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Summary

Fluorescence microscopy is one of the most extensively used techniques in the life sciences.
Considering the non-invasive sample preparation, enabling live-cell compliant imaging, and
the specific fluorescence labeling, allowing for a specific visualization of virtually any cellular
compound, it is possible to localize even a single molecule in living cells. This makes modern
fluorescence microscopy a powerful toolbox.

In the recent decades, the development of new, "super-resolution" fluorescence microscopy
techniques, which surpass the diffraction limit, revolutionized the field. Single-Molecule Local-
ization Microscopy (SMLM) is a class of super-resolution microscopy methods and it enables
resolution of down to tens of nanometers. SMLM methods like Photoactivated Localization
Microscopy (PALM), (direct) Stochastic Optical Reconstruction Microscopy ((d)STORM),
Ground-State Depletion followed by Individual Molecule Return (GSDIM) and Point Accumu-
lation for Imaging in Nanoscale Topography (PAINT) have allowed to investigate both, the
intracellular spatial organization of proteins and to observe their real-time dynamics at the
single-molecule level in live cells.

The focus of this thesis was the development of novel tools and strategies for live-cell Single-
Particle Tracking PALM (sptPALM) imaging and implementing them for biological research.
In the first part of this thesis, I describe the development of new Photoconvertible Fluorescent
Proteins (pcFPs) which are optimized for sptPALM lowering the phototoxic damage caused
by the imaging procedure. Furthermore, we show that we can utilize them together with
Photoactivatable Fluorescent Proteins (paFPs) to enable multi-target labeling and read-out in a
single color channel, which significantly simplifies the sample preparation and imaging routines
as well as data analysis of multi-color PALM imaging of live cells.

In parallel to developing new fluorescent proteins, I developed a high throughput data analysis
pipeline. I have implemented this pipeline in my second project, described in the second part of
this thesis, where I have investigated the protein organization and dynamics of the CRISPR-Cas
antiviral defense mechanism of bacteria in vivo at a high spatiotemporal level with the sptPALM
approach. I was successful to show the differences in the target search dynamics of the CRISPR
effector complexes as well as of single Cas proteins for different target complementarities. I have
also first data describing longer-lasting bound-times between effector complex and their potential
targets in vivo, for which only in vitro data has been available till today.

In summary, this thesis is a significant contribution for both, the advances of current sptPALM
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imaging methods, as well as for the understanding of the native behavior of CRISPR-Cas systems
in vivo.
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Zusammenfassung

Fluoreszenzmikroskopie ist eine der am häufigsten genutzten Techniken in den Lebenswis-
senschaften. Betrachtet man die nichtinvasive Probenvorbereitung, welche Lebendzell-verträgliche
Bildgebung ermöglicht, und die spezifische Fluoreszenzmarkierung, welche die spezifische Visu-
alisierung von nahezu jedem Zellbestandteil zulässt, ist sogar die Lokalisierung eines einzelnen
Moleküls in lebenden Zellen möglich. Dies macht moderene Fluoreszenzmikroskopie zu einem
leistungsstarken Werkzeugkasten.

In den vergangen Jahrzehnten hat die Entwicklung neuer, hochauflösender Fluoreszenzmikroskopi-
etechniken das Forschungsfeld revolutioniert. SMLM ist eine Klasse dieser hochauflösenden
Mikroskopiemethoden und ermöglicht die Auflösung bis auf zehn Nanometer. SMLM Methoden
wie PALM, (d)STORM, GSDIM und PAINT haben es erlaubt sowohl die intrazelluläre, räum-
liche Organisation von Proteinen als auch ihre Echtzeitdynamiken auf der Einzelmolekülebene in
lebenden Zellen zu untersuchen.

Der Fokus dieser Doktorarbeit war die Entwicklung neuer Werkzeuge und Strategien für die
Lebendzell-sptPALM Bildgebung und deren Anwendung für die biologische Forschung. Im
ersten Teil meiner Arbeit beschreibe ich die Entwicklung von neuen pcFPs, welche für sptPALM
optimiert sind und den durch die Bildgebung verursachten phototoxischen Schaden verringern.
Des Weiteren zeigen wir die Verwendung zusammen mit paFPs, was uns die Markierung mehrerer
Ziele und das Auslesen in einem einfarbigen Kanal ermöglicht und sowohl die Probenvorbereitung,
die Routine der Bildaufnahme als auch die Datenauswertung der Vielfarbenbildgebung lebender
Zellen erheblich vereinfacht.

Parallel zur Entwicklung neuer fluoreszierender Proteine habe ich eine Hochdurchsatz-
Datenauswertungs-Pipeline entwickelt. Angewendet habe ich diese Pipeline in meinem zweiten
Projekt, das im zweiten Teil meiner Arbeit beschrieben ist, in welchen ich die Proteinorganisation
und -dynamik des CRISPR-Cas antiviralen Abwehrmechanismus von Bakterien in vivo auf hoher
räumlich-zeitlicher Ebene mit dem sptPALM Ansatz untersucht habe. Ich konnte erfolgreich
den Unterschied in den Zielsuchdynamiken der CRISPR Effektor-Komplexe sowie einzelner Cas
Proteine für unterschiedliche Zielsequenz-Komplementaritäten zeigen. Außerdem präsentiere ich
erste Daten, die langanhaltende Bindungszeiten zwischen Effektor-Komplex und ihren potentiellen
Zielen in vivo beschreiben, für die bislang nur in vitro Daten verfügbar waren.

Zusammenfassend ist diese Doktorarbeit ein signifikanter Beitrag sowohl für den Fortschritt der
derzeitigen sptPALM Bildgebungsmethoden, als auch für das bessere Verständnis des natürlichen
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Verhaltens des CRISPR-Cas Systems in vivo.
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1 | Introduction

In this introduction to the methods, I first make use of our recent review article [1], which, next
to a general introduction to super-resolution methods, gives a detailed introduction into SMLM
techniques. As sptPALM imaging is not described in detail in this review, I furthermore append
the Section 1.2 to provide more details about this specific technique.

1.1 Introduction to Single-Molecule Localization Microscopy
Techniques

From single molecules to life: microscopy
at the nanoscale

Bartosz Turkowyd, David Virant, Ulrike Endesfelder

This part of the thesis is written in the manuscript style and was published in Analytical and
Bioanalytical Chemistry in 2016. I contributed in this work by doing a literature research,

preparing figures and tables and writing parts of the text. [1]
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From single molecules to life: microscopy at the nanoscale

Bartosz Turkowyd1
& David Virant1 & Ulrike Endesfelder1
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Abstract Super-resolution microscopy is the term com-
monly given to fluorescence microscopy techniques with
resolutions that are not limited by the diffraction of light.
Since their conception a little over a decade ago, these
techniques have quickly become the method of choice for
many biologists studying structures and processes of single
cells at the nanoscale. In this review, we present the three
main approaches used to tackle the diffraction barrier of
∼200 nm: stimulated-emission depletion (STED) micros-
copy, structured illumination microscopy (SIM), and
single-molecule localization microscopy (SMLM). We first
present a theoretical overview of the techniques and under-
lying physics, followed by a practical guide to all of the
facets involved in designing a super-resolution experiment,
including an approachable explanation of the photochem-
istry involved, labeling methods available, and sample
preparation procedures. Finally, we highlight some of the
most exciting recent applications of and developments in
these techniques, and discuss the outlook for this field.

Keywords Super-resolutionmicroscopy . Photophysics and
photochemistry of fluorophores . Live cell imaging .

Quantitative cell biology

Spatial and temporal scales in the life sciences
and microscopy

The timescales and spatial scales of the processes and
molecules associated with life span extremely broad
ranges, covering many orders of magnitude (Fig. 1). For
instance, intracellular regulation (e.g., conformational
changes or biochemical reactions within molecules) takes
place at submillisecond timescales, nanosized molecules
such as ATP (which serves the energy demands of cells)
diffuse in milliseconds through cell volumes ranging from
several micrometers up to millimeters, while (clustered)
membrane receptors move at speeds that are about a mag-
nitude slower. Large multicomponent machineries realize
and control complex multilayered cellular functions that
occur in seconds to hours. The ribosome, a large macro-
molecule which consists of two functional subunits of
several dozen proteins on nucleic acid chain scaffolds,
takes a matter of seconds to synthesize new peptide
chains comprising hundreds of amino acids, which then
quickly fold up into functional proteins. On the other
hand, the replication of a full genome requires at least
about 40 min for the 4.6 million nucleic acid base pairs
of the bacterium Escherichia coli, and the cellular divi-
sion cycle ranges from tens of minutes for E. coli to sev-
eral hours for mammalian cells.

Observing and understanding all of these components of
life requires us to be, at best, passive witnesses of undisturbed
processes, but also to demand hard observational data that can
allow us to quantitatively measure and trace all of the players
involved—ranging from small molecules up to the interac-
tions of whole cells in cellular communities—with the highest
specificity and precision.

To achieve this, instrumentation is needed that permits a
wide three-dimensional view but also allows details to be

Bartosz Turkowyd and David Virant contributed equally to this work.
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explored in high resolution, is noninvasive but can tell differ-
ent cellular components apart, and offers detection that is rapid
enough to be able to probe the processes of interest.

Today, the use of modern super-resolution fluorescence
microscopes allows us to zoom into the intracellular structures
of live cells [1, 2]. It is not only possible to resolve specimens
in greater detail than naturally possible using the discriminat-
ing power of the human eye through the application of con-
ventional light microscopes, but we are also able to circum-
vent the diffraction limit of light and study structures at near-
molecular scale. This significant gain in resolution (which has
revealed the heterogeneous nature of the lives of single cells),
the inherent specific contrast of single fluorescent labels, and
the ability to live-cell image single cells and large multicellu-
lar organisms have made fluorescence super-resolution mi-
croscopy one of the most powerful tools applied in the life
sciences.

Nevertheless, there are limitations: the maximal photon
flux of a fluorophore—which is mainly determined by its

fluorescence lifetime—yields a lower bound for the detection
range when observing molecular dynamics, and its maximum
photon budget (above which it is irreversibly destroyed, i.e.,
photobleached) marks the upper bound for studying individ-
ual molecules. Technology-wise, minimal exposure times in
the millisecond range limit the maximum observation rate of a
planar live image array [3], and (for example) the sizes of
labeling molecules such as dyes, protein tags, and antibodies
yield steric resolution limits [4, 5]. Typical sizes of labeling
molecules and the range of timescales of various life processes
and imaging procedures are visualized in the lower panels of
Fig. 1a and b.

It is important to point out that none of the advanced
super-resolution microscopy techniques are routine
methods as yet. They work close to current technological
limits, and thus improve with each new implementation.
Behind their stunning results and attractive images hide
highly complex and tailored experimental designs. It is
thus advisable to define the particular biological question

Fig. 1a–b Spatial and temporal
scales in the life sciences and
microscopy. a Selected
characteristic submicrometer
objects are separated on the basis
of biological (above the axis,
green) and technical (below the
axis, blue) significance. The IgG
antibody structure (15 nm)
contains two other notable
structures: the antigen-binding
region, called the Fab fragment
(10 nm, blue) and the single-
variable domain (3 nm, red), from
which so-called nanobodies from
cameloids are derived. Structures
are taken from the PDB [GFP
1KYS, IgG 1IGT, SNAP 3KZZ,
DNA 4LEY] and PubChem [ATP
CID 5957, Alexa Fluor 647 CID
102227060]. b Timescales of
various important biological
processes (above the axis, green)
and physical events, as well as
typical timescales associated with
microscopy procedures (below
the axis, blue)

6886 B. Turkowyd et al.



to be answered as precisely as possible, and to plan bio-
logical experiments such that they suit the techniques
well. Therefore, here, we will briefly review the basic
principles of the three most widely used super-resolution
microscopy techniques: stimulated-emission depletion
(STED) microscopy [6], structured illumination microsco-
py (SIM) [7], and single-molecule localization microsco-
py (SMLM) [8–10], as depicted in Fig. 2 and summarized
in Table 1. We explain, in detail, the essential character-
istics of currently used reporter fluorophores, from their
individual photophysics to general labeling strategies.
Finally, we highlight the recent advances of the last few
years, which have not only allowed the molecular compo-
sitions and structures of individual cellular components to
be elucidated, but have also enabled us to place them into
their native environmental context of large-scale spatial
organization and to follow their dynamics. At the end of
the paper, we emphasize the main challenges we currently
face in order to achieve further improvements in these
techniques and we introduce promising correlative
schemes and sophisticated algorithmic and analytic tools
which facilitate large-data and computational systems bi-
ology approaches.

Principles of super-resolution microscopy

The resolution of light microscopy is often introduced via
the Rayleigh criterion. Light from point-like sources is
convolved by the so-called point-spread function (PSF)
of an optical system when transmitted through a
diffraction-limited microscope (Fig. 2a). In 1896, Lord
Rayleigh defined the maximum resolution of an optical
system as the minimum distance between two point-like
objects which can be separated as individual sources. He
regarded two point sources of equal strength as just dis-
cernible when the main diffraction maximum of one im-
age coincides with the first minimum of the other. For an
epifluorescence microscope with a circular aperture where
the light is collected with the same objective, this yields

d ¼ 0:61λ

NA
;

where λ is the wavelength of light and NA is the numer-
ical aperture [16].

Nevertheless, as already demonstrated by Zsigmondy
using his ultramicroscope in 1902 [17], particles with di-
mensions below the resolution limit of visible light can be
resolved. Also, confocal or multiphoton fluorescence ap-
proaches possess higher resolution than epifluorescence
microscopes, as these techniques repress out-of-focus
f luorescence , permi t t ing s t ra ight forward three-

dimensional imaging [18]. The resolution of near-field
scanning microscopy (NSOM) is not limited by diffrac-
tion, as the diffraction limit applies only to light that has
propagated a distance that is sufficiently larger than its
wavelength. NSOM is therefore only limited by the aper-
ture of the nanometer-sized excitation and detection tip
placed near the sample [19].

Since the development of STED, the first far-field su-
per-resolution fluorescence microscopy technique, many
new methods that spatially or temporally confine fluores-
cence (which allows them to circumvent the diffraction
barrier) have evolved. They can be categorized into two
types of super-resolved far-field methods, with the first
group concentrating on particular incident excitation light
patterns and the second focusing on the modulation of the
detected emission light over time. To be more specific, the
first group, including techniques such as STED and SIM,
make use of structured illumination schemes which spa-
tially modulate the fluorescence of molecules such that
not all of them simultaneously emit light. The second
group, namely SMLM, rely on single-molecule imaging,
and uses stochastic photomodulation of individual
f l uo rophores . The numbe r of pho toswi t chab le
fluorophores in their active fluorescent state can be con-
trolled by irradiating the fluorophores with specific wave-
lengths of light. Thus, the stochastic activation of fluores-
cence at low rates allows the fluorescence emissions of
single fluorophores to be spatially and temporally
separated.

Stimulated-emission depletion microscopy

In STED microscopy [6], the sample is scanned by a
subdiffraction excitation spot. This spot is realized by
superimposing two lasers: an excitation laser with a fo-
cused beam waist limited by diffraction and a STED de-
pletion laser in a donut-shaped mode (achieved by phase
modulation) with a wavelength at the far end of the fluo-
rescence spectrum of the fluorophore used (Fig. 2bi). As a
consequence, all of the fluorophores in the focal spot of
the excitation laser are excited, whereas those located
within the area of the donut-shaped STED laser are again
quickly depleted from the excited state and forced back to
their ground state by stimulated emission, resulting in the
release of a photon identical to the incident STED deple-
tion photon. This process only leaves fluorophores at the
subdiffraction-sized central spot in the excited state, and
their spontaneous fluorescence emission is measured. By
precisely scanning the entire sample and measuring the
respective fluorescence intensity of each subdiffraction
area (Fig. 2bi, bottom), then, without the need for any
further post-processing steps (Fig. 2bii), an image is re-
constructed (Fig. 2biii).

From single molecules to life: microscopy at the nanoscale 6887



Fig. 2a–d Principles of super-resolution microscopy techniques. a Left:
Scheme of six filaments decorated with fluorophores (represented by
large icons for visibility) and grouped into three pairs at simulated dis-
tances of 50, 100, and 150 nm; scale 200 nm. Right: A typical image of
this structure obtained by conventional fluorescence microscopy is limit-
ed by the diffraction of light. b i, top: For STED, the structure is scanned
by a subdiffraction excitation spot obtained by combining an excitation
laser (green) with a, by phase-modulation shaped, depletion laser (red).
After scanning the entire structure (i, bottom), and without performing
any further post-processing steps (ii), an image is reconstructed (iii). c In
SIM, fluorophores are excited by a series of regularly spaced illumination
patterns of known frequency, orientation, and phase which modulate the
fluorophore emissions. This results in visible low-frequency Moiré

patterns that are dependent on the structure imaged (i). By analyzing the
images for their spatial frequencies, an enlarged frequency space is ob-
tained (ii), and a subdiffraction image is reconstructed (iii). d In SMLM,
the fluorescence is modulated by photoswitching between Boff^ and Bon^
states. Most of the fluorophores are forced to reside in a dark off state;
only a small subset of spatially separated fluorophores in the on state is
allowed to emit fluorescence at a given time. After sequentially imaging
thousands of subsets of fluorophores (i), the nanometer-precise
fluorophore positions can be extracted from the diffraction-limited indi-
vidual emissions (ii), and an image is reconstructed (iii). The three super-
resolved images labeled (iii) visualize typical resolutions obtained by the
methods: on the order of 50 nm (STED), 100 nm (SIM), and 20 nm
(SMLM); scale 200 nm

6888 B. Turkowyd et al.



The size of this effective subdiffraction scanning beam
can be varied depending on the intensity of the STED
depletion beam. The resulting resolution of STED micros-
copy can be described by

dSTED ¼ d
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

1þ I=I s
p ;

where d is the conventional resolution limit as defined by
the Rayleigh criterion, I is the intensity of the STED de-
pletion laser, and Is is the effective saturation intensity,
which can be defined as the intensity at which the prob-
ability of fluorescence emission is reduced by half [20].

By choosing the wavelength of the STED depletion
laser to be at the far end of the fluorophore’s spectrum,
reabsorption from the ground state as well as further ab-
sorption processes from the excited state can be
neglected. Further, the resulting stimulated photons iden-
tical to the STED depletion wavelength possess a longer
wavelength than the majority of photons obtained by
spontaneous fluorescence emission. They can therefore
be easily spectrally filtered, and—as stimulated emission
also occurs on faster timescales—filtered temporally too.
As it is a confocal technique, STED microscopy naturally
permits optical sectioning, but three-dimensional imaging
schemes have been further improved by, for example,
creating an isotropic focal scanning spot using two op-
posing objectives [21].

The sample is scanned in steps as small as the effective
subdiffraction-sized excitation spot, but is irradiated by
the much larger, diffraction-limited, foci of the excitation
and STED depletion lasers. Thus, the fluorophores are
subjected to multiple excitation and de-excitation steps

under high STED laser intensities, which requires them
to be extraordinarily photostable. STED microscopy was
initially realized in a pulsed laser scheme [6]; continuous-
wave illumination STED microscopy was implemented
later [22]. However, rather high intensities are required
in both imaging schemes, leading to increased
photobleaching and phototoxicity in the sample. This neg-
ative effect can be reduced by employing sophisticated
imaging modes which lower or shorten the applied laser
intensities, e.g., by time gating [23], by selective,
feedbacked use of the depletion beam to reduce the num-
ber of state transition cycles [24], or by replacing (a con-
cept also termed RESOLFT: reversible saturable optical
(fluorescence) transition) [25] or assisting [26] the stimu-
lated depletion mechanism with an on–off photoswitch.
STED utilizing moderate laser power schemes can be ap-
plied to the imaging of live cells as well as living tissue
and living organisms (for a detailed review, see [27]).

For multicolor STED microscopy, either a pair of lasers
is required for each fluorophore [28], or, for spectrally
close fluorescence spectra, only one depletion laser is
needed [29]. This further automatically coaligns the effec-
tive scanning spots of both colors. Very specific
fluorophore pairs, chosen to be suitable for spectral
demixing approaches or to demonstrate reverse photo-
chromic behavior, can be operated by just one pair of
lasers [30, 31].

Structured illumination microscopy

SIM uses regularly spaced patterns of known spatial frequen-
cy, orientation, and phase to illuminate the sample by a

Table 1 Overview of the characteristics of various super-resolution microscopy techniques

STED Linear SIM Nonlinear SIM SMLM

Microscope type Laser scanning Widefield Widefield Widefield

xy resolution (nm) 20–70 80–100 ∼45 10–40

z resolution (nm) 30–100 ∼300 ∼170 10–50

Temporal resolution ms to s ms to s ms to s s to min

Laser intensities [W/cm2] ∼104–109 ∼ 10–102 ∼ 102–106 ∼ 103–104

Suitable fluorophores Photostable
fluorophores

All common
fluorophores

Photostable or photoswitchable
fluorophores

Photoswitchable
fluorophores

Number of colors 3 3 1 4

Photobleaching Moderate to high Low to moderate Moderate to high Low to moderate
(reversible switching)
High
(irreversible switching)

Values are taken from [10–15]
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structured excitation light series ([7]; detailed review [32]).
This leads to modulated fluorescence emissions which form
defined interference Moiré fringes of high and low frequen-
cies, as the light emitted from a specific point in the sample is
the product of the local structure of the sample (more precisely
the spatial distribution of the fluorophores) and the local ex-
citation intensity. As the corresponding fluorescence image
seen through the microscope is diffraction limited and thus
convolved with the PSF of the optical system, only the low-
frequency Moiré patterns can be measured. These structure-
specific patterns are registered for different sequential phases
and orientations of the illumination pattern to sample the max-
imum isotropic frequency space (Fig. 2ci). By measuring the
apparent Moiré fringes and knowing the properties of the cho-
sen illumination patterns, it is possible to retrieve information
at higher spatial frequencies than normally possible in a
widefield microscope (Fig. 2cii): the diffraction limit can be
described as a circular boundary in the transmitted frequency
space with a maximal frequency of kmax, equaling 1/d. Thus,
only the spatial frequencies with k ≪ kmax pass through the
optical system. Using structured illumination, which allows
the detection of low-frequency Moiré interference patterns,
spatial information about the sample from higher frequency
bands is shifted into detectable lower frequency bands. All of
the acquired images can be analyzed for their spatial frequen-
cies and then be unmixed by their multiple overlapping com-
ponents in frequency space. This allows the high frequencies
obtained using the Moiré information to be shifted back to
their original frequencies. The resulting enlarged frequency
space encompasses about 2kmax, as the low-frequency Moiré
patterns must remain visible above the diffraction limit. Using
an inverse Fourier transform back into image space, a super-
resolved SIM image showing a linear twofold increase in res-
olution can then be reconstructed (Fig. 2ciii).

Ignoring for a brief moment the rather complex post-
processing of the raw data acquired by sophisticated SIM soft-
ware (recently published open-source options are [33, 34]),
SIM is the most straightforward approach in the field of
super-resolution microscopy: the technique is based on stan-
dard widefield fluorescence microscopes, only requires (in the
simplest version of SIM) a movable grating placed in a Fourier
plane of the illumination path, andworks for all common (albeit
best for bright) fluorophores. SIM can be used to image live
cells [11, 35] and has been extended to three-dimensional SIM
[12], is capable of imaging live organisms [36], and allows for
multicolor imaging [37]. Nevertheless, common artifacts (aris-
ing from imperfect imaging or algorithms) should be carefully
considered, avoided, or corrected for: stripes in a reconstituted
SIM image emerge from photobleaching, sample drift, or setup
vibrations, a low fluorescence modulation contrast results in
noise in the high-frequency range, and spherical aberration as
well as refractive index mismatching creates halos or the dou-
bling of features [38].

A higher resolution than that obtained by linear SIM is
achieved by nonlinear SIM, which is realized by either
saturating the fluorescence through the application of
st rong i l luminat ion intensi t ies [39] or by using
photoswitchable fluorophores [13, 40] (similar to
RESOLFT [25]) to create illumination patterns that include
higher harmonic frequencies. However, the increased res-
olution of this technique comes at the expense of a limited
choice of fluorophores, which need to be either highly
photostable (in order to withstand the strong illumination
intensities) or photoswitchable. The resolution obtained
using SIM approaches can be determined via

dSIM≈
d

2þ h
;

where d is the conventional resolution limit and h is the
number of higher harmonics achieved when applying non-
linear SIM schemes [13, 39, 40]. For linear SIM, h equals
zero, so the resolution enhancement is about twofold.

Single-molecule localization microscopy

Single-molecule localization-based techniques such as
photoactivated localization microscopy (PALM) ([8],
(direct) stochastic optical reconstruction microscopy
((d)STORM) [9, 10], ground-state depletion followed by
individual molecule return (GSDIM) [41], and many other
related techniques [42] are commonly grouped together
under the term Bsingle-molecule localization microscopy^
(SMLM). They all require tight control over the
photoswitching of individual fluorophores, as discussed
in detail in this review, and they rely on the use of post-
processing algorithms to generate the super-resolved data
(see the review by Small and Stahlheber [43] and com-
parative studies of localization algorithms [44] and single-
particle tracking algorithms [45]; most of the relevant al-
gorithms are openly available).

I n SMLM, the ma in p r i nc i p l e i s s t o cha s t i c
photoswitching and the detection of single spatially sepa-
rated fluorophores. To achieve this, all fluorophores are
modulated by photoswitching them between Boff^ and
Bon^ states. Most of the fluorophores are forced to reside
in a long-lasting dark off-state; only a small subset of
fluorophores in the on state are allowed to emit fluores-
cence at a given time. By sequentially imaging typically
several thousand subsets of spatially distinguishable
fluorophores, all of the emitters are detected over time
(Fig. 2di). The photons emitted from the fluorophores are
distributed in diffraction-limited spots and registered in a
stack of time-resolved images until all of the fluorophores
have been read out. The spots can be identified by image-
processing algorithms, allowing the positions of the
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fluorophores and other properties (fluorescence intensity,
duration of fluorescence, precision of the positioning fit,
etc.) to be precisely determined and then stored in a large
table (Fig. 2dii). Using the fluorophore centroids, a super-
resolved image is reconstructed (Fig. 2diii).

The resolution limit of SMLM is mainly determined by the
precision with which individual fluorophores are localized,
which can be simplified to

dSMLM≈
d
ffiffiffiffi

N
p ;

where d is the conventional resolution limit and N is the num-
ber of photons detected in a single fluorescence spot [46].

SMLM approaches are more sensitive to background sig-
nals than both of the previously described methods, as SMLM
determines the positions of individual molecules to a high
precision based on their individual fluorescence levels. To
assign as many photons as possible to a single fluorophore,
it is highly desirable to achieve the best possible signal-to-
noise ratio. For thin (mainly two-dimensional) samples, effec-
tive background noise reduction can be achieved using total
internal reflection fluorescence microscopy (TIRF), where the
incident laser light is totally internally reflected at the glass–
water boundary between the coverslip and sample [47]. In this
illumination scheme, only the fluorophores in a very thin layer
within the exponentially decaying evanescent field above the
coverslip can fluoresce. Thus, a large fraction of the usual
background signal caused by autofluorescence or by the scat-
tering of the laser light and originating from the whole sample
volume is suppressed. Another approach is to illuminate the
sample in a highly inclined and laminated optical sheet
(HILO) [48]. In this mode, the excitation laser light leaves
the objective at a very narrow angle, which results in an in-
clined beam passing through the sample. This illumination in
the form of an optical light sheet is then almost perpendicular
to the detection path of the microscope.

To allow for three-dimensional SMLM imaging, sever-
al optical methods have been utilized to encode the third
dimension: astigmatic PSF shaping by a cylindrical lens,
biplane alignment, a dual-objective scheme allowing for
the interference of the signal, and several further phase
modulations have been developed that (for example) cre-
ate a double-helically arranged PSF or a self-bending PSF
which spans a large field of view at isotropic resolution
[1]. These three-dimensional SMLM read-out schemes
can be combined with spatially confined activation ap-
proaches based on temporal focusing [49], selective plane
illumination microscopy [50], or lattice light sheet illumi-
nation [51].

SMLM al lows for mul t i co lor imaging i f the
photoswitching mechanisms of the fluorophores used fit
together well; i.e., when they tolerate the same imaging

environment such as the same specialized switching
buffers [52–54] or a mounting medium combined with
high laser intensities [55], by employing complementary
photoactivation schemes [56, 57], or by using dye activa-
tor–reporter pairs [58]. Most multicolor approaches are
assisted by sophisticated read-out schemes [59–63]. We
discuss how to choose appropriate fluorophores to use in
a particular study and the parameters that should be taken
into account in the next section of this review, where we
introduce the basic photophysics and explain how to
switch or stabilize fluorophores.

Structural live-cell SMLM imaging of only slowly chang-
ing structures can be performed as the imaging speed is fast
compared to the phenomenon being imaged. For these struc-
tures, it is possible to capture a sufficient number of subsets of
fluorophores to fill a subdiffraction sampling space before the
structure has changed significantly. Nevertheless, a gain in
temporal resolution will always result in a loss of structural
spatial resolution caused by lower sampling, and vice versa
[55, 64–66]. Uniquely, SMLM can be combined with single-
particle tracking (SPT); unlike diffraction-limited SPT
methods, where only a strictly limited number of fluorophores
can be followed per cell to keep them separable, sptPALM
[67] is readily capable of measuring a large batch of statistics
on single-molecule tracks for the same type of molecule inside
a single cell by sequential photoactivation. It is thus possible
to obtain spatially and temporally highly resolved diffusion
maps that combine a multitude of tracks and accordingly un-
ravel possible dynamic heterogeneities and subpopulations.
sptPALM has been applied to a wide range of biological sys-
tems (some examples are given in [68–70]), and can be com-
bined with structural SMLM imaging [71]. It is nevertheless
important to note that the minimum time needed to precisely
localize a single fluorophore is influenced by imaging param-
eters such as the camera sensitivity, the minimum applicable
acquisition times (in the range of a few milliseconds), as well
as the contrast of the fluorophore (determined by its quantum
yield in the specific sample, the laser intensities, and the back-
ground noise). This means that sptPALM is only well suited to
studying slow diffusion processes, where the fluorophores
move slowly compared to the image acquisition time; it is
not applicable to processes with faster dynamics such as that
visualized in Fig. 1b.

Designing the optimal experiment

Choosing a suitable fluorophore

Normally, fluorophores reside in their most relaxed molecular
state, the electronic ground state (S0). When a fluorophore
absorbs a photon, it is excited within femtoseconds to a higher
energy state (S1, S2,…, Sn). Depending on the exact energy of
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the absorbed photon, the fluorophore can be excited to various
energy levels that correspond to its electronic, vibrational, and
rotational molecular configurations. As depicted in Fig. 3a (in
which, for simplicity, only the S0, S1, and T1 electronic states
and the vibrational states for S1 are shown), the fluorophore
then relaxes within picoseconds to the lowest level of the
excited electronic state S1, transferring its vibrational energy
to its surroundings.

The time a fluorophore spends in the lowest level of the
excited state, often called the fluorescence lifetime, is normal-
ly in the nanosecond range, though it depends on the specific
molecule and its environment. When returning to the electron-
ic ground state, nonfluorescing molecules release their energy
through nonradiative processes such as internal conversion.
Fluorophores, on the other hand, exhibit a high probability
of a radiative transition; they release energy through the emis-
sion of a single fluorescence photon. As a portion of the en-
ergy is also lost before this transition through vibrational state
relaxation, the fluorescence photon actually has a longer
wavelength than the wavelength of the photon originally
absorbed. This phenomenon is known as the Stokes shift.

Besides relaxing directly to the ground state through either
photon emission or nonradiative internal conversion, an excit-
ed fluorophore can release its excess energy by undergoing
several other intramolecular and intermolecular processes.
Such events decrease the photon yield and are collectively
termed quenching. Through the intramolecular transition pro-
cess known as intersystem crossing, fluorophores can reach an
intermediate energy state called the triplet state (T1). This pro-
cess involves flipping the spin of the excited electron, and has
a miniscule probability (i.e., it is quantum-mechanically for-
bidden) of occurring during each excitation–relaxation cycle.
The triplet state has a much longer lifetime, typically several
microseconds, during which the excited molecule remains
prone to electron transfer reactions. The result of such a reac-
tion can be a nonfluorescent radical state (F●−) in which the
fluorophore can remain for several seconds or even minutes.
Occasionally it can result in irreversible destruction of the
fluorophore through photobleaching processes, leading to a
permanent loss of fluorescence. Other dark, nonfluorescent
states can be caused by conformational changes in the chro-
mophore, the formation of complexes with other molecules, or
a collision with a molecule that is capable of receiving the
fluorophore’s surplus energy (e.g., oxygen, halogens, and
amines). Collisional quenching requires direct proximity of
the quencher molecule to the chromophore, and its rate is
drastically decreased in fluorescent proteins where the chro-
mophore is protected by its beta-sheet barrel (Fig. 3bi).
Finally, the energy of an excited fluorophore can also be trans-
ferred to another molecule by photoinduced electron transfer
(PET) or Förster resonance energy transfer (FRET), both of

which are often exploited in advanced imaging schemes that
measure interaction dynamics within or between proteins of
interest [82].

The most common types of fluorophores are fluorescent pro-
teins such as GFP (Fig. 3bi) and organic dyes such as rhoda-
mines, carbocyanines, and oxazines (Fig. 3bii). At the heart of
every fluorophore is the chromophore, a conjugated π-electron
system that gives a molecule its light-absorbing properties. A
chromophore can consist of aromatic rings as well as C=C,
C=O, or N=N bonds. Its spectral properties are determined by
the length of the conjugated electronic system, the number of
electrons, and different substituents [83]. Usually, elongation of
the conjugated system will shift the absorption maximum and
thus also the emission maximum to longer wavelengths. This
can easily be seen in cyanines, a class of fluorescent dyes with
different polymethine chain lengths. Stretching the chain from
Cy3 to Cy7 shifts the emission spectrum from green to dark red
(Fig. 3bii). Every fluorophore thus possesses a unique excitation
and emission spectrum. These spectra need to be compatible
with the available microscopic system (i.e., in terms of illumina-
tion wavelengths, spectral filter combinations, or the sensitivity
of the given detector). The excitation and emission wavelengths
should be separated by a sufficiently large Stokes shift, and, in
multicolor experiments, the chosen set of fluorophores should
exhibit sharp and defined spectra with ideally no overlap, thus
minimizing crosstalk between the different colors. Alternatively,
overlapping spectra can be separated by spectral demixing ap-
proaches, which also nicely avoid chromatic aberrations and can
allow the use of a single excitation source [60–63]. Sample spec-
ifications must also be taken into account; live cells are usually
more sensitive to irradiation with shorter-wavelength light; im-
aging for extended periods of time with light in the ultraviolet
(UV) range can lead to a range of defects in cells, from DNA
damage to death [84]. Certain biological samples exhibit pro-
nounced autofluorescence in some spectral ranges, usually in
shorter wavelengths. The majority of this background fluores-
cence is caused by aromatic amino acids (mainly tryptophan),
the phosphate chain of DNA, intracellular nicotinamide adenine
dinucleotide (NADH), and coenzymes [85]. Longer wave-
lengths of light can penetrate deeper into a tissue, making red
and near-infrared fluorophores the most suitable for imaging
thicker samples [18].

The chosen fluorophore should be as bright as possible to
ensure that sufficient signal is detected to allow it to be distin-
guished from the background. This is especially crucial for
single-molecule imaging when the fluorescence of individual
fluorophores is captured. The fluorophore’s brightness is de-
termined by its dipole orientation in relation to the excitation
light, its extinction coefficient (which quantifies how well a
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Fig. 3a–b Photophysics and photochemistry of fluorophores. a Left:
Jabłoński energy diagram representing energy states and transitions of a
fluorophore. S0 ground singlet state, S1 excited singlet state, T1 triplet
state, F●− radical state. Different compounds can affect brightness and
photostability or shift the fluorophore into a radical state. (i) absorption
spectra of H2O and D2O, and correlated enhancements of the
fluorescence emissions of different fluorophores in D2O versus H2O for
the visible range of light. Adapted from [72] with permission. (ii)
Cyclooctatetraene (COT) quenches the triplet state by quickly transfer-
ring fluorophores back into the ground state and thus stabilizes the fluo-
rescence. Adapted with permission from [73]. (iii) A reducing and oxi-
dizing system (ROXS) accelerates the transition of a fluorophore from its
triplet state back to the electronic ground state by performing fast sequen-
tial reducing and oxidizing steps. Adapted with permission from [74]. (iv)

The radical states of some dyes (e.g., the Alexa Fluor 488 fluorophore, as
shown in black here; red indicates the radical) possess an absorption peak
in the UV range. By exciting the radicals with UV light to higher inter-
mediate states, they can be quickly brought back down to their electronic
ground state. Adapted with permission from [75]. bDifferent fluorophore
structures: (i) Barrel structure of the photoactivatable green fluorescent
protein (paGFP) and a close-up of its chromophore. (ii) Overview of
organic dye classes. c Different photochemical and conformational
changes that affect fluorescence: (i) photoactivation of paGFP [76], (ii)
green-to-red photoconversion of mEos2 [77], (iii) reversible cis/trans-
photoswitching of Dronpa [78], (iv) cleavage of a photocage from a
rhodamine [79], (v) reversible fluorescence quenching of Cy5 by covalent
binding of a thiol [80], and (vi) reversible cyclization of rhodamine
HMSiR [81]
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fluorophore absorbs a certain wavelength), and its quantum
yield (the ratio of absorbed to emitted photons). Ideally, the
excited fluorophore would emit a single photon in every ex-
citation–emission cycle, thus exhibiting a quantum yield of 1.
However, due to the alternative process of excited-state relax-
ation described earlier, this is not the case in practice. A
fluorophore featuring a relatively low quantum yield can nev-
ertheless produce a sufficient fluorescent signal, provided that
its extinction coefficient is high enough and its rate of entry
into the excited state is maximized by applying high excitation
light intensities, leading to more rapid cycling through the
excitation–emission cycle (Fig. 3a).

A constant flux of emitted photons (i.e., the fluorophore’s
photostability) is another important factor. Fluctuations in
fluorescence can be attributed to reversible or irreversible
losses of fluorescence, and depend on the chemical properties
of the fluorophore, its environment, and the light intensities
that it is exposed to. Oxygen and reactive oxygen species play
a large role in irreversible bleaching, which is caused by a
permanent change in the molecular structure of the
fluorophore [86]. Absorption of a second photon while al-
ready in the excited state is believed to be another major cause
of photobleaching. Low irreversible bleaching rates allow for
longer measurements or at higher excitation light intensities.
Reversible losses of fluorescence are caused by transitions to
several intermediate nonfluorescent electronic or conforma-
tional states, as sketched in Fig. 3a. Minimizing the time a
fluorophore spends in these states improves the fluorescence
signal stability and increases the time that a fluorophore
spends performing its excitation–emission cycle, yielding a
more constant photon flux.

The solubility and cell permeability of fluorophores must
also be considered. Relatively few fluorophores can be
transported through a live cell membrane (these are
highlighted in Table 2) due to either size or charge constraints.
Fluorescent proteins are highly live-cell compatible but can be
a steric hindrance in some cases, and can impact cell viability
when fused to certain proteins. They have also been shown to
form artificial aggregates, depending on the abundance and
spatial organization of the target molecule [122].

Importantly, each super-resolution technique has special
demands. The most common fluorophores employed, their
properties, and (in the case of SMLM) the most popular
multi-color combinations are given in Table 2. In STED, the
molecules are constantly forced from the excited state into the
electronic ground state via stimulated emission. Fluorophores
with high extinction coefficients, high quantum yields, and
high stimulated emission cross-sections are favorable, as they
allow for the best possible contrast in the detection of the
fluorescing fluorophores left in the center of the excitation
pattern. The rate of stimulated depletion of the excited state
scales with the depletion energy applied, so fluorophores cho-
sen for STED have to be exceptionally photostable. Further,

the depletion wavelength should be carefully chosen to ensure
that it does not re-excite any of the fluorophores that are de-
pleted to the ground state. For SIM, the most crucial parame-
ters are the photostability and overall brightness of the
fluorophore, as the technique works by measuring the fluores-
cence response of a defined patterned excitation. This modu-
lation of fluorescence should be clearly detectable based on a
strong and inherently stable fluorescence signal. Since
illumination-independent fluctuations in fluorescence result
in artifacts, the use of an effective antifading agent is common
practice. Almost all modern fluorophores can be used for SIM
(which is why we do not provide a selection of SIM
fluorophores in Table 2). Finally, for SMLM techniques, rigid
control of photoswitching is crucial. The nonfluorescing dark
times of the fluorophores must be long enough to guarantee
the separation of single-molecule signals in the sample at any
time during the experiment. Even when applying algorithms
that can handle high numbers of fluorescent molecules at a
time, the techniques are easily impaired when the density of
molecules is too high [123].

The dye Alexa Fluor 647 is the fluorophore of choice in a
great majority of fixed cell SMLM studies, due to its robust
photoswitching and good photon yields. Since it is not mem-
brane permeable, ATTO 655, tetramethylrhodamine, SiR, and
Oregon Green are utilized in most live cell studies. When
multicolor imaging is desired, Alexa Fluor 568 and 532 are
often used with Alexa Fluor 647. Fluorescent proteins are
more suitable for quantitative approaches or noninvasive live
cell studies. A collection of popular fluorophores as well as
multicolor schemes is provided in Table 2. In this context,
different photoswitching strategies (as evaluated in detail be-
low) require individual optimizations such as customized spe-
cific photoactivation and photoconversion efficiencies for
convertible fluorophores that allow for sequential activation
[57] and tailored imaging buffers for selected organic dyes.

Even more complex imaging experiments involve addi-
tional considerations, such as the need to carefully choose
the spectral overlap between donor emission and acceptor
excitation for optimal FRET, the selection of appropriate strat-
egies for optimal multiphoton absorbance or when utilizing
fluorophores as biosensors [82].

Labeling strategies

Choosing a strategy to label the biomolecule of interest is a
crucial part of the experiment. Luckily, strategies suitable for
many biological applications are commercially available and,
for the best results, experiments should be planned with the
labeling strategy in mind from the very beginning. It is impor-
tant to emphasize that it is always the label attached to the
molecule of interest that is visualized, not the molecule it-
self—the signal we see on the microscope is a label’s length
away. Using large labels in combination with high resolutions
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Table 2 List of recommended and promising new fluorophores for super-resolution microscopy

STED

Name Appl.
Exc 
(nm)

Em 
(nm)

STED
(nm)

Structure
(M-1 * cm-1)

F
lu

or
es

ce
nt

 
pr

ot
ei

ns

Citrine [23] 516 529 595 m 77 000 0.76

eYFP [30] 514 527 598 m 84 000 0.61

Dronpa [31] 503 517 488 (405) m 95 000 0.85

eGFP [30] 488 510 575 m 55 000 0.6

O
rg

an
ic

 d
ye

s

SiR (§) [87] 652 674 775 r 100 000 0.32

ATTO 647N [22] 646 664 750 r 150 000 0.65

AberriorStar635P [29] 635 651 750-780 125 000 0.92

ATTO 594 [29] 603 626 775 r 120 000 0.85

Alexa Fluor 594 [88] 590 617 690 r 92 000 0.66

ATTO 565 [22] 564 590 640-660 r 120 000 0.9

Aberrior Star 488 [89] 503 524 585-605 64 500 0.89

Alexa Fluor 488 (§) [23] 495 519 592 r 83 000 0.92

Aberrior Star 
440SXP

[89] 432 511 590-620 33 000 0.57

SMLM

Name Appl. Exc 
(nm)

Em 
(nm)

Act/con 
(nm)

UV abs 
radical 
state*

Structure
(M-1 * cm-1)

Dual color combinations Triple color combinations

F
lu

or
es

ce
nt

 p
ro

te
in

s

mEos2 (G)
[77]

506 519
m

56 000 0.84 AF 647 [90-92], ATTO 655 [53], 
Caged SiRhQ [57], Dronpa [56], 
psCFP2 [56]mEos2 (R) 573 584 405 46 000 0.66

PAmCherry1 [59] 564 595 405 m 18 000 0.46 paGFP [59] eYFP + NileRed [93],
PAmKate + Dendra2 [60]

Dendra2 (G)
[94]

490 507
m

45 000 0.5 PAmKate + PAmCherry1 [60]

Dendra2 (R) 553 573 405, 488 35 000 0.55

paGFP [95] 504 517 405 m 17 400 0.79 PAmCherry [59] PAmKate + PAmCherry1 [60],
PAtagRFP + ATTO 655 [95]

O
rg

an
ic

 d
ye

s

Alexa Fluor 750 [96] 749 775 ++ c 290 000 0.12 AF 647 [97]

CF 680 [63] 681 698 - c 210 000 AF 647 (#) [62, 98, 99] CF 660C + DyLight 650 + Dy 634 
(#) [62], CF 647 + CF 568 (#) [63]

ATTO 655 (§) [100] 663 680 + o 125 000 0.3 ATTO 520 [52], mEos2 [53] PAtagRFP + paGFP [95]

SiR (§) [101] 652 674 - r 100 000 0.08 -
0.32

mEos2 [57] TMR + paGFP [102]

Alexa Fluor 647 [10] 650 665 ++ c 270 000 0.33 ATTO 520 [103], AF 532 [104, 
105], ATTO 532 [54], AF 546 [54], 
AF 568 [54], TMR [106], mEos2 
[90-92], AF 488 [91], psCFP2 [56], 
mMaple [99], ATTO 488 [107], CF 
680 (#) [62,98, 99], AF 700 (#) [61], 
AF 750 (#) [97], Dy678 (#) [108], 
Dronpa [109]

AF 568 + ATTO 488 [107]

CF 647 [110] 650 665 c 270 000 CF 680 (#) + CF 568  [63]

Cy5 [10] 646 670 ++ c 250 000 0.28

Alexa Fluor 568 [75] 578 603 + r 91 300 0.69 AF 647 [54] AF 647 + ATTO 488 [107]

CF 568 [63] 562 583 - 88 000 CF 680 + CF 647 [63]

TMR (§) [106] 557 576 - r AF 647 [106], Citrine [55] SiR + paGFP [102]

Alexa Fluor 532 [75] 532 554 + r 81 000 0.61 AF 647 [104, 105]

ATTO 520 [111] 517 538 + o 110 000 0.9 AF 647 [103], ATTO 655 [52]

Alexa Fluor 488 (§) [111] 490 519 + r 73 000 0.92 AF 647 [91] AF 647 + AF 568 [107], 
Cy3 + ATTO 532 [55],
Rhodamine 3C + AF 514 [55]

Cy5/AF 647 
readout dye pairs

[9] 670 Reporter: AF 750 [112]
Activator: Cy3 + AF 405 [112]

Reporters: Cy7 + Cy5.5 [58]
Activators: Cy3 + Cy2 + AF 405 [58]

New promising fluorophores
Name Ref. Exc 

(nm)
Em 

(nm)
Act/con

(nm)
Structure

(M-1 * cm-1)
Comments

mEos3.1 (G)
[113]

505 513
m

8 840 0.83 Lower tendency for oligomerization than mEos2.

mEos3.1 (R) 570 580 405 33 500 0.62

mEos3.2 (G)
[113]

507 516
m

63 400 0.84 Lower tendency for oligomerization than mEos2.

mEos3.2 (R) 572 580 405 32 200 0.55

mEos4 (G)
[114]

505 516
m

~ 80 000 0.85 Fluorescence comparable to precursor, but lower tendency for oligomerization.

mEos4 (R) 570 580 405 ~ 58 000 0.71

mMaple3 (G)
[115]

489 505
m

Improved version of mMaple.

mMaple3 (R) 566 583 405

NijiFP (G)
[116]

469 507
m

41 100 0.64 Reversibly photoswitchable in both colors.

NijiFP (R) 526 569 405 42 000 0.65

Skylan-S [117] 499 513 405 m 152 400 0.64 High brightness and photostability.

HMSiR (§) [81] 650 670 r 100 000 0.39 Cell-permeable, laser intensity-independent blinking.

STED

Name Appl.
Exc 
(nm)

Em 
(nm)

STED
(nm)

Structure
(M-1 * cm-1)

F
lu

or
es

ce
nt

 
pr

ot
ei

ns

Citrine [23] 516 529 595 m 77 000 0.76

eYFP [30] 514 527 598 m 84 000 0.61

Dronpa [31] 503 517 488 (405) m 95 000 0.85

eGFP [30] 488 510 575 m 55 000 0.6

O
rg

an
ic

 d
ye

s

SiR (§) [87] 652 674 775 r 100 000 0.32

ATTO 647N [22] 646 664 750 r 150 000 0.65

AberriorStar635P [29] 635 651 750-780 125 000 0.92

ATTO 594 [29] 603 626 775 r 120 000 0.85

Alexa Fluor 594 [88] 590 617 690 r 92 000 0.66

ATTO 565 [22] 564 590 640-660 r 120 000 0.9

Aberrior Star 488 [89] 503 524 585-605 64 500 0.89

Alexa Fluor 488 (§) [23] 495 519 592 r 83 000 0.92

Aberrior Star 
440SXP

[89] 432 511 590-620 33 000 0.57

SMLM

Name Appl. Exc 
(nm)

Em 
(nm)

Act/con 
(nm)

UV abs 
radical 
state*

Structure
(M-1 * cm-1)

Dual color combinations Triple color combinations

F
lu

or
es

ce
nt

 p
ro

te
in

s

mEos2 (G)
[77]

506 519
m

56 000 0.84 AF 647 [90-92], ATTO 655 [53], 
Caged SiRhQ [57], Dronpa [56], 
psCFP2 [56]mEos2 (R) 573 584 405 46 000 0.66

PAmCherry1 [59] 564 595 405 m 18 000 0.46 paGFP [59] eYFP + NileRed [93],
PAmKate + Dendra2 [60]

Dendra2 (G)
[94]

490 507
m

45 000 0.5 PAmKate + PAmCherry1 [60]

Dendra2 (R) 553 573 405, 488 35 000 0.55

paGFP [95] 504 517 405 m 17 400 0.79 PAmCherry [59] PAmKate + PAmCherry1 [60],
PAtagRFP + ATTO 655 [95]

O
rg

an
ic

 d
ye

s

Alexa Fluor 750 [96] 749 775 ++ c 290 000 0.12 AF 647 [97]

CF 680 [63] 681 698 - c 210 000 AF 647 (#) [62, 98, 99] CF 660C + DyLight 650 + Dy 634 
(#) [62], CF 647 + CF 568 (#) [63]

ATTO 655 (§) [100] 663 680 + o 125 000 0.3 ATTO 520 [52], mEos2 [53] PAtagRFP + paGFP [95]

SiR (§) [101] 652 674 - r 100 000 0.08 -
0.32

mEos2 [57] TMR + paGFP [102]

Alexa Fluor 647 [10] 650 665 ++ c 270 000 0.33 ATTO 520 [103], AF 532 [104, 
105], ATTO 532 [54], AF 546 [54], 
AF 568 [54], TMR [106], mEos2 
[90-92], AF 488 [91], psCFP2 [56], 
mMaple [99], ATTO 488 [107], CF 
680 (#) [62,98, 99], AF 700 (#) [61], 
AF 750 (#) [97], Dy678 (#) [108], 
Dronpa [109]

AF 568 + ATTO 488 [107]

CF 647 [110] 650 665 c 270 000 CF 680 (#) + CF 568  [63]

Cy5 [10] 646 670 ++ c 250 000 0.28

Alexa Fluor 568 [75] 578 603 + r 91 300 0.69 AF 647 [54] AF 647 + ATTO 488 [107]

CF 568 [63] 562 583 - 88 000 CF 680 + CF 647 [63]

TMR (§) [106] 557 576 - r AF 647 [106], Citrine [55] SiR + paGFP [102]

Alexa Fluor 532 [75] 532 554 + r 81 000 0.61 AF 647 [104, 105]

ATTO 520 [111] 517 538 + o 110 000 0.9 AF 647 [103], ATTO 655 [52]

Alexa Fluor 488 (§) [111] 490 519 + r 73 000 0.92 AF 647 [91] AF 647 + AF 568 [107], 
Cy3 + ATTO 532 [55],
Rhodamine 3C + AF 514 [55]

Cy5/AF 647 
readout dye pairs

[9] 670 Reporter: AF 750 [112]
Activator: Cy3 + AF 405 [112]

Reporters: Cy7 + Cy5.5 [58]
Activators: Cy3 + Cy2 + AF 405 [58]

New promising fluorophores
Name Ref. Exc 

(nm)
Em 

(nm)
Act/con

(nm)
Structure

(M-1 * cm-1)
Comments

mEos3.1 (G)
[113]

505 513
m

8 840 0.83 Lower tendency for oligomerization than mEos2.

mEos3.1 (R) 570 580 405 33 500 0.62

mEos3.2 (G)
[113]

507 516
m

63 400 0.84 Lower tendency for oligomerization than mEos2.

mEos3.2 (R) 572 580 405 32 200 0.55

mEos4 (G)
[114]

505 516
m

~ 80 000 0.85 Fluorescence comparable to precursor, but lower tendency for oligomerization.

mEos4 (R) 570 580 405 ~ 58 000 0.71

mMaple3 (G)
[115]

489 505
m

Improved version of mMaple.

mMaple3 (R) 566 583 405

NijiFP (G)
[116]

469 507
m

41 100 0.64 Reversibly photoswitchable in both colors.

NijiFP (R) 526 569 405 42 000 0.65

Skylan-S [117] 499 513 405 m 152 400 0.64 High brightness and photostability.

HMSiR (§) [81] 650 670 r 100 000 0.39 Cell-permeable, laser intensity-independent blinking.

Numbers are taken from the manufacturers and from [59, 77, 81, 94, 101, 113–120]

Appl Example of the use of the fluorophore for super-resolution microscopy, Exc excitation peak, Em emission peak, Act/con activation or conversion
wavelength, ε molar extinction, φ quantum yield, m monomeric, c cyanine, o oxazine, r rhodamine, (§) cell-permeable dyes

* [75, 121]; (#) spectral demixing
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can thus lead to artificial inflation of the structure [4, 5]. The
size and dipole orientation of the fluorophore and the achiev-
able labeling density directly impact the resolution attained.

High density—which requires at least an average nearest-
neighbor label distance of less than twice the sampling rate
according to the Shannon–Nyquist criterion—is necessary

Table 3 Summary of labeling strategies commonly used in super-resolution microscopy

Label Appl. Size Description Possible uses Considerations

A
ff

in
it

y 
bi

nd
in

g

Antibody 
IgG or Fab 
fragment 

[125] Up to 
20 nm

IgG: antigen-specific 
immunoglobulin G antibodies 
consisting of two identical heavy 
chains and two identical light 
chains arranged in a Y-shape.  

Fab: antigen-specific monovalent 
fragments from IgG and IgM, 
consisting of the variable regions 
of both heavy and light chains 
linked by a disulfide bond.

Classic immunofluorescence by 
primary and secondary antibody 
combination.

Requires no genetic modification of the target.

Modular, as secondary antibodies are available 
for a wide range of fluorophores.

Large tags which limit the image resolution.

Not cell-permeable, thus limiting live-cell 
staining as specialized delivery method is 
needed.

Prone to background from nonspecific labeling.

Nanobody [4, 126] ~ 3 nm Antigen-specific single variable 
domain (VHH) of single-chain 
antibody with nanomolar affinity.

Live-cell stain by recombinant 
expression of antigen-specific 
nanobody and fluorescent protein 
in living cells.

Classic immunofluorescence 
stain without the need for a
secondary antibody.

Anti-GFP nanobody is a popular stain.

Live-cell stain results in nonspecific background 
due to lack of washing.

Prone to background in SMLM.

C
lic

k 
ch

em
is

tr
y

Unnatural 
amino acids

[127] < 1 nm Not naturally occurring and 
chemically reactive cell 
component analogues, mostly 
with alkyne or azide groups for 
Huisgen cycloaddition.

Nonspecific labeling of newly 
synthesized proteins, membranes, 
nucleic acids.

Pulse labeling for a short time 
period.

Site-specific labeling of proteins 
by codon reassigment methods.

Require no genetic modification of the target for 
nonspecific incorporation.

Modular, as a large selection of fluorophores 
with reactive groups are available.

Incorporation of analogues may impact cell 
physiology.

Live-cell staining only possible for cell-
permeable fluorophores or a specialized delivery 
method.

Unnatural 
lipids

[128]

Unnatural 
nucleotides

[129]

F
IS

H

Fluorescent 
oligonucleotides

[130] < 1 nm Fluorescently labeled 
oligonucleotides

Sequence-specific 16S rRNA 
stain.

Specific gene/genetic region 
DNA stain.

RNA stain.

Highly modular: various oligonucleotides can be 
designed and coupled to a large selection of 
fluorophores.

Limited compatibility with live-cell studies due 
to harsh hybridization conditions.

T
ar

ge
t 

sp
ec

if
ic

 d
ru

gs

MitoTracker [35] < 1 nm Various small molecules that 
bind to specific targets.

Staining of fixed cells.

Live-cell staining for cell-
permeable drugs.

Large selection of drugs coupled to various 
fluorophores.

Live-cell staining only possible for cell-
permeable fluorophores or specialized delivery 
method.

LysoTracker [131]
Phalloidin [87]

SiR-Tubulin [132]

SiR-Actin [132]
SiR-DNA [133]

DAPI [37]
mCling [134]

LifeAct [13]

G
en

et
ic

 f
us

io
ns

SNAP [135] ~ 3 nm Genetic fusion of ligand binding 
enzyme to protein of interest.

Stable cell line under endogenous 
promoter.

Transient plasmid with 
known/inducible expression.

Staining with ligand coupled to 
fluorophore of choice.

Large selection of ligands coupled to various 
fluorophores.

Require an additional staining step which is 
highly specific and covalent.

Genetic fusion may interfere with protein 
localization and function.

Live-cell staining only possible for cell-
permeable fluorophores or specialized delivery 
methods.

CLIP [136]

HALO [137]

eDHFR [138]

Fluorescent 
proteins

[118] ~ 3 nm Genetic fusion of fluorophore to 
protein of interest.

Stable cell line under endogenous 
promoter.

Transient plasmid with 
known/inducible expression.

Live-cell imaging.

No need for staining step adding external 
fluorophores during the sample preparation.

Highly specific tag.

Genetic fusion may interfere with protein 
localization and function.

Factors like maturation time or misfolding must 
be taken into account.

Some fluorescent proteins tend to artificially 
aggregate for concentrations above a certain 
threshold.
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[124], or important sample information can be missed. Here,
we evaluate the common strategies used (see also Table 3).

Affinity-based labeling is probably the approach most
widely used across all fluorescence microscopy applications
[104, 105, 125, 139]. Antibodies can target virtually any cel-
lular component as an antigen, making the technique extreme-
ly flexible. Using combinations of primary and secondary
antibodies also makes the approach very modular.
Nevertheless, the technique suffers from several drawbacks.
First, background due to nonspecific staining is quite common
[140], and antibodies may detach from their targets when ir-
radiated with high laser intensities [141]. Second, a typical
primary and secondary antibody combination is ∼20 nm in
size, which is sufficient to cause imaging artifacts at resolu-
tions realized in super-resolution microscopy. Nanobodies [4],
∼3 nm single-variable domains of single-chain antibodies iso-
lated from cameloids, virtually eliminate this size problem.
They can also be fused to fluorescent proteins and
recombinantly expressed in live cells [126]. Aptamers—small
RNA structures that function much like antibodies and are
suitable for live-cell staining [142]—are worth mentioning,
though their use is currently limited by poor availability.
Much promise is shown by the GFP mimic family of
aptamers, which form a GFP-like chromophore when bound
to a nonfluorescent substrate [143].

Click chemistry is the term used to describe a set of reactions
that occur at high yields in aqueous environments under mild
conditions. It thus allows for effective labeling of biomolecules
based on the incorporation of unnatural analogues of amino
acids [127], nucleotides [129], or lipids [128] carrying a reactive
chemical group such as an alkyne, azide, or cyclooctene into
cellular structures. Fluorophores carrying the complementary
group can then be covalently bound via (for example) cycload-
dition [129]. Live-cell imaging is possible with some modifica-
tions [144]. This method is suitable for imaging DNA, RNA,
proteins, and membranes, and produces very low background
fluorescence but usually does not target specific biomolecules.
Genetically programmable site-specific unnatural amino acid
incorporation can be realized by codon reassignment [145, 146].

Fluorescence in situ hybridization (FISH) [130] allows
nucleic acids to be labeled by complementary oligonucleotide
probes coupled to fluorophores. The technique is often
employed with 16S rRNA complementary probes to study
microbe communities [147]. In super-resolution applications,
it is a powerful tool for studying chromatin structure and or-
ganization, gene location [148, 149], RNA localization and
quantification [148], telomere structure [150], etc. As the hy-
bridization protocols involve harsh chemical and temperature
treatments, this technique has limited live-cell compatibility.

Engineered ligand-binding enzymes which are genetically
fused to the protein of interest are the basis of protein tags such
as SNAP [135], CLIP [136], HALO [137], and eDHFR [138].
Such an enzyme label can then be stained by covalently

binding its fluorophore-bound specific ligand (benzylguanine,
benzylcytosine, chloroalkanes, and trimethoprim, respective-
ly). Such ligands can be fused to virtually any fluorophore,
which makes these tags very popular in multicolor applica-
tions [66, 95, 106].

Specific labeling options are available for several targets.
Fluorescently labeled phalloidin is a toxin commonly used as
a filamentous actin stain [87]. SiR-actin, SiR-tubulin [132], and
LifeAct [13] are live-cell cytoskeleton stains. Some fluorescent-
ly labeled lipid analogues [151] and the recently developed
mCling peptide [134] have been used as direct membrane
stains. Other target-specific drugs include organelle specific
probes such as the mitochondrion stain MitoTracker [35], the
lysosome stain LysoTracker, or the ER stain ER-Tracker [131].

All these methods require the introduction of an extrinsic
fluorophore into the cell. In fixed cells, this is usually not an
issue, and this process can be greatly facilitated by introducing
a permeabilization step in which the cell membrane or wall is
perforated. Live-cell applications necessitate the use of
membrane-permeable fluorophores such as the rhodamine
dyes SiR [101], TMR-STAR [106], and Oregon Green [66]
and, to a lesser degree, some oxazine dyes such as ATTO 655
[95]. Membrane permeability can be improved by performing
certain modifications such as fusion to a permeable peptide
[152]. Many alternative strategies for fluorophore delivery,
such as electroporation, bead loading, membrane transfer,
and micro- or nanoinjection techniques have been developed
over the years [153–157].

The discovery and subsequent cloning of green fluorescent
protein (GFP) [158] introduced the possibility of small, en-
dogenous, and inherently fluorescent labels. Fluorescent pro-
tein fusions, which require no further staining, have become a
widespread labeling strategy and are available in a variety of
colors [118]. They are highly suited to live-cell studies as long
as the cells are carefully checked for physiology after the
genetic modification. Unfortunately, they exhibit relatively
poor photostability and at best a fifth of the brightness of
organic dyes [159]. Since the resolution achievable in
SMLM increases with the square root of the amount of pho-
tons emitted by a single fluorophore, this can directly impact
the resolution of SMLM [46]. Factors such as protein folding
as well as the efficiency and velocity of chromophore matu-
ration are important and can differ depending on the environ-
ment, e.g., the presence of molecular oxygen is usually needed
for final chromophore maturation [160, 161]. Their properties
can be readily modified by changing the amino acid sequence,
and several versions have been designed to have improved
brightness and photostability [162] and switching properties
for SMLM imaging. These include photoactivatable proteins
such as paGFP [119] and PAmCherry1 [59], reversibly
switchable FPs such as Dronpa [120] and Dreiklang [163],
and photoconvertible FPs such as Kaede [164], mEos2 [77],
or Dendra2 [94]. An often overlooked factor is codon usage
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bias, and all endogenous tags, including self-labeling en-
zymes, should be codon-optimized for the organism used
[165].

Controlling the fluorescence of the sample

Robust control of the molecular states is crucial in most super-
resolution microscopy applications. Certain steps can be taken
to improve the stability, longevity, and intensity of fluores-
cence, as well as to achieve the on and off switching required
for SMLM.

Considering that most microscope cameras record with
millisecond-range exposure times, triplet-state transitions
and collisional quenching events—which occur several orders
of magnitude faster than these exposure times—are not regis-
tered as individual events but rather as a loss of signal inten-
sity. Collisional quenching is mostly avoided by imaging in
defined, impurity-free buffer solutions, though water shows
absorbance in the visible range of light due to its molecular
vibrations, as shown in Fig. 3ai. When these molecular vibra-
tions are in resonance with the emission wavelength of a
fluorophore, the fluorophore can transfer its excited-state en-
ergy to a water molecule during a collision. Heavy-water
(D2O) molecules vibrate at significantly lower frequencies
due to the presence of deuterium. Substituting water in the
imaging solution with D2O thus increases the overall photon
yield. The magnitude of fluorescence enhancement in D2O
versus H2O for a specific fluorophore thus correlates with
the spectral overlap of the light absorption of H2O with the
emission of the fluorophore, as seen for different fluorophores
in Fig. 3ai [72].

Molecular oxygen plays an important role in many of the
fluorophore’s electronic state transitions. Since the ground
state of molecular oxygen is also a triplet, it easily reacts with
a triplet-state fluorophore in an electron transfer reaction. This
can return the fluorophore to its ground state, but it also pro-
duces singlet oxygen and reactive oxygen species (ROS),
which can then cause irreversible photobleaching [86]. To
avoid the bleaching caused by a buildup of ROS, oxygen
can be removed from the imaging solution by adding enzy-
matic systems such as a combination of glucose oxidase, glu-
cose, and catalase (GLOX) [166], a mix of protocatechuate
dioxygenase and protocatechuic acid (PCA/PCD) [167], or a
system containing pyranose oxidase, glucose, and catalase
[168], as summarized in Table 4. It is worth mentioning that
it has recently been reported that most commercial glucose
oxidase preparations used in the popular GLOX system suffer
from nuclease contamination. Such contamination can cause
fluorescent background and introduce artifacts into nucleic
acid studies. Furthermore, the GLOX reaction lowers the pH
of the solution over time, while other systems do not [177].
Fast, efficient chemical oxygen removal has also been

reported to be achieved with methylene blue (MB) and
mercaptoethylamine (MEA) [170].

However, since oxygen is such an efficient triplet-state
quencher, its depletion can result in a high fraction of
fluorophores populating the triplet state, significantly
impairing the photon yield. There are several strategies that
enable us to circumvent this problem while still removing the
risk of bleaching by ROS. The first is to add the chemical
cyclooctatetraene (COT), which, much like oxygen, directly
returns triplet-state fluorophores to their ground states. As this
process significantly shortens the residence time of the
fluorophore in the triplet state, the overall fluorescence is
stabilized and intensity fluctuations are reduced, as shown in
Fig. 3aii [73, 176].

The second approach is to quench the triplet state by col-
liding the fluorophore with certain reducing agents, thus
converting it into the dark, nonfluorescent, anionic radical
form F●−, as shown in Fig. 3aiii. To do this, chemicals such
a s me rcap toe thy l amine (MEA) [176 , 178 ] , β -
mercaptoethanol (BME) [166], dithiothreitol (DTT) [111],
g l u t a t h i o n e (GSH) [ 111 ] , 6 - hyd r oxy - 2 , 5 , 7 , 8 -
tetramethylchroman-2-carboxylic acid (Trolox) [174, 179],
ascorbic acid (AA) [74], and potassium iodide (KI) [180]
can be added to the imaging buffer. However, to return to
the ground state, the F●− fluorophore must be oxidized, a task
in which oxygen again plays a crucial role. Removing oxygen
can thus lead to very long F●− dark states, a property exploited
in SMLM. Using high excitation light intensities ensures that
the fluorophores are quickly cycled into the triplet state, from
where they are promptly reduced to the dark radical state.
Cyanine fluorophores such as Alexa Fluor 647 require a pri-
mary thiol (e.g., BME, MEA, GSH, or DTT) in the switching
buffer, and undergo a thiol group addition reaction at one of
the C atoms in the π-system (Fig. 3cv) [80]. A similar effect
can be observed with a phosphine group upon the addition of
tris(2-carboxyethyl)phosphine (TCEP) [172]. Since complete
oxygen removal is impossible, the few residual oxygen mol-
ecules can stochastically oxidize individual fluorophores into
the ground state, causing the on and off fluorescence
Bblinking^ desired in SMLM. Many fluorophores develop a
distinct absorption peak at shorter wavelengths in their radical
state, likely due to disruption of the π-system. Indeed, in cy-
anine dyes, this system is thought to be practically split in two
[80]. Irradiation by UV light thus expedites the return of F●−

fluorophores to the ground state [75], as depicted in Fig. 3aiv.
Embedding samples in resin greatly suppresses collisional in-
teractions, meaning that reactivation by UV is the only means
of returning to the ground state [64], making the method via-
ble for correlative light electron microscopy [181].

Oxygen in the solution can also be replaced with an alter-
native oxidizer such as methylviologen (MV) [74] or Trolox,
which can be converted into an oxidizing quinone form upon
UV irradiation [174]. The blinking rate can be adjusted by
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fine-tuning the ratios of these compounds while keeping the
reducer at a high concentration and the oxidizer at a low con-
centration [171]. The exact concentrations heavily depend on
the redox potentials of the fluorophore–reducer/oxidizer pairs.
Since the reduction potential of the F●− state varies with the
fluorophore considered, different fluorophores can exhibit dif-
ferent blinking behaviors in the same buffer. The pH influ-
ences the redox potentials of the compounds in the solution,
so changing the pH provides yet another way of adjusting
blinking rates [111]. For some fluorophores, the reducing en-
vironment inside living cells is sufficient to induce long dark

states [106]. In some cases, oxygen removal can be omitted
and the addition of a reducer is sufficient [169].

In the cases of STED and SIM, the same strategy can be
used to stabilize the fluorescence. Provided the concentrations
of both the reducer and the oxidizer are high enough (usually
in the millimolar range), the triplet state is efficiently reduced
to a radical state that is rapidly oxidized back to the ground
state upon formation. The rapidity of this process of reduction
and oxidation significantly shortens the overall time the
fluorophore spends in nonfluorescing states. The stabilizing
effects of a reducing and oxidizing system (ROXS) such as

Table 4 Summary of labeling strategies commonly used in super-resolution microscopy

Buffer class Buffer base Compounds  Organic dyes used in switching buffer / description Ref. 

Sw
it

ch
in

g 
bu

ff
er

s 

Reducer  
- O2

PBS/TRIS 
pH 7.4 - 9 
- O2

10 - 100 mM MEA AF 750 [96], CF 680 [63], CF 647 [63], AF 647 and Cy5 [10], CF 568 [63], AF 532 [106], ATTO 520 [103] [10]  

0.5 - 1% BME AF 750 [112], CF 680 [98], Cy5 readout pairs [9, 58], AF 647 [92] [58] 

10 - 100 mM GSH AF 647 [106], TMR [106] [106] 

Reducer only 
PBS/TRIS 
pH 7.4 - 9 

10 - 100 mM MEA AF 647 [54], ATTO 655 [100], AF 568 [54], ATTO 520 [111], AF 532 [105], AF 488 [111] [52, 111] 

0.5 - 1% BME ATTO 655 [100] [100] 

]961[556OTTAAAMµ05 [169] 

10 - 100 mM GSH ATTO 655 [52], ATTO 520 [52]  [52, 111] 

50 mM TCEP + 2 mM COT AF 750 [97], AF 647 [97] [97] 

Oxygen 
removal 
(- O2) 

PBS/TRIS 
pH 7.4 - 9 

]121[884FA,]121[025OTTA,]121[865FA*XOLG [121] 

PCD/PCA* [167] 

POC* [168] 

100 mM MEA +  1 µM MB Cy5 [170] [170] 

Switching 
ROXS
reducer and 
oxidizer  
- O2

PBS/TRIS 
pH 7.4 - 9 
- O2

500 µM AA + 25 µM MV ATTO 655 [171] [171] 

1 mM AA + 1 mM MV + 
25  mM TCEP, pH 9 

AF 750 [172], AF 647 [172], Cy5 [172] [172] 

Switching 
mount 

Vectashield 
20% Vectashield + 80% (95% 
glycerol 50 mM TRIS) 

AF 647 [110], CF 647 [110]  [110] 

Mowiol 0.5% Mowiol + 50 mM DTT SiR [101] [101] 

Resin 
100% dehydration + EM resin 

gniddebme
[173] 

PVA 1% in PBS, spin coat Oregon Green [41], AF 488 [41] [41] 

Live-cell 
media 

DMEM, modified to 
not contain phenol red 

]201,55[RMT,]201[RiSenoN [55] 

100 mM GSH + GLOX AF 647 [106], TMR [106]  [106] 

25 mM TCEP AF 647 [172], Cy5 [172] [172] 

St
ab

ili
zi

ng
 b

uf
fe

rs
 

Stabilizing 
ROXS
reducer and 
oxidizer 
- O2

PBS/TRIS 
pH 7.4 - 9 
-O2

1 mM AA + 1 mM MV Triplet-state quenching and fluorescence stabilizer. [74] 

1 mM Trolox + Trolox-quinone Triplet-state quenching and fluorescence stabilizer. [174] 

Mounting  

Vectashield 

Sample mount 
Sample mounting media that retard photobleaching, stabilize fluorescence, and can be used for longer-term 
sample preservation (Mowiol). 

[175] 
Mowiol 

SlowFade 

Fluor-Stop 

A
dd

it
iv

es
 

TSQ 
triplet-state 
quenchers 

Cyclooctatetraene 2 mM COT Direct triplet-state quenching by energy transfer. [73, 176] 

Nitrobenzyl alcohol 2 mM NBA Fluorescence enhancer and stabilizer, redox triplet quencher. [73] 

Antifading 
agents 

n-Propyl gallate 10 - 100 µM NPG Antioxidant fluorescence protectant. [176] 

1,4-Diazabicyclo 
[2.2.2]octane 

10 mM - 1 M Antifading agent. [167] 

The switching buffers section of the table includes a list of working dye/buffer combinations. Example buffer compilation: decide on buffer class (e.g.,
BReducer with –O2^), and then decide on the buffer base, the pH, oxygen removal (−O2), and the final compounds based on the fluorophore used (e.g.,
CF 680 with 10–100 mM MEA [63])

AFAlexa Fluor, –O2 oxygen removal, for the abbreviations of the chemicals, see the text or the corresponding references

* For the exact formulations of GLOX, PCD/PCA, and PCO, see the corresponding references
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that shown in Fig. 3aiii were reported before the development
of SMLM [74].

Fluorophores can also be protected from bleaching by the
addition of antioxidants such as n-propyl gallate (nPG) [176]
or antifading reagents such as nitrobenzyl alcohol (NBA),
paraphenylenediamine (PPD), 1,4-diazabicyclo[2.2.2]octane
(DABCO), and commercial products such as Vectashield,
Fluor-stop, Mowiol, or SlowFade [175, 182]. Vectashield
has also been reported to be an effective and very simple
SMLM switching medium for several dyes, acting through
an unspecified mechanism [110]. COT, NBA, and Trolox
have also been (covalently) linked to fluorophores, introduc-
ing the concept of Bself-healing^ dyes [183]. All of these
components as well as some popular SMLM buffer formula-
tions that facilitate photoswitching of common fluorophores
are summarized in Table 4.

In addition to electronic state transitions, switching is
also caused by conformational changes in the chromophore
or its surrounding environment. Three main conformation-
al blinking mechanisms exist in fluorescent proteins:
photoactivation, photoconversion, and photoswitching
[184]. In photoactivatable fluorescent proteins such as
paGFP, interactions between the chromophore and a side
chain in the beta-barrel stabilize the conjugated π-system
in a neutral nonfluorescent state. Irradiation with UV de-
carboxylates the side chain, shifting the equilibrium of the
chromophore towards its anionic state, thus making
the protein fluorescent (Fig. 3ci) [76]. Similarly,
photoconvertible fluorescent proteins such as mEos2 [77]
undergo a fluorescence wavelength shift from green to or-
ange when a peptide bond in the chromophore is cleaved
by UV irradiation, causing an extension of the π-system, as
seen in Fig. 3cii [185]. Finally, photoswitchable fluores-
cent proteins undergo reversible on and off switching as a
result of UV-induced cis/trans isomerization like that
shown for the fluorescent protein Dronpa in Fig. 3ciii.
The isomerization causes protonation changes similar to
those that occur in photoactivatable proteins, but which
result in the reversible formation of a nonfluorescent form
of the fluorophore [78]. Switching properties of fluorescent
proteins can be adjusted by modifying the amino acid se-
quence. Two interesting examples of this are IrisFP
and NijiFP [116], which can both be irreversibly
photoconverted by UV light from their initial green fluorescing
form into an orange fluorescing form, as well as reversibly
photoswitched between their fluorescing and dark state (in both
the green and the orange fluorescent forms).

Organic dyes can also be made nonfluorescent by inducing
reversible changes to the molecule through either cis/trans
isomerization [186] and the addition of certain chemical
groups [187] or reduction by NaBH4 [188] in a process called
photocaging, as seen in Fig. 3civ for a rhodamine dye [189].
Irradiation with the correct wavelength returns the molecule to

its fluorescent state [79, 189, 190]. Slow stochastic activation
followed by prompt bleaching enables the use of such dyes in
SMLM [79, 190].

The novel dye HMSiR represents a class all of its own. This
silicon-rhodamine-derived dye naturally resides in a nonfluo-
rescent cyclized form (Fig. 3cvi). It very rarely undergoes a
spontaneous change in conformation and becomes fluorescent
for a short time. Since this blinking does not require a special-
ized and probably live-cell-incompatible buffer and is inde-
pendent of the excitation light intensity, it is very suitable for
live-cell imaging [81].

The photochemical properties of individual fluorophores
are especially important when designing multicolor experi-
ments. Some fluorescent proteins need specific conditions
for proper folding or switching. PAmCherry, for example,
requires oxygen for activation, so it cannot be used in
oxygen-free buffers [53, 161]. Further, the optimal imaging
conditions of a fluorophore partially depend on its redox po-
tential; a buffer that induces blinking in one fluorophore may
stabilize another. Table 2 covers most of the working dual- and
triple-fluorophore combinations used in SMLM to date.

Super-resolved cell biology

Direct observations of the molecular processes that take
place in cells can help to advance our understanding of
life and how the complex interdependencies of single
molecules enable it. Using super-resolution microscopy,
we can follow these molecules, measure diffusion and
progress in assembly processes, and quantify the mole-
cules in subcellular structures at unrivaled spatiotemporal
resolution. Over the past decade, rapid developments in
these techniques have created a wide spectrum of ad-
vanced experimental settings that have already unraveled
several mysteries associated with cells, some of which are
depicted in Fig. 4 and are briefly summarized below.

Molecular counting and spatial organization

SMLM data is built on individual single-molecule localiza-
tions, and thus allows the absolute stoichiometry of molecules
in subcellular structures to be determined.

Here, several effects which compromise this straight-
forward strategy must be considered. First, undercounting
of molecules occurs when some molecules are not count-
ed during the experiment due to, for example, incomplete
labeling by the fluorophore, immature or misfolded genet-
ic fluorescent tags, limited photoactivation or switching
efficiencies, or insufficient algorithmic registration. The
latter problem can be resolved to some degree by using
multiemitter fitting algorithms or fluorophore density es-
timators when there are high fluorescent spot densities,
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thus decreasing the number of missed localizations [43].
Second, overcounting effects can occur when localized
local background fluctuations lead to falsely included po-
sitions, during multiple target counting by multiple

antibodies or multiple fluorescent labels, or due to multi-
ple localizations per fluorophore caused by blinking be-
havior. Uncorrected SMLM data can thus result in appar-
ent self-clustering of localizations, which tends to be

Fig. 4a–b Quantitative super-resolution microscopy. a SMLM allows
the stoichiometry of a molecule to be determined, with several over- or
undercounting effects taken into account. (i) The photochemical proper-
ties of fluorescent proteins lead to specific blinking and bleaching behav-
iors. The high-blinking and fast-bleaching behaviors shown by mEos2
(left) and Dendra2 (right), respectively, are largely determined by the
orientation of the single residue arginine 66. Reprinted with permission
from [191]. (ii) Fluorophore blinking behavior can be corrected for using
kinetic fluorophore schemes. In this strategy, the number of FliM proteins
per flagellar motor is counted in vivo. Reprinted from [192]. (iii) Spatial
organization of E. coli RNA polymerases under minimal as well as rich
growth conditions. Reprinted with permission from [193]. (iv) Maturation
of endocytic vesicles into late endosomes. Reprinted from [194]. (b)

Structural super-resolution microscopy reveals the molecular architecture
of cellular multicomponent complexes. (i) Mutual organization of various
pre- and postsynaptic proteins in relation to the proteins Bassoon and
Homer1. Reprinted with permission from [139]. (ii) Combining data from
identical particles yields a high-resolution average. Systematic SMLM
imaging of the Y-shaped subunit of the nuclear pore complex allows it
to be aligned onto the electron density of the nuclear pore (bottom).
Reprinted with permission from [104]. (iii) Aligning different pairs of
synaptonemal proteins onto a helical template yields the three-
dimensional model of the synaptonemal complex with isotropic resolu-
tion. Reprinted from [105]. Scale bars: aii and aiii 500 nm; aiv 100 nm; bi
200 nm; biii 2 μm
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misinterpreted as clustered organization of the target mole-
cule. These effects can be reduced by, for example, using a
fast-maturing one-to-one endogenous fluorescent protein fu-
sion with (engineered) low-blinking behavior. Recently, a
mechanistic study revealed that the side-chain conformation
of arginine 66 seen in Fig. 4ai is sufficient to cause the popular
fluorophores mEos2 (left) and Dendra2 (right) to either blink
or bleach, respectively. Consequently, the engineered single
mutants mEos2-A69T and Dendra2-T69A show completely
swapped behaviors [191].

To further account for miscounting effects, SMLM lo-
calizations can be tracked for fluorescent emissions span-
ning several imaging frames, weighted by known
fluorophore detection efficiencies, and statistically
corrected for fluorophore blinking [192, 194–196]. For
example, as seen in Fig. 4aii, Lee et al. introduced kinetic
fluorophore models and accessed the blinking probability
of the fluorescent protein tag in order to then count 33
molecules of FliM protein per bacterial flagellar motor
in vivo [192]. Further, the varying spatial organization of
DNA transcribing E. coli RNA polymerase for different
metabolic conditions (Fig. 4aiii) as well as the maturation
pathway of small endocytic vesicles which form at the
membrane and then develop into late endosomes in yeast
(Fig. 4aiv) have been revealed.

Cellular multicomponent structures

Using super-resolution methods, not only can individual mol-
ecules be precisely localized, but the large molecular architec-
ture of multiprotein complexes and whole organelles as well
as the organization of the genome or membrane can be
targeted in the native cellular environment. This yields de-
tailed quantitative molecular maps that capture these large
assemblies and place hundreds of different molecules into
assembled three-dimensional structures while maintaining
the high spatiotemporal resolution of the method. These struc-
tures, such as the synapse depicted in Fig. 4bi, can allow us to
advance our molecular understanding of their functions and
reveal large-scale cellular organization. In the study shown in
Fig. 4bi, various pre- and postsynaptic proteins were imaged
in relation to the N-terminal localization of the protein
Bassoon and the C-terminus of Homer1 by triple-color
SMLM, which elucidated their mutual organization in prox-
imity to the synaptic cleft. Indeed, the macromolecular assem-
blies studied so far using super-resolution techniques com-
prise an impressive list, including the nuclear pore complex,
the ESCRT transport machinery, the neuronal architecture,
focal adhesions, the centrosome and cellular division, the en-
docytosis pathway, as well as the organization of chromatin
and membrane lipid domains (see the detailed review in
[197]).

Averaging the data for super-resolved identical particles
involves combining the individual copies of the same
structure into a high-resolution average that complements
the single images. This is useful because a single image
may have some information missing due to absent affinity
labels, imperfect photoswitching of the fluorophores, or
nonisotropic resolution. Such a particle averaging strategy
can help to elucidate the compositions and organization of
macromolecular structures; for instance, the organization of
the Y-shaped nuclear pore complex (NPC) subunit
Nup107-160 was retrieved and matched with the electron
density of the cytoplasmic ring of the nuclear pore via
systematic two-dimensional SMLM imaging (Fig. 4bii)
[104]. Aligning two-color and two-dimensional SMLM
data from different pairs of synaptonemal proteins onto a
helical template yielded a three-dimensional model of the
synaptonemal complex with isotropic resolution (Fig. 4biii)
[105]. The centrosomes of Drosophila [198], yeast [199],
and humans [200] were studied by combining three-
dimensional SIM images. Thus, super-resolution microsco-
py combined with particle averaging complements current
structural biology studies, as it can target structures that
are too large for cryoelectron microscopy or when prepa-
ration for X-ray crystallography fails. In this context, tech-
niques like subtomogram averaging [201] adapted for
three-dimensional super-resolution microscopy could allow
us to resolve even more structures at higher in situ reso-
lution, and correlative interaction networks combining
super-resolved data with other (e.g., biochemical or genetic)
analyzes could lead to large systems biology approaches,
which could further refine current studies.

Live-cell imaging

Fluorescence microscopy plays a key role in revealing the
structures and functions of living cells in a minimally invasive
manner through the use of genetic tags, and thus profits great-
ly from efficient genome engineering, such as the developing
CRISPR-Cas technique [202]. For example, by applying
STED microscopy to the visual cortex of YFP-transgenic
and anesthetized (but live) mice, it has been possible to ob-
serve fine details and measure the dynamics of the tiny den-
dritic spines in vivo (Fig. 5ai) [203]. In order to improve live-
cell super-resolution microscopy strategies, new designs are
mainly focusing on three goals: accelerating the imaging
speed, lowering the phototoxicity, and expanding the field of
view in the lateral as well as vertical directions, all without
compromising the resolution. The most critical issues to ad-
dress are the laser intensities and imaging times used, which,
depending on the wavelength of the laser and the irradiation
dose, can compromise the health of the cells being studied
[141, 207, 208]. Possible solutions involve developing new
fast switching fluorophores that can be applied at lower laser
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irradiations; fluorescent proteins that are usable in the longer
(less toxic) near-infrared wavelength range, thus permitting
deep-tissue imaging; as well as protected dyes that are
shielded from the environment, similar to a fluorescent protein
barrel. Such a protective structure could then also shield the

cell from ROS and free radicals originating from photochem-
ical reactions in the proximity of the chromophore during
excitational or switching processes. New technical
implementations which optimize the use of the limited photon
budget per fluorophore as well as the imaging speed are

Fig. 5a–c Advanced dynamic and correlative super-resolution micros-
copy approaches. a Live imaging has been successfully performed on
living cells and mammals. (i) STED microscopy of the dynamics of
dendritic spines (arrows) in the visual cortex of living, YFP-transgenic,
anesthetized mouse. Reprinted with permission from [203]. (ii)
Mitochondrial fusion and fission dynamics imaged over a period of sev-
eral tens of minutes by nonlinear SIM in lattice light sheet configuration.
Reprinted with permission from [13]. b Single-particle tracking schemes
elucidate molecular diffusional dynamics. (i) High-density tracking of
AMPA receptors reveals confined nanodomains in the postsynaptic re-
gions. Reprinted with permission from [204]. (ii) In contrast, membrane-
bound GPI demonstrates a more homogeneous diffusion. Reprinted with
permission from [4]. (iii) Bayesian hidden Markov model assessment of

Hfq protein dynamics inE. coli cells.WhenmRNA synthesis is inhibited,
the fraction of Hfq-bindingmRNA (state of slowest diffusion) disappears.
Reprinted with permission from [205]. c Correlative microscopy allows
diverse features of a sample to be measured. (i) STED microscopy com-
bined with atomic force microscopy (AFM) visualizes the response of the
cytoskeleton upon nanomanipulation by the AFM tip. Reprinted with
permission from [206]. (ii) Correlative PALM and electron microscopy
of the mitochondrially targeted fluorescent protein mEos4 verifies its
intact photoconversion and fluorescence under heavy osmium tetroxide
fixation. Reprinted by permission from [114]. Scales: ai 1 μm; aii 5 μm
(left) and 1 μm (right); bi 800 nm; bii 2 μm; biii 500 nm; ci 2 μm, cii
1 μm
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favored, such as methods which confine but also parallelize
the imaging bymultifocal or lattice-like excitation or allow for
multifocal detection [209–212]. New rapid and large sCMOS
detectors increase the observation volume and allow for faster
SMLM switching [3].

During the last few years it has therefore become possible
to image whole living cells and organisms over longer time-
scales. One recent implementation of various types of SIM
designs is a three-dimensional nonlinear SIM developed by
Li et al. that uses photoswitchable fluorophores combined
with lattice-lightsheet microscopy to show endocytic and cy-
toskeletal dynamics as well as the fission and fusion of mito-
chondria of whole live cells by labeling their membranes.
They resolved the intracellular dynamics at individual mito-
chondrial constrictions over a period of several tens of minutes
at a resolution of about 45 nm laterally and 170 nm vertically
(Fig. 5aii) [13].

Another technical advance that is currently being explored
is the implementation of adaptive optics to correct for aberra-
tions in large sample volumes, e.g., multicellular organisms
[213]. All three-dimensional localization microscopy algo-
rithms have been challenged to participate in a large assess-
ment, in order to evaluate their performance and identify com-
mon limitations on them. The results should ultimately guide
development work aimed at optimizing three-dimensional
SMLM resolution when studying protein ultrastructure
in vivo [214].

Following molecule diffusion dynamics

Single-particle tracking schemes directly monitor the
kinetics of intracellular processes. In combination with
photoactivatable fluorescent proteins in sptPALM, it is pos-
sible to follow the diffusion of individual proteins on cell
membranes as well as in the cytoplasm of living cells, and to
measure thousands of short single-molecule trajectories by
sequential photoactivation. High-density tracking of the
GluA1 subunits of AMPA receptors in the membranes of
dendritic spines of live hippocampal neurons has revealed
their discrete organization in 70–100 nm diameter
nanodomains, and has shown that the receptors are mainly
immobilized in the postsynapse (Fig. 5bi) [204], in contrast
to the membrane-anchored glycosylphosphatidylinositol-
GFP (Fig. 5bii). It is also possible to classify individual
trajectories by their apparent diffusion constant into distinct
states of diffusion, corresponding, for example, to different
states of binding. This allows spatial and temporal heteroge-
neities in protein properties to be resolved. These are nor-
mally hidden in ensemble averages but are highly valuable
when used in mathematical models for systems biology: by
performing Bayesian assessments of hidden Markov models
that combine the information from all short trajectories, it
has recently been shown that the diffusion constants and

state transition rates as well as the number of states in the
model can be extracted [205]. This approach has been tested
for the protein Hfq in E. coli, which mediates post-
transcriptional gene regulation by facilitating interactions
between mRNA and noncoding small RNA. The Hfq
dynamics are highly altered when transcription is blocked
using the drug rifampicin, as this decreases the mRNA level
in the cell. The state with the slowest diffusion—most likely
Hfq binding to the mRNA being transcribed—disappears,
and the fraction occupying the intermediate state decreases
substantially (Fig. 5biii).

Correlative microscopy

Correlative microscopy combines the advantages of and op-
portunities provided by different methods, and thus allows
different features of the exact same sample to be measured.
For instance, a correlative approach can combine dynamic
tracking studies with structural imaging when mapping intra-
cellular vesicle transport on the cytoskeleton [71]. Also pos-
sible is the real-time visualization of the fast responses of the
cytoskeleton of HeLa cells upon physical nanomanipulation
by an atomic force microscopy tip in correlative STED mi-
croscopy (Fig. 5ci) [206]. Another direction in correlative im-
aging is to combine the high ultrastructural resolution and
cellular context information of electron microscopy with the
specific localization of molecules in super-resolution micros-
copy (Fig. 5cii) [215]. Unfortunately, most current correlative
schemes still suffer from complex and tedious fixation proto-
cols as well as limited labeling and imaging strategies, i.e., the
cryo- or resin-covered environments used for electron micros-
copy impair the photophysics of most standard fluorophores.
However, technical implementations develop rapidly; for in-
stance, a correlative fluorescent protein tag, mEos4, which
fluoresces and photoconverts normally under heavy osmium
tetroxide fixation has recently been developed (Fig. 5c, ii)
[114], and the dye TMR has been shown to not only preserve
its fluorescence during high-pressure freezing and freeze sub-
stitution preparations, but to be able to photooxidize diamino-
benzidine (DAB) too, which then yields high electron-
microscopic contrast [173, 216].

In an optimistic but still realistic future, super-
resolution microscopy will push beyond its current limits
of routinely achieving experimental resolutions of tens of
nanometers to approach the distances of typical single-
molecule FRET measurements (2–10 nm) as well as the
structural resolution of cryoelectron microscopy and X-
ray crystallography (about 2–3 Å), which will allow us
to more directly combine the heterogeneity and dynamics
of protein complexes measured in vivo with the precise
structural information available from purified protein
complexes.
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Outlook

Over the last few decades, super-resolution microscopy has
proven its value in the life sciences, and a myriad of biological
applications of super-resolution microscopy have emerged. The
super-resolution toolbox currently consists of many diverse
methods and application strategies that complement traditional
cell biology studies as well as techniques from molecular biol-
ogy or biochemistry. Super-resolution microscopy is on its way
to becoming a standard research tool, which is leading to a huge
demand for computer-based data processing and openly avail-
able analysis software for (advanced) data evaluation, visuali-
zation, and comparison, as well as accessible, affordable, and
simple-to-use hardware implementations. Also, super-
resolution microscopy traditionally yields large volumes of mi-
croscopic data, which would ideally be stored and handled in
open-access public platforms. Whether this vision comes to
pass largely depends on the development of new algorithms
as well as open-source software and strategies for efficient
large-scale data handling.
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1.2 sptPALM

1.2.1 Single-Particle Tracking Prior to SMLM

Over thirty years ago, first Single-Particle Tracking (SPT) methods were developed using 40
nm gold particles that were attached to the molecule of interest and subsequently visualized
via bright-field microscopy (nanovid microscopy) [2, 3]. Due to the large Rayleigh scattering
of the gold nanoparticles, localizing the particles with a nanometer precision could be achieved.
Utilizing this method, the process of endocytosis and protein motility on the cell membrane could
be investigated for the very first time [4]. Later studies using SPT in combination with gold
nanoparticles investigated membrane compounds extensively [5, 6, 7, 8, 9]. In 1988, the method
was improved by applying Differential Interference Contrast (DIC) microscopy to measure kinesin-
driven movements [10]. These early implementations of SPT, despite their advantages, such as a
high spatial and temporal resolution up to tens of microseconds [11] and long trajectories due to
the lack of photobleaching, also have some limitations. One limitation is the increased size of the
nanoparticle compared to the investigated biomolecule that can reach from tens of nanometers
for gold beads to hundreds of nanometers for polymer beads, which therefore results in a highly
biased dynamics and localization read-out. To reduce this bias, the bead sizes could be decreased,
however, this would lead to a reduction of the Rayleigh scattering which is depending on the sixth
power of the particle diameter [12] and therefore, nanometer precise detection of nanoparticles is
virtually impossible. In 1990s, nanoparticles were exchanged with fluorescent molecules to label a
molecule of interest and follow their movement with SPT [13, 14].

1.2.2 sptPALM

In sptPALM, the single-particle tracking method mentioned above is combined with PALM (see
Section 1.1), which is based on the detection of the fluorescent signal of photoactivatable or
-convertible fluorescent proteins that can be genetically fused to a protein of interest. Therefore,
sptPALM enables high-density mapping of single-particle trajectories of individual proteins in
a living cell. Establishing sptPALM, Manley and co-workers (2008) [15], investigated Gag and
VSVG membrane proteins in mammalian COS-7 cells fused to the green-to-red photoconvertible
Eos Fluorescent Protein (EosFP) [16]. They were able to obtain a few orders of magnitude
more trajectories within a single cell than with conventional SPT methods as well as to create
high-density super-resolved trajectory maps. Since then, this technique was used to study e.g.
transcription, translation, replication and Deoxyribonucleic Acid (DNA) repair machineries in
Escherichia coli [17, 18, 19, 20, 21] or DNA polymerase dynamics in Bacillus subtilis [22].
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1.2. sptPALM

Figure 1.1: Principle of sptPALM. (a) Image acquisition. Fluorescence signals of individual molecules are col-
lected in an acquisition sequence over time. Fluorophores are photoswitched sequentially to spatially separate the
individual signals. (b) Localization routine. Each fluorescent spot in form of a Point Spread Function (PSF) is fitted
by a localization algorithm to extract its centroid which determines the fluorophores localization with nanometer
precision. (c) Tracking routine. Localizations are classified into single-molecule trajectories by a tracking algorithm.
The dynamics of the single proteins can be inferred from the obtained trajectories. Adapted with permission from
[23].

The imaging workflow is similar to conventional PALM, which was described in our review
in Section 1.1, though a few additional factors have to be considered during data acquisition
procedure presented in Figure 1.1. As the idea of a sptPALM experiment, as for all SPT methods,
is visualizing and tracking dynamic molecules by connecting localizations in adjacent frames
which stem from the same emitter, the camera integration time has to be adjusted to collect
a sharp fluorescent signal originating from diffusing particles and usually this integration time
is shorter than in the case of structural PALM. If the camera integration time is too long,
PSFs detected on the camera chip will be blurred, and thus it is difficult to estimate the precise
localization of the emitter from the blurred PSF. Additionally, to reduce the blurring effect, it
is recommended to use a stroboscopic illumination pattern, where the excitation laser is present
only for a fraction of the imaging interval [24, 25, 26]. In addition to that, the data acquisition
frequency has to be adjusted to the dynamics of the studied proteins. In case of a highly dynamic
protein of interest (e.g. a freely diffusing protein) it might be required to increase the camera
frame rate to hundreds of Hz (less than a 10 ms frame rate), while less dynamic proteins can be
sampled in the range of tens of Hz [27, 28, 22, 19]. Another is the need of distributing the total
photon budget of a fluorophore before it photobleaches on several camera frames to visualize
particle diffusion. In contrast to non-fluorescent SPT techniques, trajectory length in fluorescence
microscopy is limited by photobleaching of the fluorophore, which poses a problem especially for
fluorescent proteins, whose photon budget is low compared to organic dyes (see Section 1.1)

Taken all these facts into consideration, a sptPALM experiment has to be precisely planned
and appropriate data acquisition parameters have to be determined. On the one hand using
a high frame rate, a high read-out laser intensity and a stroboscopic illumination pattern
will enable to follow a highly dynamic protein, but on the other hand trajectories will con-
tain only few localizations as the fluorescent marker protein will bleach after typically 10-20 frames.

Another difference between sptPALM and structural PALM imaging poses the data analysis for
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which a detailed description can be found in Section 3.1.

1.3 CRISPR-Cas systems

1.3.1 General Overview on CRISPR-Cas Systems

CRISPR-Cas - Clustered Regularly Interspaced Short Palindromic Repeats (CRISPR)-CRISPR-
Associated Proteins (Cas) systems are adaptive, sequence-specific immunity mechanisms against
foreign nucleic acids from Mobile Genetic Elements (MGEs) from viruses or plasmids [29, 30,
31, 32]. In 1987, Ishino and coworkers first found an unusual pattern of interrupted, direct-repeat
sequences with a dyad symmetry in the E. coli genome, which was a first indication of the CRISPR-
Cas system. However, the function of these repeats was unclear at that time [33]. Thereafter,
similar patterns were discovered in the genome of Mycobacterium tuberculosis in 1993 [34, 35]. At
the turn of the millennium, Mojica and others performed extensive research in published genomes
and they found similar repeat clusters in genomes of 20 prokaryotic species [36], however, the
role of these sequences was still elusive. Two years later, Jansen and colleagues discovered few
homologous genes located in proximity to previously described repeat arrays. These genes were
identified as encoding proteins with nuclease and helicase motifs, which hinted that they might be
involved in the structuring of the CRISPR array [37]. In 2005, three research groups independently
proposed that CRISPR-Cas might serve as an adaptive immune system in prokaryotes as they
identified that sequences separating repeats (spacers) in clusters are derived from phage DNA and
non-genomic DNA [38, 39, 40]. This hypothesis was finally confirmed experimentally two years
later by Barrangou et al. [29]. Currently, we know that CRISPR-Cas systems are very common
in prokaryotes. It is present in nearly a half of bacterial and almost in all archaeal genomes
[41, 42, 43]. Even though the identified CRISPR-Cas systems are very diverse, they share some
common features (see Section 1.3.3 and [44, 45]).

1.3.2 Mechanism of Action

The CRISPR-Cas mechanism can be summarized by three major steps as it is shown in Figure 1.2:

1. Spacer acquisition (primed adaptation);
2. Assembly of the effector complex (biogenesis);
3. Interference with the foreign nucleic acid.

The spacer acquisition step is similar for most known CRISPR-Cas systems and consists of a
stable complex of two proteins, the endonuclease Cas1 and the structural subunit Cas2, which
recognizes foreign nucleic acid fragments (called protospacers) preceded by a short motif called
Protospacer Adjacent Motif (PAM). PAMs are highly diverse between different CRISPR-Cas
types (two to five nucleotides in length) but at the same time are strongly conserved within
types [46, 47]. After successful identification of the PAM, the protospacer is integrated into the
CRISPR array [48, 49]. Utilization of the PAM is essential in preventing CRISPR-Cas systems
from targeting genetic host material, which could be lethal [50].

During the biogenesis step, the full Ribonucleoprotein (RNP) surveillance complex is being
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assembled. It consists of one or multiple proteins, depending on the system type, the CRISPR
RNA (crRNA), and, in some cases, Trans-Activating crRNA (tracrRNA). Initially, crRNAs are
transcribed from the CRISPR array sequences into a Precursor crRNA (pre-crRNA) and further
maturated by the type-specific Cas endonuclease, which cuts pre-crRNA in repeat sequences,
into individual crRNA molecules which contain a single spacer sequence flanked by the repeat
fragments [51, 52]. Thereafter, other Cas proteins are assembled into the surveillance complex.
As the Cas protein assembly is different for each CRISPR-Cas type and merely the type I-Fv
effector complex was investigated in this thesis, the detailed assembly of the type I-Fv effector
complex is described in Section 1.3.4 exclusively.

The last step of CRISPR-Cas functionality is an interference with the potential target. This step
is varying most among all CRISPR-Cas types. Thereby, it will not be described in detail here,
but two crucial processes during the interference will be marked: (i) PAM recognition by Cas
proteins, where the PAM sequence is identified by the Cas proteins and the surveillance complex
starts to unwind the target nucleic acid and (ii) recognition of the potential target. Here crRNA
has an essential role, as the spacer sequence carried by the surveillance complex is being matched
with the potential target by forming a DNA-Ribonucleic Acid (RNA) heteroduplex called R-loop.

Figure 1.2: Mechanism of action of the CRISPR-Cas system. 1. Foreign DNA is identified, degraded and a short
piece is integrated into the CRISPR array for memory (primed adaptation). 2. Assembly of the effector complex.
CRISPR array is transcribed into pre-crRNA which is matured to crRNA. Cas proteins are recruited and form the
effector complex together with the crRNA. 3. Interference. DNA is scanned by the effector complex. When the
crRNA matches the target sequence, it forms a stable interference complex to degrade it.
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1.3.3 Classification of CRISPR-Cas Systems

CRISPR-Cas systems classification is a challenging task. There is no straightforward approach to
classify similar systems into individual clusters. Nevertheless, researchers managed to develop a
semi-formal, combined classification approach, which takes certain factors into account:

1. Number of Cas proteins building the surveillance complex,
2. Signature cas genes, which are specific for each type,
3. Amino acid sequence similarities between multiple Cas proteins,
4. Phylogeny of Cas1 protein, which is the most conserved protein among CRISPR-Cas systems,
5. cas genes organization within the CRISPR-Cas loci.

In consequence, CRISPR-Cas systems are classified into two major classes based on the number
of Cas proteins in the surveillance complex, which are divided into six types and based on the
signature cas gene and Cas1 phylogeny, branching into several subtypes each (Figure 1.3 and
Figure 1.4). Detalied description of the CRISPR-Cas classification can be found in [44, 45].

Class 2

Class 2 consists of all systems where the surveillance complex is a single, multidomain Cas protein,
which can cope with the whole interference process. Within this class, there are three types: II,
V and VI. In type II the cas9 is the signature gene, encoding a Cas9 interference protein, which
gained huge popularity due to use in genome editing approaches [53] and brought large attention to
the CRISPR research field [54, 55, 56]. In contrast to type II, type V is characterized by the cas12
gene. Despite functional similarities between types II and V, structural differences between Cas9
and Cas12 proteins indicate that these functionalities evolved separately, thus classifying those
two types individually [57, 58]. Finally, the cas13 gene characterizes type VI, which is targeting
the RNA exclusively [59].

Class 1

Systems with multiprotein surveillance complexes, called effector complexes, were assigned to
class 1, which is divided into the types I, III and IV. In all effector complexes of these types, a
Cas7 backbone protein is present in multiple copies and they cover the crRNA spacer sequence.
Type I is characterized by the cas3 signature gene, which encodes a helicase (Cas3) with the
ability to unwind Double-Stranded DNA (dsDNA) and DNA-RNA duplexes [60, 61, 62, 63]. The
effector complexes in type I are commonly called CRISPR-Associated Complex for Antiviral
Defense (Cascade). Type I is the most wide spread in prokaryotes, however, also most diverse
type. Recently, type I CRISPR-Cas systems were divided into eight subtypes (I-A to I-F, I-Fv and
I-U) [44, 45]. The system which is in the scope of this thesis, is type I-Fv from Shewanella putrefa-
ciens CN-32 which is cognate to type I-E from E. coli and type I-F (Pectobacterium atrosepticum).

Type I-E was found in E. coli [64] and it is the best studied among type I systems. The
effector complex consists of a 61 nt crRNA, generated from pre-crRNA in a maturation step by a
Cas6e protein, and five different Cas proteins with the following stoichiometry: (Cas7)6-(Cse2)2-
(Cse1)1-(Cas5)1-(Cas6e)1 [65]. As mentioned before, few, in this case six, copies of Cas7 form
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the structural scaffold of the complex holding the crRNA sequence, while Cas5 and Cas6e cover
the 5’ and 3’ ends of the crRNA, respectively. Cse1 (Cas8e), also called a large subunit protein,
is involved in PAM recognition and later in Cas3 nuclease recruitment. A small subunit potein
(Cse2, Cas11) stabilizes R-loop structure by binding to a non-target DNA strand [66].

Type I-F, present in species like Pectobacterium atrosepticum, Pseudomomnas aureginosa or
Yersinia pseudotuberculosis, is similar to type I-E (Figure 1.5a). Cas6f (Csy4) maturates a 60 nt
long crRNA [67], stays at its 3’ end and initiates Cascade assembly [65, 68]. As for type I-E, six
Cas7 (Csy3) proteins shield the crRNA whose 5’ end is capped by Cas5 (Csy2). Similarly to Cse1
in I-E, Csy1 performs the target recognition and initiates the interference process [69]. There
are, however, some remarkable differences between types I-E and I-F which prevents assigning
them to the same type. First, I-F lacks a homologue of the small subunit present in I-E, thus,
the Cascade stoichiometry is: (Cas7)6-(Csy1)1-(Cas5)1-(Cas6f)1 [69]. Second, for type I-F Cas3
protein, involved in target degradation, a Cas2-like domain at the N-terminus has been found.
This hints at a double role of the Cas3 protein: target degradation and spacer acquisition [69].

Type III consists of systems which contain a cas10 signature gene and are mainly found in archaea,
where they are usually found to be co-existing with type I CRISPR-Cas systems. Similar to type
VI, type III systems target RNA [70, 71, 72] although they are also capable to target DNA by
utilizing a different Cas protein in their effector complex [73]. Lastly, type IV, with the signature
gene csf1, also known as cas8 -like, likewise co-exist together with type I CRISPR systems as they
lack the adaptation system [44, 45].
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Figure 1.3: Class 1 CRISPR-Cas systems.
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Figure 1.4: Class 2 CRISPR-Cas systems.
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1.3.4 CRISPR-Cas Type I-Fv

Initially, the type I-Fv CRISPR-Cas system was found in few beta and gamma-proteobacteria
and was characterized in S. putrefaciens strain CN-32 [68]. This type possesses a 60 nt crRNA
with a 8 nucleotide long 5’ repeat, 20 nucleotide long 3’ repeat forming a stable loop structure
and 32 nucleotide long spacer sequence. It lacks both the small and large subunits (Cas11 and
Cas8) (Figure 1.5a) and the amino acid sequences of two proteins show no similarities to other
known Cas proteins [68]. Further investigation and characterization of these proteins for their
functionality allowed to name them Cas5fv and Cas7fv (Figure 1.5a) [68, 74]. Eventually, X-ray
crystallography studies of the type I-Fv revealed that Cas7fv and Cas5fv possess extra domains
(compared to Cas7f and Cas5f) which functionally replace Cas11 and Cas8 proteins, respectively.
While Cas5fv is involved in PAM recognition, it is remarkable that this recognition process is
performed from the DNA major groove side by an alpha-helical (AH) domain, unlike in other
systems [75]. Fully functional I-Fv Cascade consists of merely three proteins, with the following
stoichiometry (Cas7fv)6-(Cas5fv)1-(Cas6f)1. Type I-Fv contains only five cas genes, which makes
the I-Fv a minimal type I-F system (Figure 1.5). The process of effector complex assembly is shown
in Figure 1.6. Briefly, Cas genes and CRISPR array are expressed from the CRISPR operon, while
Cas6f protein maturates the pre-crRNA and stays bound to the 3’ end of the crRNA. Later, Cas5fv
binds to 5’ end of the crRNA and six units of Cas7fv form the backbone structure of the Cascade
complex (Figure 1.6).

Figure 1.5: (a) Structure and organization of the CRISPR-Cas operons in types I-E, I-F, I-Fv; (b) Cartoon
representation of the type I-Fv effector complex.
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Figure 1.6: Schematic representation of the Cascade I-Fv assembly process (top) and surveillance and interference
process (bottom)

1.3.5 In vitro Single-Molecule Studies of CRISPR-Cas Systems

Because of the importance of CRISPR-Cas systems to the host organism and their use as precise
gene editing tools, CRISPR-Cas systems have nowadays become the target of rigorous study. Next
to classic biochemical studies, CRISPR-Cas is also investigated with single-molecule approaches
in vitro.

Target Search Process

Sternberg and co-workers visualized the real-time DNA interrogation process of a single Cas9
protein by using DNA curtains and showed that the target search process occurs via random 3D
diffusion [76]. Similar studies were performed also for the type I-E surveillance complexes from E.
coli [77] and type V-A Cas12a protein [78]. Redding et al. reported three-dimensional diffusion of
Cascades while scanning the DNA, similarly to Cas9, although the authors also speculated lateral
diffusion along the DNA upon PAM recognition, which was later confirmed for Cas9 using Single-
Molecule Förster Resonance Energy Transfer (smFRET) studies [79] showing that, upon finding a
PAM sequence, Cas9 searches neighboring sequences via 1D diffusion [80]. However, Dillard and
colleagues recently reported an almost exclusive one-dimensional diffusion of the Cascade I-E from
Thermobifida fusca even if the surveilled DNA is not an appropriate target [81].

Target Binding, Dynamics and R-loop Formation Processes

Next to the target search process, single-molecule methods, thanks to their sensitivity, allowed
to characterize binding events, which occur between CRISPR RNPs and surveilled DNA. Two
studies, one using DNA curtains and another using smFRET measurements, revealed that

38



CHAPTER 1. INTRODUCTION

Cascade can locate targets in a PAM-dependent and PAM-independent manner [77, 82], however
PAM presence increases the affinity [77]. When the target is flanked by the PAM sequence,
Cas3 is recruited to a Cascade-bound target strand to perform degradation. Nevertheless, if
no PAM sequence is present, Cas3 is also recruited to the target in presence of the Cascade,
though only if the Cas1-Cas2 complex, required for the primed adaptation, is present and the
Cas3 nuclease activity is impaired [77]. Formation of the Primed Acquisition Complex (PAC)
consisting of Cas1-Cas2, Cas3 and Cascade was also confirmed by Dillard et al. [81]. Furthermore,
in this report it was shown that PAC is capable of displacing different protein roadblocks while
Cascade-Cas3 complexes can stall on these roadblocks and lead to double-strand DNA breaks [81].

Redding et al. as well as Blosser et al. [77, 82], showed that the Cascade-DNA complex stability
is depending on the spacer-protospacer match ratio (Figure 1.7). Redding and colleagues also
demonstrated that upon finding a PAM-flanked target and fully matching the crRNA spacer
sequence, the Cascade-protospacer complex is very stable (>57 min, reaching the method
limitation), while for targets with a non-full match to crRNA spacer, the interaction time is
approximately 25 s. Finally, when the Cascade is probing the DNA, their interaction lasts in
the second range [77]. Similarly to that, Blosser et al. [82] showed that long-lived interactions
remained irreversible in the timescale of the experiment (approx. 1000 s) and short-lived
interactions with 24.8 ± 7.3 s were assigned to R-loop formation which did not progress into
a locked state (non-full complementarity spacer vs. protospacer). Additionally, they found 1.6
± 0.4 s for transient interactions between Cascade and protospacer prior to R-loop formation
[82]. Additionally, the Cas9 interrogation process was also studied via smFRET demonstrating
that the Cas9-target complex is very stable (> 1 hour) if the target contains less than 12 bp
PAM-distal mismatches and stability drops to 0.1-15 s when the number of mismatches is higher.
On the other hand, complex stability is strongly disturbed by two PAM-proximal mismatches
[83, 84].

Moreover, Szczelkun et al. [85] and Rutkauskas et al. [86] were capable of measuring the
R-loop formation rate, its dissolution and also R-loop stability of Streptococcus thermophilus
Cas9 and Cascade, respectively, using magnetic tweezers [87]. They reported that the PAM
presence affects the R-loop formation, but has no influence on the R-loop dissolution. Contrary
to that, PAM-distal mismatches have no effect on the R-loop formation, but increase the rate
of its dissolution. These results strongly indicate a directional formation of the DNA-RNA
duplex between crRNA and protospacer and that the R-loop stability depends on the spacer-
protospacer complementarity. Similar conclusions concerning the R-loop stability have been
drawn by Lim et al. in their smFRET study [88] and in [89], where they employed Atomic Force
Microscopy (AFM) to investigate single Cas9-DNA complexes carrying different crRNA sequences.

In summary, single-molecule studies conducted in vitro provided already many insights into the
mechanisms of CRISPR-Cas systems, which enabled the direct observation and quantification
of different proposed processes: target search and recognition, R-loop formation and stability,
formation of the interference and PAC. These findings are essential to understand the concrete
working process of the CRISPR molecular machinery, and they also serve as a road sign to perform
in vivo single-molecule studies. First single-molecule experiments were already conducted in vivo
for Cas9 in mammalian [90] and E. coli cells [91, 92]. Additionally to that, recently similar studies
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were published as a preprint for Cascade type I-E [93]. However, up to now, our knowledge about
CRISPR-Cas in vivo kinetics in class I systems is poorly understood, which indicates this to be
a challenging task. One of the tasks of my Ph.D. work was the investigation of the type I-Fv
CRISPR-Cas system in vivo, using sptPALM methods.

Figure 1.7: Cascade-DNA interactions range from milliseconds to minutes range, when measured in vitro [77, 82].
Unspecific DNA binding and PAM recognition last milliseconds. R-loop structure is stable for seconds and then
either Cascade unbinds and searches for another target, or, if crRNA-DNA pairing is perfect, Cascade enters a
so-called "locked state" and recruits Cas2-3 nuclease.
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2 | Developing New Imaging
Strategies for (spt)PALM

In this chapter, I will report the development of new imaging strategies. In the first part, I will
introduce a new class of pcFPs which we developed for a less phototoxic live-cell imaging, by using
a novel photoconversion mechanism (Primed Conversion (PC)). In the second part, I will present
a new multi-color, aberration-free imaging strategy, by combining the use of pcFPs and paFPs.

2.1 Live-cell Single-Molecule Imaging With Reduced
Phototoxicity

A General Mechanism of
Photoconversion of Green-to-Red

Fluorescent Proteins Based on Blue and
Infrared Light Reduces Phototoxicity in

Live-Cell Single-Molecule Imaging
Bartosz Turkowyd, Alexander Balinovic, David Virant,

Haruko G. Gölz Carnero, Fabienne Caldana, Marc
Endesfelder, Dominique Bourgeois, Ulrike Endesfelder

This part of the thesis is written in the manuscript style and was published in Angewandte
Chemie in 2017. I contributed in this work by desiging and performing experiments, analyzing

data and by preparing the manuscript text and figures. [94]

Supplementary information to this part are included in Supplementary Materials
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A General Mechanism of Photoconversion of Green-to-Red
Fluorescent Proteins Based on Blue and Infrared Light Reduces
Phototoxicity in Live-Cell Single-Molecule Imaging
Bartosz Turkowyd+, Alexander Balinovic+, David Virant, Haruko G. Gçlz Carnero,
Fabienne Caldana, Marc Endesfelder, Dominique Bourgeois, and Ulrike Endesfelder*

Abstract: Photoconversion of fluorescent proteins by blue and
complementary near-infrared light, termed primed conversion
(PC), is a mechanism recently discovered for Dendra2. We
demonstrate that controlling the conformation of arginine at
residue 66 by threonine at residue 69 of fluorescent proteins
from Anthozoan families (Dendra2, mMaple, Eos, mKikGR,
pcDronpa protein families) represents a general route to
facilitate PC. Mutations of alanine 159 or serine 173, which are
known to influence chromophore flexibility and allow for
reversible photoswitching, prevent PC. In addition, we report
enhanced photoconversion for pcDronpa variants with aspar-
agine 116. We demonstrate live-cell single-molecule imaging
with reduced phototoxicity using PC and record trajectories of
RNA polymerase in Escherichia coli cells.

Photoconvertible fluorescent proteins (pcFPs) irreversibly
change their optical properties when illuminated by specific
wavelengths. They are key for single-molecule super-resolu-
tion imaging,[1] single-molecule tracking[2] and dynamic imag-
ing.[3] Fast maturing and monomeric variants are a common
choice in quantitative fluorescence microscopy applications.[4]

Among the various fluorescent proteins available, green-to-
red pcFPs, that change their fluorescence spectra from GFP-
to RFP-type fluorescence upon near-UV illumination, have
been particularly popular, owing to their high brightness,
photostability, photoconversion contrast and the option for
imaging the initial green as well as the converted red form.[1a,b]

Green-to-red pcFPs primarily originate from stony corals
of suborder Faviina and in a few cases from closely related

soft corals and one corallimorph coral.[5] Improved versions
were derived from either naturally green-to-red converting,
non-monomeric proteins like Kaede,[6] the Eos family[7] and
Dendra2,[8] or from only green fluorescing but monomeric
proteins, which were modified into pcFPs like mKikGR[9] and
the mMaple[10] and Dronpa families.[11] All green-to-red pcFPs
are monophyletically related and exhibit a very similar
chromophore structure and neighboring amino acid residues.

Green-to-red pcFPs initially fold into their green form.
The chromophores settle in a pH-dependent equilibrium
between their neutral (N) and anionic (A) state. Only the
anionic chromophore fluoresces upon 488 nm illumination
and exhibits a fluorescence maximum in the 500–520 nm
range (Figure 1 a, left). 405 nm irradiation mediated photo-
conversion into the red form occurs from the neutral (non-
fluorescent) chromophore state (Figure 1a, left). While the
exact mechanism is still under debate, it was shown to involve
the cleavage of the histidine 62 Na@Ca bond (numbering
according to Aequorea victoria GFP) and the formation of
a Ca@Cb double bond in the histidine 62 side chain, which
extends the delocalized p-electron system of the His-Tyr-Gly
tripeptide chromophore (Figure 1a (ii)).[12] The anionic state
of the red form fluoresces with a maximum in the 570–590 nm
range upon 561 nm illumination (Figure 1a, right). Dendra2
has shown to also photoconvert from its anionic green
chromophore when irradiated by 488 nm light, but at
a reduced efficiency.[8]

However, a novel switching mechanism, termed primed
conversion (PC), using combined illumination at 488 nm and
near-infrared light at 700–800 nm has recently shown to be
very efficient for Dendra2 although it was poor for mEos2.[13]

This mechanism is of particularly high interest for live-cell
microscopy, as it avoids phototoxic illumination by 405 nm
light.[13–14] The exact mechanism is not yet understood, but pH
dependence and 488 nm irradiation hint at an excitation of
the anionic green chromophore from which it is “primed” into
a millisecond long intermediate state, followed by a conver-
sion into the red chromophore induced by irradiation with
near-infrared light[13–14] (Figure 1a(i)).

As the Anthozoan pcFPs only differ slightly among each
other, we were able to identify several amino acid residues
which we expected to be critical for PC by systematically
comparing their structural characteristics and photophysical
behavior as reported in the literature (see Figure S1a in the
Supporting Information).

Of particular interest was residue 69, as it was shown that
Dendra2 and mEos2 interchange their photophysical proper-
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ties (i.e. their brightness, photoblinking and -bleaching
behavior) when transposing residue 69 in the variants
mEos2-A69T and Dendra2-T69A.[15] Crystal structures
reveal that this can be explained by the altered conformation
of arginine 66 which interacts with the chromophore and
glutamate 212.[15] The latter is responsible for redox-induced
photobleaching by decarboxylation.[15] We thus tested mEos2-
A69T for PC which indeed efficiently photoconverts under
488/730 nm light, while Dendra2-T69A does not (Fig-
ure S1b (i)).

We then generated threonine 69 variants for several pcFPs
(Table S1) and found them capable of PC while their originals
(with alanine or valine 69) were not (Figure 1b, Figure S1 b).
The mMaple family, which already contains threonine 69,
naturally shows PC (Figure 1b).

When investigating the properties of the threonine 69
pcFPs variants, we found them to exhibit a lower extinction
coefficient and a hypsochromic shift of absorption and
emission maxima of about 10 nm, compared to the alanine
or valine 69 variants (Table 1, Table S2). Their pKa values are

Figure 1. a) Photoconversion of green-to-red pcFPs. The green chromophore of pcFPs absorbs in the near-UV range in its neutral (N) and in the
blue range in its anionic (A) form (left, i–iii)). Fluorescence occurs from the excited anionic state (A*) with a maximum at about 500–520 nm (left,
colored in green). A light-induced cleavage of the fluorophore backbone extends the chromophore which then absorbs in the blue range in its
neutral and in the green/orange range in its anionic form. The latter emits orange/red fluorescence in the range of 570–590 nm (right, colored in
red). UV-light mediated photoconversion (violet dashed arrow) starts from the neutral state, whereas PC (blue dashed arrows) originates from the
anionic form which can be “primed” into a millisecond long intermediate state. By additional irradiation with near-infrared 730 nm light, the
chromophore is converted into its red form. b) 488/730 nm photoconversion ability of pcFPs from different protein families. Protein variants of
different families were irradiated by 488/730 nm to characterize their ability to undergo PC by measuring the increase in red fluorescence. Insets
show the fluorescence increase of transiently overexpressed free pcFPs upon 488/730 illumination in single Escherichia coli cells.
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higher as the imidazolinone moiety of the chromophore is no
longer stabilized by the repositioned arginine 66 residue
(Figure S1 c (i), Figure S2). These findings are consistent with
reported data.[11b, 15]

The PC rate, as measured for Dendra2, increases with the
applied laser intensities, but the PC efficiency drops at higher
488 nm intensities, probably due to photobleaching (Fig-
ure S3a,b). 405 nm-mediated photoconversion generally
dominates the lower and PC the higher pH range (Fig-
ure S3c). This can be related to the ratio of near-UV light
absorbing neutral chromophores and blue light absorbing
anionic ones dependent on the pKa value of the hydroxy-
phenyl group of the chromophore. We do not, however, find
a one-to-one correlation. In agreement with previous studies,
the rate of conversion instead seems to be determined by the
local pKa values of several residues close to the chromophore
which form an internal charge network and are directly
involved in the photoconversion mechanism.[11b, 16]

To investigate the intermediate state possibly induced by
488 nm irradiation and suspected to be the entry point for
730 nm mediated photoconversion in Dendra2,[13] we probed
its expected half-life in threonine 69 pcFPs by delaying the
conversion laser by 0–30 ms in relation to the 488 nm laser
pulse. In all FPs, the attained fluorescence intensity of the
converted fluorophores decreased exponentially when pro-

longing the delay and was consistent with a 4–5 ms half-life of
the intermediate state (Figure S4).

An advantage of all threonine 69 variants is an increased
photostability, as we found their loss of fluorescence to be
significantly slower for both their green and red form,
enabling longer imaging times (Table 1 and Figure S3 d).
Furthermore, they also convert to some extent when using
640 nm instead of 730 nm light and under 488 nm light only
(Figure S3 e). For 640 nm illumination, this reduces efficiency
by 55–75 % but it makes them, like Dendra2,[17] accessible to
fluorescence microscopes equipped with a red laser source.

We then investigated whether mutations that introduce
chromophore flexibility and allow for cis–trans isomerization
may interfere with the PC mechanism, as reversible off-
switching from the fluorescent cis- to the non-planar, dark
trans-isoform is facilitated by 488 nm illumination.[16a, 18] For
reversible photoswitching NijiFP (= Dendra2-F173S) and
Dendra2-M159A we did not observe any 488/730 nm medi-
ated photoconversion (Figure S1 b (ii), c (ii)).

We hypothesized that the inability of mKikGR-V69T,
mMaple and mMaple3 to undergo efficient PC (Figure 1b,
Figure S3 c (iii,iv)) is related to valine 157 and a possibly
twisted or trans-chromophore dark state.[19] As mMaple3 is
a monomeric, bright fluorophore and thus a good choice for
super-resolution studies (Figure S8), we constructed

Table 1: Properties of green-to-red pcFPs capable of PC.[a]

Name Genetic background lexc

[nm]
lem

[nm]
oligomeric
state

e

[M@1 cm@1]
F pKa k488/730nm

[10@2 s@1]
rel.
photon
counts

t0.5*int

[s]
opt.
pH405

opt.
pH488/

730

Ref.

Dendra2 Dendra A224V 490[a]/
553[a]

507[a]/
573[a]

m 33300[a]/
17300[a]

0.53[a]/
0.74[a]

7.5[a]/
7.9[a]

21.3 1 1/1 8 8.5–
10

[a],[15]

this
work

mMaple mClavGR2 220-224
HSGLP to RNSTD and
A145V G171S G225S

489[b]/
566[b]

505[b]/
583[b]

m 15000[b]/
30000[b]

0.74[b]/
0.56[b]

8.2[b]/
7.3[b]

11.6 ND 4.0/
1.2

7–8 8.5–9 [b],[10a]

this
work

mMaple3 mMaple I111N Y198A
E82R D83K D197K

489[b]/
566[b]

505[b]/
583[b]

m 74000/
ND

ND 7.9/
7.2

5.5 1.5 3.3/
1.4

7–8 8–10 [b],[10b]

this
work

mMaple3-
V157I

mMaple3 V157I 490/
570

505/
582

m 28000/
ND

ND 8.2/
7.8

3.3 ND 2.4/
2.0

6–8 8.5–
10

this
work

mEos2-
A69T

EosFP N11K E70K
A69T H74N H121Y

495[a]/
565[a]

509[a]/
580[a]

m 24300[a]/
11500[a]

0.87[a]/
0.66[a]

8.2[a]/
7.4[a]

9.4 ND 3.4/
1.1

6–8 8.5–
10

[a],[15]

this
work

mEos3.2-
A69T

mEos2 A69T I102N
H158E Y189A

494/
562

507/
573

m 44000/
ND

ND 6.7/
6.7

7.7 1.2 3.8/
1.5

6–8 7.5–
10

this
work

mEos4b-
V69T

mEos4b V69T 494/
562

505/
581

m 50000/
ND

ND 7.7/
7.1

6.2 1.1 3.0/
0.5

6–8 8–10 this
work

pcDronpa-
A69T

Dronpa V60A C62H
A69T N94S N102I
E218G

494[c] 507[c] t 34000[c] 0.82[c] 8.0[c] 7.9 ND 1.0/
3.1

6–7 8–10 [c],[11b]

this
work

pcDronpa2-
A69T

pcDronpa Y116N A69T 494/
564

506/
575

t 51000/
ND

ND 8.6/
7.9

16.2 1.2 1.9/
0.9

6–8 8–10 this
work

mKikGR-
V69T

mKikGR V69T 492/
570

506/
580

m ND ND 8.2/
7.2

19.5 ND 4.8/
0.3

7–
7.5

8.5–
10

this
work

[a] Table summarizing the properties of green-to-red pcFPs which can by photoconverted by 488/730 nm illumination. Listed are their key
photophysical properties with lexc—excitation wavelength; lem—emission wavelength; e—molar extinction coefficient at pH 7.5; F—fluorescence
quantum yield; k488/730 nm—photoconversion rate for ensemble measurements at pH 8 (Figure S3); relative photon counts of fluorescence spots in
single molecule experiments in relation to Dendra2 (Figure S8) and t0.5*int—time of 50% intensity loss when irradiated by 488 nm or 561 nm light,
respectively at pH 7.5 in relation to Dendra2 (Figure S3e). Furthermore, their genetic background, oligomeric state (m—monomeric; t—tetrameric),
the pKa values of the chromophores (Figure S2) as well as the optimal pH for 405 nm and 488/730 nm light-mediated photoconversion are given
(Figure S3). Values are either from the literature as labeled or were measured in this study. ND—not determined.
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mMaple3-V157I. Unfortunately, mMaple3-V157I lost fluo-
rescence brightness. However, the comparatively high ratio
between the maximal red fluorescence intensities attained by
488/730 nm and 405 nm conversion, respectively suggests
a higher PC efficiency for the mutant (Figure S3 c (iii)).

As all photoswitching GFP-type FPs[11b, 19a,c,20] and also the
green forms of mEos2 and Dendra2[15–16] are reported to enter
temporary, UV-reversible dark states upon 488 nm illumina-
tion, we measured the liability of all pcFPs to do so and
compared the results to their ability to undergo PC. We found
the green fluorescence of all pcFPs to decrease significantly
under extended moderate 488 nm illumination (Figure S5).
Subsequent UV illumination restored 60–100% of the lost
intensity, demonstrating that a large fraction of pcFPs had
entered reversible dark states (Figure S5b). Remarkably, the
fluorescence of all pcFPs not capable of PC rapidly dropped
to the background level, whereas all FP variants that can
undergo PC decayed more slowly and retained significant
fluorescence after 60 s of 488 nm illumination (Figure S5). As
the recovery was equal or larger for non-PC-converting
pcFPs, this difference cannot be explained by increased
photobleaching or -conversion of the latter (Figure S5).
Instead, the experiment suggests an increased tendency for
non-PC-converting pcFPs to enter seconds to minutes long,
by 405 nm-light reversible dark states which also relates to the
observed difference in photostability (Figure S3 d).

We then focused on the residues close to the chromophore
which are described to be involved in UV-light mediated
photoconversion.[12] pcDronpa-A69T possesses tyrosine 116,
a position identified as critical for enhanced photoconver-
sion,[11b, 12d, 21] and has been reported as non-converting under
405 nm illumination.[11b] We wondered whether pcDronpa-
A69T may photoconvert under 488/730 nm light and indeed
found moderately effective PC (Figure S1 b(iii), c (iii), Fig-
ure S3c (v)). We then mutated tyrosine 116 to asparagine,
a common amino acid for efficiently converting pcFPs, which
significantly improved PC and restored 405 nm photoconver-
sion (Figure 1b).

For Dendra2, the only pcFP exhibiting PC with glutamine
116 (Figure S1a,c (iii)), we generated Q116N and Q116Y
mutants. We hypothesized that changes to the charge network
surrounding the Dendra2 chromophore (S105/Q116), which
differs from all other pcFPs (N105/N116), would affect the
photoconversion capability. Indeed, the mutants neither
showed UV- nor PC photoconversion but displayed photo-
switching dynamics comparable to only UV-converting pcFPs
(Figure S5). A further mutation to Dendra2-S105N-Q116N
mimics the N105/N116 network and restored photoconver-
sion, but at a significantly lower level than for Dendra2
(Figure S1 b(iii)). This might hint at a reduced chromophore
stability of the mutant.

In conclusion, the ability of pcFPs to undergo PC critically
depends on threonine 69 which controls the conformation of
arginine 66. A short, milliseconds long intermediate state
appears to be the entry point into the PC mechanism. PC
appears to be in direct competition with the FP’s tendency to
photoswitch into a long-lasting dark state reversible by
405 nm light (Figure S6). This explains the immediate
dependency of PC on the conformation of arginine 66[15] as

well as the (partial) suppression of PC in NijiFP, Dendra2-
M159A or the Eos proteins with alanine 69 as well as
mKikGR-V69T and the mMaple family. Changes to the
amino acid network known to be involved in the UV-light
mediated photoconversion process seem to affect PC and UV
conversion efficiency equally, suggesting similar charge trans-
fer processes inducing the backbone cleavage. However, as in
the case of pcDronpa-A69T, (moderately efficient) PC might
be possible when UV conversion is not.

Finally, we tested whether the new pcFPs can be applied
advantageously in single-particle tracking photoactivated
localization microscopy (sptPALM).[22] sptPALM imaging
typically involves irradiation of the probe by 405 nm light
for FP photoconversion and 561 nm light for fluorescence
read-out. We investigated whether PC, involving 488/730 nm
instead of 405 nm irradiation, might reduce photoinduced
damages to the probe which primarily depend on the applied
laser intensity and wavelength.[23] We recorded single-mole-
cule trajectories (i.e. individual molecules traced through
several images) of RNA polymerases tagged with Dendra2 in
living Escherichia coli cells under common sptPALM con-
ditions and monitored their growth before and after
sptPALM imaging by recording brightlight movies for several
hours (Figure 2a and Videos S1–6). Cells, for which the
single-molecule dynamics were recorded over 6 minutes using
PC-photoconversion, resembled control cells which were only
irradiated by the 561 nm read-out laser for the same period.
Both exhibited a high percentage of cells which continue to
grow normally. Cells whose single-molecule dynamics were
imaged by 405 nm photoconversion showed an already
significantly reduced cell survival after only 4 minutes of
sptPALM imaging and a significant fraction of cells which
paused their growth for 2–3 hours (Figure 2b and Videos S1–
6). For PC experiments, the continuous 561 nm read-out
turned out to be the most limiting factor for cell viability. The
impact of its accumulating illumination dose becomes severe
after 8 minutes of sptPALM imaging at critical doses similar
to doses observed before.[23]

We then assessed the quality of the sptPALM data. PC
yielded more trajectories at slightly lower conversion inten-
sity whereas the obtained trajectory lengths and spot inten-
sities for both modes were comparable (Figure S7). Even
though 405 nm irradiation caused growth delay and death in
many cells, the observed RNA polymerase dynamics did not
deviate from cells measured using PC and were similar to
previously reported statistics:[24] on average, 70 % of RNA
polymerases appeared to be actively transcribing, 27% to be
mostly DNA-bound and about 3% diffused freely (Fig-
ure S7).

We then measured the apparent single-molecule bright-
ness for all PC-converting FPs by preparing single-molecule
surfaces (Figure S8). The threonine 69 variants showed
slightly decreased photon counts, for example, Dendra2-
T69A was about 20 % brighter than Dendra2. mMaple3
displayed the highest photon count being 30 % brighter than
Dendra2 but its PC efficiency on the single-molecule level
was, like in ensemble measurements, low (data not shown)
which largely disqualifies it from quantitative imaging pur-
poses using PC.
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In summary, PC can be enabled for all green-to-red pcFP
families by generating threonine 69 variants. Dendra2,
pcDronpa2-A69T and the Eos family exhibit efficient PC,
whereas mKikGR and mMaple variants only show reduced
efficiency. As pcDronpa2-A69T is efficiently photoconverted
by both modes and offers the highest quantum yield of all
considered pcFPs, it is an interesting FP for future studies.
However, its tetrameric behavior considerably limits its
usefulness in practice.[10b] We therefore recommend the use
of mEos3.2-A69T or Dendra2, which also show good perfor-
mance. We predict that threonine 69 variants of other pcFPs
like Kaede or calcium sensors based on Eos (CamPARI[25])
and mMaple (GR-GECOs[26]) will also exhibit PC. Even
though our efforts to improve PC efficiencies and fluores-
cence brightness by modifying residues 105/116 of Dendra2
and 157 of mMaple3 proved unsuccessful, we believe that
different strategies, for example, suppressing the transition
into the dark states, might yield more favorable results. For
example, a promising route could be to systematically modify
other important amino acids like serine 142 or histidine 194.
Furthermore, to advance live-cell compatibility, proteins
converting and emitting at longer wavelengths would be
especially desirable, which immediately raises the question if
PC-like mechanisms can be transferred to FPs absorbing
these wavelengths, for example, psmOrange[27] or new pcFPs
found/designed in future studies.
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Abstract: Super-resolution fluorescence microscopy plays a major role in revealing the organization
and dynamics of living cells. Nevertheless, single-molecule localization microscopy imaging
of multiple targets is still limited by the availability of suitable fluorophore combinations.
Here, we introduce a novel imaging strategy which combines primed photoconversion (PC) and
UV-photoactivation for imaging different molecular species tagged by suitable fluorescent protein
combinations. In this approach, the fluorescent proteins can be specifically photoactivated/-converted
by different light wavelengths using PC and UV-activation modes but emit fluorescence in the
same spectral emission channel. We demonstrate that this aberration-free, live-cell compatible
imaging method can be applied to various targets in bacteria, yeast and mammalian cells and can be
advantageously combined with correlative imaging schemes.

Keywords: multi-color imaging; primed conversion; live cell imaging; single-molecule
localization microscopy

1. Introduction

Over the past decade, rapid advances in single-molecule localization microscopy (SMLM)
techniques have created a large, quantitative imaging toolbox which allows for the direct observations
of molecular processes of life at the nanometer scale [1–3]. Part of its tremendous impact is owed to
the fact that, just like in conventional fluorescence microscopy, individual species of molecules can be
visualized and placed into context to each other by specific fluorescence tags in situ as well as in vivo.

Nowadays, multi-color SMLM imaging is frequently performed. However, while several
approaches for multi-color SMLM imaging in fixed cells have been optimized for ideal combinations of
bright fluorophores with complementary staining (e.g., antibody, nanobody or protein-tag stainings),
similar photoswitching requirements and distinct read-out, the choice of fluorophore combinations
for multi-color imaging of difficult-to-access or densely packed samples or under physiological
conditions and in living cells remains challenging [3–5]. Especially in live-cell applications the choice of
suitable fluorophore pairs is limited: apart from a small number of membrane-permeable, fluorescent
dyes, which photoswitch in cellular environments without the need of further imaging buffers
(e.g., tetramethylrhodamine (TMR) or Atto655 [3] or the recently developed paJF549 [6]), the most
popular fluorophores are genetically encoded, photoactivatable or photoconvertible fluorescent
proteins (pa- and pcFPs) like the widespread Anthozoan green-to-red pcFPs (e.g., the Eos, Dendra,
Maple and Dronpa families) and DsRed derived dark-to-red paFPs (e.g., PAmCherry, PAmKate and
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PAtagRFPs) [1,4,5,7]. Despite being popular in quantitative imaging and single-particle tracking
approaches [2,5,8], the simultaneous use of multiple pcFPs and paFPs is largely precluded by their
overlapping absorption and emission spectra: they are photoactivated/-converted by illumination in
the near UV light range and a vast majority of common FPs with desirable properties (being bright
and monomeric, exhibiting robust photophysics in varying redox-environment and a quantitative
read-out [1,4,5]) emit fluorescence in a narrow, orange-red emission channel with only a few alternative
FPs in other color channels, e.g., the green fluorescing paGFP [9], psCFP2 and Dronpa [10], or the red
fluorescing psmOrange [11], which have been used for dual-color SMLM.

By utilizing the recently developed photoconversion technique of primed conversion (PC) for
green-to-red pcFPs, we here introduce a new dual-color strategy. PC, which was first identified and
characterized for Dendra2 [12,13] and has recently been shown to be very efficient for green-to-red
pcFPs with threonine at residue 69, makes use of a combined illumination of 488 nm and near-infrared
light in the range 700–800 nm instead of the common UV-photoconversion to convert common pcFPs
from their green to their red form [12,14]. paFPs, on the other hand, only absorb light in the ultraviolet
range prior to activation. As such, the 488 nm light used for PC should have no effect on the paFP.
We propose that this fact could be advantageously exploited in a dual-phase, dual-color imaging
scheme with a single fluorescence read-out channel. First, a PC-suitable pcFP, e.g., Dendra2 [12–15] or
mEos3.2-A69T [14], is imaged using a combination of 488 and 730 nm light for photoconversion. After
all pcFPs have been read out, the still-intact paFP, e.g., the commonly used PAmCherry [16], can be
imaged in the second phase by UV-light mediated photoactivation. The benefits of such an approach
are substantial. Since both targets are imaged in the same channel, chromatic aberration is eliminated.
Both FP-tags can be endogenous, requiring no additional staining, and the above chosen FPs are bright
and show no oligomerization tendencies [17]. In addition, as they fluoresce with a maximum in the
570–590 nm range upon 561 nm illumination, possible auto-fluorescence of biological samples and
phototoxicity are reduced when compared to techniques using shorter wavelength channels [14,18].
This makes this labeling choice favorable compared to other, e.g., non-red, less bright and photostable
or potentially self-oligomerizing pcFPs and paFPs such as paGFP [9,19], psCFP2 and Dronpa [10] or
PAtagRFP [20] and PAmKate [7]. Finally, our strategy works hand in hand with existing, multi-channel
approaches and can be easily used to expand them.

2. Results and Discussion

To evaluate the viability of the proposed imaging scheme, two main concerns had to be addressed.
First, does PC illumination have any effect on the paFP? Second, is it possible to sufficiently eliminate
the pcFP imaged by PC to not cause any cross-talk during the second imaging phase as any residual,
non-converted pcFP molecule would also be read-out by UV light. To test this, we performed
experiments on fixed Escherichia coli cells, where the native RNA polymerase (RNAP) protein was
endogenously tagged with either Dendra2 or PAmCherry (Supplementary Material and Methods).
RNAP molecules appear in large nucleoid-like patterns as they decorate the bacterial chromosome.
Their numbers per unit of cell size are relatively stable when expressed under the native promoter,
making RNAP a satisfactory target for quantitative controls [21].

First, we determined the minimum dose of 488 nm light required to permanently bleach all
Dendra2-RNAP molecules in the E. coli cells (Figure S1a). A bleaching approach like this would
be necessary in a worst-case scenario, where full readout of the PC-suitable pcFP is not feasible,
e.g., in cases where the POI is highly abundant. We then evaluated the effect of this high 488 nm
dose on the PAmCherry molecules (Figure S1a). While the vast majority of the Dendra2-RNAP
read-out in the red channel was gone after 30 s of illumination with 1 kW/cm2 of 488 nm light,
we used 120 s for subsequent imaging since that is where the bleaching curve stabilized. Using the
same settings, we found that 488 nm illumination slightly increased the fluorescence intensity in
cells with PAmCherry-tagged RNAP, suggesting some minor activation (Figure S1a). With this
information we were able to design a worst-case scenario control imaging scheme (Figure S1b,
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left). To quantify the loss of PAmCherry during the first, PC-photoconversion stage of imaging
and potential bleed-through of Dendra2 into the second UV-photoactivation phase, we performed
localization counting on E. coli cells expressing RNAP-Dendra2 and RNAP-PAmCherry under
several different illumination schemes (Figure S1b, right). RNAP-Dendra2 produced a mean of
1092 ± 175 (standard deviation) localization counts/µm2 converted by primed conversion (I) and a
mean of 999 ± 131 localization counts/µm2 (II) by UV photoconversion which is in agreement with
previous results on RNAP numbers [21,22] and reconfirms data of a recent study which did not
show any differences in quality and quantitative numbers obtained in sptPALM tracking studies
comparing UV and PC photoconversion of Dendra2 [14]. After 120 s of bleaching with 1 kW/cm2

488 nm light, Dendra2 was activated by UV conversion and produced 54 ± 18 localization counts/µm2

(III), which is at the level of false positive localization counts in wild type E. coli (data not shown),
confirming that little to no Dendra2 survives the bleaching step. Next, we evaluated the UV readout of
RNAP-PAmCherry, resulting in 1054 ± 217 counts/µm2 (IV), which is comparable to the Dendra2 PC
readout. To test the effects of high intensity 488 nm light on PAmCherry, RNAP-PAmCherry expressing
cells were illuminated with the same high intensity of 1 kW/cm2 488 nm light for 120 s, and then
read out with UV activation, producing 916 ± 182 counts/µm2 (V), further suggesting that 488 nm
light activates PAmCherry with low efficiency. This, however, proved not to be an issue during the
conversion imaging phase, where the overall dosage of 488 nm light is much lower (less than 0.1%
of the bleaching dose of 1 kW/cm2 used in this experiment). PAmCherry read out by PC activation,
produced 45 ± 19 counts/µm2 (VI), again at the level of background in wild type E. coli. To eliminate
cross-talk, we thus implemented a brief, ~10 s pre-bleaching step with the 561 nm light readout laser
before reading out the PAmCherry, bleaching away any pre-activated FP. These findings suggest that if
the FP in the first phase of imaging is read out in full and a high intensity 488 nm post-bleaching step
is not required, loss of PAmCherry is completely negligible. In such a case, both phases allow for a full
quantitative SMLM readout.

Encouraged by the promising results of the controls, we decided to evaluate how well our
approach performs in dual-color imaging of different biomolecules in E. coli and in a second
step, how well it integrates with additional correlative imaging schemes such as membrane point
accumulation for imaging of nanoscale topography (PAINT) and DNA stains [23]. To test this, we
utilized the imaging scheme on an E. coli strain where RNAP was endogenously tagged with the
PC-suitable mEos3.2-A69T mutant and transformed with the pJB063 plasmid bearing the sequence
for FtsZ-PAmCherry. The green-to-red pcFP mEos3.2-A69T mutant has proven, like Dendra2, to be
an excellent candidate for tagging native proteins in our previous work but with a 15–20% higher
photoncount for single-molecule-spots than Dendra2—thus allowing for more precise sptPALM
data [14]. RNAP-mEos3.2-A69T was imaged first and read out in full (Figure 1a), followed by a full
readout of FtsZ-PAmCherry (Figure 1b). Nile-red was then added to the imaging solution to image
the membrane by PAINT [24] (Figure 1c) and was finally replaced with a Sytox orange containing
solution, to stain the DNA (Figure 1d), for a total of four effective colors all in the orange-red channel
(Figure 1e).
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Figure 1. (a–d) Multi-color imaging workflow in E. coli cells. Top: scheme representing the acquisition 
sequence by first imaging RNAP-mEos3.2-A69T (orange dots) by primed conversion-PALM, not 
activated FtsZ-PAmCherry molecules are depicted as black dots (a); FtsZ-PAmCherry (orange dots) 
by UV activation-PALM, permanently bleached RNAP-mEos3.2-A69T are presented as dashed-lined 
white dots (b); The outer membrane by PAINT using NileRed- red dots depict fluorescent fraction of 
NileRed molecules in the membrane, whereas gray dots represent non-fluorescent NileRed in 
buffer/medium (c) and last the DNA stained by SYTOX Orange (orange diamonds) and read-out by 
near TIRF microscopy (d). Middle: Measured absorption and emission spectra of all four fluorophores 
used (Supplementary Material and Methods). Dashed line rectangle represents the optical bandpass-
filter used to visualize the fluorescence channel of all four acquisitions. Bottom: SMLM image 
reconstructions (a–c) and nearTIRF-snapshot (d) recorded; (e) Overlay of all individual images to 
show the mutual organization of imaged compounds, aligned by fiducial markers (Supplementary 
Material and Methods). Localization precision of the channels after drift correction (whole ROI, 
NeNA values): mEos3.2-A69T (RNAP) 12.1 nm, PamCherry (FtsZ) 12.3 nm, NileRed (membrane) 11.8 
nm, scale bars: 1 μm. 

Next, we assessed how well the technique performs on larger samples in other organisms by 
imaging HeLa cells transiently transfected with a combination of an actin-PAmCherry plasmid 
together with either a keratin-Dendra2 plasmid (Figure 2a) or an H2B-Dendra2 plasmid (Figure 2b), 
details can be found in Supplementary Material and Methods. As before, the pcFP, Dendra2, was 
read out first. Due to the large size of the cell and large number of (overexpressed) molecules a full 
read-out was rather time consuming, thus we decided to bleach the residual Dendra2 molecules after 
obtaining a sufficient number of localizations for image reconstruction. The intensity of 488 nm 
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Figure 1. (a–d) Multi-color imaging workflow in E. coli cells. Top: scheme representing the acquisition
sequence by first imaging RNAP-mEos3.2-A69T (orange dots) by primed conversion-PALM, not
activated FtsZ-PAmCherry molecules are depicted as black dots (a); FtsZ-PAmCherry (orange dots)
by UV activation-PALM, permanently bleached RNAP-mEos3.2-A69T are presented as dashed-lined
white dots (b); The outer membrane by PAINT using NileRed- red dots depict fluorescent fraction
of NileRed molecules in the membrane, whereas gray dots represent non-fluorescent NileRed in
buffer/medium (c) and last the DNA stained by SYTOX Orange (orange diamonds) and read-out
by near TIRF microscopy (d). Middle: Measured absorption and emission spectra of all four
fluorophores used (Supplementary Material and Methods). Dashed line rectangle represents the optical
bandpass-filter used to visualize the fluorescence channel of all four acquisitions. Bottom: SMLM
image reconstructions (a–c) and nearTIRF-snapshot (d) recorded; (e) Overlay of all individual images
to show the mutual organization of imaged compounds, aligned by fiducial markers (Supplementary
Material and Methods). Localization precision of the channels after drift correction (whole ROI, NeNA
values): mEos3.2-A69T (RNAP) 12.1 nm, PamCherry (FtsZ) 12.3 nm, NileRed (membrane) 11.8 nm,
scale bars: 1 µm.

Next, we assessed how well the technique performs on larger samples in other organisms by
imaging HeLa cells transiently transfected with a combination of an actin-PAmCherry plasmid together
with either a keratin-Dendra2 plasmid (Figure 2a) or an H2B-Dendra2 plasmid (Figure 2b), details can
be found in Supplementary Material and Methods. As before, the pcFP, Dendra2, was read out first.
Due to the large size of the cell and large number of (overexpressed) molecules a full read-out was
rather time consuming, thus we decided to bleach the residual Dendra2 molecules after obtaining a
sufficient number of localizations for image reconstruction. The intensity of 488 nm bleaching step had
to be increased to 4 kW/cm2 in order to fully bleach the residual Dendra2 molecules above and below
the imaging plane. No visible cross talk was present on any of the images, as showcased by the dark
background around the H2B (Figure 2b(v)).
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Figure 2. Two examples of Hela cells imaged with sequential PC activation. (a): (i) Dual-color PALM
image of actin tagged with PamCherry (green) and keratin tagged with Dendra2 (red); (ii,iii) split
channel PALM images of the same cell. Localization precision of the channels after drift correction
(whole ROI, NeNA values): Dendra2 (red, keratin) 17.2 nm, PamCherry (green, actin) 17.4 nm, scale
bars 5 µm; (iv–vi) zoom in on an area with details only visible in the super resolved image, scale bars
2 µm; (b): (i) Dual-color PALM image of actin tagged with PAmCherry (green) and H2B tagged with
Dendra2 (red) and split channel images of the same cell (ii,iii). Localization precision of the channels
after drift correction (whole ROI, NeNA values): Dendra2 (red, H2B) 16.1 nm, PamCherry (green, actin)
18.9 nm, scale bars 5 µm; (iv–vi) zoom in on the nucleus, showcasing the absence of bleed through
(dark background on (vi)), scale bars 2 µm.

A major advantage of the approach is its potential for use in living cells, especially for targets
which are difficult-to-reach by extrinsic fluorescent markers or have precluded SMLM read-out
channels due to low signal-to-noise/high background, e.g., arising from intracellular autofluorescence.
Like all (sequential) SMLM techniques, our approach is limited by the temporal resolution needed for
structural studies of abundant proteins but offers the read-out of two different proteins by intrinsic
FP labels with excellent SMLM properties to measure their molecule dynamics within the same
compartment or cell [25].

We thus first tested our E. coli strain under live conditions (Figure S2a), measuring diffusion
dynamics for RNAP and FtsZ (Figure S2b,c) as reported before [14,26] and could confirm the cell
survival after sptPALM imaging [14] (Figure S2d).

We then challenged our approach by creating a strain of the fission yeast Schizosaccharomyces
pombe, where the DNA binding protein cbp1 and the centromeric histone variant protein cnp1 were
endogenously tagged with Dendra2 and PAmCherry, respectively (Supplementary Material and
Methods). Introducing fluorophores for live cell SMLM imaging into S. pombe is difficult. In our
hands, only few extrinsic labels can be delivered to protein-tag-fusions but are prone to unspecific
background staining due to the cell wall and dense intracellular environment and do not blink in the
intracellular living yeast environment (unpublished data). Additionally, dual-color SMLM imaging
including a green FP does not provide satisfactory single molecule signal above the intracellular
background (unpublished data). Thus, even most recent SMLM studies of living S. pombe have
remained exclusively single-color using mEos2/mEos3 [27,28] which is in contrast to mammalian cell
studies, where multi-color SMLM introducing dye molecules that blink in the intracellular environment
has been applied in various studies [1,3].

As in E. coli, control measurements characterizing the viability of our living cells revealed no
negative effect of our imaging approach on the cellular growth (Figure S3a–d). As before, Dendra2
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was read out first, with lower 561 nm readout laser intensities and shorter exposure times, to capture
the movement of single molecules (Figure 3a,b(i)). PAmCherry-cnp1 was successfully read out in the
second phase, with no apparent crosstalk (Figure 3a,b(ii)). The cells were then fixed and stained with
DAPI (Figure 3a,b(iii)), since Sytox Orange penetrated the thick yeast cell wall poorly in our hands
(data not shown). As expected, reconstructed PALM images showed cbp1 is present throughout the
nucleus and co-localizes with DNA, while cnp1 appears as a single centromeric spot at the edge of the
DNA (Figure 3a,b(iv)). We then applied a custom single particle tracking algorithm on the same data
and visualized the results (details in materials and methods), which showed that the cbp1 diffuses
around the nucleus, while the cnp1 is largely immobile (Figure 3a(v)). Finally, we calculated diffusion
coefficients for tracks longer than four consecutive frames, revealing a mobile (fast) and an immobile
(slow) fraction of cbp1 (Figure 3b(iv)) and exemplary mean squared displacement (MSD)-curves in
Figure S4a). Imaging fixed cbp1 molecules as a control under otherwise same conditions reveals
that the slow fraction is indeed not moving within the precision of the sptPALM measurements
and represents immobile, DNA-bound cbp1 molecules whereas the fraction of mobile cbp1 with a
more heterogeneous distribution of diffusion coefficients represents DNA-associated, but mobile cbp1
molecules (Figure S4b(i,ii)) [29,30].

Int. J. Mol. Sci. 2017, 18, 1524  6 of 13 

 

the movement of single molecules (Figure 3a,b(i)). PAmCherry-cnp1 was successfully read out in the 
second phase, with no apparent crosstalk (Figure 3a,b(ii)). The cells were then fixed and stained with 
DAPI (Figure 3a,b(iii)), since Sytox Orange penetrated the thick yeast cell wall poorly in our hands 
(data not shown). As expected, reconstructed PALM images showed cbp1 is present throughout the 
nucleus and co-localizes with DNA, while cnp1 appears as a single centromeric spot at the edge of 
the DNA (Figure 3a,b(iv)). We then applied a custom single particle tracking algorithm on the same 
data and visualized the results (details in materials and methods), which showed that the cbp1 
diffuses around the nucleus, while the cnp1 is largely immobile (Figure 3a(v)). Finally, we calculated 
diffusion coefficients for tracks longer than four consecutive frames, revealing a mobile (fast) and an 
immobile (slow) fraction of cbp1 (Figure 3b(iv)) and exemplary mean squared displacement (MSD)-
curves in Figure S4a). Imaging fixed cbp1 molecules as a control under otherwise same conditions 
reveals that the slow fraction is indeed not moving within the precision of the sptPALM 
measurements and represents immobile, DNA-bound cbp1 molecules whereas the fraction of mobile 
cbp1 with a more heterogeneous distribution of diffusion coefficients represents DNA-associated, 
but mobile cbp1 molecules (Figure S4b(i,ii)) [29,30]. 

Figure 3. Sequential dual-color PALM on S. pombe. (a) Dual-color PALM image of a representative S. 
pombe cell, expressing the DNA binding protein cbp1 tagged with Dendra2 (red) and the centromeric 
protein cnp1 tagged with PAmCherry (green) and a widefield fluorescence image of DAPI stained 
DNA (blue): (i–iii) Split channels of the same cell and (iv) combined; (v) single particle track analysis 
performed on the same data, with tracks ≥3 consecutive frames represented in red (cbp1) and green 
(cnp1), on top of DNA (blue). Scale bars 2 μm; (b) single particle tracking analysis done on a different 
S. pombe cell: (i) single particle tracks of cbp1 ≥4 consecutive frames, color coded for their apparent 
diffusion coefficient D as calculated from a MSD analysis of the individual tracks, orange for fast 
moving particles (D > 0.26 μm2/s) and red for slow or immobile (D < 0.26 μm2/s); (ii) single particle 
tracks of cnp1 ≥ 4 consecutive frames; (iii) widefield fluorescence image of DNA in the same cell, after 
fixation; (iv) overlay of all three channels. Scale bars 2 μm. 

3. Materials and Methods 

Strain constructions for E. coli and S. pombe cell lines, transient transformations for mammalian 
samples, protein purification, live and fixed cell sample preparations for E. coli, S. pombe and 
mammalian cells as well as the microscopic and spectroscopic equipment are described in detail in 
the Supplementary Information (Supplemantary Materials and Methods). 
  

Figure 3. Sequential dual-color PALM on S. pombe. (a) Dual-color PALM image of a representative
S. pombe cell, expressing the DNA binding protein cbp1 tagged with Dendra2 (red) and the centromeric
protein cnp1 tagged with PAmCherry (green) and a widefield fluorescence image of DAPI stained
DNA (blue): (i–iii) Split channels of the same cell and (iv) combined; (v) single particle track analysis
performed on the same data, with tracks ≥3 consecutive frames represented in red (cbp1) and green
(cnp1), on top of DNA (blue). Scale bars 2 µm; (b) single particle tracking analysis done on a different
S. pombe cell: (i) single particle tracks of cbp1 ≥4 consecutive frames, color coded for their apparent
diffusion coefficient D as calculated from a MSD analysis of the individual tracks, orange for fast
moving particles (D > 0.26 µm2/s) and red for slow or immobile (D < 0.26 µm2/s); (ii) single particle
tracks of cnp1 ≥ 4 consecutive frames; (iii) widefield fluorescence image of DNA in the same cell,
after fixation; (iv) overlay of all three channels. Scale bars 2 µm.

3. Materials and Methods

Strain constructions for E. coli and S. pombe cell lines, transient transformations for mammalian
samples, protein purification, live and fixed cell sample preparations for E. coli, S. pombe and
mammalian cells as well as the microscopic and spectroscopic equipment are described in detail
in the Supplementary Information (Supplementary Material and Methods).
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3.1. Imaging Procedures

3.1.1. Influence of High Intensity of 488 nm Light on PAmCherry and Dendra2

To determine, whether high intensity of 488 nm light leads to irreversible bleaching of Dendra2
molecules while leaving PAmCherry intact, we imaged fixed MG1655 rpoC_Dendra2 and MG1655
rpoC_PAmCherry cells. First, cells were illuminated with 1 kW/cm2 of 488 nm for 0 to 180 s
(Figure S1a) and then illuminated for 15 s with 2.5 W/cm2 of 405 nm light to perform photoactivation
or photoconversion of non-bleached fluorescent proteins. In last step, three 60 ms frame snapshots
with 800 W/cm2 of the 561 nm laser were taken.

3.1.2. Quantitative Controls-RNAP Molecule Counting

To evaluate possible false positives of residual Dendra2 and the amount of pre-activated
PAmCherry of the second phase of imaging (Dendra2 converted via UV light or PAmCherry
preactivated via 488 nm light), a set of control experiments was performed (Figure S1b). In experiment
(I) fixed MG1655 RNAP-Dendra2 cells were illuminated with three lasers: 488 nm pulsed every
20th frame and continuous 561 and 730 nm. Laser intensities were: 100–2500 mW/cm2 of 488 nm
(intensity was gradually increased during movie acquisition to keep the number of detected spots
roughly on the same level), 800 W/cm2 of 561 nm and 450 W/cm2 of 730 nm. Movies were recorded at
16.67 Hz image acquisition (60 ms per frame) until no new fluorescent spots appeared to ensure for a
full read-out of the FP. In experiment (II), MG1655 RNAP-Dendra2 was illuminated by conventional
UV-conversion PALM: The 405 nm laser was pulsed every 20th frame, gradually increasing the
intensity from 250–6500 mW/cm2 and continuous 561 nm laser at a constant intensity of 800 W/cm2.
The field of view (FOV) was imaged until no new fluorescent spots appeared anymore. As a negative
control (III), MG1655 RNAP-Dendra2 was first illuminated for two minutes with 1 kW/cm2 of
488 nm laser to irreversibly bleach the Dendra2 molecules. Next, the same FOV was imaged with
standard UV-conversion PALM. Laser intensities were the same as for (II). The FOV was imaged for
5 min with 60 ms exposure time per frame. Experiments (IV)–(VI) were performed on the MG1655
RNAP-PAmCherry strain. Experiment (IV) was a positive control where cells were imaged with
UV-conversion PALM: 405 and 561 nm laser settings were the same as for experiment (II) and the
FOV was imaged until no new spots appeared. In experiment (V) MG1655 RNAP-PAmCherry cells
were imaged in a similar way as cells in experiment (III) with an extended imaging time until no
new spots appeared, achieving full read-out. In experiment (VI) which serves as negative control,
cells were imaged as the MG1655 RNAP-Dendra2 cells in experiment (I), to evaluate the activation
of PAmCherry via primed conversion. FOV was imaged for 5 min. For each control experiment two
FOVs were imaged.

3.1.3. E. coli Multi-Color Imaging

Detection of RNA polymerase (RNAP) fused with mEos3.2-A69T, FtsZ fused with PAmCherry,
bacterial membrane and chromosomal DNA in fixed MG1655 rpoC_mEos3.2-A69T+pJB063 cells was
performed sequentially (Figure 1). First, RNAP-mEos3.2-A69T molecules were imaged by primed
conversion [14] (Figure 1a). Briefly, the sample was illuminated with three lasers: 488 nm pulsed
every 20th frame and continuous 561 and 730 nm light. Laser intensities were: 100–2500 mW/cm2

of 488 nm (intensity was gradually increased during movie acquisition), 800 W/cm2 of 561 nm and
450 W/cm2 of 730 nm. Movies were recorded at 16.67 Hz image acquisition (60 ms per frame) until no
new spots appeared. After primed conversion PALM, the sample was illuminated for one minute with
1 kW/cm2 of 488 nm laser to irreversibly bleach residual green form mEos3.2-A69T. In the second
phase (Figure 1b) FtsZ-PAmCherry molecules were detected with UV-activation PALM: 405 nm laser
pulsed every 20th frame (intensity gradually increasing from 250–6500 mW/cm2) and continuous
800 W/cm2 561 nm laser at 60 ms until all PAmCherry was read out. After finishing imaging both,
RNAP-mEos3.2-A69T and FtsZ-PAmCherry, Nile Red (Sigma-Aldrich, Darmstadt, Germany) was
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added (final concentration in imaging buffer: 7 nM) to visualize the bacterial membrane in the same
cells by PAINT microscopy [24] (Figure 1c). Movies were recorded for 7 min with 60 ms exposure time
per frame and the sample was illuminated with constant 1.2 kW/cm2 of 561 nm laser. In the last, fourth
step (Figure 1d), chromosomal DNA was visualized by addition of SYTOX Orange (Thermo Fischer,
Darmstadt, Germany) to a final concentration 20 nM. One-frame 60 ms snapshots were taken with
low intensity 561 nm laser (10 W/cm2). For all fixed bacteria images, the Nearest Neighbor Analysis
(NeNA) values [31] were in the range of 10–15 nm, exact values of the exemplary images are given in
the respective captions.

Single-particle tracking PALM (sptPALM) imaging (Figure S2) of rpoC_mEos3.2-A69T+pJB063
cells was performed on a heating stage and heated objective at 32 ◦C. As for the fixed samples,
RNAP-mEos3.2-A69T was imaged first and FtsZ-PAmCherry was imaged afterwards. Applied laser
intensities were: 2 W/cm2 of 405 nm, 600 mW/cm2 of 488 nm, 450 W/cm2 of 730 nm and 800 W/cm2

of 561 nm laser light. 405 and 488 nm lasers were pulsed every 20th frame. Movies were recorded at
77 Hz image acquisition rate for two minutes to follow the diffusing RNA polymerase and at 33 Hz
image acquisition rate for five minutes to follow the FtsZ protein. For the FtsZ imaging we used slower
acquisition mode to exclude cytosolic FtsZ molecules—as they diffuse much faster than FtsZ built into
the ring structures, their point-spread functions are blurred, thus most of the cytosolic FtsZ molecules
are not included in further analysis steps. This approach was first used by Etheridge et al. in their
work [32]. mEos3.2-A69T molecules were converted by primed conversion, while PAmCherry was
photoactivated using UV. Right after recording the RNAP-mEos3.2-A69T molecules, a two minute
bleaching step to bleach the remaining unconverted mEos3.2-A69T molecules was performed using
1 kW/cm2 488 nm laser light illumination to avoid false positives during the FtsZ-PAmCherry readout.
After sptPALM imaging, the cells of the imaged FOVs were tested for their cell viability. For this,
all FOVs were imaged under bright light for three hours with two minutes interval to quantify their
cellular growth after the sptPALM experiment.

3.1.4. HeLa Dual-Color Imaging

Keratin-Dendra2 or H2B-Dendra2 were imaged first, activated with 450 W/cm2 of the 730 nm
laser and 100–2500 mW/cm2 of the 488 nm laser (pulsed every 20th frame) with the intensity gradually
increased to keep the number of localizations per frame constant and read out with the 561 (800 W/cm2)
laser for 20 thousand frames at an exposure of 60 ms per frame. The sample was then illuminated
with 4 kW/cm2 of the 488 nm laser for 2 min, to bleach any residual Dendra2. Actin-PAmCherry
was imaged second, activated with the 405 nm laser, pulsed on every 12th frame, with the intensity
gradually adjusted from 250–6500 mW/cm2 and read out with constant 561 illumination at 800 W/cm2

for 10 to 20 thousand frames at an exposure time of 60 ms per frame. Lasers were angled to achieve
near-TIRF illumination. For all mammalian images, the NeNA values were in the range of 15–20 nm,
exact values of the exemplary images are given in the respective captions.

3.1.5. S. pombe Multi-Color Imaging

Cbp1-Dendra2 was imaged first, activated with 450 W/cm2 of the 730 nm laser and
100–2500 mW/cm2 of the 488 nm laser (pulsed every 20th frame) with the intensity gradually increased
to keep the number of localizations per frame constant and read out with the 561 (500 W/cm2) laser
for 20 thousand frames at an exposure of 20 ms per frame. The sample was then illuminated with
2 kW/cm2 of the 488 nm laser for 1 min, to bleach any residual Dendra2. Cnp1-PAmCherry was imaged
second, activated with the 405 laser, pulsed on every 12th frame, with the intensity gradually adjusted
from 250–6500 mW/cm2 and read out with constant 561 illumination at 500 W/cm2 for 10 thousand
frames at an exposure time of 20 ms per frame. Finally, cells were fixed with 1% paraformaldehyde
(Sigma-Aldrich, F8775) without moving the sample and stained for DNA with 1 µg/mL DAPI, read out
by the 405 nm laser (10 W/cm2).
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3.1.6. Viability Controls

S. pombe cbp1-Dendra2 cnp1-PAmCherry cells were grown in YES medium at 25 ◦C overnight,
then inoculated into fresh YES to a starting OD600 of 0.1 and grown for ~6 h before imaging. 1 mL of
culture was spun down at 500× g for 5 min and resuspended in 10 µL fresh YES medium. Cells were
immobilized on a 1% low-gelling temperature agarose pad (Sigma-Aldrich, A9414) in YES medium
and covered with a coverslip previously cleaned with Hellmanex. Cells were imaged on a custom-built
heating stage at 30 ◦C. To compare growth, 8 FOVs at least 1000 µm apart were chosen and bright field
images were taken at time t0. The first two FOVs were imaged with PC activation 450 W/cm2 of the
730 nm laser and 100–2500 mW/cm2 of the 488 nm laser (pulsed every 20th frame) with the intensity
gradually increased to keep the number of localizations per frame constant and read out with the 561
(500 W/cm2) laser for 20 thousand frames at an exposure of 15 ms per frame. The next two FOVs
were imaged with the same conditions but also post-bleached with 2 kW/cm2 of the 488 nm laser for
2 min. Two further FOVs were then imaged and post-bleached as described above, then also imaged
with UV activation, 405 laser pulsed on every 12th frame, with the intensity gradually adjusted from
250–6500 mW/cm2 and read out with constant 561 illumination at 500 W/cm2 for 5 thousand frames
at an exposure time of 30 ms per frame. A bright field of each position was taken every 10 min for
12 h after imaging with an automated µManager script, though FOVs were lost after ~4 h due to drift.
Exemplary cells are depicted in Figure S3.

3.2. Data Analysis

3.2.1. Analysis of the Influence of High Intensity 488 nm Images

Acquired three-frame snapshots were analyzed with a custom written script in Fiji software
(ImageJ 1.51f ) [33]. Cell FOVs were extracted by identifying individual bacterial shapes from
fluorescence averages excluding overlapping or out-of-focus cells. Averaged fluorescence intensity for
each cell was used as a parameter of bleaching degree (Figure S1b).

3.2.2. Super-Resolution Image Reconstruction of Bacterial and Mammalian Multi-Color Images

Localizations of the fitted single fluorescent spots were obtained by the open source software
rapidSTORM (version 3.3) [34]. Fitting parameters were determined individually for each kind of
fluorophore (Dendra2, mEos3.2-A69T, PAmCherry and Nile Red). In the next step, localization
precision for all FOVs was estimated using NeNA [31] as implemented in the open-source software
LAMA (version 16.10) [35] on a section of the image that contained no fiducial markers. For all
FOVs localization precision was determined between 10 and 15 nm for bacteria and 15 and 20 nm
for mammalian cells. Localization data were filtered to connect neighboring localizations in adjacent
frames, to avoid several-fold counting of molecules with fluorescence lifetimes exceeding the
framerate of the movie. In the last post-processing step, all localization files were drift corrected
with custom written Python algorithms that extract and correct for fluorescent bead trajectories.
Additionally, for FtsZ-PAmCherry localizations, density based clustering analysis was performed with
the density-based spatial clustering of applications with noise (DBSCAN) algorithm [36], as single
cytosolic FtsZ-PAmCherry proteins were abundantly present in cell. Only clustered molecules
(DBSCAN parameters: ε = 35 nm; MinPts = 10) were used for image reconstruction of FtsZ-PAmCherry.
Super-resolution image reconstructions and DNA-Sytox Orange image were stacked and superimposed
in Fiji software. For HeLa cells, images were reconstructed with a pixel size of 20 nm.

3.2.3. Single Particle Tracking in E. coli and S. pombe

Single molecule localizations were extracted from the movies with the open-source software
rapidSTORM. Final images were reconstructed with a pixel size of 10 nm. Single particles were tracked
with the help of customized tracking software written in C++ and visualized by customized software
written in C++, to filter and group single molecule localizations or trajectories by their apparent



Int. J. Mol. Sci. 2017, 18, 1524 10 of 13

diffusion coefficient (as calculated by MSD analysis). For MSD analysis, only trajectories with 4 and
more steps were used for calculating the MSD values. Independent of the total length of each trajectory,
only the first steps of each trajectory were used for the MSD calculation (for the first 3 ∆t values)
to account for heterogeneous diffusion behavior over time as well as the confinement of the yeast
nucleus/E. coli cell. To account for the localization precision σ of the data, the constant offset of 4*σ2

was included into the fit-function. For diffusion coefficient statistics, only MSD fits with an R2 value of
0.85 or higher were used.

4. Summary and Conclusions

In summary, our new technique produced high quality PALM images on all tested samples. The
controls showed there is little to no crosstalk between the two proteins and loss of PAmCherry is
minimal. This can be further reduced by avoiding the post-bleaching step with high intensity of 488 nm
light, by reading out the entire signal in the first phase of imaging and, for fixed cells, by increasing
the pH to 8–8.5 where PC is most efficient [14]—making both phases of imaging fully quantitative.
We have also shown that the approach is easily combined with other sequential imaging techniques,
such as membrane PAINT. This correlative approach could be extended further, by e.g., substituting
the Sytox Orange DNA stain for the transiently binding Hoechst-JF646 probe for DNA-PAINT [37].

Perhaps most importantly, the combination of a PC-suitable pcFP and an only UV-activatable
paFP allows for dual-color SMLM imaging in living specimens, without the need for any additional
staining steps, as shown in E. coli and S. pombe. Previously, this could only be done through the
use of proteins with different emission spectra, such as paGFP or psCFP2. This requires imaging in
different readout channels, introducing chromatic aberration, which makes overlaying the channels
more difficult. Additionally, many biological samples, e.g., including S. pombe, can exhibit high degrees
of autofluorescence in the GFP channel. Combined with the lower brightness of paGFP and psCFP2
compared to red paFPs, this results in a limited achievable resolution. Also, the superior brightness of
FPs such as Dendra2, mEos3.2-A69T and PAmCherry allows for single particle tracking experiments,
where brightness is essential due to shorter exposure times and lower excitation light intensities.
That being said, our approach could potentially be combined with other FPs that emit in different
channels, further expanding the palette of available colors for live-cell imaging or be used in tandem
with enzyme tags such as Halo-tag [38] and SNAP-tag [39] together with membrane-permeable dyes
(and e.g., as well using sequential orange stainings like TMR and paJF549).

In conclusion, our measurements demonstrate that this new method can be applied to various
targets in different organisms and can be advantageously combined with existing imaging schemes.
As it is an aberration-free, live-cell compatible method, which is simple to implement on conventional
SMLM systems (even when using a red instead of an infrared laser source, PC can be efficient enough
for SMLM imaging [13,14]), we believe it is a valuable addition to the current SMLM toolbox.

Supplementary Materials: Supplementary materials can be found at www.mdpi.com/1422-0067/18/7/1524/s1.
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Abbreviations

FP Fluorescent protein
paFP Photoactivatable fluorescent protein
PAINT Points accumulation for imaging in nanoscale topography
PALM Photoactivated localization microscopy
PC Primed conversion
pcFP Photoconvertible fluorescent protein
SMLM Single molecule localization microscopy
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3 | Studying CRISPR-Cas
Surveillance Complex Dy-
namics In vivo Using spt-
PALM

In this chapter, I will present my work on the investigation of the CRISPR-Cas type I-Fv system
dynamics. In the first section, I will summarize the experimental design and data analysis pipeline.
In the second part, I will report our current results of the type I-Fv system dynamics studies.

3.1 Live-cell sptPALM Imaging of Cascade Surveillance
Complex

Live-cell single-particle tracking
photoactivated localization microscopy of

Cascade-mediated DNA surveillance
Bartosz Turkowyd, Hanna Müller-Esparza, Vanessa Climenti,

Niklas Steube, Ulrike Endesfelder, Lennart Randau

This part of the thesis is written in the book chapter style and was published in Methods in
Enzymology in 2019. I contributed in this work by doing a literature research and review,

preparing figures and writing parts of the text. [23]
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Abstract

Type I CRISPR–Cas systems utilize small CRISPR RNA (crRNA) molecules to scan DNA
strands for target regions. Different crRNAs are bound by several CRISPR-associated
(Cas) protein subunits that form the stable ribonucleoprotein complex Cascade.
The Cascade-mediated DNA surveillance process requires a sufficient degree of
base-complementarity between crRNA and target sequences and relies on the recog-
nition of small DNA motifs, termed protospacer adjacent motifs. Recently, super-
resolution microscopy and single-particle tracking methods have been developed
to follow individual protein complexes in live cells. Here, we described how this tech-
nology can be adapted to visualize the DNA scanning process of Cascade assemblies
in Escherichia coli cells. The activity of recombinant Type I-Fv Cascade complexes of
Shewanella putrefaciens CN-32 serves as a model system that facilitates comparative
studies for many of the diverse CRISPR–Cas systems.

1. Introduction

Prokaryotes have evolved severalmechanisms to evade phage infections,

including restriction–modification systems (R/M) that are able to inactivate

target DNA by cleavage (Pingoud, Fuxreiter, Pingoud, & Wende, 2005),

toxin–antitoxin modules that result in abortive phage infection and

CRISPR–Cas systems (Unterholzner, Poppenberger, & Rozhon, 2013).

The acronym CRISPR–Cas is generated from the abbreviations for

clustered regularly interspaced short palindromic repeats and CRISPR-

associated proteins ( Jansen, van Embden, Gaastra, & Schouls, 2002).

CRISPR arrays were first discovered as unusual structures in the Escherichia

coli K12 genome (Ishino, Shinagawa, Makino, Amemura, & Nakata, 1987),

years before the detection of associated cas genes ( Jansen et al., 2002).

CRISPR–Cas was suggested to function as an adaptive immune system

in prokaryotes in 2005 (Mojica, Dı́ez-Villaseñor, Garcı́a-Martı́nez, & Soria,

2005; Pourcel, Salvignol,&Vergnaud, 2005),whichwas experimentally con-

firmed two years later (Barrangou et al., 2007).

CRISPR–Cas RNA-guided immune systems are widespread in prokary-

otes and play a major role in microbial evolution ( Jore et al., 2011; Makarova

et al., 2011). These systems can be found in about 50% and 90% of all

sequenced bacteria and archaea, respectively (Grissa, Vergnaud, & Pourcel,

2007b). CRISPR–Cas systems offer prokaryotes a sequence-specific defense

mechanism against invasion of foreign nucleic acids from viruses, plasmids, or

other mobile genetic elements (MGEs) (Barrangou et al., 2007; Edgar &

Qimron, 2010; Garneau et al., 2010; Marraffini & Sontheimer, 2008).
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In this process, these immune systems do not rely on antigen–antibody
interactions, but work directly at the nucleic acid level. Small prokaryotic

CRISPR RNA molecules (crRNA) are able to guide a single Cas protein

effector or a multisubunit Cas protein effector complex toward invading

DNA or RNA stretches that exhibit base-complementarity to the crRNA.

Subsequently, Cas nucleases destroy these foreign nucleic acids, disarming

viral threats (Barrangou et al., 2007; Brouns et al., 2008; Mohanraju

et al., 2016).

CRISPR–Cas immunity is established in three defined steps: (1) spacer

acquisition or adaptation, (2) crRNA expression or biogenesis, and (3) inter-

ference. The CRISPR–cas locus usually describes a cluster of cas genes found
next to one or several CRISPR arrays. These arrays contain several repeti-

tions of identical sequences (repeats) and variable sequences (spacers). Spacer

regions constitute sequences from viruses or MGEs that were integrated via

CRISPR–Cas activity. Since integration is directional, the first spacers in a

CRISPR array often correspond to the most recent interactions (Barrangou

et al., 2007; Jansen et al., 2002; Pourcel et al., 2005).

The spacer acquisition step (adaptation) is similar for most CRISPR–Cas
systems (Koonin, Makarova, & Zhang, 2017). An adaptation module con-

sists of two Cas proteins: the endonuclease Cas1 and the structural subunit

Cas2 (Amitai & Sorek, 2016). These two proteins form a stable complex

(Nunez et al., 2014;Wang et al., 2015) that is responsible for the recognition

of foreign DNA or RNA as targets, following integration of a 20–40bp
sequence into the CRISPR array. In this process, the first repeat sequence

is duplicated. To identify foreign nucleic acids as a target, a specific sequence

motif is recognized (Sun et al., 2013). This so-called protospacer adjacent

motif (PAM) consists of two to five nucleotides and is located directly

adjacent to the sequence that gets inserted into the CRISPR array, the

protospacer (Brouns et al., 2008).

In the subsequent biogenesis step, the CRISPR array is transcribed into a

long precursor crRNA (pre-crRNA) that is processed into individual, mature

crRNApieces by type-dependentCas proteins. Each of thesemature crRNAs

consists of a single-spacer sequence and fragments of the flanking repeat

regions. In addition, the cas genes are transcribed, translated, and assembled

into protein complexes with single crRNAs (Carte, Wang, Li, Terns, &

Terns, 2008; Haurwitz, Jinek, Wiedenheft, Zhou, & Doudna, 2010).

The final step, interference, exhibits most variation in regard to the

involved Cas proteins and mechanisms (Koonin et al., 2017; Makarova

et al., 2011, 2015). Different crRNA-guided effector complexes enable

135Live-cell sptPALM of Cascade-mediated DNA surveillance



recognition and destruction of foreign genetic material. Hallmark features

of this process are (i) crRNAs that utilize base-complementarity between

their spacer sequence and nucleic acids to identify targets and (ii) Cas protein

complexes that identify PAM sequences near the potential target to prevent

harmful self-targeting (Marraffini & Sontheimer, 2010). The PAM sequences

differ strongly between subtypes of CRISPR–Cas systems, but are highly

conserved within subtypes (Chylinski, Makarova, Charpentier, & Koonin,

2014; Makarova et al., 2011). The diversification of Cas protein interference

complexes required an elaborate classification approach for the different

CRISPR–Cas systems.

In the current classification, the largest distinction was made in regard to

the number of Cas proteins that are present in the effector complex that

binds the crRNA. Class II encompasses Type II, V, and VI systems that rely

on a single large Cas protein for interference. In Type II systems, this effector

is called Cas9, a widely used tool for genome editing approaches (Cong

et al., 2013; Komor, Badran, & Liu, 2017). Type V systems are characterized

by Cas12 effector proteins that target DNA molecules, while Type VI

systems have Cas13 effector proteins that specifically target RNA molecules

(Koonin et al., 2017).

Class I CRISPR–Cas systems are differentiated from class II systems by

the use of multisubunit effector complexes. Among them, Type I systems are

the most common and diverse in nature. Type III systems are mostly found

in archaea and act together with Type I systems. Similarly, Type IV systems

appear to rely on the presence of Type I CRISPR–Cas systems as they

usually lack adaptation modules. All of these systems form multiprotein

complexes with a backbone of several Cas7 subunits proteins that contain

a signature RNA recognition motif. Cas7 covers the spacer sequence of

the associated crRNA. RNA interactions are also mediated via Cas5 and

Cas6 proteins that cap the 50 and 30 termini of the crRNA, respectively.

Additional proteins, called large and small subunits, are mostly responsible

forDNA interactions in theCRISPR–ribonucleoprotein complexes (crRNPs)

(Hochstrasser et al., 2014; Jackson et al., 2014; Staals et al., 2014; van der

Oost, Westra, Jackson, & Wiedenheft, 2014; Zhao et al., 2014).

In Type I CRISPR–Cas systems, these crRNPs are termed CRISPR-

associated complex for antiviral defense (Cascade). Cascade assemblies of dif-

ferent subtypes differ in the number of involved Cas proteins as well as in

size and shape of the crRNP (Makarova et al., 2015; Pausch et al., 2017).

The seahorse-shapedCascade architecture of subtype I-E systems is generated

by Cas5, Cas6, Cas7, Cas8, and Cas11 in a stoichiometry of 1:1:6:1:2
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(Hayes et al., 2016; Jackson et al., 2014;Mulepati, Heroux, & Bailey, 2014;

Wiedenheft et al., 2011). The Cascade of subtype I-F systems has a similar

architecture, but lacks the small subunit protein Cas11 (Chowdhury et al.,

2017; Makarova et al., 2015). Nonetheless, both subtypes exhibit similar

structures of shared Cas proteins and comparable PAM recognition mech-

anisms via dsDNA interactions by the large subunit (Cas8).

A subtype I-Fv Cascade was identified in Shewanella putrefaciens CN-32

and shown to lack both Cas11 and Cas8, resulting in a minimal Cascade archi-

tecture of three different proteins and one mature crRNA (Dwarakanath

et al., 2015; Gleditzsch et al., 2016; Pausch et al., 2017) (Fig. 1).

The variant structures of Cas5fv and Cas7fv proteins of subtype I-Fv

systems result in an “open” Cascade formation that resembles subtype I-E

Cascade. The small and large subunits are functionally replaced by Cas7fv

and Cas5fv, respectively. Cas5fv interacts with the 8nt long 50 handle of

the crRNA, whereas Cas6f binds to the 20nt long 30 terminal hairpin

and interacts with the Cas7fv backbone (Pausch et al., 2017). A single Cas7fv

backbone subunit covers a 6 nt sequence stretch of the spacer and extending

or shortening of the spacer results in altered Cas7fv subunit amounts. The

S. putrefaciens subtype I-Fv system relies on the recognition of a two nucle-

otide “GG”-PAM to distinguish between target and self DNA (Dwarakanath

et al., 2015). In contrast to other Type I systems, PAM recognition is per-

formed from the DNA major groove side by a protruding alpha-helical

domain of Cas5fv (Pausch et al., 2017). Cascade effector complexes of Type

I CRISPR–Cas systems are able to bind invading nucleic acids by generating

R-loop structures as a result of hybridization between crRNA spacers and

cas1 cas8 cas5cas7 6

CRISPR array

cas1 cas2/3 cas7fv cas5fv 6f

Adaptation
complex

Nuclease–helicase Cascade surveillance and interference 
complex

cas1 cas2/3 cas8f cas5f cas7f 6f

Subtype I-E

Subtype I-F

Subtype I-Fv

cas3 cas11 cas1 2

Adaptation
complex

Fig. 1 Gene and CRISPR array arrangement of subtype I-E, I-F, and I-Fv CRISPR–Cas
systems. A schematic representation of CRISPR–Cas loci is shown. Arrows indicate
cas genes of comparative length. The Cascade surveillance and interference complex
genes are multicolored and consist of five, four, and three different genes, respectively.
The helicase–nuclease Cas3 is fused to Cas2 in subtypes I-F and I-Fv. The CRISPR arrays
are indicated as alternating rhombi (orange, CRISPR–DNA (crDNA) repeats) and squares
of various colors (different crDNA spacers).
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target DNA protospacers (Garneau et al., 2010; Jore et al., 2011; Westra

et al., 2012). Subsequently, the Cas3 helicase–nuclease is recruited to

the R-loop region to unwind and finally degrade the foreign nucleic acids

(Hochstrasser et al., 2014; van der Oost et al., 2014).

1.1 Dynamics of Cas protein-mediated DNA targeting
CRISPR–Cas systems, both Type I and II, were studied on a single-

molecule level in vitro, e.g., by DNA curtains, single-molecule FRET

assays, or using magnetic tweezers, providing detailed knowledge about

their kinetics and the underlying molecular mechanisms. Here, it could

be shown that target binding and R-loop formation proceed directionally

along the target sequence and that full target sequences with incorrect PAMs

are ignored (Sternberg, Redding, Jinek, Greene, & Doudna, 2014) and that

PAM proximal sequences affect the R-loop formation rate, whereas PAM

distal sequences are involved in R-loop stabilization (Szczelkun et al., 2014).

Further studies revealed that Cas9–RNA/DNA association rates are only

weakly dependent on the spacer sequence but the dissociation rates increase

significantly upon introduction of mismatches in PAM proximity (Singh,

Sternberg, Fei, Doudna, & Ha, 2016), R-loop formation was shown to

respond to sequence mismatches and that when the R-loop formation

reaches the protospacer end, complexes enter a locked state until Cas3

nuclease recruitment (Rutkauskas et al., 2015). Furthermore, quantitative

bionumbers could be retrieved, e.g., single-molecule FRET studies revealed

the binding times of Type I-E Cascade during interference. Here, the

authors found two binding modes, one longer than 30min, which is con-

sidered being an interference mode, and the second with �25 s lifetime

being connected to partial R-loop formation (Blosser et al., 2015). DNA

curtains experiments showed that Cascade complexes remain in their locked

state for more than 57min and for only approximately 25 s, when bound to a

partially complementary sequence (Redding et al., 2015). Finally, in both

studies, the authors evaluated the DNA-probing time to be in the second

range: 0.75–3 s (Redding et al., 2015) and 1.6�0.4 s (Blosser et al., 2015).

In summary, the in vitro measurements of CRISPR–Cas interference

show that Cascade–DNA interaction times cover a wide range: from sec-

onds to tens of minutes. However, in vitro conditions investigate

CRISPR–Cas systems in isolation from their intracellular environment.

Thus, it is important to explore CRISPR–Cas interference in vivo as well.
Until now, only two in vivo studies were published, one investigating
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Cas9 target search in living mammalian cells (Knight et al., 2015) and

one in E. coli cells ( Jones et al., 2017).

In the following sections, we will provide the methodological details

for performing live-cell single-particle tracking of the molecular dynamics

of Cas protein-mediated DNA surveillance. Single-molecule localization

microscopy (SMLM) techniques (Betzig et al., 2006; Folling et al., 2008;

Heilemann et al., 2008; Hess, Girirajan, & Mason, 2006; Rust, Bates, &

Zhuang, 2006) can bypass the diffraction limit of light by utilizing photo-

chromic fluorophores that can be photoswitched between different

molecular states. This allows switching a small, spatially separated subset

of fluorophores into their fluorescent on-state, resulting in spatially

well-separated single fluorescent spots, characteristic point spread function

(PSF) profiles that are resolvable within the diffraction limit. After the full

readout of this subset, a new subset is switched on and readout. Repeating

this procedure over time leads to a read-out of all fluorophores (Fig. 2A).

As PSFs are spatiotemporally separated, each centroid can be estimated

with nanometer precision (Fig. 2B). This procedure enables high-density

mapping of fast single-protein dynamics by single-particle tracking photo-

activated localization microscopy (sptPALM) (Manley et al., 2008) as

sptPALM combines single-molecule tracking with the spatiotemporal

separation of fluorophores of SMLM techniques (Fig. 2C).

The described minimal Type I-Fv Cascade of S. putrefaciens serves as a

model system and is studied in a heterologous E. coli host. Particularly, this

protocol allows to investigate the different time scales of Cascade interfer-

ence and to probe their dynamics depending on the complementarity of

different crRNAs, as sketched in Fig. 3. For example, when imaging

the Cascade dynamics using long camera integration times of several

seconds, only fluorescence signals from stable interference complexes

are detected. The nucleoid, due to its size, is virtually immobile on these

time scales, thus complexes bound to genomic targets appear immobile

(Fig. 3, Cascade (anti-REP), 16 genomic targets, see Section 2.1). Cascade

complexes which are only transiently binding or carrying a noncomple-

mentary crRNA only show diffusive signals since the transient DNA inter-

actions during target search processes are too short-lived to be visible as

clear fluorescent spots at seconds-long exposure times (Fig. 3, Cascade

(antilambda), no genomic targets, see Section 2.1). A fast imaging rate of

30ms per frame allows to also detect the diffusive molecules. Thereby it

is possible to also investigate the transient dynamics of Cascade complexes

(Fig. 3, right).
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2. Generation of Cascade complexes with
a fluorescent tag

In order to follow the dynamics of Type I CRISPR–Cas systems

in vivo, the investigated crRNP complex needs to be tagged with a suitable

photoswitchable fluorescent protein. For this purpose, two alternative strat-

egies are possible. First, the CRISPR–Cas system can be studied in the

native host organism which has to be suitable for direct imaging. Factors like

low autofluorescence and the availability of genetic modification tools need

to be considered. As a second option, it can be preferable to transfer the stud-

ied CRISPR–Cas system into a suitable host or model system. This protocol

covers the imaging of heterologously expressed Type I-Fv CRISPR–Cas
complexes from S. putrefaciensCN-32 in E. coli BL21-AI, which can be used

to test a large variety of CRISPR–Cas systems from mesophilic organisms

with similar codon usage. In this case, the transfer of the systemwas preferred

due to the pink coloration of the host organism, a feature that interferes

with fluorescent imaging. BL21-AI is a commonly used E. coli strain for

the heterologous production of proteins and for studies on CRISPR–Cas
activity, since it lacks endogenous cas genes (Brouns et al., 2008) and pro-

phages. Furthermore, it carries the T7 polymerase gene under the control

of the Ara promoter, allowing the use of T7 promoters for the controlled

transcription of genes.

Cascade (anti-REP) Cas5fv-Dendra2-T69A 

Cascade (anti-λ) Cas5fv-Dendra2-T69A 

Temporal
resolution

30 ms2 s

Mobile/DNA-bound 

Fig. 3 Two E. coli strains expressing Cascade I-Fv complexes carrying different crRNAs.
Here, the anti-REP crRNA is targeted against 16 sequences in the genome (top panel),
the antilambda crRNA has no target sequence present in the host (bottom panel).
Imaging with long integration times reveals Cascade complexes bound to their geno-
mic targets while unbound Cascades are not detected. Faster imaging rates at higher
temporal resolution visualize the DNA-bound and the mobile fractions of transient
Cascade interference dynamics (red (JD�160nm) and blue trajectories, respectively).
Scale bars: 1μm.
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The selected fluorescent protein, Dendra2-T69A, has several advantages

for sptPALM, such as high photon budget and well-controlled photophysics

(Berardozzi, Adam, Martins, & Bourgeois, 2016), which is critical for pre-

cise localization and detection sensitivity when it comes to identifying highly

mobile proteins. Additionally, it is a monomeric fluorescent protein like its

direct ancestor Dendra2 and it is not suspected to oligomerize or form arti-

ficial aggregates (Wang, Moffitt, Dempsey, Xie, & Zhuang, 2014).

The Type I-Fv CRISPR–Cas system features a multiprotein effector

complex and different Cas proteins are available for fluorescent tagging.

In our approach, we determined the single Cas5fv subunit of Cascade to

be optimal for tagging with Dendra2-T69A. Proteins with more than

one copy per complex should not be selected for fusion, as this setup might

lead to errors during data analysis. For example, if Cas7fv subunits were to be

tagged, it would not be possible to discern two close-by fluorescent signals as

separate Cascades or a single Cascade that was activated more than once.

Due to the large size of the cas gene operon of S. putrefaciens CN-32, we

separated the genes into two different constructs to facilitate cloning into

Duet vectors. Furthermore, the parallel generation of both amino- and

carboxy-terminal protein fusions is suggested, since both the Cas protein

and the fluorophore activity depends on proper folding, a property that is

difficult to predict in silico. To minimize the risk of misfolding, we intro-

duced a “GGGGS”-linker between the two proteins. Other linker options

can be assessed if none of the fusions exhibits appropriate activity (Chen,

Zaro, & Shen, 2013).

The use of genomic targets requires the generation of a nuclease-

deficient system for in vivo imaging. For Type I systems, the HD nuclease

domain is highly conserved for Cas3 proteins (Koonin et al., 2017), and the

disruption of it is sufficient to abolish target cleavage for the Type I-Fv sys-

tem (Dwarakanath et al., 2015).

Finally, for the successful imaging of target-bound Cascade, previous

knowledge on the crRNA and target requirements of the complex

is needed. The length of the spacer, the nature of the targeted molecule

(DNA or RNA), and PAM specificity are essential variables to consider

during experiment preparation. Further information on seed length and

mismatch tolerance is extremely useful, as these parameters are directly

related to Cascade retention time on the target and should be taken into

account, both for experimental design (e.g., target selection) and data

interpretation.
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2.1 Target selection and oligonucleotide design for the
cloning of CRISPR arrays

In order to study the target-binding dynamics of Cascade, three types of

spacers were designed:

2.1.1 Control spacer with no targets on the genome
For this purpose, a 32nt sequence that is complementary to a region of gene

E from phage lambda flanked by the I-Fv PAM GG at the 30 end of the target
strand was selected (Gleditzsch et al., 2016). This spacer has no targets in the

E. coli BL21-AI host genome and the longest observed stretch of complemen-

tarity spans only 9nts. This crRNA can be used to determine the basal target

searchdynamics ofCascade andallows for testing the activityof the fluorescently

labeled complexvia efficiencyof plaquing assays.The following spacer sequence

was used: 50-GGCGGCACGGAGTGGAGCAAGCGTGACAAGTC-30.

2.1.2 Targeting spacer with full complementarity to the host genome
In order to study the DNA-binding dynamics of Cascade complexes, selec-

tion of appropriate targets is needed. These sites should be abundant, as it is

difficult to study a single-binding event in the presence of noise from a larger

pool of nonbinding complexes looking for targets. The use of plasmid targets

is not recommended, as their polar localization in the cell might overlap with

inclusion bodies due to protein overexpression. Furthermore, the reduced

cellular size at this position poses a challenge for single-particle tracking,

due to higher “bouncing” of the molecules against the cell membrane.

An alternative solution is the generation of synthetic target arrays by inser-

tion of large repeat-constructs into the E. coli genome, as this allows control-

ling the number and position of targets. A previous study on Cas9 dynamics

utilized an array of LacO sites ( Jones et al., 2017); however, the short length

of these elements (23bp) makes it inapplicable for Type I CRISPR–Cas sys-
tems, where spacers are longer than 30bp. The insertion of target arrays with

longer protospacers would constitute a challenge for genome stability, as

repeat sequences over 27bp are subject to homologous recombination by

RecBC (Shen & Huang, 1986). Insertion of individual targets throughout

the genome is also a possibility, although very arduous and time-consuming.

A simpler option, suitable for Cascade targeting, is the use of the

repetitive elements already present in the E. coli genome. Due to the size

constrains previously described, we selected the 35-bp long repetitive

extragenic palindromic (REP) elements (Tobes & Ramos, 2005). These

elements are highly suitable targets, since they are of the appropriate size,
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contain a GG to act as PAM and are distributed throughout the genome

(Fig. 4). The natural distribution of targets provides variability, since not

all of them might be available for targeting at all times in live cells.

The crRNP complex vs target ratio should be taken into consideration

when determining the amount of spacers that the CRISPR array should

carry. As an optimal ratio of 1:1 is difficult to accomplish, it is suggested

to utilize a maximum number of targets to then control the ratio by mod-

ulating the induction levels of Cascade. When targeting REP elements with

a 32nt spacer, full targets can be increased from 16, with a single spacer

(REP1: 50-GGATGCGGCGTAAACGCCTTATCCGGCCTACG-30),
to 42 with 3 spacers (REP2: 50-GGATGCGGCGTAAACGCCTTATCC
GGCCTACA-30, REP3: 50-GGATGCGGCGTGAACGCCTTATCC
GGCCTACG-30), due to the presence of mismatches at positions 32 and

12 of the protospacers. Imaging of Cascades carrying only 1 spacer variant

or all 3 variants gives further insights into the dynamics of the complex, as

not only the total number of targets increases, but also the number of incom-

plete intermediates. Furthermore, as the crRNA is the limiting component

for Cascade formation, the increase of spacer number would also promote

Cascade formation.

2.1.3 Targeting spacer with reduced complementarity to regions
of the genome

The design of spacers with partial complementarity allows for studying the

stability of the DNA-binding events and the retention time of the complex.

Since Cas7 subunits cover 6nt intervals of the crRNA for Cascade and other

Class I CRISPR–Cas system, the design of spacers with 6nt increasing com-

plementarity to the REP elements allows for the study of possible R-loop

variants. For this, spacers REP1, REP2, and REP3 were modified to have

complementarities of 30, 24, 18, and 12nt to the genomic targets, including

randomized sequences with no complementarity to the host DNA to

Fig. 4 Distribution of targeted REP elements throughout the E. coli BL21-AI genome.
Schematic representation of the E. coli BL21-AI genome, with arrows indicating the posi-
tions of the protospacers targeted by the different spacers used to study the dynamics
of Cascade complexes. Black arrows represent the targets for spacer REP1, blue arrows
for REP2, and green arrows for REP 3.
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complete the 32nt spacer stretch. Since REP1 and REP2 sequences are

identical apart from the last nucleotide of the spacer (in order to cover targets

with a mismatch at position 32), when designing crRNAs with 30bp of

complementarity or less, the CRISPR array can be reduced to only two

spacers. Table 1 shows all the intermediate spacers and the total amount

of incomplete targets in the genome. By shifting the spacer toward an appro-

priate PAM and modulating the spacer length, the presented sequences can

be adjusted to guide other interference complexes, with the REP sequence

length of 35bp as only constraint.

For S. putrefaciens CN-32 Type I-Fv systems, the repeat sequence has

been defined as 50-GTTCACCGCCGCACAGGCGGCTTAGAAA-30

(Dwarakanath et al., 2015).When studying other systems, the repeat sequence

can be predicted using the CRISPRFinder tool (Couvin et al., 2018;

Grissa et al., 2007b), if the organism is not already listed in the CRISPRdb

database (Grissa, Vergnaud, & Pourcel, 2007a). Array directionality is

relevant for determining the proper repeat sequence and can be predicted

using CRISPRDetect (Biswas, Staals, Morales, Fineran, & Brown, 2016).

Type I repeats usually carry a short adenine stretch at the 30 end, providing
additional support for the correct directionality prediction of the repeat.

For the cloning of the previously selected spacers as CRISPR arrays, two

different strategies were utilized. Single spacer arrays were designed on com-

plementary oligonucleotides pairs carrying corresponding restriction sites

at their ends (Fig. 5, bottom). For multiplexed sequences, synthesis of the

arrays was necessary in order to avoid assembly errors due to the amount

of repeats. For these constructs, the same restriction sites as for the minimal

CRISPR were added to flank the array.

2.2 Oligonucleotide design for the cloning of cas genes
Cas genes are encoded in large operons. The S. putrefaciens CN-32 cas

gene operon comprises genes encoding for Cas1, Cas2–3, Cas7fv, Cas5fv,
and Cas6f, at a total size of 6.457bp. As Cas1 is needed for adaptation,

but its role in interference was deemed negligible (Brouns et al., 2008;

Dwarakanath et al., 2015), this gene was excluded from the cloning strategy.

In order to facilitate the assembly of the required plasmids, the operon was

split and oligonucleotides were designed to introduce all the components

into two multiple cloning sites of Duet vectors. In order to promote com-

plex formation in E. coli, the genes cas7fv and cas6f were introduced into

pRSFDuet-1, a high-copy plasmid (around 100 copies per cell), while
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cas2–3 and the cas5fv-dendra2-T69A fusion was designed to be inserted in the

second multiple cloning site of pCDFDuet-1, a plasmid of lower copy num-

ber (approximately 20 copies per cell). This plasmidwas also designed to carry

the minimal CRISPR arrays. For the fluorescent fusion, the sequence coding

for a “GGGGS” linker was added to the corresponding oligonucleotides

for amplifying cas5fv and dendra2-T69A, either upstream or downstream of

the cas gene to generate amino- or carboxy-tagged versions, respectively.

An overview of the oligonucleotides designed for cloning these con-

structs, as well as the resulting plasmids, is shown in Fig. 5. Gibson assembly

(Gibson et al., 2009) requires a cleaved backbone in addition to PCR frag-

ments of the components to be assembled together. The proper arrangement

of the fragments is achieved by annealing of the fragments with overlapping

regions of at least 30bp. Incorporation of these sequences occurs during the

Fig. 5 Cloning strategy for the generation of fluorescently labeled Cascade. T7 pro-
moters are shown as light gray arrows, while Gibson Assembly primers are shown as
small black arrows including in diagonal the overlapping regions needed for assembly.
R stands for repeat sequence. Due to size constraints, the cas operon was divided
and rearranged into two fragments. Left: cas2–3 and the cas5fv-dendra2-T69A fusion
(carboxy-terminus with the corresponding linker shown as example) was introduced
into the second multiple cloning site of pCDFDuet-1. On the first multiple cloning site
of the same backbone, variants of a minimal CRISPR array were introduced either by
oligonucleotide annealing or restriction enzyme digestion and ligation. Both array
versions generated by the first technique are shown, with the generated restriction sites
in light gray, the repeat sequence in black and the spacer in red (bottom). Right: cas7fv
and cas6fwere cloned together as an operon by Gibson Assembly onto the first multiple
cloning site of pRSFDuet-1.
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PCR reaction, since the oligonucleotides used to amplify each unit carry

these extra nucleotides. For oligonucleotide design, corresponding 30nt

overlapping sequences (diagonal sections of the black arrows in Fig. 5)

were added to the 20nt sequence stretch needed for regular PCR amplifi-

cation. Randomized nucleotides were added between genes, in addition to

ribosome-binding sites to ensure translation of all the components in the

operon. Restriction sites were chosen to not cleave the previously designed

CRISPR arrays, since these would be cloned first into the plasmids, and

added to the corresponding oligonucleotides.

As genomic targeting requires the expression of a nuclease-deficient

Cas2–3 protein, oligonucleotides for site-directedmutagenesis were designed

by using the online tool “QuikChange primer design” from Agilent (https://

www.agilent.com/store/primerDesignProgram.jsp), in order to mutate the

HD domain by alanine replacement (H156A/D157A). These mutations

were previously described to be sufficient for abolishing CRISPR–Cas
interference activity (Dwarakanath et al., 2015).

2.3 Plasmid generation
As a first approach, the antilambda CRISPR array was introduced into the

BamHI and HindIII sites of pCDFDuet-1 by oligonucleotide annealing

(Fig. 5, bottom) (Zoephel, Dwarakanath, Richter, Plagens, & Randau,

2012). Synthesized oligonucleotides were phosphorylated, mixed at equal

molar ratio, heated up to remove secondary structures, and cooled down

slowly to promote annealing. The duplex, which carries sticky ends gener-

ated by incomplete annealing at the oligonucleotide termini, was then ligated

into a restricted pCDFDuet-1 vector. Array insertion was corroborated by

Sanger sequencing, and downstream cloning of cas2–3 and the cas5fv fluores-
cent fusions was performed by Gibson assembly. In order to determine

the activity of amino- and carboxy-fusions of Cas5fv and Dendra2-T69A

and to select the most appropriate option, both constructs and cas2–3 were

cloned into the second multiple cloning site of the antilambda pCDFDuet-1

using KpnI and XhoI restriction sites. The genes were amplified with the

corresponding oligonucleotides carrying overlapping regions, and the resulting

PCR fragments were mixed with the cleaved backbone at a ratio of 3:1.

After addition of 2� Gibson AssemblyMasterMix (NEB), samples were incu-

bated for 1h at 50°C and transformed into chemically competent E. coliDH5α
cells. Following overnight growth at 37°C, plasmids were extracted and correct

plasmid assembly was confirmed by Sanger sequencing.
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Cas2–3 nuclease deficient constructs were generated by site-directed

mutagenesis by use of the QuikChange Site Directed Mutagenesis Kit

(Agilent) and the previously described oligonucleotides, following the man-

ufacturer’s protocol.

Once fluorescence readout and Cascade interference were determined,

the best performing fusion plasmid was modified by insertion of the remaining

REP-targeting arrays into the plasmid encoding for the Cas2–3 HD mutant.

The CRISPR array carrying a single spacer against the REP elements

was cloned by oligonucleotide annealing (Fig. 5, bottom), while multi-

plexed arrays previously synthesized (Sigma-Aldrich) were introduced by

restriction enzyme digestion and ligation. These constructs were cloned into

the first multiple cloning site of pCDFDuet-1 using the restriction sites

NcoI and NotI, excluding the ribosome-binding site and the His-tag present

on the empty backbone. Array insertions were corroborated by Sanger

sequencing.

In parallel, empty pRSFDuet-1 was digested by BamHI andNotI restric-

tion enzymes, and cas7fv plus cas6fwere cloned by Gibson Assembly into this

site, as depicted in Fig. 5, right.

3. Heterologous expression of Cascade

The described plasmids were used to transform the expression

strain, in order to test the activity of the fluorescent protein and Cascade.

In addition, optimal expression conditions were screened.

3.1 Transformation into BL21-AI
3.1.1 Generation of strains for the evaluation of Cascade activity
In order to determine the activity of the tagged complex, 100ng of plasmid

combinations were introduced by heat shock into 100μL aliquots of chem-

ically competentE. coliBL21-AI (Invitrogen). Strains were designed to carry

one version of pRSFDuet-1 and one of pCDFDuet-1, which exhibit com-

patible antibiotic resistance against kanamycin and spectinomycin.

i. Positive lambda control: pCDFDuet-1 and pRSFDuet-1 empty

backbones. This strain, when subjected to infection, displays the full

plaquing activity of the bacteriophage and was utilized as a normaliza-

tion strain for the experiment and imaging.

ii. Positive wild-type Cascade control: pCDFDuet-1 carrying the anti-

lambda CRISPR array and pRSFDuet-1 encoding for the nontagged
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Cas operon (excluding Cas1). This strain was utilized as a comparison

point for the activity of the Cascades carrying a fluorescent fusion of

Cas5fv.

iii. Negative wild-type Cascade control: pCDFDuet-1 carrying the anti-

lambda CRISPR array and pRSFDuet-1 encoding for the nontagged

Cas operon with the Cas2–3 HD mutant (excluding Cas1). This strain

allows linking the reduction of plaquing efficiency (if any) to Cascade

activity.

iv. Positive Cascade-Dendra2-T69A: pCDFDuet-1 carrying the anti-

lambda CRISPR array plus one of the Cas2–3/Cas5fv-Dendra2-

T69A fusion version (Cas5fv amino- or carboxy-tagged), in addition

to pRSFDuet-1 encoding for Cas7fv and Cas6f.

v. Negative Cascade-Dendra2-T69A: pCDFDuet-1 carrying the anti-

lambda CRISPR array plus one of the Cas2–3 HD mutant/Cas5fv-

Dendra2-T69A fusion version (Cas5fv amino- or carboxy-tagged), in

addition to pRSFDuet-1 encoding for Cas7fv and Cas6f.

3.1.2 Generation of strains for sptPALM imaging
100μL aliquots of chemically competent E. coli BL21-AI cells were trans-

formed by heat shock with 100ng of a pCDFDuet-1 plasmid variant carry-

ing the different CRISPR arrays and the cas2–3HDmutant/cas5fv-dendra2-

T69A cassette; plus 100ng of pRSFDuet-1 plasmid encoding for Cas7fv and

Cas6f. A total of six strains were generated, one per each pCDFDuet-1 plas-

mid with a CRISPR array described in Section 2.1.1: four with partial com-

plementarity to the REP elements, one with full complementarity, and one

complementary to gene E of the bacteriophage lambda.

3.2 Evaluation of the fluorescent signal of
Cascade-Dendra2-T69A

As a first approach to corroborate the activity of the tagged complex, the

fluorescence signal of the fusions was tested by fluorescence microscopy,

taking advantage of the preconverted state of Dendra2-T69A. In this con-

formation, the fluorescent protein exhibits a similar excitation and emission

spectrum as GFP (excitation: 502nm, emission: 518nm) (Berardozzi et al.,

2016), allowing for the imaging with microscope setups programmed to

visualize this commonly used reporter protein.

To guarantee that the obtained signal is Dendra2-T69A dependent,

strains carrying empty plasmids and expressing the fluorescent protein alone

were generated as negative and positive controls, respectively. Single
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colonies of the strains expressing both plasmids necessary for fluorescent

Cascade formation plus the controls were grown overnight at 37°C, with
shaking at 200 rpm in 5mL of 2YTL media (16g/L tryptone, 10g/L yeast

extract, 5g/L NaCl, 10mMMgSO4, 0.2% maltose) plus 25μg/mL of spec-

tinomycin and kanamycin.

Cells were reinoculated at a ratio of 1:100 into 20mL of fresh 2YTL

media with antibiotics and grown at 37°C, 200rpm, until OD600nm¼0.3.

All cultures were induced by addition of 0.2% of arabinose and 0.1mM

of IPTG (Sigma-Aldrich) and grown until OD600nm¼0.6. For all strains,

1mL of culture was pelleted at 4000� g for 2min and resuspended in

50μL of 1� phosphate-buffered saline (PBS, NaCl 137mM, KCl 2.7mM,

Na2HPO4 10mM, KH2PO4 1.8mM).

Agarose pads were prepared by pipetting 300μL of 2% agarose in

1� PBS into a glass slide, avoiding bubbles, and then covering it with an

extra glass slide. When dried, the top slide was removed and 10μL of the

cell suspension was placed on the middle of the pad and covered with a glass

slip, avoiding bubble formation.

Cells were imaged at 100� magnification with the Zeiss Axioplan II

microscope with filter sets for GFP detection (bandpass 470/20, beam split-

ter 493, bandpass 505–530nm; Zeiss), using the negative control to set the

background noise and the positive control to test the proper selection of

excitation and emission wavelengths. Photographs were taken with the

charged-coupled camera CoolSNAPHQ (Photometrics). Image processing

was done with MetaMorph software, version 6.2r6 (Universal Imaging).

For Type I-Fv Cascade-Dendra2-T69A, both amino- and carboxy fusions

displayed the expected fluorescent emission. Imaged cells presented fluores-

cent cell poles, indicating the formation of inclusion bodies, likely caused by

protein overexpression. To minimize this issue, decreased induction condi-

tions were tested, with expression induced by the addition of only 0.1%

arabinose (inducing T7 polymerase production, but not lifting LacI repres-

sion) was deemed to be optimal for further sptPALM experiments, with

clear fluorescence signals and good cell morphology.

3.3 Evaluation of Cascade activity by efficiency
of plaquing assays

To confirm the activity of fluorescent Cascade variants, strains described in

Section 3.1.1 were challenged in efficiency of plaquing (EOP) assays with a

lytic version of phage lambda (NCCB 3467) carrying an unaltered

protospacer targeted by the CRISPR arrays present on the strains.

151Live-cell sptPALM of Cascade-mediated DNA surveillance



Single colonies from the required strains were grown overnight at 37°C,
200rpm shaking, in 5mL of 2YTL media supplemented with 25μg/mL of

spectinomycin and kanamycin.

Cells were reinoculated into 20mL of fresh 2YTL media (with antibi-

otics) at a ratio of 1:100 and grown at 37°C, 200rpm, until OD600nm¼0.3.

All cultures were induced by addition of 0.2% of arabinose and 0.1mM of

IPTG and grown for 30min under consistent conditions.

During incubation, serial dilutions of the lambda phage were prepared by

dilution of the initial stock on SM buffer (NaCl 100mM, MgSO4 �7 H2O

8mM, Tris–HCl pH 7.5 50mM, Gelatin 0.01% (w/v)) and stored at 4°C.
Dilutions were determined according to the phage titer of the stock in order

to obtain a quantifiable amount of plaques on the final plates.

Cell cultures were pelleted by centrifugation at 4000� g for 10min at 4°
C, the supernatant was discarded and pellets were resuspended in 8mL of

10mM MgSO4. 100μL of phage dilutions were mixed with 100μL of cell

suspension in 1.5mL reaction tubes for all of the tested strains/phage dilu-

tions. As controls, 100μL of 10�1 phage dilution was mixed with 100μL of

cell-free 10mM MgSO4, while 100μL of the empty plasmid control strain

was mixed with 100μL of phage-free SM buffer. In order to promote phage

absorption, samples were incubated for 20min at 37°C without shaking.

During this interval, 2YTL soft agar (2YTL media with 7.5g/L of agar),

supplemented with inducers (0.2% arabinose and 0.1mM IPTG), was

aliquoted into 15-mL glass culture tubes that were prewarmed at 49°C. Each
tube was filled with 3mL of soft agar and stored at 49°C in a water bath until

samples were ready. After incubation, 200μL of phage-cell mixes were

added to 3mL of soft agar, lightly vortexed and poured on top of 2YTL agar

plates supplemented with antibiotics. After drying of the soft agar, plates

were incubated upside down at 37°C overnight.

The following day, growth was assessed on control plates and, when no

cross-contamination was detected, plaque numbers were determined for

plates with appropriate phage dilution. Efficiency of plaquing was deter-

mined as the ratio of plaques formed on the lawn of the strain of interest

vs the number of plaques for the strain carrying empty plasmids.

In order to confirm the activity of the fluorescent Cascade, this assay was

performed in triplicates starting from three different colonies of the initial

strains.

For Type I-Fv Cascade, the carboxy-terminal Cas5fv fusion revealed

activity that resembled wild-type Cascade activity and this construct was

chosen for subsequent single-particle tracking experiments.
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4. sptPALM imaging of Cascade interference

4.1 Sample preparation for sptPALM imaging
Imaging of single fluorophores in sptPALM experiments demands for highly

optimized sample preparations as the sensitivity of the methodmakes it prone

to detect background signals. Background signals stemming from the imaged

organism itself are common, e.g., due to colorful pigments (e.g., cyano-

bacteria possessing chlorophyll or bacteria producing red pigments like

S. putrefaciens or Serratia marcescens). Other background signals can be com-

monly traced back to particular growth conditions. For sptPALM, only

high-purity grade chemicals and defined colorless growth media such as

EZ Rich-defined medium (EZRDM, Teknova-M2105) should be used

(Fig. 6A). Furthermore, changing the growth temperature might reduce

the background as dying cells become highly autofluorescent (Fig. 6B).

Impurities on coverslips and microscope slides are removed before using

them. Commonly used cleaning protocols include cleaning with KOH

(optionally with sonication) (Stehbens, Pemble, Murrow, & Wittmann,

2012; Turkowyd et al., 2017; Virant, Turkowyd, Balinovic, & Endesfelder,

2017), sonication in different organic solvents or detergents (Preciado Lopez

et al., 2014; Stehbens et al., 2012), plasma cleaning (Lelek, Di Nunzio, &

Zimmer, 2014), and cleaning with piranha solution (Simms, Bowman, &

Anseth, 2008) or base piranha solution (Preciado Lopez et al., 2014). For this

study, overnight cleaning in 1M KOH (Sigma-221473) was selected. It is

strongly recommended to use high-precision coverslips of well-defined

thickness of 170μm (matching the objective working distance), critical for

undistorted PSF detection. Cleaned microscope slides and coverslips (Carl

Roth H884.1 and LH25.1, respectively) were prepared in a ratio of 2:1 and

were stored in ddH2O (Fig. 7).

Cellular stress leads to the production of metabolites that are often auto-

fluorescent. In order to avoid stress while imaging, the agarose solution for cell

mountingwas prepared by dilution in growthmedium.Here, 1% agarose pads

were prepared with EZRDM. Pads can be prepared in two ways: (i) 2% aga-

rose solution in ultrapure water is heated up to melt the agarose and afterward

mixed with a room temperature 2� media stock (Uphoff, Reyes-Lamothe,

Garza de Leon, Sherratt, & Kapanidis, 2013; Zawadzki et al., 2015). This pro-

cedure avoids heating the media, avoiding thermal degradation; (ii) 1% of low

gelling and fluorescence-free agarose is suspended in media and heated up

to 70°C until agarose melts (Turkowyd et al., 2017; Virant et al., 2017).
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The second approach has the advantage of a homogenous consistence (mixing

hot agarose with room temperature media can cause agarose clumps) and the

solution can be stored at 37°C after melting without the risk of gelling, which

is convenient when preparing more agarose pads. In this study, the second

approach with low-gelling agarose (Sigma-A9414) was used. Cooled down

agarose was loaded onto a cleaned microscope slide with mold and covered

with a clean coverslip. Agarose pads should be incubated for 90min before

use, in order to allow the agarose to settle. They can be used up to 5h after

preparation.

Standard growth media EZRDM

Acquisition time

A

B

C

Fig. 6 Background noise and artifacts of different causes. (A) Using colorful growth
media might cause cellular background noise (left), defined colorless media reduces
unwanted signal (right). (B) High laser intensity might lead to cell death during imaging
which is manifested by increasing background intensity over time (left to right, each
image is a fluorescence average of each 1000 imaging frames); the cell in the lower right
corner reacts later than the other two cells. (C) Overexpression of Cas proteins can cause
aggregation of these proteins in inclusion bodies at cell pole, which is clearly visible in
bright light (left) as well as in the fluorescence readout channel (middle) and finally in an
unfiltered trajectory map (right). Scale bars: 2μm.
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Controlled culture cultivation and induction conditions are essential

for reproducible sptPALM experiments (Fig. 7). Here, initial cultures were

prepared in liquid 2YTL media with spectinomycin and kanamycin (both

25μg/mL) and grown overnight at 37°C under shaking at 210 rpm. On

the next day, cells were reinoculated in 1:100 dilutions into fresh 2YTL

without drugs and incubated at 37°C. At OD600nm¼ 0.05, the expression

of Cascade proteins and crRNA was induced by adding arabinose to a final

concentration 0.1% (w/v) to prevent Cascade proteins accumulation in

inclusion bodies at the cell poles (Fig. 6C). After incubation for 1h, cultures

were pelleted, 2YTL supernatant discarded and replaced by EZRDM

with 2% glucose. This sugar inhibits the Ara promoter, blocking induction

and hindering protein overexpression. Subsequently, cells were grown for

another hour to allow the fluorescent proteins to mature as well as the

Cascade complexes to assemble. This is the last step where it is possible

to transfer the cells to a defined media suitable for sptPALM imaging (see

Fig. 6A). 500μL of culture was centrifuged (3000� g, 2min), pellet was

washed twice with fresh EZRDM and suspended in 50μL of EZRDM.

After removing the coverslip from an earlier prepared agarose pad, 2μL
of cell suspension was loaded onto the pad, sealed with a new coverslip,

and gently pressed to remove any excess of liquid. Slides were incubated

for 15min on the bench in darkness to allow cells to settle down on the

pad. Afterward, the sample was gently pressed with a wipe to fully dry

the coverslip. Avoid applying toomuch pressure on the slide, as the coverslip

could be invaginated toward the pad, which will cause tension in the agarose

and subsequently lead to sample drift while imaging.

0¢ 60¢ 120¢ 180¢

70°C

Reinoculation Induction
Media

exchange
Washing and

sample preparation

sptPALM

1 M KOH ddH2O

1% agarose
preparation

Overnight

Overnight

Fig. 7 Timeline of sptPALM sample preparation. Top: culture incubation, induction, and
cell washing steps. Bottom: cleaningmicroscope slides and coverslips, and agarose pads
preparation.
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4.2 Microscope settings and sptPALM imaging routines
For this study, a SMLM setup consisting of a Nikon Ti Eclipse inverted

microscope equipped with a custom-build excitation path and a custom-

build heating chamber and heating objective ring was used. 50mW

405nm and 150mW 561nm lasers (both OBIS Free-space Beam, Coherent

Inc.) were controlled by OBIS LX/LS Scientific Remote and were coupled

into the microscope optical excitation pathway by using Thorlabs-BB1-E02

set of mirrors and AHF Analysentechnik-F38-M01 and F38-M05 dichroic

mirrors. Illumination was controlled (wavelength and intensities) via an

acousto-optical tunable filter (AOTF TF525-250-6-3-GH18A, Gooch &

Housego) in combination with the ESio AOTF controller (ESio). Beams

passing the AOTF were adjusted in spot size using a 10� telescope of

two lenses (25mm focal length and 250mm focal length). After passing a

piezo sensor-controlled TIRF mirror (piezo KC1-PZ/M with MDT693B

controller, Thorlabs), the laser beam was focused on the backfocal plane of

the objective by a focusing lens (50.8mm diameter, 300mm focal length)

being reflected by dichroic mirror (AHF Analysentechnik-F68-010) into the

immersion objective (CFI Apo TIRF 100� oil objective, NA 1.49, Nikon,

immersion oil Type F, Nikon). For detection, fluorescence signals passed

through the above-mentioned dichroic mirror, a rejection filter (AHF Anal-

ysentechnik-F67-408), and bandpass filter (AHF Analysentechnik-F49-617)

and were directed to the EM-CCD camera (iXon Ultra 888, Andor). Most

of the setup, except heating chamber and ring and laser remote controller,

was controlled via a customized version of Micro-Manager (Edelstein et al.,

2014), an open source plugin for Fiji (ImageJ) (Schindelin et al., 2012).

The fluorescence signal readout quality can be improved by enhancing

the signal-to-noise ratio using different illumination modes. For normal epi-

fluorescence illuminations, the laser light passes throughout the entire

sample and could induce background signal. To avoid this, one option is

the optical sectioning by total internal reflection fluorescence microscopy

(TIRF), where laser beam is totally internally reflected at the coverslip-

sample boundary (Axelrod, 2003). Only fluorophores in a thin layer above

the coverslip (approximately 200nm) are illuminated and thus fluoresce.

Another approach is to use a highly illuminated and laminated optical sheet

(HiLo), where laser light passes through the coverslip at a narrow angle

(Tokunaga, Imamoto, & Sakata-Sogawa, 2008). For our studies, HiLomode

was selected, as Cascade complexes can diffuse throughout the whole

cellular thickness of about 1μm.
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As already indicated by in vitro single-molecule studies on CRISPR–
Cas systems, Cascade–DNA interactions can span from seconds (DNA

probing for PAM recognition, R-loop formation) to minutes (locked Cas-

cade state recruiting Cas3) (Blosser et al., 2015). Thereby, to investigate

all these interactions, multiple sptPALM imaging experiments spanning dif-

ferent temporal ranges were designed. Fast sptPALM imaging with frame

rates of 30–100Hz enables to detect Cascade complexes in different diffusive

and binding states. From all trajectories, a spatial diffusion map of each indi-

vidual cell can be reconstructed, which visualizes the different dynamics

within the cellular volume (e.g., shown in Fig. 3). sptPALM imaging at slow

speed and long camera integration time enables to visualize only immobile

and slowly diffusing Cascades as fast diffusive signals blur out. The total fluo-

rescence budget of the fluorophore can be flexibly adjusted to resolve the

protein dynamics at different temporal scales: by increasing the imaging

interval times introducing a variable gap time without prolonging the cam-

era integration and laser excitation times, it is possible to track individual

molecules for a longer time range. Thus, second-long bound times of

Cascade complexes on full DNA–targets can also be determined. With this

imaging mode, Cascades bound to genomic targets are easily traced until

unbinding due to the nearly immobile nature of the nucleoid.

4.2.1 Measuring transient Cascade–target interactions at a high
spatiotemporal resolution

1. The sample was placed on the heating stage and incubated for 15min to

equilibrate the temperature, since diffusion is dependent on this param-

eter. Before imaging, the stage was switched on for 2h to equilibrate

at 25°C.
2. Camera integration times were set to 13 and 30ms on independent

imaging experiments. Recording two temporal regimes is rec-

ommended, as this can reveal different diffusive states and different

natures of several interactions by changes in the observed dynamics

(e.g., the displacement between frames) of stable and transient states with

different kinetics.

3. Intensities for 405 and 561nm lasers were set to 5 and 800W/cm2,

respectively, for 13ms integration time and to 5 and 450W/cm2, respec-

tively, for 30ms integration time. For fluorescence readout (561nm

laser), continuous illumination was used. Faster acquisitions require

higher readout laser intensities to obtain sufficient signal-to-noise ratios.
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Excessive intensity, however, should be avoided, as it causes faster

bleaching and pronounced blinking of fluorescent proteins, which leads

to shorter trajectories (typically, the fluorescence budget of a fluorescent

protein can be spread onto on average 10–20 imaging frames). Addi-

tionally, this setup might be phototoxic to cells. Photoconversion laser

(405nm) should be used at the lowest suitable intensity and in a pulsed

mode (e.g., every 10th frame) to keep the localizations per cell sparse.

Importantly, different species in different environmental conditions

have different sensitivity to intensive light. Thus, maximal imaging time

ranges should be tested beforehand on wild-type strains (Turkowyd

et al., 2017).

4. A series of controls were prepared and imaged under sptPALM condi-

tions for 10,000–20,000 frames:

i. Negative control without a fluorescent marker. It is mandatory to

evaluate if any fluorescent signal from the cells themselves or within

the agarose pad might mimic the fluorescence signal of the marker.

ii. Cytosolic, free diffusing fluorescent marker. This is recommended

for two reasons: (a) to check if the chosen fluorescent marker per-

forms well in the cellular environment of the specific organism, as

fluorescence signal depends on pH, redox potentials, and oxygen;

and (b) to evaluate how fast the fluorescent protein, when not inter-

acting with any cellular compound, diffuses freely. The latter is

especially important, as any diffusion distribution of the tagged pro-

teins of interest can be compared to the free diffusing fluorophore.

iii. Immobile fluorescent marker (e.g., fixed cells). Despite the fact that

the fluorophore is immobile under this condition, the obtained

single-molecule trajectories will show a small residual oscillation

due to the finite localization precision of the technique. Like the

freely diffusive control, this serves as a suitable reference for

nucleoid- or membrane-bound states, and thus immobile distribu-

tions of proteins of interest (lower limit of diffusion).

5. Regions of interest (ROIs) were imaged first for 20 frames in bright light

mode, to obtain images of the cell outlines needed for cell segmentation

(see Section 4.3.1) and afterward for 10.000–20.000 frames under

sptPALM conditions. Multiple ROIs were obtained per sample to max-

imize the number of imaged cells. Frame number was selected in order to

reduce phototoxicity effects, as it is better to collect shorter movies from

multiple regions rather than long movies from fewer fields of view.
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4.2.2 Measuring bound times of DNA–Cascade interference
1. The sample was placed on the heating stage and incubated for 15min to

equilibrate the temperature.

2. Interval time was adjusted in reference to the order of magnitude (mil-

liseconds, seconds, etc.) expected for the investigated bound state. Cam-

era integration time was set long enough to blur any mobile molecule,

but also short enough to keep the readout time as minimal as possible to

prevent early fluorescent protein bleaching. For measuring Cascade

interference on full targets, the integration time was set to 200ms with

a 500ms interval.

3. Laser readout intensity was adjusted to the lowest possible intensity

which still provided a clear single-molecule fluorescence signal. As

before, this prevents fluorophore bleaching and reduces blinking events.

30W/cm2 for the 561nm laser was used. Intensity of the UV photo-

conversion laser was set to a minimum (1W/cm2) and in pulsed mode

(every 50 frames).

4. The following controls were prepared and imaged:

i. Negative control without fluorescent marker to ensure that cells

themselves are not generating any background signal.

ii. Cytosolic, free diffusing fluorescent marker. Useful to adjust imag-

ing parameters, as camera integration times should be set at a slow

speed which only shows homogenously fluorescent signal building

up from freely diffusive molecules within the entire cell but should

not reveal any defined fluorescent spots.

iii. Immobile fluorescent marker. Since it is not possible to distinguish

whether the disappearance of the fluorescence signal is due to fluo-

rophore bleaching or to an unbinding event, the bleaching proba-

bility of the fluorophore under the readout conditions used has to be

measured and used for bleaching correction. Furthermore, as

fluorophores still might experience blinking events, these can be

characterized on immobilized fluorescent proteins and be used as

a parameter for tracking analysis.

5. Cells of interest were imaged for 4000 frames and several ROIs were

taken per sample.

4.3 Localization and tracking routines
Data analysis to obtain single-molecule trajectories consists of the following

steps (Fig. 8):
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4.3.1 Cell segmentation
This step is recommended for two reasons: (i) segmented cells provide some

useful information about the sample (number of imaged cells, cell dimen-

sions) and allow for sorting cells by their size/cell-cycle stage, number of

localizations/trajectories per cell, cell heatmaps, etc.; (ii) cell segmentation

prevents tracking artifacts by wrongly joining localizations from different,

but spatially close cells into a single trajectory. Further, tracking is a compu-

tationally demanding process, and segmentation can reduce calculation

times. Cell segmentation can be performed with multiple tools. The sim-

plest, most accurate, but also time-consuming option is a manual segmen-

tation: drawing ROIs from bright light images by hand in ImageJ (Fiji)

(Schindelin et al., 2012). Segmentation can also be automatized by using dif-

ferent softwares like 3D Object Counter (ImageJ) (Bolte & Cordelieres,

2006), MorphoLibJ (Legland, Arganda-Carreras, & Andrey, 2016), or Oufti

(Paintdakhi et al., 2016). Recently, machine learning and neural networks

have been applied for image segmentation, with the use of softwares like

DeepCell (Van Valen et al., 2016) or CDeep3M (Haberl et al., 2018). How-

ever, it should be pointed out that automatized segmentation might need

manual correction. For this protocol, manual selection in Fiji was chosen

as the most appropriate option.

4.3.2 Localization
SMLM is a localization-based method, which means that all data analyses

are performed on localization coordinates having nanometer precision

instead of being image based. This enables a wide range of analysis

approaches like super-resolved image reconstruction, molecule-counting,

clustering analysis, colocalization analysis, particle averaging, and particle

Fig. 8 Data processing workflow. (A) Cells were segmented based on bright light
snapshots taken before sptPALM imaging (top left). In parallel, localizations were
extracted based on PSF fitting (bottom left). Next, localizations were split into subarrays
representing single cells and tracking was performed (middle). In case of fast imaging
data were represented as histograms or cumulative distributions of averaged jump
distances (top right). For slow imaging accessing the bound-time of complexes, data
histograms representing fluorescence spot bound times were fitted to retrieve the aver-
age event lifetime (bottom right). (B) Data from transient interaction analysis represen-
ted in the form of probability density function (PDF) histogram (bin size¼40nm) and
cumulative distribution function (CDF). Exemplary trajectories for DNA-bound Cascade
(red trajectory) and transiently interacting Cascade (blue-red trajectory). (C) PDF rep-
resenting Cascade bound-time (bin size¼0.5 s) and single exponential model fitted
to PDF.
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tracking (Endesfelder et al., 2013; Lando et al., 2012; Loschberger, Franke,

Krohne, van de Linde, & Sauer, 2014; Malkusch et al., 2012; Manley

et al., 2008). Localization coordinates can be extracted from the imaging

sequences by many different localization algorithms, which are discussed

and compared in the following publications: (Sage et al., 2015; Small &

Stahlheber, 2014). In this work, we use two localization software packages:

rapidStorm (Wolter et al., 2012) and ThunderStorm (Ovesny, Krizek,

Borkovec, Svindrych, & Hagen, 2014). In this step, it is important to select

appropriate fitting and filtering parameters and thresholds, to sieve most

of the noise signal, e.g., by an intensity threshold, as noise usually possesses

lower intensities than fluorescence signals from fluorophores. On the

other hand, too strong filtering might cause a huge loss of fluorophore detec-

tions, which might severely impact obtaining proper single-molecule trajec-

tories. Furthermore, especially for slow frame rate data, where only immobile

complexes are investigated, PSFs shape and dimensions are helpful filters.

Signals from immobile particles have round PSFs of a typical diffracted spot

size. Any asymmetric, elliptic, or differently sized PSF can be discarded as

it can be attributed either to noise, multiple proximal fluorophores activated

at the same time, or moving Cascade complexes.

4.3.3 Tracking
From the list of localizations, single-molecule trajectories of individual Cas

proteins or Cascade complexes can be retrieved. The simplest and fastest

method for single-particle tracking is the nearest neighbor (NN) algorithm,

in which connections are made between localizations in adjacent frames

and the distance between them is the lowest from all possible connections.

This solution is sufficient when the density of localizations is low (around 1

event per frame per cell). For higher densities NN might wrongly connect

different particles, thus bias the diffusion statistics when mixing different

molecular states. This obstacle might be omitted by a simple filtering step,

in which only localizations that have a sufficiently low density and thus

only one possible neighbor in reach are connected. However, in this way

some readout is lost, in effect decreasing the statistics. More sophisticated

approaches, e.g., based on a priori knowledge about fluorophore photo-

physics and protein behavior (transition probability from immobile to mobile,

etc.) can be a solution for dense data and is for this reason implemented into

our routine. There are also other tracking algorithms which are used in

sptPALM (Chenouard et al., 2014); however, a majority of these algorithms

were developed for classical single-particle tracking of bright quantum dots
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for long observation times or for cell lineage tracking, which differs from

sptPALM with fluorescent proteins as markers.

4.3.4 Data quality assessment
Despite optimal conditions, initial data can still contain some false trajecto-

ries. Thus, it is recommended to visually inspect the retrieved data. For

obtaining diffusion statistics of high quality, a selection of trajectories of suf-

ficient length can be advisable. Short trajectories might have multiple

sources: detection loss due to molecules leaving the focal plane, fluorescent

protein blinking, or residual noise. Filtering against very long trajectories can

also improve data quality, as unusually long trajectories are often caused

by impurities in the sample or by aggregates in which multiple fluorescent

proteins are brought to their fluorescent state one after another. Finally,

trajectories which appear as obvious artifacts, like inclusion bodies caused

by protein accumulation (see Fig. 6C) and trajectories “sliding” on cell

membrane (impurities from the buffer transiently binding to the cell) or pro-

truding the cellular area must be excluded. When inspecting trajectories

from slow imaging schemes exploring the complex bound times, most noise

can be easily identified by residual, mobile trajectories.

4.4 Data analysis and visualization
When recording sptPALM movies at fast readout rates, the high spatiotem-

poral data reveal different and highly transient subpopulations of Cascade

interactions based on their apparent mobility. In contrast, for slow readout

rates, the fluorescence lifetime of the fluorescent marker is spread over

longer imaging times by introducing gap times and thus lowering the

spatiotemporal resolution. By doing so, bound times of several seconds

for the investigated interactions can be observed, but can only be registered

for immobile complexes, e.g., bound to the nucleoid.

4.4.1 Obtaining molecule mobilities
There are different metrics to represent molecule motilities. One method is

extracting the diffusion coefficient (D) by plotting mean square displace-

ments (MSD) for given time lags Δt (Oswald, Bank, Bollen, & Peterman,

2014; Weimann et al., 2013):

MSD nΔtð Þ ¼ 4D ∗nΔt+4σ2

with σ being the localization precision. The diffusion coefficient is calcu-

lated individually for each trajectory (usually by using the first four MSD
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time steps, as otherwise confinement effects become too large) and a distri-

bution of diffusions can be later visualized in histograms as a probability

density function (PDF) or as cumulative distribution functions (CDFs). The

MSD method is a common approach to analyze sptPALM data (Sanamrad

et al., 2014; Stracy et al., 2015; Uphoff et al., 2013).

Another way to represent the dynamics of the protein is by the average

displacement between adjacent time points within each trajectory (also

called jump distances (JDs)) (Grunwald et al., 2008; Oswald, et al., 2014;

Schutz, Schindler, & Schmidt, 1997; Weimann et al., 2013):

JD¼ r t +Δtð Þ� r tð Þj j
with r being the position of the particle at times t and t+ Δt. Once the JDs

or an average JD for every trajectory (or segment of a trajectory if a change of

diffusive state divides the trajectory in several segments) are calculated, they

can be as well represented as a PDF or CDF in which different mobile frac-

tions can be distinguished (Fig. 8B).

In this study, the second approach was selected. As sptPALM trajectories

are generally rather short, MSD values for larger time lag values have poor

statistics (Flier et al., 2011; Saxton, 1997). Furthermore, due to the small

volume of the bacterial cell, the strong confinement of diffusion affects

the diffusion values obtained by MSD analyses (Oswald, et al., 2014;

Qian, Sheetz, & Elson, 1991). JD values behave more robust for these issues

(Chen et al., 2015; Mazza, Abernathy, Golob, Morisaki, & McNally, 2012).

Nevertheless, due to confinement and two-dimensional projections of the

diffusion (if not imaged in 3D using a microscope with isotropic resolution

in all three dimensions), only apparent diffusion coefficients can be retrieved.

Finally, trajectories can be visualized in form of a tracking map per cell,

where trajectories are color coded for their dynamics. In this study, fast

dynamical sptPALM data were visualized as a function of JD where different

fractions of Cascades can be identified (Fig. 8B). Peaks at lower JD values

resemble complexes which were stably bound to the DNA target, while

the broad fast diffusing fraction is attributed to transiently interacting and

free diffusing Cascades.

4.4.2 Extracting molecular bound times
The dynamics of the target bound Cascade can be extracted by the length

of each immobile trajectory, and data can be plotted as a histogram.

Correctly filtered data should show a histogram of single exponential decay
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(assuming only one possible interaction). This histogram can be described

with the following equation:

klifetimee
�klifetimet ¼ kunb + kblð Þe� kunb + kblð Þt

with klifetime being the rate of the average lifetime of the fluorescence signals,

kunb is the rate of Cascade unbinding events, and kbl the rate of fluorophore

bleaching (Beattie et al., 2017). To extract the unbinding rate, the bleaching

rate has to be evaluated. Here, an immobile fluorescent marker control has

to be used, e.g., fusing the marker to a protein forming highly stable com-

plexes (significantly longer than imaging times) or by chemically fixing

the sample. For fixed samples, as no unbinding events occur, the lifetime

rate is equivalent to the bleaching rate. Thus, kunb can be retrieved

(Fig. 8C). Experiments like this are time-consuming and thus may suffer

from low statistics. Measurement errors can be determined by subsampling

(bootstrapping) and performing multiple fits on these subsets (Beattie

et al., 2017).

5. Conclusions

The ability to study Cascade dynamics in vivo at high spatiotemporal

resolution allows for analyzing target requirements for Cascade binding in

parallel with other DNA-interacting proteins, e.g., the replisome, in their

natural environment. The observed parameters can be compared with

in vitro studies to obtain a more complete picture of Cascade-mediated target

search processes. Quantitative sptPALM analyses of CRISPR–Cas/DNA

interactions could also help to unveil levels of regulation imposed on interfer-

ence, but also adaptation or crRNP complex assembly stages.

Acknowledgments
We would like to thank Marco Hui for benchmarking some sptPALM parameters and for

establishing parts of the data analysis workflow. This work was supported by the Max

Planck Society (L.R., U.E.), by SYNMIKRO (U.E.), SPP 2141 from the Deutsche

Forschungsgemeinschaft (L.R., U.E.), by the Fonds der Chemischen Industrie (U.E.), and

by IMPRS-Mic (H.M.E.).

References
Amitai, G., & Sorek, R. (2016). CRISPR-Cas adaptation: Insights into the mechanism of

action. Nature Reviews. Microbiology, 14(2), 67–76.
Axelrod, D. (2003). Total internal reflection fluorescencemicroscopy in cell biology.Methods

in Enzymology, 361, 1–33.

165Live-cell sptPALM of Cascade-mediated DNA surveillance



Barrangou, R., Fremaux, C., Deveau, H., Richards, M., Boyaval, P., Moineau, S., et al.
(2007). CRISPR provides acquired resistance against viruses in prokaryotes. Science,
315(5819), 1709–1712.

Beattie, T. R., Kapadia, N., Nicolas, E., Uphoff, S., Wollman, A. J., Leake, M. C., et al.
(2017). Frequent exchange of the DNA polymerase during bacterial chromosome
replication. eLife, 6, e21763.

Berardozzi, R., Adam, V., Martins, A., & Bourgeois, D. (2016). Arginine 66 controls
dark-state formation in green-to-red photoconvertible fluorescent proteins. Journal of
the American Chemical Society, 138(2), 558–565.

Betzig, E., Patterson, G. H., Sougrat, R., Lindwasser, O. W., Olenych, S., Bonifacino, J. S.,
et al. (2006). Imaging intracellular fluorescent proteins at nanometer resolution. Science,
313(5793), 1642–1645.

Biswas, A., Staals, R. H., Morales, S. E., Fineran, P. C., & Brown, C. M. (2016).
CRISPRDetect: A flexible algorithm to define CRISPR arrays. BMC Genomics, 17,
356.

Blosser, T. R., Loeff, L., Westra, E. R., Vlot, M., Kunne, T., Sobota, M., et al. (2015).
Two distinct DNA binding modes guide dual roles of a CRISPR-Cas protein complex.
Molecular Cell, 58(1), 60–70.

Bolte, S., & Cordelieres, F. P. (2006). A guided tour into subcellular colocalization analysis
in light microscopy. Journal of Microscopy, 224(Pt. 3), 213–232.

Brouns, S. J., Jore, M.M., Lundgren, M.,Westra, E. R., Slijkhuis, R. J., Snijders, A. P., et al.
(2008). Small CRISPRRNAs guide antiviral defense in prokaryotes. Science, 321(5891),
960–964.

Carte, J., Wang, R., Li, H., Terns, R. M., & Terns, M. P. (2008). Cas6 is an end-
oribonuclease that generates guide RNAs for invader defense in prokaryotes. Genes &
Development, 22(24), 3489–3496.

Chen, T. Y., Santiago, A. G., Jung,W., Krzeminski, L., Yang, F., Martell, D. J., et al. (2015).
Concentration- and chromosome-organization-dependent regulator unbinding from
DNA for transcription regulation in living cells. Nature Communications, 6, 7445.

Chen, X., Zaro, J. L., & Shen, W. C. (2013). Fusion protein linkers: Property, design and
functionality. Advanced Drug Delivery Reviews, 65(10), 1357–1369.

Chenouard, N., Smal, I., de Chaumont, F., Maska, M., Sbalzarini, I. F., Gong, Y., et al.
(2014). Objective comparison of particle tracking methods. Nature Methods, 11(3),
281–289.

Chowdhury, S., Carter, J., Rollins, M. F., Golden, S. M., Jackson, R. N., Hoffmann, C.,
et al. (2017). Structure reveals mechanisms of viral suppressors that intercept a CRISPR
RNA-guided surveillance complex. Cell, 169(1). 47-57.e11.

Chylinski, K., Makarova, K. S., Charpentier, E., & Koonin, E. V. (2014). Classification and
evolution of type II CRISPR-Cas systems. Nucleic Acids Research, 42(10), 6091–6105.

Cong, L., Ran, F. A., Cox, D., Lin, S., Barretto, R., Habib, N., et al. (2013). Multiplex
genome engineering using CRISPR/Cas systems. Science, 339(6121), 819–823.

Couvin, D., Bernheim, A., Toffano-Nioche, C., Touchon, M., Michalik, J., Neron, B.,
et al. (2018). CRISPRCasFinder, an update of CRISRFinder, includes a portable ver-
sion, enhanced performance and integrates search for Cas proteins.Nucleic Acids Research,
46(1), 246–251.

Dwarakanath, S., Brenzinger, S., Gleditzsch, D., Plagens, A., Klingl, A., Thormann, K., et al.
(2015). Interference activity of a minimal type I CRISPR-Cas system from Shewanella
putrefaciens. Nucleic Acids Research, 43(18), 8913–8923.

Edelstein, A. D., Tsuchida, M. A., Amodaj, N., Pinkard, H., Vale, R. D., & Stuurman, N.
(2014). Advanced methods of microscope control using μManager software. Journal of
Biological Methods, 1(2), e10.

166 Bartosz Turkowyd et al.



Edgar, R., & Qimron, U. (2010). The Escherichia coli CRISPR system protects from lambda
lysogenization, lysogens, and prophage induction. Journal of Bacteriology, 192(23),
6291–6294.

Endesfelder, U., Finan, K., Holden, S. J., Cook, P. R., Kapanidis, A. N., & Heilemann, M.
(2013). Multiscale spatial organization of RNA polymerase in Escherichia coli. Biophysical
Journal, 105(1), 172–181.

Flier, B. M., Baier, M., Huber, J., Mullen, K., Mecking, S., Zumbusch, A., et al. (2011).
Single molecule fluorescence microscopy investigations on heterogeneity of translational
diffusion in thin polymer films. Physical Chemistry Chemical Physics, 13(5), 1770–1775.

Folling, J., Bossi, M., Bock, H., Medda, R., Wurm, C. A., Hein, B., et al. (2008). Fluores-
cence nanoscopy by ground-state depletion and single-molecule return. Nature Methods,
5(11), 943–945.

Garneau, J. E., Dupuis, M. E., Villion, M., Romero, D. A., Barrangou, R., Boyaval, P., et al.
(2010). The CRISPR/Cas bacterial immune system cleaves bacteriophage and plasmid
DNA. Nature, 468, 67.

Gibson, D. G., Young, L., Chuang, R. Y., Venter, J. C., Hutchison, C. A., 3rd, &
Smith, H. O. (2009). Enzymatic assembly of DNAmolecules up to several hundred kilo-
bases. Nature Methods, 6(5), 343–345.

Gleditzsch, D., Muller-Esparza, H., Pausch, P., Sharma, K., Dwarakanath, S., Urlaub, H.,
et al. (2016). Modulating the Cascade architecture of a minimal type I-F CRISPR-
Cas system. Nucleic Acids Research, 44(12), 5872–5882.

Grissa, I., Vergnaud, G., & Pourcel, C. (2007a). The CRISPRdb database and tools to display
CRISPRs and to generate dictionaries of spacers and repeats. BMCBioinformatics, 8, 172.

Grissa, I., Vergnaud, G., & Pourcel, C. (2007b). CRISPRFinder: Aweb tool to identify clus-
tered regularly interspaced short palindromic repeats. Nucleic Acids Research, 35(web
server issue), W52–W57.

Grunwald, D., Martin, R. M., Buschmann, V., Bazett-Jones, D. P., Leonhardt, H.,
Kubitscheck, U., et al. (2008). Probing intranuclear environments at the single-molecule
level. Biophysical Journal, 94(7), 2847–2858.

Haberl, M. G., Churas, C., Tindall, L., Boassa, D., Phan, S., Bushong, E. A., et al. (2018).
CDeep3M-plug-and-play cloud-based deep learning for image segmentation. Nature
Methods, 15(9), 677–680.

Haurwitz, R. E., Jinek, M., Wiedenheft, B., Zhou, K., & Doudna, J. A. (2010). Sequence-
and structure-specific RNA processing by a CRISPR endonuclease. Science, 329(5997),
1355–1358.

Hayes, R. P., Xiao, Y., Ding, F., van Erp, P. B., Rajashankar, K., Bailey, S., et al. (2016).
Structural basis for promiscuous PAM recognition in type I-E Cascade from E. coli.
Nature, 530(7591), 499–503.

Heilemann, M., van de Linde, S., Schuttpelz, M., Kasper, R., Seefeldt, B., Mukherjee, A.,
et al. (2008). Subdiffraction-resolution fluorescence imaging with conventional fluores-
cent probes. Angewandte Chemie (International Ed. in English), 47(33), 6172–6176.

Hess, S. T., Girirajan, T. P., & Mason, M. D. (2006). Ultra-high resolution imaging by fluo-
rescence photoactivation localization microscopy. Biophysical Journal, 91(11), 4258–4272.

Hochstrasser, M. L., Taylor, D. W., Bhat, P., Guegler, C. K., Sternberg, S. H., Nogales, E.,
et al. (2014). CasA mediates Cas3-catalyzed target degradation during CRISPR RNA-
guided interference. Proceedings of the National Academy of Sciences of the United States of
America, 111(18), 6618–6623.

Ishino, Y., Shinagawa, H., Makino, K., Amemura, M., & Nakata, A. (1987). Nucleotide
sequence of the iap gene, responsible for alkaline phosphatase isozyme conversion in
Escherichia coli, and identification of the gene product. Journal of Bacteriology, 169(12),
5429–5433.

167Live-cell sptPALM of Cascade-mediated DNA surveillance



Jackson, R. N., Golden, S. M., van Erp, P. B. G., Carter, J., Westra, E. R., Brouns, S. J. J.,
et al. (2014). Crystal structure of the CRISPR RNA-guided surveillance complex from
Escherichia coli. Science, 345(6203), 1473–1479.

Jansen, R., van Embden, J. D. A., Gaastra, W., & Schouls, L. M. (2002). Identification of
genes that are associated with DNA repeats in prokaryotes. Molecular Microbiology,
43(6), 1565–1575.

Jones, D. L., Leroy, P., Unoson, C., Fange, D., Curic, V., Lawson,M. J., et al. (2017). Kinet-
ics of dCas9 target search in Escherichia coli. Science, 357(6358), 1420–1424.

Jore, M. M., Lundgren, M., van Duijn, E., Bultema, J. B., Westra, E. R., Waghmare, S. P.,
et al. (2011). Structural basis for CRISPR RNA-guided DNA recognition by Cascade.
Nature Structural & Molecular Biology, 18(5), 529–536.

Knight, S. C., Xie, L., Deng,W., Guglielmi, B.,Witkowsky, L. B., Bosanac, L., et al. (2015).
Dynamics of CRISPR-Cas9 genome interrogation in living cells. Science, 350(6262),
823–826.

Komor, A. C., Badran, A. H., & Liu, D. R. (2017). CRISPR-based technologies for the
manipulation of eukaryotic genomes. Cell, 168(1–2), 20–36.

Koonin, E. V.,Makarova, K. S., & Zhang, F. (2017). Diversity, classification and evolution of
CRISPR-Cas systems. Current Opinion in Microbiology, 37, 67–78.

Lando, D., Endesfelder, U., Berger, H., Subramanian, L., Dunne, P. D., McColl, J., et al.
(2012). Quantitative single-molecule microscopy reveals that CENP-A(Cnp1) deposi-
tion occurs during G2 in fission yeast. Open Biology, 2(7), 120078.

Legland, D., Arganda-Carreras, I., & Andrey, P. (2016). MorphoLibJ: Integrated library and
plugins for mathematical morphology with ImageJ. Bioinformatics, 32(22), 3532–3534.

Lelek, M., Di Nunzio, F., & Zimmer, C. (2014). FlAsH-PALM: Super-resolution pointillist
imaging with FlAsH-tetracysteine labeling.Methods in Molecular Biology, 1174, 183–193.

Loschberger, A., Franke, C., Krohne, G., van de Linde, S., & Sauer, M. (2014). Correlative
super-resolution fluorescence and electron microscopy of the nuclear pore complex with
molecular resolution. Journal of Cell Science, 127(Pt. 20), 4351–4355.

Makarova, K. S., Haft, D. H., Barrangou, R., Brouns, S. J., Charpentier, E., Horvath, P.,
et al. (2011). Evolution and classification of the CRISPR-Cas systems. Nature Reviews.
Microbiology, 9(6), 467–477.

Makarova, K. S., Wolf, Y. I., Alkhnbashi, O. S., Costa, F., Shah, S. A., Saunders, S. J., et al.
(2015). An updated evolutionary classification of CRISPR-Cas systems.Nature Reviews.
Microbiology, 13(11), 722–736.

Malkusch, S., Endesfelder, U., Mondry, J., Gelleri, M., Verveer, P. J., & Heilemann, M.
(2012). Coordinate-based colocalization analysis of single-molecule localization micros-
copy data. Histochemistry and Cell Biology, 137(1), 1–10.

Manley, S., Gillette, J. M., Patterson, G. H., Shroff, H., Hess, H. F., Betzig, E., et al. (2008).
High-density mapping of single-molecule trajectories with photoactivated localization
microscopy. Nature Methods, 5(2), 155–157.

Marraffini, L. A., & Sontheimer, E. J. (2008). CRISPR interference limits horizontal gene
transfer in staphylococci by targeting DNA. Science, 322(5909), 1843–1845.

Marraffini, L. A., & Sontheimer, E. J. (2010). Self versus non-self discrimination during
CRISPR RNA-directed immunity. Nature, 463(7280), 568–571.

Mazza, D., Abernathy, A., Golob, N., Morisaki, T., & McNally, J. G. (2012). A benchmark
for chromatin binding measurements in live cells. Nucleic Acids Research, 40(15), e119.

Mohanraju, P., Makarova, K. S., Zetsche, B., Zhang, F., Koonin, E. V., & van der Oost, J.
(2016). Diverse evolutionary roots and mechanistic variations of the CRISPR-Cas sys-
tems. Science, 353(6299), aad5147.

Mojica, F. J. M., Dı́ez-Villaseñor, C. s., Garcı́a-Martı́nez, J., & Soria, E. (2005). Intervening
sequences of regularly spaced prokaryotic repeats derive from foreign genetic elements.
Journal of Molecular Evolution, 60(2), 174–182.

168 Bartosz Turkowyd et al.



Mulepati, S., Heroux, A., & Bailey, S. (2014). Structural biology. Crystal structure of a
CRISPR RNA-guided surveillance complex bound to a ssDNA target. Science,
345(6203), 1479–1484.

Nunez, J. K., Kranzusch, P. J., Noeske, J., Wright, A. V., Davies, C. W., & Doudna, J. A.
(2014). Cas1-Cas2 complex formation mediates spacer acquisition during CRISPR-Cas
adaptive immunity. Nature Structural & Molecular Biology, 21(6), 528–534.

Oswald, F., Bank, E. L. M., Bollen, Y. J., & Peterman, E. J. (2014). Imaging and quantifi-
cation of trans-membrane protein diffusion in living bacteria. Physical Chemistry Chemical
Physics, 16(25), 12625–12634.

Ovesny, M., Krizek, P., Borkovec, J., Svindrych, Z., & Hagen, G. M. (2014). Thunder-
STORM: A comprehensive ImageJ plug-in for PALM and STORM data analysis
and super-resolution imaging. Bioinformatics, 30(16), 2389–2390.

Paintdakhi, A., Parry, B., Campos, M., Irnov, I., Elf, J., Surovtsev, I., et al. (2016). Oufti: An
integrated software package for high-accuracy, high-throughput quantitative micros-
copy analysis. Molecular Microbiology, 99(4), 767–777.

Pausch, P., Muller-Esparza, H., Gleditzsch, D., Altegoer, F., Randau, L., & Bange, G.
(2017). Structural variation of type I-F CRISPR RNA guided DNA surveillance.
Molecular Cell, 67(4). 622-632.e624.

Pingoud, A., Fuxreiter, M., Pingoud, V., & Wende, W. (2005). Type II restriction endo-
nucleases: Structure and mechanism. Cellular and Molecular Life Sciences, 62(6), 685–707.

Pourcel, C., Salvignol, G., & Vergnaud, G. (2005). CRISPR elements in Yersinia pestis
acquire new repeats by preferential uptake of bacteriophage DNA, and provide addi-
tional tools for evolutionary studies. Microbiology, 151(Pt. 3), 653–663.

Preciado Lopez, M., Huber, F., Grigoriev, I., Steinmetz, M. O., Akhmanova, A.,
Dogterom, M., et al. (2014). In vitro reconstitution of dynamic microtubules interacting
with actin filament networks. Methods in Enzymology, 540, 301–320.

Qian, H., Sheetz, M. P., & Elson, E. L. (1991). Single particle tracking. Analysis of diffusion
and flow in two-dimensional systems. Biophysical Journal, 60(4), 910–921.

Redding, S., Sternberg, S. H., Marshall, M., Gibb, B., Bhat, P., Guegler, C. K., et al. (2015).
Surveillance and processing of foreign DNA by the Escherichia coli CRISPR-Cas system.
Cell, 163(4), 854–865.

Rust, M. J., Bates, M., & Zhuang, X. (2006). Sub-diffraction-limit imaging by stochastic
optical reconstruction microscopy (STORM). Nature Methods, 3(10), 793–795.

Rutkauskas, M., Sinkunas, T., Songailiene, I., Tikhomirova, M. S., Siksnys, V., & Seidel, R.
(2015). Directional R-loop formation by the CRISPR-Cas surveillance complex
Cascade provides efficient off-target site rejection. Cell Reports, 10(9), 1534–1543.

Sage, D., Kirshner, H., Pengo, T., Stuurman, N., Min, J., Manley, S., et al. (2015).
Quantitative evaluation of software packages for single-molecule localization micros-
copy. Nature Methods, 12(8), 717–724.

Sanamrad, A., Persson, F., Lundius, E. G., Fange, D., Gynna, A. H., & Elf, J. (2014). Single-
particle tracking reveals that free ribosomal subunits are not excluded from the Escherichia
coli nucleoid. Proceedings of the National Academy of Sciences of the United States of America,
111(31), 11413–11418.

Saxton, M. J. (1997). Single-particle tracking: The distribution of diffusion coefficients.
Biophysical Journal, 72(4), 1744–1753.

Schindelin, J., Arganda-Carreras, I., Frise, E., Kaynig, V., Longair, M., Pietzsch, T., et al.
(2012). Fiji: An open-source platform for biological-image analysis. Nature Methods,
9(7), 676–682.

Schutz, G. J., Schindler, H., & Schmidt, T. (1997). Single-molecule microscopy on model
membranes reveals anomalous diffusion. Biophysical Journal, 73(2), 1073–1080.

Shen, P., & Huang, H. V. (1986). Homologous recombination in Escherichia coli: Depen-
dence on substrate length and homology. Genetics, 112(3), 441–457.

169Live-cell sptPALM of Cascade-mediated DNA surveillance



Simms, H. M., Bowman, C. M., & Anseth, K. S. (2008). Using living radical polymerization
to enable facile incorporation of materials in microfluidic cell culture devices. Biomaterials,
29(14), 2228–2236.

Singh, D., Sternberg, S. H., Fei, J., Doudna, J. A., & Ha, T. (2016). Real-time observation of
DNA recognition and rejection by the RNA-guided endonuclease Cas9. Nature Com-
munications, 7, 12778.

Small, A., & Stahlheber, S. (2014). Fluorophore localization algorithms for super-resolution
microscopy. Nature Methods, 11(3), 267–279.

Staals, R. H., Zhu, Y., Taylor, D. W., Kornfeld, J. E., Sharma, K., Barendregt, A., et al.
(2014). RNA targeting by the type III-A CRISPR-Cas Csm complex of Thermus
thermophilus. Molecular Cell, 56(4), 518–530.

Stehbens, S., Pemble, H., Murrow, L., &Wittmann, T. (2012). Imaging intracellular protein
dynamics by spinning disk confocal microscopy. Methods in Enzymology, 504, 293–313.

Sternberg, S. H., Redding, S., Jinek, M., Greene, E. C., & Doudna, J. A. (2014). DNA inter-
rogation by the CRISPR RNA-guided endonuclease Cas9. Nature, 507(7490), 62–67.

Stracy, M., Lesterlin, C., Garza de Leon, F., Uphoff, S., Zawadzki, P., & Kapanidis, A. N.
(2015). Live-cell superresolution microscopy reveals the organization of RNA polymer-
ase in the bacterial nucleoid. Proceedings of the National Academy of Sciences of the United
States of America, 112(32), E4390–E4399.

Sun, C. L., Barrangou, R., Thomas, B. C., Horvath, P., Fremaux, C., & Banfield, J. F.
(2013). Phage mutations in response to CRISPR diversification in a bacterial population.
Environmental Microbiology, 15(2), 463–470.

Szczelkun, M. D., Tikhomirova, M. S., Sinkunas, T., Gasiunas, G., Karvelis, T., Pschera, P.,
et al. (2014). Direct observation of R-loop formation by single RNA-guided Cas9 and
Cascade effector complexes. Proceedings of the National Academy of Sciences of the United
States of America, 111(27), 9798–9803.

Tobes, R., & Ramos, J. L. (2005). REP code: Defining bacterial identity in extragenic space.
Environmental Microbiology, 7(2), 225–228.

Tokunaga, M., Imamoto, N., & Sakata-Sogawa, K. (2008). Highly inclined thin illumination
enables clear single-molecule imaging in cells. Nature Methods, 5(2), 159–161.

Turkowyd, B., Balinovic, A., Virant, D., Carnero, H. G. G., Caldana, F., Endesfelder, M.,
et al. (2017). A general mechanism of photoconversion of green-to-red fluorescent pro-
teins based on blue and infrared light reduces phototoxicity in live-cell single-molecule
imaging. Angewandte Chemie (International Ed. in English), 56(38), 11634–11639.

Unterholzner, S. J., Poppenberger, B., & Rozhon, W. (2013). Toxin-antitoxin systems:
Biology, identification, and application. Mobile Genetic Elements, 3(5), e26219.

Uphoff, S., Reyes-Lamothe, R., Garza de Leon, F., Sherratt, D. J., & Kapanidis, A. N.
(2013). Single-molecule DNA repair in live bacteria. Proceedings of the National Academy
of Sciences of the United States of America, 110(20), 8063–8068.

van der Oost, J., Westra, E. R., Jackson, R. N., & Wiedenheft, B. (2014). Unravelling the
structural and mechanistic basis of CRISPR-Cas systems. Nature Reviews Microbiology,
12(7), 479–492.

Van Valen, D. A., Kudo, T., Lane, K. M., Macklin, D. N., Quach, N. T., DeFelice, M. M.,
et al. (2016). Deep learning automates the quantitative analysis of individual cells in live-
cell imaging experiments. PLoS Computational Biology, 12(11), e1005177.

Virant, D., Turkowyd, B., Balinovic, A., & Endesfelder, U. (2017). Combining primed
photoconversion and UV-photoactivation for aberration-free, live-cell compliant
multi-color single-molecule localization microscopy imaging. International Journal of
Molecular Sciences, 18(7), E1524.

Wang, J., Li, J., Zhao, H., Sheng, G., Wang, M., Yin, M., et al. (2015). Structural and mech-
anistic basis of PAM-dependent spacer acquisition in CRISPR-Cas systems.Cell, 163(4),
840–853.

170 Bartosz Turkowyd et al.



Wang, S., Moffitt, J. R., Dempsey, G. T., Xie, X. S., & Zhuang, X. (2014). Characterization
and development of photoactivatable fluorescent proteins for single-molecule-based
superresolution imaging. Proceedings of the National Academy of Sciences of the United States
of America, 111(23), 8452–8457.

Weimann, L., Ganzinger, K. A., McColl, J., Irvine, K. L., Davis, S. J., Gay, N. J., et al.
(2013). A quantitative comparison of single-dye tracking analysis tools using Monte
Carlo simulations. PLoS One, 8(5), e64287.

Westra, E. R., van Erp, P. B., Kunne, T., Wong, S. P., Staals, R. H., Seegers, C. L., et al.
(2012). CRISPR immunity relies on the consecutive binding and degradation of
negatively supercoiled invader DNA by Cascade and Cas3. Molecular Cell, 46(5),
595–605.

Wiedenheft, B., Lander, G. C., Zhou, K., Jore, M. M., Brouns, S. J. J., van der Oost, J., et al.
(2011). Structures of the RNA-guided surveillance complex from a bacterial immune
system. Nature, 477(7365), 486–489.

Wolter, S., Loschberger, A., Holm, T., Aufmkolk, S., Dabauvalle, M. C., van de Linde, S.,
et al. (2012). rapidSTORM: Accurate, fast open-source software for localization micros-
copy. Nature Methods, 9(11), 1040–1041.

Zawadzki, P., Stracy, M., Ginda, K., Zawadzka, K., Lesterlin, C., Kapanidis, A. N., et al.
(2015). The localization and action of topoisomerase IV in Escherichia coli chromosome
segregation is coordinated by the SMC complex, MukBEF. Cell Reports, 13(11),
2587–2596.

Zhao, H., Sheng, G., Wang, J., Wang, M., Bunkoczi, G., Gong, W., et al. (2014). Crystal
structure of the RNA-guided immune surveillance Cascade complex in Escherichia coli.
Nature, 515(7525), 147–150.

Zoephel, J., Dwarakanath, S., Richter, H., Plagens, A., & Randau, L. (2012). Substrate
generation for endonucleases of CRISPR/cas systems. Journal of Visualized Experiments,
67, e4277.

171Live-cell sptPALM of Cascade-mediated DNA surveillance



3.2. Studying the in vivo Protein Organization and Dynamics of the Type I-Fv CRISPR-Cas
System of Shewanella putrefaciens CN-32 at a High Spatiotemporal Resolution

3.2 Studying the in vivo Protein Organization and Dynamics of
the Type I-Fv CRISPR-Cas System of Shewanella
putrefaciens CN-32 at a High Spatiotemporal Resolution

In this work, we study the CRISPR-Cas Type I-Fv system from Shewanella putrefaciens CN-32
in vivo using sptPALM methods. We have visualized the DNA scanning of individual Cas
assemblies in great detail, providing insights into the native target detection by the complex and
the independent functions of the individual Cas proteins under different conditions and target
affinities.

This work has been done in a collaboration with Dr. Lennart Randau and Hanna Müller-Esparza.
The following text is part of a manuscript currently in preparation for submission. I contributed
in this work by designing and performing sptPALM experiments, analyzing sptPALM data and
by preparing figures and parts of the manuscript.

3.2.1 Materials and Methods

Generating E. coli Strains

Details of the strain generation as well as assessing Cascade activity are described in Section 3.1,
chapter 3 and briefly shown in Figure 3.1. Efficiency of Plaquing (EOP) assay, shown in Figure
3.1a, is described in detail Section 3.1, chapter 3.3.

Cell Culture Preparation

Cells were inoculated from the cryo stock into fresh LB medium supplied with kanamycin and
spectinomycin (both 25 µg/mL) and grown overnight at 37 °C. On the next day, cultures were
reinoculated into fresh 2YTL (1:100 dilution, 3 mL final culture volume), grown for one hour
at 37 °C and induced with 0.1 % arabinose for another hour afterwards. The induction of Cas
proteins expression was stopped by exchanging medium into 3 mL EZRDM (Teknova, USA).
Cells grew in this medium for one hour to enable protein maturation and Cascade assembly.
500 µL of each culture was centrifuged (2 min, 3000 × g), washed twice with fresh EZRDM
and suspended in residual 50 µL medium. 2 µL of suspended cells were placed on agarose pads
covered with the cleaned coverslip and incubated for 15 minutes on a bench to settle them down
on the pad (Figure 3.2).

BL21-AI carrying the pRSETb-Dendra2-T69A plasmid were inoculated from the cryo stock into
fresh LB medium (100 µg/mL ampicillin) and grown overnight at 37 °C. On the next day, the
culture was reinoculated into fresh 2YTL medium (1:100 dilution, 3 mL) and after one hour growth
at 37 °C induced with 0.05 % arabinose for another hour. Expression was stopped by replacing
medium into 3 mL EZRDM and cells grew for one hour. Two subcultures, 500 µL each, were
washed twice with fresh EZRDM and one of them was suspended in residual 50 µL EZRDM,
while another one was suspended in 500 µL EZRDM and chemically fixed with 3 % formaldehyde
for 15 minutes. After fixation, the culture was washed twice and suspended in 50 µL medium. 2
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Figure 3.1: Experimental strategy used in this research. (a) Cas proteins tagged with Dendra2-T69A and crRNA
were heterologously expressed from plasmids in E. coli cells. We evaluated the effector complex interference activ-
itity by the EOP assay and also Cascade complex assembly efficiency when one of the Cas proteins is tagged with
a fluoroescent protein. (b) When imaging the complexes in living E. coli cells at a slow imaging speed, a signif-
icant fraction of Cascade (Anti-REP) shows up as immobile spots, being tightly bound to DNA targets, whereas
Cascade (Anti-λ) only shows a diffuse fluorescent signal (left). The transient DNA interactions during target search
processes only become visible at high imaging rates with exposure times under 30 ms (right).

µL of suspended cells were placed on agarose pads covered with a cleaned coverslip and incubated
for 15 minutes on a bench to settle them down on the pad (Figure 3.2).

Agarose Pads Preparation

Low-temperature gelling agarose (Sigma-Aldrich, Germany) was suspended in freshly prepared
EZRDM to a final concentration 1 % (w/v) and heated up to 70 °C until agarose melted completely,
and stored later at 37 °C. Cooled to 37 °C agarose was placed on indented microscope slide (Thermo
Fisher, Germany) and sealed with a coverslip cleaned overnight in 1 M KOH (Sigma-Aldrich,
Germany). After two hours EZRDM-agarose pads were ready to use (Figure 3.2).

SMLM Setup

Imaging was performed on a custom built setup based on an automated Nikon Ti Eclipse
microscope, equipped with appropriate dichroic and filters (ET dapi/Fitc/cy3 dichroic,
ZT405/488/561rpc rejection filter, ET610/75 bandpass, all AHF Analysentechnik, Germany) and
a CFI Apo TIRF 100x oil objective (NA 1.49, Nikon). 405 and 561 nm laser devices (OBIS,
Coherent Inc., Santa Clara, California USA) were modulated via an acousto-optical tunable filter
(AOTF, Gooch & Housego, UK). Fluorescence was detected by an emCCD (iXON Ultra 888;
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Figure 3.2: Timeline of sptPALM sample preparation. Top: culture incubation, induction, and cell washing steps.
Bottom: cleaning microscope slides and coverslips, and agarose pads preparation. Adapted with permission from
[23].

Andor, UK) adjusted to 129 nm pixel size. The z-focus was controlled by a commercial perfect
focus system (Nikon, Düsseldorf, Germany). Acquisitions were controlled by Micro-Manager [96].
Live cell experiments were performed on a customized heating stage at 25 °C.

sptPALM Data Acquisition

Measuring fast in vivo kinetics.
Living E. coli cells growing on EZRDM-agarose pads were placed into the heating chamber

of the microscope and imaged with 77 and 33 Hz frame rate for 20.000 frames in HILO illumi-
nation mode [97]. During the image acquisition, samples were exposed to 561 nm illumination
(800 W/cm2) continuously, while a 405 nm laser was pulsed every 20th frame with the inten-
sity of 1-3 W/cm2. Before recording the sptPALM movie bright light snapshots of cells were taken.

Measuring in vivo binding kinetics of Cascades.
Cells on agarose pads were imaged with different time intervals (τ tl) (0.2 to 10 s) due the rather low
photostability of fluorescent proteins (see Section 1.2). The integration time (τ int) was extended
to (200 ms) to collect fluorescent signals only from stably DNA-bound Cascades (Figure 3.1 and
Figure 3.3). To prevent Dendra2-T69A from rapid photobleaching, 561 nm laser intensity was set
to 30 W/cm2. 405 nm laser was pulsed every 25th frame with the intensity of 1-3 W/cm2. Before
sptPALM imaging, bright light snapshots were taken. To mimic the fluorescent signal coming
from stably bound Cascade-DNA complexes, a chemically fixed E. coli BL21-AI strain, expressing
LacY-Dendra2-T69A was imaged under the same conditions. With this control we can correct for
photobleaching effects of the measurements.
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Figure 3.3: Imaging Cascade-DNA interactions by using time-lapse imaging with various dark times (τd). The
camera integration time (τ int) is kept constant, thus in all experiments Dendra2-T69A is bleached in a same manner.
By increasing τd values we are elongating the imaging interval (τ tl), in consequence we visualize events with longer
lifetimes.

sptPALM Data Analysis

All imaging procedures and data analysis steps described below were shown in Figure 3.4.

Measuring fast in vivo kinetics.
Cells were segmented manually from bright light images using the open source software Fiji [98]
and stored as ROI areas in zip files. Nanometer precise localizations of diffusing fluorophores were
obtained with the rapidSTORM 3.3 software [99]. Tracking was performed using custom software,
developed in our lab (unpublished), written in C++. For further analysis, only trajectories
longer than six steps and shorter than 20 steps were taken. Furthermore, highly autofluorescent
cells and obvious noise (e.g. from inclusion bodies at cell poles) were manually discarded from
the dataset. For all trajectories which passed the filtering, the average displacement between
adjacent frames (<JD>) was extracted and weighted by the number of steps. Weighted <JD>
values were plotted in histogram plots using the software OriginPro 2017 (OriginLab Corporation).

Measuring in vivo binding kinetics of Cascades
In a first step, nanometer precise localizations of chemically fixed LacY-Dendra2-T69A proteins
were obtained with the ThunderSTORM software [100]. As chemically fixed LacY-Dendra2-T69A
are immobile, and thus resemble stable Cascade-DNA interactions, parameters characterizing their
PSF architecture, like the intensity, xy-dimensions, and uncertainty were used later in the filtering
step to exclude mobile Cascade fractions.
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Filtered localizations were then connected into trajectories using customized software written
in C++. Here, the tracking software makes use of a priori knowledge about the fluorophore
blinking and bleaching rates, which were obtained from a manual first analysis of the control
strain measurements. Additionally, we provided an expected average displacement value for the
immobile molecule. Given these a priori parameters, tracking software can evaluate whether a
tracked molecule is either static (immobile) or freely diffusing. For further analysis, only the
immobile trajectories were taken into consideration. Trajectories coming from inclusion bodies
and other artifacts were manually excluded from the dataset. For all trajectories which pass the
filtering, trajectory lifetimes (number of frames between first and last localization in a trajectory),
representing fluorescence lifetimes, were plotted in histograms, to which single exponential decay
model was fitted:

PDF (t) = Ae
−keff(τtl)t

Where PDF(t) is a probability density function, A is the amplitude at t = 0, t is the fluorescence
lifetime and keff(τ tl) is the fluorescence lifetime decay effective rate for a given τ tl. keff(τ tl) values
for all tested crRNA variants were plotted in keffτ tl(τ tl) graphs. Linear fits on plotted data were
performed. For fitting, each data point was weighted by its Standard Error (SE) to put more
significance on data with a better statistics. Slope values of fits are equal to an effective rate (keff)
for given crRNA variants.
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Figure 3.4: Data processing workflow. (a) Cells were segmented based on bright light snapshots taken before
sptPALM imaging (top left). In parallel, localizations were extracted based on PSF fitting (bottom left). Next,
localizations were split into subarrays representing single cells and tracking was performed (middle). In case of
fast imaging, data were represented as histograms (top right). For slow imaging accessing the bound-time of
complexes, data histograms representing fluorescence spot bound times were fitted to retrieve the average event
lifetime (bottom right). (b) Data from transient interaction analysis represented in the form of probability density
function (PDF) histogram (bin size- 40nm). Exemplary trajectories for DNA-bound Cascade (red trajectory) and
transiently interacting Cascade (blue-red trajectory). (c) PDF representing Cascade bound-time (bin size- 0.5 s)
and single exponential model fitted to PDF. Adapted with permision from [23].

3.2.2 Results and Discussion

Studying the in vivo Kinetics of the CRISPR-Cas Type I-Fv System

For our experiments, we heterologously expressed from a pair of plasmids (pCDFDuet-
1/pRSFDuet-1) the Cascade proteins: inactivated Cas2-3fv (H156A/D157A mutation in the HD
nuclease domain), a fluorescently labeled Cas5fv, Cas6f and Cas7fv, and a short CRISPR array
carrying one, two or three spacers in E. coli BL21-AI cells. Notably, E. coli is a well-established
prokaryotic model organism for SMLM [101] and furthermore, BL21-AI lacks its own CRISPR-Cas
system. Cas5fv was C-terminally fused to the green-to-red photoconvertible fluorescent protein
Dendra2, carrying the mutation T69A which optimizes its performance for SPT studies [102]. We
assessed the activity of the Cascade complexes, including the Cas5fv-Dendra2-T69A fusion by
EOP assays (using an active Cas2-3fv) against the λ phage, which were comparable to wild-type
Cascade complexes (Figure 3.1a- right).

We designed two crRNAs targeting either repetitive extragenic palindromic sequences of E. coli
[103] to obtain a Cascade complex with targets in the E. coli genome (termed Anti-REP) or
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targeting the λ phage genome not present in our experiments yielding a Cascade without genomic
targets (termed Anti-λ). For the Anti-REP crRNA, we further designed different versions of
varying complementarity and using either a single, dual or triple array of spacers (Table 3.1).

Table 3.1: Number of targets with different complementarities which can be targeted by Cascades carrying different
crRNA variants

Target
compl.
(bp)

Anti-λ Anti-
REP 12
bp

Anti-
REP 18
bp

Anti-
REP 30
bp

Anti-
REP
(three
spacer)

Anti-
REP
(one
spacer)

>31 0 0 0 0 42 16
25-30 0 0 0 75 33 14
19-24 0 0 0 24 24 12
13-18 0 0 107 8 8 0
12 0 133 26 26 26 9
<11 0 3 3 3 3 85

As we were also interested in the interations of individual Cas proteins, we constructed strains
carrying pCDFDuet-1 plasmids either only encoding for Cas5fv-Dendra2-T69A, Cas6f-Dendra2-
T69A or Cas5fv-∆AH (deletion of the AH domain). In all three cases we co-transformed three
strains with an empty pRSFDuet-1. Finally, we constructed a strain co-expressing Cas5fv, Cas6f
and Anti-λ crRNA.

By fine-tuning imaging frequency, frame duration and laser intensity of our pulsed fluorescence
read-out to budget the overall fluorescence lifetime, we can observe DNA-Cascade interactions in
individual protein complexes at different timescales from the millisecond range to several seconds
(details in Materials and Methods) and thus can probe the system for the different interactions
as sketched in Figure 1.6. Furthermore, we can probe their dynamics depending on their comple-
mentarity of the different crRNAs. For example, when imaging Cascade complexes in living cells
at a slow imaging speed (2 seconds long exposure), a significant fraction of Cascade Anti-REP
complexes shows as immobile spots, being tightly bound to DNA targets whereas Cascade Anti-λ
only show diffusive fluorescent signal (Figure 3.1b). This is expected as the Anti-REP (single
spacer) crRNA has 16 potential targets of 100% complementarity) per E. coli genome, whereas
Anti-λ has none and the transient DNA interactions during target search processes are expected
to be too short-lived to be visible as clear fluorescent spots at seconds-long exposure times. Using
the higher temporal resolution of faster imaging rates with exposure times under 30 ms, the fast
diffusing Cascades (for both crRNAs) as well as the DNA-bound, immobile fraction of Cascade
Anti-REP complexes are revealed (Figure 3.1b, blue color-coded trajectories have a diffusion of D
> 0.03 µm2/s, red color-coded trajectories are below this threshold).

Cas5fv Protein Alone Interacts With DNA and RNA in vivo

To investigate the dynamics of the CRISPR Type I-Fv system in detail, we first focused on
individual Cas5fv proteins and performed sptPALM imaging of the protein Cas5fv alone at
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a fast imaging rate of 77 Hz (Figure 3.6a). For all conditions measured, we summarized our
single-molecule trajectory statistics in histograms (Materials and Methods). As a sptPALM
calibration we measured a free diffusion of the cytosolic Dendra2-T69A (Figure 3.5- left) with
<JD> medians at 370 nm (77 Hz frame rate) and 400 nm (33 Hz). Additionally we mimicked,
by a chemical fixation of cells, to immobilize cellular compounds, a <JD> distribution of
immobile molecules which only show a residual median displacement of about 60 nm which
is only larger than zero due to the finite localization precision of the technique (Figure 3.5- middle).

Figure 3.5: Dynamics of freely diffusing and immobile Dendra2-T69A. <JD> histograms for cytosolic Dendra2-
T69A (left), immobile Dendra2-T69A in chemically fixed cells (middle) and cytosolic Dendra2-T69A in cells treated
simultaneously with rifampicin and chloramphenicol.

For Cas5fv proteins, the <JD> distribution exhibits two fractions, one minor slow one at about
80-120 nm <JD> displacement and a major faster one at 240-360 nm (Figure 3.6a). Interestingly,
when compared to our Dendra2-T69A controls (grey outlines, Figure 3.6a and Figure 3.5- left),
the slow fraction is not fully immobile and the faster fraction is significantly slower than the
freely diffusing fluorophore. As Cas5fv is responsible for ’GG’ PAM recognition, we expected
to observe one DNA-interacting fraction and maybe one freely diffusive fraction. As the two
measured fractions on a first glance cannot be directly assigned to either of both, we set out to fur-
ther explore the nature of the two observed fractions and performed several additional experiments.

From the crystal structure of Cas5fv as well as interference assays it is known that Cas5fv
recognizes PAM sequences through its AH domain [75]. Thus, we constructed a deletion mutant,
Cas5fv-∆AH, which we expected to show no major interaction with DNA. Interestingly, in our
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sptPALM data, we observed a shift of the faster fraction from 240-360 nm for Cas5fv to 280-440
nm for Cas5fv-∆AH (Figure 3.6b). By this shift, this fraction of Cas5fv-∆AH molecules shows a
similar diffusion as cytosolic Dendra2-T69A (grey outline in Figure 3.6b) and strongly suggests
that for Cas5fv-∆AH, transient PAM recognitions are strongly reduced (in agreement with the
structural data [75]). Consequently, Cas5fv-∆AH does not interact with the nucleoid and the
main, mobile fraction resembles the cytosolic Dendra2-T69A dynamics. This also lets us suppose
that the fast fraction observed for Cas5fv could be explained by a highly short-lived DNA-protein
interaction. Here, as the nucleoid is a large macromolecule which at our imaging speed of 13 ms
per imaging frame does not exhibit any significant diffusion [104, 94], a stable Cas5fv interaction
with a bound time in the range of our imaging resolution would result in an immobile particle.
Thus, the timescale of transient Cas5fv-DNA interactions is significantly below our temporal
imaging resolution. In consequence, Cas5fv molecules transiently interacting with the nucleoid
show a slowed down (as compared to the full free diffusion), but still rather fast apparent diffusion.

For both proteins, Cas5fv and its mutant, the minor fraction with a <JD> of about 80 -120
nm is present. As the Cas5fv is expressed in our experiment is not supplied with a crRNA, we
speculated that this fraction could be actually explained by a possible affinity of Cas5fv to RNA,
and in our growth conditions most likely Messenger RNA (mRNA). This RNA interaction could
then lead to a co-diffusion of Cas5fv with RNA, which could explain the slow diffusive behavior
for both, Cas5fv and Cas5fv-∆AH. To test this hypothesis, we thus performed experiments
relying on drug treatments.

First, we treated the cells with 10 µg/mL chloramphenicol for 60 minutes, which blocks transla-
tion by tethering translating ribosomes to the mRNA [105]. As the cell tries to counteract the
increasing fraction of non-functional ribosomes, this leads to a strongly increased transcription
and thus increased RNA/protein ratio, in particular to an unusual high amount of ribosomal
RNA ([105, 106]). Furthermore, the nucleoid is strongly compacted (Figure 3.6c, inset, and
[107]). In consequence, cells contain large DNA-free regions enriched with RNAs. By selectively
analyzing only trajectories from these areas (as indicated by the yellow box in the inset of Figure
3.6c), we observed an only slow diffusive fraction of Cas5fv (Figure 3.6c) which in its nature
overlaps with the slow diffusive fraction of Cas5fv in untreated cells (orange outline in Figure
3.6c). Importantly, under chloramphenicol treatment, a large fraction of this RNA is Ribosomal
RNA (rRNA), which is not translated and thus free from ribosomes and accessible for Cas5fv.
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Figure 3.6: Dynamics of individual Cas proteins. (a) Cas5fv has two fractions showing transient interactions. (b)
Cas5-∆AH is mainly freely diffusing but one fraction remains unchanged. (c) In DNA-free, RNA-enriched areas
(orange box in the inset) Cas5fv exists mostly as a slowly diffusing protein. (d) When Cas5fv is loaded with the
crRNA, the slowly diffusing fraction is decreased, when compared to (c). (e) In RNA-free cells, Cas5fv exists in
a fast, only transiently interacting fraction, similarly to Cas5fv in untreated cells. (f) Cas6f exists in two slowly
diffusing fractions. (g) These fractions are not present in RNA-free cells. (h) Cas5-∆AH carrying crRNA is perfectly
excluded from the DNA area (blue signal) and forms clusters at cell poles and in the middle of the cell (yellow
signal). Scale bars: 1 µm
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We then co-expressed Cas5fv together with Cas6f and the Anti-λ crRNA which does not match
any cellular target. Here, Cas5fv and Cas6f very efficiently together with the crRNA form
stable preassembled complexes which in some cases are cleaved in two parts by intracellular
nucleases. For both, the full Cas5fv/Cas6f/crRNA complex as well as its cleaved version, the
RNA binding site of Casf5v is occupied with the crRNA. Under chloramphenicol treatment, this
should lead to a large fraction of freely diffusing Cas5fv/Cas6f/crRNA complexes and possibly
Cas5fv/crRNA in the DNA-free areas of the cells, which thus cannot interact anymore with the
RNAs present. Indeed, next to a similar slow fraction we observed for Cas5fv which interacts
with RNA in these DNA-free areas (Figure 3.6d, orange outline Cas5fv under chloramphenicol),
we measured a second, significantly faster fraction of mobile complexes (Figure 3.6d), albeit
at a bit slower apparent <JD> peak of 200-320 nm compared to freely diffusive Cas5fv-∆AH
and Dendra2-T69A. This indicates that this second fast peak resembles successfully formed
Cas5fv/Cas6f/crRNA complexes which indeed cannot interact with RNA and furthermore, as
they diffuse a bit slower than single proteins, most likely stay intact and are not cleaved in two
parts.

We then evaluated the Cas5fv dynamics after the simultaneous treatment with 10 µg/mL
chloramphenicol and 5 µg/mL rifampicin for one hour (Figure 3.6e). Here, rifampicin efficiently
blocks the transcription of the bacterial RNA polymerase by inhibiting its elongation along
the DNA [108, 109]. This causes a rapid mRNA depletion in the cells, as the average mRNA
lifetime is about 2.5 minutes [110, 111, 112]. Importantly, our expression system used to express
Cas5fv from our plasmid system is under the control of the T7 promoter. The viral T7 RNA
polymerase is not inhibited by rifampicin [113], thus mRNA encoding for Cas5fv can still be
synthesized. Moreover, the T7 RNA polymerase yield has been shown to be positively affected
under rifampicin influence [114]. Nevertheless, this mRNA pool should be largely inaccessible due
to stalling ribosomes on it by chloramphenicol treatment [105]. The action of chloramphenicol is
rapid, as de novo synthesized mRNA reaches a ribosome-rich area in less than one second [115].
Thus, we expected a lowered slow fraction, with the faster DNA-interacting fraction remaining
unchanged. Our data is in agreement with these assumptions as the minor peak vanished (Figure
3.6e). Nevertheless, as this minor peak is not very significant for Cas5fv, we strived at showing
this effect in a more pronounced manner and probed Cas6f dynamics. As Cas6f is involved in
pre-crRNA maturation to obtain final crRNA protospacers, an initial step of Cascade complex
formation [65, 68], we hypothesized it to strongly interact with cellular RNA when trying to
find its substrate. Indeed, we found Cas6f to reveal a rather slowly diffusing <JD> distribution
which seems to be explained by at least two diffusive fractions (Figure 3.6f). Thus, we attribute
both to RNA interactions but did not further investigate them (as there exists a multitude
of possible RNA interactions, e.g. with RNA of diverse diffusion dynamics due to different
lengths and secondary structures, tethered to the transcription complex or to the membrane,
etc.). More importantly, the simultaneous drug treatment led to a significant and clearly visible
reduction of slow diffusing Cas6f and the overall diffusion dynamics became similar to free
diffusing Dendra2-T69A (Figure 3.6g). As a control, rifampicin and chloramphenicol treatment
on cytosolic Dendra2-T69A showed no effect (Figure 3.5- right). This hints at a strong shortage
of RNA interactions. Thus, this strong phenotype of Cas6f dynamics substantiates our hypothesis
of almost complete RNA depletion or blockage under double drug treatment and confirms our
observations of the diffusive Cas5fv distributions.
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We additionally tried to measure the dynamics of Cas5fv-∆AH/Cas6f/crRNA complexes as these
should neither interact with DNA nor RNA and should therefore be freely diffusive. Remarkably,
we were not able to measure possible Cas5fv-∆AH/Cas6f/crRNA dynamics, as these complexes
were highly excluded from the nucleoid area as indicated by DAPI staining (Figure 3.6h, blue
signal) and formed concentrated clusters at cell poles or in between nucleoids (Figure 3.6h,
yellow signal). This effect cannot be explained by a lack of DNA-interaction only, as we then
should observe a similar effect for Cas5fv-∆AH alone which we found normally distributed and
thus present in the nucleoid-rich areas interacting with de novo synthesized RNA (Figure 3.6b).
Together, this strongly indicates that Cas5fv-∆AH/Cas6f/crRNA also lacks RNA-interaction. In
consequence, it is excluded from the denser mid-cell area by entropic forces and then, most likely
caused by its high crowding in those excluded areas, aggregates.

In summary, our observations strongly indicate that the slowly diffusing native Cas5fv dynamics
as measured in (Figure 3.6a) can be attributed to RNA-interacting Cas5fv molecules, whereas the
majority of Cas5fv molecules in the main, fast fraction transiently interacts with DNA.

Fast in vivo Kinetics of Type I-Fv Cascade

We then set out to elucidate the details of the different kinetic sub-populations of Cascade
complexes to assess their interaction dynamics and variations within, depending on their crRNA
complementarity. We performed detailed sptPALM experiments of Cascades carrying diverse
crRNA (Table 3.1) and measured 2-4 biological repeats from different cultures and imaging days
at large single-molecule statistics for 13 and 30 ms camera exposure times (Figure 3.7a). Here, the
obtained <JD> distributions are more complex than for single Cas proteins and vary according
to the complementarity of the provided crRNA but for each crRNA revealed an individual and
for all imaging repetitions distinctly reproducible fingerprint of interaction dynamics (Figure 3.7a).

For 13 ms exposures, Cascade Anti-λ, which has no DNA-targets, is respectively missing a
stationary fraction (compared to the grey overlaid outline of immobile Dendra2-T69A) but
shows a large peak of high mobility with a maximum around 240-320 nm and a smaller peak at
slower diffusion with displacements around 80-160 nm (Figure 3.7a, first column). Importantly,
both fractions neither resemble the immobile, fixed Dendra2-T69A, nor the freely diffusing
Dendra2-T69A distribution. This suggests that we observe some transient interactions we cannot
directly resolve at our temporal resolution (as fully resolved interactions would appear as stably
bound fractions similar to chemically fixed Dendra2-T69A). Furthermore, from the slower 30
ms exposures, we can infer that the more mobile fraction seems to be indeed a highly transient
state frequently cycling between on- and off-binding at high rates as the whole fraction shifts to
larger <JD> values with a maximum peak at about 320-360 nm. Contrarily, the slower transient
fraction is not resolvable anymore. This hints either i) at a rather slowly frequented state with
bound times within the lower millisecond range, a state that we expect to resolve if we would
be able to image at an about 10 times faster imaging rate (technically not possible) or ii) at an
itself freely, but slowly diffusive state of a molecule or complex (e.g. large hydrodynamic radius
or big mass) which for slower 30 ms exposures possesses a higher increase in <JD> as compared
to the transiently interacting fraction and thus consequently fully overlaps with it. We therefore
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controlled if this fraction of complexes are bound to DNA or to RNA by depleting the free
mRNA pool by a simultaneous treatment with chloramphenicol and rifampicin like for the single
Cas proteins before. Indeed, for Cascade Anti-λ, the transient peak diminishes like for Casf5v
molecules before (Figure 3.7b, first column).

We then allowed for partial complementarity with 133 targets (per E. coli genome) of 12 base pair
complementarity for Cascade (Anti-REP 12bp) (Figure 3.7a, second column). Here, these partial
targets should spatially allow for the first two Cas7 molecules to participate in the Cascade-DNA
interference and to stabilize the base-pairing of the crRNA with the target by displacing the
complementary DNA strand. We indeed see a stabilizing effect of the Cascade interference, as an
immobile fraction appears. Furthermore, this fraction in a large extent also stays stably bound
at slower imaging speeds of 30 ms exposures. Nevertheless, we further also reveal a plateau of
transient interactions (around 200 nm displacement), which we do not fully resolve anymore.
Together, this indicates that the interaction time of Cascade (Anti-REP 12bp) with the DNA is
indeed in the tens of millisecond range.

Next, we explored the dynamics of Cascade Anti-REP possessing full targets (Figure 3.7a, third
column). We adjusted the 12 base pairs-complementary crRNA in a way that by tripling it to
3 similar but different crRNAs, the previously 133 targets of only 12 bp complementarity now
span the range of 42 full targets, 33 targets with 25-30 bp complementarity and 24 (19-24 bp), 8
(13-18 bp) and 26 (12 bp) targets of lower complementarity (Table 3.1). As the total number of
targets is still 133 but the complementarity is highly shifted towards higher base pair matching,
the ratio of the different fractions shifts in favor of a significantly higher peak of stable DNA
interactions, whereas the plateau of transient interactions remains at similar levels but the fast
fraction at highest mobility accordingly drastically decreases (Figure 3.7a, third column).

This distribution can be made almost bimodal by changing the crRNAs once more to drastically
reduce the middle (plateau) fraction of transiently interacting complexes. Thus, for our last
strain (Figure 3.7a, last column), we can resolve two clear peaks resembling Cascade complexes
which can either stably interfere with DNA due to a high complementarity or do interact only
very transiently with the DNA and thus similarly to the Cascade Anti-λ strain with a majority
of 85 targets possessing no higher match than 11 base pairs of complementarity. Finally, also
controlling this strain for the nature of its interactions by depleting the RNA levels, we cannot
detect any significant changes in the distribution (except of a small decrease in the middle,
transiently interacting, fraction) which substantiates its strong DNA-binding nature (Figure 3.7b,
last column).

In summary, the interactions of Cascade complexes with the variety of possible genomic targets
is very diverse and consequently leads to multi-layered and highly overlapping diffusion statistics,
which nevertheless are highly characteristic fingerprints of the respective crRNA throughout all
repetitions of our experiments. Clearly distinguishable from all other components is only the,
under the respective temporal resolution, stably bound fraction. We thus figured that it could
be possible to measure the absolute bound-time of Cascades to their targets in relation to their
crRNA complementarity by ingeniously varying the imaging frequencies as investigated in the next
section.
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Figure 3.7: Fast in vivo kinetics of type I-Fv Cascade. (a) Cascades with different crRNA variants have a unique
<JD> distribution. Cascade (Anti-λ) (first column) lacks the immobile fraction (compared to grey overlaid outline
of immobile Dendra2-T69A) in both, 13 and 30 ms, imaging intervals. Two fractions showing transient interactions
are visible with the 13 ms imaging interval and merge into the one fraction under 30 ms exposure. When Cascades
can match partial targets (Cascade (Anti-REP 12bp), second column) the immobile fraction appears in the 13 ms
imaging interval and remains unchanged when the imaging interval is increased to 30 ms. By providing crRNAs
which in most cases can match full (>31 bp complementarity) or almost full (24-30 bp complementarity) targets
(Cascade (Anti-REP three spacers), third column), immobile fraction becomes more prominent as well as fraction of
the transienly interacting Cascades is significant. When Cascade is supplied with the crRNA which can not match
partial (12-24 bp complementarity) targets, <JD> distribution becomes almost bimodal (Cascade (Anti-REP one
spacer), last column). (b) <JD> distributions for Cascade (Anti-λ) and Cascade (Anti-REP (one spacer)) imaged
with the 13 ms imaging interval in cells lacking mRNA. In Cascade (Anti-λ) slower fraction is not visible anymore,
while in Cascade Anti-REP, the <JD> distribution remains unchanged. In (b) and (c) for each strain trajectory
maps for exemplary cells are shown (color coding as in Figure 3.1). Scale bars: 1 µm.

Long-exposure sptPALM Tracking to Measure in vivo Binding Kinetics

By varying the imaging and read-out frequencies to long-exposure sptPALM tracking, we expect
to observe different keff values, which are inverse of interaction lifetimes, for Cascades carrying
different crRNA variants, where lower keff values are expected for Cascades capable of finding
fully complementary targets and higher values for Cascades matching only partial targets.

To evaluate these assumptions, in the first part of the experiment we imaged two conditions:
chemically fixed cells expressing LacY-Dendra2-T69A and the Cascade (Anti-λ) strain (Figure
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3.8- black and grey data, respectively). In the first case, as proteins are permanently immobile,
the keff-fixed is equal to the fluorescent protein bleaching rate. In consequence, the keff for any
dynamic system cannot be lower than this value, thus slopes should be steeper than for chemically
fixed proteins. Contrarily to that, Cascade (Anti-λ) can not match any targets in the host and
Cascade-DNA interactions are very short, which results in a high keff-Anti-λ value and marks an
upper limit for other Cascade variants.

Figure 3.8: Effective unbinding rates
(keff) multiplied by the imaging interval
(τ tl) in function of τ tl. Efficient rates
(keff) are proportional to the slope of the
linear fit. keff values are decreasing for
crRNAs matching more complementary
targets. Error bars represent SE.

In the second part of the experiment we imaged other Cascades carrying different crRNA variants
which can match: from the PAM sequence up to 12 more base pairs of possible targets, up to
18 and up to 30. Further, we also imaged full target binding by using Cascade (Anti-REP (one
spacer)). (Figure 3.8- blue, green, orange and magenta points, respectively). As expected, for
all four variants, data points are distributed between the two control conditions of bleaching
rate and only transient binding. The slopes of the linear fits (reflecting keff values) show a
clear trend. Their value decreases for crRNA with higher target complementarity. This indi-
cates an increasing stability of the Cascade-DNA interference complex for better matching targets.

Table 3.2: Average target lengths in base pairs

crRNA variant Average target compl. (bp) keff (1/s) SE
Anti-λ 0.00 0.236 0.0172

Anti-REP 12 bp 12.00 0.170 0.0117
Anti-REP 18 bp 16.82 0.156 0.0037
Anti-REP 30 bp 24.67 0.131 0.0046

Anti-REP (one spacer) 26.03 0.121 0.0025
Immobile Dendra2-T69A - 0.090 0.0021
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Next, we test whether the keff rate has a linear dependency to the target complementarity. For
this purpose, we calculated the average target complementarity for each crRNA variant from the
distribution of targets as given in Table 3.1. Plotting keff values as a function of the average
target complementarity, we obtain a linear decrease in keff in respect to the target length (Figure
3.9). Unfortunately, our current preliminary data cannot answer the question whether the keff
change occurs with every base pair match, or with every sixth base pair as it is suggested in
[116] allowing for more Cas7 stabilizing the interference. Here, further experiments are required.
Furthermore, at the current stage, data are not allowing to determine absolute bound-times of
Cascades to their target in relation to their crRNA complementarity. To address this question, we
need better statistics, as well as need to perform additional imaging with intermediate τ tl values
to accurately identify and resolve the multitude of different Cascade-DNA long-term interactions.

Figure 3.9: Effective unbinding rates
(keff) in function of the average target
length. keff values decrease linearly with
increasing average target length.

To summarize, by imaging Cascade-DNA interference of Cascades carrying different crRNAs with
varying interval times, we were able to qualitatively show the relationship between the Cascade-
DNA complex stability and the crRNA carried by the Cascade. Stability of the Cascade-DNA
complex increases with the complementarity of the crRNA. Moreover, our data suggest that this
relationship has a linear correlation. Measuring absolute bound-times with the current dataset was
yet not successful mainly due to insufficient statistics and sampling times. However, these rather
preliminary results indicate, that after performing further measurements, the accurate bound-
times can be resolved. In Section 4.2, further research directions to consider in the future are
discussed.
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4.1 Developed tools

4.1.1 Primed Conversion as a Novel Tool Reducing Phototoxicity in Live-Cell
SMLM

pcFPs change their optical properties upon illumination with specific wavelengths. This property
makes them a key tool in SMLM methods like sptPALM. Among different variants of pcFPs,
especially green-to-red pcFPs gained popularity due to their brightness, photostability and
high signal-to-noise ratio. In their initial form, they can absorb blue photons and emit green
fluorescence light. When illuminated with near-UV light (wavelength approx. 380-410 nm),
green-to-red pcFPs irreversibly change their absorption and emission spectra with a maxima
in the orange/red range of the spectrum (550-580 nm). While using short wavelength light in
structural PALM is not an issue, as usually these experiments are performed in fixed samples,
illuminating living samples can however cause severe phototoxic damage. In 2015, an alternative
photoconversion mechanism, called PC, was reported for Dendra2 [117], where near-UV light is
replaced by the simultaneous illumination with blue and near-infrared light.

One task of this Ph.D. work was to investigate, whether PC can be successfully applied in
sptPALM routines and in effect reduce the phototoxicity during imaging. Also, the question arises
if this mechanism is unique for Dendra2, or if it can be also used in other green-to-red pcFPs.
In our publication [94] we have shown that indeed, PC reduces the phototoxic effect and that a
vast majority of E. coli cells survive six minutes of sptPALM illumination under PC regime. We
showed that PC-sptPALM provides the same quantitative results as "classic" UV-sptPALM in
terms of statistics and quantities. Thus, we concluded that PC can successfully replace the UV
photoconversion in sptPALM experiments.

Furthermore, we have determined that the PC mechanism is not unique for Dendra2, but
naturally also occurs for the mMaple protein family. Additionally, PC-ability can be introduced
to other families such as EosFP, Monomeric Kik Green-to-Red Fluorescent Protein (mKikGR),
and Photoconvertible Dronpa Fluorescent Protein (pcDronpa) by exchanging their 69th residue
(GFP numbering) from an alanine to a threonine. Thus we generated new green-to-red pcFPs
variants (e.g. mEos3.2-A69T, pcDronpa2-A69T), which we currently frequently use in our recent
studies due to their superior performance.
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In additional experiments reported in [94], we have shown a pH-dependence of the PC mechanism.
PC seems to occur from the anionic form of the chromophore, while UV-photoconversion occurs
from the neutral form of the chromophore. We also characterized the photoswitching behavior of
both, primed-convertible and non-primed-convertible proteins.

4.1.2 Aberration-free Multi-color Imaging by Combining UV-photoactivation
and PC

Multi-color PALM studies are limited by the fact that the vast majority of paFPs and pcFPs
utilize UV-light as the photoactivation/photoconversion source and that most of best performing
proteins emit fluorescence in the same orange-red emission channel. Other FPs which emit
fluorescence in other spectral channels, e.g. Photoactivatable Green Fluorescent Protein (paGFP)
[118], Photoswitchable Cyan Fluorescent Protein 2 (PS-CFP2) [119] or Dronpa [120] are less
bright and show a less strict photophysical behavior. In effect, multi-color PALM is possible by
combining pairs like Dronpa/EosFP or PS-CFP2/EosFP [121]. Nevertheless, different read-out
spectras cause chromatic aberration, resulting in non-linear disturbances between read-out
channels, which have to be corrected in a postprocessing step proving to be a non-trivial task and
inferior photophysics and FP brightness lead to lower SMLM image qualities.

In our second publication, which resulted from my work [95], we proposed a new sptPALM multi-
color approach, combining UV-photoactivation and PC in various organisms. Here, the read-out
is performed sequentially, where first a primed-convertible pcFPs (e.g. Dendra2, mEos3.2-A69T)
is fully read-out using a combined illumination of blue and infrared light, followed by the read-out
of paFPs, e.g. PAmCherry, which can be photoactivated using UV-illumination. We verified that
there is no crosstalk between both read-out channels and that the PC read-out is not affecting the
paFPs, proving this method to be quantitative. Additionally, we demonstrated that this multi-
color SMLM approach can be used in different prokaryotic and eukaryotic cell types, and that
it is possible to perform dual-color sptPALM. Finally, we extended the read-out to four cellular
targets in a single read-out channel by utilizing correlative imaging methods.

4.1.3 Outlook

We have shown that PC can be successfully used as a routine in SMLM and constructed pcFPs
mutants that are capable of PC. Thus we expect it to be used advantageously in other studies
(plasmids encoding PC pcFPs can be purchased from the Addgene plasmid repository). There
are still open questions left which our attention should be directed next.

First, the full PC-mechanism is not yet fully elucidated. We were capable of showing a milliseconds
lifetime of the transient state. Another research group has found this state to be a triplet state
and they measured lifetimes match with our findings [122]. Byrdin et al. further investigated
this long-lived triplet state for the Enhanced Green Fluorescent Protein (EGFP) [123] and for
the green-to-red photoswitchable protein IrisFP [124] where they proposed a more complex
mechanism of the triplet state formation [125]. Still, this field is in need of more investigation to
fully understand the underlying mechanisms.
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Since the developed PC mutants are able to undergo UV-photoconversion next to PC, the next
task would be to design pcFPs that are bright and monomeric, but can only be photoconverted via
PC. This would enable a simultaneous read-out in our dual-color approach, as for now, this has to
be done in the proper order (first full read-out of primed-convertible, then UV-photoactivatable
protein). So far, virtually all proteins capable of PC can be also photoconverted with UV-
illumination [94, 122]. The only exception is pcDronpa-A69T [126] which poorly converts with
UV and the conversion with PC is more prominent. There are however two obstacles, which are
limiting the use of this protein in SMLM, such as an only moderate photoconversion efficiency
of pcDronpa-A69T in general and the tetrameric nature of proteins from the pcDronpa family,
in contrast to Dendra2 and mEos families, which are usually monomeric in lower and moderate
protein concentrations. Moeyaert and colleagues generated a monomeric variant of pcDronpa2
(pcDronpa2-V123T-N158E-Y188A) which however showed no photoconversion at all [126].

Lastly, there is an open question, whether PC is limited to only green-to-red pcFPs, or if similar
mechanisms can be found for other protein families, such as Photoswitchable Monomeric Orange
Fluorescent Protein (PSmOrange) [127] and PSmOrange2 [128] which are photoconverting and
emitting fluorescence at longer wavelengths, which makes them even more live-cell compatible.

4.2 CRISPR-Cas Type I-Fv System Dynamics in Living Cells
The role of the CRISPR surveillance complex is to find and disarm a potential viral threat. This
task, however, is not as trivial as it sounds. A single effector complex has to correctly identify
a short DNA target sequence in the crowded host DNA and at the same time, it has to avoid
degradation of any other genetic material, e.g. the host genome. Furthermore, as the viral genetic
material can mutate, and thus could evade the recognition by the surveillance complex, CRISPR-
Cas complexes have to be able to adapt to new threats. To fulfill their role efficiently, Cascade
complexes have to have a high performance in their surveillance process. In recent years, the
CRISPR-Cas mechanism of action has been studied in vitro with single-molecule methods. Two
studies reported independently that the DNA probing by the surveillance takes approx. one second
and upon finding a partial target this interaction lasts for approx. 25 s. Finally, the interaction
between the surveillance complex and its target is very stable in the range of tens of minutes
[82, 77]. Despite an excellent agreement between these two in vitro studies, the open question
is whether we can directly translate these quantities to in vivo systems. We can expect that
contrary to isolated in vitro systems, surveillance complexes have to cooperate with other DNA-
interacting systems like replication and transcription machinery, thus quantities can be altered
when compared to in vitro measurements. With that reasoning, during my Ph.D. work I have
studied the CRISPR-Cas type I-Fv protein dynamics in vivo by using sptPALM methods.

4.2.1 In vivo Dynamics of Cas5fv and Cas6f

As the surveillance complex of the type I-Fv is a multiprotein complex, we were first interested in
studying the dynamics of single protein subunits forming the Cascade complex: Cas5fv and Cas6,
which for this purpose were labeled with the Dendra2-T69A. With sptPALM imaging experiments,
we have shown that Cas5fv interacts with the DNA and RNA in two dynamic modes. DNA-
interactions are crucial to fulfilling its PAM recognition role as it has been shown in [75]. We have
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also confirmed that this DNA-interaction is realized by its AH domain and mutants lacking this
domain are losing this functionality. Additionally, we have reported the RNA-interaction function
of Cas5fv, which is essential for the Cascade complex assembly process. Furthermore, we showed
that Cas6f probes the RNA pool to find their substrate- pre-crRNA.

4.2.2 In vivo Kinetics of Type I-Fv Cascade

In the next part of my work I have studied the dynamics of Type I-Fv Cascade complexes.
As mentioned previously in Section 1.3.5 and as has been shown in Figure 1.7, Cascade-DNA
interactions range from milliseconds to minutes. In consequence, the investigation of these
interactions was split into two parts. In the first part, we were focused on the fast kinetics of
Cascades and this part was realized in the same way as for single Cas proteins. To study binding
kinetics, we utilized an approach presented in [27, 28, 22, 19], where the same sample was imaged
with a constant excitation but variable interval times.

To characterize the fast kinetics of Cascades, we have imaged effector complexes carrying four
different crRNA variants (Figure 3.6a). We can clearly identify unique diffusion fingerprints for
different crRNA variants. Cascade (Anti-λ), which cannot match any targets in the host genome,
lacks a stationary fraction. Cascades supplied with crRNAs which can match targets in the
host genome show immobile fractions. The diffusion distributions shown in Figure 3.6b strictly
follow target distribution Figure 3.6a. When more fully matching targets are present in the host
genome, immobile fractions are more prominent and fast diffusing fraction significantly decreases.
Furthermore, for the Cascade (Anti-REP (one spacer)) which contains only long targets and
almost no targets with the 12-18 bp length, diffusion fingerprint becomes almost perfectly bimodal.

In the second part of the Type I-Fv Cascade dynamics investigation, we aimed to measure absolute
bound-times of Cascades with different crRNAs. At the current state, we were successful to show
an increasing Cascade-DNA complex stability for higher target complementarity. Our data also
indicate that the stability increases in a linear manner with the target complementarity. However,
we cannot answer whether the stability increases with each single base pair match between the
crRNA and target, or rather increases with each sixth base pair (one Cas7fv subunit covers six
base pairs of the crRNA spacer sequence) as suggested in [116]. Unfortunately, due to insufficient
statistics, we cannot provide absolute bound-time values at this moment and further experiments
are required to answer this question which I will discuss in the next section.

4.2.3 Outlook

In this work we have shown that sptPALM methods can be successfully applied to investigate
CRISPR-Cas protein dynamics in living cells. We can characterize the dynamics of Cascade
complexes, as well as single Cas proteins. Nevertheless, there are open questions, which will be
further addressed in this project.

The most critical part in this project is to investigate in more detail the absolute bound-time
values for Cascades carrying different crRNAs. It has to be emphasized that CRISPR-Cas
interactions are very complex in their nature and thus challenging to study in vivo when a lot of
different targets are present and the cellular machineries can interfere. In our system, each tested
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strain has targets with different complementarity, thus it is obvious we should expect multiple
bound-time values, which can be represented as off-rates (koff). However, due to insufficient
statistics and missing data points, at this moment we can not resolve these koff values. Thereby, in
our preliminary data we have used the more robust average keff value, which yields the ensemble
average of all interactions. This approach is sufficient enough to qualitatively show the trend
of Cascade-DNA stabilities, as we have described in our results chapter but does not provide
quantitative information. While having multiple koff values should not be an issue to achieve our
ultimate goal, as it has been shown in simulations by Ho et al. [129], this analysis demands large
statistics. Therefore, during my wrap-up postdoc period, I will perform further experiments.

First, we want to evaluate the expression level of our CRISPR-Cas system. As we are expressing
our Cas proteins and crRNAs from an inducible plasmid system, we want to keep the expression
at a low level. Our reasoning is that keeping a low copy number of Cascades, significantly below
the number of longest possible targets, Cascade complexes will all have the chance to find a target
and maybe will mostly occupy better targets. In consequence, we might reduce the number of
koff states by populating those with highest affinity. Contrary, when the number of Cascades is
higher than the number of longest possible targets, we expect the dataset to contain more koff
states. In effect, for different expression levels, we should observe different keff values within the
same strain.

The second improvement requires introducing additional τ tl values to our measurements. As it
can be seen in Figure 3.8 for Cascade (Anti-REP 30 bp) and Cascade (Anti-REP one spacer),
keffτ tl values drop down at τ tl = 3.5 s and τ tl = 4 s, respectively. This trend is expected for
systems with multiple unbinding rates, as shown in [129], however in our case these are single
time points where this trend is observed. Despite having multiple biological repeats for these
time points, it is recommended to image these strains with flanking τ tl values to confirm that this
trend is a real signal and not a measurement error.

Finally, as I stated previously, our data suffers from insufficient statistics, thus for already
measured time points I will perform further measurements to improve statistics and to reduce
the measurement error.

Another open question is what the exact interaction times between Cascade and random DNA
sequences in vivo are and whether they differ from values measured in vitro. We can partially
answer the second part of the question. In vitro data reports approximately one second lifetime
for Cascades screening random DNA sequences [77, 82]. In our imaging conditions (milliseconds
interval for fast sptPALM imaging), this is sufficiently long to visualize the Cascade complex
as an immobile molecule. As we are not observing the stationary fraction in Cascade Anti-λ,
we can argue that interaction lifetimes measured in vivo differ from in vitro measurements by
at least an order of magnitude. These differences can be explained by two factors: (i) in vitro
experiments are conducted in well-isolated conditions. On the one hand, these measurements
are very precise as experimental conditions can be strictly controlled (including target choices).
On the other hand, in vitro measures are conducted in an isolated system which might not fully
reflect the cellular environment. As it has been reported by Dillard et al. in, paradoxically, in
vitro experiments, Cascade activity is affected by protein roadblocks [81]. (ii) In our experimental
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in vivo system, genomic DNA which carries targets is very compacted, compared to DNA used in
in vitro experiments, which also might have an impact on Cascade activity. Very recently, Newton
and colleagues reported that DNA stretching induces an off-target activity of Cas9, which leads
to non-specific cuts [130]. This result might hint that different forces, which are applied to DNA
in both experimental conditions, might significantly affect the Cascades behavior.
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Materials and Methods 

Fluorescent protein plasmids 
Plasmids carrying the sequences of the fluorescent proteins (FPs) were obtained from different sources or 
constructed as listed in Table S1. All plasmids were checked by sequencing (Eurofins Genomics, Germany) 
and heat-shock-transformed into expression-optimized BL21-AI (Thermo Fischer, Germany).  

Plasmid construction 
pRSETa-mMaple, pRSETa-mMaple3, pRSETa-mEos3.2 and pRSETa-mKikGR were generated by a customized 
CPEC protocol [1]. In short, the pRSETa backbone (from pRSETa-mEos2, addgene #20341) and the FP 
sequences (pBAD18 templates [2]) were amplified by PCR (Phusion, NEB) using the corresponding primers 
(Table S3). Purified PCR products were mixed in 1:10 molar ratio and ligated. CPEC reaction mixes were used 
for bacterial transformation directly after ligation. 
pRSETb-pcDronpa-A69T, pRSETb-pcDronpa2-A69T, pRSETa-mEos3.2-A69T, pRSETa-mEos4b-A69T, pRSETa-
mKikGR-V69T, pRSETa-mMaple3-V157I(V166I) were generated by site-directed mutagenesis PCR using the 
corresponding primers (Table S3). PCR reaction mixes were digested by DpnI (NEB, Germany) to remove 
residual template plasmids (2 h, 37°C) prior to the transformation. All primer were designed in Benchling 
(Benchling Inc.) and synthesized by Eurofins Genomics. 

MG1655 rpoC-Dendra2 strain  
MG1655 incorporating rpoC-Dendra2 was generated by homologous recombination using a modified lambda 
red recombination pKD46 protocol [3]. In short, the PCR-amplified Dendra2-sequence followed by the frt 
flanked chloramphenicol resistance gene from the codon-optimized Dendra2 pBAD18 template[2] with 
auxiliary homologous overhang sequences was electroporated (5ms, 1.8 kV) into MG1655 cells. 

Samples with transiently expressed FPs in BL21ai cells 
Strains from -80°C stocks were cultured overnight at 37°C, 210 rpm, LB with 100 µg/mL ampicillin, 
reinoculated, grown to OD 0.2 and induced by 0.5% w/v arabinose (Sigma-Aldrich, Germany). After 2 hours, 
cells were fixed for 15 minutes with 2% paraformaldehyde (Sigma-Aldrich, Germany) and washed twice in 
100 mM PBS (pH 7.4). Samples were stored in 100 mM PBS (pH 7.4)/0.1% sodium azide at 4°C or 
immediately immobilized on 8-well slides (Ibidi, Germany) previously cleaned with 2% Hellmanex (Hellma, 
Germany) and coated with 0.05% poly-L-lysine (Sigma-Aldrich, Germany). 

Live cell samples with MG1655 rpoC-Dendra2 
Strains from -80°C stocks were cultured overnight at 37°C, 210 rpm, LB with 34 µg/mL chloramphenicol, 
reinoculated into 2% glucose EZ Rich Defined Medium (Teknova, USA) and grown at 32°C, 210 rpm to OD 0.2. 
Bacteria were placed on fresh agarose pads (1% low melting agarose (Sigma-Aldrich, USA) with EZRDM). 
 
Purification of fluorescent proteins 
Pellets of cultures overexpressing FPs from pRSET plasmids were suspended in 10 mM PBS (pH 7.4) with 
lysozyme (0.5 mg/mL) for 2h, homogenized by ultrasound (UP100H, Hielscher, Germany) and centrifuged for 
15 minutes (17000 x g, 4°C). FPs were purified from the supernatant by Ni-NTA spin columns (Thermo 
Fischer, Germany) followed by a buffer exchange to 10 mM PBS (pH 7.4) (Nanosep columns, VWR, Germany). 

Microscope Setup 
Imaging was performed on a custom build setup based on an automated Nikon Ti Eclipse microscope 
equipped with appropriate dichroic and filters (ET dapi/Fitc/cy3 dichroic, ZT405/488/561rpc rejection filter, 
ET525/50 or ET610/75 bandpass, all AHF Analysentechnik, Germany), and a CFI Apo TIRF 100x oil objective 



(NA 1.49, Nikon). For PC using 640 nm laser illumination, a zt405/488/561/640rpc dichroic and a 
ZET405/488/561/640 rejection filter were used (both AHF Analysentechnik, Germany). All lasers (405 nm 
OBIS, 561 nm OBIS, 640 nm OBIS, 730 nm OBIS, 488 nm Sapphire; all Coherent Inc. USA) except 730 nm were 
modulated via an acousto-optical tunable filter (AOTF) (Gooch and Housego, USA). Fluorescence was 
detected by an emCCD (iXON Ultra 888; Andor, UK). The z-focus was controlled by a commercial perfect 
focus system (Nikon, Germany). Acquisitions were controlled by µManager [4]. Live cell experiments were 
performed on a customized heating stage at 32°C. 

Spectroscopy 
Absorption spectra and fluorescence spectra (Fig. S2) were measured in V-750 and FP-8500 instruments 
(Jasco, Germany), respectively, using a 50µl UV-transparent quartz cuvette. Molar extinction coefficients 
(Table 1 and Table S2) were calculated as described [5]. pKa values (Fig. S2) were determined as per previous 
description [6]. 

Photoconversion experiments 
Photoconversion of the pcFPs variants by 405 nm and 488/ 730 nm illumination was measured in fixed 
BL21ai cells immobilized on 8-well slides (Ibidi, Germany) in 100 mM PBS equilibrated to different pH values 
(Fig. S3 (c)). In 405 nm-mediated photoconversion experiments, immobilized fixed cells were continuously 
illuminated by 2.5 W*cm-2 405 nm light; in the PC experiments, cells were continuously illuminated by 450 
W*cm-2 of 730 nm light and 488 nm laser pulses of 4 W*cm-2 were synchronized with every fifth imaging 
frame. In both modes, the fluorescence was read-out by a continuous illumination of 200 W*cm-2 of 561 nm 
laser irradiation. All regions of interests were imaged for 30 s with 30 ms exposure time making use of the 
frame transfer mode of the camera. For experiments measuring the PC efficiency for Dendra2 at different 
488 and 730 nm light intensities, 100 mM PBS (pH 7.4) was used (Fig. S3 (b)). For PC experiments with 488 
and 640 nm light, cells were imaged in 100 mM PBS (pH 8.5) and laser intensities were adjusted to 4 W*cm-2 
of 488 nm light pulsed every fifth frame and 400 W*cm-2 of continuous 640 nm light (Fig. S3 (e)).  

Experiments on the stability of fluorescence signals  
Fluorescence of the green and red chromophore form of the photoconvertible FPs was measured in fixed 
BL21ai cells immobilized on 8-well slides (Ibidi, Germany) in 100 mM PBS (pH 7.5). For fluorescence intensity 
measurements in the green chromophore form, samples were illuminated by 3 W*cm-2 of 488 nm light. The 
red chromophore form was imaged after photoconverting the ROIs by illumination of 2.5 W*cm-2 405 nm 
laser light for 15 seconds. ROIs were then illuminated by 200 W*cm-2 of 561 nm laser light. Intensity traces 
for both channels were recorded for 90 s with 30 ms exposure time in the frame transfer mode of the 
camera (Fig. S3 (d)). 

Intermediate state lifetime measurements 
Intermediate state half-life measurements were performed in fixed BL21ai cells immobilized on 8-well slides 
(Ibidi, Germany) in 100 mM PBS (pH 7.5). Samples were illuminated by alternating between 30 ms irradiation 
by 4 W*cm-2 of 488 nm light and 30 ms irradiation by 200 W*cm-2 of 561 nm and 2 kW*cm-2 of 640 nm light. 
Both channels were rapidly switched by an AOTF controller (ESTechnical, Kent, UK) with in between delays 
set from 0 to 30 ms (Fig. S4 a (i)). 640 nm light instead of 730 nm light had to be used due to the technical 
limitation of the AOTF, necessary for fast modulation, of only accepting wavelengths from 400 - 650 nm only. 
Intensity traces were measured over 1000 frames for each channel. Additionally, a UV photoconversion 
control was performed by illuminating the samples with alternations of 30 ms long irradiations of 2.5 W*cm-2 
of 405 nm light and 200 W*cm-2 of 561 nm light (Fig. S4 b (i)).   

  



Reversible photoswitching experiments of the green fluorophores 
Fluorescence decay under 488 nm illumination and recovery upon 405 nm light were measured in fixed 
BL21ai cells immobilized on 8-well slides (Ibidi, Germany) in 100 mM PBS (pH 7.5). For fluorescence decrease 
measurements, samples were continuously illuminated by 4 W*cm-2 of 488 nm light. For fluorescence 
recovery, measurements samples were continuously illuminated by 2.5 W*cm-2 of 405 nm light and 488 nm 
laser pulses of 4 W*cm-2 were synchronized with every 20th imaging frame. Six cycles were recorded on the 
same ROI, both for 60 s with an exposure time of 30 ms exposure time (Fig. S5 (a)). 

Post-processing and data analysis of ensemble measurements 
All image stacks were post-processed by scripts in Fiji [7] as illustrated in Fig. S3 (a). In short, ROIs were 
extracted by identifying individual bacterial shapes from fluorescence averages excluding overlapping or out-
of-focus cells. The mean fluorescence intensity per pixel was measured as a function of time. For primed 
conversion experiments, frames including 488 nm illumination pulses were excluded from the analysis due 
to increased background of channel-leaking green fluorescence. For photoconversion efficiency experiments 
(Fig. S3 (b,c)), extracted data was fitted by equation (1). 

𝐼(𝑡) =  𝐵𝐵 −  𝐴𝑒−𝑘𝑘      (1) 

Fitted conversion rates k and amplitudes A were taken only from fits of R-squared values of 0.95 or higher. 
For non-converting settings, where no curve could be fitted, the difference of the average intensity prior to 
the photoconversion and the maximum value reached during the illumination was plotted instead. To 
measure the photostability of the green fluorescence signal (Fig. S3 (d)), extracted data was fitted by 
equation (2). 

 𝐼(𝑡) = 𝐵𝐵 + 𝐴𝑒−𝑘𝑘      (2) 

Fitted conversion rates k were taken only from fits with R-squared values of 0.95 or higher, and their 
reciprocal multiplied by ln(2) yielded the fluorescence decrease time t0.5. The red fluorescence decay cannot 
be fitted by a single exponential decay; instead t0.5 was directly measured at the moment it reached 50% of 
intensity I0. 

Single-molecule experiments 
Purified protein solutions were placed on 8-well slides (Ibidi, Germany) previously cleaned with 2% 
Hellmanex (Hellma, Germany) and rinsed twice with 100 mM PBS (pH 7.4) after 15 minutes. Surfaces were 
imaged under 405 nm and 488/730 nm photoconversion conditions in highly inclined and laminated optical 
sheet (HILO) illumination [8]. Additionally, a cleaned surface without single molecules was recorded as a 
purity control. Applied laser intensities were: 5 W*cm-2 of 405 nm, 4 W*cm-2 of 488 nm, 1 kW*cm-2 of 561 
nm and 450 W*cm-2 of 730 nm. 405 nm and 488 nm lasers were pulsed every 25th frame. Movies were 
recorded at 33 Hz image acquisition rate for two minutes. Localizations of the fitted single fluorescent spots 
were obtained by the open source software rapidSTORM [9] and tracked with the help of customized tracking 
software written in C++. For analysis, only trajectories that started after 405 or 488 nm pulse frames and 
were visible for at least two frames were used (Fig. S8 (a)). Analysis was performed by using OriginPro 
software (Origin LAB Corporation). AD counts were converted to photon counts according to the emCCD 
camera sensitivity. 

Single-particle-tracking PALM experiments followed by cell growth quantification 
Living rpoC-Dendra2 MG1655 E.coli cells were imaged under 405 nm and 488/730 nm photoconversion 
sptPALM conditions for 2, 4, 6 and 8 minutes in HILO illumination mode. Additionally, two controls were 



recorded: cells not illuminated by any laser light and cells illuminated for 6 minutes by the 561 nm read-out 
laser only. Applied laser intensities were: 690 mW*cm-2 of 405 nm, 400 mW*cm-2 of 488 nm, 450 W*cm-2 of 
730 nm and 600 W*cm-2 of 561 nm. 405 nm and 488 nm lasers were pulsed every 12th frame. Movies were 
recorded at 77 Hz image acquisition rate to follow the diffusing RNA polymerase. After sptPALM imaging all 
illuminated regions and controls were imaged under bright light for 8 hours at 2 min intervals to quantify the 
cellular growth after the experiments. During sptPALM and overnight imaging, cells were incubated in 32°C. 
Localizations of the fitted single fluorescent spots were obtained by rapidSTORM [9], tracked with the help of 
customized tracking software written in C++ and visualized by customized software written in C++, to filter 
and group single molecule localizations or trajectories by their characteristics. The mean squared 
displacement (MSD) was calculated for all trajectories of at least four steps as per previous description [10]. 
(Fig. 2 and Fig. S7) 

Visualization software 3D protein structures taken from the Protein Data Bank (PDB) were visualized by 
Chimera (Fig. S1 c) [11]. All figures were prepared in Abobe Illustrator (Adobe Systems Inc.).  



Table S1. Bacterial plasmids used for transient expression of fluorescent proteins. 

FP Backbone Source 
Dendra2 pRSETb gift from Bourgeois lab, Grenoble, France[12] 
Dendra2-T69A pRSETb gift from Bourgeois lab, Grenoble, France[12] 
Dendra2-M159A pRSETb this work, created by David Virant using the pRSETb Dendra2 template 
Dendra2-Q116N pRSETb this work, created by David Virant using the pRSETb Dendra2 template 
Dendra2-Q116Y pRSETb this work, created by David Virant using the pRSETb Dendra2 template 
Dendra2-S105N-Q116N pRSETb this work,created by David Virant using the pRSETb Dendra2 template 
Dendra2-T104N-S105N-Q116N pRSETb this work,created by David Virant using the pRSETb Dendra2 template 
IrisFP pRSETa gift from Bourgeois lab, Grenoble, France[5] 
mEos2 pRSETa Addgene #20341 
mEos2-A69T pRSETa gift from Bourgeois lab, Grenoble, France[12] 
mEos3.2 pRSETa this work, created by Haruko Gölz using codon-optimized mEos3.2 [2] 
mEos3.2-A69T pRSETa this work, created by Haruko Gölz using the pRSETa mEos3.2 template 
mEos4b pRSETa Addgene #51073 
mEos4b-V69T pRSETa this work, created by David Virant using the pRSETa mEos4b template 
mKikGR  pRSETa this work, created by Haruko Gölz using codon-optimized mKikGR [2] 
mKikGR-V69T pRSETa this work, created by David Virant using the pRSETa mKikGR template 
mMaple pRSETa this work, created by David Virant using codon-optimized mMaple[2]  
mMaple3 pRSETa this work, created by Alexander Balinovic using codon-optimized mMaple3[2] 
mMaple3-V157I pRSETa this work, created by David Virant using the pRSETa mMaple3 template 
NijiFP pRSETb gift from Bourgeois lab, Grenoble, France[13] 
pcDronpa pRSETb gift from Dedecker lab, Leuven, Belgium[14] 
pcDronpa-A69T pRSETb gift from Dedecker lab, Leuven, Belgium[14] 
pcDronpa2 pRSETb Addgene #78184 
pcDronpa2-A69T pRSETb this work, created by Alexander Balinovic using the pRSETb pcDronpa2 

template 
 

 

 

  



Table S2. Properties of non-PC-converting green-to-red pcFPs 

Table summarizing the properties of green-to-red pcFPs used in this study which can be photoconverted by 
405 nm illumination but not by PC. Listed are their key photophysical properties with λexc – excitation 
wavelength; λem – emission wavelength; ε – molar extinction coefficient at pH 7.5; Φ – fluorescence 
quantum yield; t0.5*int – time of 50% intensity loss when irradiated by 488 nm or 561 nm light respectively at 
pH 7.5 in relation to Dendra2 (Fig. S3e). Furthermore, their genetic background, oligomeric state (m – 
monomeric; t – tetrameric), the pKa values of the chromophores (Fig. S2) as well as the optimal pH for 405 
nm light-mediated photoconversion are given (Fig. S3). Values are either from the literature as labeled or 
were measured in this study. ND - not determined. 

 

  

Name Genetic background λexc 
(nm) 

λem 
(nm) 

oligomeric 
state 

ε 
(M-1 * cm-1) Φ pKa t0.5*int 

(s) 
opt. 
pH405 

Refs 

Dendra2-
T69A Dendra2 T69A 502a/563a 518a/578a m 42000a/35400a 0.56a/0.64a 6.0a/7.0a 0.4/0.8 6-7.5 a [12] 

Dendra2-
M159A Dendra2 M159A 471b/528b 504b/562b m 51100b/42000b 0.55b/0.65b 6.5b/7.3b ND/ND ND b [13] 

NijiFP Dendra2 F173S 469b/526b 507b/569b m 41100b/42000b 0.64b/0.65b 7.0b/7.3b ND/ND 6-7.5 b [13] 

mEos2 EosFP N11K E70K 
H74N H121Y 508a/573a 519a/584a m 79000a/34300a 0.66a/0.65a 5.0a/6.6a 0.8/0.1 5.5-7 a [12] 

mEos3.2 mEos2 I102N H158E 
Y189A 507c/572c 516c/580c m 63400c/32200c 0.84c/0.55c 6.5c/5.8c 1.1/0.1 6-7.5 c [6] 

mEos4b mEos3.2 K9R F34Y 
S39T A69V C195A 505d/570d 516d/580d m 78200d/55500d 0.84d/0.71d ND/ND 1.2/0.1 6-7.5 d [15] 

IrisFP EosFP F173S 488b/551b 516b/580b t 57800b/27000b 0.48b/0.50b 5.7b/6.8b ND/ND 5.5-7.5 b [13] 

pcDronpa Dronpa V60A C62H 
N94S N102I E218G 505e/569e 517e/581e t 115000e/75000e 0.85e/0.68e 5.5e/6.3e 1.1/3.1 6.5-7.5 e [14] 

pcDronpa2 pcDronpa Y116N 504e/569e 515e/583e t 100000e/105000e 0.83e/0.68e 5.8e/6.1e 0.6/0.2 6.5-7.5 e [14] 

mKikGR 

KikGR A17S Q32R 
F34Y I37T N39T C116T 
V126T N161E Q167E 
F193Y L212A H219Y 
L222T P223Y L225G 
+228Y 229E 230F 231E 
232A 

505f/580f 515f/591f m 49000f/28000f 0.69f/0.63f 6.6f/5.2f 0.6/0.3 5.5-6.5 f [16] 



Table S3. List of primers. 

lambda red recombination primers (MG1655 rpoC-Dendra2) 
rpoC_Dendra2_FP  CCAGCCTGGCAGAACTGCTGAACGCAGGTCTGGGCGGTTCTGATAACGAGtctggtggc

ggcggttcta 
rpoC_Dendra2_RP CCCCCCATAAAAAAACCCGCCGAAGCGGGTTTTTACGTTATTTGCGGActagagaatagga

acttcctgccactcatc 
rpoc_FP_seq CGTACCACCAGGATCGTATGCG 
Dendra2_RP_seq GGTGAAAGTTGGAACCTCTTACGTGC 
CPEC primers 
F_mEos3.2-CPEC GGATCGATGGGGATCCATGTCTGCCATTAAACCGGATATGAA 
R_mEos3.2-CPEC CCGGATCAAGCTTCGAATTCTTATTAGCGACGCGCATTATCC 
F_mKikGR_CPEC ATAAGGATCGATGGGGATCCATGAGCGTTATCACCAGCGAGATGA 
R_mKikGR_CPEC CCGGATCAAGCTTCGAATTCTTATTAGGCCTCGAATTCGTACTTGG 
F_mMaple-CPEC AGGATCGATGGGGATCCATGGTTAGCAAGGGCGAGGAGACC 
R_mMaple-CPEC CCGGATCAAGCTTCGAATTCTTATTTGTACAGCTCATCCATGCTGTC 
F_mMaple3-CPEC CGATAAGGATCGATGGGGATCCATGGTTAGCAAGGGCGAAGAAACCAT 
R_mMaple3-CPEC GCCGGATCAAGCTTCGAATTCTTATTATTTGTACAGCTCATCCATGCTGTC 
F_pRSETa_CPEC TAAGAATTCGAAGCTTGATCCG 
R_pRSETa_CPEC CATGGATCCCCATCGATCCTTAT 
Site-directed mutagenesis primers 
F_Dendra2-M159A CATCAACGCAGCCCTGCTGCTGGAGGGCGGC 
R_Dendra2-M159A AGGGCTGCGTTGATGTTGCCCACCAGCAGGCC 
F_Dendra2-Q116N CTTCTTCAACAACGTGCGCTTCAAGGGCACCAACTTCCC 
R_Dendra2-Q116N GCACGTTGTTGAAGAAGCAGTCGCCCTCCAGGCTGAT 
F_Dendra2-Q116Y TGCTTCTTCTATAACGTGCGCTTCAAGGGCACCAACTTCCCC 
R_Dendra2-Q116Y CGCACGTTATAGAAGAAGCAGTCGCCCTCCAGGCTGATG 
F_Dendra2-R104T CACCATCACTAACGACATCAGCCTGGAGGGCGACTGCTTCTT 
R_Dendra2-R104T CTGATGTCGTTAGTGATGGTGCAGATGCCCTTGTCCTCGAAGGTC 
F_Dendra2-S105N ACCATCCGCAACGACATCAGCCTGGAGGGCGACTGC 
R_Dendra2-S105N GATGTCGTTGCGGATGGTGCAGATGCCCTTGTCCTCGAAGGT 
F_mEos3.2-A69T GCGTTTTCACTAAATATCCGGATAATATCCAGGATTACTTTAAA 
R_mEos3.2-A69T GATATTTAGTGAAAACGCGGTTACCATAATGAAACGCC 
F_mEos4b-V69T GGGTATTCACGAAATATCCAGACAACATACAAGACTATTTTAAGCA 
R_mEos4b-V69T GATATTTCGTGAATACCCTGTTGCCGTAATGGAATGC 
F_mKikGR-V69T GCGTGTTCACTGAGTACCCGGAGGAGATCGTGGACTACTTC 
R_mKikGR-V69T GGTACTCAGTGAACACGCGGTTACCGTAGTGGAAGGCGG 
F_mMaple3-V157I GGGCGACATTAAGATGAAGCTGCTGCTGAAGGGTGGCAG 
R_mMaple3-V157I CTTCATCTTAATGTCGCCCTTCAGCACACCGTCGCGC 
F_pcDronpa2-A69T GGTATTCACTAAATACCCAGAAAATATAGTAGACTATTTCAAGCA 
R_pcDronpa2-A69T GGGTATTTAGTGAATACCCTGTTGCCGTAATGGAA 
 

 

 

 

 



 



Figure S1. Influence of single amino-acid mutations on pcFP variants 
 
a) Sequences of pcFP variants capable of PC in alignment with Dendra2.  
a V60A yields shortened maturation times; CHR chromophore sequence HYG. Deviation from His62 is 
common for several reversibly green switching FPs [14, 17].  
*1 mEos2, mEos3.2, mEos4b, pcDronpa, pcDronpa2, mKikGR, Dendra2-T69A can be photoconverted by UV 
light but not by 488/730 nm illumination. 
*2 pcDronpa-A69T, a predecessor of pcDronpa2 (=pcDronpa-Y116N) has a low 488/730 nm photoconversion 
efficiency. Dendra2-Q116N and Dendra2-Q116Y cannot be photoconverted. Dendra2-S105N-Q116N and 
Dendra2-R104T-S105N-Q116N regain their photoconversion ability but only at very low efficiency. 
*3 Positions 157, 159 and 173 influence the photoswitching behavior of many pcFPs, e.g. NijiFP (=Dendra2-
F173S) or Dendra2-M159A can be reversibly photoswitched [5, 13] but not converted by 488/730 nm light. 
b amino acids critical for green GFP-like fluorescence [18].  
#1 amino acids influencing the oligomerization state [18]. 
#2 amino acids critical for green-to-red pcFPs [18]. 
 
b) Exemplary photoconversion measurements for different pcFPs under PC conditions. All intensities were 
normalized to the intensity of red Dendra2 fluorescence. The y-axis within the red inset is stretched as 
indicated by the labels for better visibility. 

c) Mutual organization of important amino acid residues in the chromophore environment. Colored boxes 
indicate the photoconversion characteristics of the different FPs: green, 405 & 488/730 nm converting; 
orange, moderately 488/730 nm converting but not 405 nm-converting and red, only UV converting.  
(i) Residue 69 controls the orientation of the chromophore interacting residue Arg66. Only threonine 
variants can undergo PC. 
(ii) Small residues at positions 159 (Ala159) and 173 (Ser173) increase the chromophore flexibilty and enable 
reversible conformation changes between cis and trans states which hinders PC.  
(iii) Residues 105 and 116 are crucial for green-to-red photoconversion. Asn105/Tyr116 in pcDronpa-A69T 
prevents UV conversion, but allows for 488/730 nm conversion.  
Structures were taken from the Protein Data Bank (PDB): Dendra2 (2VZX), mEos2 (3S05), mEos2-A69T 
(5DTL), mKikGR (4P76), IrisFP-M159A (4R6B), IrisFP-cis (2VVH), IrisFP-trans (2VVI), pcDronpa-A69T (4IZN). 

  



 
Figure S2. Absorption, fluorescence spectra and pKa measurements of pcFPs in their green and red form. 
Left: Absorption spectra (solid lines) and fluorescence spectra (dashed lines) of green and red chromophore 
forms. Middle and right: pH-dependency and fitted pKa values of the FPs measured for the green and red 
chromophore form, respectively.  







 

 
Figure S3. Photoconversion rates, red fluorescence yield and photostability of the green and red form for 
pcFPs are dependent on applied laser wavelengths, laser intensities and pH. 
a) Analysis workflow for quantifying photoconversion and photostability of the pcFP variants as described in 
detail in the Materials and Methods section.  



b) Impact of 488 nm and 730 nm light intensity on PC rate (grey) and red fluorescence intensity (red) 
measured for Dendra2. Increasing the 488 nm light intensity increases measured intensities (red bars and 
dots) as well as the conversion rate (gray bars and dots). For highest 488 nm laser intensities, the attained 
fluorescence intensity decreases, probably due to photobleaching of the green Dendra2 form. Increasing the 
730 nm laser intensity increases the measured fluorescence intensities. The applied 730 nm light intensities 
do not alter the conversion rate significantly.  
c) Green-to-red photoconversion efficiency and rates measured for pH values ranging from 6 to 10 by 
imaging overexpressed pcFPs in fixed E.coli cells and analyzed as depicted in a) and described in the 
Materials and Methods. 405 nm-mediated photoconversion and PC efficiencies were measured by the 
obtained red fluorescence intensities (red bars and dots) and photoconversion rates (gray bars and dots). 
Measurements were made for proteins from five different families: i) Dendra family; ii) mEos family; iii) 
mMaple family; iv) mKikGR family; v) pcDronpa family. 
d) Stability of the fluorescence signal of the green and red chromophore forms for different proteins capable 
of 488/730 nm photoconversion and their non-PC-converting relatives. At time t0.5I, the fluorescence 
intensity had decreased to 50% of the initial intensity. All threonine 69 variants show a slower decrease of 
the intensity in both the green and red channel. 
e) Comparison of the photoconversion efficiency for different PC-converting pcFPs under illumination of only 
488 nm light (4 W*cm-2) and additional 640 nm light (400 W*cm-2). Intensities in table are represented as a 
percentage of the intensity obtained by 488/730 nm illumination (4 W*cm-2 and 400 W*cm-2 for 488 and 730 
nm, respectively) for each protein. 
 



 

Figure S4. Dependency of the PC efficiency on a delay of 0-30 ms between priming and conversion laser 
illumination. 
a) i) Scheme representing the applied illumination sequence with Δt being the delay between 488 laser 
pulses and 640 nm conversion/ 561 nm read-out. ii) The PC efficiency decreases exponentially for increasing 
delays between 488 and 640 nm light illuminations. Intensities, normalized to the intensity of Δt = 0 ms were 
fitted with a single exponential decay. Retrieved t1/2 values represent the half-life of the presumed 
intermediate state, which is thought to be the entry state for PC by absorbing red/far red light. 

b) i) Scheme representing illumination sequence for control experiments for 405 and 561 nm laser pulses.   
ii) Increasing the delay between 405 and 561 nm light does not affect the UV-photoconversion efficiency. 



 

 



Figure S5. Reversible photoswitching of the green form of pcFPs by 488 nm and 405 nm illumination 

a) Time traces of the green fluorescence intensity decrease under continuous 488 nm illumination for 60 s 
which is followed by continuous 405 nm illumination with probing 488 nm light pulses every 20th frame for 
another 60 s. This cycle was repeated six times on the same ROI. For all investigated proteins, recovery from 
non-fluorescent dark states was observed under 405 nm illumination. All pcFPs were overexpressed and 
measured in fixed E.coli cells as described in the Materials and Methods.  

b) Evaluation of the green fluorescence intensity decrease levels (blue) and recovery levels (violet) of the 
pcFP-time traces in a): The fluorescence decrease level represents the fraction of FP molecules which 
remained fluorescent after one minute illumination by 488 nm light. The fluorescence recovery level shows 
the fraction of protein molecules which recovered their green fluorescent state after 60 s illumination with 
405 nm light. All pcFPs capable of PC show a slower decrease in fluorescence under 488 nm illumination and 
thus a higher remaining fraction of molecules in their green fluorescent state after 60 s in comparison to the 
non-PC-converting FPs. Additionally, the fraction of molecules which recovers their green fluorescent state is 
lower in case of 488/730 nm photoconvertible proteins in comparison to proteins not capable of 488/730 
nm photoconversion. NijiFP and IrisFP, which were designed for efficient reversible photoswitching show the 
highest contrast. 

  



 

 

Figure S6. Model of photoconversion 

Green-to-red pcFPs can populate different reversible dark states which might yield an explanation for the 
different PC efficiencies of different pcFPs. In this model, pcFPs which show strong blinking behavior and 
thus have a high tendency of populating long-lasting dark states, show only poor or non-detectable 488/730 
nm photoconversion efficiency. Here, these dark states are thought to be directly competing with a short-
lived intermediate state, which is suspected to be the entry point for PC by absorbing near-infra red light. 
Due to its estimated half-life, it is most likely a triplet or radical state. Both states are believed to be directly 
linked to the arginine 66 conformation and chromophore flexibility [12]. 

  



 

Figure S7. RNA polymerase dynamics in living E.coli cells by UV and PC photoconversion. 
Examplary cells imaged by sptPALM using PC photoconversion (left) and diffusion coefficient distribution of 
RNA polymerase measured by 405 nm (left bars) and 488/730 nm (right bars) photoconversion. Trajectories 
are color coded by their apparent diffusion coefficient D: 0.0-0.15 µm²*s-1 (white, ~ 70%), 0.15-0.8 µm²*s-1 
(blue, ~ 27%), faster than 0.8 µm²*s-1 (green, ~3 %). PC was slightly more efficient and yielded more 
trajectories (with an average of 8 trajectories compared to 5 trajectories per µm² and minute) at lower 
conversion laser intensities (400 mW/cm² 488 nm in comparison to 690 mW/cm² 405 nm). 

Statistics of single-particle track lengths (longer than 4 steps, middle right) obtained through 6 minute 405 
nm or 488/730 nm-sptPALM imaging and statistics of single-molecule photon counts (right) of localizations in 
these trajectories are visualized by dark grey (UV-photoconversion: 5075 trajectories, 39913 localizations) 
and light grey (PC photoconversion: 7174 trajectories, 54127 localizations) histogram bars, bin size 1 (tracks) 
and 30 (photons). The average single-particle-trajectory lengths and spot intensities for both modes are 
comparable. 

 



 

Figure S8. Photon counts of single pcFP molecules recorded on single-molecule surfaces.  
a) Workflow of the single-molecule surfaces data analysis as described in the Materials and Methods section. 
b) Photon counts of single fluorescent protein molecules recorded on single-molecule surfaces with 488/730 
nm illumination at an imaging rate of 30 ms.  

 

 

 

  



References 

[1] J. Quan, J. Tian, Nat Protoc 2011, 6, 242-251. 
[2] S. Wang, J. R. Moffitt, G. T. Dempsey, X. S. Xie, X. Zhuang, PNAS 2014, 111, 8452-8457. 
[3] K. A. Datsenko, B. L. Wanner, Proc Natl Acad Sci U S A 2000, 97, 6640-6645. 
[4] A. Edelstein, N. Amodaj, K. Hoover, R. Vale, N. Stuurman, Curr Protoc Mol Biol 2010, Chapter 14, 

Unit14 20. 
[5] V. Adam, M. Lelimousin, S. Boehme, G. Desfonds, K. Nienhaus, M. J. Field, J. Wiedenmann, S. 

McSweeney, G. U. Nienhaus, D. Bourgeois, PNAS 2008, 105, 18343-18348. 
[6] M. Zhang, H. Chang, Y. Zhang, J. Yu, L. Wu, W. Ji, J. Chen, B. Liu, J. Lu, Y. Liu, J. Zhang, P. Xu, T. Xu, Nat 

Methods 2012, 9, 727-729. 
[7] J. Schindelin, I. Arganda-Carreras, E. Frise, V. Kaynig, M. Longair, T. Pietzsch, S. Preibisch, C. Rueden, 

S. Saalfeld, B. Schmid, J. Y. Tinevez, D. J. White, V. Hartenstein, K. Eliceiri, P. Tomancak, A. Cardona, 
Nat Methods 2012, 9, 676-682. 

[8] M. Tokunaga, N. Imamoto, K. Sakata-Sogawa, Nat Methods 2008, 5, 159-161. 
[9] S. Wolter, A. Loschberger, T. Holm, S. Aufmkolk, M. C. Dabauvalle, S. van de Linde, M. Sauer, Nat 

Methods 2012, 9, 1040-1041. 
[10] S. Wieser, G. J. Schutz, Methods 2008, 46, 131-140. 
[11] E. F. Pettersen, T. D. Goddard, C. C. Huang, G. S. Couch, D. M. Greenblatt, E. C. Meng, T. E. Ferrin, J 

Comput Chem 2004, 25, 1605-1612. 
[12] R. Berardozzi, V. Adam, A. Martins, D. Bourgeois, J Am Chem Soc 2016, 138, 558-565. 
[13] V. Adam, B. Moeyaert, C. C. David, H. Mizuno, M. Lelimousin, P. Dedecker, R. Ando, A. Miyawaki, J. 

Michiels, Y. Engelborghs, J. Hofkens, Chem Biol 2011, 18, 1241-1251. 
[14] B. Moeyaert, N. Nguyen Bich, E. De Zitter, S. Rocha, K. Clays, H. Mizuno, L. van Meervelt, J. Hofkens, 

P. Dedecker, ACS Nano 2014, 8, 1664-1673. 
[15] M. G. Paez-Segala, M. G. Sun, G. Shtengel, S. Viswanathan, M. A. Baird, J. J. Macklin, R. Patel, J. R. 

Allen, E. S. Howe, G. Piszczek, H. F. Hess, M. W. Davidson, Y. Wang, L. L. Looger, Nat Methods 2015, 
12, 215-218. 

[16] S. Habuchi, H. Tsutsui, A. B. Kochaniak, A. Miyawaki, A. M. van Oijen, Plos One 2008, 3. 
[17] aA. C. Stiel, S. Trowitzsch, G. Weber, M. Andresen, C. Eggeling, S. W. Hell, S. Jakobs, M. C. Wahl, 

Biochem J 2007, 402, 35-42; bX. Zhang, M. Zhang, D. Li, W. He, J. Peng, E. Betzig, P. Xu, PNAS 2016, 
113, 10364-10369; cH. Chang, M. Zhang, W. Ji, J. Chen, Y. Zhang, B. Liu, J. Lu, J. Zhang, P. Xu, T. Xu, 
PNAS 2012, 109, 4455-4460; dR. Ando, C. Flors, H. Mizuno, J. Hofkens, A. Miyawaki, Biophys J 2007, 
92, L97-99. 

[18] aS. F. Field, M. V. Matz, Mol Biol Evol 2010, 27, 225-233; bH. Kim, T. J. Grunkemeyer, C. Modi, L. 
Chen, R. Fromme, M. V. Matz, R. M. Wachter, Biochemistry 2013, 52, 8048-8059. 

 



CHAPTER 5. SUPPLEMENTARY MATERIALS

5.2 Appendix B

Supplementary Information: Combining
Primed Photoconversion and

UV-Photoactivation for Aberration-Free,
Live-Cell Compliant Multi-Color

Single-Molecule Localization Microscopy
Imaging

David Virant, Bartosz Turkowyd, Alexander Balinovic,
Ulrike Endesfelder

147



 

Figure S1: (a) Influence of high intensity (1 kW/cm2) 488 nm light illumination measured by the average 
red fluorescence intensity of PAmCherry and Dendra2 as a function of time of exposure by 488 nm light 
prior photoactivation/-conversion (for details, see materials and methods). Black graph: Dendra2 average 
fluorescence intensity; red graph: PAmCherry average fluorescence intensity. (b) Left: schemes 
representing illumination sequences for MG1655 RNAP-Dendra2 and MG1655 RNAP-PAmCherry 
samples serving as quantitative controls. Violet line: 405 nm light, blue line: 488 nm light, green line: 561 
nm light, red line: 730 nm light. More details and laser intensities can be found in the materials and 
methods section. Right: average number of RNAP localizations per µm² identified during the imaging. (I) 
MG1655 RNAP-Dendra2 cells imaged with primed conversion-PALM. n = 13 cells; (II) MG1655 RNAP-
Dendra2 cells imaged with UV-PALM. n = 21 cells; (III) MG1655 RNAP-Dendra2 cells illuminated with 
488 nm light before imaging and imaged with UV-PALM. n = 21 cells; (IV) MG1655 RNAP-PAmCherry 
cells imaged with UV-PALM. n = 16 cells; (V) MG1655 RNAP-PAmCherry cells illuminated with 488 nm 
light before imaging and imaged with UV-PALM. n = 13 cells; (VI) MG1655 RNAP-PAmCherry cells 
imaged with primed conversion-PALM. n = 21 cells. 

  



 

Figure S2: Live-cell single-particle tracking PALM (sptPALM) in E. coli cells. (a) Trajectories of RNAP 
molecules (left) and FtsZ (right). The individual trajectories are color coded by their apparent diffusion 
coefficient D and classified into categories. RNAP: 0.0–0.15 µm²/s (red), 0.15–0.8 µm²/s (orange), faster than 
0.8 µm²/s (yellow) and FtsZ: 0.0–0.1 µm²/s (red), faster than 0.1 µm²/s (orange). This classification is based 
on recent literature on the protein dynamics [1,2] and chosen to be the same as in the histograms in (b). 
Scale bar: 2 µm. (b) RNAP and FtsZ diffusion coefficient distribution histograms. RNAP molecules were 
classified by their diffusion coefficient as follows: slower than 0.15 µm²/s (67% of the whole population), 
faster than 0.15 and slower than 0.80 µm²/s (27%), and faster than 0.80 µm²/s (6%). n = 471 trajectories. This 
is in accordance with literature values [2,3]. FtsZ molecules were sorted into two classes: slower than 0.1 
µm²/s (81% of the population- structural FtsZ) and faster than 0.1 µm²/s (19%). These values are also in 



accordance with literature values [1]. n = 174 trajectories. (c) FtsZ trajectories of the structural FtsZ 
molecules (D < 0.1 µm²/s) shown by distinct colors to visualize individual trajectories. (d) Cell growth after 
dual-color sptPALM imaging. Cells are not affected by the in total 9-minute-read-out (2 min for RNAP-
mEos3.2-A69T, 2 minutes of 488 nm bleaching of unconverted mEos3.2-A69T and 5 min for FtsZ-
PAmCherry (due to the slower frame rate of 30 ms to obtain the same number of images as for RNAP-
mEos3.2-A69T imaged by 13 ms frames) imaging procedure. Big bright light image: cells at the beginning 
of the experiment. On the right, two examples of RNAP trajectories in single cells are shown; red 
trajectories are for slowly diffusing RNAPs with D < 0.15 µm²/s and orange trajectories for RNAP with 
0.15 µm²/s < D < 0.8 µm²/s. Bottom bright light images: cells after one, two and 3 h of growth. Scale bars: 5 
µm. 

  



Figure S3: Comparison of S. pombe growth after different illumination schemes. Example cells are marked 
with dashed lines. Following the color-coded dashed lines, it is visible that the cells continue dividing and 
growing after imaging. Details experiment parameters are described in materials and methods. (a) Cell 
growth after 5 min of PC-PALM. (b) Cell growth after 5 min of PC-PALM and 2 min of 488 nm light post-
bleaching. (c) Cell growth after 5 min of PC-PALM, 2 min of 488 nm light post-bleaching and 2.5 min of 
UV-PALM. The dose of UV light is not high enough to prevent cells from dividing/growing. (d) Control 
cells which were not illuminated by any laser light. Scale bars bright-field images 10 µm. Insets display 
examples of single-particle-trajectory data with a length >4 frames, obtained for cbp1-Dendra2, scale bars 
insets 4 µm. Colored lines beneath spt-PALM images represent the illumination scheme used in the 
experiment as described in Figure S1. 

  



 

Figure S4: (a) Example fits of calculated MSD values, color coded red for MSDs corresponding to diffusion 
coefficients below 0.26 µm2/s and orange for MSDs corresponding to diffusion coefficients above 0.26 
µm2/s. (b) Histograms of cbp1 diffusion coefficients in fixed (i) and living (ii) cells. Histogram bins are 
color coded as trajectories in Figure 3b, red for diffusion coefficients lower than 0.26 µm2/s and orange for 
diffusion coefficients above 0.26 µm2/s. (i) In fixed cells, the majority of analyzed trajectories displayed 
diffusion coefficients lower than 0.26 (~95%). All the present cbp1 molecules are expected to be 
immobilized by aldehyde fixation which results in a small, non-zero diffusion coefficient in agreement 
with the measurement error made within the localization precision. Some free-floating background may 
remain, resulting in a few detected mobile molecules with diffusion coefficients above 0.26 µm²/s. (ii) In 
live cells, a significant fraction (~55%) of immobile, DNA-bound cbp1 is clearly visible, while the rest of 
the protein moves with varying velocity. Only trajectories with a length of >4 frames and MSD-curves 
fitted with an R-squared value >0.85 were used in the analysis. The bin size of 0.13 was calculated using 
the Freedman-Diaconis rule. Number of diffusion coefficients plotted is 275 for fixed cells and 462 for live 
cells.  



Table S1. Strains, plasmids and construction primers used in this study 

Strain Description Reference 
Escherichia coli strains 
MG1655 rpoC_mEos3.2- 
A69T MG1655 RNAP-β’-mEos3.2-A69T, CmR This study 

MG1655 rpoC_mEos3.2- 
A69T+ pJB063 

MG1655 RNAP-β’-mEos3.2-A69T + pJB063-FtsZ- 
PAmCherry, CmR, SpectR 

This study 

MG1655 rpoC_Dendra2 MG1655 RNAP- β’-Dendra2, CmR [2] 
MG1655 rpoC_PAmCherry MG1655 RNAP- β’-PAmCherry, AmpR [4] 
MG1655 
pBAD/HisB_pamcherry1 MG1655 pBAD/HisB_PAmCherry1, AmpR This study 

Schizosaccharomyces pombe strains  
cbp1_Dendra2 C-terminal genomic integration, G418 resistance This study 
cnp1_PAmCherry N-terminal genomic integration [5] 
cnp1_PAmCherry + 
cbp1_Dendra2 Combination of above strains This study 

Mammalian strains 
HeLa H2B-pDendra2(N)+ β- 
Actin-PAmCherry1 Transient expression from plasmid This study 

HeLa Dendra2-Keratin-17+ 
β-Actin-PAmCherry1 Transient expression from plasmid This study 

 

Plasmids for transient expression 
Plasmid Expression 

organism 
Description Reference 

H2B-pDendra2(N) mammalian H2B-pDendra2(N), KanR Addgene 
75283 

Dendra2-Tubulin-6 mammalian Dendra2-Tubulin-6, KanR Addgene 
57742 

β-Actin-PAmCherry1 mammalian β-Actin-PAmCherry1, KanR, NeoR [6] 
Dendra2-Keratin-17 mammalian KRT18-Dendra2, KanR Addgene 

57726 
pJB063 bacteria pBAD-FtsZ-pamcherry1, SpectR Gift from the 

Xiao Lab, USA 
pBAD/HisB_PAmCherry bacteria pBAD/HisB_PAmCherry1, AmpR Addgene 

31931 
 

Construction primers  
Name Sequence 
rpoC_mEos3.2- 
A69T_F 

CCAGCCTGGCAGAACTGCTGAACGCAGGTCTGGGCGGTTCTGATA
ACGAGgccattaaaccggatatgaaaatcaaactgcg 

rpoC_mEos3.2- 
A69T_R 

CCCCCCATAAAAAAACCCGCCGAAGCGGGTTTTTACGTTATTTGC
GGActagagaataggaacttcctgccactcatc 

F_KanR GGCGCGCCAGATCTACTT 
R_KanR GACAGCAGTATAGCGACCAGC 
F_Dendra2 GCCGGAGGCAGTGGTATGAACACCCCGGGAATTAA 
R_Dendra2 AGAAGTAGATCTGGCGCGCCTTACCACACCTGGCTGGG 
F1_cbp1 CAGCCTTGTAGTGAGGGTGTG 
R1_cbp1 ACCACTGCCTCCGGCGGTGCTTCTCAAACGAGAAAGATTC 



F2_cbp1 AATGCTGGTCGCTATACTGCTGTCTGTCTGTATTCGTTGTGCATATT
TGAC 

R2_cbp1 ACGAAGCAGTTAGCAAAAGAGAAGTACA 
 

All primers were designed in Benchling (Benchling Inc.) and synthesized by Eurofins Genomics 
(Germany). 

  



Supplementary Material & Methods 

Strain constructions 

Escherichia coli MG1655 rpoC-mEos3.2-A69T transformed with pJB063. MG1655 expressing 
rpoC_mEos3.2-A69T was generated by homologous recombination using a modified lambda red 
recombination pKD46 protocol [7]. Briefly, the PCR-amplified (primers listed in Table S1) mEos3.2-A69T-
sequence followed by the frt flanked chloramphenicol resistance gene from the codon-optimized mEos3.2-
A69T pBAD18 plasmid [8] with auxiliary homologous overhang sequences was electroporated (5 ms, 1.8 
kV) into MG1655 cells. After verifying the strain by sequencing (Eurofins, Ebersberg, Germany), the 
pJB063 plasmid (Table S1) containing an FtsZ sequence followed by the PAmCherry fluorescent protein 
and spectinomycin resistance gene sequences was introduced to MG1655 rpoC-mEos3.2-A69T via 
electroporation (5 ms, 1.8 kV). Transformed cells were selected under chloramphenicol and 
spectinomycin. 

Schizosaccharomyces pombe cbp1-Dendra2. The cloning strategy for tagging the C-terminus of the cbp1 
was adapted from [9]. The Saccharomyces cerevisiae ADH1 terminator and kanamycin resistance gene were 
amplified from the PAW8 plasmid [10] using primers F_KanR and R_KanR. The Dendra2 fragment with 
the AGGSG linker was amplified from the pRSET-Dendra2 plasmid [11] using primers F_Dendra2 and 
R_Dendra2. The upstream (~600 bp) and downstream (~500 bp) S. pombe homologies were amplified from 
genomic DNA with the primer pairs F1_cbp1/ R1_cbp1 and F2_cbp1/ R2_cbp1 (all primers listed in Table 
S1). DNA fragments were assembled with overlap-extension PCR [12], using melting temperatures of the 
overlapping regions as the annealing temperature in the PCR. All PCRs were performed with Q5 High-
Fidelity DNA polymerase (New England Biolabs, Frankfurt, Germany). 10 µL of the PCR product were 
transformed into wild type S. pombe using the Frozen-EZ Yeast Transformation II Kit (Zymo Research, 
Irvine, CA, USA), plated onto YES agar plates and incubated overnight at 30 °C, then replica plated onto 
200 µg/mL G418 (Thermo Fisher Scientific, Darmstadt, Germany) YES agar plates and incubated at 30 °C 
until single colonies were visible. Genomic integration was confirmed by colony PCR and DNA 
sequencing. 

S. pombe cnp1-PAmCherry1/cbp1-Dendra2. The DNA fragment used for transformation was amplified 
from genomic DNA of the previously described cbp1-Dendra2 strain with the primer pair 
F1_cbp1/R2_cbp1 (Table S1). The fragment, containing upstream and downstream homologies, the 
Dendra2 sequence and the KanR gene was then transformed into an N-terminally tagged cnp1-
PAmCherry S. pombe strain [5] as described earlier. Integration was confirmed by colony PCR and DNA 
sequencing. 

Sample preparations 

Escherichia coli. The strain MG1655 rpoC-mEos3.2-A69T+pJB063 was taken from a −80 °C stock and was 
cultured overnight at 37 °C, 210 rpm, LB with 34 µg/mL chloramphenicol and 100 µg/mL spectinomycin, 
reinoculated into fresh LB and grown to OD 0.1. Expression of FtsZ-PAmCherry from pJB063 plasmid was 
induced by arabinose (0.2% w/v). After 30 min of induction, the culture was centrifuged (2000× g, 3 min) 
to exchange the medium for fresh LB without inducer and again incubated in 37 °C, 210 rpm for two hours. 
Fixation was performed for 15 min with 1% paraformaldehyde (Sigma Aldrich, Munich, Germany) and 
cells were washed twice in 100 mM PBS (pH 7.4). Samples were stored in 100 mM PBS (pH 7.4) or 
immediately immobilized on 8-well slides (Ibidi, Munich, Germany) previously cleaned with 2% 
Hellmanex III (Hellma Analytivs, Muellheim, Germany) and coated with 0.05% poly-L-lysine. 



MG1655 rpoC-Dendra2 and MG1655 rpoC-PAmCherry genomic strains were grown from −80 °C stocks 
overnight at 37 °C, 210 rpm in LB medium with appropriate antibiotic marker (Table S1), reinoculated 
and grown to OD 0.2. Fixation and cell immobilization were performed as above. 

Prior to imaging, a 250 thousand fold dilution of FluoSphere dark red Carboxylate-Modified Microspheres 
(ThermoFisher, Munich, Germany) were added to the samples and allowed to settle for 5 min to serve as 
markers for drift correction. 

For live-cell single-particle tracking of the strain MG1655 rpoC_mEos3.2A69T+pJB063, cells were 
inoculated into TB medium with chloramphenicol and spectinomycin (final concentration 34 and 100 
µg/mL, respectively) and grown till OD 0.1. Then cells were induced for 45 min with 0.4% arabinose, 
washed with EZRDM medium (Teknova, Hollister, California, USA) and placed on 1% low melting 
agarose pads with EZRDM. 

Schizosaccharomyces pombe. Yeast was grown in YES medium (5 g Yeast extract, 30 g glucose, 225 mg of 
each l-adenine, histidine, leucine, uracil, lysine-hydrochloride in 1 L of Milli-Q water) at 30 °C overnight, 
then inoculated into fresh YES to a starting OD of 0.1, grown to an OD of 1 and inoculated into EMM 
(Formedium, Hunstanton, UK) with 225 mg of each l-adenine, histidine, leucine, uracil, lysine-
hydrochloride in 1 L of Milli-Q water to a starting OD of 0.1 and grown overnight at 30 °C. On the day of 
imaging, cells were inoculated into fresh EMM from the overnight culture to a starting OD of 0.1, grown 
at 30 °C until the cultures reached OD 0.4. For fixed cell experiments, yeast was fixed by adding 37% PFA 
to the growth medium to a final concentration of 1%, incubated for 10 min then washed three times with 
PBS. Cells were immobilized on poly-L-lysine coated Ibidi 8-well glass bottom slides, previously cleaned 
with a 2% solution of Hellmanex III , and then imaged at 30 °C. 

HeLa cells. All cell culture reagents were obtained from ThermoFisher. HeLa cells were maintained in 
DMEM, supplemented with 10% fetal calf serum and 1% penicillin/streptomycin. Transfection of plasmid 
DNA was performed with FuGENE (Promega, Mannheim, Germany) according to the manufacturer’s 
instruction. Two plasmid combinations were used, β-Actin-PAmCherry1 with Dendra2-Keratin-17 and β-
Actin-PAmCherry1 with H2B-Dendra2 (Table S1). For each 6-well, 1 µg of plasmid DNA was diluted in 
250 µL OptiMEM following addition of 4 µL FuGENE and incubation at room temperature for 30 min. 
500 ng of each plasmid (250 ng in case of H2B-Dendra2) were used for co-transfections. Diluted plasmid 
DNA was then added to confluent Hela cells, and the culture medium was renewed after 3 h. Cells were 
subcultured in 8-well glass bottom slides (Ibidi, Germany) on the subsequent day. Fixation was performed 
with methanol (Carl Roth, Karlsruhe, Germany) at −20 °C for 15 min. Samples were washed with 1× PBS. 
Prior to imaging, a 250 thousand fold dilution of FluoSphere dark red Carboxylate-Modified Microspheres 
were added to the well and allowed to settle for 5 min to serve as markers for drift correction. 

Purification of fluorescent proteins 

The pellet of a culture overexpressing PAmCherry from a pBAD plasmid (Table S1) was suspended in 10 
mM PBS (pH 7.4) with lysozyme (0.5 mg/mL) for 2 h, homogenized by ultrasound (UP100H, Hielscher, 
Germany) and centrifuged for 15 min (17000×g, 4 °C). FPs were purified from the supernatant by Ni-NTA 
spin columns followed by a buffer exchange to 10 mM PBS (pH 7.4) (Nanosep columns, VWR, Germany). 

Microscope 

Imaging was performed on a custom built setup based on an automated Nikon Ti Eclipse microscope, 
equipped with appropriate dichroic and filters (ET dapi/Fitc/cy3 dichroic, ZT405/488/561rpc rejection 
filter, ET525/50 or ET610/75 bandpass, all AHF Analysentechnik, Germany), and a CFI Apo TIRF 100× oil 
objective (NA 1.49, Nikon). All lasers (405 nm OBIS, 561 nm OBIS, 730 nm OBIS, 488 nm Sapphire; all 
Coherent Inc., Santa Clara, California USA) except 730 nm were modulated via an acousto-optical tunable 



filter (AOTF) (Gooch and Housego, Eching, Germany). Fluorescence was detected by an emCCD (iXON 
Ultra 888; Andor, UK). The z-focus was controlled by a commercial perfect focus system (Nikon, 
Duesseldorf, Germany). Acquisitions were controlled by µManager [13]. 

Spectroscopy 

Absorption spectra and fluorescence spectra (Fig. 1a–d) were measured in V-750 and FP-8500 instruments 
(Jasco, Gross-Umstadt, Germany), respectively, using purified PAmCherry protein with a final 
concentration 100 µM in 100 mM PBS (pH 7.5), NileRed diluted in acetone and Sytox Orange in ddH2O 
with final concentrations 1 µM for both in a 50µl UV-transparent quartz cuvette, except spectra of 
mEos3.2-A69T, which was taken from our previous work [2]. 
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