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Part A

Literature overview



CHAPTER 1

Fluorescent proteins

Since the 1990s, fluorescent proteins (FPs) have been invaluable as a tool for live cell imaging.
Their influence on cell biology and many other related disciplines has been tremendous. It
was therefore barely a surprise that the 2008 Nobel prize in chemistry was awarded to Osamu
Shimomura, Martin Chalfie and Roger Tsien “for the discovery and development of the green

fluorescent protein, GFP”.

1.1 The discovery of avGFP

In the early ’60s, Osamu Shimomura, then related to the Princeton University, described the
molecules responsible for the green light emitted by the jellyfish Aequorea victoria. He found
that a Ca®*-dependent chromoprotein, aequorin, emits blue light that through Forster resonance
energy transfer (FRET) is absorbed by another protein. This protein is fluorescent and emits
light in the green part of the visible spectrum [[1]. It was thus called green fluorescent protein
(GFP).

It was some 30 years later that the gene coding for GFP, more precisely called Aequorea
victoria green fluorescent protein or avGFP was cloned by Douglas Prasher [2]]. Its potential as
marker for gene expression, however, only became clear when Martin Chalfie cloned the avGFP

gene into the nematode Caenorhabditis elegans, thus giving the roundworm a green color, as in
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Figure 1.1: First crystal structure of avGFP (PDB accession code: 1IEMA) [4]. View from the side (left)

and top view (middle) with the chromophore structure (right) in magenta.

Figure [1.3|[3].

1.2 The protein and its chromophore

1.2.1 Protein structure

The avGFP consists of 238 amino acids (27 kDa). Its structure is made of 11 {3-strands forming
a cylindrical sheet with one o-helix running along the axis. The diameter of the can is approx-
imately 24A and the central axis has a length of about 42A[4]. This particular structure motif
is called a 3-can and is specific for fluorescent and chromoproteins, the latter being colored,
but non-fluorescent proteins (Lukyanov 2000). In the center of the [3-can is the chromophore,
shielded from the solvent (see Figure[I.1). It is essentially unaccessible by quenching molecules
(for instance oxygen) due to the tight packing of the 3-can and lack of clefts or tunnels towards
the chromophore. Furthermore, the (3-can forms a hydrogen network around the chromophore,
thus keeping it a planar conformation. It is important to stress the strong relationship between

the structure of the protein and its properties [3].

1.2.2 Chromophore structure

At the very heart of every fluorescent or chromoprotein is the chromophore. It is formed in a

remarkable cyclization process, involving residues Ser65, Tyr66 and Gly67 (GFP numbering).
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The detailed mechanism consists of a conformational rearrangement that is directly followed
by the formation of an imidazolinone ring system (the cyclization step), a dehydration step and
an oxidation step (see Figure [[.2)). This autocatalytical process occurs during a process called
protein maturation and results in the formation of a 4-(p-hydroxybenzylidene)-imidazolidin-5-

one (p-HBI) chromophore [6]].

1.2.3 A success story

Itis clear that a couple of very distinct properties have made GFP a versatile and reliable reporter
gene. The most interesting aspect of GFP is that it works almost perfectly autocatalytically. That
is, it requires no helper enzymes nor co-factors for maturation, except for O,, which is ubiqui-
tous anyway. This way, GFP can be introduced in principle in any organism [6]. The protein

has for example been succesfully expressed in bacteria [3]], yeast [7]], plants [8] nematodes [3l],



invertebrates [9] and vertebrates [10] (see Figure|1.3])).

Figure 1.3: Expression of GFP in (A) Escherichia coli, (B) Saccharomyces cerevisiae, (C) Caenorhab-

ditis elegans, (D) Drosophila melanogaster and (E) Mus musculus.

IPictures were taken and adapted from
(A) http://www.microbelibrary.org/Laboratory%20Diagnostics/details.asp?id=707,
(B) http://stephen.johnston.faculty.noctrl.edu/Ras-GFP.gif,
(C) http://www.bcgsc.ca/people/msleumer/htdocs/fact_sheet/image004.jpg,
(D) http://www.hoxfulmonsters.com/wp-content/uploads/2008/10/glowing-fly.jpg and
(E) http://www.upenn.edu/pennnews/photos/704/mice.jpg.



CHAPTER 2

A color palette

From the moment people started to be aware of the great potential that GFP holds in terms
of imaging, they have been looking for FPs with different spectroscopic properties. There are
essentially two ways of doing this. One way is to look for organisms that express FPs and trying
to clone the genes encoding them. The other way is based on mutational techniques allowed
by molecular biology. The residues that form or surround the chromophore can be mutated,
resulting in covalent modifications of the chromophore or its environment, thus influencing the

fluorescence properties of the protein. Combinations of these two strategies are commonplace.

2.1 Fluorescent proteins from other organisms

Fluorescent proteins have untill recently been extracted and cloned from two classes of organ-
isms: hydrozoa and anthozoa. The avGFP was derived from a hydrozoa species, while most of
the other FPs come from anthozoa species. Figure [2.1|displays a relevant outtake of the cnidar-
ian phylogenetic tree, together with wild type and engineered forms of FPs derived from the
respective organisms. Only FPs that are relevant to what will follow in this thesis are mentioned
in this figure. The number of FPs found in cnidarian species is in fact even higher and still
increasing.

Recently, it was found that not only organisms found in the Cnidaria group express fluores-
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cent proteins. In 2006, Masuda et al. reported on a yellowish-green fluorescent protein found
in Chiridius poppei, a copepod that is member of the Bilateria group. It has a yellowish-green
color and was thus called CpYGFP [[11]. Another example is AmphiGFP, a GFP-like fluores-
cent protein that was found in three different amphioxus species, also members of the Bilateria.
It was found that AmphiGFP consists of an 11-stranded (3-barrel with fluorophore inside. Its
primary structure is highly similar to the CpYGFP [12].

In 2009, the group of Roger Tsien brought out the first publication that introduces infrared
fluorescent proteins (IFPs), derived from a bacterium called Deinococcus radiudurans. This
bacterium produces a bacteriophytochrome (DrPbhP) that fluoresces. After deletion of the non-
necessary domains and some point mutations that prevent oligomerization, this protein proved
to fluoresce at ~720 nm. However, this is only the fact if the protein is supplemented with

biliverdin IX«, normally produced by heme oxygenase I during heme degradation [[13]].

2.2 Fluorescent proteins made by mutagenesis

FPs can be mutated in parts of the chromophore and its microenvironment. The mutagenesis
of the hydrozoan GFP towards its enhanced version called eGFP is a nice example of how the
chromophore microenvironment influences the FP’s behavior. A single mutation (S65T) has
an influence on the protonation state of the chromophore, shifting the ratio between the neutral
and anionic excitation peaks towards the anionic species. This resulted in increased fluores-
cence brightness and increased rate of fluorophore generation [14]. Introducing 7t-7t interactions
between the chromophoric Tyr hydroxyphenolate moiety and the inside of the (3-barrel by mu-
tating residue 203 to one of the four aromatic residues (His, Phe, Trp or Tyr) resulted in yellow
fluorescent protein (YFP). Cyan fluorescent protein (CFP) and blue fluorescent protein (BFP)
are in their turn the most known examples of chromophore-mutated FPs. They were made by
mutating the chromophore Tyr towards a Trp and His, respectively.

Also, anthozoan FPs have been mutated in different ways. However, the wild types are
mostly tetrameric, making them less suitable as reporters because their tetrameric nature has
an influence on the probed molecule. additional mutagenesis efforts have been done to abolish
the subunit interactions. All these efforts together resulted in a series of FPs called the mFruit

series [[13} [16} [17], because they are all called after a fruit having a similar color to the FP in
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along with some mutants (dashed lines, grey).
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question. A nice series of engineered FPs, both hydrazoan as antozoan, was shown by Roger

Tsien during his Nobel Lecture in 2009 (Figure [2.2)).



CHAPTER 3

Intelligent FPs

Up to now, the fluorescent properties of FPs were only discussed in terms of excitation and emis-
sion wavelengths. However, next to this steady-state properties, some fluorescent proteins also
exhibit time-dependent properties at the single molecule level that become visible at the bulk
level. These properties, amongst others, broaden the possibilities for fluorescence microscopy

and bring it to diffraction-unlimited levels.

3.1 Photoactivatable fluorescent proteins

Photoactivatable fluorescent proteins (PAFPs) are proteins that can change their spectra (would
it be the absorption, emission, excitation or a combination of these) upon light irradiation. In
referring to the reversible phototransformation between two forms of a chemical species, each
having a different absorption spectrum, one also often speaks about photochromism. Roughly,
two types of PAFPs can be named. The first ones are FPs that adopt a photoswitching behavior.
These proteins can reversibly switch between a bright fluorescent and a dark non-fluorescent
state and are therefore called reversibly switchable fluorescent proteins (RSFPs). The other
group are the photoconvertible fluorescent proteins (PCFPs), which can irreversibly change
their fluorescence emission from one color to another (see Figure[3.1)). There is also one protein

reported in literature, called IrisFP, that combines reversible photoswitching with irreversible
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Figure 3.1: (A) A green fluores-

488 nm
cent RSFP can be switched to a
e ————— ] ] in-
205 1 ; dim state with prolonged and/or in
tense illumination with cyan light.
Weak illumination with violet light
405 nm brings the dim state quickly back to

the bright state. (B) A green fluo-

rescent PCFP can be irreversibly

converted to a red fluorescent state

with cyan light illumination.

photoconversion [[19]].

3.1.1 Photoswitchable FPs

Photoswitching can be seen as a reversible bleaching event. That is, an RSFP can be converted
from a bright fluorescent state to a dark non-fluorescent state by light irradiation. Short irradia-
tion with another wavelength restores the fluorescence very quickly. With proper conditions for
these proteins, this switching can be repeated more than 100 times.

For instance, the RSFP Dronpa shows two absorption bands, at 388 nm and at 503 nm [20].
The lower-wavelength absorption band can be attributed to the protonated form of the chro-
mophore and the longer-wavelength to its anionic form. Exciting the protein at the 503 nm
absorption band gives rise to bright fluorescence at 513 nm. However, the absorption band
at 503 nm can be decreased by irradiating the protein at this wavelength, accompanied by an
increase of the 388 nm absorption band. The result is a light-induced formation of a dark
state. This dark state thermally recovers to the bright state at a rather slow rate, a process
that is greatly enhanced by violet light irradiation (~400 nm). It has been proven at the single
molecule level that this photoswitching process can happen up to 170 times before suffering
from irreversible photobleaching [21]]. Photoswitching kinetic parameters have been tuned by
mutating the chromophore environment. This way, the photoswitching speed has been acceler-
ated, resulting in rsFastLime (Dronpa_V157G) [22]], but also slowed down, resulting in PDM1-4
(Dronpa_K145N) [23].



From what is described above, we can summarize that Dronpa is a negative photoswitcher,
meaning that exciting the fluorophore leads to both excitation and off-switching. Interestingly,
a single mutation of rsFastLime (rsFastLime_V157G) inverts the switching behavior from neg-
ative to positive switching. This means that irradiation with the excitation light results in both
emission and on-switching, while the off-switching is done by irradiating the violet peak, cor-
responding to the protonated fraction. As this behavior is the opposite of Dronpa’s behavior,

this positive-switching fluorescent protein was called Padron [24].

3.1.2 Photoconvertible FPs

Two kinds of photoconvertible FPs exist. The first class includes PA-GFP [25] and PS-CFP
[26]] and involves a UV-violet light-induced decarboxylation step of the very conserved glu-
tamate near the chromophore. Note here that this glutamate is not a chromophore-forming
residue. However, the decarboxylation induces a rearrangement in the hydrogen bonding net-
work surrounding the chromophore, thus altering the protonation state and inducing a hundred-
fold fluorescence intensity increase and cyan-to-green emission shift, respectively.

The second class of PCFPs is the Kaede-like family of green-to-red PCFPs. UV-violet
light induces a cleavage of the protein’s mainchain between the amide nitrogen and C of the
chromophore histidine, followed by the formation of a double formation between the C,, and
Cjp of the imidazolinone ring. This extends the 7t-conjugated system to this imidazolinone ring,
causing a red shifted spectrum (see Figure [3.2)). Examples of this class of proteins are Kaede
[27], KikGR [28]], EosFP [29] and Dendra [30].

For example, Dendra2 is an improved version of Dendra, said to be faster maturating and
more brighly fluorescing. It is an efficiently photoconverting PCFP that shows an excitation
maximum at 490 nm, with 507 nm emission [31]. Irradiation with 405 nm light irreversibly
converts this green form to a red activated form that is excited at 553 nm with 573 nm emission

[30].

3.2 Biotechnological applications of FPs

The overview of fluorescent proteins and their functionality has, up to this point, only focussed

on FPs as convenient and versatile labels. However, FPs have been engineered to execute more
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Figure 3.2: (1) Autocatalytic chromophore maturation and (2) light-induced photoconversion to the red

form. Adapted from [32|] and [33]].

complicated tasks. They can, for instance, serve as a genetically encoded sensors for in situ

measurements or be engineered to act as a photosensitizer.

3.2.1 FPs as sensors

The fluorescent properties of FPs are always strongly influenced by the pH of the medium,
allowing the development of a genetically encoded biosensor based on a GFP mutant capable
of sensing the local pH in a living cell [34]. More elaborate constructs have been made, for
instance the cameleon type of calcium sensors. These constructs consist of two FPs, linked
by a Ca**-binding domain. In the absense of Ca**, the two FPs are relatively far from each
other, but in the presence of Ca**, a conformational change brings the two FPs in contact, close
enough for FRET to occur [35]]. These are only two examples. For a more complete overview

and elaborate description, we refer to [36].

3.2.2 Photosensitizers

An interesting property of FPs is phototoxicity. Althought this might sound like a very much
unwanted side-effect, it is the basis of chromophore-assisted light inactivation (CALI) [377,138],
a technique often used in cell biology. While conventional techniques of gene knock-out and
RNA interference often suffer from transcriptional and translational compensation mechanisms,
making measurements often unreliable, CALI can effectively and spatiotemporally delete a
specific protein in the living cell. CALI makes use of a chromophore that reacts with oxygen to

produce reactive oxygen species (ROS) upon excitation. These species are free oxygen radicals
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like superoxide radicals or singlet oxygen and are thus very reactive. They react with any
molecule in close proximity, destroying their structure and function. Thus, when a protein
is targetted with such a photosensitizing molecule, and this latter gets excited, the protein is
destroyed almost immediately, depending on the efficiency of ROS prooduction.

As an extension of this protein knockdown, photosensitizing small organic molecules (for
instance porphyrin derivatives and phthalocyanines) have been used as a new way of treating
several types of cancer, known as photodynamic therapy (PDT) [39]. In this technique, these
small molecules are administered to the patient, after which the specific tissue is illuminated
with red light (600-700 nm). Thereupon, ROS are produced, leading to cellular destruction.
One of the major prerequisites for a good photosensitizer is at the same time a chief attraction,
namely (dual) selectivity. The first selection is the localization of the photosensitizer. The
second selective procedure is light delivery, that can be very precisely focused and confined.

KillerRed is a red fluorescent protein that has been engineered from the non-fluorescent
GFP-like chromoprotein anm2CP, derived from a hydrozoan Anthomedusae species [40]. Killer-
Red shows a high phototoxic effect after green light (540 - 540 nm) irradiation. This way, it
is indeed a genetically encoded photosensitizer. It destroys the function of a protein fused to
it when excited, both in bacterial and mammalian cells [41]. In the light of what has been dis-
cussed in the previous paragraph, KillerRed could become a very exciting alternative to use in
PDT.

Two crystal structures of KillerRed have been published [42, 143]. They have revealed that
one of the key components contributing to the phototoxic behaviour is a channel filled with
seven water molecules running from the the chromophore towards the bulk solvent along the
axis of the (3-barrel (see Figure Another critical part seems to be a polar residue in the
essentially apolar chromophore surrounding. The fluorescence itself also plays a critical part,
as the long excited state lifetime is suggested to promote the interaction between chromophore

and oxygen, thus giving rise to ROS production.

3.2.3 Diffraction-unlimited far-field fluorescence microscopy

One of the most interesting applications of photoactivatable fluorescent proteins is diffraction-
unlimited far-field fluorescence microscopy [44]. Roughly two major techniques are in use.

The first is the “reversible saturable optically linear fluorescence transitions” or RESOLFT
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Figure 3.3:  Seven hydrogen-bonded
(black dotted lines) water molecules
(red spheres) form a water-filled chan-
nel running from the chromophore (yel-
low) to the bulk solvent (PDB accession

code: 2WIQ). Oxygen atoms are repre-

sented in red, nitrogen atoms in blue and

sulphur in orange.

technique, of which stimulated emission depletion or STED is one of the most widespread im-
plementations. STED microscopy is a scanning technique like confocal microscopy, meaning
that the sample is scanned point by point. It makes use of a diffraction-limited focal spot of an
excitation beam that excites the fluorophores from the S to the S; state. Coaxially aligned with
this excitation beam is a a doughnut-shaped depletion beam, red-shifted compared to the exci-
tation wavelenght. This depletion beam promotes S-S transitions in a doughnut shape around
the exitation spot, essentially resulting in an excitation spot that is no longer diffraction-limited,
allowing the excitation and thus the detection of a single fluorophore [435]].

The second technique is called photoactivated localization microscopy or PALM when
PAFPs are used and stochastic optical reconstruction microscopy or STORM when small or-
ganic fluorophores are used [46, 47]]. In this technique, wide-field microscopes are used, that
illuminate and excite the sample evenly and detect fluorescence using a charge-coupled device
(CCD) camera. To achieve single molecule resolution, it is necessary to use photoactivatable
fluorophores. In the case of photoswitchable fluorophores, all fluorophores are first brought into
a photoinduced dark state. Due to thermal recovery or thanks to a short and weak illumination
of light, some fluorophores are brought back into a fluorescing state. The duration and intensity

of this activation light must be tuned so that every two fluorescing molecules can be distin-
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guished from each other on the CCD camera. An image is then recorded untill all fluorophores
are reversibly or irreversibly bleached. Then the cycle restarts, bringing some fluorophores
back to a bright state, recording an image and then switching them off again, and so on and so
forth. Every spot on every image is then fitted to a gaussian intensity profile. The peak of this
profile can be considered as the position of the fluorophore. Important here is that the certainty
about the position of the intensity peak, and thus the position of the fluorophore, is dependent
on the number of photons that is detected. This means that a good probe for PALM or STORM
microscopy switches from bright to dark slowly, so that a lot of photons can be detected, but
switches back from dark to bright very fast, thus speeding up the acquisition time for a PALM
or STORM measurement [23]]. In an ideal case, the thermal recovery is so fast, that no light
is needed to promote the backswitching to the bright state. This makes PALM/STORM setups

much easier, as only one laser would be necessary.
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CHAPTER 4

Structural insight into FP properties

The major question of this master’s thesis will be:

To what extent can structural knowledge about fluorescent proteins give us the tools
to design their properties following a rational mutagenesis strategy and how will
this provide us with further insight into the mechanistics of the designed molecular

processes?

This indeed is a daring question, and certainly not a trivial one. As can be read above, the appli-
cation of FPs for both fundamental as applied biological and biomedical sciences is immense,
and it is expected that their importance will only become bigger. However, to keep practice up
with new ideas, but maybe even more to improve and therefore fully understand existing FP and
FP-based techniques, this fundamental knowledge is crucial.

This challenge will be taken up by three major projects. A directed mutagenesis procedure
will be followed to make proteins that are both photoconvertible and reversibly photoswitchable.
First, this will be done starting from the PCFPs Dendra2 and mEosFP. At the same time, the
second approach starts form a photoswitchable protein (Dronpa). These proteins are studied in
detail, crystal structures are available and much of the mechanistics is already known. Properties
of IrisFP, the only protein known that already combines these properties, will serve as a guide

for thinking out mutations that will serve the goal set. The resulting mutants will be fully and
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thoroughly characterised to reveal insights into their working mechanisms.
A third part is the construction of a photosensitizing FP out of a non-photosensitizing one.
eGFP will be mutated towards this goal. Structural insight into the mechanism of KillerRed

phototoxicity will serve as a template here.
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Part B

Projects
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CHAPTER 5

Making mEosFP and Dendra2 photoswitchable

The discovery of photoactivatable fluorescent proteins and, amongst others, their diverse uses
in cell biology [48]], their possibilities in diffraction-unlimited far-field fluorescence microscopy
[46, 49]] and their applications in bionanotechnology, namely the field of genetically encoded
biosensors [35]], have led to a recent interest in the fundamental structural themes that are at
the basis of photoactivation in FPs. The scientific community is not yet unambiguously sure
about the exact mechanism of photoconversion (see Section [6.2)). There has also been quite
some doubt concerning the exact mechanism of photoswitching, but recent evidence confirms
the mechanism by which light-induced protonation followed by cis-trans isomerization serves
as the basis of photoinduced off-switching [50, 51].

Recent reporting on IrisFP [19] has led to a lot of interest in the FP research community.
This particular protein shows both reversible photoswitching properties as well as the possibility
to be photoconverted from green to red. Not only is IrisFP interesting from a mechanistic point
of view, the possible applications are plenty. Two-color high resolution microscopy with one
single FP is an obvious application. A more surprising use of IrisFP crystals is base-four data

storage [352].
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5.1 IrisFP unraveled

IrisFP is derived from the tetrameric photoconvertible EosFP by a point mutation that substi-
tuted the Phel73 for a serine residue. An additional mutation (F191L) slipped in, but has no
further influence on the protein’s behavior (V. Adam, personal communication). When the na-
tive green fluorescing form of the protein is illuminated with cyan light (488 nm), the anionic
absorption band at 488 nm decreases, accompanied with a rise of the absorption band that is
associated with the essentially non-fluorescent neutral species at 390 nm, thus switching off
the fluorescence. Although the half-life of the dark form is over 5 hours, 405 nm light illumi-
nation restores the fluorescence within seconds. A continued excitation of the non-fluorescent
neutral species with this 405 nm light converts the protein from the green- to the red-emitting
state. This red state is also characterized by two absorption bands. The broad absorption band
at about 450 nm stems from the neutral, non-fluorescent state of the red chromophore. The
551 nm absorption peak is caused by the fluorescent anionic species. In this red state, green
light (eg. 532 nm laser light) induces exactly the same phenomenon as the 488nm light does
in the green state. It brings the anionic excitation band down and the neutral absorption band
up, thus resulting in off-switching of the fluorescence of the red species. The dark form of the
red species has a half-life of over 3 hours, but, analogous to what violet light does to the green
species’ dim state, 440 nm light heavily accelerates backswitching from the red species’ dark
state to its bright state (See Figure [5.1]).

As shown in Figure the EosFP phenylalanine residue at position 173 occupies a vo-
luminous space. Replacing it by serine (this is the EosFP-to-IrisFP-mutation) allows an extra
water molecule (W2166) to fit in and binds both the Ser173 and the Thr59 side chains of IrisFP.
The Metl59 side chain, previously in van der Waals contact with the phenyl moiety of the
chromophore, is flipped upwards allowing yet another water molecule (W2188) to fit in. This
water molecule serves as an electron donor for the Ser142 side chain, lowering the bond energy
between Serl42 and the hydroxyphenyl moiety of the chromophore, allowing light-induced
protonation and subsequent cis-trans isomerization of the chromophore, leading to a dark state.
Following this rationale, the engineered photoswitching properties can be fully understood from
a mechanistic point of view. This in-depth insight will be validated in what follows by using it

to rationally engineer photoswitching abilities into a photoconvertible FP [19].
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Figure 5.1: [risFP can be switched
from a bright green state to a dim
non-fluorescent state with prolonged
and/or intense illumination with cyan
light. Weak illumination with violet light
brings the dim state quickly back to
the bright state. Prolonged illumination
with violet light converts the green form
to the red form of IrisFP. This red form is
fluorescent, but green light switches off
the red form to a dim, non-fluorescent
state. The fluorescence can be recovered

by weak blue light illumination.

Figure 5.2: Overlay of the EosFP (green, PDB ac-
cession code: 1ZUX) and the IrisFP (cyan, PDB
accession code: 2VVH) crystal structure. Pink
spheres are two IrisFP water molecules, the chro-
mophore is shown in yellow. Mutating Phel73 to-
wards a serine residue makes space for the W2166
water molecule to fit in, allowing the upwards flip
of the Met159 residue, thus allowing an extra water
molecule, W2188. Oxygen atoms are represented in
red, nitrogen atoms in blue and sulphur in orange.

Figure adapted from [[19].
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5.2 Making mEosFP photoswitchable

For most, if not all biological applications, monomeric FPs are better suited than their oligo-
meric variants. A double mutant of EosFP (V123T/T158H) proved to be monomeric and was
therefore named mEosFP [53]]. The structure of mEosFP is essentially identical to that of
EosFP (Virgile Adam, personal communication). It should therefore be straightforward to make
mEosFP photoswitchable: mutating Phel173 towards Ser, as was done to turn EosFP to IrisFP,
should be sufficient to yield a monomeric variant of IrisFP, having both photoconversion and

reversible photoswitching properties.

5.3 Dendra2 has a high photoconversion yield

Dendra is a monomerized form of DendGFP, a oligomeric PCFP derived from Dendronephtya sp.
(see Figure 2.1) [30]. An additional mutation (V226A), increasing fluorescence brightness and

maturation rate, transformed Dendra to the commercially available Dendra2 (Evrogen, Moscow,

Russia). This protein is very similar to (m)EosFP, but has the advantage of maturating efficiently

at 37 °C, as opposed to mEosFP, that does not fold and/or mature well above 30 °C. Moreover,

the photoconversion quantum yield is much higher in Dendra?2.

This last observation is most interesting when one wants to get insights into the structural
basis of the photoconversion mechanism. In (m)EosFP, the Arg66 side chain N,, is in immediate
contact (2,9A) with the chromophore imidazolinone carbonyl group (see Figure . This
interaction stabilizes increased electron densities located at the imidazolinone group, realized

in the light- or pH-induced anionic form of the chromophore. The Arg66 residue in Dendra2,
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Figure 5.4: Structural evidence for the observed difference in photoconversion efficiency in Dendra2
(cyan, PDB accession code: 1VZX) and EosFP (green, PDB accession code: 1ZUX). Oxygen atoms are

represented in red and nitrogen atoms in blue.

however, is pulled away from the chromophore by Thr69, that forms a hydrogen bond with its
hydroxyl group to the N of Arg66 (2,8A). In (m)EosFP, this is not the case, as the latter has an
alanine at position 69 that cannot interact with Argb66. As a result, the negative charge is more
localized on the hydroxybenzylidene moiety, increasing its pKa and making it more prone to
protonation. At a given pH, the protonated fraction of Dendra?2 is thus bigger than in (m)EosFP,

immediately giving an explanation for the much bigger 390 nm absorption peak of Dendra2

(see Figure[5.3) [31]].

5.4 Making Dendra2 photoswitchable

Dendra?2 is very similar to mEosFP in structure, but has some major advantages (see Section
[5.3). It would thus be interesting to try to mutate Dendra2 to an Iris-like FP—that is, both
photoconvertible and reversibly photoswitchable. To do this, the Phel73 residue in Dendra2

will, in analogy to the mutation that made IrisFP from EosFP, be mutated towards a serine.

24



5.5 Direct and indirect mutations towards photoswitching

As has been explained in Section the mutation introducing the photoswitching ability in
IrisFP makes use of a mechanism that is caused by a coordinated event involving at least two
residues. The first one is of course Phel73, that is mutated to a serine residue. The second one
is the Met159 residue which is, compared to EosFP, flipped upwards in IrisFP.

We will investigate whether it is possible to make photoconverting proteins photoswitch-
able by influencing the interaction between the fluorophore and its environment in another way
compared to the EosFP-to-IrisFP-mutation. That is, instead of the F173S mutation that allows
the upward flip of the Met159 residue, the methionine can be truncated by mutating it towards
a small apolar residue, say alanine. This mutant is suspected to show similar behavior as IrisFP,
as both would allow a water molecule to be introduced and serve as an alternative partner for
Ser142. In other words, we expect that both the Dendra2_ M159A and the mEosFP_M159A
mutation will introduce photoswitching abilities in Dendra2 and mEosFP respectively.

As has been described in Subsection [3.2.3] to achieve the best results in PALM microscopy,
one needs a fluorophore that switches on very fast, while the off-switching is rather slow [23]].
In structural terms, this would mean a stabilization of the chromophore in its on-state, while
having a rather unstable off-state. We thus have to create a FP that can switch, but in which this
off-state is not favorable. The M159A mutants of both Dendra2 and mEosFP are expected to
behave in such a way, as the trans conformation of the chromophore would be hindered by the
Phel73. The rationale for this can be found in Figure When Met159 is mutated towards
an alanine residue, the W2188 is suspected to slip in, but not the W2166. In other words, the
anionic hydroxyphenyl moiety of the chromophore will most probably find itself in a relatively
hydrophobic region, thanks to the phenyl moiety of Phel73. Compared to the IrisFP case,
where W2166 can stabilize the photoswitched conformation, this would no longer be true for
the M159A photoswitched form.

But what about something intermediate then? Imagine a Dendra2 or mEosFP mutant that
does not only bear the M159A mutation, but has also been mutated at the 173 position. Most
obvious is of course the F173S mutation, but as this would create a rather big water-filled cavity,
it seems unlikely that this double mutant will show intermediate switching behavior. A better
option is mutating Phel73 toward a leucine. Leucine has a side chain that is not bulky, but

not small either, thus enabling photoswitching. Moreover, it is hydrophobic, thus preventing
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stabilization of the trans state. We will construct Dendra2_M159A _F173L to check whether this
mutant is indeed a RSFP with switching properties intermediate between Dendra2_M159A and
Dendra2_F173S.
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CHAPTER 6

Making Dronpa photoconvertible

6.1 Dronpa is a photoswitcher

Dronpa is a monomeric RSFP, derived from the non-photoswitchable tetrameric protein 22G,
that was isolated from an anthozoan Echinophillia species (see Figure [2.I)). Two mechanisms
have been proposed for this switching. Briefly, the first mechanism proposes that during pho-
toswitching, cis-trans isomerization of the chromophore is the crucial event. Next to that, an
equilibrium between a fluorescent anionic and a non-fluorescent neutral form exists in the cis
state [S54]. However, more and more evidence points towards a different mechanism. Doing
both ensemble and single-molecule spectroscopy on Dronpa, S. Habuchi et al. proposed a de-
tailed model for photoswitching. In this model, a light-induced protonation is the key to the
off-switching mechanism [21]]. This mechanism has been confirmed by femtosecond transient
absorption spectroscopy [S5]].

Structural data supporting this mechanism was provided by H. Mizuno et al. using NMR
spectroscopy [S0]. They discovered that upon switching, the hydrogen bond that links Ser142
to the hydroxyphenyl moiety is disrupted, coupled to an increase in local flexibility of the [3-
barrel close to this residue. This immediately explains why 22G, the tetrameric mother protein,

is not photoswitchable: the flexible region is held more rigid due to interactions between the
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monomers in the tetramer. The flexibility of the chromophore in the trans state is also high.
These observations confirm that in Dronpa, the rigidity of the chromophore is at least as impor-
tant to fluorescence quantum yield than its cis-trans conformation. Yet another interesting piece
of information that supports this mechanism comes from A. R. Faro et al. [S1]. Ata temperature
of 100K, large structural rearrangements like cis-trans isomerization of the chromophore are not
possible, but they proved that the spectroscopic signatures of reversible photoswitching are still
possible. This all tends to show that photoinduced protonation is crucial for photoswitching and

that the cis-trans isomerization process would be a secondary process.

6.2 What photoconverters have in common

There has been a lot of doubt about the mechanism of photoconversion. In 2003, Mizuno et
al. proposed a mechanism of Kaede photoconversion involving a biprotonated His62 as a key
residue for the (3-elimination [32]]. They were followed by Nienhaus et al. who, in 2005, pro-
posed a mechanism on EosFP, also involving a biprotonated His62 [56]]. In 2007, Hayashi et
al. proposed yet another mechanism on Kaede photoconversion, again involving a biproto-
nated His62 as a key residue [57]. However, recent quantum chemical/molecular mechanical
(QC/MM) calculations on EosFP by Lelimousin et al. [38] have shown that the probability of
these mechanisms is very low, based on the energy profiles of the different intermediate states.
Their calculations pointed towards a mechanism involving two intersystem crossings and a de-
protonation of the His62 side chain, being reprotonated at the very end of the photoconversion.

Regardless of the mechanism, even regardless of which PCFP that is studied, the His62
residue, being part of the red species chromophore (see Figure [3.2), plays a crucial role in
photoconversion. It is therefore not surprising that in all PCFPs known (Kaede, KikGR, EosFP,

Dendra2. . .), the His62 residue is present. All PCFPs thus contain a His-Tyr-Gly chromophore.

6.3 Making Dronpa photoconvertible

As described above, His62 seems to play a crucial role in PCFPs. It is therefore straightforward,
in order to engineer a photoconvertible variant of Dronpa, to think of mutating the Cys residue at

position 62 towards a His residue. The resulting protein will be evaluated for photoconversion
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properties. Of course, care has to be taken to also check whether the protein kept its initial

photoswitching capabilities after the C62H mutation.
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CHAPTER 7/

Engineering photosensitizing properties in eGFP

The possible uses of genetically encoded photosensitizers as means of achieving spatio-temporal
knockdown of proteins in the living cell or as photosensitizers in PDT have been discussed in
Subsection One of the major advantages of these applications is the spatio-temporal con-
trol of photosensitizer activity. Switching on or off light can be considered as immediate, and
so would thus be the toxic effect of the photosensitizing molecule. Spatial control, on its part,
can be achieved by careful focussing of the light beam. However, for all biological application,
a small excitation volume is required, that is also controlled in size in the z-direction (the direc-
tion of the light path). This is extremely useful for targeting internal organs without damaging
outer layers of tissue. Such focussing can be achieved by using two-photon excitation.

As discussed in Subsection KillerRed seems at first sight a candidate to use in PDT.
However, as the excitation of KillerRed peaks at 584 nm, two-photon excitation would re-
quire wavelengths in the 1200 nm range, which is out of the spectral window provided by the
widespread Ti:sapphire lasers. It would be more convenient to have a genetically encoded pho-
tosensitizer that is two-photon excitable below 1000 nm. Therefore, we will try to engineer
photosensitizing properties in eGFP.

As has been described in Subsection [3.2.2] two major structural elements have been pro-
posed as being crucial for ROS-production in the photosensitizer KillerRed. The first is a

water-filled channel spanning from the chromophore all the way to the bulk solvent. A sec-
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Figure 7.1: Left: Water-filled channel (red spheres are water molecules, yellow dots are interactions

between the water molecules) in KillerRed (red with pink chromophore). The tunnel is clearly visible,
extending to the back of the picture. The opening linking the tunnel with the bulk solvent is not visible.
From the superposed eGFP structure (dark green with light green chromophore), it is clear that the
tunnel is only obstructed by a glutamine residue at position 69 (dark green with mesh). Right: Mutating
glutamine 69 in eGFP to a proline residue (pale yellow) would allow the formation of a water-filled
tunnel. PDB accession codes: KillerRed, 2WIQ; eGFP, 1IEMA. Oxygen atoms are represented in red and

nitrogen atoms in blue.

ond feature is the existence of a negatively charged residue (Glu68 in KillerRed) in the mostly
hydrophobic environment of the chromophore, a residue that is thus highly reactive [42]].

The first mutation concerns the glutamine residue at position 69 in eGFP. As seen in Figure
this residue is located right where the water tunnel in KillerRed is located. At this particular
position, KillerRed has a proline. This is an interesting residue, as its particular shape rigidly
controls backbone conformation. In the visualization software, we can easily replace this GIn69
by a proline to have a very concise idea about the result of such Q69P mutation (Figure [7.1).
Indeed, we now clearly see a channel appearing, analogous to the observations in KillerRed.

Secondly, eGFP does not have a charged residue in the hydrophobic pocket around the
chromophore as KillerRed does. At the equivalent position of this glutamic acid in KillerRed,
we find a hydrophobic valine in eGFP (see Figure [7.2)). Making the analogy of what is true
in KillerRed, the V68Q mutation is thus suspected to infer local energy instability and high
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Asn121

Figure 7.2: Superposition of the KillerRed (pink
with dark red chromophore) and eGFP (green with

dark green chromophore) pocket surrounding Glu68

(KillerRed) and Val68 (eGFP). Oxygen atoms are

represented in red and nitrogen atoms in blue.

reactivity to the eGFP mutant.
To conclude, the eGFP_V68E_Q69P mutant will be made. It is suspected to have photosen-
sitizing properties that will be tested. In these measurements, the non-mutated eGFP will serve

as a negative control and KillerRed will be used as a positive control.
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Part C

Materials and Methods
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CHAPTER 8

General

8.1 Buffers

LB broth: 10,00 g tryptone, 5,00 g yeast extract, 10,00 g NaCl and distilled water for a total

volume of 1 1. Medium was autoclaved at 121 °C before using.

LBA broth: LB broth with 100 mg/l of ampicillin added after autoclaving and cooling down
to <50 °C.

SOC broth: 20,00 g tryptone, 5,00 g yeast extract, 0,583 g NaCl, 0,186 g KCl, 0,952 g MgCl,,
1,204 g MgSO,, 3,603 g glucose and distilled water for a total volume of 1 1. Medium
was autoclaved at 121 °C before using. SOC broth = super optimal broth with catabolite

Tepressor.

PBS buffer: 8,00 g NaCl, 0,20 g KCI, 1,44 g Na,HPO,, 0,24 ¢ KH,PO, and distilled water
for a total volume of 1 1. The pH was adjusted to 7,4 with HCI or NaOH. The buffer was

autoclaved at 121 °C before using.

TN buffer: 12,11 g Tris base, 17,53 g NaCl and distilled water for a total volume of 1 1. The
pH was adjusted to 7,4 with HCI. The buffer was autoclaved at 121 °C before using.

34



8.2 Software

All figures of molecular models were made with the PyMOL software (The PyMOL Molecular
Graphics System, Version 1.2r1, Schrdinger, LLC). Data analysis was done using OriginPro
7 (OriginLab, Northampton, MA) or Igor Pro version 6.1.0.0 (WaveMetrics, Portland, OR).

Typesetting was done in IETEX.
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CHAPTER 9

Molecular biology

9.1 Transformation protocol

An aliquot of cells that were made competent using the Inoué protocol (as described in [S9])
and stored at —80 °C were thawed on ice. Next, 0,5 pl of plasmid DNA (4200 uM) was mixed
with 5 ul of these thawed competent cells and kept on ice for about 15 minutes. The cells were
then put in a 42 °C water bath for 45 seconds, after which they were stored on ice for another
2 minutes. Subsequently, 100 ul of SOC broth was added and the bacterial suspension was put
in a 37 °C incubator, shaking the tubes at 200 rpm (rotations per minute) for 20 minutes. The

cells were then plated on LBA plates and incubated at 37 °C for one night.

9.2 Cloning protocol

All fluorescent protein cDNA sequences were cloned into a pRSet vector (Invitrogen, Merel-
beke, Belgium). This was done using a polymerase chain reaction (PCR) with appropriate
primers (Invitrogen). The forward primers contain a BamHI restriction site (G|GATCC), except
for the Dronpa forward primer, that contains a Kpnl restriction site (GGTAC|C). All reverse
primers contain an EcoRI restriction site (GJAATTC) immediately upstream of a stop codon

(TAA, except for KillerRed, that contains a TGA stop codon). All cloning primers are listed in
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Primer name Primer sequence

eGFP forward 5" CGCGGATCCGATGGTGAGCAAGGGCGAGGAGC 3f
eGFP reverse 5’ CCGGAATTCITTACTTGTACAGCTCGTCCATGCCG 3
mEosFP forward 5’ CGCGGATCCGATGAGTGCGATTAAGCCAGACATG 3’
mEosFP reverse 5’ CCGGAATTCTTATCGTCTGGCATTGTCAGGC 3’
IrisFP forward same as mEosFP forward

IrisFP reverse same as mEosFP reverse

Dendra2 forward | 5/ CGCGGATCCGATGAACACCCCGGGAATTAACC 3’
Dendra2 reverse 5’ CCGGAATTCTTACCACACCTGGCTGGGCAG 3’
Dronpa forward 5’ GCGGTACCATGAGTGTGATTAAACCAGAC 3’
Dronpa reverse 5’ CCGGAATTCTTACTTGGCCTGCCTCG 3’

KillerRed forward | 5/ GGCGGATCCGATGGGTTCAGAGGGCGGC 3

KillerRed reverse | 5/ GGCGAATTCTCAATCCTCGTCGCTACCG 3'

Table 9.1: Primers used for cloning FP sequences in pRSet. The forward primers contain a BamHI
restriction site (G|GATCC), except for the Dronpa forward primer, that contains a Kpnl restriction site
(GGTAC|C). All reverse primers contain an EcoRI restriction site (GIAATTC) immediately upstream of a

stop codon (TAA, except for KillerRed, that contains a TGA stop codon).

Table the PCR mixture and the temperature and time setup can be found in Table The
resulting PCR product was put on a 1,6 % agarose gel, the band containing the 700 bp insert
was cut out and purified using the QIAquick gel extraction kit (Qiagen).

Next, a double digest was done both on the empty vector and the insert, using Fermentas
EcoRI and BamHI restriction enzymes in a 2x Tango buffer and incubating for 1 h at 37 °C.
Enzymes were removed by 1,6 % agarose gel electrophoresis and the QIAquick gel extrac-
tion kit (Qiagen). Cut plasmid and cut insert were mixed with T4 DNA ligase (Fermentas)
and incubated for 1 h at room temperature. The vector with insert was then transformed into
JM109/DE3 cells (Promega) and plated out on a LBA agar plate. These plates were visually
screened for fluorescent colonies using a transilluminator. These were then grown, miniprepped

and sequenced.
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Ingredient | amount (pl) | T (°C) | t (sec)
forward primer (10 uM) | 1 94 | 45
reverse primer (10 uM) | 1 94 | 45
dNTPs (10 mM) | 1 55 |45 | 25x
Template (£ 200 nM) | 0,5 72 | 60
10x Pfu buffer (+ Mg?*) | 5 4| oo

Pfu polymerase | 1

ultrapure water | 40,5

Table 9.2: PCR mixture and settings for cloning of fluorescent protein cDNA.

9.3 Site-directed mutagenesis

Site-directed mutagenesis was done using an optimized QuickChange protocol. Primers con-
taining the desired mutation were designed and ordered (Invitrogen). A list of mutation primers
can be found in Table First, the mutation primer was phosphorylated by incubating the
mixture described in Table 0.4] for 30 min at 37 °C. The mutated template strand was made
by PCR (see Table 0.5). The original DNA strand was then degradated by adding a restric-
tion enzyme that specifically cuts methylated DNA (Dpnl) and incubating for 30 min at 37 °C.
Next, the complementary strand was synthesized by PCR (see Table [9.6). The PCR product
was transformed into JM109/DE3 cells, plated out and grown on LB agar plates supplied with
ampicillin. Some colonies were inoculated at 37 °C overnight in 1,5 ml of LBA broth (compo-
sition see Section [8.1)). Plasmid DNA was extracted using the GenElute HP Plasmid Miniprep
kit (Sigma-Aldrich) and sequenced.

9.4 Protein purification

After transformation (protocol see Section [0.1)), a single colony was inoculated in 1 ml LBA
broth and kept at 37 °C for 4-6 h. This pre-culture was then poured into a flask contain-
ing 400 ml of LBA medium and kept at 37 °C overnight. In the morning, isopropyl 3-D-1-
thiogalactopyranoside (IPTG) was added to a concentration of 100 uM and kept for 24 h on
37°C.
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Mutation | Mutation primer

Dendra2 M159A | 5/ GCAACATCAACGCGGCCCTGC 37

Dendra2 F173S | 5 CTGTGCGACTCCAAGACCACC 3’

Dendra2 F173L | 5/ CTGTGCGACTTGAAGACCACC 3’

mEosFP_M159A | 5/ GGTGATATTCACGCGGCTTTGTTGC 3’

mEosFP_F173S | 5/ CCGATGTGACTCCAGAACTACTTAC 3’

Dronpa C62H | 5/ GTGTTCCATTACGGCAACAGG 3’

eGFP_V68E_Q69P | 5/ CCTACGGCGAGCCGTGCTTCAGC 3’

Table 9.3: Primers used for site-directed mutagenesis. Mismatches with the template are indicated in

bold.

Product

amount (pl)

Primer (100 M)
10x T4 PNK buffer
ATP (10 mM)

T4 PNK

ultrapure water

wh L W

34

Table 9.4: Mixture used for phosphorylating mutation primers.

Ingredient | amount (pl) | T (°C) | t (sec)
Template (£ 200 nM) | 1 65 | 300
5’ phosphorylated primer (10 uM) | 1 96 | 30
10x Pfu buffer | 1 96 | 30
10x Taq ligase buffer | 1 55160 | 25x
dNTPs (2,5 mM) | 1,5 65 | 480
Pfu polymerase | 0,5 72 | 600
Taq ligase | 0,5 4| oo
ultrapure water | 13,5

Table 9.5: PCR mixture and settings for making a mutated template strand in the modified QuickChange

protocol.
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Ingredient | amount (pl) | T (°C) | t (sec)

Mixture from Table \2‘ 65 | 300
T7 primer (10 uM) | 0,2 96 | 30
dNTPs 2,5 mM) | 1 96 | 30

Pfu polymerase | 0,2 55160 |2x

68 | 900

72 | 600
4 | o0

Table 9.6: PCR mixture and settings for complementary strand synthesis in the modified QuickChange

protocol.

After these 24 h, the culture looks brightly yellow-green and fluoresces. The bacterial sus-
pension was then centrifuged for 15 minutes at 5000 rpm at 4 °C (Sorvall Evolution RC with
SLA-1500 rotor). The pellet was resuspended in phosphate buffered saline (PBS buffer (com-
position see Section [8.1) supplied with protease inhibitor (cOmplete Mini, Roche, 1 tablet /
10 ml) and lysozyme (1 mg/ml). The suspension was then frozen at —20 °C for one night, and
thawed at room temperature the next morning, resulting in a slimy solution. This was then son-
icated (Branson 102C sonifier tip connected to a Branson sonifier 450) using 12-second bursts,
cooling the solution on ice between two bursts until the solution was no longer slimy. The
sonicated solution was subsequently centrifuged at 8000 rpm for 10 minutes at 4 °C. The pellet
appeared mostly non-fluorescent, while the supernatant was brightly colored.

The crude FP solution was then purified using metal affinity beads (Ni?**-nitrilotriacetic
acid (Ni-NTA) agarose resin) (Qiagen). Therefor, a small column (Pierce 29922 disposable
5 ml polypropylene column) was packed with 5 ml of Ni-NTA resin. The column was linked
to a peristaltic pump (Pharmacia Peristaltic pump P-1). First, the column was equilibrated with
30 ml Tris-NaCl (TN) buffer (composition see Section [8.1)) at a flowrate of 350 ml/h. Next,
the crude FP solution was applied to the column at a slower flowrate of 25 ml/h. The column
was then rinsed with 50 ml of TN buffer containing 5 mM imidazole to discard weakly bound
proteins and impurities. Elution and fraction collection were done without peristaltic pump
using TN buffer containing 200 mM imidazole.

The column was recharged using the peristaltic pump system at a flowrate of 350 ml/h by
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first rinsing it with 50 ml of ultrapure water (Milli-Q, Millipore), followed by 50 ml of a 50 mM
EDTA solution at pH 7,4. Then 50 ml of a 0,5 M NaOH solution was applied, followed by 50 ml
of Milli-Q water. Next, a 5 mg/ml NiCl, - 6 H,O solution was pumped through (at a flowrate of
25 ml/h) and finally rinsed with 50 ml of ultrapure water. To prevent bacterial growth inside the
column, the column was equilibrated with 20 % ethanol in ultrapure water for storage at 4 °C.
FP-containing fractions were subsequently purified using a fast protein liquid chromatogra-
phy (FPLC) system equipped with fraction collector (AKTA Purifier with Frac-920, GE Health-
care, Diegem, Belgium). For FP purifications, a gel filtration column (HiLoad 16/60 Superdex
75pg, GE Healthcare, Diegem, Belgium) was used. After equilibrating the column with TN
buffer, 1 ml of sample solution was injected. The column was ran at a set speed of 0,7 ml/min.
UV absorption at 280 nm was followed. System parameters were set to collect fractions of
0,7 ml whenever this absorption exceeded 15 mAU. All fractions were visually inspected for
fluorescence and fluorescent peaks were pooled for concentration and—if necessary—buffer
exchange using a Vivaspin column (Vivaspin 15, 10 000 MWCO, Sartorius Stedim). The pu-
rity of the samples was checked by sodium dodecyl sulfate polyacrylamide gel electrophoresis

(SDS-PAGE).
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CHAPTER 10

Spectrometry and photochemistry

10.1 Spectroscopic characterization

10.1.1 Absorption spectra, fluorescence spectra and fluorescence land-

scapes

Absorption spectra were measured with a Shimadzu UV-1650PC spectrophotometer (Shimadzu
GmbH, Duisburg, Germany). Excitation and emission spectra were taken with a PTI Quanta-
Master fluorometer (Photon Technologies International, West Sussex, UK). Both for excitation
and emission spectra, the excitation and emission monochromator slit was set to 1 mm.

For fluorescence landscapes, the fluorimeter was configured to measure emission spectra
from X to 650 nm with excitation at X nm and in steps of 1 nm. This X was increased from

260 nm to 650 nm in steps of 5 nm. The data was then loaded into and processed with IgorPro.

10.1.2 Quantum yield calculations

Fluorescence quantum yields were measured by comparing the fluorophore to standards with
known fluorescence quantum yields. For every sample, a dilution series was made, with an

absorbance below 0,1 to avoid the inner filter effect. For every concentration, an emission
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spectrum was taken and the integrated intensity was calculated. Having this data, it is possible
to calculate the quantum yield using Formula in which Q is the quantum yield, I is the
integrated emission intensity, OD is the optical density and n is the refractive index. For all
parameters, the subscript R refers to the value of the reference fluorophore. In fact, to maximize
correctness and integrate the data measured for every dilution, the integrated emission intensity
was plotted against the optical density of the sample at the excitation wavelength. These data
points were fitted with a straight line going through the origin, and the slope of the curve was

called m. This way, quantum yields can be calculated using Formula (10.2).

I ODR Tl2
— . 10.1
m n?
Q=Qr" — = (10.2)
mg Nk

10.1.3 Extinction coefficient measurement using pH-induced unfolding

In fully denatured conditions, the absorption of any FP that bears a chromophore consisting
of a dehydrotyrosine residue linked to an imidazolone group is essentially the same, both in
terms of maximum absorption wavelength (447 nm) as in exctinction coefficient (44000 M.
cm™ 1), as the molecular species that gives rise to this absorption is the same for any of these
proteins. This observation immediately provides an accurate way of determining the exctinction
coefficient of any FP that bears this particular chromophore. By increasing the pH using NaOH
while measuring absorption spectra, it is possible to quantify the absorption at 447 nm of the
fully denatured protein. Knowing that this absorption corresponds to an exctinction coefficient
of 44000 M. cm ™}, it is possible to calculate back the extinction coefficient at any absorption

peak at any pH.

10.2 Photoactivation

A setup fully dedicated to monitoring photoactivation behavior at the ensemble level was made.
A schematic representation can be found in Figure A cuvette (109.004-QS, Hellma,
Kruibeke, Belgium) with FP solution was placed in a cuvette holder (CUV-UV, Ocean Op-
tics, Duiven, Netherlands) that was connected by optical fibers (QP600-1-SR-BX, Ocean Op-
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Figure 10.1: Setup for analysis of photoactivation in fluorescent proteins.

tics, Duiven, Netherlands) on the one side to a UV-VIS-NIR light source (DT-MINI-2-GS,
Ocean Optics, Duiven, Netherlands) and on the other side to a miniature fiber optic spectrome-
ter equipped with a 3648-element linear CCD-array (USB4000-UV-VIS, Ocean Optics, Duiven,
Netherlands). Underneath the cuvette, a miniature stirrer (MINI 20, Sterico, Wangen, Switzer-
land) was placed. The cuvette could be illuminated from above with a 405 nm diode laser
(CUBE, Coherent, Santa Clara, CA) and a 488 nm argon-ion laser (163 Series Argon-ion, Spec-
tra Physics, Irvine, CA). The 488 nm laser light was filtered by a 480/40 bandpass filter and was
then coaxially combined with the 405 nm light using a 440 nm dichroic mirror. Part of this
488 nm light was sent into an optical fibre that was connected to the cuvette holder, the 488 nm
light beam being perpendicular to the UV-VIS-NIR light path. The 488 nm laser path striking
the cuvette from above and from the side were both interrupted by an external shutter (SHO5
Beam Shutter, Thorlabs, Dachau/Munich, Germany), the 405 nm diode laser and the UV-VIS-
NIR light source are equipped with an internal shutter. All shutters were controlled by a data
acquisition interface (DAQPad-6020E, National Instruments) that on its way was controlled by

an Igor procedure developed in-house, also acquiring the CCD-array data.

10.3 Photoswitching

Photoswitching properties can be assessed by doing so-called “sharkfin” measurements, named

after the particular shape of the plots. Such experiment consists of measuring fluorescence dur-
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ing constant excitation of the fluorophore at the anionic peak maximum absorption wavelength.
In our case, this was, depending on the excitation spectrum of the protein, 473 nm or 488 nm
light. Superposed on this excitation light, a second light beam, with the wavelength that stimu-
lates back-switching of the fluorophore to the on-state (here 405 nm), was repeatedly switched
on and off. As a result, we can observe off-switching (473 nm / 488 nm alone) followed by
back-switching (473 nm / 488 nm and 405 nm) that can both be fitted with an exponential

function.

10.3.1 Photoswitching measurements
Photoswitching in absorption mode

Photoswitching properties were measured by two means. The first technique was done in so-
lution using the setup described in Section The sample was diluted until the maximum
absorption was approximately 0,3. This dilution gave the best tradeoff in terms of avoiding too
much inner filter effect on the one hand and noisy spectra on the other hand. In a first phase, the
protein was switched off by illuminating 60 times 7,5 seconds with 488 nm light (2 W/cm?).
In a second phase, the 405 nm laser light (23 mW/cm?) was also switched on for 20 times 7,5
seconds, thus switching on the proteins. The third phase consisted of exactly the same settings
as the first, and the fourth was identical to the second. In the fifth and last phase, the 405 nm
light was switched back off and so did the proteins, this time for 120 times 7,5 seconds. Using a

self-written IgorPro procedure, these two sharkfins were fitted with a mono-exponential model.

Photoswitching in fluorescence mode

The second technique measures fluorescence on a microscope. Samples were prepared as fol-
lows. An aliquot of the FP solution was mixed with 50 pl of NiNTA beads and incubated
for 15 minutes at room temperature. After short centrifugation at low speed (< 3500 rpm),
the supernatant was removed and an equal amount of ultrapure water was applied. After gen-
tle mixing, the suspension was centrifugated once more and the supernatant removed. Again,
an equal amount of ultrapure water was added and after gentle mixing, 20 pl of the slightly
green-looking suspension was sandwiched between two 22 x 22 mm coverslip glasses (Knittel

Gliaser). The sides were sealed with silica grease to prevent solvent evaporation.
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The samples were mounted on an inverted microscope (IX-70, Olympus, Tokyo, Japan)
equipped with a scanning stage (Physik Instrumente, Karlsruhe/Palmbach, Germany). A con-
tinuous-wave (CW) Ar-Kr ion laser (Stabilite 2018-RM, Spectra Physics, Irvine, CA) produced
488 nm / 473 nm light that passed through a 480/40 bandpass filter and was then circularly po-
larized using a A/4 phase plate combination for optimal excitation of all proteins in the illumi-
nated area. A CW diode laser (Compass 405-25, Coherent, Santa Clara, CA) produced 405 nm
light that analogously passed a 410/36 bandpass filter followed by a Berek’s variable wave plate
(Model 5540, New Focus, Santa Clara, CA), making it circularly polarized. Both beams were
coaxially combined using a DM495 dichroic mirror. A dispersive lens (f = 400 mm) at the
back aperture of the microscope ensured wide-field illumination by an oil immersion objec-
tive lens (100, NA 1,3, Olympus). The excitation light plane was set to excite the bottom of
a fluorescent-protein-coated bead. Fluorescence was collected by the same objective, passed
through a 450 nm longpass filter, a 500 nm longpass filter, a 530/60 bandpass filter and finally
detected by an avalanche photodiode (APD) (SPCM-AQR-14, Perkin-Elmer, Waltham, MA).
Fluorescence was registered by a time-correlated single photon counting (TCSPT) card (SPC
630, Becker & Hickl, Berlin, Germany) using the first-in, first-out (FIFO) mode. All experi-
ments were performed at room temperature. A schematic representation of this setup can be
found in Figure[10.2]

To measure the extent and speed of photoswitching, and to make it comparable for all FPs,
an identical illumination scheme was followed for all samples. The 488 nm / 473 nm laser
light was attenuated to an intensity of 81,2 mW/cm?, the 405 nm laser light objective intensity
was 3,8 mW/cm?. Extra neutral density filters were put in front of the APD, thus bringing
the countrate between 5 000 and 20 000 counts per second. The data recording started with
10 seconds of measuring the APD dark count. Then the 488 nm /473 nm laser was switched on
alone until the emission intensity had dropped to only 20 % of the initial value. At this point,
the 405 nm laser was switched on for 30,5 seconds, followed by an off-period of 40 seconds.
This on-off cycle was repeated 20 times. After the last cycle, the sample was illuminated with

only 488 nm / 470 nm illumination for some extra minutes.
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Figure 10.2: Schematic representation of the setup used for sharkfin measurements. Cyan lines represent
488 nm laser light, purple lines indicate 405 nm laser light and the green line is the emitted light at about

500-515 nm.

10.3.2 Analyzing the sharkfins

Sharkfin data analysis was done using IgorPro. A home-written FIFO analysis procedure was
used to load in the data generated by the TC-SPT card. Analysis and fitting of the sharkfins

with a mono- or bi-exponential model was done using a self-written IgorPro script.

10.3.3 Thermal recovery

Thermal recovery of the dark state was measured in absorption mode using the setup described
in Section [10.2] and represented in Figure [I0.1} First, the protein was switched off by 10 min
illumination with 488 nm light (2 W/cm?) and then left in the dark, recording a series of ab-
sorption spectra at regular timepoints. These regular timepoints are given in Table [I0.1] After
every time-lapse, a spectrum was recorded. From these spectrum series, the anionic absorption
peak was plotted in time with t = 0 taken as the point where the off-switching 488 nm laser is

stopped. The curve was then fitted by an exponential curve between t = 0 and t = 3600.
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step number | number of spectra recorded | time-lapse between two recordings
1 12 10 sec
2 24 20 sec
3 20 30 sec
4 40 60 sec

Table 10.1: Thermal recovery recording scheme.

10.4 Photoconversion

In this work, photoconvertible fluorescent proteins have been photoconverted both in a prepar-

ative and analytical way.

10.4.1 Preparative photoconversion

Samples of photoconverted protein were prepared using a femtosecond laser setup as described
in [60], producing 395 nm laser pulses of 200 fs (full width at half maximum (FWHM)). The
power of the laser is over 800 pJ and was directed onto a 1 cm quartz cuvette. The protein

solution was irradiated at room temperature for 24 hours while constantly stirring.

10.4.2 Analytical photoconversion

Photoconversion of Dendra2 and mEosFP mutants was followed using the dedicated setup de-
scribed in Section The sample was illuminated from the top with 405 nm light (0,6 W/cm?)
inside a small volume cuvette (105.251-QS, Hellma, Kruibeke, Belgium) without stirring. Ab-

sorption spectra were recorded every 2 minutes for 3 h.

10.5 Assessing photosensitizing properties

A bacterial aliquot was suspended in 2 ml PBS buffer and split in two samples. One sample
was wrapped in aluminium foil to protect it from light. The other sample was irradiated for
30 min with white light from a xenon lamp that was passed through 20 cm of water to absorb

infrared light, thus preventing direct damage to the cells and proteins. Directly afterwards, the
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bacterial suspension was spread on a LBA plate and incubated at 37 °C overnight. The following

morning, colonies were counted and expressed in colony forming units (cfu).
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CHAPTER 11

Results

11.1 Molecular biology

Several mutants were successfully made. The most interesting ones are: mEosFP_M159A,
mEosFP_F 17SS|—'_-], Dendra2 M159A, Dendra2 F173S, Dendra2_ M159A _F173L, Dronpa_C62H
and eGFP_V68E_Q69P. However, in all mEosFP mutants, an additional A69V mutation showed
up. Tracing back this mutation, it turned out to be present in the original plasmid. Although it is
located at a very interesting position (see Section[5.3), the mutation seems to have no profound
effect on the properties of mEosFP and its mutants.

All proteins were purified in big quantities for spectroscopic characterization. They were

also thoroughly purified to use for crystallization and structure determination.

!'Also called monomeric IrisFP or mIrisFP because it is bears exactly the same mutation that made IrisFP out

of the tetrameric EosFP
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11.2 Spectroscopic characterization

11.2.1 Absorption
Dendra2 and mutants

Absorption spectra of Dendra2 and three mutants are shown in Figure[TT.1] One interesting fea-
ture is the +=25 nm blue-shifted absorption peak of the mutants. Also remarkable is the strongly
reduced absorption of the 380 nm peak in Dendra2_M159A and Dendra2 M159A _F173L while
Dendra2 F173S is intermediate. We will come back to these results further on (Section [12.2)).
Note also the small absorption peak at £315 nm, that we will assign in Subsection [I1.2.2] to
So—S, excitation.

Absorption spectra of mEosFP, two of its mutants and IrisFP (a mutant of the tetrameric
EosFP) are shown in Figure @ Here, we see that there is a again a +25 nm blue-shift of
the mutants compared to the wild-type mEosFP. Also, the FWHM of the deconvoluted highest-
wavelength absorption peak is markedly broader for the mutants compared to the wild-type
(mEosFP: 18 nm, mEosFP_M159A: 427 nm, mEosFP_F173S: £32 nm and IrisFP: =33 nm).
This is probably due to more conformational freedom of the chromophore, as confirmed by
the reduced quantum yield (see Table [I1.2)). This is less the case for Dendra2 and its mutants,
probably because Dendra2 has a relatively big fraction of its chromophore in protonated and
thus more flexible state (see Section[5.3)).

There are no major differences in absorption spectrum between Dronpa and Dronpa_C62H,
as can be seen from Figure The exctinction coefficient of the mutant at £505 nm seems
to be higher, but this graph was only scaled to the 280 nm absorption peak. This finding should

thus be confirmed.

11.2.2 Fluorescence

Green species excitation and emission spectra were taken and analyzed. Maximum excitation
and emission wavelengths are mentioned in Table [T T.1]

It is very hard to get a sample that contains the red species only. Therefore, fluorescence
landscapes, rather than individual fluorescence spectra were acquired. Both the green and the

partially photoconverted sample were recorded and scaled to their maximum emission signal of
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Figure 11.1: Absorption  spectra
of Dendra2 (red) and three of its
mutants:  Dendra2 _M159A (green),
Dendra2_F173S  (blue) and Den-
dra2_M159A_F173L (black). All

spectra were taken at pH 7,4.

Figure 11.2: Absorption  spectra
of mEosFP (red), two of its mu-
tants: mEosFP_MI159A (green) and
mEosFP_F173S (blue) and IrisFP
(black).  All spectra were taken at

pH 7.4.

Figure 11.3:  Absorption spectra of
Dronpa (red) and Dronpa_C62H
(black).  All spectra were taken at

pH 7,4.



Aem, max Aex, max

Dendra2 505nm 491nm
Dendra2 _M159A 504nm 469nm
Dendra2_F173S 500nm 469nm

Dendra2_M159A_F173S | 500nm 470nm

mEosFP 515nm 504nm
mEosFP_M159A 517nm 473nm
mEosFP_F173S 514nm 485nm
IrisFP 516nm 490nm
Dronpa 516nm 503nm
Dronpa_C62H 516nm 503nm

Table 11.1: Maximum excitation and emission wavelengths for all mutants

the green species. Subsequently, the green signal was subtracted from the partially photocon-
verted signal so that ultimately a dataset that only contains data on the red form of the protein
was obtained. The colorscales of all landscapes is set to the darkest black for zero intensity and
brightest white for the highest intensity peak.

Fluorescence landscapes were recorded for Dendra2, Dendra2_M159A, Dendra2 _F173S and
Dendra2_M159A _F173L, as shown in Figure There are several things we can learn from
these graphs. First of all, every intensity peak corresponds to a (local) excitation-emission
maximunﬂ It should be noted that all peaks at (313, 387) correspond to the dim and broad
fluorescent signal of imidazole, that was used during the purification to elute the proteins from
the NiNTA resin. The diagonal line at (A, 2 - A) is the second harmonic excitation light that is
detected.

Dendra2 has the most complicated landscapes compared to the mutants, especially in its
red form. In the green form of Dendra2, there is one major peak (505, 518), coming from
the chromophore excitation and emission, together with a minor peak (280, 517) that comes
from the excitation of aromatic residues in the protein that transfer their acquired energy to the

chromophore. In the red state, the landscape gets much more complex. The major peak at (550,

2We here introduce a notation for couples of local excitation and emission maxima. The expression (P, Q)

should be read as a local excitation maximum of P nm with a corresponding local emission maximum of Q nm.
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574) bears a vibrational excitation shoulder at (520, 574). At lower excitation wavelengths, the
neutral species of the red form becomes visible. Another prominent peak appears at (320, 567),
which can be attributed to a Sg—S»-transition after which a fast, non-radiative So—S; relaxation
occurs and emission from the S; take place. For both the anionic and Sy—S» peaks, vibrational
shoulders in the emission spectrum are Visiblfﬂ

As said, the mutants of Dendra2 have a much cleaner fluorescence landscape. In the green
formDendra2_ M159A, Dendra2 F173S and Dendra2 M159A F173L all have a major (470,
504) fluorescence peak with a vibrational shoulder at (460, 504) in Dendra2_M159A and Den-
dra2 F173S being blue-shifted in excitation wavelength by 15-20 nm. The red form is much
easier to interpret as compared to the red form of Dendra2. For all mutants, the prominent peak
at (530, 560) with its vibrational shoulder at (500, 560) is apparent. Excitation due to So—Ss

transitions is, just like in Dendra2, present at (320, 560).

11.2.3 Quantum Yield

Quantum yield measurements were carried out as described in Subsection Two differ-
ent reference samples were used: fluorescein dissolved in 0,1 N NaOH and acridine yellow
dissolved in methanol. The emission spectra were taken using excitation at 440 nm (for Den-
dra2_F173S, Dendra2_M159A and Dendra2_M159A_F173L plus acridin yellow as reference)
and 470 nm (for Dendra2, mEosFP, mEosFP_M159A, mEosFP_F173S and IrisFP plus fluores-
cein as reference). Two plots of the integrated emission intensity (I) as a function of absorption
maximum (OD) were made and the slope was calculated. This slope equals % and 1s known
for the samples as well as for the references. As n (= 1,3330234), ng (= 1,3299066) and Qx is
known (Qfuorescein = 0597 and Q,.ridin yellow = 0,90), we can easily calculate the quan-
tum yield. A cross-correlation between the two standards was made, in order to validate the
procedure. The measured quantum yields were 0,59 and 0,86 respectively, being in a 5% error
marge and thus validating the procedure.

However the method was validated by cross-referencing the two standards, there seems to

be a rather big deviation of some of the values compared to the values in the literature. The

31t pops out that there are certain deviations from the wavelengths formulated here and apparent in Figure
compared to Table [TT.1|and the literature. It is as of today not yet fully clear what causes these deviations, but an

instrumental error of the fluorimeter is the most likely reason.
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Figure 11.4: Fluorescence landscapes of Dendra2, Dendra2 MI159A, Dendra2 F173S and Den-
dra2_M159A _F173L in green (green) and partially photoconverted state (yellow). The calculated red
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Protein | Quantum Yield eM L. cm™h) Brightness*
Dendra2 0,55 (0,50%) 45 000" 24.8
Dendra2 _M159A 0,40 42700 17,1
Dendra2_F173S 0,48 37 000 17,8
Dendra2_M159A F173L 0,30 47 000 14,1
mEosFP | 0,54 (0,64 [53]) 88 600 47,8
mEosFP_M159A 0,44 47 200 20,8
mEosFP_F173S 0,19 56 500 10,7

IrisFP | 0,24 (0,43 [[19]) | 49 000 (52 200 [19]) | 11,8 (22,4)

Table 11.2: Quantum yields, extinction coefficients (€) and brightness of Dendra2, mEosFP, IrisFP and
mutants thereof. Values from the literature are shown in bold for comparison and validation. Extinction
coefficients are calculated for the maximal absorption wavelength of the anionic species at pH 7,4.
{Brightness was calculated as the product of the quantum vyield and the extinction coefficient divided by

1000. *Values taken from the website of Evrogen, the commercial supplier of Dendra?.

samples will be measured again using an integrating sphere to get more precise values.

11.2.4 Extinction coefficient

From the extinction coefficient of the absorption peak at 447 nm of the denatured protein, it
was possible to calculate the extinction coefficient of the anionic peak at pH 7,4. For this, a pH
series ranging from pH 4,6 to complete pH-induced unfolding was measured. The first solution
was measured at pH 7,4 (75 ul PBS buffer), after which 25 ul of sodium acetate buffer (1 M,
pH 4,6) was added, followed by addition of aliquots of 5 pl of NaOH (0,1 M) until complete
denaturation was reached. This way, the spectral series is useful for both extinction coefficient
calculation as pKa determination. An example of one such experiment is shown in Figure [I1.5]
The extinction coefficients are represented in Table [I1.2]

We also tried to measure the extinction coefficient of Dronpa_C62H. Strangely enough, this
protein did not show any the spectral signature of unfolding. In fact, it kept it usual absorption
spectrum up to pH 12,6. In other words, Dronpa_C62H seems remarkably stable at high pH.
The extinction coefficient will be determined by the same means later on, but instead using urea

or guanidinium chloride as denaturing agent.
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11.2.5 pH-dependency

Additional to the above experiment, pH series of some of the mutants was made, in order to
study their behavior in acidic, neutral and basic conditions. A typical pH series (here from
Dendra_M159A) is shown in Figure [T1.6] Plotting the increase of the anionic species or the
decrease of the neutral species absorption as a function of pH results in a sigmoid curve, that can
be fitted using Formula[T1.1] x, is the inflection point, giving the pKa value of the chromophore.
Plot and fit for Dendra2_M159A are shown in Figure[T1.7} The pKas can be found in Table[I1.3]

Al — Ay
_ MR 11.1
y e 2 (11.1)
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protein | pKa

Dendra2 | 7,1 [31]
Dendra2_M159A | 5,4
Dendra2 F173S | 5,5
Dendra2 M159A_F173L | 5,2
mEosFP | 5,2
mEosFP_M159A | 5,0
mEosFP_F173S | 5,4

EosFP | 5,8 [29]
IrisFP | 5,4

Dronpa | 5,0 [20]
Dronpa_C62H | 5,1

Table 11.3: pKa values for Dendra2, mEosFP, EosFP and mutants thereof. Values that were taken from

the literature are represented in bold.
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Protein | T (min)

Dendra2 | 67,35 £ 3,16
Dendra2_M159A | 186,69 + 9,32
Dendra2 _F173S | 87,92 £+ 0,64
Dendra2 M159A F173L | 154,65 + 5,26
mEosFP | 54,38 4+ 2,04
mEosFP_F173S | 52,26 + 1,97
mEosFP_M159A | 27,01 & 3,65
Dronpa,C62Hi 5,77 + 0,50

Table 11.4: Photoconversion parameters. *Dronpa_C62H was measured using different light intensities

and can therefor not be compared to the other proteins.

11.2.6 Photoconversion
Dendra2 and mEosFP mutants

Photoconversion data on all PCFPs was recorded as described in Subsection After a
simple baseline correction, the absorption maximum of the green and red species were followed
in time. These traces could then be fitted with exponential curves, be it mono-exponential
(Formula[IT.2)) or bi-exponential (Formula[IT.3)). For all FPs, the appearance of the red species
followed a first order exponential increase. This was not the fact for the disappearance of the
green form, that showed mono- or bi-exponential decrease dependent on the particular FP. As
was reasoned that photoconversion can be considered as the formation of red species, and not
the disappearance of the green species, which is a sum of multiple processes (photoconversion

and irreversible bleaching), only the rise in red absorption peak was used further on.

y=yo+A-e 7 (11.2)
y=yo+A e T f Ay el ) (11.3)

The results of the fitting procedure are represented in Table [IT.4]
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Figure 11.8: Photoconversion of Dronpa and Dronpa_C62H.

Dronpa and Dronpa_C62H

The photoconversion process of Dronpa_C62H with Dronpa as negative control was measured,
although with a 405 nm laser intensity of 142 mW/cm?. Absorption spectra were recorded
every two minutes for 98 minutes. After baseline correction scaling to the 280 nm peak, the
absorption at 504 nm (green species) and 568 nm (red species) were plotted in time and fitted
with a mono-exponential (Formula[IT.2)). Results are shown in Figure

The behavior of Dronpa cannot be explained by photoconversion. Although the green
species seems to disappear, no clear evidence of the formation of a red species is visible. The
signal that does show up at 568 nm can be fully attributed to noise or imprecise measurements
and is in fact exaggerated due to the scaling procedure. The disappearance of the green peak
can thus be considered as photobleaching. This means that the rate of photoconversion can
only be assessed by the formation of a red absorbing species and not by the disappearance of
the green species, because this last is again a combination of photoconversion and irreversible
photobleaching. We can thus conclude that Dronpa_C62H is a photoconvertible fluorescent

protein.
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11.2.7 Photoswitching

Photoswitching was measured following absorption using the setup described in Section (10.2
Two characteristic results are shown in Figure Graph A (IrisFP) shows very clearly the
behavior of a reversibly switchable FP. Irradiation with 488 nm light (cyan bar) causes a de-
crease of absorption at the anionic peak and an increase at the neutral peak. When 405 nm light
(purple bar) is switched on, exaclty the opposite happens: the anionic peak starts to grow again,
at the expense of the neutral absorption peak. However, there is no 100% recovery to the fully
deprotonated state.

In the same figure, graph B (mEosFP) shows a completely different behavior. A first ob-
servation is the much bigger noisiness of the signal. Secondly, the off-switching happens so
slowly that the exponential nature is practically invisible. Thirdly, no plateau has been reached
after 450 seconds of 488 nm light irradiation. However, the observed decrease of the anionic
peak is not only due to irreversible bleaching of the fluorescent protein, as fluorescence can be
recovered. The increase at the neutral peak proves that reversible transition from the neutral to
anionic state and back again, is possible. The fact that there is however some irreversible photo-
bleaching, is obvious from the fact that the on-switching is less intense for the second compared
to the first maximal on-value. These results are remarkable, as mEosFP has up to now not been
described as reversibly switchable.

Figure shows the same kind of graphs of two of the mutants that were made. In part
A, Dendra2 F173S is shown. Although Dendra2, the mother protein, shows similar behavior
as mEosFP (data not shown), it is clear that Dendra2 F173, the daughter, is indeed reversibly
switchable just like Dronpa and IrisFP are. Achieving this was one of the major assets of this
thesis. Also Dendra2_M159A, Dendra2 _M159A _F173L, mEosFP_M159A and mEosFP_F173S
(mlrisFP), behave this way.

Remarkably, the behavior of Dronpa_C62H, shown in graph B of Figure [[T.10]is very sim-
ilar to that of Dendra2 and mEosFP. It is thus clear that Dronpa_C62H is not an IrisFP-like
fluorescent protein.

This kind of measurements provides us with valuable data concerning photoswitching, but
is not completely satisfactory for several reasons. First of all, we here measured absorption
rather than fluorescence. There is a link between the two: comparison between the absorption

and fluorescence spectra have showed us that excitation occurs at wavelengths corresponding
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to the anionic absorption peak. However, this story is not black-and-white: recall from Figure
[IT.4]that the red neutral species of Dendra2 can indeed be excited. For all possible applications
of these proteins, fluorescence rather than absorption is measured, so the above results do not
exactly assess the parameters we are looking for. A second reason is that these absorption
measurements are carried out in a cuvette, but again for all possible applications, these proteins
will be used in a microscope system. Light intensities will thus be higher because of focussing,
which could for instance also increase temperature, no mixing will take place... It is thus of
major importance to also measure photoswitching properties on a microscope system. This is
what has been done using the setup represented in Figure [10.2] and discussed there.

At first, the three Dendra2 mutants were probed and switched off using 473 nm laser light
in this setup. After some very early attempts to do PALM experiments using 473 nm excitation
light and comparing it to the results obtained by 488 nm excitation light, we observed much
clearer blinking of the fluorescent proteins when exciting at the latter wavelength. This could
be explained by the broad absorption peak (£31 nm) of the chromophore in its neutral state
(see Figure [[T.T1)). It extends to and even further than 488 nm. However, there is slightly
less absorption at 488 nm. As irradiating the neutral species accelerates backswitching of the
chromophore, we reasoned that 473 nm light is accelerating the backswitching more than the
488 nm light does, resulting in less clear blinking. In addition, mounting the 473 nm diode laser
into the PALM system caused tedious alignment difficulties due to the rather divergent light
beam. And finally, diode lasers producing 473 nm light are rather rare in basic PALM setups.
These three reasons made us decide to characterize the photoswitching of Dendra2 mutants
using 488 nm light for probing and off-switching. The results obtained in both experiments
(using 473 nm or 488 nm light) were comparable (data not shown).

In a first attempt of fitting the sharkfins to mono-exponential curves, we observed that in
some of the mutants there was a systematic error. This effect was sometimes hardly detectable,
but present anyway. Therefor, we turned to a bi-exponential model that gave very neat fits.
However, there is little reason to accept a bi-exponential model, as at the timeresolution of these
kind of experiments, switching should be an apparent one-step event, and thus show mono-
exponential behavior.

The reason for this bi-exponentiality could be found in the setup itself. At first, there was no

lens right at the back aperture of the microscope (see Figure[10.2)). This caused the probing light
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and the detection spot to be of more or less the same size. However, the probing light has not
a uniform, but a Gaussian intensity profile. This means that the molecules in the detection spot
receive a different amount of photons depending on their position in the probing and detection
area, leading to a deviation from the mono-exponential model. Therefor, the lens at the back
aperture of the microscope was introduced. This lens assures a wide-field illumination, meaning
that the probing light illuminates a large area, much bigger than the detection spot. In the
detection area, the beam can thus be considered as uniform. The results following this technical
optimization could indeed be fitted with a mono-exponential curve.

In Figure the number of detected photons per half second is plotted in time for IrisFP
(A) and mEosFP (B). Comparing these results with Figure we can already see that both
techniques of measuring photoswitching give at first sight similar results, except for the extent
of irreversible bleaching. This last remark can be explained by the fact that on the microscope,
we probe and detect the same molecules throughout the experiment, while in a cuvette, the
solution is constantly stirred and the probed and detected molecules thus constantly refreshed.

The same is true for Figure [[T.13]and [TT.10] It is clear from Figure[I1.12| B and Figure [T1.13]

B that switchers and non-switchers show very distinct behavior.

As an ultimate negative control for photoswitching, the same measurements as mentioned
above have been performed on eGFP. The results of this measurement is shown in Figure[IT.14]
The sharkfins thus obtained were all automatically fitted to mono-exponential curves using

the self-written IgorPro procedure. All resulting T values are represented in Table [T1.5] and
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Figure 11.12: Photoswitching of (A) IrisFP and (B) mEosFP was followed by irradiation of 488 nm
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expressed in seconds.

To cross-validate the results of both techniques used to assess photoswitching (i.e. using
absorption in a cuvette or using fluorescence on a microscope), we checked whether there is
correlation between (T) from the fluorescence measurements and (t) from the absorption mea-
surements, both for on- as for off-switching. Indeed, a positive linear correlation is observed
with a certainty of above 95% between the on- or off-switching parameters in fluorescent mode

and the on- or off-switching parameters in absorption mode.

11.2.8 Thermal recovery

Thermal recovery was measured in absorption mode for all mutants that showed photoswitching
behavior. First, the RSFP was switched off using 488 nm laser light (800 mW/cm?) after which
the protein was left in the dark, taking an absorption spectrum at regular timepoints, from t = 0
s to t = 3600 s. A typical result is shown in Figure [IT.15]|for Dendra2_M159A. The absorbtion
maximum of the anionic species was plotted in time and fitted with an exponential curve. Using
the parameters from this fitting procedure, listed in Table the data was rescaled to fit
Equation [I1.4] and is shown in Figure [[I.16] The values seem very low, meaning that the
proteins seem to recover from the dim state very rapidly. All available literature point towards
slower switching. One explanation might be that the probing light (200 - 900 nm light, &
200 msec per spectrum) accelerates backswitching. Measuring this recovery in fluorescence
mode or only using the halogen lamp and not the deuterium lamp in absorption mode might be

necessary to have a better comparison to the published values.

y=el7 -1 (11.4)

11.2.9 Summary

Figure summarizes the results described above. We represent Ton on the x axis, T,g on
the y axis and the Tcony is represented by the radius of the spheres. Note that the higher these
values are, the slower the process occurs. IrisFP photoconversion was not measured here, its
value was therefor arbitrarily set to the same value as mlrisFP (mEosFP_F173S), as they are

structurally very similar. This is of course an approximation.
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Figure 11.15: Absorption spectrum series of Dendra2_M159A. After switching off the fluorescence by
488 nm light (cyan arrows), the protein was left in the dark, measuring absorption spectra at different

timepoints. The red spectrum is at t = 0 s, the blue one is at t = 3600 s (black arrows).
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Protein | T (min)

Dendra2 M159A | 11,7 £ 0,1
Dendra2 _F173S | 93,5 + 23,8
Dendra2 M159A _F173L | 3,79 £ 0,04

mEosFP_M159A | 19,5 £+ 0,1

mEosFP_F173S | 38,1 £ 0,4

IrisFP | 63,8 £ 1,5

Dronpa | 23,9 + 2,2

Table 11.6: RSFP half-lifes for thermal recovery
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Figure 11.17: Photoactivation properties for both photoconvertible and photoswitchable proteins. The

value of Tcony of IrisFP was arbitrarily set to the same value as mIrisFP.
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fold decrease in cfu after light irradiation

eGFP KillerGreen KillerRed

Figure 11.18: Phototoxicity assessment of eGFP_V6SE_Q69P with eGFP and KillerRed as negative and

positive control, respectively.

11.3 KillerGreen

The eGFP_V68E_Q69P mutant was successfully constructed and purified. However, the bac-
terial colonies as well as the purified protein proved to be non-fluorescent. Nevertheless, the
phototoxic properties were checked as described in Section[I0.5] For eGFP (negative control),
eGFP_V68E_Q69P (sample) and KillerRed (positive control), the number of cfu with and with-

out light irradiation were counted. The ratio of the two is represented in Figure[I1.18]
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CHAPTER 12

Discussion

12.1 Selection of the best protein for two-color superresolu-
tion microscopy

The quality of a PALM experiment is determined by the color contrast of the images and for
that reason depends on a number of factors. One of the most important ones is the number
of detected photons from one protein during one on-time. The brightness thus plays a crucial
role, but more important is the off-switching speed. The faster a protein is switched off, the less
photons will be emitted before the actual off-switching event. Thus, it is interesting to use bright
molecules with slow off-switching rate constants [23]. Moreover, using fluorescent proteins that
are both photoswitchable and photoconvertible, it is important to use a protein that gets not too
easily photoconverted. It has for instance been reported that Dendra2 can be photoconverted
using 488 nm light [61]]. This can cause photoconversion due to probe light irradiation. Not
only are these proteins then no longer observed in the green channel, but more annoyingly, they
show up in the red channel. This false positive protein detection in the red channel blurs out
the image. On the other hand, the conversion should not be too slow, as irreversible bleaching
could then take the upper hand and intended photoconversion would then not occur at all.

As can be seen from Figure there is a positive linear correlation between the Ton and
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Ton While IrisFP is an outlier. Its T g is three times bigger than mlIrisFP (mEosFP_F173S),
meaning that it switches off much slower. This deviation from all the other IrisFP-like proteins
can be explained by the tetrameric nature of IrisFP. Similar results have been obtained by com-
paring Dronpa and its tetrameric parent molecule, 22G [50]. In Dronpa, light-induced increase
in local flexibility of the [3-barrel at the chromophore hydroxyphenyl moiety allows for efficient
photoswitching. However, due to the tetrameric nature of 22G, this local flexibility is prevented
and photoswitching is happening much slower [23]]. We here propose the same mechanism for
mlrisFP in respect to IrisFP.

Initially, we thought that M159A mutants of Dendra2 and mEosFP would show fast on-
switching and slow off-switching. Figure shows us that this is not the case. Instead of
talking in terms of stability of the cis- or trans-conformation, it seems that the flexibility of the
chromophore and its freedom to move plays an essential role. This means that we rather have to
think in terms of energy barriers rather than energy levels. The more conformational freedom
is given to the chromophore hydroxyphenyl moiety by mutating a given residue to less bulky
one, the lower this energy barrier is and the faster both on- and off-switching take place. This
insight explains the strong linear relationship of the datapoints in Figure

From this work, we can conclude that both Dendra2_M159A and Dendra2 F173S are very
promising monomeric fluorescent proteins for two-color PALM experiments. We tested Den-

dra2_F173S in early explorative super-resolution trials and already gave it a trivial name: Ni-

jiFH]

12.2 Met159 has a profound effect on the protonation state

Throughout this work, we have evidenced that the role of the Met159 residue has been underes-
timated what concerns its influence on the protonation state of the chromophore. In Figure
we see that the distance between the Met159 sulphur atom and the chromophore hydroxyphenyl
hydroxyl oxygen is too big for strong and direct interaction in EosFP (3,5A). However rather
distant, 2,3A could be close enough for a reasonable stabilization of the protonated species.
Following this rationale, mutating Met159 to alanine or mutating Phel73 to serine and indi-

rectly making the Met159 flip away from the chromophore should cause the pKa to be shifted

"While Iris is the ancient Greek goddess representing the rainbow, Niji is the Japanese word for rainbow.
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downwards. This is apparent in Dendra2, where all the mutants have much lower pKa, resulting
in an almost not present neutral absorption peak at pH 7,4. Also, from Table[TT.4]we see that all
mutants show lower photoconversion speeds, which is at least partly due to this decreased pKa.
The effect is less pronounced in mEosFP, where the neutral species is less favored compared to

Dendra2 due to the different interaction of Arg66 with the chromophore, as discussed in Section

53

12.3 Two types of photoswitching

As has been described in Chapter [5] there is quite some doubt about the actual mechanism of
photoswitching. Is cis-trans isomerization the key ingredient, is it protonation of the hydrox-
yphenyl moiety of the chromophore or is local flexibility the crucial factor? Apart from all
possible mechanisms, it is clear that, during this project, we have observed at least two classes
of fluorescent proteins with very different switching behaviors. The first class are the proteins
that are considered to be non-switchers. Dendra2, mEosFP, eGFP and Dronpa C62H are mem-
bers of this class. Typical of their switching behavior is their very slow off-switching and their
on-switching restores a reasonably bigger fraction of the initial fluorescence than the other class.
This second class consists of the proteins that are known to be photoswitchable, like Dronpa,
IrisFP, but also a lot of the mutants we made, like Dendra2_F173S and mEosFP_M159A. Their
fluorescence can be switched off to a basic level, and restored, although to a substantially lower
level than the initial fluorescence peak.

How can these two classes now be explained? In proteins that are believed to be non-
switchable, we merely observe light-induced protonation (i.e. photoprotonation). Of course,
this photoprotonation and subsequent deprotonation happens to a different extent in different
proteins. Indeed, in eGFP we can merely see small fluctuations, while in mEosFP, the sharkfins
look more like the shark’s teeth. This susceptibility of the chromophore to be protonated or
deprotonated under influence of light is dependent on the local environment and is therefore
different from protein to protein.

It is only in the second class that the actual switching occurs. After the light-induced pro-
tonation, these proteins can indeed undergo cis-trans isomerization. Strangely enough, the flu-

orescence (and absorption) of these proteins does not return to the initial level after the first
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off-switching. An explanation for the incomplete recovery might be that the conformation of
the initial state is different from the back-switched state and that this back-switched state then
has a lower extinction coefficient. To check this last hypothesis, we would need crystal struc-
tures or NMR models of the back-switched species for comparison to the native state. Also in
this second class, there are differences between the members that have to be explained by the
local environment of the chromophore. Some trans-conformations are more favored than the
other, thus explaining thermal stability of the dark form en switching parameters. While IrisFP
seems to be easily switched on and off, Dronpa and Dendra2_M159A show a behavior that can

be called bistable: both on- and off-switching are relatively slow.

12.4 What renders Dronpa_C62H non-switchable

It is clear from this work that Dronpa_C62H is indeed a PCFP, but not a RSFP. This is quite
remarkable, as Dronpa is one of the most well-know reversibly switchable fluorescent proteins.
The immanent question is of course which structural theme has caused the loss of switching
abilities. To answer this question precisely, obtaining an atomic model of the protein is cru-
cial. However, some initial guesses can already be made. Mutating cysteine towards a histidine
means mutating a rather small residue to a rather bulky one. Consequently, the chromophore
might be pushed away from the side of the (3-can where the cysteine normally is located and
more towards the opposite side. This side is exactly where the chromophore hydroxyphenyl
moiety resides in its trans conformation. In other words, this structural rearrangement might
explain why bistable switching due to a cis-trans isomerization is prevented and photoprotona-

tion and -deprotonation is not.

12.5 Blue-shifted spectra of Dendra2 mutants

As can be seen from Figure [IT.T]and Figure[I1.2]and is also obvious from Table the mu-
tants of Dendra2 and mEosFP have shorter wavelength absorption and excitation peaks com-
pared to their parents. An explanation can be found in the crystal structure of these parents. In
Figure [12.1] we clearly see that the chromophore hydroxyphenyl moiety forms a 7t — 7t stack-

ing interaction with the imidazole ring of the histidine residue at position 193 in Dendra2 (in
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Dendra2

$§ Phel73
m Figure 12.1:  Stacking interaction between the

Dendra2 chromophore hydroxyphenyl moiety and
His193. The chromophore and the two key mutated

residues are shown in green while His194 is colored

pink. Nitrogen atoms are depicted in blue, oxygen
His193

atoms are red and sulphur atoms are shown in yel-

low.

mEosFP, this is position 194). This kind of stacking interaction usually shifts the excitation
peak towards higher wavelengths.

In all of the mutants, one or both of the key residues (Met159 and Phe173) are mutated to-
wards a less bulky amino acid. This gives more conformational freedom to the chromophore, so
that it can perform a cis-trans isomerization during the reversible photoswitching event. How-
ever, this increased conformational freedom renders the interaction of the hydroxyphenyl moi-
ety of the chromophore with the histidine imidazole ring less intense, ultimately leading to a
smaller 7t — 7t interaction effect and shorter absorption and excitation wavelengths. This is con-

sistent with the broader absorption peaks and lower quantum yields, as has been discussed in

Subsection|11.2.1

12.6 An intermediate photoswitcher?

From all results, it is clear that Dendra2_ M159A F173S does not show switching behavior that
is intermediate between Dendra2_M159A and Dendra2 _F173S. Instead, a both photoconvertible
and photoswitchable fluorescent protein has been made with rather low fluorescence brightness
that is photoconverting slowly. The rather low fluorescence quantum yield can be explained by
the increased flexibility of the chromophore due to replacing two residues to less bulky ones.
This is also evidenced by the broad absorption peak and blue-shifted absorption and excitation
peaks. In other words, is not very likely that this protein will make it to the next level, being

two-color super-resolution microscopy.
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12.7 KillerGreen revised

The results obtained from the cfu-counting experiment have to be interpreted with a lot of care.
These measurements are very indirect and only carried out once. Maybe the most worrying
observation is the absence of fluorescence of the KillerGreen mutant. The absorption spectrum
contains a very small absorption peak at about 500 nm, but is extremely low compared to the

280 nm band (data not shown). A lot of optimization and further characterization and will thus

be needed.
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CHAPTER 13

A proof of concept

We would like to conclude in beauty. Figure[I3.1|shows a proof of concept op two-color PALM
using NijiFP. Image A is a high resolution image of NijiFP-fused actin filaments in HeLa cells,
that was recorded only making use of 488 nm laser light. Image B is a high resolution image of
a similar HeLa cell, having NijiFP-fused actin, where the proteins were first photoconverted to
the red state en subsequently recorded only making use of 561 nm laser light. In the near future,

similar experiments will be done using two lasers, two detectors, one cell and NijiFP.
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Figure 13.1: Initial PALM images of NijiF P-fused actin filaments in HeLa cells using (A) only a 488 nm

laser in the green from and (B) only a 561 nm laser in the photoconverted red form. This may serve as a

proof of principle for dual-color PALM using only two lasers and one fluorescent protein.
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CHAPTER 14

Summary

In the 1960’s, O. Shimomura was the first one to extract a fluorescent protein from Aequorea
victoria, a jellyfish living at the North-American west coast. Soon after, the DNA coding for
this remarkable protein was isolated and cloned in different organisms, from bacteria to plants
and mice. The protein has the shape of a can formed by (3-strands with a central «-helix that
holds the heart of the protein: the chromophore. Mutating the chromophore or its surrounding
residues changes the photophysical properties of the protein, for instance the excitation and
emission wavelengths. This, combined with an ever growing array of organisms that naturally
produce their own fluorescent proteins, led to a big diversity of fluorescent proteins, spanning
almost the entire visible spectrum.

Since the start of the new millennium, a new type of fluorescent proteins has been discov-
ered: photoactivatable fluorescent proteins. The first category are the photoconvertible proteins,
that can be converted from a green-emitting to a red-emitting state by irradiation of a specific
wavelength. A second category are the photoswitchable fluorescent proteins, that can be re-
versibly switched on and off (i.e. from a fluorescent to a non-fluorescent state) by means of
irradiation of light with specific wavelengths. This kind of fluorescent proteins has enabled
numerous advances in diffraction-unlimited far-field microscopy, especially what concerns the
technique of photo-activated light microscopy. One of the latest discoveries in the field of pho-

toactivatable fluorescent proteins is IrisFP, a fluorescent protein that is photoconvertible from
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green to red and both the green and red species can reversibly switch from a bright to a dim
state.

Another unexpected property of fluorescent proteins is that they can be engineered to pro-
duce reactive oxygen species upon excitation. Such kind of molecules are called photosensi-
tizers. These highly active oxygen species react with almost any molecule, explaining its toxic
nature. One such fluorescent protein is known to date, called KillerRed. Its effectiveness in
chromophore assisted light inactivation in both prokaryotic and eukaryotic cells is proven.

The major question of this project was whether or not it is possible to get a grip on the prop-
erties of fluorescent proteins from a mechanistic point of view. This means, can we rationally
engineer specific properties into fluorescent proteins, based on structural data?

Starting from two different photoconvertible fluorescent proteins (mEosFP and Dendra2)
and based on structural studies on IrisFP, we have been able to rationally engineer IrisFP-like
(i.e. a both photoconvertible as photoswitchable) fluorescent proteins. This has been done using
a site-directed mutagenesis approach. The characteristics of these mutant proteins have been
studied as to select the proteins that show the both photoswitchable and photoconvertible be-
havior we were looking for. In the course of this characterization, two such fluorescent proteins,
appropriate for dual-color photo-activated light microscopy, have been selected and one of them
was called NijiFP. Their behavior brings dual-color photo-activated light microscopy with only
two laser beams in close reach. The same has been done starting from a photoswitchable flu-
orescent protein (Dronpa). The resulting protein proved to be photoconvertible, but has at the
same time lost its photoswitching properties.

In the light of two-photon chromophore-assisted light inactivation, we reasoned that it would
be very useful to make a green photosensitizer. Based on structural studies of KillerRed, we
deduced the structural features that lay at the basis of the photosensitizing mechanism and have
built them into eGFP, thus trying to make KillerGreen. This mutant seems to bear photosensitiz-
ing properties, although it is essentially non-fluorescent. Further, more in-depth characterization
will be needed to confirm the first basic experiments with KillerGreen.

In this thesis, we have tried to provide enough convincing evidence of the fact that indeed
the properties of fluorescent proteins can be altered by rational engineering. We hope to be
able to extend this research to even more advanced systems leading to renewed insight in the

structure, activity and applications of these remarkable proteins.
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CHAPTER 15

Samenvatting

O. Shimomura extraheerde in de zestiger jaren voor het eerst een fluorescent proteine dat voor-
kwam in een kwal (Aequorea victoria) die aan de Noord-Amerikaanse westkust leeft. Kort
daarna werd het DNA dat voor dit merkwaardige proteine codeert geisoleerd en in verschillende
organismen, gaande van bacteri€n over planten tot muizen, gekloneerd en tot expressie gebracht.
Het proteine heeft de vorm van een cilinder waarvan de wand gevormd wordt door [3-strengen.
Axiaal loopt een -helix die het hart van het proteine, het chromofoor, vormt en op zijn plaats
houdt. Door diverse mutaties in het chromofoor en zijn directe omgeving in te voeren, konden
verschillende fotofysische parameters, bijvoorbeeld excitatie- en emissiegolflengten, veranderd
worden. Samen met het feit dat steeds steeds meer organismen die fluorescent proteinen maken
gevonden worden, gaf dit aanleiding tot een grote diversiteit aan fluorescente proteinen, met
kleuren die ongeveer het hele zichtbare spectrum omvatten.

Aan het begin van het nieuwe millennium werd een nieuw soort fluorescente proteinen ont-
dekt, die fotoactiveerbaar werden genoemd. Een eerste categorie waren de fotoconverteerbare
fluorescente proteinen, die van een groene naar een rode toestand kunnen worden gebracht door
instralen van licht met een specifieke golflengte. Een tweede categorie zijn de fotoschakel-
bare fluorescente proteinen. Deze kunnen aan- en uitgeschakeld worden (dit betekent, van
een fluorescente naar niet-fluorescente toestand en omgekeerd gebracht worden) ook door in-

stralen van licht met specifieke golflengten. Dit soort proteinen kent reeds vele toepassingen,
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als cellulaire merkers maar ook als label dat gebruikt kan worden in diffractie-ongelimiteerde
microscopie (bijvoorbeeld in de techniek van foto-geactiveerde lichtmicroscopie (PALM)). Een
van de laatste ontwikkelingen is de ontdekking van IrisFP, een fluorescent proteine dat zowel
fotoconverteerbaar als fotoschakelbaar is.

Een andere opmerkelijke eigenschap van fluorescente proteinen is dat ze danig gemuteerd
kunnen worden, dat ze reactieve zuurstofdeeltjes produceren. Deze zeer reactieve deeltjes inter-
ageren met zo goed als elk molecule en vernielen het veelal, vandaar de toxiciteit van dit soort
proteinen. Een dergelijk fluorescent proteine werd ontwikkeld en KillerRed genoemd. Het kan
gebruikt worden in chromofoor-geassisteerd licht inactivatie in zowel prokaryote als eukaryote
celsystemen.

Deze grote vraag van dit masterproject is of het al dan niet mogelijk is om een danig begrip
van fluorescente proteinen op te bouwen, dat het mogelijk wordt om vanuit een structureel
standpunt hun eigenschappen te begrijpen en naar de hand te zetten. Anders geformuleerd:
is het mogelijk om rationeel bepaalde eigenschappen in fluorescente proteinen in te bouwen,
gebaseerd op structurele data?

Vertrekkende vanaf twee fotoconverteerbare fluorescente proteinen (mEosFP en Dendra2)
en ons baserend op structurele gegevens van IrisFP, zijn we erin geslaagd om IrisFP-achtige (i.e.
zowel fotoconverteerbare als fotoschakelbare) proteinen te maken. Dit gebeurde op rationele
wijze met plaats-specifiecke mutagenese. De karakteristieken van deze mutante proteinen wer-
den bepaald met het oog op het selecteren van een proteine met de specifieke fotoconverteerbare
en fotoschakelbare eigenschappen. Inderdaad, twee dergelijke mutanten werden geselecteerd
en voorgesteld als een goede kandidaten voor twee-kleurs PALM door gebruik te maken van
slechts twee (in vergelijking met de klassieke vier) lasers. Op dezelfde wijze werd vertrekkende
van het fotoschakelbare Dronpa een mutant gemaakt die fotoconverteerbaar was, hoewel het zijn
fotoschakelbare eigenschappen verloor.

Met het oog op twee-foton chromofoor-geassisteerde licht inactivatie, probeerden we een
groen fluorescent proteine te maken dat reactieve zuurstofdeeltjes maakt. We baseerden ons
hiervoor op structurele studies op KillerRed en vertaalden de structurele elementen naar eGFP,
om aldus KillerGreen te maken. De mutant die werd bekomen lijkt fototoxische eigenschappen
te bezitten, maar is tevens niet fluorescent. Dit betekent dat verdere karakterisatie nodig is om

deze eerste tests te confirmeren en meer inzicht te krijgen in de werking van dit KillerGreen.
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Met deze thesis hebben we voldoende bewijs gegeven voor het feit dat het zonder twijfel
mogelijk is de eigenschappen van fluorescente proteinen dusdanig te vatten, dat we ze specifiek
naar onze hand kunnen zetten. We hopen dat deze aanpak verder getrokken kan worden en
tot vernieuwende inzichten in de structuur, functie en toepassingen van deze merkwaardige

proteinen zal leiden.
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Paper published during the course of this thesis

During the course of this thesis, we have published a paper on 2D and 3D data storage based on
the particular properties of photoswitchable, photoconvertible and both photoswitchable and
photoconvertible proteins [S2]. My contribution to this paper has been the expression and
purification of the protein and preparation of the IrisFP-coated Ni-NTA beads. The paper is

reproduced hereafter.
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3D data storage

The recent discovery of photoconvertible and photoswitchable fluorescent proteins (PCFPs and RSFPs,
respectively) that can undergo photoinduced changes of their absorption/emission spectra opened new
research possibilities in subdiffraction microscopy and optical data storage. Here we demonstrate the
proof-of-principle for read only and rewritable data storage both in 2D and 3D, using PCFPs and RSFPs.
The irreversible burning of information was achieved by photoconverting from green to red defined
areas in a layer of the PCFP Kaede. Data were also written and erased several times in layers of the
photochromic fluorescent protein Dronpa. Using IrisFP, which combines the properties of PCFPs and
RSFPs, we performed the first encoding of data in four colours using only one type of fluorescent protein.
Finally, three-dimensional optical data storage was demonstrated using three mutants of EosFP (d1EosFP,
mEosFP and IrisFP) in their crystalline form. Two-photon excitation allowed the precise addressing of
regions of interest (ROIs) within the three-dimensional crystalline matrix without excitation of out-
of-focus optical planes. Hence, this contribution highlights several data storage schemes based on the

remarkable properties of PCFPs/RSFPs.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

In the quest for optical data storage devices of ever-higher den-
sity, organic substrates have often been suggested as a potentially
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hydrochloride; ESD, ElectroSpray deposition; (F)PALM, (Fluorescence) PhotoActi-
vated localisation microscopy; FWHM, Full width at half maximum; ITO, Indium
tin oxide; NHS, N-Hydroxysulphosuccinimide; OPE, One-photon excitation; PAFP,
PhotoActivatable fluorescent protein; PCFP, PhotoConvertible fluorescent protein;
PLL, Poly-1-lysine; RESOLFT, REversible saturable optical fluorescence transi-
tions; RIKEN, Rikagaku KENkyusho; ROI, Region of interest; RSFP, Reversibly
switchable fluorescent protein; STED, STimulated emission depletion microscopy;
TPE, Two-photon excitation; WORM, Write-once-read-many; WMRM, Write-
many-read-many.

* Corresponding author. Laboratory of Photochemistry and Spectroscopy, Depart-
ment of Chemistry, Katholieke Universiteit Leuven, Celestijnenlaan 200F, bus 02404,
3001 Heverlee, Belgium. Tel.: +32 16 327399; fax: +32 16 327990.

E-mail address: virgile.adam@chem.kuleuven.be (V. Adam).

0168-1656/$ — see front matter © 2010 Elsevier B.V. All rights reserved.
doi:10.1016/j.jbiotec.2010.04.001

interesting storage medium. The possibility of using organic dyes
displaying photochromic properties (i.e. that can be reversibly pho-
toswitched between two states having distinct spectral properties)
todesign rewritable optical data storage devices was first suggested
by Y. Hirschberg more than 50 years ago and further explored by
numerous researchers (Berkovic et al., 2000; Irie, 2000; Kawata and
Kawata, 2000; Yokoyama, 2000; Irie et al., 2002). The molecules
which were first explored are known as spiropyrans. Spiropyrans
can be reversibly photocyclised to their merocyanine forms that
exhibit spectral properties distinct from those of their native forms
(Hirschberg, 1956). While Hirschberg showed that most of the
photochromic molecules in solution can be reversibly phototrans-
formed after the absorption of a single photon at room temperature,
other researchers demonstrated that some molecules retain pho-
tochromic properties in a rigid medium (Lewis and Lipkin, 1942).
Furthermore it was demonstrated that photochromism can be pro-
duced by two-photon excitation (TPE) (Mandzhikov et al., 1973).
The probability of simultaneous absorption of two photons is pro-
portional to the square of the intensity and, therefore, two-photon
excitation only allows the excitation of molecules at the very focus

(2010), doi:10.1016/j jbiotec.2010.04.001
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of the excitation beam in a bulk material. This latter point is crucial
if one intends to address a particular volume of optically encoded
information (voxel) within a three-dimensional matrix in order to
encode more data than on a surface. For transparent materials,
three-dimensional optical encoding was pioneered by the inven-
tion of holographic data storage (van Heerden, 1963), relying on
the recording of interference patterns within a thick photosensi-
tive material. It opened the way to the development of irreversible
(Chen et al., 1968) and reversible (von der Linde and Glass, 1975)
three-dimensional optical encoding techniques on various sub-
strates such as mineral crystals (Andersen and Marrakchi, 1994;
Heanue etal., 1996; Bai et al., 1997), glass (Cheben and Calvo, 2001),
liquid crystals (Jang and Shin, 2001) or plastic polymers (Dubois et
al., 2005; Sheridan et al.,2007). This technology obviously led to the
creation of multilayer holographic discs, designed for optical mass
storage application (McLeod et al., 2005; McLeod et al., 2008).

In thick non-transparent materials such as certain pho-
tochromic samples, the use of a non-linear process such as TPE
ensures that the information stored outside the focal volume ele-
ment does not interfere with the addressed data during the storage
and/or readout process. The idea has thus been proposed to use
TPE of photochromic dyes to create rewritable 3D data storage
devices (Mitsunaga et al., 1988; Parthenopoulos and Rentzepis,
1989; Mitsunaga and Uesugi, 1990; Day et al., 1999; Gu and Day,
1999; Shen et al., 2001).

In contrast to the first attempts of using for this purpose small
organic molecule, the idea of using biological macromolecules as
a substrate for data storage was introduced only recently. While
research on data storage based on DNA exists (Cox, 2001; Yachie
et al., 2007), the use of the photochromic properties of proteins
was pioneered with bacteriorhodopsin (bR) (Tallent et al., 1996).
The spectral shifts between the different intermediate states of bR,
assisted by the fact that the molecule easily forms 2D crystal-like
arrangements, made this protein an interesting target to develop
arewritable storage medium (Bae et al., 1999; Fischer et al., 2003;
Yao et al., 2005a,2005b; Ortiz-Lombardia and Verma, 2006) and
led some researchers to propose the design of a biological DVD-
like device by spin-coating a disk with bR (Renugopalakrishnan,
2006).

Since using fluorescence is an efficient and all-optical way of
addressing the molecular state at specific locations in a structure,
the use of fluorescent proteins for similar rewritable data storage
devices was proposed shortly after the first reports based on using
bR. In particular, the photoinduced cycling between the protonated
and deprotonated forms of the green fluorescent protein (GFP) was
suggested as an interesting research path for data storage at the
single molecule level (Tsien, 1998).

Next to their invaluable role for cell imaging applications, flu-
orescent proteins (FPs) have been heavily used in a variety of
biotechnological applications. For example, variants of FPs have
been designed that serve as pH sensors (Hanson et al., 2002;
McAnaney et al., 2002; Hess et al., 2004; Remington et al., 2004;
McAnaney et al., 2005), calcium sensors (Miyawaki et al., 1997;
Nagai et al., 2004), zinc sensors (Evers et al., 2008), ADP/ATP sen-
sors (Berg et al., 2009), generators (Bulina et al., 2006) or sensors
(Markvicheva et al., 2008) of reactive oxygen species, timers for
gene expression (Terskikh et al., 2000) or for monitoring of time-
dependent expression of proteins (Li et al., 2000; Shibasaki et al.,
2003). More recently, the use of photoactivatable fluorescent pro-
teins (PAFPs) contributed to the development of super-resolution
microscopy schemes (Doose, 2008; Heilemann et al., 2009a) such
as (F)PALM (Betzig et al., 2006; Hess et al., 2006)/(d)STORM (Rust
et al.,, 2006; Heilemann et al., 2008; van de Linde et al., 2008;
Heilemann et al., 2009b; van de Linde et al., 2009). The potential
of PAFPs for nanobiotechnology applications, notably as being the
active medium in novel biological data storage devices, has been

suggested several times (Dickson et al., 1997; Andresen et al., 2005;
Sauer, 2005; Schafer et al., 2008).

Current commercial optical data storage devices (e.g. CD, DVD,
Blu-ray discs, etc.) are limited to a two-dimensional storage array
in which molded pits encode binary information. Although efforts
have been made to increase the storage density in these optical
discs e.g. by using shorter wavelengths (Blu-ray technology) and
by reducing the pit size (Kong et al., 2008), the two-dimensional
approach evidently runs into a physical limitation in terms of
achievable data density.

Expanding to the third dimension implies using an ordered pat-
tern of perfectly aligned and highly condensed three-dimensional
arrangement of photosensitive elements. Although several media
were tested over the years, such as polymer matrices (Wang and
Esener, 2000; Gindre et al., 2006), single 3D crystals (of proteins)
represent the most condensed and perfectly self-assembled three-
dimensional patterns one can possibly obtain.

This latter approach has actually been proposed in a patent (Hell
et al., 2007) that introduces the concept of using single crystals of
PCFPs/RSFPs to create a 3D data storage medium in which each
protein molecule in the crystal would represent a data bit. Each
molecule can indeed be considered as a binary encodable element,
depending on whether the protein is in its bright or dark state. Note
however that although the concept is valid, it is not yet possible
to optically address a single molecule within a dense crystalline
environment (typical concentrations of ~20 mM).

Some PAFPs (namely PCFPs) are capable of undergoing irre-
versible conversions by changing their fluorescence colour from
green to red, due to a photoinduced cleavage of a peptide bond
flanking their chromophore, ultimately leading to the extension of
the chromophoric conjugated (Mizuno et al., 2003; Nienhaus et al.,
2006; Lelimousin et al., 2009).

Other FPs (RSFPs) display a photochromic behaviour, undergo-
ing reversible switching between a bright and a dim state. Initially,
this photoswitching has been proposed to be due to a cis/trans iso-
merisation of the chromophore (Lukyanov et al., 2000), which was
structurally verified later for certain FPs (Andresen et al., 2005).
However, the mechanism can be more complicated for other FPs
as has been demonstrated. Indeed, for the RSFP Dronpa it has
been shown that switching results from a photoinduced protona-
tion of the chromophore accompanied by a cis/trans isomerisation
(Habuchi et al., 2005; Habuchi et al., 2006; Andresen et al., 2007;
Flors et al., 2007; Fron et al., 2007; Adam et al., 2008; Mizuno et al.,
2008).

These two types of photoactivation have been shown to be
extremely useful for tracking motions of cells. Several examples of
cell tracking after green-to-red photoconversion using PCFPs can
be cited, such as the use of Kaede and KikGR to follow neurulation
processes (Hatta et al., 2006; Sato et al., 2006) or the tracking of
cell movements and cellular compartments trafficking using EosFP
(Nieuwkoop and Faber, 1994; Nienhaus et al., 2006; Wiedenmann
and Nienhaus, 2006). RSFPs, like Dronpa, have also been used to
track such cell motions (Aramaki and Hatta, 2006).

PCFPs can also be used advantageously to track intracellular
events such as protein movements in time, as it was the case in
experiments using EosFP (Wiedenmann et al., 2004; Nienhaus et
al., 2006; Wiedenmann and Nienhaus, 2006) or Dendra2 (Chudakov
etal., 2004; Chudakov et al., 2007a,2007b) for example. Here again,
the use of photochromic FPs allows similar observations (Ando et
al., 2004; Fujioka et al., 2006).

These two different switching modes constitute alternative
basis for data encoding and may potentially be combined in the
same crystal. In addition, the biodegradability of these fluores-
cent proteins in principle provides a sustainable solution to the
waste recycling of the current data storage media at their ‘end
of life’. However, significant problems imposed by their biolog-
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ical nature (photobleaching, need for a solvated state, sample
aging, thermal instability) need to be tackled. The use of cryogenic
temperatures could be eventually a (not very practical) solution,
given that the phototransformations are preserved at such tem-
perature. Alternatively, a systematic screening of FPs combined
with random or rational mutagenesis could potentially gener-
ate more robust molecules, notably in terms of (photo)stability
and fatigue resistance to ensure the robustness of encoded data.
Although many practical issues stand in the way of a work-
ing device, the photoconvertible and photochromic properties of
PCFPs/RSFPs form an interesting starting point for the development
of write-once-read-many (WORM) (Wiedenmann et al., 2005) or
write-many-read-many (WMRM) devices (Ando et al., 2004).

In this contribution, we show irreversible and reversible optical
data storage using several PCFPs/RSFPs. We used the PCFP Kaede
(Ando et al., 2002), the RSFP Dronpa (Ando et al., 2004), and three
mutants of the PCFP EosFP (Wiedenmann et al., 2004; Nienhaus et
al., 2006): the dimeric form d1EosFP, the monomeric form mEosFP
(Wiedenmann et al., 2004), and IrisFP. IrisFP is a variant of EosFP
that displays the unique property of being both irreversibly photo-
convertible from green to red and reversibly switchable between a
bright and a dark state in both the green and red forms (Adam et
al., 2008). We show that IrisFP offers the possibility to encode data
using a base-4 system. To demonstrate the potential of protein-
based data storage methods, the FPs were used either by coating
uniform layers of proteins on a variety of different surfaces, or by
crystallising them to single 3D crystals.

2. Materials and methods
2.1. Surface coating techniques for Kaede, Dronpa and IrisFP

For the irreversible and reversible writing experiments per-
formed on layers of FPs, a variety of coating techniques
(cross-linking or immobilisation in a polymer matrix) were tested
in order to deposit Kaede, Dronpa or IrisFP. Kaede was expressed
and purified as described elsewhere (Ando et al., 2002) and was
then deposited on an indium tin oxide (ITO) coated slide glass by
electrospray deposition (ESD) using an Esprayer arrayer device (ES-
3000, Fuence, Wako-City, Japan). Details of the ESD method are
reported elsewhere (Lee et al., 2003). The resulting Kaede layer was
covered with a cover glass and subjected to microscope-based light
exposure for optical writing and reading steps.

For the preparation of Dronpa layers, the expression and the
purification steps were performed as described elsewhere (Ando
et al, 2004). A cover glass was first coated with 2.5mg/ml of
poly-L-lysine (PLL, MW 30,000-70,000) and kept overnight before
a thorough washing step with 50 mM HEPES-NaOH buffer pH 7.5
was applied. Amino groups of PLL on the surface were coupled with
carboxyl groups of Dronpa as follows: 1 mg/ml of protein in 50 mM
HEPES-NaOH buffer pH 7.5, was mixed with same volume of a solu-
tion of (0.2M EDC/0.05M NHS) zero-length cross-linking agents
and placed on the cover glass for ~15min. The cover glass was
then washed with the HEPES-NaOH buffer and mounted on a slide
glass, facing the coated side to the slide glass.

For IrisFP, the expression and purification was carried out as
previously described (Adam et al., 2008). The His-tag on the N-
terminus of the protein was used to fix it on the surface of Ni-NTA
agarose beads (Qiagen, bead diameter between 45 and 165 um) as
follows. A volume of 20 .l of IrisFP at 1.9 mg/ml in PBS (pH 7.4) was
gently mixed with the same volume of 50% Ni-NTA agarose slurry
for 5min. The beads were washed with 1 ml of 20 mM HEPES-KOH
buffer (pH 7.4) twice and suspended into 200 w1 of the buffer. A
small amount of the suspended beads were placed on a slide glass, a
cover glass was finally sealed on the slide glass with clear manicure.

2.2. Protein crystallisation

Three mutants of the green-to-red photoconvertible fluorescent
protein EosFP (Wiedenmann et al., 2004; Nienhaus et al., 2006)
have been crystallised: a dimeric variant called d1EosFP and the
monomeric form mEosFP (Wiedenmann et al., 2004) as well as the
variant called IrisFP (Adam et al., 2008). The expression and purifi-
cation of these mutants are described elsewhere (Wiedenmann et
al.,, 2004; Adam et al., 2008).

Crystals of d1EosFP were grown using the hanging-drop vapour-
diffusion method and by mixing 2 pl of a solution of d1EosFP at
10.3 mg/ml and 2 .l of a solution containing 2.2 M ammonium sul-
phate, 0.1 M bicine pH 8.6. To the final solution, 10% glycerol was
added, which allowed obtaining much bigger and thicker crystals.

For mEosFP, crystals were obtained with the same method but
mixing 0.2 pl of a solution of mEosFP at 9.2 mg/ml with 2 pl of a
solution containing 2.2 M ammonium sulphate, 0.1 M Tris/HCl, pH
8.5.

Crystals of IrisFP were obtained as previously described
(Adam et al., 2008). All crystals were grown at 20°C and
were obtained within a few days, reaching final dimen-
sions of 470 pm x 130 wm x 90 pwm, 430 pm x 45 pm x 15 wm and
430 wm x 100 pm x 100 wm for d1EosFP, mEosFP and IrisFP,
respectively.

2.3. Writing with one-photon excitation on Kaede and Dronpa
coated surfaces

For both Kaede and Dronpa, an inverted laser-scanning micro-
scope was used (FluoView FV500, Olympus, Tokyo, Japan). The
microscope was equipped with a 6-mW 405-nm laser diode (FV5-
LD405, Olympus, Tokyo, Japan), a 20-mW 488-nm diode-pumped
solid-state laser (Sapphire 488-20, Coherent, Santa Clara, CA, USA)
and a 1-mW 543-nm He-Ne laser (05-LGP-193, Melles Griot, Ben-
sheim, Germany). The objective lens was Apo40xWLSM/UV/0.90
(Olympus, Tokyo, Japan). The matrix size of the image was
512 x 512 pixels with a pixel size corresponding to 155nm for
the experiment with Kaede and 311 nm for the experiment with
Dronpa.

To convert the protein Kaede to its red emitting state, the 405-
nm laser beam (332W/cm?) was scanned (pixel dwell time of
10 s) seven times. To readout the written pattern, the 488-nm
(113W/cm?) and 543-nm (1.3kW/cm?) laser beams were used
sequentially, and a Kalman filter with four times scan was applied
to reduce the noise in the image.

To repeatedly write and erase patterns on the Dronpa layer, the
scanning parameters to read, write, and erase these patterns were
as follows: read, 488 nm (113 W/cm?), scan once; write, 405nm
(332W/cm?), scan twice; erase, 488 nm (5.5 kW/cm?), scan five
times (pixel dwell time of 10 ps).

2.4. Encoding data using four colours on an IrisFP coated bead

Using the unique properties of IrisFP, data were encoded in four
colours on the surface of a single microscopic bead coated with the
protein. We performed our experiment by focusing on the center
of a large bead having a diameter of 117 um. The observed field of
view was 22 wm x 22 pm, so that distortion of the image induced
by the curvature of the bead surface was kept to a minimum.

An inverted confocal microscope was used (FluoView FV1000,
Olympus, Tokyo, Japan). The microscope was equipped with a 50-
mW 405-nm laser (Excelsior-405C-50, Spectra Physics), a 20-mW
488-nm laser (Cyan OEM, Spectra Physics) and a 50-mW 561-nm
laser (Excelsior-561-50, Spectra Physics). An excitation beam split-
ter (BS 20/80) and an emission dichroic mirror (SDM 560) were
used so that green and red channels collected signals at emission
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wavelengths between 500-535 nm and 575-620 nm, respectively.
A UPlanSApo 60x/1.35 objective lens was used (Olympus, Tokyo,
Japan). The matrix size of the image was 512 x 512 pixels, with
a pixel size corresponding to 40 nm. Since we focused on a very
small region, we performed all the different photoactivations using
a short dwelling time (2 ps/pixel) in order to limit non-desired
phototransformations.

The complete photoconversion of IrisFP to its red state was per-
formed by scanning with the 405-nm laser light (263 W/cm?) for 35
times (seven series of five scans). A partial photoconversion from
green to red was achieved by scanning with the 405-nm laser light
at the same power for three times (three series of one scan). To
switch the green molecules to their dark state, we scanned with
the 488-nm laser light (500 W/cm?) for 40 times (two series of 20
scans). Finally, to switch the green molecules back to their bright
state, we scanned with the 405-nm laser light (47 W/cm?) for one
time. To read the encoded letters, the imaging was performed using
one scan of the 488-nm laser light (52 W/cm?) for the green chan-
nel and of the 561-nm laser light (125 W/cm?) for the red channel.
A Kalman filter with four times scan was applied to reduce noise in
the image.

2.5. Writing using one- and two-photon excitation inside crystals
of d1EosFP, mEosFP and IrisFP

Single crystals were mounted by pipetting and depositing drops
containing the crystals inside individual chambers of Lab-Tek trays.
All the writing/recording experiments on protein crystals were per-
formed using the two following systems.

For one-photon excitation (OPE) inside a crystal of d1EosFP,
a mercury arc lamp was used, in combination with a DAPI filter
(360-370nm) during 5s at 0.8 W/cm?2. The photoconverted area
was limited by the field diaphragm and corresponds to an area of
~0.1 mm?.

The matrix size of the image was 512 x 512 pixels with a pixel
size corresponding to 394 nm (pixel dwell time of 2.5 ws).

Imaging was performed using 488-nm laser light (140 W/cm?)
for the green channel and 543-nm laser light (619 W/cm?) for the
red channel. An excitation dichroic beam splitter (HFT 488/543)
and an emission long pass filter (NFT 545) were used. Filters were
set so that green and red channels collected signals at emission
wavelengths between 500-550 nm and 556-716 nm, respectively.
A Kalman filter with two times scan was applied to reduce noise.

For experiments on mEosFP and IrisFP, an inverted multiphoton
laser-scanning microscope was used (LSM 510 NLO Meta, Carl Zeiss,
Jena, Germany). The microscope was equipped with a Tsunami Ti:Sa
laser, 80 MHz, 120 fs, tunable between 690 nm and 1100 nm (Spec-
tra Physics, Mountain View, CA, USA). The objective lens was a
Plan-Apochromat 63 x/1.4 (Carl Zeiss, Jena, Germany).

Phototransformations using two-photon excitation (TPE) were
performed at 800 nm (2.6 MW/cm? average), 10 iterations. For
this series of measurements, the matrix size of the images was
512 x 512 pixels with a pixel size corresponding to 70 nm (pixel
dwell time of 1.6 ps).

The readout was performed here in OPE confocal mode using the
lowest available laser power in order to minimise eventual heating,
irreversible bleaching and dehydration effects. Still, the signal to
noise ratio was good and the confocal alignment was maintained
throughout the 30-pm thick crystal.

For mEosFP, imaging was performed in the sequential-scan
‘multitrack’ mode using the 488-nm and 543-nm lasers. An exci-
tation dichroic beam splitter (HFT 488/543) and an emission long
pass filter (NFT 545) were used. Filters were set so that green and
red channels collected signals at emission wavelengths between
505-550nm and 565-615nm, respectively. A mean filter with
eight times scan was applied to reduce noise.

For IrisFP, imaging was performed using 488-nm laser light
(56 W/cm?) and the 543-nm laser light (5 W/cm?) for the red chan-
nel. An excitation dichroic beam splitter (HFT KP 700/488) and an
emission long pass filter (NFT 545) were used, so that green and
red channels collected signals at emission wavelengths between
500-550 nm and 556-716 nm, respectively. A mean filter with four
times scan was applied to reduce noise.

For erasing letters written at the crystal surface of IrisFP, a
mercury arc lamp was used, in combination with a DAPI filter
(360-370nm) during 1 s at 0.8 W/cm?.

3. Results and discussion

3.1. Two-dimensional encoding on Kaede and Dronpa coated
surfaces

Using FPs as optical memory media requires that the proteins
are rigidly fixed on a support in order to avoid the loss of written
information by protein diffusion. One possibility to achieve this goal
is to coat the protein on a surface.

We first used an ITO coated glass as a support and deposited the
green-to-red photoconvertible fluorescent protein Kaede by elec-
trospray, to produce a homogeneous protein layer that originally
emitted green fluorescence (Fig. 1a). A numeric mask representing
the logo of the RIKEN Brain Science Institute (Japan) was pre-
pared and loaded into the controlling software of the Olympus
FV500 laser-scanning microscope. Green-to-red photoconversion
of the proteins at specific pixels inside this mask was achieved
by gating of a 405-nm laser beam with an acousto-optic tunable
filter (AOTF) during the laser scanning. The results (Fig. 1b and
Supplementary movie S1) show an excellent contrast between
green and red molecules, with a clear identification of each written
letter having a line width of less than 3 pum. Fluorescent colours
of each pixels could be read out multiple times. The photoconver-
sion of Kaede being irreversible, the layer of Kaede worked as a
write-once-read-many (WORM) data storage device.

In contrast to this irreversible writing and in order to use a
fluorescent protein as a rewritable medium, a photochromic FP
must be used. A thin layer of the reversibly switchable FP Dronpa
was produced by covalently binding the protein carboxyl groups to
the amino groups coated on a treated glass surface. Several masks
depicting logos and names (in English and Japanese) of the RIKEN,
Brain Science Institute and Laboratory for Cell Function and Dynam-
ics (Japan) were prepared and loaded into the controlling software
of the Olympus FV500 laser-scanning microscope. The initial green
fluorescence of the layer was erased by conversion to the dark state
upon strong illumination of a 488-nm laser, and pattern conversion
to the bright state was achieved by AOTF gating of 405 nm laser light
during the scanning. The results (Fig. 2 and Supplementary movie
S2) show that the contrast between bright and dark molecules is
excellent although after several cycles, a certain photofatigue (40%)
of the protein can be noticed (Fig. 2d and p, and Fig. S3). This photo-
fatigue is much larger than the one reported previously (Ando et al.,
2004)where only 25% loss of contrast was observed after 100 cycles.
In this experiment, we used higher laser powers for generating the
switching and for increasing the contrast between bright patterns
and dark zones, inducing a faster irreversible photobleaching..

Since the photoswitching of Dronpa is a reversible process, the
erase/write process could be repeated multiple times on exactly the
same area of the Dronpa layer, and thus, this layer can be considered
as a write-many-read-many (WMRM) data storage device. In spite
of their advantages, there are two major difficulties using RSFPs as
data storage media: the first one is that fluorescent proteins are
rather ‘weak’ molecules, sensitive to photobleaching and, as men-
tioned above, with a photofatigue-limited number of achievable
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Fig. 1. 2D irreversible data storage using Kaede. A surface on which the green-to-red PAFP Kaede was coated by electrospray deposition was imaged by sequential excitations
at 488 nm (green channel) and 543 nm (red channel) at 113 W/cm? and 1.3 kW/cm?, respectively. (a) The logo of the RIKEN Brain Science Institute (Japan) was then drawn
on the surface, photoconverting with a 405-nm laser (332 W/cm?) the green emitting proteins to their red form (pixel dwell time of 10 s, seven scans). (b) The obtained
contrast is excellent and reveals no blurring even for details as small as 3 pm.

write/erase cycles as compared with existing optical data storage
media, capable of undergoing several thousands of cycles. Another
major drawback concerns the long-term data storage of encoded
elements using such photochromic fluorescent proteins due to their

limited thermal stability. Once photoswitched, RSFPs have indeed
a clear tendency to thermally switch back to their initial state
(Andresen et al., 2005; Habuchi et al., 2005; Adam et al., 2008).
This slow autorecovery could be avoided for example by keep-

Fig. 2. 2D reversible data storage using Dronpa. The photochromic fluorescent protein Dronpa was cross-linked on a surface coated with poly-L-lysine. The whole field of
view of this surface was then illuminated 488-nm laser light (5.5 kW/cm?, pixel dwell time 10 s, five scans) to switch the protein to its non-fluorescent state (a, ¢, e, g, i, k, m,
0) and by a weak 405-nm laser light (332 W/cm?, pixel dwell time 10 s, two scans) to switch the protein back to its fluorescent state, drawing defined patterns (b, d, f, h, j, I,
n, p). Using this method, the logos of the RIKEN, Brain Science Institute and laboratory for cell function and dynamics, both in English and Japanese were sequentially drawn
and erased on the very same surface. The images were obtained by scanning the surface with 488-nm light (113 W/cm?). The contrast between bright and dark molecules is
excellent although after several cycles, a certain photofatigue of the protein can be noticed as one can see by comparing images d and p.
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3. Reversible photoswitching of green and red forms of IrisFP in crystals. (A) A crystal of IrisFP in its green form was mounted into a capillary and exposed to continuous
illumination with 488-nm light (2.5 W/cm?), while 405-nm light (1 W/cm?) was switched on every 7.5s for 25 ms. (B) After green-to-red photoconversion was visually
checked (by strong illumination at 405 nm, using the direct light output from an optic fiber for ~1 mn), a crystal of IrisFP was mounted into a capillary and exposed to
continuous illumination with 532-nm light (7.5 W/cm?) while 440-nm light (1 W/cm?) was switched on every 7.5 s for 200 ms. Insets show representations of the 3-barrel

structure of IrisFP and structural models of its chromophore in its two bright and two dark states.

ing the samples at cryogenic temperatures once the data encoded
or by screening for variants of RSFPs with bistable conformations,
but it obviously represents currently a difficulty to the develop-
ment of efficient optical data storage devices using photochromic
FPs.

3.2. Four-states data storage on an IrisFP coated surface

IrisFP is a newly characterised PAFP that is both capable of
undergoing irreversible green-to-red photoconversion like Kaede
and also reversibly photoswitching between a bright and a dark
state, both in its green and red forms. These phototransforma-
tions are not only achievable in solution but also in crystals, with
an excellent contrast between dark and bright states that can be
cycled many times (Fig. 3). To combine the photochromic and pho-
toconversion capabilities offered by IrisFP in order to create storage
media for data encoded in four colours, green and red molecules
of IrisFP can be photoswitched to their light-emitting state or
kept to their dark state, forming a mosaic of dark, green, red or
green +red =yellow areas.

Onasurface coated with molecules of IrisFP, ensuring that half of
the many molecules probed by the laser beam were previously irre-
versibly photoconverted to their red form, it becomes possible to
perform the selective on/off reversible switching of both the green
and red subpopulations and to encode data in 2 bits (four colours).
This system allows the clear identification in a base-4 numeral
system of the protein states numbered 0, 1, 2 and 3, correspond-
ing to the proteins in their dark + dark =dark, green +dark=green,
dark+red=red or green +red=yellow states (respectively 00, 01,
10 and 11 in binary format).

Multicolour rewritable encoding of data has already been
successfully demonstrated but combining the photochromic
properties of three different molecules (Uchida et al., 2005).
Furthermore, for several organic compounds a multimode pho-
tochromism has been observed (lyoda et al., 1989; Achatz et al.,
1991; Spreitzer and Daub, 1996; Pina et al., 1997; Mrozek et al.,
2001). However, all of these systems need combined light exci-

tation and a second external stimulus (rise of temperature or
oxidation/reduction of the system) to perform a complete change
between the different states. The two-bit encoding presented here
is, to our knowledge, the only all-optically biphotochromic system
reported to date and is achievable thanks to the complex photore-
actions allowed, at the molecular level, by the interactions between
the chromophore of IrisFP and its protein matrix environment.

Practically, on the surface of a bead coated with IrisFP (Fig. 4a),
we performed by strong illumination at 405 nm the green-to-red
photoconversion of a ROI defining the letter “K” (Fig. 4b-d) and
the partial photoconversion (by reducing the 405-nm time expo-
sure) of a ROI defining the letter “U” (Fig. 4e—f). After the complete
switching of all the green molecules in the sample, including the
non-converted ones in the ROI forming the letter U, to their dark
state (Fig. 4g), green molecules previously switched off within ROIs
defining the letters “U” and “L” were back-switched to their bright
state, resulting in an image composed of four colours (Fig. 4h):
on a black background, the word KUL, standing for the Katholieke
Universiteit Leuven (Leuven, Belgium) was thus written with its
three letters coloured inred, yellow (red + green) and green, respec-
tively.

With this method, we were able to obtain a surprisingly good
contrast between each colour, even for ~5-pm letters having a line
width of less than 650 nm (FWHM). This result suggests that this
method can easily compete with photomicrolithography experi-
ments and that we can in principle push forward our efforts by
reducing the size of the encoded elements down to the diffraction
limit of resolution (~200 nm) and maybe even further, by applying
a 4Pi configuration and STED-like subdiffractional methods com-
patible with the super-resolution imaging of photoswitchable FPs
(Hell et al., 2003; Hell, 2004; Hofmann et al., 2005; Dedecker et al.,
2007). Such an enhancement would allow creating patterns com-
parable with those created by nanolithographic processes and with
the size of pits in DVDs and Blu-ray discs.

The use of such a base-4 system obviously allows the doubling
of the storage capacity as compared with a simple on/off switcher.
While the 6-letter word “IrisFP” for example, is coded with 48 dig-
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Fig. 4. Encoding in four colours using IrisFP. The surface of a large agarose-Ni-NTA bead (117 um diameter) coated with IrisFP was imaged at 488 nm (52 W/cm?) and 561 nm
(125W/cm?) for green and red channels, respectively. (a) The pixel dwell time was set to 2 ps all along the experiment. Using a 405-nm laser light (263 W/cm?, 35 scans), the
letter “K” was written, photoconverting the initially green molecules to their red emitting state (b-e). A partial photoconversion of the molecules contained in a ROI defining
the letter “U” was then performed by using the same power of 405-nm light during a least time exposure: three scans (e-f). The whole field of view was then illuminated at
488 nm (500 W/cm?, 40 scans) to switch the green emitting molecules to their dark state, also turning the few unphotoconverted molecules in red regions to their dim state
(g). Finally, the letter “L” was shaped in a dark region by using 405-nm light (47 W/cm?, one scan) and the letter “U” in the region previously partially photoconverted to red,
switching green molecules (non-converted in the second step of the writing process) back to their bright state. This ultimately wrote a yellow “U” (red +green) and a green

L” (h). Overall, an image in four colours (black, red, yellow and green) is obtained, forming the multicolour word KUL standing for Katholieke Universiteit Leuven (Belgium).
An intensity profile (i) across the three letters (cyan line) shows the fraction of each states (detected by the green and red channels) and an average line thickness at FWHM
for both red and green letters of 650 nm.

Intensity

Distance (um)

its in binary code, it will only require 24 digits in the quaternary
system.

3.3. From 2D to 3D data storage using crystals of PAFPs

Encouraged by the results discussed above and by recent work
successfully demonstrating the two-photon induced photoconver-
sion from green to red in EosFP (Ivanchenko et al., 2007), we
decided to expand our experiments to 3D protein crystals of EosFP
variants using TPE. Assuming a single crystal of IrisFP measuring
100 pm x 100 pm x 100 pm, using 4-colour encoding, and assum-
ing that TPE addresses voxels of about 1 fL (containing about 10'2
individual molecules), we could in principle store as much as 250 KB
in a volume as small as 1nl.

We first used crystals of two variants of EosFP: a dimeric form
called d1EosFP and the monomeric form called mEosFP. While
d1EosFP forms rather lenticular-shaped and thick crystals, mEosFP
forms long and thin rod-shaped crystals. In order to assess the
added value of TPE versus OPE, we compared both excitation con-
ditions. We first irradiated a crystal of d1EosFP with the near-UV
part of the emission spectrum of a mercury arc lamp, thereby
photoconverting a fraction of the crystal from green to red. The
three-dimensional reconstruction of the crystal obtained by con-
focal microscopy shows that the irradiated part of the crystal
underwent green-to-red photoconversion in a typical hourglass-
shaped volume (Fig. 5a and Supplementary movie S5). In spite of
a higher photon concentration at the focal plane and a reduced
absorption along the optical axis due to the large optical den-
sity of the crystal, the whole thickness of the irradiated crystal
volume photoconverted to the red form. Overall, the pronounced
photoconversion throughout the whole excitation volume made it
impossible to address a precise voxel within the crystal without
altering neighbouring voxels at different depths. The data there-
fore demonstrate that one-photon excitation is obviously not the
preferred method to perform 3D data storage within crystals. Such
experiments have to resort to non-linear photochemistry.

Next, a 14-pm thick crystal of mEosFP was exposed to two-
photon excitation at 800 nm. The photoconversion was shown to
be more difficult in hydrated crystals than in dried crystals, for
reasons that are not fully understood. No obvious differences in

the phototransformation efficiency were observed for excitation
wavelengths in the range from 760nm to 840nm. The excita-
tion of a square ROI successfully led to the irreversible printing
deep within the crystal. The thickness of the photoconverted
square layer that could be imprinted this way was less than 3 um
(Fig. 5b).

3.4. Multicolour 3D data storage using crystals of IrisFP

Based on the results of 3D photoconversions obtained in crys-
tals of EosFP and the multicolour writing experiments on surfaces
coated with IrisFP, we set out to test if multicolour phototrans-
formations in IrisFP were achievable using TPE writing inside

Fig. 5. One- and two-photon conversion within crystals of PCFPs. Crystals of
d1EosFP (A) and mEosFP (B) were imaged at 488 nm (140 W/cm?) for the green
channel (a, b) and 543 nm (619 W/cm?) for the red channel (b), prior (a) and after
(b) green-to-red photoconversion. d1EosFP was photoconverted by a one-photon
irradiation at 370 nm (0.8 W/cm?, 5's). mEosFP was photoconverted by two-photon
irradiation at 800nm (2.6 MW/cm? average, pixel dwell time 1.6 ps, four scans).
When a crystal was converted by one-photon excitation, the typical hourglass shape
of the 405-nm light entering and exiting the three-dimensional structure could be
observed (A, b) — inset: bright field image of a d1EosFP crystal. When a crystal was
converted by two-photon excitation, a thin shell (<4 wm) could be easily shaped
within the crystal without altering neighbouring planes out of focus (B, b).
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Fig. 6. 3D irreversible and reversible data storage using IrisFP. Using two-photon excitation at 800 nm (2.6 MW/cm? average, pixel dwell time: 1.6 ps), it was possible to
photoconvert IrisFP from green-to-red at several depths within a single crystal (A), writing on three different crystal planes (<5 um thick) the words “IAB”, “ESRF” and “ULM”,
standing for the Institut Albert Bonniot (France), the European Synchrotron Radiation Facility (France) and the University of Ulm (Germany), respectively. Imaging occurred
at 3pm, 13 pm and 22 um depths. A three-dimensional view of these three words is rendered colour-coded as a function of depth within the crystal (B). Surprisingly,
while green-to-red photoconversion was particularly efficient when the crystal was dried, the main photoreaction at the same excitation wavelength (800 nm, 2.6 MW/cm?
average, pixel dwell time: 1.6 s) using fresh wet crystals revealed reversible on/off switching rather than just photoconversion (C). On the surface of a crystal of IrisFP (a),
the word “IAB” was written (b) and erased by an illumination of the whole field of view at 370 nm (c), prior to the writing of the word “IBS” (d), standing for the Institut de
Biologie Structurale (France). Although the photochromic properties of IrisFP seem to be retained in solvated crystals, we can notice a weak after-imagery of the word “IAB”

z=3um

25 pm

X
20 pm

due to an insufficient UV illumination or, on the contrary, from over-exposure to 800-nm light leading to partial irreversible photoconversion to the red state.

three-dimensional crystals. While the multicolour encoding mode
that can be achieved with IrisFP can be mimicked by mixing several
photochromic dyes on a surface, the fact that we can form crystals
of a single multimode molecule would give IrisFP a clear advantage
when considering dense 3D data encoding.

After having checked that the spectral properties of IrisFP were
unchanged in the single crystal and observable by fluorescence
microscopy (Fig. S4), we attempted to photoconvert (from green
to red) defined regions of interest in a crystal of IrisFP at differ-
ent depths. As already experienced for the other EosFP mutants
(vide supra), we observed a significant effect of the humidity on the
phototransformation yield. Irreversible green-to-red photoconver-
sion under TPE occurred much more efficiently in dried crystals
(contrary to reversible photoswitching using OPE, which did not
appear to depend on humidity). This puzzling behaviour was repro-
ducibly observed and corroborates recent experiments suggesting
that the degree of moisture induces significant spectral changes
in PAFPs (Aline Faro, personal communication). The mechanistic
aspects of this phenomenon remain unclear but this could imply
halochromic processes, meaning that dried samples could be more
protonated than hydrated samples, hence favouring photoconver-
sion in preference to photoswitching. Using TPE excitation, we
noticed that while green-to-red photoconversion occurs prefer-
entially in dry samples, reversible photoswitching becomes the
main photoresponse pathway when crystals are kept hydrated.
Since two-photon excitation spectra are generally broader and
blue-shifted as compared to one-photon excitation spectra, differ-
ent photochemical events eventually could be involved. Whatever
the process involved, having crystals that easily photoconvert from
green to red in dried conditions could potentially be a great advan-
tage in terms of robustness of the biological matter used as optical
data storage media. Since there would be no need to maintain
and control the humidity in the sample, we could even envisage
preserving and embedding single crystals inside a plastic polymer
matrix as it has been already shown to be possible (Ravelli et al.,
2007).

Next, we used a combination of OPE and TPE to store pat-
terns in the crystals, similar to those burnt in protein layers. A
single crystal of IrisFP was kept in the dark until evaporation of
the microdroplet which confined it, and was then submitted to
TPE excitation at 800 nm. Three different crystal depths (z; =3 um,
z3=13 wm, z3=22 pm) were scanned in ROIs defining the three
words “IAB”, “ESRF” and “ULM”, standing for the Institut Albert
Bonniot (Grenoble, France), the European Synchrotron Radiation
Facility (Grenoble, France) and the University of Ulm (Ulm, Ger-
many). The confocal readout of the crystal clearly revealed the
three words each written in a layer with a thickness of less than
5 wm (Fig. 6A and Supplementary movies S6 and S7). These results,
which present the first successful demonstration of the potential
use of activatable and switchable FPs for three-dimensional opti-
cal data storage, become even more interesting when realising that
IrisFP crystals offer the possibility of combining irreversible and
reversible data storage in multicolour and in three dimensions.

In order to demonstrate reversible data encoding in 3D, a fresh
and hydrated crystal was selected. The microscope was focused
on the bottom surface of the crystal. By irradiating the crystal
at 800 nm (Fig. 6B, a), a two-photon-induced on-to-off switching
was performed inside a ROI forming the word “IAB”, standing for
the Institut Albert Bonniot (Grenoble, France), which allowed to
visualize this word with negative contrast (Fig. 6B, b). Next, the flu-
orescence was recovered by 5s of wide field illumination with a
mercury arc lamp in order to erase the word and reset the crystal
(Fig. 6B, c).

After this step, we could however observe that some weak traces
of the word “IAB” were still present. This could result from insuf-
ficient UV illumination or, on the contrary, from over-exposure
to 800-nm light leading to partial irreversible photoconversion to
the red state. Clearly the optimal use of IrisFP requires fine-tuned
calibration of the UV light intensity.

Finally, a new ROI was prepared and, using the same TPE excita-
tion at 800 nm, the word “IBS”, standing for the Institut de Biologie
Structurale (Grenoble, France) was written on the very same crystal
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surface (Fig. 6C, d). Between each step, the images were obtained
by exciting the sample with weak illumination at 488 nm. This final
experiment confirms that reversible data storage in FP crystals is
indeed possible.

4. Conclusion

In this paper, we have demonstrated the potential applicabil-
ity of photoactivatable fluorescent proteins as recording media
for optical data storage. We showed that information can be irre-
versibly or reversibly written on surfaces coated with PCFPs and
RSFPs. As IrisFP combines the properties of these two classes of
proteins, it was possible, by activating at different wavelengths, to
store information in four colours, thus enabling the development of
a 4-base system. The very fast reversible photoswitching capabili-
ties of IrisFP compared to other photochromic FPs (Regis Faro et al.,
2010) provide a clear advantage to this protein for optical reversible
data storage applications. Moreover, different to other reported
publications in which protein-based patterns were written via a
lithographic method and the use of homemade masks to create a
contrast between irradiated and non-irradiated regions (Sorribas
et al., 2002; Christman and Maynard, 2005; Howland et al., 2005;
Nakayama et al., 2008), the direct photoactivation/photoswitching
of FPs with precise laser scanning (and especially TPE) allows reduc-
ing the size of encoded elements. By using crystals of IrisFP and
other EosFP mutants in combination with TPE, 3D data storage with
FPs was demonstrated. Future experiments will aim at writing and
addressing smaller voxels. In this way it can be established whether
or not the approach proposed here can compete with other recently
reported optical encoding schemes (De Cremer et al., 2010).
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