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Extended Abstract

Super-resolution microscopy has become an important tool to image cells at

ever increasing resolution. Specifically, localization microscopy, in which sin-

gle emitters are localized with high accuracy, has allowed us to follow and track

single-molecules in live cells. The technique has revealed aspects in the pro-

teins’ real-time function that were impossible to study previously. Despite their

extensive use in recent years, there are still possibilities to improve and vali-

date the technique and the resulting data. This thesis presents the first tracking

photo-activation localization microscopy (tracking PALM) on three transcription

factors (TFs): the lac repressor (LacI), araC protein and the cAMP receptor

protein (CRP). With this work I expand the range of applicability of localization

methods and increase in detail an important part of cellular function.

TFs control the expression of genes so that cells can adapt to external
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conditions. In Escherichia coli (E. coli), previous studies have shown that more

than 60 % of TFs have less than 100 monomers per genome copy. For example

LacI, involved in the lactose utilization control, exists in E. coli in around 40

monomers in contrast to other proteins that exist in the tens of thousands. To

study such low-copy numbers we found it necessary increase the throughput of

tracking PALM and this thesis summarises our efforts to increase throughput.

After constructing a setup capable of tracking PALM with a 3X increased

throughput, I studied the diffusion and localization of LacI and LacI relative to

its operators. By studying LacI, I found that there were a number of challenges

related to low copy numbers, specifically background noise that leads to lo-

calisations that can affect the results. I characterized the background tracks

and tested the ability of clustering to find a number of tandem operators. This

knowledge allowed us to study other TFs: araC, involved in the control of arabi-

nose utilization which also exists in low-copy numbers but functions in multiple

genes; and the CRP, which both regulates multiple sites and exists in large

copy numbers.

In addition I worked towards the understanding of TF binding by simulating

the combination of non-specific binding and free diffusion that emulates the

search process of TFs. I obtained insight into the analysis of the data gener-

ated from tracking PALM. Finally I focused on creating a strategy to use our

existing data to extract blinking rates from the fluorescent protein.
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Our insights into TFs diffusion and binding have shown that tracking PALM

can yield important insights at this regime of protein concentrations. Our work

can be applied to other TFs and proteins that function in low copy numbers.
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1
MOTIVATION

Imagine a man wakes up in a large room with what seems to be an infinitely

large and rolled out scroll with innumerable amount of letters written on it. He

somehow remembers that he was set the task to find one word in this scroll

with almost 5 million letters. How should he do this? It will take some time, but

it might not be so difficult.

Then he realises that he’s not alone in the room, it is crowded, very crowded

with people doing all types of things. There’s people organising the scroll so

it occupies less space, there’s people copying the whole scroll unto another

scroll and there’s also some large people, the transcribers, who are reading

the scroll. "They’re the ones I’m supposed to stop from reading the code that

comes after my word", he remembers. "But where is that word?!" All these

people they’re constantly bumping him around, he has no control of where to

go in the room. But somehow he is able to find the scroll every now and again.

He is able to read 40 letters at a time before being bounced away from the

scroll once again, until finally he finds the word and he can at last do what he

1
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was meant to do.

This is the lac repressor’s and other transcription factors daily task. This

thesis is about the technologies that have allowed us to observe how these

fundamental proteins act in real-time. Solving and understanding some of the

limitations of the techniques.

This thesis is about placing a searchlight on the man’s head to observe how

fast, where and in which way he is searching for that specific word.
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IMAGING SINGLE-MOLECULES IN

LIVE BACTERIA

2.1 INTRODUCTION

In this chapter I introduce the proteins studied in this work and the challenges

involved in imaging them at the single-molecule level. I summarise previous

single-molecule methods and super-resolution microscopy which are used to

obtain and analyse transcription factors in vivo in acteria.

2.1.1 Transcription factors

The bacterial DNA contains the information to make thousands of molecules.

Each set of genes in the genome can express several molecules related to a

cell’s function. For example a single gene can express molecules in a pathway

for carbon utilisation, the breaking down of sugar for cellular energy. But bac-

teria do not express all the genes contained in their DNA at all times, some are

controlled and only activated in response to environmental changes.

3
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Figure 2.1: The lac operon and the structure of LacI. In A) the activation
and repression of the lac operon is shown. In B) the LacI tetramer is shown
binding to two operator regions. Each LacI monomer is shown in a different
colour. A) based on (Alberts et al., 2008) and (Wikimedia-Commons, 2010)

One way of controlling gene expression is by interacting directly on the gene

itself by the use of transcription factors (TFs), which are proteins that bind a

specific sequence in a gene to repress or promote its transcription.

The first transcriptional repressor ever discovered was the lac repressor

(LacI) (Gilbert and Muller-Hill, 1966; Lewis, 2005). It represses the lac operon,

a set of ack-to-back genes that encode proteins involved in the transport and

digestion of lactose. In the operon, there is a regulatory sequence called the

operator that LacI recognises and binds to repress the gene by preventing the

RNA Polymerase (RNAP) from transcribing it.

The lac operon (fig. 2.1) combines positive and negative controls; the LacI

stops repressing the gene when there is presence of lactose in the environ-

ment. Allolactose, whose concentration increases with the presence of lactose,

binds to LacI thereby preventing the complex from binding DNA specifically.

Basically, LacI negatively ontrols the operon, until its signalled to stop. The
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absence of a bound repressor to the operator is not sufficient for transcription

as the operator also responds to a second signal, the presence or absence of

glucose.

Even in the presence of lactose, E. coli prefers glucose as its carbon source

(Alberts et al., 2008). In this case transcribing the lac operon would be a waste.

To activate the operon a second transcription factor comes into play: the cyclic

adenosine monophosphate (cAMP) receptor protein (CRP). CRP is a global

regulator, it is involved not only in activating the lac operon but other operons

involved in carbon utilisation.

When glucose levels are low, increasing concentrations of the signalling

molecule cAMP binds to CRP enabling it to bind to a specific sequence in

the DNA. With regards to the lac operon, CRP binds and activates the gene

by directly interacting with RNAP. CRP positively controls the operon when

lactose is present and glucose is absent.This is one example of many of the

TF controlled expression that occur in E. coli (Alberts et al., 2008).

The search processes by which TFs find their specific targets have come

into great scrutiny in recent years (Mueller et al., 2013). A great amount of in

vivo single-molecule work on LacI has shown that it combines sliding on DNA

and 3D diffusion to find its target (Redding and Greene, 2013). Some of this

work is reviewed in section 2.3.

In this thesis I show and discuss novel strategies to study TFs in vivo and

the limitations of using super-resolution microscopy techniques, which are ca-

pable of imaging single-molecules at unprecedented resolutions. In the follow-

ing sections I review the main concepts involved in achieving single-molecule

detection.
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Figure 2.2: Jablonski diagram and spectrum of the enhanced green fluo-
rescent protein. A) Energy levels and transitions schematic of fluorescence.
The incoming light excites an electron from the S0 singlet ground state to a
state higher than the first excited state S1. Some energy is lost through internal
conversions as shown by the dashed line, which causes the excitation energy
to be higher than the emission. Most often, the excited electron relaxes to the
lowest excited state S1, from the on fluorescence can occur from the S1 state
and S0 and its excited vibrational states. In B) the absorption and emission
spectrum of a typically used fluorescent protein is shown. Absorbed photons
are later emitted shifted to longer wavelengths, but the emission spectrum has
close to mirror symmetry from the absorption spectrum. The symmetry is due
to the fact that the vibrational transitions (internal conversions) that occurred
during absorbance are the same than from the excited state to the ground state
(Jennison and a.F. Morgan, 1950).

2.2 FLUORESCENCE

The method by which we are able to directly observe proteins in cells is fluores-

cence. In fluorescence, incoming photons excite electrons to a higher energy

level. The electron may relax to lower levels by internal conversions but they

may emit a photon which is spectrally different (higher wavelength) than the

excitation photons (fig. 2.2A).

Ever since the discovery of the green fluorescent protein (GFP) (fig. 2.2B,

EGFP Spectrum), many applications have been discovered for FPs. The FPs

can be used as expression reporters by inserting a gene encoding for an FP in
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an operon. By measuring the bulk fluorescence you obtain a direct measure-

ment of the operon’s transcription, albeit delayed because of FP maturation

(protein folding time). Another use for FPs is to insert them at the start or end

of a protein of interest. In most cases the protein function will not be impeded

and will reveal its function and location in live cells (Alberts et al., 2008).

Using FPs can also probe the interactions of two proteins. By labelling the

proteins of interest with two different fluorophores whose emission of one over-

laps with the absorption spectrum of the other. Monitoring two proteins in this

way is called fluorescence resonance energy transfer (FRET). When the two

proteins come into close proximity of each other (around 2 nm) the absorbed

excitation of one FP can be transferred to the other which will subsequently

emit a photon within the range of its emission spectrum. This phenomenon re-

ports on the proximity of two FPs that may be interpreted as a direct interaction

between the proteins (Alberts et al., 2008).

Another useful application involves tagging sections of the genome with

FPs, which is done by using TFs as an imaging tool. Because TFs bind to

a sequence specifically it’s possible to insert a number of tandem operators

in any region of the genome as long as it doesn’t affect the cell growth and

function and that they are still viable. By expressing a TF fused with an FP

from a plasmid you are able to see the specifically bound molecules fluoresc-

ing. This technique is called fluorescent repressor-operator system (FROS)

(Reyes-Lamothe et al., 2008).

For in vitro work synthetic molecules have been used to tag proteins and

study them at the the single-molecule level due to their longer photo-bleaching

and brightness. Using synthetic dyes has been particularly helpful in single-

molecule FRET (Holden et al., 2010), this time not to measure the interaction
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between two proteins but to measure the distance between two amino acids

on a protein. New efforts have been made to investigate inserting proteins la-

belled with synthetic dyes into live cells. Micro-injecting eukaryotic cells (Speil

et al., 2011) or electroporating bacteria with a solution with labelled proteins

(Crawford et al., 2013; Plochowietz et al., 2014).

Both approaches for introducing labelled proteins with synthetic dyes are

technically challenging (Mueller et al., 2013), tagging molecules with FPs re-

mains the best way of imaging the spatial distribution and function of proteins

in live cells. They have become even more important with the emergence

of photo-activatable variants of FPs for use with techniques that depend on

stochastic activation such as single-molecule super-resolution microscopy.

2.2.1 Single-molecule detection

Single-molecule studies have gained relevance for their ability to measure the

properties of individual molecules in contrast to a population as whole. Fur-

thermore, (Walter et al., 2008) as technology has advanced camera sensi-

tivity has allowed us to image dimmer fluorophores and at faster exposures.

Single-molecule techniques have the advantage of observing heterogeneities

that would be otherwise averaged in an ensemble measurement. It is also

possible to observe real-time dynamics within a single-molecule which would

otherwise be impossible in bulk averaging.

It is now possible to image single-molecules in live cells in optical micro-

scopes, by reducing background from the sample, minimising stray light end-

ing up on the camera and having a sensitive, low-noise camera. These can be

attained mainly by the illumination of the sample, high-quality optical compo-

nents and EMCCD cameras.
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In in vitro work, it is possible to observe single-molecules diffusing in solu-

tion or by immobilising them on a surface. By minimising the background and

optimising the experiment to spatially separate the molecules it is possible to

observe single-molecules.

It is not the same when considering the observation in a bacterial cell. The

cells are so small that distinguishing more than one fluorophore emitting at a

time per cell might be impossible. The issue is resolution, the smallest mea-

surable distance between two single-fluorescent probes; at best microscopes

can have a resolution of around ∼ 200 nm. In the following sections I explain

the techniques that have allowed us to resolve single-molecules in live E. coli

via fluorescence microscopy.

2.2.2 Microscopy

When using a fluorescence microscope there are methods to reduce the back-

ground of the sample by how you illuminate it. Where you position the incident

excitation beam will have a large effect on the background collected from the

sample.

In epifluorescence microscopy the excitation beam (fig. 2.3, red beam) is

focused at the back focal plane (fig. 2.3, dashed line) of the objective and the

subsequent fluorescence is collected from the same objective. This creates a

collimated beam that deeply penetrates the sample. This penetration gener-

ates a lot of background from out of focus regions in the sample, which causes

non-negligible amount of autofluorescence to be collected.

A different technique uses high numerical aperture objectives to create a

beam that will have a high incident angle on the slide surface. This is achieved
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by positioning the incident beam near the side of the objective. This causes

total internal reflection (TIR) at the slide surface, creating an evanescent wave

capable of exciting molecules up-to around 200 nm into the sample (fig. 2.3,

blue beam). This dramatically decreases the background since very little of

the out of focus sample is illuminated. Unfortunately, for most cells this is not

deep enough to image as much as the cell volume as desirable but ideal for

membrane studies (Manley et al., 2008).

Finally a new technique finds a middle ground between these two modes.

By placing the incident beam near the objective edge but not far enough to

create TIR, you can reduce background and penetrate through samples far-

ther than TIR fluorescence (TIRF) microscopy. This technique is termed near-

TIRF but is also known as highly-inclined and laminated optical sheet (HILO)

microscopy (Tokunaga et al., 2008) when the illumination area is also min-

imised (fig. 2.3, green beam). Placing the excitation beam near the edge leads

to a highly inclined beam at the sample. The beam penetrates as far as the

epifluorescence mode beam, but less out-of-focus background is collected by

the objective. In our work we use near-TIRF to image single-molecules in live

cells, because it gives the best balance between sample penetration and low

background to increase the signal-to-noise ratio of our experiments.

2.2.3 Single-molecule detection by light microscopy

By going through a microscope’s optics, single-point emitter of fluorescence

will be spread by diffraction into what is called the point-spread function (PSF,

fig. 2.4) that is seen on the camera. As an illustrative example, two emitters are

simulated without any camera noise and are sufficiently spaced apart. Each

emitter is centred in the approximate 2-D Gaussian shown in fig. 2.4. When
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Figure 2.3: Excitation beam position in fluorescence microscopy. For a
fluorescence microscope with a high NA, multiple illumination modes are pos-
sible depending on the experiment. Epifluorescence microscopy (red beam)
consists of placing the excitation beam through the centre and focusing it at
the back focal plane of the objective . This leads to a excitation beam that
penetrates deeply into the sample but causes out-of-focus background. TIRF
microscopy (blue beam) consists of placing the excitation beam on the edge
of the objective. In this case the beam will have a high incidence angle on the
slide causing the sample to be illuminated with an evanescent wave penetrat-
ing upto around 200 nm into the sample. Finally, near-TIRF microscopy (green
beam) consists of placing the excitation beam on the edge of the objective but
not far enough to enter TIRF. This causes a beam with a high incident angle
that deeply penetrates the sample but causes less out-of-focus background.
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Figure 2.4: Resolution and the distance between PSFs. Two PSFs can
be identified individually if they are separated by enough distance. In this fig-
ure two simulated PSF images with no noise and a full width half maximum
of 1 pixel are shown with 10, 6 and 0.5 pixels apart. Although the two single-
emitters cannot be distinguished from each other the brightness of the resulting
image of the PSF is double that of the single-image. This fact is used in algo-
rithms like DAOSTORM (Holden et al., 2011), where fitting two PSF models
results in a better fit than a single model.

the spread is large we can easily estimate their centres (or localise) and count

them by eye (fig. 2.4 10 px separation; the image of the PSF can be distin-

guished).

Once the separation between the different emitters is shortened the task is

more complicated because the image of the PSFs overlap, but both can still be
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distinguished from each other, that is we can still estimate that there are two

emitters whose centre separated by 6 pixels (fig. 2.4 6 px separation). But once

the separation becomes too small, the task is impossible, we are unable to

distinguish two clear centres, and it is difficult to measure the distance between

them. We may still be able to count two emitters from the intensity of the large

PSF. The intensity can sometimes be used as a tool to distinguish a single PSF

from two, and this is used for dense localisation algorithms like DAOSTORM

(Holden et al., 2011).

The simplified versions of the resolution problem of fluorescence mi-

croscopy is shown in fig. 2.4. In the example, we only needed to localise two

emitters, but in live E. coli , copies of proteins go from tens to thousands in very

small areas where two molecules may be undistinguishable from each other.

2.3 SINGLE-MOLECULE IMAGING OF TFS in vivo

2.3.1 Localising single-molecules in vivo

With such high concentrations of proteins in live cells how would we be able

to identify single-molecules? To localise a single-molecule tagged with an FP

we need to be able to resolve the PSF image from the noise (fig. 2.5A). To

localise the molecule we fit the PSF with a 2-D Gaussian (fig. 2.5B) which

yields sub-diffraction level positional information (Stracy et al., 2014; Betzig

et al., 2006; Gahlmann and Moerner, 2013; Hensel and Xiao, 2013; Li and

Elf, 2009). Isolated and bright enough PSFs can be localised over successive

frames (fig. 2.5C, top). By joining together the successive localisation we can

track the molecule (fig. 2.5C, bottom, arrows).

But as we mentioned before, most proteins exist in high concentrations,
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with PSFs being resolvable if they are more than 200 nm apart and the E. coli

cell having around 1 µm in width by 2 µm in length there is not much space to

work with (fig. 2.5C, bottom, cell).

One technique to image DNA-binding proteins uses their properties to im-

age them (Elf et al., 2007; Hammar et al., 2012). First you ensure low enough

concentration of the protein tagged with an FP (copy number < 10). At large

enough exposure times proteins that diffuse fast and throughout the cell are

blurred and appear on the camera as added background in the cell (fig. 2.5D,

top). When the protein only binds to DNA for enough time, you can image

them without the added background of the diffusing species (fig. 2.5D, middle).

But even in a combination of both, you can still localise single-proteins in vivo

(fig. 2.5D, bottom). This technique has been applied to TFs as I review in the

next section.

2.3.2 Enhanced localisation of LacI

As I introduced before, TFs control the expression of genes by binding and

unbinding sites in DNA. In prokaryotes they play a key role in adaptation to

environmental changes or internal triggers. How TFs find sites to bind to along

with their residence times has been a matter of discussion (Mueller et al.,

2013). Their binding is related to their function; they may be bound, specifi-

cally repressing or activating a gene, or non-specifically searching for a site.

Measuring their activity in vivo is crucial to find the kinetics of the TF.

Fluorescent proteins allow direct tagging of the TFs; fluorescence recovery

after photobleaching (FRAP) and fluorescence correlation spectroscopy (FCS)

are commonly used to measure the kinetics of TFs in live cells. Because of

its inherent averaging the techniques measure the mean of the diffusion coef-
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Figure 2.5: Localising single-molecules in live cells. The pixelated fluo-
rescence image in A) is fit with a 2-D Gaussian to extract the localisation at
sub-diffraction resolution, typically 40 nm for FPs. In C) (top) the images of
PSFs that are isolated and bright enough are localised over successive frames
and tracked by joining together the successive localisations (bottom). In D)
the diffusive properties of DNA-binding proteins can be used to localise them
at long exposure times. When a protein diffuses fast, in a long exposure, the
signal will appear blurred (top). If the protein binds DNA for enough time, it’s
possible to resolve the PSF image (middle). It may also be the case that a
fraction of molecules may be diffusing and another fraction bound (bottom).
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ficient and the association and dissociation of the TFs. The limitations of these

techniques are significant: FRAP and FCS are bulk methods of measuring the

diffusion and binding of the TFs. Because of this they may be measuring a

combination of specific and non-specific binding; if non-specific interactions

with DNA dominate in the pool of probed proteins the details of the specific

binding will be lost.

Single-molecule experiments in live cells, combined with single-particle

tracking, can fill in the holes that FRAP and FCS leave behind. The techniques

are able to extract information from a single-TF measuring the distribution of

binding times and diffusion. But to be able to localise the proteins in a live cell,

a low concentration of the protein is needed. This has been achieved lowering

the copy number of the protein of interest that is natively expressed in the cell.

In addition to low copy numbers, having enough signal to localise a molecule

is important, thus in vivo experiments concentrate on bound proteins as shown

in fig. 2.5D.

In (Elf et al., 2007) they created strains that generate lower copy numbers

to be able to distinguish single-lac repressor (LacI) protein specifically bound

to DNA in the cell (as in fig. 2.5D). The LacI is a model protein to study other

more complex transcription factors. It controls the expression of genes that

digest lactose. Under the absence of the sugar the LacI dimer binds the lacO1

operator in the gene together with a second dimer binding the weaker lacO2

and lacO3 operators. This may cause looping by the tetramerisation of the

dimers, but Elf et al fusion with a FP prevents this from happening.

The lacO3 gene overlaps part of the gene that expresses LacI; the LacI’s

transcription is auto-repressed by the auxiliary operator. To achieve lower copy

numbers per cell, Elf et al changed the lacO3 operator by the stronger lacO1,
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increasing LacI’s repression of itself. By using 1 second exposure per frame

they were able to discern a single bound LacI, whilst the PSF images of the

non-specific and faster molecules were blurred. Further they treated the cells

with isopropyl β-D-1-thiogalactopyranoside (IPTG),which binds LacI and pre-

vents is from binding specifically to any of its operators. This led to the amount

of bound molecules to lower; in high concentrations of IPTG no spots appeared

in the cell and just like in strains where all native operators in the genome are

deleted (i.e. no operators to bind to in a cell). This method allow them to

quantify the amount of bound LacI at any certain time.

In addition by reducing the exposure time and imaging with IPTG induction,

they were able to measure the amount of time LacI spends non-specifically

bound and the effective diffusion from the non-specific binding. When you

measure a PSF, if its width is close to the diffraction limit it is bound or the

exposure is fast enough that it looks bound. But if the exposure time is higher

than the residence time the LacI will leave an image of the PSF with higher

widths. They discovered the non-specific binding time by finding the expo-

sure at which the PSF width changes between an IPTG treated cell and an

untreated one.

The diffusion was done in a similar manner; they calculated at different ex-

posures the distance travelled by the lac repressor, from that they constructed

their mean squared displacement at different time lags and calculated an effec-

tive diffusion coefficient of 0.4 µm2 s−1. By taking FCS measurements of the

LacI without its DNA binding domain, they found that the diffusion coefficient

was 3 µm2 s−1, they concluded that the LacI spends 90 % of the time sliding on

DNA and the rest diffusing in 3D. This was the first in vivo results that proved

that the lac repressor has facilitated diffusion, and the first technique that can
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discriminate between specific and non-specific binding.

These results were complemented with other work (Hammar et al., 2012),

in which they showed that the repressor slides for an average of 45 base pairs.

This was achieved through an in vivo assay in which they insert mutations in

which two identical lac operator sequences are separated by varied distances.

By placing the operators closer to each other, they can find the point where the

2 operators have the same rate of binding as one operator, which gives you

an approximation of the sliding length. Further, they measured the association

rate of the repressors by removing IPTG.

A likely scenario in cells is that there are multiple proteins binding DNA

close to an operator of a TF. An assay where they add TetR, another TF, so

that it binds closely to a single operator showed reduced rate of association.

They found implications that there is a probability related to the binding of an

operator and that it is not solely limited by diffusion. There is probability asso-

ciated to the binding to an operator before the LacI slides to the adjacent base

pair. This leads to further complications of TFs search mechanisms.

Single-molecule tracking techniques can distinguish non-specific from spe-

cific binding because they can measure the properties of a single-TF instead of

the mean. The technique is limited to fast binding times, if a TF has a residence

time of the order of minutes, observing TFs is limited by photo-bleaching. The

issue may be circumvented with time-lapse experiments to extend the obser-

vation time but the use of synthetic dyes may be able to aid in this respect, at

this moment it is a field in development (Crawford et al., 2013). In addition, us-

ing photo-activatable fluorescent proteins to temporally control the observable

number can be equally applied to this type of studies without the need to limit

copy numbers.
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There is much to be studied in the function of transcription factors. How res-

idence times and search modes affect the function of repressors or activators

is still an open question (Mueller et al., 2013). The kinetic influence on how a

TF finds an operator, and how the specific binding residence times influence

the repression, are part of the future of field.

2.3.3 Super-resolution microscopy

If we were to tag proteins endogenously in an E. coli and excite them, all of

the FPs would emit at the same time and it would be impossible to recognise a

labelled cellular structure (fig. 2.7A) from the fluorescence image (fig. 2.7B) or

any diffusion information. Previously this problem was solved by studying low

copy number proteins (section 2.3). To be able to reconstruct the structure a

new set of techniques were invented to circumvent the resolution limit of light

microscopes. These techniques are named super-resolution microscopy.

Super-resolution is preceded by great efforts and advancement in the qual-

ity of cameras and processing power. The imaging of single-fluorescent dyes

was first by Funatsu et al. (1995), where they could identify myosin molecules

bound to actin filaments and image them at video rate speeds. Further to this

work Schmidt et al. (1996) realised the potential to extract diffusion of a protein

in a phospholipid membrane. Since then a number of techniques and analy-

sis methods were devised to analyse localisations of single-molecules (Saxton

and Jacobson, 1997). But all this work is in membranes or in vitro, live cells

work, specifically bacterial work remains difficult. Super-resolution techniques

are able to solve this problem.

Super-resolution microscopy encompasses many different techniques that

image fluorophores at sub-diffraction resolutions (Huang et al., 2010). One
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Figure 2.6: Structure and spectra of PAmCherry. In A) the structure of PAm-
Cherry is shown with the barrel structural typical of FPs. In B) the spectra is
shown for its pre- and post-activation states.

subset of these techniques, termed single-molecule localisation microscopy,

activate or blink fluorescent probes to obtain a; sparse field of view to be able

to resolve them individually. Photo-activated localisation microscopy (PALM)

aims to circumvent the resolution of a microscope by using photo-activatable

fluorescent proteins (PAFP). It is possible to turn on proteins stochastically

(Betzig et al., 2006). A labelled structure (fig. 2.7A) cannot be resolved if all

fluorophores are activated (fig. 2.7B). If we can have a sparse activation of the

fluorescent proteins then they can be individually localised (fig. 2.7C)

2.3.4 Photo-activatable proteins

To perform PALM experiments on LacI, the repressor carried a C-terminal fu-

sion with PAmCherry fig. 2.6 (Subach et al., 2009), a photo-activatable fluo-

rescent protein that emits in the red spectrum. Its spectrum allows us to do

two-colour experiments with GFP, although in our case not simultaneously.

In the next chapter I present a microscope constructed to achieve super-

resolution. I go through all the important parts that help us achieve the signal

to noise to localise single-molecules in live E. coli . I also explain how we are

able to track the proteins, analyse the diffusion and interpret the results.
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Figure 2.7: Resolving structures at sub-diffraction resolutions. Cartoon
and simulated example of the detail that is possible to extract from a fluores-
cence image. In A), any cellular structure is labelled with photo-activatable
protein or other synthetic dyes. The cartoon shows the shape of the structure.
In B) all fluorophores emit simultaneously, the detail in the structure is lost. In
C) the general method of localisation microscopy is shown. The fluorophores
are photo-activated sparsely and localised through fitting algorithms. In D) the
fitted localisations are collected and displayed revealing the underlying struc-
ture. In E) each localisation can then be reconstructed with a model PSF with
a shorter width that represents the uncertainty in the localisation error.
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TRACKING PALM: MICROSCOPY

AND TECHNIQUE

3.1 INTRODUCTION

In this chapter I present our efforts to design and construct a localisation super-

resolution microscope that is higher throughput, easy to use and customisable

for a variety of experiments. Our work yielded a microscope currently housed

in the Department of Biochemistry at the University of Oxford.

In particular a lot of time is taken to explain the main method in this work,

tracking Photo-activated Localisation Microscopy (tracking PALM).
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3.2 MICROSCOPE DESIGN AND CONSTRUCTION

3.2.1 Single-molecule localisation microscopes

In the medical and biological sciences, fluorescence microscopy has estab-

lished itself as an essential technique, especially in the study of the molecular

biology of the cell. Limited in the past by the resolution limit of light microscopy,

over the past 10 years there has been great progress in circumventing this limit

through clever techniques. A great amount of research has made it possible to

observe a single-fluorescent molecule and to be able to apply this to biological

sciences. Using super-resolution localisation microscopy we are able observe

single-proteins and study their dynamics in prokaryotes (Stracy et al., 2014)

and other living organisms (Liu et al., 2015) in real-time and at the nanometre

scale.

Different methods and techniques can be used to construct a microscope

capable of detecting single-molecules, but the ability to selectively illuminate a

small section of a sample to reduce the signal-to-noise ratio makes TIRF mi-

croscopes a common choice in the field (as described in section 2.2.2) (Reck-

Peterson et al., 2010). For E. coli on a slide these microscopes are ideal to

minimise the background from the solution or agarose pad on which its at-

tached.

3.2.2 Materials and Methods

I designed, constructed, aligned, and characterised, in collaboration with

Stephan Uphoff and Mathew Stracy, a super-resolution capable TIRF micro-

scope. Because we wanted to increase the ease of use and the ability to use

different combinations of laser lines, we opted for the Rapid Automated Modu-
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lar Microscope (RAMM) System from Applied Scientific Instrumentation (ASI).

The RAMM system functions as a backbone for modular design and provides

compatibility with other ASI products like stages and automated focus correc-

tion. Mirrors and filters can be exchanged easily to cater for different emission

lines.

3.2.2.1 Design and construction

To minimise the loss of excitation power, good alignment of the excitation path

to couple the multiple lasers in to the fibre is essential. In a bespoke micro-

scope, misalignment of the emission path before the fibre can occasionally

cause trouble. Fortunately, the multi-laser engine greatly simplifies the exci-

tation path (ICHROME MLE-LFA; fig. 3.1). The wavelengths of the excitation

beams are dictated by the dyes and fluorescent proteins to be used. The multi-

laser engine provides four laser lines at wavelengths 405 nm-488 nm-561 nm-

640 nm at ≥ 80 mW. It provides software control of the lasers to vary the pow-

ers and shutter control.

The illumination from the fibre needs to be focused at the back-focal plane

of the objective. To achieve objective-type TIRF (section 2.2.2), the excitation

needs to be collimated by the objective. Failure to do this will cause stray

excitation rays at other angles that will increase the background observed on

the camera (Reck-Peterson et al., 2010). In our microscope, the output of the

laser engine is a single-mode optical fibre which is mounted to a manual stage

that also mounts the collimation lens (L1) and the TIRF lens (LT I RF ) focuses

the excitation at the back focal plane of the objective. The manual stage can

traverse perpendicular to the light path, this way we can switch the microscope

from epifluorescence to near-TIRF and finally to TIRF. Finally, if laser powers
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Figure 3.1: Drawing of the contructed TIRF microscope. The top-down view
shows the setup as if it was observed over the table. The side-view shows the
setup from the side as shown in the top-down view. The RAMM side view was
adapted from the ASI manual and I added the Andor camera, lenses and light
path.

are too high we add a neutral density filter (Thorlabs) in front of the fibre if

needed.

Once the excitation line is past LT I RF , it enters cube 1 as shown in the

schematic fig. 3.1. Cube 1 contains the interchangeable dichroic that re-

flects the excitation laser lines (ZT405/488/561rpc, Chroma) and transmits

the emission of the fluorophore of choice, it also contains the emission filter

(ZET405/488/561NF, Chroma). The design of the RAMM allows for a different

combination of laser lines to be used. Usage of the 640 nm filter and dichroic

cuts off emission of the mCherry family of FPs and thus in this work no imaging

was done with 640 nm laser line.

Excellent dichroic mirrors and filters are needed to successfully reduce

background of the experiment. The dichroic mirror must reflect as much as
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possible of the excitation light whilst transmitting as much of the emission. Be-

cause TIRF reflects the excitation light on the slide, a lot of the light comes

back to the dichroic that separates excitation from emission. Unfortunately, the

dichroic mirror does not reflect all light and there is a fraction that gets trans-

mitted. Thus the emission filter functions as a final clean-up of any residual

excitation light; in TIRF because the excitation follows a different path than the

emission a light stop or block may be used to remove it.

Past Cube 1, the excitation light enters Cube 2 that contains a dichroic

mirror that reflects the light up to the objective and transmits (T800lpxrxt,

Chroma) that transmits the Continuous Reflection Interface Sampling and Po-

sition (CRISP, ASI) 890 nm LED. For localisation microscopy experiments, sta-

bility of the microscope is essential, the CRISP transmits the infra-red light into

the microscope and detects the reflected beam from the slide at a position-

sensitive detector. The CRISP then changes the focal-position of the micro-

scope with piezo-stage plate (PZ-2150, ASI) mounted on the RAMM. Cube 3

contains a broadband mirror to reflect the 890 nm LED into the objective and

connects to the CRISP module. Cube 2’s dichroic mirror allows the infra-red

light to pass through whilst reflecting all other light with a lower wavelength.

Both infra-red and excitation light go through the high NA objective (100x,

NA 1.4 Olympus), through the immersion oil, slide and the sample. The emis-

sion from the sample is collected by the objective, reflected by the dichroic in

cube 2, transmitted through the dichroic and emission filter in cube 3. Cube

1 is attached to a tube connected to the EMCCD camera (Andor iXon Ultra,

512x512, 16 µm pixels). In the tube there is the L2 tube lens (300mm, final

magnification 167X) that focuses the image on the EMCCD’s chip (final pixel

size 96 nm). Optionally a cylindrical lens (Lc) can be placed in front of the
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camera for 3D localisation microscopy(see section 3.3.2 for more information).

For tracking PALM we need fast imaging (≤ 0.5Hz) and sensitivity to detect

single molecules. Readout noise impedes single-molecule imaging at these

levels, the faster the readout the higher the noise’s effect. To be able to image

dim fluorophores, EMCCDs use electron-multiplication gain by amplifying the

signal on chip.

The camera, tube and cubes in the RAMM Side VieâŸžw (fig. 3.1) are

attached to a static section of the motorised stage LR50 through cube 3; LR50

is in turn attached to the RAMM. The objective is attached to the mobile section

of the LR50 and functions as the coarse z-focusing. In addition to the motorised

stage, attached to the RAMM there’s a stage to move the sample in the x − y

plane (S31121010, ASI) and piezo stage for fine z-focusing (PZ-2150, ASI).

For brightfield imaging we have a condenser that is not on the shown

schematic 3.1 but appears on 3.2. The brightfield module is based upon

Olympus IX2-LWUCD condenser which is attached to a green LED lamp (MIM-

LEDLAMP, ASI).

For PAmCherry we controlled photo-activation through the 405 nm laser line

and excited the proteins with 561 nm. Proteins fused to GFP were excited with

the 488 nm laser line.

3.2.3 User interface

To control the the smTIRF microscope we use the native software packages

that come with the EMCCD camera (Andor SOLIS for Imaging; fig. 3.3, left)

and the multi-laser engine (TOPAS iChrome MLE; fig. 3.3, top right). For 3-D

calibrations, Micro-Manager and Matlab were used instead of the Andor soft-
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Figure 3.2: Picture of the TIRF microscope.

ware (section 3.3.2). Unfortunately there was no method to switch or change

the intensity of the LED brightfield lamp. I wrote a GUI (Matlab2011b, Math-

works) that interacts with the stage control to facilitate usage (fig. 3.3, bottom

right).

3.3 SINGLE-MOLECULE EXPERIMENTS AND PSF

MEASUREMENT

To show that we could image single-molecules, we imaged Cy3b using biotin-

BSA+neutravidin slide with a short biotinylated single stranded DNA-Cy3b

(more information on technique appendix A.1.1). The molecule was imaged

with 3.9 mW (183 mW cm−2) of 561 nm laser line in TIRF mode to reduce back-
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Figure 3.3: Microscope user interface. On the left the Andor SOLIS for cap-
turing the images is show. On the top right, the TOPAS iChrome software for
controlling the lasers is shown. Lastly, at the bottom right the gain parame-
ter from the Andor Solis programme and our own MATLAB coded brightfield
controller.

ground from the solution.

Each PSF on the surface is fit with a 2-D Gaussian and the full width half

maximum (FWHM) of the fitted function, which is a good approximation of the

resolution. In this case the resolution is around 270 nm which is around what

is expected for emission of Cy3b and an NA of 1.4. The fitted PSF images with

lower FWHM than the expected for Cy3b probably represent spots that were

fitted erroneously or fitting pixels that arise from noise that are not thresholded

and removed before fitting.

3.3.1 Estimating chromatic aberrations

We work with different fluorescent probes which will emit at different colours.

In some cases we will image samples for two-colour measurements. In exper-
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Figure 3.4: Imaging single-molecules and their experimental point-spread
function size. A) shows a field of view of single-stranded DNA immobilised
on a surface. B) the size of each PSF of the ssDNA-Cy3b molecules was
measured by Gaussian fitting.

Figure 3.5: Overlaid field of view of fluorescent beads. The same field of
view of multi-fluorescent beads is imaged at 488 nm (blue PSFs) and 561 nm
(green PSFs).
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Figure 3.6: Two-colour registration. In A) we localised each PSF and calcu-
lated the closest distance between each field of view. The average aberrations
are around 20 nm (fig. 3.6A) for both lateral dimensions x and y . In B) the
same registered fields of view have an average deviation of 0 nm. In C) the
distribution of the analysed signals for all fields of view and their positions on
the camera are shown (left). How the ∆x (centre) and ∆y (right) deviations
depend on the camera chip are shown ().

iments with split channels multi-fluorescent beads are (Barysch et al., 2010;

Metcalf et al., 2013) used to register the two channels. In our case we de-

signed our microscope to only have one channel and multi-colour images are

acquired in succession instead of simultaneously.

To asses the chromatic aberrations of two channels (488 and 561 nm exci-

tation) I prepared 100 nm TetraSpeck beads fig. 3.5 by placing spreading 1 µL

on a slide and allowing it to dry. I imaged the beads in 10 fields of views to-

talling 114 localised bead pairs. Each field of view was first imaged for 488 nm
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excitation, quickly followed by imaging with 561 nm. We registered the images

with software written by Bo Jing our own Kapanidis Lab in MATLAB.

By overlaying both images it is possible to distinguish some deviations be-

tween the two colours (fig. 3.5). I measured both channels by localising each

PSF and calculating the closest distance between them fig. 3.6. On average

the aberrations amount to around 20 nm (fig. 3.6A) for both lateral dimensions

x and y .

To calculate the aberration we find the pairs of beads that correspond to

each other automatically. The program finds the closest bead in the opposite

channel, in our case since deviations are small there are no false positives. To

register an image we generate spatial mapping so that:

xG = TxB (3.1)

Where T is a projective transformation matrix where xB are the points using

excitation 488 nm excitation and xG are the points with 561 nm.

By registering the images, the deviations were reduced to an average

of close to 0 nm with most pairs showing a maximum deviations of 10 nm

(fig. 3.6B). The distribution of analysed signals (fig. 3.6C) shows where in the

field of view the deviations are the largest. For x the greatest deviations are

on the left side of the camera chip, whilst for y it’s the opposite, with the lower

right being the lowest.

The chromatic aberrations from our microscope are non-negligible. In our

work we don’t make use of the registration for different colours. Localising FPs

in live cells usually yields a localisation error of around 40 nm, the deviations
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Figure 3.7: GUI for 3-D calibration. On the left is the Micro-manager soft-
ware that interacts with the MATLAB code.

from chromatic aberrations could add a further 50 % when co-localising two

probes. Calibrating and registering two-colour experiments is crucial for co-

localisation in super-resolution microscopy.

3.3.2 3D calibration and software

I have explained the main concepts behind sub-diffraction localisation of FPs.

Fitting the PSF with a Gaussian yields the lateral position of the protein, which

is parallel to the slide surface. Strategies to extract the axial position are based

on modifying the PSF shape or its focus. Without modifying the PSF, any

molecules that appear over the focus or under the focus look like two very

similar PSFs, in this case if the focus is z = 0 we are unable to distinguish +z

and −z (fig. 3.8). This is because the blurring of the PSF from defocusing in

any direction is equal or very similar.

To solve this issue the emission path needs to be modified to break the

asymmetry. In the time when the first single-dyes were being imaged and

tracked (Saxton and Jacobson, 1997), Kao and Verkman (1994) placed a weak
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Figure 3.8: Calibration curve for astigmatic 3-D localisation. A slide of
100 nm Tetraspeck beads were imaged at different focus positions, stepping
50 nm at a time. The PSFs were fit with elliptical 2-D Gaussians and their
standard deviations σx and σy calculated. The PSF of one bead is shown at,
above and below the focus at 1000 nm, 500 nm and 0 nm.

cylindrical lens in the emission path. This technique introduces astigmatism

into the microscope’s optics (Huang et al., 2008). By inserting a cylindrical

lens into the emission path, the PSF image is deformed asymmetrically. This

way, by calibrating the system, it is possible to position the molecule in the axial

dimension.

One technique, named bi-plane detection, splits the emission path using a

mirror that transmits half of the light and reflects the other half (Prabhat et al.,

2004; Mlodzianoski et al., 2009). One half of the light is imaged on one side

(left) of the camera chip and the other half on the other side (right; two cameras

may also be used). Light in these two paths will travel different distances and
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thus will be focused at different points. When one image of the PSF is focused

on the left side of the camera the other will be out of focus, whilst when the

image of the PSF on the right side is focused the one on the left. This breaks

the symmetry of the PSF image allowing us to position the FP.

Astigmatism is very limited since the deformation of the image leads to

worsening lateral resolution. Bi-plane detection can localise molecules at

around the same lateral resolution throughout a range twice the size of astig-

matic localisation. Further because of the larger axial range, bi-plane can also

image further into samples at around 2 µm axial range (Mlodzianoski et al.,

2009).

Even with these advantages, there are reasons led us to choose astigma-

tism: the cost of bi-plane, flexibility and unneeded advantage of axial imaging.

Our purpose was to increase throughput of imaged bacteria, a using bi-plane

detection we would have to split our image into two channels on the camera.

There is the option of using two cameras, but each one represents about a

third of the cost of the microscope parts. If we chose to have only one camera,

the the full chip would not be used to image one field of view. If any user would

not need to use 3D imaging, it would be very difficult to remove it to use the

full field of view. Its limited flexibility is another reason not to use bi-plane, with

astigmatism we only need to remove the cylindrical lens from the path, to have

a full field of view 2D imaging. Finally for bacterial work, we do not need to

image large axial ranges since bacteria have around ∼1 µm.

Even then, the design of the microscope does not allow us much flexibility to

add a cylindrical lens f = 1000 mm) to achieve astigmatic 3-D super-resolution

(Huang et al., 2008). To test the possibility of the microscope to do 3D super-

resolution. I prepared a sample of beads 100nm multifluorescent (Tetraspeck)
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in the same way as was described before.

To create the calibration curve I wrote a controller for Matlab to calibrate

for 3D Super-Resolution. The controller sends commands to create image

slices at every 50 nm. At every slice the controller sends commands to micro-

manager to take any amount of images. We imaged the beads at an exposure

of 100 ms. The PSFs show asymmetry, which is plotted with the σx and σy for

each fitted Gaussian. In this trial case, the astigmatism is not large enough for

optimised 3-D localisation.

In this thesis 3-D localisation was not used or considered in any simulations

so further efforts to work with other cylindrical lenses with lower focal lengths

were not attempted.

3.4 OTHER TIRF MICROSCOPE USED IN THIS THESIS

3.4.1 Imaging

Some experiments were imaged in an older TIRF microscope, which was con-

structed originally for three-colour FRET. The setup had three separate chan-

nels imaged on the EMCCD thus the field of view was limited. Using the same

objective as our constructed setup, its other main difference is a 250mm tube

lens for a final 138x magnification (115 nm/pixel). With our newly constructed

setup’s higher magnification and no split channels, we achieve around 3 times

the throughput than before because of larger fields of view and a camera ca-

pable of imaging a full frame at 4 Hz. Because some experiments in this thesis

were done in the 138x magnification setup I quickly detail other technical as-

pects of the microscope.
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The bespoke TIRF microscope was used to image PAmCherry fusions with

0-1 W cm−2 405 nm photoactivation laser (MLL-III-405, 100 mW, CNI), 475nm

(Vortran 70mW Stradus) and 400 W cm−2 561 nm excitation laser (SLIM-561,

200 mW, Oxxius). The 405 nm laser was controlled between 0 and 10 µW to

limit the photoactivation rate; 475 nm at a constant 1 mW ; the 561 nm laser

was a constant of 3.5 mW. A dichroic mirror (ZT405/473/561rpc, Chroma) and

a notch filter (ZET405/473/561NF, Chroma) were used to filter the emission.

The objective is a 100x oil-immersion microscope (Olympus UPLANSAPO

100x) and the camera EMCCD (Andor, iXon 897, 512x512 pixels) with 15.26

ms/frame for the tracking PALM experiment and 100 ms/frame for the FROS

foci imaging.

3.5 TRACKING PALM

Using photo-activatable proteins, we are able to localise and track a single

protein with up to ∼40 nm spatial precision Uphoff et al. (2013). After start-

ing with a pool of inactive LacI-PAmCherry (fig. 3.9A), photoactivation using

a 405 nm laser and readout using a 561-nm laser allowed us to observe and

track a single LacI protein until it bleaches (fig. 3.9B), with every frame (15 ms

exposure) yielding a localisation (fig. 3.9C). This series of steps was repeated

stochastically until the entire pool of PAmCherry was tracked (fig. 3.9D). To im-

plement tracking PALM, the density of observable LacI-PAmCherry in the cell

must be low, preferably a single photoactivated protein per cell; this is achieved

by manually regulating the power of the 405-nm photoactivation laser to control

the photo-activation rate in order to meet the required density.
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Figure 3.9: Single-molecule tracking of LacI-PAmCherry. We use tracking
PALM to observe single LacIs by photo-activating, exciting and bleaching PAm-
Cherry with 15 ms exposure. Shown is a schematic of the technique through
different steps: A) your protein of interest (LacI) is tagged with PAmCherry and
is initially photo-inactive. Going from A) to B), we control the rate of photo-
activation by varying the power of the photo-activation laser line (405nm) and
excite the photoactive PAmCherry with 561nm laser. From step B) to C), we
track it until it’s bleached and repeat this process until all available PAmCherry’s
are bleached step D).

3.5.1 Counting molecules

Because each molecule is represented by a track, this technique can be used

to count the number of monomers that have been labelled the fluorescent pro-

tein.

3.5.2 Measuring the diffusion coefficient

Ina thought experiment of a tracking PALM experiment, we have a track that

arose from an E. coli cell in fig. 3.9. In that experiment a single-PAFP is photo-

activated and localised five times (labelled 1-5, fig. 3.10A). Each one of these

localisations yields displacements at different time lags. The displacement be-
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tween localisation 1 and 2 happened in a time lag 1∗∆t , the displacement

between localisation 1 and 3 happened in a time lag 2∗∆t and so on.

Each of these displacements is used to calculate the mean-squared dis-

placement (MSD) of the track at different time lags. As you can see each time

lag contains the amount of data points generated from the short track shown

in fig. 3.10B. If the molecule is not confined or bound it will have Brownian

diffusion which in this case would appear as linear in the MSD curve. For a

molecule that is confined or bound, this will not be the case (fig. 3.10C)

For our tracking PALM work we use the first time lag (fig. 3.10D) to calculate

an apparent diffusion coefficient (D*), which has the least error on the mean

because it uses all the points of the track. The estimation of this apparent

diffusion can be estimated by a linear fit to the MSD vs lag time or by using the

first time point and using the point MSD = 0 at time = 0 to acquire a regression

line. Then for each track we display the D* in a histogram its contribution for

the whole population of tracks and cells (fig. 3.10E-F).

To turn an apparent diffusion D* to a real D a number of factors need to be

considered: localisation error from the fitting algorithm, localisation error from

the frame exposure and the non-Brownian behaviour from the confinement to

the volume of the cell. Localisation error from the fitting and the frame time

cause an offset from D*. Localisation error from frame time is directly propor-

tional to the magnitude of D. The relationship between MSD, D and its related

errors is given by (Michalet, 2010):

MSD = 4D∆t + 4

3
D∆t −4σ2 (3.2)

Where D is the diffusion coefficient, ∆t is the camera exposure and σ the
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Figure 3.10: Analysing tracking PALM data. A single-PAFP is photo-
activated and localised five times (labelled 1-5). In B) the mean-squared dis-
placement (MSD) between time lags is plotted from the track shown in A). In
C) the MSD is shown with bars representing the standard error on the mean.
The blue line represents a molecule that has sub-diffusion such as a bound or
confined molecule. In D-F) we show the general technique we use to analyse
and visualisa tracking PALM data. We calculate an apparent diffusion coeffi-
cient (D*) for each track from the first time lag of the MSD. Then we calculate
the probability function for all tracks and cells. Because the estimate of D* is
increased by localisation error eq. (3.2), in some cases localisation error con-
tribution can be subtracted from the D* histograms leading to negative D* as in
F).

localisation error. Each one of this factors may lead to D∗ > D as in the case

where D=0, D∗ = 4σ2 localisation error; D∗ < D when D is large D* will be

smaller because the molecule is confined.

I f : D∗ = MSD

4∆t
(3.3)

T hen : D = D∗4∆t

4∆t + 4
3 −4σ2

(3.4)
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This means that our calculated D* is related to D by a scaling factor. It

would be simple to calculate the D just by using this scaling factor, but there

is no accounting for confinement. Currently there is no analytical equation to

account for confinement, what we do know is that it is non-linearly dependent

on the molecules’ real D. To account for confinement we use simulations as

described in the chapter 6.

Even if confinement is taken into account, this is still an incomplete picture

because DNA-binding proteins are further confined to the nucleoid and can

during the exposure of one frame, bind DNA multiple times. We try to address

and understand the D* distributions arising from these cases by simulations

chapter 6.

3.5.3 Data visualisation and Analysis

Considering all the factors that I’ve presented paints a complicated picture of

the real D. But working with the D* has proved useful to deduce function from

a single-protein. In a previous paper we show that using D* we could success-

fully classify tracks as bound and mobile (Uphoff et al., 2013). In fig. 3.11 I

briefly show one method to distinguish the bound and mobile tracks. Bound

tracks will tend to have short displacements whilst mobile tracks will be larger

on average (fig. 3.11A). If we prepare a slide of live cells and a slide of fixed

cells we can see the differences in mobility (fig. 3.11B) by visualisation the

classified tracks by colour overlayed with the brightfield image of the cells. Live

cells have proteins that are more mobile and as we showed (Uphoff et al.,

2013), bind DNA to repair it.

The diffusion distribution can be visualised as described before fig. 3.10.

Each track generates a D* value and we aggregate all the tracks informa-
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Figure 3.11: Mobility of Pol1 in live and fixed cells. Using tracking PALM we
are also able to classify molecules with their diffusive properties (Uphoff et al.,
2013). In A) two examples tracks are shown: one which is bound (red) and
one that is mobile (mobile). In B), depending on the protein the ratio between
bound and mobile will be different. Pol1 is mostly mobile and binds DNA to
repair damaged DNA. If we fix cells with para-formaldehyde most tracks will be
bound from cross-linking in the cytoplasm of the cell. This effect will show in
the D* histograms with live cells having a higher mobility C) than the fixed cells
D).

tion and see their distribution. Live cells show high mobility (fig. 3.11C) with

broad distribution and high mean of D*, whilst understandably so, fixed cells

are bound (fig. 3.11D).
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3.5.3.1 Blinking

An inherent part of fluorophores is their photoblinking activity (Annibale et al.,

2011). This can be used as an advantage because it reduces the amount of

fluorescent probes emitting at any time. But when photo-activation controls the

density of emitting PAFPs and we are using tracking PALM to extract diffusion

information, it can be very damaging for the experiment analysis. In chapter 4

I address these issues and analyse our own experiment’s blinking characteris-

tics.

3.5.3.2 Simulations

Using simulations can be helpful to understand the distribution of diffusion co-

efficients. In the simulation we include exposure time effects and localisation

error but additionally the size of the cell can be included to successfully sim-

ulate the distribution of D* from a simulated D. Using the data of short tracks

complicates the estimation of the D molecule.

44 Single-Molecule Fluorescence Analysis of Transcription Factors in Living Bacteria



C
H

A
P

T
E

R

4
CHARACTERISING FLUORESCENT

PROTEIN BLINKING

4.1 INTRODUCTION

As we have discussed before single-molecule techniques allow the observa-

tion of heterogeneous activity within a protein population. Super-resolution

techniques have allowed light microscopy to elucidate structure and function

of proteins in vivo (Stracy et al., 2014; Liu et al., 2015). In addition, PALM

can be used to study protein oligomerisation and stoichiometry in live bacteria

(Stracy et al., 2014). Counting proteins can reveal protein complexes or larger

stoichiometry that are otherwise unknown to occur in live cells or have only

been determined in vitro. In the future PALM may become the golden standard

for counting molecules (Coffman and Wu, 2014) but one of the main issues

preventing this is fluorescent protein blinking.

Blinking is at the heart of super-resolution localization microscopy tech-
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niques. It is as much a tool, like STORM where blinking reduces the temporal

density of emitting probes, as an issue for quantitative interpretation of data.

Disappearance of the probe due to blinking can split up a track and cause over-

counting. But characterising and accounting for any blinking may help tracking

PALM’s ability to count molecules correctly.

Previously, to count molecules with fluorescence microscopes two methods

(Coffman and Wu, 2014) have been implemented: counting photobleaching

steps and comparing fluorescence intensity to a measured basal fluorescence

for a single molecule. For example counting through photobleaching has eluci-

dated the stoichiometry of components of the replication fork (Reyes-Lamothe

et al., 2010) and of the bacterial flagellar motor (Leake et al., 2006). Through

fluorescence intensity counting has led to estimates of the number of elec-

troporated molecules tagged to a fluorophore (Crawford et al., 2013), both of

these works were with live E. coli . Tracking PALM differs from these techniques

in that it reveals not only stoichiometry but also diffusion and spatial distribution

of proteins in vivo (English et al., 2011; Uphoff et al., 2013; Stracy et al., 2015).

In the past, groups have been able to study single-proteins in live bacte-

ria, albeit at low copy numbers (Elf et al., 2007; Reyes-Lamothe et al., 2010).

By photo-activating a sparse quantity of fluorescent proteins at a time, super-

resolution techniques have enabled studying large copy number proteins both

in live and fixed bacteria (Betzig et al., 2006). We can observe and track single-

proteins using a combination of localization microscopy and single-particle

tracking (tracking PALM) (Manley et al., 2008; Stracy et al., 2015; Uphoff et al.,

2013; English et al., 2011).

By quantifying the fluorescent protein copy number we are able to make

a direct measurement of the protein of interest in a single cell; but issues like
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blinking and high photo-activation density, when too many PAFPs are activated

at the same time, make it difficult to obtain reliable calculations without cor-

rections. In tracking PALM we are able to distinguish a single-molecule by

reducing the rate of photo-activation and new strategies to correct have been

proposed (Lee et al., 2012).

In our work we use PAmCherry (Subach et al., 2009); other similar photo-

activatable fluorescent proteins have been known to blink (Annibale et al.,

2011; Lee et al., 2012). Experimental correction of blinking is complicated

for a number of reasons. PAFPs are already specialised, engineered proteins,

changing them at the protein level is a difficult task. Also, tracking PALM neces-

sitates high temporal and spatial resolution leading to high intensities of excita-

tion light that increases potential of photo-induced blinking. A post-processed

correction is the best approach for the moment for tracking PALM work.

Based on previous in vitro work (Lee et al., 2012), we developed a strategy

where we could measure the blinking of PAmCherry directly in vivo. With this

strategy, we can study the photo physics of PAFPs in vivo, which has not been

fully characterised and be applied to other PAFPs. By understanding the rates

involved in the blinking and bleaching, we can characterise and minimise any

errors related to over-counting and under-counting.

4.2 BLINKING CHARACTERISATION

Blinking has been recognised as an issue to extract protein diffusion and

counts in vivo. Many strategies have been proposed to characterise and solve

blinking. Most tracking work implements a correction to connect tracks from the

same molecule that are separated by blinking. By using an allowable number of
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frames where a molecule can disappear, we can still be considered connected

to the track (fig. 4.1A). We call this range the memory parameter, defined as

the number of frames over which tracks can be separated from each other and

still be connected as one track (Stracy et al., 2015; Uphoff et al., 2013; Subach

et al., 2009; Annibale et al., 2011).

Pair-correlation analysis PALM, is an alternative method which distin-

guishes between localisations arising from one molecule by how the density

of localisations varies as a function of distance, has also been applied to count

blinking molecules but can only work with slow or static molecules (Sengupta

et al., 2013).

We attempted to find a solution that would work with tracking PALM. To test

our method we used RNAP because it stably binds to DNA, which minimises

the effects of proteins disappearing by diffusion. With absence of blinking, a

single track in tracking PALM work will represent a single-molecule (fig. 4.1A,

top cartoon trace). Without any method of connecting tracks, a single blink

will divide the molecule into 2 tracks (fig. 4.1A, middle cartoon trace with 1

blink). For a single track, we identify multiple characteristics of blinking, on-

time (length of emission between photo-activation, blinking or bleaching), off-

time (length of absence of emission between emissions), number of blinks per

molecule and bleaching time (from photo-activation to bleaching, fig. 4.1A bot-

tom cartoon trace). This strategy builds on previous in vitro work characterising

mEos2 and Dendra2 Lee et al. (2012).

48 Single-Molecule Fluorescence Analysis of Transcription Factors in Living Bacteria



Federico Garza de León 4.2. Blinking Characterisation

Figure 4.1: Identifying blinking species in E. coli . Blinking is a problem in in
vivo single-molecule studies but essential for many super-resolution localiza-
tion microscopy. A) Shows cartoon examples of a trace without a blink (top),
a trace that blinks for a frame (middle) and one that may blink for more than
a frame (bottom). In the last example the measured parameters are shown:
photo-activation, on and off times, and bleaching. B) Shows a cartoon demon-
stration of the collected data: PAmCherry is photo-activated with 405 nm illu-
mination. Then when it is excited with 561 nm, it emits light that is collected
during a frame of the EMCCD. Each diamond figure represents the localisation
result of a fitted PSF. The fluorescent protein is eventually bleached. To rep-
resent the position of immobile proteins the mean position is calculated from
a track and represented by the red circle. C) Shows the mean positions of
RNAP-PAmCherry in example cells. The zoomed in region shows how plotting
these mean positions with temporal information, in this case the color, shows
clustering that may be due to blinking. The red square denoted region in C)
is a temporal cluster arising from the trace in D) calculated from aperture pho-
tometry.
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4.3 METHOD AND MATERIALS

4.3.1 Identifying the presence of temporal clusters

To present further evidence of the problem, we classify our tracks as bound by

using tracks with 5 localisations or more as described for our tracking PALM

work (section 3.5). A single-track consists of an event of photo-activation,

then subsequently the molecule is localised over a number of frames until it

photo-bleaches (fig. 4.1B). To represent this track as one molecule, we use the

average over all localisations (fig. 4.1B, red circle). If each mean position of

the track is overlaid on the brightfield image showing the cell edges, we start

to visualise the apparent clusters of molecules (fig. 4.1C). But if we represent

each mean position by the colour of the frame where they first appeared in the

movie (dark blue: early, green: middle and red: end), then we find that the

localisations may not only be clustered in space but also in time (fig. 4.1C).

If we analyse the fluorescence of a cluster by measuring the mean counts in

each pixel on that section of 7x7 pixels (aperture photometry), we find clear

transitions to dark states and eventually bleaching (fig. 4.1D). This could be

due to low signal from the dimness of PAmCherry and blinking from the pro-

tein. In any case characterising the loss of signal and methods to correct for it

is important to analyse tracking PALM experiments.

4.3.2 Rate extraction

To extract the photo-physics of PAmCherry, we apply tracking PALM to RNAP

and make use of only the bound tracks; this emulates fluorescent proteins

bound to a slide surface as in in vitro experiments (Lee et al., 2012). I chose

RNAP (Stracy et al., 2015) to test the correction method because during tran-
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scription the protein has a stable binding time of around ∼2 s and has high copy

numbers. When grown in rich medium up to 48 % of all RNAP is observed

bound through tracking PALM (Stracy et al., 2015), with a total of around 3000

molecules of RNAP per cell.

For this work, E. coli cells were grown and imaged on a TIRF microscope

(described section 3.4). For this experiment we used an endogenous fusion

of PAmCherry with the β′ subunit of RNAP (as in Stracy et al. (2015)). The

cells were grown at 37 ◦C over-night in EZ Rich Defined Medium (Teknova)

supplemented with 0.2 % glucose. Cells were then diluted and grown at 37 ◦C

for around 2 hours until they reached an OD of ∼0.2. For the experiment the

cells were immobilized for imaging on 1 % agarose pads.

In previous tracking PALM work (Stracy et al., 2015; Uphoff et al., 2013) we

have used a memory parameter of 15 ms (one frame), to allow the molecule

to disappear for 15 ms between tracks. In this work we are looking to extract

dark states that are longer than one frame. To achieve this I track molecules

with a memory parameter of 150 ms (10 frames) and a distance parameter

of 5 pixels (0.52 µm). The number of frames was chosen empirically so that it

would account for the majority of the τon ,τo f f counts and while also minimising

erroneously connecting separate molecules.

It is difficult to estimate how many molecules per second we are imag-

ing at any time, specially if blinking will over-estimate the calculation. With

no memory parameter we observe on average around 5 molecules/s (total lo-

calised molecules per cell/total imaging time) which represents one molecule

per 200 ms. In practice the density is variable and we have bursts of photo-

activation (fig. 4.2). It is possible that with a memory parameter of 150 ms

(10 frames) we may be connecting separate molecules together. For further
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Figure 4.2: Photo-activation density in one cell. In each frame the number
of localisations in a single-cell was measured and plotted in vertical axis. A
moving average window of 180 ms (12 frames) was used to smooth the data.

discussion on the memory parameter choice, the effects on this work and the

difference with in vitro characterisation (Lee et al., 2012) see section 4.6.

In the same way as described before we classify the tracks and only use

the molecules that are bound after 4 displacements or more. From an experi-

ment we extract the tracks of bound molecules with where and what times the

molecules appeared, allowing us to assess the blinking. From this data set I

extract the distributions of the number of blinks , the on, off and bleaching times

(as described in section 4.4 and shown in (as shown in fig. 4.1A)) that will allow

us to find the unknowns following previously published model (fig. 4.3A inset,

(Lee et al., 2012)).

4.4 BLINKING MODEL AND RATES

The proposed model states that once a PAFP is photo-activated, it may transi-

tion to a non-bleached dark state. This is a simplified empirical model based on

previous published work (Lee et al., 2012). It transitions from this active state

to a dark state with a rate of kd . The PAFP may recover from this state and will
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Figure 4.3: PAmCherry’s behaviour in live cells. Data extracting from track-
ing PALM of RNAP-PAmCherry. A) shows the distribution of times spent in the
active state for the RNAP-PAmCherry. A single-exponential is fit (black line) to
predict the distribution and used to extract the combined rate of transitioning
to a dark state and bleaching kd + kb. B) Shows the time spent in the dark
state with a single-exponential fit to extract the rate of recovery kr . C)Shows
the number of blinks per track with a binomial distribution fit to the data to ex-
tract η probability of transitioning to a dark state and not bleaching. D) Shows
the bleaching rate of PAmCherry and the predicted model from eq. (4.3) which
describes the curve well.

do so at a rate of kr . Finally at any time it is in the active state the PAFP can

bleach and remain in that unrecoverable state at a rate of kb (fig. 4.3A inset).

The main photo-physical characteristics of PAmCherry that are needed to de-

scribe the previous model proposed (Lee et al., 2012) are: on time (time spent

active), off time (time spent dark), number of blinks per track and bleaching

time (figs. 4.1 and 4.3).
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The extracted on times and off times distributions show a decaying prob-

ability as longer time-scales are accounted (fig. 4.3A-B, bar plots). In our

case the on and off times can be described by a single exponential (PDF =
ke−kt ,fig. 4.3A-B, black line) which was fitted by non-linear least squares

method (MATLAB lsqnonlin). Both show a good fit (using R2 > 0.9 metric) al-

though both show an underestimation bias to the data points. A double expo-

nential does not significantly improve the fits but we may be limited by how we

extract the data (see section section 4.6).

Showing the single-exponential fit to be an good model of the data, we

extract the rates at which PAmCherry recovers from a dark state (kr ) from

the off time probability distribution function (PDF) and the total rate at which

emission bleaches or transitions to a dark state (kb + kd , respectively) from

the on time PDF. To finalise the calculation we extract the kb from the number

of blinks calculated. The distribution of the number of blinks is given by a

geometric distribution of the probability to go from an active state to the dark

state given by (Lee et al., 2012):

P (Nbli nk = n) = ηn(1−η) (4.1)

where:

η= kd

kd +kb
(4.2)

In this model, η represents the probability of the transition from the active

state to the dark state instead of bleaching. The geometric distribution repre-

sents the probability of n blinks with probability of η before the first bleaching
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PAFP kd kr kb

PAmC her r y 25.60s−1 47.81s−1 4.63s−1

Table 4.1: Measured rates for PAmCherry in live E. coli

occurs. By fitting a geometric distribution equation we can obtain the value for

η and calculate the values for all three unknowns.

Using the model and the three calculated rates (kd , kr , kr ) would be able

to predict the PDF of the photo-bleaching time. From Lee et al. The following

equation should yield a good prediction of the photo-bleaching time without

any additional values to fit (Lee et al., 2012):

P (t ≤ Tbleach ≤ t +d t )

d t
= 1

1+αr
{k1e−k1t +αr k2e−k2t } (4.3)

This represents the probability distribution function that a molecule will

bleach at a time Tbl each with any amount of blinks. Where in eq. (4.3):

k1 = 1

2
{(kd +kb +kr )−

√
(kd +kb +kr )−4kbkr } (4.4a)

k2 = 1

2
{(kd +kb +kr )+

√
(kd +kb +kr )−4kbkr } (4.4b)

αr = k1(k2 −k1)

k2(kr −k1)
(4.4c)

We input the known rates into eq. (4.3) and compare with our extracted

data (fig. 4.3D, points: data, plot:black line). With a good coefficient of deter-

mination of the fit to the model, (R2 = 0.85) there is also little under- or over-

representation bias in the fit. The complete model is shown in table 4.1.
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4.5 MEMORY PARAMETER ESTIMATION

With our calculated rates it is now possible to estimate the optimum memory

parameter for counting (Lee et al., 2012). In our previous published tracking

PALM work we implemented memory parameter of 1 frame (Uphoff et al., 2013;

Stracy et al., 2015), a single-molecule may disappear for one frame and still be

connected to the same track. The density of molecules at the start of the ex-

periment is much higher than at the end when the pool of unactive PAmCherry

is much smaller. Our method does not use constant photo-activation rates be-

cause we change our photo-activation laser power throughout the experiment

(Uphoff et al., 2013) it unsure if varying photo-activation intensity affects blink-

ing (see section 4.6ref). Thus a different approach to find the optimal memory

parameter Lee et al. (2012) work is required (Lee et al., 2012).

We use the extracted rates from section 4.4 to estimate what is the best

balance between over-counting and under-counting. From the calculated rates

we can obtain the probabilities of remaining in a state and transitioning to an-

other state during the exposure time ∆T . I recreated our experimental tracks

by simulating a Hidden Markov Model (HMM; MATLAB, hmmgenerate; based

on model from fig. 4.3A). HMM is ideal to simulate blinking tracks because the

transitions only depend on the current state, that is it is memoryless. To simu-

late using HMM, I used a transition probability matrix Ti j given by the following:

T =

∣∣∣∣∣∣∣∣∣∣∣
e−kd∗∆T +e−kb∗∆T −1 1−e−kd∗∆T 1−e−kb∗∆T

1−e−kr ∗∆T e−kr ∗∆T 0

0 0 1

∣∣∣∣∣∣∣∣∣∣∣
.

The transition matrix Ti j represents the probability of transition from a state
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i to the state j . The emission probability matrix Ekl is given by:

E =

∣∣∣∣∣∣∣∣∣∣∣
0 1

1 0

1 0

∣∣∣∣∣∣∣∣∣∣∣
.

Ekl is the probability that state k emits the symbol l . In our case there are 3

states (fig. 4.3A, inset): active (state 1); dark (state 2) and bleached state(3). In

this emission matrix state 1 emits the property of a localised protein (logical 1;

fig. 4.5A, trace); state 2 and 3 emit the same property: no localisation (logical

0; fig. 4.5A, trace).

I simulate a number of molecules (Nmol ; fig. 4.5A) each in a separate trace

with 250 frames (every molecule will have bleached by then); I randomly over-

lay them on the same array with a larger number of frames (N f = 5000, fig. 4.4,

fig. 4.5A). The resulting array consists of a long binary trace of logical 1s and

0s with 5000 frames; 1 for a frame containing one or more localisations and 0

without (fig. 4.5A). Each array represents a cell and each overlaid HMM trace

a photo-activated PAmCherry. With this array we can count molecules for dif-

ferent memory parameter values and different density of photo-activation; we

asked if we could count molecules from the binary trace and if the number ex-

tracted is correct. Comparing the measured values with true amount allows a

measure of the balance of the memory parameter for optimal counting.

For each simulated density of molecules (Nmol /N f ) per binary trace a mem-

ory parameter is used to connect it (fig. 4.5A); I also extract the calculated

number of molecules (Ncount ; fig. 4.5A). We can have a measure of the error by

subtracting the number of simulated molecules with the number extracted after

correction with a memory parameter ((Ncount −Nmol )/Nmol in percent). If this

Single-Molecule Fluorescence Analysis of Transcription Factors in Living Bacteria 57



4. CHARACTERISING FLUORESCENT PROTEIN BLINKING Federico Garza de León

Figure 4.4: Simulating blinking with HMM. Each generated short binary trace
of logical 1s and 0s represent the track of a molecule. Our HMM molecule
contains 250 frames where it photo-activates, blinks, recovers and eventually
bleaches. This simulated molecule is randomly inserted, representing ran-
dom photo-activation, to a larger array of 5000 frames, which represents a
single-cell. The process continues by simulating another HMM molecule and
randomly inserted into the HMM cell until this is repeated Nmol , the number of
simulated molecules. The HMM cell is then connected with a selected mem-
ory parameter and produces Ncount , the counted number of molecules after
connecting the binary trace.

error is positive then over-counting, from the inability to connect all the tracks

successfully, is more prevalent; if it is negative then under-counting, from con-

necting two separate molecules together, is more prevalent. The density of the

binary trace (how many molecules per frames) is what determines if a certain

memory parameter will over-count or under-count the number of molecules.

For each density of molecules per binary trace we find the optimal memory

parameter, i. e. the one that minimizes the error (fig. 4.5B). For the rates

calculated from our scheme we find that the optimal choice for any density is
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Figure 4.5: Optimal memory parameter and effect with varying photo-
activation density of molecules. A) Each HMM trace containing Nmol

molecules is tracked and the numbers of tracks counted Ncount . The den-
sity of the trace is given by the number of molecules over the number of
frames Nmol /N f In B) different measures of density were simulated with dif-
ferent memory parameters. For each density the optimal memory parameter
was the one with the least deviation from the real number of molecules sim-
ulated. In C) the error percentage of each track in a given density with its
optimal memory parameter are shown (inset text: best memory parameter is
highlighted). In this case the error is the difference from the simulated num-
ber abs(Nmol −Ncount )/Nmol . In D) memory parameter of one frame (15.42 ms,
used throughout the tracking PALM work in this thesis was simulated for differ-
ent densities. The Error was calculated and denotes the optimal density for the
memory parameter. )
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between 0 ms to 60 ms. These memory parameters achieve less than ±20 %

deviations from the correct number (fig. 4.5C).

In our previous work we use a memory parameter of 1 frame (15 ms, I tested

what the error for this memory parameter would cause by varying densities

(fig. 4.5D). At low densities (0 −1 molecules/s) over-counting is very prevalent

leading to errors of between 100 −300 %. For a frame time of 15 ms in a movie

with 5000 frames, these densities represent ≤ 80 molecules per movie for a

single-cell.

We observe that the smallest error occurs at 3.5 molecules/s, it also serves

as the transition between over-counting and under-counting. Higher densities

than these lead to high under-counting eventually reaching the point where all

molecules are connected into one track.

4.6 DISCUSSION

Our results show that, for our experiments, PAmCherry blinks on average 4

times more on average than mEos2 and 27 times more than Dendra2 when

compared to the in vitro work (Lee et al., 2012). PAmCherry rates of transi-

tioning to a dark state are 3 and 8 times higher than mEos2 and Dendra2, two

other PAFPs used for counting or tracking PALM, but in contrast the rate of re-

covery from the dark state is 3 times faster in PAmCherry. PAmCherry shows

the slowest rate of bleaching of the three, being 1.2x slower than mEos2 and

3.5x slower than Dendra2. It is unsure if these differences in photo-physics

arise from our work being done in live cells instead of in vitro; Lee et al. (2012)

apply their technique in an in vivo case as proof of principle but don’t show

differences in the rates between them.
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We also consider that our experiment is optimised for tracking molecules

and not counting. Because of cellular background we may also have worse

signal-to-noise than the in vitro work; this may affect tracks where dimness

of PAmCherry may appear as a "blink" in a single-frame. In any case we are

characterising our tracking PALM experiment and we think in vivo rates will be

more relevant for future experiments.

Recognizing that the differences for in vitro experiments of mEos2 and Den-

dra2, with our in vivo work with PAmCherry, if we compare both rates my work

shows that PAmCherry is the best for tracking PALM because it bleaches the

slowest of the three. Although it blinks a larger amount of times, the recovery

rates are fast and implementing a correction for over- and under-counting a

memory parameter of under 60 ms corrects a large amount of the error.

A major difference in our recovery rates is that we fit a single-exponential

to extract one rate kr , while Lee et al. (2012) extract a second slower rate.

We are unable to quantify such recovery times because of the difference in

experimental approach, whilst in the in vitro work all molecules are spatially

separated, in our case we are unable to guarantee this. Thus to connect tracks

that remain in the dark state would probably connect different molecules into

1 track. In the in vitro work the second exponential has a mean of 2 s whilst in

our method we only calculate τo f f data up-to 0.15 s.

Another work studied PAmCherry in vivo using the human glycine receptor

as a nano-template in Xenopus oocytes (Durisic and Laparra-Cuervo, 2014).

The receptor is used as a nanotemplate because it stabilises in the oocyte

membrane for several minutes and has a known stoichiometry. In that work

they reported that 15 % of PAmCherry fused to a subunit of the receptor blinked

and that on average it blinked once. This differs from our work where we ob-
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Figure 4.6: The effects of corrections on bound molecules. In A) there
is one bound molecule corresponding to the track. In B) we see that for an
identical track that has blinked for a frame, the number of bound molecules
are doubled. If the blink is long enough and the on times are too small for the
diffusive behaviour to be classified, there will be no bound positions. If these
tracks are stitched together correctly they should all yield the same result within
the localisation error. D) shows the results before connecting the tracks and E)
shows after the corrections
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serve PAmCherry blinking 5 times per track. This may be due to the differences

in the experiment. Whilst the Durisic and Laparra-Cuervo (2014) work is op-

timised for counting PALM, imaging at 50 ms, we optimise our experiment for

tracking PALM 15 ms. We may be seeing blinking that is averaged in a count-

ing PALM experiment. Also the effect of photo-activation on the blinking rates

needs to be further studied.

The technique described in this chapter is a limited approach for applica-

tions of PALM that track moving molecules. Balancing out under- and over-

counting may work for counting proteins, but connecting two molecules diffu-

sive properties will be detrimental for diffusion work. Spatial distribution of the

mean positions of tracks will be affected too. If a track does not blink then the

mean positions of bound molecules will be estimated as correctly as possi-

ble (fig. 4.6A). But if the track blinks then it may be split into two mean posi-

tions (fig. 4.6B), or failed to be counted completely for having too short tracks

(fig. 4.6C). Even if the blinking cases would be connected with a memory pa-

rameter, the resulting mean position may deviate from the true position. In any

case using a memory parameter to connect tracks has a dramatic effects on

the number of mean positions (fig. 4.6E). Because of this it is recommended

for spatial distribution to work with localisations and not mean positions.

In addition, this work may show some limitations. Recent work has shown

that PAmCherry may dimerise and cause clustering artefacts (Wang et al.,

2014), it is possible that this additional artefact may affect our approach. The

best approach for this experiment would be to use the least dense photo-

activation possible, this way higher memory parameters would not affect the

rate equations. In addition a feedback loop to keep a constant rate of photo-

activation would be necessary.

Single-Molecule Fluorescence Analysis of Transcription Factors in Living Bacteria 63



4. CHARACTERISING FLUORESCENT PROTEIN BLINKING Federico Garza de León

4.7 CONCLUSIONS

We show our efforts into using our current datasets to characterise the photo-

physical behaviour of PAmCherry in a manner that can be replicated for other

fluorescent proteins. I also discussed the effect on the mean tracks positions

by correcting using a memory parameter.

The rates I extracted apply for our datasets and can help us understand the

behaviour of PAFPs and how to use them in tracking PALM. It may not be the

case that the rates we found can be generalised for other experiments. Each

experiment design and PAFPs needs to be characterised and analysed, in this

work we further build a framework to achieve this. We optimise our experiments

depending on the required imaging speed and spatial resolution. For this rea-

son the rates of photo-induced processes (activation, blinking, bleaching) will

differ. Here we showed an example case and decided a general strategy that

can be followed to optimise in vivo experiments.

The fact is that there is still not a clear strategy towards characterising

photo-activatable proteins in vivo in E. coli , we believe this is anadditional ap-

proach towards making tracking PALM the gold standard in protein counting

and tracking in live cells.
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In this chapter I image three TFs with tracking PALM, achieving sub-diffraction

spatial and diffusion distribution. I also observe that there may be an inher-

ent amount of background for a tracking PALM experiment. Because most

TFs exist in less than 100 copy numbers per cell, the background may not be

negligible. I characterise the background and extract positional and mobility

information of the TFs.

5.1 INTRODUCTION: IMAGING THE lac REPRESSOR

TFs control the expression of genes by binding to specific sites in DNA and

repressing or activating transcription in response to stimuli. The lac repressor

(LacI) is a well characterised TF that regulates the ability of bacterial cells to

uptake and metabolise lactose. In the absence of lactose, LacI specifically
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binds a specific control region in DNA (the lac operator) and blocks transcrip-

tion of the lac operon, thus repressing the genes for lactose utilisation. In

the presence of lactose, LacI binds to allolactose (a metabolic intermediate of

lactose) and shows markedly reduced affinity for its operator (Lewis, 2005).

Having a full understanding of gene regulation and its control elements can

aid systems biology efforts to create models of larger systems. Furthermore,

understanding control systems based on TFs will increase the knowledge on

the available toolboxes for synthetic gene expression. TFs can also be a tool

for imaging, as has been shown with the use of FROS to tag chromosomal

locations (Lau et al., 2004; Robinett et al., 1996). Since LacI is one of the

best characterised DNA-binding proteins and serves as an excellent model

system, further research into its intracellular mobility, molecular interactions,

and subcellular distribution of LacI should advance our understanding of many

other DNA-binding proteins.

The mechanism by which LacI finds its target operator (21 bp) among the

huge amount of non-specific chromosomal DNA (∼4.5 Mbp for E. coli) has

been studied extensively (Riggs et al., 1970; Wang et al., 1977; Redding and

Greene, 2013; Elf et al., 2007; Wang et al., 2006, 2005). Initial biochemical

work showed that LacI binds to its specific site at rates faster than what is

expected from pure 3D diffusion (Riggs et al., 1970); such results led to the

proposal of target location through facilitated diffusion, whereby DNA-binding

proteins utilise a combination of 3D diffusion, non-specific DNA binding, and

1D sliding on DNA to locate their target swiftly. More recently, single-molecule

studies, both in vitro and in vivo, have provided strong support for the facilitated

diffusion model. Recently in vitro studies have shown that LacI can bind and

slide on DNA with 1D diffusion constants mean of 0.021 µm2 s−1 (Wang et al.,
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2006, 2005). However, such techniques stretch out DNA from its native form,

ignoring any effects of DNA deformation and bending on LacI sliding; further,

sliding also depends on salt concentrations and buffer conditions used in vitro,

which cannot replicate the environment encountered in living cells.

Single-molecule measurements in single living cells can address many of

the limitations of in vitro work, since such measurements go beyond the en-

semble averaging of cell populations, retain molecular resolution, and uncover

any cell-to-cell heterogeneity (Mueller et al., 2013). Recent experiments have

examined the behaviour of single fluorescently labeled LacI molecules inside

live E. coli cells. Using strains with artificially low copy numbers (∼7 monomers

per lacI gene), it became possible to track single LacI molecules in live E. coli

((Elf et al., 2007; Hammar et al., 2012, 2014), and determine the effective dif-

fusion coefficient of non-specific binding 0.4 µm2 s−1. These results, coupled

with measurements of 1D diffusion coefficients in vitro 0.046 µm2 s−1, led to

the estimate that LacI spends ∼87% of its time non-specifically bound to DNA

(Elf et al., 2007), where it slides for an average of ∼45 bp (Hammar et al.,

2012). However, to date, no such work has been done on strains with the

native LacI copy numbers (40 monomers, see Gilbert and Muller-Hill (1966)).

In addition to diffusion, the spatial distribution of LacI is also relevant to

target location, since any LacI concentration gradients will influence the target

search times, and the status of repression (Kuhlman and Cox, 2012; Pulkkinen

and Metzler, 2013; Kuhlman and Cox, 2013). Previous work (Kuhlman and

Cox, 2012) using fixed cells showed that the subcellular spatial distribution of

LacI is non-uniform and it depends on growth rates and the position of the

transcribing gene. In contrast, live cell work showed that LacI does not main-

tain high local concentrations (Hammar et al., 2014); as a result, it is currently
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unclear whether LacI is uniformly distributed in the cell.

Here, we study the LacI intracellular mobility and spatial distribution of LacI

in live bacteria using photoactivation localisation microscopy (PALM) combined

with single-particle tracking (hereafter, tracking PALM) (Subach et al., 2009;

Stracy et al., 2014). Since we track single LacI molecules in live cells by

stochastically photo-activating and observing fluorescent proteins individually,

we have no limitations in the copy number of the protein under study; as a

result, we were able to study the behaviour of LacI in bacterial strains that con-

tain the natural copy numbers for LacI, as well as much higher copy numbers

due to lacI over expression. Our results allowed us to determine the relative

abundance of specific, near-specific, and non-specific DNA binding modes of

lacI in vivo, showing that all these modes are operational in cells. Further, we

examined the spatial distribution of LacI in live cells, confirming that its specific

binding is indeed to lac operator regions on the chromosome; we also showed

that the mobile LacI is exploring the bacterial nucleoid, in a way similar to other

DNA-binding proteins. Finally, our work provides procedures and recommen-

dations for applying tracking PALM to studies of low copy number proteins in

living bacteria, and shows that minimal FROS markers of down to 6 operators

are detectable using tracking PALM.

5.2 RESULTS

5.2.1 Diffusion analysis of single LacI molecules using

tracking PALM

. In E. coli , tracking PALM has been used to analyse several processes in

vivo related to nucleic acid metabolism, such as stringent response (English
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et al., 2011), DNA repair (Uphoff et al., 2013) and gene transcription (Stracy

et al., 2015). All three processes were studied using tracking of proteins that

are present in high copy numbers (100-10,000) in each cell. Here, we apply

tracking PALM to the study of lacI, a transcriptional repressor that has low

copy numbers in each cell (∼40 monomers /cell). Since lacI has a well-studied

function and intracellular mobility, it is ideal as a model protein for establishing

methods for studying transcription factors with low-to-moderate copy numbers

per cell (10-100 monomers); indeed, many TFs in bacteria fall in this range of

copy numbers

To draw a parallel to the copy numbers in previous studies and to gain more

statistical information per cell, we first studied cells with a high copy number

for LacI. Specifically, we over expressed LacI from a lac gene placed on a

plasmid and regulated by two lac operators; over expression was achieved by

growing cells in the presence of 1 mM Isopropyl β-D-1-thiogalactopyranoside

(IPTG), a mimic of allolactose that binds LacI and prevents specific binding to

the operator. To study the intracellular mobility of LacI under conditions where it

is capable of specifically binding DNA we diluted the cells grown at 1 mM IPTG.

They were diluted to a final concentration of 10 µM) IPTG and added 1 mM 2-

Nitrophenyl β-D-galactopyranoside (ONPG), which out-competes IPTG, binds

LacI, and restores specific DNA binding of LacI to operator regions, as well as

to any near-operator sites present in the bacterial chromosome.

To perform tracking-PALM experiments on LacI, the repressor carried a C-

terminal fusion with PAmCherry (Subach et al., 2009), a photoactivatable flu-

orescent protein that emits in the red spectrum. As with GFP-derivatives fu-

sions with LacI (Elf et al., 2007), LacI-PAmCherry binds to a single operator

as a dimer (and not a tetramer, as in the case of wild-type LacI). Using pho-
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toactivatable proteins, we are able to localise and track a single protein with

up to ∼40 nm spatial precision(Uphoff et al., 2013; Stracy et al., 2015). After

starting with a pool of inactive LacI-PAmCherry (fig. 3.9A), photoactivation us-

ing a 405-nm laser (0-0.25 W cm−2) and readout using a (184 W cm−2 561-nm

laser allowed us to observe and track a single LacI protein until it bleaches

(fig. 3.9B), with every frame (15 ms exposure) yielding a localisation (fig. 5.1A,

fig. 3.9C). This series of steps was repeated stochastically until the entire pool

of PAmCherry was tracked (fig. 5.1B; fig. 3.9D). To implement tracking PALM,

the density of observable LacI-PAmCherry in the cell must be low, preferably a

single photoactivated protein per cell; this is achieved by regulating the power

of the 405-nm photoactivation laser to control the photo-activation rate in order

to meet the required density.

To measure the intracellular mobility of LacI mobility, we used the mean

squared displacements of the tracked localisations to calculate the apparent

diffusion coefficient (D*) of each track that contains 4 steps or more (5 locali-

sations) (Uphoff et al., 2013). The larger the amount of steps the less spread

on the D* distribution, that is the error on D* depends on the number of steps

analysed and its distribution is given by the gamma distribution. Because fluo-

rescent proteins bleach quickly in tracking PALM experiments, we are only able

to collect on average ∼3.5 localisations per track; using 5 localisations allows

us to classify as much tracks as possible as best as possible. If the track is

longer than 5 localisations we only use the first 4 steps to analyse its diffusion.

The D* distribution in the +ONPG sample is wide (with most values ranging

from 0 to 1 µm2 s−1) and resembles a normal distribution with a long tail at

higher D* values (fig. 5.1C). Considering that the chosen tracks contains 4

steps (which are equivalent to four independent and exponentially distributed
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Figure 5.1: Single-molecule tracking of over expressed LacI-PAmCherry
and LacIMut-PAmCherry. We use tracking PALM to observe single LacIs by
photo-activating, exciting and bleaching PAmCherry with 15 ms exposure. A)
shows an example cell and its localisation, B) the resulting tracks with 4 or
more steps that can be classified as bound (red) and mobile (blue) by thresh-
olding of their apparent diffusion (D*). In C) we show the D* histogram for the
LacI without the DNA binding domain fit with two gamma distributions at D* =
0.11 µm2 s−1 and D* = 1.1 µm2 s−1. Addition of 1mM IPTG, shown in E), does
not change the behaviour. D) Contains the full length LacI with ONPG to out
compete IPTG used to over express the LacI. When IPTG is added F), the lac
repressor has a larger D*.

variables), we tried to fit the D* distribution to a single gamma distribution for

four such steps (fig. 5.2); despite the fact that the distribution is asymmetric

and has a tailing trend, a single gamma distribution does not fit well to the D*

distribution.

However, the result above was not surprising considering the DNA-binding
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Figure 5.2: Single fits for Plasmid LacI with ONPG and IPTG. Single fits for
the histograms shown in fig. 5.1.

properties of LacI, which dictate that a fraction of molecules is expected to bind

to DNA within the average tracked window (75 ms). We then fit the D* distri-

bution to two gamma distributions (fig. 5.1C, red and green dashed line fits):

a constrained bound fraction with a gamma distribution with a mean of D* =

0.11 µm2 s−1 (red dashed line; representing PAmCherry-tagged proteins bound

to DNA, and extracted using DNA Polymerase I and RNA Polymerase samples

(Stracy et al., 2015)), and a freely fit gamma distribution which corresponds to

the mobile fraction of LacI (green dashed line; note that the width of the bound

and mobile fit differ because the width depends on the mean of the distribu-

tion, with lower D* corresponding to a smaller width). This approach improves

the quality of the fit substantially, although there are still deviations (possibly

because there are more than 2 mobile species represented in the D* distri-
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bution); the bound population accounts for ∼20% of the molecules, whereas

∼80% has a mean D* of ∼ 0.4 µm2 s−1. The latter D* is much lower than ex-

pected from free and unconstrained LacI diffusion in the cytoplasm (previously

reported at 3.0 µm2 s−1), consistent with expectations that the mobile species

spends considerable time non-specifically and transiently bound to DNA (Elf

et al., 2007).

To study LacI mobility in the presence of its inducer (IPTG), which is ex-

pected to abolish its specific and near-specific DNA binding modes of LacI,

we examined cells grown and imaged in 1 mM IPTG using tracking PALM

(fig. 5.1D). The D* distribution is now wider (covering a range of 0 µm2 s−1

- 1.5 µm2 s−1), with the mean increasing significantly compared to the +ONPG

sample (0.35 vs 0.2, respectively). Using the two-distribution fitting approach,

we see that the mobile fraction (green dashed line) increased significantly, both

in terms of fraction (∼90% vs ∼80% in the +ONPG sample), and in terms of

diffusion coefficient (∼ 0.53 µm2 s−1 versus ∼ 0.4 µm2 s−1 in the +ONPG sam-

ple).

To explore further the influence of non-specific DNA binding of LacI on its

diffusion profile in live cells, we examined a LacI derivative where its DNA-

binding domain (removing 41 amino acids from the N-terminal) has been re-

moved; for this mutant LacI (hereafter, LacIMut), all specific, near-specific and

non-specific binding modes should be non-operational. Indeed, the removal

of the DNA-binding domain leads to a striking change in the D* distribution

under +ONPG conditions (fig. 5.1E), with the LacI mobility increasing substan-

tially. Specifically, we observe a large increase in the mean of the mobile frac-

tion, with the D* reaching 1.1 µm2 s−1 (fig. 5.1E, green dashed line; compare

with the ∼ 0.4 µm2 s−1 observed for the full-length LacI). This D* value is in
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good agreement to previously reported diffusion coefficient for LacI without

its DNA-binding domain (converting D* to D through simulations we find D =

3.0 µm2 s−1 as previously reported (Elf et al., 2007)). Interestingly, although the

LacIMut should be entirely mobile, ∼8% of tracks appear to remain bound.

Addition of IPTG (fig. 5.1F) to the cells expressing LacIMut are not expected

to show any significant change, since IPTG does not bind to the mutant deriva-

tive. Indeed, IPTG addition does not change significantly either the bound/mo-

bile distribution, or the mobility of the mobile fraction.

5.2.2 The sub-cellular distribution of LacI in living E. coli

Since our single-molecule localisations provide the location of LacI molecules

in the cell with up to 40 nm precision, we are able to re-construct the spatial dis-

tribution of LacI from the localisations (fig. 5.1A). Further, to monitor the spatial

distribution of the bound molecules separately from the mobile molecules, we

sort our tracks into ones that belong to either bound or mobile molecules by

using a threshold of 0.15 µm2 s−1 (Uphoff et al., 2013) (Stracy et al., 2015).

We reconstruct the probability density of LacI’s spatial distribution by binning

and then collapsing the LacI localisations along the short axis of cells, normal-

ising for cell width (fig. 5.3; see also (Stracy et al., 2015)). If a protein covers

the entire volume of the cell equally, the localisation probability along the short

axis is expected to resembles a dome (fig. 5.3, black dashed line), since there

is a higher probability for molecules of that protein to be in the mid cell region

due to the approximate cylindrical geometry of E. coli cells.

For LacI with all of its DNA-binding activities intact (+ONPG conditions;

fig. 5.3A), the mobile fraction differs from the uniform distribution. As with RNA

polymerase and nucleoid-associated protein HU (Stracy et al., 2015), mobile
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Figure 5.3: Spatial distribution of the localisation along the short cell axis.
The short axis distribution of the molecules is measured with −1 and 1 repre-
senting the cell membrane in the normalised distance. Because of their single
nucleoid, between 1.5 µm and 2.5 µm long were used to generate the plots.
Error bars represent the error of a Poisson distribution (+/- normalised

p
N , N

being the bin count number).
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LacI tracks (∼80% of tracks) do not distribute uniformly; instead, they follow

the bacterial nucleoid (fig. 5.3A, blue line), where most of chromosomal DNA

is concentrated, likely due to constant and transient non-specific DNA binding.

The bound fraction (∼20% of tracks; red line, Fig. 2A) also matches the spatial

profile of the mobile population, and follows the distribution dictated by the nu-

cleoid. Under conditions where the specific and near-specific DNA binding is

abolished (+IPTG condition; fig. 5.3B), the mobile population (∼90% of tracks)

also follows the nucleoid; this result is consistent with the non-specific DNA

binding mode dictating the localisation pattern of LacI on the nucleoid (as in

the case of RNAP and HU; Stracy et al. (2015)). However, unlike the previous

cases, the bound population (∼10% of tracks) shows a probability density that

differs from what is expected from either nucleoid binding or a uniform distribu-

tion; instead, bound molecules appear to be excluded from the nucleoid (red

line, fig. 5.3B).

To dissect further the role of all DNA-binding on the spatial distribution of

LacI, we examined the LacIMut spatial profile. Surprisingly, the mobile frac-

tion under either -IPTG and +IPTG conditions (∼90% of tracks) still showed a

nucleoid-specific localisation (fig. 5.3C and fig. 5.3D, blue curves), even though

LacI cannot bind DNA either specifically or non-specifically; these results im-

ply that there are factors additional to DNA binding that result in an apparent

co-localisation with the nucleoid (see Discussion section 5.3). The bound frac-

tion (which is not as well sampled as the mobile fraction due to its low fraction)

shows some exclusion from the nucleoid under +ONPG conditions, which is

largely abolished upon IPTG addition
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5.2.3 Auto-fluorescent species in E. coli

In control experiments with E. coli strains, both in this work, as well as in work

related to electroporated molecules (Crawford et al., 2013), we did observe that

cells lacking genes for photoactivatable FPs ("autofluorescence control cells")

still carry autofluorescent particles. When we image such cells, we first expose

them to the excitation laser (561 nm) to bleach any background generated be-

fore we turn on the photoactivation laser (405 nm); although most background

bleaches using this protocol, we have noticed that photo-activation is associ-

ated with activation of auto-fluorescent species in the sample.

To account for autofluorescent species that may add noise to our D* dis-

tribution and to the spatial distribution of localisations, we tracked autofluores-

cent molecules (or particles) in autofluorescence control cells. Tracking-PALM

studies in such cells grown in media without IPTG generated several autofluo-

rescent tracks (fig. 5.4) that appear immobile; they result in a narrow D* distri-

bution (fig. 5.4A), described by a single gamma distribution with a mean D* of

0.067 µm2 s−1. This value is lower than the 0.11 µm2 s−1 obtained for immo-

bile DNA-binding proteins (Stracy et al., 2015), and not due to differences in

brightness of the autofluorescent localisations (fig. 5.6); this would effectively

reduce or increase the localisation error of the fit and the apparent D* for an

immobile species. Although the presence of autofluorescent localisations will

be more important for experiments with low copy number proteins (which is

not the case for over expressed LacI), it is likely that these localisations also

influenced the quality of the fit in (5.1), since the D* distribution for the bound

molecules has contributions both from bound LacI molecules and autofluores-

cent particles. We also examined the spatial distribution of the bound tracks,

which appear to be distributing rather uniformly, and show a large amount of
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Figure 5.4: WT cells with no fluorescent proteins. A-B) shows the D* of the
background localisations found for WT cells without and with IPTG, in the inset
of the figures the spatial distribution of the background is shown. C-D) Spatial
distribution of the localisation along the short cell axis.

cell-to-cell variability (fig. 5.4C,D).

To examine whether IPTG addition has an effect on the population of aut-

ofluorescent particles, we also studied autofluorescence control cells in the

presence of IPTG (fig. 5.4B). Addition of IPTG increased the number of aut-

ofluorescent tracks (fig. 5.6), which reached values that need to be considered

carefully for low copy number proteins, such as LacI (with 40 monomers per

cell in wild-type cells). Regarding the mobility of tracks, we observed a profile
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Figure 5.5: Copy numbers per cell length. In A) the copy numbers of the LacI
expressed from a plasmid are shown. In B) the copy numbers for the wild-type
cells are shown. In C) the copy numbers for the genomically modified strains
are shown. Error bars are the standard error of the mean.

Single-Molecule Fluorescence Analysis of Transcription Factors in Living Bacteria 79



5. TRACKING SLOW AND LOW COPY NUMBER PROTEINS IN LIVE CELLS USING THE
LAC REPRESSOR Federico Garza de León

Figure 5.6: Counts from the localisations for each experiment. A 7 by 7
pixel window is used to fit a 2D Gaussian and the total number of counts under
the area of the Gaussian calculated.

similar to the case without IPTG, albeit the D* distribution was slightly wider,

and the immobile particles tended to be excluded from the nucleoid (fig. 5.4B,

inset).

5.2.4 The in vivo diffusion profile of LacI expressed at na-

tive copy numbers

We then measured the LacI mobility and spatial distribution in two E. coli

strains carrying wild-type copy numbers for LacI, both strains have a chro-

mosomal copy of full-length LacI fused to PAmCherry (and carry no plasmid

for LacI over expression). In both strains, the wild-type operators (lacO1, O2,

and O3) have been deleted (fig. 5.7, fig. 5.2). The first strain (named 6xlacO)

has six proximal consensus LacI operators (a 21-bp DNA sequence) within a

194-bp DNA segment (fig. 5.8); the second strain (named NolacO) contains

80 Single-Molecule Fluorescence Analysis of Transcription Factors in Living Bacteria



Federico Garza de León 5.2. Results

Figure 5.7: Native copy numbers with tandem operators 6xlacO and all
operators removed NolacO. We tracked LacI-PAmCherry with and without a
1mM IPTG treatment using the 6xlacO and NolacO strains in live cells. A- D)
diffusive behaviour from the calculated apparent diffusion of each track and
displayed as the outline of the histogram of all the tracks with the spatial distri-
bution of each as a inset. .

no lac operators. The strains allow us to observe an exaggerated amount of

LacI binding to operators (up to 12 monomers, all of high affinity) compared to

wild-type (6 monomers, with differing affinities).

We first tracked LacI in the 6xlacO strain in the absence of IPTG; in this

case, all DNA binding modes are operational, a fact that should lead to re-

duced mobility for the many LacI molecules. Consistent with this expectation,

we observed that ∼50% of the tracks are bound (Fig. fig. 5.7A); further, the mo-

bility of the mobile fraction (as reflected in its D* distribution) is very similar to
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Figure 5.8: 6xlacO and NolacO strains description.In 6xlacO, 6 tandem lac
operators are inserted into the genome and the native operators removed. In
NolacO there are no operators in the genome.

that from the overexpressed sample ( 0.39 µm2 s−1 vs. 0.41 µm2 s−1, respec-

tively). We also examined the spatial distribution of localisations; due to the low

copy number of LacI in these cells (fig. 5.6), the distribution was more noisy

than in the case of over expressed LacI. The mobile distribution (fig. 5.7A,

inset) resembles that observed for the over-expressed LacI, i.e., preferential

localisation within the bacterial nucleoid. By contrast, the bound localisations

showed a preference for the nucleoid periphery, and are less abundant in the

central region. We also examined the effect of IPTG addition to the 6xlacO

strain, which is expected to lose the LacI molecules that bind to the 6 tan-

dem operators, and therefore display decreased LacI binding. Consistent with

expectations, the proportion of bound tracks decreased to from 49% to 42%

which indicates that there is still non-specific binding (fig. 5.7B); the increased

mobile fraction still showed mobility (with a mean D* of 0.39) that matched that

of the mobile fraction in 6xlacO in the absence of IPTG, as well as in the case

of LacI over expressed from a plasmid in the presence of ONPG. The mobile
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fraction once again matched the nucleoid spatial distribution, whilst the bound

fraction seems to be uniformly distributed throughout the cell.

To further study the modes of LacI binding in vivo, we examined the NolacO

strain, which contain no operators. When LacI has no operators and IPTG is

absent, it can still bind non-operator DNA, such as near-specific sequences

which may exist at various chromosomal loci, as well as non-specific DNA;

however, specific binding such as the one anticipated for the 6xlacO strain

will not be present. Consistent with this, there is a decrease in the propor-

tion of bound tracks (from ∼50% for the 6xlacO strain without IPTG, to ∼35%

for the NolacO strain without IPTG), although there is little change in spatial

localisation; further, the mobile fraction is very similar in mobility and spatial

localisation to that seen for the 6xlacO strain.

Finally, we examined how the LacI profile in NolacO is affected by IPTG,

which is expected to remove all specific and near-specific binding, and reduce

non-specific binding (Marklund et al., 2013). Indeed, IPTG addition (fig. 5.7D)

reduces the bound fraction to ∼30%, and shows localisations that imply some

exclusion from the nucleoid; however, at these low copy numbers, the pres-

ence of autofluorescent background species may skew the data. The mo-

bile fraction shows a mobility that is essentially identical to the three previous

cases, reinforcing the conclusion that the mobility of the LacI species reflects a

combination of 3D diffusion interrupted by non-specific binding to the bacterial

nucleoid.
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Figure 5.9: 6xlacO strain with 20 Mal operators description.

5.2.5 Bound LacI associated with the expected chromoso-

mal locus

To ensure that the bound molecules associate with the desired chromosomal

location, and to examine the presence of any LacI concentration gradient in

living E. coli , we examined the location of the LacI molecules relative to the

actual location of the six lacO operators within the cell. It has been possible in

the past to image small FROS on this scale (Hensel et al., 2013; Wang et al.,

2011). To label the chromosomal position of the 6xlacO tandem operators,

we constructed a strain that carries a FROS (Lau et al., 2004; Robinett et al.,

1996) marker based on MalI (fig. 5.9), which is another transcriptional repres-

sor protein involved in the regulation of maltose. We placed 20 MalI operator

sites near the six lac operators (with the boundaries of the two tandem operator

systems separated by 17 bp; fig. 5.9) and expressed MalI-GFP from a plasmid;

binding of the MalI molecules to their operators forms a single fluorescent spot

per labelled genetic region, allowing us to check the number of copies and the

location of these genes in individual E. coli cells. We imaged the GFP with

a 473-nm laser line(115 W cm−2 If LacI molecules bind to the 6xlacO opera-

tors, the LacI localisations will cluster near the FROS marker; further, the LacI

clustering should disappear upon IPTG treatment.

After imaging the FROS foci to obtain the sub-cellular position of the 6xlacO
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sequence (fig. 5.10A), and subsequent tracking PALM on LacI-PAmCherry on

the same cells, we noticed that, as expected, many LacI localisations were

found very close to the FROS marker in the absence of IPTG (fig. 5.10B). To

quantify the LacI clustering relative to its operator sites, we applied the radial

distribution function analysis g(r) (Sengupta et al., 2011)(Veatch et al., 2012)

to our PALM data. For each cell, the distance between the FROS marker and

all LacI localisations is determined. To account for the geometry of E. colicells,

we generated simulated random localisations within the cell (using a uniform

molecular density in the cell) and determined the distances of the localisations

to the LacO sites. The radial distribution is calculated as the ratio of experimen-

tally acquired distances to the simulated distances. Thus, randomly distributed

data yield a g(r) of 1, while clustered data yields g(r) values > 1.

Using radial distribution functions for the 6xlacO strain (fig. 5.10C), we find

that the LacI localisation exhibits non-random behavior in both untreated and

IPTG-treated cells. In untreated cells, we find that the probability of finding

LacI near its operators (blue line, Figure fig. 5.10C) is up to 16-fold higher

than what would be expected for a simulated random distribution (black line,

fig. 5.10C), clearly indicating LacI specifically binds to its tandem operators. In

contrast, in IPTG-treated cells, this probability is only slightly higher (red line,

fig. 5.10C). Treating the cells with IPTG makes it 4× more probable to find LacI

molecules within 200 nm of the operator sites. The LacI in cells without IPTG

were 11× more probable to be found on a radius of 200 nm of the FROS po-

sition (indicated in green in fig. 5.10B), whilst in the treated cells this was only

2.7× more probable. Using the colocalisation from the radial distribution func-

tion (200 nm), we counted the number of molecules that are within a certain

distance from the FROS marker (fig. 5.5). This shows that there are, on av-
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Figure 5.10: Clustering of LacI-PAmCherry near the FROS marker. We use
pair correlation to determine the clustering of the LacI near its binding site by
tagging the gene with a 20 tandem operators of MalI. To label the operators,
MalI-GFP is expressed from a plasmid. In A) the clustered localisations will
have a radial distribution g(r) higher than 1. If it is unclustered and randomly
distributed in the volume of the cell it will lead to a g(r) that is close to 1. In
B) Experimental data of the FROS marker is shown along with the identified
localisations of the LacI-PAmCherry. In C) the radial distribution function are
shown for the 6xlacO strain with and without treatment of IPTG. The black line
plot that is close to g(r) = 1 are random simulated positions with the same num-
ber of localisation from the real data found in the cells. In D) the localisations
for a different cell are shown on the top image and the results from the clus-
tering algorithm (clusters of different colors, red cross is the localisation of the
FROS marker). E) Shows the fractions of the clusters that are successfully
colocalised to a FROS localisation.
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Figure 5.11: Number of LacI monomers relative to FROS position. On
average, 5.8 monomers of LacI related to the FROS marker in absence of
IPTG to a distance of 200 nm (blue line). In the presence of IPTG this number
decreases to 3.0 for a distance of 200 nm (red line).

erage, 5.8 monomers of LacI related to the FROS marker in absence of IPTG

(fig. 5.11, blue line). In the presence of IPTG this number decreases to 3.0

(fig. 5.11, red line).

We also tested the ability of using native copy numbers to identify operator

regions. In a typical FROS experiment, free diffusing proteins are blurred and

a cluster of bound proteins can be localised. In our case we can detect all

molecules, free or bound; we wish to test the ability of identifying the tandem

operators’ position with clustering algorithms. The raw localisation as depicted

in the upper cell in fig. 5.10D can be clustered into the red cluster depicted in
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the lower cell. Once clustered, we colocalise the position of the cluster with the

nearest FROS marker using the 200 nm threshold. We calculate what fractions

of the clusters colocalise with a FROS with and without IPTG (fig. 5.10E). We

find that without IPTG almost 60% of the clusters colocalise to a FROS posi-

tion. Surprisingly around 30% of clusters colocalise to a FROS with addition of

IPTG even though LacI loses the ability to bind the operators in this case.

5.3 DISCUSSION

Many transcription factors exist and work in the cell in low to medium copy num-

bers (1-100 monomers). PALM is one of the best methods to elucidate their

activity and spatial distribution in vivo. In this work we applied tracking PALM

to LacI to probe the technique on a low-copy number DNA-binding protein. We

calculated the D* profile and found that its distribution differs between treat-

ment (+/- IPTG, fig. 5.1,4), LacI condition (LacIMut, over expressed LacI and

LacI, fig. 5.1,4) and presence/absence of specific binding sites (WT, 6xlacO,

NolacO, fig. 5.1,3-4). We also found that fluorescent background species that

photo-activate can have a significant effect on low-copy number diffusion and

spatial distribution (fig. 5.4). In addition we successfully showed colocalisa-

tion LacI to tandem operators by using FROS to image the chromosomal locus

(fig. 5.10). With this we were able to probe the efficiency of identifying a tagged

chromosomal locus purely from tracking PALM data.

5.3.1 LacI Diffusion

Our work on LacI is consistent with much of the previous live cell single-

molecule work has shown in the past: LacI searches operators by facilitated

diffusion. Our tracking PALM work shows that whilst LacI without its DNA-
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binding domain has a fast diffusion (∼ 3.0 µm2 s−1) the full-length repressor’s

diffusion is reduced and the affinity towards DNA is shown with spatial bias to-

wards the nucleoid. We also found that near-specific binding has a large effect

when LacI is uninduced; this would affect current search times published which

were estimated with LacI induced with IPTG. The decreased affinity of induced

LacI towards non-specific DNA has been shown in the past (Marklund et al.,

2013) which suggests that uninduced LacI may spend, on average, more than

the ∼5 ms bound to DNA. We estimate that LacI bound to IPTG spends 5%

less time on DNA on average than the unbound LacI (+IPTG 82%, -IPTG 87%;

Deff = (1 - f)Dfree).

5.3.2 Spatial Distribution

In addition to the diffusion work, we observe the spatial distribution of LacI

and show the bias that LacI has towards the nucleoid, as has been previously

observed (Kuhlman and Cox, 2012). We also found that LacIMut’s short axis

distribution seemed to follow the nucleoid shape but upon further examination

of the long-axis distribution we found that LacIMut does not follow the double

nucleoid shape as does LacI (fig. 5.12). We discard that LacI has any inter-

action with the nucleoid at this time-scale and that the bias may be due to our

exposure time relative to the fast diffusion. At this time-scale, LacIMut may

diffuse a large distance and the point-spread function will be biased toward the

center of the cell because of the cell wall acting as a border. This will also

bias the localisation of the point spread function towards the center of the cell.

In addition we also found that bound molecules contain a large bias towards

the edges of the cell which can partially be contributed by background fluores-

cence.
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Figure 5.12: Sub-diffraction positions of LacI. All cells from a with lengths
2.5 µm to 3.5 µm are normalised and their positions aggregated. Mobile
molecules are shown in blue and bound in red. I overlay both top cells for
a combined imagine and the bottom cell is the subtraction of the mobile and
the bound to show the number of bound molecules at the edges of the cell.

5.3.3 Challenges with low to moderate copy numbers

Working with low (1-5 monomers) to moderate (5-100 monomers) copy num-

bers can have many issues as the background will have a larger effect on the

data and the number of classifiable tracks is very small per cell. Based on our

work we found that the number of background molecules will affect the bound

fraction of tracks. Because It is the bound fraction that normally associated

with function (LacI: repression, Pol I: DNA repair), it is important to assess

the effect of background tracks. In addition to fractions of bound and mobile

molecules, the background will also have an effect on the spatial distribution of

the classified tracks. We found that background tracks differ in their distribution

compared to DNA-binding proteins that follow the nucleoid or freely diffusing

proteins, which diffuse throughout the cell. The background tracks seem to

exclude themselves from the nucleoid volume. This can have an effect on the

distribution of the bound tracks and caution must be taken when interpreting

the results. At the same time a control experiment with WT cells helps eluci-

date errors and strategies for correction.

90 Single-Molecule Fluorescence Analysis of Transcription Factors in Living Bacteria



Federico Garza de León 5.4. Methods

5.3.4 Small FROS

In our work we also study a small FROS of 6 lacO operators and investigate

the ability of this experiment to identify the lacO positions in vivo. We found

that with low copy numbers we are able to identify regions of operators, but

may have a large amount of false positives and false negatives. We also found

that we are able to colocalise around 60% of the clusters to a tagged chromo-

somal locus. This estimate gives us an approximation that is dependent on

localising both the FROS marker and the cluster. It may be the case that we

identify a cluster without identifying a FROS marker because of the efficiency

of the MalI-GFP binding. The 30% colocalisation when treated with IPTG might

be due to coincidence. Our experiment gave a measure of the reliability to find

operator regions from clusters of molecules. We believe that the issues that we

confronted in our work with LacI will be common in tracking low-to-moderate

copy number proteins. Our approach and insights will be helpful when study-

ing transcription factors or other proteins that exist in low concentrations in

bacteria.

5.4 METHODS

5.4.1 Cell culture

A plate was streaked and placed overnight in 37 C and a single colony was

placed into a culture tube in 5 ml of LB. The culture was grown for 4 hours

at 37 C. The culture was diluted 10,000 times in M9 medium, supplemented

with MEM amino acids and L-proline, MEM vitamins and 0.2% glucose. The

diluted culture was grown overnight at 37C. The next day the cells were diluted

to approximately 0.025 OD600 in the M9 medium stated above and grown at
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37C for approximately 2 hours until they reached OD600 0.1. The cells were

then concentrated by centrifugation and immobilised in 15 µL wells with 1%

polyethylenimine or in 1% agarose pads. Induction of cells with IPTG was

done by mixing 1mM of IPTG in the M9 media. To induce on the slide the cells

were washed the M9 minimal media supplemented with 1 mM IPTG.

5.4.2 Analysis

MicrobeTacker (Sliusarenko et al., 2011) was used to segment cells and anal-

yse tracks on a per cell basis. To track the single-molecules we used custom-

written code in MATLAB. We localised the molecules with a precision of 20-nm

using elliptical Gaussian fitting. Localisations that were consecutively within a

radius of 0.57 um were linked; we also allowed for the molecules to disappear

(due to blinking or defocusing) for 1 frame. The mean squared displacement

of each track was calculated to analyse the diffusion of the molecules. The

apparent diffusion coefficient was calculated as follows:

D∗ = MSD

4∆t
− σ2

l oc

∆t
(5.1)

where D∗ stand for the apparent diffusion coefficient (in µm s−2), MSD is the

mean square displacement, ∆t stands for the time lag and σ2
l oc represents the

localisation error.

To define the apparent coefficient of an immobile molecule, cells were fixed

in 2.5% paraformaldehyde as shown in (Uphoff et al., 2013). Thus a threshold

was defined for the molecules that are bound: D*thres = 0.15 µm2 s−1. Any

molecules below this D* is deemed to be immobile. The radial distribution was

constructed with radial binning dr = 40 nm.
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5.5 TRACKING PALM OF OTHER TFS

5.5.1 The AraC protein

The protein known as AraC was the first discovered positive regulator TF. Like

LacI, AraC binds DNA as a dimer but unlike it, it is involved in the regulation of

multiple genes. It is a positive regulator because it activates transcription of the

genes it regulates when its bound by its inducer L-arabinose. The method by

which AraC represses a gene in abscence of arabinose is by tetramerising with

an AraC dimer located further away from the gene and creating a repression

loop. When arabinose is present it dimerises with a closer monomer that allows

binding of RNAP and CRP. The genes are also regulated by CRP just as in the

lac operon (Schleif, 2010; Stringer et al., 2014). Like LacI, AraC exists at low

copy numbers; a typical cell has been reported to have 40 monomers of AraC

(Kolodrubetz and Schleif, 1981).

Imaging AraC is a step forward from the well studied LacI. In this case it

regulates multiple genes whilst being around the same size and concentration

as LacI. To be able to image AraC, we label it with a C-terminal fusion with

PAmCherry endogenously. In this case AraC-PAmCherry is also controlling

its own expression. We perform tracking PALM in the same fashion as LacI

experiments.

5.5.2 Method

We grow cells with the endogenous AraC-PAmCherry fusion in minimal media

(M9) with either 0.2 % L-arabinose (sigma-Aldritch) or glucose. 30 min before

spinning and placing on the slide, one batch of cells was treated with 50 µg µL−1

Rifampicin final concentration. The cells were imaged as in LacI experiments.
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5.5.3 Diffusion profile AraC

AraC binds its operators when both repressing and promoting transcription. In

the presence of glucose AraC represses the araBAD and araC genes, which

are also doubly repressed by low concentrations of cAMP since CRP is also

involved in promoting transcription. In the absence of glucose and presence of

arabinose AraC still binds its operators but CAP is now able to bind the gene

and promote transcription.

When the cells are grown in 0.2 % glucose, most proteins are bound to

DNA (fig. 5.13A). The width distribution of shows signs of AraC’s continuous

interaction just like with LacI (fig. 5.13B). Both bound and mobile molecules do

not follow the uniform distribution and follow the shape of the nucleoid.

When the cells are grown in arabinose the number of bound molecules is

reduced by 10 % (fig. 5.13C). This increase may be purely due to the increase

in monomer concentration (fig. 5.14). Induction with arabinose causes activa-

tion of the araBAD gene that also expresses the araC gene, that is there simply

is more freely AraC but not enough sites to bind. The cell width distribution’s

bound population follows the distribution for cells grown in glucose (fig. 5.13D),

that is it follows the nucleoid shape. The bound molecules follow more uniform

distribution with some periphery bias; because of AraC’s low copy numbers

it may still be affected from bound background molecules affecting the width

distributions.

The similarities with LacI’s diffusion and distribution yield us to conclude

that AraC’s search process may be very similar to the repressor’s case. Mobile

molecules seem to follow the nucleoid shape and even when mobile have a

low mobile D* of around 0.2 µm2 s−1. We believe that AraC is continuously
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Figure 5.13: D* and spatial distribution of AraC-PAmCherry in vivoIn A)
cells are grown in 0.2 % glucose, most proteins are bound to DNA. In B)
the width distribution of shows signs of AraC’s continuous interaction. Both
bound and mobile molecules do not follow the uniform distribution and follow
the shape of the nucleoid. In C) the cells are grown in arabinose the number of
bound molecules is reduced by 10 %. In D) the cell width distribution’s bound
population follows the distribution for cells grown in glucose.
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Figure 5.14: Copy numbers per cell length for the AraC-PAmCherry strain.
The copy numbers for the AraC-PAmCherry strain are calculated for the cases
growon 0.2 % glucose, 0.2 % arabinose and arabinose treated with 50 µg µL−1

Rifampicin.

binding DNA, but we don’t report enough evidence to conclude if it slides or

hops on DNA.

To show that the nucleoid shape of the width plots is not due solely to some

other effect. We treated one set of cells with 50 µg µL−1 rifampicin, which is

known to expand the nucleoid shape and make RNAP width distribution more

uniform throughout the cell width (Stracy et al., 2015).

We find some other effects known for rifampicin treatment (Stracy et al.,

2015), the slow and fast populations have increased in mobility (fig. 5.13E).

The effect of the expansion of the nucleoid is also evident in the distribution of

AraC in the cell width (fig. 5.13F).
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5.5.4 CRP

As has been described before CRP is a positive regulator of many genes in E.

coli . We attempted to image CRP with tracking PALM. We fused PAmCherry

to the C-terminal of CRP endogenously.

5.5.5 Diffusion profile of CRP

In the absence of glucose cAMP binds to CRP and together bind DNA to pro-

mote transcription. In the presence of glucose, cAMP concentrations are low-

ered but there is still enough to bind CAP consensus sequence and for tran-

scription to be promoted. We observe that 16 % of CRP seems to be bound

to DNA and the rest have a high mobility (fig. 5.15A). The distribution of the

CRP that is bound seems to have some bias to the outside of the nucleoid

(fig. 5.15B).

When the cells are grown in fructose and induced with 5 mM cAMP the

bound fractions increases 5 %. This is not the striking effect we expected. With

such high concentrations of CAMP we were expecting to see a large change

in mobility. There does not seem to be much different between the mobile and

bound spatial distribution.

5.5.6 Discussion

We do not observe CRP transitioning to largely mobile state in our experiments

or a large change in mobility. We tested CRPs ability to promote an operon on a

plasmid by a β-galactosidase (provided by Riddhi Shah) and found that activity

is lowered by 2/3 for the case of the fused CRP. This may not affect binding but

we find that our fusion may be affecting the CRP.
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Figure 5.15: D* and spatial distribution of CRP-PAmCherry in vivo In A)
when grown 0.2 % glucose we observe that 16 % of CRP seems to be bound
to DNA. In B) The distribution of the CRP that is bound seems to have some
bias to the outside of the nucleoid (fig. 5.15B). In C) the cells are grown in 0.2 %
fructose and induced with 5 mM cAMP. The osberved bound fraction increases
5 % from the glucose grown cells. In D) there dis little difference between the
mobile and bound spatial distribution.

5.6 CONCLUSION

Studying TFs with tracking PALM has presented a challenge that wished to

characterise. Because most TFs exist in copy numbers of less than 100

monomers per cell there may be affected by background from imaging. I

showed that this background may affect interpretation of the spatial and dif-

fusion distribution. But just as PSFs can be resolved with enough signal-to-

noise, we can distinguish the data from our TFs form the "noisy" background

tracks if we understand them better.
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SIMULATING DIFFUSION OF
TRANSCRIPTION FACTORS

6.1 INTRODUCTION

As I have shown in the previous chapters, single-molecule tracks of PAFPs are

difficult to analyse; the tracks are short which increases the variance of the

calculated apparent diffusion coefficient (D*), are confined to the cell volume

and are dependant on a variable localization error depending on the magnitude

of their diffusion (Uphoff et al., 2013; Stracy et al., 2015). Until techniques that

use long-lived fluorescent probes mature enough to be used with any protein

(Crawford et al., 2013; Plochowietz et al., 2014), FPs remain the best method

to tag and observe proteins in vivo at the single-molecule level.

To my knowledge there are no analytical equations to extract unbiased diffu-

sion coefficients from tracking data of cytoplasm confined molecules; previous

work has used simulations to fulfil this requirement (Uphoff et al., 2013; Stracy
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et al., 2015). It is possible to account for the localization error and the exposure

frames contribution to the apparent diffusion (Michalet, 2010), but there is little

work to try and account for the variable confinement volume of the cell and the

increase of localisation error for highly mobile molecules.

In this chapter I show that simulating the confinement in the cytoplasm of

the cell is crucial to estimate the diffusion coefficient of the fluorescent probe.

As an original contribution, we must increase the relevance of the simulation

by emulating the diffusion of DNA-binding proteins like TFs, which diffuse in

a combination of two states: mobile and bound to DNA (Mueller et al., 2013).

Simulations can open the door to understand the complexities arising in ex-

perimental tracking PALM data of DNA-binding proteins (English et al., 2011;

Uphoff et al., 2013; Stracy et al., 2015). I hope that it will also shed light into

future studies of DNA-binding proteins in live cells.

6.1.1 Diffusion coefficient estimation

Without confinement or the presence of the nucleoid, DNA-binding proteins will

diffuse in Brownian motion. Adding obstacles or confining molecules to the cy-

toplasm of the cell reduces the D* mean of the tracks. Added to these issues

are the scatter in the D* distribution from the shortness of tracks (typically 4

displacements in our tracking PALM work) and any other noise from biological

or instrumental sources (Qian et al., 1991; Saxton, 1997; Michalet, 2010). As

has been shown the distribution of diffusion coefficients calculated from short

tracks has a wide variance (Qian et al., 1991; Saxton, 1997), although even

with broad distributions they have been used in previous work (Uphoff et al.,

2013; Stracy et al., 2015). In addition, localisation error might be diffusion de-

pendent, having proteins who have moved considerably in a frame time having

100 Single-Molecule Fluorescence Analysis of Transcription Factors in Living Bacteria



Federico Garza de León 6.1. Introduction

less well defined PSFs which are harder to fit and lead to a higher localisation

error. Fitting the MSD and calculating the intercept in the y-axis, a method

commonly used to calculate localisation error, can lead to imaginary localisa-

tions errors for short tracks. In most accounts the large variance is statistical

and localisation error can be accounted for to study proteins (Uphoff et al.,

2013; Stracy et al., 2015) but simulations can elucidate any other effects on D*

distribution. The only way to interpret the contribution of localisation error de-

pendence and volume of the cell is to simulate the conditions of an experiment;

first by simulating tracks in a confined volume and simulating the exposure of

an EMCCD camera.

In previous work the best way of understanding tracking PALM results was

by simulations. Initially Saxton (1997) looked at the effect of tracks and their

length to the distribution of diffusion coefficients. Previous work performed

simulations in the context of an E. coli cell and noted the spatial effects of con-

finement (English et al., 2011; Niu and Yu, 2008). I simulated transitions of

different modes of diffusion in the cytoplasm of the cell. This a more adequate

model since rarely will TFs have a single diffusion coefficient (Mueller et al.,

2013). They may transition between specific binding, non-specific binding and

free diffusion as has been shown before (Elf et al., 2007). Depending on the

time-scale of the transitions it may be possible to analytically separate the dif-

ferent modes. However for LacI the transitions are on the time-scale shorter

than our typical frame exposure (15 ms). To understand D* distributions, it

is necessary to simulate different modes and transition and analyse how the

time-scales will affect the diffusion measurements. This will in turn aid future

in vivo single-molecule work of diffusing TFs.
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6.2 MATERIALS AND METHODS

To simulate the tracks I adapted previous simulation methods written for MAT-

LAB and used to find the diffusion coefficient or Pol1 (Uphoff et al., 2013).

Before this work a similar method had been implemented to analyse the strin-

gent response machinery of E. coli (English et al., 2011) and the dynamics of

the FtsZ cytoskeleton (Niu and Yu, 2008).

Our implementation mimics our experimental work: each ∼15 ms step con-

sists of any number of microsteps as necessary (Figure fig. 6.1A). Each mi-

crostep simulates the displacement of the molecule for a given diffusion coef-

ficient. Afterwards the mean position for the displacements in number of mi-

crosteps probed from a Normal distribution centred at 0 with standard deviation
p

(2∗D∗∆T /Nsteps) (fig. 6.1B) is calculated and that represents the localisation

for that frame. Where D is the current diffusion coefficient, ∆T the exposure

of the frame and Nsteps the number of microsteps. If the simulated molecule

reaches an edge and the microstep takes the molecule out of the cytoplasm,

that step is rejected. A new step is calculated until a step that doesn’t cross

the edge is found. No special compartments are simulated within the cell.

The novelty of our method is the addition of two-modes of diffusion to these

microsteps. To simulate different modes of diffusion we probe from two dif-

fusion coefficients for each microstep. By simulating the time being spent in

each state (τbound , τ f r ee), we sample from an exponential distribution to calcu-

late how many microsteps it will spend in that state. The fraction between the

two time-scales is the time spent in a state.

fbound = τbound

τbound +τ f r ee
; f f r ee =

τ f r ee

τbound +τ f r ee
(6.1)

For a 15 ms exposure of a simulated protein that spends on average 5 ms
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Figure 6.1: Simulating the diffusion of single-proteins in live cells. The
figure shows a cartoon of the method implemented to simulate tracks with mul-
tiple modes of diffusion. A) Each step (exposure time) contains an amount
of microsteps (number of steps per exposure frame) that can be changed de-
pending on the simulated molecules. B) A typical tracking PALM molecule may
be contained in a number of 15 ms frames. I our simulation, a frame consists
of any number of microframe in which the simulation displace the simulated
molecule. C) Each one of the microframes can simulate a different diffusion
coefficient to be probed from. In the example it can transition from 1D sliding
and 3D diffusion continuously during a frame but can only have on diffusive
state in each microframe. The average number of time it will remain bound or
free state is determined by the inputs τbound and τ f r ee and is probed from an
exponential distribution in each transition.
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bound to DNA and 1 ms diffusing freely (cartoon example, probing from bound

red square, probing from mobile green square; fig. 6.1C) we may find that one

exposure may contain a molecule that transitions (bound to mobile; mobile to

bound) between the two states. In our example (fig. 6.1) the molecule transi-

tions 11 times and the time spent in each state depends on the given τbound

and τ f r ee . In each microframe the simulation samples from the D related to its

state and creates the microstep for that microframe.

To choose the initial diffusion state of the track a random number is gen-

erated. If the random number is smaller than f f r ee (randnum < f f r ee) then the

starting state is mobile, otherwise it starts in the bound state. The initial posi-

tion of a track is uniformly distributed. The bleaching time of each trajectory is

taken from empirical data for our setup. To image similar conditions as the LacI,

40 trajectories were simulated per cell with 5000 frames. Afterwards all cell

data was aggregated and its D∗ distribution calculated as in our experimental

tracking PALM work fig. 6.2. I simulated tracks with microframes of 75 µs (200

microframes per 15 ms ) unless explicitly stated. After each position is gen-

erated, I added localisation noise by adding a a sampled normally distributed

with 44 nm (calibrated until D of 0 µm2 s−1 produced D* of 0.11 µm2 s−1) . To

account for the position noise we averaged the molecules position throughout

an exposure cycle.

For our simulations different volumes can be probed. In our work the size

of a single simulated cell is 2 µm for the long axis and 0.9 µm for the short axis

(typical for the E. coli cells used in our experimental work (Uphoff et al., 2013;

Stracy et al., 2015)). At the same time DNA-binding proteins mainly confine

to the nucleoid volume, for this case we simulate a long-axis length of 1.35 µm

and short-axis of 0.65 µm (Uphoff et al., 2013). For each simulation 200 cells
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were simulated unless explicitly stated otherwise. Finally the noise is added

the same way as for the tracks with one D.

6.3 RESULTS

6.3.1 Simulating one mode of diffusion

As a first test and to show the effect of confinement on the calculated D*, I

simulated a single diffusion coefficient. Using the first four steps of a simulated

track with real D, we calculate the distribution of D* just as in out tracking PALM

work (fig. 6.2). We simulate a fast diffusing species of the size of LacI (D =

3 µm2 s−1) that leads to a broad and tailed distribution that follows the gamma

distribution because its a convolution of 4 exponentially, independently and

identically distributed variables (fig. 6.2A, gamma distribution fit: blue dashed

line). The fitted gamma distribution results in a D* of 1.1 µm2 s−1, the real D

is underestimated by more than half its value. The high diffusion coefficient

that was originally simulated, in this case is underestimated because of con-

finement.

We also simulate the case for any protein bound to DNA (D = 0 µm2 s−1,

fig. 6.2B). For bound molecules, the distribution of D* is narrow and tailed; a

gamma distribution fit yields D* = 0.11 µm2 s−1 which in this case overesti-

mates the diffusion coefficient. Unlike fast molecules simulated beforehand,

confinement has no effect on these tracks. Localization error contributes to

the over-estimation of the diffusion coefficient. Simulations help us understand

the effect of localization error to confinement and distribution width for tracking

PALM distribution data.

With the previous two examples for a fast diffusing species and a bound
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Figure 6.2: Simulating tracks with one diffusion coefficient. In A) I simu-
lated tracks with a real diffusion coefficient D = 3.0 µm2 s−1 in the simulated
volume of a cell. The resulting tracks follow the fitted gamma distribution for
D* = 1.1 µm2 s−1, which underestimated the diffusion coefficient due to cell
confinement. In B) the simulated diffusion coefficient is D = 0 µm2 s−1. The re-
sulting tracks follow the fitted gamma distribution for D* = 0.11 µm2 s−1, which
overestimates the diffusion coefficient due to localisation error.

one we show that we are able to simulate different modes of diffusion. We

are able to scan through different values to find the relationship between the

simulated D and the apparent diffusion that we calculate from our tracks. We

simulate each D and we fit the D* distribution; in the figure we report the D* fit

and the original simulated D fig. 6.3.

The relationship between D and D* is not linear and starts plateauing for val-

ues higher than 2 µm2 s−1. The simulations also show the threshold at which

D* goes from overestimating the simulated D to under estimating it (fig. 6.3, D

= 0.25 µm2 s−1, dashed line intersection with data).

Our simulation also guides us on the limits of our experiment. Because

of the non-linear relationship between D* and D, the same changes in D

have a better resolution for lower values of D. That is , for a change in D of

0.25 µm2 s−1 in the whole cell simulations (from 0 µm2 s−1 to 0.25 µm2 s−1)

leads to a change of 0.14 µm2 s−1 in fitted D; the same change from 2 µm2 s−1

to 2.25 µm2 s−1 in simulated D leads to a measured change of fitted D* of
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Figure 6.3: The relationship between unbiased diffusion coefficient and
the apparent diffusion coefficient. In A) the fitted D* is shown on the vertical
axis versus the simulated D on the horizontal axis. The plot shows that the
relationship between D and D* is non-linear. Simulating the area of the whole
cell versus the nucleoid shows the effect is related to the accessible volume
for the protein. The case where the fitted D* and the simulated D are equal
is shown by the dashed line. It shows how the D* over estimates D for values
lower than around D = 0.25 µm2 s−1.

0.02 µm2 s−1. This case will change depending of the geometry of the cell

volume, localisation error and exposure of the frame.

Simulating one mode of diffusion has helped us estimate the effects of lo-

calization error and confinement. After this we took the next step for this work,

allowing a single simulated molecule to be able to diffuse with two diffusion

coefficients, one for bound, one for free diffusion.

6.3.2 Simulating Two Modes of Diffusion

As their name suggests, DNA-binding proteins interact with DNA to function.

It is still an open question if constant DNA-binding is necessary in the search
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process or if they bind by only interacting with their sites of function and not to

non-specific DNA (3D-capture) (Elf et al., 2007; Marklund et al., 2013; Mueller

et al., 2013). Ideally we would have a consensus of the interaction of every

protein, but up until now only a small amount of proteins have been tested and

many of these in eukaryotic cells (Mueller et al., 2013). DNA Polymerase I

diffuses fast, if it interacts constantly with DNA in its search process it does so

at a much smaller time-scale than the exposure of 15 ms (Uphoff et al., 2013).

Most TFs, as a common characteristic, constantly interact with DNA for their

search process (Mueller et al., 2013). It is important to include the constant

DNA binding to the simulations if further tracking PALM data of transcription

factors is to be interpreted. We thus simulated proteins with two modes of dif-

fusion and at two different scales of interaction. We simulate molecules that are

bound to DNA with a Dbound = 0µm2 s−1 and freely diffusing in the cytoplasm

D f r ee = 3.0µm2 s−1; these are the two different modes we simulated previously

when only one-diffusion coefficient was used (section 6.3.1). We simulated

transitions at much longer time scales than the exposure times (no transitions

on an average length track) and at much smaller scales (many transitions on

an average length track).

We expect that in the case where the transitions are at longer time scales

than the exposure times, they will remain in either the bound or free state

throughout the frame (τbound +τmobi le ¿ texposur e). In this case we will be able

to observe two distinguishable populations in our D* distribution when different

fractions of mobile and bound are simulated. We confirm from simulations that

this the case (6.4A); when our molecules are freely diffusing 20 % of the time

(6.4A, light red line) there is a 20 % increase in the broader D* distribution with

a mean of D* = 1.1 µm2 s−1 from the case were 0 % are mobile (fig. 6.4A, dark
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Figure 6.4: Changing the ratio of interaction between mobile and bind-
ing. How the changes in the time the molecule spends in free diffusion
τ f r ee /(τbound +τmobi le ) and keeping τbound +τmobi le =Const was simulated. In
A) τbound +τmobi le À texposur e , so that if a molecule is found in a state it will
probably stay in the same state for the whole observation period (average ∼3
frames). The curves represent a two species fit to D* = 0.11 µm2 s−1 and D* =
1.1 µm2 s−1. In B) τbound +τmobi le ¿ texposur e , that is the molecule will transition
multiple times from the bound to the free state leading to an averaging of the
D*. In this case a single-species was able to capture the distribution and are
shown for each curve.

red line). This happens at each 20 % increase until all molecules are in the free

state (fig. 6.4A, blue line). We observe two distinguishable populations, similar

to the case of Pol I were it spends a large amount of time freely diffusing as

opposed to DNA-bound repair of damaged sites (Uphoff et al., 2013).

When the transitions are at scales lower than the exposure times (τbound +
τmobi le ¿ texposur e) the D* distribution contrasts to that where the time is large.

In one observation period the simulated molecule transitions from the bound to

mobile state multiple times; in this case we expect a large amount of averaging

in the D*. Our simulations show how at these fast time-scales the D* distribu-

tion changes (6.4B). To understand the D* we have to find the effective diffusion

found from averaging of the free diffusion and DNA-binding (De f f = f f r ee D f r ee).

After calculating the effective diffusion, we have to convert this value to the D*

following our previously shown relationship (fig. 6.3).
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Following the same for D*, that is that D∗ = f f r ee D∗
f r ee yields incorrect val-

ues for the D* because of the non-linear relationship of increasing diffusion

(fig. 6.3). For example, in the case of f f r ee = 20% and D∗ = 1.1µm2 s−1 yields

D∗
e f f = 20%(1.1µm2 s−1) = 0.22µm2 s−1. In reality D* = 0.47 µm2 s−1 which is the

converted value from De f f = 20%(3.0µm2 s−1) = 0.6µm2 s−1. This is important

because any usage of D* will yield incorrect results. All D* need to be con-

verted to real D to calculate any fractions of interaction from averaging of two

diffusion coefficients. Unless you have a separate measurement of D f r ee , cal-

culating f f r ee would not be possible. Recently new strategies to use tracking

PALM have been developed by using an E. coli with minimal DNA and long

DNA-free endcaps where it is possible to track any protein in the absence of

DNA and extract D f r ee (Stracy et al., 2015).

6.3.3 Simulating the lac repressor

Our next objective is to simulate a real TF using our data from LacI. LacI has

around 40 molecules per cell and exhibits facilitated diffusion, the combination

of DNA-sliding and 3-D diffusion to find a target (Elf et al., 2007; Marklund

et al., 2013). If it is possible to simulate two-modes of diffusion in the cellular

volume we should be able to recreate the D* distribution of LacI. The quantities

needed to simulate a TF are the D f r ee , Dbound , how long it spends in each state

(τbound ,τ f r ee). Fortunately this information on how long LacI spends sliding on

DNA and how long it spends freely diffusive have been published from single-

molecule data and studied in previous tracking PALM work (Elf et al., 2007).

First I use the published work numbers to simulate LacI (Elf et al., 2007;

Hammar et al., 2012; Marklund et al., 2013). From the single molecule work we

find the diffusion coefficients for each state are D f r ee = 3.0µm2 s−1, and in this
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case when LacI is bound to DNA it is slides with known Dsl i di ng = 0.045µm2 s−1.

We also know that non-specific DNA binding is on the ∼5 ms time-scale and

that LacI spends 87 % of the time bound to non-specific DNA.

If we compare with the published values in our simulation we obtain a D*

distribution that differs from the LacI over-expressed from a plasmid (fig. 6.5A,

simulation black line). The mean of the simulated molecule is closer to D* =
0.4 µm2 s−1 and our molecules seem, on average more mobile than this. To

obtain the best simulation we converted the D* = 0.5 µm2 s−1 (mean of the

fast population) to D value using fig. 6.3 for the distribution to a De f f from our

data fig. 6.3 and discussed in section 6.3.2. The D of D* = 0.5 µm2 s−1 is

around 0.75 µm2 s−1; with this De f f can be approximated as f f r ee ∗D f r ee and

the fraction of time spent mobile is 75 %, lower than the previously reported

value. With this corrected fraction the simulation yields a closer distribution

compared with the data (fig. 6.5, red line).

This yields the underlying interaction, according to our data and confirmed

from our simulations, we observe that LacI interacts 75 % of the time with DNA.

When we out compete 10 mM IPTG with 1 mM ONPG the over-expressed

changes its diffusion distribution (fig. 6.5B). To be able to recreate LacI with

ONPG we add a fraction of molecules that will remain bound throughout the

simulated-exposed frame (D = 0). These molecules represent specifically

bound LacI or near-specifically bound LacI (binding to near-operator sites),

as these last molecules have been observed to remain on DNA for upto 10 s

(Marklund et al., 2013).

We find that LacI over-expressed from a plasmid and treated with ONPG

has 18 % of molecules that are strongly bound to DNA (fig. 6.5B). These in-

clude LacI bound to the natural operators in the nucleoid, the operators present
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Figure 6.5: Simulating LacI D* distribution A) shows the LacI expressed from
a plasmid. Using previous work data for DNA-binding times for LacI (5 ms)
with IPTG and the fraction spent mobile (13 %, Elf et al. (2007)), the simulated
D* distribution deviates (black line) from the data. We measure a different
fraction, by best fit, between bound and mobile ( f f r ee = 25 %) and simulate the
interaction to obtain a more accurate model (red line). We use this interaction
to simulate all cases; in B) to account for the LacI that can bind the operators
in the plasmid or partially-specific interactions (Marklund et al., 2013), we find
18 % of molecules to be strongly bound to DNA. In C) the number of strongly
bound molecules had to be increased to 35 % for IPTG treated cells whilst
without IPTG in D) it increases to 45 %. In E) without any operators there
are still 25 % of molecules that look strongly bound whilst adding IPTG, which
increases binding to near specific sites only yields a 2.5 % increase
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in the plasmid and near-specific binding.

For our strain with the genomic insertion of 6 tandem lac operators with only

natively expressed LacI (6xlacO), we observe a higher number of molecules

that strongly bound even in IPTG. For 6xlacO treated with 1 mM IPTG, we find

35 % of bound molecules to account for the D* distribution. With IPTG, LacI

cannot bind to any specific or near-specific sites on DNA, but background may

cause for a fraction of tracks to be bound which we found to be more prevalent

in IPTG treated cells. Without IPTG the number of bound molecules increases

to 45 % due to a fraction of LacI binding to the tandem operators. For our strain

with no operators and LacI expressed natively we observe around the same

number of strongly bound molecules for either IPTG treated and untreated

cells. They both differ by at least 10 % lower specifically-bound molecules from

the IPTG treated 6xlacO sample.

6.4 DISCUSSION

Single-molecule simulations of diffusion in the cell cytoplasm are a necessary

tool to further understand D* distribution resulting from tracking PALM work.

They are able to show if a molecule is purely bound, freely diffusing or a com-

bination of both. We showed that we can measure how the diffusion coeffi-

cients will be either under-estimated due to confinement in the cytoplasm or

over-estimated from localization error. By simulating one mode of diffusion, it

has been possible to convert D* measurements into reportable diffusion co-

efficients (Uphoff et al., 2013; Stracy et al., 2015). To add to this work we

have shown simulations that include two possible modes of diffusion, which

dramatically improve real diffusion coefficient estimation in TFs.
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We also found that the D* to D relationship is not linear and will depend

on the PSFs exposure and localisation error. The relationship plateaus over

D = 2 µm2 s−1, large changes in D do not yield changes in D* for a typical

E. coli size. If a sample contains two different fast states, at this exposure

we are unable to distinguish them from each other. Although for DNA-binding

proteins there isn’t a reason to have two modes of fast diffusion, there is still

a question whether proteins exists as monomers, dimers, tetramers in solution

and at which fractions, our current tracking PALM protocol would be unable

to distinguish them. It may be possible to lower the exposure time to better

measure changes in fast diffusing molecules, but low D resolution with fast

molecules may be due to cellular confinement. Also shorter exposure times

will affect localisation errors from the numbr of photons collected because of

limits in the emission of FPs (Michalet, 2010). In our case 15 ms is the fastest

our EMCCD camera can image at full frame and has been helpful to identify

function of other DNA-binding proteins (Uphoff et al., 2013; Stracy et al., 2015).

Each experiment with varying cell volumes, exposures and fluorescent

probe will have a different D-vs-D* curve so it is suggested to simulate an

experiment to tailor for any specific molecule of interest.

Another interesting result resulting from the non-linear relationship between

D* and D is their effect on the calculation of fractions of interactions. To obtain

accurate fractions of interaction for TFs, it is necessary to convert D* num-

bers to real D estimations (section 6.3.2). This is crucial since these in vivo

numbers are used to estimate DNA-binding times and target-search times. By

converting D* to D and applying it to our work in LacI, we obtained that when

the repressor searches for specific site, it is interacting with DNA 75 % of the

time.
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From previous work (Elf et al., 2007; Marklund et al., 2013) and our LacI

work we already had established parameters, Dsl i di ng ,D f r ee ,τbound ,τ f r ee , f f r ee ,

required for the simulation. We could build from previous work and narrow the

parameters to our experimental data. It may not be possible to use simulations

to find the optimal numbers for any TF but it is possible to show which are the

plausible ranges given a set of tracking PALM data.

6.4.1 Conclusions

Simulations are an important part in the analysis of tracks of mobile FPs. Sim-

ulating two-modes of diffusion was crucial to understand the relationship of

f f r ee , D and D*.

Further work in the field would be to characterise how the nucleoid and

the nucleoid organization proteins behave as an obstacle to diffusion, just as

how we studied confinement in the cytoplasm. In addition a more realistic

construction of the nucleoid would help understand its effect, at the moment it

is only simulated as a compartment due to current limitations on knowledge of

the structure. Joining blinking (chapter 4) and the diffusion would also lead to

further understanding on the effect of blinking to diffusion estimates.
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I have presented, in this thesis, an argument for studying TFs at the single-

molecule level. I showed that tracking PALM is one of the best methods to

observe the number, spatial and diffusive distributions of DNA-binding proteins.

We also present the limitations of tracking PALM. We attempted to char-

acterise some of the issues that still arise in an experiment. Firstly we char-

acterised our experiment’s photo-physical behaviour of PAmCherry in a way

that can be replicated for other fluorescent proteins. I extracted rates at which

PAmCherry transitioned to dark states, recovered and bleach. This allowed

us to simulate our experiment and obtain an estimate of the error in count-

ing proteins. We hope that this additional approach helps to understand and

characterise one of the main issues in tracking PALM.

After this I showed how tracking PALM is used to study TFs. Because of

their low copy numbers, TFs may be prone to background molecules having

a significant effect on the interpretation of the tracking data. I showed that
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this background is significant at this level, and I characterised the effect when

imaging LacI. We were able to extract diffusion information on LacI that may

give more insight into its diffusion. We also showed that tracking PALM can be

applied to other TFs by imaging AraC and CRP.

Other effects in tracking PALM work is that molecules are confined to the

cytoplasm of the cell. There is no analytic expression to account for this so

simulations is the best method to understand its effect. In addition I simulated

TFs which have a search process with two modes of diffusion, sliding on DNA

and free diffusion. Simulating two-modes of diffusion was crucial part in un-

derstanding the relationship between the two modes and the extracted data D*

and D.

I believe tracking PALM will remain relevant to image live-cell and real-time

function. The discovery of better PAFP will keep the technique relevant and

will make it a standard microscopy method for other cellular organisms. PAm-

Cherry is limited and may cause artefacts that need to be considered, other

PAFPs need to be tested and compared. At the same time, tracking proteins

tagged with fluorescent dyes has a number of advantages because of their

long-lived fluorescence. Techniques pushing for insertion of tagged proteins

will improve and may remove some relevance to tracking PALM.

I hope that this work gives further insight into tracking PALM, imaging tran-

scription factor and the analysis of tracks arising from single-molecules in live

cells.
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A.1 OTHER METHODS

A.1.1 ssDNA Cy3b experiments

Labelled DNA provided by Stephan Uphoff from previously published work (Up-

hoff et al., 2010).

To bind the DNA to the slide surface we used wells with a burnt slide and

used 30 µL of 10 mg mL−1 Biotin-BSA for 5 mins. Washed with PBS twice and

place 20 µL of 0.5 mg mL−1 Neutravidin for 2mins and washed with PBS three

times. Diluted the Cy3b labelled ssDNA to 100 pM and pipetted 15 µL into the

well and let it rest for 1 minute then washed and filled with PBS.

The ssDNA used is the following:

5’-CAG ACG GCT GGC ACG ACT TXT GCA CGA TCA GCC CTG GGC

GAG CGC ATT GTT GCG C-Biotin
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modified at the 3’-end with Biotin and at position 20 (X) with Cy3b.

A.2 STRAIN CONSTRUCTION

Strains were constructed as published in (Lee et al., 2009) and provided by

the Steve Busby group in Birmingham. 6 LacI operator DNA sites (5âĂŹ-

AATTGTGAGCGGATAACAATT-3âĂŹ) were inserted adjacent to the araBAD

promoter in the strain.

A.2.0.1 6xlacO operator sequence

6 X LacI Binding Site

GAATTCGGATCCCTCGAGCCAGCACGTAGCTAGCAGAGAGTAAGGAATTGT-

GAGCGGATAACAATTAAAAGTCAGAAATTGTGAGCG-

GATAACAATTAAAGACGGAGAATTGTGAGCGGATAA-

CAATTAATAAAGCAGCTCTAGCATCAACGCGCAAATTGTGAGCGGATAA-

CAATTAGCAAGACACAATTGTGAGCGGATAACAATTCTGGATAGGCAATTGT-

GAGCGGATAACAATTCACAGCGCCCCTCTAGAGTCGACAGATCTAAGCTT
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A.2.0.2 6xlacO operator sequence + 20x MalI operator sequence

10 X MalI Binding site 6 X LacI Binding site

X hOI︷ ︸︸ ︷
C T CG AG

EcoRI︷ ︸︸ ︷
G A AT T C

SacI︷ ︸︸ ︷
G AGC TC

K pnI︷ ︸︸ ︷
GGT ACC

X maI︷︸︸︷
GG

B amH I︷ ︸︸ ︷
GG ATCC

X B aI︷ ︸︸ ︷
T C T AG AG

GTCTGATAAACGTTTATCACGTGTCGAGCATGGATAAACGTT-

TATCGCTAGAGTCTGATAAAACGTTTTATCACGTGTCGAGCATGGATAAAACGTT-

TATCGCTAGAGTCTGATAAAACGTTTTATCACGTGTCGAGCATGGATAAAACGTTT-

TATCGCTAGAGTCCTGATAAAACGTTTTATCACGTGTCGAGCATGGATAAAACGTTT-

TATCGCTAGAGTCCTGATAAAACGTTTTATCACGTGTCGAGCATGGATAAAACGTTT-

TATCGCTAGAGTCCTGATAAAACGTTTTATCACGTGTCGAGCATGGATAAAACGTTT-

TATCGCTAGAGTCCTGATAAAACGTTTTATCACGTGTCGAGCATGGATAAAACGTTT-

TATCGCTAGAGTCCTGATAAAACGTTTTATCACGTGTCGAGCATGGATAAAACGTTT-

TATCGCTAGAGTCCTGATAAAACGTTTTATCACGTGTCGAGCATGGATAAAACGTTT-

TATCGCTAGAGTCCTGATAAAACGTTTTATCACGTGTCGAGCATGGATAAAACGTTT-

TATCGCTAGAGGGGCGCTGTGAATTGTTATCCGCTCA-

CAATTGCCTATCCAGAATTGTTATCCGCTCACAATTGTGTCTTGCTAATTGT-

TATCCGCTCACAATTTGCGCGTTGATGCTAGAGCTGCTTTATTAATTGT-

TATCCGCTCACAATTCTCCGTCTTTAATTGTTATCCGCTCA-

CAATTTCTGACTTTTAATTGTTATCCGCTCACAATTCCTTACTCTCTGCTAGC
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A.3 PLASMID CONSTRUCTION

A.3.0.3 LacIMut strain construction

LacI full length

GTGAAACCAGTAACGTTATACGATGTCGCAGAGTATGCCGGTGTCTCTT

ATCAGACCGTTTCCCGCGTGGTGAACCAGGCCAGCCACGTTTCTGCGA

AAACGCGGGAAAAAGTGGAAGCGGCGATGGCGGAGCTGAATTACATTC

CCAACCGCGTGGCACAACAACTGGCGGGCAAACAGTCGTTGCTGATTG

GCGTTGCCACCTCCAGTCTGGCCCTGCACGCGCCGTCGCAAATTGTCG

CGGCGATTAAATCTCGCGCCGATCAACTGGGTGCCAGCGTGGTGGTGT

CGATGGTAGAACGAAGCGGCGTCGAAGCCTGTAAAGCGGCGGTGCACA

ATCTTCTCGCGCAACGCGTCAGTGGGCTGATCATTAACTATCCGCTGGA

TGACCAGGATGCCATTGCTGTGGAAGCTGCCTGCACTAATGTTCCGGC

GTTATTTCTTGATGTCTCTGACCAGACACCCATCAACAGTATTATTTTCTC

CCATGAAGACGGTACGCGACTGGGCGTGGAGCATCTGGTCGCATTGGG

TCACCAGCAAATCGCGCTGTTAGCGGGCCCATTAAGTTCTGTCTCGGCG

CGTCTGCGTCTGGCTGGCTGGCATAAATATCTCACTCGCAATCAAATTC

AGCCGATAGCGGAACGGGAAGGCGACTGGAGTGCCATGTCCGGTTTTC

AACAAACCATGCAAATGCTGAATGAGGGCATCGTTCCCACTGCGATGCT

GGTTGCCAACGATCAGATGGCGCTGGGCGCAATGCGCGCCATTACCGA

GTCCGGGCTGCGCGTTGGTGCGGATATCTCGGTAGTGGGATACGACGA

TACCGAAGACAGCTCATGTTATATCCCGCCGTTAACCACCATCAAACAG

GATTTTCGCCTGCTGGGGCAAACCAGCGTGGACCGCTTGCTGCAACTC

TCTCAGGGCCAGGCGGTGAAGGGCAATCAGCTGTTGCCCGTCTCACTG

GTGAAAAGAAAAACCACCCTGGCGCCCAATACGCAAACCGCCTCTCCC

CGCGCGTTGGCCGATTCATTAATGCAGCTGGCACGACAGGTTTCCCGA

CTGGAAAGCGGGCAGTGA
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ForLacI-41KpnI GTCAGGTACC AATGGCGGAGCTGAATTACATT

RevlacIBamHI GTGCGGATCCCTGCCCGCTTTCCAGTCGGG

To be merged with PAmcherry with a linker from pROD85 (or 82) Forpamcher-

ryBamHI GTGCGGATCC TCG GCT GGC TCC GCT GCT GGT TC

RevpamcherrySalI GTTGGTCGAC TCAGAGGATCCCATATGAATATCCTCC

Plasmid to put it in is pBad24: First enzyme to be used is KpnI(GGTACC),

enzyme to merge CDSs will be BamHI (GGATCC), the end enzyme will be

SalI(GTCGAC)

ATGGCGGAGCTGAATTACATTCCCAACCGCGTGGCACAACAACTGGCG

GGCAAACAGTCGTTGCTGATTGGCGTTGCCACCTCCAGTCTGGCCCTG

CACGCGCCGTCGCAAATTGTCGCGGCGATTAAATCTCGCGCCGATCAA

CTGGGTGCCAGCGTGGTGGTGTCGATGGTAGAACGAAGCGGCGTCGAA

GCCTGTAAAGCGGCGGTGCACAATCTTCTCGCGCAACGCGTCAGTGGG

CTGATCATTAACTATCCGCTGGATGACCAGGATGCCATTGCTGTGGAAG

CTGCCTGCACTAATGTTCCGGCGTTATTTCTTGATGTCTCTGACCAGACA

CCCATCAACAGTATTATTTTCTCCCATGAAGACGGTACGCGACTGGGCG

TGGAGCATCTGGTCGCATTGGGTCACCAGCAAATCGCGCTGTTAGCGG

GCCCATTAAGTTCTGTCTCGGCGCGTCTGCGTCTGGCTGGCTGGCATAA

ATATCTCACTCGCAATCAAATTCAGCCGATAGCGGAACGGGAAGGCGAC

TGGAGTGCCATGTCCGGTTTTCAACAAACCATGCAAATGCTGAATGAGG

GCATCGTTCCCACTGCGATGCTGGTTGCCAACGATCAGATGGCGCTGG

GCGCAATGCGCGCCATTACCGAGTCCGGGCTGCGCGTTGGTGCGGATA

TCTCGGTAGTGGGATACGACGATACCGAAGACAGCTCATGTTATATCCC

GCCGTTAACCACCATCAAACAGGATTTTCGCCTGCTGGGGCAAACCAGC

GTGGACCGCTTGCTGCAACTCTCTCAGGGCCAGGCGGTGAAGGGCAAT

CAGCTGTTGCCCGTCTCACTGGTGAAAAGAAAAACCACCCTGGCGCCC

AATACGCAAACCGCCTCTCCCCGCGCGTTGGCCGATTCATTAATGCAGC
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TGGCACGACAGGTTTCCCGACTGGAAAGCGGGCAGGGATCCTCGGCTG

GCTCCGCTGCTGGTTC

Oligo ordered for pCYC ForLacI-41NcoI GATCCCCGGGATGGCGGAGCT-

GAATTACATT pCYCHindIIIrev GACTAAGCTTCCCCGTGGAGGTAATAATTGA

Sequence of a plasmid after ligation into pBad24:

AATCGATGCATAATGTGCCTGTCAAATGGACGAAGCAGGGATTCTGC

AAACCCTATGCTACTCCGTCAAGCCGTCAATTGTCTGATTCGTTACCAAT

TATGACAACTTGACGGCTACATCATTCACTTTTTCTTCACAACCGGCACG

GAACTCGCTCGGGCTGGCCCCGGTGCATTTTTTAAATACCCGCGAGAAA

TAGAGTTGATCGTCAAAACCAACATTGCGACCGACGGTGGCGATAGGC

ATCCGGGTGGTGCTCAAAAGCAGCTTCGCCTGGCTGATACGTTGGTCCT

CGCGCCAGCTTAAGACGCTAATCCCTAACTGCTGGCGGAAAAGATGTGA

CAGACGCGACGGCGACAAGCAAACATGCTGTGCGACGCTGGCGATATC

AAAATTGCTGTCTGCCAGGTGATCGCTGATGTACTGACAAGCCTCGCGT

ACCCGATTATCCATCGGTGGATGGAGCGACTCGTTAATCGCTTCCATGC

GCCGCAGTAACAATTGCTCAAGCAGATTTATCGCCAGCAGCTCCGAATA

GCGCCCTTCCCCTTGCCCGGCGTTAATGATTTGCCCAAACAGGTCGCTG

AAATGCGGCTGGTGCGCTTCATCCGGGCGAAAGAACCCCGTATTGGCA

AATATTGACGGCCAGTTAAGCCATTCATGCCAGTAGGCGCGCGGACGA

AAGTAAACCCACTGGTGATACCATTCGCGAGCCTCCGGATGACGACCG

TAGTGATGAATCTCTCCTGGCGGGAACAGCAAAATATCACCCGGTCGGC

AAACAAATTCTCGTCCCTGATTTTTCACCACCCCCTGACCGCGAATGGT

GAGATTGAGAATATAACCTTTCATTCCCAGCGGTCGGTCGATAAAAAAAT

CGAGATAACCGTTGGCCTCAATCGGCGTTAAACCCGCCACCAGATGGG
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CATTAAACGAGTATCCCGGCAGCAGGGGATCATTTTGCGCTTCAGCCAT

ACTTTTCATACTCCCGCCATTCAGAGAAGAAACCAATTGTCCATATTGCA

TCAGACATTGCCGTCACTGCGTCTTTTACTGGCTCTTCTCGCTAACCAAA

CCGGTAACCCCGCTTATTAAAAGCATTCTGTAACAAAGCGGGACCAAAG

CCATGACAAAAACGCGTAACAAAAGTGTCTATAATCACGGCAGAAAAGT

CCACATTGATTATTTGCACGGCGTCACACTTTGCTATGCCATAGCATTTT

TATCCATAAGATTAGCGGATCCTACCTGACGCTTTTTATCGCAACTCTCT

ACTGTTTCTCCATACCCGTTTTTTTGGGCTAGCAGGAGGAATTCACCATG

GTACccggGATGGCGGAGCTGAATTACATTCCCAACCGCGTGGCACAAC

AACTGGCGGGCAAACAGTCGTTGCTGATTGGCGTTGCCACCTCCAGTCT

GGCCCTGCACGCGCCGTCGCAAATTGTCGCGGCGATTAAATCTCGCGC

CGATCAACTGGGTGCCAGCGTGGTGGTGTCGATGGTAGAACGAAGCGG

CGTCGAAGCCTGTAAAGCGGCGGTGCACAATCTTCTCGCGCAACGCGT

CAGTGGGCTGATCATTAACTATCCGCTGGATGACCAGGATGCCATTGCT

GTGGAAGCTGCCTGCACTAATGTTCCGGCGTTATTTCTTGATGTCTCTG

ACCAGACACCCATCAACAGTATTATTTTCTCCCATGAAGACGGTACGCG

ACTGGGCGTGGAGCATCTGGTCGCATTGGGTCACCAGCAAATCGCGCT

GTTAGCGGGCCCATTAAGTTCTGTCTCGGCGCGTCTGCGTCTGGCTGG

CTGGCATAAATATCTCACTCGCAATCAAATTCAGCCGATAGCGGAACGG

GAAGGCGACTGGAGTGCCATGTCCGGTTTTCAACAAACCATGCAAATGC

TGAATGAGGGCATCGTTCCCACTGCGATGCTGGTTGCCAACGATCAGAT

GGCGCTGGGCGCAATGCGCGCCATTACCGAGTCCGGGCTGCGCGTTG

GTGCGGATATCTCGGTAGTGGGATACGACGATACCGAAGACAGCTCAT

GTTATATCCCGCCGTTAACCACCATCAAACAGGATTTTCGCCTGCTGGG

GCAAACCAGCGTGGACCGCTTGCTGCAACTCTCTCAGGGCCAGGCGGT

GAAGGGCAATCAGCTGTTGCCCGTCTCACTGGTGAAAAGAAAAACCACC

CTGGCGCCCAATACGCAAACCGCCTCTCCCCGCGCGTTGGCCGATTCA
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TTAATGCAGCTGGCACGACAGGTTTCCCGACTGGAAAGCGGGCAGGGT

ACCATGGTGAGCAAGGGCGAGGAGGATAACATGGCCATCATTAAGGAG

TTCATGCGCTTCAAGGTGCACATGGAGGGGTCCGTGAACGGCCACGTG

TTCGAGATCGAGGGCGAGGGCGAGGGCCGCCCCTACGAGGGCACCCA

GACCGCCAAGCTGAAGGTGACCAAGGGTGGCCCCCTGCCCTTCACCTG

GGACATCCTGTCCCCTCAATTCATGTACGGCTCCAATGCCTACGTGAAG

CACCCCGCCGACATCCCCGACTACTTTAAGCTGTCCTTCCCCGAGGGC

TTCAAGTGGGAGCGCGTGATGAAATTCGAGGACGGCGGCGTGGTGACC

GTGACCCAGGACTCCTCCCTGCAGGACGGTGAGTTCATCTACAAGGTG

AAGCTGCGCGGCACCAACTTCCCCTCCGACGGCCCCGTAATGCAGAAG

AAGACCATGGGCTGGGAGGCCCTCTCCGAGCGGATGTACCCCGAGGA

CGGCGCCCTGAAGGGCGAGGTCAAGCCGAGAGTGAAGCTGAAGGACG

GCGGCCACTACGACGCTGAGGTCAAGACCACCTACAAGGCCAAGAAGC

CCGTGCAGCTGCCCGGCGCCTACAACGTCAACCGCAAGTTGGACATCA

CCTCACACAACGAGGACTACACCATCGTGGAACAGTACGAACGTGCCG

AGGGCCGCCACTCCACCGGCGGCATGGACGAGCTGTACAAGTAAaccggt

CAATTGGCTGGAGCTGCTTCGAAGTTCCTATACTTTCTAGAGAATAGGAA

CTTCGGAATAGGAACTTCAAGATCCGGATCATATCGTCAATTATTACCTC

CACGGGGAagctTGGCTGTTTTGGCGGATGAGAGAAGATTTTCAGCCTGA

TACAGATTAAATCAGAACGCAGAAGCGGTCTGATAAAACAGAATTTGCCT

GGCGGCAGTAGCGCGGTGGTCCCACCTGACCCCATGCCGAACTCAGAA

GTGAAACGCCGTAGCGCCGATGGTAGTGTGGGGTCTCCCCATGCGAGA

GTAGGGAACTGCCAGGCATCAAATAAAACGAAAGGCTCAGTCGAAAGAC

TGGGCCTTTCGTTTTATCTGTTGTTTGTCGGTGAACGCTCTCCTGAGTAG

GACAAATCCGCCGGGAGCGGATTTGAACGTTGCGAAGCAACGGCCCGG

AGGGTGGCGGGCAGGACGCCCGCCATAAACTGCCAGGCATCAAATTAA

GCAGAAGGCCATCCTGACGGATGGCCTTTTTGCGTTTCTACAAACTCTT
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TTGTTTATTTTTCTAAATACATTCAAATATGTATCCGCTCATGAGACAATA

ACCCTGATAAATGCTTCAATAATATTGAAAAAGGAAGAGTATGAGTATTC

AACATTTCCGTGTCGCCCTTATTCCCTTTTTTGCGGCATTTTGCCTTCCT

GTTTTTGCTCACCCAGAAACGCTGGTGAAAGTAAAAGATGCTGAAGATC

AGTTGGGTGCACGAGTGGGTTACATCGAACTGGATCTCAACAGCGGTA

AGATCCTTGAGAGTTTTCGCCCCGAAGAACGTTTTCCAATGATGAGCAC

TTTTAAAGTTCTGCTATGTGGCGCGGTATTATCCCGTGTTGACGCCGGG

CAAGAGCAACTCGGTCGCCGCATACACTATTCTCAGAATGACTTGGTTG

AGTACTCACCAGTCACAGAAAAGCATCTTACGGATGGCATGACAGTAAG

AGAATTATGCAGTGCTGCCATAACCATGAGTGATAACACTGCGGCCAAC

TTACTTCTGACAACGATCGGAGGACCGAAGGAGCTAACCGCTTTTTTGC

ACAACATGGGGGATCATGTAACTCGCCTTGATCGTTGGGAACCGGAGCT

GAATGAAGCCATACCAAACGACGAGCGTGACACCACGATGCCTGTAGC

AATGGCAACAACGTTGCGCAAACTATTAACTGGCGAACTACTTACTCTAG

CTTCCCGGCAACAATTAATAGACTGGATGGAGGCGGATAAAGTTGCAGG

ACCACTTCTGCGCTCGGCCCTTCCGGCTGGCTGGTTTATTGCTGATAAA

TCTGGAGCCGGTGAGCGTGGGTCTCGCGGTATCATTGCAGCACTGGGG

CCAGATGGTAAGCCCTCCCGTATCGTAGTTATCTACACGACGGGGAGTC

AGGCAACTATGGATGAACGAAATAGACAGATCGCTGAGATAGGTGCCTC

ACTGATTAAGCATTGGTAACTGTCAGACCAAGTTTACTCATATATACTTTA

GATTGATTTACGCGCCCTGTAGCGGCGCATTAAGCGCGGCGGGTGTGG

TGGTTACGCGCAGCGTGACCGCTACACTTGCCAGCGCCCTAGCGCCCG

CTCCTTTCGCTTTCTTCCCTTCCTTTCTCGCCACGTTCGCCGGCTTTCCC

CGTCAAGCTCTAAATCGGGGGCTCCCTTTAGGGTTCCGATTTAGTGCTT

TACGGCACCTCGACCCCAAAAAACTTGATTTGGGTGATGGTTCACGTAG

TGGGCCATCGCCCTGATAGACGGTTTTTCGCCCTTTGACGTTGGAGTCC

ACGTTCTTTAATAGTGGACTCTTGTTCCAAACTTGAACAACACTCAACCC
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TATCTCGGGCTATTCTTTTGATTTATAAGGGATTTTGCCGATTTCGGCCT

ATTGGTTAAAAAATGAGCTGATTTAACAAAAATTTAACGCGAATTTTAACA

AAATATTAACGTTTACAATTTAAAAGGATCTAGGTGAAGATCCTTTTTGAT

AATCTCATGACCAAAATCCCTTAACGTGAGTTTTCGTTCCACTGAGCGTC

AGACCCCGTAGAAAAGATCAAAGGATCTTCTTGAGATCCTTTTTTTCTGC

GCGTAATCTGCTGCTTGCAAACAAAAAAACCACCGCTACCAGCGGTGGT

TTGTTTGCCGGATCAAGAGCTACCAACTCTTTTTCCGAAGGTAACTGGCT

TCAGCAGAGCGCAGATACCAAATACTGTCCTTCTAGTGTAGCCGTAGTT

AGGCCACCACTTCAAGAACTCTGTAGCACCGCCTACATACCTCGCTCTG

CTAATCCTGTTACCAGTGGCTGCTGCCAGTGGCGATAAGTCGTGTCTTA

CCGGGTTGGACTCAAGACGATAGTTACCGGATAAGGCGCAGCGGTCGG

GCTGAACGGGGGGTTCGTGCACACAGCCCAGCTTGGAGCGAACGACCT

ACACCGAACTGAGATACCTACAGCGTGAGCTATGAGAAAGCGCCACGC

TTCCCGAAGGGAGAAAGGCGGACAGGTATCCGGTAAGCGGCAGGGTC

GGAACAGGAGAGCGCACGAGGGAGCTTCCAGGGGGAAACGCCTGGTA

TCTTTATAGTCCTGTCGGGTTTCGCCACCTCTGACTTGAGCGTCGATTTT

TGTGATGCTCGTCAGGGGGGCGGAGCCTATGGAAAAACGCCAGCAACG

CGGCCTTTTTACGGTTCCTGGCCTTTTGCTGGCCTTTTGCTCACATGTTC

TTTCCTGCGTTATCCCCTGATTCTGTGGATAACCGTATTACCGCCTTTGA

GTGAGCTGATACCGCTCGCCGCAGCCGAACGACCGAGCGCAGCGAGT

CAGTGAGCGAGGAAGCGGAAGAGCGCCTGATGCGGTATTTTCTCCTTA

CGCATCTGTGCGGTATTTCACACCGCATAGGGTCATGGCTGCGCCCCG

ACACCCGCCAACACCCGCTGACGCGCCCTGACGGGCTTGTCTGCTCCC

GGCATCCGCTTACAGACAAGCTGTGACCGTCTCCGGGAGCTGCATGTG

TCAGAGGTTTTCACCGTCATCACCGAAACGCGCGAGGCAGCAAGGAGA

TGGCGCCCAACAGTCCCCCGGCCACGGGGCCTGCCACCATACCCACG

CCGAAACAAGCGCTCATGAGCCCGAAGTGGCGAGCCCGATCTTCCCCA
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TCGGTGATGTCGGCGATATAGGCGCCAGCAACCGCACCTGTGGCGCCG

GTGATGCCGGCCACGATGCGTCCGGCGTAGAGGATCTGCTCATGTTTG

ACAGCTTATC
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