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Résumé général en francais

LA production de lumiére par des étres vivants comme les lucioles trouble les humains depuis la nuit
des temps. Des premiers écrits chinois aux études des savants du 19¢me siecle, en passant par les
philosophes grecs, tous ont tenté de percer ce mystére qui sera successivement appelé phosphorescence
puis bioluminescence. Il y a moins de 50 ans, la premiére production de lumiére par un animal, non pas
uniquement par réaction chimique mais également par fluorescence, était découverte avec l'identification
de la protéine fluorescente verte (GFP) chez la méduse £quorea victoria. L’isolation et le clonage de cette
protéine il y a moins de 20 ans a permis a la fin des années 1990 un bond phénoménal en biologie
cellulaire et recherche biomédicale, en permettant de marquer et suivre des protéines ou des organelles
d’'intéréts dans des cellules ou des organismes. Les efforts de génie génétique ont méme permis les
mutations de cette protéine, créant une véritable palette de couleurs disponibles pour la microscopie de

fluorescence.

La recherche d’autres animaux marins générant des protéines fluorescentes (FP) a permis la
découverte de molécules de couleurs et brillances variées, mais au début du 21¢me sjecle, la découverte des
protéines fluorescentes photoactivables (PAFPs), notamment chez les anthozoaires, a initié une
révolution dans le domaine de la technologie des FP. Ces protéines fluorescentes sont en effet capables
d’étre irréversiblement photoconverties d'une forme fluorescente verte a une forme fluorescente rouge ou
encore d’étre réversiblement commutées entre des formes allumées ou éteintes, selon des longueurs
d'onde d'excitation spécifiques. Les PAFPs sont actuellement intensivement employées dans les
techniques de microscopie optique, particuliérement en “nanoscopie”, qui permet d'atteindre une

résolution optique 10 fois meilleure que la limite théorique d’Abbe.

Tout au long de ce volume de these, nous présenterons d’abord I'état de l'art des protéines
fluorescentes, depuis la découverte du phénomene de fluorescence jusqu'a celle des protéines
fluorescentes photoactivables. Les résultats des travaux présentés couvrent trois grandes problématiques
actuellement débattues dans le domaine des PAFPs : les mécanismes de la photoconversion du vert au
rouge, de la photocommutation réversible entre un état lumineux et un état non-fluorescent, et du

photoblanchiment menant a I'extinction définitive des marqueurs biofluorescents.

Grace a une approche combinée de diffraction des rayons X, de microspectrophotométrie en solution
et sur cristaux, et de calculs de mécanique quantique et moléculaire, nous sommes parvenus a proposer
un nouveau mécanisme réactionnel menant a la photoconversion du vert au rouge de EosFP, une PAFP
photoconvertible du vert au rouge, issue d'un corail constructeur de récif, ainsi que la structure
tridimensionnelle et la caractérisation de Dendra2, autre PAFP photoconvertible du vert au rouge, issue

d'un corail mou et aux propriétés particulieres. Les interfaces se formant dans les cristaux entre des
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chaines protéiques n’interagissant normalement pas en solution nous a permis d’aborder la question de
I'oligomérisation des protéines fluorescentes et de proposer des mutations que nous pensons importantes
afin d’améliorer leur stabilité sous forme monomérique, étape essentielle pour l'obtention de

biomarqueurs efficaces.

Nous avons également découvert la premiére protéine fluorescente photoactivable regroupant a la
fois les propriétés de photoconversion du vert au rouge et de photocommutation réversible entre des
états lumineux et non fluorescents, a la fois sous forme verte et sous forme rouge. Une telle protéine
devrait se montrer utile en microscopie a super-résolution a deux couleurs ou des protéines non
phototransformées (vertes) et phototransformées (rouges) pourraient étre localisées tres précisément en
méme temps. Une application futuriste intéressante est celle de l'utilisation de ces protéines pour stocker
des données soit de maniére irréversible en utilisant les propriétés de photoconversion du vert au rouge,
soit en permettant l'effacement et la réécriture en utilisant les propriétés de photocommutation
réversibles. Méme si de telles applications dans la vie courante sont pour l'instant irréalistes, une preuve

de principe pour ces deux types de stockage est fournie dans cette thése.

Enfin, nous nous sommes intéressés au photoblanchiment, étape irrémédiable et délétere menant a la
perte du signal en imagerie de fluorescence. Nous avons étudié le photoblanchiment des PAFPs induit par
les UV, la lumiere visible et les rayons X et nous avons obtenu et caractérisé les déformations du
chromophore associées a la formation d'un état radicalaire induit par les rayons X et probablement

impliqué dans la voie de photoblanchiment des PAFPs.

Les perspectives essentielles de ce travail sont 'amélioration des PAFPs pour leur utilisation en
biotechnologie et en nanoscopie mais de nombreuses études initiées durant cette these restent a faire :

diffraction de neutrons, diffraction de rayons X Laue, mutagénese...
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The illustration represents an assemblage of several examples of green-to-red photoconvertible
fluorescent proteins and experiments presented in this thesis. From left to right and from top to
bottom: a green crystal of DendraZ, a red crystal of FosF'P, green and red forms of FosFP, and a 3D
evolution of absorption spectra of EosFP during green-to-red photoconversion.



Chapter 1 - History of the fluorescence discovery

Part 1 - Phosphorescence, fluorescence or luminescence?..........u.ceeerieerireruecierereeeeeennnnenenseeeseenns 5
1 - Matter shining by its own: a story of phosphorescence...........ccccccoviiiiiiiiniinninn. )

2 - The physics behind luminescence phenomena............oooooiiiiiiiiiiiiiiiiii e, 6

F I N o101y o1 100 BSOS UPSPP 7

D = FLIUOTESCOIICE ..ttt ettt 8

€ = PHOSPROTESCEIICE ....eiiiiieiiiiiii et 9

d - Non-radiative relaxations and delayed fluorescence............ccccocevviiiiiniiiinniceennnn 10

e - A wide variety of luminescence eVents ...........ccoovviriieriiiiiiieniene e 10

Part 2 - The explanation of an ancestral MYStErY ........ccccceeeiieiiiiiiiii e 11
1 - The Luciferase and luciferin SyStem ..........ooovviuiiiiiiiiiiiiiee e 12

2 - The Aquorin and coelenterazine SySteIL ......ooeeeeeeeeeeeee e 13



Résumé en francais

Par une approche historique, ce chapitre introductif permet d’appréhender et de différencier les
termes et notions complexes de phosphorescence, fluorescence et luminescence. Depuis la découverte des
premieres pierres émettant de la lumiére dans le noir jusqu’aux animaux luminescents, les phénomenes
physiques d’absorption, de fluorescence, de phosphorescence, de relaxation non radiative et de

fluorescence retardée seront expliqués au travers d’exemples.

Nous nous intéresserons en particulier aux deux premiers systémes enzymatiques menant a la
bioluminescence qui ont été découverts : le systeme Luciférase/luciférine présent par exemple chez les

lucioles et le systeme Aquorine/ccelentérazine, présent chez certains animaux marins.
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Part 1 - Phosphorescence, fluorescence or luminescence?

1 - Matter shining by its own: a story of phosphorescence

L\ l EAR Bologna, in 1603, the alchemist Vincenzo Cascariolo studied stones that he exposed
under sunlight and noticed that they were shining by themselves in the dark (Licetus
1640). Thinking that he just found something close to the philosopher’s stone, he named this

compound able to generate light in the dark after having been illuminated “phosphorus of

Bologna”, phosphorus meaning “light carrier” (from the Greek words ¢wg [phos] meaning

“light” and @epewv [pherein] meaning “to carry”). However, this compound was actually

barium sulphide (baryte: BaSO,) and not the real phosphorus element, which was discovered
by the alchemist Hennig Brandt in 1669 from urine phosphates, and described eight years later
by the chemist Johann von Léwenstern-Kunckel (von Lowenstern-Kunckel 1678). This
phenomenon of light emission by an object without incandescence (sometimes called “cold
light”), whatever the involved process, was thus qualified by the term of phosphorescence until

late 19" century.

Between 1839 and 1841, Alexandre Edmond Becquerel studied the emission of visible light
by calcium sulphur after samples were exposed to the ultraviolet (UV) part of the sunlight
spectrum. He showed that this light was emitted at longer wavelengths than the one used to
excite the object (Becquerel 1839). However, he qualified all the events of cold light production

(by minerals or living organisms) by the term “phosphorescence”.

Five years later, Sir Georges Gabriel Stokes studied the emission of visible light produced
by quinine sulphate and crystals of fluorine (CaF,) under a UV irradiation. At the difference of
calcium sulphur, this light emission ceased when the exposure to UV light was stopped. He
proposed for this phenomenon the term fluorescence (Stokes 1852) whose etymology is a
neologism from the words fluorine and opalescence. In fact, more than forty years later, it was
found that this fluorescence did not actually come from fluorine itself but from impurities

inside, like yttrium or dysprosium (Lenard & Wolf 1889).
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From then, it seemed that two different ways of producing light could coexist and the term
luminescence (from the Latin /umen meaning “light”) was proposed in 1888 by Eilhardt
Wiedemann to refer to both phenomena of fluorescence and phosphorescence (Wiedemann
1888). Today, the phenomenon of luminescence is defined as being a “spontaneous emission of
radiation from an electronically or vibrationally excited species not in thermal equilibrium with
its environment”'. The phenomenon of fluorescence is defined as a “luminescence which occurs
essentially only during the irradiation of a substance by electromagnetic radiation”” and the
phenomenon of phosphorescence is described as follow: “the luminescence involves a change in
spin multiplicity, typically from triplet to singlet or vice versa. The luminescence from a

quartet state to a doublet state is also phosphorescence”?.

2 - The physics behind luminescence phenomena

In spite of all those works and progresses, the phenomena of molecular absorption of
photons (A), fluorescence (F) and phosphorescence (P) remained poorly understood until the

20" century.

In 1929, Francis Henri Jean Siegfried Perrin during his second PhD thesis, made a physical

distinction between fluorescence and phosphorescence (Perrin 1926; 1929). The various

transitions between the electronic ground state (So), the singlet excited states (Sns0) and the
triplet excited states (Tn>o) were all represented and summarized in a single chart by

Aleksander Jabtonski (Jablonksi 1935), known today as Perrin-Jabtonski diagram (Figure 1.1.1).

! Glossary of terms used in photochemistry, IUPAC recommendations 1996, 68, p.2252
2 Nomenclature for radioanalytical chemistry, IUPAC recommendations 1994, 66, p.2519
3 Glossary of terms used in photochemistry, [IUPAC recommendations 1996, 68, p.2258
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Figure I.1.1 - Simplified Perrin-Jabloniski diagram and photographs of Francis Perrin (up) &
Aleksander Jablonski (bottom)

This diagram must be seen as the graphical representation of the various possible
transitions that a system in its ground state’ can exhibit once excited by an electromagnetic
wave. For sake of clarity, the version represented here is simplified and does not represent for
example the rotational levels between the vibrational levels, but it allows getting a pretty
accurate idea of the phenomena of absorption, radiative relaxations (like fluorescence and

phosphorescence), or non radiative relaxations.

a - Absorption
The molecular absorption of a photon that has the same energy than the energy difference
between the lowest vibrational level of the ground state (So) and one of the vibrational levels of
an excited state (Sns0) of a molecule, allows an electron to cross this energy barrier and travel

from the ground state to one of the excited state levels. This absorption is faster (about 1015 s)

1 “The state of lowest Gibbs energy of a system” - Glossary of terms used in physical organic chemistry, I[UPAC
recommendations 1994, 66, p.1118 (Gibbs energy was previously called free enthalpy or free energy)



I- STATE OF THE ART

compared to the timescale of the motion of atomic nuclei so that it is classically considered as

being instantaneous (Franck-Condon principle).

The molecule relaxation, which will lead to the loss of the energy quantum that was

absorbed, occurs in two steps. First, by relaxing to the lowest vibrational level of the excited
state S1 by internal conversion (IC) in a time range comprised between 10-13 and 10-11 seconds,
thanks to the interactions of the molecule with its environment. Depending on the molecules
and their environment, the lifetime t of this excited state can vary from 10-12 to 10 seconds.
In a second step, there will be a relaxation of the molecule either by direct return to the ground
state So with fluorescence emission or by phosphorescence emission with intersystem crossing to
an excited state called triplet state (T1) (Lewis & Kasha 1944). Alternatively, heat dissipation

may occur (non-radiative relaxation to the ground state) with a new internal conversion

without photons emission.

b - Fluorescence

In the case of fluorescence, the return to the ground state So is preceded by the relaxation
from the excited vibrational level that was reached to the lowest vibrational level of the S;

excited state. For most fluorophores, the vibrational energy level spacing for So and for Sp is
about the same size, which makes that excitation and emission spectra resemble a lot (this is
not true anymore for higher excited states). The probability that an electron in Si returns to a
given vibrational level of Sp is proportional to the overlap between these states, as represented
by the Franck-Condon energy diagram (Figure 1.1.2). The return to Sp will thus be generally
achieved through an elevated vibrational level, which will then relax by internal conversion to

the lowest vibrational level, relax to the equivalent elevated vibrational level of Sy and finally

relax again by internal conversion to the lowest vibrational level of So. Those particular
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transitions produce a typical mirror image of the fluorescence spectrum compared to the

absorption spectrum; this is called the mirror image rule (Franck & Livingston 1941).
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Fligure I.1.2 - The mirror image rule. Left: Franck-Condon diagram showing the example of the 0-2
absorption/relaxation; Middle: photographs of James Franck (top) and Edward Condon (bottom);
Right: the probability of the transitions creates the mirror image structure between the absorption and
fuorescence spectra

Since there is a loss of energy during this process, the fluorescence spectrum will be shifted
toward less energetic wavelengths (bathochromic or red shift) than the ones that were used for

the excitation: this is called the Stokes shift. In solution, this shift is even more pronounced

because of a solvent relaxation phenomenon in the S; state. The influence of the solvent is
indeed far from being negligible since the motion of solvent molecules is much faster (~ps) than
the fluorescence lifetime (~ns). This has the consequence that solvent molecules can rearrange

around the excited-state dipole in about 10-10 s (Lakowicz 2006). This solvent relaxation lowers

the excited molecule energy and thus here again a bathochromic shift is observed.

¢ - Phosphorescence

In the case of phosphorescence, a crossing from the singlet excited state Si to a triplet
excited state T, is qualified as intersystem crossing (ISC). This isoenergetic non-radiative

transition reverses the excited electron spin. The probability of an ISC is increased if the

vibrational levels of the two states involved (singlet excited and triplet) overlap. Finally, after
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an internal conversion to the lowest vibrational level of the triplet state, a last ISC conversion
will allow the return to the (singlet) ground state. Because of the spin flippings, such ISC are
very improbable and even qualified as “forbidden transitions” and for this reason, the lifetime
(1) of the triplet state T is way longer than the one of S; (106 to 10* seconds, several hours for
e.g. europium compounds) and the shortest phosphorescence lifetimes are close to the longest
fluorescence lifetimes. However, lifetimes are not sufficient to distinguish between fluorescence
and phosphorescence; since the lowest vibrational level of T; is lower than the one of Si, the

internal conversions and intersystem crossings will result in a smaller loss of energy compared
to the simple relaxation from a singlet excited state. A phosphorescence emission spectrum will

thus be more shifted to high wavelengths (red shift) than a fluorescence emission spectrum.

d - Non-radiative relaxations and delayed fluorescence

It is worthwhile noting that the phosphorescence lifetime is often so long that a number of
collisions between the excited molecules and solvent or oxygen molecules favor the relaxation
toward the ground state So without any photon emission (non-radiative relaxation) (Kautsky
1939). This quenching leads to the fact that most of the time, the phosphorescence is not
observable in liquid phase (unless the molecule is in a hydrophobic solution or is protected from
the solvent by its close environment) but only in rigid, crystal-like media. Finally, instead of

directly relaxing from the triplet state toward the ground state, the inter-system crossing can

be reversed from T; to S1, leading to a delayed fluorescence.

e - A wide variety of luminescence events

Since the definition of Wiedemann, quoting fluorescence and phosphorescence under the
single term of luminescence, several other kinds of luminescence have been discovered (Figure
[.1.3). The luminescence phenomena have thus been classified by their physical mechanisms.

For example, the luminescence that needs the prior absorption of a photon (fluorescence and

10
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phosphorescence) has been named “photoluminescence” while the one that needs a chemical

reaction has been called “chemiluminescence”.

Chemilum. Crystallolum = Flectrolum  Mechanolum  Photolum  Radiolum Thermolum

g‘;tiﬁ:':)l ‘ (du;‘;_%%r';%“al - (electricalcurrent) = (mechanical action)  (light excitation) = (radioactivity)  (heat excitation)
| . | | | .
'_ Bl . Cathodolum. Tribolum. Fluorescence
(electron guns) (rubbing) (short lifetime)
Fractolum | Phosphorescence
(stress) (long lifetime)
Piezolum.
(pressure)
Sonolum. -

(sound excitation)

Figure I.1.3 - The different kind of luminescence phenomena illustrated by some photographs. From left
to right examples are shown of: chemiluminescence with the reaction of luminol with blood;
electroluminescence with a nightlight; bioluminescence with a glow-worm,; phosphorescence with a bottle
containing a strontium/europium compound shown under ambient light and total darkness, and
fluorescence with a collection of fluorescent minerals.

Part 2 - The explanation of an ancestral mystery

When luminescence is produced by a living organism as a consequence of a chemical
reaction, one talks of bioluminescence (hybrid word made of the Greek word Brog [bios]
meaning “life” and the Latin word /umen meaning “light”). The first observation that some
plants or animals can glow in the dark is lost in History but the best known example of
bioluminescence is of course the luminescence produced by “glow-worms” and especially fireflies
(Lampyris noctiluca) during summer nights. This animal production of light is actually the

most ancient written testimony of bioluminescence since some Chinese texts dated 1000-1500

11
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BC describe this fact. No real explanations for this phenomenon were given during centuries.
Naturally, some well-reads tried to understand this extraordinary phenomenon, but most of
them ended with the somewhat useless conclusion that those organisms were glowing by

nature. It is reported in the book “Aglow in the dark” (Pieribone & Gruber 2005) that

Aristotle for example wrote "i is the nature of smooth things to shine in the dark” and Gaius Plinius
Secundus (Pliny the Elder) wrote "i# is the nature of these fishes to shine in darkness with a bright light when

other light is removed”. During the 17th century, Robert Boyle understood that the bioluminescent
light was cold and required air (Boyle 1672; 1680) but the biggest advancements in the study of

bioluminescence only occurred during the 19th century.

Alessandro Volta had just invented his electric pile battery and the efforts to develop the
electric light made scientists of this period, like Alexandre Edmond Becquerel, Edmund Newton
Harvey or Victor Audoin, highly interested in understanding how light is created. They were
especially paying a lot of attention to organisms capable of emitting what they were still calling
phosphorescence or “phosphoric glow”, like some annelids, fungi and glow-worms (Audoin
1840). Raphaél Horace Dubois was one of those scientists. He studied the West Indian firefly
Pyrophorus and discovered the components and the origin of this enigmatic light emission: an
enzyme and its substrate that he respectively called Luciferase and luciferin (Dubois 1887),
from “Lucifer” meaning literary “light carrier” (from the Latin words /ux (gen. /ucis) meaning

“light” and ferre meaning “carry”).

1 - The Luciferase and luciferin system

The mechanism involved in this bioluminescence system is the oxidation of luciferin into
oxyluciferin by the Luciferase, which is an ATP-hydrolyzing mono-oxygenase (EC 1.13.12.7).
Along with ATP hydrolysis, the Luciferase will excite the luciferin molecule. Its relaxation is
achieved through the formation of a radical form and finally to the luciferin decarboxylation

into oxyluciferin, accompanied with the emission of a photon (Figure 1.1.4).

12
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Figure I.1.4 - Mechanism of the firefly bioluminescence involving Luciferase (PDB:1LCI,2DIR) &
luciferin

Dubois, however, did not really explain this biochemical mechanism. It was made by
Edmund Newton Harvey, one of the most important contradictors of Dubois, who preferred to
call Luciferase “photogenin” and luciferin “photophelein” but spent almost all his career on the
topic of animal bioluminescence, working especially on the luciferin and Luciferase from the
crustacean Cypridina (EC 1.13.12.5). He allowed major improvements in the understanding of
bioluminescence (Harvey 1917; 1919; 1920; 1924) until the end of his career in the 1950’s (he
died in 1959), at which date his team became world leading in bioluminescence research. His
student Franck Johnson and himself, though, remained unable to crystallize Cypridina

luciferin... this will be achieved by Osamu Shimomura, who joined their team.

2 - The £quorin and ceelenterazine system

We know today that more than 700 animal genera use chemical molecules very similar to
the couple luciferin/Luciferase to create light signals in the whole visible spectrum. Most of
those species, though, are not terrestrial but live in oceans, like some fishes, bacteria or

zooplankton. In the 1960’s, Osamu Shimomura, working on the extraction of a new

13
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bioluminescent protein from the jellyfish £quorea victoria’ (Shimomura et al. 1962) discovered

a new enzyme involved in bioluminescence that he naturally called Zquorin. This enzyme (EC
1.13.12.5) once activated by a calcium atom, works in a very similar way than the already

known Luciferase, by exciting a prosthetic luciferin-like molecule called ccelenterazine, since it
is found in ccelenterates organisms. Like in the case of the oxyluciferin (excited form of the
luciferin), the activated form of the ccelenterazine, the coelenteramide, will be decarboxylated

along with the emission of a blue photon (A jax = 470 nm).

Aquorin Aquorin
(before excitation) (after disexcitation)

Ca’* (excitation) 9

Ceelenterazine Cceelenteramide

Figure 1.1.5 - Mechanism of Aquorea bioluminescence involving Aquorin (PDB code: 1EJ3) and
ceelenterazine

During this work, he also discovered another protein that he characterized later as being
the very first protein capable of green light production (maximal emission at 507 nm) without
any associated biochemical reaction. This protein was the first ever discovered that only needed
a light excitation to produce its luminescence (maximal excitation at 475 nm). From what we
said previously, we see that this kind of luminescence, even though being of a biological origin,

should not be qualified of bioluminescence but of biofluorescence. This photoprotein was

5 After having sucessively been called £quorea szequorea (Forsskal, 1775) and £quorea forskalea (Péron 1809) & Lesueur, 1810),
Murbach and Shearer (1902) identified individuals with morphological differences that they separated from the species forskalea to
create the new species victoria. This distinction is today debated, but it seems that the gleaming properties of these jellyfishes (and
other animals) were known from a long time (Péron 1809; Lamarck (de Monet de) 1816; Jourdan 1837; Pieribone & Gruber 2005)

14
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logically and simply called GFP, standing for green fluorescent protein (Hastings & Morin

1969) and will initiate the big revolution of biofluorescence.

Figure I.1.6 - £quorea victoria (the light does not actually come from a luminescence but from external
reflections) and a photograph of Osamu Shimomura (holding a tube filled with GFP)

15
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Résumé en francais

Dans ce chapitre, nous parlons de la protéine fluorescente verte (GFP) et de la révolution qu’elle a
apportée dans le monde de la recherche biomédicale. La structure particuliere de cette protéine est
décrite ainsi que son mécanisme de formation et de fluorescence. La notion de systémes conjugués et la
dépendance en pH de la fluorescence de cette protéine sont exposées. Trés rapidement, l'utilisation de la
GFP en imagerie biomédicale a donné lieu a des efforts de bioingénierie et cette utilisation a été
confrontée a des phénomeénes photochimiques comme le photoblanchiment ou la photoactivation, qui

sont également expliqués ici.

Ce chapitre décrit également la découverte des premiéres protéines fluorescentes découvertes dans
d’autres animaux marins comme les coraux ou les anémones de mer, ce qui a permis d’accroitre
considérablement la gamme des couleurs disponibles pour la microscopie de fluorescence. Parmi ces
nouvelles protéines, nous nous intéresserons particuliérement a des protéines fluorescentes qualifiées de
photoactivables. Plusieurs exemples de ces protéines fluorescentes, soit capables d’étre réversiblement

éteintes, soit d’étre irréversiblement converties d'une couleur d’émission a une autre sont discutés.
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Part 1 - The Green Fluorescent Protein

1 - Of bioluminescence and biofluorescence

FOLLOWING Shimomura’s discovery of GFP, it was found how to purify it and that it
functions together with the Zquorin thanks to a Resonance Energy Transfer (Morin &
Hastings 1971; Wampler et al. 1971; Morise et al. 1974). Indeed, if, in-vitro, the excitation of
Aquorin by Ca2t produces the final release of a blue photon, in-vivo this excitation acts as a

donor by transferring the equivalent energy to GFP, whose excitation will release a green

photon (Figure 1.2.1).

Figure I.2.1 - Mechanism of the energy transfer between the £quorin and the GFP in the jellyfish
Aquorea

After several years of work (Shimomura 1985), the gene of the GFP could be isolated and
cloned by Douglas Prasher and its sequence was determined (Prasher et al 1992). A lot of
efforts were made to understand the structural origin of this fluorescence, that was determined
to be an endogenous chromophore made from the protein peptidic chain itself (Cody et al

1993).
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2 - Biological applications of the GFP

The achievement of those major steps opened the way to the first real applications of GFP
in molecular biology, with the proposals by Martin Chalfie to use fluorescent proteins as
biological markers (Chalfie et al 1994). The team of Roger Yonchien Tsien quickly created a
brighter version of the GFP by mutating the first residue of the chromophore (S65T) and
called it EGFP for Enhanced GFP (Heim et al. 1995).

Figure 1.2.2 - Photographs of Douglas Prasher, Martin Chalfie and Roger Y. Tsien

A remarkably high number of applications in molecular biology bloomed the same year
(Prasher 1995) with the effective tagging of proteins of interest with GFP, in organisms as
diversified as Amoeba (Hodgkinson 1995), insects (Brand 1995), superior organisms like plants
(Haseloff & Amos 1995) and mammalian cells (Pines 1995) and even transgenic organisms

(Ikawa et al. 1995).

In parallel, there was strong competition to crystallize and obtain the first three-
dimensional structure of GFP. This structural information would indeed bring a better
understanding on where the chromophore is located and on the novel autofluorescence
mechanism of this protein. Those efforts led to the release of two X-ray structures the next
year: one of wild-type GFP (Ormé et al. 1996) and one of its enhanced version EGFP (Yang et

al. 1996).

O. Shimomura, M. Chalfie and R. Y. Tsien have been awarded the Nobel Prize in

Chemistry 2008 for the discovery and development of the green fluorescent protein.

20
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3 - The structure of GFP

a - Implications of a peculiar structure

The three dimensional structures of the green fluorescent protein, revealed a new B-barrel
fold in which eleven antiparallel B-strands form a single B-sheet that is rolled in a tube shape.
This B-barrel fold is completed at both ends with short a-helices and loops, which play the role
of lids and protect even more the inner of the B-barrel from the outer medium. Resemblances of

this closed structure with a soda can, made people qualify it as “P-can”. The carboxyl- and

amino-termini sides of the protein clearly show long ends that allow the tagging by fusion at

either ends with proteins of interest.

As already anticipated by previous biochemical studies (Cody et al 1993), the B-can of the

GFP shelters a chromophore, said to be endogenous and made of aminoacids contained in the
protein (Figure 1.2.3). Strictly speaking, this compound should be called chromophore when it
only absorbs light without emission and fluorophore when fluorescence is emitted. However, for
sake of simplicity, it will always be called “chromophore” from now, since its fluorescent or non
fluorescent behavior will be specified each time. This component has quickly been identified as
the origin of the fluorescence emission but unexpectedly revealed to be non fluorescent when
isolated in solution (Niwa et al 1997). The cylindrical folding of the protein provides indeed a
wonderful milieu for the chromophore since it is kept planar owing to the strong interactions
with the surrounding sidechains. This locking allows a rigid conformation of the chromophore
and hence a greater fluorescence quantum yield. The chromophore is also protected from
fluorescence quenching by collisions with external solvent molecules that cannot easily reach
the chromophore due to the almost perfectly closed barrel structure. However, a study
(Follenius-Wund et al. 2003) has shown that the removal of oxygen in a solution containing the
isolated chromophore does not increase significantly the fluorescence quantum yield. This result
tends to show that the main reason for the loss of fluorescence in solution is mostly due to the

degrees of freedom the chromophore acquires by not being in the protein matrix. This also
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indicates that the chromophore has a natural tendency to move and distort and that its protein

environment is finely tuned to constraint it very tightly.

Figure 1.2.3 - Overall structure of GFP. Left: scheme of the green fluorescence produced by GFP after
excitation by a blue photon. Right: top (a) and side (b) schematic views of the GFP [-can structure.
The 11 B-strands are shown in yellow, the a-helices in cyan and the chromophore in green balls & sticks

Although being a rare folding, the B-barrel is not a unique property of fluorescent proteins

since it is also found in at least four other types of proteins: Porins, G2F domain of Nidogen
(Entactin), Retinol-binding proteins (RBP) and Streptavidin (Figure 1.2.4). Porins are

membrane proteins found in Gram-negative bacteria and endosymbiotic organelles like
mitochondria and chloroplasts. Their barrel is not made of 11 B-strands but 16, which makes it

wide enough to form a channel that allows the transmembrane passive diffusion of some

molecules. Nidogen is a type of protein that binds to laminin in the extracellular matrix and

mediates its formation. The number of B-strands in the G2F (globular-2 fragment) domain of
Nidogen is the same as GFP but instead of protecting a chromophore between two short a-

helices, the barrel only shelters a long o-helix. RBP is found in mammals and helps the

regulation of retinol (vitamin A) by encapsulation and release of this compound, which is
allowed by the open shape of its small (8 strands) barrel. Streptavidin is produced by the

bacterium Streptomyces and has the same role of binding biotin (vitamin B8) as hen egg white
Avidin but with a higher affinity. Streptavidin also comprises 8 strands to form its B-barrel but

its tight shape does not allow anything to enter within the protein’s core.
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Porin Green Fluorescent Protein Streptavidin
G2F Nidogen domain Retinol-Binding Protein

16 B-strands 11 B-strands 11 B-strands 8 B-strands 8 B-strands
PDB: 2POR 1H4AU 1GFL 1RBP 1STP

Figure 1.2.4 - The different types of f-barrel foldings in Porin, GFP and RBP

Interestingly, although those proteins are found in very different types of organisms, their
structures are remarkably similar and it is tempting to think that it is a case of divergent
evolution where proteins are folded in a similar way in order to either encapsulate/protect a
compound or allow its channeling but without necessarily emitting fluorescence. This theory
has been partially supported by a work considering GFP homologs like the GF2 domain of
Nidogen proteins as being members of a superfamily that rapidly derived from the fluorescent

proteins (Shagin et al. 2004).

b - Maturation and mechanism

During the in-vivo synthesis, GFP undergoes a series of transformations in a subtle process
called maturation (Figure 1.2.5) that leads to the formation of the chromophore. This
chromophore is formed by three aminoacids that autocatalytically reorganize in post-translation
stages to form a compound made of an imidazolinone ring and a hydroxybenzylidene (or
hydroxyphenylmethylene)  ring. This compound, called 4-(p-hydroxybenzylidene)5-

imidazolinone is covalently bound to the protein mainchain and stands in the center of the [-

barrel.
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It has been shown that the crucial aminoacid that is always conserved to yield a mature
chromophore is a glycine in the sequence X-Tyr-Gly forming the triad of the chromophore
(with X=Ser for the wild-type GFP and X=Thr for the EGFP). However, if this sequence is
indeed absent in the very similar but uncolored G2F domain of Nidogen shown above, it is
widespread in proteins that do not form any chromophore, showing that the sole presence of
this sequence is obviously not sufficient to produce a chromophore. Infact, the steric constraints

imposed by the B-barrel shape, induce a quick cyclization of the glycine (residue n+2) with the

residue X (residue n), to form a compound called imidazolin-5-one (Heim et al 1994) that

undergoes a slow aerial oxidation and is dehydrogenated to form the mature chromophore
(Figure 1.2.5). Noteworthily, this last step produces hydrogen peroxide (H20;) that can

potentially be toxic for the cell in case of overexpression.

These last maturation steps have been recently discussed though, by Rebekka Wachter’s
group. The production of a hydrogen peroxide molecule for each mature GFP (Zhang et al

2006) seems accepted and has only been debated with an alternative possibility where an
environment-mediated elimination of 2H+, 2e- has been proposed by Elizabeth Getzoff’s group

(Barondeau et al. 2003), but for a mutant forming a triad Gly-Gly-Gly displaying very different
steric conformations. It has been shown that the formation of a first reaction intermediate

(Figure 1.2.5, step 5) can form a second intermediate either by first being dehydrated and then

being oxidized, along with the production of the H,O; molecule (Cubitt et al. 1995) or by first

being oxidized along with the production of the H2O, molecule and then being dehydrated

(Rosenow et al. 2004).
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Figure I.2.5 - Post-translational formation of green fluorescent proteins chromophores

Those post-translational modifications lead to the dehydrogenation of the tyrosine to
dehydrotyrosine (consisting of a phenol group and a methylene bridge), and the formation of an
aromatic five-carbon cycle called imidazolinone ring. This system allows electron delocalization

on a wide part of the chromophore (see after) and its properties of photon absorption as

explained by the Perrin-Jabtonski diagram (pages 6-8). Within the protective environment of
the B-barrel, the chromophore exposed to light having an energy that matches a possible

electronic transition (A jhax = 395 nm for the wt-GFP while A jhax = 475 nm for the
enhanced mutant EGFP) will be excited and relax with emission of green fluorescence

(A thax = 508 nm).
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The constraints imposed to the chromophore by its microenvironment not only force this
compound to be a planar system, which increases the fluorescence quantum yield, but also

draws tight hydrogen bonds (Figure 1.2.6) that are very important for its fluorescence activity.

4 - The chromophore: a conjugated system

The hydroxybenzylidene moiety of the GFP chromophore is a crucial element that can be
either protonated (phenol) or anionic (phenolate). Depending on the protonation state and the

delocalization, the spectroscopic properties of the chromophore can be drastically modified.

a - Conjugated systems

The electronic configuration of a carbon atom in its ground state is [1s* 2s* 2p”. In an
alkene-like structure such as carbon atoms in a phenol group, a double bond is formed between
two adjacent carbons. This is achieved by the raising of one of the electrons 2s to a vacant
atomic orbital p, the detailed valence shell configuration becoming [2s', 2p,', 2p,', 2p,']. The

hybridization of three of those orbitals will give rise to three hybrid orbitals sp? in a planar
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trigonal organization and to a non-hybridized orbital p that will be localized above and below

this plan (Figure 1.2.7). Each of those orbitals contains one electron.

The axial overlap of an orbital sp® with another orbital sp* (from another carbon atom for
example) or with an orbital s (from a hydrogen atom) will give rise to a molecular orbital o

forming a simple covalent bond thanks to the pooling of two electrons. The partial lateral

overlap of a non-hybridized orbital or the lone pair of an oxygen atom for example will lead to

the formation of a molecular orbital m above and below the molecular plan, forming, with a
molecular orbital o, a double bond. Because the lateral overlap is not as good as the axial
overlap of two p orbitals, the energy of a m orbital is weaker (264 kJ.mol") than a ¢ one (348

kJ.mol") and thus, although a double bond (c+n) is shorter than a single ¢ bond, its energy is

lower than twice that of a single bond.

oxygen
lone pairs

a — atomic orbitals in phenol b — hybridized molecular ¢ — 3D representation of phenol and
orbitals in phenol its electron delocalization

d — atomic orbitals in e — hybridized molecular f — 3D representation of phenolate
phenolate orbitals in phenolate and its electron delocalization

Figure 1.2.7 - Hybridization and electron delocalization in phenol (a-c) and phenolate (d-f)

When a molecule consists of alternated single and double bonds, the system is said to be
conjugated with its electrons delocalized on several adjacent atoms. This delocalization implies

that the bond order cannot be well described by Lewis representations of resonance structures
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(also known as mesomeric structures). It must be seen instead as an average structure of the
most probable resonance structures (those having the best charge repartitions) called resonance
hybrid, where all the delocalized bonds are longer than a double bond and shorter than a single
bond. A delocalized system can be linear and/or cyclic. In this last case, the sequence of

unsaturated bonds, lone pairs or empty orbitals is named aromatic ring.

In the particular case of fluorescent proteins chromophores, the electrons are delocalized on
a wide region composed of successions of conjugated bonds and aromatic rings, which give the
chromophores their strong UV-Vis absorbance properties and specific absorbance spectra. The
hydroxybenzylidene, the imidazolinone ring and the methylene bridge in between form the
conjugated part of the chromophore. Depending on whether the chromophore is protonated or
not and as seen above (Figure 1.2.7), the hydroxybenzylidene moiety can be in its phenolic or

phenolate form.

Considering the chromophore moiety alone (the protein matrix might have a strong effect),
this protonation has the consequence of modifying the charge within this group and of favoring
one or several resonance structures (Figure 1.2.8). The resulting resonance hybrids of the

protonated and unprotonated forms of the chromophore alone will thus be also slightly
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Figure I.2.8 - Resonance structures of the protonated and anionic chromophores with their respective
resonance hybrids. The resonance structures displaying the best charge repartitions (pink background)
are favored
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Interestingly, the bond lengths for the two conjugated bonds involved in the methylene
bridge between the imidazolinone and hydroxybenzylidene moieties, a bond (A) bound to the
imidazolinone ring and a bond (B) bound to the phenol, have been calculated (Helms et al.
2000) as not having identical values. In its ground state indeed, the neutral chromophore
displays bond lengths that are typical of a single bond for A and of a double bond for B. This
becomes less clear in the anionic form and has a tendency to be the contrary in the excited
state. This demonstrates once again that the global behavior of the chromophore is different

depending on its protonation and excitation states.

b - Proton transfer and pH-dependent fluorescence

The wt-GFP chromophore absorbs light mainly at 395 nm (extinction coefficient = 30000
M-1.cm?1), with a minor absorption peak at 475 nm (extinction coefficient = 7000 M-1.cm1).
However, when excited at 395 nm, a conversion occurs that leads to a decrease of this

absorption peak and the increase of the peak at 475 nm. A similar effect is observed when the

pH is increased (Kneen et al. 1998).

As we said above, the conjugation within the chromophore is different depending on the
protonation state, and its spectroscopic properties should also be different. It has been
postulated, thus, that the protonated form (neutral) of the chromophore absorbs mainly at
395 nm and that its deprotonated (anionic) form absorbs mainly at 475 nm. By the way, the
brighter mutant EGFP only displays a major absorption peak characteristic of the anionic

chromophore with a slight bathochromic shift at 488 nm.

Another observation is that there is no fluorescence obtained when the chromophore is in
its neutral form (peak at 395 nm) and only the deprotonated form gives rise to fluorescence
emission, with the exception of the phenomenon of ESPT described below. Interestingly,
several mutants of the Tyr66 residue have been produced with substitutions by other aromatic
residues like His, Trp and Phe (Heim et al 1994). Following what we said concerning the
delocalization, one can expect that the substitution by a phenylalanine should result in the

same conjugation as a protonated tyrosine, without the involvement of the oxygen in the
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delocalization. However, while the Y66W and Y66H mutants exhibit a weaker and modified
fluorescence, shifted in the cyan and blue, respectively, the Y66F mutant revealed to be almost
non-fluorescent (only very weakly when excited by UV light). These fluorescence modifications
can be explained by the fact that when the tyrosine is substituted with a phenylalanine, the
electron delocalization looks like the one of the non-fluorescent protonated form of a tyrosine-
containing chromophore, where the hydroxyl moiety is very unlikely to be involved in the

electron delocalization.

For a molecule such as a chromophore to absorb a wavelength A, the energy E
corresponding to this wavelength (E = h.c/A = h.v) must correspond to the energy AE between
the initial and final absorbing molecular orbitals. In the case of m systems where a molecular
orbital m is formed via the overlap of two non-hybridized atomic orbitals p,' and p,’, the energy

AE is equal to the energy between the frontier orbitals HOMO (highest occupied molecular

orbital) and LUMO (lowest unoccupied molecular orbital) and is called band gap. The
absorption of a photon allows the transition of an electron from the HOMO to the LUMO and

the smaller the band gap, the lower the energy to excite the molecule is needed (Figure 1.2.9).

Figure 1.2.9 - Diagram representing the HOMO and LUMO frontier orbitals

When the chromophore is excited, the energy absorption required to cross the band gap
and promote an electron to the LUMO will thus give it its spectroscopic properties (absorption
spectrum). The de-excitation from the LUMO will generate either a non-radiative relaxation

(heat dissipation or conformational change) or a radiative relaxation (fluorescence).
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Calculations by quantum mechanics methods of those frontier orbitals for the chromophore will
thus allow the prediction of the molecule behavior during its photoexcitation. A representation
of the neutral and anionic chromophores in their ground state (HOMO) for example, reveals a

clear change indicating that the two molecules will not absorb light in the same way (Figure

Figure 1.2.10 - Representations of the HOMO for the neutral (left) and anionic (right) forms of the
GFP chromophore, reproduced with courtesy of M. Lelimousin (IBS, Grenoble, France)

1.2.10).

The strong change between the HOMO and the LUMO in the neutral GFP chromophore
(Figure 1.2.11) shows that the charges are withdrawn from the hydroxybenzylidene and
redistributed to the methylene bridge and the imidazolinone moiety. The localization of the

charges on the phenol ring of chromophoric tyrosine has indeed been evaluated to 67% in

HOMO and 25% in LUMO (Voityuk et al. 1998).

hv
e
~ 44— 9
4 4

Figure I.2.11 - Representations of the HOMO and LUMO of the GFP neutral chromophore,
reproduced with courtesy of M. Lelimousin (IBS, Grenoble, France)

The redistribution of the m electron cloud involves an intramolecular charge transfer (ICT)

that weakens the hydroxyl electron density (Agmon 2005). This has the direct consequence

that the acidity constant (pKa) of the hydroxybenzylidene decreases so drastically that it easily
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deprotonates once in the excited state. It has been described, by the way, that the
hydroxyphenyl acidity is much higher in the excited state than in the ground state (Chattoraj

et al. 1996; Fron et al 2007). Moreover, it has also been shown that the acidity is lower in
triplet state Tp than in singlet excited state Si (Turro 1991). This proton transfer is induced

under illumination and is thus called Excited State Proton Transfer (ESPT).

The network of interactions established between the chromophore (and especially the
hydroxybenzylidene), surrounding residues and water molecules in GFP (Figure 1.2.6), governs
a proton transfer between the chromophore and neighboring side chains. It has been proposed
(Brejc et al. 1997) on the basis of the structural analysis that Glu-222 is the key residue that,
with hydrogen bonding via a bound water molecule and Ser-205, is a proton acceptor during

the mechanism of ESPT.

The anionic form (basic form, B) of the chromophore can be obtained either by ESPT
(irradiating the protein at 395 nm) or by increasing the pH. Since the neutral form (acidic
form, A) can be re-obtained by decreasing the pH, the equilibrium and interconversion between

the neutral and anionic forms of the chromophore can be described by a cycle, nowadays called

Forster Cycle (Figure 1.2.12).

Acidic (form A)

—> ~Tyr-OH 2158

.@o
§§“
&
— Tyr-OH
395 nm A\
H+

175 nm Basic (fOI’m B)

Figure 1.2.12 - Scheme of the GFP Foirster cycle involving an excited state proton transter (ESPT)
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This type of cycle has been proposed by Theodor Forster (Forster 1949; 1950) to describe

the changes in acidity of certain molecules upon excitation. Noteworthily, the GFP was the

first protein in which such a cycle has been observed (Youvan & Michel-Beyerle 1996).

In reality, the proton transfer from the hydroxybenzylidene moiety is probably mediated by
an intermediate state (I). The fact that this intermediate state and the basic form (B) are
slightly different make that the fluorescence emission is also slightly different if the form A is

excited at 395 nm (ESPT involved) or the form B is excited at 475 nm (no ESPT involved).

5 - The photobleaching phenomenon

In addition to the events already described, the parasitic event of irreversible
photobleaching (or fading), this loss of fluorescence (and thus of information) that ultimately
happens when a FP is repeatedly excited, is a problem that often has to be avoided. Certain
techniques have taken advantage of this phenomenon such as the so-called fluorescence
recovery after photobleaching (FRAP) technique. In this technique, a small region of a
fluorescent sample is photobleached and the molecular diffusion of unbleached molecules within
the bleached area will lead to the recovery of fluorescence and the determination of the

diffusion coefficient (Figure 1.2.13).
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Fligure 1.2.13 - The FRAP technique uses the photobleaching phenomenon as an advantage
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This phenomenon of irreversible photobleaching though, has to be understood in order to

avoid it and further improve the photostability of fluorescent proteins.

6 - The photoactivation phenomenon

Evidences of a photoinduced decarboxylation of Glu-222 using UV-light have been found in
wtGFP (van Thor et al 2002; Bell et al. 2003). This reaction produces an irreversible bleaching
of the main excitation peak typical of the protonated form (395 nm) and an increase of the
peak typical of the deprotonated form (475 nm), showing that light absorption not only excites
the chromophore but can also alter its environment. The importance of Glu-222 and the
spectroscopic properties of GFP has also been shown with the mutant E222G that displays the
same effect (Ehrig et al 1995).

A very weakly fluorescent GFP variant called PA-GFP (for “photo-activatable” GFP) has
been designed to take advantage of such a decarboxylation at lower energies (488 nm),
resulting in a 100-fold brighter fluorescence once photoactivated by this decarboxylation
(Patterson & Lippincott-Schwartz 2002). This property allows new kind of experiments in cell
biology using probes that can be activated on demand (Post et al 2005; Schneider et al. 2005;

Stark & Kulesa 2005). A cyan-to-green photoactivatable variant of a GFP-like protein from
Aquorea ceerulescens, called PS-CFP, for photoswitchable cyan fluorescent protein (Chudakov

et al. 2004) uses this same effect to be irreversibly transformed upon actinic irradiation at
405 nm. Recently, a new photoactivatable fluorescent protein, called PAmCherryl (Subach et
al. 2009), has been designed from the red fluorescent protein mCherry (Shaner et al 2004).
This fluorescent protein, as well as two other variants called PAmCherry2 and PAmCherry3
(each containing at least 10 mutations compared to mCherry), can be photoactivated by violet

light from a non-fluorescent form to a red fluorescent form.

As we have seen, those last years the Aquorea victoria GFP has been (and is still) widely

studied for its major interest as a biological marker. Several mutants have been designed to
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widen the color palette and possibilities offered by this tool, like for example a cyan-emitting

variant called CFP, in which the chromophoric tyrosine has been mutated to a tryptophan,

which is responsible of an hypsochromic shift from 507 to 476 nm. Another example is a yellow

emitting variant called YFP, in which a m-stacking between the chromophoric tyrosine and

another tyrosine produces a bathochromic shift from 507 to 527 nm. This kind of mutants

allowed conducting more complicated experiments such as imaging using Foérster Resonance

Energy Transfer (FRET). If CFP and YFP molecules are close enough (about 5 nm), since

there is a spectral overlap between the emission spectrum of the donor CFP and the excitation

spectrum of the acceptor YFP, a transfer of the excitation energy will occur so that the yellow

emission from YFP will be observable (Figure 1.2.14).

Too large distance > NO FRET \

YFP

not exeited

Small Forster distance 2 FRET

deo nm
Spectral overlap

CFP, donor (~50%)

YFP, acceptor

AN

Figure 1.2.14 - The FRET pair formed by CFP and YFP

In spite of all these improvements, recent discoveries in anthozoan animals brought

shattering news to this field by widely expanding this color palette and our understanding of

the complex photoactivation processes involved.
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Part 2 - The discovery of anthozoan fluorescent proteins

1 - Fluorescent-like proteins are common in oceans

At the beginning of the 2000’s, the discovery of GFP-like proteins in other animals than the

jellyfish A£quorea initiated a wide search to expand the fluorescent proteins toolbox. This

search led to the conclusion that GFP-like proteins are rather common in ocean animals;
however, their late discovery can be explained by the fact that the animals producing those

proteins are anthozoans which are essentially non-fluorescent organisms.

Although anthozoans are categorized in a huge independent class composed of corals and
sea anemones, they have a common ancestor with hydrozoans (of whom the jellyfish £quorea is

a representative) since they are all classified in the phylum of cnidarians (Cf. p.264, Appendix

IV - Phylogeny of cnidarians producing FPs & CPs). However, if the fluorescent properties of
Aquorea victoria were rather obvious to observe (the bioluminescence was produced in

darkness), this was not the case at all for anthozoans since the high diversity of colors they

display does not necessarily originate from GFP-like proteins.

a - DsRed, first member of a large family

These discoveries started with the naturally red fluorescent protein (RFP) drFP583, also
known as DsRed, found in the coral Discosoma striata (Matz et al. 1999; Baird et al 2000).
Compared to GFP, a supplementary maturation step of the 4-(p-hydroxybenzylidene)5-

imidazolinone chromophore (Cf. p.25; Figure 1.2.5, step 7) occurs. This step involves the
oxidation of a mainchain bond next to the chromophore into an acylimine bond [—

C(=0)N=C—] that extends the electron delocalization to a larger zone (Figure 1.2.18, b). This

has the consequence to shift the fluorescence emission toward less energetic (longer)

wavelengths (Tubbs et al 2005). The crystallographic structure of the protein revealed a
tetrameric organization of the B-barrels (Yarbrough et al/ 2001) unlike GFP, which is a

common property of anthozoan GFP-like proteins. Although being red fluorescent
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(A tnax = 583 nm), both the chromophore (Gln-Tyr-Gly) and the B-barrel structure displayed

high similarities with those of GFP (Gross et al 2000) and, interestingly, the chromophore
maturation is very long, passing through an intermediate green state, which provides further
evidence for a common origin with the classical GFP. This long maturation even allowed the
creation of a mutant of drFP583 that slowly maturates from the green to the red form,
allowing it to act as a “fluorescent timer” when produced in cells (Terskikh et al 2000). An
interesting point about DsRed, as well as all the other anthozoan GFP-like proteins that were
discovered later, is that it can be considered as being intrinsically fluorescent (Heikal et al
2000). Indeed, at the difference of GFP, those proteins are not involved in a bioluminescence
pathway and the excitation is directly provided by the sunlight since anthozoans are organisms

that live in shallow waters.

While GFP is found in a dimeric form, DsRed (as the other anthozoan FPs) adopts a
tetrameric organization. Although, it took several years and a lot of mutations, DsRed could be
produced in a monomeric form, which is the most useful form of a fluorescent protein (because
it is easier to use and disturbs less the tagged system). The big efforts in mutating the GFP
(Tsien 1999) were also applied to DsRed in order to change its fluorescence properties. This
gave rise to a series of new monomeric variants named after fruits (m-Honeydew, m-Banana,
m-Strawberry, m-Tomato...) and emitting their fluorescence in a wide range of colors, from

light orange to red (Fradkov et al 2000; Shaner et al. 2004).

b - Glowing by nature?... Fluoroproteins & chromoproteins

After this finding, the classis of anthozoans was deeply studied in order to find other
members of the GFP family. It was found that although colors in corals and anemones mainly
came from small dye molecules, some animals like for example the sea anemone Anemonia
sulcata, produce non-fluorescent but colored GFP-like proteins called chromoproteins (CP),
which participate to their colorful aspect (Lukyanov et al 2000). These chromoproteins only
absorb certain wavelengths, giving their colors, but relax by a non-radiative way so that they

emit extremely low fluorescent signals, if any. Several other FPs and CPs of various colors have
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been found in A. sulcata (Wiedenmann et al 2000) as well as in other organisms. The
biological role of such proteins is of course puzzling and even if some photoprotective actions
have been proposed (Salih et al 2000) as well as the possibility that colorations induced by
GFP-like proteins may attract/repel fishes (Matz et al 2006), their functions remain rather

mysterious.

Many other reef coral FPs and CPs were found in other anthozoans genera (Montipora,
Montastraea, Favia, Zoanthus...) like for example the tetrameric RFP eqFP611 from Entacmea
quadricolor. Concerning the resemblances and common origins of FPs and CPs, a very
interesting property of chromoproteins is that very few mutations are sufficient to transform a
chromoprotein into a fluorescent protein. This was the case for example with the red
chromoprotein from Heteractis crispa (HcCP) that was transformed thanks to a single point
mutation into HcRed, a dimeric red fluorescent protein (Gurskaya et al 2001a) whose green to
red maturation of the chromophore is identical to that of DsRed and eqFP611, involving the

formation of an acylimine bond (Figure 1.2.18, b).

¢ - Under which form are chromophores the most stable?

Surprisingly, the chromophore of eqFP611 is stable and fluorescent in a trans conformation
(stereoisomer Z) and not in cis conformation (stereoisomer E) like for most FPs. Chromophores
of FPs are indeed more often in a cis planar conformation and when in trans, they are generally
more distorted (Quillin et al 2005). However, non-coplanar cis conformations for the CP
Rtms5 (Prescott et al 2003) and coplanar trans conformations for eqFP611 (Petersen et al
2003) have already been described. The choice between cis and trans conformation probably
depends on the steric constraints driving the chromophore formation (Barondeau et al 2003;
Nienhaus et al 2008) and the energy difference between both conformations has been
calculated as being very small (He et al 2003). It has been proposed recently that
chromophores of FPs could stay in a resting distorted conformation until being excited and
becoming planar (Pletnev et al 2008). The same authors propose that chromophores could

undergo cis/trans isomerizations induced by pH changes only. The variation of protonation
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state induced by pH modifications could then be sufficient to alter the interactions between the

chromophore and its environment, leading to cis/trans isomerizations.

In a similar way, it was found that some mutations around the chromophore of fluorescent
proteins could either bleach the fluorescence, transforming them into chromoproteins (Bulina et
al. 2002), or even modify the fluorescence spectrum, and thus the color of the emitted light
(Gurskaya et al 2001b). In all those FPs and CPs, it is important to notice that the

chromophore sequence is always X-Tyr-Gly, the first aminoacid varying a lot from a protein to
another. Since the B-barrel structure is always conserved, the spectroscopic properties are thus

strongly related to the chromophore configurations and its environment, whose slight

modifications create cyan, green, orange or red fluorescent proteins.

2 - Photochromic reversibly switchable fluorescent proteins

Recently, our perception of fluorescent proteins’ behavior has been drastically changed by
the discovery of the so-called photoactivatable fluorescent proteins (PAFP). In particular, the
discovery of reversibly switchable fluorescent proteins (RSFP) has shown that the phenomenon
of photobleaching was not inevitably an irreversible phenomenon. Those proteins can indeed be
either in a bright (on) state or a dark (off) state, depending on the actinic wavelength they are
submitted to. Such a property is called photochromism and is defined as “a photoinduced
transformation of a molecular structure, photochemically or thermally reversible, that produces

a spectral change, typically, but not necessarily, of visible color”®.

The observation of compounds being able to change their spectral properties in a reversible
way under illumination was made for the very first time more than 140 years ago (Fritzsche
1867) on orange tetracene. It was noticed that when this chemical was illuminated, it

underwent a reversible transformation to a colorless material. This kind of reversible

6 Glossary of terms used in photochemistry, IUPAC recommendations 1996, 68, p.2259
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photoreaction generally occurs between a colored form and a colorless form called leuco (from

the Greek word Levkog [leukos| meaning “white, clear”).

This phenomenon was first named “phototropy” (Marckwald
1899) and although this term is still valid in chemistry, it created
confusion with the word phototropism being nowadays understood

as the phenomenon by which some plants and fungi grow toward

a light source. Therefore, in 1950 the photochemist Yehuda

Hirschberg (Figure 1.2.15) proposed the term “photochromism”
Figure I.2.15 - Photograph

(from the Greek words @@c [phos| meaning “light” and ypopa of Yehuda Hirschberg

[chroma] meaning “color”).

Hirschberg defined the photochromism as being the reversible transformation of a single
chemical species being induced in one or both directions by electromagnetic radiation between
two states having distinguishable absorption spectra (Dirr 1990). Generally, the back
conversion toward the most stable form is photo-induced but is very often in competition with
a thermal back conversion. This causes most photochromic molecules to also display a

thermochromic behavior (from the Greek word 6épun [thermai|] meaning “heat”).

a - Dronpa

The first discovered fluorescent protein exhibiting photochromic switching between a green
fluorescent form and a leuco non-fluorescent form after an actinic illumination was called
Dronpa. This engineered PAFP was isolated by the groups of Atsuchi Miyawaki and Johan
Hofkens from the scleractinian “chalice coral” Pectiniidae sp. (Habuchi et al. 2005a). To create
Dronpa, the wild-type form called 22G was engineered by six mutations to form a monomeric
form (22Gm3). Dronpa is the first discovered member of the reversibly switchable fluorescent

proteins (RSFP): its green fluorescence signal can be rapidly bleached under cyan light

(A act. _ 488 nm) and very efficiently restored when irradiated by violet light
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(A act: _ 405 nm). The name Dronpa is composed from the ninja term Fe[d(o)ron] meaning

“vanishing, disappearing” in reference to the behavior of fluorescence fading and the two letters

PA standing for Photo-Activation.

The crystal structures of Dronpa (Habuchi et al. 2005a; Wilmann et al. 2006) revealed that
the photochromism was accompanied by a photoinduced isomerization of its chromophore
(Figure 1.2.18, a). In its cis conformation, the chromophore is indeed characteristic of the
protein in its bright form while the dark (non-fluorescent) form is produced when the
chromophore is in its trans conformation. This reversible photoisomerization can be repeated
many times. However, Atsuchi Miyawaki’s group in a recent NMR study on Dronpa (Mizuno

et al. 2008), has found that an essential step for the reversible bleaching of the protein is
induced by the loss of a hydrogen bond between the chromophoric tyrosine and the B-barrel.

This would increase the flexibility of the chromophore, probably the first step to allow the

photoswitching, which loses most of its energy by vibrating instead of emitting fluorescence.

Several mutants of Dronpa with higher photoswitching quantum yields have been recently
successfully obtained, in order to increase the photoactivation efficiency of RSFP-based

microscopy experiments (Figure 1.2.16).

Miyawaki’s and Hofken’s groups created two variants of Dronpa that exhibit an enhanced
switch-off conversion when illuminated at 490 nm. The first mutant, containing the mutation
M159T, was called Dronpa-2 and the second, containing the mutations V157 and M159A, was
called Dronpa-3 (Ando et al 2007). Dronpa-2 and Dronpa-3 revealed bright-to-dark conversion
quantum yields ~150 times and ~18 times higher than Dronpa, respectively. If fluorescence
recoveries photo-induced at 400 nm look similar for the three proteins Dronpa, Dronpa-2 and
Dronpa-3, thermal recoveries are much faster for Dronpa-2 and Dronpa-3 (faster for Dronpa-3)

than for the parent protein Dronpa.

In parallel, Hell’s group also produced fast-switching mutants of Dronpa (Stiel et al 2007)
also involving the two residues Val-157 and Met-159. The mutant Dronpa-V157G, called

rsFastLime (rs: reversible switchable, lime: visible color of the protein in a highly concentrated
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water solution in the daylight’), displays for example a switch-off half-time of <5 s (~50 times
faster than Dronpa). The mutant Dronpa-M159T, (identical to Dronpa-2) has been described

as exhibiting an even faster switch-off half-time of 230 ms (~1150 times faster than Dronpa).

1.0 v
s Dronpa \
= - ‘ 0.8 _| - rsFastLime
= . ] Padron
06 |
q 04 | /
l 0.2 7 g
0.0 '\
Dronpa Dronpa2 Dronpa3 rsFastLime  Padron | ~ T . T .
(M159T) (V1571/M159T) (V157G) (M159Y) 300 350 400 450 500

Figure 1.2.16 - The color of Dronpa variants - Left: frozen concentrated solutions of Dronpa and its
variants Dronpa-2, Dronpa-3, rsFastLime and Padron are shown. Samples provided by P. Dedecker and
J. Hofkens . Right: absorption spectra of Dronpa, rsFastLime and Padron reproduced from (Dedecker et

al. 2006; Stiel et al. 2007; Andresen et al. 2008)

The mutation of Met-159 in Dronpa (described above) revealed that this residue is
instrumental for photoswitching properties of RSFPs and several other mutants have been
created by Hell’'s group, using this property. The mutation M159Y in rsFastLime led, after
several other rounds of mutations, to a RSFP that was called Padron (Andresen et al. 2008)
and which, as indicated by its name, works in a reversed way compared to Dronpa. This means
that instead of inducing a negative-switching like in all the other RSFPs, blue-light switches on
the fluorescence and UV light switches it off (positive switching). This protein almost keeps the
fast-switching properties of its parent rsFastLime. Along the process for the creation of Padron,
the same authors found that the mutation M159C produced, after several other rounds of
mutations, a protein that had a blue-shifted and broader absorption spectrum. This negative-
switching RSFP called bsDronpa (bs standing for broad-absorption spectrum) can thus be

switched-off with a broad range of wavelengths and displays a larger Stokes shift than Dronpa.

7 Details provided in (Hofmann 2007)
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b- mTFPO.7

mTFP(.7 is one of the intermediate variant that was obtained along the series of mutations
performed on the cyan fluorescent protein cFP484 from the “brown star polyp” coral
Clavularia sp. to produce the protein mTFP1 (Figure 1.2.17). Although cFP484 is naturally a
tetramer (like all the other coral FPs), mutagenesis efforts produced dimeric and then
monomeric forms called dTFPs and mTFPs, the prefixes “d” and “m” standing for “dimeric”
and “monomeric” respectively and “TFP” standing for “Teal Fluorescent Protein” (Ai et al
2006). The name of the protein comes from the color teal, a dark cyan color whose coding is
0, 128, 128 in standard RGB format (cyan being 0, 255, 255). This name was chosen because
teal fluorescent proteins emit their fluorescence in a range of wavelengths a bit shifted (from

485 to 492 nm) compared to the cyan cFP484.

cFP484 dTFP0.1  dTFP02 mTFPO0.3 mTFPO.7 mTFP1

o o o
o 6 o 9906

Monomeric RevEtsibl :
Tetrameric Dimeric butless evﬁm Y Brighter

Bright hot hed
and cyan and teal RS bright o R & stable

Figure 1.2.17 - Engineering of cF'P484 into teal fluorescent proteins

The authors were surprised to find that one of the monomeric teal FP, mTFP0.7, rapidly
lost its fluorescence upon illumination at 450-488 nm but recovered it by its own within
minutes or within seconds if illuminated at about 400 nm. The structural characterization of
mTFP0.7 revealed here again that a cis/trans isomerization of the chromophore was involved
in the reversible photobleaching properties of this protein (Henderson et al 2007). In its trans,
non-fluorescent form, the chromophoric phenol moiety establishes few hydrogen bonds (one
with a glutamate and one with a water molecule) with residues that could stabilize an anionic
form so that the chromophore is most probably neutral in its dark form (Figure 1.2.18, a). This
trans state was also shown to be non-coplanar and rather disordered, which could also play a

role in the loss of fluorescence.
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c - asF’P595

Another photochromic fluorescent protein is known: asFP595 which name is composed of
the two letters “a” and “s” referring to the host animal Anemonia sulcata, a sea anemone (now
officially called Anemonia viridis) and 595 which is the value in nanometers of the maximum
fluorescence peak of the activated fluorescent form (Andresen et al 2005). This tetrameric
protein isolated from the sea anemone Anemonia sulcata is originally a deep purple colored
chromoprotein called asCP or asulCP. Crystallographic structures revealed an autocatalytic
cleavage of the mainchain acylimine bond between the chromophore and the preceding residue
(Wilmann et al 2005; Henderson & Remington 2006) which is a further maturation step of
DsRed-like FPs. The consequence of this cleavage is that a ketone becomes involved in a
broader electron delocalization of the chromophore. The degree of FPs’ maturation is probably
linked with their structures that were accommodated along evolution to allow or prevent the

next maturation steps. However, this phenomenon is not fully understood yet. Under green

light excitation (A act: _ 550 nm) this non-fluorescent protein is switched to a red fluorescent

form (called “kindled” state). This process is reversible under illumination by blue light

(A act- _ 450 nm), giving to this protein a photochromic behavior (Ando et al. 2004; Schafer et
al. 2008), although functioning in the reverse way compared to Dronpa since the most stable
state is non-fluorescent (Figure 1.2.18, ¢). Like Dronpa and mTFP0.7, the protein is in its non-
fluorescent state when the chromophore is in trans conformation and switches to the
fluorescent state via a photoinduced reversible trans/cis isomerization. A mutant (A143G) of
this protein called KFP1 (for “kindling fluorescent protein”) has been engineered to irreversibly

photoactivate the protein in a fluorescent state (Chudakov et al 2003; Quillin et al. 2005).

d - Other RSFPs

Recently, other reversibly switchable fluorescent proteins have been engineered, both in a
negative-switching way like in Dronpa or mTFPO0.7, and in a reversible positive-switching way
like in asFP595 or Padron. For example, the red fluorescent mCherry (Shaner et al 2004) was
mutated to obtain two RSFPs called rsCherry and rsCherryRev (Stiel et al 2008). While
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rsCherry (mCherry E144V, 1161S, V177F, K178W) displays a positive-switching mode (which
means that the excitation wavelength, 550 nm, also turns the protein to a brighter state),
rsCherryRev (with the supplementary mutations S146C, Q163M) shows a more classical

negative-switching mode (the excitation wavelength turns the protein to its dark state).

To summarize, reversibly switchable fluorescent proteins (RSFPs) constitute a PAFP
family that contains only three recently discovered members: Dronpa, mTFP0.7 and asFP595.
The excitation of these proteins at the maximum excitation peak of their chromophore allows
the photoinduced isomerization of this compound. In their cis conformation, proteins are able
to emit fluorescence (with a color depending on the maturation and environment of the
protein’s chromophore) and in their trans conformation, the fluorescence is bleached. Although
this is far from being clear, the photoisomerization does not seem to be the only cause of
photobleaching and both a change in planarity and in protonation of the chromophore seem
involved. All the studies on those proteins indeed, tend to show that in their cis (bright)
conformation, the chromophores are mainly in a planar anionic form whereas a distorted

neutral form is reported when the chromophore is in its trans (dark state).

Looking at all the FPs that are known, it looks rather clear that chromophores are very
often more distorted and non-fluorescent in the trans conformation and more planar in the cis
conformation (Quillin et al. 2005). However, this is not always the case as already seen with
the trans fluorescent chromophore of HcRed, and examples of non-planar cis chromophores
have already been reported in bright FPs (Prescott et al 2003; Pletnev et al 2008) as well as
cases of planar trans chromophores (Petersen et al 2003). We can thus propose that the
planarity is maybe not that crucial in the phenomenon of transient loss of fluorescence

compared to the change of protonation state concomitant with the chromophore isomerization.

The most exciting property of such proteins is their reversible nature, since the very fast
photoinduced back-isomerization of the chromophore will rescue the protein’s initial

spectroscopic properties. Because Dronpa is the first member of the RSFPs, such photochromic
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FPs will be referred to in this thesis as being part of the “Dronpa-like family”. Like most of the
already known photochromic molecules, these proteins are also thermochromic, meaning that
even without excitation, the most stable conformation of the chromophore (cis for Dronpa or

mTFP0.7 and trans for KFP) will be slowly restored; this phenomenon is accelerated as the

«

temperature is increased. The photoswitchings between “on” and “off” states in the
photochromic FP Dronpa have also been shown to be dependent on the protonation states of
its chromophore (Habuchi et al 2006) and calculations on asFP595 revealed that its

photoswitchings are also related to its protonation states (Andresen et al. 2005).

Another family, however, gathers fluorescent proteins that exhibit photoinduced processes

that are no less impressive: the green-to-red photoconvertible fluorescent proteins.

Green (cyan) fluorescent
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' Reversibly bleached in
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g R favored conformation

R 5 p
® o (either cis or trans)
= DsRed, R=GIn
= X 2 =N
i o heRed R—Glu ———eqFP611, R=Met |
5 :
= H H (o] o)

b x N'z Autocatalytic hydrolysis of the fragile acylimine bond via an
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Figure 1.2.18 - Maturation of some chromophores of anthozoans FPs. Three types of chromophores
are represented: reversibly photoswitchable GFP-type chromophores like for Dronpa or mTFP0.7 (a),
acylimine-containing chromophores of red FPs like DsRed, HcRed or eqFP611 (b) and reversibly
switchable ketone-containing chromophores like for KFP (c)
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3 - Green-to-red photoconvertible fluorescent proteins

In parallel with the discovery of Dronpa-like PAFPs, other reef coral fluorescent proteins
have been discovered that demonstrate the possibility of having their fluorescence irreversibly

photoconverted from an initial green fluorescent form to an orange/red fluorescent form.

a - Kaede

The first member of this PAFP family, named Kaede (Ando et al 2002). This fluorescent
protein contains a chromophore made of the three modified aminoacids His-Tyr-Gly and is the
first discovered member of a family of PAFPs that we will call in this thesis “photoconvertible
fluorescent proteins” (PCFPs) to distinguish with the RSFPs that have been described above.
The members of this family irreversibly photoconvert from a green fluorescent form to a red
fluorescent form after an actinic illumination. Kaede was isolated in 2002 by the group of
Atsushi Miyawaki (Figure 1.2.20) from the scleractinian (stony) “open brain coral”

Trachyphyllia geoffroyi (Veron 2000f). It shows excitation and emission maxima at 508 nm and

518 nm, respectively but when submitted to an (actinic) irradiation at A act- = 400 nm, it

irreversibly photoconverts to a red form with excitation and emission maxima at 572 nm and

582 nm, respectively. The name Kaede originates from the Japanese maple tree Acer palmatum
whose Japanese name #=7 [kaede| is the protein’s eponym. This name was chosen as a

comparison with the protein’s colors since the color of the tree’s foliage drastically turns from

tender green to crimson red in autumn.

The crystal structure of Kaede confirmed that the green-to-red photoconversion was due to
a UV-induced cleavage of the backbone between the first residue of the chromophore (His62)

and the previous one (Mizuno et al. 2003). This breakage transforms at one side the residue 61

into an amide residue and forms at the other side a double bond between C, and Cg of His-62.

The formation of this double bond allows the spreading of the delocalized w-system formed by
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the chromophoric tyrosine and the imidazolinone moiety with the involvement of the histidine

imidazole ring in the electron delocalization (Figure 1.2.19).

5

hotoinduced
o B-elimination

Fligure I.2.19 - Photoinduced backbone cleavage of the chromophore in Kaede-like PAFPs

Chemically, the region on which the electron delocalization extends is called 2-[(1E)-2-(5-
imidazolyl)ethenyl] (or 2-(amino-2-(5-imidazolyl)ethyl)-1-carboxymethyl) and thus, the newly
formed chromophore is called 2-[(1E)-2-(5-imidazolyl)ethenyl]-4-(p-hydroxybenzylidene)5-
imidazolinone. The consequence is that following the excitation of the protein, the emitted
photons are of a lower energy than those emitted when only the chromophore formed by the
hydroxybenzylidene and the imidazolinone moieties are excited (i.e. the fluorescence is shifted

toward longer wavelengths), which results in a red fluorescence.

b - KikGR

Based on those findings, Miyawaki’s group mutated KikG, a fluorescent protein isolated
from the scleractinian “pineapple coral” Favia favus (Veron 2000b), to insert the chromophore
His-Tyr-Gly and to adapt its environment. This had the consequence of turning this protein
into a PCFP called KikGR (Tsutsui et al 2005) and also known by its commercial name
“Kikume”. This engineered PAFP has similar spectroscopic properties than those of Kaede
since the excitation and emission maxima in its green form are 506 nm and 517 nm

respectively. Upon actinic excitation at 400 nm, the photoconversion occurs, giving rise to the

red form with 2% = 583 nm and 27 = 593 nm. The name Kikume comes from the word %7 AA

< [kikume-ishi] which is simply the Japanese name for the coral Favia favus.
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Figure 1.2.20 - Photographs of Atsushi Miyawaki, G. Ulrich Nienhaus and Sergey Lukyanov

c - FosFP

Around the same years, the group of Gerd Ulrich Nienhaus (Figure 1.2.20) isolated and
described another wild-type PCFP from the scleractinian “carpet brain coral” Lobophyllia
hemprichii (Veron 2000c). This Kaede-like protein named EosFP can be irreversibly
photoconverted with an actinic illumination at ~400 nm from green to red with excitation and
emission maxima of 506 nm and 516 nm respectively in the green form, and 571 nm and
581 nm respectively in the red form (Wiedenmann et al. 2004). The chromophore has the same
sequence His62-Tyr63-Gly64 than Kaede, providing the protein with its photoconversion

properties.

It has been proposed (Nienhaus et al 2005) that, like for Kaede, the neutral chromophore
of EosFP absorbs wavelengths around 400 nm, causing an indirect photoinduced proton
transfer from the hydroxyl group of the hydroxybenzylidene moiety to the chromophoric
histidine (His-62). Finally, this charged histidine would easily give its B hydrogen (pB-
elimination) to the nearby acceptor Glu-212, producing the formation of a double bond, the
breakage of the covalent bond linking the chromophore with the residue 61 and the extension
of the conjugated system on the histidine. The crystal structures of the green and red forms of
EosFP revealed here again the same kind of backbone cleavage (between residues 61 and 62)
that Kaede undergoes, stretching the electron delocalization on a broader region of the

chromophore and red-shifting the fluorescence emission.
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The mechanism of this light-driven cleavage has been proposed by Nienhaus’ group
(Nienhaus et al. 2005) as involving a B-elimination reaction (Figure 1.2.21). The anionic form of
the chromophore is in equilibrium with its neutral, protonated form. This state absorbs light at
~400 nm, which would have the consequence to induce the B-elimination of one of the (-CHz)

hydrogen atoms of the chromophoric histidine. The acceptor of this atom has been proposed to
be the strictly conserved Glu-212 (equivalent to Glu-222 in GFP) since its mutation produces a
non-photoconvertible FP. Following this proton transfer, the reorganization of the electronic

repartition leads to the cleavage of the peptide bond between the chromophore and the

previous residue, and the formation of a double bond between Co and C of the chromophoric

histidine. Finally, the newly formed m-bonds would involve the histidine in the electron

delocalization, which produces a modified chromophore that can be excited at longer

wavelengths.

This proposition is based on structural and mass spectrometry evidences of photocleavage,
the obvious implication of protonation modifications and the need for the nearby glutamate.
However, the reaction itself as well as the acceptors and donors still need to be proven or

invalidated.
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Figure 1.2.2] - Proposed mechanism for the green-to-red photo-induced conversion of FosFP
[reproduced from (Nienhaus et al. 2005)]
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The name EosFP comes from the Greek goddess of dawn Hwg [Eos|] whose infidelity,

according to the mythology, was discovered, making her blush with shame when she wakes up
every morning: rosy dawn, hence the analogy with the protein’s property to be

photoconvertible to a red color.

EosFP has naturally a homotetrameric organization but several variants have been made
by Nienhaus’ group that exhibit various degrees of oligomerization. The single mutation of a
residue involved in the interface between the two dimers (V123T) has been shown to be
sufficient to split this interface, forming a dimeric form called d1EosFP. At the other interface,
the single point mutation T158H is sufficient to split the wild-type form into another dimeric
form called d2EosFP. The double mutant V123T/T158H logically induces the splitting of both
interfaces, producing a monomeric form called mEosFP easier to be used for protein fusion
applications. The wild-type form of EosFP as well as the monomeric form (mEosFP) and one

of the dimeric forms (d1EosFP) have been studied during this thesis work.

d - Dendra

At the same period, the group of Sergey Lukyanov (Figure 1.2.20) isolated and studied
another PCFP, called Dendra, from the azooxanthelate non-scleractinian soft “tree coral”
Dendronephthya sp. Dendra is a monomeric engineered variant of a green-to-red
photoconvertible fluorescent protein called dendGFP or dendFP (Pakhomov et al 2004).
Similarly to Kaede and EosFP, the protein displays excitation and emission maxima at 488 nm
and 505 nm respectively in its green form, but after an actinic illumination at ~400 nm it
irreversibly photoconverts to its red form with excitation and emission maxima at 556 nm and
575 nm respectively (Gurskaya et al. 2006). Despite the absence of crystal structure, the same
chromophore His-Tyr-Gly was identified and recognized as being the origin of the
photoconversion capabilities. The name Dendra is made of the apocope of the genus

Dendronephthya and of the two letters RA standing for Red-Activatable. A brighter
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commercial version is available and called Dendra2. This protein (Dendra2) has also been
studied during this thesis (Adam et al 2009b), as an example of an irreversibly

photoconvertible PAFP from a non-scleractinian coral.

e - Other PCFPs

Recently, new green-to-red photoconvertible fluorescent proteins have been discovered and
engineered. For example cjarRFP, mcavRFP and lhemOFP (Oswald et al. 2007) found in the
stony corals Catalaphyllia jardinei, Montastrea cavernosa and Lobophyllia hemprichii,
respectively. All have been described as containing a chromophore made of the sequence His-
Tyr-Gly. The reaction mechanism of those proteins, thus, is probably the same as the one of

the other PCFPs described above.

To summarize what is written above, some fluorescent proteins display incredible properties
of photoconversion from a color to another. These PAFPs all contain a chromophore composed
of the triad of aminoacids His-Tyr-Gly, essential for the photoinduced extension of the
conjugated system. Currently, few irreversibly photoconvertible FPs of this type are known: the
wild-type Kaede, EosFP (and its monomeric and dimeric versions), DendFP (and its
monomeric variants Dendra and Dendra2) and the engineered KikGR. Since the first

discovered member of those proteins is Kaede, this type of PAFP will be referred in this thesis

as members of the “Kaede-like family”.

Together with the Reversibly Switchable Fluorescent Proteins, the PhotoConvertible
Fluorescent Proteins are part of an always bigger family of PhotoActivatable Fluorescent
Proteins (Table 1.2.1) that can undergo a wide variety of phototransformations by changing
their emission color, switching reversibly of irreversibly between bright and dark states... All
those transformations are very useful for numerous applications, especially in protein tracking

within cells and high-resolution microscopy.
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Before photoactivation After photoactivation
Type of 3 n1 €
Ref.| Protein name :,:FP lmn(:l:,)fem ®g., | Bright. |pKa h:;:?]:;) l_,,(:]:{em @, (Bright_[pKa (er g StT}:\ ::;:::r
1 | EGFP (weak D) | Reference : NA NA NA NA
2 PA-GFP (M) |Irreversibly E .2 : y NA
3 | PS.CFP (M) photo- 2 / 468|016 11% | 32000 | | 408 i NA
4 KFP1 (T) activatable | ; 3 123 000 80 / 600  0.07 i 5
5 [PAmCherryl (M) FPs 404 / NA 6300 | ] 0.46
6 asFP595 (T) 572 / NA 56 200 |5 2 572 )5 ND
7 | mTFPOT (M) 53 / 43¢ _ 89% [40] 60000 376/ NA | NA
8 Dronpa (M) Reveraibly 3>/ 400 / 517 |<0.02
9 Dronpa-2 (M) | switchable | ¢ 3 180>/ 400 / NA | NA
9 Dronpa-3 (M) FPs L 5 400 /) NA | NA
10 | rsFastLime (M) | (RSFPs) 4 N rE 384/ NA | NA
11 | bsDronpa (M) 490> 285 / NA | NA
11 Padron (M) 505 / NA
12 | rsCherry (M) 572 / NA
12 [rsCherryRev (M) 572 | i
13 Kaede (T) [ ] ; 3 800 60 400
14 KikGR (T) B b 35 100
15 EosFP (T) : | | 511, ND 41000
15 mEosFP (M) | / 0.62 37 000
15 d1EosFP (D) Green-to- : ; | ] 40 000
15 d2EosFP (D) | red photo- ) b 33
16 DendFP (T) convertible
17 Dendra (M) FPs [ BTE |
4 Dendra2 (M) (PCFPs) 0 ) ; 5 i 7 25 000
18 | mcavRFP (T) - i | : ; 0 60 000
18 | cjarRFP (T) | 0 0 500
18 | lhemOFP (T)

M: monomer, D: dimer, T: tetramer, Ay, ex/em: max_excitation and emission wavelengths, ®g,,: fluorescence quantum yield,

NA: not applicable, ND: not determined, Bright.: brightness (product of £*10% and Pp,,) in % of EGFP, £: extinction coefficient
Table I.2.1 - The different types & spectroscopic properties of photoactivatable fluorescent proteins

References: 1-(Prasher et al. 1992); 2-(Patterson & Lippincott-Schwartz 2002); 3-(Chudakov et al. 2004);
4-FEvrogen website; 5-(Subach et al. 2009); 6-(Lukyanov et al. 2000); 7-(Ai et al. 2006); 8-(Ando et al.
2004); 9-(Ando et al. 2007); 10-(Stiel et al. 2007); 11-(Andresen et al. 2008); 12-(Stiel et al. 2008); 13-
(Ando et al. 2002); 14-(Tsutsui et al. 2005); 15-(Nienhaus et al. 2006a); 16-(Pakhomov et al. 2004); 17-
(Gurskaya et al. 2006); 18-(Oswald et al. 2007)
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Résumé en francais

Ce chapitre discute de l'utilisation des protéines fluorescentes photoactivables et en particulier le
suivi de protéines d’intérét dans les cellules vivantes et leur utilisation en microscopie de fluorescence a
super-résolution. Apres un court rappel sur la microscopie conventionnelle, les récentes techniques de

nanoscopie seront introduites : STED, PALM et STORM.

Enfin, le but de ce travail de these sera explicité : étudier les phénomenes de phototransformations
subies par les protéines fluorescentes photoactivables: photoconversion, photocommutation et

photoblanchiment, grace a l'utilisation de trois protéines modéles.
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Part 1 - Tracking elements within living cells

HE irreversible photoconversion capabilities of Kaede-like proteins such as EosFP make
Tthem very interesting fluorescent probes for following dynamical events (Figure 1.3.1).
Indeed, the high contrast between the initial green emitting state and the photoconverted red
state of the protein allows to follow the motion of photoconverted elements such as fusion

proteins moving from a cellular compartment to another, growing cytoskeleton...

photoconversion
early gastrula  earlyneurula  mid neurula late neurula tailbud

>
>

Embryological development

Figure 1.3.1 - An example of application of FosFP in dynamical microscopy. An embryo of Xenopus
laevis at its early stage is marked with FosFP and a small area, corresponding to the future neural cells,
is photoconverted from green to red. Upon embryological development, the motion of the photoconverted

cells is clearly visible due to the high contrast between green and red emissions [Reproduced and

adapted from (Nienhaus et al. 2006a)]

The photoinduced transformations from one state to another of a fluorescent biomarker
such as a fluorescent protein is indeed of major interest in cell biology and biotechnologies, to
allow the development of new kinds of dynamical experiments and technologies. The recent
discovery of the new photoconvertible and photoswitchable fluorescent proteins described
previously has already allowed the spatio-temporal labeling and dynamical study of proteins of
interest in an unprecedented manner compared to the somewhat static studies permitted by

more simple types of fluorescent probes (Lukyanov et al. 2005).

Like for the GFP and its variants, researchers quickly used the red fluorescent protein
DsRed (Ayoob et al 2001) and its “timer” variant (Mirabella et al 2004) in cell tracking

experiments. The use of the newly discovered PCFPs though, offered great new perspectives by
expanding the toolbox of fluorescent biomarkers in transcriptional reporting, tag fusion or

biosensing experiments, such as the dynamical track of events within cells. This was the case
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for Kaede (Mutoh et al 2006; Sato et al. 2006; Leung & Holt 2008; Tomura et al. 2008), EosFP
(Ivanchenko et al 2005; Nienhaus et al 2006a; Wiedenmann & Nienhaus 2006) or Dendra
(Chudakov et al 2007a; b) for example. It was also the case for photochromic switchable
PAFPs like Dronpa (Flors et al 2007) or asFP595 and its variant KFP (Henderson &
Remington 2006). However, one of the most exciting and promising function of PAFPs is their

use in the recent super-resolution microscopy techniques.

Part 2 - Super-resolution microscopy using PAFPs

One of the most promising and exciting application of PCFPs and RSFPs is their use in
nanoscopy. Indeed, thanks to techniques newly developed, those proteins can be used as
efficient fluorescent probes, in a way that allows to defeat the resolution limitation imposed by

diffraction.

1 - The resolution is limited by diffraction in far-field visible microscopy

The resolution of a microscope refers to the resolving power of the lenses that compose this
microscope. The resolving power is the ability of an apparatus to measure the angular distance
between two points (i.e. distinguish two points) of an object, and is limited by the phenomenon
of diffraction. In far-field microscopy, the waves emitted by a light source in a microscope do
not focus in an infinitely small point but interfere together near the image plane to form a so-
called Fraunhofer diffraction pattern. As a consequence, this pattern at the focal plane will
resemble a disc surrounded by concentric blurred rings called first, second... order maxima
(Figure 1.3.2) and separated by minima called first, second... zeros; this pattern is called the
Airy disc. The Airy disc is characterized by an intensity distribution function called the point-
spread function (PSF) of the microscope. The point spread function is thus the instrumental
response of the imaging of a point object and the image is a convolution of the object and the

PSF. The degree of spreading (blurring) is a measure for the quality of an imaging system.
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0tk order max.
15t zero

Point
source 15t order max.
—> 0
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Diffracted 2nd order max.
rays 3t zero

3td order max.

Figure 1.3.2 - The parasitic phenomenon of diffraction causes the formation of an Airy disc (left).
The corresponding point-spread function (right)

a - The Abbe’s relation

The physicist Ernst Abbe (Figure 1.3.3) found (Abbe 1873) that in far-field microscopy,

using visible light, the smallest distance between two objects that can be distinguished defines

the resolving power (r) of the apparatus. He described this value as being: r~\/2n

Where A is the wavelength that is used and n is the refractive index of the medium in
which the light rays travel. For example, with n=1 (air) and A=500 nm, we find that the best

resolution equals r~250 nm.

{

il

Figure 1.3.3 - Photograph of Ernst Karl Abbe and John William Strutt Rayleigh
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b - The Rayleigh criterion

In reality, two objects start to be undistinguishable when their Airy discs are separated by

an Airy radius. Below this distance, the objects will be unresolved. This expression that
approaches very much the Abbe’s relation is known as the Rayleigh criterion (Figure 1.3.4) and

is expressed by:

ol 1221 1222
TEUOINA T T 2NA T 20 sine)

Equation 1.1

Where NA and « are the numerical aperture and the half aperture of the microscope,

respectively. For example, with VA=1.2 and A=500 nm, we find a resolution of r = 254 nm.

dist;

dist, < dist;
The Rayleigh criterion is reached

IEENG ohjestrvall e e Ve The two objects will not be resolved

Figure 1.3.4 - The Rayleigh criterion. When the distance between two objects is too close for the
microscope resolution, they cannot be distinguished

This relation shows that the resolution of a microscope depends on two parameters: the
wavelength (the resolution is worse when the wavelength increases) and NA (the resolution is

better when the numerical aperture increases). The optical resolution is a complex topic.

Since state of the art air objectives in visible microscopy allow a numerical aperture of 0.95,
the best resolution that can be achieved with such microscopes is r=A/1.5. With oil immersion
objectives, numerical aperture values up to 1.65 can be reached so that the best resolutions

with such microscopes are about r=A/2.7. Overall, it is admitted that for conventional optical
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microscopy the resolution is limited to values around A/2 or 250 nm for visible light (James

1976) and is never better than A/3. The observation of a real specimen made of many punctual

objects gives rise to a high number of Airy patterns whose PSF can be resolved or not (Figure
[.3.5). This is a major problem in fluorescence microscopy because the smallest cellular
structures cannot be detailed and there are always doubts concerning the co-localizations of

elements of interest.

Unresolved Riescdved

Airy patterns 3D representation

Figure 1.3.5 - Resolution in far-field microscopy. The observed elements give rise to Airy patterns that
can only be resolved if the objects are separated enough - Reproduced from Olympus Microscopy
Resource Center®

- Defeating the resolution limit, the quest for nanoscopy

The Abbe-Rayleigh relation stood as the golden rule in microscopy for almost 130 years, up
until recent advances allowed breaking it for UV-Vis fluorescence microscopy, which have

allowed the development of diffraction-unlimited resolution techniques.

a - Localization of fluorescent objects with high accuracy

Watt Webb (Figure 1.3.7) at Cornell University, USA, discovered that fitting the PSF and
calculating their centroid, an improved localization of individual fluorescent particles, and thus,
their precise tracking (Thompson et al 2002) could be obtained compared to conventional
microscopy. This fitting procedure is made by simple gaussian curves instead of Airy functions

because fluorescent images are rarely precise enough to distinguish between those alternatives.

8 WWW. (’)h'llll)llSllli("I‘(’) .com
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This method reveals that if enough fluorescent photons are integrated from an individual

fluorescent spot, its PSF fitting allows a greater resolution by an order of magnitude!

The authors found that while conventional diffraction-limited imaging of a fluorescent
object only allows a resolution of ~250 nm FWHM, the precise localization of its center can be
estimated with an accuracy given by the FWHM divided by the signal to noise /Ny, (with N,

the number of photons integrated). Basically, if the total number of integrated photons for a

single spot is 104, the localization of a fluorescent object can be:

FWHM 250 113
= =+13nm
Equation 1.2

This discovery gave rise to the development of the technique called FIONA, standing for
Fluorescence Imaging with One-Nanometer Accuracy (Selvin et al. 2007). This technique allows
the precise localization of single fluorescent molecules in the x,y plane with only using a sample
fixed on a coverslip and excited by a total internal reflection fluorescence (TIRF) microscope

(Yildiz et al. 2003; Yildiz & Selvin 2005).

b - Stimulated emission depletion (STED)

The first high resolution fluorescence microscopy technique was developed by Stefan Hell
(Figure 1.3.7) and colleagues at Gottingen, Germany (where Ernst Abbe obtained his doctorate

in 1861) and is called STED (STimulated Emission Depletion).

The principle of STED (Hell & Wichmann 1994; Klar et al 2001) is based on PSF
engineering, increasing the fluorescence microscopy resolution by depleting the signal coming
from molecules located in a ring-shaped light pulse. In practice, two synchronized laser pulses
separated by a very short delay are sent on a fluorescent sample. The first pulse uses the

excitation wavelength. A second doughnut-shaped and red-shifted pulse is applied at the

62



Chapter 3 - Applications of PAFPs and aim of the thesis Part 2-2

circumference, immediately after the first one, during the excitation lifetime. The excited state
comes back to the ground state without fluorescence emission by stimulated emission. The
consequence is that the resulting PSF that is really observed is much narrower than what

would have been expected following the conventional diffraction-limited rule (Figure 1.3.6).

1 PSF of the Doughnut-shaped Detected
T T excitation PSF of the STED engineered
F | pulse pulse PSF
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Figure 1.3.6 - The principle of STED microscopy. Left: a depletion wavelength is chosen so that a
good stimulation emission is achieved without re-excitation of the fluorophore [reproduced from (Kellner
2007)]; Middle: by stimulating molecules at the periphery of the excitation spot with a longer
wavelength, a doughnut-shaped STED pulse acts like a carving knife on the excitation PSF’s tails so
that the effective PSF' is shrunk. Right: example of resolution improvement between confocal
fluorescence microscopy and STED microscopy on neurofilaments (source: MPI-BPC Géttingen website’)

The resolution is thus greatly improved (about A/20 instead of A/2) and it is possible to
reconstruct details of the smallest structures inside cells at unprecedented resolutions of 15-

30 nm (150-300 A), approaching resolutions of standard scanning electron microscopes (SEM).

The STED technique is based on the principle of RESOLFT (REversible Saturable Optically
Linear Fluorescence Transitions)(Hell 2003; 2007). This principle claims that the Abbe-

Rayleigh formula (Equation I.1) can be developed and approximated by :

A

2NA - 1+L

Isat

Equation 1.3

9 http://www.mpibpc.mpg.de
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Where 7 is the intensity of the depletion excitation light and 7 is the intensity needed to

saturate the transition (half of the molecules excited are stimulated to return to So). In theory,

thus, one can improve the optical resolution by increasing the intensity / and as the intensity

of the STED pulse is increased, the detected (engineered) PSF shrinks further.

Figure 1.3.7 - Photographs of Watt W. Webb, Stefan W. Hell, Eric Betzig and Xiaowei Zhuang

¢ - Photoactivated localization microscopy (PALM)

Very recently, the use of Kaede-like PAFPs in microscopy found an impressive application
with the development of the PhotoActivated Localization Microscopy by Eric Betzig (Figure
1.3.7) and colleagues at the Howard Hughes Medical Institute, USA (Betzig et al 2006).
Basically, this technique uses a sample marked with green-to-red PAFPs. A short pulse at
~400 nm induces the irreversible photoconversion of a few, well separated individual molecules
whose localization can determined with extreme precision with the method described above,
p-61. Those molecules are finally bleached by this light and the photoconversion step can be
renewed, photoconverting other elements in the sample. This iterative method ultimately
allows the reconstruction of stochastically photoconverted individual elements with a very high

accuracy, which produces a diffraction-unlimited fluorescence microscopic image (Figure 1.3.8).
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Figure 1.3.8 - Principles of PALM and STORM sub-diffraction microscopy techniques allowed by
PAFPs and RSFPs. Thumbnail images show the improvement of resolution allowed by both techniques
[Inset images reproduced from (Betzig et al. 2006) and (Bates et al. 2007)]

d - Stochastic optical reconstruction microscopy (STORM)

The same stochastic approach has been used by Xiaowei Zhuang (Figure 1.3.7) and
colleagues at Harvard University, USA, to develop the STochastic Optical Reconstruction
Microscopy technique the same year (Rust et al 2006). This technique is strictly comparable to
the PALM technique but was initially developed using photochromic dyes. First, all the RSFP
molecules are turned “off”, then a short pulse at 405 nm randomly turns “on” very few and
separated objects that can be precisely imaged and bleached before the activation of other
molecules to be recycled (Figure 1.3.8). The fast trans to cis isomerization of Dronpa-like
RSFPs permits a faster acquisition time although the iterative process and reconstruction is

still a slow process.

PALM and STORM are thus two extremely similar techniques that use the photoactivation
properties of PAFPs or RSFPs to individually image all the points within an object with a very

high accuracy and then obtain an image superposing all the points in order to reconstruct a
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diffraction-unlimited high-resolution image that reveals the smallest details of the studied

sample (Figure 1.3.9).

Object 1 Object 2

Object 1 @2

l@(]l:jw 12

Object 1 Object 2

a

b

C

d

Figure 1.3.9 - The idea behind the PALM/STORM super-resolution techniques. Two objects are too
close each other to be resolved since the Rayleigh criterion is reached (a). The precise localization of only
one object by temporarily bleaching the other one (b) and then of only the second one by the reverse
action (c) allow the positioning of both objects with a very high accuracy (d)

e - Fast and three-dimensional PALM/STORM microscopies

The main drawbacks of PALM/STORM methods compared to STED are that the iterative
pulse/reconstruction steps make them time-consuming techniques and also that they only can
be used in TIRF-based (surface bound) systems. The recent use of fast RSFPs such as Dronpa
mutants (Flors et al 2007) in PALM/STORM-like experiments now allows solving the first
problem. The development of 3D-PALM and 3D-STORM techniques now makes possible the

fast super-resolutive microscopy of objects in solution. If, as we said previously, the lateral
resolution is limited by the Airy radius 7, ~ 0.61:1/NA in conventional visible microscopy
(and a bit better in confocal microscopy: 7y, =~ 0.46-1/NA), the axial resolution is really

worse: 1, , = 2+ 1/ NA? (and r,=~14-1/ NA? in confocal microscopy) because of an elongated

PSF.

The use of 4Pi-microscopy (Hell et al 1994) along with sample sectioning allowed axial
resolutions to be reached <80 nm in STED (Punge et al. 2008). In parallel, the development of

the PALM technique with the so-called biplane detection (Juette et al 2008) recently allowed

an axial resolution of 75 nm to be reached and the development of the STORM technique with
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elliptical astigmatism permitted the enhancement of the axial resolution up to 50-60 nm
(Huang et al. 2008). The 3D visible far-field nanoscopy with axial resolutions of L/6 to A/10 is

thus a reality.

To summarize, super-resolution techniques represent a revolution in visible far-field
microscopy by allowing us to have detailed information on the smallest cellular structures.
They also provide direct and precise information on objects that colocalize without requesting

mathematical tricks or beads calibrations.

Part 3 - Aim of this thesis work

This Ph.D. thesis project is focused on understanding at the near atomic level how
photoactivatable fluorescent proteins function. More precisely, we are interested in this study
to better understand the phototransformations that a photoactivatable fluorescent protein can
undergo during experiments in microscopy: photoconversion, photoswitching, photobleaching,
but also the delicate questions of protonation and pH dependency of fluorescent proteins.
Ultimately, those studied are expected to lead to further improvements of fluorescent

biomarkers.

Photobiochemistry is an extremely complex topic, since during an excitation, a panel of
photoinduced events can occur, producing unexpected reactions that may have dramatic effects
on the spectral properties of proteins. Those effects are strongly dependent on the wavelengths

and powers that are used and on the protonation states of the chromophore.
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In order to improve fluorescent proteins for their use as biological probes, one has to
understand how those reactions happen and why. The difficulty of this task is increased by the

fact that all the fluorescent proteins that are known, although their sequence identity is often

quite low compared to GFP (<25%), display the same folding, consisting in an eleven-stranded

B-barrel protecting an endogenous chromophore from

the solvent (Figure 1.3.10). This means that very
often, in spite of strong differences in spectroscopic
properties, the structural explanations will reside in

very slight changes in the chromophore environment.

Finally, another challenge for having fluorescent
proteins suitable for live cell applications is to

produce those proteins in their monomeric form. As

said previously indeed, the wtGFP is naturally found

Figure 1.3.10 - Superimposition

in its dimeric form and all the anthozoans FPs are demonstrating the common fS-barrel
structure of different FPs: EosFP (green),
found as tetramers and the monomerization of such GFP (cyan), KFP (magenta), DsRed

salmon), eqFP611 (yellow)
proteins often requires mutating several aminoacids at protein interfaces.

This thesis work is aimed at studying all those phenomena by combining X-ray
crystallography experiments, with various types of spectroscopies (UV-Vis, fluorescence,
Raman...) either in solution or directly in protein crystals thanks to the
microspectrophotometry installations of the ESRF Cryobench laboratory and with molecular
mechanics to model photochemical events. Such a multidisciplinary approach has allowed the
study of a wide range of possible phototransformations on two different representative green-to-
red PAFPs: the wild-type version of EosFP (wtEosFP) and the monomeric commercial version
of dendGFP: Dendra2. A monomeric variant and a dimeric variant of wtEosFP (mEosFP and
d1EosFP, respectively) were also studied to understand the influence of FPs oligomerization
states. These studies are part of current worldwide efforts to better understand and improve
the unique properties of reversible and irreversible photoactivations of the photoactivatable

fluorescent proteins.
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During this thesis, we also discovered the first PAFP displaying multiple
phototransformations. This protein, named IrisFP, is a mutant of wtEosFP with a modified
chromophore environment and that displays the surprising ability to be both photoconvertible
from green to red, like its wild-type parent, but also to display on/off photochromic properties.
This protein can be reversibly photoswitched between a green fluorescent and a non-fluorescent
state, irreversibly photoconverted from a green fluorescent to a red fluorescent state and finally
reversibly photoswitched between a red fluorescent and a non-fluorescent state. IrisFP, thus,
represents the first PAFP that gathers both the properties of the Kaede-like family and the
Dronpa-like family and allows a better understanding of photoconversion and photochromic

behaviors in PAFPs.
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The illustration represents the 3D structures for the four states of the fluorescent protein IrisF'P
described in this thesis: green cis, green trans, red cis, red trans. The structures are surrounded by
absorption and emission spectra of the different phototransformations studied in this thesis: reversible
green-to-dark conversion (left), photobleaching and green-to-red conversion in fluorescence (back) and
green-to-red conversion in absorbance (right). Top and bottom parts represents the multiple color

conversion occurring in a single crystal of IrisF'P
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Résumé en frangais

Dans ce premier chapitre des résultats sont présentés les travaux réalisés sur I'étude du phénomene
de photoconversion irréversible du vert au rouge de certaines protéines fluorescentes photoactivables.
Grace a 'étude de la protéine EosFP, qui a été cristallisée et dont la structure et I'analyse spectroscopique
ont été réalisées, ainsi que grace a I'obtention de la premiére structure tridimensionnelle d'une autre de
ces protéines : Dendra2, les études présentées, couplées a des simulations de mécanique quantique et
moléculaire, ont permis de proposer un nouveau mécanisme réactionnel de photoconversion du vert au

rouge.

Les propriétés particuliéres de Dendra2, en tant que protéine fluorescente démontrant une grande
facilité de photoconversion, ont été étudiées et comparées a celles d’EosFP. Comparée a EosFP, Dendra2
est en effet plus facilement convertible mais présente également un pKa plus important, des spectres

d’absorption et d’émission plus décalées dans le bleu et une forme super-rouge.

Enfin, les structures des formes monomérique et dimérique d’EosFP ont également été obtenues et
ont permis, en complément de celle de Dendra2, d’étudier les interfaces entre chalnes protéiques. Sous
forme cristalline, en effet, la concentration en protéine est telle que les protéines fluorescentes
anthozoaires mutées afin d’avoir un comportement monomérique ou dimérique en solution, reforment un
tétrameére dans le cristal. Cette propriété permet donc d’étudier quels acides aminés sont impliqués dans
les interfaces et de proposer des mutations afin d’améliorer la stabilité de ces protéines sous forme

monomeérique.
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MONG very rare green-to-red photoconvertible fluorescent proteins (PCFPs) known to
Adate (Kaede (Ando et al 2002), Dendra (Labas et al 2002), EosFP (Wiedenmann et al.
2004), KikGR (Tsutsui et al 2005), mcavRFP, cjarRFP and lhemOFP (Oswald et al 2007)),
only the green and red structures of EosFP were available when I started this Ph.D. thesis
(PDB accession codes: 1ZUX and 2BTJ, respectively). The green and red structures of KikGR
(PDB accession codes: 2DDD and 2DDC, respectively) and Kaede (PDB accession codes:
2GW3 and 2GW4, respectively) were only released in March 2006 (KikGR) and November
2007 (Kaede).

In order to better understand the fascinating phenomenon of photoconversion, we decided
to study EosFP as a model PCFP. Since there was no known structure for the PCFP Dendra
(Gurskaya et al 2006), we also tried to obtain the 3D structure of the monomeric bright
commercial version of this protein, called Dendra2 (Evrogen, Moscow, Russia). This PCFP is
interesting since its photoconversion yield has been reported to be higher than PCFPs such as
EosFP. Finally, we also studied the interfaces formed in the crystal structures, especially by
using a monomeric and a dimeric variant of EosFP, in order to better target which residues are
involved in these interfaces, which could indicate what mutations could be useful to engineer

stable monomeric PCFPs.

Part 1 - Study of the photoconversion of FosFP

1 - Crystallization of EosFP

We started our work by trying to reproduce the results that were obtained on the already
well-described fluorescent protein EosFP. This PCEFP has been thoroughly studied both
spectroscopically (Wiedenmann et al 2004) and structurally (Nienhaus et al 2005) but we
wanted to seek for a better comprehension of the photoconversion mechanism thanks to the
analysis of spectroscopic modifications induced at several temperatures both in solution and

crystal, at the Cryobench laboratory.
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EosFP crystals were obtained in hanging drops with the vapor diffusion method (Cf.
material and methods, p. 199) and using the crystallization protocol already published
(Nienhaus et al 2005). Probably because of different crystallization kinetics, the protein

crystallizes in different crystal shapes, of which five have been identified (Figure II.1.1, left).

Thanks to the easy access to the ESRF beamlines, all those forms have been tested and
appear to belong to the same orthorhombic spacegroup P212:12;. However, if most of those

crystal forms (Figure II.1.1, a-d) contain four molecules (a tetramer) per asymmetric unit, one
form (Figure II.1.1, e) is made of a more complicated packing with three tetramers inside the

asymmetric unit (Figure I1.1.1, right).

Content of the
asymmetric unit
in forms (a-d)

Content of the asymmetric unit in form (e)

Figure I 1.1 - The different crystal shapes of FosF'P. In a single crystallization drop,
diameter=2.5 mm (left), up to five different crystal forms have been identified (a-e), all belonging to the
same spacegroup. While in most crystal forms, a tetramer is present per asymmetric unit (AU), one form

(e) comprises 12 molecules/AU (right)

Instead of simply reproducing the crystal structures obtained and published before, it was
more interesting to try to obtain better resolutions and get the structure of a protein
photoconverted directly in the crystal. Indeed, since we reproduce those crystals mainly in
order to study in-crystallo the green-to-red photoconversion spectroscopically, it seems essential
to first check whether the peptide bond cleavage responsible for the photoconversion is present

not only when the protein is photoconverted prior to crystallization but also after. Crystal
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parameters and data collection statistics for both EosFP green and red forms are compiled in

Table I1.1.3, p.93.

2 - Structures of the green and red forms of FosFP

X-ray data collections were performed at the ESRF beamline ID14-3 (A = 0.931 A) and

ID23-2 (A = 0.873 A) for the green and red forms of EosFP, respectively. Because of the very

focused beam on the microfocus beamline 1D23-2, the diffraction patterns of EosFP red form
degraded after a few images and a composite dataset approach had to be chosen: five partial
datasets were collected and merged in a single data set according to the method described in

(Berglund et al. 2002; Adam et al. 2004).

The microfocus beamline ID23-2 is certainly not the ideal beamline for relatively big
crystals because the high beam flux provokes the creation of many reactive species that stay
trapped in the crystal bulk and lead to a strong radiation damage; but this choice was led by
the available and allocated beamtime. Six partial datasets were collected, of which five were

merged to form a single complete dataset. Contrary to the structure of EosFP green form, that

could be obtained at 1.55 A, the structure of the red form could not be obtained at a higher

resolution (2.0 A) than the one published from data collection with an X-ray generator,

probably because the crystal suffered during the laser illumination at 405 nm that was used in

order to photoconvert it (direct illumination at room temperature in the crystallization drop
during 5 minutes at 0.5-1 W /cm?). However, this structure is interesting since it comes from a

protein that was photoconverted directly in its crystalline form rather than in solution prior to

crystallization. The data treatment was performed as described in material & methods, p.215.

Chromophore restraints were generated from idealized coordinates found in the Hic-Up
database (Kleywegt et al 2003) and adjusted as explained in material & methods (Chapter 4 -

Restraints on the chromophores, p. 243). Refinement statistics are compiled in Table II.1.4.

Although very few movements are observed between the red and green forms, the peptide

cleavage is clearly visible in the 2Fops-Fcarc electron density map (Figure I1.1.2) and some details
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are important to notice: firstly, a water molecule near the chromophoric histidine (W1) present

in the green form, disappears in the red form and secondly, the carboxamide of Phe-61 in the
red form rotates, compared to the green form so that its NH; group moves away from the

chromophore.

Fligure II.1.2 - The chromophore environment in green and red forms of EosFP. 2F ops-F cac electron
density maps contoured at 1o are shown

These observations are also visible in the deposited structure obtained from a protein that
has been photoconverted in solution, before crystallization. This result suggests that the
structural modifications that occur in crystallo during the photoconversion are the same than
those happening in solution. This point is crucial since the original goal of those studies was to
find intermediate states of the reaction by initiating the photoconversion reaction within
crystals at low temperatures. The observed modifications also give us essential clues that we
will correlate with those observed in the structures of other PCFPs and with quantum

mechanics calculations, in order to elucidate the photoconversion mechanism.

3 - Observation of the photoconversion phenomenon

The interest of green-to-red photoconvertible fluorescent proteins is that high contrast dual
color fluorescence microscopy becomes possible with only one fluorescent tag instead of two

such as when GFP and DsRed are used together (Figure I1.1.3)
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EosFP-green EosFP-red

‘bt@

Fligure II.1.3 - The interest of PCFPs: instead of tagging proteins of interest with two FPs such as
GFP and DsRed (a)" a single protein can produce the same level of contrast (b)

The photoconversion mechanism studied in detail during this thesis thanks to the
instruments provided at the Cryobench laboratory (Cf. material & methods, Chapter 2 , p.217)
was investigated in absorption and in fluorescence modes either in solution or directly within

protein crystals (Figure II.1.4).

Bright field photographs of the photoconversion were obtained by illumination at 405 nm of
a solution contained in an Eppendorf tube (Figure II.1.4,a) or in crystals in their
crystallization drop (Figure I1I.1.4, b). For fluorescence photographs, the photoconversion was
achieved by illumination at 405 nm of a solution contained in a cuvette held in a cuvette holder
(Figure II.1.4, ¢), in a crystal mounted in a microloop (Figure II.1.4, d) or in onion epidermal
cell expressing a cytoskeleton labeled with EosFP (Figure I1.1.4, e). The experiment shown in
row (Figure I1.1.4, e) is reproduced from (Schenkel et al. 2008), all the other experiments were
performed at the Cryobench laboratory. The series of absorption and emission spectra
presented in Figure II.1.4, f shows typical green-to-red photoconversion at room temperature

either in solution or crystal form.

10 From Marc Zimmer’s GFP website ( )
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Figure II.1.4 - The color of EosFP. Green to red photoconversion of FEosFP observed in bright field
(a, b) and in fluorescence (c,d,e) either in solution (a, c), in crystals (b, d) or as a tag fusion application
(e). The last boxed pictures represent composite images of initial and final states. The last row (£)
represents the overlay of hundreds of absorption (left) and fluorescence (right) spectra during the
photoconversion at room temperature (a simple baseline correction was only applied).
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The migration on a SDS-PAGE of an EosFP sample that has been photoconverted in
solution shows three bands (Figure II.1.5). A band at 26 kDa that is due to the still
unphotoconverted protein and two bands at 18 kDa and 8 kDa that are due to the two parts of
the cleaved protein. These bands are also visible when crystals are photoconverted and
dissolved before running the electrophoresis, which proves once again that we can produce the
same reaction either in solution or in crystals. This photoconversion is directly dependent on
the exposure time to 405 nm light and, when photoconverting more and more the protein, we

can see on the gels that the intensity of the band at 26 kDa decreases while that of the other

bands is increasing.
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Figure I1.1.5 - Electrophoresis gels showing the photo-induced cleavage of PCFPs. (A) SDS-PAGE
showing partially cleaved EosFP in solution and in melted/washed crystals. The band at 26 kDa is
specific of the uncleaved protein and the bands at 18 kDa and 8 kDa are specific of the cleaved protein.
(B) Upon illumination at 405 nm, the band at 26 kDa decreases in intensity while the band at 18 kDa
Increases in intensity. An overall decrease in band intensity is observable, which can be attributed to an
alteration of the protein during the process. (C) Comparison between several PCFPs presented in this
thesis, native or partially cleaved in solution

Interestingly, while the photoconversion was described as occurring when the protonated
form of the chromophore is excited, we see from the gel above that a cleavage is clearly
observable also in crystals, for which the pH is rather basic (pH 8.0). This is due to an
exchange between the protonated and anionic forms of the chromophore within the crystals (as

it also happens in solution) so that the anionic form is constantly pumped to the neutral form

that is cleaved by the laser.
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The protein can be photoconverted in a few minutes using laser light at 405 nm
(~1 W/cm?) but only at temperatures higher than 180K. At 100K the crystal can be irradiated

without any conversion to occur and barely suffers from photobleaching. Additionally, an
irradiation at 100K followed by an increase of the temperature in the dark does not lead to any
photoconversion, which suggests that the system needs both a light excitation and a sufficient
temperature for either allowing the crossing of an activation barrier or enough solvent
flexibility for the photoconversion to occur. However, as we will see, the associated structural

movements are really subtle and a high solvent flexibility does not seem a priori necessary.

4 - Is there an intermediate state forming?

It is very difficult answering such a question since we are working on samples containing
many molecules that are not synchronized and may respond differently to light excitation,
leading to a population mixing. Moreover, we are not equipped with instruments allowing
measurements at the single molecule level. Looking at the spectral series measured at room
temperature during the photoconversion (Figure II.1.4, f), no intermediate state seems possible
as there is an isobestic point between the peaks specific of the green and red states. However, it
is still possible that a putative intermediate state forms extremely rapidly, that we miss
because of insufficient time resolution. To study this possibility, we measured the fluorescence
lifetime of EosFP and performed the green-to-red photoconversion in temperature controlled

experiments.

a - TCSPC experiments

Fluorescence lifetime was measured at room and cryogenic temperatures both on solution
and crystals of EosFP in its green and red forms (Figure I1.1.6) thanks to the time correlated
single photon counting (TCSPC) technique, which is available at the Cryobench laboratory
(Cf. material & methods, Chapter 2 p.232). The aim of these studies was to finely examinate
the spectroscopic signature of the green and red forms thanks to their respective fluorescent
lifetimes, and see whether it is possible to determine any potential reaction intermediate. For

further information, refer to (Royant et al 2007) in which those results have been published.
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Figure II.1.6 - Left: samples of EosFP used for TCSPC measurements. Solutions (a-c) and crystals
(d-f) were analyzed either in their initial green state of in their photoconverted red state. Right:
fuorescence decays of green and red forms of EosFP

Both samples in crystalline and solution forms were studied with this extremely sensitive
technique to detect differences in fluorescence lifetime depending of the protein state and
sample phase. Our results corroborate those already published (Ivanchenko et al 2005),
yielding a fluorescence lifetime of about 3 ns for the green form, best fitted by a
monoexponential decay. During our experiments at room temperature (setup explained in
material & methods, Chapter 2 p.232), we noticed that, very often, the protein volume where

the 440 nm laser used for TCSPC measurements was focused, was photoconverted in red.

We took advantage of this drawback to measure several interesting things (Table II.1.2).
First, we thought that we could probably follow the photoconverted state of a sample thanks to
its fluorescence lifetime since the amplitude of the green state (filter at 510 nm) decreases when
the sample is being photoconverted and since the fluorescence lifetime of the red state is longer
than that of the green state. Secondly, we always noticed the presence of a steep decrease upon
illumination in the green fluorescence lifetime reaching a minimum around 1.8 ns and best
fitted by a biexponential decay (around 90% relaxing in 1.5 ns and around 10% in 4 ns) instead
of the initial single exponential decay. This result suggests that a second population is forming
during the photoconversion. After a transient increase (Table I1.1.2, spectra 40-50), this second
population decreases again (Table II.1.2, spectra 50-120) when the illumination at 440 nm is

prolonged. This species seems to have a longer lifetime than the green species, since it increases

up to ~9 ns before finally dropping to ~4 ns (not shown), which is close to the lifetime of the
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final red form. In diluted solution, the values we found are very close to the ones published,

showing that fluorescent lifetime properties are kept both in solution and crystal forms.

Spectra Best fitted by a %2 1l (ns) %(xl) 12(ns)  %(z2)

0 to 20 monoexponential 1.95 3.08 100 0 0

40 to 50 biexponential 2.4 1.83 87.6 4.21 12.4

50 to 70 biexponential 1.9 2.58 88.2 9.02 11.8
100 to 120 biexponential 1.9 2.32 94 7.39 6

Table II.1.2 - Results of TOSPC measurements performed on EosFP crystals at room temperature
using a 440-nm laser and an interferential filter at 510 nm to follow the fluorescence lifetime of the green
form

This observation is still mysterious and we are not really able to understand it, but the
transient evolution of both the fluorescence lifetime and population homogeneity during the
illumination correlates with an observation that we made several times. Indeed, we very often
saw that when crystals of EosFP are irradiated around 400 nm, the main fluorescence peak
evolves from 516 nm to around 520-530 nm where it stays quite stable before being
photoconverted to red. Our results would suggest that we can detect an intermediate state of
the photoconversion mechanism. If it does exist, this intermediate state would be formed at
early stages of the photoconversion mechanism. Indeed, when we illuminate the green protein
with an efficient wavelength such as 405 nm (that only excites the neutral form), we see that
an isobestic point is present both in absorption and in fluorescence spectral series measured
during photoconversion (Figure I1.1.4, f), suggesting that if an intermediate state forms, it
forms quickly and is not observable later. On the other hand, when a 440-nm light irradiation
is used, both the neutral and anionic forms can be partially excited, which can produce an

unidentified process that can be at the origin of the observed phenomenon.

At the difference of experiments led at room temperature, if we keep the crystals 100 K
during illumination at 440 nm, the fluorescence lifetime is fitted by a monoexponential decay
both in the green and red forms. This suggests that the intermediate state cannot form at low

temperatures.
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b - Temperature-controlled fluorescence experiments

The results detailed above resemble an observation that we have made several times. When
a crystal of EosFP is excited at 440 nm at 100 K, only green fluorescence is observed... but
intriguingly, when a short annealing (short excursion at room temperature) is performed, still
under illumination, we often noticed that the crystal turns visually orange-red but immediately
turns back to the green form as soon as we come back to 100 K. This strange process can be

repeated several times and only a small fraction of the molecules will turn red irreversibly.

This phenomenon, along with observations made in TCSPC, suggests the existence of a
transient red-like intermediate that only shows up at temperatures higher than 180 K. To
study further this phenomenon that we initially observed accidentally, we performed
temperature-controlled experiments at the Cryobench where a crystal of EosFP was illuminated
by a laser light at 440 nm (we did not control this phenomenon on diluted solutions) while

slowly ramping the temperature from 100 K to 270 K.
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Figure I1.1.7 - Fluorescence spectra of EosFP being photoconverted (A=440 nm) with temperature

varying from 100K to 270K (A) and from 270K to 100K (B), passing through a yellow state — Insets
represent the evolution of the main fluorescence peak.

The results (Figure I1.1.7) show that, as expected, the photoconversion process is very slow

compared to the use of a 405 nm laser but also that while the temperature is increasing, the

maximum peak of emission shifts from 516 to 530 nm, forming a kind of yellow form that we
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never observed before. The most striking observation, however, is that this species is almost
completely reversible to the initial green form as soon as we come back to 100 K, and this can
also be repeated a number of times. Finally, if the laser exposure is prolonged at room

temperature, the molecules irreversibly turn red.

This “yellow form” 1is rather intriguing since at room temperature, the protein is
characterized as emitting its green fluorescence at a maximum wavelength of 516 nm and not
530 nm. By decreasing the power of the laser at 440 nm and limiting the increase of
temperature to 260 K instead of 270 K, the photoconversion to the red form could be avoided
and the “yellow form” at 530 nm isolated spectroscopically (Figure I1.1.8). Here again, as soon

as the temperature is ramped back to 100 K, the signal comes back to the initial green state.
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Figure II.1.8 - Spectroscopic isolation by temperature of a reversible yellow-emitting form in a
crystal of EosFP

We cannot conclude, thus, on this wavelength shift that can be due to strange optical
effects existing in the particular and highly concentrated media that are protein crystals.
Despite many efforts, we were unable to perform a data collection under higher temperatures
than 180 K and under illumination without provoking too much radiation damages to the
protein crystals. If we could perform this experiment, it would be realized with the help of the
online microspectrophotometer, under laser exposure at 440 nm, in order to trap the putative

yellow intermediate state and solve its structure. It would also be interesting to study the
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apparition of this form excited at 440 nm at different pH values, in order to see if this

wavelength excites the neutral band or the anionic peak, or both.

Currently, we cannot conclude on the origin of the phenomenon described above but taken
together, the TCSPC and temperature-controlled spectroscopic measurements on EosFP
crystals suggest that a reaction intermediate can form at the beginning of the green-to-red
photoconversion and that this species, although resembling the red state, can be reversible to
the initial green state. Most likely, if this state really exists, it is a state in which the peptide
bond close to the chromophore is extended but not cleaved, or a state in which the cleavage

can be reversed as soon as an energy barrier leading to the final red state is not crossed.

& - Toward a better comprehension of the photoconversion mechanism

One of the main goals of this thesis was to gather enough experimental evidences to
indicate whether or not the proposed photoconversion mechanism is valid. As already
explained, following the irradiation of the protein at around 400 nm, the photocleavage of a

peptide bond between the chromophore and the prior residue (F61) was explained by a
putative B-elimination reaction (Nienhaus et al 2005). This mechanism (Cf. Figure 1.2.21, p.50)
would be initiated thanks to the protonated state of the chromophore which absorbs light at
~400 nm and which subsequently would transfer an H+* to the chromophoric histidine (H62).
This unstable biprotonated histidine is proposed to relax thanks to a P-elimination whose

acceptor is a glutamate (E212) and the concerted cleavage of the peptide bond between the

histidine and the previous residue (F61).

a - New proposition for the photoconversion mechanism

Based on the structures of the green and red forms of EosFP and the experimental results

of the photoconversion, Mickael Lelimousin (IBS, Grenoble) during his Ph.D. thesis, could

calculate potential energy surfaces (PES) at the ground (So), excited (S1) and triplet (T1)
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states. The minimum energy pathway shows two conical intersections that allow two
intersystem crossings between the PES at S; & T1 and the PES at T; & So, called ISC; and
ISCy, respectively (Figure I1.1.9). The transient passage via the triplet state seems necessary for
the reaction to occur, because an energy barrier of more than 100 kJ/mol has been calculated
to cleave the mainchain at the singlet excited state Si, which is far too much for the reaction to

occur at this state (since the Arrhenius relation would predict a reaction timescale longer than

a second, which is way too long for the excited state lifetime, a few nanoseconds). The

intersystem crossing between Si and T; (ISCi) allows having a much lower energy barrier to

cross (~45 kJ/mol). Those results will be submitted for publication (Lelimousin et al 2009).
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Figure II 1.9 - Calculated reaction pathway for the green-to-red photoconversion mechanism of
EosFP. The two intersystem crossings (ISC) allow the reaction to occur by transiently passing through
the triplet state.

Thanks to the quantum chemistry calculations, a new reaction mechanism for the
photoconversion of EosFP can be proposed (Figure I1.1.10) that completes and modifies the one

that has been proposed initially (Figure 1.2.21, page 50).
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Figure II.1.10 - The new photoconversion mechanism proposed for FosFP

After the Franck-Condon excitation of the neutral chromophore at ~400 nm, the excited

state S1 is reached and an excited state proton transfer (ESPT) is induced from the

chromophoric histidine (His62) to the carbonyl moiety of the neighboring Phe61. This

protonation induces the first step of a B-elimination of the first order (E1) by forming a

carbocation. As stated above, this step can be only achievable at the triplet state and the
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subsequent intersystem crossing to So allows the second step of the B-elimination by inducing a
deprotonation of the His62-Cp to the His62-Cy. This carbon (His62-Cy), thus, becomes
hybridized sp3 along with the formation of a double bond between His62-CB and His62-Cy. The

transfer of this unstable proton to the His62-N§ allows the imidazole ring to regain its aromatic

character along with the electron delocalization on the whole chromophoric triad, forming a red
chromophore. Finally, the carbonyl moiety of Phe61 is restored by a proton transfer to its
nitrogen, forming the final carboxylamide moiety. Further information detailing this

mechanism involving multiple intersystem crossings can be found in (Lelimousin et al. 2009).

b - An odd isomerization of the chromophoric histidine in KikGR

Recently, the crystallographic structures of both green and red forms of the KikGR protein
(PDB accession codes: 2DDD and 2DDC respectively) have been released. The structures of
this green-to-red photoconvertible protein formed from the green light-emitting protein KikG
(kikume) by mutating its chromophore (Asp-Tyr-Gly) to the one of Kaede-like proteins (His-
Tyr-Gly) show an interesting flip of the chromophore’s histidine sidechain in the
photoconverted form. This unique isomerization of the chromophoric histidine seems intriguing
but can be easily explained looking at the structures and the reaction scheme shown above.
During the reaction steps, while a proton is transferred within the imidazole ring of the
chromophoric histidine (Figure I1.1.10, steps d to f), this ring is non coplanar with the rest of
the chromophore and a double bond is formed. These steps allow an enhanced flexibility of the
chromophoric histidine that can isomerize from its initial trans conformation to a cis

conformation, given that it has enough space to do so.

While the chromophore environment of EosFP and Kaede can be almost perfectly
superimposed, we can notice some clear differences between the superimposition of EosFP and
KikGR (Figure II.1.11). In EosFP and Kaede, the superimposition of three residues in the
vicinity of the chromophore: M40, 1196 and L210 is almost perfect both in the green and red
forms and van der Waals interactions between 1196 and 1210 are clearly present. In KikGR,

the equivalent of M40 is a valine (V40) and the equivalent of 1196 is a methionine (M198).
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This has the consequence to reverse the van der Waals interactions that are now formed
between the equivalent of L210 (L212) and the residue 40. M198, thus, freed from its
interaction with 1210, can freely move and rotate, leaving space for the chromophoric histidine

to isomerize while the double bond is formed.

chromophore |
7

chromophore’ >,

EosFP/KikGR EosFP/KikGR

Figure II.1.11 - The trans-to-cis isomerization of the chromophoric histidine of KikGR in its red
form can be explained by the influence of the chromophore environment - Top: superimposition of the
chromophore and some surrounding residues between FosFP and Kaede, both in the green and red
forms. Bottom: superimposition of the chromophore and some surrounding residues between EosFP and
KikGR, both in the green and red forms. Van der Waals interaction between 1196 and L210 (top) or
between V40 and L210 (bottom) are depicted by dashes.
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Part 2 - Dendra2: an efficient PCFP

1 - Crystallization of Dendra2

Crystallizing the protein Dendra2 required much more efforts than for EosFP and rather
unusual techniques that are detailed in material & methods (Part 2, p.202). The difficulty of
this task compared to the other fluorescent proteins described in this thesis can be explained by
the fact that Dendra2 is a rather stable monomer that does not easily oligomerize, which

generally helps forming crystal contacts during crystallization.

Figure II.1.12 - Crystals of DendraZ2 obtained in magnesium nitrate. A condition from the salt
screening gave nice crystals in magnesium nitrate but too small for data collection (a). After
repurification and once reproduced on a bigger scale, the crystals were still too small (b). Once crystals

were crushed and seeded, two crystals of a sufficient size grew (c). The red scales represent 200 yum.

The final crystals were obtained in 32% PEG 3350, 0.1 M magnesium nitrate, 0.1 M Tris-
HCI pH 8.8 (Figure II.1.12) and crystal parameters and data collection statistics are compiled
in Table II.1.3.

Because of the difficulties experimented during crystallization, we could not obtain more
than two single crystals that were suitable for data collection. Only data collections on green
crystals were then performed and obtaining the structure of the red form would require to

obtain more crystals, which was not made during the time of this thesis.
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Crystal parameters and data collection statistics

Protein
Crystallization

Crystallization conditions

Initial protein concentration
(mg/mL)

Protein:precipitant ratio
Cryoprotectant
Post-crystallization treatments
Content of the unit cell

Space group

Cell dimensions

EosEP green

30% PEG 4000, 0.2
sodium acetate, 0.1
Tris-HCI pH 8.5

10.7

1:1

10% glycerol
None

M
M

P 2,22

EosFP red

30% PEG 4000, 0.2
sodium acetate, 0.1
Tris-HCI1 pH 8.5

10.7

1:1

10% glycerol
Irradiation at 405 nm

M
M

P 2,22

Dendra2 green

32% PEG 3350, 0.1 M
magnesium nitrate,
0.1 M Tris-HCI pH 8.8

17.4

1:1 and then seeding
10% glycerol
None

P1

a b c A 73.70; 106.33; 122.38 72.98; 105.46; 123.68 71.26; 76.85; 92.50
a By 90; 90; 90 90; 90; 90 90.05; 108.17; 106.58
Solvent content, % 47.0 46.6 44.1
Monomers/asymmetric unit 4 4 8

Table I1.1.3 - Crystallization data for green and red forms of EosFP and green form of Dendra2

2 - Structure of DendraZ2

We have measured the X-ray structure of the green species of Dendra2 and performed a
comprehensive characterization of the optical absorption and fluorescence properties of the
protein in both its green and red forms. The structure, which is very similar to those reported
for the closely related proteins EosFP and Kaede, revealed a local structural change involving
mainly Arg66 and a water molecule (W4), which are part of a charged and hydrogen-bonded

cluster of amino acids and water molecules next to the chromophore.

Unlike in EosFP and Kaede, Arg66 of Dendra2 does not contribute to negative charge
stabilization on the imidazolinone ring by hydrogen bonding to the imidazolinone carbonyl.
This structural change may explain the blue shift of the absorption and emission bands, as well
as the markedly higher pKs of the hydroxyphenyl moiety of the chromophore, which were
determined as 7.1 and 7.5 for the green and red species, respectively. The 20-fold enhancement
of the neutral species in Dendra2 at physiological pH accounts for the observed higher

photoconversion yield of this protein in comparison to EosFP.

X-ray data collections were performed on two single crystals at the ESRF beamline ID14-4
(X-ray wavelength L = 0.939 A). Dendra2 crystals were kept at 100 K during data collection by

using a nitrogen stream. The diffraction quality of the crystals rapidly decreased during data
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collection so that, similarly to the red structure of EosFP, a composite data collection approach
was chosen to maximize the completeness required by the spacegroup in which Dendra2
crystallized (P1). Data reduction and refinement were performed as described in material &

methods, p.215. Refinement statistics are compiled in Table I1.1.4.

Chromophore restraints were generated from idealized coordinates found in the Hic-Up
database (Kleywegt et al 2003) and adjusted as explained in material & methods (Chapter 4 -

Restraints on the chromophores, p.243).

Crystal parameters and data collection statistics

Protein EosFP green EosFP red Dendra2 green
PDB accession code Not deposited Not deposited 2VZX
Data collection
Beamline ESRF / ID14-3 ESRF / ID23-2 ESRF / ID14-4
Wavelength, A 0.931 0.873 0.939
Temperature, K 100 100 100
Data collection statistics
Number of datasets (crystals) 1 (1) 5 (1) 2 (2)
Resolution, A 48.7-1.55 (1.7-1.55) 47.2-2.0 (2.11-2.0) 33.5-2.0 (2.1-2.0)
Rmerge, %2 6.8 (47.2) 13.0 (40.7) 4.7 (17.4)
Mean 7/o{]) 17.7 (4.3) 15.1 (6.5) 12.15 (4.42)
Completeness, % 97.1 (95.8) 100 (100) 94.1 (94.5)
No. of total reflections 849,308 (137,416) 875,394 (126,594) 220,830 §30,255;
No. of unique reflections 123,433 (20,063) 65,241 (9,389) 113,213 (16,379
Data refinement statistics
Rerpst ] Rirest 0.156 / 0.183 0.184 / 0.228 0.212 / 0.269
Nonhydrogen atoms
Protein 7168 7,768 15,867
of which, chromophore 100 96 200
Water 741 640 1,280
rms deviation from ideality
Bond lengths, A 0.01 0.008 0.009
Bond angles, ° 1.493 1.425 1.415

Ramachandran plot

Most favored, % 93.5 93.4 91.6
Allowed region, % 6.2 6.3 8.2
Generously allowed region, % 0.1 0.3 0.2
Disallowed, % 0.1 0.0 0.0
Average B factor, A2
All atoms 13.8 20.2 21.8
Chromophore 12.9 15.9 15.7
> |1, (k) =T (hk) > |Fae = Foal > |Foe — Fac]
hkl i b __ hkl _ hkicT
! merge = I 1. (hkl cryst — CRfree -
ZZ| i ( )| Z I:obs Z Fobs
hkl i hkl hkl =T

The Ry, is calculated with a small fraction (5%) of reflections randomly chosen to be part of test group T. This R

factor, thus, is not biased by the refinement process

Table I 1.4 - Data collection, data processing and structure quality statistics for green and red
forms of EosFP and green form of Dendra2. Values between brackets refer to the highest resolution shell
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Chapter 1 - Photoconversion from green to red Part 2-2

a - General description of the structure

The unit cell contains eight protein chains (Figure II.1.13 right), with little deviation
between them (the average rmsd between two protomers in the asymmetric unit is 0.72 +

0.21 A) All 225 amino acids are visible in the electron density, unlike the hexahistidine tag

preceding the N-terminus, which apparently is highly disordered.

Figure II.1.13 - The structure of Dendra2

Left: Overview of a monomer of Dendra2 and detail of its chromophore. (A) Top and side views of the
overall fold of a monomer, in cartoon representation with the embedded chromophore shown in sticks.
(B) Top and side views of the chromophore with the final 2Fo-Fc electron density map, contoured at 1.5

0. Right: Crystal packing of Dendra2. The molecular packing is shown along (a) the unit cell axis c, (b)
the axis b, /;, , the axis a, and (d) the median between the axis b and c. The unit cell content consists in
eight molecules arranged in four weak dimers, whose molecules are colored in cyan and prune
respectively. Chromophores are shown as green sticks.

The amino acid preceding the chromophoric triad is a phenylalanine in many FPs including
EosFP, Kaede, eqFP611 and avGFP. Interestingly, it is a valine (Val61) in Dendra2. Multiple

hydrogen bonds and van-der-Waals interactions restrain the chromophore in the center of the

B-can in an essentially co-planar arrangement of the aromatic imidazolinone and phenyl rings
(Figure I1.1.15, Table I1.1.4). The cis conformation of the p-HBI chromophore is stabilized by

hydrogen bonds from the tyrosine oxygen atom to the Serl42 oxygen (2.7 A) and to a water
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molecule (2.8 A). The carbonyl oxygen of the imidazolinone ring hydrogen-bonds with the side

chain of Arg91 (2.9 A). Glul44, His193, Glu211, Arg66, water molecule (W4), and Tyrl177 form

a planar network beneath the chromophore stabilized by hydrogen bonds and Coulomb
interactions (Figure II.1.14). Similar polar networks, which may provide a rigid scaffold
restricting chromophore dynamics, have been noticed for a variety of anthozoan FPs including
DsRed (Wall et al. 2000; Yarbrough et al. 2001), eqFP611 (Nienhaus et al. 2003; Petersen et al.
2003), zFP538 (Remington et al 2005) and amFP486 (Henderson & Remington 2005). The

Arg66 side chain is held in place by a salt bridge from Nni to Glu211l, a hydrogen bond
between Nni and a water molecule and another hydrogen bond from Nn2 to water molecule W4.

It is further stabilized by a weak hydrogen bond between its Ne and the side chain hydroxyl of

Thr69 (Figure I1.1.15).

b - Comparison with FosFP

The structure of Dendra2 (Figure II.1.13) is very close to that of EosFP with which it
shares 69% identical amino acid residues and the 1l-strand B-barrel shape of all known

fluorescent proteins. However, at the difference of EosFP for which the tetramer is present in
the asymmetric unit, eight molecules per asymmetric unit, under the form of four dimers, are
found for Dendra2. If EosFP is naturally under its tetrameric form in solution, Dendra2 is a
monomer but the high concentration present in the crystal helps the reformation of those
dimers. The electron density defines a chromophore that can be modeled in full cis

conformation (Figure I1.1.13, left).

When observing more closely the chromophore and its environment, however, we can notice
some differences as compared with the structure of EosFP. The most striking difference
between EosFP and Dendra2 resides in its arginine 66 that is in direct interaction with the
strictly conserved glutamate 211 (Glu212 in EosFP numbering, Glu222 in GFP numbering) as
shown in Figure II.1.14. In EosFP, this arginine interacts with the carbonyl group of the
chromophoric imidazolinone ring. Based on the structure, we may speculate that the tight salt-

bridge interaction between Argb66 and Glu2ll in Dendra2 creates a more rigid environment
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Chapter 1 - Photoconversion from green to red Part 2-2

that maintains the neutral, highly fluorescent red chromophore (QY=0.45 at pH5) as well as its
anionic form (QY=0.61 at pH 9) in a coplanar conformation, which is essential for a high

fluorescence quantum yield.

Glu144

Ser142

His193
I G211 gyiag

Figure II.1.14 - Close-up of the interactions between the chromophore and its environment. The
backbone atoms are represented as thin lines and the sidechains atoms as sticks. Color coding: grey
carbons = non-chromophore, green carbons = chromophore, blue = nitrogen, red = oxygen. Water

molecules are represented by red spheres. Distances in purple are given in A and correspond to
significant values averaged over all the monomers.

Comparing the chromophore environment of EosFP and Dendra2 we see that a significant
structural difference in the immediate chromophore environment is obvious (Figure II.1.14 and
Figure I1.1.15, left). Water W4 and the Arg66 guanidino group have exchanged their locations.
The completely different orientation of the Arg66 side chain in EosFP may originate from the

replacement of Thr69 by Ala69 (Figure II.1.15, right). The small aliphatic side chain cannot
form a hydrogen bond to Ng of Arg66. This interaction is also absent in Kaede and KikGR,;
their Arg66 side chains also adopt the FEosFP-like position. As a consequence, the carbonyl
oxygen of the imidazolinone is only 2.9 A away from the Nnl atom of Arg66 in EosFP, so that
an additional hydrogen bond is established. In contrast, the distance between the Arg66 side

guanidine moiety and the carbonyl oxygen is 3.9 A in Dendra2 and thus too long for hydrogen
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bonding. As will be described below, this structural finding bears consequences for the

particular optical properties of Dendra2.

Chromophore

Figure II.1.15 - Superimposition of the chromophore environment in EosFP (green) and Dendra2
(red). Left: Despite a similar folding, the aminoacid composition is different and a very slight but global
change in the proteins organization is observable and especially around the chromophore, finally
affecting the highly conserved glutamate close to the chromophore. Right: View showing how a threonine

at position 69 interacts with Arg66(Ne), preventing the interaction between Arg66 and the chromophore
carbonyl. The residue numbering corresponds to that of Dendra2, dashes depict hydrogen bonds (<. 34 )

Based on the X-ray structures of green and red EosFP, we suggested that the His62

imidazolium may donate a proton to the Phe61 carbonyl, thus rendering the peptide group
between Phe61 and His62 an ideal carboximidic leaving group in the B-elimination reaction,
which leads to the generation of the red 2-[(1E)-2-(5-imidazolyl)ethenyl|-4-

(phydroxybenzylidene)-5-imidazolinone  chromophore (cf. chapter on the green-to-red
photoconversion, p. 73). The distances between His62-No and the Phe61 carbonyl are 3.3 Ain
EosFP (Nienhaus et al 2005) and 3.2A in Kaede (Hayashi et al 2007). In the Dendra2
structure, the corresponding distance between the His62-N6 and the Val6l carbonyl is

significantly larger, 3.8 A. However, structural readjustments could occur in the excited state

that strengthen the interaction and allow proton transfer to take place.
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3 - Unraveling the particular properties of Dendra2

a - The explanation of a higher pK value

The green-to-red photoconvertibility of PCFPs scales directly with the proportion of
neutral chromophore during excitation. An efficient PAFP, thus, should have an important
fraction of its population in its protonated form at the pH of the experiment. The pH-

dependent absorption spectra of green Dendra2 (Figure II.1.16) show that two bands are
present at ~385 and ~493 nm and that are denoted as A and B bands, respectively. These

bands are associated with the neutral (phenol) and anionic (phenolate) forms of the
chromophore (Chattoraj et al 1996; Tsien 1998; Elsliger et al 1999). The exact peak positions
vary with pH and are compiled in Table II.1.5. With increasing pH, the B band gains

amplitude at the expense of the A band.

Neutral chromophore Anionic chromophore

pH Amax, abs. (nm) Amax, em. (nm) E Amax, abs. (I]III) Amaz, em. (nm)

1 381.7 _ i _ _

4 378.8 454 ; _ _
Green ’

7 383.1 _ | 460.8 ; 492.6  504.5 ; 542.0
form !

9 387.6 _ | 463.0; 495.1  504.5 ; 542.0

13 _ _ ! 446 _

1 381.7 _ _ _

4 393.7;4149; 480.8;5168; !
Red 440.5; 4717 561.8'; 609.7 | — —
form . _ _ | 478.5;515.5; 570.5; 619.2 ;

555.6 675.7
12 _ _ | 347.0 ; 499.0 _

Table II. 1.5 - Optical properties of Dendra2

When comparing absorbance spectra of green forms of EosFP and Dendra2, it is obvious
that the protonated form of the chromophore (absorbing at ~390 nm) is much higher for

Dendra than for EosFP, even at basic pH values (Figure I1.1.16). The apparent association
constant pK between the chromophore and the labile proton of the hydroxyl group is indeed
found to be much higher for Dendra2, pK=7.1 (Adam et al 2009b) than for EosFP, pK=5.8
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(Wiedenmann et al 2004) or Kaede, pK=5.6 (Ando et al 2002). Thus, Dendra2 reveals as

being a very efficient green-to-red photoconvertible probe.

)‘ = 387 nm 5 = 1,0'

5 <. pH 9.0
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@ £ ’

0.8 &
8 0.7 % 0.6

0.6
g g
g 05 8 041
o 04 el
M o3 < 5
© 24

0.2
E
G 0.1
= [T TR R TR TR TR TR TN SN SN S SN ] 0,0 T T T T

240 260 280 300 320 340 360 380 400 420 440 460 480 500 520 540 300 350 400 450 500 550
Wavelength (nm) Wavelength (nm)

Figure I1.1.16 - Left: Spectroscopic signature of DendraZ2 depending on its protonation state. The

two main absorption peaks at ~390 nm and ~490 nm, specific of the neutral and anionic chromophore,
respectively are followed on a pH range from 4.5 to 9.5 and shown in inset. Right: Absorbance spectra of
EosFP (blue) and Dendra2 (red), both at pH 8.0.- Inset: titration curves showing that Dendra2 has a
chromophore that behaves as a stronger base than the one of FosFP.

The fact that Dendra2 has inherently a more acidic character than EosFP can be explained
thanks to the crystallographic structure presented here. The stabilization of the proton on the
phenyl moiety in Dendra2, which amounts to ~7.5 kJ/mol, may arise from the altered Arg66
side chain conformation due to its interaction with Thr69 (Figure II1.1.15, right). The lack of
hydrogen bonding between Arg66 and the carbonyl oxygen of the imidazolinone ring results in
reduced negative charge stabilization on the ring. The concomitantly enhanced charge density
on the hydroxyphenyl moiety is expected to cause stronger binding of the proton. In EosFP, we
observed that replacement of Ala69 by threonine shifted the chromophore pK to ~7 (data not
shown). Presumably, this mutation produced structural changes in EosFP that made it similar

to Dendra2.

The reorganization of Arg66 in Dendra2 compared to EosFP can also be favored by the
global structural differences between the two proteins. When looking at the chromophore
environment more closely (Figure I1.1.15, left), we can notice that there is a Gln at position 116
in Dendra2 instead of an Asn in EosFP. The steric constraints of this longer aminoacid makes

the two water molecules (W1 and W2) bonding Asn116 and GIn38 in EosFP to be substituted
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in Dendra2 only by the equivalent of the second water molecule (W2). This water molecule W2

is displaced because of a hydrogen bond with GIn116 that is a bit longer (3.0 +/- 0.2 A) and it

compresses GIn38 via a short hydrogen bond (2.5 +/- 0.1 A). This molecule was too disordered

in two out of eight chains (B and F) to be modeled.

GIn38 being moved away from Glu2l1, the hydrogen bond that exists between these two
residues in EosFP (2.9 +/- 0.1 A) does not exist in Dendra2 (3.6 +/- 0.2 A). A water molecule
(W3) bonding Glu212 and Arg66 in EosFP, bonds this same glutamate (Glu211) and GIn38 in
Dendra2. Glu211 is thus freed from its interaction with GIn38 compared to EosFP and makes
that Arg66 in Dendra2 finds a much stronger position by directly binding Glu211. The different
position of Arg66 in EosFP and Dendra2 is accompanied by the different location of a water

molecule (W4).

The direct interaction between Arg66 and Glu211 is very clear in the electron density maps
of Dendra2 in each of the eight protein chains of the asymmetric unit and should also prevent
this residue to move in alternate conformations like establishing an interaction with the
imidazolinone ring as observed in other fluorescent proteins. This interaction has already been
described in the literature, for example concerning the fluorescent protein mKO. A very similar
interaction between the equivalent residues Glu212 and Arg69 in the fluorescent protein mKO
has indeed been described and display a similar pattern of differences with another orange

fluorescent protein called mOrange than between Dendra2 and EosFP (Figure I11.1.17).

mOrange is a blue-shifted variant of the red fluorescent protein DsRed, being part of the
so-called mFruits variants (Shu et al 2006). In this variant, the first amino acid of the
chromophore triad (Gln66) was mutated to a threonine whose cyclization forms a third
chromophoric five-membered heterocycle (2-hydroxy-dihydrooxazole) responsible for the color
shift. This cyclization is not a unique phenomenon since in the protein Zs Yellow (zFP538)
found in the “button” polyp Zoanthus sp., the cyclization of the chromophoric Lys66 forms a
third six-membered tetrahydropyridine heterocycle (Remington et al 2005). In mKO (Kikuchi
et al. 2008), the autocatalytic cyclization of the first amino acid of the chromophore triad

(Cys65) forms a new five-membered heterocycle (2-hydroxy-3-thiazoline) that provides it with
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very similar orange emission properties. mKO (Kikuchi et a/ 2008) is the monomeric version of

the orange fluorescent protein Kusabira Orange, KO (Karasawa et al. 2004) which name comes
from the word 7 # &7 1 o [Kusabira-ishi] that is the Japanese name of the stony “mushroom”

coral Fungia concinna producing the protein.

DsRed mOQOrange mKQO

Chromophore Chromophore

s Phe64

Ser146

Ser145

Ser197 lle197

{ His197
Glu215 Asn42 Glu215 GIn38 Glu212 GIn39

Figure II.1.17 - Comparison of the chromophore environments of DsRed, mOrange and mKO.
Hydrogen bonds (<3A) are represented by dashed lines.

In mKO thus, a direct interaction between Arg69 and the conserved glutamate is observed
while this is not the case in mOrange where the equivalent of Arg69 is a lysine. The authors

claim that such a direct interaction in mKO1 stabilizes a negative charge on the glutamate and
establishes a m-cation interaction between Argb69 and the chromophore, both favoring pH

tolerance.

Because of the higher pK of Dendra2 compared to other similar PCFPs, both the neutral
and anionic species coexist in comparable proportions at physiological conditions, and the 20-
fold higher concentration of the neutral species as compared with EosFP enhances the green-to-
red photoconversion yield by the same factor. Consequently, Dendra2 can be photoconverted
with 488-nm light more efficiently than EosFP in confocal imaging applications (Gurskaya et
al. 2006). Infact, a few single molecules of EosFP also changed their emission wavelengths from
green to red while scanned with 488-nm light [(Wiedenmann et al. 2004), Fig.5A]. In Dendra2,
the red chromophore formed after conversion fluoresces efficiently in both its neutral and
anionic forms. In fluorescence imaging applications, both green and red Dendra2 species can be

excited efficiently between 450 and 500 nm, e.g., with 473-nm or 488-nm laser lines, and
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selective excitation of the red species is achieved by excitation above ~510 nm, e.g., with 532-

nm laser lines.

b - Blue-shifted absorption and emission spectra

Another interesting feature of Dendra2 compared to the very similar protein EosFP is that
its emission spectrum is blue-shifted by more than 15 nm (Figure II1.1.16). The difference
between EosFP and Dendra2 concerning the reorganization of Arg66 can also explain this blue
shift and the blue shift of the absorption maximum of the anionic green chromophore (492 nm)
in Dendra2 with respect to EosFP (506 nm). Upon electronic excitation of the p-HBI
chromophore, the electron density is known to shift from the phenyl to the imidazolinone
(Tsien 1998; Voityuk et al 1998). The missing charge stabilization on the imidazolinone by
Arg66 in Dendra will, therefore, raise the energy of the excited state with respect to the ground
state, resulting in a blue shift of the transition. Based on the comparison on many fluorescent
proteins having this arginine (Arg66) and whose structure is known, we could separate those
FPs in two groups that we named Eos-like and Dendra-like proteins. The Dendra-like proteins
have their conserved glutamate in interaction with the equivalent residue of Arg66 in Dendra2,

while the Eos-like proteins display the same pattern of interactions than in EosFP.

Eos-like proteins are Kaede (Hayashi et al 2007), mKiKGR (Tsutsui et al 2005) and
Dronpa (Wilmann et al 2006) while Dendra-like proteins are mTFP1 (Ai et al 2008),
amFP486 (Henderson & Remington 2005), mKO (Kikuchi et al. 2008), zFP538 (Remington et
al. 2005) and ecmFP512 (Nienhaus et al. 2006c). We propose that, once again, the swapping of
Arg66 between the structures of Eos-like and Dendra-like proteins is the key point to explain
this blue-shifted emission (Adam et al 2009b). A comparison of the excitation and emission

maxima of these proteins reveals that the bands of the Dendra-like proteins are blue-shifted by
~10 nm compared to the Eos-like proteins. The only exception in the Dendra-like group of

proteins is cmFP512; which does not have the conserved serine at position 142 (in interaction
with the hydroxybenzylidene moiety) but an alanine whose mutation to a serine leads to a

blue-shifted protein (Nienhaus et al 2006c).
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Interestingly, in the high-pH regime (pH >10), the population ratio between the neutral
and the anionic chromophore is observed to shift back to the protonated species. Most likely,
the water molecule (Figure I1.1.14) that, together with Ser142; stabilizes the negative charge on
the phenolate oxygen is exchanged by a hydroxyl ion at high pH, so that the protonated
hydroxyphenyl ring becomes energetically favored. The acid-denatured protein at pH 1 shows
an absorption band at 381.7 nm, which is essentially identical to the A band, implying that the
neutral green chromophore remains intact even under harsh acidic conditions. HBDI has an
absorption maximum at 389 nm upon acidification, which further supports this assertion
(Webber & Meech 2007). More information about the spectroscopic characterization of the

photoconversion and of the degradation of Dendra2 can be found in (Adam et al 2009b).

Based on mutational studies on amFP486, the cationic character of the His193 side chain
was suggested to be the main determinant of the blue-shift because it stabilizes the charge on
the p-hydroxybenzyl ring of the chromophore and thus reduces the extent of charge
delocalization upon excitation (Henderson & Remington 2005). Based on the present study, we
believe that the pronounced red-shift of the His193Thr mutant of amFP486 is predominantly
caused by a hydrogen bonding interaction of the most likely neutral Glu21l with the
imidazolinone nitrogen, as is also observed for a few other FPs (Nienhaus et al. 2006b; Adam et
al. 2008). Upon replacement of His193, the Arg66 side chain adopts a position where it can best

mimic the missing histidine side chain. Concomitantly, the Glu211 side chain, no longer

stabilized by a salt bridge to Arg66, rotates by ~90° around the Cy-Co bond, which places its

Ot only 2.5 A away from the imidazolinone nitrogen.

a - A super red species

In the absorption spectra of red Dendra2, we noticed a broad tail toward the red side of the
spectrum, which may indicate an additional band at 586 nm (Figure I1.1.18). To further
investigate this feature, we collected an emission spectrum with excitation on the red edge of

this band. The excitation of this band gives rise to a red-shifted emission spectrum, compared
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to the normal red form (Amax=600 nm), suggesting that a super red species is forming, similar

to that already observed in the case of DsRed (Cotlet et al 2001; Habuchi et al. 2005b).

553 573 600

Absorbance / Fluorescence

300 350 400 450 500 550 600 650 700
Wavelength (nm)

Fligure II.1.18 - Absorbance and emission spectra of red Dendra2 at pH 10 showing emission spectra
of its normal and super red species

The excitation of the anionic species at 553 nm gives rise to an emission spectrum peaking at 573 nm
but the excitation of the broad weak shoulder at 586 nm with strong illumination gives rise to an
emission spectrum peaking at 600 nm

In DsRed, this species was attributed to a weakly fluorescent intermediate species forming
in the pathway toward the bleached protonated form. This phenomenon was explained to be
due to a cis/trans isomerization of the red chromophore along with its twisting and the

decarboxylation of the very conserved glutamate Glu-215 (Glu-211 in the case of Dendra2)
upon intense laser irradiation (40 W/cmz?) of the initial red anionic form (Habuchi et al 2005b)

and also required intense illumination to be observed in the case of Dendra2.

This interpretation is comforted by calculations made on model chromophores resembling
the one of DsRed, and showing that the most important extensions of the m-conjugated

electronic system are obtained for red anionic model chromophores (Boyé et al 2003).

According to the authors, the anionic form induces a much more delocalized system to the

carbonyl oxygen atom of the chromophore. Looking at the structure of the green form of
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Dendra2 that we obtained and comparing it to the one of DsRed (Figure 11.1.19), we can notice
that, at the difference of most fluorescent proteins, the structures of DsRed and Dendra2
display the striking common point that the residue which is commonly in interaction with the
carbonyl atom of the chromophore (Lys70 for DsRed, Arg66 for Dendra2) is bonding instead
the very conserved glutamate 215 (Glu211 for Dendra2). This interaction, leads to a modified
electron density on the chromophore as compared to other fluorescent proteins and, even if
badly understood for now, may give rise to super red species once the red chromophores are in

their excited state.

DsRed Dendra2

Chromophore /.

Chromophore

A ”
(—---- 4 Lys70 @

Ser146
Ser197

Phe65

Ser142

Glu215 “ Asn42 Glu211  gn3s

Fligure II.1.19 - Comparison of the hydrogen bonds led by the residues in the vicinity of the
chromophore for DsRed and DendraZ2

Since we were unable, during the time of this thesis, to obtain a sufficient number of
crystals of Dendra2 to solve the structure of its red form, we cannot conclude on this point, but
it seems reasonable to suggest that upon intense light irradiation, the red chromophore of
Dendra2 behaves like that of DsRed, undergoing a torsional motion, most likely accompanied
with a modification of its hydrogen bonds with the nearby residues and solvent, leading to the
observed super red species. It could be interesting, to support this idea, to compare in detail
the absorbance spectra of Dendra-like proteins and see if weak shoulders are also present in red

forms and whose excitation could lead to super red species.
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Part 3 - Improving the monomerization of PCFPs

All the anthozoan fluorescent proteins that are known are obligate homotetramers in their
wild-type form (Miyawaki 2002). As we said, PCFPs are excellent tools to visualize and track
objects dynamically within cells, but in order to efficiently use them as fluorescent tags, they
should be monomeric to avoid aggregation effects, bad folding and bad targeting in cell imaging
applications. In spite of mutagenesis efforts, the tendency of fluorescent proteins to form
oligomers is so high that many fluorescent proteins that were monomerized finally re-assemble
their oligomeric interfaces when the concentration is high enough, which can be locally the case
in the cell when fluorescent proteins are targeted to specific compartments'. This problem also
concerns the PCFPs we are interested in, and the oligomeric state of monomers and dimers

increase when concentration is increased (Figure 11.1.20).

EosFPwt !

mEosFP

Oligomeric state
o

0.01 0.1 1
Protein concentration (mM)

Figure II.1.20 - Concentration-dependent oligomerization of EosFP. Figure reproduced from
(Wiedenmann et al. 2004)

In order to investigate and better understand which residues are crucial to the
oligomerization process, we studied two mutants of the tetrameric wt-EosFP that form in
dilute conditions either a dimer (d1EosFP) or a monomer (mEosFP) but that form tetrameric

arrangements in a highly concentrated medium such as a protein crystal. We also analyzed the

1 http://www.microscopyu.com /articles/livecellimaging /fpintro.html
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weak interface that is formed in the crystallographic structure of the monomeric PCFP

Dendra?2.

In a typical tetrameric anthozoan FP, each protomer, denoted A, B, C, D, is in contact
with two neighboring ones so that two subunit interfaces can be distinguished (denoted by A/B

and A/C) (Nienhaus et al. 2003). The A and B barrels are oriented in an antiparallel fashion,
which produces a mesh-like layering of the B-sheets in the A/B interface that is mainly
stabilized by hydrophobic interactions. By contrast, in the more hydrophilic A/C interface, the

neighboring barrels are rotated against each other to allow for perfect stacking of their -sheets.

Fligure II.1.21 - Interfaces present in a typical tetrameric anthozoan FP

The residues forming the A/B interface (a) and the A/C interface (c) are represented in spheres. A
Voronoi tessellation (b, d) is represented and shows that the hydrophobic A/B interface has a bigger
surface than the hydrophilic A/C interface.

Nienhaus et al. have mutated EosFP so that the homotetramer (ABCD) can be split either
into two dimers AC and BD (d1EosFP), or into two dimers AB and CD (d2EosFP) or into

four monomers A, B, C and D (mEosFP). The crystal structures of both the monomeric form
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(mEosFP) and a dimeric form (d1EosFP) have been solved during this thesis and presented
here. This study is aimed at understanding better how the interfaces structurally interact and
eventually at finding better mutation alternatives to create enhanced monomers. We will

compare these results with the interfaces observed in the 3D structure of Dendra2.

1 - Dimeric (V123T) and monomeric (V123T/T158H) mutants of EosFP

a - Dimeric FosFP
Crystals of d1EosFP were obtained as detailed in material & methods (Part 2, p.207).
Small and numerous lenticular-shaped crystals appear in a clear drop within a few days. The
crystallization is slowed-down by adding 10% glycerol to the mother liquor, which has the

consequence to produce fewer and bigger crystals.

Figure II.1.22 - Structural details of the dimeric interface A/B in d1FosFP showing the participation
of sulphate molecules. The electron density map is represented as a black mesh.

The crystal structure, solved on the MX beamline ID14-3 at the ESRF (Table II.1.6),
revealed a tetrameric organization. The single mutation present in d1EosFP being V123T, this
mutation is not directly observable in the 3D structure because valines and threonines look

almost the same in X-ray crystallography. However, very well defined sulfate molecules are
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present in the structure and form the pattern described for mEosFP, by interacting with pairs
of histidines 22 and 121 (Figure I1.1.22). The presence of this pattern seems to be the signature
of a need for ammonium sulfate to re-form the interface A/B (C/D) and clearly identifies the

fact that the molecule was dimeric prior being crystallized.

b - Monomeric FosFP

Crystals of mEosFP were obtained as detailed in material & methods (Part 2, p.207). In a
few days, the protein forms a precipitate that could not be avoided and in which long rod-

shaped crystals (Figure 11.1.23) appeared within a week due to the so-called Ostwald ripening

phenomenon (crystal formation from a precipitate).

J

mBosFP

200 pm

d1EosFP

200 um

200 um

Figure I1.1.23 - mFosFP and d1FosFP crystals in their crystallization drops (left) and single crystals
mounted on the MX beamline ID14-3 (right) - For d1FEosFP, the improvement of the crystal size allowed
by the addition of 10% glycerol is illustrated

Although the protein has been described to be a monomer in solution (Nienhaus et al
2006a), its crystal structure, solved at the MX beamline ID14-3 at the ESRF (Table II.1.6),
here again revealed a tetrameric arrangement similar to that of wtEosFP. mEosFP is formed
by two mutations of its wild-type parent EosFP: V123T and T158H that separate the

interfaces A/B and A/C, respectively.
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Concerning the interface A/C, the mutation T158H is very obvious to observe in the
electron density maps (Figure I1.1.24). Interactions between several residues situated in [-
strands number 8 and 9 (as described in Figure 1.2.3) are involved in this interface. While in
the wild-type EosFP threonines 158 of each protomers interact via a single H-bond, the
arginines 170 are also instrumental. They interact indeed with the carbonyl of Met159 and
carboxyl of Aspl172 of their respective chains, but also with the carboxyl of Asp156 of the other
chain (Figure II1.1.24). In contrast, in mEosFP, the mutation T158H induces a m-staking

between histidines 158 in the crystal but their steric occupancy pushes the arginines 170 away.
The consequence is that none of the H-bonds led by arginines 170 in wt-EosFP at this interface
occurs in mEosFP (Figure 11.1.24).
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Figure II.1.24 - Zoom on the A/C interface of mFosFP. Top: difference maps residuals (middle)
show that, at the difference of wtEosFP (left) position 158 is clearly not a threonine but a histidine

(right) — 2F yps-F caic and Fops-Faic maps are contoured at 1 o and 13 o, respectively. Bottom: H-bond

Interactions present at the A/C interface of wtEosFP (left) are broken in mEosFP and replaced by a n-
stacking between histidines 158 (right)
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The m-stacking between histidines 158 in mEosFP seems to be a parasitic effect to the

desired separation of the interface A/C and could, at least partially, explain why this interface
re-assemble when concentration is increased in d2EosFP and mEosFP. The problem is that this
mutation T158H has been made (Wiedenmann et al. 2004) to reproduce the one that permitted
to separate the equivalent interface in Rtmsb (Prescott et al 2003). However, in this case, the
very hydrophobic phenylalanine 158 was mutated to a rather hydrophilic threonine, which is
not the case in EosFP since T158 and H158 are two polar amino acids. Looking at the
interactions between residues 158 in wt-EosFP and mEosFP in the crystal and looking at the
central role of arginine 170, this structure allows to postulate that a better possibility to
separate the A/C interface in EosFP and its mutants, would be to mutate the arginine 170

and /or the aspartate 156, in addition to the threonines 158.

Concerning the interface A/B (C/D), as for the structure of d1EosFP, the mutation V123T
is less obvious to observe because of the resemblance between since valines and threonines in X-
ray crystallography. However, if we compare mEosFP with its wild-type parent, we notice that
the hydrophobic interactions that existed between Ile-102 of protomer A (B) & Val-123 of

protomer B (A) and between Ile-102 of protomer C (D) & Val-123 of protomer D (C) in
wtEosFP, are clearly broken in mEosFP (Figure I1.1.26). However, the n-staking between His-

121 of protomers A & B and of protomers C & D is present in both proteins. This stacking was
already present in the structure of the wild-type form of EosFP but is not sufficient by its own
to maintain an interface between monomers in solution. However, it is re-enforced in the
crystal by the presence of two sulfate molecules bridging the chains A & B and C & D by
interacting both with the histidines 121 and the histidines 22 (Figure 11.1.22). This pattern is
very clear in the structures of both mEosFP and dl1EosFP, which contain the very same
mutation at position 123. It can also explain why the protein crystallizes only with ammonium

sulfate while the wtEosFP does not.
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Crystal parameters and data collection statistics

Protein mEosFP d1EosFP
Data collection
Beamline ESRF / ID14-3 ESRF / ID14-3
Wavelength, A 0.931 0.931
Temperature, K 100 100
Data collection statistics
Resolution, A 48.4-2.25 (2.5-2.25) 48 3-2.2 (2.3-2.2)
Rsym, %2 7.9 (51.3) 1 (58.2)
Mean 7/ o(1) 15.7 (3.1) 15 4 (2.9)
Completeness, % 99.5 (99.4) 99.8 (99.4)
No. of total reflections 274,651 (73,708) 334,594 (40,782)
No. of unique reflections 56,351 (15,034) 60,242 (7,361)
Data refinement statistics
Reryst /) Rireet 0.232 / 0.289 0.236 / 0.285
Nonhydrogen atoms
Protein 7425 7556
of which, chromophore 100 100
Water 297 357
rms deviation from ideality
Bond lengths, A 0.008 0.009
Bond angles, ° 1.301 1.236

Ramachandran plot

Most favored, % 90.4 88.5
Allowed region, % 9.5 11.1
Generously allowed region, % 0.1 0.4

Disallowed, % 0.0 0.0

Average B factor, A2
All atoms 29.2 24.3
Chromophore 24.2 19.5
1, (hKI) — T (kD) ) Z\ F h;TI s~ Fea]
! R = R = ‘ free — =
T XNk KD Y 2 Fo
hkl i hkl hklcT

The R, Is calculated with a small fraction (5%) of reflections randomly chosen to be part of test group T.

This R factor, thus, is not biased by the refinement process

Table II 1.6 - Data collection, data processing and structure quality statistics for monomeric and
dimeric variants of FEosFP. Values between brackets refer to the highest resolution shell

Looking at the crystal structures of both mEosFP and d1EosFP, it is very obvious that the
mutation of His-121 could very efficiently help to break the interface A/B, leading to a most
stable monomeric form of EosFP. This point is important since stable monomers of PCFPs
such as Dendra2, whose structure is presented in this thesis, are crucial for their use as precise
fusion tags in nanoscopy techniques. Very recently, this mutation of His-121 has finally been
performed in mEosFP, creating a new variant called mEos2 (McKinney et al. 2009) which, as

expected, behaves as a very stable monomeric form of EosFP.
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2 - Dendra2

Dendra2 was reported to be monomeric in solution (Gurskaya et al 2006), and its
monomeric state may be responsible for the enormous difficulties we encountered in growing
crystals. In crystals, the Dendra2 protomers are observed to form A/C dimers because residual
stabilizing interactions promote interface formation at the high protein concentrations present
during crystal growth. Two salt bridges exist between Argl49 and Glu96 of each monomer
(Figure II.1.26, bottom), as in the EosFP A/C interface (Nienhaus et al 2006a). Additional
interface stabilization is provided by hydrogen bonds within a cluster consisting of Thr143,
Asn158 and Arg216 of both monomers. In EosFP, there is also a hydrogen-bonded cluster
consisting of Thr143, Argl70 and Aspl56. In EosFP, DsRed and eqFP611, three aromatic
residues at positions 188, 190 and 212 of the A and C chains form an additional hydrophobic
patch. To generate the monomeric variant Dendra2, one of these residues (Tyrl88) was
replaced by alanine in the dendGFP sequence, which apparently was sufficient to destabilize

the interface at low protein concentrations (Gurskaya et al. 2006).

An A/B-type interface is absent in the Dendra2 crystal. Compared with the wild-type
protein, Dendra2 has two point mutations that were introduced to disrupt this interface,
Asn121Lys and Met123Thr. The same residues were also modified to destroy the A/B interface
in other anthozoan FPs, for example, Vall23Thr in EosFP (Nienhaus et al 2006a) and
Thr121Arg and Vall23Thr in eqFP611 (Wiedenmann et al. 2005). The sequence alignment of
EosFP and Dendra2 (cf. EosFP and Dendra sequences in Appendices, p.259) shows that the
interface-forming residues of these two proteins are identical except for position 121, at which
the histidine of EosFP is replaced by a lysine in Dendra2. In EosFP, the His121 side chain of
protomers A and B are m-stacked and, thereby, help stabilize the interface. In Dendra2, the

long lysine side chain may generate steric conflicts (Figure I1.1.25) and, moreover, the charged

amino groups repel each other, so that the interface is completely destabilized.
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Figure I1.1.25 - Superposition of EosFP (green) and Dendra2 (red) showing that the formation of the
Interface A/B is not possible in Dendra since the position 121 is not a histidine in Dendra2 but a lysine

3 - Discussion and conclusion

To summarize, the crystal structures of monomeric or dimeric forms of fluorescent proteins
can be used to analyze the interfaces that they are forming in crystalline phase, even if they are
not forming in diluted solutions. The interfaces and residues involved in their formation for

EosFP, mEosFP and Dendra2 are summarized in Figure I1.1.26.

The analysis of these interfaces allows the proposition of supplementary mutations to
further destabilize them and create more stable monomers for their use in cell imaging

applications.

This method allows proposing the mutation of residues H121, H158 or R170 in mEosFP for
example and residues E96, T143, R149, T158 and R216 for example in Dendra2. The position
121 in mEosFP that we propose to mutate and disturbs the formation of the A/B interface in
Dendra2 has been mutated to a tyrosine and led to the creation of a much more stable

monomer called mEos2.
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mEosFP

Wild-type EosFP

SO,

Dendra2

Figure II.1.26 - Comparison between the interfaces formed in the crystal structures of FosFPwt and
mFEosFP (top) and Dendra2 (bottom) with the detail of the residues involved in the strongest
interactions
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Résumé en frangais

Ce chapitre regroupe les résultats obtenus lors de 'étude du phénomene de photocommutation
réversible de certaines protéines fluorescentes photoactivables. En étudiant un variant de EosFP, protéine
décrite dans le chapitre précédent, nous avons découvert des propriétés photochromiques, c'est-a-dire
que la fluorescence de cette protéine peut-étre réversiblement éteinte a loisir. Ce comportement a été
étudié sur cette protéine que nous avons appelé IrisFP, et nous avons quantifié I'efficacité de conversion
vers l'état éteint, ainsi que celle de son retour a I'état fluorescent, soit thermique, soit induit par
illumination. Cette isomérisation a été caractérisée par diverses méthodes : cristallographie, spectroscopie
Raman, spectroscopie UV/Vis... et la question actuellement tres débattue de I'ordre entre les événements

de protonation et d’isomérisation du chromophore est traitée.

Les raisons de cet impressionnant phénomeéne sont expliquées grace a la structure tridimensionnelle
de la protéine, que nous avons obtenue, et qui montre clairement une photoisomérisation du
chromophore. Cette découverte est tres différente de celle d’autres protéines fluorescentes
photochromiques, en ce que la capacité de photoconversion du vert au rouge possédée par la protéine
parente EosFP, a été conservée chez ce variant, faisant d’IrisFP la premiere protéine fluorescente activable

découverte regroupant les deux types de photoactivation en méme temps.

Nous pensons que ce troisieme type de protéine fluorescente photoactivable permettra dans un
avenir proche le développement de nouvelles méthodes de microscopie de fluorescence a super-
résolution dynamique en deux couleurs. Une autre application pouvant se révéler intéressante est celle de
I'encodage de données irréversible ou réversible au sein de 1'assemblage compact que représente un
cristal de protéines. Si 'application réelle d’'une telle technique est loin d’exister a 'heure actuelle, une

preuve de principe est fournie dans ce chapitre, pour les deux modes d’encodage.
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Chapter 2 - Photoswitching: a reversible bleaching event Part 1-1

NOTHER major phototransformation we have thoroughly studied during this thesis is the
Aphotoinduced reversible loss of fluorescence that occurs in some FPs. As we said in the
introduction, some fluorescent proteins called RSFPs (reversibly switchable fluorescent
proteins), have the property of being reversibly switchable between a bright and a dark state.
The most popular representative is Dronpa. These proteins are currently used in nanoscopy
with the STORM technique in pretty much the same way as PCFPs are used with the PALM

technique. Thus, their study is another important topic in the field of PAFPs.

When we started these studies, we did not focus of RSFPs but rather on PCFPs such as
EosFP and Dendra, but a discovery on the mutant F173S of EosFP redirected our research in

a fascinating way.

Part 1 - Spectroscopic characterization of a reversible switching

1 - Discovery of a strange phenomenon

a - Autorecovery of a coloration loss

We started to work on the mutant EosFP-F173S that had been obtained by random
mutagenesis by Nienhaus’ group (Ulm, Germany) in attempts to design better variants of
EosFP. When we started to study the poorly characterized properties of this mutant, we
performed very rough photoconversion trials by exposing tubes containing small amounts of the
protein directly under the sunlight. The observations were very strange since, depending on the
day and the weather, the protein either kept its initial color, or bleached or took a more
reddish color. The more logical explanation seemed to be that clouds and changing weather
played a role on the wavelengths and intensities shone onto the samples, provoking different

spectroscopic behaviors.

In order to study in more detail the surprising photosensitivity of EosFP-F173S, fresh

crystals of the protein (see crystallization procedure in material & methods p. 207) were
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submitted to illumination from each of the lasers available at the Cryobench laboratory. The

most dramatic change was observed with the wavelength 488 nm, since at moderate power
densities (~1 W/cm?), crystals became transparent within seconds. Intriguingly, the day after
the experiment, crystals looked as if they had mnever lost their color. A more controlled
experiment was made by using new crystals, reduced laser intensity (30 mW/cm2) and

monitoring visually changes along time (Figure I1.2.1). The divergent beam of the 488-nm laser
was directed toward a crystallization drop containing crystals of EosFP-F173S (Cf. material &
methods, p. 236).

Illumination time at 488 nm

Figure II.2.1 - First experiment in which a drop containing crystals of FosFP-F173S is submitted to
a filtered laser illumination at 488 nm (left panel). Crystals become more and more translucent when
exposed to cyan light (top panel) and a complete slow auto-recovery of the coloration occurs when
leaving the crystals in the dark (bottom panel)

The crystals were regularly photographed thanks to quick snapshots of the drop, making
obvious that the protein became quickly transparent. This non-absorbing state slowly reversed

(27 hours) by just keeping the crystals in the dark at room temperature.

EosFP-F173S, thus, revealed to have a very different behavior than its wild-type parent

since it is capable to undergo a reversible color extinction between a green and a dark state.

To further study this phenomenon, a solution of the protein was placed in a cuvette and

exposed to a continuous light irradiation at 488 nm until it became transparent (several
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Chapter 2 - Photoswitching: a reversible bleaching event Part 1-1

minutes of illumination with manual mixing of the solution every 30 seconds). The initial
absorbance peak at 488 nm quickly decreased in intensity while a peak at 390 nm increased.
This solution was then left in the dark and quick absorption spectra were measured from time
to time in order to probe recovery to the initial state as observed in the crystals. The results
(Figure 11.2.2) show that the recovery to the initial state reaches a completion of 90% (see

inset) after 14 hours 30 minutes.
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Fligure II.2.2 - Reversible thermal absorbance recovery of a solution of FosFP-F173S. The cyan
arrows represent the evolution of the absorption spectra upon illumination at 488 nm, the black arrows
represent the evolution of the absorption spectra during thermal relaxation. Inset: evolution of the
absorbance peaks at 390 and 488 nm along the experiment.

This reversible color extinction is very similar to the already reported cases of RSFPs such

as Dronpa, suggesting that this recovery could also be photostimulated.

b - The back-switching to the green state can be stimulated by light

After on/off conversion with 488 nm light, the absorbance of a diluted solution of EosFP-

F173S was followed while being continuously exposed to a laser emitting at 405 nm
(~30 mW/cm?) to achieve the dark-to-bright conversion. The results clearly show a huge

acceleration of the recovery to the initial state upon illumination at 405 nm with a time of a

few seconds instead of tens of hours (Figure II.2.3)
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Figure I1.2.3 - Series of absorbance spectra showing the light-induced reversible on/off conversion in
a green solution of EosFP-F173S. A laser at 488 nm (~30 mW/cm?) allowed the conversion from a
bright to a dark state in ~5 seconds (A) and laser at 405 nm (~30 mW/cm?) allowed the back-
conversion from the dark to the bright state in ~1.2 seconds

The mutation F173S in EosFP, thus, allowed to give to this PCFP a photochromic
property but since this protein is a single mutant of EosFP, it was anticipated that it would

also keep green-to-red photoconversion characteristic of the wild-type EosFP.

2 - The first protein being both a PCFP and a RSFP

Two crystals of EosFP-F173S were mounted in microloops and kept at room temperature
thanks to special loop bases that can be covered by plastic capillaries (Figure II1.2.2, p.221).
They were then submitted to laser lights at 488 nm for one crystal and 405 nm for the other
one. The results clearly show that not only the protein can be switched off transiently when
irradiated at 488 nm but also keeps the properties of its parent by being irreversibly

photoconverted to a red form when irradiated at 405 nm (Figure I1.2.4).

Both the reversible switching and the irreversible photoconversion can be obtained either in
solution or in crystals. This surprising discovery suggested that EosFP-F173S is the first
fluorescent protein exhibiting both properties of photochromism (between a bright colored state
and a dark transparent state, like in the RSFP Dronpa) and photoconversion (from green to

red, as described in the previous chapter with the PCFPs EosFP or Dendra).
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Irradiation at 488 nm

Irradiation at 405 nm

Fligure II.2.4 - Phototransformations on a part of EosFP-F173S crystals kept at room temperature.
(A) loss of color induced by an illumination at 488 nm. (B) green-to-red photoconversion induced by an
illumination at 405 nm

3 - Reversible switching of the red form

The most exciting discovery was that, once the protein was converted in its red form, its
illumination at 532 nm, close to the peak absorbance (anionic chromophore) of the red form of
EosFP, turned the protein to a kind of green state. This state revealed to be poorly fluorescent
and was very surprising since the green-to-red photoconversion was supposed to be an

irreversible reaction.

This green-like state was slowly reversing by its own to a brighter red state in several
hours, similarly to what was observed between the initial green and dark forms. It seems
logical, then, to think that the same phenomenon is taking place in the green-to-dark and red-
to-green reversible switchings and that this latter green-like form can also be stimulated by
light excitation of the neutral form of the red chromophore. After conversion of the crystalline
protein to the red state (with 405-nm light) and subsequent photoswitching of this red state to
the green-like state (with 532-nm light), we illuminated our sample at either 405 nm or 440 nm.
The choice for these two wavelengths was guided by what we had learnt from the switching of

the green state. 405 nm was indeed the wavelength we used to stimulate the back-switching of
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the green state. The illumination at 440 nm was also tried because the difference between the
wavelengths of the lasers used at 532 nm and 440 nm (92 nm) is similar to the 98-nm difference
between the peaks specific of the anionic (390 nm) and neutral forms (488) of the chromophore
in the absorbance spectrum of the green form. Since the absorbance spectrum of the red species
peaks at 551 nm (anionic chromophore), it seems logical to think that we excite the neutral

form around 440 nm.

When the green-like state was submitted to laser excitations at 405 nm or 440 nm, a
dramatic increase in the recovery of the red state was observable both in absorbance and
fluorescence. The illumination with our laser emitting at 440 nm revealed to be much more
efficient than the one at 405 nm, which confirmed that we probably excited the neutral form of
the red form, as we did with the green form at 405 nm. Timecourses of the maximum red
fluorescence peak at 580 nm as a function of time (“shark fins”) were recorded by switching the

red fluorescence on and off in a crystal (Figure 11.2.5).
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Fligure I1.2.5 - Wavelength dependency on the efficiency of the fluorescence recovery for a crystal of
red FosFP-F173S. The shark fins represent the maximum of fluorescence intensity of the red protein,
followed when converted to a dark state by illumination at 532 nm (1,3,5) and back-switched to a bright
state by illumination either at 405 nm (2) or 440 nm (4,6)

The protein was switched off with pulses of laser light at 532 nm (50 mW/cm2,
90 ms/pulse) and back-switched to the bright state either by pulses at 405 or 440 nm

(50 mW /cm2, 50 ms/pulse). The process could be repeated several times.
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Chapter 2 - Photoswitching: a reversible bleaching event Part 1-4

We discovered, hence, a photochromic property of the protein in its red state, similar to
what is observed in the RSFP asFP595 but instead of having a positive switching like in
asFP595, EosFP595 exhibits a negative switching behavior both in the green and in the red

states.

A surprising phenomenon was noticed, though: instead of switching between a red and dark
state, we observed either in solution or crystals a switching from the red state to a green-like
state. To better understand this strange observation and study the phenomenon of multiple
photoinduced color changes (green, red, dark...) in comparison to the parent protein EosFP, a
crystal of wt-EosFP and a crystal of EosFP-F173S were placed in a crystallization drop and

submitted to a sequence of light illumination with wavelengths described above.

4 - An intramolecular FRET effect

The results presented in Figure I1.2.6 show that if the crystal of EosFP was essentially not
sensitive to any other wavelength than 405 nm (which converted it from its initial green state
to its final red state), EosFP-F173S showed dramatic and very contrasted color changes both in

bright field and in fluorescence mode.

As observed in Figure I1.2.6, once the crystal of EosFP-F173S is turned red and then
irradiated at 532 nm, instead of becoming transparent in bright field and less fluorescent, the
crystal seems to come back to its state prior being converted to red. This red-to-green
photoconversion seems very unlikely to occur based on what we have said in the chapter about
photoconversion. Most likely, a fraction of the protein was not photoconverted to red during
the illumination at 405 nm but became only visible as green fluorescent when we switched off
the fraction that was photoconverted to red. The very same observation can be made both in

crystal or in solution.
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Figure I1.2.6 - Comparison between photoinduced transformations in wt-EosFP (A) and EosFP-
F173S (B, C). While EosFP only shows a single photoconversion by turning red, the mutant FosFP-
F173S clearly undergoes multiple wavelength-dependent phototransformations both in bright field (B)
and fluorescence (C).

This phenomenon can be explained by intramolecular FRET effect between the four
monomers of the tetrameric structure. The strong FRET coupling between the chromophores in
the tetramer leads to red fluorescence emission upon excitation of the green chromophores even
if only one of the four chromophores is converted into its red fluorescent form. Off switching of
the red form then results in the reappearance of green emission because the neutral red

chromophore does not absorb green light.

Thus, the partially red-converted tetramer effectively shows an interconversion between
two bright states, red and green (Figure I1.2.7). Partial green-to-red photoconversion of the
IrisFP tetramer, indeed, leads to predominantly red fluorescence, even when excited at 488 nm,
because of intramolecular FRET from green to red monomers. Actinic illumination of these

partially red tetramers with green light (A=532 nm) reversibly photoswitches the red monomers

to their nonfluorescent form. As a consequence, excitation at 488 nm does not result in FRET

anymore and hence generates an increase in green fluorescence.
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Figure I1.2.7 - Red-to-green photoswitching due to the intramolecular FRET effect in tetrameric
FEosFP-F1738

(A) Red-to-green conversion as observed in fluorescence when irradiating at 532 nm a sample of EosFP-
F1738 partza]]y photoconverted to the red form. (B) Complete photoconversion of the tetramer from
green to red is assumed, resulting in the ‘normal” photoswitching behavior between a red bright state
and a dark state. (C) Because of intramolecular FRET, partial photoconversion of the tetramer can be

used to generate reversible photoswitching between two bright states. Colored halos represent the
emission colors

Such a mechanism is reminiscent of a technique used in DsRed to induce a color change
(Marchant et al. 2001) and also relates to the recently designed protein Phamret (Matsuda et

al. 2008). It could be exploited further in tandem dimer constructs.

5 - When EosFP-F173S becomes IrisF'P

EosFP-F173S, thus, displays a very different spectroscopic behavior as compared to its
wild-type parent EosFP. The protein can indeed be irreversibly photoconverted from a green to
a red state but each of these forms can be reversibly switched off and on by exciting the
anionic and neutral forms of the chromophore, leading to dramatic changes in both the

absorption and emission spectra of the four possible forms (Figure 11.2.8).
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Fligure II.2.8 - Spectroscopic characterization of the reversible and irreversible phototransformations
of FosFP-F173S.

Absorption, excitation, and emission spectra of EosFP-F173S are depicted by solid, dashed, and dotted
lLines, respectively both in solution (A) and in crystals (B). Green and red lines represent the color of the
protein, gray lines represent the dark states. Emission spectra of the green (red) protein were obtained
by exciting at 488 (532) nm and the photoconversion was achieved at 405 nm. “Shark fins” measured in
solution and in crystals of FosFP-F173S in their green and red forms are also shown (C).

In the experiment shown as “shark fins” in Figure I1.2.8, the solution of the green sample

was exposed to continuous illumination with 488-nm light (50 mW/cm®), while 405 nm light
(37 mW/cm?) was switched on every 30 s during 10 s. The red form of the protein was exposed
to continuous illumination with 561 nm light (49 mW /cm?), while 440-nm light (31 mW /cm?)

was switched on every 120 s for 30 s. For studies in the crystalline state, a crystal of the green

form of EosFP-F173S was mounted in a modified loop covered by a plastic capillary and

128



Chapter 2 - Photoswitching: a reversible bleaching event Part 1-5

allowing to keep it at room temperature (see material and methods, Figure III.2.2) p.221) and

exposed to continuous illumination with 488 nm light (2.5 W/cm?), while 405 nm light

(1 W/cm?) was switched on every 7.5 s for 25 ms. Crystal drying was observed at the end of
the series, explaining the faster decay as compared with the solution state. After green-to red
photoconversion, the crystal was 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. This work has

been published and further details can be obtained by referring to (Adam et al. 2008).

The spectroscopic properties of EosFP-F173S have been characterized in all forms and
compared to the ones of the wild-type protein (Table I1.2.7). For further details about the
calculation of photoswitching quantum yields, refer to material & methods, Part 2 - Calculating

photoswitching quantum yields, p. 239.

EosFP F173S EosFP wild-type
Parameter s T TR ST
Green form . Red form Green form | Red form
Amax, €x/em (nm) | 488/516 | 551/580 506/516 | 571/581
& (M1.cm1) 52200 35400 72000 ¢ 41000
QY fluorescence 0.43 £0.02 | 0.47 £0.02 | 0.70 +£0.02 | 0.62 +0.03
QY off switching 0.014 |  0.0020 NA | NA
QY on switching 0.5 L 0.047 NA | NA
QY green-torred 00018 | NA 0.0008 | NA
t1/2 thermal recovery 55 i 3.2 NA i NA
(hours) ; :

Table II.2.7 - Spectroscopic properties of FosFP-F173S as compared to its wild-type parent FosFP.

Amax: Deak wavelength; ex: excitation; em: emission; &: extinction coefficient; QQY: quantum yield; t'/>:
halflife.

This mutant can be set to either a green or a red forms but also reversibly switched to a
dark state from each of those forms, making of it the equivalent of three photoactivatable
fluorescent proteins at once: a green-to-dark RSFP, a green-to-red PCFP and a red-to-dark
RSFP. Those great properties, thus, offer new exciting possibilities for dual-color nanoscopy

techniques.
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Because of those new possibilities, to refer to its parent protein EosFP and because the

protein can undergo multiple photoinduced color changes, this third type of PAFP was named

IrisFP, whose name comes from the Greek goddess Iris (“Ipng) who personifies the rainbow.

Part 2 - Structural characterization of the reversible switching

1 - Structure solution of IrisF'P

We performed X-ray structure analyses on
crystals that were exposed to light conditions chosen
to enhance particular species. X-ray data were
collected at 100 K at the ESRF. To induce
phototransformations, crystals were illuminated in
their crystallization drops before flash-cooling, using

optical fibers. The reversible switching of the green

form was induced by exposing crystals for ~2 min to

488-nm laser light at ~1 W/cm?2. The non-reversible

photoconversion from green to red was induced by Figure II.2.9 - Overall structure of
IrisF'P. The protein is present as a
tetramer in the asymmetric unit and a
number of sulfate molecules participate to
the interfaces between the four chains

exposing crystals for ~30 min to 405-nm laser light

at ~2.4 W/cm?. Reversible switching of the red form
was induced by illuminating crystals of the green form at 405 nm until they turn red and then
for ~10 min with laser light at 532 nm (~370 mW/cm?). Crystal structures were solved by

molecular replacement and refined as explained in material and methods p.211. The
chromophore restraints were generated as for the structures of mEosFP, dl1EosFP and
Dendra2, as described in material and methods p.243. Data collection and refinement statistics

are compiled in Table II1.2.8.
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The X-ray structure of the green form of IrisFP, crystallized in the dark, was determined at

a resolution of 1.8 A without prior light exposure. The asymmetric unit consists of a well-

defined tetramer. The individual subunits of IrisFP show the classical B-can fold, with no major
deviation from the EosFP structure (Nienhaus et al 2005), as indicated by the backbone rms
deviation of 0.36 A calculated with the program Superpose (Maiti et al. 2004) between the two

models.

The anionic chromophore is slightly nonplanar (Table I1.2.8), which may account for the
lower fluorescence quantum yield as compared with EosFP (Table I1.2.7). The phenolate
moiety is stabilized by a hydrogen bond to Ser-142 and two water molecules (W2188 and
W2017, Figure 11.2.10 and Figure I1.2.13, A).

Figure II.2.10 - Changes in the chromophore environment induced by the F173S mutation in FosFP.

Common structural elements of FosFP and IrisFP are represented with green carbon atoms. Residues
Phe-173 and Met-159 in FosFP are represented with gray carbon atoms, whereas the mutated residue
Ser-173 and residue Met-159 in IrisFP are represented with cyan carbon atoms. The two water molecules
(W-2188 and W-2166) are represented with cyan spheres, and W-2017 is represented with a green
sphere. Hydrogen bonds are shown with dashed lines and van der Waals interactions with dotted lines
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Data set
Green cis Green trans Red cis Red trans
PDB accession code 2VVH 2VVI 2VV] -
Data collection
Beamline ESRF / ID14-3 ESRF / ID14-3 ESRF / ID23-1 ESRF / ID29
Wavelength, A 0.931 0.931 0.816 0.979
Space group P 2,2,2, P 2,2,2 P 222 P 22,2
Cell dimensions
a, A 86.34 81.31 85.67 81.29
b, A 96.55 96.38 96.62 96.60
¢, A 139.83 140.61 140.17 141.10
Resolution, A 45.6-1.8 (1.9-1.8)  46.6-2.0 (2.2-2.0) 45.7-2.0 (2.1-2.0) 42.3-2.2 (2.5-2.2)
R, % 5.9 (42.8) 10.3 (46.8) 6.7 (43.6) 8.2 (54.7)
Mean 7/ of]) 19.06 (3.46) 10.1 (2.8) 15.37 (3.44) 12.30 (2.82)
Completeness, % 99.6 (99.6) 97.3 (98.6) 99.1 (99.0) 98.4 (99.4)
Redundancy 4.7 (4.6) 3.7 (3.7) 4.0 (3.9) 4.0 (4.0)

No. of unique reflections

Wilson B factor, A2
Refinement
Observations/parameters

Rworl(/ RfreeT
No. of atoms
Total
Protein
Other
Water

Mean B factor, A2
Rmsd
Bond lengths, A
Bond angles, °
Chromophore planarity
Dihedral angle 1, °
Dihedral angle 2, °
Ramachandran plot, %#$
Most favored
Additionally allowed

Generously allowed
Disallowed

108316 (15990)
29.6

3.22
0.185 / 0.218

8444
7166
91
1187
23.1

0.009
1.209

5.7+ 1.9
123 £ 0.7

3.7
3
.0
.0

OO OO

73301 (18250)
33.9

2.22
0.193 / 0.251

8189
7086
96
1007
274

0.011
1.322

-176.4 £ 0.8
40.3 £ 8.4

3.3
7
.0
.0

OO OO

78543 (10568)
35.8

2.35
0.186 / 0.232

8217
7159
91
967
30.4

0.008
1.163

148 £ 2.3
21.6 £ 2.7

3.5
5
.0
.0

OO O;HO

56167 (17806)
42.1

*Reym = ZjZhln; - (TY/SjSh I,
TRwork = Zh|Fobs—Feaic//Zh Fops. Reree is calculated with a small fraction (5%) of reflections chosen to be part

of a test group.

§Determined by PROCHECK (Laskowski et al 1993).

Table I1.2.8 - Data collection, refinement and structure quality statistics of the different forms of
IrisFP reported in this work. Values in parentheses refer to the highest resolution shell

2 - The green-to-dark reversible switching is due to cis/trans isomerization

Cis/trans photoisomerization is a well known mechanism for radiationless decay in organic

molecules and is implicated for example in the photo cycle of retinal in bacteriorhodopsin and
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Chapter 2 - Photoswitching: a reversible bleaching event Part 2-2

of the photoactive yellow protein (PYP) chromophore. To examine the structural basis of
photoswitching of the green form of IrisFP, we illuminated a green crystal with 488-nm laser

light and flash-cooled it immediately afterward. A diffraction dataset was collected to a
resolution of 2.0A. 2F.ps-Feac electron density composite omit maps, calculated with the

program OMIT (Vellieux & Dijkstra 1997) using phases from the green structure of IrisFP, are
shown in Figure I1.2.13. From the superposition of the refined models of the fluorescent and
nonfluorescent forms in Figure I1.2.11, A, it is evident that off switching is accompanied by a
cis/trans isomerization of the chromophore, as was earlier reported for Dronpa (Andresen et al.
2007) and mTFP0.7 (Henderson et al 2007). The trans isomer of the chromophore is nonplanar
(Table I1.2.8). Substantial rearrangements of residues Ser-142, His-194, Glu-212, Arg-66, and

Ile-157 in the chromophore cavity are also apparent (Figure I11.2.11, A).

A60
B AR5 15

F61

H194 E212

Figure II.2.11 - Structural changes of the chromophore pocket upon phototransformation of IrisFP.
(A) Superposition of the native green state (green) and the first reversibly switched state (black)
obtained upon illumination at 488 nm. (B) Superposition of the red state (red) obtained after
illumination at 405 nm, with the second reversibly switched state (black) obtained upon illumination at
405 nm, followed by illumination at 532 nm. Hydrogen bonds are shown as dotted lines. Water molecules
are shown as spheres.

The hydrogen bond between the phenolate oxygen of the cis chromophore and the Ser-142
hydroxyl side chain is removed and Ser-142 achieves a double conformation, either reorienting
toward the solvent or H-bonding to His-194 and W2188. The trans chromophore hydrogen-
bonds to the presumably deprotonated carboxylate group of Glu-144 and to W2032, most
probably assuming a protonated phenolic form consistent with the observed loss of fluorescence

and the increased absorption at 390 nm. The hydrogen-bonding network linking Glu-212 and
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Glu-144 via His-194 in the cis conformation involves Arg-66 in the trans conformation,
implying large conformational rearrangements of the latter two residues similar to those

observed in Dronpa or mTFP0.7. In addition, the side chain of Ile-157 undergoes a flip of
~145°, possibly because of transient repulsion during chromophore isomerization. Based on

these structures, the enthalpy difference between the two isomeric forms of green IrisFP was
estimated from QM/MM molecular dynamics as 68 kJ/mol. This value is substantially smaller
than the one estimated for EosFP (114 kJ/mol), assuming a similar trans structure.
Calculations performed with null atomic charges for Ser-142 suggest that the stability of the
trans isomeric state largely depends on the electrostatic interactions between this residue and
its environment. These interactions are much more favorable in IrisFP than in EosFP [see

supplementary material in (Adam et al 2008)].

The remarkable photoactivation properties of IrisFP result from the replacement of Phe-173
by serine. In EosFP, Phe-173 forces the side chain of Met-159 to establish van der Waals
contact with the hydroxybenzylidene moiety (Figure I1.2.10). The smaller Ser-173 side chain in
IrisFP reduces these steric constraints, and the Met-159 side chain rotates away from the

chromophore. Two cavities are created and were determined by using the program CASTp
(Dundas et al. 2006) as having a total volume ~13 A3. These Cavities are filled with water

molecules (W2166 and W2288, Figure 11.2.12).

The chromophore of IrisFP is represented in grey
sticks, a selection of neighboring residues are
represented in green sticks (labeled in green) and
the most important differences in the structure of
EosFP are represented in white sticks (labeled in
black). The space gained because of the F1735
mutation and the subsequent rearrangement of
Met-159 forms cavities represented in black mesh)
that are filled in IrisFP by two new water
molecules labeled W2166 and W2288.

Glu-leg\

Figure II.2.12 - Space gained around the chromophore of IrisFP due to the F173S mutation in
FEosFP
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Chapter 2 - Photoswitching: a reversible bleaching event Part 2-3

The less-densely packed chromophore environment of IrisFP may lead to the observed
photoswitching due to enhanced flexibility of the chromophore, which is in line with the
spectroscopic observations that compared with EosFP the absorption and emission bands are

broader and the fluorescence quantum yield is reduced.

Diffraction data collected on a green IrisFP crystal after recovery in the dark from the off
state confirmed the reversibility of the cis/trans isomerization, as the resulting structure was

indistinguishable from the one of the initial fluorescent state (data not shown).

3 - Photoisomerization in the red state is also possible

To determine the structure of red IrisFP, a green crystal was illuminated by 405-nm light
and flash-cooled to collect a diffraction dataset at 2.0 A resolution. Backbone cleavage between
Phe-61 and His-62 was firmly established on the basis of omit electron density maps (Figure
11.2.13, C). Except for this modification, the superposition of the modeled chromophore
environments of the green and red forms in Figure I1.2.11, B shows a nearly unperturbed
chromophore pocket, as was observed earlier for red EosFP (Nienhaus et al. 2005). A water
molecule proximal to His-62 is dislocated in the red form, as was recently also reported for
Kaede (Hayashi et al 2007). These results support the hypothesis of identical green-to-red
photoconversion mechanisms for IrisFP and EosFP. Signs of radiation damage that could be
caused by the long violet-light exposure of the sample, such as decarboxylation of Glu-212,

were not noticeable.

To investigate the structural basis of reversible photoswitching of the red form of IrisFP, a
green crystal was irreversibly photoconverted to the red form by illumination with 405-nm light

and subsequently exposed to 532-nm light to induce reversible switching. After flash-cooling,
diffraction data were collected to 2.2 A resolution. In addition to the features characteristic of

green-to-red photoconversion of IrisFP, the electron density map shows the p-

hydroxybenzylidene ring in both the cis and trans conformations (Figure I1.2.13, D). This

135



IT - RESULTS AND DISCUSSION

observation suggests a partial cis/trans isomerization of the chromophore, with features similar

to those displayed by green off-switched IrisFP (Figure I1.2.11, A).

However, the multiple conformations coexisting in the crystal, possibly as a result of limited
penetration of green light within the crystal, made a reliable structural refinement difficult.
Thus, assuming a trans conformation of the chromophore, only a tentative, energy-minimized
model of the off-switched state could be produced (Figure II1.2.11, C and Figure 11.2.13, C).
Based on this model, the enthalpy difference between the two isomeric states of red IrisFP was
calculated to be 62 kJ/mol. As for the green form, this difference is much higher for wild-type

EosFP (122 kJ/mol) because of the less-favorable interactions of Ser-142 with its environment.

Figure I1.2.13 - Omit electron density maps contoured at 1.0 o of the various states of IrisFP

(A) Green state. (B) First reversibly switched state (green “off”). (C) Red state. (D) Second reversibly
switched state (red “off”). All structures unambiguously show the conformation of the chromophore
triad. After the first reversible switching (B), isomerization is essentially complete in the crystal. No
increased disorder is noticed in the trans state. (C and D) For red IrisFP, the maps clearly indicate
backbone cleavage between Phe-61 and His-62. In D, the density map suggests a mixed occupation by
the cis and trans states of the chromophore
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4 - Which kind of isomerization is involved?

The relaxation from an excited state can either be achieved by a radiative pathway along
with fluorescence (or phosphorescence) emission or via non-radiative pathways such as
nonadiabatic transitions. Photoisomerizations (occurring for example in small molecules, in
vision process...) are known to proceed from nonadiabatic transitions (Ohmine 1985; Garavelli
et al. 1996; Kim et al 2001; Voliani et al 2008). In such transitions, a crossing between the
excited state and the ground state will allow the excited system to relax by “sliding” on a
potential energy surface (PES) of the ground state as shown in Figure I1.2.14. For details about

nonadiabatic transitions, refer to Appendix II, p.260.

Energy
Franck-Condon
51 ion AdlaNS
~:, N ..!..; jﬂ U ;\ \ l [ /égtﬁiﬂ rsection
"~ surfacehopping |
PES
Reactant
- — = < _" ;FV_.il \ ‘l ;l 1v 1 N\ \ \‘ \;‘P -
h% - \ ) \\\‘,M'\,A‘:;_
N Reaction coordinates

Figure II.2. 14 - Schematic depiction of a photochemical system relaxing
from its excited state via a nonadiabatic transition

Photoisomerization engages relatively important coordinates movements and can proceed, a

priori, either by a rotation mechanism or a Hula-twist (HT) mechanism. The rotation
mechanism would involve a single rotation around the dihedral angle t (Figure I1.2.15), which

is a space-consuming process for the hydroxyphenyl ring that can potentially undergo steric

clashes with the protein environment. The HT mechanism implies the simultaneous rotation
around both dihedral angles ¢ and 71, which results in smaller displacements of the

chromophore.
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()] T !
Figure I1.2.15 - Hula-twist and rotation mechanisms. The Hula-twist proceeds from the simultaneous
rotations of the dihedral angles ¢ and t while the rotation is due to the single rotation around t.

The HT mechanism has been first proposed (Liu & Asato 1985) to explain the Z/E
isomerization of the 1l-cis-retinyl (cis-s-trans) bound to the opsin via a Schiff base, into a
trans-s-cis conformation under a light excitation and was proposed to be an extremely fast

volume conserving reaction that is generally preferred to the rotation mechanism.

Quantum mechanics calculations performed by Mickael Lelimousin during his thesis seem
to favor a HT mechanism rather than a rotation of the chromophore. In FPs, the simultaneous
rotation around the two central bonds (methylene bridge) has been reported to be the most
probable volume-conserving pathway for photoisomerization. For example in the photochromic
protein asFP595, calculations reported that a HT mechanism was favored both for the
chromophore embedded in the protein matrix and for the chromophore considered in a protein-
free environment (Andresen et al 2005). The higher probability for the occurrence of the HT
mechanism involves less atomic movements than a rotation, was confirmed by quantum
mechanics calculations on a GFP model chromophore, in three different protonation states:

neutral, anionic, and the recently suggested zwitterionic form (Voityuk et al. 1998).

5 - Discussion and conclusion

From the spectroscopic and crystallographic data presented here, it is evident that two

photoactivation mechanisms occur in IrisFP: reversible photoswitching between a fluorescent
and a mnonfluorescent state, based on cis/trans isomerization of the chromophore, and

irreversible green-to-red photoconversion between two different fluorescent forms of the
chromophore. Figure I1.2.16 summarizes the different optical states of IrisFP, highlighting the

richness of its photophysics.
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Figure IL.2.16 - Photoinduced transformations in IrisFP. Structural motions induced by light are

represented by curved arrows of the same color as those used to represent light illumination at specific
wavelengths. CG, cis-green Iris; tG, trans-green Iris; cR, cis-red

tG

Superposition of the structures of IrisFP, Dronpa, and mTFPO0.7 in their fluorescent cis and
nonfluorescent trans states (Figure I1.2.17) suggests that reversible photoisomerization in these
proteins proceeds by similar mechanisms. In all three proteins, rotation of the chromophore is
coupled to concerted motions of His-194 and Arg-66. Glu-212 and Glu-144 act as nanotweezers,
providing hydrogen bonds to His-194 in the cis configuration and to Arg-66 in the trans
configuration and, thereby, stabilizing both conformations. However, this common
configuration is clearly not sufficient to enable photoswitching, as it is also found in the cis
state of nonphotoswitchable FPs such as EosFP or Kaede (Ando et al 2002). Stabilization of
the trans conformation of the chromophore requires additional interactions that, in particular,
compensate for the cost of breaking the hydrogen bond linking the phenolate oxygen of the

benzylidene group to Ser-142 in the cis state.

Comparison between EosFP and IrisFP allows a precise identification of these additional
interactions. Our enthalpy calculations [see supplementary information in (Adam et al 2008)]
suggest that an essential factor is the availability of a polar environment around Ser-142 in the
trans state. In IrisFP, such an environment is provided by the repositioning of Met-159 and by
the introduction of water molecule W2188. As a consequence, Ser-142 may either hydrogen-
bond to His-194 and W2188 or reorient toward the solvent. Our molecular dynamics

simulations suggest that these two options are prohibited in EosFP because of the hydrophobic
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character of Met-159 residing in close vicinity of Ser-142. In Dronpa and mTFP0.7, Ser-142 is
also observed to find hydrogen bonding partners inside the barrel or to reorient toward the
solvent in the trans configuration of the chromophore. Thus, there are several structural
solutions to the problem of stabilizing Ser-142 (Figure I1.2.17): in comparison with EosFP,
Dronpa has a valine instead of Ile-157, mTFP0.7 a histidine instead of Met-159, and IrisFP a

serine instead of Phe-173.

Another factor contributing to the stability of the trans state is the network of interactions
available around the phenolic oxygen of the chromophore’s benzylidene moiety in this state. In

IrisFP, the phenolic oxygen is stabilized by Glu-144 and water molecule W2032, which both
provide hydrogen bonding. Therefore, in contrast to Dronpa and mTFPO0.7, the chromophore

environment in the trans conformation appears largely polar.

S173 S17

M159 M159

Y63
1157 He62 1157,

Y6
Chromophore Chromophore
E212
63142 = e H194
A H194 B

IrisFP | F61 | H62 | Y63 | G64 | S142 | 1157 | M159 | S173 | H194 | E212
EosFP | F61 | H62 | Y63 | G64 | S142 | 1157 | M159 | F173 [ H194 | E212
Dronpa | F61 | C62 | Y63 | G64 [ S142 | V157 [M159 | F173 | H193 | E211
mTFP0.7| F65 | A66 | Y66 | G68 | S146 | [161 | H163 | F177 | H197 | E215

Fligure I1.2.17 - Superposition of the chromophores and close environments of IrisFP, EosFP,
Dronpa, and mTFPO0.7. (A) Chromophores and surrounding side chains of monomer B of green IrisFP,
green FEosFP (PDB ID code: 1ZUX), Dronpa (PDB ID code: 2I0V) and mTFP0.7 (PDB ID code:
20TB) are shown in the cis conformation in red, cyan, green, and blue colors, respectively. (B) Trans
conformations of IrisF'P, Dronpa, and mTFP0.7. Residues are labeled according to IrisFP

Whereas bistability is an essential property of photoswitchable FPs, efficient
photoswitching requires a low transition barrier between the two isomeric states. Free space
around the p-hydroxybenzylidene moiety of the chromophore (Figure I1.2.12) can clearly
influence the photoswitching kinetics. The superposition of the cis forms of EosFP, Dronpa,

and mTFPO0.7 (Figure II1.2.17, A) reveals that these proteins provide rather similar steric
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environments around the chromophore. In contrast, in IrisFP, the mutation Phe-173-Ser
creates significantly more space around the chromophore, notably by displacing Met-159
(Figure 11.2.10). This observation might relate to the exceptional switching quantum yields
measured for this protein. Interestingly, the Dronpa mutant M159T shows substantially faster
photoswitching kinetics than Dronpa (Stiel et al. 2007). Presumably, even more space is freed
around the chromophore in this variant, further lowering the transition barrier at the expense

of a much reduced fluorescence quantum yield.

It is interesting to note that the three proteins compared in Figure 11.2.17 have a different
first amino acid in the chromophore-forming triad, namely cysteine in Dronpa, histidine in
IrisFP, and alanine in mTFPO0.7. Therefore, on/off switching by photoisomerization apparently

does not depend on the nature of this amino acid. We also noticed that the carboxylate group

of Glu-212 in IrisFP rotates by 90° upon isomerization and forms a hydrogen bond to the

presumably unprotonated nitrogen of the chromophore’s imidazolinone moiety, contrary to
what is observed in Dronpa or mTFP0.7. Therefore, Glu-212 in the neutral trans chromophore

configuration appears to be protonated.

One could be concerned that the presence of multiple phototransformations in IrisFP would
result in poor yields for each of them and in a high susceptibility to photobleaching. However,
reversible photoswitching in green IrisFP displays a remarkable efficiency compared with other
Dronpa-like proteins. The yield of green-to-red photoconversion is also slightly increased
compared with its parent protein EosFP, although red IrisFP appears more susceptible to
photobleaching than EosFP. However, upon illumination with violet light, no chromophore
photodamage is apparent in our crystal structures. Our structural data suggest that the
mechanisms for reversible photoswitching are essentially the same for green and red IrisFP,
although the inhomogeneous chromophore conformation in the X-ray structure of
photoswitched red IrisFP still leaves some possibility that isomerization may not be strictly
required for switching in this state, as suggested for Dronpa (Mizuno et al 2008). From the
backbone breakage next to the chromophore in red IrisFP, which has also been noticed for the
photoisomerizable marker protein asFP595 (Andresen et al. 2005), one may expect an enhanced

conformational flexibility of the chromophore and thus a facilitated light-induced isomerization.
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We noticed, on the contrary, that red IrisFP can be photoswitched to the nonfluorescent trans

form slightly less efficiently than green IrisFP.

To turn IrisFP into a widely applicable highlighter protein, we aim to develop a monomeric
version by introducing similar modifications as in EosFP (Wiedenmann et al 2004), hoping
that it will exhibit the same multiple photoactivation processes that we have observed here for
the tetramer. PAFPs hold great promises for applications in cell biology. However, reversibly
photoswitchable FPs are not visible in their off state, and photoconvertible FPs are limited by
the non-reversible nature of photoconversion. These drawbacks may be alleviated with new
highlighters such as IrisFP, which combine the two modes of photoactivation. Other
applications taking advantage of the multiple phototransformations displayed by IrisFP will
undoubtedly emerge, including two-color nanoscopy and sequential photoactivation schemes

that can be beneficial for unraveling complex protein—protein interactions. IrisFP also hints at

the possibility to combine read-only and rewritable capabilities in future mass storage media.

Part 3 - Further studies about the photoswitching

1 - The chicken and the egg dilemma: which is the first to occur between

protonation and isomerization?

It is intriguing to notice that the fluorescence and absorption spectra measured during
illumination at 488 nm and acidification of IrisFP and other RSFPs, are extremely similar and
it is tempting to think that the same phenomenon is involved. Upon acidification, the
absorbance peak corresponding to the anionic form of the chromophore decreases while the
absorbance peak corresponding to the neutral form, always blue-shifted compared to the first
one, increases. The fluorescence signal decreases in intensity while the protein gets protonated
and increases in basic conditions. The phenomenon of pH-dependent conversion of the
absorbance spectra is depicted in Figure I1.2.18 with series measured on EosFP and IrisFP and

is extremely similar for all known green PAFPs.
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Figure I1.2.18 - Evolution of the absorption spectra of EosFP (left) and the evolution of the
absorption and fluorescence spectra of IrisFP (right) depending on their protonation state.

If the protonation of the chromophore is implicated in the cis/trans isomerization, this
could mean that the sole protonation of the chromophore is sufficient to initiate isomerization,
which would not necessitate photoexcitation to occur. The recent case of a FP being
crystallized in a wide pH range has shown a cis conformation of the chromophore induced by
high pH values, a trans conformation induced by low pH values and a mixed conformation for

values in between (Pletnev et al. 2008).

To verify this hypothesis on our samples, we would need to obtain the X-ray structure of
one of them in acidic conditions and compare its chromophore geometry with the ones obtained
in cis and trans conformations. Unfortunately, we could not obtain suitable crystals at any pH
value lower than 7.0 and soaking methods always produced cracks in the crystals that
destroyed their diffractive power. We therefore cannot conclude on a potential pH influence on

the isomerization state of the chromophore based on the structure.

As an alternative to progress on this ongoing debate, we used Raman spectroscopy and
measured absorption and fluorescence spectra of an IrisFP sample illuminated by visible light

both in solution and in the crystalline form at cryogenic temperature.
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a - Raman spectroscopy

Raman spectroscopy is a powerful tool to observe (pre)resonance peaks of the chromophore
in a given state, even in cracked crystals that do not diffract. This is of great interest since our
crystals soaked in acidic buffers exhibit cracks that prevent them from diffracting. To compare
the effect of light-induced and acidification-induced off-switching of IrisFP, we used this
technique on a crystal of IrisFP before and after laser induced isomerization and on a second
crystal before and after pH-induced acidification. To avoid any thermal relaxation, the crystals

were flash-frozen straight after the laser irradiation or acidification. The cis-to-trans
isomerization was achieved by the irradiation of an IrisFP crystal at 488 nm (0.9 kW /cm?)

directly in a crystallization drop during 26 mn. The acidification was achieved by soaking a
crystal of IrisFP either in a dilute solution of chlorhydric acid or in a dilute solution of acetic

acid (pH 4.0) until the color of the crystal disappeared and it became transparent.

The results (Figure I1.2.19) show very similar Raman spectra for the crystals exposed to an

illumination at 488 nm and for the crystals soaked in an acidic buffer. The most spectacular
differences reside in the region around the very resonant peak at 1545 cm-l, which is the

strongest resonantly enhanced band in GFP (Schellenberg et al. 2001). The spectrum shown in

Figure 11.2.19, A, however, may have suffered from photobleaching prior to the experiment as
seen from the low intensity of the bands at ~1545 cm! related to the rest of the spectrum and

compared to the spectrum shown in Figure I1.2.19, B. Nevertheless, interesting features are
clearly observable and, thanks to a previous study combining calculations and isotopic labeling

experiments (He et al 2002), we can tentatively assign the main changes observed in these

experiments. We can especially notice the disappearance of the two peaks at 1503 cm! and

1540 cm-!, assigned predominantly to the resonance of a phenol ring mode and of a stretching

mode of the Cy-Cs exocyclic double bond of the anionic chromophore, respectively.

Symmetrically to the decrease of these two peaks, two other peaks appear at 1564 cm- and

1604 cm™ that correspond to a stretching mode of the C,-Cs exocyclic double bond and to the

resonance of a phenol ring mode of the neutral chromophore, respectively. In other words, the
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fraction of the anionic chromophore decreased while the fraction of the neutral chromophore
increased, both for the crystal illuminated at 488 nm and for the crystal soaked in an acidic

buffer.
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Figure II.2.19 - Raman spectra of IrisFP crystals measured at 100K before & after light-induced
isomerization (A) and before & after protonation induced by addition of acetic acid at pH 4.0 (B) -
Insets represent a zoom of the main bands specific of the methylene exocyclic bridge (circled in red on
the sketch). The color loss of crystals soaked in acetic acid (C) clearly shows that the acid is entering the
solvent channels, making the outer crystal shells transparent while the core of the crystal keeps its
coloration. One can also notice the cracks in the crystals that appear and prevent from obtaining a
crystallographic structure of this protonated form.

These results prove that the chromophores, after irradiation at 488 nm or after acidification
are not only extremely similar in terms of absorbance and fluorescence spectra but are also
extremely similar chemically, since the Raman signatures of both species are almost identical.
Most importantly, they show that both experiments lead to the conversion from an anionic
chromophore to a neutral chromophore. From the combination of the results obtained by
crystallography and by Raman spectroscopy, we can propose that both chromophores of IrisFP
illuminated at 488 nm and acidified (even without illumination) are protonated and in trans

conformation.
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b - Crystals exposed to visible light at cryogenic temperature

Both the absorption and fluorescence of a crystal of IriskFP at 100 K illuminated at 488 nm
(~1.5 kW /cm® on the sample) have been recorded at the Cryobench laboratory. For absorption
measurements, because of the very high optical density at this wavelength in crystals of IrisFP,
a rod-shaped crystal with a very thin section (15x15x100 pm) was mounted in a microloop
containing the crystallization mother liquor to which 20% glycerol was added. The crystal was
flash-frozen and kept at 100 K. For fluorescence measurements, another rod-shaped crystal
with a bigger section (50x50 pm) was mounted as previously at 100 K and submitted to a

constant illumination at 488 nm that was used both as the actinic and the probe light.

Probably due to mechanical instability of the shutter controlling the lamp and the very
thin crystal section that was illuminated, the absorbance spectra measured were rather
unstable so that the baseline was hopping a bit from a spectrum to another. However, despite
this instability, the results (Figure 11.2.20, A) are clear and show a decrease of the anionic peak
at 488 nm that can be well fitted by a biexponential decay. On the other hand, the absorbance
of the neutral peak at 390 nm quickly increases and then remains rather stable with a slight

decrease in time (Figure 11.2.20, B).

The fast step (t!/2 = 193 sec) seems to be due to protonation since it correlates with the

decrease of the anionic peak. The slower step (t!1/2 = 5170 sec, i.e. ~1h43) could be associated

to a process of degradation, since both peaks are slowly decreasing. The neutral form is less
affected than the anionic peak but also decays either because it displays residual absorbance at
488 nm or because there is a constant slow exchange between neutral and anionic forms, which
leads to the consumption of both species. Most likely this degradation is provoked through the
same laser-induced intersystem crossing to the triplet state that permitted the chromophore

protonation.
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Figure I1.2.20 - Photo-induced protonation and degradation at 100 K of IrisFP

During such an experiment, the fluorescence signal is decreasing with a decay that can be
well fitted by a biexponential function (Figure I1.2.20, C) having a fast phase with a t1/; =

151 sec and slow phase with a t1/; = 5160 sec (i.e. ~1h43), both values coherent with those

observed in absorbance mode. This decay seems logical since two mixed phenomena occur,

protonation and photobleaching, which both lead to a fluorescence decrease.

c - Solution exposed to visible light at cryogenic temperature

The experiment detailed above was reproduced with a solution instead of a crystal of

IrisFP. A thin film of IrisFP solution mixed with 30% glycerol was flash-frozen in a microloop
and maintained at 100 K. A series of alternate illumination at 488 nm (~0.4 kW /cm? on the

sample) during 4 seconds, followed by measurement of the absorbance spectrum, allowed to

record more stable spectra than those previously described. Probing the absorption signal

regularly during ~7 mn, the results (Figure I1.2.21, A) revealed to be extremely close to those
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obtained on the crystalline form and, qualitatively, to those obtained at room temperature
(Figure I1.2.2). The anionic peak at 488 nm shows a biexponential decay with a fast step which
is associated with a fast increase of the neutral peak at 390 nm (an isobestic point is clearly
observable). Both evolutions (Figure I11.2.21, B) can be fitted by a monoexponential (t1/, =
180 sec) that we can assign to the protonation (first) step observed in the experiment detailed

previously on a crystal.
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Flgure I1.2.21 - Photo-induced protonation at 100 K of a solution of IrisF’P

When pursuing longer the illumination, here again the two peaks start to slowly decrease,
indicating a photodestruction of the chromophore. We can better notice in this experiment the
increase of the peak at 390 nm probably because the protein used was more anionic than the

one in the crystal.

d - Discussion and conclusion

Considered together, these results strongly suggest that protonation is the initiating step of
the isomerization mechanism. Indeed, our data show that protonation of the chromophore can
be photoinduced at 100 K, a temperature at which the large movements associated with
photoisomerization are very unlikely to occur. The change in protonation, even at 100 K,
suggests that the exchanged proton is very close from the hydroxyl moiety of the chromophoric

tyrosine. We propose that this labile proton could be the one of the conserved Ser-142 that is

H-bonded (2.7 A) to the hydroxybenzylidene. During light excitation of the anionic
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chromophore, it has been shown (Voityuk et al 1998) that the electron density delocalizes to
the imidazolinone ring (Cf. repartition of the charges density at So, p.31), which is in disfavor
of a protonation at the excited state. However, a recent study on Dronpa (Mizuno et al 2008)

proposed that upon intersystem crossing, both the long lifetime of Ti1 and the less acidic

character of the hydroxybenzylidene in Ty as compared to S; (Turro 1991) would promote
protonation of the chromophore. Once in this neutral form, the chromophore could isomerize to

a trans conformation. Absorption of light at 390 nm would then lead back to the anionic form

via ESPT.

Based on this suggestion and on the results presented above and as an analogy with the
photosynthesis reaction having a dark phase and a light phase, we can propose a dark reaction
and a light reaction for the protonation/isomerization mechanism of RSFPs (Figure 11.2.22). In
such a mechanism, the light reaction would be initiated by the absorption of cyan light by the
chromophore, leading to an excited state that can either de-excite (by emission of fluorescence
or non-radiatively) or cross to the triplet state T1. The acidity of the chromophore being lower
in this triplet state than in the excited state, its protonation becomes possible via the
deprotonation of Ser-142 for example. This protonation would break the interactions between
the hydroxybenzylidene and the barrel, loosening the chromophore that would finally become
able to isomerize from its cis conformation to a more favorable trans conformation, depending
on the chromophore environment and temperature. In such process, serine 142 may reprotonate
via the network of water molecules identified near this residue in IrisFP. Finally, the violet
light-induced or slow thermal recovery to the initial anionic cis conformation occurs as
previously described: the thermal back-switching of the chromophore is most likely due to the
fact that the protonated trans state of the chromophore is slightly less stable than the anionic
cis state at neutral to basic pH values, so that the protonation is transient and slowly reversed.
When the recovery from the trans state is photoinduced by a violet light illumination, it is due
to an ESPT provoking the deprotonation of the trans chromophore, as shown by a deuteration

experiment on Dronpa (Fron et al. 2007).
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Figure I1.2.22 - Proposition for the mechanism of a light induced and a pH induced reaction
Involving the change of protonation and isomerization states of RSFPs chromophores

Isomerization could be possible in proteins having a favorable chromophore environment
such as Dronpa or IrisFP and if the temperature is high enough to allow those major
conformational changes. Environmental constraints could explain the differences in bright-to-
dark conversion efficiency (quantum yields) between proteins such as Dronpa, having a
quantum-yield of 0.00032 (Ando et al. 2004) and IrisFP, having a quantum yield more than 43
times higher (0.014) as reported in Table II.2.7. However, in the structures of Dronpa
illuminated by green light and obtained by NMR, the authors observed several agitated cis
conformations but no trans conformation. This result is rather intriguing since the
isomerization has been observed by X-ray crystallography for several RSFPs crystallized in
different spacegroups and it seems improbable that the crystalline contacts favor the trans
conformation. Moreover, several calculations (Weber et al 1999; Usman et al 2005) showed
that the neutral (protonated) chromophore of green fluorescent proteins is inherently easily
switchable to a trans conformation. Anyhow, cis-trans isomerization can be one of the different
possible reactions occurring after the protonation of the chromophore and it is possible that
this conformation can be favored in crystals, or upon cooling. Another possibility than we
currently cannot exclude without further studies is that the direct isomerization may occur

first, followed by protonation. These two possibilities may even coexist.
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2 - Can non-switchable FPs be switched anyway?

When exposing a solution of EosFP wild-type to high laser power densities at 502 nm, we
noticed that the spectra provided intriguing results. The initial goal of these experiments was
to check the spectral changes of a non-photoswitchable fluorescent protein such as wt-EosFP,
associated to photobleaching at room temperature. Surprisingly, the protein exhibited weak
photoswitchable abilities with spectroscopic signatures resembling those of the on and off forms
of RSFPs. Although it is difficult to characterize wt-EosFP as a RSFP, since the quantum
yield for the on/off switching seems very low compared to Dronpa-like proteins (such as
IrisFP), intense illumination at 502 nm results in an increase of the absorbance peak at 390 nm
(neutral form) accompanying the decrease of the absorbance peak at 506 nm (anionic form).
These results relate to the proposal that any fluorescent protein might be, at least partially,

photoswitchable (Voliani et al. 2008).

To study whether this phenomenon could be due to a photoisomerization as observed in
IrisFP at room temperature or to a photoprotonation as probably observed at cryogenic
temperature, we tried to reproduce on a diluted solution of EosFP the same kind of
illumination protocols used to photoswitch IrisFP at room temperature. Both the absorption
and fluorescence spectra (excited at 502 nm) were measured and both a thermal recovery and a

photoinduced recovery (405 nm) of the partially photoswitched state were followed.

a - Thermal relaxation of the off state

The on/off conversion was performed by irradiating continuously the protein solution in a
standard quartz cuvette, made airtight with a plastic cover, at 502 nm (30 mW/cm?) while

recording a spectrum every 10 seconds for fluorescence measurements or by pulsing the laser at
1Hz with 600 ms/pulse followed by a pulse from a deuterium/halogen lamp with 200 ms/pulse

for absorption measurements (Figure 11.2.23, A).

The relaxation from the state stimulated by the 502-nm laser was followed by leaving in

the dark the solution in its airtight cuvette for 5 hours and recording a spectrum every
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10 minutes with a pulse from the 502-nm laser (80 ms/pulse) for fluorescence measurements or

the deuterium/halogen lamp (200 ms/pulse) for absorption measurements (Figure 11.2.23, B).

The absorbance peaks at 390 and 506 nm as well as the fluorescence peak at ~520 nm
clearly show a conversion from the anionic form to the neutral form (Figure I1.2.23) since the
peak at 506 nm decreases while the peak at 390 nm increases. This conversion is accompanied
by a loss of fluorescence. An isobestic point is observable at 430 nm, similar to what was
already observed for absorbance spectra during the photoswitching of IrisFP at room
temperature or photoprotonation or IrisFP at cryogenic temperature. However, this conversion
is much more limited than in the case of IrisFP and a too long irradiation leads to a decrease of
the whole spectrum (mostly for the peak at 506 nm that is excited) and to the disappearance of

the isobestic point, indicating a degradation of the protein (data not shown). The absorbance

spectra show an initial evolution that can be well fitted by a monoexponential function (t!/, =

~1500 sec 7.e. ~25 min) both for the increase of the peak at 390 nm and the decrease of the

peak at 506 nm.

The fluorescence signal was measured during a longer time than the absorbance signal. Its
timecourse can be well fitted by a biexponential function that correlates with the two-step

behavior already described in the experiments performed on IrisFP at cryogenic conditions.

Based on what we said, the fast phase (t1/2 = ~627 sec i.e. ~11 min) could be attributed to a

protonation step and the much slower phase (t1/2 = ~3467 sec i.e. ~57 min) can be assigned to
photobleaching. This second phase was not visible in absorbance because the acquisition time
was not long enough. The irreversible degradation is confirmed by thermal relaxation
experiments. Back-conversion to the initial state is evident since the peak at 390 nm decreases
while both the peak at 506 nm and the fluorescence signal increase, but the final intensities of
those peaks are much lower the initial ones. The intensity of the absorbance band at 280 nm
remains intact, indicating that the damage is most likely limited to the chromophore and that

the global integrity of the protein is maintained.
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Flgure I1.2.23 - Spectral series and evolutions in absorption and fluorescence of a solution of EosFP
being photoprotonated with a 502-nm laser (A) and exhibiting thermal autodeprotonation (B) or
photostimulated deprotonation at 405 nm (C)

Following the absorbance peak at 506 nm during thermal relaxation led to a growing curve
that can be fitted by a single exponential function (t1/2 = ~2200 sec i.e. ~36 min). Instabilities

of the absorbance signal at 390 nm (most likely due to the instability of the shutter of the lamp
used to measure the spectrum and the very low signal at this wavelength) prevented us to

properly fit the evolution of the neutral species. However, its decay with time is very obvious.

The fluorescence signal also increased monoexponentially during this relaxation (t!/2 =

~1980 sec ie. ~33 min). It is interesting to note that this recovery is much faster than the
trans-to-cis thermal recovery in IrisFP and that in spite of the long measuring time, this
increase does not need to be fitted by a biexponential curve as in the fluorescence decay
induced by illumination at 502 nm. This seems logical since no photoinduced degradation of the

chromophore is possible during this thermal recovery.
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b - Photostimulated relaxation of the off state

The conversion to the off state was made on a solution of EosFP at the same concentration
and with the same method as described previously and was perfectly reproducible (Figure

11.2.23, A). The photostimulation of the relaxation from the off state was performed by pulsing

the 405-nm laser at 2 Hz with 5 ms/pulse and 1.5 mW /cm?. The effect of an increased power

density (11 mW /cm?) was also tested in fluorescence mode. The acquisition was made using
either the excitation from the 502-mn laser (5 ms/pulse) for fluorescence measurements or
pulses from a deuterium/halogen lamp (200 ms/pulse) for absorption measurements. The
evolution of the absorbance spectra during this experiment could here again be well fitted by a
monoexponential function (t1/2 = ~490 sec i.e. ~8 min) both for the decrease of the peak at

390 nm and the increase of the peak at 506 nm (Figure 11.2.23, C).

Absorbance Fluorescence
Type of
con}\’rgrsion t1/2 t1/2 t1/2 t1/2 t1/2
(de)protonation (degradation) (de)protonation (decay-1) (decay-2)
On/off 25 min (502 nm) ND 11 min (502 nm) |57 min (502 nm)
conversion 30 mW /cm? 30 mW /cm? 30 mW /cm? )
Thermal 36 min NA 33 min NA -
relaxation
Stimulated 8 min (405 nm) ND 7 sec (405 nm) |7.5 min (405 nm)| 20 sec (405 nm)
relaxation 1.5 mW/cm? 11 mW /cm? 11 mW /cm? 76 mW /cm?

Table I.2.9 - Values of the halftimes for reactions of photoprotonation and photoinduced or thermal
deprotonations, depending on laser power densities. Blue and green colors represent the absorbance and
fluorescence modes, respectively. Grey and pink colors represent the phenomena of degradation and

photoconversion that occur upon long laser irradiations.

The fluorescence signal also increased according to a single exponential process (t1/2 =
~T7.0 sec) but was followed by a second phase that consists in a monoexponential slow decrease

(t1/2 = ~450 sec ie. ~7.5 min). The increase of the 405-nm laser intensity between the

measurement in absorbance (1.5 mW/cm2) and this experiment (11 mW/cm2) was probably
too high, producing a beginning of green-to-red photoconversion as observed in the series of

fluorescence spectra (Figure 11.2.23, C). The intensity of the 405-nm laser was further increased

(76 mW /cm2), resulting in a new abrupt monoexponential decay of green fluorescence (t1/; =
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~20 sec). All the values are compiled in Table I1.2.9 and allow to see that the photoinduced

relaxation from the off state is much faster than the thermal relaxation, consistent with a

photoinduced protonation in the triplet state and a photoinduced deprotonation in the excited

state S1 by ESPT.

¢ - Conclusion

The results on EosFP at room temperature are pretty close to those obtained during
photoswitching or acidification of IrisFP. It is not possible to discriminate on the sole basis of
the spectra between isomerization or protonation but we cannot exclude that after the
photoinduced protonation of EosFP, a small fraction may photoswitch from a cis conformation
to a trans conformation. A fast decrease of the anionic form correlating with a fast increase of
the neutral form occurs to a level comparable to that obtained in experiments performed on
IrisFP at cryogenic temperatures (Figure 1I1.2.20 & Figure 1I.2.21), and further illumination
only lead to the degradation of the protein. At such low temperatures, the chromophore is
extremely unlikely to isomerize and the spectral changes can be attributed to a photoinduced
protonation of the chromophore. The same phenomenon (photoprotonation) can be proposed as
an alternative explanation (rather than isomerization) to the observed switching when EosFP is

exposed to light excitation at 502 nm at room temperature.

The observed degradation is proposed to occur mostly from the anionic form of the
chromophore, the neutral form being constantly in weak equilibrium with the anionic form
thanks to an ESPT produced by the weak absorption of the neutral form at 488 nm.The newly
designed stable monomeric variant of EosFP, called mEos2, is also reported as having a very
minor part of its population able to convert from an anionic form to a neutral form (McKinney
et al. 2009) which is, most likely, the same phenomenon than the one we just described. This
conversion of the absorption spectra in PAFPs may probably be generalized to many if not all
FPs. The phenomenon can be considered as marginal for fluorescent proteins that are not
designed especially to be photoswitchable, due to its slow rate, but it should not be

underestimated, as it may be problematic for some single molecule or STED-like experiments.
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Part 4 - PAFPs as optical data storage devices?

This part presents results obtained at the Institut Albert Bonniot, Grenoble, with the help
of Dr. Alexei Grichine and at the ESRF. These results should be considered as a preliminary
proof of principle of the idea of using photoactivatable fluorescent proteins as data storage
devices. This concept has been raised by several publications and patents, although no real
practical evidence has been shown yet. Despite the interest of the experiments presented here,
practical applications remain pretty much unrealistic as of today and it should be kept in mind

that the principal applications of PAFPs concern the developments in super-resolution

microscopy.

1 - The interest of biophotonics in data storage

a - Introduction

Current optical data storage devices (CD, DVD, Blu-ray...) are limited to a two-
dimensional storage array (surface). Although during last years, efforts have been made to use
smaller and smaller wavelengths to write more data on the same surface, an obvious physical
limitation is going to happen (for a brief summary of existing 2D optical memories and how
they work, refer to Appendix III, p.262). A solution to this problem is to use the thickness of
the storage medium and holographic methods (Haw 2003). Another possibility would be to use
a 3D arrangement of photoactivatable elements to store data in a three-dimensional array. This
idea led Stefan W. Hell (Figure 1.3.7) to deposit a patent (Hell et al. 2007) about the possibility
of using crystals of GFP-like PAFPs in which each molecule would represent a data bit. Such a
bit could be seen as a binary encoded element depending on the state of the PAFP, either
fluorescent or switched off. Of course, this idea seems difficult to apply in reality because of
several limitations imposed by biological matter (non-reversible photobleaching, need for a
solvated state, sample aging...), and because photoactivating a single molecule within the

highly concentrated 3D crystalline lattice is currently not achievable. However, recent amazing

156



Chapter 2 - Photoswitching: a reversible bleaching event Part 4-1

developments of biophotonics, PAFP technology and nanotechnology make such a principle

interesting to study.

b - DVDs made of protein crystals... an impossible dream?

In a condensed medium such as crystalline sample, a small volume representing a bit could
only be addressed anywhere in the crystal depth at the condition that volumes located out of
the focal volume are not excited. This precise tridimensional optical targeting is possible thanks

to the two-photon effect.

If we consider a protein crystal of IrisFP of dimension 100 x 100 x 100 um3 (1 nL) formed
by 1.37x1013 individual molecules (bits of about 10 x 10 x 10 nm3 each), the data storage

capacities of such a crystal would represent ~148 GB (gigabytes), which is the equivalent of

more than 30 DVDs. Let’s now imagine that we could create with such crystals a medium with

the size of a DVD. The volume V of such a medium can be calculated by Equation I1.4.

V = (nrfh) — (mréh) = mh x (rf — %)
Equation I.4

Where r; is the radius of the DVD, rzis the radius of the central hole and 4 is the thickness

of the DVD.

For a standard DVD, r;=60 mm, r=20 mm, A=1.1 mm, so that we find V=11058 mm3 =

11 mL = 11x106 nL. The capacity of an “IrisDVD” would thus represent more than 16 EB
(exabytes) which is equivalent to more than 3 billions of standard DVDs! Of course, our
calculation is completely unrealistic since the minimum volume of excitation that is achievable
nowadays is about a femtoliter, so that it is currently completely impossible to address a single

molecule in a crystal and, thus, to consider such a single molecule as a bit.
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With the best optics available, we can consider that we can probe a minimal confocal
volume of the order of a femtoliter. Considering our single crystal having a volume of 1 nL, the
minimal excitable volume would thus not be a single molecule but a millionth of the crystal
volume. This means that the crystal would contain a maximum of one million bits
(122 kilobytes). The total volume of a DVD made of such crystals would thus represent a total
maximum storage capacity of 1.25x106 TB (terabytes) which is equivalent to more than 270
standard DVDs. Such a storage capacity is far below the 3 billions of DVDs that we calculated
above, but still represents a considerable amount of data. The creation of such a DVD would of
course be confronted to a number of difficulties and we hardly can consider the conception of

this kind of data storage devices to be really feasible nowadays.

The easy and reproducible crystallization of IrisFP that forms big regular crystals, as well
as the parallelipipedic morphology of these crystals makes this PAFP a potential good
candidate for such a project. High-throughput
crystallization robots allow the growth of a high number
of crystals and these robots will undoubtedly make more
progresses in the next years. The technology, possibly
based on spin coating, that would allow the creation of
the recording medium itself from these crystals as a

regular layer has still to be developed, even if some

experiments showed that it is practically possible to I sogﬁlgigﬁgéé d%gfegjﬁ:g]tgf

embed and preserve protein crystals in a plastic matrix matrix. ?gzﬁg}zg&bai'eggg;jced from

as shown in Figure I1.2.24.

In a condensed medium such as a crystalline sample, a small volume located within the
depth of the crystal and representing a bit would need to be addressed without excitation of
the surrounding layers of molecules, notably along the optical axis. This precise tridimensional

optical targeting is possible thanks to the two-photon effect.
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¢ - The two-photon effect

Maria Goppert-Mayer predicted during her Ph.D. thesis in
Gottingen the phenomenon of the simultaneous absorption of

two photons (Géppert 1929; Géppert-Mayer 1931). This effect

called the two-photon absorption (TPA) effect needs so powerful

lasers that it could only be experimentally proven thirty years

Figure I1.2.25 - Photograph of

later with the first experiment using biphotonic excitation Maria Géppert-Mayer

(Kaiser & Garrett 1961).

Biphotonic excitation (also called two-photon excitation, TPE) is defined " as “the
simultaneous absorption of two photons, the energy of excitation being the sum of the energies
of the two photons”. For TPE to occur, two photons have to excite a molecule within a short
enough time so that the molecule cannot relax in between. Even with powerful laser sources
though, this event is so rare that two-photon (2P) absorption only occurs at the focal point
where the photon concentration is the highest while single photon (1P) absorption occurs all
along the illuminated optical path with a linear dependency on the photon concentration

(Figure I1.2.26).

A Single photon Two-photon
excited fluorescence excited fluorescence
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Figure I1.2.26 - Single photon excitation versus two-photon excitation. Left: Perrin-Jablonski
diagram showing the differences between single and two-photon excited fluorescence. Right: OPE (1P)
and TPE (2P) of a fluorescein solution™

12 Glossary of terms used in photochemistry, [UPAC recommendations 1996, 68, p.2230

3 http://belfield.cos.ucf.edu/one vs two-photon excitation.html
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Compared to standard optical microscopy, TPE allows a very precise excitation within a
sample without interacting with other molecules in planes out of focus. This has a clear
advantage for 3D imaging of samples and was first used by the group of Watt W. Webb

(Figure 1.3.7, p. 64) for microscopy purposes in 1990.

2 - Protein crystals as write-only 3D mass storage devices

We started our experiments by trying to image and visualize in three dimensions single

crystals of IrisFP and d1EosFP, using confocal and two-photon microscopies. Crystals were
placed in a drop of their crystallization mother liquors in Lab-Tek® chambered borosilicate

coverglass trays. This setup is the same for all experiments presented below, with the exception

of the one shown in Figure 11.2.31.

3D images of crystals of IrisFP and d1EosFP have been obtained by confocal microscopy

with an excitation wavelength ~488 nm (Figure 11.2.27, a & b).

b d

Illumination time

Figure I1.2.27 - Confocal microscopy 3D reconstructions of crystals of IrisFP (a) and d1EosFP (b)

before and after the partial 1P photoconversion at ~400 nm (insets show photographs of the crystals
observed in bright field). (c) Progressive 2P photoconversion (observed in green) of the bottom layer of

an IrisF'P crystal, due to an irradiation at ~800 nm. (d) 2P green-to-red photoconversion (represented in
gray levels) of a layer inside an IrisFP crystal by irradiation at ~800 nm
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The green-to-red photoconversion could also be obtained and visualized on both proteins

with a classical single photon actinic excitation at ~400 nm or with a two-photon actinic
excitation at ~800 nm (Figure 11.2.27, b, ¢ & d). When we used the illumination at 400 nm, a

UV lamp was focused on a large area (diameter = 350 pm) of the crystal and we could clearly

see the cone formed by the light entering the crystal depth, defining the fraction of the crystal
that was photoconverted. At the opposite, when we used TPE with the 800-nm line of a Ti:Sa
laser, we could photoconvert a narrow layer inside the crystal depth. The laser used for TPE in
the experiments presented below is a Tsunami Ti:Sa laser, pumped by a Millenia VII solid

state laser (80 MHz, 120 fs), and tunable between 690 and 1100 nm.

We used the results shown in Figure I1.2.27 to perform, in a second step, the irreversible
green-to-red photoconversion using actinic TPE at 800 nm on several layers inside the depth of
a crystal of IrisFP. In the control software (LSM, Zeiss, Germany) we drew masks of letters
forming the words “IAB”, “ESRF” and “ULM”, standing for the names of the institutes

involved in this project (the IBS was unduly forgotten on that day!). Inside these regions of

interest, the 800-nm line of the Ti:Sa laser delivered a power of ~10 mW on the sample (Airy
disc surface = 0.38 um?) with a pixel dwell time of 1.6 ps. Each pixel measuring 70 x 70 nm

and the array being made of 512x512 pixels, the total array surface is 1284 pum2. This setup
allowed to write the three words on three different planes inside the crystal of IrisFP with a
very appreciable spatial resolution of 0.6 x 0.7 x 1.5 um3 (0.63 femtoliter). This experiment was

reproduced on another crystal several weeks later with an even better contrast Figure I1.2.28.
This contrast, however, could probably have been further enhanced if we had followed the

green channel instead of the red channel, as we did.

161



IT - RESULTS AND DISCUSSION

First crystal Second crystal
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Fligure II.2.28 - In-crystallo burning. An irreversible green-to red photoconversion is performed
within two different IrisF'P crystals at three different depths (blue horizontal lines) using TPE at

~800 nm to write the words “TAB”, “ESRF” and “ULM”. Fluorescent signals are then observed by 1P
excitation at 543 nm and detection in the red channel

Although being highly perfectible, this first experiment unambiguously shows that we can
irreversibly encode data at different locations within the core of a single protein crystal using
TPE at ~800 nm, using the photoconversion property of a PCFP such as IrisFP. The
photoconversion was also tried at 760 nm and 840 nm and no obvious differences could be
observed, as the photoconversion seemed to occur as efficiently at all those wavelengths. This

suggests that the biphotonic action spectrum for IrisFP photoconversion is probably very

broad.

Since we know that IrisFP is not only a PCFP but also a RSFP, we wanted to check if we
could use the photochromic properties of this PAFP to encode data, erase it and burn another
information at the very same location. In other words: creating a rewritable biological storage

device.
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3 - Protein crystals as rewritable biophotochromic 3D mass storage devices

a - Introduction

The potential use of photochromic dyes as compounds for reversible 3D optical data storage
was already (and first) suggested by Y. Hirschberg (Cf. Figure 1.2.15, p. 40) in 1956 with the
case of spiropyrans and bianthrone (Hirschberg 1956). He wrote: "The cycle of the appearance of the color
on ultraviolet irradiation and the disappearance of the color by irradiation with visible light is proposed for the first time as a
photochemical memory model”. While Hirschberg has shown that most photochromic molecules can
exhibit their reversible behavior at room temperature, others demonstrated that some
molecules can do the same in a rigid medium (Lewis & Lipkin 1942) and even that
photochromism can be produced by two-photon excitation (Mandzhikov et al 1973). Knowing
that two-photon absorption is a rare event that allows the excitation of only the “in-focus”
part of a bulk material, the idea has been proposed twenty years ago to use two-photon
excitation of photochromic dyes to create real rewritable 3D data storage devices
(Parthenopoulos & Rentzepis 1989). The recent development of biotechnology engineering of
fluorescent proteins and especially photochromic FPs led to the recurrent references to their
potential use as data storage devices (Dickson et al 1997; Andresen et al. 2005; Sauer 2005;
Schafer et al. 2008).

b - Results

We used the same experimental setup as described above to perform these experiments. To
avoid the detection of a fluorescence signal coming from another crystal shell, the

photoconversion was made on the bottom surface of a crystal of IrisFP (Figure I1.2.29-a). First,
by irradiating at ~800 nm (10 iterations, 10 mW on the sample), a 2P-induced on-to-off

switching was performed inside a mask forming the letters “IAB” standing for Institut Albert
Bonniot (Figure II1.2.29-b). Then, the fluorescence was recovered by 5 seconds of wide field
illumination with a mercury arc lamp in order to reinitialize the crystal shell (Figure 11.2.29-c).

Some weak remanence was observed though, because of either an insufficient illumination or a
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fraction of the proteins that was irreversibly photobleached by the photoswitching step.
Finally, a new mask was prepared and, using the same 2P photoswitching parameters, the word
“IBS” (standing for Institut de Biologie Structurale) was written on the very same crystal shell

(Figure 11.2.29-d). Between each step, the images were obtained by exciting the sample with a

1P weak (~40 nW on the sample) illumination at 488 nm. The total area for each word was

about 260 pm?2.

a b C d

Bright Fluo.
field

Fligure I1.2.29 - In crystallo rewritable burning using 2P photoswitching. A reversible photoswitching
Is performed on the surface of an IrisFP crystal (a) The word “IAB” is first written (b). The fluorescence
Is then recovered by 1P back-switching (c). Finally, the word “IBS” is written on the same layer (d)

c - Same wavelength but different effects

We were puzzled to notice that the same wavelength at 800 nm seemed to create two
different effects: photoconversion as shown in Figure I1.2.28 or photoswitching as shown in
Figure I1.2.29. The first point that we can address is that we worked using two-photon
excitations and we can reasonably think that the action spectra for photoconversion and
photoswitching are different using one photon (1P) and two photon (2P) excitations. The
comparison between 1P and 2P excitation spectra of several dyes show major differences. If for
some fluorescent dyes (Lucifer yellow, Coumarin 307, Cascade blue), the wavelengths of TPE
peaks roughly fit with twice those of OPE peaks, the TPE spectra are generally more
complicated, broader and blue-shifted as compared as OPE (Figure I11.2.30). In reality, as
written on Molecular expressions website': “there is no fundamental basis for quantitatively
predicting the two-photon excitation spectrum of a complex fluorophore simply by examining

the single-photon cross section”.

4 http://micro.magnet.fsu.edu/primer /techniques/fluorescence /multiphoton /multiphotonintro.html
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Flgure II.2.30 - Difference between 1P and 2P excitation spectra. OPFE spectra for three dyes
(rhodamine B, bodipy and fluorescein) are shown as plain blue lines, TPE spectra for those three dyes
are shown as plain red lines and differ notably from excitation spectra that could have been expected by
simply multiplying by two the OPFE spectra 5( dotted blue lines). Figure prepared with data from
Molecular probes” and (Xu & Webb 1996)

The difference between these spectra suggests that the occurrence of photoconversion and
photoswitching in IrisFP could be dramatically changed when we use TPE, as compared to the
experiments described up-to-now with 1P excitations, and that these events could even be
provoked by the same wavelength. However, we can wonder what was the determining criterion
that decided, upon the same excitation, to rather initiate a photoconversion in one case and a
photoswitching in another case. During our experiments, we noticed that our crystals were
much more dried in the photoconversion experiment than in the photoswitching one. Moreover,
the photoconversion revealed to be much more efficient on crystals that were let in the dark
during several weeks and that were really dry (Cf. Figure 11.2.28, right). On the other hand,

wet crystals show a very poor susceptibility to photoconversion but were easily photoswitched.

We tried to study further this phenomenon by submitting crystals of IrisFP to the flow of a
newly developed humidifier control device (Juan Sanchez-Weatherby, EMBL, Grenoble). Green
fluorescent crystals of IrisFP were mounted on the goniometer head of the beamline ID14-2 at
the ESRF thanks to MicroMesh mounts (MiTeGen, Ithaca, NY, USA). Crystals were first
slowly dehydrated and then slowly re-hydrated. The fluorescence and the absorption were
probed by regularly taking snapshots of the crystals during the experiments. This is done by
switching on a backlight (fluorescence) or a frontlight (bright field) and switching them off

immediately after the snapshot is taken, in order to avoid any photobleaching.

%5 http://www.invitrogen.com
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The results (Figure 11.2.31) are very reproducible and unambiguously show that the drying,

even controlled and weak, is accompanied by a permanent loss of fluorescence and absorption.

y
y

Dehydration " Rehydration

Figure I1.2.31 - Controlled drying/humidifying of an IrisFP crystal — The influence of the drying
process and subsequent rehydration on fluorescence is depicted from pictures a to e. The framed picture
represents the difference between pictures a and e. Pictures f and g show a crystal observed in bright
field, before and after controlled drying

These results do not allow to easily conclude on the role of humidity on the above-
mentioned effects. Indeed, we could not solve the structure of a partially dried crystal, since
these crystals do not diffract anymore once dried, even lightly, so that a structural hint to

explain the efficient photoconversion by TPE could not be obtained.

We can propose, however, that under dry conditions, crystals of IrisFP are more efficiently
photoconverted from green to red by TPE at 800 nm, due to some irreversible protonation of
the chromophore. Using dry crystals is probably an advantage if plastic-like embedding of the
crystals is the chosen solution. However, results presented in Figure I1.2.31 suggest that the
overall fluorescence signal is weak under these conditions. Moreover, we noticed that residual
cross-talk between green and red fluorescence channels reduced the visual contrast of the

encoded information compared to the background.

On the other hand, under wet conditions, the photoswitching seems favored in TPE
experiments. The very good contrast and the possibility to write and erase the encoded data
are clear advantages. However, the requirement of a wet conditioning and the thermal
autorecovery (erasing) of the information are major hindrances to the development of

rewritable biological storage devices and more studies would be required to find a solution.
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Résumé en francais

Ce dernier chapitre des résultats traite du troisiétme grand phénomene de transformation
photoinduite d'une protéine fluorescente : le photoblanchiment. Ce phénomene inévitable d’extinction
définitive des sondes fluorescentes lors de I'excitation est encore tres mal compris. Apres un court état de
I'art, les résultats de diverses expériences ayant mené au photoblanchiment des protéines fluorescentes
photoactivables EosFP et IrisFP sont présentées. Le photoblanchiment de ces protéines, provoqué par
illumination UV, visible, ou par les rayons X produits par le synchrotron européen est étudié tant en
fluorescence qu’en absorbance, sur solution ou dans les cristaux. Des données structurales permettent en
outre de caractériser un état fortement déformé du chromophore, correspondant a un état radicalaire

probablement impliqué dans la voie de photoblanchiment des protéines fluorescentes.
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Part 1 - About photobleaching

1 - What do we know about photobleaching?

HOTOBLEACHING or fading is defined as the loss of absorption or emission intensity'. It
Poceurs when a fluorophore permanently loses its ability to emit fluorescence due to
photon-induced chemical damage resulting in covalent modifications'”. Photobleaching of
fluorescent probes may complicate their observation, since they will ultimately be destroyed by

the light source necessary to excite them.

All fluorescent probes are subject to such a phenomenon and will emit a certain number of

photons before definitely ceasing to do so. It is reported for example that a single fluorescein
molecule emits about 3x105 photons'® and GFP-like molecules emit about 10° photons before

being destroyed by photobleaching (Kubitscheck et al. 2000). Two-photon irradiation seems to
be even more destructive to fluorescent proteins since higher order interactions occur and
irreversibly photobleach proteins with higher quantum yields (Patterson & Piston 2000).
Photobleaching, thus, seems to be an unavoidable event that may happen, at any moment of

the illumination of a fluorescent protein.

Some techniques use photobleaching at their advantage (White & Stelzer 1999) such as
Fluorescence Loss In Photobleaching (FLIP) or Fluorescence Recovery After Photobleaching
(FRAP), that allow the determination of molecular diffusion rates. In super-resolution
microscopy techniques such as PALM (Betzig et al 2006), the role of photobleaching is also
crucial since molecules are imaged until they are bleached, which terminates a cycle allows
imaging of other molecules during the following cycle. However, in most cases, photobleaching
represents a strong limitation in microscopy that one tries to avoid or at least reduce as much

as possible.

i‘; Glossary of terms used in photochemistry (IUPAC Recommendations 1996) on page 2231
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2 - What are the factors influencing photobleaching?

a - The involvement of the triplet state and singlet oxygen

Although photobleaching is still poorly understood, the triplet state Ti is generally
recognized, due to its long lifetime, to be the most likely starting point for deleterious reactions
leading to chromophore destruction (Donnert et al 2007). Once in the triplet state,
chromophores may either relax and re-populate the ground state, or the long living triplet state
can allow reactions between excited chromophores and other molecules to occur, producing

irreversible covalent modifications'. Other photobleaching pathways have been suggested to
occur from the singlet excited state Si or even from higher orders of excited states such as S,

that can be reached by illuminations with UV light (Bell et a/ 2003; Kong et al. 2007).

One of the causes often proposed for the occurrence of photobleaching is when a
fluorophore reacts with singlet oxygen. Singlet oxygen ('O,) is, at the opposite of most
molecules, the unstable form of molecular oxygen, which, in its stable form, is actually in a
triplet state (*0,). *O, can be converted to 'O, by reacting with another molecule that is in its

30, — 10,

triplet state, following the general scheme:
Ty~ S

It has been recently shown that the GFP chromophore produces 'O, when excited
(Jimenez-Banzo et al 2008), by monitoring the specific phosphorescence band of 'O, at
1275 nm (Nonell & Braslavsky 2000). However, at the exception of the engineered protein
KillerRed which has been reported to produce major quantities of 'O, (Bulina et al 2006a;
Bulina et al 2006b; Remington 2006), the usual production of singlet oxygen by fluorescent
proteins seems to be low. Interestingly, whereas this protein produces high quantities of 'O,, its

bleaching rate is not particularly important, probably because there is a kind of tunnel allowing
the efficient outflow of the reactive oxygen species (ROS) from the B-barrel. The technique of

chromophore-assisted light inactivation (CALI) has been developed to permit, via the

excitation of chromophores such as the one of KillerRed, the major production of ROS that
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inactivate the function of neighboring molecules (Bulina et al 2006b; Jacobson et al 2008).
However, this technique, and more generally the production of 'O, did not obviously reveal
being very efficient to photobleach GFP-like proteins and it seems that there is no clear

evidence of the effect of molecular oxygen or quenchers on GFP bleaching (Swaminathan et al.
1997), most likely because of a shielding effect by the B-barrel. Even if it is one of the possible

pathways implicated, the chromophore’s photoxidation by 'O,, thus, is probably not the main

pathway leading to photobleaching.

Photobleaching, reveals to be a very complex phenomenon and has certainly more than a
single origin. Many pathways probably coexist, such as the interaction between the
chromophore and singlet oxygen, but also deleterious reactions occurring at the triplet state or
at the singlet excited states, that lead to the photodestruction of fluorophores. We propose, in

this work, to study one of these pathways.

b - The implication of a radical state?

A number of studies focusing on organic dyes have pointed to the possibility of radical
formation from T; as an important pathway for photobleaching (Zondervan et al 2003;
Hoogenboom et al. 2005) and we can logically think that such a radical formation may also be
involved in the photobleaching process of FPs. The strong acidity of the excited chromophore
may for example promote electron transfer from the conserved Glu222 (GFP numbering),
leading to decarboxylation of this residue via a bi-radical intermediate state [Photo-Kolbe
reaction (Kraeutler et al 1978; Sato 1983; Habibi & Farhadi 1998; Yanga et al 2008)] and
resulting in fluorescence activation (van Thor et al 2002; Bell et al 2003; Lukyanov et al
2005) or bleaching (McAnaney et al. 2005). Contrary to small molecule dyes, the details of the
underlying molecular mechanisms have remained largely unexplored for FPs. In particular, the
structural distortions of the chromophore induced by radical formation have not yet been
elucidated and the development of FPs with superior photostability has mainly followed

empirical approaches to date (Ai et al. 2006; Shaner et al 2008).
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Part 2 - Effects of UV-light and X-rays on a fluorescent protein

1 - Bleaching of a FP with UV light

When crystals of EosFP are irradiated with UV light (e.g. 266 nm), the molecules are

irreversibly photobleached within a few minutes, even at 100 K (Figure I1.3.1).
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Figure I1.3.1 - Photobleaching of a crystal of FosFP at 100 K by illumination at 266 nm. Top: the
crystal is observed in bright field (left), in fluorescence at the beginning of the experiment (middle) and
at the end of the experiment (right) - Bottom: Fluorescence spectra measured during the experiment, the
Inset shows the evolution of the highest peak

When IrisFP crystals submitted to a strong UV illumination during several minutes at
100 K are thawed, we can notice that they break apart with the clear emission of a bubbling
coming from the irradiated volume (Figure I11.3.2, D). This suggests the massive production of a
gas, such as CO; that could come from UV-induced decarboxylations, presumably of Glu212
(equivalent to Glu222 in GFP). Surprisingly, the very same phenomenon occurs when IrisFP
crystals that were irradiated by X-rays with a dose equivalent to a standard diffraction data
collection at 100 K are thawed. The crystal volume where X-rays were focused is destroyed
once the crystal is brought back to room temperature, along with the emission of bubbles
(Figure 1I.3.2, C). This kind of burst subsequent to X-irradiation from synchrotron sources has

already been observed as a sign of radiation damage for several proteins but the similarity of
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this macroscopic effect of X-rays and UV light on IrisFP crystals is striking. We cannot
exclude, thus, that this phenomenon has a common origin, which could be the photodestruction
of the chromophore and its environment. In order to check whether this damage could come
from the crystal being frozen and thawed, a crystal was flash-frozen and thawed several times
(without illuminating it) and did not show any sign of degradation, even after 5 cycles of this

treatment (Figure 11.3.2, B).

Fligure I1.3.2 - Macroscopic aspect of an IrisF'P crystal submitted or not to a strong X-ray or UV
Irradiation

(A) crystal before any manipulation. (B) same crystal after five cycles of freezing and thawing but
without irradiation. (C) Crystal frozen once, submitted to an X-irradiation equivalent to a normal data
collection and thawed. (D) Crystal frozen once, submitted to a strong UV burning and thawed. When
crystals are thawed, no degradation can be seen in B, while in C' and D one can observe a bubbling when
crystals are breaking apart.

The phenomenon of bleaching by UV /Vis light is known to be general for all fluorescent
molecules. During experiments on crystals of several of the fluorescent proteins studied in our
team, we noticed that the fluorescence emission exhibited very rapid decay under irradiation by
the synchrotron X-ray beam, even at 100 K. This decay occurred much faster than the time
needed to collect a complete diffraction data set. This phenomenon, together with the
macroscopic degradation of crystals of IrisFP submitted to X-rays raised questions about the

real effect of X-rays on the bleaching of fluorescent proteins. We tried to study this influence of
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X-rays and compare it with the phenomenon of UV/Vis bleaching, by combining spectroscopic

and crystallographic studies on IrisFP and EosFP as model fluorescent proteins.

2 - Fluorescence of FPs is lost under X-rays

To better study the damages created by X-rays and UV /Vis light on fluorescent proteins, a
long rod-shaped crystal of IrisFP was mounted at the ESRF beamline ID14-2 equipped with
the online microspectrophotometer (Cf. material & methods p.225 and (McGeehan et al. 2009))
and irradiated at 100 K on two different segments by either the X-ray beam or a 440-nm laser

light (Figure I1.3.3, A). This wavelength is very weakly absorbed by the protein but, under
rather strong power density (760 W/cm?), the fluorescence signal clearly slowly decreases,

victim of photobleaching (Figure 11.3.3, B & C).
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Fligure II.3.3 - Study of damages induced by X-rays and 440-nm light on IrisFP at 100 K

A long crystal of IrisFP is burnt on two different segments by X-rays and 440-nm light, shown as blue
and red squares respectively (A). The initial level of fluorescence in the segment hit by 440-nm light
with a strong intensity (B) is decreased after a long exposure (C). The experiment (D) shows the
evolution of the fluorescence signal (0) excited at 440 nm during periods (60 sec.) of exposure to X-
Irradiation (gray bars) and during periods (200 sec.) of relaxation. During identical exposures to X-
irradiation only (without laser excitation), the fluorescence signal was probed before and after each
period of exposure to X-rays (*).In the upper part, a control (0) shows that the continuous weak laser

excitation at 440 nm (780 mW/cm?) does not influence the X-ray induced bleaching
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In contrast, when the power density is weak (780 mW /cm?), no sign of photobleaching is
observed, even after a long exposure time (36 mn of continuous illumination). However, as soon
as we open the X-ray shutter, the fluorescence signal shows a steep decrease, showing that the
protein is obviously being bleached by the X-rays (Figure I1.3.3, D). Surprisingly, when the X-

ray shutter is closed, a partial slow recovery of the fluorescence signal occurs. This phenomenon
can be cycled several times. During this X-ray photobleaching, short laser pulses (~20 ms) were

used to excite fluorescence emission at 1 Hz.

It seems, thus, that major spectroscopic modifications produced by photobleaching either
induced by UV /Vis light or X-rays take place far below the Henderson limit* (Henderson 1990)
and even below the dose corresponding to a classical X-ray data set. We decided to investigate

these modifications in more details both spectroscopically and structurally.

Part 3 - Structural basis of photobleaching

1 - UV-light induced photobleaching

The original goal of the experiment presented below was not the study of the
photobleaching. We wanted to see if we could obtain the structure of EosFP during its
excitation by UV-light, in order to trap a putative intermediate state along the
photoconversion mechanism. The results, however, showed evident signs of photobleaching,

which redirected our efforts toward this poorly understood topic.

We used the online microspectrophotometer (see material & methods, p.225) to illuminate
a crystal of EosFP that was cryoprotected by adding 10% glycerol to the crystallization mother
liquor and flash frozen. In order to efficiently illuminate the crystal within its depth, a UV laser

emitting at 355 nm was preferred to the 266 nm-laser we had used previously. We could clearly

% Henderson limit: 2 x 107 Gy “the X-ray dose (energy per unit mass) a cryo-cooled crystal can absorb before the diffraction
pattern decays to half of its original intensity”
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see the cone formed by the laser entering the crystal and we collected X-ray diffraction images
within the area containing the highest concentration of photons (Figure I1.3.4, left). Two data
sets were measured on different crystal volumes, with and without laser illumination, and a
difference electron density map was calculated between these two data sets so that the effect of

X-rays is subtracted (Figure I1.3.4, right).

Chromophore

Glul44

Ser142 Miis194 Glu212

Figure I1.3.4 - Crystal of EosFP being illuminated by a 355 nm laser source (fluorescent cone). A
data collection is taken before the illumination and during this illumination (red square). Right:
Structure of FEosFP chromophore and some of its surrounding residues and water molecules showing
negative (red) and positive (green) difference electron density maps between illuminated and non-
Illuminated states

The main advantage of such maps is their ability to highlight tiny electron movements

(even in a small percentage of the molecules) in a much more accurate way than the more

classical “Fops-Feac” difference maps.

The strongest peaks (negative) in the maps are located around the chromophore and on
three residues: Glul44, His194 and Glu212. They suggest that the two glutamates
decarboxylated and that His194 moved during the illumination. This structural change is
probably concerted since His194 is biprotonated (confirmed by QM/MM) and binds the two
glutamates 144 and 212 in the green emitting form. This hoop of aminoacids forms a cradle for
the chromophore that rests on it via m-stacking of the tyrosine with the histidine 194 and via
two water molecules (shown as red spheres) binding to the glutamate 212. These two water
molecules are very stable (low B-factors) in the green form of EosFP, and that are dislocated

together with Glu212. The consequence of this cradle movement is that the whole chromophore
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“falls” (as seen with the negative and positive peaks on the chromophore). The crystallographic

statistics for both data sets (non-illuminated and illuminated states of EosFP) are shown in

Table II.3.10.

Non-illuminated Iluminated

Space group P 22,2, P 2,2,2
Cell dimensions

a, A 72.80 72.52

b, A 105.50 105.59

¢, A 121.07 121.04
Resolution, A 1.4 1.6
Roym, %’ 6.7 (52.3) 10.8 (53.7)
Mean 1/ o(1) 14.9 (2.9) 11.6 (3.8)
Completeness, % 99.1 (96.6) 100 (100)

Table I1.3.10 - Crystallographic statistics of datasets for non-illuminated and illuminated states of
EosFP

The results show that a dramatic modification of the chromophore with its close
environment is occurring during the illumination of the protein. However, this experiment was
not initially designed to study photobleaching so that the experimental setup prevented us to
know the photobleaching state. We would have needed in particular to measure the
fluorescence and/or absorbance signal during light exposure. Also, the wavelength was not
properly chosen and visible light should have been used instead of UV light to match the

experimental conditions used.

2 - X-ray induced photobleaching

To perform X-ray photobleaching, a portion of a needle shaped crystal was irradiated by

the X-ray beam of the ESRF beamline ID14-2 (average flux: ~6.2 x 1010 ph/sec/0.1 x 0.1lmm?2,

wavelength: 0.931 A).
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a - Absorbance and fluorescence evolutions

The loss of absorbance induced by the exposure of an IrisFP crystal to X-rays revealed to

be rather slow and composed of a rapid phase followed by a slower phase (Figure 11.3.5, A).
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Fligure I1.3.5 - Comparison between the absorbance and fluorescence decays induced by the exposure
to X-rays (A). Partially reversible fluorescence decay under X-irradiation (B). The red curves show the
fast fluorescence and absorbance decay occurring under X-irradiation and that is slowly recovered at
100 K (and quickly after an annealing). The blue-dashed line depicts the X-ray induced irreversible
photobleaching also occurring.

The corresponding fluorescence decay is much faster and displays a much bigger amplitude
at comparable doses than in absorbance mode (Figure I1.3.5, A). This decay is mostly

reversible and only a small irreversible component is observed (Figure I1.3.5, B).

The apparent discrepancy between the absorption and fluorescence decays in Figure
I1.3.5, A is most likely due to the fact that fluorescence decay kinetics are accelerated by
quenching effects attributable to radical species generated by X-ray-induced water radiolysis.
Even chemically intact chromophores may thus lose their ability to emit fluorescence, and the
observed absorbance decay is judged more relevant to quantitatively evaluate the results.
Under X-irradiation, the absorbance loss (Figure I1.3.6, A) is also partly reversible. It decreases

in two steps and shows a slow monophasic recovery in the absence of X-rays (Figure I11.3.6, B).
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Figure I1.3.6 - Absorbance decay of an IrisFP crystal under an X-ray beam (4.2 1019 ph/s) at 100 K
(A). A selected set of baseline corrected spectra are shown and the loss of color of the crystal is shown in
the inset. The absorbance decay kinetics at 485 nm (showing a clear biphasic behavior) and recovery in
the absence of X-rays are displayed (B). Attempts to record absorbance recovery after excursion to room

temperature failed, due to strong distortions of the baseline induced by the annealing procedure

b - Structure of a PAFP being bleached by X-rays

To obtain a structural view of the observed transient spectroscopic changes, we collected

composite X-ray data sets (Berglund et al 2002; Adam et al. 2004), i.e., subsets of diffraction

data using different parts of an IrisFP crystal, so as to reconstruct two complete data sets

acquired at low and moderate X-ray doses, respectively (Figure I1.3.5, A). Data collection

statistics for the LD and MD data sets are compiled in Table 11.3.10.

LD MD
Median absorbed dose, MGy  0.09 0.50
Beamline ESRF / ID14-2 ESRF / ID14-2
Wavelength, A 0.933 0.933
Space group P 2,22 P 2,2,2
Cell dimensions
a, A 85.54 85.51
b, A 96.47 96.47
¢ A 139.81 139.80
Resolution, A 50.0-2.00 (2.11-2.00) 50.0-1.86 (1.97-1.86)
Ryym, % 10.1 (42.9) 7.9 (40.4)
Mean 7/ o(1) 10.3 (3.1) 13.9 (3.2)
Completeness, % 95.6 (94.4) 93.3 (70.7)
Redundancy 3.8 (3.8) 4.8 (3.9)
No. of unique reflections 75305 (10884) 91100 (10786)
Wilson B factor, A2 19.9 19.0

Table I.3.11 - Data collection statistics for the LD and MD data sets. Values in parentheses refer to
the highest resolution shell. *Rgym = ZjXb[Iy;— (IB)[/2j3h Iy,
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The LD data set corresponded to a total exposure of 32 sec under a non-attenuated X-ray
beam (4.2 x 1010 ph/s, 0.1 x 0.1 mm?), whereas the MD data set corresponded to a total

exposure of 140 sec under the same flux.

The LD and MD data sets were each obtained from six subsets of 20 images (1° oscillation
per frame), collected at different locations of the crystal, translating the latter by 50 pm and

rotating it by 15° between subsequent subsets (overlap of 5°) so as to scan the entire reciprocal

space. Only the 16 first images of each subset were used to reconstruct the LD data set,
whereas all 20 images were utilized to reconstruct the MD data set. The absorbed dose during
the LD data set was very small, running from 0 to 0.18 MGy (the median dose corresponded to
0.05 % of the Henderson limit (Henderson 1990)), and it was still small during the MD data set
running from 0.23 to 0.80 MGy (ie. 2% of the Henderson limit). Hence, no sensible
degradation of the diffractions patterns could be noticed. Based on an estimation of the crystal
content, the approximate number of photons absorbed per unit cell was evaluated with the

program Raddose (Murray et al. 2005).

Assuming that a single absorbed X-ray photon generates a cascade of up to ~500 e, ~30 €

and ~160 e (on average) per unit cell may eventually be guided to the chromophores in the LD

and MD cases, respectively. Therefore, with 16 chromophores per unit cell, these findings are

consistent with very small and moderate photobleaching of the chromophores in the LD and
MD data sets, respectively. Experimental difference electron density maps (Fobs, Mp-Fobs, Lp) Were

calculated with CNS (Brunger et al. 1998), using phases from the green structure of IrisFP
(PDB accession ID 2VVH) and Bayesian ¢weighting of the difference structure factor

amplitudes (Ursby & Bourgeois 1997).

We also compared these results with experimental difference electron density maps (Fobs, 1p-
Fobs, standard) Where HD stands for “high dose” and corresponds to much higher (~20 MGy) X-
ray doses than the ones used for LD & MD datasets, and Fops, standara stands for a normal data

set. We estimate that the doses employed for Fobs, standara and Fops, up are ~2 times and ~8 times
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that used for the MD data set, respectively. Due to dose accumulation on the crystal and

associated expansion of the crystal unit-cell, the quality of the (Fobs, ip-Fobs, standard) map is lower

than that of the (Fobs, Mp-Fobs, 1p) map. NCS averaged (Fobs, vp-Fobs, L) and (Fobs, #p-Fobs, standard)
maps are presented in Figure I[.3.7. The (HD-Standard) dataset is mostly representative of
structural changes associated with the slow absorbance decay phase (Figure I11.3.5, A) and the
electron difference density maps show a strongly tilted chromophore and a clear
decarboxylation of Glu212 (Figure I1.3.7, B). These structural data are indicative of a

permanently bleached state.

B

: Met159 !!
g

Glu144 |
é His194
Ser205

Figure I1.3.7 - Experimental electron difference density map (red, -9.50; green: +9.56) between the
LD and MD data sets, overlaid on the structure of IrisFP (left) and experimental electron difference

density map (red, -8.0c ; green: 8.0c) between the HD and standard data sets, overlaid on the model of
IrisFP (right). The chromophore is shown in orange, while neighboring residues are shown in grey.
Arg66, in contact with the chromophore, is omitted for clarity.

Initial model refinement of IrisFP against LD and MD data did not give significant
modifications as compared to the deposited model of IrisFP, which was collected under
standard synchrotron conditions (Adam et al. 2008). Thus, model refinement was not further

attempted.

The first (median dose: ~0.1 MGy) and second (~0.5 MGy) data sets correspond to the

beginning and end of the fast absorbance decay phase, respectively (Figure I1.3.5, A). At

0.5 MGy, the loss of fluorescence is almost entirely reversible (Figure I1.3.5, B). The difference
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electron density map between the two data sets revealed structural changes induced by X-

irradiation, localized on the chromophore and its immediate environment (Figure 11.3.7, A).

Experimental electron difference density maps are extremely sensitive to conformational

changes by only a small fraction of the molecules in the crystal (cf. material & methods, p. 213)

and from Figure 11.3.5, A, we estimate that < 20 % of the molecules in the crystal caused the

changes between the LD, MD and “standard” data sets. Such a low value is observable in the
maps but does not allow for a reliable refinement at the resolution of our data. Pairs of
negative and positive difference density features show a downward motion of the chromophore’s
bridging methylene moiety and an upward motion of the benzylidene phenolate oxygen,
resulting in a loss of planarity of the chromophore. The motion of the methylene bridge induces
a displacement of Glu212, which seems to explore two conformations, with the carboxylate
group H-bonding either to His194 or to GIn38. Glu212, however, does not decarboxylate
noticeably. The motion of the chromophore phenolate oxygen is accompanied by a shift of the
Met159 side chain, clearly visible due to the heavy sulfur atom. Other structural changes
typically observed upon X-ray exposure of protein crystals are not visible at doses employed

here.

Interestingly, when the electron difference density map is extended on an entire monomer,
we can notice that the only big differences are only located at the position of the chromophore
and its direct environment (see NCS-averaged map in Figure I1.3.8). Moreover, these features

are clearly visible on each of the four monomers present in the crystal asymmetric unit (Figure

11.3.8, A-D)
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Figure I1.3.8 - NCS-averaged experimental electron difference density map (red, -4o; green: +40)
between the LD and MD data sets, overlaid on the overall structure of a monomer of IrisFP. To
demonstrate that the difference peaks are observed in each of the four monomers A, B, C and D, a close-

up of the chromophore’s environment is depicted on the right panel.

¢ - Raman spectroscopy

We also used Raman spectroscopy to probe the slight modifications of the chromophore
signatures upon irradiation by X-rays and potentially correlate them to what we have observed

during our Raman experiments described in the previous chapter.

In crystallo Raman spectra of IrisFP were collected online (ESRF beamline ID23-1) with

785-nm excitation before and immediately after 180 s exposure to an attenuated X-ray beam
(4.4 x101° ph/s, 1 % transmission), equivalent to a 0.9 MGy absorbed dose. For recording full
spectra (200-2000 cmt), a total exposure time of 15 min was used. Data-smoothing, baseline
subtraction and cosmic ray removal were carried out with the program Wire*'. The results

showed a clear decay of the band at 1545 cm! (Figure I1.3.9, red spectrum) after exposure to

2 http:/ /www.renishaw.com
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X-rays. This band was already referred to in the chapter about Photoswitching (p.144) and was

described to be the major resonant band assigned predominantly to a stretching mode of the

Cqa-Cs exocyclic double bond of the anionic chromophore (He et al 2002).
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Figure I1.3.9 - In crystallo Raman spectra of IrisFP at 100K before and after bleaching.
Left: experimental setup, a crystal of IrisF'P is mounted on a crystallography pin. A zoom of the red-

squared region is shown without and with the illumination of the Raman-laser. The blue square

represents the size of the X-ray beam (100x100 um). Right: Raman spectra before bleaching (top and
dashed line), after X-ray bleaching (0.9 MGy, middle), and after 488 nm bleaching (26 min at 0.9
kW/cm?, bottom). The main resonant band assigned to the methylene bridge (depicted in yellow on the
chromophore sketch) is squared in red.

At the difference of what was observed in the Raman spectra of IrisFP before and after

photoswitching (Figure 11.2.19, p. 145) in which we saw the disappearance of the main peaks

assigned to the anionic chromophore (1503 cm? and 1540 cm?) and the simultaneous
appearance of the main peaks assigned to the neutral chromophore (1564 cm and 1604 cm™),
these spectra only show a decay of the band at 1545 cm-!, with no obvious growing peak as a
counterpart. This suggests that the Cy-Cs m-bond of the methylene bridge is damaged by the

exposure of the fluorescent protein to X-rays. No other change in the Raman spectra is judged
significant, suggesting that the phenol moiety remains chemically intact and that the

chromophore does neither isomerize nor change its protonation state (Luin et al 2009).
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Together with the diffraction and UV-Vis absorbance data, these Raman spectra strongly

suggest that the Cy-Cs m-bond is removed upon moderate X-ray exposure, implying that the

conjugated m-electron system is reversibly disrupted. We can attribute this disruption to the

formation of a chromophore radical species formed by the hydrated electrons and electron holes
that are formed by the X-ray beam and that migrate onto the chromophore. The other radical
species formed by the ionization of the solvent by the X-rays (secondary radiation damage) are
unable to move at cryogenic conditions. Under high doses, this reversible disruption becomes
mainly irreversible and accompanied by other modifications, such as the decarboxylation of

Glu-212, leading to photobleaching.

3 - Visible light induced photobleaching

We mentioned earlier in this chapter that for studying the phenomenon of photobleaching
as it occurs in real imaging applications, we need to focus on using visible light rather than UV
light. Even if UV wavelengths are very efficient to photobleach FPs; the use of lights from
UVC (such as 266 nm) to UVA (such as 355 nm) are not relevant for the actual use of FPs as
fluorescent highlighters, and may produce non-specific damages on the proteins that could be
very difficult to interpret. Since we know that IrisFP has its excitation peak at 488 nm but

that this wavelength switches the protein to a dark state at room temperature, we finally
concentrated on using 488 nm light (1.2 kW/cm?) at 100 K to generate the photobleaching. In

this way, we tried to relate the observations made up on X-ray induced photobleaching of

IrisFP with the mechanism of photobleaching induced by visible light.

Bleaching with visible light was carried out in IrisFP crystals in absorption and
fluorescence mode. Experiments were also performed with frozen IrisFP solution samples
containing 30 % glycerol and showed similar results than in crystals. A clear irreversible loss of
fluorescence and absorbance as well as a reversible rise of the 390-nm absorbance band were

observed. We can assign this weak reversible behavior to a probable photoinduced protonation
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of the chromophore as discussed in the previous chapter (p. 151-155) and as previously

suggested for Dronpa (Mizuno et al. 2008).

Due to the high optical density of IrisFP crystals at 488 nm, light is not evenly distributed
throughout the crystal volume, making it difficult to study the changes by subsequent X-ray
diffraction experiments. Here again, we used Raman spectroscopy to collect spectra on a crystal

after illumination. Raman spectra were collected offline, before and after 1560 sec exposure to

the 488-nm laser (1.7 kW/cm? at sample) and were obtained and treated as described

previously. As in the X-ray case, the results showed a clear decrease of the band at ~1545 cm-!
(Figure I1.3.9, cyan spectrum) and the same explanation can be proposed. A prolonged visible
light illumination on the protein kept at 100 K (making photoisomerization impossible to

occur) seems to photodamage the chromophore non-reversibly. This photodamage involves once
again the Cy-Cs m-bond of the methylene bridge, but at the difference of the bleaching

provoked by X-rays, it is accompanied by further modifications of the chromophore and/or its

immediate environment as assessed by other significant modifications in the Raman spectrum,
for example at 1250 cm-1, 1425 cm! and 1600 cml (Figure I1.3.9). These supplementary

features suggest different mechanisms when we use X-rays and visible light but that ultimately

lead to very resembling photobleached states.

Part 4 - Discussion and conclusion

In this chapter, we have described experiments in which we have used X-rays and visible
light as tools to generate photobleached states in IrisFP in crystalline form and in solution. The
results obtained by irradiation with visible light showed strong similarities with the X-ray case.
Combining crystallography with in crystallo UV-Vis absorption, fluorescence and Raman
spectroscopy (Carpentier et al 2007), we have characterized the associated structural
modifications of the chromophore and its environment. Altogether, these experiments showed

reversible loss of absorbance and fluorescence as well as a probable disruption of the methylene
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bridge between the imidazolinone and the phenyl rings of the chromophore. This work has been

submitted to publication (Adam et al. 2009a) and the results as discussed below.

1 - A radical state is probably forming when FPs are submitted to X-rays

Reversible loss of absorbance and fluorescence in the crystal is achieved with a number of
absorbed X-ray photons that is orders of magnitude smaller than the number of protein
molecules within the diffracting volume. Consequently, absorption of a single X-ray photon
results in transient bleaching of hundreds of chromophores. Therefore, X-ray bleaching of
IrisFP at 100 K results predominantly from electrons released by water radiolysis. The
observed structural changes suggest that these electrons (and electron holes) can migrate into
the chromophore pocket, where they react with the chromophore to form a non-fluorescent

radical.

The data suggest that, upon X-ray exposure, this intermediate state rapidly builds up,
reaching a steady state level of ~20 %. The associated structural changes are those seen in

Figure I1.3.7, A. This intermediate or the initial state infrequently converts to a permanently
bleached state, which corresponds to the slow phase in the absorbance decay and yields the
structural changes of Figure 11.3.7, B. The biphasic decay of absorbance observed when IrisFP
is exposed to X-rays at 100 K (experiment presented in Figure I1.3.6) can be explained by an
equilibrium between the non-radical state (A) and the radical state (R) according to one of the

two kinetic models presented in Equation II.5.

ki k, ky ki
A2R->B B«A2R
k—l k—l
FEquation IL5

This equilibrium exists because while the powerful X-rays radiolyse water molecules, they
create many radical species. Electrons and holes migrate onto the chromophore, and X-rays

both induce radiation damage (forming the R state) but also continuously pump back to the A
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state by reducing (or oxidizing) the chromophores that were oxidized (or reduced). In other
words, the X-ray radiation not only provokes radiation damage but also fixes the damages it

produces. The kinetic constants shown in Equation II.5 could be calculated for the transition

AR (k,=0.013s"> ty, = 51 s (0.32 MGy)) and for the transition R > A (k-; =0.023 s-1

> ty, =24 (0.19 MGy)).

When the X-rays are shut off, the absorbance is slowly autorecovering (k-;=0.0048 s* -

t1 /o= 146 s) because the fast X-ray induced recovery is abolished and only the slow relaxation

of radicals at 100 K is possible. All along the experiment presented in Figure I11.3.6, each

molecule at the state R has the possibility to relax to the state A or being (irreversibly)

bleached to the so-called state B, phenomenon that is slow (k; = 0.0032 s' 2> t1 Jy = 216 s)

compared to the equilibrium between the relaxed state A and the radical state R.

When comparing absorbance and fluorescence decays induced by X-rays (Figure I1.3.5, A),
we can notice that the absorbance signal loses 50% of its initial level with an X-irradiation of
2.25 MGy while only 0.05 MGy (45 times less) are needed to produce the same effect in
fluorescence. This very fast loss of fluorescence can be explained by the fluorescence quenching
of chromophores by X-ray induced radicals. The chromophores are still healthy and capable of

absorbing light and a much higher dose will be necessary to alter them.

2 - Photobleaching by visible light

Absorption of a visible photon in FPs may induce radical states arising from intramolecular
electron transfer, preferentially in the triplet state. Therefore, radical formation by X-rays and
visible light proceeds by different mechanisms. We propose that, upon absorption of a visible
photon, charge transfer from Glu212 to the chromophore may occur in IrisFP, as in GFP (van
Thor et al. 2002), leaving an unpaired electron on the latter residue. Relaxation of this bi-
radical state may then lead back to the ground state or to decarboxylation of Glu212. In the

latter case, a complete breakdown of the H-bonding network linking Glu212 to Glul44 (Adam
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et al. 2008) may follow, accompanying destruction of the chromophore. A similar radical
appears to be stabilized when a moderate dose of X-rays is employed at 100 K, probably
because Glu212 remains chemically intact at such dose. At higher doses, however, the

susceptibility of Glu212 to decarboxylation is evident (Figure I1.3.7, B). Our Raman data
indicate that the C,-Cs double bond, key to the chromophore’s optical properties, is primarily

affected along the bleaching pathways induced by X-rays or visible light. Thus, the observed X-
ray induced structural changes are relevant to the mechanisms of bleaching by visible light. We
propose that the transient structure observed in Figure I1.3.7, A represents an early radical
intermediate along a photobleaching pathway, trapped before the chromophore environment
collapses. This radical may also be related to the reversible dark states observed in numerous
single-molecule studies (Moerner 2002). We suggest that the strongly reducing electrons and
oxidizing holes generated by X-ray-induced water radiolysis provide an effective shunt pathway

to populate a radical state directly from the ground state (Figure 11.3.10).

N_Ts

R°® 3'

h\’\ photobleaching pathways

—>induced by visible light
—>induced by X-rays

Fligure I1.3.10 - Proposed mechanism for X-ray induced radical generation in IrisFP, and implication
in photobleaching pathway. Cyan and red arrows show photobleaching pathways induced by visible light

and X-rays, respectively. Re: radical; B: bleached

X-ray structure analyses have revealed that chromophores in fluorescent proteins may not
be strictly planar due to constraints imposed by the protein matrix (Maddalo & Zimmer 2006).
However, the additional distortion induced by moderate X-irradiation observed here for IrisFP

indicates that great caution has to be practiced so as to avoid such radiation-induced structural
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changes when determining crystal structures of other FPs using synchrotron X-ray radiation. In
conclusion, the reversible loss of m-conjugation directly observed in IrisFP may help unraveling

the mechanisms of blinking and/or photobleaching in (PA)FPs, which is of considerable

importance in the rational design of more photostable variants.

3 - Bleaching and blinking phenomena at the single molecule level

Under continuous illumination, a single FP molecule blinks, meaning that it displays a
stochastic behavior between bright (fluorescent) and dark (non-fluorescent) states. In 2000, the
authors of an experiment (Garcia-Parajo et al 2000) described how single molecules of GFP
were embedded in a gel and submitted to a strong continuous illumination (14 kW /cm?), which
provoked the blinking of the molecules between bright and dark states. The average time of
residence in the dark state (time gap between two consecutive photon bursts) was 1.6 s, which

was much longer than both the average time in which the proteins are in the bright state
(80 ms) and the reported GFP triplet state lifetime of 25-30 us (Haupts et al. 1998; Jimenez-
Banzo et al. 2008). However, the authors calculated a quantum yield for the transition to the

dark state of 0.5x10-5, which fits with the values generally found for photobleaching quantum

yields between 105 and 106 (Griesbeck et al 2001), which is about ten times higher than
values reported for organic dyes such as coumarin (Peterman et al 1999). The blinking
phenomenon, thus, had to involve something else than simple crossing to the triplet state. We
can propose that several pathways are possible after the excitation of a fluorescent protein to
the triplet state and that, if one of them can be the direct photodestruction of the chromophore
(photobleaching), another way can be attributed to phenomena such as photoisomerizations

described in the previous chapter.

If the phenomena of photobleaching, photoisomerization and photoconversion are difficult
to understand and distinguish in a bulk sample made of many molecules, they pose major
problems of interpretation in single-molecule experiments. Part of the molecules that are

considered to be photobleached could be infact only switched to a dark state during a long time
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and we can propose that the higher sensibility to photobleaching for fluorescent proteins
compared to organic dyes can be partially attributed to supplementary phenomena such as
photoisomerizations. The more flexible structure of FPs chromophores compared to the robust
architecture of most organic dyes may indeed involve photoisomerization processes and in the
short timescales of microscopy experiments, the two processes (photoisomerization and

photobleaching) would both appear as irreversible effects.

4 - Perspectives

This work proposes an explanation for the mechanism of one possible photobleaching
pathway. An important point that can be noticed is that the X-ray structures of FPs obtained
by X-ray crystallography using synchrotron sources may be altered by the chromophoric
distortions described in the results and resulting in slightly overbent geometries of the

chromophores.

Although being comforted by several evidences such as similar macroscopic aspects of
PAFPs exposed to X-rays and UV/Vis light or similar Raman spectra between the protein
exposed to visible light and X-irradiation, missing information have still to be obtained. In
particular, we still have to make efforts to find a proper setup allowing obtaining the structure
of IrisFP bleached by visible light. These experiments will undoubtedly guide us toward a
better comprehension of photobleaching and toward the design of more stable and

photoresistant mutants.
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The illustration represents a collage of a sketch representing the Cryobench microspectrophotometer,
a nylon microloop holding a crystal of IrisFP and a zoom on the surface of a crystallization tray
containing drops of EosF'P
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Résumé en francais

Dans ce chapitre, les notions de cristal et de cristallisation sont définies. Plusieurs méthodes sont

abordées : diffusion de vapeur en goutte suspendue, technique d’ensemencement ou encore différence

entre cristallisation manuelle ou automatique.

Le détail des protocoles de cristallisation de plusieurs protéines est donné: Dendra2, d1EosFP,

mEosFP et IrisFP.

Les notions basiques de cristallographie des rayons X sont également rappelées dans ce chapitre ainsi

que celles permettant le calcul de cartes de densité électronique et le traitement de données de diffraction.
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Part 1 - Principle of crystallogenesis and crystal growth

1 - Definition of a crystal

C RYSTALS (from the Greek word xpvctadrog [krystallos|] meaning ice; Figure III.1.1, a) are

objects that form in a solid phase with a geometry defined by one of the 230 space
groups belonging to one of the 7 crystal systems (orthorhombic, cubic...) itemized in the
International Tables for Crystallography® and sorted according to the symmetry complexity.
These objects are constituted by a series of smaller and identical units called unit cells (Figure
III.1.1, b) that are aligned along one axis (1D crystal), two axes (2D crystal) or three axes (3D
crystal), forming a lattice. Unit cells contain a defined number of subunits called asymmetric
units, according to the space group crystals belong to, from 1 for the most simple space group
P1 to 96 for the most complicated space group Ia3d). Asymmetric units are linked by
symmetry relations. Molecules are not linked by any symmetric relations imposed by the
crystal inside the asymmetric units (Figure III.1.1, ¢). Because proteins are chiral molecules,

they will only crystallize in one of the 65 space groups having no symmetry planes
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Figure III.1.1 - Representation of a crystal (a) made of unit cells (b). Fach unit cell is constituted of
asymmetric units (¢, purple) and each asymmetric unit contains one or several molecules (d, spheres)
that can be related by a non-crystallographic symmetry axis (dashed line)

The asymmetric units contain a certain number of entities (proteins for a protein crystal)
that can be related by endogenous symmetry via some so-called non crystallographic symmetry

(NCS) axis (Figure III.1.1, d). These molecules usually mostly behave like they would do in

22 Edited by the International Union of Crystallography (IUCr), http://it.iucr.org
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solution, but this is not always the case since some crystal contacts can be formed with

adjacent symmetric entities

2 - Protein crystal growth

The principle of protein crystal growth is based on the fact that one should slowly push the

protein solution to its solubility limit, gently enough so that the solution does not violently

precipitate. In a small region of crystallization, the protein molecules helped by precipitating

agents (polymers, salts...) start being close enough to each other so that they minimize their

energy by adopting the same orientation, forming a crystal. This change of phase from liquid

(solution) to solid (crystal) can be represented by a solubility diagram that represents the

evolution of a protein solution at a given concentration according to the concentration in

precipitating agents (Figure III.1.2) with initial and final concentrations depending on each

particular protein.

Protein concentration

©

| Solubility (undersaturation) |

&)

Precipitation

@

Fligure III 1.2 - Simplified
solubility diagram showing
the possible consequences
of crystallization trials.

Precipitation (blue),
dialysis (cyan), crystal
growth in vapor diffusion
(green), crystal growth
after partial precipitation

supersaturation

P (yellow), solubility (grey),
crystal seeding (orange)
l and batch crystallization

(red) are represented

Precipitating agents concentration

Several techniques exist to achieve protein crystallization (dialysis, batch...) but the most

common is the so-called vapor diffusion technique that was mainly used in this work.
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a - Vapor diffusion technique

Although there are several different methods of crystallization by vapor diffusion, such as
the sitting drop method, all the crystals that were obtained during this thesis were obtained

thanks to the hanging drop method.

In this method, a well (element of a crystallization tray) is partially filled with a solution of

precipitating agents (well solution). A microliter-size drop is made by mixing protein solution
with the well solution in a ratio that is usually 1:1 (e.g. 2uL+2uL) but that can vary according

to desired conditions. This drop is deposited onto a siliconized glass cover slide that is turned
around and used as a lid for the well. The airtightness is ensured with grease (or rubber for
models of cover slides that can be screwed on wells). Because the well is closed, it forms an
isolated reactor in which the drop contains a less concentrated solution of precipitating agents
than the well solution. Since these two solutions are separated by air, the only way for them to

equilibrate is that a vapor diffusion occurs from the drop to the well solution (Figure III.1.3).

Hanging drop containing
protein and less concentrated

/ / precipitating agents

14 %

Glass coverslip

Grease or rubber to make
an airtight enclosure

Vapour diffusion

Well containing
precipitating agents

Figure III.1.3 - Photograph of two (Linbro) crystallization trays containing drops of green and red
IrisFP (left) and drawing of a 24-well Linbro tray with the detail of a single well (right)
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The drop is thus slowly drying, and during this process, the protein molecules get closer to

each other, and helped by precipitating agents, may hopefully form a crystal.

b - Streak seeding technique

The first step of the crystallization process is the nucleation. This step is rather slow to
occur since the initial components must order into the correct orientation by themselves, while
they all are in solution, and form the nucleus. All the heterogeneous components (impurities)
may interfere, slow down or even prevent this fragile step. The second step, the crystal growth,
is much more rapid since the nucleus is already established and “helps” the other molecules to

form a new layer.

In the case of non-reproducible crystals, the seeding technique can help in providing
microscopic bits of a crushed crystal (seeds) to a drop already equilibrated in order to facilitate

the crystallization.

The streak seeding method (Stura 1999) consists in crushing a crystal (usually of a too low

quality) by vortexing it in a few drops of mother liquor thanks to a modified Eppendorf tube
containing a hard plastic bead (Figure III.1.4,a). The obtained “seeds” can then be “sown” in a

crystallization drop using a tool made from a wand, a pipette tip and a cat whisker (Figure
III.1.4,b). The cat whisker is sufficiently rough to retain the seeds when plunged into the tube

and to dispense them all along the drop.

b

Figure II1.1.4 - Tools used to prepare a crystallization experiment by the
streak seeding technique
§ a - tube containing a plastic bead to crush the crystals
b - cat whisker to sow the crystal seeds
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3 - Manual and automatic crystallizations

Recently, the developments in high throughput crystallization allowed the installation of
two robots, a Cartesian PyxSys 4200 (Genomic Solutions®, Ann Arbor, USA) located at the
Carl-Ivar Branden Building (CIBB, Grenoble)* allowing the preparation of drops with volumes
down to 200 nL and a Tecan Genesis  (Tecan® Mannedorf, Switzerland) located at the
Institut de Biologie Structurale (IBS, Grenoble)*! allowing the preparation of drops with
volumes of 1-2 puL. The robots allow the quick test of thousands of crystallization conditions by

mixing in small drops the protein with chemicals that are known to usually give a high rate of

success and that are available in commercial kits.

At the difference of manual crystallization trials, the drops are not set in Linbro trays that
allow to test 24 conditions per tray, but in Greiner trays that allow to pour up to three tiny

drops per well (for three different protein concentrations for example) and contain 96 wells, for

a total of 288 potential conditions tested per tray in ~20 mn.

All the manual crystallization trials presented in this thesis have been performed in Linbro
crystallization trays at the Carl-Ivar Brianden Building (CIBB, Grenoble), Partnership for
Structural Biology (PSB, Grenoble). For systematic refinement around a precise condition,
some crystallization trials have been performed in Greiner crystallization trays by the

crystallization robot located at the Institut de Biologie Structurale (IBS, Grenoble).

B http://www-db.embl.de/jss/EmblGroupsGR/g 241.html

2 ]lllpi robocrist.ibs.fr

201


http://www-db.embl.de/jss/EmblGroupsGR/g_241.html
http://robocrist.ibs.fr/

IIT - MATERIAL & METHODS

Part 2 - Crystallization of proteins presented in this thesis

1 - Crystallization of Dendra2

a - First trials: all that glitters is not gold

The first crystallization trials of Dendra2 were led with a rough high-throughput method.

The Tecan crystallization robot of the IBS crystallization platform® operated by Delphine Blot.

This robot uses Greiner® crystallization trays with sitting drops. Fifteen crystallization
screening kits were tested: five crystal screens from Hampton research® (I, II, Lite, PEG-Ion

and Ammonium Sulfate), eight other screens from Hampton research® (Quick Screen, Screen
malonate, Screen formate, PEG 6K, PEG Li-Cl, MPD, MME 5000, Index) and the two wizard
screens  from Emerald Biosystems®. These kits represent 576 different conditions that were
tested at three different concentrations of Dendra2: 17, 20 and 23 mg/mL, representing a total

of 1728 conditions. The experiments showed several interesting results represented in Figure

II1.1.5, such as spherulites (a), plate-like crystals (b, e) or needle-shape crystals (c, d, f).

a b ﬁ _

* -
& s
Figure III 1.5 - Some of the first crystallization results obtained for DendraZ.
Conditions: (a): 20% PEG 6000, 1 M lithium chloride, 0.1 M Tris pH 8.0 / (b): 0.2 M calcium acetate,
20% PEG 3350, pH 7.5 / (c): 25% PEG 3350, Tris pH 8.5 / (d): 65% MPD, 0.1 M bicine pH 9.0 / (e):
0.2 M magnesium chloride, 25% PEG 3350, 0.1 M HEPES pH 7.5 / (f): 0.26 M magnesium sulfate, 30%

PEG 4000. The red scales represent 200 pm.

»

One might think that crystals shown in Figure III.1.5 (b to e) were nice enough to get a

structure... unfortunately, all that glitters is not gold and these crystals displayed low

% http://www.ibs.fr/content /ibs eng /presentation /Platform /plateform Xtallo
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resolution and very twinned diffraction patterns. However, based on these first hits, a semi-

rational high-throughput crystallization method was adopted in a narrow pH range.

b - Rationalized high throughput crystallization

Preliminary global tests were performed by mixing the protein with a gradient of three
different types of precipitating agents alone: either PEG solutions only, or salts solutions only
or other precipitants (mostly volatile compounds). More complex tests were also made by
mixing the protein with a combination of two or three of these agents. The tests are
summarized in Figure III.1.6 (left) and revealed that while drops containing the protein mixed
with only salt or PEG or volatile compounds remained clear, and while the mixing of salts or
PEG with volatile compounds mainly formed precipitants, only the combination of salts with

PEG gave interesting hits.

= ~—  Magnesium nitrate

/‘ *Mg(NO;)s

Magnesium salts
5 Stals- - : . .
Slﬂgle cry: ' *MgCl;. MgSO,. Mg(CHyCOO): ..
Nee Ales— Divalent salts
+CaCly, NiCl, Mg(NO)y. ZnS0; ...
. 5 —
T}Hn P lat | ~ Monovalent & divalentsalts
1 *NaCl, Na;S0,, Ca(CH;C00),, KC1...
# : Cloudy /precipitated drops Polycry stals 1 _— -
z y/pre , .
3 itatés
® : Strongly precipitated drops prec"plt

* - First crystal hits

Figure II1.1.6 - First screenings used to determine the main crystallizing agents for Dendra2

On the basis of these results, a salt screen (Hampton Research® StockOptions™ Salt-Screen
ref. HR2 245) containing 48 different salt types at two different concentrations corresponding
to their use as additives, was tested on 288 drops consisting of 96 identical pre-equilibrated
drops at three different protein concentrations mixed with the most promising PEG size and
concentration. Those 288 conditions were also made using the IBS high-throughput

crystallization robot. Those conditions were all different from each other but covered a quite
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narrow field of tests in which the salt type was the major variable. This salt screening clearly
showed (Figure III.1.6, right) that divalent salts gave better hits than monovalent salts. Among

those divalent salts magnesium salts were better and among the latter, magnesium nitrate gave
the most promising hits.

A sparse-matrix crystallization method was used to widely scan the pre-selected conditions
and find a narrower range of conditions allowing to grow bigger crystals. This sparse-matrix
was made of conditions varying in pH, concentrations of magnesium nitrate and PEG 4000
(Figure III.1.6). Very promising hits were quickly found between 30 and 36% PEG as
precipitating agent, pH 8.4 to 9.0 and 0.025 to 0.175 M magnesium nitrate as additive. A

second matrix was thus made around those conditions with PEG 4000 and PEG 3350, which
proved to work better.

Magnesium nitrate (M)

Magnesium nitrate (M)

Figure III.1.7 - Sparse-Matrix crystallization of Dendra2. A wide matrix (left) gave rise to some
Iinteresting hits (red halo) that were screened in a more restricted matrix (right) to find the
crystallization condition (right, blue arrow)

The best hit, in those two subsequent sparse matrices, was found by manually mixing in
drops of 2uL+2ul. a purified solution of Dendra2 at 17.4 mg/mL with a solution containing
32% PEG 3350, 0.1 M magnesium nitrate, 0.1 M Tris-HCl pH 8.8, using the hanging-drop
vapor-diffusion method (cf. Material and methods p.199). A few crystals could be obtained but

unfortunately they were too small for X-ray data collections and to be handled easily (Figure

204



Chapter 1 - Crystallogenesis and crystallography Part 2-1

I1.1.12, a). Also unfortunately, there was no more protein from the batch used to obtain those
crystals and another batch had to be used to upscale the crystallization. When the
crystallization was tried with drops of bigger size, no crystals appeared at all but all the protein
strongly precipitated. A highly loaded SDS-PAGE of the protein coming from the old batch
and the new batch revealed an impurity (in addition to weaker impurities) in the new batch

that was not present in the previous one (Figure I11.1.8)

= Figure III.1.8 - Low molecular weight SDS-PAGE (15% acrylamide)

pe showing two batches of Dendra2

30 Lane 1: batch of DendraZ that gave microcrystals in nitrate magnesium

Lane 2: batch of DendraZ that failed to give any crystal

14.4 We can notice a contaminant (arrow) at =40kDa on lane 2

(kDa) MW lanel lane2

¢ - Repurification of Dendra2

The impurity described above being the only obvious difference between the two batches, a
new purification step was carried out. A Superdex 200 gel filtration column was used to
separate the potential contaminant from Dendra2 while the conductivity and absorbance at
280 nm (all proteins), 390 nm and 490 nm (specific of Dendra2) were measured. Fractions of

the outflow of this column were analyzed by migration on a SDS-PAGE (Figure II1.1.9).

This experiment allowed seeing a gap between the absorbances specific of Dendra2 and the
absorbance at 280 nm and corresponding to a band at higher molecular weight than Dendra2.
After these fractions, the protein got out of the column and was followed by strange fractions
where a band corresponding to the weight of Dendra2 could be detected but the solution only
absorbed at 280 nm, as if the chromophore was altered and did not absorb at its specific
wavelengths in these fractions. Only the fractions forming the main peak were gathered in a

single batch.
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Figure III.1.9 - Re-purification of Dendra2. A chromatogram (up) and the corresponding SDS-PAGE
(bottom) for the outflow of a Superdex column are represented

d - Streak seeding

The batch of re-purified protein was used to set new crystallization drops. However, those
crystals were still too small to give a suitable diffraction pattern, even on the microfocus
beamline ID23-2 (Figure I1.1.12, b). Thus, they were crushed and the microscopic resulting
seeds were sowed into pre-equilibrated crystallization drops at 20°C containing a solution of
32% PEG 3350, 0.1 M magnesium nitrate, 0.1 M Tris-HCI pH 8.8 and the solution of both
Dendra2 before and after the purification described above, using the streak seeding method (cf.
Material and methods, p.200). Only in drops containing Dendra2 re-purified, rare single
crystals grew after several weeks, of which only two were suitable for X-ray data collection
(Figure I1.1.12, ¢). For low-temperature measurements, these crystals were rapidly transferred
to a cryoprotectant solution made of the crystallization solution added with 10% glycerol (v/v)

before being flash-frozen in gaseous nitrogen at 100 K (Table II.1.3).
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2 - Crystallization of EosFP-V123T (d1FEosFP)

Crystals of dimeric EosFP have been obtained using the hanging-drop vapor-diffusion
method by mixing at a ratio 1:1 a protein solution at 10.3 mg/mL with a crystallizing solution
containing 2.2 M ammonium sulphate, 0.1 M Bicine pH 8.6 (Table II1.1.12). The final solution
contains the addition of 10% glycerol, which allowed obtaining much bigger crystals and

avoiding the use of cryoprotectant for X-ray data collections.

3 - Crystallization of FosFP-V123T/T158H (mEosFP)

Crystals of monomeric EosFP have been obtained using the hanging-drop vapor-diffusion
method by mixing at a ratio 1:1 a protein solution at 9.2 mg/mL with a crystallizing solution

containing 2.2 M ammonium sulphate, 0.1 M Tris/HCI pH 8.5 (Table II1.1.12).

Crystal parameters and data collection statistics

Protein mEosFP d1EosFP
Crystallization
Crvstallization conditions 2.2 M ammonium sulfate, 2.2 M ammonium sulfate, 0.1
b 0.1 M Tris/HCI pH 8.5 M Bicine pH 8.6, 10% glycerol
Initial protein concentration (mg/mL) 9.2 10.3
Protein:precipitant ratio 1:1 1:1
Cryoprotectant 10% glycerol none
Content of the unit cell
Space group P 22,2, P 2,22,
Cell dimensions
a boc A 86.45; 96.82; 140.43 86.10; 96.71; 140.87
o By, ° 90; 90; 90 90; 90; 90
Solvent content, % 56.31 56.41
Monomers/asymmetric unit 4 4

Table III1.12 - Crystallization data for monomeric and dimeric variants of FosFP

4 - Crystallization of EosFP-F173S (IrisFP)

We could crystallize the protein EosFP-F173S based on the results obtained for mEosFP
and d1EosFP. Crystals were grown at 20°C in 2.4 M ammonium sulfate, 0.1 M Bicine (pH 8.4),
using the hanging-drop vapor-diffusion method. Rod-shaped crystals appeared within 24 h and

reached their final size of (0.2 x 0.2 x 0.8) um3 within a few days. For low-temperature
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measurements, crystals were rapidly transferred to a cryoprotectant solution [10%
glycerol/2.4 M ammonium sulfate/0.1 M Bicine (pH 8.4)] before being flash-frozen in liquid or

gaseous nitrogen at 100 K.

Part 3 - Crystallography and data collection

1 - Basics of X-ray diffraction

X-ray crystallography is a technique allowing to obtain the 3D structure of compounds
forming crystalline arrangements at a near-atomic resolution. Such a resolution can currently
only be reached by X-ray diffraction, nuclear
magnetic resonance (NMR) and neutron diffraction. Hich e ,
When exposing a crystal to X-ray radiation, the
interaction of the X-ray beam with the crystalline g =
lattice leads to the diffusion of the X-rays, whose : Lo 1fesolu.tion:
constructive and destructive interferences will give
rise to the phenomenon of diffraction. These rays

are detected thanks to special CCD detectors,

forming patterns of spots whose intensity and

position are due to diffraction rules (Figure Shadow of the beamstop
111.1.10). Figure II[1.10 - An example of diffraction
pattern obtained at the ESRF' beamline
ID14-4

The analysis of such diffraction patterns allow the calculation and reconstruction of the
repetitive elements (molecules) that diffracted the excitation wave. Nowadays, such
experiments are usually performed using monochromatic X-ray wavelengths to simplify the
analysis, since the distance that can be measured between two crystal planes is directly
proportional to the incident wavelength (Equation III.1). It is also possible to use

polychromatic X-ray radiation (Laue crystallography), which allows the requirement of much
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shorter data collection times but makes the analysis much more difficult. Since macromolecules
are weak objects, X-ray diffraction experiments are mostly performed under low temperature
conditions (cryocrystallography), which helps in reducing the radiation damage that can be

important when synchrotron sources are used.

When exposing a crystal to X-rays, the electrons of the atoms contained in the crystal will
interact coherently with X-rays, diffracting them in precise directions whose angular position

can be defined by the Bragg’s law:

Zdhkl sin 193 =ni

Equation I1I.1

Where 95 is the scattering (Bragg) angle, Akl are the Miller indices, A is the X-ray

wavelength and dp is the distance between two neighboring planes of the crystal lattice.

In order to determine which lattice planes will give rise to a diffracted signal for a given
incident wavelength, one uses the Ewald sphere of reflections. When planes are oriented such as

they respect the Bragg condition, the reciprocal lattices intersect the Ewald sphere, whose
radius is determined by the inverse of the incident wavelength (1/X), and diffraction spots (of
coordinates Akl appear on the detector plane. The center of this sphere is the source of

diffraction (crystal). The intersection of the direct beam with the Ewald sphere defines the

origin of a second sphere called “limiting sphere”. This second sphere, whose radius is
determined by the inverse of the crystal diffraction limit (1/Dmax), has its center that is the

origin of the reciprocal space (Figure III.1.11).
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Figure III 1.11 - The Ewald sphere, the limiting sphere and the diffraction condition

The data processing of diffraction patterns is made of several steps: indexation,
integration, scaling and calculation of the electron density maps. From then, it is possible to
refine the structure so that the model fits correctly in the densities. The indexation step allows
the determination of the spacegroup by measuring vectors between diffraction spots
(reflections). The integration step allows the measurement of the intensity of diffraction spots.

These intensities are scaled, taking into account symmetry-related reflections and redundancy.

From this, the structure factors Fj; for each reflection can be calculated since the intensity of

the diffraction spots Iy, is proportional to the square of the modulus of the structure factors

(Inikr & |Fpgq 12).

2 - Calculation of electron density maps and refinement

a - Structure factors

For a given crystal lattice, it is possible to define a reciprocal lattice whose unit vectors are:

Q.2

T 2n Q 21
=7a2><a3 , 2=7a3><a1 , 3=

X
Y a1xaz

Equation II1.2

Where V = a, - [a; X az] is the unit cell volume.
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In a periodic arrangement such as a crystal, for each unit cell of volume V] the electron

density of real space coordinates (x,y,z) can be expressed with the following Fourier sum

thanks to the structure factors Fyy; , the phase ¢ and considering the reciprocal space

coordinates (A,k,1):

p(xyz) =

Nk

Z Z Z Ful e[—Zm' (hx+ky +1z)+ippp]
h k 1

Equation III.3

The structure factors Fyy; can be obtained by integrating all the atomic scattering factors

(reverse Fourier transforms) f; of atoms j=1.../Vso that:

N
Foy = Z];_(hkl)e[—Zm'(hxj+kyj+lzj)+i.¢>hkl] N J-pi(xyz)e[—zm(hx+ky+lz)+i.¢hkl] dv
j=1 4

FEquation II.4

Each reflection (7e. diffraction spot) has coordinates h,k,/ in the reciprocal space with
particular intensities /,;, that one can measure by integrating the volume of each reflection
(3D peaks) on each diffraction pattern. The integration of Equation III.3 and Equation III.4 on
each unit cell, gives the electron density for each coordinates (x,y,z) in the real space

corresponding to each coordinates (4,k,/) in the reciprocal space.

b - Molecular replacement

The phase ¢y, cannot be directly measured by diffraction experiments and should be
found by other methods such as the SAD, MAD, SIR or MIR techniques that use heavy atoms.
However, since these methods were not used during this thesis, they will not be explained here.
The phase problem was solved by molecular replacement, which is a method that can generally

be used when a 3D structure already solved by afore-mentioned methods, displays more than
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25% sequence identity with the protein of interest. In reality the sequence identity is less
important than a similar structural folding but since for fluorescent proteins overall structures
are always very similar, the molecular replacement is a method of choice. This method consists
in determining the correct matrix of orientation (rotation and translation) between the search
model and the diffraction data. The phase can then be obtained although it is a bit biased by

that of the search model.

c - Refinement and R-factors

During the refinement of a structure, the measured dataset has a set of (observed) structure

factors F,ps (h, k,1) and their corresponding electron density p,ps (x,y,2); but the model also
brings its own (calculated) structure factors F,q. (h,k,1) and so its own electron density

Peaic (X,¥,2). A good way to follow the correctness of this refinement is to measure R, the

correlation R-factor comparing the observed and calculated structure factors:

z | I:obs - I:calc |

R __ _hkl

cryst —
! Z|F0b5|

hkl

Equation IIL5

All along the refinement process, the gap between the observed and calculated structure
factors must be, of course, minimized (and the R, should decrease) for the model to fit with

£s

the measured dataset.

However, by trying to decrease the value of this R-factor, the risk is to produce overfitting,
resulting in loss of accuracy of the model. To avoid that, another R-factor has been introduced

in 1992 (Brunger 1992) as a routine method to cross-validate the quality of the fit. This R-

factor is called Rpee and its calculation (Equation III.) is performed similarly to the one of the
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Reyse factor but it is calculated on a test set of reflections (typically 5 to 10%) that are omitted
from the refinement process. These reflections are thus not biased by the refinement and the
decrease of both the Ry and Rgee values during this process is a sign of good agreement

between the data and the model.

Z| I:0bs - I:calc|

R. — hkicT
free F T represents the small fraction of
e obs reflections randomly excluded from
the refinement process to be part of
the test group.
Equation IIL.6

Since these excluded reflections are not biased by the model, the value of the Rge factor is

higher, and must be higher, than the Ry value (by a typical order of about 5%)

d - Fourier electron density map and electron density difference maps

In the real space, the difference between the observed and the calculated electron densities

is given by:

Pobs (x, Y, Z) — Pcalc (x, Y, Z) = f Fobseihr - f Fcalc eihr = f(Fobs - Fcalc) eihr
hkl hkl hkl

Equation III.7

The representation of  the electron density map corresponding to

Fops (W k, 1) + [Fops (M k, 1) — Fogpe (R Kk, D] = |2Fobs (h,k,1) — F.q. (h k, l)l allows the observation

of the probability of presence for electrons at a certain threshold. Such a map is generally

called Fourier electron density map and is often labeled “2F, - F. map”.

The representation of the electron density map corresponding to |Fobs (h,k,1) = F.q (h K, l)l

allows the observation of the differences between the model and the measured data. As a

consequence, if something is modeled where there is no real density, Fyps (h, k,1) < F.q. (h, k, 1)
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and a negative density blob appears. At the opposite, if nothing is modeled where there is

actually a density, F.4. (h k,1) < F,ps(h, k,1) and a positive density blob appears. Such maps

are generally called electron density difference maps and are often labeled “F, - £ maps”.

One of the specificities of this thesis work is to use F'ops -Fups electron density difference

maps. The interest of such maps compared to the above-mentioned Fops - Frae difference maps is
their very high sensitivity to tiny electron movements between two data sets having observed
structure factors Fpps and Fops, respectively. The calculated structure factors Frue being omitted

from the calculation of these maps, they are not biased by the model and only electronic

differences between the observed data of the two data sets that are compared are observed.

The calculation of these maps is not a routine process and is reserved for cases in which
very slight differences between two sets of data are required to be observed, or when only a

small fraction of the molecules contained in one of the two samples exhibit a change compared
to the other one. We used F'pps -Fops maps during this thesis work especially for the studies

about photobleaching because we estimated that only 20% of the molecules exhibited the

described distortion of their chromophore and because this distortion was fine.

In order to enhance the signal/noise level of difference densities, a process allowing the
weighting of the structure-factors amplitude differences originally developed for the treatment
of weak and/or spatially overlapped time-resolved Laue patterns, can be applied. This
technique, called ¢weighting (Ursby & Bourgeois 1997; Bourgeois 1999) allows to make more

evident the actual differences compared to densities that are infact due to noise in the maps.
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3 - Softwares used

For all the structures solved and presented in this thesis, the diffraction patterns were
indexed and integrated with the XDS program package (Kabsch 1993). When composite
datasets were used, the merging of the datasets were made with Pointless. All the data scaling

were made with Scala (Evans 2006).

The crystal structures were solved by molecular replacement with Phaser (McCoy 2007),
using the coordinates of the green and red forms of EosFP (PDB accession codes 1ZUX and
2BTJ) as search models. Crystallographic refinements were performed with Refmac

(Murshudov et al. 1997) and Coot (Emsley & Cowtan 2004).
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Résumé en francais

Ce chapitre est dédié a la présentation du laboratoire de microspectrophotométrie Cryobench, situé a
I'ESRF et ou une grande partie des expériences détaillées dans ce volume ont eu lieu. Apres une
présentation générale du lieu et de l'appareillage, une présentation détaillée est fournie pour les
différents modes possibles et utilisés pendant cette thése: spectroscopie UV/Visible en absorbance et

fluorescence, spectroscopie Raman et mesures de temps de vie de fluorescence.
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Part 1 - Overview of the facility

ROTEIN X-ray crystallography usually aims at determining the structure of a protein,
Psuch as an enzyme, in its resting state, thus yielding only partial information on its
mechanism. Proteins are often also active in the crystalline state and reactions can be initiated
by a variety of methods, notably making use of light. The study of these reactions directly
within crystalline samples is made possible thanks to microspectrophotometers. The first
models of spectrophotometers allowing spectroscopic measurements on single protein crystals
were designed thirty years ago (Makinen & Fink 1977; Gay & Solomon 1978) and they were
used to track spectral changes during time-resolved crystallography experiments (Duke et al.
1991; Gouet et al 1996). The development of nitrogen cryostreams, optics and detectors led to
the creation of dedicated microspectrophotometers sensitive in the UV/Vis-NIR range, for
applications in cryocrystallography (Hadfield & Hajdu 1993; Chen et al. 1994; Bourgeois et al.
2002; Sakai et al 2002).

The Cryobench® is a laboratory located in the ESRF experimental hall (Figure I11.2.1) and
that allows studying samples by measuring either in solution or directly in a crystalline state
the spectroscopic properties of a protein sample. As long as there is enough solvent (which is
generally the case for protein crystals) it is possible to initiate reactions in the crystals and
follow the reaction pathway by absorbance or fluorescence microspectrophotometry as a
function of time or temperature (temperature ramps). With this method, the Cryobench
laboratory can be used to detect, and eventually rapidly trap at cryogenic temperatures,
reaction intermediate states in the crystal. A protein crystal can be mounted on one of the
macromolecular crystallography beamline, the spectroscopic data obtained at the Cryobench
laboratory can complement information brought by the structure of the protein, for which the
interpretation in the mechanistic role of the protein is often vague. The technique that
combines spectroscopic measurements with crystallographic structures made the development
of the so-called kinetic crystallography technique easier (Bourgeois & Royant 2005; De la Mora-

Rey & Wilmot 2007). For naturally fluorescent proteins for example, it is interesting to observe

26
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phototransformations induced at controlled temperatures within a crystal and observe the

associated structural changes by X-rays diffraction.

The Cryobench microspectrophotometer (Figure II1.2.1) is a versatile apparatus that
evolved those last years and currently allows the user to measure absorption and/or
fluorescence and/or fluorescence lifetime and/or Raman scattering directly in a protein crystal.
A single axis goniometer head is installed at the center of three identical objectives (described
p. 235) so that light sources from lasers or a deuterium/halogen lamp (DH-2000-BAL,

Mikropack GmbH, Ostfildern, Germany) are brought to the mirror-objectives via optical fibers
to focus at the loop containing the sample, on a surface of a few um? (instead of a few mm? for

a classical spectrometer).

Figure IIL.2.1 - The Cryobench laboratory. Photograph of the microspectrophotometer (a) located at
the Cryobench laboratory (b) and which setup is described (c) as allowing the positioning of a sample at
the center of three equivalent objectives (d). A 3D rendering of the apparatus is shown (e)

Two of the objectives are placed face to face for a transmission signal, while the third
objective is located at 90° from the two others, allowing fluorescence experiments. One of those

objectives sends via an optical fiber the collected signals to a CCD-based spectrometer (HR-
2000+, Ocean Optics, Dunedin, USA) where a grating separates the wavelengths. The sample
can be kept frozen thanks to a vaporous nitrogen flow, cast by an Oxford cryostream (Oxford

Cryosystem Ltd., Oxford, UK) and the sample can be visualized via a videomicroscope.
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It is also possible to keep the sample at room temperature by mounting it in a drop kept

between two glass coverslides (Figure I11.2.14, p.232) or by mounting it in a modified microloop
(MicroRT™ from MiTeGen, Ithaca, USA) that can be covered with a very thin-wall

transparent polyester tubing (Figure I11.2.2, 4).

1 2 g 4 1 9 3 4

Figure III.2.2 - Different types of microloops for mounting crystals on the Cryobench or beamlines.
Loops are shown with (a) and without (b) protective caps. While the cap of number 1 can be screwed,

numbers 2 and 3 are maintained by magnets. Number 4 is a loop with a modified base (MicroRT™ from
MiTeGen) that can be covered with a polyester capillary to keep crystals wet during room temperature
experiments. A microscopic view of a nylon loop is shown in (c)

Several modes of experiments are available at the Cryobench laboratory either for static
measurements or after initiation of a reaction, such as for example, a photochemical reaction

induced by laser illumination.

Part 2 - The different modes available at the Cryobench

Several types of spectroscopy experiments are possible on the Cryobench
microspectrophotometer. The three objectives and the Raman head situated around the sample
make this device very versatile. The two objectives that are situated on the same axis can be
used for absorption measurements or eventually for fluorescence measurements, using a low
pass filter in reception to cut the excitation light. The third objective at 90° from the two
others can be used for fluorescence measurements or to photoexcite a sample while its

measurement is performed with the other objectives.
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1 - Absorbance and fluorescence microspectrophotometries

a - Absorption

Exactly as in a common wet lab, it is possible to take an absorbance spectrum of the
studied protein but instead of measuring it in solution in a cuvette (which is also possible at
the Cryobench) one can measure it directly in the crystal at any temperature between 100 K
and room temperature. To this aim, the two objectives that are placed face to face are used

(Figure II1.2.3) and the transmitted light is analyzed by the CCD detector.

Objective 1 (excitation)

Objective 2 (reception)

Figure II1.2.3 - Sketch of the Cryobench setup for in-crystallo absorption experiments. The nozzle of
the nitrogen cryostream Is visible in transparency

The absorption spectra are measured thanks to the broadband light sources that cover the
whole spectrum from UV to IR. This possibility to study a sample directly in its crystalline
state is unique and enables to correlate the modifications occurring within a crystal by
spectroscopy and crystallography. The measuring time for an absorption spectrum is typically
between 20 ms and a second. A few hindrances have to be noted though: crystals are a very
optically dense medium and the rule of Beer-Lambert imposes the use of very crystals with a

thin section (optical path) to measure valid absorption spectra.

At most crystal orientations absorbance spectra are completely impossible to measure

because no light passes through the sample, due to partial to total reflection of the incident
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light on the faces of the crystal. We also observed very often a shifting of a few nanometers of
the spectra, depending on the crystal orientation, which is due to the high polarization of
molecules in crystalline lattices. A proper orientation has to be found, thus, to be as close as

the values obtained in solution.

b - Fluorescence

Fluorescence spectra can also be measured on crystals. This fluorescence is generally
induced by lasers, and several lasers covering the whole spectrum from ultraviolet to infrared
are available at the Cryobench. It is possible to excite either the endogenous fluorescence of the
proteins due to built-in fluorophores or aromatic residues (tryptophanes, tyrosines,
chromophores) or exogenous fluorophores (fluorescein, sulforhodamine...) that are soaked in the
crystal. Endogenous fluorescence in crystals also allows localizing tiny crystals in cryoloops for

crystallographic purposes (Vernede et al 2006). In such cases, the fluorescence signal is

generally visualized with the camera or detected at 90° from the excitation (Figure II1.2.4).

It is possible, thanks to fluorescence data, to probe several properties of biological samples
such as the pH within the crystal, and since some proteins such as the GFPs are naturally
highly fluorescent, microspectrofluorometry is a very powerful tool to probe their fundamental

properties.

Objective 1 (excitation) Objective 3 (reception)

Figure II1.2.4 - Sketch of the Cryobench setup for in-crystallo fluorescence experiments (left) and
Dphotograph of the real setup with a sample emitting fluorescence (right)
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In practice, it is easier to measure a fluorescence spectrum than an absorption spectrum on
a crystal at the Cryobench: no baseline correction is required, and the high sensitivity of the
microspectrophotometer for photons emitted from the sample allows a measuring time of
typically a few milliseconds per spectrum. However, here again, several experimental problems,
linked to the study of optically dense samples, can be noted: crystals provoke inner filtering
effect so that a part of the emitted light is reabsorbed by the sample, which results in red
shifting compared to the measurements performed in diluted solutions. Also, no absolute

relation between the measured fluorescence and the concentration is possible.

20

If the intensity of the
fluorescence signal mostly depends
on the concentration (which is
equivalent to the absorbance) of the

fluorescent molecules in very diluted

Gap with fluorescence intensity (%)

samples, a wider and wider gap in
this linearity can be observed with

more and more concentrated 0,00 0,04 0,08 012 0,16 020
Absorbance (AU)

samples (Figure I11.2.5). Figure III.2.5 - Increasing gap in the linear relation
between the absorbance and the fluorescence intensity of a
sample [adapted from (Valeur 2004)]

Consequently, in the case of fluorescent samples in a crystal form (i.e. very concentrated) it
is impossible to measure a concentration of fluorophores directly from fluorescence intensity.
Even if in practice, it is easier to measure a fluorescence spectrum than an absorption spectrum
on crystals at the Cryobench, an emission spectrum contains less quantitative information

about the state of the sample.

An important setup that was used at the Cryobench for the experiments described in this
thesis is the one allowing the separation between actinic and probe laser excitation (Figure

I11.2.6). This setup can be used to initiate a photoinduced reaction for a fraction of the
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molecules in the sample by a light pulse and measure the fluorescence or absorption spectrum
of the sample after this actinic pulse. This setup indeed, allows to alternatively illuminate a
sample mounted on the microspectrophotometer with a pulse from a laser (actinic light) and
then excite the fluorescence with a pulse from a laser (probe laser) or to measure the
absorbance if the laser is replaced by a lamp. This second light source is synchronized with the

CCD detector so that only the signal probed by this light source is recorded.

Switchboard

A =

sorl . ’ O
" Laser Q\ ‘_

[ shutter WY

[ 3]

Laser2

—— Laser? supply :l
‘> TTLlaser =

" Legend: <> BNCwires —— Eloctricalwires = Optical fibers
—] | | l Spectrometer (OUT 0)
_,_I [ Laser1 (OUT 1)
—I I I I I Laser 2 (OUT 2)

Figure III.2.6 - Cryobench setup allowing the separation between actinic and probe laser excitations

¢ - Online microspectrophotometer

It is not only possible to perform spectroscopic measurements on protein crystals at the
Cryobench laboratory but also directly on one of the MX beamlines (Figure II1.2.7). Once the
experiments have been carefully prepared “offline” at the Cryobench, direct measurement of
spectra is possible during X-ray data collections thanks to the installation on a beamline of a
special microspectrophotometer that was developed at the ESRF (McGeehan et al 2009) and
whose optical arrangement is very similar to the one of the Cryobench laboratory.

Spectroscopic transformations can thus be directly correlated with crystallographic structures.
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This device also allows for example to probe spectral changes during X-ray induced

transformations such as radiation damage.

Experimental hutch

CCD
detector _|

Microspectrophotometer

Control hutch

Oscilloscope

Laser
controllers .

power
supplies

generator or
computer

Figure II1.2.7 - Photograph of the online microspectrophotometer developed at the ESRF (left) and

a prototype with objectives mounted at 90° one another. A general mounting setup of this device on a
synchrotron beamline is shown (right)

A routine device, designed to be very compact comprises only two objectives placed face to
face, for transmission experiments. Another prototype has been recently developed with the
objectives mounted at 90° one another to perform easier fluorescence experiments. Absorption
measurements are thus not the only ones that can be made with this device, and fluorescence
measurements are also possible. Filters can be installed (like in the objectives of the
Cryobench) to cut the excitation wavelength after the sample. The space available, once the
apparatus is installed, allows the installation of supplementary devices available at the

Cryobench, such as a Raman head for example.
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2 - Raman spectroscopy

Raman spectroscopy is a technique allowing the characterization of molecular compounds

based on the analysis of their vibrational modes with light scattering, which are fast
phenomena (1014 s or less). The adaptation of a commercial Raman spectrometer (Renishaw,

Gloucestershire, UK) on the Cryobench, allows characterizing a protein directly within crystals.

a - Theory

The Raman effect has been discovered in 1928 by the Indian
physicist Chandrasekhara Venkata Raman (Figure III1.2.8) who

was awarded the Nobel prize two years later for this discovery.

Basically, this effect occurs when photons with an energy hvo

interact with a molecule, exciting it into what is described in

quantum mechanics as being virtual electronic energy levels (i.e.  mgure 177.2.8 - Photograph of
) ) o . Sir Chandrasekhara Venkata

not real excited electronic states). This interaction can be Raman

described in classical mechanics as the perturbation of the molecule’s electric field. This

perturbation will thus result in vibrational changes of the molecules according to some specific

vibrational modes: stretching, bending, librations (Figure III.2.9) that can be detected as peaks

in the Raman spectra. The de-excitation of excited molecules can be achieved by several ways

explained below.

The most probable event is that a direct return to the initial level occurs without any
energy transfer, resulting in elastic “Rayleigh” scattering of the photon at exactly the same
frequency, and thus energy, than the excitation one. In this case, no Raman effect occurs. This

phenomenon being extremely probable, the Rayleigh signal is very strong.
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Figure II.2.9 - Principle of Rayleigh and Raman scatterings of light interacting with a vibrating
molecule (a) and vibrational modes of linear and bent molecules (b)
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After the initial excitation, the molecule can also, with a much lower probability (1 photon
out of 10 millions) relax to an elevated vibrational level of the ground state. In such a case, this
relaxation will be accompanied by the photon inelastic scattering. The induced small loss of

energy corresponds to the created vibration, and is equal to the difference between the initial
lowest vibrational level of the ground state and the final elevated vibrational level (AE=vs).

Overall, the scattered light will have a lower frequency than the incident light (AE=h(vo-v1);

this process is called Stokes Raman scattering.

Conversely, the molecule can already be in an elevated vibrational level while interacting
with the incident light. In such a case, the interaction with the molecule will cause a net gain

for the incident photon and the scattered light will have a higher frequency than the incident
light (AE=h(vo+v1); this process is known as Anti-Stokes Raman scattering. Since this elevated

vibrational state is less populated, the Anti-Stokes Raman scattering is of a much lower

intensity than the Stokes Raman scattering (Figure I11.2.10).
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Figure III.2.10 - Left: Diagram representing the Rayleigh and Raman scatterings upon excitation by

a light having an energy AE=hvy and their difference with the phenomenon of fluorescence. Right:
Simplified representation of the (anti-)Stokes Raman and Rayleigh peaks.

As suggested above, the intensity of a Raman signal depends on the probability of the
event to occur and since the anti-Stokes Raman scattering is so low, in Raman spectroscopy we
will only follow the Stokes Raman scattering signals for the experiments described in this
thesis. The Raman signals that is recorded also depends on the incident wavelengths, since this
intensity is proportional to A*4 (Angel &

Myrick 1990), which means that the higher the
excitation wavelength, the lower the Raman
intensity (Figure III.2.11), for this reason, blue
lights should a priori be preferred to obtain a
strong Raman signal. Although most studies in
solution are performed in “on-resonance”
conditions, in crystals, good signals can be

obtained in pre-resonance Raman conditions. Figure II[.2.11 - Raman intensity depends on

) ) the excitation wavelength
Since it has been shown (Carey 1999) that

most biological compounds absorb wavelengths below ~650 nm and that above ~800 nm, water

molecules absorb, we can perform pre-resonance Raman experiments on crystals by using an
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excitation wavelength situated in the small window between 650 nm and 800 nm, such as lasers
emitting at 785 nm. Because of the very weak Raman signals collected when irradiating in the
near infrared, recent Raman spectrometers are equipped with high sensitivity detectors and

data collections need long exposure times (several minutes).

Depending on the gap between the frequency of the excitation wavelength and the
frequency of the absorbing peaks, several types of Raman scattering processes are distinguished.
When the energy of the excited virtual states is far below that of the electronic transition, the
normal Raman scattering, described previously, occurs. When the gap is smaller and the
excitation wavelength tends towards the maximum excitation wavelength, one talks of pre-
resonance Raman scattering. Finally, if the incident radiation is of the same energy (or higher)
than the maximum excitation peak, the process is termed discrete (or continuum) resonance
Raman scattering (Long 2002). This resonance Raman scattering displays only the vibration
modes of the excited chromophore but can be 3 to 6 orders of magnitude greater than normal

Raman scattering, matching the sensitivity of infrared spectroscopy.

b - Experimental devices

The Raman spectra described in this thesis have been measured on a Renishaw inVia
system equipped with three lasers: one emitting at 785 nm and two for resonant Raman
applications (emitting at 514 nm and 632 nm) that were not used in this work. The
experiments were performed either at the Cryobench laboratory using a classical “offline” setup

or on the MX beamline ID23 using an “online” setup.

In the offline mode, a protein crystal is mounted in a microloop and placed at 100K on the
goniometer head of the Cryobench microspectrophotometer. Although first trials were made by
cryoprotecting the samples with glycerol, this step has quickly been abandoned since glycerol
produces a very strong Raman signal that prevented us to observe the signal from the protein.
The Raman head probe is focused directly on the sample but because of the geometry imposed
by the Cryobench objectives, the Raman head is tilted from the camera axis. Another setup

allows the use of a right-angle reflection mirror below the sample. This setup has the advantage
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of allowing a very precise centering since the Raman laser beam is in the axis of the camera

(Figure II1.2.12)

Raman head

Figure II.2.12 - Sketch of the Cryobench setup for Raman experiments with the Raman head probe
mounted directly in the axis of the sample (left), photograph of a variant with right-angle reflection via
a mirror (right)

In the online mode, protein crystals were prepared as described above but were mounted on
the diffractometer of the beamline ID23-1. Indeed, 50 meter-long optical fibers have been
connected from the Cryobench Raman apparatus to the two end stations of the MX beamline
ID23 Gemini located in the vicinity of the
Cryobench laboratory (Carpentier et al 2007).

This setup only requires the installation of the
Raman head probe on the beamline (Figure

[11.2.13). Although being more demanding (long

preparation time, need of dedicated beamtime...)

and in spite of a lesser signal to mnoise (~50%

weaker compared to the offline mode), this setup

allows following Raman signals at the very same Fligure II1.2.13 - Photograph of the
W wing man sign VeLy: sam Raman online setup used on the MX beamline

and precise location probed by the X-ray beam. ID23-1
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3 - Fluorescence lifetime measurements

A fluorescence emission spectrum is specific of each fluorescent molecule and reflects the
probability of transition from the lowest vibration level of the excited state S; to the various

levels of the ground state S,.

A very sensitive method to study fluorescence is to measure the fluorescence lifetime (time
of residency in the excited state) with the Time Correlated Single Photon Counting (TCSPC)
technique. The versatility of the Cryobench allowed to adapt this technique to the

microspectrophotometer and measure fluorescence lifetimes in either solution or crystals.

To adapt the Cryobench microspectrophotometer to those kinds of experiments, samples
were placed in a drop deposited on a glass coverslip previously glued on a microloop. The
airtightness is ensured by a second glass coverslip maintained with silicon grease (Figure
I11.2.14). The treatment of the fluorescence decays was performed with a software specially

developed at the ESRF to this purpose and described in (Royant et al 2007).

\Z
C d
Figure III.2.14 - Experimental setup for TCSPC experiments at the Cryobench laboratory. The drop

containing the sample is placed in the microspectrophotometer (a) by mounting the drop containing the
sample between two coverslips (b) either in crystal (c) or liquid phase (d)
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Résumé en francais

Ce chapitre présente les méthodes utilisées dans cette thése afin de calculer les densités de puissance
d’'illumination et les rendements quantiques de phototransformations. Les calculs de densités de
puissance sous illumination avec une lumiére convergente ou une lumiere divergente sont détaillés, ainsi
que les calculs ayant permis la modélisation des évolutions de fluorescence suivant des fonctions

exponentielles étirées (aussi appelées fonctions de Kohlrausch-Williams-Watts).
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Chapter 3 - Power densities and quantum yields Part 1-1

Part 1 - Calculating power densities

1 LL the direct powers from light sources after the optical fibers (7)) were measured before
an experiment at each wavelength of interest with a laser power/energy meter
(FieldMaster GS, Coherent Scientific*’) in order to be able to calculate the power densities that

the samples undergo (after a possible filter).
1 - Case of an experimental setup using a convergent light

a - The objectives used at the Cryobench

To perform microspectrophotometric measurements, we mostly used in this thesis the
standard experimental setup of the Cryobench microspectrometer where optical fibers are
plugged into objectives (cf. Chapter 2 - The Cryobench laboratory, p. 217). Each objective,
made by Optique Peter (Lentilly, France), is based on a Schmidt-Cassegrain system and
contains a convex mirror (mirror 1) and a concave mirror (mirror 2) that focus the light from

the optical fiber to the plane where the sample is situated (Figure II1.3.1).

Mirror 2

wo 9
v

Mirror 1

wog

Sample P S

Figure I11.3.1 - Optical properties of the objectives used at the Cryobench microspectrophotometer

27 http://www.coherent.com.au/?div=6&area=products&id=106
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A filter can be set between the optical fiber and the mirror 2, if necessary. The
magnification is 4, so that the light spot formed on the sample has a diameter that is four
times smaller than the diameter of the optical fiber. In this setup, one can calculate the power

density of the light disc formed at the sample.

b - General calculations

Considering the variables Py and P; = light powers before and after a filter in watts,
F=filter attenuation in OD units, .S = surface in cm? and d;= diameter of the optical fiber in

micrometers, we can calculate the power density in W/cm? (P.D.) on a sample placed at the

center of the Cryobench microspectrophotometer.

P, Pyx1-10F  Pyx1-107F
P.D.=—= — = >
mr (-
m
2

T X

FEquation III.8

With m = magnification = 4 for the Cryobench setup

As an example, for an optical fiber having a diameter of 600 um, Py = 20 mW and a filter of

0.02x1-10798

OD=1, we find P.D.= —5——— = 17.9 W /cm?
()

2 - Case of an experimental setup using a divergent light

I also used an experimental setup (Figure II1.3.2) where an optical fiber was maintained
over a plane where the sample was situated, with a filter, if necessary, set in between. Since
there is no lens in this setup, the light from the optical fiber diverges toward the plane where

the sample is situated.
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Chapter 3 - Power densities and quantum yields Part 1-2

Once again, in this setup, we can calculate the power density of the light disc formed at the
sample level and the homothetic relation between the diameter of the optical fiber and the

diameter of this disc.

a - General calculations

e n, is the refractive index of the medium (ny= 1 for air)

® ngjandn, are the refractive indexes of the cladding and core of
the optical fibre respectively

o F 15 the filter attenuation, in OD units

e P, and P, are the light powers before and after the filter
respectively, in watts

e S is the surface of the sample that is illuminated, in squared
millimeters

® d,; is the diameter of the optical fibre, in micrometers

® d,, dy and d,are the distances Sy0, OF, and SoF, = S;0 +
OF, respectively, i nullimeters. With S,: sample, O : the
extremity of the optical fibre and Fy: focal pomt inside the
optical fibre

o [y Is the half-angle of aperture, in degrees

Figure III.3.2 - Drawing of an experimental setup using a divergent light

The numerical aperture (/V.A.) of the optical fiber is calculated by:

FEquation II1.9

We can calculate the diameter (D) of the illuminated area on the sample:

dy

h _ds d d ><(d2+1) dy+dy x| withd 2 107
—_ = = — = — = —_ = | —m@
D d, ( d; ) 1\ L d X Withds tanig |
d, + d;
FEquation IILL5
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With only the values of n, d,, d, P, F and N.A., we can therefore calculate the power

density P.D. (in W.cm2) of a divergent light, thanks to the following equation:

Py Pyx1-107F Pyx1-107F )
PD:?ZT[X(d xtani)2: N A d 2,W1thd4=d2+d3
4 0 in-1 (2.4 “1.10-3
T X [dz X tan [sm ( ™ )] +5 10 ]
Equation IIL.6

b - Homothetic relations

In Equation IIL.5, we see that d3 only depends on the optical fibre diameter d; and % only
3
depends on the half-angle of aperture iy (or numerical aperture) since

d d
e —2tani,- 103

ds [di 03
5 10
tan i,

In our conditions, we use optical fibers with iy = 12.71° (ng =1 - N.A. = 0.22) and thus,
we have

d
d—15451—>D5d1+d2x451
3

Equation III.7

The diameter of a hanging drop (D,,,,), considered as a half-sphere, can be calculated by:

3’2><V
Ddropz2>< 4__1.[/
3

Equation IIL.8

Since we classically use crystallization drops with V € {4-1072 m3;2- 1072 m3}, we obtain

D4rop € {248 mm;1.97 mm} for a range between a non-equilibrated (4 uL) and a fully

equilibrated (2 pL) drop respectively.
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All the experiments in this thesis, using this setup, were carried out with an optical fiber

diameter (d;) of 600 pm and a distance between the fiber extremity and the drop (ds) of 4 mm

so that D = 2.4 mm = Dy,

Part 2 - Calculating photoswitching quantum yields

1 - Stretched exponential function

A quantum yield quantifies the efficiency of an event to occur upon the absorption of a
photon. For example, the fluorescence quantum yield is defined as the ratio of the number of
photons emitted to the number of photons absorbed. As a consequence, for a fluorescence
quantum yield of 1 (100%), each photon that is absorbed by the system will give rise to a

photon emitted.

Similarly, the photoswitching quantum yield of a fluorescent protein quantifies the
molecular fraction of a RSFP that photoswitches upon absorption of a photon. In practice in
this work, the time traces of the switching reactions were fitted with stretched exponential

functions according to the following equation

y=A1-exp(—(t><k)ﬂ)+A0

FEquation III.9

Where f is the stretching parameter and 4 is the reaction rate 7 is the lifetime.

The reaction rate k is the inverse of the lifetime 7, defined as the time at which (Al ><1+ Aoj
e

percents of the signal is lost or gained.
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1
T=—
k

Equation III 10

This lifetime t is related to the classical half-time t'/, by the relation t y= In(2)xz = In(2)
2

(k)

The average time of reaction <7> can be calculated from the stretching parameter and the

lifetime 7 by the Gradshteyn and Rhyzhik integral :

FEquation III 11

Where I is the Gamma function defined as I'(z > 0) = J-:t_l”e_tdt

2 - General formula of the quantum yield

Knowing the illuminated surface S, the power P, the extinction coefficient & and the

wavelength A used during the experiments, it is possible to calculate a photoswitching quantum

yield @ by the following equation:

ixthSxNA\, Where
<T> Ny is the Avogadro number = 6.02214179 x 1023 mol?!
© = PxAxexInio h is the Planck constant = 6.626068 x 1034 J.s
c is the speed of light 2.99792458 x 108 m.s!
Equation II1.12 < 7> is the average time of reaction
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3 - Example

During an experiment of the red-to-dark switching of IrisFP, we obtained a timetrace

(Figure II1.3.3) that we can fit with a stretched exponential function that gives k= 0.26 s'1 =

15.97 mn! and /=0.54

Fluorescence at 580 nm

14004 §
1200 -
1000 -
800 -

600 -

400 ST —

200

Time (sec)

Fligure III.3.3 - Timetrace of a fluorescence decay during the red-to-dark photoswitching of IrisF’P
(black circles) fitted by a stretched exponential function (red curve)

1
From Equation I11.10 and Equation II1.11, we find 7 = 1/k = 3.84 s and (r) = %F[E] = 6.74 s

Since to perform this experiment we used a cuvette with S= 0.1 cm2, P = 20 mW,

A =532 nm and &s532nm = 28400 M-1.cm-1, we calculate the quantum yield of photoswitching ®

ixthSxNA\,

o7 = 2.5 103 (0,25%)

PxAxexIn10

Which means that on average, a molecule in switched every 391 photons (1/®) absorbed
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1 - Link between the chromophore and the rest of the protein ............cccccoeciiniii. 245
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Résumé en francais

Ce chapitre décrit les méthodes de modélisation et contraintes imposées sur les angles diedres et la

planéité des chromophores des protéines fluorescentes étudiées dans cette these.

Les contraintes sont imposées graces a la constitution d’'une bibliotheque sous format CIF généré pour
faire correspondre au mieux les divergences de planéité de I'élément chromophore observés dans les
différentes structures vertes et rouges des protéines fluorescentes photoactivables. Un effort particulier a

en outre été apporté quant a la modélisation des chromophores sous formes cis et trans.
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ETTING the geometrical restraints properly for the chromophores is a tricky task that is
Sessential for refinement programs to treat correctly this exogenous component as being
part of the protein. For softwares like Refmac (Dodson et al. 1997) or Coot (Emsley & Cowtan
2004), the definition of the restraints is made in a dictionary called Crystallographic
Information File or CIF (Hall et al 1991). This file must be carefully checked to avoid
problems during the refinement process. In this thesis, the idealized structure files (PDB) for
the green and red chromophores of EosFP called CR8 and IEY respectively, have been
downloaded from the Hic-Up, Hetero-compound Information Centre® (Kleywegt et al 2003).
The CIF files with minimal description were then generated from these PDB files with the
program Sketcher from the CCP4 suite. During this step, structure regularizations are
performed as well as the attribution of bond types (single, double, aromatic...). Finally, a
manual edition of the CIF files is performed to modify the labeling of atoms according to the
considered structure (EosFP, Dendra2...), the considered form (green or red) and to input the

correct restrain values. These modifications are explained hereafter.

1 - Link between the chromophore and the rest of the protein

The declaration of the links is made in the following form:

| X.id X.comp_id_ 1 X.mod_id_1 X.group_comp_1 X.comp_id_ 2 X.mod_id 2 X.group_comp_2 X.name |

With X: _chem link, id: label of the linkage, comp_id_n: potential modification before (1) or after (2)
the linkage, mod id n: label of the modification, group comp n: group containing the modification, name:
declared name of the linkage

Example:
PHE-CR8 PHE . . CR8 . . bond PHE-C = CR8-N
CR8-ASN CR8 . . ASN . . bond CR8-C_= ASN-N

The description of the links in the following form:

| X.link id X.atom 1 comp id X.atom id 1 X.atom 2 comp id X.atom id 2 X.type X.value dist X.value dist esd |

With X: chem 1ink bond, link_id: label of the linkage, atom n comp id: numbering of the linking
atom in the first (2=1) or second (#=2) fragment, atom_id n: type of the atom n, type: type of the bond

(single, double...), value dist: bond length (&), value dist esd: length energy strength

28
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Example:

data link PHE-CRS8

PHE-CR8 1 C 2 N single 1.400 0.020
data link CR8-ASN

CR8-ASN 1 C 2 N single 1.400 0.020

2 - Restraints on the torsion angles

The three rings (hydroxyphenyl, imidazolinone and imidazole) of EosFP, IrisFP and

Dendra2 were kept extremely flat by setting constraints on all the dihedral angles of the atoms
of these cycles as constant terms (CONST_n). At the opposite, restraints on the other dihedral
angles were set as variable terms (var_n). The declaration of torsion angles is made in the

following form:

| X.comp_id X.id X.atom id 1 X.atom id 2 X.atom id 3 X.atom id 4 X.value angle X.value angle esd X.period |

With X = _chem comp_ tor, comp id: label of the component, atom id n: label of the atom =z in the
considered dihedral angle, value angle: torsion angle in degrees, value angle esd: torsion energy
strength, period: number of allowed degrees of freedom (energetic minima)

Example:

CR8 CONST 1 03 c1 c2 c6 180.000 0.000 0
CR8 CONST 2 C1 €2 c6 €7 0.000 0.000 0
CR8 CONST 3 03 c1 ca c5 180.000 0.000 0
CR8 CONST 4 C1 ca c5 c7 0.000 0.000 0
CR8 CONST 5 C4 c5 c7 c8 180.000 0.000 0
CR8 CONST 6 C5 €7 c6 €2 0.000 0.000 0
CR8 var 1 c5 c7 c8 co9 180.000 20.000 1
CR8 var 2 c7 c8 co9 N15 180.000 20.000 1
CR8 CONST 8 C8 c9 c12 025 0.000 0.000 0
CR8 CONST 9 C8 co9 N15 c14 180.000 0.000 0
CR8 CONST 10 C9 N15 c14 c16 180.000 0.000 0
CR8 CONST 11 N15 c14 N13 c17 180.000 0.000 0
CR8 CONST_12 Cl4 N13 c12 co9 0.000 0.000 0
CR8 var 3 c14 N13 c17 © 175.000 20.000 1
CR8 var 4 N13 c17 @ 019 175.000 20.000 1
CR8 var 5 N15 c14 c16 €20 175.000 20.000 1
CR8 var 6 c14 c16 N HN2 175.000 20.000 1
CR8 var_7 c14 c16 €20 c21 175.000 20.000 3
CR8 var 8 cl6 €20 c21 N22 175.000 20.000 2
CR8 CONST 13 C20 c21 c23 N11 180.000 0.000 0
CR8 CONST_14 C20 c21 N22 c10 180.000 0.000 0
CR8 CONST_15 21 N22 c10 N11 0.000 0.000 0
CR8 CONST 16 N22 c10 N11 @23 0.000 0.000 0
CR8 CONST 17 C10 N11 c23 c21 0.000 0.000 0
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3 - Restraints on the planarity

If some bonds could be modeled as being aromatic or delocalized such as those in the
hydroxyphenyl ring, setting the methylene bridge as delocalized bonds force this bridge to be
coplanar with the hydroxyphenyl and imidazolinone rings. However, this planarity clearly
revealed to be too strong to fit the electron density maps, making appear difference maps that
could only be fitted by a slight distortion of the chromophore. Five planes were defined so that
rigid groups of atoms (such as cycles along with their coplanar bonds) are kept in a same plane,
but allowing these planes to correctly rotate. After a number of attempts, the most satisfying

way of setting planes was found to be the one depicted in (Figure I11.4.1).

Figure III.4.1 - Constraints used on the planarity of green (A) and red (B) chromophores CR8 and
IEY with their corresponding atomic labeling
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The numbering shown is that of the green chromophore (A) and the red chromophore (B)

and all the planes intercross via one to two common atoms. It is important to note that for the

red chromophore, the definition of the phenylalanine amide (NFA) is also needed in the cif file.

The declaration of the planarity constraints is made in the following form:

X.comp_id

X.plane id X.atom_id  X.dist esd |

With X: chem comp plane atom, comp id: label of the component, plane id: label of the plane,
atom_id: label of the atom contained in the plane, dist_esd: energy strength of the constraint

Example:

CR8
CR8
CR8
CR8
CR8
CR8

plan-1
plan-1
plan-1
plan-1
plan-2
plan-2

019
C17

N13
C17

.020
.020
.020
.020
.020
.020

O OO O oo

The chromophore’s planarity in green-cis, green-trans and red-cis forms of IrisFP was

assessed by the measurement of the average dihedral angles, over the four monomers, linking

atoms N15-C9-C8-C7 (dihedral angle 1) and C9-C8-C7-C5 (dihedral angle 2) of the

chromophore. The values for those two dihedral angles for the three chromophores are compiled

in Table I1.2.8, p.132 and represented in Figure II1.4.2.

Figure III.4.2 - Torsion of the chromophore in the green-cis (A), green-trans (B) and red-cis (C)

forms of IrisFP.
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The illustration represents the overall 3D structure of FosFP. Behind are shown the absorption
(blue) and emission (red) spectra of the fluorescent protein, measured at the Cryobench laboratory



Chapter 1 - Conclusions

HOTOACTIVATABLE fluorescent proteins (PAFPs) are a new type of genetically encoded
P fluorescent markers of an invaluable interest for cell biology. PAFPs can be controlled by
actinic illuminations by either photoconverting from an emission color to another (typically
from green to red) or by reversibly switching between a fluorescent and a non-fluorescent form.
The first kind gathers PAFPs called photoconvertible FPs (PCEFPs) and the second type
gathers reversibly photoswitchable FPs (RSFPs). At the beginning of this Ph.D. thesis, few
things were known and understood about PAFPs, and a little number of these markers existed.
We decided to study especially the PCFPs because their number was more important than
RSFPs and our collaboration with the University of Ulm (Germany) allowed us to directly
start our experiments on the green-to-red photoconvertible EosFP. Our initial aim was to study
spectroscopically and structurally the photoconversion mechanism of EosFP and its mutants in
order to propose some directions to enhance the protein properties and trap a putative

intermediate state of the reaction.

Our collaboration with M. Lelimousin and M.J. Field at the IBS allowed us to go further in
the comprehension of the green-to-red photoconversion mechanism of FEosFP, by
complementing crystallographic and spectroscopic experimental data with quantum and
molecular dynamics calculations. We obtained, later, the first 3D structure of Dendra2, a
PCFP similar to EosFP that, however, differs in several points and photoconverts more
efficiently. The structural and spectroscopic information we could obtain from this protein,

gave us a better comprehension of the photoconversion mechanism.

During our experiments on variants of EosFP, we could propose mutations that we
estimate crucial to enhance the monomerization of this PCFP, which is an important point to
use these naturally tetrameric FPs in imaging applications. We also discovered a fantastic
PAFP that we called IrisFP, a mutant of EosFP that displays both the irreversible
photoconversion properties of PCFPs and reversible switching properties of RSFPs. This
protein represents the first member of this new kind of PAFPs. We hope that this protein will

be used soon in dual-color fluorescence microscopy experiments. The great contrast between
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green and red forms and the photochromic possibilities of this protein allowed us to give the
first proof of principle for the use of PAFPs to optically encode and store data within a single

crystal or IrisFP.

Finally, the observations of fluorescence loss, made during a number of experiments,
directed our efforts toward the topic of the photobleaching event. This phenomenon is very
problematic in fluorescence microscopy but is poorly understood. By using X-rays and UV/Vis
sources as tools to generate photobleaching of IrisFP and EosFP, we could propose a structural

explanation for one of the pathways leading to photobleaching.

Altogether, our results should lead in a near future to the design of photostable, monomeric

and more efficient PAFPs.

A number of questions, however, remain to be answered. The comprehension of the
photobleaching, for example, is a very complex topic and if we have proposed here a
mechanism for one of the pathways probably existing in FPs, many other pathways certainly
coexist and are still to be studied to create better markers in the future. The mechanism for the
photoisomerization is still relatively badly understood... although we have proposed an answer,
we still need for example to perform more experiments to definitely be sure that

photoprotonation precedes the photoizomerization during the switching process.

The mutation of existing PAFPs in order to provide them new capabilities is an exciting
task. However, experience shows that such optimizations have been made, in reality, mostly by
random mutagenesis approaches, rather than by a rational design. We have to keep in mind

that each modification can produce unexpected side effects.

I tried during this work to be as complete as possible on the comprehension of the topics
studied and tried to find answers to the ongoing debates about the mechanisms involved for
PAFPs phototransformations, but we have not covered, of course, the entire panel of what has
to be done on PAFPs. The use of PAFPs as biological tools to track proteins of interest within

cells requires taking into account more criteria than the ones that were studied in this thesis.
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We have shown that it is possible to make FPs switchable, photoconvert efficiently or be more
photostable, but if these proteins do not express properly or display low levels of maturation,
their use in imaging applications will be compromised. In other words: the fact that a PAFP
shows good quantum yields of fluorescence and phototransformations is not sufficient to make
it a good tool for microscopy. We have studied part of this question when we talked about the
monomerization of EosFP and Dendra2 but avoiding oligomerization is only one side of the
problem of the targeting within cells. For new PAFPs to be used, both their photophysics and

biochemical aspects (such as their non-aggregation) have to be optimized.

Since the discovery of the GFP, many fluorescent proteins have been found and the recent
discovery of PAFPs opened novel perspectives for the development of new versatile and
efficient biological markers. Current efforts to search for new sources of FPs in deep sea and
the recent discovery of new types of FPs in unexpected species such as crustaceans, like
copepods, and even in the cephalochordate Amphioxus (Deheyn et al. 2007), considered as an
ancestor of vertebrates, give great hopes for the announcements of many other FPs with new

exciting capabilities within the next years.
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Chapter 2 - Perspectives

HE interest for fluorescent proteins is currently very high as assessed by the fact that O.
TShimomura, M. Chalfie, R. Tsien have been awarded the Nobel Prize in Chemistry 2008
for the discovery, use and development of the GFP. The most evolving and exciting application
of PAFPs is probably their use in nanoscopy. This field of science is progressing a lot and
super-resolution microscopy techniques such as STED, STORM and PALM have been declared
“method of the year 2008” by Nature Methods, which edited a special issue about them. We

can expect, thus, a number of new applications to come soon.

The very precise localization of PAFPs that is allowed in nanoscopy and the fast
development of better PAFPs permit to think of futuristic perspectives such as in-cell
structural biology. This technique would ultimately allow obtaining the structure of all proteins
contained in a cell by 3D-nanoscopy. This would make deeply evolve our perception about
structural biology, even if it is hardly imaginable to use rather big markers such as FPs to tag
macromolecular complexes in-situ. It is indeed unlikely that these complexes would still be
functional and the knowledge gained on photoconvertible and photochromic FPs could thus be

applied to the development of smaller organic dyes to this aim.

The knowledge acquired during this thesis should now allow me to propose mutations in
order to rationally design new kinds of PAFPs. Keeping in mind that, as said previously, such
mutations will not be easy, we can for example, based on our structural results, think of
enhancing Dendra2 (which is already a very efficient PCFP) by adding photochromic
properties. This mutant could even be further improved by making the mutations proposed in
this thesis to disrupt the weak interface observed in the structure, so that it would become an
even more stable monomer than it is already. Such a stable monomeric protein with high
brilliance, high photoconversion efficiency and reversible switching capabilities would be of

great interest for dual color super-resolution microscopic applications.
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As we saw along the studies performed in this thesis work, the protonation state of the
chromophore and immediate environment of PAFPs in given conditions is a crucial information
to obtain. These data would indeed allow answering many mechanistic questions.
Unfortunately, we are unable with X-ray crystallography to obtain the position of hydrogen
atoms in the structures, unless reaching ultra-high resolutions. In the frame of this thesis work,
we have established a promising collaboration with Dr. Monika Budayova-Spano and obtained
big crystals of EosFP and IrisFP. Our goal is to obtain sufficiently big crystals to obtain the
protonated structure of a PAFP by Laue neutron diffraction with the neutron source of the
Institut Laue-Langevin (ILL, Grenoble). Our preliminary results are promising for IrisFP and
we are now entering a new phase in this project with the imminent perdeuteriation of IrisFP
(protein expression in heavy-water conditions, in order to increase the signal of hydrogen atoms

by replacing them by deuterium atoms).

Finally, all the fundamental studies performed during my thesis will now allow me to
conduct my research toward a more applicative side, with the use of PAFPs in nanoscopy. I
should now, in a postdoctoral period, use these proteins on biological projects and try to
develop new methods in optics for super-resolution microscopy, still having a foothold in
crystallography. I hope that the combination between nanoscopy and crystallography will help
both using promising markers such as IrisFP for molecular tagging applications like dual color

nanoscopy, and unraveling new mysteries in the mechanistic behaviors of PAFPs.
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Appendix I - DNA and protein sequences

1 - Sequences of wtFosFP & variants m-,d1-, d2-EosFP and IrisFP

2 - Sequences of wtDendGFP & variants Dendra and DendraZ2
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Appendix Il - Relaxations via nonadiabatic transitions

In quantum mechanics, the definitions of diabatic (from the Greek word &wBotverv
[diabainen| meaning “that can cross”) and adiabatic processes that we will consider hereafter
are different than their usual acceptation in thermodynamics. In thermodynamics indeed, an
adiabatic (or isocaloric) process is a process where the parameters are changed slowly enough
for the system to be in equilibrium at any time (constant entropy) and thus, no heat flow is

transferred.

In quantum mechanics, a diabatic process is a process in which the conditions are changing
so fast that the system is prevented to adapt its configuration so that the system probability
density remains unmodified. An easy to understand image could be the case of a pendulum
oscillating while its support is suddenly moved; the oscillations will be changed because the
movement was too fast for the system to adapt its configuration. At the opposite, in an
adiabatic process, the conditions are changing slowly enough for the system to adapt its
configuration so that the system probability density is modified by this process, which means
that the system will retain its initial character (its eigenstates) and its energy states will not
make transitions. In the example of our pendulum, if the support is moved slowly enough, the

oscillations will remain essentially unchanged.

The gradually changing parameters, namely the adiabatic parameters, allow the study and
the understanding of the static properties of a system on account of the Born-Oppenheimer
approximation. In this nonadiabatic approximation, the energy of a system is a function of the
varying reaction coordinates of this system so that a potential energy surface (PES) can be
calculated. If we consider electrons as our referent, their movement are deconvoluted from
those of atomic nuclei that are much slower and the PES represent equilibrated energies at
given atomic nuclei positions. Since in linear molecules there are 3N-5 vibrational degrees of
freedom for atomic nuclei positions (with N = number of nuclei), for two atoms, only one
degree of freedom is available and the PES can be represented in one dimension by a Morse

curve. For a protein though, the number of degrees of freedom is so large that the PES
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becomes a hypersurface that only can be rendered in 3D by selecting two of its numerous

variables (reaction coordinates). Such surfaces (Figure II.2.14) constitute energy landscapes,
made of “hills”, “valleys” and saddle points, where reactants and products will have to find the

minimum energy path for a reaction to occur at a given energy state. Of course, the

possibilities to cross some energy barriers will depend on the vibrational energy of the system
and this energy landscapes are strongly related with the Perrin-Jablonski diagram (Figure 1.1.1,

page 7).

PES can be calculated at any eigenstate of the system (|So), [S1)...), however, if the
adiabaticity holds in time, no transition will occur at all. Concerning photochemical systems
that are excited according to the Frank-Condon principle and relax in a non-radiative way, one
thus needs to conceive some breakdowns of this adiabaticity for transitions to occur between

different states (Nakamura 2002); those collapses are called nonadiabatic transitions.

In a Franck-Condon excitation, the electron density is modified while the atomic nuclei
coordinates do not change. During the following nanoseconds, the nuclei rearrange and either
the system comes back to the ground state adiabatically with emission of fluorescence or heat,
or via a nonadiabatic transition by slowly continuing to change its atomic coordinates. With
such nonadiabatic passages, called Landau-Zener transitions, (Landau 1932; Zener 1932), two
PES can intersect (they are said to be degenerate), defining a conical intersection, also known
as diabolical conical (Teller 1937; Yarkony 1998) where the diabatic behavior makes that the
eigenstates cannot be separated anymore. Those intersections play a major role in non-radiative
de-excitation ways like isomerizations (Levine & Martinez 2006) since the system can come
back to its ground state by following a PES (surface hopping, (Tully 1990)) by minimizing the

energy barriers to cross.
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Appendix IIl - From magnetic to optical memory

The revolution of optical memories that began in the early 1980’s allowed the use of
versatile data storage devices (until then only magnetic, like floppy discs) as real mass data
storage devices comparable with hard-drives. In a world becoming “all digital”, the need for big
storage capacities became urgent and splicing big files on multiple small capacities floppy discs
became more and more difficult. In 1982, Philips Consumer Electronics invented the Compact
Disc (CD) that opened the way to new optical mass storage versatile devices. These discs are
basically made of a polycarbonate substrate layer with a reflective surface which contains a
spiral data track made of tiny holes called “pits”. Those pits code for information on a binary
system (pit=1, no pit=0) and they are read by an infrared laser beam which gets reflected on
the recording surface (Cf. Table V.2.13 and Figure V.2.1-a). The gap between a data track
spiral turn and the next one is called “pitch track” and its size is limiting for the laser spot size
that can be used to read the data track. On this polycarbonate substrate layer, which measures

0.1 mm thick, a 1.1 mm thick dummy layer is spread for protection and focalization purposes.

Since the invention of the CD, several generations of format standards for laser-based
discs have been proposed. Most of them generally failed to have a real success. Nevertheless,
the use of red visible lasers (also known as ruby-red) with shorter wavelengths than infrared
lasers permitted a narrowing of the data pits size. The Digital Versatile Disc (DVD) using this
technology was invented in 1995 by a consortium of major companies like Philips, Sony,
Matsushita and Toshiba (Cf. Table V.2.13 and Figure V.2.1-b). It allowed more than a six-fold
gain in storage capacity compared to the CD, but the counterpart was the need to improve the
optics so that with a wider numerical aperture, the reflective layer has been brought closer to
the disc surface (from 1.1 mm to 0.6 mm). The use of blue-violet lasers, allowed once again the
writing of more dense information and the release of the so-called High-Density Digital
Versatile Disc (HD-DVD) by Toshiba (Cf. Table V.2.13 and Figure V.2.1-c). However, the
numerical aperture remained roughly the same (and so the reflective layer position) which did
not allow as high performances as what could have been expected. Therefore, the HD-DVD was

quickly neglected for the new Blu-ray Disc and finally totally abandoned early 2008.
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| op DVD HD-DVD BD
DISC ARCHITECTURE
Substrate layer thickness (mm) 0.1 0.6 0.6 1.1
Dummy layer thickness (mm) 1.1 0.6 0.6 0.1
OPTICAL PROPERTIES
Laser colors Infrared Ruby-red Blue-violet | Blue-violet
Laser wavelength (nm) 780 650 405 405
Numerical Aperture 0.45 0.60 0.65 0.85
Laser spot on recording layer (um) 1.6 L1 0.62 0.48
MOLDING
Track pitch (um) 1.60 0.74 0.40 0.32
Minimum pit length (nm) 833 440 204 150
Pit width (nm) 500 320 250 250
Pit depth (nm) 125 120 75 ?
Data track length (km) 5 11 22 27
DATA STORAGE
Data density (GB/cm?) 0.17 1.17 3.16 6.21
Total storage capacity (GB) 0.7 4.7 15 25

Table V.2.13 - Physical properties for several generations of optical discs

Blu-ray Discs (BD) were invented in 2004 by a conglomerate called “Blu-ray Disc
Association” (Cf. Table V.2.13 and Figure V.2.1-d), they use the blue-violet technology already
used for the HD-DVD. Though, like for the evolution from the CD to the DVD, the numerical
aperture and lenses were improved so that the reflective layer was brought even closer to the
surface (from 0.6 mm to 0.1 mm). This had the big advantage to greatly expand the data
storage density but had the major drawback to make the reflective layer highly sensitive to
scratches since so close to the surface. This problem was finally solved by the development of

new type of ultra-hard resin coatings.

a - Compact Dise

b - Digital Versatile ¢ - High Density d - Blu-ray Disc

(CD) Disc (DVD) DVD (HD-DVD) (BD)
1 um I um 1 um 1 um
LA —= —— e

Figure V.2.1 - Representation of recording surfaces details for several generations of laser discs with
pits (black) and reading laser spots (colors)
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Appendix IV - Phylogeny of cnidarians producing FPs & CPs

Pennatulacea C pharia 13 Ceriantharia |

ifica Loboph prichii

er 21
dricolor & Favia favus

& Entacmea gua,

Figure V.2.2 - [llustrated phylogeny of cnidarians with their classis (1st row), subclassis (2nd row)
and ordo (3rd row). Photos credits: Wikipedia®

) 4 . Legend p
Acroporidae (e.g. Montipora)

~ Pectiniidae

= Pocilloporidae (e.g. Pocillopora)

=—— Mussidae (e.g. Lobophyllia) Y

—— Faviidae (e.g. Favia, Montastraea...)

= A. victoria

Figure V.2.3 - Map showing the world repartition of main corals producing FPs & CPs and A.
victoria [created from (Péron 1809; Lamarck (de Monet de) 1816; Veron 2000a; b; ¢; d; ¢; f)]

» Wikipedia: The Free Encyclopedia. 23 Oct. 2005. Wikimedia Foundation (http://en.wikipedia.org/)
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Superphylum: Radiata

Appendix IV - Phylogeny of cnidarians producing FPs & CPs
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Only the wild-type proteins are marked above (with some alternative names between brackets), not their engineered forms

Figure V.2.4 - Complete taxonomy of cnidarian animals producing GFP-like proteins
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Appendix V' - The European Synchrotron Radiation Facility

The European Synchrotron Radiation Facility (ESRF) is a multinational research institute,
situated in Grenoble, France (Figure V.2.5, a) and financed by 19 countries mostly European.
The ESRF employs about 600 staff members and is organized as a French “société civile”. The
working language of the ESRF is English. Research at the ESRF is carried out by several
thousand external users each year from universities, public research laboratories and industry,
and by the ESRF’s own scientists. It operates a powerful synchrotron X-ray source with ~30
beamlines (instruments) covering a wide range of scientific research in fields such as biology &

medicine, chemistry, earth & environmental sciences, materials & surface science and physics.

Diffracted Monochromatic
X-ray beam

rays

Crystal

Beamstop

Figure V.2.5 - A classical diffraction experiment at the ESRF.

Inside the ESRF ring (a) the electron storage ring (b, orange) gives rise to X-ray beamlines (b). A
crystal is mounted inside the beamline expeﬂmeﬂta] hutch (c) on the goniometer head of a
diffractometer (d) that will rotate the crystal in front of a monochromatic X-ray beam. Diffracted X-rays
will be collected by a detector while transmitted X-rays will be absorbed by a beamstop
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Each beamline (Figure V.2.5, b) is specialized in a particular field of science and its
instrumentation differs accordingly. The macromolecular crystallography (MX) group currently
owns seven beamlines all over the ESRF ring: ID14-1, ID14-2, 1D14-3, 1D14-4, ID23-1, ID23-2
and ID29. If certain particularities exist between each of these beamlines, the general principle
is the same. In the beamline experimental hutch (Figure V.2.5, c¢), a crystal is mounted on a
goniometer head and the X-ray beam is diffracted by the crystal. The diffracted rays are then
detected by a CCD detector. The goniometer is part of a mini- or a micro-diffractometer
(Figure V.2.5, d), which is a device that has been standardized on all the MX beamlines and
allows the accurate centering of the crystal, its precise rotation and the positioning of several
tools such as the nitrogen cryostream nozzle (not shown), the visualizing lamp and the

beamstop.
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Appendix VI - Publications

During the time of this Ph.D. thesis, I have worked on several projects in parallel. Most of these

projects are directly related to the work presented in this volume, while so