscopy to vi-
sualize UmuC inside living cells in space and time, we now show that Pol
V is also subject to a novel form of spatial regulation. After an initial delay
(∼45 min) post UV irradiation, UmuC is synthesized, but is not immediately
activated. Instead, it is sequestered at the inner cell membrane. The release
of UmuC into the cytosol requires the RecA* nucleoprotein filament-mediated
cleavage of UmuD → UmuD’. Classic SOS damage response mutants either
block [umuD(K97A)] or constitutively stimulate [recA(E38K)] UmuC release
from the membrane. Foci of mutagenically active Pol V Mut (UmuD2C-RecA-
ATP) formed in the cytosol after UV irradiation do not co-localize with Pol III
replisomes, suggesting a capacity to promote translesion DNA synthesis at
lesions skipped over by DNA polymerase III. In effect, at least three molec-
ular mechanisms limit the amount of time that Pol V has to access DNA: (1)
transcriptional and posttranslational regulation that initially keep the intra-
cellular levels of Pol V to a minimum; (2) spatial regulation via transient se-
questration of UmuC at the membrane, which further delays Pol V activation;
and (3) the hydrolytic activity of a recently discovered Pol V Mut ATPase func-
tion that limits active polymerase time on the chromosomal template.
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4.1. Author Summary
Escherichia coli, and many other bacteria, respond to high levels of DNA damage
with an inducible system called the SOS response. In this response, bacteria first
try to restart replication using non-mutagenic DNA repair strategies. If that fails,
replication can be restored using DNA polymerases that simply replicate over DNA
lesions, a desperation strategy that results in mutations. DNA polymerase V (Pol
V) is responsible for most mutagenesis that accompanies the SOS response. Be-
cause of the risk inherent to elevated mutation levels, Pol V activation is tightly
constrained. This report introduces a new layer of regulation on Pol V activation,
with a novel spatial component. After synthesis, the UmuC subunit of Pol V is se-
questered transiently at the membrane. Release into the cytosol and final activation
depends on the activity of RecA protein and the autocatalytic cleavage of UmuD to
generate the UmuD’ subunit of Pol V. The resulting delay in activation represents
an additional molecular mechanism that litmits the amount of time that, sometimes
necessary but potentially detrimental, the enzyme spends on the DNA.

4.2. Introduction
Replication of the E. coli chromosome is carried out by replisomes: dynamic multi-
protein complexes that coordinate genome duplication by DNA polymerase (pol) III
[2] Pol III replisomes are both exceptionally fast [2] and accurate [3], but are inef-
ficient at synthesising DNA on damaged templates [4]. High levels of DNA damage
lead to replication-fork collapse, which can be lethal if not resolved. This situation
is usually addressed by the approximately 40 genes of the bacterial SOS response,
induced in two stages that reflect two different strategies for restoring replication.
The earliest stage features induction of proteins involved in several pathways of
error-free DNA repair. If this initial repair does not suffice to restart DNA replication,
a later mutagenic process ensues with the induction of the umuDC operon [5]. This
operon encodes the translesion synthesis polymerase, Pol V [6]. Pol V is responsible
for UV- and most chemical-induced chromosomal mutagenesis [7]. SOS mutagen-
esis also results in more rapid adaptation to stress and development of resistance
to antibiotics in the absence of exogenous DNA damage [8, 9]. Translesion DNA
synthesis by Pol V allows for resumption of replication on heavily damaged chro-
mosomes, but dramatically increases mutation rates. Pol V is activated only after
the cell’s capacity for non-mutagenic DNA repair has been exceeded. An elaborate
regulatory regime should not be surprising, but the cellular constraints on Pol V
activity remain imperfectly understood.

The active form of the enzyme, Pol V Mut, is produced through a series of steps
dependent on nucleoprotein filaments of RecA, denoted as RecA*, that are formed
on single-stranded DNA after damage (Figure 4.1A). The umuDC operon, which en-
codes the Pol V precursors UmuD2 and UmuC, contains a particularly high-affinity
binding site for the LexA repressor that limits transcription of the umuDC genes [10].
Intracellular levels of UmuD and UmuC are further kept to a minimum through Lon-
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mediated proteolytic degradation [11]. As a result UmuD and UmuC only accumu-
late approximately 30 min after DNA damage [5]. However, UmuD2 and UmuC are
not active for DNA synthesis. UmuD2 must first undergo a RecA*-mediated autocat-
alytic cleavage reaction that removes the N-terminal 24 amino acid residues of each
subunit to generate UmuD’2. However, this reaction is inefficient and leads to the
formation of UmuD/D’ heterodimers. UmuD’ in the UmuD/D’ heterodimer is then
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Figure 4.1 | Construction of a fluorescent UmuC reporter strain to visualize Pol V regulation.
A – Sketch depicting the regulation of Pol V activity in E. coli. Transcriptional repression, targeted
proteolysis, posttranslational modification and protein-protein interactions regulate levels of Pol V Mut
(UmuD’2-UmuC-RecA-ATP ), which is capable of mutagenic translesion DNA synthesis. The symbol ”A”
represents a molecule of ATP bound to RecA in the activated Pol V Mut complex. B – Replacement of the
wild-type chromosomal umuC locus with umuC-mKate2 using RED recombineering. C – Western blots
with anti-UmuC and anti-UmuD antibodies confirming the expression of full length UmuC-mKate2. Note
that steady-state levels of the chimeric UmuC-mKate2 protein (lane ii, umuC-mKate2 background, strain
RW1314) are approximately 20% of the wild-type UmuC protein (lane i, wild-type umuC background,
RW574). Bands resulting from cross-reaction of the anti-UmuC antibody (see Fig. S1A) with other
proteins are also observed (marked with *) and indicate that similar amounts of lysate were loaded
in each lane. Both strains are lexA(Def) recA(E38K) and thus constitutively express UmuD and UmuC
and convert UmuD to UmuD’. Steady-state levels of UmuD’ are similar in the wild-type umuC+ (lane
i) and umuC-mKate2 cells (lane ii). D – In vivo mutagenesis assays performed on RW1314 show that
UmuC-mKate2 is active for both spontaneous and damage-induced mutagenesis. Levels of mutagenesis
are lower than that of the wild-type UmuC strain (RW574), but are consistent with overall lower steady
state levels of the chimera.

rapidly targeted for degradation by the ClpXP protease [11]. As a consequence,
UmuD’ homodimers only accumulate in response to a persistent damage-inducing
signal. UmuD’2then associates with UmuC to form Pol V (UmuD2C) [6]. Pol V will
only accumulate if the damage, and thus RecA*, persists until after the initial 45
minutes of error-free repair [5]. Pol V has weak catalytic activity in vitro [6, 12]
and is unable to promote translesion DNA synthesis in the absence of RecA in vivo
[13]. To facilitate translesion synthesis, Pol V must physically interact with RecA*
and remove a single RecA-ATP molecule from the 3’-proximal end of the filament to
form the mutagenic and highly active Pol V Mut (UmuD2 -UmuC-RecA-ATP) [14, 15].

Direct observation of the various activation steps of Pol V inside living cells with
fluorescence microscopy would allow for the testing of various hypotheses and po-
tentially the construction of a global model for mutasome activity. However, anal-
ysis of Pol V activity in vivo has long proven difficult due its very low expression
levels [16]. Here, we report the use of single-molecule fluorescence microscopy to
directly visualize the dynamics of Pol V inside living cells. Surprisingly, we observe
that Pol V precursors are temporarily sequestered at the cellular membrane, adding
another prominent factor to those limiting Pol V activity during early stages of the
DNA damage response. Spatial regulation of a DNA processing enzyme is unprece-
dented in bacteria and suggests the presence of several layers of spatiotemporal
partitioning to regulate the molecular processes underlying genomic maintenance.

4.3. Results

4.3.1. Single-molecule observation of Pol V in live E. coli
cells

In order to visualize the regulation of Pol V, we altered the umuDC operon so that
the bright red fluorescent protein mKate2 is fused to the C-terminus of UmuC (4.1B).
Western blotting of the chromosomally expressed UmuC-mKate2 protein revealed
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expression of the chimeric protein, albeit at steady-state levels somewhat lower
than untagged UmuC (Fig. 4.1C, S1A). Nevertheless, the chimeric umuC-mKate2
allele promoted both spontaneous and damage-induced reversion of the hisG4 al-
lele, confirming it is functionally active (Fig. 4.1D, S1B). The level of mutagenesis
promoted by UmuC-mKate2 was lower than that of wild-type UmuC, which is con-
sistent with the overall lower steady-state levels of the chimera in the cell.

We imaged E. coli K12 MG1655 UmuC-mKate2 cells on a home-built wide-field
single-molecule fluorescence microscope. To monitor changes in the cellular levels
and location of UmuC as a function of time after UV-induced damage, E. coli was
immobilized inside flow cells and a series of time-lapse images were recorded. We
developed a novel flow-cell design that allowed for imaging of individual cells with
single-molecule sensitivity, while also providing space for cells to grow into filaments
(a hallmark of the SOS response) and allowing for in situ UV irradiation. Cells were
irradiated with UV light from a mercury lamp (fluence = 1–100 J.m-2,𝜆 = 254𝑛𝑚)
and UmuC-mKate2 fluorescence was recorded over a course of 3h, imaging once
every 5 min.

We first measured changes in fluorescence intensity using time-lapse measure-
ments, allowing us to monitor the production of UmuC-mKate2 (4.2A-B). At all UV
doses, very little expression of UmuC-mKate2 was observed during the first 30 min
following UV irradiation (4.2A-B) in good agreement with the previously measured
value of 30 min required for expression of UmuC and UmuD [5]. Furthermore,
UmuC-mKate2 levels increased at all doses after this initial delay, albeit with differ-
ent kinetics. While at doses ≤ 3 J.m-2, UmuC-mKate2 levels gradually increased
throughout the duration of the experiment; at higher doses the protein levels de-
creased after reaching a maximum at 90-120 min.

At the highest dose, 100 J.m-2, UmuC-mKate2 was produced more slowly than at
30 J.m-2and ultimately reached lower levels, presumably due to inhibition of protein
synthesis as the result of extensive DNA damage. The amount of UmuC-mKate2
inside cells was quantified using time-sampling measurements (4.2C) Similar to
the time-lapse experiments, cells were grown, irradiated and imaged within flow
cells. Rather than periodically recording single fluorescence images to monitor the
response of the same set of individual cells in time, we recorded video-rate movies
of UmuC-mKate2 fluorescence using a new population of cells for every time point
after UV irradiation. This procedure provided higher-quality intensity information
but led to significant photobleaching. We therefore chose a new field of view with
unbleached cells for each new measurement. Movies (296 × 34 ms frames) were
recorded over 10 fields of view every 30 min for 3 h, capturing between 70 and
236 cells. For each field of view we also recorded a bright-field image, allowing us
to define the outline of each cell. The fluorescence movies were used to determine
the concentration of UmuC-mKate2 inside each cell (Fig. S2).

Plotting the average cellular concentration of UmuC-mKate2 over time, we ob-
served a sharp increase (4.2C), with dynamics consistent with those measured by
time-lapse measurements (4.2B). At 30 J.m-2, the concentration of UmuC-mKate2
increased from 0.9 ± 0.04 nM (S.E.M, n = 236 cells) to 3.7 ± 0.3 nM (n = 70), 180
min after irradiation with UV light. These concentrations correspond to an increase
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Figure 4.2 |Monitoring DNA damage induced expression of UmuC-mKate2 using time-lapse
and time-sampling analysis. A – Time-lapse imaging of UmuC-mKate2 expressing cells (EAW282).
Cells were grown at 37 °C in flow cells and irradiated in situ with 10, 30 or 100 J.m-2of UV light (
= 254 nm). Following irradiation fluorescence images were recorded every 5 min for 180 min. These
images reveal that UmuC induction begins around 60 mins after DNA damage. B – Quantification of the
mean fluorescence signal of cell-containing regions within time-lapse image series after various does
of UV-light. C – Quantification of the mean number of molecules per cell and mean concentration of
UmuC-mKate2 in time-sampling measurements after treatment with 30 J.m-2UV light.

from an average of 1.6 ± 0.08 (n = 236) molecules per cell to 15.7 ± 1.8 (n =
70) molecules per cell at 180 min. The numbers of UmuC molecules measured
by fluorescence microscopy (16 per cell) are lower than measurements obtained
by Western blotting of wild-type cells with anti-UmuC antibodies (∼ 60 per cell)
[5, 16], but again, this observation is consistent with overall lower intracellular
steady-state levels of the UmuC-mKate2 chimera compared to the wild-type UmuC
protein (4.1C). Quantification of UmuC-mKate2 levels in cells periodically sampled
from shaking culture showed similar expression dynamics and concentration levels
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as cells grown in flow cells: no UmuC-mKate2 is produced during the first 30 min,
then levels rise to 3 nM in the period 40-120 min after irradiation (Fig. S3).

4.3.2. UmuC appears at the cell membrane and is then re-
leased into the cytosol

The fast time-sampling movies showed foci of UmuC-mKate2 that move within a thin
band along the cell periphery (Fig. 4.3A, S1 movie). This observation suggested
that many molecules of UmuC associate with the cell membrane, diffusing slowly
enough to result in sharply defined foci on a single image (34 ms frame duration),
but sufficiently mobile to show movement on longer timescales. To examine this
apparent membrane association further, we used a plasmid encoding a fluorescently
labelled inner membrane protein (LacY-eYFP) as a reference for the position of
the membrane. Super-resolution images were produced for both UmuC-mKate2
and LacY-eYFP, which revealed that many of the UmuC-mKate2 foci were indeed
located with LacY on the cell membrane (Fig. 4.3B). Control experiments with cells
expressing free mKate2 (including the same linker as the UmuC-mKate2 construct)
confirmed that membrane association is a property of UmuC, as opposed to mKate2
or the linker region (Fig. S4). In both the time-lapse and time-sampling datasets,
visual inspection of the movies indicated a change in the localization behaviour of
UmuC during the course of the DNA-damage response. For the first 90-120 min
after UV exposure, UmuC-mKate2 was predominantly located at the cell periphery,
while in later images UmuC-mKate2 was distributed throughout the cytosol (Fig.
4.3C, S5).

We developed a novel autocorrelation-based approach to quantify the localiza-
tion behaviour of UmuC across all cells in the time-lapse measurements. Autocor-
relation of images can be conceptualized as follows. First, the cell image to be
analysed is duplicated and superimposed with the original (schematically depicted
in Fig. 4.3D) so that the intensities of each pixel in the two images are perfectly
correlated. One of the images is then shifted sideways in increments (presented
in the figures as the distance lag) relative to the other image and the correlation
between pixel values is re-calculated. This procedure is repeated over a range of
different shift sizes (or distance lags) to produce an autocorrelation function.

The highest correlation of pixels is seen when the duplicate images are perfectly
superimposed (zero lag). If significant amounts of UmuC are concentrated in the
membranes, additional signal peaks will be seen at two non-zero shift increments
where the right membrane of one image passes over the left membrane of the
other, and vice versa (schematically shown in Fig. 4.3D). Cytosolic UmuC with
its distribution centered along the central cellular axis should not generate such
secondary peaks.

To illustrate this approach, we simulated images of E. coli cells with a width
of 0.6 μm, expressing cytosolic or membrane-localized fluorescent proteins. Cells
containing cytosolic signal gave rise to an autocorrelation function with a single,
broad peak at zero lag (Fig. 4.3D). Cells with membrane-associated fluorescence
instead produced a narrow peak at zero lag (perfect superimposition), as well as
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Figure 4.3 | Changes in the cellular location of UmuC in response to UV irradiation. A –
Montage of frames from a time-sampling movie showing UmuC-mKate2 diffusing along the cell periphery
(EAW282). A peak-enhancing filter was applied to fluorescence images [17]. B – Two-color super-
resolution reconstruction showing co-localization of UmuC-mKate2 (red) and LacY-eYFP (blue) on the
cell membrane (EAW191 containing pBAD-LacY-eYFP). C – Individual cells cropped from time-lapse
series showing UmuC transitioning from a membrane-associated to a cytosolic localization (EAW282).
D – Autocorrelation analysis of simulated images of E. coli cells displaying cytosolic and membrane-
associated signals. Autocorrelation measurement can be conceptualised as follows: correlations are
measured between an image and its distance-shifted duplicate. Correlations are measured as a function
of shift distance (or distance lag). Autocorrelation analysis of cells displaying cytosolic signals produces
a broad origin peak, whereas cells with membrane-associated signal produce a distinctive cross-peak
(indicated with arrows). E – Autocorrelation analysis of a simulated time-lapse series for an E. coli cell
expressing a redistributing fluorescent protein. The simulation begins with no fluorescent protein signal.
The protein is then induced, producing a membrane-associated signal before redistributing to the cytosol.
Here the autocorrelation analysis is presented as a 2D contour plot. Blue areas indicate low correlation,
whereas red areas indicate high correlation. Arrows indicate the membrane cross-peak that is visible
when the cell has membrane-associated signal. F – Similar autocorrelation analysis of experimentally
acquired time-lapse series showing dose-dependent changes in UmuC localization (EAW282). At higher
doses of UV the membrane cross-peaks begin to decline at ∼ 90 min post-irradiation, while the origin
peak becomes broader, indicating redistribution of UmuC-mKate2 into the cytosol. A peak-enhancing
filter was applied to fluorescence images prior to autocorrelation analysis [17].

two distinctive cross peaks when the duplicate images were shifted 0.6 μm, arising
from correlations between signals on the two sides of the cell.

To test if this autocorrelation approach could be used to monitor changes over
time in cellular distribution of UmuC-mKate2, we simulated a time-lapse series with
an E. coli cell transitioning from a state with no signal, to a membrane-associated
signal, to a cytosolic signal (Fig. 4.3E; left). We graphed autocorrelation func-
tions measured at each time point of the simulation as a 2D contour plot, with
blue-to-red coloring indicating low-to-high levels of correlation (Fig. 4.3E; right).
At each time point, autocorrelation functions were normalized to the fluorescence
intensity of the cell. The amplitude of the central peak (zero lag) thus reflects rel-
ative changes in fluorescent protein concentration: the amplitude is low (blue) at
lower concentrations and high (red) at high cellular concentrations. When present,
membrane-bound fluorescent protein gives rise to weaker secondary signals (light
blue) to either side of the central peak. Analysis of experimentally acquired data
produced similar results: time-lapse images of LacY-eYFP (an inner membrane pro-
tein) produced an autocorrelation plot with a strong central peak and weaker sec-
ondary peaks, while DnaX-YPet (which is cytosolic/nucleoid associated) produced
only a strong central peak (Fig. S6). Our autocorrelation approach thus provides
a means to monitor the distribution of fluorescent proteins across the short-axis of
the cell during time-lapse measurements: membrane-associated protein produces
distinctive cross-peaks, whereas cytosolic/nucleoid associated protein does not.

We then applied autocorrelation analysis to our experimentally acquired UmuC-
mKate2 time-lapse images (Fig. 4.3F), beginning at the time in which cells were
irradiated at the UV dose indicated. Within the time-lapse images, the orientation
of E. coli cells was biased by the flow of medium through the flow cell: the majority
of cells aligned with the vertical axis of the images. This orientation bias allowed us
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to look for the repeating pattern of membrane-localized UmuC-mKate2 signals by
measuring image-wide autocorrelation functions across the horizontal axis of the
images. The autocorrelation functions were normalized by cellular intensity across
the entire dataset of UV doses. At 1 J.m-2, there was little change in the autocorre-
lation function during the time-course and little detectable membrane localization.
At 3 J.m-2, a modest signal from membrane-localized UmuC appears late in the
time-lapse. At 10 J.m-2, two distinctive membrane-bound cross peaks appear at
about 90 min and persist until 180 min. At 30 J.m-2 and 100 J.m-2, membrane
localization is prominent from 90 min. From 120-180 min, the autocorrelation is
significantly broader, with the valley between the central peak and the membrane
peak becoming filled in. This broadening is indicative of UmuC entering the cytosol.

Evidence of redistribution is also visible in cross-correlation analysis between
UmuC-mKate2 and the inner membrane protein LacY-eYFP (Fig. 4.4A). We found
that expression of the LacY-eYFP protein partially induced the SOS response: cells
were longer than usual and produced an elevated level of UmuC-mKate2 prior to UV
irradiation. At early time-points after UV irradiation, clear cross-peaks are visible
due to co-localization of UmuC-mKate2 and LacY-eYFP on the membrane. Each
UmuC-mKate2 focus correlates with LacY-eYFP signal on both the same side of the
cell (producing a central peak at lag = 0) and the opposite side of the cell (producing
cross-peaks at lag ± 0.8 μm). From 90-180 min after irradiation, these cross-peaks
angle in towards the central peak and become broader. This is consistent with
UmuC-mKate2 foci forming in the cytosol, where the distance from each focus to
either side of the membrane falls between 0 and 0.8 μm. As UmuC-mKate2 is
no longer confined to the membrane, the distance to each side of the membrane
becomes more variable, causing the cross-peaks to broaden.

The redistribution of native chromosomally expressed UmuC into the cytosol was
also followed by Western blotting of whole-cell extracts (WCE) and soluble fractions
at various time points after UV irradiation. (Fig. 4.4B). As previously reported,
basal levels of UmuD and UmuC in a recA+lexA+ strain are undetectable [16]. The
affinity purified UmuC antibodies do, however, cross-react with a protein that is
slightly smaller than UmuC (Fig. S1A) that can be detected in both the WCE and
soluble fractions (Fig. 4.4B). Importantly, the solubility of this cross-reacting protein
does not change after UV. We can therefore use this cross-reacting protein as an
internal control for the amount of cellular material loaded in each lane. We begin
to observe the appearance of soluble UmuC 30 minutes after UV irradiation. The
amount of UmuC in the soluble fraction increases further 1 hour and 2 hours post-UV,
consistent with the release of UmuC into the cytosol. The extent of soluble UmuC
shows an excellent correlation to the amount of soluble UmuD’ in the cell. Fifteen
minutes post-UV, we observe the induction of UmuD and very little conversion to
UmuD’. By 30 minutes post-UV, roughly 50% of the UmuD is converted to UmuD’ in
the WCE. Much more UmuD’ is found in the soluble fraction, indicating that UmuD’
is inherently more soluble than UmuD. The amount of UmuD’ in the soluble fraction
continues to accumulate 1 hour and 2 hours post-UV.

Finally, mapping the cellular location of individual UmuC molecules visualized in
cells grown in shaking culture also indicates redistribution of UmuC-mKate2 from the
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membrane to the cytosol beginning 90 min after UV irradiation (S7). These results
confirm that the membrane localization is observed independent of whether the
cells grow in culture or on cover slips, and independent on whether autocorrelation
analysis is used or direct mapping.

We observed that at large doses of UV light (> 30 J.m-2), many cells produced a
single large burst of UmuC-mKate2 and that the change from membrane-associated
to cytosolic distribution seemed to initiate when the level of UmuC reached a maxi-
mum. This maximum always occurred more than 90 min after UV. To examine this
phenomenon further, we cropped movies of single cells from our time-lapse series
(100J.m-2) and post-synchronized them each individually to the time point with the
maximum fluorescence intensity (Fig. 4.5A-B). Where appropriate, the cells were
also rotated to align with the y-axis of the image to further enhance the sensitiv-
ity of autocorrelation analysis. These post-synchronized movies reveal that during
bursts of production (lasting typically 30-60 min) UmuC is membrane-associated
and gradually becomes cytosolic after reaching peak intensity (Fig. 4.5A).

Autocorrelation analysis on the post-synchronized movies revealed three distinct
phases in the behaviour of UmuC (Fig. 4.5C-D). In phase I, very little UmuC is
produced and those molecules that are present associate with the cell membrane.
In phase II, substantially more UmuC is produced and these molecules accumulate
at the membrane. In phase III, production ceases and UmuC redistributes into the
cytosol. The redistribution of UmuC into the cytosol is essentially complete 30 min
after the cell reaches peak intensity. The fact that UmuC only redistributes to the
cytosol during phase III and after its production has ceased indicates that UmuC
is being released from the membrane, as opposed to newly synthesized UmuC
becoming sequestered in the cytosol.

4.3.3. UmuC membrane release requires UmuD cleavage
The change in abundance of soluble UmuC exhibits a strong correlation to the
appearance of UmuD’ (Fig. 4.4B). To test the hypothesis that the interaction be-
tween UmuD’ and UmuC allows UmuC to relocate to the cytosol, we employed
a umuD(K97A) strain that cannot convert UmuD to UmuD’ [13]. Compared with
the wild-type background (Fig. 4.6A), UmuC-mKate2 in the umuD(K97A) strain ap-
peared at about the same time after UV irradiation (Fig. 4.6B). However, in this
strain the UmuC was more strongly membrane-associated in images and produced
stronger and more persistent membrane cross-peaks upon autocorrelation analysis
(Fig. 4.6B).

Note that UmuC is stabilized in the cell when in a complex with UmuD’ [11,
18], such that degradation of UmuC by the Lon protease limits the formation of
UmuC signals when UmuD’ cannot be formed. This indicated a strong tendency for
UmuC-mKate2 to accumulate at the membrane, both before and after UV irradiation.
Analysis of umuD(K97A) cells grown in shaking culture similarly show a strong bias
for UmuC-mKate2 to be localized on the cell membrane (Fig. 4.6B). Together, these
observations support the hypothesis that conversion of UmuD to UmuD’ is critical
for re-localisation of UmuC.



4

74 4. Regulation of mutagenic Pol V in space and time

A
ra

w
 im

ag
e

pe
ak

 �
lte

r

00:00 +00:15 +00:30- 00:15- 00:30

time-lapse images post-synchronised to point of maximum intensity

-0.10

0.00

0.05

0.10

0.30

20

40

0

-20

-40

-60
0-0.5-1.0 0.5 1.0

distance lag (mm)
po

st
-s

yn
ch

ro
ni

se
d 

tim
e 

(m
in

)

0.0

0.2

0.4

0.6

0.8

1.0

20 400-20-40-60
post-synchronised time (min)

no
rm

al
is

ed
 in

te
ns

ity
 (a

.u
.)

0.0

0.2

0.4

0.6

0.8

1.0

20 400-20-40-60
post-synchronised time (min)

m
ea

n 
in

te
ns

ity
 (a

.u
.)

B C D
phase I phase II phase III

phase III

phase II

phase I

post-synch. cell intensities post-synch. mean intensity post-synch. autocorrelation

time (min)

-0.05

0.15

0.20

0.25

Figure 4.5 | Post-synchronization of individual cells within time-lapse series (EAW282). A
– Time-lapse images of individual cells post-synchronized to the point at which the intensity of UmuC-
mKate2 signal reached a maximum (typically 90-150 min after treatment with 100 J.m-2UV light). B
– Post-synchronized intensity vs time trajectories for 31 individual cells (of 100 total) that produced
a single well-defined burst of UmuC-mKate2 synthesis. The remaining 69 cells either produced no
detectable bursts of UmuC-mKate2 synthesis or produced multiple bursts of synthesis, preventing post-
synchronization. C – Mean intensity vs time trajectory over all cells showing three phases in the produc-
tion of UmuC: (phase I) little UmuC-mKate2 produced; (phase II) increased production of UmuC-mKate2;
(phase III) production of UmuC-mKate2 ceases and cellular levels decline. D – Autocorrelation analysis
of post-synchronized time-lapse series showing that the three phases in the production of UmuC corre-
spond with changes in its cellular location: (phase I) weak membrane cross-peaks indicate low levels of
membrane-associated UmuC-mKate2; (phase II) stronger membrane cross-peaks indicate production of
membrane-associated UmuC-mKate2; (phase III) decreasing membrane cross-peaks and broadening of
origin peak indicating redistribution of UmuC-mKate2 to the cytosol. A peak-enhancing filter was applied
to fluorescence images prior to autocorrelation analysis [17].

To further test this hypothesis, we determined the location of UmuC-mKate2 in
a recA(E38K) (also known as recA730) background, in which active RecA nucleo-
protein filaments (RecA E38K*) are formed constitutively in the absence of DNA
damage [19]. Under these conditions, the SOS regulon is partially derepressed
and much of the temporal regulation normally imposed on Pol V is circumvented:
Pol V is constitutively formed through UmuD cleavage and activated to Pol V Mut.
However, the ability of RecA(E38K) to spontaneously form nucleoprotein filaments
depends upon the cellular concentration of the RecA mutant [16] and RecA(E38K)
can be further activated under various conditions [20]. Indeed, UV treatment re-
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Figure 4.6 | Identifying the cellular location of UmuC-containing species usingmutantswith
defects in the Pol V activation pathway. A-D – Analysis of UmuC-mKate2 localization in strains with
different genetic backgrounds; EAW282 (recA+lexA+); EAW329 [recA+lexA+umuD(K97A)]; EAW307
(recA(E38K) lexA+); and EAW455 [recA(E38K) lexA+umuD(K97A)]. For time-lapse/autocorrelation anal-
ysis, cells were treated at t=0 min with UV light at 30 J.m-2. The images shown in time-lapse series
are composites of bright-field images (cell outlines), raw fluorescence images and peak-filtered fluores-
cence images. The intensity range used for each channel was the same for all composites. The images
represent stages in the UV-damage response (left to right: immediately after irradiation; peak signal -
30 min; peak signal - 15 min; peak signal; peak signal + 15 min; peak signal + 30 min). Autocorrelation
analyses are again presented as a 2D contour plots, with the time course beginning at 0 min at the
bottom. A peak-enhancing filter was applied to fluorescence images prior to autocorrelation analysis
[17]. Side peaks in the autocorrelation function at -0.6 μmand 0.6 μmindicate membrane-associated
UmuC-mKate2. More intense cross-peaks indicate a higher proportion of cells with membrane-localised
distribution. A broad peak at the origin with no discernable membrane peaks is indicative of cytosolic
UmuC-mKate2. Focus location maps (far right panels) were produced from analysis of shaking-culture
cells. Cells were grown in EZ medium with glucose at 37 °C . The entire 0.5 ml culture was irradiated
with 10 J.m-2 UV light while sandwiched between two quartz plates then returned to shaking culture.
Aliquots were taken every 10 min, placed on an APTES-treated coverslip, closed in with a second plain
glass coverslip and imaged. 96 x 34 ms frames were recorded using 568 nm excitation light at a power
of 1800 . . All UmuC-mKate2 foci from all cells were mapped as Gaussians to a cell of standard
size and shape. Maps for UV-irradiated cells include images recorded 10-120 min after irradiation.

sults in the apparent induction of UmuC in the recA(E38K) lexA+ background, where
all LexA-regulated proteins are expected to already be expressed in the absence of
DNA damage. As expected, and in contrast to the recA+lexA+ , background (Fig.
4.3,4.5,4.6A), in the recA(E38K) lexA+strain UmuC was present at all times after irra-
diation (Fig. 4.6C). The UmuC signal increased over the first 90 min after irradiation,
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with the brief appearance of a signature for membrane-associated UmuC-mKate2
at the peak of UmuC production (∼ 90 min). This observation suggests that higher
levels of UmuC after UV treatment went to the membrane first and then became
cytosolic. While recA(E38K) cells efficiently cleave UmuD to UmuD’ in the absence
of DNA damage, UmuD’ can only be generated from full-length UmuD and it is
possible that there is sufficient uncleaved UmuD in these cells to transiently allow
binding of UmuC to the membrane. The same cells grown in shaking culture show
a general cytosolic distribution of UmuC-mKate2 before and 10-120 min after UV ir-
radiation. These observations again indicate that fully activated Pol V Mut is largely
cytosolic and that the membrane-localized state corresponds to an intermediate
species preceding Pol V Mut formation.

To rule out the possibility that the cytosolic localization of UmuC-mKate2 in the
recA(E38K) strain is due to constitutive production of RecA E38K* as opposed to
UmuD cleavage, we then determined the location of UmuC-mKate2 in a recA(E38K)
umuD(K97A) background, in which UmuC and UmuD are produced constitutively
but UmuD cannot be cleaved to form UmuD’.

As already indicated, overall UmuC levels decline because of Lon-dependent
degradation of UmuC in the absence of UmuD’. In this strain, UmuC-mKate2 is
seen at the membrane at all time points, increasing after UV induction to a higher
and persistent level 90 min after UV induction (Fig. 4.6D). Autocorrelation analysis
revealed clear membrane cross-peaks throughout the measurement, indicating that
in this background UmuC-mKate2 remains associated with the membrane in both
the presence and absence of damage. The membrane association in this strain is
corroborated by a clean membrane-associated distribution of UmuC-mKate2 both
before and 10-120 after UV irradiation seen in the same cells in shaking culture (Fig.
4.6D).

The membrane localization of wild-type UmuC when co-expressed with a non-
cleavable UmuD protein was also confirmed directly by immuno-electron microscopy
(Fig. 4.7A-B). Furthermore, in experiments measuring the solubility of wild-type
UmuC in E. coli cell extracts, there appeared to be significantly less soluble UmuC
when it was co-expressed with UmuD(K97A) than when expressed alone, or with
UmuD’ (Fig. 4.7C). This is consistent with an active role for UmuD in sequestering
UmuC in an insoluble membrane-bound fraction, and/or a requirement for UmuC
association with UmuD’ to effect release to the cytosol. Together, these results
provide clear evidence that conversion of UmuD to UmuD’ is a requirement for the
spatial relocalization of UmuC to the cytosol.

4.3.4. Co-localization of Pol V mutasomes with replication
forks depends on RecA

Having revealed a novel membrane binding and release mechanism underlying the
regulation of Pol V, we next studied the positioning of Pol V molecules after they
were released from the membrane, in the context of translesion synthesis. For
many years, the prevailing model for Pol V-catalysed translesion synthesis was one
that described a highly concerted series of events: (i) replisomes stall at lesion
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Figure 4.7 | Detection of UmuC location by immuno-electron microscopy and solubility
in cell lysates. A-B – Immuno-electron microscopy of plasmid-expressed UmuC in the presence of
umuD(C24D G25D) and umuD’ in the E.coli strain RW1394. Sectioned electron-microscopy grids were
incubated with anti-UmuC antibody and subsequently labeled with 30 nm gold beads conjugated to a
secondary goat-anti-rabbit antibody. A – Representative micrographs. Although the labeling density
was low, gold beads were clearly visible for cells expressing UmuC, whereas control cells lacking UmuC
showed virtually no beads. B – Quantification of the proportion of beads associated with the membrane
each sample. Beads found to be within 100 nm of the cell membrane were classed as membrane-
associated. C – Levels of soluble UmuC detected by western blotting (E. coli strain, TCH03). The two
images are identical, except that upper panel is a darker exposure of the lower panel. UmuC was ex-
pressed alone, or co-expressed with UmuD’ or UmuD(K97A). The images clearly show that UmuC is
most soluble when co-expressed with UmuD’ and least soluble when co-expressed with UmuD(K97A).

sites, exposing ssDNA; (ii) RecA* filaments form on the ssDNA, triggering the SOS
response and activating Pol V; (iii) Pol V displaces Pol III through mass action and
synthesises over the lesion; (iv) replisomes restart and the cells return to normal.
However, a series of recent in vitro observations has brought this model into ques-
tion. First, RecA*-dependent activation of Pol V can occur in trans, i.e., remote
from the site of DNA synthesis [14, 21]. Second, replisomes do not necessarily stall
at lesions, but can instead skip over them leaving a ssDNA gap in their wake [22]
Finally, the presence of RecA* on the template increases the displacement of Pol
III by translesion synthesis polymerases, indicating additional complexity above a
simple mass action-driven exchange mechanism [23].

Our single-molecule observations allow us to address whether translesion syn-
thesis takes place at replication forks by simultaneously imaging UmuC fused to the
red mKate2 and the 𝜏 subunit of the DNA Pol III holoenzyme fused to the yellow
YPet; DnaX-YPet) [24]. We recorded two-color time-lapse series of wild-type recA+
cells and constitutively active recA(E38K) cells following irradiation with UV light at
30 J.m-2. We then measured cross-correlation functions between the two image
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channels as a function of time. This procedure was similar to the autocorrelation-
based one described above, except that image color pairs were correlated with each
other rather than each image being correlated against itself. Image pairs containing
co-localized fluorescent spots should return a strong, sharp cross-correlation signa-
ture, whereas spatially unrelated spots should return weak or no cross-correlation.

In the wild-type background, a broad and relatively weak cross-correlation peak
was observed, suggesting little co-localization between DnaX-YPet and UmuC-mKate2
molecules beyond their presence within the same cell (Fig. 4.8A). In the recA(E38K)
background, stronger cross-correlation was observed across a relatively narrow
distance regime, consistent with co-localizing spots of diffraction-limited size (Fig.
4.8A). However, the cross-correlation declines with time after UV treatment. This
observation suggests that in contrast with the wild-type background, a significant
proportion of UmuC-mKate2 molecules (primarily in the form of Pol V Mut in this
background) co-localize with replisomes in the recA(E38K) background under nor-
mal growth, but that the co-localization declines at later times after UV irradiation.

To probe this co-localization further, we analysed individual cells within the time-
sampled movies. Pol V Mut synthesizes DNA at a very low rate (0.3-1 nt.s-1) [12]. It
can therefore be assumed that Pol V Mut molecules forming active mutasomes must
remain immobilized on the DNA for at least a few seconds. These molecules should
present as static foci in our fluorescence movies (at 34 ms per frame). Making
average projections of these movies allowed us to highlight static foci while blurring
both transient DNA binders and mobile membrane-associated molecules into the
diffuse cellular background (Fig. 4.8B). Foci that persisted for > 300 ms were
identified as static foci.

Static foci were observed in UV-irradiated, wild-type recA+ cells as well as in both
untreated and UV-irradiated recA(E38K) cells (Fig. 4.8B). In both backgrounds, the
number of static foci increases in response to UV-irradiation in a dose-dependent
fashion (Fig. 4.8C). In the recA(E38K) background, a large proportion of static foci
co-localize with replisomes in the absence of UV (Fig. 4.8D). These observations
strongly support the notion that the static foci we observe represent DNA-bound
Pol V Mut molecules. From this point forward we will refer to these static foci as
mutasome foci.

In the wild-type background, mutasome foci appear in the cytosol 90 min after
damage was induced (Fig. 4.8B-C), 30 min after the point where UmuC levels
begin to increase (Fig. 4.2). On average, cells contained 1.1 ± 0.2 mutasome
foci at the peak time of 150 min. Very few of these co-localized with replisomes:
the percentage detected as being co-localized fell within the range expected by
chance (based on the area of the cell occupied by replisome foci, ∼ 5-10%, Fig.
4.8D). These observations are consistent with the weak cross-correlation signature
we observed in the time-lapse analysis (Fig. 4.8A).

In the recA(E38K) strain, Pol V Mut is produced constitutively and is evenly dis-
tributed throughout the cytosol both before and after inducing damage (Fig. 4.6B,
4.8). Prior to UV irradiation, static foci are observed in the cytosol, averaging 2.3 ±
0.2 per cell (Fig. 4.8B-C). In contrast to the behavior observed in wild-type cells, a
significant proportion of these foci (27 ± 3 %, n = 111 cells) co-localize with repli-
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Figure 4.8 | Colocalization of replisomes and mutasomes in wild-type (EAW282) and
recA(E38K) cells (EAW307). A – Cross-correlation analysis of DnaX-YPet and UmuC-mKate2 sig-
nals from time-lapse measurements. Distance-dependent correlation between DnaX-YPet and UmuC-
mKate2 signals are presented as 2D contour plots. Blue areas indicate low correlation, whereas red
areas indicate high correlation. Image pairs containing co-localized replisome and mutasome foci pro-
duce high cross-correlation values over a short distance range. A peak-enhancing filter was applied to
fluorescence images prior to autocorrelation analysis [17]. B – Average projections of time-sampling
movies showing replisome and mutasome foci. Arrows indicate co-localized replisome-mutasome pairs.
A peak-enhancing filter was applied to fluorescence images prior to autocorrelation analysis [17]. C-F –
Changes in replisome and mutasome foci following 30 J.m-2 UV irradiation. C – Number of mutasome
foci per cell. D – Proportion of mutasome foci that colocalize with a replisome focus. E – Number of
replisome foci per cell. F – Proportion of replisome foci that colocalize with a mutasome focus.

somes (Fig. 4.8D). This observation is consistent with the strong cross-correlation
observed between DnaX-YPet and UmuC-mKate2 in the corresponding time-lapse
measurements (Fig. 4.8A) and indicates that Pol V Mut gains access to replisomes
under these conditions. This observation is consistent with the elevated rate of
mutagenesis (∼ 100-fold) observed in the recA(E38K) (recA730) background in the
absence of damage [19]. As seen in the cross-correlation (4.8A), we observe that
after UV irradiation, the co-localization with replisomes gradually decreases (4.8D).
By 90 min after UV, relatively few Pol V Mut foci colocalize with replisomes (16 ±
2%, n = 84) and by 150 min co-localization (11 ± 1%, n = 90) approaches levels ex-
pected to occur by chance (∼5-10 %, Fig. 4.8D). The proportion of replisomes that
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co-localized with a static Pol V focus remained approximately the same throughout
the measurement, indicating that Pol V Mut gains similar levels of access to repli-
somes in both the presence and absence of damage in the recA(E38K) background
(Fig. 4.8E-F). Analysis of cells grown in shaking culture returned similar results:
there is no significant co-localization of mutasomes and replisomes in the wild-type
background; a significant proportion of mutasomes do co-localize with replisomes
in undamaged recA(E38K) cells; this co-localization gradually diminishes after UV
irradiation (Fig. S9).

Overall, our results show that mutasomes form at replisomes in undamaged
recA(E38K) cells in which the SOS response is constitutive, but few sites for DNA
synthesis exist outside of replisomes. After damage, additional mutasomes are
assembled at sites that are spatially distinct from replication forks. In the wild-
type background, static foci rarely form at replication forks, clearly questioning the
canonical view of mass-action driven binding of Pol V at stalled replication forks.

4.4. Discussion
This work reveals a new level of regulation in the activation of DNA polymerase
V. Previous work has defined two molecular mechanisms that limit the amount
of time that Pol V has to access DNA templates. The first is the transcriptional,
post-translational and proteolytic regulation of Pol V, ensuring that the polymerase
accumulates relatively late in the SOS response [5, 10]. The second consists of an
intrinsic ATPase activity that limits the number of nucleotides incorporated by Pol
V Mut once TLS commences [15]. The work described here reveals that the UmuC
and UmuD proteins are not activated as soon as they appear. Instead, activation is
further delayed by sequestration of UmuC (and probably UmuD as well) at the inner
cell membrane. The resulting delay constitutes another time-limiting mechanism
that functions between the other two (Fig. 4.9). This new layer of regulation is
not merely temporal, but also introduces a novel spatial dimension to the system.
Release from the membrane requires the conversion of UmuD to UmuD’. These
many layers of control help ensure that Pol V activation is limited to circumstances
where the extent of damage exceeds the cell’s capacity for error-free repair. Once
activated, many Pol V Mut foci do not co-localize with DNA Pol III replisomes, sug-
gesting that Pol V Mut may often function at lesion-containing gaps left behind by
the replicative polymerase.

Time-lapse analyses revealed three distinct phases in the regulation of Pol V
activity within UV-irradiated cells. In phase I, little UmuC is produced. The few
molecules that are present at this stage are primarily associated with the cell mem-
brane. In phase II, the number of UmuC molecules in the cell increases sharply as
the umuDC operon is derepressed by cleavage of LexA. Presumably, the majority
of other SOS-regulated proteins are also induced during this phase. During phase
II, UmuC associates with the cell membrane. In phase III, UmuC is no longer ex-
pressed and its cellular levels decrease. During this phase, UmuC gradually enters
the cytosol as Pol V Mut, forming mutasomes on the DNA at sites spatially dis-
tinct from replisomes. The transition from phase II to III requires UmuD cleavage
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to UmuD’. This represents not only a biochemical switch that allows formation of
active Pol V Mut, but also a spatial switch that releases UmuC from the membrane.

Spatial organization is a common feature of regulation in eukaryotes, where
many processes are tied together by protein scaffolds or segregated into compart-
ments [25–34]. Well-characterized examples are much less common in bacteria.
The transient sequestration of UmuC in the bacterial inner membrane provides the
first example of spatial regulation for a bacterial DNA processing enzyme. It is inter-
esting to speculate that the inner membrane may be a more general repository of
DNA metabolism enzymes that are temporarily not needed but still readily available
if required.

Our unexpected observation of prescribed changes in the spatial distribution of
UmuC with time after exposure to UV raises new questions about the mechanisms
of translesion synthesis in E. coli. The results show that in vivo, UmuC interacts
with the cell membrane and is released as soluble Pol V following RecA*-mediated
conversion of UmuD2 to UmuD’2. How does UmuC become associated with the
membrane? When expressed alone, the vast majority of UmuC is naturally insolu-
ble, yet a small fraction can nevertheless be recovered in soluble cell extracts (Fig.
4.7C). The amount of soluble UmuC increases when co-expressed with UmuD’ (Fig.
4.7C) [12, 35], suggesting that the insoluble UmuC is not mis-folded, but rather is
simply too hydrophobic to enter aqueous solution by itself. It would therefore be
reasonable to hypothesize that such hydrophobicity might promote a direct interac-
tion of UmuC with the cell membrane. Our measurements, however, indicate that
other factors are involved. For example, the amount of soluble UmuC decreases
significantly when co-expressed with non-cleavable UmuD(K97A) (Fig. 4.7C). This
observation suggests that full-length UmuD also plays a role in helping to sequester
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UmuC in an insoluble form, (most likely on the inner membrane), an issue that is
under further investigation.

It is possible that other DNA damage-induced proteins might also be involved
in sequestering UmuC at the membrane. Thirty years ago, evidence was published
for DNA damage-dependent association of RecA with the cell membrane [36]. Both
UmuC and UmuD are known to interact with RecA [37–39], thus it would be inter-
esting to determine if membrane-localized RecA also plays a role in sequestering
UmuC. Because of the many roles that RecA plays in the regulation of Pol V, how-
ever, examining this possibility would be extremely challenging experimentally and
is beyond the scope of the current study.

How might membrane association provide control over mutagenic Pol V activ-
ity? At the simplest level, sequestration of the bulk of UmuC at the membrane
would leave few Pol V Mut molecules free in the cytosol with access to DNA. A
delay between production of UmuC and formation of cytosolic Pol V Mut provides
an expanded window of time in which error-free DNA repair proteins (which have
weaker affinity LexA-binding sites and thus are highly unlikely to be co-expressed
with UmuC) can repair the damaged DNA before mutagenic Pol V lesion bypass
takes place. Ideally, one would directly examine the links between membrane-
sequestration of UmuC and Pol V-dependent mutagenesis rates, independently of
biochemical switches that regulate Pol V activity. Our results show, however, that
at least one of these biochemical switches, the conversion of UmuD to UmuD’, is in-
timately tied to changes in UmuC localization. Currently, no mutants exist that
would allow for separation of these functions. What is clear, however, is that
the umuD(K97A) mutation, which prevents release of Pol V from the membrane,
strongly inhibits Pol V-induced mutagenesis [13].

In UV-irradiated wild-type recA+ cells, Pol V mutasomes rarely co-localize with
DnaX-YPet at replisomes. Co-localization is frequently observed for recA(E38K) cells
exhibiting constitutive RecA* activity, but decreases after UV treatment. Previous
models for TLS have posited that at stalled replisomes, TLS polymerases displace
Pol III core (𝛼𝜖𝜗) from the 𝛽 sliding clamp, while the rest of replisome, including
the clamp loader complex, remains associated [37]. Our observations suggest that
for Pol V Mut, such an ’alternative replisome’ mechanism is the exception rather
than the rule.

Recent elucidation of Pol V Mut as a mobile mutasome complex when first acti-
vated [14, 40] provides a facile mechanism for TLS-mediated repair of gaps that are
not near the replisome. The fact that UmuC co-localizes with replisomes in an un-
damaged recA(E38K) strain is in excellent agreement with the suggestion that the
Pol V-dependent spontaneous mutator phenotype of recA(E38K) strains is due to a
competition between Pol III and Pol V at a nascent replication fork[41], with most
Pol V mutator activity occurring on the lagging strand [42]. In an irradiated cell,
Pol III motion is blocked by the presence of a UV-induced photoproduct, resulting
in the replisome dissociating and re-initiating synthesis downstream of the lesion
[22, 43]. Such a mechanism would leave a lesion-containing single-stranded gap
in the chromosome, complete with a 𝛽 sliding clamp left behind by the departing
replisome. Translesion DNA synthesis in such a gap may represent a major function
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4.5. Experimental procedures

4.5.1. Strain and plasmids for mutagenesis assays.
The E. coli K-12 strain RW118 [full genotype:thr-1 araD139 Δ(gpt-proA)62 lacY1
tsx-33 supE44 galK2 hisG4 rpsL31 xyl-5 mtl-1 argE3 thi-1 sulA211] and the iso-
genic ΔumuDC595::cat strain, RW120, have been described previously [44]. An
isogenic strain, RW1480, expressing umuC-mKate2::Kan was made by P1 transduc-
tion of the allele from EAW191 into RW120 by selecting for kanamycin resistance
and screening for chloramphenicol sensitivity. RW574 and RW578 are isogenic
recA(E38K) lexA51(Def) derivatives of RW118 and RW120 respectively [45]. An
isogenic recA(E38K) lexA51(Def) strain, RW1314, expressing umuC-mKate2::Kan
was made by P1 transduction of the allele from EAW191 into RW578 by selecting
for kanamycin resistance and screening for chloramphenicol sensitivity.

Spontaneous and chemically induced mutagenesis assays. Bacterial cul-
tures were grown overnight in LB medium containing the appropriate antibiotics.
Aliquots (1 ml) were centrifuged and resuspended in an equal volume of SM buffer
[46]. The ability of each strain to promote Umu-dependent chemically induced
mutagenesis was judged by plating 100 μLaliquots on minimal agar plates supple-
mented with a trace amount of histidine (1 mgml 1) [47]. Immediately after plat-
ing, 5 μLof a 1:5 dilution of methyl methane sulfonate (MMS, Sigma) in dimethyl
sulfoxide (DMSO, Sigma) was applied to a small sterile disk in the center of the
plate. 𝐻𝑖𝑠 revertants were scored after 4 days of incubation at 37 °C. The num-
ber of 𝐻𝑖𝑠 revertants is expressed as the mean number of MMS-induced mutants
per plate after subtracting the mean number of spontaneously arising 𝐻𝑖𝑠 rever-
tants on plates that were not exposed to MMS and were obtained from 5 individual
cultures plated in triplicate for each assay.

Quantitative UV-induced mutagenesis assays. Spontaneous and damage
induced reversion of the hisG4 locus was assayed as previously described [45].
Cells were grown overnight at 37 °C in LB media. The overnight culture was diluted
1:100 in fresh LB media and grown until an 𝑂𝐷 ∼ 0.4. Cells were harvested by
centrifugation and resuspended in an equal volume of SM buffer [46]. Cells were
irradiated with UV-light (254 nm) in a petri dish at a UV-fluence of 0.5 J.m-2 per
second. Aliquots were removed at each UV dose and serial dilutions of the culture
spread in triplicate on minimal agar plates supplemented with a trace amount of
histidine (1 μgml 1). On these plates, less than 1000 viable bacteria grew on the
low level of histidine 7 bacteria were seeded, they grew to form a lawn, concomi-
tantly exhausting the low level of histidine. 𝐻𝑖𝑠 mutants grew up through the lawn
and were counted after 4 days. The number of pre-existing spontaneous mutants
was determined by seeding on minimal plates lacking histidine. The UV-induced
mutation frequencies were calculated as previously described [48] and takes into
account spontaneously arising mutants, as well as any cell killing that reduces the
number of pre-existing 𝐻𝑖𝑠 mutants in the culture. Experiments were carried out



4

84 4. Regulation of mutagenic Pol V in space and time

at least three times and were performed under yellow light to avoid unwanted pho-
toreactivation.

Strains for expression and solubility assays. The expression strain, RW644
(BL21(𝜆DE3) ΔpolB::Spec ΔdinB::Zeo ΔumuDC::Erm) has been described previously
[12]. TCH03 is isogenic with RW644 and was made by transducing ΔpolB770::Kan
from JW0059 (E. coli Genetic Stock Center) into RW644 selecting for kanamycin re-
sistance and screening for sensitivity to spectinomycin. The wild-type umuC gene
was chemically synthesized by Genscript (Piscatawy, NJ) and cloned into pET22b+

as an ∼ 1.3 kb NdeI-XhoI fragment, to generate pJM1113. A plasmid expressing
mKate2-UmuC was generated by the chemical synthesis of a DNA fragment contain-
ing the 3’ end of umuC in frame with the mKate2 gene (Genscript), and was cloned
into the BamHI-XhoI sites of pJM1113 to generate pJM1115. pJM1116 and pJM1117
are low-copy spectinomycin resistant plasmids that constitutively express UmuD’ or
UmuD(K97A) from the RecA(Oc) promoter. They were constructed by subcloning
the umuD’ gene from pJM105 [49] as an NdeI-PstI fragment into pJM1071 and the
umuD(K97A) gene as an NdeI-BglII fragment from pEC69 [50] into NdeI-BamHI
digested pJM1071, respectively.

Western blotting for UmuC expression and solubility. Intracellular levels
of UmuD’ and UmuC proteins was determined by western blotting using affinity pu-
rified polyclonal UmuD’ and UmuC antisera using the protocols previously described
[16]. Overnight cell cultures were diluted 1:100 in fresh media and grown at 37 °C
until they reached an 𝑂𝐷 ∼ 0.5. Cultures were centrifuged and resuspended in
8 ml of Buffer A (50 mM Tris pH 7.5, 300 mM NaCl and 10% glycerol). Cells were
lysed by sonication on ice for a total processing time of 3 min. The suspension
was then centrifuged at 35,000 RPM for 30 minutes and the supernatant saved
as the soluble cell extract. Protein extracts were separated on a NuPAGE 4-12%
Bis-Tris gel and transferred to a Novex PVDF membrane. The membrane was incu-
bated overnight with a 1:1000 dilution of affinity purified polyclonal rabbit antisera
raised against UmuC. The next day, it was washed twice and subsequently incu-
bated for 90 minutes with a 1:10,000 dilution of goat anti-rabbit IgG conjugated to
alkaline phosphatase (Applied Biosystems; cat # T2191). Finally, the membrane
was treated with a 1:50 dilution of Tropix CDP-Star substrate (Applied Biosystems)
in 1X assay buffer for 10 min. Proteins were visualized by exposing the membrane
to X-ray film for various time periods.

Strain and plasmids for electron microscopy assays. Strain RW1394 is isogenic
with RW578 but also carries the Δ rcsA::Kan and Δlon::Tet alleles that were sequen-
tially transduced from SG22094 and SG21047 respectively into RW578. pRW134
expressing UmuD’C and pJM155 expressing a non-cleavable cleavage site mutant
of UmuD together with UmuC, are derivatives of the low-copy number spectino-
mycin resistant vector, pGB2 [51] and have been described previously [50, 52].

Strain and plasmids for fluorescent assays. EAW282 is E. coli MG1655
[53] dnaX-YPet, umuC-mKate2. It was made by P1 transduction of JJC5945 to
umuC-mKate2 with P1 grown on EAW191. JJC5945 is MG1655 dnaX-YPet and was
obtained from Benedicte Michel. EAW191 was made by replacing the MG1655 umuC
gene in its native chromosome location with a umuC gene with a C-terminal 11
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amino acid spacer followed by mKate2 and a mutant FRT-Kanamycin resistance-wt
FRT cassette, via 𝜆 RED recombination [54]. The sequence encoding the 11 amino
acid spacer (TCCGCTGGCTCCGCTGCTGGTTCTGGCGAGTTC) is that used by Rodrigo
Reyes-Lamothe [24] with changes for better codon use and the EcoRI site removed.
EAW307 is E. coli MG1655 sulA-, umuC-mKate2, recA(E38K), dnaX-YPet. EAW191
was transduced to sulA- with P1 grown on EAW13. EAW13 is MG1655 with a FRT-
Kanamycin resistance-FRT cassette replacing the sulA gene between the SphI and
HpaI sites.

The sulA-umuC-mKate2 strain, designated EAW297, was P1 transduced to recA-
(E38K) with P1 grown on EAW287. EAW287 is MG1655 sulA-, recA(E38K) with
a mutant FRT-Kanamycin resistance-wt FRT located after the C-terminus of the
downstream recX gene. MG1655 sulA-, umuC-mKate2, recA(E38K) was transduced
to dnaX-YPet with P1 grown on JJC5945. EAW309 is E. coliMG1655 umuC-mKate2
sulA- lexA(Def). It was made by transducing EAW297 with P1 grown on EAW26.
EAW26 was made by 𝜆 RED recombination of EAW13 to replace the wild-type lexA
gene with a deficient lexA that had the gene segment between the PshAI and AflIII
sites replaced by the KanR gene. EAW329 is MG1655 umuD(K97A) umuC-mKate2
and was made by replacing the umuDC genes with umuD(K97A) umuC-mKate2 by
𝜆 RED recombination. Both have the same arrangement of umuC-spacer-mKate2-
mutant FRT-KanR-wt FRT as EAW191.

The plasmid pBAD-LacY-eYFP was a generous gift from J. T. Mika (University
of Groningen). It was constructed by inserting lacY-eYFP (encoding the lactose
transporter LacY fused to the N-terminus of eYFP) into the plasmid pBAD/His (Invit-
rogen) and allows for L-arabinose-inducible expression of LacY-eYFP. The plasmid
pBAD-mKate2 was constructed by inserting mKate2 (including an 11 amino acid
linker at its N-terminus, sequence TCC GCT GGC TCC GCT GCT GGT TCT GGC GAG
TTC) into pBAD/His (Invitrogen). The linker-mKate2 fragment was created by PCR
amplifying (KOD polymerase, Novagen) the mKate2 gene (Evrogen) using forward
primer containing the linker sequence (SAGSAAGEF; ATC CGA GCT CGAG ATG TCG
GCT GGC TCC GCT GCT GGT TCT GGC GAA TTC ATG GTG AGC GAG CTG ATT AAG
GAG) and reverse primer (GTT CCT ATT CTC TAG AAA CTA TAG GAA CTT CTC ATC
TGT GC). The amplified fragment and pBAD-myc-hisB were digested with XhoI and
XbaI (New England Biolabs) and ligated together with T4 DNA ligase (New England
Biolabs, 16 °C, overnight) followed by transformation into E. coli DH5𝛼. Plasmid
DNA was isolated from bacterial colonies containing the pBAD-myc-hisB with the
ligated linker-mKate2 construct and sequenced to verify the sequence of the linker
(GATC biotech).

Electron Microscopy. E. coli strain RW1394 (relevant genotype; recA(E38K)
lexA51(Def) ∆umuDC ∆rcsA ∆lon) harboring low-copy-number spectinomycin re-
sistant plasmids pGB2 (vector) [51], pRW134 (recombinant UmuD’C) [52], or pJM155
(non-cleavable cleavage site UmuD mutant, UmuD(C24D-G25D)/UmuC) [50] were
grown overnight at 37 °C in Davis and Mingioli (DM) minimal media. The overnight
culture was diluted 1:100 into 25ml fresh DM media and grown approximately 4 h
at 37 °C until an OD600 ∼ 0.4-0.6. 10 ml of the culture was transferred to a sterile
petri-dish and irradiated with 10 J.m-2 UV-light (254 nm) at a fluence of 0.5 J.m-2
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and then returned to a new culture flask. Both unirradiated and irradiated cultures
were incubated at 37 °C for a further 45 minutes before 1 ml of the culture was
transferred to a microfuge tube and centrifuged at ∼14,000 X g for 5 mins. The
supernatant was decanted and the pellet resuspended in an equal volume of PBS
containing 0.5% glutaraldehyde. The suspension was kept on ice for 25 mins before
centrifugation and washed 2x with an equal volume of PBS. Cells were embedded in
resin and sectioned by Jan Endlich (JFE Enterprises, Beltsville, MD) under a custom
service contract. This process entailed lightly centrifuging the cells into a pellet,
which were dehydrated in a series of ethanol solutions, (30% EtOH, 50% EtOH and
70% EtOH). Cells were then infiltrated 1:1 with LR White to 70% EtOH, 1:2 LR
White to 70% EtOH, 1:3 LR White to 70% EtOH and 3 changes of pure resin. The
infiltrated samples were then transferred in gelatin capsules with fresh LR White
and then cured for 48 hours at 50 °C. Blocks were removed and gelatin capsule sec-
tions were cut approximately 60-80 nm thin. Sectioned EM grids were returned to
us and were placed on 50 μLdroplets of sterile PBS containing 0.5% BSA and 0.1%
gelatin (PBSBG) for 3 hours at room temperature to reduce any non-specific binding
of the UmuC antibodies. After which time, the grids were placed on a 25 μLdroplet
of a 1:20 dilution of affinity purified polyclonal rabbit antisera diluted in PBSBG and
incubated overnight at 4 °C. Grids were washed 3x by placing on sequential drops
of 50 μl PBSG for 10 mins each. Grids were then placed on a 25 μl droplet of a 1:40
dilution of goat-anti-rabbit antibody (in PBSBG) conjugated to 30nm gold particles
(Abcam, cat # ab119178) and incubated overnight at 4 °C. The grids were washed
3X with PBSG for 10 mins each and dried by blotting on filter paper. Grids were
then returned to Jan Endlich (JFE enterprises, Beltsville, MD), who stained them
for 5 minutes with 2% aqueous uranyl acetate and then examined and imaged the
cells with a Ziess EM 10C transmission electron microscope.

Fluorescence Microscopy. We constructed a wide-field single-molecule flu-
orescence microscope by coupling high power laser excitation into a commercially
available inverted fluorescence microscope body (IX-81, Olympus) equipped with a
1.49 NA 100x objective and a 512 X 512 pixel EM-CCD camera (C9100-13, Hama-
matsu). Excitation light was provided continuous-wave optically pumped semidiode
lasers (Sapphire LP, Coherent) of wavelength 514 nm (150 mW max. output) and
568 nm (200 mW max. output). For imaging UmuC-mKate2 fusions we used 568
nm excitation light at high intensity (180-1800 W.cm-2) and collected light emitted
between 610-680 nm (ET 645/75m filter, Chroma). For imaging DnaX-YPet we used
514 nm laser excitation at lower power (10 W.cm-2) and collected between 525-555
nm (ET540/30m filter, Chroma). For LacY-eYFP imaging we used 514 nm excitation
at high power (1800 W.cm-2). Image analysis was performed with ImageJ [55].

For imaging we used glass coverslips derivatized with 3-aminopropyl triethoxy
silane (APTES, Sigma). Coverslips were first cleaned by sonicating for 60 min in 5M
KOH and then thoroughly washing with water. The coverslips were then treated
for 2 h with 2% APTES in water before being washed thoroughly with water, then
acetone and dried before assembling flow cells. Our flow cell design was that used
in reference [56]. Typical channel dimensions were 3 X 30 X 0.03 mm (length X
width X height).
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UV irradiation and imaging. For most imaging experiments, cells were grown
at 37 °C in EZ rich defined medium (Teknova) that included 0.2% (w/v) glucose.
Cells containing pBAD-LacY-eYFP were grown in EZ that contained 0.2%(v/v) glyc-
erol and 0.001% (w/v) L-arabinose. For time-lapse and time-sampling imaging we
mounted APTES flow cells to our microscope, maintaining the temperature at 37 °C
by a combination of stage heating and objective lens heating. Cells were grown in
shaking culture until reaching mid-log phase (𝑂𝐷 ∼ 0.5) before being loaded into
flow cells by pulling with a syringe. The inlet was then placed into fresh medium
that was constantly aerated using an aquarium pump. Medium was then pulled
through the flow cell using a syringe pump, at a rate of 30 μ Lmin−1. Cells were
irradiated in situ with 254 nm UV light from a mercury lamp (UVP) at a fluence of
1-100 J.m-2.

Super-resolution images of UmuC-mKate2 and LacY-eYFP. Super-reso-
lution reconstructions (e.g. PALM images) require that fluorescent protein molecules
are observed one at a time as spatially separate foci. For typical, densely labeled
samples this requires the use of a photoswitchable fluorescent protein. Because
of the low cellular levels of UmuC-mKate2 in the wild-type (recA+lexA+) cells, how-
ever, it was possible to reconstruct super-resolution images without photoswitching.
For LacY-eYFP we used a strategy described previously [57], driving molecules into
a non-bleached dark state before imaging spontaneous single-molecule returns to
the fluorescent state (4000 × 34 ms frames).

To reconstruct images we identified single-molecule foci by applying a discoidal
averaging filter [17] to the movies and selecting those peaks above a defined thresh-
old value. Returning to the untreated movies, we then fit each focus with a 2D Gaus-
sian function in order to accurately determine their center positions (non-linear least
squares fitting with Levenberg-Marquadt algorithm). We reconstructed images by
drawing each position as 2D Gaussian-shaped spots as described by the formula:

𝑓(𝑥, 𝑦) = 1
2𝜋𝜎 𝜎 𝑒 ( )

(4.1)

In this way the volume under each spot remained constant, whereas the width
was determined by the fitting error in x and y (𝜎 𝑥𝑎𝑛𝑑𝜎 ).

Determining cellular concentrations of UmuC-mKate2. It is possible to determine
the number of molecules of a fluorescent protein in a cell by dividing its total fluo-
rescence by the average signal arising from individually measured single molecules.
When measuring cells that only contain a small number of fluorescent proteins, how-
ever, individual fluorescence images tend to contain a lot of noise. We therefore
decided on a different strategy for analysis of our time-sampling data. Having re-
moved contributions from background fluorescence, we fit the loss of fluorescence
signal due to photobleaching of mKate2 with an exponential decay function and
used the fit amplitudes as a measure for the initial fluorescence. In this way, the
total fluorescence of the cell is derived from measurements over all 296 frames
of the movie, reducing the contribution of noise dramatically. The concentration of
UmuC-mKate2 could then be determined for each cell using its volume as calculated
from its corresponding bright field image.
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For each all fluorescence movies we first flattened the images to correct for
uneven illumination profile of the excitation light. To produce and of the illumination
beam we averaged together each slice from all 70 movies recorded during a 3h UV-
damage experiment, smoothed the resulting image by Gaussian blurring (10 pixel
radius) and normalised the intensity as a fraction of the brightest pixel. This showed
that illumination was already relatively flat (at the corners of the image was 70%
as intense as that at the centre of the image). We then divided each movie by this
“beam” movie.

For each cell we measured the change in mean fluorescence per pixel due to
photobleaching. The raw data included contributions not only from UmuC-mKate2,
but also cellular autofluorescence (Fig. S1A) and background fluorescence from the
glass coverslip (Fig. S1B), which were removed prior to quantitating mKate2 fluores-
cence. Under our conditions, mKate2 follows a single-exponential photobleaching
decay with time contant t ≈ 5 s (Fig. S1C). We quantified the total mKate2 fluo-
rescence of individual cells by fitting the amplitude of each decay curve. We note
that by focussing on the middle portion of the cell, signal arising from the top and
bottom of the cell may not be completely captured and thus measured signals may
be slightly underestimated. Cell outlines were assigned using MicrobeTracker [58].

To calibrate our measurements for number of UmuC-mKate2 molecules per cell,
we measured the fluorescence signals of individual molecules. To do this, we ex-
amined the final 50 frames of our movies. Here most of the cellular fluorescence
had been bleached, however individual molecules could occasionally be observed
as foci as they spontaneously returned to a bright state. We fit these foci with 2D
Gaussian functions and made a histogram of the integrated volumes under each
curve (Fig. S1D). We could then calibrate our cellular measurements by dividing
the total fluorescence of each cell by the mean value for single molecules.

Imaging and analysis of cells grown in shaking culture. Cells were grown in shak-
ing culture at 37 °C in EZ rich defined medium (Teknova) that included 0.2% (w/v)
glucose. To induce DNA damage cells were grown until reaching mid-log phase
(𝑂𝐷 ∼ 0.5), placed between two quartz sheets separated by 170 μmspacers and
irradiated with 254 nm UV light from a mercury lamp (UVP) at a fluence of 10 J.m-2.
Cells were then put back into shaking culture in preparation for imaging.

Microscopy samples were prepared by transferring 30 μLof cell suspension onto
an APTES-treated coverslip and placing a clean coverslip on top. The sample was
allowed to stand for 1-2 min, before excess medium was removed by gently pressing
down on the top coverslip. Imaging was started within 3 min. For each sample, 10
fields were imaged taking 5-10 min in total. Cells grew and divided at similar rates
before and after imaging.

In order to characterize the spatial distributions of UmuC-mKate2 foci we pro-
duced maps of their cellular locations. We achieved this by identifying every focus
that presented during a movie and pinpointing its centre position using 2D Gaussian
fitting. The position of each focus was then mapped to its location along the long
and short axes of the cell using MicrobeTracker [58]. For each time point of our
experiment, we produced a ”location map” by displaying the cellular locations of all
foci from all cells as Gaussian-shaped spots on a ”cell” of average width and length
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for that time point. To correct for variation in sample size, the intensity of each
resulting image was then divided by the total number of cells analyzed.

Analysis of fluorescent protein distribution by autocorrelation and cross-correlation
To analyze the distribution of UmuC-mKate2 in time-lapse experiments wemeasured
autocorrelation functions across the horizontal axis of the images, which was per-
pendicular to the direction of flow. Images were subjected to peak filtering prior
to analysis [17]. As cellular UmuC-mKate2 levels were low, foci were sparsely dis-
tributed in images. We therefore averaged along the vertical axis of each image
in 20 μmwide bins. Autocorrelation was measured over a 1 μm distance lag range
for each bin in each image and the resulting autocorrelation functions averaged.
These autocorrelation functions were plotted as a function of time after UV expo-
sure as a 2D contour plot. Each autocorrelation function was normalized against
the mean cellular fluorescence intensity (I), such that the autocorrelation value at
zero lag and 𝐼 = 1. Cross-correlation functions were determined similarly, ex-
cept that images of both DnaX-YPet and UmuC-mKate2 were used as input and no
intensity-based normalization was used. All correlations were measured using the
xcorr function in Matlab.
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4.6. Supplementary information

mutagenesis in recA+ lexA+ cellsA BWestern blot showing 
crossreacting species

Figure S1 | Western blot analysis showing proteins that cross-react with UmuC antibodies
and levels of MMS-inducedmutagenesis in recA+lexA+strain. A) –Proteins that interact with the
affinity purified UmuC antibodies. Whole cell extracts from RW578 ( umuDC) and RW574 (umuDC+)
were separated by SDS-PAGE and subjected to western blot analysis using affinity purified polyclonal
UmuC antibodies. The image clearly shows a strong signal of the expected size of UmuC in the umuDC+
strain. However, there are also fainter bands visible both above and below the UmuC protein. All three
proteins are non-specific cross-reacting proteins and not UmuC degradation products (for the faster
migrating proteins) since they are also observed in WCEs from isogenic the umuDC strain, RW578. B –
Levels of mutagenesis promoted by umuDC+ and umuD+ umuC-mKate2 in a recA+ lexA+ strain (RW118
and RW1480). As expected, given the multiple levels of regulation imposed on the Umu proteins to
keep their intracellular levels to a minimum, the extent of umu-dependent mutagenesis were generally
lower in a recA+ lexA+ background than in a recA(E38K) lexA(Def) strain background (Fig. 4.1D) where
much of the transcriptional, posttranslational and proteolytic regulation is circunvented. Similar to the
recA(E38K) lexA(Def) strain background, the umuc-mKate2 construct gave lower levels of mutagenesis
compared to wild-type UmuC, but this is entirely consistent with the lower steady state levels of the
chimeric fusion protein.
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Figure S2 | Determination of cellular UmuC-mKate2 levels (EAW282). Full caption on the
next page.
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Figure S2 | Determination of cellular UmuC-mKate2 levels (EAW282). The number of
molecules is determined by measuring the total fluorescence within each cell and dividing by the mean
intensity of a single-molecule. Cellular intensities are determined using the fitted amplitudes of photo-
bleaching curves rather than individual images. Contributions due to autofluor- escence and background
fluorescence are removed prior to fitting. A – Change in mean fluorescence signal during photobleaching
of 195 wild-type MG1655 cells used to determining autofluorescence. This mean value was subtracted
from the bleaching trajectories of UmuC-mKate2 expressing cells. The autofluorescence signal was
quantified by fitting with a single- exponential decay function (red line). B – Bleaching of flow-cell back-
ground signal within a single field-of-view. Background signal from each field of view was removed from
the bleaching trajectories of all cells within that field of view. The background signal was quantified by
fitting with a single-exponential decay function (red line). C – Bleaching of UmuC-mKate2 fluorescence
within a single cell, corrected for background and cellular autofluorescence. The total mKate2 signal
was quantified by fitting with a single-exponential decay function (red line). D – Measurement of single
molecule intensity by analysis of step-wise photobleaching trajectories. Mutasome foci were identified
within time-sampling images of recA(E38K) cells by making average projections of movies. Intensity
vs. time trajectories were measured for each focus as it photobleached, locally subtracting background
fluorescence around each focus. Trajectories showed step-wise intensity transitions corresponding to
photobleaching of DNA-bound UmuC-mKate2 molecules. These transitions were fit by change-point
analysis [59, 60]. A histogram of the step sizes of intensity transitions for 1690 trajectories, represent-
ing the intensities of single molecules, showed a relatively narrow distribution (red columns). The peak
intensity (7500 arbitrary units) was taken to be the mean intensity of single molecules for calculation of
UmuC-mKate2 concentrations. The initial intensities of foci prior to photobleaching produced a similarly
narrow peak with a peak intensity corresponding to the single molecule intensity, indicating that Pol V
acts as a monomer.

Figure S3 | Quantification of UmuC-mKate2 levels in cells (EAW282) periodically sampled
from shaking culture. A – Mean number of molecules per cell versus time. B – Concentration ofUmuC-
mKate2 for shaking-culture cells, determined using the number of molecules per cell (panel A) and the
cell volume measured frombright-field images. Cells were grown in EZ medium with glucose at 37 °C.
The entire 0.5 ml culture was irradiated with 10 J.m-2 UV light while sandwiched between two quartz
plates then returned to shaking culture. Aliquots were taken every 10 min, placed on an APTES-treated
coverslip, closed in with a second plain glass coverslip and imaged. 96 × 34 ms frames were recorded
using 568 nm excitation light at a power of 1800 W.cm-2.
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Figure S4 | Control experiments showing that membrane localization of UmuC-mKate2 is
a property of UmuC. A – When expressed at extremely low levels (MG1655) froma pBAD vector
(leaky expression), mKate2 presents a slight background of membrane-associated foci (top left panel),
however no such foci are observable when the mKate2 levels are increased to ∼ 4 nM by adding 0.01%
arabinose for 2 h (top right panel). To determine if the observed membrane localization of UmuC-mKate2
is a property of UmuC or of mKate2, we compared RW1360 expressing UmuC and cells expressing
membrane-associated UmuC-mKate2 (umuD(K97A) lexA(Def) sulA- ) in the presence of ∼ 6 nM mKate2
expressed from pBAD (second row of panels). B – Plotted positions of detected foci across the short
axis of the cell as histograms. Cells expressing only free mKate2 show a typical cytosolic distribution
(left panel), whereas cells also expressing UmuC-mKate2 show a clear membrane-associated population
(right panel).

example time-sampling images
90 min after UV irradiation

180 min after UV irradiation

Figure S5 | Example images of UmuC-mKate2 localization at the membrane. Examples of
images derived from time-sampling measurements showing tendency for UmuC-mKate2 to accumulate
at the cell membrane 90min after UV irradiation and to be localized in the cytosol 180 min after irradiation
(EAW282). The images shown are composites of raw fluorescence images and peak-filtered fluorescence
images. The intensity range used for each channel was the same for all composites.
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Figure S6 | Autocorrelation analysis of LacY-eYFP and DnaX-YPet. Cells (EAW191 with pBAD-
LacY-eYFP or EAW282) were grown at 37 °C in flow cells and irradiated in situ with 10, 30 or 100
J.m-2 of UV light ( = 254 nm). Cells containing pBAD-LacY-eYFP were grown in EZ medium containing
0.2% (v/v) glycerol, 100 μg/ml ampicillin and 3 μgml 1 L-arabinose, rather that EZ glucose. Following
irradiation fluorescence images were recorded every 5 min for 180 min. Autocorrelation analysis is
presented as a 2D contour plot. Blue areas indicate low correlation, whereas red areas indicate high
correlation. A – Analysis of LacY-eYFP UmuC-mKate2 cells. Clear cross-peaks at lag = ± 0.6 μmappear
throughout the time-lapse measure- ment as a result of the membrane-localized LacY-eYFP signal. B –
Analysis of DnaX-YPet UmuC-mKate2 cells. No cross-peaks are visible at lag = ± 0.6 μm, consistent with
the cytoslic/ nucleoid associated localization of DnaX-YPet signals. A peak-enhancing filter was applied
to fluorescence images prior to autocorrelation analysis [17].
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Figure S7 | Monitoring the redistribution of UmuC-mKate2 in response to UV-inducedDNA
damage in cells grown in shaking culture (EAW282). A – Graphical overview of method for
creating focus location maps. B – Location maps of UmuC-mKate2 foci versus time after UV irradiation.
Cells were grown in EZ medium with glucose at 37 °C. The entire 0.5 ml culture was irradiated with 10
J.m-2 UV light while sandwiched between two quartz plates then returned to shaking culture. Aliquots
were taken every 10 min, placed on an APTES-treated coverslip, closed in with a second plain glass
coverslip and imaged. 96 × 34 ms frames were recorded using 568 nm excitation light at a power of
1800 W.cm-2
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Figure S8 | Quantitation of UmuC-mKate2 in the recA(E38K) background (EAW307) based
on time-sampling measurements. Full caption on the next page.
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Figure S8 | Quantitation of UmuC-mKate2 in the recA(E38K) background (EAW307) based
on time-sampling measurements. Cells were grown in EZ medium with glucose at 37 °C. The entire
0.5 ml culture was irradiated with 10 J.m-2 UV light while sandwiched between two quartz plates then
returned to shaking culture. Aliquots were taken every 10 min, placed on an APTES-treated coverslip,
closed in with a second plain glass coverslip and imaged. 96 × 34ms frames were recorded using 568 nm
excitation light at a power of 1800 W.cm-2. A – Number of molecules per cell. B – Cellular concentrations
of UmuC-mKate2.
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Figure S9 | Levels of mutasome-replisome co-localization for cells (EAW282/EAW307)
grown in shaking culture. Average projections were made from the mKate2 fluorescence movies
and spots persisting for ∼300 ms were identified as mutasome foci. Replisomes were imaged using 514
nm excitation light at a power of 60 W.cm-2, with an exposure time of 500 ms. Mutasome and replisome
foci were considered co-localized if found to be within 100 nm of each other.
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Abstract

Escherichia coli contains five DNA polymerases (Pols). Pols I and III accu-
rately replicate DNA under normal conditions, but are unable to copy dam-
aged DNA. Pols II, IV and V are induced by DNA damage and carry out
error-prone translesion DNA synthesis (TLS). Although the biochemical ac-
tivities of the Pols are well known, there are many open questions surround-
ing the regulation and competition between the Pols in vivo. Because these
proteins are expressed at extremely low levels, single-molecule fluorescence
microscopy allows us to test if current models for the coordination of TLS
DNA polymerases hold true in living cells. We have fused Pol V to mKate2
and the 𝜏-subunit of the replisome to YPet, keeping both fusions controlled by
their respective promoters. We investigated the influence of other TLS poly-
merases, as well as the DNA damage response protein RecA, on the cellular
location, expression levels and access of Pol V to DNA. Our results suggest
that RecA acts as a ’traffic cop’ directing Pol V to lesions at sites distinct from
replisomes. Pols II and IV have little effect on the number of Pol V molecules
bound to replisomes or other sites on the chromosome.
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5.1. Introduction
Escherichia coli has five DNA polymerases (Pols), which differ in speed, processiv-
ity, and fidelity when synthesizing DNA [1]. They can be divided into two main
groups. Pols I and III are high-fidelity polymerases responsible for bulk replication
of the chromosome. Pols II, IV and V are specialized translesion synthesis (TLS)
polymerases expressed in response to DNA damage. TLS polymerases, as opposed
to the replicative polymerases, have the capacity to incorporate nucleotides oppo-
site damage sites on the template DNA. However, the TLS polymerases are highly
error prone and thus mutagenic. While synthesizing DNA, all five Pols interact with
the 𝛽-sliding clamp, a homodimeric protein that encircles the DNA and acts as a
processivity factor [2]. Each 𝛽-sliding clamp contains two identical binding sites,
which can be occupied by conserved penta- or hexa-peptide motifs that are found
within many DNA replication and repair proteins [3]. The 𝛽-sliding clamp acts as a
protein interaction hub, serving to coordinate DNA replication and repair; a mech-
anism conserved across bacteria [4]. The trimeric PCNA clamp performs a similar
role in eukaryotes [5].

How do E. coli cells coordinate the activities of the five available polymerases
so that the 𝛽-sliding clamp is occupied by high-fidelity polymerases in unperturbed
cells, but allows access to TLS polymerases in the event of DNA damage? The high-
fidelity polymerases Pols I and III contain high-affinity 𝛽-binding motifs and thus
preferentially bind the 𝛽-sliding clamp over TLS polymerases, which have lower-
affinity 𝛽-binding motifs [6–8]. Pol I is present at relatively high levels (approxi-
mately 400 molecules per cell) [9], which should allow for high rates of binding to
𝛽 sliding clamps. The main replicative polymerase complex, Pol III holoenzyme, is
less abundant. There are 10-20 fully formed Pol III holoenzyme complexes per cell
and a small excess of the core sub-complex (𝛼𝜖𝜃; ∼ 40 molecules per cell) [10].
Within active replisomes, however, Pol III occupies both binding sites on the 𝛽 slid-
ing clamp through 𝛽-binding motifs in its 𝛼 and 𝜖 subunits [11]. Copy numbers of
Pols II, IV and V are regulated as part of the DNA damage-induced SOS response
[12, 13]. Upon damage, levels of Pols II increase from 30 to 350 molecules per cell,
and from approximately 200 to 2000 for Pol IV [14, 15]. Pol V is rarely expressed in
undamaged conditions and reaches around 100 molecules per cell in UV-irradiated
cells [16–18].

Several models have been proposed to describe how high-fidelity DNA poly-
merases exchange for TLS polymerases in the event of DNA damage. In the ’mass
action’ model (Fig. 5.1A), TLS polymerases gain increased access to the 𝛽-sliding
clamp due to the SOS-induced increase in concentration that allows them to more
effectively compete with Pols I and III [6, 8, 19]. In the ’traffic cop’ model (Fig.
5.1B), polymerase switching depends on whether the upstream single-stranded
DNA (ssDNA) is coated by the single-stranded DNA binding protein, SSB, or the
recombination/repair protein RecA [20]. In undamaged cells, ssDNA formed by
helicase-mediated unwinding in the replisome is quickly coated by SSB, which in
turn is rapidly displaced from the template by the advancing replicative Pol III.
When the template DNA becomes damaged, Pol III will be blocked and ssDNA per-
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Figure 5.1 | DNA polymerase coordination models. Schematic representation of current models
describing the coordination of polymerase binding at the bacterial replication fork and the interactions
between DNA polymerases with the -sliding clamp. A – ’Mass action’ model. All the polymerases inter-
act with the -sliding clamp and polymerase binding controlled by the affinity (KD) of these interactions
and the concentration of each polymerase. B – ’Traffic cop’ model. SSB and RecA act as a switch to
regulate polymerase occupancy. SSB bound to ssDNA promotes DNA polymerase III activity (I) and in-
hibits Pol II and Pol IV. Conversely, RecA nucleoprotein filaments have the opposite effect. They inhibit
Pol III and promote TLS polymerase occupancy at the replication fork (II).

sists for a longer period of time. In such a scenario, SSB becomes displaced by
RecA proteins that bind to the ssDNA and form nucleoprotein filaments. These
filaments, denoted as RecA*, serve as substrates for homologous recombination
and also induce the SOS response. Importantly, it was recently discovered that
RecA* filaments stimulate the activities of TLS polymerases and inhibit the activity
of Pol III in vitro [20]. Thus, RecA acts like a traffic cop, appropriately directing
TLS polymerases to damaged DNA.

The ’mass action’ and ’traffic cop’ models are not mutually exclusive and the
extent of polymerase switching that occurs in cells may actually be a product of the
two. In addition, the affinity of each DNA polymerase may vary for different DNA
templates, particularly those containing lesions. This difference in affinity might
also play a role in selecting which polymerase gains access. It is also worth noting
that the relative contribution of these mechanisms may be different for the various
types of polymerases. Several studies point to the importance of mass action-driven
competition in regulating the activities of Pols II and IV [19, 21–23] but little is
known about its effect on Pol V activity.

Relative to the mechanisms governing production and function of Pols II and
IV, the regulation of Pol V activity is extremely complex, requiring a series of post-
translational modifications before the active form, Pol V Mut, is able to support DNA
synthesis [24]. We recently showed that Pol V is also regulated spatially: inactive
forms are initially sequestered at the cell membrane, then later released into the
cytosol as active Pol V Mut [18]. Until now, the complex regulatory pathways of Pol
V, together with its extremely low expression levels, have largely precluded study of
how it gains access to DNA. Here we report the use of single-molecule fluorescence
imaging of Pol V in live E. coli cells to study the relative importance of mass action-
driven competition with other polymerases in determining the frequency with which
Pol V gains access to damaged and undamaged DNA.

We created mutants of E. coli in which replisomes and Pol V are fluorescently
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tagged (DnaX-YPet and UmuC-mKate2 respectively) and potential competitors, Pols
II and IV, are deleted. We compared levels of Pol V Mut binding to DNA, as well
as colocalization of Pol V Mut and replisomes, in the presence and absence of Pols
II and IV. We examined Pol V behavior in the context of both UV-damaged wild-
type cells and in cells carrying the recA(E38K) mutation. This strain constitutively
induces high Pol V expression and activity due to formation of RecA(E38K)* fila-
ments, and thus induction of the SOS response, in the absence of DNA damage.
Our experiments indicate that in both strains access of Pol V to binding sites on
the DNA is not significantly affected by the presence or absence of Pols II and IV.
The recA(E38K) mutation, on the other hand, has a large effect on the ability of
Pol V to access DNA. Our results suggest that for Pol V the ’traffic cop’ mechanism
dominates over mass action driven competition with other polymerases.

5.2. Results

5.2.1. Single-molecule visualization of polV and the repli-
some in live E. coli cells

In order to visualize the intracellular positions of replisomes and Pol V, we modi-
fied Escherichia coli K-12 MG1655 cells to produce fluorescent protein fusions. The
yellow fluorescent protein YPet was fused to the C-terminus of the DnaX protein,
which comprises the 𝜏-subunit of the Pol III holoenzyme and thus acts as a repli-
some marker [18]. The bright red fluorescent protein mKate2 was fused to the C-
terminus of UmuC, a Pol V subunit. Both fusions are functionally active (Robinson et
al., 2015). We combined the DnaX-YPet and UmuC-mKate2 fusions with deletions
of polB (encoding Pol II) or dinB (encoding Pol IV), and with the polB/dinB double
deletion. A complete list of strains used in this study is provided in Table 1. We
imaged cells using a purpose-built single-molecule fluorescence microscope [18].

5.2.2. Pols II and IV have little effect on the spatiotemporal
regulation of Pol V

In our previous work, we used single-molecule microscopy to measure changes
in Pol V expression and localization in response to UV-induced DNA damage. We
found that when the Pol V subunit UmuC is first produced, some 30-90 minutes
after irradiation, it is sequestered at the cell membrane [18]. After a further delay,
it is released into the cytosol as part of Pol V Mut. Before we examined the effects of
removing Pols II and IV on the ability of Pol V Mut to access DNA, we first wanted to
examine if these deletions significantly changed the membrane binding and release
behavior of Pol V. We repeated our earlier two-color time-lapse analysis, comparing
cells carrying Pols II and IV (pol+) with cells lacking both (ΔpolB ΔdinB). We made
this comparison in both wild-type recA+ and hypermutagenic recA(E38K) cells. To
visualize the behavior of the fluorescently labeled Pol V and replisomes within these
strains, we introduced E. coli cells to a microfluidic structure designed for long-time
fluorescence imaging. We irradiated with UV light (fluence = 10 J.m-2, 𝜆 = 254 nm)
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and produced time-lapse series by capturing images every five minutes for a total
of three hours.

Visual inspection of the time-lapse movies (Fig. 5.2) revealed the expected up-
regulation of UmuC-mKate2 and changes in its localization behavior. For both pol+
recA+ and ΔpolB ΔdinB recA+ cells, UmuC-mKate2 up-regulation could be observed
around 60 minutes after UV damage. Clear signals for membrane-associated UmuC-
mKate2 were visible for both strains, consistent with our earlier observations [18].
For the recA(E38K) variants, we observed elevated UmuC-mKate2 signals prior to UV
damage, also as observed previously [18]. Further, these strains showed reduced
association of UmuC with the cell membrane, characteristic of recA(E38K) strains.
No clear differences could be observed between pol+ recA(E38K) cells and ΔpolB
ΔdinB recA(E38K) cells. Thus, our initial results suggested that deleting Pols II and
IV had little influence on Pol V regulation.

time-lapse imaging of UmuC-mKate2 - UV-damaged cells

0 30 60 90 120 150 180
time after UV (min)

pol+
recA+

ΔpolBΔdinB
recA+

pol+
recA(E38K)

ΔpolBΔdinB
recA(E38K)

Figure 5.2 | Monitoring UmuC-mKate2 expression upon UV-based DNA damage. Time-lapse
imaging of E. coli K-12 MG1655 containing UmuC-mKate2 chromosomal fusion. Pol+ indicates that
all polymerases genes are present; polymerase deletions are indicated where necessary. The genetic
modification of recA to recA(E38K) was combined with the presence or absence of different polymerase
as indicated. Cells were grown at 37 °C in flow cells and irradiated in situ with 10 J.m-2of UV light (
= 254 nm). Following UV irradiation, fluorescence images were recorded every five minutes for three
hours. These images reveal that UmuC induction begins between 30-60 minutes in recA+ background
while recA(E38K) shows constitutive UmuC-mKate2 expression.

s

As a next step, we used our recently described localization tool (J.M.H. Goudsmits
et al, under review with Biophysical Journal) to characterize the intracellular distri-
bution of Pol V (UmuC-mKate2) and subsequent redistribution upon DNA damage.
This tool allows for averaging of fluorescence signals from multiple cells and is
particularly useful for analysis of single-molecule images where signals are often
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sparsely distributed within cells. The work flow is summarized in Fig. 5.3A. Bright-
field images are subdivided into tiles containing a single cell or fragment thereof
(Fig. 5.3A-I). Cell fragments are aligned along the vertical axis of the tile (Fig.
5.3A-II) and then centered (Fig. 5.3A-III). Using the transformation parameters
determined from the bright-field images, the fluorescence signals from cell frag-
ments are overlaid and averaged (Fig. 5.3A-IV). The averaged fluorescence signals
are then projected to a line scan that describes the average distribution of fluores-
cence across the short axis of the cell. Membrane-associated signals produce two
distinctive peaks at ±0.5 μm, whereas cytosolic/nucleoid associated signals produce
a broader peak, centered at 0 μm. The process is repeated for all time points in
a time-lapse series and the resulting line scans are plotted as a function of time,
producing 2D contour plots.

We calculated the line scans for the time-lapse data shown in Fig 5.2. A total
of 120 fields of view were analyzed, corresponding to approximately 2400 cells. As
expected, pol+ recA+ cells showed a clear increase in UmuC-mKate2 signal, begin-
ning approximately 60 minutes after UV damage. These cells displayed predomi-
nantly membrane-associated signatures, consistent with membrane sequestration
of UmuC-mKate2 [18] . The relative contributions of membrane-associated and cy-
tosolic Pol V foci can be quantified by fitting each line scan with linear combinations
of profiles from known membrane and cytosolic proteins. As expected, the amount
of Pol V entering the cytosol increases towards the end of the measurement, as
membrane-sequestered UmuC is released into the cytosol as activated Pol V Mut
(Fig. 5.3B; [18](J.M.H. Goudsmits, under review with Biophysical Journal)).

Cells lacking both Pol II and Pol IV (ΔpolB ΔdinB recA+) showed similar up-
regulation of UmuC-mKate2 and membrane-associated signatures (Fig. 5.3C) as
pol+ cells (Fig. 5.3B). Thus, deleting the genes encoding Pols II and IV had
little or no effect on the damage induced up-regulation or localization behavior
of Pol V in the wild-type recA+ background. We then repeated our analysis for
recA(E38K) cells. As observed previously [18], pol+ recA(E38K) cells produced sig-
nificant amounts of UmuC-mKate2 in the absence of DNA damage and generated a
strong cytosolic/nucleoid-associated signature (Fig. 5.3D). Levels of UmuC-mKate2
remained high after UV irradiation, with a mild increase in membrane-associated
signatures, consistent with our earlier analyses. Cells lacking Pol II and Pol IV
(ΔpolB ΔdinB recA[E38K]) again showed little difference from pol+ cells (Fig. 5.3E).
Overall, our time-lapse analyses indicate that deletion of Pols II and IV has little
effect on the damage-induced up-regulation of Pol V, or its localization behavior.

5.2.3. Removal of Pols II and IV has little effect on Pol V
Mut binding at replisomes

Our previous work demonstrated that Pol V Mut molecules bound to DNA produce
static UmuC-mKate2 foci within the nucleoid region of the cell [18]. Contrary to
expectation, we found that these Pol V Mut foci did not colocalize with replisome
foci, conflicting with the long-standing model that Pol V-catalyzed TLS occurs at
replisomes that have stalled at damage sites. In contrast, we found that Pol V
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Figure 5.3 | Intensity linescans of DNA polymerase foci upon UV-based DNA damage. Full
caption on the next page.

Mut foci did colocalize with replisome foci in the mutant recA(E38K) background.
These observations could be explained in two ways. In line with the mass action
model (Fig. 5.1A), Pol V Mut might be physically capable of binding at replisomes
in recA+ cells, but is out-competed by Pols II and IV. The increased levels of Pol
V Mut present in the recA(E38K) background might then allow for more effective
competition and thus increased colocalization. Alternatively, considering the traffic
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Figure 5.3 | Intensity linescans of DNA polymerase foci upon UV-based DNA damage. A –
Determination of average fluorescence line scans. Bright-field images are used as the spatial reference
to align the fluorescence images. I. Bright-field images are subdivided in tiles (I) and the tiles with
cellular features are selected (tiles with * - II). Cells are then oriented along their long axis (III) and
centred within the tile (IV). An average of all valid tiles is calculated for the fluorescence channels by
taking the bright field as a reference. The fluorescence signal is projected in the horizontal axis and the
profile obtained (V) represents a particular data point in the experiment. A peak enhancer algorithm was
applied prior to the intensity calculation [25]. B-E – Temporal evolution of UmuC-mKate 2 fluorescence
intensity line scans. (I) Example cells originating from average projections of UmuC-mKate2 images.
(II) The spatiotemporal behaviour of UmuC-mKate2 is summarized in heatmaps containing fluorescence
linescans obtained as a function of time for a particular strain or condition. The center of the heatmap
corresponds to the center of the center of a cell. Cells were damaged with UV at time zero (fluence = 10
J.m-2, = 254 nm). In recA+, UmuC-mKate2 is localizing to the cellular membrane (sharp lines around
±0.6 μm) while in the recA(E38K) background UmuC-mKate2 foci are found distributed throughout the
whole cell. (III) Total fluorescence signal found at the cellular membrane or in the cytosol. RecA+ strains
show total fluorescence increasing upon UV damage. For this strain, UmuC-mKate2 foci is mainly found
at the cellular membrane. For RecA(E38K) strains, UmuC-mKate2 is constitutivelly expressed, resulting
in higher levels throughout the experiment.

cop model, colocalization may be driven by the formation of RecA(E38K)* filament
at replisomes. In the wild-type background, RecA* filaments may not form close
to replisomes, but instead form on ssDNA gaps left behind replisomes that skip
over damage sites [26]. These RecA* filaments would direct Pol V Mut to bind
at sites left far behind the replisome, leading to little colocalization. RecA(E38K)
competes far more effectively with SSB for binding to ssDNA than wild-type RecA
and thus RecA(E38K)* filaments frequently form on the lagging strand, even in
the absence of DNA damage [27]. Pol V Mut would be directed to these lagging-
strand RecA(E38K)* filaments, producing significant levels of colocalization. Our
previous analyses showed that in recA(E38K) cells, levels of colocalization decreased
in response to UV irradiation as new binding sites for Pol V Mut formed at sites away
from replisomes. This observation is difficult to explain in light of the mass action
model and is more compatible with the ’traffic cop’ explanation.

To examine this phenomenon further, we measured levels of colocalization be-
tween Pol V Mut and replisomes in the presence and absence of Pols II and IV.
If binding of Pol V Mut is disfavored at replisomes because Pol V Mut is not able
to effectively compete with Pols II and IV, we would expect that Pol V Mut might
show increased colocalization with replisomes in the absence of Pols II and IV. In
the recA(E38K) background, colocalization would also be expected to increase in
the absence of Pols II and IV. On the other hand, if Pol V Mut binding is directed
by RecA* filaments, i.e. if the traffic cop model applies, colocalization would be
predicted to be similar in both the presence and absence of Pols II and IV.

We analyzed colocalization between Pol V Mut and replisomes in two differ-
ent ways. Time-dependent changes in colocalization throughout our time-lapse
data were measured globally (across all cells) using a cross-correlation approach.
More precise measurements were then made at the level of single foci by analyz-
ing high time-resolution, short-duration movies (total duration 3.4 seconds, 100
frames) taken either 60 min after UV irradiation (recA+ cells) or without irradia-
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tion (recA[E38K] cells). The cross-correlation approach is based on the line-scan
analysis described earlier (Fig 5.3A). Having aligned and centered cell fragments
identified within time-lapse images, we calculated the cross-correlation functions of
DnaX-YPet and UmuC-mKate2 line scans. We expected that cell fragments contain-
ing colocalized peaks would return cross-correlation functions with a strong, narrow
peak at 0 μm. Assuming perfect alignment of cell fragments, the width of this peak
should correspond to the diffraction limit (FWHM ∼0.3 μm). Conversely, cell frag-
ments containing non-colocalized peaks are expected to produce cross-correlation
functions with a broader, weaker peak at 0 μm. The width of this peak should
correspond to the average width of the cells (FWHM ∼1 μm). As a positive control,
we applied our cross-correlation approach to time-lapse images of cells in which
the 𝜏 and 𝜖 subunits of Pol III holoenzyme were tagged with yellow and red fluo-
rescent proteins respectively (DnaX-YPet, DnaQ-mKate2). As expected, DnaX-YPet
and DnaQ-mKate2 foci showed a high degree of colocalization (Fig. 5.4A). Corre-
spondingly, the time-dependent cross-correlation function showed a strong, sharp
peak. As a negative control, we randomized the table of DnaQ-mKate2 line scans
prior to measuring the cross-correlation against DnaX-YPet line scans. In this way,
line scans from distinct, spatially unrelated cell fragments were compared. Because
each cell fragment is aligned and centered before analysis, this approach is similar to
comparing non-colocalized signals within the same cell. As expected, this random-
ized data set produced a cross-correlation function with a broad, weak peak. Both
these positive and negative controls verify our approach based on the calculation
of the spatial cross correlation. Further, the cross-correlation function derived from
the randomized data is indicative of the baseline levels of accidental colocalization
that arise due the signals being confined within cells of regular width.

Applying our cross-correlation approach to the DnaX-YPet/UmuC-mKate2 strains,
we observed that deleting the genes for Pol II, Pol IV or both, had little effect on the
colocalization of Pol V with replisomes (Fig. 5.4C). All four recA+ strains produced
cross-correlation versus time plots that show a broad, weak peak centered at 0 μm,
indicative of little or no colocalization between Pol V and replisomes. In no case did
the removal of Pols II and/or IV significantly increase colocalization of Pol V with
replisomes. The minor differences observed between strains most likely arise from
experimental variation. The cross-correlation peaks obtained for DnaX-YPet/UmuC-
mKate2 cells were noticeably broader than those corresponding to the randomized
DnaX-YPet/DnaQ-mKate2 control due to the abundance of membrane-associated
signals in the former. All four recA(E38K) strains produced cross-correlation func-
tions with a strong and sharp peak, indicative of colocalization of Pol V with repli-
some foci. This observation is consistent with our previous measurements in which
the recA(E38K) mutation was found to significantly enhance co-localization [18]. As
observed for the recA+ background, removing Pols II and/or IV in the recA(E38K)
background did not lead to increased colocalization between Pol V and replisomes.
Overall, our time-lapse/cross-correlation analyses showed similar behavior to that
observed in previous measurements: Pol V rarely colocalizes with replisomes in
the wild-type recA+ background, but frequently colocalizes with replisomes in the
recA(E38K) mutant background. Removal of Pols II or IV has little or no effect on
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Figure 5.4 | Cross-correlation between UmuC-mKate2 and DnaX-YPet. A – DnaX-YPet and
DnaQ-mKate2 fluorescence images and merged channels to illustrate foci colocalization. White arrows
point to co-localized foci. B – Cross-correlation images for DnaX-YPet and DnaQ-mKate2 signals. Co-
localized foci appear as centralized regions with high contrast. Randomizing the DnaQ-mKate2 / DnaX-
YPet image pairing results in non-colocalized peaks and is expressed as a diffused signal. C – Cross-
correlation plots of time-lapse images for diferent strains. Cells were damaged with UV immediately
after the first time point (t = 0 min). For each series (recA+ and recA(E38K)) different combinations of
polymerase deletions are displayed. In the top row, normal SOS response results in little cross correlation
beween the replisome (DnaX-YPet) and Pol V (UmuC-mKate2). Below, recA(E38K) cells display higher
contrast, indicating higher co-levels of localization between Pol V and the replisome. The plot for the
polB recA(E38K) strain shows low initial levels of cross-correlation due to surface artifacts giving rise
to an decreased UmuC-mKate2 signal-to-noise ratio during the first 90 minutes.

Pol V-replisome colocalization.
To determine whether Pols II and IV had a more subtle effect on Pol V-replisome

colocalization, we measured colocalization at the level of single foci. Here, cells
were sampled from shaking culture as opposed to imaging with flow cells. Wild-
type recA+ cells were irradiated with 10 J.m-2UV light and incubated for 60 min
prior to imaging to allow for expression of UmuC-mKate2 and activation to Pol V
Mut. Mutant recA(E38K) cells, in which Pol V Mut is produced constitutively, were
imaged without exposure to UV light. Rather than recording individual snapshots,
as was the case with the time-lapse analysis described above, short movies of
UmuC-mKate2 fluorescence were recorded at high time resolution to aid in iden-
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tifying Pol V Mut molecules bound to DNA. These DNA-bound molecules remain
relatively static through the movies and thus appear in the movies as spots that
show little movement. Averaging all the frames within such a movie would give rise
to bright, punctate foci. In contrast, molecules diffusing along the cell membrane
or throughout the cytosol tend to blur out in average projections. In this way, DNA-
bound molecules can be selected over non-DNA bound molecules by scoring bright,
punctate foci in average projections of movies. The number of static foci per cell
and the proportion that colocalize with replisome foci could then be quantified on
a cell-by-cell basis (Fig. 5.5A).
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Figure 5.5 | Colocalization of replisomes and mutasomes. A – Average projections of UmuC-
mKate2 (Pol V mutasomes) superimposed with DnaX-YPet (replisomes). Left panel contains wild-type
(EAW282) cells after 60 minutes of UV damage (fluence = 10 J.m-2, = 254 nm) and the right panel
contains recA(E38K) cells (EAW307) in the absence of UV damage. Arrows indicate mutasome-replisome
co-localized pairs. Cellular outlines (yellow) were used for quantification of replisome-mutasome pairs
for each strain. B – Number of mutasome foci per cell. Error bars indicate standard error of the mean.
Datapoints are grouped into recA+ and recA(E38K) background with diffent polymerase deletions. For
recA+ bakground (gray): no deletion (EAW282, ncells = 230), polB (EAW330, ncells = 216), dinB
(EAW331, ncells = 177) and polB dinB (EAW337, ncells = 305). For recA(E38K) bakground (red): no
deletion (EAW307, ncells = 296), polB (EAW332, ncells = 341), dinB (EAW333, ncells = 196) and
polB dinB (EAW341, ncells = 347). The statistical significance of the differences between strain pairs
is provided as a supplement (Table S1). C – Percentage of mutasome colocalized with replisomes. The
percentage was determined per cell and then averaged. Error bars indicate standard error of the mean.
Pols II and IV do not show significant differences between each strain (Table S2).

We found that recA+ cells contain a similar number of static Pol V foci (1.2 ±
0.1 per cell on average; 1,312 cells) in the presence and absence of Pols II and
IV. The mean values were found not to be significantly different between strains
(Supplementary Table 1). Similar results were found for the recA(E38K) background:
cells contained 1.3 ± 0.1 Pol V Mut foci per cell (1,180 cells) and removal of Pols II
and/or IV did not produce significant differences from the pol+ cells. Our analysis
therefore indicated that the presence or absence of Pols II and IV has little effect
on the number of Pol V molecules that bind to DNA at any particular time. In order
to determine whether Pols II and IV affected the proportion of Pol V Mut molecules
that bound at replisomes versus other sites on the DNA, we next measured the
proportion of Pol V Mut foci that colocalized with replisomes. A Pol V Mut focus
was designated as colocalized if its fitted centroid position fell within 200 nm of
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a replisome focus. In the recA+ background, colocalization was uniformly low (2-
4%) for all four strains, within levels expected to occur by chance (∼ 5%; [18]. No
significant difference was found between the strains. In the recA(E38K) background,
colocalization was uniformly high (17-20%), with no significant differences between
strains containing or lacking Pols II and/or IV. Taken together, our single focus
analyses support our time-resolved analyses and indicate that Pols II and IV have
no effect on the number of Pol V Mut molecules that act on DNA, nor on the tendency
of Pol V Mut to bind at replisomes.

5.3. Discussion
In this work, we found that Pols II and IV do not significantly affect the upregulation,
membrane sequestration or the number of binding sites available for Pol V on the
DNA. Our results suggest that competition driven by mass action plays little or
no role in the regulation of Pol V Mut activity on the DNA. Conversely, our data
strongly support a role for RecA* as a ’traffic cop’, directing Pol V Mut binding
to DNA. By effectively competing with SSB for ssDNA formed at replication forks,
RecA(E38K) allows Pol V Mut to access replisomes (Fig. 5.6B). This behavior does
not take place with wild-type RecA, which is less able to compete with SSB and thus
forms nucleoprotein filaments much more slowly. Accordingly, Pol V-dependent
mutagenesis is 100-fold higher in recA(E38K) cells than wild-type cells [28]. Upon
UV irradiation, a replisome encountering damage is able to skip over the lesion [26],
thus leaving a ssDNA gap. This gap is eventually coated with RecA and becomes a
potential substrate for Pol V Mut (Fig. 5.6C-D).

It is important to note that in this study we only investigated Pol V behavior
under the conditions of UV-induced damage and in the recA(E38K) background. It
is possible that Pols II and IV do affect Pol V behavior under different conditions,
particularly in the presence of lesions favored by Pols II and IV. The potential for
the chemical nature lesions to play a role in selecting which DNA polymerase bind
and carry out TLS remains a fascinating area of research. It is also important to
note that in the current study we were able to measure only the number of avail-
able binding sites for Pol V Mut on the DNA. It is possible that rather than occluding
binding of Pol V Mut altogether, Pols II and IV affect the frequency of Pol V Mut
binding at binding sites, thus regulating its activity kinetically as opposed to ther-
modynamically. Even though analysis of binding kinetics of proteins in live cells
is possible using single-molecule imaging, this approach is technically challenging
due to photophysical limitations of currently available fluorescent proteins. Rapid
advances in the development of more photostable fluorescent probes suggest that
a full kinetic analysis of the recruitment of TLS polymerases at sites of replication
may soon be within reach. Our study highlights the utility of single-molecule fluo-
rescence measurements in measuring the properties of DNA-binding proteins in live
cells and demonstrates the strength of these approaches in obtaining quantitative
information and mechanistic insight.
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Figure 5.6 | DNA Polymerase V and DNA damage. A – Schematic representation of DNA replication
occuring without disruption by lesions on the DNA template. Leading-strand DNA synthesis occurs on
DNA continuously while the lagging strand is produced in a discontinuous fashion. DnaB helicase unwinds
dsDNA ahead of the replisome and SSB binds to ssDNA on the lagging strand. B – RecA(E38K) mutants
displace SSB. The formation of RecA* facilitates Pol V binding to the -sliding clamp and promotes
error-prone DNA synthesis. C-D – Pol III HE encounters a lesion on the DNA template and skips over
the lesion leaving behind an assembled -sliding clamp and a ssDNA gap. SSB is then substituted by
RecA, forming RecA* nucleoprotein filaments, and Pol V is recruited for DNA synthesis.

5.4. Experimental procedures
Construction of strains
A complete list of Escherichia coli strains used in this study is provided in Table
5.1. EAW18 and EAW21 strains are both E. coli K-12 MG1655 derivatives [29]. The
strains were constructed using a modified version of the 𝜆 RED recombination sys-
tem [30, 31]. The plasmid pEAW507 contains a mutant FRT-KanR-wtFRT cassette
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Table 5.1 | Strains used in this study

Strain Relevant Genotype Parent strain Source/technique

MG1655
recA+sulA+polB+
dinB+umuC+ - [29]

EAW18 ΔdinB MG1655 𝜆 RED recombination
EAW21 ΔpolB MG1655 𝜆 RED recombination
EAW191 umuC-mKate2 MG1655 [18]
EAW282 dnaX-YPet umuC-mKate2 JJC5945 [18]

EAW288
sulA- recA(E38K)
umuC-mKate2 EAW297 [18]

EAW307
sulA- recA(E38K) ΔdinB
umuC-mKate2 dnaX-YPet EAW288

transduction to ΔdinB
with P1 grown on JJC5945

EAW330
ΔpolB
umuC-mKate2 dnaX-YPet EAW282

transduction to ΔpolB
with P1 grown on EAW21

EAW331
ΔdinB
umuC-mKate2 dnaX-YPet EAW282

transduction to ΔdinB
with P1 grown on EAW18

EAW332
sulA- recA(E38K) ΔpolB
umuC-mKate2 dnaX-YPet EAW307

transduction to ΔpolB
with P1 grown on EAW21

EAW333
sulA- recA(E38K) ΔdinB
umuC-mKate2 dnaX-YPet EAW307

transduction to ΔpolB
with P1 grown on EAW18

EAW337
Δpol ΔdinB
umuC-mKate2 dnaX-YPet EAW330

transduction to ΔdinB
with P1 grown on EAW18

EAW341
sulA- recA(E38K) ΔpolB
ΔdinB umuC-mKate2
dnaX-YPet

EAW332
transduction to ΔpolB
with P1 grown on EAW18

in an ampicillin backbone. The gene knockouts were made by replacing dinB (in the
EAW18 strain) and polB (in the EAW21 strain) genes in the native chromosome by
FRT cassette following a protocol previously described [32]. Transformed strains
were plated on LB-agar, supplemented with 40 μgml 1 of kanamycin and grown
overnight. Kanamycin-resistant strains were further screened for ampicillin resis-
tance. EAW18 and EAW21 were used as donor strains for p1 transduction. Strains
EAW307, EAW330-3, EAW337 and EAW341 were made by p1 transduction [33] in
one or more steps as inferred from Table 5.1. P1 transduction of donor strain to the
desired genotype was performed growing P1 bacteriophage on the source strain.
Mutants were selected by kanamycin resistance and screened for chloramphenicol
sensitivity.

Fluorescence microscopy
The experiments were performed in a home-built wide-field single-molecule fluo-
rescence microscope, consisting of an Olympus IX-81 microscope body equipped
with a 1.49 NA 100x objective and a 512 × 512-pixel EM-CCD camera (C9100-13,
Hamamatsu). To image DnaX-YPet, we used a continuous-wave optically pumped
semiconductor 514-nm laser (150 mW maximum output, Sapphire LP, Coherent).
Samples were excited with light at 10 W.cm-2and emitted light was collected be-
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tween 525-555 nm (ET540/30m filter, Chroma). For imaging UmuC-mKate2, we
use a 568-nm wavelength laser (200 mW max. output, Sapphire LP, Coherent). For
this particular fluorescent protein, we use a higher excitation intensity (180 W.cm-2)
and collected light emitted between 610-680 nm (ET 645/75m filter, Chroma). Im-
ageJ extended with iSBatch plugin [34, 35] was used for image analysis. Individual
cellular outlines were assigned using MicrobeTracker [36] and converted to ImageJ
regions of interest (ROI) by iSBatch [35].

Time-lapse fluorescence microscopy setup and imaging
For time-lapse experiments we used a flow-cell design previously described [18,
37]. In brief, the device is a custom flow cell assembled with a quartz top for
in situ UV irradiation and a cover slip treated with 3-aminopropyl triethoxy silane
(APTES, Sigma) as the bottom. Top and bottom are connected using double-sided
tape (3M) and the device is sealed with epoxy resin. The channel dimensions are
3 x 30 x 0.03 mm (length x width x height) and growth medium flows in and
out via polyethylene tubes (PE-60, Bioseb). We mounted the flow cells to the
microscope, maintaining the temperature at 37 °C by a combination of stage heating
and objective lens heating. Cell cultures grown overnight were diluted 1:100 in EZ
rich medium (Teknova) and grew until mid-log phase (𝑂𝐷 ∼ 0.5). Cells were
then loaded into flow cells by pulling gently with a syringe and were allowed to
sit for 2 minutes. The single inlet was then placed into fresh medium that was
constantly aerated using an aquarium pump. Medium was then pulled through the
flow cell using a syringe pump, at a rate of 30 μL/min . Cells were irradiated in
situ with 254-nm UV light from a mercury lamp (UVP) at a fluence of 10 J.m-2.
First image was taken before damage and followed by acquisition for 180 minutes
after UV damage at five-minute intervals. Each imaging time point contains a 514-
nm image (DnaX-YPet), a 568-nm one (DnaX-YPet) and a bright-field image. The
following imaging conditions apply: Bright-field image was acquired with 50 ms
acquisition time; DnaX-YPet and UmuC-mKate2 each with 50 ms acquisition time at
180 W.cm-2.

Time-sampling fluorescence microscopy cells grown in shaking culture
Cells were grown in shaking culture at 37 °C in EZ rich defined medium (Teknova)
supplemented with 0.2% (w/v) glucose. To induce DNA damage, cells were grown
until mid-log phase (𝑂𝐷 ∼ 0.5), placed between two quartz sheets separated by
170-μmspacers and irradiated with 254-nm UV light from a mercury lamp (UVP) at
a fluence of 10 J.m-2. Cells were then put back into shaking culture in preparation
for imaging.

Microscopy samples were prepared by transferring 30 μLof cll suspension onto a
coverslip treated with 3-aminopropyl triethoxy silane (APTES, Sigma) and placing a
clean coverslip on top. Cells were allowed to settle for 1-2 min and excess medium
was removed by gently pressing down on the top coverslip. The device was placed
in the microscope maintaining the temperature at 37 °C by a combination of stage
heating and objective lens heating. Imaging started within 3 min after loading the
sample in the coverslip. For each coverslip, 10 different FOVs were imaged, taking a
maximum of 10 min total time per coverslip. Cells grew and divided at similar rates
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before and after imaging, indication no disturbance in the cell cycle caused by the
laser or the device. Each region (FOV) was imaged only once, with the following
conditions: a bright-field image consisted of a single frame of 50 ms acquisition
time. The DnaX-YPet channel contained a single frame of 500 ms acquisition time
at 1800 W.cm-2 (excitation) and the UmuC-mKate2 image was obtained by exciting
at 180 W.cm-2 and acquiring 100 frames of 34 ms each.

Image pre-processing
All images from the time-lapse or time-sampling acquisitions were initially processed
in the same manner before subsequent analysis. This process includes the following
steps: subtract the raw image by a background image containing information on
the electronic camera offset, divide it by a normalized background image containing
information on the excitation profile, and finally subtract a background image that
contains information of background fluorescence from the glass and other contribu-
tions. The result is a flat and clean image with no background that preserves the
intensity range of values.

Analysis of fluorescent protein distribution by autocorrelation and cross-
correlation
Fluorescent protein distribution in time-lapse imaging. To analyse the distribution of
UmuC-mKate2 in time-lapse experiments we calculate 2D contour plots composed
of line scans across the long axis of the cell; each line scan represents one time point.
To obtain each line scan, a bright field was subdivided into regions and the regions
containing cellular features were selected (Fig. 5.3). Regions without cells were
discarded. Tiles containing cells were then rotated to align the cellular long axis
to the vertical axis and further centralized in the image tile. For the fluorescence
channels, an enhancing filter was applied to the fluorescence channel [25] and
the same rotational and translational image operations were then repeated for the
fluorescence channels. All valid tiles were averaged and the intensity projected in a
1D array of values to produce a fluorescence line scan. The process was repeated
for each time point, resulting in a 2D contour plot representing cellular localization of
UmuC-mKate2. The software will be soon available (J.M.H. Goudsmits et al, under
review with Biophysical Journal).

Time-lapse cross-correlation analysis
Using the line scans representing the cellular distribution of fluorescence, we calcu-
lated the cross-correlation functions between UmuC-mKate2 and DnaX-Ypet. Cross
correlation was measured over a 1.5 μm distance lag range (15 pixels), with the
centre (0 μm) of each cross-correlation contour plot representing no shift between
line scans. DnaX-YPet and UmuC-mKate2 fluorescence intensities were used as in-
put and no intensity-based normalization was performed. When reaching the limits
of the cellular width (near ± 0.6 μm), a clear drop in the cross-correlation values is
expected. All correlations were measured using the xcorr function in Matlab. These
cross-correlation functions were plotted as a function of time after UV exposure as
a 2D contour plot.
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Time-sampling image analysis
In order to identify UmuC-mKate2 foci, the visualization of long-lived, boundmolecules
was performed by averaging 96 rapid-acquisition frames. Single-molecule foci were
identified by applying a discoidal averaging filter [25] to the resulting images and
the peaks above a defined threshold value were selected. With a list of peak local-
izations, each focus on the original images was fitted with a 2D Gaussian function
in order to accurately determine their centre positions (non-linear least squares fit-
ting with Levenberg-Marquadt algorithm). Using a custom-developed extension to
MicrobeTracker [36], each peak was assigned to a detected cell, including the peak
relative position to the cell outline. The list containing all peaks with their respective
information was used for further quantification analysis using the statistical package
R [38].

5.5. Supplementary information

Table S1 | P-values for number of Pol V Mut foci per cell, comparing pairs of strains. Lower values
indicate more certainty in a difference between the means of the number of foci for the two strains.

polB dinB polB dinB dinB dinB polB polB pol+ pol+
recA(E38K) UV recA(E38K) UV recA(E38K) UV recA(E38K) UV

polB dinB recA(E38K) 1
polB dinB UV 9.12E-01 1
dinB recA(E38K) 3.22E-04 6.78E-04 1
dinB UV 8.87E-03 1.07E-01 7.58E-01 1
polB recA(E38K) 2.04E-02 2.60E-02 2.01E-01 4.78E-01 1
polB UV 4.79E-08 3.57E-07 7.03E-02 6.50E-02 1.91E-03 1

pol+ recA(E38K) 5.57E-01 6.58E-01 6.24E-05 2.56E-03 5.24E-03 8.04E-09 1
pol+ UV 3.90E-02 4.36E-02 2.54E-01 5.14E-01 9.99E-01 5.75E-03 1.21E-03 1

Table S2 | P-values for percentage of Pol V Mut foci colocalization with replisome foci, comparing pairs
of strains. Lower values indicate more certainty in a difference between the means of colocalization
values for the two strains.

polB dinB polB dinB dinB dinB polB polB pol+ pol+
recA(E38K) UV recA(E38K) UV recA(E38K) UV recA(E38K) UV

polB dinB recA(E38K) 1
polB dinB UV 8.61E-16 1
dinB recA(E38K) 0.37270 1.58E-07 1
dinB UV 2.20E-16 0.18590 7.11E-09 1
polB recA(E38K) 0.23710 1.20E-12 0.94130 4.07E-15 1
polB UV 5.57E-14 0.83070 6.20E-07 0.17710 5.44E-11 1

pol+ recA(E38K) 0.75320 1.73E-15 0.25500 2.20E-16 0.14270 6.56E-14 1
pol+ UV 6.80E-13 0.40490 2.55E-06 0.04793 5.81E-10 0.58360 6.98E-13 1
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6.1. Introduction
This chapter summarizes the work described in this thesis on TransLesion Synthesis
DNA polymerases (TLS polymerases) in Escherichia coli using single-molecule flu-
orescence microscopy. Single-molecule imaging has great potential in revealing
the molecular details of fundamental cellular processes by direct visualization of
individual molecules in live cells. Even though it represents a powerful technique
for quantitative and qualitative measurements, single-molecule imaging methods
still require specific expertise and solutions tailored to the problem. This thesis
reports on technological advances enabling the visualization of individual proteins
in live bacteria and describes new mechanistic insights into the regulation of DNA
polymerase activity.

On the methodological side, we have developed a software framework for data
management, exploration, and archiving that greatly speeds up the handling and
analysis of the large amounts of imaging data that single-molecule approaches
generate. Further, we describe an optimized microfluidic flow-cell device for time-
lapse imaging that allows for long-term visualization of single molecules in live E.
coli cells. On the mechanistic side, we investigate the localization and regulation of
DNA polymerase V (Pol V) and the bacterial replisome to test if current models for
Pol V regulation and recruitment to the replisome hold true in live cells.

In this concluding chapter, I will briefly summarize and discuss the main findings
and the technical contributions described in this thesis. I will discuss the relevance
of our methodological work to the field of single-molecule microscopy and the im-
plications of our results on the understanding on TLS polymerases regulation and
polymerase switching mechanisms.

6.2. Technological contributions and perspectives
Single-molecule imaging data sets are often very large and thus place significant re-
quirements on data storage and analysis. Faster cameras with larger pixel numbers,
fully automated microscope stage scanners, and the ability to collect multiparame-
ter images (such as wavelength, lifetime, polarization) are just a few factors that
contribute to increasing sizes of data sets. Triggered by these developments and
the need for generalizable approaches, we developed new methodology for data
management and image analysis, ranging from an optimized microfluidic flow-cell
design to a series of software solutions.

6.2.1. A need for flexible analysis platforms
Chapter 2 of this thesis reports on our efforts to integrate the myriad of algorithms
for image analysis that are available in ImageJ [1] and Fiji [2] to work with the highly
hierarchical datasets typical of live-cell fluorescence imaging studies. ISBatch – in
Singulo-Biology Batch tools – streamlines multiple image processing steps. In a
field where data exploration and analysis are intricately intertwined, automation
has the potential to significantly lower the burden of writing customized code for



6.2. Technological contributions and perspectives

6

127

every single task.
Cellular segmentation is a fundamental problem in image analysis. It consists

of detecting and annotating cellular outlines for further analysis. Single-molecule
imaging data sets possess a highly hierarchical structure with multiple levels of
data (experiments, fields of view, individual cells, individual molecules) that each
place different requirements on the exact method of analysis. Just identifying a cell
outline in the absence of additional contextual information is not sufficient.

Unfortunately, despite enormous efforts, segmentation algorithms are still not
sufficiently mature to support general use. Existing algorithms are tailored for very
specific situations related to, for example, a particular type of cell or imaging pa-
rameters. Further, those algorithms are often too complex for the average user
and not easily expandable or integrated with other platforms.

A fundamental challenge is to combine what is available for cellular segmen-
tation and localization with the vast selection of existing single-molecule detection
and analysis algorithms. Spatial coordinates of each molecule have to be translated
to cellular coordinates so we can obtain quantitative information that is relevant in
a cellular context. For example, such analysis is critical when imaging replisome
localization throughout the cell cycle or identifying the dynamics of proteins in the
membrane and cytosol.

Considering the large dependence of data-analysis methods on fast and efficient
algorithms and the increasing complexity of analysis pipelines, open-source devel-
opment of scientific algorithms is playing an increasingly important role in science.
To maximally streamline this process, all code used in scientific publications should
be made publicly available upon publication. References in text to ’in-house algo-
rithms’ are frequently found but should be avoided at all costs, as they do not aim
for reproducibility and may hide unintentional errors. When developing analysis
algorithms, the only certainty is that the code changes frequently. It is unrealistic
to demand perfectly designed software – in the sense of satisfactory user experi-
ence – for scientific projects, but transparency should be the goal. Sharing code
and allowing others to optimize algorithms seems to be the most efficient way to-
wards establishing software standards in the sciences that most optimally support
reproducibility and progress.

6.2.2. Imaging live cells with fluorescence
In chapter 3, we reported on the artefactual localization of red-fluorescent proteins
(RFPs) in E. coli. Our data indicate that RFPs tend to bind to the cellular mem-
brane at the single-molecule level in the cell. Interestingly, this mislocalization only
seemed to occur at very low intracellular concentrations. This intriguing behaviour
is still not yet well understood, but reveals potential biases when using RFPs. The
usual controls that monitor the pair protein-fluorescent tag at high intracellular con-
centrations (under conditions of over expression), would be inadequate in detecting
such an artefact. Instead, controls of fluorescent proteins should be performed over
a wide range of concentrations. Further, our work shows that control experiments
should always be done on both the labelled protein of interest and the isolated flu-
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orescent proteins. After all, depending on the affinities of each protein to a cellular
structure, protein chimeras may play a “tug of war”, where the fluorescent protein
could enhance a cytosolic or membrane localization, or even bind to other cellular
structures. The artefactual mislocalization then becomes a complicated net effect of
the affinities of both protein of interest and fluorescent label to a cellular structure.

The discovery and development of improved fluorescent tags is a key factor in
our ability to characterize protein dynamics and localization. The ideal fluorophore
should be inert in that it has no influence on the behaviour of the protein of interest.
However, it is unlikely that such Holy Grail exists. The intimate relationship between
structure and function are at the core of molecular biology and any modification to
a protein has the potential to affect the observed outcome. Because of the intricate
and highly complex nature of the networks that proteins are involved in, ”better” and
”worse” are highly speculative adjectives for describing protein activity. Protein tags
are likely to interfere with the ”wild-type” behaviour and protein characterization will
remain a challenge. In vitro experiments will not be able to reproduce with fidelity all
the nuances of a complex living system and current in vivo experiments are biased
by the tags used. Therefore, both approaches have to coexist wherever possible.
The use of plasmid-based protein expression systems allows us to conveniently
test for different concentrations as we are able to tune protein expression at will
and monitor the phenotypes. On the other hand, modifications performed directly
on the genome, such as presented in this thesis, allow us to directly measure the
cellular response to a given stimuli. A combination of these various approaches and
methods is essential to enable improved understanding of protein activity inside
living systems.

Besides the technical challenges involved with imaging fluorescent proteins in
bacteria, the results presented in chapters 4 and 5 critically rely on new chemical
surface treatment strategies we developed for our microscope glass slides. Specifi-
cally in chapter 4, we describe the use of 3-aminopropyltriethoxysilane (APTES) as
the chemical of choice for cellular attachment and growth on a glass support. Com-
pared to the previously frequently used poly-L-lysine [3], APTES-treated surfaces
have little effect on the cells, allowing hours-long time-lapse experiments with cells
growing with division times as short as 30-40 minutes. Poly-L-lysine, on the other
hand, is toxic and likely to kill the cells throughout the experiment.

The methodological improvements required to reach single-molecule sensitivity
and resolution in live cells are far from straightforward. In the course of my PhD
work, we overcame several barriers and established a robust set of designs and
protocols that enabled us to work towards our main goal: study of the dynamics of
DNA polymerases in live E. coli cells.

6.2.3. Contributions and perspectives on TLS polymerases
As is laid out in the introductory Chapter 1 and the experimental Chapters 4 and
5, our results affect current models of TLS polymerase regulation and activation
in E. coli cells. Chapters 4 and 5 report new mechanistic perspectives on TLS
polymerases accessing DNA, especially in relation to DNA polymerase V. By com-
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bining λ-red recombination-mediated genetic engineering [4] and single-molecule
microscopy, we are able to directly visualize individual molecules in their natural
environment and under control of their native promoters. This thesis describes the
first single-molecule studies of translesion DNA polymerases in live E. coli cells. The
main results and conclusions of this work will be briefly recapitulated here, setting
the stage for a broader discussion and conclusions.

6.2.4. Pol V associates with the cellular membrane
One of the most intriguing observations we made is the association of DNA poly-
merase V with the inner cellular membrane directly after its upregulation in response
to DNA damage. What is a DNA polymerase doing at the cellular membrane?

Due to the significantly higher rate of insertion errors in Pol V (thus leading to
increased mutagenesis), the cell delays enzyme activity until all the necessary com-
ponents are fully available (e.g. RecA*, UmuD’ and damage sites). After the cells
being UV-damage, replication in E. coli cell stops for 15 minutes before restart [5].
During this delay, other mechanisms, such as NER, act on damage sites and sev-
eral mechanisms act to restart replication, such as DnaC-dependent restart, lesion-
skipping. Pol IV, which is present at reasonably high levels during the early stages
of the DNA damage response, and is capable of carrying out TLS at stalled replica-
tion forks [6]. In vitro experiments have shown that in the context of replisomes
stalled at CPD lesions, Pol IV is able to bypass CPD lesions in an error-free manner,
whereas Pol II cannot [6].

Our experiments have shown that, independently of the cellular concentration,
dissociation of Pol V from the membrane depends on RecA nucleoprotein filaments
(RecA*) and on UmuD → UmuD’ conversion. Our experiments were not able to
identify whether the UmuD is also bound to the membrane as part of Pol V. Such a
binding-release mechanism would suggest that inactive Pol V is kept at the cellular
membrane while active Pol V (Pol V Mut) is cytosolic. Because Pol V upregulation
follows after 45 minutes of damage, taken together, this also suggest that Pol V is
activated to Pol V Mut after the replisomes are resumed (15-20 min) and the sub-
strate for Pol V Mut might be the products many different restart pathways, includ-
ing lesion-skipping mechanisms. We considered mass-action models for polymerase
switching at the replisome by visualizing the behaviour of Pol V in UV-damaged cells
in time-lapse experiments – and repeated these in in ΔpolB, ΔdinB and ΔpolB ΔdinB
backgrounds. These experiments showed that Pol V localization is independent on
the presence of Pol II and Pol IV. Earlier reports proposed an association between
UmuD and Pol IV [7], which could act as an additional limiting step in Pol V activa-
tion. If true, Pol IV deletion would dramatically increase the availability of UmuD for
conversion to UmuD’, which stimulates Pol V release from the membrane. These
observations strongly suggest that Pol V localization is decoupled from the other
TLS polymerases.
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6.2.5. Pol V acts away from the stalled replisome
Visualizing Pol V membrane binding upon activation by RecA* and release after
UmuD→ UmuD’, another intriguing phenomenon becomes apparent: Pol V does not
colocalize with stalled replisomes. RecA* appears to act as a ’traffic cop’ directing
Pol V activity. If not at the replisome, where is Pol V acting and what are the
implications to current models of polymerase switching?

Long-held models for polymerase switching and translesion DNA synthesis as-
sume a highly concerted mechanism. Firstly, replisomes stall at a damage site
and RecA* filaments are formed on the accumulated ssDNA, triggering the SOS
response. Next, activated Pol V displaces Pol III via mass-action mechanisms and
synthesises over the lesion. The replisome then restarts and resumes replication
[6, 8–12]. Many recent experiments, including the ones reported in this thesis,
suggest that it is now time to revise this view.

In vitro experiments show that replisomes are inherently damage tolerant and
upon encountering CPD lesions stall briefly before continuing, leaving ssDNA gaps
behind [13]. When stalling, DnaB helicase continues unwinding dsDNA and allows
Pol III to reengage with a newly synthesized primer on the other side of the lesion
[13]. This result supports the notion that leading-strand synthesis can jump over
a lesion and leave ssDNA gaps that could be target for TLS Pols. These ssDNA
gaps left behind by replication forks may be bound by RecA supporting a RecA*-
dependent activation of Pol V far from the site of DNA replication, termed activation
in trans [14–16]. Our data show that Pol V associates with the DNA in regions away
from the replisome, indicating that TLS may occur in these DNA gaps.

Interestingly, other studies have indicated that TLS polymerases could act at
stalled transcription bubbles, carrying out transcription-coupled TLS. In E. coli, it
has been shown that the transcription elongation factor NusA may recruit TLS DNA
polymerases (in particular Pol IV) to gaps encountered during translesion [17]. This
result suggests that stalled RNAPs can actually recruit TLS polymerases to the tran-
scribed strand opposed to the lesion [18]. Interestingly, DNA lesions caused by
UV were insufficient to trigger this similar response, but the application N2-dG did
initiate this response. N2-dG is described as a preferable lesion for Pol IV [18]. Con-
sidering the lack of phenotype when deleting Pols II and Pol IV, our data supports
that Pol V may not participate in this mechanism and that the choice of polymerase
could the highly related to the substrate created by the damaging agent

6.2.6. Pol V does not compete with Pol II and Pol IV
We monitored colocalization of Pol V foci (Pol V Mut) with the bacterial replisome
inside living cells in different genetic backgrounds. Our results suggest that mass
action, and therefore the presence of other polymerases occupying the replisome,
plays little or no role in the regulation of Pol V mut activity and spatial distribution.
Strains containing constitutive RecA* activity (RecA(E38K)), showed Pol V localized
at the cytosol independently of the presence of other TLS polymerases. The access
of Pol V to the DNA was not affected by the presence of Pol II and Pol IV in the cell,
either when switching with Pol III or when accessing DNA in regions distinct from
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the replisome. We were not able to observe mass-action effects in rapidly growing
cells – irrespective of whether UV-induced DNA damage was present.

Our results indicate that any mass-action mechanisms for polymerase exchange
are overwhelmed by RecA* acting as a ’traffic cop’. Also, Pols II and IV have little
or no influence on Pol V activity on the DNA in RecA(E38K) cells. This finding
together with the tight control on Pol V activity suggests that mechanisms exist to
keep Pol V away from the DNA. Because all the substrates to activate Pol V are
frequently available and Pol V bypasses competition when active, several layers
of regulation could work as a mechanism to avoid excessive mutagenicity, thus,
favouring genomic stability. Pol V could then act as a last resort for the cell to
rapidly generate genetic variability to overcome stress conditions

6.2.7. The role of Pol V in mutagenesis and implications of
TLS in antibiotic resistance

Many mechanistic insights on the role of TLS polymerase come from work on Pol IV.
In relation to polymerase switching, previous work has described active exchange
between Pol IV and Pol III [19, 20]. Recently, it was reported that high concentra-
tion of Pol IV could block replisomes catalysing leading-strand synthesis. Contrary
to what we observed for Pol V, the exchange between Pol IV – Pol III is depen-
dent on stalled Pol III [21]. TLS polymerases, in general, may also switch with
non-stalled replisomes.

The SOS response is reported to control adaptive mutation in non-growing cells
[17, 22, 23]. In non-growing cells, where DNA replication is slow or inactive, RNA
polymerase molecules would frequently encounter lesions before DNA replication
forks. A recent study in bacteria provided evidence for a transcription-driven adap-
tive mutation mechanism operating under replication-inhibited conditions, termed
retromutagenesis [23]. Here, lesions encountered by RNA polymerase cause the
enzyme to produce mutant mRNA transcripts and thus mutant proteins (transcrip-
tional mutagenesis). Because DNA replication is inactive the presence of the lesion
does not lead immediately to a mutation fixing on the chromosome. If however,
a transcriptional mutation produces a variant protein that restores DNA replication,
for example by circumventing the action of a replication-inhibiting drug, replication
will be restored and proceed over the lesion and produce a mutation. In this context,
the links drawn between Pol IV and RNA polymerase become extremely interesting.
The ability to trial mutations though transcriptional mutagenesis, then subsequently
only lock in those that restore DNA replication (possibly through TLS polymerase
action) could provide a potent means for adaptive mutation.

It is well demonstrated that the SOS response influences the development of
antibiotic resistance in bacteria. Removing recA or making LexA non-cleavable abol-
ishes antibiotic-induced mutagenic effects, especially in sub-lethal doses of antibi-
otics [24, 25]. Ampicillin, an antibiotic that inhibits cell wall formation, also has
been shown to induce SOS response via RecA activation [26]. Complementing
those results, specialized TLS polymerases impacts cell fitness when in stationary
phase [27] and, their removal lowers mutation rates and slows acquisition of an-



6

132 6. Perspectives and Conclusion

tibiotic resistance [24, 28]. There is clearly a link between TLS polymerases and
the development of antibiotic resistance. However the question still remains: do
TLS polymerases provide all cells in a population with higher tolerance to antibi-
otics and thus increase the chance that a sub-population will become resistant, or
do they speed the development of resistance by participating in adaptive mutation
pathways?

We are currently losing the race against bacterial infections. Bridging gaps in
our understanding of bacterial evolution and how bacteria respond to environmental
stresses will help in finding better solutions for the post-antibiotic era. Developing
new drugs is paramount, especially since currently no drug exists that can inhibit
TLS polymerases. New exploratory technologies such as metagenomics or in silico
design could provide parts of the answer. Antibiotics targeting bacterial growth or
essential metabolic functions are not enough. Instead, we need to target bacterial
evolution in a combined approach if we want to avoid development of resistance to
antibiotics.

6.3. Conclusion
Studying polymerases in live bacterial cells is laborious and challenging. The lack of
clear phenotypes in some cases (e.g. when performing DNA-damage experiments)
makes it barely possible to establish relationships between damaging agents and
phenotypes.

The experiments reported in this thesis represent a foundation for future work
on DNA polymerases in live bacteria, especially – but not limited to – E. coli. The
protocols and devices presented in this thesis provide a toolbox for further explo-
ration of metabolic pathways. Pushing the boundaries of this technology will soon
allow us to reliably image polymerase binding properties in vivo, and expand these
studies to tagged Pol II and Pol IV. In combination with computational approaches
that will allow us to deal with the experimental data and that will enable the mod-
elling of intracellular molecular behaviour, we will be well placed to test current
models and gain great mechanistic insight in the processes that are responsible for
genomic maintenance.
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Summary
Cells represent the basic building blocks of living organisms. They are constantly
dividing and copying their DNA genetic material to produce offspring. DNA replica-
tion, the duplication of the genomic material just before cell division, is a process
ubiquitous to all living cells. Such DNA copying is performed by a number of spe-
cialized proteins, so-called DNA polymerases, in a highly coordinated process. For
a unicellular organism, such as the bacterium Escherichia coli (E. coli) - this means
generating a complete new – and identical – individual, including the faithful dupli-
cation of millions of base pairs of genetic information.

E. coli contains five different types of DNA polymerases (DNA Pols): Pols I and
III replicate DNA under normal conditions with high accuracy and are unable to copy
damaged DNA; Pols II, IV and V are expressed in response to DNA damage and
perform error-prone translesion (TLS) DNA synthesis across damage sites. Cells are
constantly exposed to harsh conditions: UV light from the sun, starvation, extreme
pH and temperature are all factors that may severely impact cellular metabolism
and lead to DNA damage.

Decades of research have led to a detailed understanding of how these different
polymerases work, but a large number of important questions are till unanswered:
how can the cell faithfully replicate its DNA in the presence of damage on its DNA
template? How does the cell coordinate which type of DNA polymerase is used to
copy DNA? This thesis focuses on the development of fluorescence microscopy tools
to visualize individual DNA polymerases inside living bacterial cells and attempts to
address these and related questions.

In Chapter 1, I provide background on the mechanism of bacterial DNA replica-
tion and introduce the proteins involved in this complicated and highly coordinated
process. I first introduce the replisome as the DNA replication factory, discuss the
accessory proteins involved, and provide a brief description of how the activities
of the different DNA polymerases are coordinated in the replisome. Further, I de-
scribe what is known about the consequences to the cell when DNA is damaged.
In this Chapter, I will discuss in detail the molecular mechanisms underlying the
bacterial SOS response, a concept central to my thesis. Bacterial cells respond to
environmental stress by activating global patterns of gene expression. During the
SOS response, a number of different error-prone DNA polymerases are expressed
in response to damage; this mechanism represents a necessary step for the cell
to restart replication. To limit the introduction of too many mutations, extra lay-
ers of regulation are required to control when the different types of error-prone
polymerases become activated.

While the biochemical activities of DNA polymerases have been extensively char-
acterized, many questions about their regulation and competition in vivo remain
unanswered. It is not known, for example, how and when a stalled DNA poly-
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merase III – the main replisomal polymerase – is displaced from damage sites in
vivo, or whether TLS polymerases are able to gain access to undamaged templates.
Such questions are highly relevant to our understanding of mutagenesis and its
role in evolution. The cellular environment is exceedingly complex and crowded.
With the development of high-sensitivity and high-resolution microscopy and mod-
ern genetic engineering techniques, we are now in a position to modify proteins
inside living cells and track them in real time! Following any molecular process in
live organisms is perhaps best comparable to trying to find a friend wearing a black
t-shirt in a rock festival with hundreds of thousands of people – at night. Recent
advances in imaging and genetic engineering would allow your friend to wear a hat
with a stroboscopic light. He may be not as hard to find as before, but it would
still be challenging. In the final part of Chapter 1, I briefly compare ensemble and
single-molecule strategies, present the limitations of each, discuss the difficulties of
in vivo experimentation and describe recent single-molecule studies of DNA replica-
tion. Applying state-of-the-art techniques involves developing the analysis tools and
establishing new experimental protocols. In Chapter 2, I describe open-source soft-
ware that I developed to streamline many of the analyses performed in my thesis
research. The software is developed as a plugin for the well-known image-analysis
software ImageJ.

In Chapter 3, I describe an experimental artefact that we encountered when
developing fluorescent labeling approaches to be used in E. coli. We observed
that the popular and frequently used red fluorescent protein mKate2 associates
with the inner membrane of the bacterial cell while it should be freely diffusing
through the cytosol. Remarkably, this mislocalization is only seen at very low protein
concentrations. This finding directly impacts the interpretation of work done by
us and other researchers in the field and results in a requirement for additional
experimental controls in single-molecule cellular localization studies.

Chapter 4 describes a study exploring how Escherichia coli responds to high lev-
els of DNA damage. Damage in chromosomal DNA blocks replication, which in turn
induces the SOS damage response. Initially, these mechanisms support the restart-
ing of replication by using non-mutagenic DNA-repair strategies such as nucleotide
or base-excision repair. If these strategies fail, the accumulation of damage sites
triggers the expression of error-prone DNA polymerases in a last-resort attempt to
synthesize DNA past the lesions. This work focusses on DNA Polymerase V (Pol V),
an enzyme that is expressed late in the SOS response and that has been reported
as highly mutagenic. Because of its high intrinsic mutagenicity, Pol V levels are kept
low in the cell. We use single-molecule fluorescence microscopy to visualize UmuC
(a subunit of Pol V) inside living cells and to characterize its behavior in space and
time. We show that Pol V is controlled by a hitherto undiscovered layer of regulation
with the enzyme temporarily being placed at the membrane to prevent it accessing
DNA before other, less mutagenic TLS polymerases have had a chance to act first.

What are the molecular mechanisms involved in selecting the right polymerase
to be active on the DNA? The long-held molecular view is based on polymerase
switching, a model with the different polymerases finding their position within the
replisome by mass action, driven by the concentration of each DNA polymerase and
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its affinity to the DNA and replisome.
Chapter 5 explores this multi-polymerase scenario in live E. coli cells. Although

the biochemical activities of the TLS polymerases are well known, there are many
open questions surrounding the regulation and competition between these enzymes
in vivo. Using genetic engineering and single-molecule imaging, we were able
to track the cellular replisome and Pol V in E. coli strains lacking the other TLS
polymerases Pol II and/or Pol IV. Removing these proteins allows us to test to what
extent mass-action driven mechanisms regulate polymerase exchange and access
to the DNA template. We found that the presence of Pols II and IV have little
effect on the number of Pol V molecules bound to replisomes or other sites on the
chromosome.

Finally, in Chapter 6 I will discuss the implications of this work for the current
models on TLS polymerase exchange. Specialized DNA polymerases are key players
in evolution. They promote genetic diversity and boost adaptation by increasing
genetic variety. In particular, understanding the molecular pathways that drive
evolution in harsh cellular conditions could explain why bacteria develop resistance
to antibiotics or why cancer cells fail to respond to certain treatments.





Samenvatting
Cellen zijn de fundamentele bouwstenen van levende organismen. Het constante
delen en kopiëren van hun genetisch materiaal, DNA, resulteert in een volgende
generatie cellen. DNA replicatie, het dupliceren van het genetisch materiaal net
voor de celdeling, is een proces dat in alle levende cellen plaats vind. Dit kopiëren
van DNA wordt uitgevoerd door specifieke eiwitten, de zogenaamde DNA polyme-
rases, tijdens een zeer gecoördineerd proces. Voor een-cellige organismen, zoals
de Escherichia coli (E. coli) bacterie, betekent dat een compleet nieuw (en identiek)
individu wordt gegenereerd, inclusief het betrouwbaar dupliceren van miljoenen
baseparen aan genetisch materiaal.

E. coli bevat 5 verschillende soorten DNA polymerases (DNA Pols): Pols I en III
repliceren DNA onder normale omstandigheden met hoge nauwkeurigheid en zijn
niet in staat om beschadigd DNA te kopiëren; Pols II, IV en V worden tot expres-
sie gebracht als reactie op toegebrachte schade aan DNA en voeren foutgevoelige
translesie (TLS) DNA synthese uit over deze beschadigde plekken. Cellen worden
constant blootgesteld aan zware condities: UV licht van de zon, tekort aan voedings-
stoffen en extreme pH en temperatuur zijn allemaal factoren die een aanzienlijke
impact hebben op het cellulair metabolisme en kunnen leiden tot beschadigingen
aan het DNA.

Decennia aan onderzoek hebben geleid tot een gedetailleerd inzicht in hoe deze
verschillende polymerasen werken, echter een groot aantal belangrijke vragen zijn
nog altijd onbeantwoord: hoe kan de cel betrouwbaar DNA repliceren terwijl het
DNA templaat beschadigd is? Hoe coördineert de cel welk type DNA polymerase
wordt gebruikt voor het kopiëren? In deze thesis ligt de focus op de ontwikkeling van
nieuwe type fluorescentie microscopie technieken om individuele DNA polymerasen
te zien en te bestuderen in levende bacteriële cellen om zo deze en gerelateerde
vragen te beantwoorden.

In hoofdstuk 1 wordt de achtergrond uiteengezet over het mechanisme van bac-
teriële DNA replicatie en worden de eiwitten geïntroduceerd die betrokken zijn bij dit
gecompliceerde en gecoördineerde proces. Als eerste introduceer ik het replisoom
als zijnde de DNA replicatie fabriek, gevolgd door een discussie over de betrokken
eiwitten en geef ik een beschrijving van hoe de activiteiten van de verschillende
soorten DNA polymerases zijn gecoördineerd in het replisoom. Verder beschrijf ik
wat bekend is over de gevolgen voor de cel wanneer het DNA beschadigd raakt.
Tevens zal ik in dit hoofdstuk in detail het onderliggende moleculair mechanisme
van de bacteriële SOS-respons, een centraal concept in deze thesis, omschrijven.
Bacteriële cellen reageren op omgevingsdruk door globale patronen van genen tot
expressie te brengen. Gedurende de SOS-respons worden enkele verschillende
soorten foutgevoelige DNA polymerasen tot expressie gebracht als reactie op de
geïntroduceerde schade; dit mechanisme is een noodzakelijke stap voor cellen om
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DNA replicatie te herstarten. Om het aantal geïntroduceerde mutaties te beperken
zijn extra beschermingslagen van regulatie benodigd om te regelen wanneer de
verschillende soorten fout-gevoelige polymerasen worden geactiveerd.

Alhoewel de biochemische activiteiten van DNA polymerasen uitgebreid geka-
rakteriseerd zijn, blijven vele vragen over hun regulatie en competitie in vivo on-
beantwoord. Het is bijvoorbeeld onbekend hoe en wanneer een vastgelopen DNA
polymerase III – de belangrijkste polymerase in het replisoom – wordt verwijderd
van de beschadigde locatie op het DNA in vivo, of dat TLS polymerasen in staat zijn
om toegang te krijgen tot onbeschadigd DNA. Dit soort vragen zijn zeer relevant
voor ons begrip van mutagenese en haar rol in de evolutie. De cellulaire omgeving
is buitengewoon complex en dicht bezaaid met allerlei moleculen. Met de ont-
wikkeling van zeer gevoelige en hoge-resolutie microscopie en daarnaast moderne
genetische manipulatie technieken, kunnen we eiwitten in levende cellen modifice-
ren en in real-time volgen. Het direct zichtbaar maken van moleculaire processen
in levende organismen is wellicht het beste te vergelijken met het vinden van een
vriend met een zwart t-shirt tijdens een rock concert waar honderdduizenden men-
sen aanwezig zijn – in het donker. Recente ontwikkelingen in het vastleggen van
beelden en genetische technieken geven de mogelijkheid om je vriend een pet te la-
ten dragen met daarop een stroboscoop. Ondanks dat hij daardoor nu eenvoudiger
te vinden is, blijft het nog steeds een uitdaging. In het laatste deel van hoofdstuk
1 vergelijk ik kort ensemble en enkel-molecuul technieken, zet ik de beperkingen
van elk uiteen, geef ik weer wat de moeilijkheden van in vivo experimenten zijn en
beschrijf ik recente enkel-molecuul onderzoeken aan DNA replicatie. Het toepassen
van state-of-the-art technieken vergt de ontwikkeling van analytische technieken en
nieuwe experimentele protocollen. In hoofdstuk 2 beschrijf ik open-source software
die ik ontwikkeld heb om de vele analyses die zijn gebruikt tijdens het onderzoek
dat is beschreven in deze thesis te stroomlijnen. De software is ontwikkeld als een
plugin voor de alom-bekende beeld-analyse software ImageJ.

In hoofdstuk 3 beschrijf ik de experimentele artefacten die we zijn tegen geko-
men gedurende de ontwikkeling van een protocol voor fluorescente eiwit markering
in E. coli. We hebben gezien dat het populaire en veelgebruikte rood-fluoriscerende
eiwit mKate2 bind aan het binnenmembraan van bacteriële cellen terwijl het vrij zou
moeten diffunderen door het cytosol. Het is opmerkelijk dat deze mislocalisatie al-
leen zichtbaar is bij zeer lage eiwitconcentraties. Deze waarneming beïnvloedt en
verandert de interpretatie van eerder werk in dit veld en roept op tot extra controle-
experimenten in enkel-molecuul studies betreffende cellulaire lokalisatie.

Hoofdstuk 4 beschrijft een studie naar hoe Escherichia coli reageert op DNA
schade. Schade in chromosomaal DNA blokkeert replicatie, welke op haar beurt de
SOS schade respons induceert. In eerste instantie ondersteunen deze mechanis-
men het herstarten van replicatie door het gebruik van niet-mutagene DNA herstel
strategieën zoals nucleotide- of base-excisie reparatie. Wanneer deze strategieën
falen zal de accumulatie van DNA beschadigingen fout-gevoelige DNA polymerasen
tot expressie brengen als het laatste redmiddel om DNA te synthetiseren voorbij de
laesie. Dit werk richt zich op DNA Polymerase V (Pol V), een enzyme dat laat in de
SOS respons tot expressie wordt gebracht en omschreven wordt als sterk mutageen.
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Door zijn hoge intrinsieke mutageniteit worden Pol V concentraties laag gehouden
in de cel. In dit hoofdstuk gebruiken we enkel-molecuul fluorescente technieken
om UmuC (een onderdeel van Pol V) te visualiseren in levende cellen en om ook zijn
gedrag in ruimte en tijd te karakteriseren. We laten zien dat Pol V wordt gecontro-
leerd door een tot hiervoor onontdekte regulatie-laag waarbij het enzyme tijdelijk
aan het membraan wordt gebonden om te voorkomen dat het toegang krijgt tot
DNA voordat andere, minder mutageen TLS polymerases de kans krijgen hun werk
te doen.

Wat zijn de moleculaire mechanismes die betrokken zijn bij de selectie van de
juiste polymerase die actief moeten zijn op het DNA? De oorspronkelijke moleculaire
opvatting in het veld is gebaseerd op polymerase schakeling, een model waarbij
de positie van de verschillende polymerasen in het replisoom vinden door massa-
actie, gedreven door de concentratie van elke soort DNA polymerase en de daarbij
horende affiniteit met het DNA en replisoom.

Hoofdstuk 5 beschrijft dit multi-polymerase scenario in levende E. coli cellen.
Ondanks dat de biochemische activiteit van de TLS polymerasen goed bekend zijn,
zijn er nog altijd veel open vragen rondom de regulatie van en competitie tussen
deze enzymen in vivo. Door gebruik te maken van genetische manipulatie en enkel-
molecuul beeldvorming zijn we in staat om het cellulair replisoom en Pol V in E. coli
stammen te traceren waarbij de overige TLS polymerasen Pol II en/of Pol IV ont-
breken. Door het verwijderen van deze eiwitten zijn we in staat om te testen in
hoeverre massa-actie gedreven mechanismes de polymerase uitwisseling en toe-
gang tot het DNA reguleren. We ondervonden dat de aanwezigheid van Pol II
en IV weinig effect heeft op het aantal Pol V moleculen dat gebonden is aan het
replisoom of op andere locaties op het chromosoom.

Tot slot zal ik in hoofdstuk 6 de implicaties van dit werk op de huidige model-
len over TLS polymerase uitwisseling beschrijven. Gespecialiseerde DNA polyme-
rasen zijn sleutel- spelers in de evolutie. Ze bevorderen de genetische diversiteit
en stimuleren de aanpassing door de genetische variatie te vergroten. Met name
het begrijpen van de moleculaire paden die worden bewandeld in de evolutie on-
der zware omstandigheden zouden kunnen verklaren waarom bacteriën resistentie
ontwikkelen voor antibiotica of waarom kankercellen niet reageren op bepaalde
behandelingen.





Resumo
As células representam as peças básicas dos organismos vivos. Elas estão cons-
tantemente se dividindo e copiando seu material genético, o DNA, para produzir
descendentes. A replicação do DNA, ou seja, a duplicação do material genético
que precede a divisão celular, é um processo comum a todas as células vivas. Tal
mecanismo de replicação do DNA é realizado por certas proteínas especializadas,
as DNA polimerases, em um processo altamente coordenado. Para organismos uni-
celulares, como a bactéria Escherichia coli (E. coli), isso significa gerar um indivíduo
completamente novo e idêntico, em um processo que envolve a replicação precisa
de milhões de pares de bases de informação genética.

As células estão constantemente expostas à condições adversas, a saber: luz
UV do sol, inanição, condições extremas de pH e variações de temperatura. Tais
condições impactam severamente o metabolismo celular e danificam DNA. E. coli
contém cinco tipos diferentes de DNA polimerase (DNA Pols): Pols I e III replicam
o DNA com alta precisão em condições normais e são incapazes de copiar o DNA
danificado; Pols II, IV e V são mutagênicas e expressas em resposta a danos no
material genético, catalisando a síntese translesão do DNA e introduzindo diversas
mutações (Translesion DNA synthesis – TLS).

Décadas de pesquisa elucidaram o funcionamento de diferentes polimerases,
porém várias questões fundamentais permanecem em aberto: como uma célula
consegue replicar fielmente seu material genético mesmo na presença de danos do
DNA molde? Como a célula consegue coordenar qual DNA polimerase será usada
para copiar DNA, mesmo possuindo várias disponíveis? Esta tese aborda essas e
outras questões relacionadas, focando-se no desenvolvimento de ferramentas de
microscopia de fluorescência para visualizar individualmente DNA polimerases em
células bacterianas vivas.

No Capítulo 1, eu reviso nosso conhecimento sobre os mecanismos de replica-
ção do DNA em bactérias e apresento com mais detalhes as proteínas envolvidas no
complicado e altamente orquestrado processo de síntese de DNA. Primeiramente,
abordo o replissomo como a fábrica de replicação do DNA, discutindo as proteínas
acessórias envolvidas e fornecendo uma breve descrição de como as atividades de
diferentes DNA polimerases são coordenadas no replissomo. Adiante, descrevo as
consequências dos danos no DNA para as células e discuto em detalhes os me-
canismos moleculares em torno da resposta SOS (SOS response), um conceito
fundamental para minha tese. Células bacterianas respondem ao estresse ambi-
ental ativando diferentes padrões globais de expressão gênica. Durante a resposta
SOS, as DNA polimerares mutagênicas são expressas e esse mecanismo é neces-
sário para a célula reiniciar os processos de replicação estagnados pelas lesões no
DNA. Para limitar a introdução de mais mutações, etapas extras de regulação são
requeridas para controlar a ativação das diferentes DNA polimerases mutagênicas.
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Enquanto as atividades bioquímicas de cada DNA polimerase foram extensa-
mente caracterizadas, várias questões sobre regulação e competição in vivo perma-
necem sem resposta. Não sabemos, por exemplo, quando a principal DNA polime-
rase encontrada no replissomo, a Pol III, é removida após estagnar frente à lesões
no DNA in vivo. Ainda , não sabemos quando as DNA polimerases capazes de sín-
tese translesão (Pol ll, Pol IV e Pol V) são capazes de ganhar acesso ao DNA molde
saudável. Estas questões estão diretamente relacionadas à manutenção do material
genético e são altamente relevantes para o nosso entendimento sobre mutagenici-
dade e seu papel na evolução. O desenvolvimento de técnicas de microscopia de
alta resolução e alta sensibilidade aliadas a modernas técnicas de engenharia gené-
tica é fundamental para os estudos do ambiente celular extremamente complexo e
repleto de partículas. Nós, agora, podemos modificar proteínas dentro de células
vivas e acompahá-las em tempo real! Monitorar qualquer processo molecular em
organismos vivos com fluorescência pode ser comparado a tentar achar um amigo,
vestindo uma camiseta preta, em um festival de rock com centenas de milhares
de pessoas – à noite. Os recentes avanços em acquisição de imagens e engenha-
ria genética permitem, analogamente, que seu amigo vista um chapéu com uma
lâmpada estroboscópia. Ele agora não é mais tão difícil de ser encontrado quanto
antes, mas a dificuldade ainda existe. No fim do Capítulo 1, eu comparo breve-
mente: as estratégias de molécula-única e de moléculas em conjunto (ensemble),
apresento as limitações de cada tipo, discuto as dificuldades de implementação in
vivo e descrevo os recentes trabalhos de microscopia de molécula-única envolvendo
replicação do DNA. Aplicar ténicas em seu estado da arte envolve desenvolver as
ferramentas de análise e estabeler os protocolos experimentais. No capítulo 2, eu
descrevo um software em código aberto que desenvolvi para automatizar o proces-
samento dos dados e imagens realizados em meu projeto de pesquisa. O software
foi desenvolvido como um plugin para o conhecido programa de análises de imagem
ImageJ.

No Capítulo 3, descrevo um artefato experimental que encontramos ao desen-
volver as estratégias de marcação com proteínas fluorescences para serem usadas
em E. coli. Nós observamos que uma proteína fluorescente vermelha popular e
frequentemente utilizada, a mKate2, associa-se com a membrana interna da célula
bacteriana quando deveria difundir-se livremente no citoplasma. Notavelmente,
essa falsa localização só é observada em concentrações muito baixas de proteínas.
Esse achado impacta diretamente a interpretação do nosso trabalho e de outros pes-
quisadores em nosso campo, resultando na necessidade de controles experimentais
adicionais em estudos de localização de moléculas individuais.

O Capítulo 4 explora o desendolvimento e combinação das tecnologias descritas
acima e descreve como desvendamos um novo mecanismo de regulação de DNA
polimerases. Quando grandes quantidades de DNA lesionado se encontram no cro-
mossomo bacteriano, o processo de replicação para e a cascada de resposta SOS
é induzida a fim de reativar a replicação do DNA. Inicialmente, as células adotam
estratégias não mutagênicas, como excisão de núcleotídeos e de bases danifica-
das. Caso esse processo seja insuficiente, o acumulo de lesões no DNA dispara
a expressão de DNA polimerases mutagênicas. Essa estratégia é vista como um
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último recurso disponível para a célula visto que a replicação reinicia, colocando
em cheque a manutenção do material genético. Este trabalho concentra-se na
DNA Polimerase V (Pol V), uma enzima que é expressa tardiamente na resposta
SOS . Por causa de sua alta mutagenicidade, os níveis de Pol V na célula são man-
tidos ao mínimo. Nós utilizados microscopia de fluorescência em molécula-única
para visualizar UmuC (uma das subunidades da Pol V) dentro de células vivas e
para caracterizar seu comportamento espacial e temporal. Nós mostramos que a
Pol V é controlada por um mecanismo até então desconhecido e composto por vá-
rias cascatas de regulação. Nesse mecanismo, Pol V é temporariamente alocada
na membrana celular, permitindo assim que outras TLS DNA polimerases tenham
chance de agir primeiro.

Contudo, quais são os mecanismos moleculares que regem a ativação correta
de uma polimerase? A visão clássica descreve a troca de polimerases regida pela lei
da ação das massas. Ou seja, o mecanismo é dirigido pela concentração de cada
DNA polimerase e sua respectiva afinidade ao DNA e ao replissomo. No capítulo
5, exploramos o cenário de múltiplas DNA polimerases em células vivas de E. coli.
Embora as atividades bioquímicas das DNA polimerases de translesão (Pols II, IV
e V) sejam bem conhecidas, várias perguntas acerca da regulação e competição in
vivo entre essas enzimas permanence inexplorada. Usando engenharia genética e
microscopia de fluorescência de molécula-única, nós monitoramos o replissomo e a
Pol V em cepas de E. coli em que as DNA polimerases II e/ou IV foram removidas.
Tal remoção nos permite testar os limites da lei da ação das massas nos mecanismos
que regulam a troca de polimerases e o acesso ao DNA. Por fim, verificamos que a
presença ou ausência das Pols II e IV tem pouca influência no número de moléculas
de Pol V ligadas ao replissomo ou a outros sítios no cromosomo - uma observação
que conflita diretamente com o modelo clássico e demanda a formulação de novas
hipóteses.

Finalmente, no Capítulo 6, eu discuto as implicações deste trabalho nos modelos
atuais de intercâmbio de TLS DNA polimerases. Essas DNA polimerases especiali-
zadas são peças-chave na evolução, promovendo diversidade genética e impulsio-
nando a adaptação ao aumentar a variabilidade genética. Em particular, nossa ha-
bilidade de compreender as vias moleculares que guiam a evolução em condições
severas pode explicar por que bactérias desenlvolvem resistência a antibióticos ou
por que células cancerosas falham em responder a certos tratamentos.
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