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Abstract

Fluorescence microscopy has been one of the breakthroughs in biological imaging. This

technique takes advantage of exogenous �uorescent labels (�uorescent dyes or �uorescent

proteins) speci�cally targeted to cellular structures to generate high contrast images of bio-

logical processes. The results obtained have been signi�cant, but the images are di�raction-

limited due to the optical setup. The achieved resolutions are limited just to a few hundreds

of nanometers.

In order to break this barrier, several techniques have been developed. These super-

resolution methods have improved the resolution of optical microscopy by 10-fold (down

to few tens of nanometers). One of these techniques is Photoactivatable Localization

Microscopy (PALM), which relies on localizing the position of photoactivatable or photo-

convertible proteins inside the cell with high precision and image cellular structures beyond

the di�raction-limited resolution. Since this method heavily relies on photoswitchable �uo-

rescent proteins, the photophysics of these proteins is highly important in the information

that can be obtained from the �nal image. In particular the percentage of �uorescent

protein that can be activated or converted into the new form upon light illumination de-

termines several parameters of the high resolution image. It is the aim of this master thesis

to characterize and determine the photophysical properties of one of these photoconvertible

�uorescent proteins, mEos2, in vitro.

This photoswitchable protein is widely used in super-resolution microscopy due to its

high photon output. Here, we characterize the photobleaching kinetics of the native (green)

form and the red form of mEos2. We further quantify the photoconversion kinetics at the

single molecule level. We �nally compare the in vitro rates to those obtained in vivo using

Xenopus oocytes as a model system. These experiments provide the basis for quantifying

the percentage of mEos2 molecules that can be photoconverted from green to red in vivo.
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Resum

La microscopia de �uorescència ha sigut un dels progressos més importants en Biologia.

Aquesta tècnica apro�ta marcadors �uorescents exògens (tints �uorescents o proteïnes �u-

orescents) marcades especí�cament a estructures cel·lulars per a generar imatges de pro-

cessos biològics amb alt contrast. Els resultats obtinguts han estat signi�catius, però les

imatges tenen un límit de difracció a causa del muntatge òptic. Les resolucions obtingudes

estan limitades a uns quants centenars de nanòmetres.

Per tal de trencar aquesta barrera, s'han desenvolupat nombroses tècniques. Aque-

sts mètodes de super-resolució han millorat la resolució de la microscopia òptica �ns a

10 vegades més (unes quantes desenes de nanòmetres). Una d'aquestes tècniques és la

Microscopia de Localització Foto-Activable (PALM), que es basa en localitzar la posició

de proteïnes foto-activables o foto-convertibles dins la cèl·lula amb alta precisió i obtenir

imatges d'estructures cel·lulars més enllà del limit de difracció. El fet que aquest mètode es

basi fortament en proteïnes �uorescents foto-intercanviables fa que la foto-física d'aquestes

proteïnes sigui altament important per a la informació que es pugui obtenir en les imatges

�nals. Particularment, el percentatge de proteïnes que poden activar-se o convertir-se en

la nova forma a través de la il·luminació determina molts paràmetres de la imatge en alta

resolució. L'objectiu d'aquesta tesi de màster és caracteritzar i determinar les propietats

foto-físiques d'una d'aquestes proteïnes foto-convertibles, mEos2, in vitro.

Aquesta proteïna foto-intercanviable és àmpliament utilitzada en la microscopia de

super-resolució degut al seu alt rendiment fotònic. En aquest document caracteritzem

la cinètica de la destrucció foto-química de la forma nativa (verda) i de la convertida

(vermella) de la mEos2. També quanti�quem la cinètica de la foto-conversió a nivell de

molècules individuals. Finalment, comparem les tases in vitro a les obtingudes in vivo

utilitzant òvuls de Xenopus com a sistema model. Aquests experiments proveeixen la base

per a quanti�car el percentatge de mEos2 que es pot foto-convertir de la forma verda a la

vermella in vivo.
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Resumen

La microscopía de �uorescencia ha sido uno de los progresos más importantes en Biología.

Esta técnica aprovecha marcadores �uorescentes exógenos (tintes �uorescentes o proteínas

�uorescentes) marcadas especí�camente a estructuras celulares para generar imágenes de

procesos biológicos con alto contraste. Los resultados obtenidos han estado signi�cativos,

pero las imágenes tienen un límite de difracción a causa del montaje óptico. Las resolu-

ciones obtenidas estan limitadas a unos cuantos centenares de nanómetros.

Para poder romper esta barrera, se han desarrollado numerosas técnicas. Estos méto-

dos de super-resolución han mejorado la resolución de la microscopía óptica hasta 10 veces

más (unas cuantas decenas de nanómetros). Una de estas técnicas es la Microscopía de

Localización Foto-Activable (PALM), que se basa en localizar la posición de proteínas

foto-activables o foto-convertibles dentro de la célula con alta precisión y obtener imágenes

de estructuras celulares más allà del límite de difracción. El hecho que este método se

base fuertemente en proteínas �uorescentes foto-intercanviables hace que la foto-física de

estas proteínas sea altamente importante para la información que se pueda obtener en las

imágenes �nales. Particularmente, el porcentaje de proteínas que pueden activarse o con-

vertirse en la forma nueva a través de la iluminación determina muchos parámetros de la

imagen en alta resolución. El objectivo de esta tesis de máster es caracterizar y determi-

nar las propiedades foto-físicas de una de estas proteínas foto-convertibles, mEos2, in vitro.

Esta proteína foto−intercanviable es ámpliamente utilizada en la microscopía de super-

resolución debido a su alto rendimiento fotónico. En este documento caracterizamos la

cinética de la destrucción foto-química de la forma nativa (verde) y de la convertida (roja)

de la mEos2. También cuanti�camos la cinética de la foto-conversión a nivel de moléculas

individuales. Finalmente, comparamos las tasas in vitro a las obtenidas in vivo utilizando

óvulos de Xenopus como sistema modelo. Estos experimentos proveen la base para cuan-

ti�car el porcentaje de mEos2 que se puede foto-convertir de la forma verde a la roja in

vivo.
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1 Chapter 1 Introduction

1.1 Fluorescence Microscopy

Fluorescence microscopy has been one of the cutting-edge tools used in the �eld of Biology

and Biomedicine. Since the discovery of �uorescence by Sir George G. Stokes in the

19th century and the initial development of �uorescence microscopy at the beginning of

the 20th century, this technique has evolved considerably. The use of �uorescence in

biology requires the introduction of external labels to �uorescently tag cells or subcellular

structures. Several labeling techniques are available, for example antibodies can be used to

target organic �uorophores, or genetically encoded �uorescent proteins can be used. With

these labels and �uorescence microscopy it is possible to perform many experiments from

tracking organelle transport to protein di�usion.

1.1.1 Principle of Fluorescence

Fluorescence is a process that occurs in certain molecules that absorb light bringing them

to an excited state. A photon at a di�erent wavelength can then be emitted through

radiative decay to the ground state (Figure 1).

Figure 1: Fluorescence

It is only one of the many possible processes that an excited molecule can undergo.

This is explained in the Jablonski diagram (Figure 2).

When light is absorbed by the molecule, before emitting a photon, the molecule relaxes

to the lowest vibrational level of the excited state through a non radiative decay in the

form of vibrational relaxation. This is given by Kasha's rule and the result produces what

it is called a Stokes shift, a change in the wavelength between the absorption and the
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Figure 2: Jablonski Diagram

�uorescence spectrum towards longer wavelengths (Figure 3).

Figure 3: Stokes shift

The Stokes shift makes �uorescence a powerful technique because absorbing and emit-

ting light can be easily separated by using �lters that block or allow the transmission

depending on the wavelength.

For biological applications �uorescent molecules must be introduced into cells since the

cellular auto�uorescence is low and non-speci�c. Nowadays there are many options for

exogenous labels. They can be divided in two main groups, organic dyes and �uorescent

proteins.
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1.1.2 Fluorescent probes

Fluorescent molecules have been developed to genetically label proteins of interest inside

cells so that they can be observed.

Organic Dyes

Organic dyes are synthesized in the lab and generally they have to be targeted to the cell

using a speci�c chemistry because they do not naturally attach to a speci�c protein. They

are often conjugated to antibodies that attach to the target proteins inside the cell. They

are available in a variety of colors and typically they are bright, making them very useful in

a broad set of biological applications. Several modi�cations have been developed in order

to improve their photostability and solubility.

Fluorescent proteins

Fluorescent proteins are found in nature (for example inside jelly�sh) and their genetic

sequence is known. Therefore, by introducing their genetic code into the genome of cells or

even animals, these organisms can be genetically engineered to express �uorescent version

of any protein. Scientists have also developed several mutations to improve the properties

of these �uorescent proteins and they are available in a wide range of colors.

In addition to the development of various �uorescent labeling techniques, �uorescent

microscopes have also gone through multiple stages of development and a wide range of

them are available.

1.1.3 Types of �uorescent microscopy

Di�erent microscopes are available depending on the biological application. Three main

types of microscopes are widely used for biological imaging: wide-�eld microscope, confocal

microscope and the 2 photon microscope.

Wide-�eld/TIRF microscopy

Wide-�eld �uorescence microscopy uses a collimated beam of light to excite a large volume

of the sample. It is very common to use these microscopes in the inverted con�guration

in which the objective is placed below the sample, allowing imaging of biological samples
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that are attached to the bottom of a chamber. Wide-�eld microscopes can be used in

di�erent modes depending on the incident angle of illumination. The incoming light can

either pass straight through the sample illuminating the full volume or it can be inclined

to reach total internal re�ection (TIR). In this thesis, we used wide-�eld excitation in the

TIR mode, where only a thin section of the specimen close to the glass substrate is excited.

Confocal Microscopy

The confocal microscope provides optical sectioning capability coming from a certain focal

plane of the sample, but not from other focal planes that are placed above or below in the

z-axis. In order to achieve that, a focused laser spot is used to provide point illumination

and a pinhole is placed in front of the optical detector at the conjugated focal plane of the

sample to reject out-of-focus light. However, the pinhole also gives rise to less detected

photons, therefore, decreasing the sensitivity.

2 Photon Microscopy

2-photon microscopy relies on the simultaneous absorption of two photons by the �uores-

cent molecule to reach the excited state. Therefore, the illuminating light should roughly

have half the energy (twice the wavelength) compared to the transition energy into the ex-

cited state. The use of long wavelengths (near-infrared) is an advantage for in vivo imaging

as one can reach deeper areas without losing much light to absorption. The probability of

two photon absorption is low, hence, very intense and focused �elds are needed in order to

have enough photon density. Typically pulsed lasers are used to reduce the average power

delivered to the sample, therefore reducing photodamage. Since the two-photon absorption

cross-section is low, it only occurs at the focus of the laser beam and therefore only those

molecules at this focus are excited. As a result, 2-photon microscopy has intrinsically low

background.

1.1.4 TIRF

Total internal re�ection �uorescence microscopy is one mode of wide-�eld microscopy as

previously mentioned. This illumination geometry was widely used in this thesis, therefore

I will describe the method in more detail in this section.
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An important fact of biological samples is that, apart from the �uorophores, they have

intrinsic �uorescence which can introduce background and lower the signal to noise ratio.

To avoid such a drawback, the Total Internal Re�ection mode (TIR) can be used so that

the excitation of the specimen is limited to a thin section adjacent to the glass interface

and the auto�uorescence is reduced.

When a beam of light impinges on the surface of a transparent material with a di�erent

index of refraction than the medium where it is propagating, this light will be refracted.

The deviation of this beam is given by Snell's law.

sinθt =
n1

n2
sin θi (1)

where n1 and n2 are the 2 di�erent media, sin θi is the incoming angle with respect to the

normal and sin θt is the outgoing one. Figure 4 shows a scheme.

Figure 4: Angles of incidence

By checking this equation, one can observe that there is a certain incident angle where

the outgoing angle will be 90o, as long as n2 < n1. Hence, at higher angles than this

critical one, light will be totally internally re�ected. This can be studied in more details

with the wave propagation theory.

The propagation equation for a planar wave in a medium can be derived from Maxwell

equations in the following form:

Φ(t, ~r) = φei(ωt−
~k~r) (2)

where φ is the amplitude, ω is the frequency of the light, ~k is the wavevector and ~r is

the propagating distance. Then, when reaching an interface of a medium with a di�erent

refractive index, as explained before, light changes its direction. By taking a look into the
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di�erent components of the wavevector of the transmitted wave at the boundary (y = 0)

and considering the x-axis as the transverse one to the surface and the z-axis the parallel

one, we have that

ktz = kt sin Θt ; ktx = kt cos Θt

If we introduce here Snell's law, we �nd that

ktz = kt
n1

n2
sin Θi ; ktx = kt[1− sin2 Θt]

1/2 = kt[1− (
n1

n2
)2 sin2 Θi]

1/2

With this expression, we can see that for incident angles bigger than the critical angle,

the x-component of the k vector of the transmitted wave will be imaginary, leading to

an evanescent wave along this direction and a propagating one along the direction of the

surface.

φt(t,~k) = φte
iωt−ikt(n1

n2
) sin Θize−ktαx

being α = <[(1− (n1
n2

)2 sin2 Θi)
1/2]. Therefore, there is an exponential decaying �eld in the

transverse direction of the surface.

The intensity of the evanescent wave will decay exponentially away from the interface

given by the following equation:

I(x) = I0 e
−x

d (3)

where d is the penetration depth where the amplitude of the �eld decays 1/e with

respect to the one at the interface.

Depending on the incident angle, the intensity to illuminate the sample will be di�er-

ent, therefore, it will be an important consideration to take into account when performing

the experiments.

Evanescent �eld is then used to improve signal to noise ratio in �uorescence microscopy.

Typically, the evanescent �eld penetrates no further than 200 nm into the sample. There-

fore reducing background �uorescence. Total internal re�ection �uorescence (TIRF) has

become an important tool for single molecule �uorescence and super-resolution techniques.

1.1.5 Single Molecule Detection

One of the signi�cant breakthroughs in optical microscopy has been the ability to detect

�uorescence from single molecules. This breakthrough has been partially possible due to
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the development of �uorescence microscopy techniques such as TIRF described in the pre-

vious section, which provide high signal to noise ratio. The ability to detect and study

molecules one at a time provides information that would otherwise be hidden in ensemble

averages. However, in single molecule experiments one must carefully consider the het-

erogeneity in �uorescence emission of individual molecules. This heterogeneity results in

�uctuations in the signal that can be caused by the interaction with the surroundings, the

changes in molecular orientation, etc., leading to rich photophysics at the single molecule

level.

Since the photophysics of single molecules are very important in single molecule ex-

periments, they must be carefully characterized. The goal of this thesis is to characterize

the photophysics of a special type of �uorescent protein that can be photoconverted with

light, both in vitro and in vivo.
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1.2 Beyond the di�raction limit

In optical microscopy one must consider the resolving power of the microscope. All optical

setups induce a di�raction in the image when light is passing through the system. The

consequence is that a point source is imaged as a blurred spot in the optical plane. This

is called the point spread function of the system. Taking this into account, the Rayleigh

criterion states that two point sources can be resolved if their separation is bigger than

r = 1.22
λ

2NA

in a far-�eld optical system, where λ is the wavelength of the detected photons and NA

is the numerical aperture of the objective lens. Figure 5 shows a scheme of two sources

optically resolved(left), di�raction-limited(center) and overlapping(right).

Figure 5: Rayleigh criterion

The resolving power can be improved by for example using high numerical aperture oil

immersion objectives and shorter wavelengths (in the blue region of the visible spectrum).

However, this improvements alone are not enough to break the di�raction limit and resolve

molecular structures. Other alternatives to optical microscopy have been presented using

very short wavelength, radiation such as in the case of electron, UV and X-ray microscopy,

but in the case of biology these techniques are limited to dead and �xed samples, as they

are invasive and can damage the specimen.

To image structures inside living cells at the molecular level, it was necessary to search

for complementary optical techniques to push the di�raction barrier. In the last decade,

scientists have succeeded in this goal by developing methods to break this limit in near-�eld

�uorescence microscopy, such as NSOM [1], or in far-�eld microscopy, such as STED [2],

STORM [3], PALM [4], etc.
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Near-Field Scanning Optical Microscopy (NSOM) was the �rst important step to break

the di�raction barrier in �uorescence. It uses a very small probe with a sub-wavelength

aperture that produces evanescent illumination to scan the sample. With this technique,

the resolution of the image is limited by the size of the probe aperture.

The limitations of this technique, however, is that it is only possible to image the surface

of specimens, such as membrane of cells. Moreover, as it is a scanning technique, it does

not provide high temporal resolution.

Stimulated Emission Depletion is a far-�eld technique that shapes the illumination

light to only excite an area smaller than the di�raction limit. An initial focused laser

beam excites a small part of the sample. The spot size is given by the di�raction limit of

the system. However, a second laser beam in the shape of a doughnut aligned with the

excitation spot is then used to illuminate the sample. The molecules irradiated by this

second beam are forced to return to the ground state through stimulated emission and the

�uorescence signal from them is �ltered out. Therefore, only those molecules in the center

of the doughnut contribute to the �uorescence signal. As a result, with this technique, the

excitation area is reduced and the resolution is increased.

STORM/PALM uses the sequential localization of photoswitchable �uorescent dyes or

�uorescent proteins over time to obtain images beyond the di�raction limit. In the next

section, this principle is explained in more detail.

With these tools, then, the structure of a sub-cellular objects can be explored, at the

nanometric scale, beyond the di�raction limit.
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1.3 STORM/PALM

STORM and PALM belong to a class of super-resolution techniques that are based on sin-

gle molecule detection and localization. While multiple methods use this concept, we will

focus on Photo-Activated Localization Microscopy (PALM). It was introduced by Betzig et

al. [4] in 2006, and the principle was simultaneously developed by Zhuang et al. (STORM)

[3] and Hess et al.(fPALM) [5].

The concept of PALM relies on using photoswitchable �uorescent proteins that can be

used to tag other proteins inside cells by genetic encoding. The main principle is that

when there is only one �uorescent protein, the position of this protein can be localized

with very high precision by �tting its point spread function to a Gaussian. The main

problem is that in a densely labeled sample if all the �uorescent proteins emit at the

same time, their �uorescence will overlap in a di�raction-limited volume and it will not be

possible to isolate and localize single ones. As a result, photoactivatable or photoconvertible

proteins are used in order to separate emission from single molecules in time. In this

way, samples with high density labeling can be resolved with the photoactivation of a

sparse subset of FPs. There are several types of �uorescent proteins that can be used in

PALM. Photoactivatable �uorescent proteins are the ones that, when they are irradiated

at a certain wavelength, typically UV, their structure is modi�ed and their �uorescence

is activated from a dark state. Photoconvertible �uorescent proteins are those whose

structure changes in a way that the wavelength of the absorption and �uorescence emission

is shifted upon illumination with UV light. These �uorescent proteins are very useful for

super-resolution methods because they allow separating �uorescence emission of single

molecules in a densely labeled sample in time. The idea is to excite the molecule with

low amounts of activation or conversion light, therefore only activating a subset of the

molecules stochastically. At the same time, the excitation power is kept high, hence, once

the molecule is activated/converted, it will be imaged and photobleached, i.e. it will be

chemically damaged and it will not appear anymore. Every time, a molecule is activated,

it is detected as a 2D Gaussian and the center of the signal is localized with high precision,

which is inversely proportional to the number of photons collected from each molecule.

Equation 4 shows the complete expression for the localization precision.
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σ ≈

√√√√s2 + a2/12

Nph
+

4
√
πs3b2

aN2
ph

(4)

where σ is the localization precision, s is the standard deviation of the Gaussian PSF, a is

the pixel size, b is the background noise and Nph is the number of collected photons [6].

Once all the molecules have been activated, bleached and localized, an image can

be reconstructed from the molecule positions and a resolution 10 times higher than the

di�raction-limited image can be achieved. Figure 6 shows a scheme of the process for

PALM using a photoconvertible protein. The �rst �gure shows the unresolved image

in green, the photoconversion of a few molecules and its localization, the second one is

the repeated cycle to localize some more proteins in addition to the ones that have been

localized in the previous cycle and �nally the third scheme shows the reconstruction of the

image by taking all the central points of the localized proteins for all the cycles.

(a) PALM process cycle 1

(b) PALM process cycle 2

(c) Image before and after full PALM pro-

cess

Figure 6: PALM process
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Figure 7 1 shows a PALM image of microtubules in HeLa cells obtained using this

scheme with mEos2 (a photoconvertible �uorescent protein) and a comparison to conven-

tional wide-�eld image.

Figure 7: Real PALM imaging

1These images were kindly provided by Stefan Balint
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1.4 PSFPs

As can be seen from the previous section photoswitchable probes play important roles in

super-resolution. In this section, we will take a closer look at FPs in particular those used

for PALM.

Fluorescent proteins provide researchers with a powerful tool to visualize biological

processes inside cells because they are genetically encoded. This means that their genes

can be fused to any other gene and when expressed inside a cell, this gene is translated into

a �uorescent version of the proteins of interest. The idea is that these exogenous proteins

do not perturb the function of the protein, therefore, it is possible to track the dynamics

and the interactions of the labeled proteins in their environment.

The �rst �uorescent protein to be discovered was the Green Fluorescent Protein (GFP)

[7], a protein found in the jelly�sh called Aequorea victoria that gives green �uorescence

when excited with blue light. Since then, other �uorescent proteins have been discovered

and several mutations have also been introduced to these �uorescent proteins to generate

better versions. Among them, we will focus on the photoswitchable �uorescent proteins

(PSFPs). Here we will use the term photoswitchable FP as a general term to describe all

FPs whose �uorescence can be modi�ed with light. These FPs can be used as selective op-

tical markers. The most common ones are Kaede [8], Dronpa[9], EosFP [10], Dendra [11],

IrisFP [12], mKikGR [13], etc. These FPs have been used in a number of studies as optical

highlighters, or in PALM to study protein distribution, co-localization and stoichiometry.

However, to properly use these FPs especially for quantitative studies, one must under-

stand their photophysical properties. For example, if the same FP can be re-activated

multiple times, it will be detected more than once and can skew quantitative measure-

ments or can lead to clustering artifacts [14]. Similarly, if a FP cannot be activated, it

will miss detection. If the activation e�ciency is poor, this will again skew quantitative

measurements and lead to sparse images with few localizations.

In this thesis, we will use puri�ed protein to characterize the photoconversion and

photobleaching of EosFP in vitro. In addition, we will compare these parameters to in

vivo. These characterizations will help in eventually determining the precise percentage of

EosFP that can be converted from one color to the other one. These studies, which take
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advantage of a well-de�ned in vivo model system and are currently on-going in the lab,

are beyond the scope of this master thesis and will not be described here.
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1.5 mEos2

EosFP is one of the most commonly used FPs in PALM due to its high photon output.

There has been di�erent modi�cations of the Eos protein since it was initially engineered

[10]. mEos is the monomeric version of EosFP, but it has the drawback that it does not

mature at 37oC and it is problematic for using in mammalian cells. Therefore, a new

mutation was introduced to solve this problem and the new FP was named mEos2. This

protein is photoconvertible, which means that in its native form, when it is excited with

blue light, the emission is in green. However, when it is exposed to violet light, part of

the protein is cleaved and the new form absorbs yellow light and emits red �uorescence.

Figure 8 shows the 2 di�erent forms and their respective spectra 2.

(a) Green form of Eos (b) Red form of Eos

(c) Spectra

Figure 8: Eos structure and absorption and emission spectra in green and red form

This protein has proved to reach a very e�cient imaging for PALM uses such as de-

termining intracellular protein distributions at nanometer precision[17] or visualizing the

core dimensions and relative location of mitochondrial nucleoids [18].

2The structure of the green and red form were adapted from [15]. The spectra were adapted from [16]
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In the next section we explain the process of the characterization of this protein. We

used TIRF microscopy to characterize the photobleaching kinetics of the green and red

form in vitro as a function of the laser power as well as the photoconversion kinetics for

both forms in vitro and also in vivo. We also studied the e�ect of pH on this kinetics.

These studies were part of a larger project aimed at characterizing this protein in single

molecule counting studies using an in vivo model system to determine the percentage of

mEos2 molecules that photoconvert from green to red. As previously mentioned, these

studies are beyond the scope of this thesis and will not be described here.
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2 Chapter 2 Experimental Procedures

2.1 Sample Preparation

The preparation of the samples was done by following a basic protocol. To study the in

vitro properties of mEos2 we �rst puri�ed this protein, then, we immobilized it on cover

glass.

Puri�cation of mEos2

mEos2 was puri�ed and provided by Ángel Sandoval. The puri�cation method he followed

was adapted from Betzig's paper [4] and it is brie�y outlined below:

mEos2 and the other genes are cloned into a speci�c plasmid. All plasmids are transformed

into a Bacterial strain. Cell cultures are grown overnight and then the cells are harvested

from a culture by centrifugation and resuspended in lysis bu�er until the puri�cation is

continued. Next, lysozyme is added and the reaction is incubated. The solution is soni-

cated and the lysate is centrifuged to pellet cellular debris. The supernatant is transferred

to a fresh tube and then added to an equilibrated puri�cation column. Finally, the �uo-

rescent protein is collected and dialyzed in Slide-A-Lyzer cassettes.

Immobilization on cover slips

We also used a modi�ed version of the protocol detailed in Betzig's paper [4] to immobilize

mEos2 on a cover glass. The procedure is brie�y as follows:

Glass �ow chambers were prepared by attaching a cover glass to a microscope slide using

double sided sticky tape. The samples were prepared by introducing them into this �ow

chamber. The preparation of the samples had to be optimized according to the problems

encountered during the initial trials.

The cover glass was �rst coated by bovine serum albumin (BSA) through electrostatic

binding to this surface. Its molecular weight is 66, 5 kDa and it acts as a protective layer

onto which the �uorescent protein can be deposited. Without this protective layer, FPs

can de-nature losing their native properties. Initially, the BSA is �own into a �ow cell,

then the �uorescent protein is introduced and it binds to the BSA electrostatically. This

attachment procedure highly depends on the salt concentration so a di�erence in concen-

tration of ions can modify the binding.
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In order to overcome this problem and tightly attach the FPs we used biotin-streptavidin

interaction. Biotin is a vitamin and its weight is 0.24 kDa. This molecule is bound to

the BSA and the �nal compound is �own into the chamber. After that, streptavidin is

used. Streptavidin has a weight similar to BSA (around 60 kDa) and its a�nity to biotin

is very high, being one of the strongest non-covalent interactions known in nature. Finally,

mEos2, with a molecular weight of 20 − 25 kDa is biotinylated as well and it binds to

streptavidin when it is �own into the chamber. In this way, mEos2 is thightly attached to

the BSA coated cover glass. Figure 9 shows the scheme of the �nal attachment.

Figure 9: Biontinylated mEos2 attached to cover glass

Biotinylation of mEos2

The biotinylation procedure takes advantage of interaction of NHS-ester modi�ed biotin

with the amine reactive groups on the mEos2 protein. The protocol is as follows:

Biotinylation of mEos2 is achieved by dissolving biotin−NHS ester into DMSO (1 mg/ml)

and 0.84 g of NaHCO3 in 10 ml PBS 1x. After that, we have to mix 100 µl of mEos2

(µM), 12 µl of NaHCO3 solution, 8 µl of biotin−NHS ester solution, obtaining 120 µl in

total. We then incubate this mixture for ≥ 60 min at room temperature. The reaction is

stopped by adding 280 µl of PBS to the mixture and �nally un-reacted biotin is removed

by �ltration through a size-exclusion column (NAP5).

Depending on the goal of the experiment, either a high density or a low density mEos2

surface is prepared. A �ow cell is build where biotinylated-BSA at 10 M concentration is

introduced and incubated for about 2h at room temperature or overnight at 4oC. After

that, 0.5mg/ml streptavidin which is diluted in 200-fold in PBS 1x is added and incubated

for ≥ 30 min so that it binds to the biotin in BSA. After testing optimization for di�erent
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concentrations of mEos2, we determined that the most suitable concentration to achieve

dense samples corresponded to 1:100 dilution of mEos2 from the stock solution in PBS

1x, which corresponds to a concentration in the range of nM . An example of the density

achieved is given in Figure 10.

Figure 10: Dense sample - mEos2

However, in order to obtain samples for single molecule experiments, the concentration

had to be reduced to 1:800 dilution from the stock solution as it is shown in Figure 11.

Figure 11: Single molecule sample - mEos2
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2.2 TIRF Microscope

The excitation part of the TIRF microscope contains 4 lasers from which 6 wavelengths

are combined together. We were only using 3 of these wavelengths for mEos2 experiments.

The 488 nm light given by one of the emission lines of an Ar-Kr laser is used to image the

green form of mEos2. A diode laser emitting at 405 nm is used for the conversion of the

molecules and a 560 nm beam from a �ber laser is used for imaging the red form of the

�uorescent protein. The di�erent laser lines are combined by dichroic mirrors (DM) and

pass through an acousto-optic tunable �lter (AOTF) which can modify the laser power

or act as a fast, wavelength-speci�c shutter to switch between the di�erent wavelengths.

Figure 12 shows a simpli�ed scheme of the laser setup.

Figure 12: Laser setup

The outgoing light is then coupled to an optical single mode �ber which couples light

into an inverted microscope. The microscope is separated from the lasers to avoid vibra-

tions a�ecting the setup alignment. The inverted microscope (IX71 Olympus) has an oil

immersion objective integrated with a numerical aperture of 1.4. The samples were imaged

in TIRF illumination mode and using an integration time of 100 ms for each frame. The

images were recorded with an EMCCD camera. The scheme of the inverted microscope is

shown in Figure 13.

The microscope has two imaging modes. It was possible to observe the sample directly

with the oculars of the microscope with a white lamp placed at the top of the stage. But

in order to observe the sample when the lasers are turned on and record it, the microscope

is switched to the camera mode. The position of the stage is moved manually with a joy-

stick and the switching of the lasers is controlled through a LabView acquisition software.

Right below the objective, dichroic mirrors and emission �lters for the di�erent lasers are

placed inside a �lter wheel. In our experiments, we were using a GFP �lter set (DM:
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Figure 13: Inverted microscope

zt488 nm/561/642rpc; EF: 525±50), to image the green form, and a second �lter set with

DM: zt405 nm/488 nm/561rpc and EF: 605±52 to image the red form. The dichroic mir-

ror in this �lter set also re�ects the 405 nm laser to allow photoconversion from green to red.

According to the inclination of the beam, the setup has the possibility of two con�gu-

rations for �uorescence imaging. Epi�uorescence microscopy is used to excite the sample

with direct illumination, but in our case, we were using TIRF con�guration, where only

an evanescent wave is exciting the sample, as described before (section 1.1.4).

In order to calibrate the powers used for excitation and conversion we measured the

powers of the di�erent lasers with a powermeter at the exit of the �ber and also at the

sample plane, after going through the microscope setup. The pro�le of the beam was

recorded by coating the surface of a cover glass uniformly with a �uorescent marker. By

measuring the area of the whole beam, it was possible to obtain the power density on the

sample by dividing the power with the area. Figure 14 shows the pro�le of the beam in

our microscope.
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Figure 14: Laser beam on the sample
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3 Chapter 3 Analysis and Results

3.1 Rate Measurements

In the next section we explain the di�erent imaging and analysis procedures that were

performed in order to characterize the photophysics of the mEos2 �uorescent protein in

vitro.

3.1.1 Photobleaching kinetics

The photostability of a �uorescent probe is a very important parameter that determines the

type of experiments that can be performed using that probe. Therefore the photobleaching

rates of the green and red form of mEos2 were the �rst parameters that we characterized

in vitro. In order to obtain the bleaching rates, samples with a high density of mEos2 were

prepared as described in the previous section and the intensity decay of the whole image

over time was measured.

The �rst experiment was to obtain a rate for the green form. The sample was irradiated

by a constant 488 nm laser until no �uorescent molecules were visible in the �eld of

view. While being exposed, the molecules showed blinking behavior and were eventually

permanently photobleached. The experiment was repeated for di�erent powers of 488 nm

illumination and in 3 di�erent �elds of view of the sample for each illumination power.

The intensity of the whole image was plotted versus time and it was normalized to the

maximum value for each �eld of view. The normalization was done in order to be able

to average the di�erent �elds of view for each power to reduce e�ects of noise. The same

procedure was repeated for the red form of mEos2. The sample was �rst irradiated with

violet light (405 nm) to convert as many molecules as possible and then, it was illuminated

with 560 nm light at a constant power for di�erent �elds of view. As before, the procedure

was repeated for di�erent powers of 560 nm laser and the decay curves for each power

were normalized to the maximum intensity and averaged over the di�erent �elds of view.

Figure 15 shows an example of the 2 curves obtained for each form at an intermediate

illumination power.

All the �tting was calculated using OriginLab software. The averaged decay curves

29



(a) Green form with 488 nm at 9.71 W/cm2

(b) Red form with 560 nm at 8.09 W/cm2

Figure 15: Photobleaching of mEos2

could be best �t by a double exponential decay function, which gave two rates.

y(t) = y0 +A1e
−k1t +A2e

−k2t

The faster rate was consistent with the disappearance of �uorescent signal of the mEos2

molecules, while the slower rate is likely due to the photobleaching of the background

�uorescence. Figure 16 shows an example of the decay of background �uorescence alone

without any contribution from mEos2.

Indeed the decay rate of the background �uorescence alone was in the same order of
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Figure 16: Photobleaching of the background with 488 nm laser at 11.33 W/cm2

magnitude as the slow decay rate observed in the previous curves. Therefore, we can con-

clude that the slow decay in the previous curves is due to the background and the fast

decay is due to the bleaching of the molecules after a certain exposure to the laser light.

From these experiments we could obtain the decay rates of the green and red form of

mEos2 as a function of 488 nm and 560 nm laser power density respectively. Between the

two rates �tted in the double exponential, the higher one was the one considered to be

plotted. Figure 17 shows the 2 curves obtained for the 2 forms.

The decay rates scaled roughly linearly with the laser power as expected. It is clear

from the curves that the green form is less photostable as it photobleaches faster than the

red form. The saturation observed in the decay rate of the green form at high powers is

due to the fact that the photobleaching at these powers is faster than the integration time

used and therefore could not be captured by the temporal resolution of this experiment.
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(a) Green form with 488 nm

(b) Red form with 560 nm

Figure 17: Photobleaching kinetics of mEos2
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3.1.2 Photoconversion kinetics

• Using Fluorescence Intensity Characterization

In order to be able to characterize the photoconversion e�ciency of mEos2 it is neces-

sary to �rst characterize the photoconversion kinetics to understand when maximum

photoconversion can be achieved. Therefore, the photoconversion experiment was

one of the most important measurements performed in this thesis. In order to image

the red form once it has been photoconverted we chose a low illumination power of

560 nm (1.68 W/cm2) to minimize photobleaching. The photobleaching rate at this

power was 0.23 s−1 as determined in the previous section. This power was a good

compromise between being able to observe the �uorescence of the red form while

keeping the photobleaching low.

To photoconvert mEos2, 405 nm laser was turned on at a certain power and the pho-

toconversion was imaged simultaneously by illuminating with the 560 nm laser. An

initial increase in the number of molecules was observed, which later reached a plateau

and eventually a decay in �uorescence was observed. The increase in �uorescence

corresponds to the regime where the photoconversion is higher than photobleaching,

the plateau corresponds to the regime in which the two contributions are equal and

the decay corresponds to the regime in which the photobleaching exceeds the photo-

conversion. The photoconversion rate was obtained for di�erent powers of 405 nm

laser.

Figure 18 shows an example intensity versus time curve obtained using 0.84 W/cm2

405 nm laser power. In order to improve the signal to noise ratio, curves from 5

di�erent �elds of view were normalized to the maximum intensity value and averaged

as in the case of photobleaching experiments.

It is evident from this �gure that despite the fact that we tried to minimize pho-

tobleaching due to 560 nm laser, there is still a signi�cant contribution of such

photobleaching. It is possible that the combined 405 nm and 560 nm illumination

increases the amount of photobleaching.

To determine the photoconversion rate, we only took into account the initial rise

up to the point of plateau for the �tting. We were able to �t the curve with an
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Figure 18: Photoconversion of mEos2 to red form with 405 nm laser at 0.84 W/cm2

exponential rise.

y(t) = y0 +A(1− e−kt)

Figure 19 shows a zoomed image of the previous �gure where the rise has been plotted

and �tted.

Finally, like in the decay rates curves, a graph was plotted with the obtained rates

versus the di�erent power densities of 405 nm (Figure 20).

The photoconversion rate was linear with respect to the 405 nm power for lower

405 nm powers (up to 0.7 W/cm2).

While these experiments allowed us to observe the photoconversion of mEos2, which

we could �t to an exponential rise, we did not fully trust the rate determination

using �uorescence intensity. Even though we used low 560 nm laser powers, the

bleaching of the molecules due to the violet light was an important factor that could

potentially bias the rate measurements. The curves obtained for the conversion were

a convolution of photoconversion and photobleaching from 405 nm and 560 nm light.

Thus, in order to overcome this problem, we decided to use an alternative method

to determine the photoconversion rates, which relied on single molecule counting.
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Figure 19: Photoconversion of mEos2 to red form with 405 nmnm laser at 0.84 W/cm2

Figure 20: Photoconversion kinetics of mEos2
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• Characterization of mEos2 at single molecule level prior to single molecule

counting

The photobleaching by the excitation and photoconversion lasers was an important

issue in the previous section, therefore, we decided to use an alternative method to

overcome this problem. If instead of relying on �uorescence intensity, one can count

each mEos2 molecule when it �rst appears in the red channel, then one can build a

cumulative curve of photoconverted molecules over time. Since each mEos2 molecule

is taken into account by counting it when it �rst appears, the photobleaching of that

molecule in a later frame does not a�ect the counting. In order to reliably count

molecules, we had to �rst reach a single molecule density in which the �uorescence

signal from multiple mEos2 molecules did not overlap within the same di�raction lim-

ited volume. To determine this density, and have con�dence in our single molecule

detection capabilities, we �rst studied the intensity-time traces of di�raction limited

�uorescent spots in sparsely prepared samples (1:800 dilution of the stock mEos2

solution).

Traces and Histograms of single molecules

Low density samples were prepared as described previously and they were illumi-

nated with 405 nm laser at di�erent powers and for di�erent durations to try to

reach maximum photoconversion. The photoconverted red form of mEos2 was then

imaged by illuminating with 560 nm laser. Intensity-time traces were extracted using

a home-written Matlab program. The program scanned through the entire image to

�nd high intensity pixels from maximum projection of the image sequence. These

pixels were de�ned as "peaks" and a 3X3 pixel box was drawn centered at these

maximum intensity pixels. The pixels outside of the 3X3 pixel region were taken as

background. Then, this background was subtracted from the signal in order to give

the real intensity level from the molecule.

Intensity-time traces showed behavior that is characteristic of single molecules given

by single step photobleaching and intermittent blinking. Such blinking is due to the

re-emission of a molecule after being in a dark state. Instead of photobleaching, the

molecule was in a triplet state for a certain amount of time, it went back to the

ground state through a non-radiative decay and �nally became excited again. This

36



state is shown in the Jablonski diagram (Figure 2). In addition, we could observe

some traces that showed two steps, likely due to two molecules overlapping within

the same di�raction limited spot. Finally we could also observe some traces that

we de�ne as "spikes" in which the �uorescence on time was short compared to the

average mEos2 traces. Figure 21 shows the di�erent possible examples described.

(a) Single step (b) Double step

(c) Blinking (d) Spike

Figure 21: Di�erent intensity-trace patterns

Among the di�erent traces, we categorized those that showed clear single step bleach-

ing or blinking behavior and had �uorescent on times longer than approximately 0.5 s

as traces belonging to single mEos2 molecules.

We then calculated the intensity level by subtracting the average of the maximum

intensity from the average of the background intensity and plotted the intensity

levels as a histogram. Figure 22 shows two di�erent histograms obtained from two

di�erent 560 nm excitation powers. The average intensity level was higher for the

higher 560 nm excitation power as expected. Since photon emission is a stochastic

process and the illumination power density varies across the �eld of view (higher in
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the center than along the edges) each molecule will have a slightly di�erent intensity

level. The distribution of intensity levels was roughly Gaussian, meaning that they

indeed belonged to one population (single mEos2 molecules).

(a) 560 nm at 22.65 W/cm2 (b) 560 nm at 32.36 W/cm2

Figure 22: Histograms for the red form

These experiments gave us con�dence that we could indeed detect �uorescence signal

reliably from single mEos2 molecules. We could then go on with the characterization

of photoconversion rates at the single molecule level by counting the cumulative

number of photoconverted mEos2 molecules.
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• Photoconversion rate characterized with single molecule counting

For the single molecule counting experiments we used sparsely prepared mEos2 sur-

faces in which we could distinguish single mEos2 molecules as determined by the

experiments above. We again illuminated the samples with 405 nm and 560 nm

lasers simultaneously. Photoconverted mEos2 molecules appeared and photobleached

over time as before. We then obtained the intensity time traces of each molecule as

described previously. We then used a home written Matlab program to scan the

intensity-time traces and determine the �rst on-step in which that particular mEos2

molecule appeared for the �rst time.

To determine the step we used an algorithm in which every two frames were averaged

and the �rst derivative was calculated. In this procedure a sharp step is given by a

delta function. Once the �rst step was identi�ed, the rest of the trace was not taken

into account. As before, we only considered those traces that showed single step

bleaching or blinking behaviour and had �uorescent on times longer than at least

0.5 s.

This procedure allowed us to determine the time in which a new molecule �rst ap-

peared. We then counted the cumulative number of molecules in each frame. When

plotted as a function of time, this cumulative number showed an exponential rise and

saturation. We normalized the curves to the maximum number of photoconverted

molecules and averaged curves obtained from 4 di�erent �elds of view for each 405 nm

power. Figure 23 shows an example for 2.43 W/cm2 405 nm laser.

The rates were calculated by �tting the curves to an exponential rise and were plotted

as a function of 405 nm laser power. Figure 24 shows the photoconversion rates

obtained.

The rates once again scaled linearly with 405 nm power for most powers used. How-

ever, comparison of these rates with the previous ones obtained from intensity mea-

surement showed a signi�cant di�erence, which is likely due to the e�ect of photo-

bleaching in the previous measurements.
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Figure 23: Photoconversion with 405 nm laser at 2.43 W/cm2

Figure 24: Photoconversion kinetics of mEos2
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3.2 The e�ect of pH on Photoconversion

The photoconversion rates in the above experiments were determined at pH 7.5. This

pH was chosen because it re�ects the physiological pH of the intracellular environment,

where mEos2 is mostly used for cell biology applications. However, the isoelectric point

of mEos2 (i.e. the pH at which mEos2 contains no net charge) is around pH 5.6. It has

been reported previously that the protonated form of the EosFP chromophore is crucial

for photoconversion and the photoconversion process likely involves excited state proton

transfer. While our previous data is most relevant for characterizing mEos2 photoconver-

sion at physiological pH, for the sake of completeness, we also checked the dependence of

this photoconversion on pH by repeating the experiments at two other pH values.

We tuned the pH of sparsely prepared samples to 6.5 or 8.5 by titrating the pH with

HCl or NaOH respectively. We obtained the photoconversion rate curves as described in

the previous section by counting cumulative number of mEos2 molecules in each frame.

Figure 25 shows the di�erent curves obtained for the 3 di�erent pHs for two di�erent

405 nm laser power densities.

(a) 405 nm at 0.32 W/cm2 with

pH 6.5

(b) 405 nm at 0.32 W/cm2 with

pH 7.5

(c) 405 nm at 0.32 W/cm2 with

pH 8.5

(d) 405 nm at 1.29 W/cm2 with

pH 6.5

(e) 405 nm at 1.29 W/cm2 with

pH 7.5

(f) 405 nm at 1.29 W/cm2 with

pH 8.5

Figure 25: Photoconversion of mEos2 with di�erent pH

It is clear that at low pH, the photoconversion reaches saturation faster than at higher

pHs. Figure 26 shows the photoconversion rate versus pH at 0.32 W/cm2 405 nm excita-
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tion, which shows the increased photoconversion rate with lower pH.

Figure 26: pH In�uence in Photoconversion of mEos2
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3.3 Switching e�ciency

In the �nal experiment, we aimed to determine the actual number of molecules that can

be converted from one color to the other. To do this we prepared low density samples to

be able to image mEos2 at the single molecule level. We then used the following imaging

procedure:

• First a snapshot was taken in the green channel using 488 nm laser to determine the

mEos2 molecules in the green channel.

• Next a snapshot was taken in the red channel using the 560 nm laser to determine

the background of molecules in the red channel before photoconversion.

• Finally the mEos2 molecules were photoconverted by 405 nm illumination using a

power and illumination time su�cient to reach the plateau of photoconversion. A

snapshot was taken once again in both the red and green channels.

The aim of these experiments was to map the molecules in the green and red channels

before and after photoconversion to determine the amount of green molecules that get

converted to red. In these experiments, we found a small amount of green molecules that

were photoconverted and later appeared in the red channel in the same position. We also

found photoconverted molecules in the red channel that did not have any green partners

before photoconversion. In addition there were green molecules that did not appear in

the red channel after photoconversion. These results could indicate that some mEos2

molecules do not get converted into the red form even after saturation has been reached.

In addition, "dark" mEos2 molecules in the green channel may also be converted into

the red form. However, due to the challenges of the experiment (focus shift and position

shifts between the two �lter sets, molecules that are not completely immobilized on the

surface) and the time limitations that made it di�cult to do troubleshooting, it is di�cult

to make conclusive interpretations from these experiments. These experiments will be

continued in particular using an in vivo model system. However description of these in

vivo experiments is beyond the scope of this thesis. Here, we will only characterize the

photobleaching and photoconversion kinetics in this in vivo system and compare them to

the in vitro measurements.
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4 Chapter 4 Comparison in vivo

The �nal aim of the analysis was to compare the photobleaching and the photoconversion

rates to similar experiments in vivo. For this purpose we used glycine receptor expressed

in Xenopus oocytes as a model system. This receptor is a pentameric ion channel, which

consists of three alpha and two beta subunits. mEos2 is incorporated into beta subunits.

After transfection of oocytes, channels tagged with mEos2 are produced in endoplasmatic

reticulum and transported to the membrane where they become incorporated such that

they can be imaged as di�raction limited �uorescent spots, but as expression increases the

oocyte membrane becomes densely covered with many channels. Therefore, the channel

density can be controlled to carry out either single molecule or high density experiments.

The photobleaching rates were obtained by following the same procedure as in the

case of in vitro. Dense labeled areas of mEos2 in the oocyte membrane were imaged and

the intensity decay of the whole �eld of view was plotted over time. Figure 27 shows 2

examples of the photobleaching curves obtained, one for each form.

We obtained the photoconversion rates in oocytes expressing at low amounts such

that single channels could be imaged. The photoconversion rates were then obtained by

counting the cumulative number of �uorescent spots as they appeared in the red channel.

Figure 28 shows an example of the cumulative curve obtained with 405 nm laser at

0.32 W/cm2.

Once the curves for the di�erent powers were obtained, the conversion rates were cal-

culated and plotted versus power density. Figure 29 shows the plot of the rates versus the

power density of 405 nm laser obtained for the experiment in oocytes.

The photoconversion rates in vivo also scaled roughly linearly with 405 nm power.

Compared to in vitro, the photoconversion rates were slower for the same 405 nm power

density. This is likely due to the fact that the oocyte membrane is decorated with protus-

sions, called microville [19], which place the mEos2 tagged ion channels further away from

the glass substrate. Due to the exponentially decaying evanescent �eld, less light reaches

the mEos2 compared to the in vitro case in which the mEos2 is much closer to the glass

substrate.
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(a) 488 nm at 4.21 W/cm2

(b) 560 nm at 9.71 W/cm2

Figure 27: Photobleaching of the green and red form of mEos2 in oocytes
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Figure 28: Photoconversion of mEos2 with 405 nm laser at 0.32 W/cm2 in oocytes

Figure 29: Photoconversion kinetics of mEos2 in oocytes
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The measurement of these rates in vivo was important for the next experiments that

will use the glycine receptor system to determine photoconversion e�ciency of mEos2 from

the green to the red form. These experiments are currently undergoing in the lab and are

beyond the scope of this master thesis. However, the rates measured in this thesis will

greatly help in these future experiments and the interpretation of results.
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5 Conclusions

Fluorescent proteins such as mEos2 have a big potential for super-resolution imaging in

Biology. However, it is important to be aware of their photophysics, which can impact the

interpretation of experiments.

First of all, it is important to follow a speci�c and accurate protocol for sample prepa-

ration in order to avoid undesired noise sources, blurry images or conditions that lower the

temporal resolution. Moreover, a clear picture of what to expect in an experiment is basic

to obtain good results.

According to the photophysics of mEos2, after all the experiments performed in this

master thesis, we can conclude several things. The intensity decay due to photobleaching

of the protein is roughly linear with the excitation laser power for both green and red

forms. Moreover, the green form of mEos2 is less photostable, i. e. it bleaches faster than

the red form.

In the case of the photoconversion, it was clearly observed that the photobleaching due

to the photoconversion laser light was an important issue to consider while performing

these experiments. Therefore, we designed alternative experiments that did not rely on

intensity measurements in order to overcome this problem. Single molecule cumulative

counting proved to be a better method for characterization of photoconversion in mEos2.

In this case, the linearity of the rates with the laser power is also clear, consistent with

previous studies [16].

The photoconversion rates clearly depended on the pH as expected, given that the

protonated form of mEos2 has been proposed to undergo photoconversion. At lower pH,

the photoconversion reaches a plateau faster than at higher pHs. This is also consistent

with previous studies [16]. An interesting question arises as to whether the photoconver-

sion e�ciency is also di�erent at di�erent pH or whether only the rate is a�ected. This

question will be a subject for future studies.

Finally, a comparison of in vivo measurements of the photophyics of mEos2 performed

48



in Xenopus oocytes to the in vitro measurements is provided. The photobleaching in green

and red form showed exponential decay, similar to the one observed in vitro. Both decays

are characterized by two decay rates; the higher one corresponding to bleaching of the

mEos2 molecules while the lower one was found to be due to background �uorescence from

intracellular domains. Then, the photoconversion in oocytes was achieved with slower rate

than than in the in vitro case due to the fact that the ion channels are placed further away

of the cover glass because of the membrane topology. Similar to in vitro experiments, the

photoconversion rates scaled roughly linearly with 405 nm power.

These results form the basis for future studies that will aim to characterize the e�ciency

of photoconversion of mEos2 and other photoconvertible and photoactivatable �uorescent

proteins.
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