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Introduction

Je suis chercheur au CNRS depuis environ 5 ans, et cela fait 8 ans que j’ai sou-
tenu ma these de doctorat d'université. L’habilitation a diriger les recherches (HDR)
marque une étape dans le parcours d’un chercheur travaillant en France. S’il est
correctement jugé par ses pairs, on lui donne le droit d’encadrer des doctorants.
Dans le but d’obtenir 'HDR, je retrace dans le présent rapport mon parcours de
recherche depuis la fin de ma thése jusqu’a aujourd’hui. Je l'ai rédigé en suivant un
ordre chronologique. Le premier chapitre présente mon travail de post-doctorat, les
deux suivants mes travaux en biologie et en physique a I'Institut Fresnel. Le dernier
chapitre est consacré a mes projets actuels et & venir. J’inclus a la fin de chaque

chapitre un ou deux articles significatifs.

Je suis physicien de formation : de 1991 a 1994, j’ai suivi le Magistére Interuni-
versitaire de Physique a I’Ecole Normale Supérieure de Paris. Aprés avoir obtenu le
DEA de Physique des Solides de Paris, j’ai passé 'agrégation de Sciences Physiques
en 1995. De 1995 & 1998, j’ai effectué ma thése & I’Université Joseph Fourier de
Grenoble, dans le laboratoire de Spectrométrie Physique, sous la direction de Bruno
Berge. Mon travail de thése a porté sur des phénomeénes de transitions de phase dans
des systémes bidimensionnels. Plus précisément, j’ai travaillé sur deux exemples de
cristallisation & la surface de 'eau : 1-) la croissance de solides dans une monocouche

d’amphiphiles en interaction avec le volume et 2-) les cristaux 2-D de protéines.

Attiré par les questions de biologie, j’ai choisi de m’immerger dans un labora-
toire de biologie en effectuant mon postdoctorat au laboratoire Européen de Biologie
Moléculaire (EMBL) & Heidelberg. J'appartenais alors a 1’équipe “Scanning Probe
Techniques” d’Heinrich Horber et I’équipe de biologie structurale de Matti Saraste.
Si I’équipe de physiciens m’a accueilli pour développer et réaliser des expériences de
microscopie a force atomique (AFM), c’est & Matti Saraste que je dois mon initation
a la biologie et a ses grandes problématiques. Pendant deux ans, j’ai travaillé sur les

propriétés mécaniques d’une protéine du cytosquelette, la spectrine, a 1’échelle de la



Introduction

molécule individuelle.

En 2000, j’ai intégré 'équipe d’Hervé Rigneault de I'Institut Fresnel & Marseille
avec un projet sur I'exaltation de la luminescence pour la détection de molécules
biologiques. J’ai été recruté Maitre de Conférences a ’Ecole Nationale Supérieure de
Physique de Marseille en octobre 2000 puis au CNRS ’année suivante. Mon activité
s’est alors concentrée sur 'organisation membranaire & 1’échelle sub-micronique et
I'utilisation de structures optiques pour renforcer et structurer les champs lumineux.
Les deux projets initialement séparés se sont rejoints aujourd’hui. Aprés six ans a
I'Institut Fresnel, j’aborde actuellement un nouveau sujet sur la mécanique et la dy-

namique de ’adhésion lors d’un processus de développement embryonnaire.

La biologie et la physique ont des liens étroits mais ténus. Ces disciplines ont
certes le méme objet d’étude, la nature, mais les questions qu’elles posent, les langages
et les méthodologies qu’elles utilisent les séparent souvent. Contrairement aux objets
du monde inanimé, qui restent le sujet de prédilection des physiciens, les étres vivants
ont la capacité de se reproduire. Tous les processus biologiques sont compatibles avec
ce principe et doivent étre organisés pour servir cette fin. Méme si la capacité de
reproduction n’est pas en contradiction avec les lois de la physique, elle n’en fait pas
partie et la notion de finalité est totalement étrangére au monde inanimé.

La physique et la biologie ne différent pas seulement par leur objet d’étude mais
aussi par leurs méthodes. Nous (physiciens) cherchons & proposer a partir des lois
universelles de la physique des modéles simples formulés en langage mathématique,
et testables expérimentalement. Nous développons et utilisons des appareillages so-
phistiqués et souvent complexes en regard de la simplicité apparente du systéme
d’étude (en physique atomique par exemple). La situation est tout a fait différente
en biologie. Le biologiste traite d’un systéme extrémement complexe, en formulant
des questions précises et détaillées; il utilise en général des outils simples (électro-
phoréses, chambres de culture, hottes, centrifugeuses et refrigérateurs,...) et a trés
peu recours aux mathématiques, car la modélisation n’est que rarement possible.

Physiciens et biologistes étudient parfois les mémes objets mais avec des regards
différents. Par exemple, le physicien étudie ’ADN comme un polymeére aux propriétés
remarquables, alors que le biologiste s’interesse a cette molécule en tant que support
de I’hérédité. Existe-t-il un lien entre les propriétés mécaniques d’un polymeére et
sa propension & porter une information 7 Si la question mérite d’étre posée, il n’est
toutefois pas certain que la réponse soit positive.

Les systémes vivants étant aussi des systémes physiques, certains mécanismes

identifiés dans le monde inanimé peuvent fournir des modeéles pour décrire les pro-



cessus biologiques. Mais quand le physicien parvient & modéliser certains mécanismes
du vivant & ’aide d’équations, demandons-lui combien de parameétres ajustables il
a utilisés. Comme le souligne M.E. Fischer, une des grandes figures de la physique
statistique : “la question n’est pas de savoir comment vous expliquerez le phénoménes
mais avec combien de constantes”. Je considére que cette remarque vaut aujourd’hui
aussi bien pour la physique et la biologie. Il est peut étre illusoire d’imaginer que
les cellules et les organismes vivants dans leur ensemble, issus d’un long processus
d’évolution, puissent étre décrits par des principes fondamentaux. Il est en revanche
légitime de considérer que des principes physiques sous-tendent et guident une va-
riété de processus cellulaires. Les formes et fonctions du vivant ont émergé a partir
de mécanismes physico-chimiques & différentes échelles, donnant aux cellules et aux
organismes vivants des propriétés multiples, sélectionnées par ’évolution. Les connec-
tions de la physique et de la biologie et leur utilité dépendent de notre capacité a
reconnaitre que les processus biologiques sont & la fois simples et déterminés par de
multiples facteurs.

Grace au développement des techniques expérimentales et des outils informa-
tiques, il devient possible d’étudier quantitativement et en détail des processus bio-
logiques complexes. Gageons que les biologistes vont étre amenés a utiliser des tech-
niques plus sophistiquées et que les physiciens caractériseront des systémes d’une
plus grande complexité, parmi lesquels les systémes vivants constituent la catégorie
ultime.

En attendant ce jour, voici ma modeste contribution de physicien a quelques

problémes de biologie.
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Chapitre 1

Propriétés mécaniques de
molécules individuelles de la
spectrine, 1998-2000

Sommaire
1.1 Dépliement forcé par microscopie a force atomique . . . 5
1.2 Article paru dans FEBS Letters. . . . . . ... ... ... 8

1.1 Dépliement forcé par microscopie a force atomique

De septembre 1998 & septembre 2000, j’ai travaillé en tant que post-doctorant au
sein du laboratoire européen de biologie moléculaire (EMBL) a Heidelberg, grace a
une bourse Marie Curie. Lors d’une visite de ce laboratoire en 1997, javais décidé
d’étudier les propriétés mécaniques d’une protéine du cytosquelette a 1’échelle de la
molécule individuelle. Ce souhait avait été motivé par la lecture d’un article! sur le
dépliement forcé d’une protéine géante du sarcomére des muscles striés, la titine, par
I’équipe d’Hermann Gaub & Miinich. Il indiquait que les courbes de force extension
d’une protéine individuelle étirée par un microscope a force atomique fournissent
une “empreinte” des différents modules de la protéine, qui se déplient un & un. Pour
préciser le lien entre la réponse mécanique d’un module protéique et sa structure, j’ai
voulu aborder deux questions : 1-) une protéine de structure différente de la titine,

- mais également soumises a des contraintes mécaniques -, a-t-elle une “empreinte”

!Rief M, Gautel M, Oesterhelt F, Fernandez JM, Gaub HE : Reversible unfolding of individual
titin immunoglobulin domains by AFM. Science 1997, 276 :1109-1112.
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mécanique différente 7 ; 2-) est-il possible de modifier la topologie mécanique d’une
protéine en modifiant ponctuellement sa séquence? Pour répondre & ces questions,
j’ai bénéficié de I'instrumentation développée dans ’équipe de microscopie de champ
proche d’Heinrich Horber et d’un systéme biologique pertinent, la spectrine. La spec-
trine est une protéine du cytosquelette, associée a I'actine. Elle forme le réseau du
cytosquelette des globules rouges. Comme la titine, la spectrine est une protéine mo-
dulaire formée de la répétition d’un motif de base, appelé “domaine”. Un domaine de
spectrine comporte 106 acides aminés formant trois hélices-o¢ connectées par deux

boucles, alors qu’un domaine de titine a une structure en feuillets-3 (Figure 1.1).

I 1 l e
V67 -+C G6e6—+A ! i
P62 A helix B

FiGg. 1.1 — Structure du domaine R16 de la spectrine. Les atomes C,, des deux résidus
substitués par des alanines dans le mutant AA sont marqués en vert. Le pont disulfure

introduit dans le mutant CC est marqué en bleu.

Le domaine de spectrine que j’ai étudié est caractéristique de tous les membres
de la superfamille de la spectrine, incluant la spectrine, I’a-actinine, la dystrophine
et I'utrophine. Le génome humain comprend environ cing cents types de domaines
de spectrine, le plus souvent dans les protéines associées a 'actine. J’ai utilisé ’AFM
pour suivre les états et les transitions de dépliement de protéines polymériques consti-
tuées de la répétition d’'un domaine identique de la spectrine.

Pour cela, je me suis initié a la biologie moléculaire, en particulier aux techniques
de clonage et d’expression de protéines recombinantes. J’ai été aidé dans cette tache
par Arnt Raae, professeur de biochimie & 'université de Bergen en Norvége, qui était
alors en année sabbatique dans le groupe de Matti Saraste.

A T’aide d’'un AFM développé a 'EMBL, j’ai démontré que contrairement a ce qui
avait été observé pour la titine, le dépliement d’un domaine de spectrine peut se pro-
duire par plus d’une étape pendant son étirement. Les courbes de force-extension des

molécules individuelles de spectrine sont en effet compatibles avec 'existence d’au
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moins un état intermédiaire entre les conformations repliée et totalement dépliée
du domaine [30] (article joint). Pour expliquer ces résultats, j’ai proposé un mo-
déle simple rendant compte du dépliement par étirement d’un domaine de spectrine,
comme un systéme énergétique a trois niveaux, séparés par des barriéres d’énergie.
Une simulation Monte Carlo s’appuyant sur ce modéle, permet de reproduire les don-
nées expérimentales et d’évaluer certaines caractéristiques des barriéres d’énergie.
Nous avons également construit et étudié¢ des mutants de la spectrine pour corréler la
structure fine des domaines de spectrine et leur stabilité mécanique. En particulier,
j’ail démontré qu’il est possible de modifier la topologie mécanique de la spectrine
en introduisant des mutations ponctuelles [20]. Le premier mutant (CC) comportait
deux cystéines entre deux hélices-a pouvant former un pont disulphure. La présence
de ce pont raccourcit la longueur étirée d’un domaine, comme le révelent les courbes
de force-extension. Aprés destablisation chimique du pont, il est en outre possible de
suivre par mesure de force la modification de la topologie mécanique de la protéine.
Dans le second mutant (AA), deux résidus proline et glycine, substitués par deux rési-
dus alanine stabilisent I’hélice centrale. Contrairement au domaine natif, les courbes
de force-extension obtenues pour ce mutant ne présentent pas d’intermédiaires de
dépliement. Mes travaux expérimentaux ont stimulé des calculs de dynamique molé-
culaire dans 1’équipe de Michagl Nilges, qui a montré que le dépliement forcé d’une
protéine peut suivre plusieurs chemins et en accord avec mes résultats expérimentaux,
qu’une mutation ponctuelle peut modifier drastiquement ces chemins. La dynamique
moléculaire suggére que les intermédiaires stables sont associés & ’apparition d’un
coude dans I’hélice centrale [20].

Ces résultats montrent que I’AFM est un outil de spectroscopie capable de révéler
certains détails du paysage énergétique des protéines et les probabilités de transition
entre différents états conformationnels. Mes travaux ont donné lieu & trois publica-
tions dans des journaux internationaux [30, 26, 20| et & un chapitre de livre [21].

Une dizaine de laboratoires travaille actuellement sur ce type de questions, as-
sociant toujours l'utilisation d’une instrumentation de mesure de force a l'ingénierie
de protéines. La méthode de dépliement forcé est particuliérement intéressante pour
les protéines qui sont sous contraintes mécaniques dans leur contexte physiologique,

et compléte les techniques plus classiques de dénaturation chimique ou thermique.
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Abstract Spectrin is a vital and abundant protein of the
cytoskeleton. It has an elongated structure that is made by a
chain of so-called spectrin repeats. Each repeat contains three
antiparallel a-helices that form a coiled-coil structure. Spectrin
forms an oligomeric structure that is able to cross-link actin
filaments. In red cells, the spectrin/actin meshwork underlying
cell membrane is thought to be responsible for special elastic
properties of the cell. In order to determine mechanical unfolding
properties of the spectrin repeat, we have used single molecule
force spectroscopy to study the states of unfolding of an
engineered polymeric protein consisting of identical spectrin
domains. We demonstrate that the unfolding of spectrin domains
can occur in a stepwise fashion during stretching. The force—
extension patterns exhibit features that are compatible with the
existence of at least one intermediate between the folded and the
completely unfolded conformation. Only those polypeptides that
still contain multiple intact repeats display intermediates,
indicating a stabilisation effect. Precise force spectroscopy
measurements on single molecules using engineered protein
constructs reveal states and transitions during the mechanical
unfolding of spectrin. Single molecule force spectroscopy appears
to open a new window for the analysis of transition probabilities
between different conformational states. © 2000 Federation of
European Biochemical Societies. Published by Elsevier Science
B.V. All rights reserved.

Key words: Force spectroscopy; Single molecule;
Spectrin repeat; Unfolding intermediate state

1. Introduction

The modular structure of proteins in natural fibres and the
cytoskeleton seems to be a general strategy for resistance
against mechanical stress [1]. One of the most abundant mod-
ular proteins in the cytoskeleton is spectrin. In erythrocytes,
spectrin molecules are part of a two-dimensional network that
is assumed to provide the red blood cells with special elastic
features [2]. The basic constituent of spectrin subunits is the
repeat which has about 106 amino acids and is made of three
antiparallel o-helices, folded into a left-handed coiled-coil [3].
The repeats are connected by a helical linker [4,5].

The mechanical properties of several modular proteins have
already been investigated by atomic force microscopy (AFM)
[6], especially titin [7]. Such experiments have demonstrated
that the elongation events observed during stretching of single
proteins may be attributed to the unfolding of individual do-
mains; experiments with optical tweezers have corroborated
these results [8,9]. These studies suggest that single domains
unfold one at a time in an all-or-none fashion when subjected

*Corresponding author. Fax: (49)-6221-387 306.
E-mail: lenne@embl-heidelberg.de

to directional mechanical stress. More recently, Oesterhelt et
al. [10] have shown that individual bacteriorhodopsins can
unfold in a stepwise manner.

In a typical experiment, single proteins are attached to
properly prepared surfaces and subsequently captured on
AFM tips. They can be stretched to more than 10 times their
folded lengths, reaching almost the total contour length (Fig.
1). The force—extension curves show a characteristic sawtooth-
like pattern. The reaction coordinate of unfolding is imposed
by the direction of pulling, and unfolding events occurring in
a single protein can be studied in this way. Each peak is
attributed to the breakage of a folded structure.

Rief et al. [11] have shown that under mechanical stress the
repeats of the native spectrin break as well defined units. As
these repeats are homologous but not identical, we have en-
gineered a polymeric molecule consisting of four identical re-
peats referred to as (R16)4 in the following, in order to get a
better understanding of the mechanical properties of the spec-
trin repeat. The unfolding features in the motif should thus be
multiplied and could be compared within the frame of one
repeat [12,13]. The polymeric protein was constructed from
the repeat R16 of the o-spectrin chain since the structure
had already been determined by nuclear magnetic resonance
spectroscopy [3]. The essential features of its structure are
confirmed by the recent crystallographic study [5].

We used AFM to unfold the polymeric protein consisting of
identical domains. We shall demonstrate that the unfolding of
a single spectrin repeat can occur in a stepwise fashion during
stretching.

2. Materials and methods

2.1. Construction of polymeric R16

A modified R16 repeat was produced by PCR using the pET R16
plasmid [14] as template. The 5’ primer sequence, CCGGATCC-
TCCATGGAAATGAGCGCTGCCCGCGCGAAGCTCAACGAG-
TCG, contains a BamHI and a BspHI site, the initiation codon as well
as an N-terminal five-residue extension of the original R16 sequence.
The 3’ primer, GGGCGGCCGCTTATTAGCAACAGGTCATGA-
TGTACTCCAGGGACTCCTCCAGACGTTGCCCCCGAGC, con-
tains Ncol and Notl sites as well as two stop codons. The 3’ primer
adds an eight-residue extension to the R16 repeat as well as two
cysteine residues to the end of the expressed protein products. The
gene sequence is extended at both ends so that the polymeric protein
product contains a 13-residue linker between the consecutive R16
units, and has two cysteine residues at the C-terminus. The PCR
product was cut with BamHI and Notl, ligated into a pBluescript
SK plasmid and amplified in DH-5a cells. The modified R16 sequence
was cut from the vector with Ncol and Notl, and ligated in frame into
the Ncol restriction site of a domestic pET24d derivative that confers
a six-residue histidine tag and a TEV protease site to the N-terminus
of the protein. This vector was cut with two different combinations of
restriction enzymes, BspHI/Xbal and Ncol/Notl, respectively. After
purification, the fragments containing the R16 sequences were joined
by ligation at the BspHI and Ncol sites, and simultaneously ligated
into a pET24d vector which was opened with Xbal and Notl, and

0014-5793/00/$20.00 © 2000 Federation of European Biochemical Societies. Published by Elsevier Science B.V. All rights reserved.
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dephosphorylated with shrimp alkaline phosphatase. After transfor-
mation, DH-5a cells containing the two-repeat construct were identi-
fied by PCR analysis of the bacterial colonies. The four-repeat con-
struct (R16)s was subsequently made by iterating the same procedure.

2.2. Protein expression and purification

For expression, 0.1 pg of plasmid DNA was used to transform
competent BL-21 cells. After growth at 37°C to Agp =0.7, the cells
were equilibrated at 30°C before isopropyl-1-thio-B-p-thiogalactopyr-
anoside was added to a final concentration of 0.4 mM. After induc-
tion for 8 h, the cells were harvested by centrifugation. The cells were
suspended in lysis buffer containing 50 mM Tris—HCI, pH 8.0, 30 mM
imidazole, 200 mM NaCl, 0.2% NP-40, 0.15 mM phenylmethylsul-
fonyl fluoride and 0.1 mM 4-(2-aminoethyl)-benzolsulfonyl fluoride,
and lysed by sonication. The lysate, 40 ml from a 500 ml cell culture,
was mixed with 1.5 ml Ni-NTA resin and kept 10 min on ice. The Ni-
NTA/lysate suspension was filtered through a 10 ml Bio-Rad polyprep
column. The filtrate was reloaded on the column, and the resin was
first washed with the lysis buffer, then with the lysis buffer without
detergent containing 1 M NaCl, and with 30 mM imidazole. The
bound protein was eluted in 1 ml 200 mM imidazole. The four-repeat
construct was almost quantitatively recovered in a soluble state after
expression at 30°C.

2.3. AFM

The experiments were performed with an AFM developed at
EMBL working in the so-called force spectroscopy mode [15]. The
cantilevers (model MLCT-AUHW, Park Scientific, Sunnyvale, CA,
USA) were calibrated by using the equirepartition theorem as de-
scribed by e.g. Florin et al. [16]. The proteins were kept in buffer
50 mM Tris—-HCI pH 8.0, 50 mM NaCl. A drop of 40 ul of protein
solution (100 pg/ml) was deposited on freshly sputtered gold surfaces
as proteins have cysteine residues at the C-terminus to bind covalently
to gold. The proteins were allowed to adsorb for 10 min before the
sample was rinsed with buffer and brought into the fluid experimental
chamber of the AFM. The single proteins were picked up at random
by approaching the sample towards the tip while monitoring the de-
flection amplitude. After contact with the surface was established, the
maximum normal forces during the spectroscopy cycles were kept as
low as possible. Approach/retraction cycles of the sample with respect
to the AFM tip were used to probe the force-extension curves of
single molecules of spectrin. We used pulling speeds between 0.3
and 15 nm/ms. The AFM controls distance with 0.1 nm accuracy
and the applied force with pN precision.

3. Results and discussion

3.1. Single molecule force spectroscopy on (RI16)4

We used recombinant DNA techniques to construct tandem
repeats from a single spectrin domain (see Section 2). The
method extends the monomer (R16) at both ends so that
the polymeric protein product contains a 13-residue linker
between the consecutive R16 units and has two cysteine res-
idues at the C-terminal end.

In Fig. 2, an SDS-PAGE analysis of the mono-, di- and
tetrameric R16 repeats is shown together with the repeat 13—
18 section from the chicken brain o-spectrin chain. The ap-
parent molecular weight of the four-repeat construct (R16), is
64 kDa. Due to the extensions in the connecting regions and
at the N- and C-terminal ends, the total molecular size is in
the same range as that of the native hexameric spectrin repeat
13-18 that was studied by Rief et al. [11].

The force—extension relationships for (R16)4 were measured
using an AFM developed at EMBL (Section 2). The proteins
formed covalent bonds with the gold surfaces through cysteine
residues which were introduced at the C-terminal end. The
protein-coated surfaces were then carefully brought into con-
tact with the tip and single proteins were picked up by un-
specific binding. By retracting the sample holder away from
the AFM tip, single proteins could be completely extended.
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Fig. 1. AFM force measurements. Experimental scheme for protein
‘fishing’.

Force—extension curves present the sawtooth-like pattern typ-
ical for modular proteins (Fig. 3). Each peak is interpreted as
an unfolding event. The loss of each folded structure in the
spectrin chain allows a gain of length for the unfolded part of
the chain. After each peak, the force drops as a new length of
the polypeptide chain is gained but has not yet been extended.
The protein is then stretched further until the force is suffi-
cient for another part of the folded structure to unfold. The
maximum extension is variable as the polymer is picked up at
random positions and not necessarily at its end.

The force-extension curves can be well described by a
worm-like chain model (WLC) [17]. It predicts the isothermal
restoring force of a flexible polymer, acting as an entropic
spring during extension. Fits of the force-extension curves
to the WLC model [18] resulted in a persistence length of
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Fig. 2. An SDS-PAGE analysis of the spectrin R16 polymeric prod-
ucts. Lane 1: Bio-Rad LMW markers. Lane 2: monomeric R16
spectrin repeat. Lane 3: dimeric R16 spectrin. Lane 4: tetrameric
R16 spectrin. Lane 5: the repeats 13-18 from the o-spectrin chain.



126

|1OO pN

50 nm

Fig. 3. Unfolding traces of a spectrin construct made of four identi-
cal tandem domains (R16)s. The five upper curves were recorded at
a pulling speed of 0.3 nm/ms and the two last at 3 nm/ms. The
WLC model fits to the left-hand slopes of the unfolding patterns
with a persistence length of p=0.59%0.22 nm (see last curve). As
the proteins are picked up at random, the maximum extension
varies from one curve to the other but never exceeds the total con-
tour length of the protein.

p=0.5910.22 nm (n=20). Two consecutive force peaks are
spaced by a distance that reflects the gain of length produced
by a single unfolding event. These distances were measured
for 250 unfolding events.

A histogram of distances (Fig. 4a) reveals a length distribu-
tion with two major peaks, at 15.5 nm (3.5 nm) and 31 nm
(£7 nm) when fitted with a mixture of two Gaussians. The
force distributions associated with the short and long elonga-
tion events are also clearly distinct (Fig. 4b,c). The mean force
for the short and long elongation events are 60 and 80 pN,
respectively, at a pulling speed of 3 nm/ms.

General features of the unfolding events are provided by a
detailed statistical analysis of the whole set of measurements:

1. The short unfolding events are most likely for a short ex-
tension, i.e. at the first stage of pulling (80% below 35 nm,
n=387) of the protein whereas the long unfolding events are
observed at longer extension (50% above 35 nm, n=94).

2. When two short unfolding events occur, they are consec-
utive in 90% of the cases.

We measured the same unfolding patterns for different
speeds (0.3, 0.75 and 1.5 nm/ms). The mean unfolding force
was decreased by approximately 20% when the pulling speed
was reduced by a factor of 10 (see insets in Fig. 4b,c). The
strength of the bonds that stabilise protein structures can
depend on the speed of retraction as it has been shown for
the biotin/streptavidin system [19].

3.2. Reversibility of unfolding

After reaching the extended state and before rupturing the
bond between the protein and the tip, the protein was relaxed
to its initial length (Fig. 5). After waiting for 5 s, the protein
was stretched again and four force peaks were observed. This
suggests that the four domains spontaneously refold during
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Fig. 4. Elongation events and unfolding forces of the spectrin con-
struct (R16)4. (a) Histogram probability of elongation after an un-
folding event (n=250). The line corresponds to a fit by a normal-
ised function, the sum of two Gauss functions. The Gauss functions
are centred on 15.5 nm and 31 nm. Unfolding force probability his-
togram and force-speed dependence for short elongation events (b)
and long elongation events (c).
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Fig. 5. Cycles of unfolding-refolding of a single molecule of spectrin
(see text).
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Fig. 6. Elongation events and unfolding forces of the natural hex-
americ 13-18 spectrin repeat (from chicken brain o-spectrin). (a)
Histogram probability of elongation after an unfolding event
(n=125). The line corresponds to a fit by a normalised function,
the sum of two Gauss functions. The Gauss functions are centred
on 15 nm and 26 nm. Unfolding force probability histogram and
for short elongation events (b) and long elongation events (c) at a
pulling speed of 0.3 nm/ms.

relaxation. If the relaxation time is decreased to 1 s, the num-
ber of refolded domains is decreased in each cycle. This dem-
onstrates that refolding occurs on a time scale of seconds and
is therefore significantly slower than the unfolding rate.

3.3. Comparison with the native spectrin repeats

We have carried out equivalent measurements with another
construct made of six homologous but non-identical repeats
(the repeats 13-18 from chicken brain o-spectrin, see also
[11]). Our measurements result in a similar distribution of
elongation events; the most probable events occur at 15 and
26 nm (Fig. 6). The mean unfolding force is 55 pN for both
the short and long elongation events with a pulling speed of
0.3 nm/ms. The long elongation event is in agreement with the
results reported by Rief et al. [11]. However, because we were
able to collect much more data than Rief et al., we could
clearly observe short elongation events in our measurements
both on (R16)4 as well as R13-R18 when plotting their elon-
gation length distributions.

3.4. Intermediates

The origin of the two distinct elongation events observed
can have several causes. One can argue that short elongations
are due to multiple-molecule pick-up. We showed that short
elongations correspond to low forces and long elongations to
large forces. Multiple pick-ups could indeed lead to shorter
elongations but this would automatically have to go along
with higher forces than for the long elongations which fit
the unfolding length of a single repeat very well. We carefully
excluded the possibility of multiple pick-ups by discarding any
force curves displaying an off-set in the force indicating multi-
ple parallel springs, i.e. multiple-molecule pick-up, from our
analysis.

The second possible cause of a ‘premature’ unfolding of the
R16 motif could be due to destabilising long range surface
forces. These would have to reach further than 10 nm from
the surface, as we observed partial unfolding at a distance out
to more than 50 nm.
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This is not the case. We recorded force spectra of levers in
water and phosphate-buffered saline at distances between
5 and 30 nm from the surface clearly showing that the electro-
static forces can be completely ignored at a few nanometers
from the surface [20].

A third possibility could be that the proteins denature at
least partially on the surface. This would, in addition to the
cysteine—gold bond, increase the binding forces. It would also
preclude the observation of a total of more than three repeats
unfolding partially or fully in one trace. In several measure-
ments where partial unfolding occurred, the unfolding lengths
sum to more than these three repeats. If the protein was only
partially denatured, it seems very unlikely that reversibility, as
we observed it, would be possible. Refolding of the rest of
such a partially denatured domain seems very unlikely. Also
the rest of the domain can be expected to be distorted greatly
and increasingly by the recurrence of the surface forces influ-
ence which led to the partial denaturing.

These reasons make multiple pick-ups and at least direct
surface effects quite unlikely, and we believe that the existence
of the different elongation events is due to at least one stable
intermediate between the folded state and completely un-
folded state during forced unfolding.

Thermodynamic studies have not yet documented such an
intermediate: fluorescence spectroscopy and circular dichro-
ism measurements have shown that single spectrin repeats
undergo a reversible two-state transition [21,22]. Statistical
analysis of the force curves shows that well defined short
elongation events of 15.5 nm take place. The 15.5 nm elonga-
tion is half of that produced by the total unfolding of one
domain. It may thus correspond either to the gain of length
between a folded and unfolded domain or to the gain of
length between a partially and completely unfolded domain.
The variation in our length distributions is large but compa-
rable with data of Yang et al. [23]. This broadness is partly
attributed to the fact that we chose to measure the distance
between peaks rather than the gain of contour lengths be-
tween consecutive peaks which are obtained by multiple-pa-
rameter fits [23]. Moreover, spectrin unfolds at very low
forces, and therefore unavoidably any distribution is broad-
ened in comparison to the unfolding of titin for instance. It
could also be a consequence that several possible intermedi-
ates contribute to the distributions.

We assume that, as two short elongation events are con-
secutive in most cases, the unfolding of one domain results
from at least two transitions, each producing on average a
similar elongation. An intriguing observation is then that
the rest of the partially unfolded domain is stable on a time
scale of 1/10 of a second as the pulling speed is in the nm/ms
range. This is an unexpected result and needs more in-depth
study.

A molecular dynamics simulation [24] has recently sug-
gested that protein domains such as the fibronectin-type 3
module can unfold in a stepwise fashion. In this case, unfold-
ing follows a pathway in which a ‘B-sandwich’ first separates
from the fold, and the individual B-sheets unfold secondly.
The molecular pathway of unfolding is unknown for the spec-
trin domain, but it may well involve a partial opening of the
bundle and/or the loss of the secondary structure at the ends
of the helices which may be elongated before the helical bun-
dle finally opens.

The different unfolding events are not only distinct in elon-
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gation lengths but also in the unfolding forces. The mean
unfolding force for short elongation events is 60 pN whereas
the force associated to long elongation events is 80 pN (at a
pulling speed of 3 nm/ms). This shows that the transition from
a native folded conformation to an intermediate is mechan-
ically different from the transition from a totally folded con-
formation to a completely unfolded conformation.

The feature that the unfolding of the domains depends on
the extension of the chain is also interesting by itself. At
short extensions of the polypeptide chain, short unfolding
events are more likely than long ones. This behaviour suggests
that the selection of the unfolding pathway may be influenced
by changes in the mechanical properties during the extension
of polypeptide chain. Relaxation processes following the
breakage of folded structures possibly govern the access to
intermediates. This may indicate as well that the unfolding
of tandem repeats in spectrin chains is not completely inde-
pendent [25]. The tandem spectrin repeats are not classical
independent structural domains, and have stabilising inter-
actions. A folded repeat may have a different stability depend-
ing on whether its neighbouring repeats are folded or un-
folded. As suggested by our measurements, a folded repeat
unfolds more likely by steps when its neighbouring repeats
are folded (at small extension of the chain) than when they
are unfolded (at large extension). The observed intermediates
are conformational states which are stable from milliseconds
to seconds, i.e. on time scales accessible in AFM measure-
ments.

Although the molecular complexity of unfolding pathways
can be very high, our AFM measurements demonstrate that
force spectroscopy of single properly engineered proteins can
give important clues on thermally averaged energy landscapes
relevant on laboratory time scales. In the future, we expect an
increasing contribution by force spectroscopy measurements
to the understanding of protein folding as proteins will be
engineered in order to systematically perturb the unfolding
pathways imposed by the real space directionality in such
measurements.
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Chapitre 2

Domaines membranaires et

analyse du confinement, 2001-2006

2.1 Introduction et contexte

bicouche
lipidique

cytoplasme  protéine

globulaire hélice o

FiG. 2.1 — Modeéle de Singer et Nicolson, 1972.
Schéma inspiré par le modéle de Singer et Nicolson montrant la mosaique fluide. Figure tirée
de [Bretscher MS : The molecules of the cell membrane. Sci. Am. 1985, 253 :100-108].

L’histoire moderne des membranes biologiques commence en 1972 avec le mo-
déle fondateur de mosaique fluide de Singer et Nicolson postulant que la bicouche
lipidique constitue une matrice fluide dans laquelle les protéines sont insérées, libres
de diffuser et distribuées de maniére aléatoire? (Figure 2.1). Les expériences menées

depuis, principalement par des mesures de la diffusion, ont cependant révélé une

2Singer SJ, Nicolson GL : The fluid mosaic model of the structure of cell membranes. Science

1972, 175 :720-731.
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grande complexité de l'organisation dynamique des membranes biologiques, reliée
aux fonctions biologiques qui y sont accomplies. Ce domaine de recherche trés actif
réunit une communauté de biologistes, biochimistes, biophysiciens et physiciens au
sein de laquelle, dans l'attente de ’émergence d’un modele réaliste de membranes
cellulaires, débats et controverses battent leur plein. Au coeur du débat se trouve
en particulier le concept de radeaux lipidiques ou “lipid raft”, proposé initialement
en 1988 par deux biologistes, K. Simons et G. Van Meer, pour expliquer "asymétrie
du transport membranaire (Figure 2.2). Ces microdomaines de quelques dizaines de
nanométres serviraient de plate-formes de tri et de signalisation, en recrutant des
protéines ayant pour eux une grande affinité. Ils sont décrits comme étant riches en
cholestérol, glycolipides, sphingolipides et en phospholipides présentant moins d’in-
saturations que celles des lipides dans la membrane environnante, ce qui permet un
meilleur compactage des chaines saturées de sphingolipides. Dans cette description,
la présence de cholestérol induirait une phase liquide ordonné ayant une fluidité plus
faible que le reste de la membrane. De nombreuses questions concernant ces micro-
domaines sont encore débattues : existent-ils (ils n’ont en effet jamais été observés
directement et n’ont pu étre mis en évidence que par des méthodes biochimiques
invasives sujettes & caution) ? Sont-ils stables ? Quelle est leur distribution de taille

et leur dynamique ? Confinent-ils les molécules et si oui, lesquelles et comment ?

Dans ce contexte tumultueux, j’ai proposé une nouvelle méthode expérimentale,
permettant de détecter des domaines membranaires dans les cellules vivantes. Elle est
fondée sur la spectroscopie de corrélation de fluorescence (FCS). Les efforts conjoints
de notre équipe et celle de Didier Marguet du Centre d’Immunologie de Marseille
Luminy (CIML) ont rendu possibles la démonstration et la mise en oeuvre de cette
méthode sur des systémes biologiques pertinents. J’ai co-encadré sur ce sujet la thése

de Laure Wawrezinieck, soutenue en septembre 2006.

2.2 La Spectrocopie de Corrélation de Fluorescence (FCS)

Alors que la plupart des études de diffusion membranaire ont été effectuées par
mesure de retour de fluorescence aprés photoblanchiment (acronyme anglais FPR) et
suivi de particules individuelles (SPT)?, nous avons fait le choix d’utiliser la spectro-
scopie de corrélation de fluorescence (FCS). En FPR, les molécules retournant dans

la région blanchie diffusent sur une surface au moins dix fois plus grande que cette

3Saxton MJ, Jacobson K : Single-particle tracking : applications to membrane dynamics. Annu.
Rev. Biophys. Biomol. Struct. 1997, 26 :373-399.
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radeau lipidique

protéine ayant un long
domaine transmembranaire

cholestérol
CYTOSOL

protéine ayant un court

protéine domaine transmembranaire

ancrée GPI

Fi1G. 2.2 — Modéle de radeau lipidique selon Simons et Ikonen (d’aprés Alberts B, Lohnson
A, Lewis J, Raff M, Roberts K, Walter P : Molecular Biology of the Cell. 4th ed. Garland
Publishing, New York, 2002.). Dans ce modeéle, les chaines carbonées des sphingolipides sont
majoritairement saturées et occupent moins d’espace latéral que leurs tétes hydrophiles ; les
interstices sont comblés par des molécules de cholestérol. Ces agrégats serrés de sphingoli-
pides et cholestérol formeraient des plateformes au sein de phases plus fluides composées de

phospholipides insaturés

derniére. 11 est par conséquent difficile d’obtenir des informations sur des hétérogé-
néités sub-microniques. Le SPT offre une alternative puissante a la FPR en raison
de sa haute résolution (~ 50 nm). Elle a été utilisée avec succeés pour détecter des
“corrals” (synonyme d’enclos) dus au cytosquelette sous-jacent & la membrane. Elle
requiert cependant une analyse statistique souvent difficile. La FCS est une autre
méthode utilisée pour mesurer la diffusion de molécules fluorescentes ; elle exploite
les fluctuations de fluorescence produites par un petit nombre de molécules diffusant
a travers un volume d’observation d’une fraction de femtolitre, défini par un montage

de microscopie confocale (Figure 2.3).

Pour caractériser les fluctuations de fluorescence, on détermine la fonction d’au-
tocorrélation temporelle de l'intensité de fluorescence qui permet d’extraire deux
informations : le nombre moyen de molécules dans le volume d’observation (donc la
concentration locale) et la mobilité des molécules. Pour une diffusion libre en deux di-
mensions, le temps de demi-décroissance de la fonction d’autocorrélation temporelle
correspond au temps de diffusion de la molécule a travers le volume d’observation ; il
est simplement relié au coefficient de diffusion D par 7p = wgy / (4D) on w désigne

le waist transversal du faisceau laser focalisé.
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F1G. 2.3 — La spectroscopie par corrélation de fluorescence. L’intensité fluorescence est

collectée par un montage confocale et autocorrélée.

2.3 Les lois de diffusion par FCS

La méthode, exposée dans Darticle joint [17], repose sur la mesure du temps de
diffusion d’une espéce moléculaire & différentes échelles spatiales. Dans le cas d’une
diffusion brownienne en deux dimensions, le temps de diffusion est proportionnelle
a la surface d’observation. Si la diffusion est perturbée, ce n’est plus nécessaire-
ment le cas et on peut mesurer des écarts a cette loi simple de diffusion. A partir
de simulations Monte Carlo de diffusion, nous avons montré qu’il était possible de
distinguer différents types d’organisation membranaire (réseau de barriéres ou do-
maines de confinement isolés) a partir des lois de diffusion obtenues par FCS. Nos
travaux ont été salués par une note de M. Saxton “New and Notable” dans Bio-
phys. J. Nous avons revisité les questions controversées d’organisation membranaire
en étudiant une grande variété de marqueurs membranaires [4]. Nous avons mon-
tré que les analogues fluorescents des sphingolipides et les protéines ancrées par un
glycosylphosphatidylinositol (GPI) sont seulement confinés par des microdomaines
d’origine lipidique. En revanche, le récepteur a la transférine est compartimenté & la
fois par l'organisation lipidique et le réseau du cytosquelette. Nous confirmons ainsi

I’existence d’une micro-architecture d’origine lipidique par des mesures sur cellules
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vivantes.

Bien que les domaines soient plus petits que la limite de diffraction optique, ils
modifient les lois de diffusion & des échelles spatiales plus grandes, ce qui permet de les
détecter par FCS. Pour sonder les hétérogénéités membranaires, nous montrerons que
des structures optiques sub-longueur d’onde permettent d’étudier plus directement
sous la limite de diffraction optique les anomalies de la diffusion et peuvent révéler

la structure “ultra-fine” des membranes (Cf chapitre 3).
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ABSTRACT To probe the complexity of the cell membrane organization and dynamics, it is important to obtain simple physical
observables from experiments on live cells. Here we show that fluorescence correlation spectroscopy (FCS) measurements at
different spatial scales enable distinguishing between different submicron confinement models. By plotting the diffusion time
versus the transverse area of the confocal volume, we introduce the so-called FCS diffusion law, which is the key concept
throughout this article. First, we report experimental FCS diffusion laws for two membrane constituents, which are respectively
a putative raft marker and a cytoskeleton-hindered transmembrane protein. We find that these two constituents exhibit very distinct
behaviors. To understand these results, we propose different models, which account for the diffusion of molecules either in
a membrane comprising isolated microdomains or in a meshwork. By simulating FCS experiments for these two types of
organization, we obtain FCS diffusion laws in agreement with our experimental observations. We also demonstrate that simple
observables derived from these FCS diffusion laws are strongly related to confinement parameters such as the partition of
molecules in microdomains and the average confinement time of molecules in a microdomain or a single mesh of a meshwork.

INTRODUCTION

The processes responsible for the molecular confinement in
live cell plasma membranes have been widely investigated
in the last past years. These studies have demonstrated the
existence of different mechanisms that could be responsible
for the confinement of lipids and proteins in the plasma
membrane, such as the cytoskeleton, the molecular cluster-
ing, or the extracellular matrix (1). Among them, the actin
cytoskeleton has been shown to be responsible for confining
transmembrane proteins (2) as well as lipids (3). In this case,
the actin filaments act as barriers that hinder the diffusion of
membrane components. Beside this cytoskeleton confine-
ment, models of the membrane structure have included lateral
lipid heterogeneities, thereby enriching the fluid mosaic view
initially proposed by Singer and Nicolson (4). Evidences for
membrane domains come mainly from biochemical studies,
which show that some membrane constituents are resistant to
solubilization by nonionic detergents at low temperature (5).
The remaining detergent resistant membranes are found to be
enriched in cholesterol and sphingolipids. These results have
led to a postulate for the organization of the plasma mem-
brane in which cholesterol and sphingolipid-rich domains
coexist with more fluid domains enriched in phospholipids
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with unsaturated hydrocarbon chains (6,7). Though increasing
evidences that those domains exist, the data regarding their
structure and dynamics are still very few and mainly indirect.

This lack of data principally results from the absence of
appropriate tools. Indeed, optical tools such as confocal mi-
croscopy have not enabled the observation of separate do-
mains and suggest that the size of the domains is below the
optical resolution (<200 nm) (8). Alternative approaches,
such as single-particle tracking (2,9,10) and optical tweezers
(11), have a better spatial resolution and have shed a new
light on this question. Single particle tracking and single dye
tracking have proved to be valuable tools to measure the
diffusion properties in membranes and to unravel hop dif-
fusion. Nevertheless they suffer from two drawbacks: i), in
most cases, these experiments require the labeling of a sin-
gle molecule with a bead or a gold colloidal particle, which
proves to be difficult; and ii), a large number of trajectories
need to be recorded and analyzed to fit statistical criteria.
One must be cautious in interpreting experimental results on
a few diffusing particles, since distributions of hopping rates
may be broad (12) and the detection of transiently confining
structures thus requires the study of many molecules. In this
respect, FCS may appear as a more appropriate technique
since it analyzes an ensemble of molecules diffusing in the
detection volume. Although FCS studies have reported
anomalous diffusion in live cells (13), it has not been applied
to study confinement in membranes. Here, we detail the ratio-
nales of the FCS analysis performed at various spatial scales
to probe the submicron organization of the cell membrane.
The method that we proposed recently (14) has been in-
dependently implemented in another context by Okamato’s
group (15,16).

doi: 10.1529/biophys;j.105.067959
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FCS is a mature and powerful technique for measuring
diffusion coefficients and chemical reaction rates both in
vivo and in vitro (17). It measures the spontaneous fluctua-
tions of fluorescence in an open volume defined by a focused
laser and confocal optics. These fluctuations can arise in par-
ticular from the diffusion of fluorescent molecules into or out
of this open sampling volume. To analyze statistically the
fluctuations, one computes the time ACF, which provides
information on diffusion properties.

Though the size of the detection volume is diffraction
limited, the ACF can be altered by processes occurring on
smaller spatial scales. It has been recently shown (18,19) that
confinement in small cell compartments modifies ACFs com-
puted by FCS. In these studies, analytical formula taking into
account the volume and geometry of confined regions are
proposed to fit experimental ACFs. Although this approach
might be useful to determine diffusion coefficients in small
volume compartments, its validity is restricted to simple geo-
metries and its implementation is difficult without any a priori
knowledge of the geometry.

In this article, we suggest observables that can be obtained
from FCS and that are useful to detect confinement in
microdomains. First, we emphasize the problems encountered
when fitting ACFs, and point out the need for measuring the
so-called FCS diffusion laws, instead of only interpreting the
shape of ACFs measured at a single size of waist.

The manuscript is organized as follows: we first introduce
and show FCS experimental diffusion laws for a lipid and a
transmembrane protein. The studied lipid is FL-Gyyy, which
is considered to be a raft marker, and the transmembrane
protein is TfR-GFP, diffusion of which is supposed to be
hindered by the cytoskeleton meshwork. Interestingly, these
two constituents exhibit two different FCS diffusion laws. To
explain these results, we simulate in the second part different
diffusion processes, which could explain the FCS diffusion
laws that have been measured experimentally. We first
address the basic issue of confinement of a molecule freely
diffusing in an impermeable or permeable 2D domain, and
then focus on restricted diffusion in multiple microdomains
in mosaic geometries. Two geometries are explored more
accurately: the first one accounts for isolated microdomains,
in which molecules can partition dynamically (‘‘partitioning
microdomains’’); and the second accounts for the actin
meshwork. Finally, the experimental FCS diffusion laws
are reinterpreted thanks to the new light shed by the simu-
lations.

MATERIALS AND METHODS:

A list of the parameters used in the following is given in Table 1.

Cell culture and staining

All experiments are carried out on COS-7 cells (American Type Culture
Collection No. CRL-1657).
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Fluorescent conjugated lipid probe BODIPY-ganglioside Gy (FL-Gyyy)
(Molecular Probes, Eugene, OR) is incorporated in the plasma membrane by
a lipid exchange procedure (20).

To obtain the TfR-GFP recombinant protein expression, cells are trans-
iently transfected with a mixture of the plasmid and ExGen 500 reagent
(Euromedex, Souffelweyersheim, France).

FCS measurements are performed at 37°C at least 16 h after each of these
incorporations.

FCS setup

Confocal fluorescence microscopy and fluorescence correlation spectros-
copy are performed on a custom apparatus, which has been developed from
an Axiovert 200 inverted microscope (Zeiss, Jena, Germany). The excitation
light of the 488 nm line of an Ar*-ion laser is focused onto the sample
through a Zeiss C-Apochromat 40X, numerical aperture =1.2, water
immersion objective. The fluorescence is collected by the same objective,
separated from the excitation light by a dichroic mirror, then split by a 50/50
cube splitter and sent onto two avalanche photodiodes through 525-565 nm
bandpass filters. Cross correlation between the two channels is preferred to
autocorrelation of one channel, since it reduces artifacts due to the dead
time of each detector and after pulses. A confocal pinhole (20 or 50 wm in
diameter) reduces the out-of-plane fluorescence. Precise positioning of the
cell membrane in the confocal volume is obtained by moving the sample
step-by-step with a three-axis piezo-scanner, which is controlled by a digital
controller (Physik Instrumente, Karlsruhe, Germany). Scanning softwares
are written with LabView (National Instruments, Austin, TX).

FCS measurements are performed by illuminating the sample with an
excitation power of 3.5 uW at the back-aperture of the objective. Auto-
correlation is processed by a hardware correlator (ALV-GmBH, Langen,
Germany). Data are analyzed with built-in functions of IgorPro (Wave-
metrics, Lake Oswego, OR).

Fitting of autocorrelation functions

In a standard FCS experiment, a diffusion measurement is carried out for
a single size of the confocal volume, i.e., a single value of the laser beam
transversal waist w at the focal plane of the focusing objective. The diffusion
coefficient is determined from the measurement of the apparent diffusion
time 7" of a fluorescent molecule through the confocal volume, which is
defined as the FWHM of the ACF. For free translational two-dimension
diffusion, 73" matches the actual diffusion time through the confocal
volume 75 =w?/(4Dmicro), Where Dpicro is the microscopic diffusion
coefficient of the fluorescent molecule in the plane of diffusion. If the
diffusion is free, and in the case of a Gaussian approximation of the detect-
able emission intensity distribution, the ACF is given by (21)

1 1
— 1
Nis T (1)

T

P =1+

d

where N is the average number of molecules in the detection volume.

For anomalous diffusion, the mean-square displacement of particles is no
longer proportional to time ¢ as for free diffusion, but rather to ¢, with 0 < «
= 1. This diffusion mode corresponds to molecules diffusing in the presence
of multiple energy potential traps with binding energies that vary over wide
ranges of time and space (22). Anomalous diffusion can also result from
diffusion on a percolating cluster at the threshold. In FCS, if diffusion is
anomalous, a can be determined from the ACF, which is given by

g == (2)
Ny (77 )

T anomalous
where Tanomalous is equal to 74" if o = 1.
When diffusion is free, then a = 1. We will show in the Experimental
Evidence section that the converse is false.
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TABLE 1 Main parameters used in the simulations
Parameter description Symbol Value/Range of values/Calculation
Simulation parameters
Time step Aty 2.107%
Simulation box A Square, 10 X 10 um?
Total simulated time > 4.10% s
Half-size of the domains r Radius of a circular domain/Half-size of the side of a square domain.
Varied between 50 nm and 100 nm.
Mean elementary jump length o Between /100 and 7/20
Microscopic diffusion coefficient D icro Between 1.0 and 10.0 ;Lmz/s
Waist of the excitation focal spot w Between 0 and 1 um
Calculated parameters
Apparent diffusion time o FWHM of the autocorrelation function
Free diffusion time in the focal spot 7§ w? /(4D micro)
Free diffusion time in a single domain Tg"m"i“ 7%/ (4Dicro) in a circular domain of radius r, (1.1221‘)2 /(4Dxicro)
in a square domain
Confinement time in a single domain Teonf
Confinement strength Seconf T ot/ TSOMAIN
Confinement size parameter X \/(Areaof the focal spot) /Area of the domain
Specific parameters for
isolated microdomains
Density of the domains d (Total area of the domains)/Area of the simulation box
Microscopic diffusion coefficient inside the domains D Between 1.0 and 5.0 um?*/s
Microscopic diffusion coefficient outside of the domains o o 3Dimnicr0 (Dietrich et al. (29))
Probability of going into a domain Pin Between 0 and 1 (for r/o = 30)
Probability of going out of a domain Pout Between 1072 and 1 (for /o = 30)
Specific parameters for the meshwork
Probability of crossing a barrier P Between 6.10 % and 1 (for r/o = 5)
Experimental outcomes
Intercept time of the diffusion law in regime iii to
Effective diffusion coefficient Degr
Partition of the molecules in microdomains a (Number of molecules in domains)/Total number of molecules

Size of the confocal volume

The size of the confocal volume can be controlled by selecting either with a
diaphragm or a variable telescope (14,16) the lateral extension of the laser
excitation beam falling onto the back-aperture of the microscope objective.
Similar approaches have been implemented in fluorescence recovery after
photobleaching experiments (23,24).

The size of the confocal volume can be inferred from the free diffusion time
74 of a fluorophore in the open confocal volume, and its known diffusion
coefficient (Fig. 1). Here, Rh6G, of which the diffusion coefficient is known
(Drrsg = 2.8 10> um? /s) (21) is used to calibrate the size of the confocal
volume. The radius of the illuminated observation area can be modulated be-
tween 190 and 400 nm. The Rh6G diffusion time through the confocal volume
obtained by fulfilling the rear-aperture of the microscope objective allows the
determination of the smallest waist accessible with our setup: w,;;=190 nm. In
all experiments, the excitation power at the back-aperture of the objective is kept
constant for all waist sizes. To validate the calibration protocol of the waists in
the context of 2D diffusion measurements, we have studied the diffusion of
Bodipy-PC probes freely diffusing in giant unilamellar vesicles (14). We have
checked that the determination of the diffusion coefficient is correct and
independent on the size of the waist as expected for free 2D diffusion.

Simulations of confined diffusion and FCS
Scheme of simulations

We have implemented simulations as close as possible to real FCS exper-
iments. We have included a fluorescent molecule in an area A, which is

composed of a single domain or of multiple domains (Fig. 2). If not other-
wise stated, the excitation laser beam is supposed to be Gaussian: I(x,y) =
Ioexp(=2(x> +y*)/w?), where x and y are the Cartesian coordinates orig-
inating at the center of the area A. Depending on the objective back-aperture
filling used, w can vary from 200 nm to 400 nm in a standard FCS setup.

The fluorescent molecule performs a random walk from a starting posi-
tion that is randomly selected in the surface A. For the sake of simplicity and
without any loss of generality, we simulate the walk of a single molecule.
Simulating independent multiple molecules would not change the ACF
profile but only its amplitude.

The random walk is performed as follows:

At each time step At, the particle performs a jump (AX, AY), which
is determined by two independent random variables with a Gaussian
distribution centered on 0 and a standard deviation o = . The jump
length AR = /(AX)?+ (AY)? is therefore a random variable with a standard
deviation o = v/20. The microscopic diffusion coefficient D,;c, is related
t0 & by Diicro = 02 /(4 Aty). Typically, 10°-10"° steps are calculated for a
trajectory. The mean elementary jump length is kept small (from 1/100 to
1/20) with respect to the size of domains (see below).

Detection and ACF

At each time step, the detected intensity is computed assuming a Poisson
distribution; the number of detected fluorescence photons np, for a particle at
position (x, y) is given by a random variable following a Poisson distribu-
tion function with parameter BI(x,y), where B describes the collection
efficiency of the setup (25). To analyze fluorescence fluctuations, the
normalized time autocorrelation function ACF is defined as

Biophysical Journal 89(6) 4029-4042
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FIGURE 1 Rh6G autocorrelation functions measured by FCS at various

beam waists w. The diffusion time is used to calibrate w.
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where ( ) represents a time average.

In our simulations, the ACF is calculated either after the whole trajectory
of the particle has been obtained or in parallel. The software correlator used
to compute the ACFs follows the architecture proposed by (26) and de-
scribed in (25). It has a logarithmic timescale, each channel having an indi-
vidual sampling time and delay time.

Domains and barriers

Domains are considered to be regions in which the diffusion is free but
restricted by barriers. These barriers can represent physical obstacles
(cytoskeleton fences) or energy barriers (phase separations). Barriers are
considered to be infinitely thin: they are lines that the molecule can cross
with a given probability P. The probability P of crossing a barrier is in-
dependent of time. External boundaries of the surface A are impermeable.
When the molecule hits the external boundaries, it is reflected at the wall.

When the molecule hits a barrier, a number rand is drawn at random
between 0 and 1 and compared to the probability P of crossing the barrier.
rand is generated by a number generator of Park and Miller with Bays-
Durham shuffle and added safeguards, and has a period of ~2 X 10° (27). If
rand < P, the barrier is crossed; if not, the molecule remains at its previous
position. This condition seems appropriate for biological membranes that are
viscous.

Confinement in a permeable domain: definition of the
confinement strength

This section aims at defining the input parameters and the associated
physical parameters that are relevant to study the transient confinement in
domains. In particular, we define the confinement time and the confinement
strength, and give their expression as functions of the input parameters.

A circular permeable domain is now embedded in a square area. We
define the confinement time 7., as the average time needed by a molecule
placed at the center of the domain to escape from it. We have studied the
ratio of the confinement time over the free diffusion time in the domain
rdomain a5 a function of P (Fig. 3).

Results can be approximated by a curve of the form:

o 1-P
Tt A+ BT @)
y r P
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FIGURE 2 Simulated trajectories of a molecule in the cell membrane
drawn for two models of confined diffusion. Fluorescence fluctuations arise
from the detection volume of size w that is defined by a laser beam. In real
optics, the diffraction limit sets in the minimum size w to Wp,;, ~ 190 nm. (A)
Model for isolated microdomains: static circular microdomains of radius r
are embedded in a fluid phase. The molecules have a Brownian motion as
long as they stay in the same phase. The probabilities of going into and out of
the microdomains, P;, and P, respectively, can be asymmetric. Here, r =
100 nm, w = 600 nm, P;, = 0.05, and P, = 0.02. (B) Meshwork model:
molecules have to jump over regularly spaced barriers. The molecules have
a Brownian motion described by a microscopic diffusion coefficient D yicro
as long as they stay within the same mesh. The probability that the molecule
can cross the barrier is P. Here » = 100 nm, w = 500 nm, and P = 0.05.

where A and B are two positive constants: A = 1 (by definition) and B = 0.95
(fitted value).

This curve has the same shape as that derived by Saxton for the mean
escape time from a corral (12). Nevertheless, different definitions for the
escape time and the diffusion time were chosen in Saxton (12), which were
more adapted to a single-particle tracking study, leading to different values
for the two parameters A and B.

With our definition, parameter A is equal to 1, which means that the
confinement time in a domain surrounded by fully permeable barriers is
equal to the free diffusion time in the domain. When the probability P of
crossing the barrier is <1, the confinement time gets longer than the
diffusion time. The ratio Tconr/79°™" is the key parameter expressing the
height of the barrier that molecules have to pass. In the following, we will
define the confinement strength as Scont = Tcont/ Tﬁ“mai“. It has to be noted
that this confinement strength is not only a function of P, but also a function
of the mean diffusion step length o and the radius r of the domain (see Eq. 4).

One may wonder if 7¢on¢ i an accessible parameter, not only with single-
particle analysis, but also from a FCS study. To assess this point, we
simulate a FCS experiment with a laser spot centered on the permeable
domain. The laser beam waist w is chosen equal to the radius r of the
domain, so that the apparent diffusion time 75" represents the average time
spent by a molecule in the domain. In this case, we found that 73" matches
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FIGURE 3 Confinement strength of a circular domain as a function of the
probability P of crossing the barrier.

Teonf @S a function of P. As a result, T¢onf is still easy to determine with a FCS
analysis.

In the case where the confinement area is a square, the value of the radius
of the circle is simply replaced in Eq. 4 by the average length between the
center of the square and the side of the square. This length is equal to
(4/m) ;7/4(r/\cos(6)\)d0 = (4r/m)In(v/2 + 1) = 1.1222r, where 6 is the
angle that a line from the center of the square makes with one side. Doing the
same analysis leads to coefficients A = 1 and B = 1.34.

Simulations and data analysis

We have implemented the simulations in C++ (Microsoft Visual C+ +,
Version 6.0). They are run on a PC (Pentium III processor). Results have
been analyzed and fitted with Igor Pro software (Wavemetrics).

EXPERIMENTAL EVIDENCE: NEED FOR FCS
DIFFUSION LAW MEASUREMENTS

To connect our simulations to real experiments, FCS mea-
surements at various spatial scales have been carried out for
alipid and a transmembrane protein inserted in the cell plasma
membrane. The experimental results that are explained here
have to be considered as a support to our theoretical consid-
erations; they are representative of a large number of exper-
imental results that have been carried out and that will be
presented in details in P.-F. Lenne, L. Wawrezinieck, F.
Conchonaud, O. Wurtz, A. Boned, H. Rigneault, and D.
Marguet (unpublished).

This section points out the need for performing FCS dif-
fusion law measurements, instead of the sole study of the
shape of the autocorrelation function at a single waist.

Experimental autocorrelation functions

Confocal images of COS-7 cells after staining with
fluorescent lipids FL-Gyy; showed a uniform distribution of
the probes in the plasma membrane and a vesicular staining
figured by intracellular small dots (Fig. 4 A). Confocal
images for TfR-GFP expressing cells (Fig. 4 B) show com-

4033

v

we 10

32 0

g 10

= »« experimental ACF
o

g 108 — 2D free diffusion fit
c

< 103

c

8

5 102

g

5]

8 1.01

=

(1]

1.00

0.1 1 100
delay time (ms)

D 100 - ¥ FL-Gy,
A GFP-TRR

80 —

60 —

40 —

20 4

diffusion time (ms)

0 L4 [ L | T l L
5 40 80 120

-20 —
waist? (x10° nm?)

FIGURE 4 Experimental results on COS-7 cells for FL-Gy;; and TfR-
GFP. (A) Confocal image of a cell stained with FL-Gyy; (scale bar, 20 wm).
(B) Confocal image of a TfR-GFP stained cell (scale bar, 20 um). (C) ACF
measured by FCS on FL-Gy;; stained cells. (D) Experimental FCS diffusion
laws obtained for FL-Gy;; and TfR-GFP. Curves are extrapolated to zero
beam waist to make the time intercepts more visible, even if the diffusion
law at small waists can be different.

parable intracellular and membrane fluorescence signal dis-
tribution.

Fig. 4 C shows the experimental ACF obtained for FL-
Gy diffusing in the plasma membrane of COS-7 cells. In
this case, fitting the experimental ACF with an anomalous
fit leads to an anomalous diffusion coefficient & ~ 1. The
studied diffusion is therefore not anomalous, which means
that the potential trap energies do not vary over a wide range
of time and space. Nevertheless, the diffusion of lipids at the
cell membrane is certainly constrained, since the measured
diffusion time is ~10 times longer than the diffusion time of
lipids in an artificial membrane (28).

This example shows that fitting the ACF obtained with
fluorescent lipids diffusing in the plasma membrane does not
permit determination of their diffusion mode. On the contrary,
measuring the diffusion time at different sizes of the confocal
volume is an interesting way of studying the confinement.

Experimental FCS diffusion law

For an experimentalist, it is possible to vary the waist w by
changing the extension of the laser beam falling on the

Biophysical Journal 89(6) 4029-4042
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microscope objective back-aperture. We name ‘‘FCS diffusion
law’” the plot of the apparent diffusion time 73’ of a membrane
component measured by FCS as a function of the square of the
waist w?r® is defined as the FWHM of the ACF. We will
show that this representation is very fruitful to study the con-
strained submicron diffusion in the cell membrane.

Although the 1-species free 2D diffusion curve seems to fit
nicely the experimental ACFs obtained for FL-Gyy; and TfR-
GFP, the FCS diffusion laws do not reflect free diffusion.
Indeed, in both cases the diffusion time is not proportional to
the square of the waist w” as it is expected for free diffusion,
where 78 = w?/(4Dpicro), but is an affine function of w?
(7" = to+bw?, with t, # 0). The intersection of the line
with the time axis is strictly positive in the case of FL-Gyy,
(to = 25 = 3 ms), and strictly negative in the case of TfR-
GFP (ty = — 20 = 2 ms) (Fig. 4 D). Knowing that Gyy; is
a putative raft marker and that TfR could be sensitive to the
cytoskeleton through its cytoplasmic tail, these two different
FCS diffusion laws may be signatures for two different dif-
fusion processes.

For diffusive processes, it is expected to have a zero
diffusion time at zero beam waist. However, the extrapolation
of the experimental diffusion curve to zero beam waist can be
nonzero independently of the real value of the diffusion time.
In the next core section of this study, we will try to explain the
two different intercepts and slopes of the measured diffusion
laws with two models for the diffusion of membrane con-
stituents. We will also show that these experimental results
(free-like ACFs, but FCS diffusion laws that are not normal)
are not paradoxical but can indeed reflect diffusion processes
in a submicron structured membrane.

SIMULATION RESULTS

To explain the two experimental behaviors that we have
shown in the first section, we propose and test different mod-
els. First, we give a simple example of total confinement in
which amolecule is enclosed in an impermeable box. Then we
propose two more refined models to account for i), the dif-
fusion of molecules transiently sequestered in lipid micro-
domains and ii), the diffusion of molecules hindered by the
cytoskeleton meshwork.

Simulated confinement in one
impermeable domain

The purpose of this study is to determine how the diffusion
behavior of a molecule (as measured by FCS) is sensitive to
the presence of impermeable barriers. Moreover, this is useful
in determining the minimum size of the simulation area
which prevents FCS measurements from boundary effects.
Let us first analyze how ACFs are changed by the
confinement of molecules in a single domain with imperme-
able barriers. We assume a circular domain on the center of
which a laser beam is focused. The domain has a radius » and
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the waist of the laser beam is w. The key parameter is
X. = w/r, which reflects the confinement probed by the laser
beam. Fig. 5 A shows autocorrelation functions obtained for
different values of » and a fixed value of w. The microscopic
diffusion coefficient D ;o is kept the same in all these
simulations: Dpicro = 10.0 um?s™!, w = 250nm, and thus
Ty =1.56ms. Fig. 5 A clearly shows that the so-called
apparent diffusion time 7" (FWHM of the ACF) does not
generally match the free diffusion time 75 and depends
strongly on the confinement: it decreases when the size of the
domain decreases. The decrease of 74" is a direct conse-
quence of the reduction of the area available for diffusion,
which is not defined anymore by the laser beam extension. In
the presence of confinement, a diffusion measurement using
FCS should not be made at a single value of the waist, since
the diffusion law is not that of free diffusion: it leads prac-
tically to an overestimation of D .., when estimated by
Dhicro = Diapp = W2/(47_3pp)'

Let us thus assume now that the diffusion law is probed by
varying w while the domain size is kept constant. Fig. 5 B
shows the variation of 73F, with X? = w? /r?. Three different
regimes are observed. For X2 <0.1, 74" increases linearly
with X? as predicted for free diffusion. For intermediate
values, 0.1 <X2< 1, 7" increases more slowly with X> and
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FIGURE 5 Simulation results for a molecule diffusing in a single
impermeable domain. (A) ACFs obtained by FCS. Effect of the domain
size on the shape of ACFs drawn for three values of the confinement
parameter X, = w/r. (B) Apparent diffusion time measured from ACFs as
a function of the confinement parameter squared, plotted for a fixed size of
the impermeable domain.
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deviates from the standard formula. For X2 > 1, 73" reaches
a saturation value. This regime is dominated by a domain
size effect: as a further proof, we have verified that the satu-
ration value of 73 is proportional to % (data not shown).

It has to be noted that these conclusions can be extended
to the case of a square domain of side 2r. The confinement
probed by the laser beam is then defined by X, = (77/4)1/ 2
w/r. The proportional coefficient (7/4)"/* is chosen so that
XC2 is still the ratio of the excitation beam surface area (7rw?)
over the confinement area (4+2). Here again, the free diffusion
regime is only obtained when X2 <0.1.

The shape of the ACF has already been studied in the case
of a square domain in Gennerich and Schild (19).

Simulated confinement in multiple microdomains

In the following, we will distinguish between two hindering
processes, and propose a model for both of them. First, we
will focus our study on isolated circular microdomains,
which try to account for lipid microdomains. Then we will
study the diffusion of molecules in a meshwork, which is
supposed to model the cytoskeleton.

Isolated microdomains

We have modeled rafts as permeable isolated microdomains
surrounded by energy barriers. This model should be able to
account for lipid rafts as well as other kinds of domains. We
have simulated the diffusion of a molecule in a model mem-
brane where microdomains (phase II) are embedded in
a larger square surface of phase I (Fig. 2 A). Microdomains
are considered as static entities that are separated from phase
I by barriers. They can be either periodically or randomly
distributed. We assume that domains are identical disks of
radius r distributed over the surface. We make the assump-
tion that the microscopic diffusion coefficients in and out of
microdomains, respectively Dg’licro and DO . are linked by
Dot =3Din as it has been previously measured on
artificial membranes (29). Dt~ and DS = stand for the
microscopic diffusion coefficients in liquid-ordered and liquid-
disordered phases, respectively. In each simulation, the
following parameters are chosen: the microscopic diffusion
coefficient outside of the domains is D%, = = 3.125 um?s~!,
and the mean jump length is ¢ = 5 nm. The size of the radius
of the circular domain is » = 100 nm, and the square sim-
ulation box A has an area of 100 wm?>.

Probabilities of going out of or into a microdomain are
P;, and P, respectively. If not otherwise stated, these two
probabilities have the same value, P. The confinement
probed by the laser beam is defined here by X, = w/r. In the
following, o /r is kept constant, so that the confinement
strength  Sconf = Teonf/ Tg"m"‘i" is only a function of the
probability P.

Shapes of ACFs obtained for different probabilities P of
crossing a barrier. Fig. 6 A shows ACFs which have been

obtained for different probabilities of crossing the barriers
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FIGURE 6 Simulated intensity ACFs for a single molecule diffusing in
microdomains delimited by permeable barriers. (A) ACFs are calculated for
a confinement parameter Xf = 1 and for different probabilities P of crossing
the barriers. (B) ACF calculated for a confinement parameter Xf =16.1Itis
well fitted by a free 2D diffusion fit.

and for w = r, for a laser spot centered on a domain. When P
decreases, i.e., when barriers are more impermeable and the
confinement strength S.,,¢ increases, the diffusion time
increases. Two distinct decay times can be observed for high
values of S.onr and small values of Xcz: the short time is
related to the diffusion time within a single domain and the
longer one is related to the diffusion time through the whole
illuminated area. The detection of the first bump is a signature
of the presence of a domain that can be on the order of or
even smaller (data not shown) than the beam extension (30).

On the contrary, ACFs obtained for large waists (X2 > 10)
can be quite nicely fitted by a 1-species 2D free diffusion fit
(Fig. 6 B).

We put forward 73* as an observable of physical meaning
that is easy to determine since it does not require the

Biophysical Journal 89(6) 4029-4042
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implementation of a complex fit. By varying w, we can
explore FCS diffusion laws by observing 74 It is simply
related in the case of free 2D diffusion to the microscopic
diffusion coefficient by 75" = 77 = w?/(4Dyicro)- In the
presence of microdomains, we expect a deviation from this
law depending in particular on Scons and on the size and
density of microdomains.

Diffusion laws for fixed size and density of domains and
variable probability P of crossing a barrier. To evaluate
the different regimes that a FCS experiment can probe, we
have determined the variation of the apparent diffusion time
with respect to w (having r fixed). We first plot 73" as a
function of XC2 with the laser spot centered on a microdomain,
a density of microdomains d = 0.5 and different confinement
strengths Sconr € {1, 2, 4, 6, 15} (Fig. 7 A). When Sconr > 1,
i.e., when the diffusion is not free, three regimes can be
distinguished. If X? =< 0.1, particles appear to diffuse freely,
and D, matches Digicm (regime i): FCS measurements probe
the microscopic diffusion coefficient within the microdomain.
A transient regime is observed when X2 ~ 1: complex dif-
fusion occurs because of barrier effects (regime ii). Last,
when X2=10, 75 scales linearly with w* (regime iii).
However, it differs significantly from regime i: the intersec-
tion with the time axis becomes strictly positive and the line
slope increases. The positive intercept as well as the slope are
increasing functions of the probability Scon-

To be closer to experimental conditions, one averages the
values of 73" obtained for different positions of the laser
spot on the surface of the membrane. Fig. 7 B shows the
average value 74 as an affine function of X2. The first two
regimes, i and ii, cannot be distinguished anymore. When
X2>10, 73" is a linear function of w”. We find that regime
iii is described by the same line as the one obtained when no
average is done on the position of the laser waist. In the
following, all the diffusion laws will be given with the laser
spot centered on one domain. This leads to no change in the
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description of regime iii, which is the regime we are mostly
interested in, since we expect to have w/r > few units in
experiments. If the sole regime iii is indeed probed ex-
perimentally, an upper limit can be given to the microdomain
radius since this regime starts at X> > 10.

We also verified that the same regime iii is obtained for
periodically and nonperiodically distributed microdomains
as long as there is no percolation (data not shown).

Diffusion laws for a fixed size of domains, a fixed
probability P of crossing a barrier and various densities of
domains. The same study is carried out for densities ranging
from 0.1 to the percolation threshold, with a periodical dis-
tribution of microdomains.

Fig. 8 A shows that the intercept and the slope of the line
describing regime iii are increasing functions of the density d.

Diffusion laws for fixed size and densities of domains and
different probabilities P;, and P, of entering and exiting
a domain. In the following, the study is carried out with
r/o = 30.

The probability of entering a microdomain may not be the
same as the probability of exiting the microdomain. To study
this case, the diffusion laws have first been drawn for a fixed
probability Py, = 0.005 and a variable value of Py, (Fig. 8 B).

Regime iii are lines, whatever the value of P;, is. The
intercepts and the slopes are two increasing functions of Pj,.
They behave as power laws of Pj,.

The diffusion laws have also been drawn for a fixed prob-
ability Py, = 0.005 and a variable value of P, (Fig. 8 C).
In this case, regime iii is still a line, the intercepts and the
slopes being decreasing functions of P,,. It can be pointed
out that the different simulated diffusion laws obtained for
high values of Py, (P = 0.05) are approximately the same.
These high values of P, lead to a confinement time on the
order of the diffusion time in a domain (Scont = Teont/
Tg°mai“ ~ 1). These cases correspond to a low confinement
of the molecules in the domain, whereas the probability of

=== free diffusion

FIGURE 7 Simulated diffusion laws obtained
by FCS: the apparent diffusion time measured
from ACFs is plotted as a function of the con-
finement parameter squared X2. In each case, the
chosen probabilities Pj, and P,y are equal.
(A) Diffusion laws obtained for five confinement
strengths Scone. Here the laser spot is centered on
a microdomain. (B) The diffusion law is averaged
on all possible positions of the excitation beam
for Sconf = 6. It is compared to diffusion laws
plotted for different positions of the laser spot.

0 20 40 60 80 0 5 10 15 20 25 30 35
= 2 = 2
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FIGURE 8 Simulated diffusion laws obtained by FCS for the microdomain
geometry, when d, P;,, or P, are changed. (A) Diffusion laws as a function of
the density of microdomains (i.e., as a function of the ratio of the surface of all
microdomains over the whole surface A) for Py, = P, = 0.05. (B) Diffusion
laws obtained for different probabilities of going P;, into microdomains
(for Poye = 0.05). (C) Diffusion laws obtained for different probabilities Py
of going out of microdomains (for P;, = 0.05).
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entering a domain is low: the diffusion law is very close to
the one obtained for impermeable obstacles.

Regime iii of the diffusion laws is a line for densities of
microdomains ranging from 0.1 to 0.65, and when 0 = Pj,
=1, 0.001 =Py =1, for /o = 30 (which corresponds to
confinement strengths ranging from 1 to 15).

Meshwork

We will now show that the diffusion law is different when
the molecule diffusion is hindered by a meshwork instead of
isolated microdomains. We consider the case of multiple
adjacent domains separated by barriers (Fig. 2 B). This
situation may be representative of the diffusion of trans-
membrane proteins in a cytoskeletal network (e.g., the actin
meshwork in COS-7 cells).

For reasons of simplicity, domains are squares separated by
straight barriers spaced by a distance of 2r. In each simula-
tion, the following parameters are chosen: the microscopic
diffusion coefficient i Dpicro = 3.125 um?s™!, the jump
length 0 = 5 nm, and the size of the half-side of the squares
r = 100 nm.

The confinement probed by the laser beam is defined
here by X, = (/4)"/? w/r, with the laser beam centered on
a knot of the meshwork.

Fixed size of confinement and variable probability P of
crossing the barrier. Fig. 9 A shows ACFs obtained for
a fixed illumination laser waist and for different values of
Sconf, corresponding to different values of P, since o/r is kept
constant.

As for isolated microdomains, the apparent diffusion
time increases when P decreases, and two decay times are
obtained for large confinement strengths and small values of
X (XC2 ~ few units, depending on the confinement strength).
Moreover, ACFs obtained for large waists (Xf > few units) are
well fitted by a 1-species 2D free-diffusion fit (Fig. 9 B). As
in the case of isolated microdomains, study of the shape of
the ACF does not give any information on the diffusion
mode if the area of the focal spot is more than a few times
larger than the area of a single mesh.

Apparent diffusion time when w varies. Fig. 10 A shows
7" as a function of X? for different values of Sconf
Scont € {1,4,17,55}. As expected, 7{"" matches 7§ when
X2 < 2. For intermediate values of X2, i.e., X> ~ 2, a short
transition regime is observed. When X2 >2, 73" is a linear
function of Xf: its slope is dependent on Scons and the
intersection with the time axis is negative. The slope and the
absolute value of the intersection with the time axis are two
increasing functions of the confinement strength Sconr. Fig.
10 B shows the average value 73" as a function of X? for
Sconf = 7. The first two regimes i and ii cannot be distin-
guished anymore in the case of isolated microdomains. When
X2>5, 7% is the same linear function of w” as the one
obtained when no average is done on the position of the laser
waist.
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FIGURE 9 Simulated results obtained by FCS for permeable meshwork
geometry. (A) ACFs are calculated for a confinement parameter X> = 4
and for different probabilities P of crossing the barriers. Effect of the
confinement strength on the shape of ACFs. (B) ACF calculated for
a confinement parameter X? = 16. It is well fitted by a 2D free diffusion fit.

DISCUSSION

The major applications of FCS are measurements of
diffusion coefficients D (31,32). For free diffusion, the
standard treatment of FCS data, which consists in fitting
ACFs measured at a single size of the waist, is well adapted
to determine D. However, a large number of membrane
proteins and lipids are partially confined in substructures of
sizes ranging from tens of nanometers to micrometers; some
are impeded by the cytoskeleton, some others are thought to
be raft-associated (33,34). Although sophisticated fits can
give some clues on the mode of diffusion in some specific
cases, we have shown here that the FCS approach can be
revisited to understand diffusion in membranes and to allow
inferences on membrane structures. We have introduced the
““FCS diffusion law’’ concept that requires performing sev-
eral FCS measurements for different sizes of the observation
volume, a parameter defined by the transverse laser waist w
and can be easily changed in a FCS setup by underfilling the
microscope objective back-aperture. With such a technique,
we have easily performed measurements for waists w
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ranging from 200 nm to 400 nm, which corresponds to a
fourfold increase of Xg.

The determination of the apparent diffusion time 73" for
different values of w permits one to infer the process of
diffusion; in particular, we emphasize that 73" can bring in-
formation on the confinement. Fig. 11 summarizes our differ-
ent results and is presented as a guide for discussion.

When the size of w is small with respect to the domain size
(X2 =0.1 (regime i), the diffusion appears to be free: the
size of the beam does not permit probing the complexity of
the system (either skeletal corrals or isolated microdomains).
On the other hand, FCS can then give access to microscopic
diffusion coefficients and will be sensitive to heterogeneities:
it can be used to determine a two-dimension map of micro-
scopic diffusion coefficients. For laser waists comparable to
the size of the domains (XC2 ~ 1 (regime ii)), a transitional
diffusion regime is observed. In this regime and for a small
probability of crossing the barriers, we expect to detect
confinement by a noticeable change of ACFs, which exhibit
two different decay times associated respectively to diffusion
through the domain and the observation volume (see Figs.
6 A and 9 A). For laser waists larger than the size of the
domains (X2 > 10 for isolated domains and X?>2 for a
meshwork (regime iii)), diffusion is normal again, with an
apparent diffusion coefficient D s depending on the prob-
ability of crossing the barriers, the microscopic diffusion
coefficients, and the density of domains (in the case of iso-
lated microdomains). This regime can be approximated by
a function of the form

L,
5
" &)

where fy and D are two constants. Interestingly, in simu-
lations, t, is positive for diffusion in isolated microdomains
and negative for corrals.

app __
Ty = ty +

Phenomenological models for the regime iii of the
FCS diffusion law obtained in rafts and corrals

Regime iii is of particular interest since it corresponds to the
experimental case when the size of the microdomains is a few
times smaller than the diffraction limit. In this section, we
focus on the interpretation of parameters #y and D¢ (Eq. 5)
that are easily deduced from the FCS diffusion laws in this
regime.

Diffusion laws in microdomains as a function of
the molecular partition inside microdomains

We have shown that the intercept 7o and the slope 1/(4Def)
of these lines depend on parameters such as the density and
the probabilities of entering or exiting microdomains. They
also depend on the diffusion coefficients inside and outside
microdomains.
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Nevertheless, more physical parameters are needed to
explain the experimental FCS diffusion laws.

The partition coefficient o of molecules into raft micro-
domains can be evaluated independently through biochemical
studies. The partition coefficient « corresponds to the ratio
measured at a given instant of molecules of a certain kind that
are inside microdomains over all molecules of this kind. It can
also be calculated with our simulations, since the duration of
the whole simulated trajectory is much longer than the time
needed for the molecule to visit all the allowed points of the
state-space (ergodic principle). Hence, « is obtained from the
simulated trajectory by calculating the time the molecule
spends in microdomains over the whole simulation time.

In the Appendix, we show that the time intercept #, can be
quite well described by a function of @ and the confinement time

to X 20(Tegnt — 75™). (6)

Since a can be measured from biochemical studies, one
can now evaluate the confinement time in a single micro-
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it isolated
1] microdomains.
£
=
2
w
=
=
©
= free diffusion
o
S
a0 -
[

/ confinement parameter squared Xf

FIGURE 11 Apparent diffusion time with respect to X> for different
geometries of diffusion.

domain 7. under the usually admitted assumption that
Teont > T¢I,

To go further, we give now a possible expression for the
slope 1/(4Defr) of the line describing the regime iii: the total
time needed by a molecule to diffuse through the focal spot is
the sum of the time it is confined in microdomains and #fe.
the time it is not being confined. In this case, one can write
7" = NTconf +lfree, With N the average number of domains
that are being crossed.

But as mentioned before, the partition is defined (in the
time description) by the time a molecule spends in micro-
domains over the total diffusion time, which can be written
as & = NTeont /T3 -

This leads to 757" = ffree /(1 — @), which is equivalent to
Detr = (1 — a)Dygee in terms of diffusion coefficients.

If molecules enter easily in microdomains, which is the
case if the partition is ~>0.5, Dge. is equal to Dy If
molecules do not enter easily in microdomains, which is the
case if the partition is ~<<0.5, they diffuse among micro-
domains as if they were impermeable obstacles and Dy, is
equal to Dg,g, Which is the effective diffusion coefficient
among impermeable obstacles. An expression of D in
terms of the surface density covered by the obstacles is given
in the Appendix.

As a consequence, this leads to the following expression
for the effective diffusion coefficient in the presence of
permeable microdomains:

_ (1 _a)Dohst
Deff - { (1 _a)Dou(

ifa<0.5

ifa>0.5 )

Diffusion laws in a meshwork as a function of
the confinement strength

In all diffusion simulations in a meshwork, the particle visits
a certain number of meshes during its diffusion in the
confocal volume. The average number N of meshes that are
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crossed is only a function of the waist of the focal spot, not of
the probability of passing a barrier. The mean diffusion time
through the focal spot is equal to the number of crossed
meshes multiplied by the confinement time in a single mesh
so that 75" = NTeont = NSconr73°™ ™. In the case of free
diffusion, the diffusion time in the focal spot is given by the
number of crossed meshes multiplied by the diffusion time in
a single mesh: 7y = N'rgOmalin = w?/(4Dnicro ). As a conse-
quence, the asymptotic diffusion law needs to be a line with
a slope equal to Sconf /4D micro- For spatial scales much smaller
than the mesh size, one expects to obtain a free diffusion law,
i.e., aline with a slope equal to 1/4D ;0. Finally, the spatial
scale at which regime ii and regime iii cross should be close
to the mesh size. It can be seen from the simulated FCS
diffusion laws that the crossover is found for X> ~ 2. The
actual FCS diffusion law can be calculated from the slopes
derived from this intuitive model, and the crossover obtained
from the simulations; we find

2
w

4D micro )

w omain .
SCO"meicm + k(Tj - Tconf) if X: >2 (9)

if X><2 (8)

g =

with k = 8/(m X 1.122%) =~ 2.

These equations fit quite nicely the FCS diffusion laws
obtained from the simulations (data not shown). Note that the
determination of the crossover point provides a measure of
the mesh size.

Interpretation of the experimental results

Diffusion modes encountered in COS-7 cells

To end up our discussion, we now come back on the
experimental results that have been presented in Fig. 4. In the
framework of our model, the diffusion modes of both the FL-
Gwm and the TfR-GFP can now be inferred from the shapes
of the measured FCS diffusion laws. For FL-Gyy;, the large
waists diffusion law (regime iii) can be fitted by a line with
a positive intercept. This diffusion law is well described by
the microdomain model. This can be related to the fact that
FL-Gyy; is a putative raft marker, which means that
biochemical studies show that it partitions into rafts.

For TfR-GFP, the large waists diffusion law (regime iii) is
a line with a negative intercept, which is compatible with
a diffusion hindered by the cytoskeleton meshwork.

Confinement time values

Through biochemical studies, it has be shown that 40% of
Gy partition into detergent resistant membranes (35,36),
whereas its fluorescent analog FL-Gyy; is expected to have
a much smaller partition coefficient (37). Thus, a lower limit
of the confinement time into microdomains can be inferred
from the partition « and the intercept #o : Teopr — TIOMAN=
30 = 10 ms.
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An upper limit can be given to the microdomain radius,
because the sole affine regime (iii) is observed experimentally.
Since this regime corresponds to Xc2 > 10 and the experimental
waist is >200 nm (diffraction-limited), the maximum value for
the microdomain radius should be ~60 nm. Moreover, at
a waist of 200 nm, we measured a diffusion time of 30 ms.
Thus, the diffusion time through a domain would be at most 3
ms. The time intercept being much larger than this time, we can
conclude that T.qnr > Tgirr and Teont = 30 + 13 ms.

The confinement time in a mesh of the cytoskeleton can
also be calculated from the negative time intercept of TfR-
GFP diffusion law, since Teont — 7™ = 10 + 1 ms.

As mentioned before, these two diffusion examples are
representative of some more experimental results that will be
presented in detail in Lenne et al. (unpublished).

CONCLUSION

Because FCS has a high temporal resolution, it can easily
capture millisecond range phenomena, in particular transient
confinements, which are difficult to study with other tech-
niques. In this article, we have shown that the ‘‘FCS diffusion
laws’’, which are obtained by FCS measurements at various
spatial scales, give valuable information on the diffusion pro-
cesses taking place in the membranes. The shape of such FCS
diffusion laws distinguishes between two different diffusion
modes: diffusion among isolated microdomains (as for FL-
Gpnpp) and diffusion hindered by a meshwork (as for TfR-
GFP). In the regime where the laser waist w is much larger
than the domain or mesh extension, we have demonstrated
that the FCS diffusion laws can provide physical parameters
such as the residence time into a single microdomain or mesh
and an effective diffusion coefficient. Furthermore, we have
shown that the FCS diffusion laws split in various regimes
depending on the ratio of the waist w over the size of the
microdomains (or meshes). The validity of the models has
been extensively tested in membranes of live cells (more ex-
amples are given and exploited in Lenne et al. (unpublished)).
These results show that FCS diffusion laws are relevant to
study confinement and permit inferences about the dynamic
organization of the cell membrane. We hope that these ‘‘FCS
diffusion laws’’ will constitute a framework to study complex
diffusion in model systems and membranes of live cells.

From a biological point of view, this will unravel the
relationship between molecular confinement and biological
functions such as signaling processes. From a physical point
of view, this offers a new tool to study the transition from
anomalous to normal diffusion (38).

APPENDIX: EFFECTIVE DIFFUSION
COEFFICIENT AND TIME INTERCEPT
FOR THE MICRODOMAIN MODEL

‘When domains are fully impermeable and molecules are restricted to diffuse
outside of them, the diffusion law in regime iii is a line with a null intercept,
which gives an effective diffusion coefficient D pg:
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FIGURE 12 Parameters of the line describing regime iii of molecules
in isolated domains geometry. (A) Time intercept #, as calculated by
Eq. 6 versus the time intercept obtained from the simulations. (B) Slope
1/(4Det) calculated by Eq. 7 as a function of the slope obtained from the
simulations.

Dobsl = f(d)Doun

where f(d) is a function of the surface density d covered by the obstacles. In
the case of periodically distributed impermeable circular obstacles and for
0.1 <d < 0.6, we obtain from fit f(d) = (1 —d)/(1 —0.6d) (data not
shown).

To confront our heuristic model with the simulation results, we compare
the calculated time intercept and slope given by Eqs. 6 and 7 with those
obtained from our simulations. Fig. 12 shows that both the time inter-
cept and the effective diffusion coefficient are very well described by Egs. 6
and 7.

We thank H. Qasmi and N. Bertaux for technical help in simulations and P.
Pelcé for helpful discussions.

This work was supported by institutional grants from the Centre National de
la Recherche Scientifique and Institut National de la Santé et de la
Recherche Médicale, and by specific grants from the Fondation pour la
Recherche Médicale, Ministere de 1’Education Nationale, de 1’Enseigne-
ment Supérieur et de la Recherche, and Centre National de la Recherche
Scientifique. L.W. is recipient of a doctoral fellowship from the Ministere
de I’Education Nationale, de I’Enseignement Supérieur et de la Recherche.

REFERENCES

1. Jacobson, K., E. D. Sheets, and R. Simson. 1995. Revisiting the fluid
mosaic model of membranes. Science. 268:1441-1442.

2. Kusumi, A., Y. Sako, and M. Yamamoto. 1993. Confined lateral
diffusion of membrane receptors as studied by single particle tracking

(nanovid microscopy). Effects of calcium-induced differentiation in
cultured epithelial cells. Biophys. J. 65:2021-2040.

20.

21.

22.

23.

24.

25.

4041

. Fujiwara, T., K. Ritchie, H. Murakoshi, K. Jacobson, and A. Kusumi.

2002. Phospholipids undergo hop diffusion in compartmentalized cell
membrane. J. Cell Biol. 157:1071-1081.

. Singer, S. J., and G. L. Nicolson. 1972. The fluid mosaic model of the

structure of cell membranes. Science. 175:720-731.

. Brown, D. A,, and J. K. Rose. 1992. Sorting of GPI-anchored proteins

to glycolipid-enriched membrane subdomains during transport to the
apical cell surface. Cell. 68:533-544.

. Simons, K., and E. Ikonen. 1997. Functional rafts in cell membranes.

Nature. 387:569-572.

. Brown, D. A., and E. London. 2000. Structure and function of

sphingolipid- and cholesterol-rich membrane rafts. J. Biol. Chem. 275:
17221-17224.

. Varma, R., and S. Mayor. 1998. GPI-anchored proteins are organized

in submicron domains at the cell surface. Nature. 394:798-801.

. Saxton, M. J., and K. Jacobson. 1997. Single-particle tracking: appli-

cations to membrane dynamics. Annu. Rev. Biophys. Biomol. Struct.
26:373-399.

. Schutz, G. J., G. Kada, V. P. Pastushenko, and H. Schindler. 2000.

Properties of lipid microdomains in a muscle cell membrane visualized
by single molecule microscopy. EMBO J. 19:892-901.

. Pralle, A., P. Keller, E. L. Florin, K. Simons, and J. K. Horber. 2000.

Sphingolipid-cholesterol rafts diffuse as small entities in the plasma
membrane of mammalian cells. J. Cell Biol. 148:997-1008.

. Saxton, M. J. 1995. Single-particle tracking: effects of corrals. Biophys.

J. 69:389-398.

. Weiss, M., H. Hashimoto, and T. Nilsson. 2003. Anomalous protein

diffusion in living cells as seen by fluorescence correlation spectros-
copy. Biophys. J. 84:4043-4052.

. Wawrezinieck, L., P.-F. Lenne, D. Marguet, and H. Rigneault. 2004.

Fluorescence correlation spectroscopy to determine diffusion laws:
application to live cell membranes. Proc. SPIE Int. Soc. Opt. Eng.
5462:92-103.

. Masuda, A., K. Ushida, and T. Okamoto. 2003. Japanese Patent

Application. (Published as Japanese Patent Publication No. 2005-
043278, Feb. 17, 2005). Tokyo, Japan.

. Masuda, A., K. Ushida, and T. Okamoto. 2005. New fluorescence

correlation spectroscopy enabling direct observation of spatiotemporal
dependence of diffusion constants as an evidence of anomalous trans-
port in extracellular matrices. Biophys. J. 88:3584-3591.

. Schwille, P. 2001. Fluorescence correlation spectroscopy and its

potential for intracellular applications. Cell Biochem. Biophys. 34:383—
408.

. Gennerich, A., and D. Schild. 2002. Anisotropic diffusion in mitral cell

dendrites revealed by fluorescence correlation spectroscopy. Biophys. J.
83:510-522.

. Gennerich, A., and D. Schild. 2000. Fluorescence correlation spec-

troscopy in small cytosolic compartments depends critically on the
diffusion model used. Biophys. J. 79:3294-3306.

Pagano, R. E., and O. C. Martin. 1998. Cell Biology: A Laboratory
Handbook. Academic Press, San Diego, CA.

Elson, E. L., and D. Magde. 1974. Fluorescence correlation spec-
troscopy. Biopolymers. 13:1-27.

Bouchaud, J. P., and A. Georges. 1990. Anomalous diffusion in
disordered media: statistical mechanisms, models and physical appli-
cations. Phys. Rep. 195:127-293.

Yechiel, E., and M. Edidin. 1987. Micrometer-scale domains in
fibroblast plasma membranes. J. Cell Biol. 105:755-760.

Lopez, A., L. Dupou, A. Altibelli, J. Trotard, and J. F. Tocanne. 1988.
Fluorescence recovery after photobleaching (FRAP) experiments under
conditions of uniform disk illumination. Critical comparison of
analytical solutions, and a new mathematical method for calculation
of diffusion coefficient D. Biophys. J. 53:963-970.

Wohland, T., R. Rigler, and H. Vogel. 2001. The standard deviation in
fluorescence correlation spectroscopy. Biophys. J. 80:2987-2999.

Biophysical Journal 89(6) 4029-4042



4042

26.

217.

28.

29.

30.

31.

32.

Schitzel, K. 1985. New concepts in correlator design. /n Institute of
Physics Conference Series. Hilger, London. 77:175-184.

Press, W. H., S. A. Teukolsky, W. T. Vetterling, and B. P. Flannery.
1992. Numerical Recipes in C: The Art of Scientific Computing.
Cambridge University Press, Cambridge, U.K.

Fahey, P. F., D. E. Koppel, L. S. Barak, D. E. Wolf, E. L. Elson, and
W. W. Webb. 1977. Lateral diffusion in planar lipid bilayers. Science.
195:305-306.

Dietrich, C., L. A. Bagatolli, Z. N. Volovyk, N. L. Thompson, M. Levi,
K. Jacobson, and E. Gratton. 2001. Lipid rafts reconstituted in model
membranes. Biophys. J. 80:1417-1428.

Lenne, P.-F., E. Etienne, and H. Rigneault. 2002. Subwavelength
patterns and high detection efficiency in fluorescence correlation
spectroscopy using photonic structures. Appl. Phys. Lett. 80:4106-4108.
Hess, S. T., S. Huang, A. A. Heikal, and W. W. Webb. 2002. Bio-
logical and chemical applications of fluorescence correlation spectros-
copy: a review. Biochemistry. 41:697-705.

Schwille, P., U. Haupts, S. Maiti, and W. W. Webb. 1999. Molecular
dynamics in living cells observed by fluorescence correlation spec-

troscopy with one- and two-photon excitation. Biophys. J. 77:2251—
2265.

Biophysical Journal 89(6) 4029-4042

33.

34.

35.

36.

37.

38.

Wawrezinieck et al.

Kusumi, A., C. Nakada, K. Ritchie, K. Murase, K. Suzuki, H.
Murakoshi, R. S. Kasai, J. Kondo, and T. Fujiwara. 2005. Paradigm
shift of the plasma membrane concept from the two-dimensional con-
tinuum fluid to the partitioned fluid: high-speed single-molecule
tracking of membrane molecules. Annu. Rev. Biophys. Biomol. Struct.
34:351-378.

Simson, R., B. Yang, S. E. Moore, P. Doherty, F. S. Walsh, and K. A.
Jacobson. 1998. Structural mosaicism on the submicron scale in the
plasma membrane. Biophys. J. 74:297-308.

Fra, A. M., E. Williamson, K. Simons, and R. G. Parton. 1994.
Detergent-insoluble glycolipid microdomains in lymphocytes in the
absence of caveolae. J. Biol. Chem. 269:30745-30748.

Blank, N., C. Gabler, M. Schiller, M. Kriegel, J. R. Kalden, and H. M.
Lorenz. 2002. A fast, simple and sensitive method for the detection and
quantification of detergent-resistant membranes. J. Immunol. Methods.
271:25-35.

Kuerschner, L., C. S. Ejsing, K. Ekroos, A. Shevchenko, K. L
Anderson, and C. Thiele. 2005. Polyene-lipids: a new tool to image
lipids. Nat. Methods. 2:39-45.

Saxton, M. J. 1996. Anomalous diffusion due to binding: a Monte
Carlo study. Biophys. J. 70:1250-1262.



The EMBO Journal (2006) 25, 3245-3256 | © 2006 European Molecular Biology Organization | All Rights Reserved 0261-4189/06

www.embojournal.org

THE

EMBO

JOURNAL

Dynamic molecular confinement in the plasma
membrane by microdomains and the cytoskeleton

meshwork

Pierre-Francois Lenne'?’, Laure
Wawrezinieck23*57, Fabien
Conchonaud®*%, Olivier Wurtz3+58
Annie Boned®*° Xlao Jun Guo3 455
Hervé Rigneault'? » Hai-Tao He34°
and Didier Marguet 4.5.%

!Institut Fresnel, Université Paul Cézanne, Marseille, France, >CNRS
UMR 6133, Marseille, France, *Centre d’Immunologie de Marseille-
Luminy, Université de la Méditerranée, Marseille, France, “INSERM,
UMR 631, Marseille, France, °CNRS, UMR 6102, Marseille, France and
®Laboratoire de Biochimie et Physicochimie des Membranes
Biologiques, Université Paul Cézanne, Marseille, France

It is by now widely recognized that cell membranes show
complex patterns of lateral organization. Two mechanisms
involving either a lipid-dependent (microdomain model)
or cytoskeleton-based (meshwork model) process are
thought to be responsible for these plasma membrane
organizations. In the present study, fluorescence correla-
tion spectroscopy measurements on various spatial scales
were performed in order to directly identify and character-
ize these two processes in live cells with a high temporal
resolution, without any loss of spatial information.
Putative raft markers were found to be dynamically com-
partmented within tens of milliseconds into small micro-
domains (( <120 nm) that are sensitive to the cholesterol
and sphingomyelin levels, whereas actin-based cytoskele-
ton barriers are responsible for the confinement of the
transferrin receptor protein. A free-like diffusion was
observed when both the lipid-dependent and cytoskele-
ton-based organizations were disrupted, which suggests
that these are two main compartmentalizing forces at
work in the plasma membrane.
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Introduction

Although it is generally assumed that lateral heterogeneities
exist in cell membranes (Edidin, 2003; Simons and Vaz,
2004), the factors responsible for the local organization of
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the plasma membrane are poorly understood. Various
mechanisms have been suggested to explain the significant
discrepancies observed in the diffusion rates of lipids and
proteins between artificial membranes and plasma mem-
branes. For instance, membrane protein diffusion differs
from pure Brownian diffusion because of the transient inter-
actions occurring with large multimeric complexes (Marguet
et al, 1999), the obstacles resulting from direct and indirect
molecular immobilization (Sako and Kusumi, 1994; Fujiwara
et al, 2002), and the corrals formed on various submicro-
metric scales (Yechiel and Edidin, 1987). There is still some
controversy about the ability of lipids to form domains, which
are also known as lipid rafts, in plasma membranes (Simons
and Ikonen, 1997; Brown and London, 1998; Edidin, 2003;
Munro, 2003; Simons and Vaz, 2004; van Meer, 2005;
Marguet et al, 2006). In these lipid domains, cholesterol is
thought to be tightly packed with long saturated fatty acid
chains of specific glycosphingolipids, thus favoring lipid
phase separation processes. It has been suggested that these
domains may be insoluble in nonionic detergents (Brown and
London, 1998; Drevot et al, 2002). In addition to studies
characterizing biochemical rafts, morphological approaches
have been used to prove the existence of these rafts in cell
membranes, but the conclusions drawn have been rather
controversial, since the results depended strongly on the
methods used. When the lateral motion of lipid probes was
analyzed using single dye tracing methods, the domain size
was found to range from 0.2 to 2 um (Schutz et al, 2000).
These data are in the same range as those obtained on the
barrier-free paths of membrane proteins, but the latter de-
pend mainly on how the cytoskeleton is organized (Sako and
Kusumi, 1994). Other studies using biophysical approaches
on live cells have strongly supported the idea that rafts are
small diffusive entities (Pralle et al, 2000; Sharma et al,
2004). Fluorescence resonance energy transfer methods
(FRET) have been used to probe the molecular aggregates
present in lipid rafts. Experiments of this kind using different
lipid-modified proteins expressed in the apical membrane of
MDCK cells have led to divergent conclusions (Kenworthy
and Edidin, 1998; Zacharias et al, 2002; Hess et al, 2005).
FRAP measurements on live cells have provided evidence
that the anchoring mode determines the protein-raft interac-
tion dynamics (Shvartsman et al, 2003). A direct visualiza-
tion of liquid-ordered domains was recently obtained using
fluorescent cell staining procedures, although information is
still lacking about the dynamic aspects of these structures
(Gaus et al, 2003). In fact, these methods span different
spatiotemporal scales, and the data obtained about the
features of rafts, and even their existence in live cells, may
therefore not always seem to be in agreement.

Improving our knowledge of membrane organization re-
quires developing new methods in which the temporal reso-
lution is improved without any loss of spatial information.
For instance, FRAP measurements performed on different

The EMBO Journal VOL 25 | NO 14| 2006 3245
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spatial scales have made it possible to identify micrometer-
scale domains present in the plasma membrane of fibroblasts
(Yechiel and Edidin, 1987). By applying a similar strategy
using fluorescence correlation spectroscopy (FCS) methods,
we recently managed to distinguish between different sub-
micron confinement models. In the latter study, we described
a novel method of performing FCS on various observation
scales (Wawrezinieck et al, 2004) and developed a simple
analytical method of investigating the complexity of the cell
membrane organization and the dynamic processes involved
(Wawrezinieck et al, 2005). This novel method could be used
to identify and discriminate between variously organized
submicroscopic domains preventing the free lateral diffusion
of membrane components (Saxton, 2005). The FCS Diffusion
Law was defined in the latter study as the plot of the diffusion
time (i.e. the average time a fluorescent molecule stays within
the illuminated area) versus the observation area. Based on
extensive confined diffusion modeling studies, it was estab-
lished that the y-intercept t, in the graph of the FCS diffusion
laws is positive in the case of confining in microdomains
(dynamic partitioning into microdomains) but negative in
that of trapping in a meshwork (actin-based cytoskeleton
corrals).

Here, it was proposed to investigate the dynamics of
membrane organization in live cells. The diffusion behavior
of various membrane components was described and it was
established whether molecular confinement depends on the
specific cholesterol/sphingomyelin membrane content or on
the presence of actin-based cytoskeleton barriers.

Results

Molecules used to establish the presence of domains
in plasma membranes

To establish the presence of domains in the plasma mem-
brane, the diffusion behavior of four different groups of
membrane components was investigated: (1) a glycero-
phospholipid group with two fluorescent lipid analogs,
BODIPY-Cs-phosphatidylcholine  (FL-PC) and BODIPY-
dihexadecanoyl-phospho-ethanolamine (FL-PE), (2) a sphingoli-
pid group including the BODIPY-Cs-sphingomyelin (FL-SM) and
BODIPY-Cs-ganglioside-Gyy; (FL-Gy;) analogs, (3) a glycosyl-
phosphatidylinositol (GPI)-anchored protein group in which
the GFP was either tagged onto the GPI-anchoring signal
originating from the decay accelerating factor (GFP-GPI) or
inserted just after the signal peptide of Thyl (GFP-Thyl), and
(4) a GFP-tagged transmembrane protein group including
the dipeptidyl peptidase IV (DPP;-GFP) and the transferrin
receptor (TfR-GFP) (Figure 1A).

To examine the mobility of lipid analogs, COS-7 cells were
labeled using the lipid exchange method (Martin and Pagano,
1994). Laser scanning confocal microscopy showed that the
probes were uniformly distributed in the plasma membrane.
A vesicular staining pattern consisting of small intracellular
dots was also observed (Figure 2A-C). All the GFP-tagged
proteins were efficiently addressed to the plasma membrane
when transiently expressed in COS-7 cells (Figure 1B and
data not shown). Vesicular staining was also detected in the
cytosol, especially in the perinuclear area.

Based on previous studies, these molecules are known to
be either present in high levels or depleted from detergent
resistant membranes (DRMs). This was confirmed by Brij 98
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Figure 1 GFP-tagged proteins used in this study. (A) Membrane
topology of the GFP-tagged proteins. (B) Confocal images of COS-7
cells expressing the GFP-GPI and TfR-GFP proteins. Scale bar is
20 pm. (C) Brij 98 solubilized PNS from transfected COS-7 cells was
fractionated on the sucrose gradient and blotted with anti-GFP, anti-
Rab 5 antibodies or cholera toxin B.

detergent-insolubility experiments performed at physiological
temperatures (Drevot et al, 2002). Although the BODIPY
fluorophore can affect the properties of lipids, yielding ana-
logs with quite different characteristics from those of their
natural counterparts (Kuerschner et al, 2005), both FL-Gy;
and FL-SM were readily detected in DRMs, where they
accounted for 11 and 17% of the total fluorescence, respec-
tively. This association is not negligible, since under the same
experimental conditions, about 20% of the GFP-Thyl or
GFP-GPI molecules were detected in DRMs, whereas those
anchored by a classical transmembrane peptide were barely
detectable (Figure 1C).

The different groups of membrane components follow
distinct FCS diffusion laws

As described previously, the FCS diffusion law giving the
diffusion time 4 (i.e. the average time a fluorescent molecule
stays within the illuminated area) versus the beam area,
where w denotes the beam radius, should provide a suitable
analytical method for determining the diffusion behavior of
a molecule in the membrane (Saxton, 2005; Wawrezinieck
et al, 2005). This approach is based on the fact that if
molecules diffuse freely, one can expect to obtain a linear
function between 74 and w*: the curve tq = f(w?) will inter-
cept the time origin and its slope will correspond to the
diffusion coefficient D in this environment. In most situations
where diffusion is hindered, the FCS diffusion law will no
longer fit this scheme. By sizing the laser beam filling the
microscope objective, we varied w experimentally from 200

©2006 European Molecular Biology Organization
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Figure 2 Diffusion behavior of lipid analogs. Confocal images of COS-7 cells after labeling with lipid analogs: (A) FL-PC, (B) FL-SM and (C) FL-
Gumi. Scale bar is 20 um. (D) ACF obtained with FL-Gy; lipids. The curve was satisfactorily fitted with a 1-species free diffusion model (see
Supplementary data). The diffusion time 4 was given by the lag time at half maximum. (E) Diffusion behavior of lipid analogs. Confinement
times were determined from the position at which the diffusion curves and the time-axis intersected. Error bars in x and y give standard

deviations (s.d.) of the means.

to 400 nm; the lower limit was imposed by the diffraction law,
whereas the upper one was based on a compromise between
the spatial resolution and FCS constraints.

We first investigated the lipid dynamics using trace mole
fractions of probes relative to the total lipids in order to
minimize any membrane perturbations. Based on experimen-
tal autocorrelation functions (ACF), the data were efficiently
fitted using a single component, giving a single decay time
(see Supplementary data and Figure 2D). In this case, 14 was
obtained by measuring the lag time at half the maximum ACF
value. With all the lipid probes used, 74 increased linearly
with w? but the intersections with the time axis differed
(Figure 2E). In the case of the glycerophospholipid analogs
FL-PC and FL-PE, the FCS diffusion laws intercepted the time
axis at the origin at almost null ¢, values (—0.4+0.8 and
0.240.7 ms, respectively). By contrast, t, was strictly positive
in the case of the sphingolipid analogs FL-Gy;;, FL-C5-SM
and FL-C,,-SM, where values of 24.341.9, 10.24+0.6 and
9.7 +£0.5 ms were obtained, respectively.

With all the chimeric proteins used, two decay times were
clearly identified from the ACFs (Figure 3A-B and data not
shown): a short time 74,5 and a longer one 4. We checked
that the slow decay time corresponded to the diffusion time of
plasma membrane-bound molecules, whereas the fast one
corresponded to that of the intracellular pool. When detected

©2006 European Molecular Biology Organization

from outside by an Alexa488-conjugated anti-Thyl Fab frag-
ment, the lateral mobility of Thyl showed a similar single
long relaxation time to the longest one observed in the case of
GFP-Thyl (with a spot radius of ~240nm, these times were
31.8+5.8 and 27.44 2.9 ms, respectively).

The FCS diffusion laws were then analyzed (Figure 3C). In
the case of the two GPI-anchored proteins, GFP-Thyl and
GFP-GP], t, was found to be significantly positive (18.4+1.7
and 12.1+2.5ms, respectively), whereas the reverse was
observed with the TfR-GFP, which gave a t, value of
—20.4+1.9ms. Interestingly, the DPP~GFP diffusion beha-
vior was in between that observed with the GPI-anchored
proteins and the TfR-GFP. The reason for this small positive
intercept (4.8+1.7 ms) will be discussed below.

In order to check whether the diffusion behavior reflected
in the FCS corresponded to a significant fraction of the
molecules tested, confocal FRAP measurements (Kenworthy
et al, 2004) were performed. The mobile fraction M; was
assessed in terms of the percentage of the fluorescent mole-
cules recovered in the bleached area during the FRAP experi-
ment. All the lipid analogs were nearly 100% mobile, and
M;>95% with FL-PC, FL-SM and FL-Gy;. In the case of the
GFP-tagged proteins, the M; value ranged between 77 and
92% (77, 85, 90 and 92 % with TfR-GFP, DPP~GFP, GFP-GPI
and GFP-Thyl, respectively). The FCS diffusion laws given

The EMBO Journal
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Figure 3 Diffusion behavior of GFP-tagged proteins. ACFs obtained
with GFP-Thy1 (A) and TfR-GFP (B). In both cases, two decay times
were clearly identified with the various probes used: a short time
Trast and a longer one 4. (C) FCS diffusion laws in the case of TfR-
GFP, DPP~GFP and GFP-Thyl. Error bars on the x and y axes give
the s.d.s of the means.

above therefore accurately describe the behavior of a very
large fraction of the lipid analogs and GFP-tagged proteins.
A broad range of t, values was obtained with the various
molecules used to explore the occurrence of domains in the
plasma membrane. Based on this parameter, three subsets of
molecules were identified: the glycerophospholipid analogs
(null tp), the sphingolipid and GPI-anchored protein groups
(positive ty) and the transmembrane TfR-GFP (negative to).
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Figure 4 Simulated FCS diffusion laws corresponding to different
membrane models. (A-D) Diffusion models for membrane organi-
zation. (A) In the free diffusion model, fluorescent molecules (black
dots) show pure Brownian motion and fluoresce under the laser
excitation spot (large gray circle). (B) In the presence of imperme-
able obstacles (gray spots), the diffusion is restricted to the free
space. (C) When the domains are permeable (as the result of
dynamic partition processes), the molecules can diffuse into and
out of the microdomains and be transiently trapped (gray spots).
(D) In a meshwork model, multiple adjacent domains are separated
by barriers (gray lines) preventing the diffusion of the molecules.
(E) Characteristic diffusion laws obtained for the different models.
The diffusion time t4 was analyzed as a function of the squared
radius w?. Diffusion laws applying to the free diffusion model
(dotted gray curve), the diffusion process in the presence of
impermeable obstacles (gray curve), the dynamic partition model
(dotted black curve) and the meshwork model (black curve).
Diffusion laws cannot be determined experimentally below the
diffraction limit. For detailed analyses, see the Supplementary
data and Wawrezinieck et al (2004, 2005).

In view of the above data and the results of our previous
numerical simulations (Wawrezinieck et al, 2005), where the
change in the sign of the y-intercept t, was correlated with
different modes of membrane compartmentalization, we
hypothesized that simple confinement models would explain
the deviations from free diffusion (Figure 4; see also the
Supplementary data). A positive t, was linked, for example,
to the dynamic partition model, which may provide a basis
for explaining the diffusion behavior of the sphingolipid and
GPI-anchored protein groups, whereas with a negative t,, TfR
molecules may be subjected to membrane confinement due

©2006 European Molecular Biology Organization



to meshwork effects. Lastly, because of the null t,, the
glycerophospholipid analogs may neither be confined within
discrete domains nor be hindered by a meshwork.

A lipid-dependent microdomain organization confines
sphingolipid analogs and GPI-anchored proteins within
the plasma membrane of resting cells

Among the mechanisms possibly responsible for confinement
in discrete microdomains, several lines of evidence combine
to support the idea that cholesterol and sphingomyelin are
involved in the control and the organization of local hetero-
geneities: the differential packing characteristics of glycero-
phospholipids and sphingolipids with cholesterol promote
the formation of a liquid-ordered phase or a similar state,
which coexists in the membrane plane with a liquid-disor-
dered phase (Brown and London, 1998; Rietveld and Simons,
1998). To test whether this hypothesis holds in the case of
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sphingolipid analogs and GPIl-anchored proteins, cells
were incubated in the presence of exogenous cholesterol
oxidase (COase) or sphingomyelinase (SMase) to decrease
the cholesterol and sphingomyelin membrane contents,
respectively.

With 1U/ml of COase, 23.3+2.2% of the total cell
cholesterol was converted into cholestenone. The ability of
GPI-anchored proteins and sphingolipid analogs to float to
the buoyant fractions of a sucrose gradient was subsequently
found to be severely impaired (Figure 5A), and the FL-SM
and FL-Gy; present in DRMs, as measured by spectrofluori-
metry, decreased by 58 and 63 %, respectively. This decrease
in the cholesterol levels also induced significant changes in
the behavior of GFP-GP], since the curve of the corresponding
FCS diffusion law then intercepted the time origin
(0.2+0.8ms) (Figure 5B). Similar results were obtained
with GFP-Thyl and the sphingolipid analogs (Figures 5C, D
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Figure 5 The confinement of GFP-tagged GPI-anchored proteins in microdomains is lipid-dependent. (A) Biochemical determination of GFP-
GPI localization in DRMs after COase or SMase treatment. (B) FCS diffusion laws governing GFP-GPI proteins after cell treatment with COase.
Error bars on the x and y axes are the s.d.s of the means. (C) Time intercept ty and effective diffusion coefficient D.s obtained with GFP-GPI in
untreated COS-7 cells (black bars), after cytoskeleton drug treatments (dark gray bars) or lipid modifications (light gray bars). (D) Idem in the
case of GFP-Thy1 protein.
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Figure 6 The confinement of lipid probes in the plasma membrane of COS-7 cells is lipid-dependent. Time intercept t, and effective diffusion
coefficient Do obtained with FL-Gyy; (A), FL-Cs-SM (B) and the other lipid analogs used in this study (C) in untreated COS-7 cells (black bars),
after applying cytoskeleton drug treatment (dark gray bars) or lipid modifications (light gray bars). Error bars give the s.d.s of the means.

and 6, respectively). Importantly, a 10-fold lower enzyme
concentration, which converted <10% of the total cholester-
ol into cholestenone (8.24+4.4%), led to an intermediate
value between those obtained with cells treated and not
with 1U/ml of COase, as illustrated here in the case of
GFP-GPI and FL-Gyy, (Figures 5C and 6A, respectively).
The effects of the larger changes in the cholesterol content
(56.9+4.7%) induced by 10U/ml of COase did not differ
from those observed with 1U/ml. All in all, these results
suggest that the microdomain organization generated by
dynamic partitioning processes no longer existed in these
cell membranes.

We then hydrolyzed SM into ceramide by adding exogen-
ous SMase to COS-7 cells. With 0.1 U/ml of SMase, 68 +4%
of the total SM was hydrolyzed. At the same time, we noted
that the presence of GFP-GPI within DRMs was also severely
impaired after enzymatic treatment (Figure 5A). More im-
portantly, the curves of all the FCS diffusion laws governing
GFP-GPI, GFP-Thyl and FL-Gy;; intercepted the time origin
(Figures 5C-D and 6A). Once again, we observed that the SM
membrane concentration was critical, since titration experi-
ments showed that the confinement of GFP-GPI disappeared
in a dose-dependent manner (Figure 5C). Lower concentra-
tions (0.03 U/ml) converting 54 +4 % of the total SM led to an
intermediate value between those obtained with cells treated
or not with 0.1U/ml of SMase, as illustrated in the case
of GFP-GPI and FL-Gu;. The effects of higher SMase
concentrations (1 U/ml) did not differ from those observed
with 0.1 U/ml.
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It was remarkable that the lipid-mediated microdomain
organization was entirely abolished when only ~20% of the
total cholesterol was converted into cholestenone by COase.
This could be due to a combined effect of cholesterol hydro-
lysis and cholestenone production, since an antagonizing
action of the cholestenone to ordered domains has been
reported (Xu and London, 2000). A similar scenario might
occur upon SMase treatment as well. Ceramide has recently
been shown to displace cholesterol from sphingomyelin-
cholesterol domains as well as to induce strong alterations
of the lateral organization in model membranes (Megha and
London, 2004).

After COase or SMase treatment, a similar decrease in D¢
occurred in both the GPI-anchored proteins and sphingolipid
analogs (~0.75 umz/s) (Figures 5 and 6). The fact that this
was also the case with the glycerophospholipid analogs
although the t, value was still null (Figure 6C) suggested
that an overall change in the plasma membrane viscosity had
also occurred due to the enzymatic change in the lipid
membrane composition. All in all, these results strongly
support the idea that in the absence of molecular crosslinking
processes, sphingolipid analogs and GPI-anchored proteins
are confined by a cholesterol and sphingomyelin-dependent
process of microdomain formation.

A cytoskeleton-mediated meshwork hinders the lateral
mobility of TfR-GFP

The TfR-GFP diffusion law curve, which showed a negative
tp, suggested that TfR molecules diffused in a meshwork
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Figure 7 The GFP-tagged transmembrane protein diffusion laws are actin-dependent. Confocal images of rhodamine phalloidin labeling
of F-actin in COS-7: (A) untreated; (B) 1 uM latrunculin B; (C) 0.4 uM jasplakinolide. Diffusion laws governing TfR-GFP (D) and DPP~GFP (E)
after applying cytoskeleton drug treatment. Error bars on the x and y axes are the s.d.s of the means.

context (Figure 4D and E). To investigate the possible
involvement of the cytoskeleton, COS-7 cells were treated
with drugs known to alter the actin-based cytoskeleton,
such as latrunculin-B (an actin polymerization inhibitor),
cytochalasin D (an actin depolymerization inducer) or
jasplakinolide (an actin filament stabilizer). Suitable
experimental conditions were first setup to ensure that
these drugs changed the pattern of cytoskeleton organiza-
tion without significantly affecting the cell morphology
(Figure 7A-C).

The lateral mobility of TfR-GFP was then assessed
(Figure 7D). Under latrunculin B (1 pM) or cytochalasin D
(2 M) treatment, the FCS diffusion law curve intercepted the
y-axis near the time origin (—3.2+1.8 and 0.7+1.8ms,
respectively). These findings indicate that the physical bar-
riers confining TfR-GFP were lowered. At the same time, the
Deg value increased from 0.27+0.01 to 0.44+0.02 pm?/s,
which suggests that the long-range diffusion was less strongly
impeded by the barriers between adjacent domains.
Conversely, treatment with jasplakinolide (0.4 uM) decreased
both the D and t, values to 0.20+0.01 umz/s and
—36.5+5.4ms, respectively. This decrease suggests that the
barriers confining TfR-GFP were reinforced by jasplakinolide
treatment.
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By contrast, it is noteworthy that neither the actin-
based skeleton alterations induced by latrunculin B nor its
stabilization by jasplakinolide had any effect on the
molecular confinement observed with the GPI-anchored
proteins and the sphingolipid analogs (Figures 5 and 6).
Neither the ty nor D values were affected under the ex-
perimental conditions that drastically altered the diffusion
of TfR-GFP.

Meshwork and discrete domains contribute
concomitantly to the dynamic compartmentalization
of transmembrane proteins in the cell membrane

The shape of the diffusion law curve obtained for DPP,~GFP
suggested that confinement by discrete domains may have
occurred since, as observed in the case of GPI-anchored
proteins, t, was positive. However, a similar study to that
carried out on TfR-GFP showed that the FCS diffusion law
was actin-dependent (Figure 7E). Treatment with latrunculin
B or cytochalasin D led to increases in both t; and Deg,
whereas jasplakinolide treatment decreased both t5 and Dy,
and even led to a negative f, value. More intriguingly,
although TfR-GFP and DPP~GFP were obviously sensitive
to cytoskeleton-based compartmentalization, the possibility
that discrete domain confinement may have occurred was
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Figure 8 Both actin meshwork and lipid domains contribute to transmembrane protein compartmentalization. Time intercept t, and effective
diffusion coefficient D¢ obtained with TfR-GFP (A) and DPP~GFP (B) in untreated COS-7 cells (black bars), after applying cytoskeleton drug
treatment (dark gray bars), after lipid modifications (light gray bars) or combined treatment (open bars). COase and SMase concentrations

were 1 and 0.1 U/ml, respectively. Error bars are the s.d.s of the means.

suggested by the fact that high drug concentrations (cytocha-
lasin D 10 uM) disrupted the actin network organization and
gave a to of 7.8+1.6 and 8.9+1.9 ms, respectively. In addi-
tion, the lipid modifications induced by COase or SMase
systematically decreased the respective t, values (Figure 8).
These two findings suggest that both meshwork and isolated
domains contributed simultaneously to the DPP;~-GFP and
TfR-GFP diffusion process. To test this hypothesis, we then
established the corresponding FCS diffusion laws under
experimental conditions where actin-based cytoskeleton
barriers and cholesterol were simultaneously modified
(Figure 8). Significantly, t4 for DPP~GFP and TfR-GFP was
found to be linear in w?. Thus, when both confinement forces
were relaxed, these proteins recovered free-like diffusion
behavior.

Our study also indicated that the microdomain and the
meshwork confinement may mask each other in the FCS law
analysis. Indeed, we could interpret the differences in the
diffusion modes between TfR-GFP and DPP;y-GFP in terms of
the differential strength of the actin-based and lipid-depen-
dent confinement processes. COase and SMase treatments
both abolished the lipid-dependent confinement process but
unraveled the cytoskeleton-dependent one, which was in turn
abolished by cytochalasin D or latrunculin B (Figure 8). With
these TfR-GFP and DPP~GFP proteins, COase treatment
decreased the ty values to —28.4+5.2 and —3.5+1.1ms,
respectively. It was therefore deduced that the confinement
of the cytoskeleton was about eight times stronger with TiR-
GFP than DPP~-GFP. On the opposite, upon impairing the
actin network, it was observed that both proteins underwent
an almost identical weak lipid-dependent microdomain con-
finement process (7.8+1.6 and 8.94+1.9ms for TfR-GFP and
DPP~GFP, respectively). It seems likely that the effects of
cytoskeleton and lipid confinement may have been additive,
but this hypothesis remains to be confirmed in further
studies. The actin-based confinement process was stronger
than the lipid-dependent one in the case of TfR-GFP, whereas
the reverse was true in that of DPP;~-GFP.
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Discussion

The present study describing the diffusion behavior of diverse
membrane components provides insights on the role of lipids
in compartmentalizing the cell membrane. First, based on
FCS data obtained on various spatial scales, we established
that the sphingolipid analogs and GPI-anchored proteins
undergo transient confinements in isolated microdomains.
Secondly, the molecular origin of these confinement pro-
cesses was found to be cholesterol- and sphingomyelin-
dependent. Thirdly, their compartmentalization in isolated
domains is independent of the actin-based cytoskeleton
organization. Lastly, when the actin-based cytoskeleton
confinement processes are relaxed, the contribution of lipid-
dependent microdomains to confining transmembrane pro-
teins was also readily observed. Overall, our data provide
strong evidence supporting the idea that in live cells, a lipid-
dependent microdomain organization is responsible for the
dynamic molecular confinement of membrane components.

FCS diffusion laws provide a robust experimental frame
of analysis for investigating the presence of submicron
domains in live cells

Among the methods used to characterize the cell membrane,
our novel experimental approach constitutes a significant
advance, since it can be used to quantify relevant parameters
to explore domain structure in the plasma membrane.
Although FRAP and FCS methods involve similar experimen-
tal setups, the FCS method provides unique information,
mainly because it combines high temporal resolution with
single molecule sensitivity and robust statistical analysis
(Schwille et al, 1999; Bacia et al, 2004). By comparison, the
FRET methods frequently used to study membrane domains
probe direct molecular interactions (Kenworthy and Edidin,
1998; Sharma et al, 2004), but these methods are not appro-
priate for studying long-range interactions and diffusive
processes. SPT certainly competes with FCS, since it can be
used to determine particle positions to within tens of nm and
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in some cases, with a high temporal resolution (Schutz et al,
2000; Fujiwara et al, 2002). However, accurate interpretation
of the SPT results generally requires analyzing large numbers
of individual trajectories. Besides, in our FCS experiments,
the direct conjugation of the fluorophore on the tracked
molecules circumvents unwanted crosslinking and aggrega-
tion. Overall, the FCS approach described here for recording
measurements on different spatial scales provides a highly
appropriate means of exploring domain structure and
dynamics in the plasma membranes of live cells.

The diffusion behavior of different subclasses of mem-
brane components was determined here experimentally.
Although the sphingolipid analogs show a lower affinity for
DRMs than their natural counterparts (our data and
Kuerschner et al, 2005), they are still useful to probe lipid
raft organization, since FCS is sufficiently sensitive to be able
to detect even small amounts of the fluorescent molecules
in the coexisting phase (Korlach et al, 1999). The wide range
of time intercepts t, measured (from —20 to + 20 ms) suggests
that different mechanisms may hinder the diffusion of
membrane components. Based on our previous simulations
(Wawrezinieck et al, 2005), these findings indicated that a
strictly positive time intercept t, resulted from confinement
into isolated domains, whereas a strictly negative value
reflected the presence of a meshwork. It is significant that
the components thought to be associated with lipid rafts,
such as GPl-anchored proteins or sphingolipid analogs,
showed strictly positive time intercepts, which suggests that
a dynamic process of molecular partition into discrete do-
mains mainly hinders their diffusion. By contrast, barriers
predominantly impede the diffusion of the TfR-GFP since
to was strictly negative. Owing to the null ¢,, the glycero-
phospholipid analogs apparently underwent unhindered
diffusion.

Evidence supporting a lipid-dependent microdomain
organization in live cells
A clearly visible signature of lipid-dependent compartmenta-
lization is provided by COase and SMase enzymatic treat-
ments. Our finding is consistent with previous data showing
that both cholesterol and SM make a pivotal structural
contribution to order domain formation (Brown and
London, 1998; Rietveld and Simons, 1998). These results
indicate that the lipid-dependent microdomain organization
dictates the overall mobility of sphingolipid analogs and GPI-
anchored proteins. It is also worth pointing out that the
microdomains detected in the present study do actually
exist in the plasma membrane of cells under steady-state
conditions. This observation is in line with recently published
data showing that phase separation and the formation of lipid
domains do in fact occur in live cells (Meder et al, 2006).
Although an actin-based system of cytoskeleton compart-
mentalization has been described in the case of molecules
located in the outer leaflet of the plasma membrane (Sako
and Kusumi, 1994; Fujiwara et al, 2002; Kusumi et al, 2005),
no such system was observed here in the mode of confine-
ment of GPI-anchored proteins or sphingolipid analogs.
Indeed, although cholesterol and SM modifications comple-
tely abolished the membrane confinement for these mole-
cules, neither the actin-based cytoskeleton disorganization
nor its stabilization had any such effects. Further studies are
now required to determine whether the above discrepancies
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may be attributable to differences in the cell types, experi-
mental conditions or techniques used. Our results are never-
theless in agreement with those of SPT analyses performed on
GPI-anchored MHC class I and Dil molecules (Vrljic et al,
2005) as well as with the finding that cholesterol and/or SM
modifications reduced the molecular mobility (Kenworthy
et al, 2004; Nishimura et al, 2005; Vrljic et al, 2005).

The free diffusion behavior observed in the case of the
glycerophospholipid analogs is similar to that previously
observed in the case of Cy3-DOPE in the plasma membrane
of various cell types at a recording rate of 100 ms/frame
(Fujiwara et al, 2002; Kusumi et al, 2005). However, we
were unable to detect any submicron-sized compartments
such as those previously observed by authors performing SPT
at an enhanced time resolution (25ps/frame) using gold-
tagged Cy3-DOPE molecules to label COS-7 cells (Kusumi
et al, 2005).

A lipid-dependent microdomain organization also
impedes the diffusion of transmembrane proteins

Our data clearly confirm the existence of fences confining
transmembrane proteins, even if these molecules are not
interacting directly with the cytoskeleton. For instance, the
motion of TfR-GFP is mainly controlled by the actin-based
membrane skeleton fences, and t, decreased when this mesh-
work was strengthened. It is also worth noting that all these
experimental FCS diffusion laws form a bundle of lines with a
common crossover point (Figure 7D). Previous simulations
have shown that (i) these lines intersect at a single point in
the meshwork at different barrier strengths but with the same
mesh sizes; (ii) the crossover occurs when the spot area is
about one to twice that of the mesh. Since the experimental
crossover was obtained with w”=5 x10%*+1 x10*nm?, the
area of the mesh was around 8 x 10*+2 x 10* nm?. Assuming
a square mesh, its sides would measure 240+60nm: this
value is in good agreement with the 260nm mesh size
measured in rat kidney fibroblasts, which was determined
by SPT experiments performed at 25 pus/image (Fujiwara et al,
2002). However, in our case, we did not detect any enlarged
meshes after a partial disruption of the cytoskeleton. In
addition, we observed that a treatment by cytochalasin D
at 10 uM released TfR-GFP and DPP;~-GFP proteins from the
meshwork-based state of confinement. Nevertheless, the
latter proteins still underwent the lipid domain-based con-
strained diffusion on a much smaller compartmentalization
scale.

Some extremely interesting features have been brought to
light by monitoring the motion of these proteins after sub-
jecting them to treatments that disrupt the actin-based cyto-
skeleton and/or decrease the membrane cholesterol level.
This combined treatment applied here induced the recovery
of an FCS diffusion law curve, which intercepted the time
origin. A single treatment abolishing one of the two major
hindrance mechanisms served to show up the other one.

Main features of lipid-dependent microdomains

Our observations of the sphingolipid and cholesterol depen-
dency for the lipid-dependent microdomains revealed by the
FCS diffusion study suggest that they correspond to lipid
rafts, a type of microdomains proposed to be involved in
numerous cellular functions, but whose existence has been
matter of controversy. The current view is that ‘membrane
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rafts are small (10-200 nm), heterogeneous, highly dynamic,
sterol- and sphingolipid-enriched domains that compartmen-
talize cellular processes’ (Pike, 2006). The analysis of our
experimental data in the light of the simulation studies allow
us to further conclude that the lipid-mediated microdomains
described here fit the above description very nicely in many
respects.

As mentioned above, our FCS method is sensitive to
nanoscale confining structures. Based on dynamic molecular
partition simulations, we were able to determine the upper
limit of the microdomain radius r (Supplementary Figure S1).
We previously observed that the graph line between t4 and
w? is solely observed if the observation spot is significantly
larger than the domains (w?/r*>10 in the case of isolated
microdomains) (Wawrezinieck et al, 2005). In our experi-
ments, the smallest observation spot was close to the trans-
verse resolution limit of the microscope (~200nm); the
upper limit of the microdomain radius r is therefore around
60nm: this value is consistent with data published in the
literature (Pralle et al, 2000; Zacharias et al, 2002; Prior et al,
2003; Sharma et al, 2004).

The t, intercept could be of special interest, since it could
be used to delineate the temporal characteristics of these
microdomains. In the simulation models, this value depends
on both the partition factor o of a given molecule in the
microdomains and the confinement time within one micro-
domain 7, (see equation (2) in the Supplementary data).
The value of o is not yet available, but based on DRM
experiments, we might tentatively take this value to range
between 10 and 30%. For instance, with a tg value of 18.4 ms
in the case of GFP-Thyl, we have 31ms < (Teon—7o0™3")
<92 ms. Since we measured that 74> 30 ms when (w/r)*>>10,
the diffusion time in a domain should be at most 30/
10~3ms. It can therefore be concluded that 7., ranges
between 34 and 95ms. Confinement in microdomains is
therefore an extremely transient process taking probably
only some tens to hundreds of milliseconds. Reaching a
deeper understanding of t, obviously constitutes one of
most important and challenging issues awaiting future theo-
retical analysis. Our experiments showed (Figures 5 and 6)
that before reaching the maximum effect (i.e. ty~null),
a parallel existed between the change in the sphingomyelin
or cholesterol levels and the decrease in t,. It is therefore
possible to consider this parameter as a microdomain con-
finement index, since the partition factor o and the confine-
ment time 7.,y are essential parameters characterizing the
confinement into microdomains.

We would like to stress the fact that our results do not tell
us whether membrane molecules partition dynamically into
pre-existing raft domains or whether they directly participate
in assembly/disassembly of the domains forming self-pro-
moting membrane complexes. This is because the confine-
ment time 7.,y is always to be either shorter than or equal to
the lifetime of the microdomain in our models. In the first
case, the molecule is partitioning dynamically into a pre-
existing domain, whereas in the second case, the molecule
accompanies/participates in the assembly and disassembly of
the domain. In the same context, we observed in our FCS
measurements that the diffusion time 74 remained constant
within the limits of the experimental error bars although the
amount of fluorescent probe used varied by a factor of 20
(i.e. from ~100 to ~2000pum 2 in the case of GFP-GPI)
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(Supplementary Figure S2). Consequently, the probe concen-
tration does not greatly affect the diffusion behavior of the
probe. However, this is not relevant to the question as to
whether we are dealing with pre-existing or self-assembling
raft models, because our FCS analysis did not include the
probe density, contrary to recent FRET and immuno-EM
studies on nanoscale membrane organization (Sharma et al,
2004; Hess et al, 2005; Plowman et al, 2005).

Overall, our data strongly support a dynamic picture where
nanometer-scale microdomains confine constituents for up to
a few tens to hundreds of milliseconds and undergo contin-
uous changes as molecular diffusion processes occur. These
findings also show that studies on diffusion behavior throw
particularly useful light on the modes of lateral membrane
organization, which are likely to be largely governed by weak
molecular interactions.

Materials and methods

DNA constructs and cell transfection procedures

GFP-GPI was provided by A LeBivic (IBDM, Marseille, France).
DPP~GFP was obtained from G Trugnan (INSERM, Paris, France).
The human TfR cDNA was provided by S Méresse (CIML, Marseille,
France). The Thyl gene expression vector and the Alexa488-
conjugated anti-Thy1 Fab fragment were a kind gift from R Morris
(King’s College London, UK). To construct GFP-Thyl, three over-
lapping fragments were PCR amplified and cloned into the pEGFP-
C1 plasmid. This yielded a recombinant GFP-Thyl cDNA encoding
the 19th aa of Thyl (signal peptide), the EGFP and the remaining
sequence of Thyl (aa 20-162). To construct TfR-GFP, the TfR cDNA
(aa 1-112) was cloned inframe with the GFP ¢cDNA into the pEGFP-
N3 plasmid.

All experiments were carried out on COS-7 cells (ATCC, CRL-
1657). Cells were grown in DME supplemented with 10% FCS,
glutamine and sodium pyruvate. Transient transfections were
performed with ExGen 500 as per the manufacturer’s instructions
(Euromedex) and 24 h before FCS measurements.

Fluorescent staining with lipid analogs

Complexes of BODIPY-lipids (Invitrogen) and BSA were prepared in
line with the manufacturer’s instructions and as described in Martin
and Pagano (1994). Briefly, 500 nmol of FL-SM or FL-GM1 stock
solution (CHCl;:MeOH 19:1) were dried under a stream of nitrogen,
and then under a vacuum for at least 1h. The dried lipid was
dissolved in 200 ul of absolute ethanol and injected into 10 ml of
defatted BSA solution (5uM defatted BSA in Hanks buffered salt
solution containing 10mM HEPES pH 7.4, HBSS/HEPES) while
vortexing vigorously. FL-PC and FL-PE were prepared in a similar
way, except that the lipid to BSA ratio was 2:1 (mol:mol). Cell
cultures were washed in HBSS/HEPES, incubated with 0.05puM
lipid/BSA complex in HBSS/HEPES for 30 min at 4°C, washed and
further incubated in HBSS/HEPES at 37°C.

Treatment of cells with enzymes and drugs

To modify the cholesterol or sphingomyelin contents of plasma
membrane, cells were treated with Streptomyces sp. COase or
Staphylocuccus aureus SMase (Calbiochem) in serum-free HBSS/
HEPES buffer at 1U/ml for 30min or at 0.1U/ml for 5min,
respectively. Cells were washed in HBSS/HEPES prior to the
diffusion measurements. Prior to pharmacological treatments, cells
were washed in HBSS/HEPES and incubated at 37°C with 1pM
latrunculin B (5min), 2-10 uM cytochalasin D (30 min) or 0.4 uM
jasplakinolide (Smin). All FCS measurements were completed
within 30min of the cell treatment, before any significant
morphological changes in the cell could take place.

Biochemical analyses

To determine the cholesterol levels, cells were scraped off and lyzed
at 4°C for 30 min in a buffer containing 1% Nonidet P-40, 10 mM
Tris pH 7.4, 150mM NaCl, 1 mM EDTA and protease inhibitors.
Samples were cleared by centrifugation at a rate of 12000 g before
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undergoing fluorometric measurements using the Amplex®Red
Cholesterol kit (Invitrogen).

To determine the sphingomyelin levels, a similar procedure was
used, except that the cells were lyzed at 4°C by sonication and the
PNS harvested by centrifugation. Lipid extraction was performed
using the Bligh-Dyer method (Bligh and Dyer, 1959) and the
sphingomyelin levels were determined using a fluorometric method
with the Amplex®Red sphingomyelinase assay kit (Invitrogen) as
described in He et al (2002). With each test sample, a negative
control assay was run on the sample and the reaction mixture
devoid of SMase. Sphingomyelin amounts were calculated from the
difference in fluorescence between the test and control samples,
and compared with a standard.

To isolate DRMs, Brij98 (1%) solubilized postnuclear super-
natant was fractionated on the sucrose gradient by centrifugation at
38000r.p.m. for 16h in a SW41 rotor (Beckman Instruments Inc.)
(Drevot et al, 2002). Fractions were resolved on SDS-PAGE and
blotted with anti-GFP mAbs (Roche Molecular Biochemicals). The
presence of DRMs was monitored, based on the distribution of Rab5
and ganglioside Gy, over the sucrose gradient. Spectrofluorimetry
measurements were performed on the different fractions of the lipid
analogs.
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Chapitre 2. Domaines membranaires et analyse du confinement, 2001-2006
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Lorsque j’ai débuté mes activités a l'Institut Fresnel en octobre 2000, Hervé
Rigneault et moi avons porté nos efforts sur le renforcement et le controle de la
fluorescence a Iaide de structures optiques pour la détection de molécules biologiques
individuelles et la réduction des volumes d’observation.

A I’époque, nous étions encore dans I’euphorie du domaine des molécules indivi-
duelles, mais les voir ne suffisait déja plus, il fallait les voir mieux!

La question était importante pour les applications biologiques car le fond de fluo-
rescence endogéne dans les cellules est assez fort et les fluorophores utilisés pour le

marquage sont souvent peu stables.

3.1 Miroirs diélectriques

J’ai tout d’abord travaillé sur l'utilisation de miroirs diélectriques, structures

simples et robustes, et donc a priori faciles & mettre en ceuvre dans des expériences
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de biologie. Sur ce sujet, j'ai co-encadré avec Hervé Rigneault la thése d’Emilien
Etienne, soutenue en décembre 2003.

La méthode que nous avons proposée consiste a placer un miroir dans le plan de
focalisation d’un objectif, afin de réfléchir les faisceaux d’excitation et d’émission [25,
19] (Figure 3.1). L’interférence des faisceaux excitateurs incident et réfléchi conduit a
une modulation axiale de I'intensité d’excitation de période \/2, ou A est la longueur
d’onde du faisceau excitateur dans le milieu. Lorsque des molécules fluorescentes
diffusent a travers le volume de collection, elles émettent un signal de fluorescence
fluctuant au cours du temps. Le passage d’une molécule & travers une frange claire
s’accompagne d’une fluctuation dont la durée dépend de l'interfrange et du coefficient
de diffusion moléculaire. L’analyse temporelle de ces fluctuations par FCS donne
acces & une mesure absolue du coefficient de diffusion des objets diffusants (protéines,
lipides...) a travers le volume confocal, indépendante de la géométrie du faisceau
focalisé. En outre, le miroir a pour effet de rediriger la fluorescence vers I'objectif
de microscope et conduit & une exaltation du signal collecté (>4). Ces travaux ont
donné lieu au dépot d’un brevet [27].

En 2003, j’ai proposé de mettre & profit ces structures optiques pour mesurer
la diffusion confinée de protéines dans le cytoplasme de cellules de petite taille. Je
travaillais alors sur le confinement membranaire et avais mis en place les simulations
de diffusion en géométrie confinée. Dans ce but, nous avons collaboré avec James
Sturgis, spécialiste de I'organisation membranaire des bactéries E. Coli (Institut de
Biologie Structurale et Microbiologie, Marseille). Nous avons démontré expérimen-
talement et numériquement que la mesure de diffusion dans les franges permet de
déterminer le coefficient de diffusion de molécules se déplacant dans des volumes
de petite taille [3| : alors que l'analyse classique de FCS ne s’applique que lorsque
la taille caractéristique [ du réservoir est dix fois plus grand que celle le volume

d’observation (I > 10 x X ), la méthode avec miroir est valide dés que [ > /2.

3.2 Ouvertures nanométriques dans un film métallique

3.2.1 Exaltation de la fluorescence

La mise en forme des volumes d’excitation et de détection peut également s’ap-
puyer sur la structuration transverse des matériaux grace a l'introduction de “défauts”
de petite taille. En 2003, nous nous sommes tournés vers des structures sub-longueur
d’onde, et plus particuliérement des trous nanomeétriques percés dans un film métal-

lique, pour réduire les volumes d’observation et avec ’espoir de renforcer les champs
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objectif de microscope

volume confocal
comportant des franges

cellule

miroir diélectrique

FiG. 3.1 — Schéma du dispositif de détection exaltée a 'aide d’un miroir diélectrique.
Le miroir réfléchit a la fois le faisceau excitateur et la lumiere de fluorescence. Il
en résulte une modulation axiale de l'intensité d’excitation et une augmentation de

Defficacité de détection moléculaire.

lumineux. Largement étudiés pour leurs propriétés remarquables de transmission en
champ lointain?, peu de chose était connu alors sur leurs propriétés électromagneé-
tiques locales. Nous avons proposé d’utiliser des molécules fluorescentes pour sonder
localement le champ lumineux dans ces nanostructures et mesurer le couplage émet-
teur dipolaire - nanostructure. Pour cela, nous étudions I’émission de fluorescence de
molécules individuelles diffusant dans des trous nanométriques isolés (Figure 3.2).
Ces nanotrous peuvent étre circulaires ou rectangulaires, et possédent des dimen-
sions inférieures a la longueur d’onde optique. Les structures sont fabriquées par le
groupe de T. W. Ebbesen de I'Institut des Sciences et Ingénieries Supramoléculaires

(ISIS) de Strasbourg.

La méthode de FCS nous permet de quantifier le nombre moyen de molécules
observées et le nombre moyen de photons détectés par émetteur. Nous avons dé-
montré ainsi qu'un trou nanométrique permet d’exalter la fluorescence de molécules
individuelles d’un facteur significatif environ égal & 6.5 pour une structure circulaire
optimisée [14].

Nous avons cherché & comprendre l'origine de cette exaltation de la fluorescence,
ce qui nous a amené & différentes études & la fois théoriques et expérimentales (en
collaboration avec I’équipe CLARTE de I'Institut Fresnel). Hors saturation du fluo-

rophore, nous montrons que ’essentiel du phénoméne d’exaltation peut s’expliquer

‘Ebbesen TW, Lezec HJ, Ghaemi HF, Thio T, Wolff PA : Extraordinary Optical Transmission
through Sub-Wavelength Hole Arrays. Nature 1998, 391 :667-669.
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FiG. 3.2 — Micrographe électronique d’un nanotrou de diameétre 200 nm et schéma

expérimental

une augmentation locale de 'intensité d’excitation. Cette exaltation du champ excita-
teur intervient au voisinage de la coupure du mode fondamental pouvant se propager
dans le guide formé par le nanotrou. De maniére surprenante, aucune résonance avec
un plasmon de surface n’est alors mise en jeu (absence de mode électromagnétique
propre a l'interface métallique). Par ailleurs, nous avons observé une réduction im-
portante du temps de vie de la molécule (supérieure a 10), ainsi qu’un retard dans
Iinstauration de la saturation de la fluorescence. Cela traduit une modification des
parameétres photophysiques de 1’émetteur, notamment une augmentation du coeffi-
cient de couplage radiatif.

Un deuxiéme effet des nanotrous est de réduire fortement le volume d’analyse
par rapport au volume standard obtenu en microscopie confocale, avec un facteur
de réduction d’environ 400 pour des trous de 100 nm de diamétre. On peut ainsi
contourner les limites imposées par la diffraction, et observer notamment des mo-
lécules individuelles dans des solutions de fortes concentrations® (une concentration
élevée est une condition nécessaire pour I’étude des associations de faible affinité, les
réactions enzymatiques en particulier).

3.2.2 La structure fine de la membrane révélée a ’aide des struc-

tures photoniques

Les trous sub-longueur d’onde peuvent-ils nous offrir la possibilité de sonder

I’organisation membranaire sous la limite de diffraction et d’explorer les régimes de

®Levene MJ, Korlach J, Turner SW, Foquet M, Craighead HG, Webb WW : Zero-mode wave-

guides for single-molecule analysis at high concentrations. Science 2003, 299 :682-686.
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diffusion inacessibles & nos mesures de FCS (voir chapitre 2)? L’idée, séduisante
a priori, valait d’étre testée. Avec Jérome Wenger (qui a rejoint notre équipe en
octobre 2004), nous avons montré tout d’abord que le temps de diffusion d’une
espéce, diffusant librement dans une membrane modéle, est proportionnelle & 1’aire

des ouvertures [11]. L’étape suivante a consisté a établir les lois de diffusion FCS sur

des cellules vivantes a ’aide de trous de diameétres variables |1]|(Figure 3.3).

FiG. 3.3 — Une cellule déposée sur un film métallique percé d’ouvertures sub-longueur
d’onde. Le diamétre des trous varient entre 100 et 450 nm. Pour l'illustration, les

trous sont rapprochés alors qu’ils sont en réalité distants de plusieurs microns

On observe sous la limite de diffraction des régimes de transition & la diffusion
normale, qui dépendent de la nature de la molécule étudiée. Les régimes de transition
se produisent pour des tailles de trous proches de ceux des domaines de confinement,
nous permettant de déterminer la taille des domaines membranaires.

Ces résultats renforcent non seulement les études réalisées au dessus la limite de
diffraction mais ouvrent également la voie & des études fines de la diffusion dans les

systémes complexes, en particuliers membranaires.
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Subwavelength patterns and high detection efficiency in fluorescence
correlation spectroscopy using photonic structures

P.-F. Lenne,? E. Etienne, and H. Rigneault”
Institut Fresnel UMR CNRS 6133, Ecole Nationale Sigpee de Physique de Marseille, Domaine
Universitaire Saint J®me, 13397 Marseille Giex 20, France

(Received 27 November 2001; accepted for publication 9 April 2002

We present theoretical and experimental evidence of subwavelength resolution and high detection
efficiency in fluorescence correlation spectroscdp@9 using photonic structures. We show that
multilayered dielectric mirrors or metallic mirrors may be used in a conventional FCS setup to
improve fluorescence detection and fluctuation analysis.2002 American Institute of Physics.
[DOI: 10.1063/1.1483116

Since the pioneering work of Ortitand Moernet on  diffusion coefficients and?2) increases the collection effi-
single molecules at cryogenic temperature, fluorescenceiency, allowing fast analysis.
spectroscopy has became the master tool for probing single- In a conventional FCS setup, an excitation laser beam is
molecule properties in different environments. In particular,focused by a high NA lenfFig. 1(a)]. The excitation inten-
the analysis of temporal fluctuations of the fluorescence lighsity profile I¢(r,z) is usually a Gaussian beam well defined
is now a widely used method for studying diffusion of single by its lateral waistvg, wherer=(x,y) is the lateral coordi-
molecules in solutions and in artificial or biological mem- hate andzis the distance away from the focal plane, so that
branes. In fluorescence correlation spectrosd&i®s, the  !o(F,0)=loexp(-2r?/wg). Assuming a linear regime, any
fluctuations arise from the number variation of fluorescentlylluorescent particle intercepting the beam emits light with an
labeled molecules present in a collection voluMe This intensity following this fundamental Gaussian profile. Usu-

volume is generally defined by a far-field confocal micros-2lly: @ pinhole is located in the image plane of the micro-
copy setup and can be as small as 1 fl with a high numericaic°Pe lens(confocal setup so that the detected intensity

aperture(NA) microscope objective. The same objective Col_de_zpends on the Iocz_itlon and slze of the point source image
lects the total emitted light with an efficiency up to 34%2 with respect to the pinhole. This effect is described using the

. . . . . fluorescence collection efficiency function CEF,Z), de-
NA, water immersionhwhile the total photon collection effi- _. : : . ;
S o fined as the fraction of the light emitted by a point source
ciencies range from 0.5% to 5% due to filtering and detecto .
uantum efficiency. Althouah FCS is a verv powerful tech hat passes through the pinhdlalthough the exact compu-
at ney. 9 avery p tation of the CEF requires nontrivial Gaussian optics consid-
nique to study single-molecule dynamics, it still presents twog

limitations: (1 o vei es detailed knowl eration in the objective lens, it has been shown that a semi-
imitations: (1) quantitative analysis requires detailed knowl- oo, metric approach gives excellent restits:As the overall

edge of th_e g_eometry an_d_dimensions of _the collection VOI'CoIIection intensity results both from the excitation and the
umeV, which is usually difficult to obtain with the necessary ¢q|jection, we define the molecule detection efficiency func-
accuracy; and?) the collection efficiency of the fluorescence i, MDE (r,2) asi® MDE (r,2)=CEF (,2)-14(r,2). The

signal is in many cases too low to overcome the background

noise and to allow fast analysis. To circumvent the first limi- 5 (b)
tation, interference fringes can be produced to set a well- Coverslip +—— C¥5 solution— CyS solution
defined length scale. First suggested by Asai and Ando for Confocal volume | errlor
FCS with standing wavebsthis concept has been extended ¥
for dynamics study with traveling interference fring€sThe yg—VZ .l |m

I

second limitation can be reduced with photonic structéifes.  Microscope Excitation laser beam

For example, mirrors with high and broad reflectivity in the o°biectve I

fluorophore emission band allow redirection of the emitted (c) (d)

fluorescence signal towards the collection optics. The result- 15

ing fluorescence enhancement increases notably the signal- °% 35

to-background ratio. o 5
Here, we present a method combining these two con- 0.5 s

cepts. By using a simple photonic structure, in particular a 0.00 0.0

planar mirror, in a conventional FCS setup, we demonstrate eedEo L8 6 4 20

that it is possible tq1) set a well-defined length scale in the z (um) z (um)

collection volume, which permits accurate measurement ofIG. 1. (a) Standard confocal collection volume afigl modified collection
volume by a reflecting mirror placed at the focal point of the excitation
beam.(c) and(d) computed MDE,(0,z) for Cy5 molecules ina) and (b)
3E|ectronic mail: lenne@fresnel.fr configurations, respectivelfoil immersion objective 1 NA, pinhole diam-
YElectronic mail: herve.rigneault@fresnel.fr eter 50um, focal plane/pinhole plane magnification: 2@,=0.5 xm).

0.15

MDE (a.u)

0003-6951/2002/80(22)/4106/3/$19.00 4106 © 2002 American Institute of Physics
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result is well approximated by a Gaussian distribution for the @ ®)
detected intensity? MDE (r,z)=Mg,exp(—2r2wj)exp
(—222/2(2)), wherez, is the axial radius resulting mostly from
the pinholez confinement.

When a flat broadband mirror is located at the focal
point of the excitation beam and perpendicular to the optical
axis[Fig. 1(b)] both1.(r,z) and CEF ¢,z) are affected. The
coherent excitation beam, which is reflected, produces ar 1ol : : : : : : : ;
interference pattern along theoptical axis with an inter- 10" 100 10 10t 10° ' 10" 10 10" 10
fringe spacing of\o/2n, where), is the excitation wave- Time (us) Time (us)
length andn I_S the m_edlum refractive index so that FIG. 2. Autocorrelation functions of diffusing particl€80-nm-diam nono-
the new excitation intensity, (r,z) becomed ,(r,z)~4  beadsin the absencéa) and presencé) of the mirror.7y and 7; represent
-Ie(r,Z)COSZ(kZ), Wherekzzﬂ-/)\o_ We have found that the the characteristic diffusion times through the confocal volume and the inter-
latter expression is a good approximation of the exact elec®"ence fringes, respectively.
tromagnetic computation for the intensity resulting from a
focused Gaussian beam falling on a high reflecting dielectrit¢ens NA resulting from the fluorescence reflection. In spite of
or metallic mirror. The second expected mirror effect is athis discrepancy, this result demonstrates that the mirror no-
CEF alteration for the fluorescent particles located in thgably enhances the detected intensity.
mirror vicinity. The main effect of the planar mirror is to To obtain information about dynamical processes at the
redirect the emitted fluorescerféaather than to alter the molecular level, the detected fluorescence intenisity) is
emitter lifetime'® The result is a spatially dependent en- analyzed in the form of the autocorrelation function
hancement of the fluorescence light emitted into the objec-
tive numerical aperture and passing through the pinhole that @) 7= (I(O14(t+ 7))
we computed in two dimensior(D) and for an aberration B (If)2 '
free objective using a modal analysis of spontaneous
emission* This leads to a new CEfr,z) that we used to Where 1(t)=qf[MDE(r,z)-C(r,z,t)drdz, C(r,zt) is
compute numerically the expected MDE in the presence othe time-dependent concentration anig a factor taking into
the mirror: MDE,(r,z) = CEFy(r,2) e m(r,2). Figures 1c) account emitter absorption and emission cross sections and
and Xd) show the computed MDEO,z) for Cyanine 5 detector efficiency. Two typical experimental autocorrelation
(Cy5) molecules in the absence and in the presence of functions obtained for diffusing fluorescent nanospheres
mirror, respectively, in a confocal setupil immersion ob-  (Crimson nanobeads from Molecular Probes, 20 nm giam
jective 1 NA, pinhole diameter 5@m, focal plane/pinhole are shown in Fig. 2, one in the absence of the mirror the
plane magnification: 20w,=0.5m). Cy5 molecules are other in its presence. To switch over the configuration, was
considered as three-dimension@D) electromagnetic di- €duivalent to removing the mirror or to bringing it away
poles weighted over the Cy5 spectral bandwidth. They ardrom the focal point of the laser. The integration time was 10
uniformly distributed in bulk liquidFig. 1(@)] or in a 8um- min for both experiments. A direct consequence of the en-
thick water layer on top of the mirror and perpendicular tohancement of the molecule detection efficiency is that the
the optical axisz [Fig. 1(b)]. The mirror is located at the standard dewatlornr_(t) at any time scaldcalculated WI.th
excitation laser beam\(,=632.8 nm) focal point and is a Koppel's formuld®) is reduced in the presence of the mirror.
16-layer stack whose design i$1()'5L, whereH andL At the concentration we used ¥&10 *° M), the nano-
stand, respectively, for a highng=2.2, TaOs) and low sph_er.es are expected .to undergo a 3D Brownlah motion and
(n_=1.5, SiQ) refractive index quarter-wavelength layer at exh|b|t. Fickian dypam|cs. Fozr the usual Qaussmn confocal
\,=660 nm. The reflectance of this mirror in normal inci- détection volumgFig. 2a)], g®®)(r) follows, indeed, the o
dence is above 99% not only for the excitation wavelengtrpggss'on derived by Aragon Za[‘(lj Pezdor SlZJCPllgnOtIOF}.

Ao but as well for the Cy5 spectral bandwidth. 95 (1) =1+ 1INX(1+4Dr/w;)"*(1+4D7/z5) ™~ where

Let us consider first the mirror effect on the mean inten-D IS the translational diffusion coefficient amdis the aver-
sity collected per molecule. In our experiment, we set the29€ number of leuores_cent molecules in the sample volume.
laser power of 25 kW/cfat the focal point. The average The time 74=wy/4D is the characteristic diffusion time

count rate per molecule goes from 2.1 kHz in the absence dfrough the confocal collection volume. _
the mirror to 6.8 kHz in its presence, so that it is a gain of 3.2 For the fringe-patterned confocal volume in the presence
fold. We found a similar result with an aluminum mirror ©f the mirror, our numerical simulation reveals the presence

although the noise that it produced was higher. It is of comOf @ second .Characteristic? tima. at short time, ip good
mon concern that the proper fluorescence of dielectric mate2dreement with the experimeffig. 2(b)]. Neglecting the
fials could enhance the background noise: it turned out thatPatial contribution of the spontaneous emission control in
the average background count rate was not affected by thgEFm(",2), We get an approximate analytical expression for
presence of the mirror and remains below 1 kHz. In compari:[he detected fluorescence intensity in the presence of the mir-
son, our mode(2D, aberration freepredicts a 4.5 enhance- ror

ment factor, which is a nontrivial combination ¢f) the (2 5

enhance.n.weny of the excitat_ior? intensity by reflectiqn éhd MDE,(r,2) = mex;{ - 27) exp{ _227) cof(kz), (1)

the modification of the radiation pattern in the microscope Wo Z

1.4

1.2

—

N

=
[o]

T
Ty d




4108 Appl. Phys. Lett., Vol. 80, No. 22, 3 June 2002 Lenne, Etienne, and Rigneault

TABLE I. Results extracted from the autocorrelation curves shown in Fig.dence of a patterned structure within a very small confocal
2. Diffusion coefficientD was calculated fronry and 7 in the absence and volume and easily applicable in a conventional FCS setup

in tjme presence of theﬁmirror, respecti\ﬁ:-zly. Numerical values used Were..l_he precited methods use genera”y tWwo intersecting laser
Wo=0.50+0.05um, \y=632.8 nm, andh=1.33. ) » YRR J !
beams that define a large excitation volume in contrast to our
No mirror Mirror technique. Moreover, the use of a planar mirror does not
74 (49 2800+ 200 2600- 200 allow only generating interference fringes, but also enhances
7t (u9) 65+5 the detected fluorescence signal. It makes, therefore, this
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We report the experimental proof of molecular count rate enhancement (up to 6.5-fold) and lifetime
reduction for single fluorescent molecules diffusing in subwavelength apertures milled in aluminum films.
The observed enhancement dependence with the aperture diameter agrees qualitatively with numerical
electromagnetic computations of the excitation power density into the aperture volume.

DOI: 10.1103/PhysRevLett.95.117401

In any single-molecule experiment, the weak fluores-
cence signal needs to be discriminated against the back-
ground. A strategy consists in enhancing the spontaneous
emission by tailoring the electromagnetic environment the
molecule can radiate into [1,2]. In principle, both the emis-
sion rate and the angular radiation pattern can be affected,
and these fundamental effects have been investigated at the
single-molecule level in near field optics experiments
where a metal coated tip aperture is scanned above a fixed
fluorescent molecule [3,4]. The influence of nanometric
photonics structures to enhance single emitters radiation
has recently gained interest since the observation of the
enhanced fluorescence by a sharp metal tip [S] or nano-
metric particles in Raman scattering [6]. Much work has
also been motivated by the discovery of the enhanced
transmission phenomena where surface plasmons give
rise to strong electromagnetic fields at the entrance of
subwavelength apertures [7]. Of particular interest are
isolated single holes (possibly surrounded by corrugated
surfaces) where localized surface plasmon modes are in-
volved [8,9] to enhance the transmission of light.

Fluorescence correlation spectroscopy (FCS) may offer
new applications to characterize the use of nanophotonics
devices. FCS is a well-known and powerful technique to
study single-molecule fluorescence properties [10], where
the fluctuations are analyzed by autocorrelating tempor-
ally the recorded photocount signal n(z). This is quanti-
fied by the fluctuation autocorrelation function (ACF),
g¥(r) = % where () stands for an ensemble aver-
aging. Recently, Levene et al. [11] investigated for the first
time the diffusion dynamics of single molecules in nano-
metric metallic apertures using FCS. In this work, tiny
subwavelength holes (diameter d < 80 nm) were milled
in aluminum films and were shown to act as small reaction
chambers with an effective observation volume V. down
to 1072 1, allowing one to study chemical reactions at
molecular concentrations up to 0.2 mM. Although no
alteration of the spontaneous emission was reported in
[11], a subwavelength aperture containing few molecu-
lar emitters is very similar to the near field optics experi-
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ments where drastic alteration of the spontaneous emission
has been observed [3,4]. However, the tiny aperture diame-
ter used in [11] may have prevented Levene and his co-
workers from observing any alteration of the molecular
fluorescence.

In this Letter, we investigate the potential of single
nanometric apertures milled in metal films to enhance
the photocount rate per molecule 7 in FCS experiments.
This is performed by studying apertures with a diame-
ter between 110 and 420 nm, thus significantly larger
than in [11]. Using isolated single holes, we report a
striking 6.5-fold enhancement of 1 as compared to free
solution together with a significant decrease of the obser-
vation volume V; for small hole diameters. The fluores-
cence enhancement is associated with a dramatic reduction
of the molecular lifetime, which demonstrates that the
energy levels’ branching ratios are affected for molecules
located in subwavelength apertures. A fundamental point
reported here is that the metal nanoaperture allows one, on
one hand, to postpone the fluorescence saturation by af-
fecting the molecular branching ratios, while, on the other
hand, the local excitation intensity is increased by the
aperture, thus yielding a net fluorescence rate per molecule
significantly higher as compared to open solution.
Numerical electromagnetic simulations using the differen-

Rh6G molecules 7 =, ZL

Al film >

with nanoholes Objective

NA=1.2

Laser
i

Vi .
y = Pinhole

(b)

APD detectcr

FIG. 1. (a) Scanning electron micrograph of an isolated sub-
wavelength aperture milled in an Al film coated on a microscope
slip. (b) Schematic view of the optical setup (APD: avalanche
photodiode).

© 2005 The American Physical Society
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tial theory are implemented and give predictions consistent
with our observations.

Optically thick Al metal films (thickness 2 = 300 nm)
were coated on conventional microscope slips (thickness
150 um) by thermal evaporation. Subwavelength aper-
tures (diameter d from 110 to 420 nm) were fabricated
by focused ion beam (FEI Strata DB235 using Ga* ions
exhibiting a 5 nm nominal beam diameter). Figure 1
shows the scanning electron micrograph of such an aper-
ture. FCS experiments were performed in a custom setup
based on an inverted microscope (Zeiss Axiovert 200) with
an NA = 1.2 objective lens (Zeiss C-Apochromat). Nano-
positioning of the aperture was possible thanks to a multi-
axis piezostage (Physik Instrumente P527). ACFs were
recorded by a hardware correlator (ALV 6000) and fitted
with IgorPro software (WAVEMETRICS). We used as fluo-
rescent reporters Rhodamine 6G molecules (Rh6G) with
an excitation wavelength of 488 nm provided by an argon
ion laser (Fig. 1). Tight focusing conditions were used to
shine a single subwavelength aperture with a beam waist of
250 nm (calibrated from FCS experiments carried out on
Rh6G in solution). This setup provides an observation
volume Vg of 750 attoliters. For the experiments reported
here, the laser polarization was set linear. The incoming
power was kept below 1 mW at the back microscope lens
aperture to avoid the sample damage. Two photons fluo-
rescence lifetime of Rh6G was recorded by a time-to-
amplitude converter (TimeHarp-PicoQuant) following a
4 MHz ps pulses train provided by a pulsed picked mode
locked Ti:sapphire laser tuned at a wavelength of 800 nm.

Figure 2 presents the measured evolution of Vg with the
subwavelength aperture diameter d. Knowing the molecu-
lar concentration, the observation volume is deduced from
the mean number of molecules N that is obtained from
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FIG. 2. V. evolution versus the aperture diameter (<, right
scale—dashed line to guide the eyes) and nanohole geometric
volume (@, right scale). Enhancement of 7 (histogram, left
scale) as compared to its value in open solution versus the
aperture diameter (P,, = 0.2 mW).

P20 =1+101- %)2(1 + ny) where (i) is the mean
intensity, (b) the mean background, and n; the triplet
amplitude related to the fraction F of molecules in the
triplet state by F = ny/(1 + ny). Let us point out that this
expression of g?(0) is independent of the shape of the
excitation field and the type of molecular diffusion, and its
validity holds for a stationary system and a dilute solution
where the spatial correlation length of concentration fluc-
tuations is much smaller than the detection volume [12].
For each experimental run, the triplet amplitude ny was
fitted to the raw experimental ACFs (assuming a free 3D
diffusion; see Fig. 3). For instance, with an excitation
power of 300 wW, ny was found in the range ny = 0.35 =
0.15 for the various nanohole diameters. The background
noise b within the apertures was recorded with a nanohole
filled with pure water [see the photocount trace and the
g®(7) for the noise in Fig. 3]. b does not exhibit any time
correlation. A clear reduction of Vg is observed, which is
always equal to or smaller than the geometrical nanohole
volume (wd*>h/4), suggesting that the electromagnetic
fields involved in the FCS process are essentially limited
to this volume. The 110 nm diameter aperture exhibits a
Ve of 1.8 attoliters enabling single-molecule detection for
concentrations in the M range. This volume reduction is
associated with the reduction of the diffusion time across
Vg as illustrated by the ACF functions presented in Fig. 3,
which are recorded in open solution and into a d = 150 nm

250
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= 200 4
2 solution
1.4 S 150 WAkttt
o
§ 100 -
7 2 noise
- 13 5L ise
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1.2 r T T ™ 1
Time (s)
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X X x2S “
1.0— XX WW _—
! 1

001 0.1 1 10
Time delay t (ms)
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FIG. 3. Line traces and autocorrelation functions in open so-
Iution (O) in a 150 nm diameter aperture ((J) and for the noise
within the aperture (X) for an excitation power of 0.3 mW (the
noise was negligible in open solution: <200 counts/s). The
molecular concentration for the experiment in open solution
was set to 20 nM, while it was taken to 600 nM within the
aperture. For the open solution, numerical fits assuming a 3D
free diffusion yield the set of parameters: N = 7.8, ny = 0.15,
diffusion time is 53 us, count rate per molecule is 20 kHz. For
the 150 nm aperture, N = 1.5, ny = 0.35, diffusion time is
10 us, count rate per molecule is 112 kHz.
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aperture. We found that this diffusion time reduction is
consistent with the measured V. shown in Fig. 2.

To study the ability of these nanostructures to alter
single-molecule fluorescence detection, we investigated
the evolution of the detected count rate per molecule n
with the aperture diameter. This information is readily
obtained in FCS measurements by dividing the photon
counted signal by the number of molecules N present in
Ve computed from g (0). Figure 2 presents the enhance-
ment of 7 as compared to its value in open solution for an
excitation laser power P,, = 0.2 mW, at which the fluo-
rescence is in the linear regime for FCS experiments
carried out in the nanohole or in free solution. A significant
enhancement is observed for the small holes’ diameters
(<200 nm) although a twofold enhancement is commonly
seen for aperture diameters in the 250-400 nm range.
Figure 4 shows the evolution of 1 with the excitation laser
power in a 150 nm diameter aperture and in open solution.
In the linear regime (P., < 0.4 mW), n was found up to
~6.5 times stronger for the molecule diffusing within the
subwavelength apertures as compared to open solution. For
P.. > 0.4 mW, 7 saturates to ~30 kHz for Rh6G mole-
cules in open solution, whereas the linear regime persists in
nanoholes up to P,, ~ 1 mW. Let us emphasize that since
Rh6G is a high quantum efficiency dye, the triplet ampli-
tude ny remains quite small while increasing the excitation
power. By fitting the experimental data for each excitation
power, we found that ny increased slowly with typically
ny = 0.25 at 150 uW and ny = 0.5 at 900 uW for a
150 nm nanohole. We confirmed that no bleaching pro-
cesses were involved in the saturation curve in open solu-
tion or in the nanoholes as the diffusion time and the
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FIG. 4. Evolution of 7 versus the incident power P, in a
150 nm aperture (M) and in open free solution (O). Inset:
Fluorescence decay curves in open solution and into a d =
150 nm nanohole.

number of molecule remain constant with increasing
power. A striking 1 of 350 kHz was recorded into the
150 nm aperture for P,, = 1 mW, in this case the apparent
enhancement reaches 12.

To get insight into the radiative processes involved in
this fluorescence enhancement, we investigated the mo-
lecular excited state lifetime inside the nanoholes as com-
pared to open solution. The inset of Fig. 4 shows the
fluorescence radiative decay curve in open solution and
into a d = 150 nm aperture. A striking reduction from
3.7 ns in open solution down to our apparatus response
time (0.9 ns) is observed in good agreement with the
previously observed lifetime reduction at the rim of the
metallic tip in near field optics [13,14]. This shows that the
molecular energy levels branching ratios are affected for
dye molecules diffusing in nanoholes as compared to open
solution, allowing for a delay of the fluorescence saturation
inside the subwavelength apertures. Although nonradiative
processes due to the metal surface must be involved in the
observed lifetime reduction, the enhancement of 7 dem-
onstrates that the overall effect acts in favor of the radiative
processes as compared to open solution. In addition to the
possible alteration of the intersystem branching ratio, a
coupling between the molecule and plasmon resonances
may also increase the radiative rate.

Several physical arguments can contribute to the ob-
served enhancement, which can be simply written as n =
% | CEF(r)I(r)dr, where N is the FCS mean number of
molecules present in V., I (r) is the local excitation
intensity, and CEF(r) stands for the local collection effi-
ciency function [15]. This expression is valid when no
saturation occurs. Note that CEF(r) stands for the electro-
magnetic power emitted by a dipole located at r, which is
collected by the detector; in this respect, it includes the
radiation pattern alteration and the possible lifetime reduc-
tion. Both the CEF(r) and I, (r) are expected to be affected
by the metallic subwavelength aperture boundary condi-
tions as compared to open solution [16]. The observed 7
enhancement cannot be solely due to an increase of I, (r)
because otherwise one would expect the fluorescence to
saturate as in open solution, without yielding any supple-
mentary photocount. On the other hand, an alteration of the
molecular radiation pattern collection could increase
CEF(r) only by, at most, a factor of 3.3 since the objective
microscope lens already collects 30% of the emitted light
in open solution. In this case the saturation would be
expected at 30 X 3.3 ~ 100 kHz in nanoholes. Because
of the dramatic fluorescence lifetime reduction inside the
nanohole, we conclude that the molecular energy levels’
branching ratios are affected, leading to a delay in the
fluorescence saturation.

The complete description of the process would require
the calculation of the CEF(r) and is beyond the scope of
this paper. We rather focus here on the role played by the
excitation field I, (r) on 1. We therefore made the assump-
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FIG. 5. Results of simulations in a 200 nm thick metal film.
Count rate per molecule i (normalized to the open solution case)
and effective volume V4 as a function of the aperture diameter.

tion that CEF(r) = 1 to compute 7 and the effective FCS
2

volume [15] defined in this case as Vo4 = %
perform such calculations in a single circular hole drilled
in a plane metallic sheet, we use the generalized differen-
tial theory that we have recently developed to study dif-
fractive structures described in cylindrical coordinates
[17,18]. Figure 5 presents the computed evolution of 7
(normalized to open solution) and V. with the aperture
diameter. Numerical convergence constraints [17,18]
make impossible the modelling of very highly conducting
metals and, we have used material with lower conductiv-
ity. In order to preserve almost the same decay depth of
the field in the aperture, the calculation were performed
with a collimated beam incoming on a 200 nm thick metal
layer with and € = —8 + i3, which is different from the
real case (h =300 nm and e, = —30 + 7). Despite
this difference and the CEF(r) = 1 assumption, we ob-
serve a clear reduction of V. The striking feature is the
enhancement of 7 for the small diameter apertures (around
100 nm). Numerical results indicate that this behavior is
related to the field enhancement, which takes place at the
edge of the nanohole [9,19,20]. This field enhancement
is due to the plasmon excitation and is localized close to
the holes’ edges. When compared to the total aperture
surface, the region of the enhanced field is relatively larger
for smaller apertures than for larger ones, thus leading to an
enhancement of 7. For very small diameters (<100 nm),
the field penetrates at a very small depth inside the hole,
and this edge effect becomes less important.

These numerical simulations are qualitatively consistent
with our experimental observations. Nevertheless, the 6.5-
fold enhancement of 7 experimentally observed is not
explained and requires a deeper investigation of the radia-

tion pattern and the lifetime changes of a source located
inside a nanohole.

In conclusion, we have investigated by FCS the fluores-
cence of individual molecules diffusing in subwavelength
apertures milled in aluminum films. Besides the reduction
of the observation volume, we report a significant enhance-
ment of the count rate per molecule for small aperture
diameters. Because the fluorescence lifetime is dramati-
cally reduced in nanohole, we conclude that the molecular
energy levels’ branching ratios are affected leading to a
delay in the fluorescence saturation. The combination of
this effect together with an increase in the local excitation
intensity induced by the metal aperture yields an overall
fluorescence enhancement as compared to open solution.
The experimental observations are qualitatively confirmed
by electromagnetic calculations of the excitation field den-
sity inside the aperture. By taking benefit of this significant
enhancement, such apertures could serve as efficient nano-
optical sources or nanowells for fast and highly parallel
molecular analysis at high concentration.
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Chapitre 4

Projet de recherche

Aprés quelques années consacrées a 1’organisation de la membrane biologique et
aux structures photoniques, j’ai décidé de m’orienter vers un sujet différent portant
sur la géométrie et la dynamique des épithélia. Il revét plusieurs facettes, certaines
étant en lien étroit avec mes études antérieures (domaines membranaires et cytos-
quelette), d’autres plus éloignées (modélisation inspirée de la physique des mousses).
Les projets que je vais présenter sont expérimentaux et théoriques, motivés par mon

désir de décrire quantitativement certains processus du vivant et de les modéliser.

Au cours du développement de I’embryon et lors de la formation des organes, les
cellules changent de forme et modifient leurs contacts de facon trés dynamique. Les
interactions cellulaires sont finement régulées pour permettre un équilibre entre ro-
bustesse et plasticité du tissu biologique. La morphogenése tissulaire dépend en partie
d’un processus universel dit d’intercalation, au cours duquel les cellules changent de
position et de voisine de fagon ordonnée. J’étudierai cette question fondamentale en
prenant comme systéme modéle 'embryon précoce de Drosophile, en collaboration
avec le Laboratoire de Biologie de Béveloppement de Marseille-Lumniny (IBDML,
Equipe de Thomas Lecuit)

En raison de sa simplicité, I’embryon de Drosophile est un systéme dont on peut
extraire des grandeurs quantitatives a partir de données expérimentales et il se préte
bien aux modélisations décrivant par exemple les propriétés mécaniques des cellules

de 'embryon.
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Chapitre 4. Projet de recherche

4.1 Dynamique et organisation des domaines
d’E-cadhérine

Un des acteurs importants de l’adhesion entre des cellules épithéliales est I'E-
cadhérine (E-cad). Les E-cad sont des protéines transmembranaires capables de for-
mer des complexes homophiliques conduisant & ’adhésion entre cellules adjacentes.
La répartition de ces complexes doit étre finement régulée pour permettre le re-
modelage des jonctions adhérentes et doit étre couplée dans une certaine mesure a
I’organisation du cytosquelette cellulaire. On considére couramment que les E-cad
contribuent a l’adhésion en s’associant tout d’abord en dimeéres sur la méme surface
cellulaire (configuration cis), puis s’attachent a des dimeéres d’une cellule adjacente
pour former des liaisons adhérentes (#rans). Si les mécanismes de 'adhésion médiée
par ’E-cadherine sont assez bien étudiés et connus aux échelles moléculaire et ma-
croscopique, ’organisation et la dynamique mésoscopique de ces structures sont peu

documentées.

Le but de mon projet est de décrire quantitativement et de prédire comment les
molécules d’E-cad s’organisent a la surface cellulaire. Nous aborderons ce probléme
en associant des données expérimentales et le développement d’outils de modélisa-
tion permettant de rendre compte de la formation et la stabilisation de structures
d’adhésion. Les molécules d’E-cad diffusent dans la membrane d’une maniére lar-
gement indéterminée et s’associent par ailleurs en complexes ordonnés formant des
microdomaines entre 70 et plusieurs centaines de nm (visibles et quantifiables en mi-
croscopie électronique ou en microscopie confocale). Cette structure mosaique est ac-
tivement maintenue dans la cellule et représente un état d’organisation intermédiaire
hors équilibre entre une distribution aléatoire de molécules E-cad et leur partage en
deux phases, une contenant toutes les molécules d’E-cad homophiliques, et 'autre
totalement dépourvue de molécules d’E-cad. Des données expérimentales permet-
tront de mieux déterminer le régime de concentrations d’E-cad & la surface cellulaire
compatibles avec la formation de ces microdomaines, les modes de diffusion d’E-cad
a différentes échelles de temps, la diffusion de ces microdomaines et leur fusion en cis.
On analysera aussi le role de ’endocytose de I’E-cad homophilique. Par ailleurs nous
chercherons & modéliser ’assemblage de ces microdomaines en prenant en compte la
concentration et la diffusion aléatoire des molécules d’E-cad, leur association a des
microdomaines, la mobilité de ces microdomaines et leur croissance par fusion, ainsi
que leur décroissance par endocytose. Cette modélisation permettra notamment d’ex-

traire une loi de croissance temporelle de ces microdomaines et de se doter d’outils
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4.2. Mécanique des jonctions adhérentes

prédictifs & partir de données précises. La combinaison d’approches expérimentales
permettant d’extraire le maximum de paramétres quantitatifs et d’outils de modé-
lisation permettant de vérifier notre compréhension de ’organisation dynamique de

molécules d’E-cad constituera 1’élément original de ce projet.

4.2 Meécanique des jonctions adhérentes

L’intercalation dépend d’un remodelage polarisé dans le plan de I’épithélium des
interfaces cellulaires, et en particulier des jonctions adhérentes. La géométrie des
interfaces cellulaires suit une transformation irréversible comprenant la disparition

puis la formation d’une nouvelle jonction adhérente® (Figure 4.1).

FiG. 4.1 — L’intercalation cellulaire est un moyen d’allonger un tissu. Les jonctions
verticales (type 1) disparaissent et laissent place a des jonctions horizontales (type
3). La transition nécessite un recrutement des myosines-II au niveau des jonctions

de type 1.

Ce processus ne dépend pas des forces extrinséques au tissu mais certainement
des forces locales opérant aux interfaces jonctionnelles. La Myosine-II est enrichie
dans des jonctions instables et est un moteur essentiel du remodelage polarisé des

jonctions.

5Bertet C, Sulak L, Lecuit T : Myosin-dependent junction remodelling controls planar cell in-

tercalation and axis elongation. Nature 2004, 429 :667-671.
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Nous chercherons a : 1-) modéliser simplement le processus par un modeéle inspiré
de la physique des mousses; 2-) développer des méthodes spécifiques pour mesurer

les forces de tension locale du réseau d’acto-myosine et en déterminer le role.

4.2.1 Simulations de type mousse

Un premier axe de recherche consiste & développer un modéle inspiré de la phy-
sique des mousses prenant en compte la tension de surface comme le paramétre prin-
cipal gouvernant la forme des cellules et donc la stabilité des interfaces cellulaires au

cours de Uintercalation”.

Nous considérons le cas d’une assemblée bidimensionnelle de N cellules en contact,
de surface constante, et nous faisons ’hypothése que I’énergie du tissu s’écrit comme

la somme des énergies des interfaces cellulaires :

E= > il (4.1)

1<i<j<N

ol v;; est la tension de ligne de I'interface entre les cellules ¢ et j, et [;; sa longueur. ;;
s’exprime en J.m~!. Dans le cas d’une mousse constituée de bulles de savon, Vij est
une constante indépendante de l'interface et la minimisation d’énergie du systéme
est un probléme purement géométrique de minimisation du périmétre total de la
mousse. La dépendance de la tension de ligne en fonction de I'interface est introduite
pour modéliser I’anisotropie de tension des jonctions cellulaires. Nous testerons si une
anisotropie de tension de surface suffit & générer un processus intercalant in silico,

et déterminerons les valeurs de tension de surface nécessaires & ce processus.

Par ailleurs, nous développerons des outils d’analyse permettant de décrire les
données expérimentales (images confocales principalement) en terme de forme géo-
métriques, changements de forme, anisotropie et transitions de voisinage. Pour cela,
nous mettrons en ceuvre des descripteurs utilisés dans la physique des mousses. Les
configurations initiales des cellules réelles serviront de données initiales pour les simu-
lations. Cette étude autorisera une comparaison de 1’évolution in silico des interfaces

cellulaires et les données expérimentales réelles.

"Ce type d’approche a été utilisé avec succés pour prédire la forme des arrangements cellulaires de
la rétine de la drosophile (Hayashi T, Carthew RW : Surface mechanics mediate pattern formation
in the developing retina. Nature 2004, 431 :647-652.)
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4.2.2 Mesures mécaniques

Pour mesurer in situ les tensions mécaniques présentes aux interfaces cellulaires,
nous développerons en premier lieu un systéme expérimental de “nanodissection”.
Il s’appuiera sur un montage de microscopie comportant un laser infra rouge fem-
toseconde, permettant de casser des structures sub-cellulaires (Figure 4.2). Ce type
d’approche a été suivie avec succés par plusieurs équipes dans le monde, comme celles
de K. Koénig a 'université de Jena ou d’E. Mazur a 'université de Harvard. Gréce a
cet outil, nous romprons certains contacts cellulaires ou le réseau cortical sous-jacent
et mesurerons les temps caractéristiques de relaxation, qui sont liés aux parameétres

de tension et de visco-élasticité.

impulsions nJ

___________________ i fluorescence

— ||

camera
ccb

Lampe 2
spectrale :
n
n

Objectif de microscope

- <

F1G. 4.2 — Schéma de I'expérience de nanodissection. Des impulsions femtosecondes
sont focalisées par un objectif de microscope sur ’échantillon. L’imagerie est réalisée

par illumination structurée.

Par ailleurs, nous développerons un systéme expérimental permettant de mesu-
rer les corrélations spatiales et temporelles des fluctuations de fluorescence du réseau
cortical d’acto-myosine, afin de déterminer les propriétés rhéologiques du cortex cel-

lulaire (mesures de type FCS).

L’ensemble de ces expériences permettra de mesurer les propriétés visco-élastiques
du cortex cellulaire, tester le role de la Myosine et de ’actine dans ce contexte et

déterminer si une anisotropie de tension corticale controle 'intercalation.
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4.3 Modéle dynamique de la morphogénése

Les données expérimentales sur le réseau cortical et 'assemblage moléculaire des
structures d’adhésion seront ensuite incorporées dans un modeéle mécanistique plus
élaboré que le modéle inspiré de la physique des mousses. Ce modéle dynamique
de la morphogéneése visera & prédire les formes cellulaires et leur réarrangement &
partir des forces sub-cellulaires locales agissant dans des cellules assemblées en tissu.
Ce modeéle permettra d’établir le lien entre les propriétés cellulaires locales et la
dynamique d’arrangement d’un tissu. Nous pourrons déterminer ainsi quels processus
dépendent des propriétés locales d’adhésion et de tension, et ceux qui découlent d’une
contrainte physique externe, due par exemple & des contacts mécaniques avec des

tissus adjacents.

4.4 Conclusion

Ces trois projets reposent donc sur la complémentarité entre des approches ex-
périmentales originales et de modélisation. L’expérience nous fournira les grandeurs
physiques caractérisant P'organisation biologique & différentes échelles (moléculaire,
cellulaire et tissulaire), tandis que la modélisation pourra nous indiquer, en relation
avec ’expérience, quels paramétres sont nécessaires et suffisants pour rendre compte
de I’état d’organisation et dans quelle proportion. Une compréhension approfondie
de ces systémes organisés dépendra d’une bonne adéquation entre les prédictions des

modéles quantitatifs et les données expérimentales.
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