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Abbreviations

AOM Acousto-optical modulator

AR Androgen receptor

ARE Androgen response element

BCIP Bromo-4-chloro-3-indolyl phosphate
CAF 1 Chromatin assembly factor I

CHO Chinese hamster ovary

CLSM Confocal laser scanning microscopes
CPD Cyclobutane pyrimidine dimers

CS Cockayne syndrome

DBD DNA binding domain

DBD DNA-binding domain

DM Dichroic mirror

EBFP Enhanced blue fluorescent protein
ECFP Enhanced cyan fluorescent protein
EGF Epidermal growth factor

EGFP Enhanced green fluorescent protein
EGFR Epidermal growth factor receptor
ERCC Excision repair cross complementing protein
ESPT Excited state proton transfer

EYFP Enhanced yellow fluorescent protein
FCM Fluorescence correlation microscopy
FCS Fluorescence correlation spectroscopy
FP Fusion protein

FRAP Fluorescence recovery after photobleaching
FRET Fluorescence resonance energy transfer
FWHM Full width half-maximum

GFP Green fluorescence protein

GG-NER Global genome NER

IC Internal conversion

IL-2 Interleukin-2

IL-2R Interleukin-2 receptor

ISC Intersystem crossing

LBD ligand-binding domain
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In fluorescence microscopy, the ability of fluorescent molecules to emit light of specific
wavelengths following the absorption of light of shorter wavelengths is utilized to
observe the molecules directly or to indicate the position of fluorescently tagged target
molecules in a cell. Recent advances in laser and computer technologies have lead to the
availability of commercial confocal laser scanning microscopes (CLSM) thereby making
fluorescence microscopy widely accessible. Furthermore, the development of genetically
encoded fluorescent proteins have lead to advances in the analytical techniques used for
the evaluation of protein localization, dynamics and interactions in the cellular
environment.

A perfect fluorescence assay is one, which could monitor every protein directly
and map its behaviour in time. However, at present no single imaging modality can assess
all aspects of the complicated processes a protein undergoes in carrying out its functions
in the living cell. Proteins are mostly observed indirectly with the use of fluorescent tags,
which are assumed not to interfere with the behaviour of the target protein being studied.
High-resolution digital imaging of fusion proteins (FP) enables protein localization and
colocalization to be monitored in time. More sophisticated quantitative techniques, such
as fluorescence recovery after photobleaching (FRAP) and fluorescence correlation
spectroscopy (FCS) are used to study protein dynamics and protein-protein interactions.
Although FRAP is a bulk assay method and FCS is more effective when only a few
molecules are monitored at a time, the complementary use of both methods provides a
more accurate insight into the movement of proteins and their interactions with cellular
components in living cells.

Most fluorescence assay methods rely on fluorescence changes to quantify the
dynamics leading to these changes. Therefore an accurate understanding of protein

behaviour does not only require the use of more than one assay technique where
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necessary but also a knowledge of the photodynamic properties of the fluorescent tag
being used, for a proper interpretation of the fluorescence data generated by these
techniques.

In this thesis, the efficacies of various fluorescence microscopy techniques in the
analysis of protein localizations and dynamics in living cells are examined. In particular
the complementarities of these methods have been investigated and the fluorescence
behaviour of the enhanced green fluorescent protein (EGFP) considered in the
interpretation of the fluorescence data. In the following paragraphs the basic principles of
fluorescence microscopy will be discussed after a short history of the optical microscope.
The green fluorescence proteins (GFPs) and their properties that make them convenient
fluorescent probes for in vivo and in-situ analysis of proteins will be presented followed
by a description of various fluorescence assay methods. Finally, a description of the

proteins studied in this thesis will be given, followed by an outline of the thesis.

1.1 Short history of the optical microscope

The magnifying and light focussing abilities of lenses have been observed as early
as the first century when rudimentary lenses formed from transparent crystals were used
to focus sunlight on dry materials to make fire. It was, however, not until the Renaissance
when the first simple microscope was constructed. The humble 10x magnification
achieved by the assembly, consisting of a magnifying lens and a plate situated at either
ends of a tube, was then unprecedented as it made visible the fascinating details of
objects. This inspired the Dutch spectacle maker Zacharias Janssen and his son Hans in
1590 to experiment with several lenses in a tube to enhance the achievable magnification
thereby constructing the forerunner of the compound microscope and of the telescope.

Galileo in 1609 worked out the principles of lenses and made an improved instrument
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equipped with a focussing device. Later, Antonie van Leeuwenhoek (1632-1723),
credited with founding the field of microscopy, built microscopes using tiny lenses of
very high magnifications to make his pioneering studies on bacteria, yeast, plants and the
circulation of blood corpuscles in capillaries.

Ingenious improvements to the light microscope continued through the nineteenth
century. High quality lenses were being used in the optical elements and illumination
systems were introduced. However, with the introduction of oil-immersion objectives at
the end of the nineteenth century, the optical microscope reached its limits of resolution
imposed by the diffraction of light. As discovered by Ernest Abbe in 1878, the best
resolution attainable with the use of white light of average wavelength of 0.55 pm is
0.275 pum. It was thus realised that better resolutions could only be achieved by the use of
a source of illumination with a much shorter wavelength. (The shortest wavelength of
visible light, 0.4 um could yield a resolution of 0.2um.)

In 1904, K&hler and Moritz von Rohr designed the ultraviolet microscope which
was illuminated by ultraviolet radiation generated through a cadmium arc and used lenses
fabricated from fused quartz. Operating in the shortest wavelength range of visible light,
the microscope enabled images of high resolutions to be made. Inevitably, fluorescence
was observed, thus establishing the foundation for ultraviolet and fluorescence
microscopy. In 1934 Frits Zernike introduced the phase-contrast technique, which
enabled the study of live organisms under the microscope. The confocal imaging
technique, first proposed by Marvin Minsky in 1953, introduced a confocal "pinhole" in
front of the image plane so that out-of-focus light from above and below the plane of
focus in the object are filtered out of the image. Recent (1980s) advances in laser

technology and the availability of high speed and large storage capacity microcomputers
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have made confocal microscopy a very valuable tool in the field of biology and

biomedical research.

1.2 Fluorescent Probes — Visible Fluorescent proteins

1.2.1 Fluorescence

Fluorescence is a form of luminescence in which susceptible molecules referred to
as fluorophores emit light of specific wavelength following their absorption of light of
shorter wavelength (higher energy). Fluorescence emission occurs when the excited
electron of a fluorochrome relaxes from the excited singlet state to the ground state. The
process can be represented schematically by the Jablonski energy level diagram (Fig.
1.1). Upon the absorption of photons of specific wavelength, a fluorochrome is excited
from the ground state (So) to any of the vibrational levels of the singlet excited energy
states (S;, Sz and so on) depending on the photon energy and the absorption probability.
Photon absorption takes place very rapidly (107" s) followed by the relaxation of excited
molecules to the lowest vibrational level of the first excited state in about 10™° -10"" s
through internal conversion. The molecules remain at this level for 10° -107 s, before
further relaxation to any of the vibrational levels of the ground state (Sy). Relaxation may
be achieved by the emission of fluorescence photons of a lower energy than the excitation
energy. The emitted fluorescence photons are therefore of longer wavelengths than the
excitation wavelength and form a spectrum peaking at a unique characteristic wavelength
for the fluorochrome (Fig. 1.2C). The difference in wavelength between a fluorochrome's
excitation and emission is termed its Stokes shift.

Other possible relaxation processes include internal conversion where excess

energy is lost by heat dissipation. Alternatively, radiationless excited state depopulation
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Fig. 1.1 Jablonski energy level diagram illustrating the processes involved in the excitation
and relaxation of a chromophore. Photon absorptions (A) are depicted by blue lines with
arrows pointing upward while lines with arrows pointing downward depict relaxation processes.
Non-radiative relaxation processes, internal conversion (IC) and intersystem crossing (ISC) are
depicted by black lines while the fluorescence emission process (F) is depicted by green line and
phosphorescence (P) depicted by red line. See the main text for all full description of the

processes.
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in their environment. Interactions with quenchers such as oxygen may lead to may also
occur as a result of the excited fluorochromes interacting with other molecules bleaching,
an irreversible modification resulting in the fluorochrome losing its fluorescence (see
section 1.2.5). Interactions with suitable molecules (acceptor) in close proximity may
lead to fluorescence resonance energy transfer (FRET). This is a radiationless relaxation
process of the excited fluorophore (donor), where the acceptor may itself be a
fluorophore. The application of FRET in fluorescence microscopy is discussed in section
1.3.4.

An excited fluorochrome may also undergo intersystem crossing (ISC) to the
excited triplet state (T;) from which a return to the ground state is spin-forbidden making
the triplet-state lifetime extremely long. Though the process is forbidden, it sometimes
occurs with the emission of phosphorescence photons. Phosphorescence lifetimes (up to
seconds) are much longer than fluorescence lifetimes. The process is not usually observed
in liquids at room temperature, instead the fluorochrome relaxes from the triplet state
through radiationless processes such as internal conversion and quenching. The
fluorochrome may also revert back to the singlet-excited state from which it may give off

delayed fluorescence.

1.2.2 Fluorescent Probes

Fluorescence typically occurs from synthesized organic aromatic molecules such
as fluorescein, rhodamine-6G and alexa-488. Many of the conventional fluorescent dyes
are used to tag antibodies that bind to target cellular proteins to form fluorescent probes,
which are observable under the microscope. A specimen stained with this probe is
illuminated with light of suitable wavelength and then viewed through an emission filter

that allows only photons having the wavelength of the emitted light to pass through.
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Structures tagged with the fluorescent probe will appear to light up against a black
background in the microscope.

Fluorescence has also been found to occur in natural proteins such as the green
fluorescent protein and its variants (GFPs). The GFP was first discovered in the pacific
jellyfish (aequorea victoria) in which it absorbs the energy that would lead to blue
bioluminescence of aequorin if no GFP was close and emits green fluorescence [1,2].
Upon purification after isolation from the jellyfish, GFP by itself was found to fluoresce
requiring no specialised cellular machinery [3]. It is thus possible to fuse the gene
encoding a GFP to that encoding virtually any protein of interest to form a fusion protein
chimera which when expressed in a cell or organism can be monitored non-invasively by
fluorescence microscopy. A successful GFP fusion protein is one that retains the intrinsic
fluorescence properties of the GFP as well as the normal biological functions of the target

protein.

1.2.3 The green fluorescent protein (GFP) and its variants

The wild-type GFP (wt-GFP) fluorescence emitted by the pacific jellyfish
originates from a chromophore that consists of an amino-acid triplet (Ser-Tyr-Gly) at
positions 65-67 (Fig. 1.2A) which automatically undergoes a chemical rearrangement
(autocatalytic posttranslational cyclization and oxidation) after synthesis to become 4-
(phydroxybenzylidene)- imidazolidin-5-one making the protein fluorescent [4,5]. Most of
the 238 amino acids making up the 27-kDa protein are used in forming a rigid cylindrical
[-barrel scaffold structure of 11 strands sometimes referred to as the -can. (Fig. 1.2B)
[6,7]. The B-strands are threaded by an a-helix running up the axis of the cylinder and the
chromophore is attached to the a-helix at the centre of the cylinder where it is well

isolated from its environment [6,8].
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Fig. 1.2 The chromophore and spectra of the wild type GFP. (A) The wild type GFP
chromophore, consisting of a cyclized amino-acid tripeptide Ser®-Tyr*-Gly*’. (B) A 3-D
perspective of the GFP showing the location of the chromophore within an o-helix inside the
rigid cylindrical scaffold structure of 11 B—strands (B-barrel) which contains most of the 238
amino-acids making up the protein [6,8]. [9] GFP’s major and minor absorbance peaks (blue) and
single fluorescence emission peak (green). Absorption of the blue light spectrum of 360 — 530 nm
raises the fluorochrome from the ground state to various vibrational levels of the excited states.
The excited fluorochrome emits green fluorescence with an emission maximum at 508 nm as the

fluorochromes relax to various vibrational levels of the ground state.

Wt-GFP emits green light (Amax = 508 nm) when excited with ultraviolet (UV) or
blue light (Amax = 395 nm, minor peak at 473 nm) (Fig. 1.2C) [10]. The fluorescence is
stable and insensitive to pH variation. Properly folded and mature GFP is also insensitive
to temperature variations up to 65°C [11]. However wt-GFP tends to misfold producing
mostly nonfluorescent aggregates at 37°C [11]. Mutagenesis of GFP directed at solving
this and other problems has yielded GFP variants with improved folding and various
expression properties. GFP mutants retain the cylindrical P-can shielding the
chromophore from the environment thereby protecting the environment from toxic photo-

products while at the same time minimizing the access of quenchers to the chromophore.
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Modifications of the wt-GFP protein codon to optimise codon usage by host organisms
were found to improve protein expressions [11,12] in the enhanced variants used in most
live cell studies. These variants include the enhanced green fluorescent protein (EGFP),
the blue (EBFP) and cyan (ECFP) short-wavelength-shifted variants, and the red shifted
variant, the enhanced yellow fluorescent protein (EYFP).

The enhanced green fluorescent protein (EGFP) is the most widely used GFP for
mammalian live cell studies. The protein is structurally similar to the GFP originally
found in jellyfish, except that it contains two amino acid substitutions F64L and S65T.
The S65T substitution quickens the rate of chromophore formation (from 2hrs to 0.45 hr)
and eliminates the wild-type double excitation peaks replacing them with a six-times
higher amplitude single excitation peak at 489 nm [13]. This combined with the F64L
substitution that improves protein-folding efficiency makes the EGFP chromophore 35-
times brighter than the wild type when excited at 488 nm [14,15]. Mutations that increase
the efficiency of protein folding and chromophore formation also suppress the
thermosensitivity of chromophore formation [12,14]. All enhanced GFP variants show
little difference in fluorescence when expressed at either 25°C or 37°C.

EGFP is very stable with a half-life in excess of 24 hr [16]. The protein is
predominantly monomeric at the low concentrations usually studied in living cells but it
is fluorescent either as a monomer or as a dimer. It is relatively resistant to detergents,
chaotropic salts, and organic solvents [17]. Fixations with glutaraldehyde and

formaldehyde have also been shown to have no significant adverse effect on the protein

[3].
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Fig. 1.3 The effect of mutagenesis on GFP spectra. (A) Amino acid sequence differences
between wt-GFP and some other fluorescent protein variants. Variations in the 65, 66, 67 amino
acids forming the fluorescent ring not only influence the rate of chromophore formation but also
have a large effect on absorption and excitation spectra. (B) The absorption and [9] emission

spectra of some variants of GFP and DsRed as indicated.

TABLE I. Spectral properties of some fluorescent proteins

Protein Excitation Emission Em(cm 'M")  Quantum Yield (%) Brightness
Maxima (nm) Maxima (nm)

Wt GEP 395 (470) 509 (540) 9,500 80 1
EGFP 488 507 56,000 60 33.6
EBFP 380 440 29,000 31 9.0
ECFP 433 (453) 475 (501) 32,500 40 13.0
EYFP 513 527 83,400 61 50.9
DsRed 558 579 31,000 42 13.0
HcRed 588 618 - - -

However, EGFP fluorescence exhibits a limited resistance to pH variation [3,12].
The fluorescence is stable between pH 7.0 and pH 11.5, drops sharply above pH 11.5,
and decreases between pH 7.0 and pH 4.5, retaining about 50% of fluorescence at pH 6.0

[18]. The pH sensitivity of the protein is put to use in live cell pH determination [19] .
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In addition to improving the efficiency and stability of wt-GFP mutagesis has also
been used in the formation of colour variants. Substituting Y66 of the wild type with
tryptophan (Y66W), histidine (Y66H) or with phenylalanine (Y66F) results in short
wavelength shifts in fluorescence emission. In the enhanced blue fluorescent protein
(EBFP) the minor absorption peak of the wt-GFP is suppressed and the major one shifted
to 384 nm yielding an emission spectrum peaking in the blue region at 448 nm (Fig.
1.3B&C) [20]. The enhanced cyan fluorescent protein (ECFP) variant contains seven
amino acid substitutions (Fig. 1.3A). The Tyr-66 to Trp substitution shifts the
chromophore’s excitation maxima to 433 nm (major peak) and 453 nm (minor peak), and
the emission maximum to 475 nm with a small shoulder at 501 nm (Table I; Fig.
1.3B&C). EBFP and EGFP are often used as partners in multicolour fluorescence
techniques [21,22] while ECFP is used together with the red-shifted yellow fluorescent
protein (EYFP) [22]. EYFP is efficiently excited with the 514 nm line of an argon laser
producing a yellow-green emission at 527 nm [8] (Table I; Fig. 1.3B&C).

To broaden the spectrum of fluorescent proteins for multispectral imaging, genetic
fluorescent labelling technology has been expanded to fluorescent proteins from non-jelly
fish marine organisms [23]. A wide range of reef coral fluorescent proteins (RCFPs),
derived from Anemonia majano, Zoanthus sp., A. sulcata and Discosoma sp. designated
AmCyan, ZsGreen, ZsYellow, AsRed, and DsRed respectively, have unique excitation
and emission patterns within the visible spectrum [24-27]. Furthermore, a range of
improved monomeric red, orange and yellow fluorescent proteins (mHoneydew,
mBanana, mOrange, tdTomato, mTangerine, mStrawberry, and mCherry) have been
produced from DsRed through directed evolution further broadening the spectrum of
fluorescent markers [28-30]. Thus, a wide range of fluorescent proteins of emission

spectra between 489 nm and 618 nm are now available commercially.
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1.2.4 Blinking of GFP molecules

The GFP chromophore is connected to the rest of the protein by an intricate
hydrogen-bond network, which determines the protonation state of the tyrosyl group. In
the wild type, the double absorption maxima of the absorption spectrum are associated
with the possibility of the chromophore existing in the neutral (protonated) A-form and
the anionic (deprotonated) B-form. The major absorption peak at 395 nm is attributed to
the neutral form and the minor peak at 473 nm attributed to the anionic form. Studies on
the GFPs have shown that only a deprotonated form of the chromophore can fluoresce
[31-36]. Excitation of the anionic form results in an emission centred at 503 nm while
emission from the neutral form only occurs after a fast excited state proton transfer
(ESPT) from the tyrosyl group to the hydrogen bond network leading to a deprotonated
intermediate [-form which gives off the emission centred at 508 nm [31,32]. Although the
[-form is quickly reprotonated to the neutral form of the chromophore after fluorescence
emission, the intermediate state has been detected at cryogenic temperatures by optical
spectroscopy and by time-resolved spectroscopy at room temperatures [33-36]. The
multiplicity of possible conformations of the chromophore is utilized in GFP technology
to produce fluorescent probes of desired excitation and emission characteristics. Site-
specific mutagenesis in the surrounding protein scaffold is used to stabilize a desired
conformation or modify the photodynamics of the chromophore [11,37,38].

Due to the interconvertibility of the various possible states of the GFP
chromophore [39,40] the excited-state molecular dynamics are very complex
[11,31,32,41-43]. Fluorescence fluctuations attributed to the interconvertibility of states
have been observed in GFPs in addition to the triplet state induced fluctuations in

fluorescence. Conformational change related fluctuations in the order of milliseconds
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have been observed [42-49]. A seconds-time-scale fluctuation in the fluorescence of

GFPs is the subject of investigation in chapter 2.

1.2.5 Photobleaching

Photobleaching is the loss of fluorescence by a fluorophore due to photon-induced
chemical alteration of the fluorochrome. Irreversible photobleaching occurs when an
excited chromophore reacts with free radicals to irreversibly form a nonfluorescent
product. The number of excitation and emission cycles which a particular fluorophore can
undergo before it is irreversibly bleached depends on its molecular structure and the local
environment. Some fluorophores bleach quickly after emitting only a few photons, while
more robust fluorophores can undergo thousands of cycles before bleaching. However,
the maximum number of photons emittable by a single fluorochrome under continuous
irradiation is usually less than a million [50].

GFPs are strongly resistant to photobleaching thus allowing prolonged
visualizations under low-intensity imaging conditions in confocal microscopy. In
addition, when they bleach under high intensity illuminations, GFPs bleach irreversibly
without detectably damaging intracellular structures [18]. This is because the compact
cylindrical barrel inside which the fluorochrome is buried does not only protect the
chromophore from its cellular environment but also shelters the cell from reactive
intermediates generated by photobleaching [51]. Photobleaching can be utilized to probe
the in-vivo behaviour of proteins in a living cell. EGFP, efficiently excited with 488 nm
argon-ion laser, is particularly suitable for photobleaching studies in living cells to

determine protein dynamics.
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1.3 Qualitative and Quantitative Fluorescence Microscopy

In fluorescence microscopy, proteins or cellular organelles to be studied are
tagged to fluorescent probes and then imaged using a fluorescence microscope. In its
simplest form, a fluorescence microscope basically illuminates the fluorescent specimen
with filtered light of suitable wavelength and then collects the emitted light of longer
wavelength from the specimen excluding the much brighter excitation light to form the
image of the specimen. Modern fluorescence microscopes are based on the epi-
illumination design (Fig. 1.4A) in which light from an illumination source is directed to

the specimen through an objective lens that also collects emitted light from the sample

A

Filters
T

o
:

Source Lens

Objective

—— Sample

Fig. 1.4 Basic setup of an epi-fluorescence microscope. (A) Light from the source is reflected
off a dichroic mirror towards the specimen. Fluorescence photons of longer wavelength from the
specimen are allowed to pass through the dichroic mirror to the eyepiece. The excitation filter
(blue) stops photons of undesirable wavelengths in the source beam from getting to the specimen
while the emission filter blocks the excitation light and selectively allows only photons of

interesting wavelength range in the fluorescence spectrum to get to the ocular.
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providing an efficient illumination and detection system. Usually, objective lenses with
high numerical apertures (NA) are used to provide good resolution in x-, y- and z-
direction. Nonetheless, a thick specimen imaged in a conventional wide-field microscope
(Fig. 1.4A) produces an image that represents an overlay of sharp image details from the
in-focus region superimposed on blurred images from all out of focus regions resulting in
poor contrast.

To produce better images of details within thick specimens, modern fluorescence
microscopes use optical sectioning to discriminate against light originating from out-of-
focus planes. The techniques involved include multiphoton excitation, image
deconvolution and confocal microscopy. Multiphoton approach to excitation enables the
use of longer wavelength photons that penetrate deeper into a specimen and produce less
bleaching. In deconvolution technique, images obtained by normal wide-field
fluorescence microscope are reconstructed mathematically by reassigning out-of-focus
light to their points of source by deconvolution [52]. This method is particularly

advantageous in imaging very weakly fluorescent structures [53].

1.3.1 Confocal laser scanning microscopy

The confocal technique achieves optical sectioning through a point-by-point
illumination of the specimen and the rejection of out-of—focus light with a pinhole
sittuated at the conjugate focal (confocal) plane of the objective (Fig. 1.5A). Confocal
laser scanning microscopy (CLSM), widely available in commercial instruments has
proved to be a popular technique for live cell imaging. By scanning one pixel (voxel) of
the in-focus plane at a time in a confocal microscope, an optical section containing
information from only the focal plane (x-y plane) of limited thickness (typically 1um) of
a 3-dimensional (3-D) specimen is produced. A 3-D image of the specimen can be

obtained from a series of optical sections formed by moving the focal plane of the
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instrument step-by-step through the depth (z-direction) of the specimen. The in-focus
light usually constitutes a small portion of the total emission from the specimen making
the amount of light forming a confocal image a very small fraction of that of a normal
fluorescence microscope, thus making the application of the technique to weakly
fluorescent structures very challenging in its early days (1950s). This problem was
compounded by the difficulties associated with recording the large amount of information
generated by confocal imaging to prevent a wider application of the technique. Not until
the advances in laser technology, availability of highly sensitive photo-detectors and
improvements in the speed and storage capabilities of microcomputers (in the 1980s) did
confocal microscopy receive the prominence it now enjoys.

Modern confocal microscopes (Fig.1.5B) use the beam of a laser to illuminate the
specimen and the reduced signal from the confocal pinhole is collected with highly
sensitive photomultiplier tubes (PMTs), which are connected to large data storage
facilities provided by microcomputers. To image the specimen point by point, collimated
light of suitable wavelength from a laser module is reflected by the dichroic mirror to the
scanning unit (two scanning mirrors) before being focussed onto the specimen by the
objective lens. The scanning mirrors deflect the beam in the x- and y-direction over a
specified region of interest in the focal plane. The emitted, longer-wavelength fluorescent
light collected by the objective lens passes through the dichroic mirror (transparent for
the longer wavelength) and is focused into the pinhole by a lens. Only the light emanating
from the point of focus of the objective in the specimen passes through the pinhole to be
registered on the photomultiplier tube positioned behind the confocal aperture. The
analogue output signal of the detector is digitised and fed into the computer which builds
up the image for instant display on the monitor. The computer also controls the scanning

mirrors, the motorized focussing mechanism and stores the data for analysis. The stored
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Fig. 1.5 The confocal laser scanning microscope. (A) Formation of a confocal image. A
diaphragm with a pinhole (Pinhole 2) is situated on a plane conjugate to the focal plane of the
objective so that light from the focal point reaching the pinhole is allowed through while light
originating outside the focal point is rejected. (B) The beam path in a confocal laser scanning
microscope (CLSM). The intense beam of a laser source is directed to the specimen through a
scanning system and an objective lens. The fluorescence signal from the specimen is projected
by the same lens onto the confocal pinhole and collected with highly sensitive photomultiplier
tubes (PMTs), which are connected to a computer (not shown). Scanning of the specimen is
achieved by piezo-controlled scanning mirrors, controlled by the computer, to deflect the
excitation beam in the x- and y-direction over a specified region of interest. (Adopted from Zeiss

market promotion material)
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data of the serial optical sections (Z-stack) through the specimen can be used to generate
a computer graphics projection image or a volume-rendered 3-D representation of the
specimen.

The main advantage of the confocal laser scanning microscope (CLSM) over a
conventional microscope is its ability to produce high-resolution images of structures
within the interior of intact cells thereby enabling a look inside them. Further more,
although axial (z-) resolution is still lower than lateral (xy-) resolution, z-stack data
collected from several focal planes can be processed and analysed to solve 3-D biological
problems of thick samples. 3-D sequential time-lapse imaging is also possible on a
CLSM producing a four-dimensional (4-D) data series with time being the fourth
dimension. This is useful in monitoring dynamic processes in living cells or tissues that
are better understood when studied in real time. The 4-D data sets generated can be
analysed using a 4-D viewer program that allows three-dimensional reconstruction for
each time point and processing for display as a movie.

In addition to localization of single proteins and observation of cellular organelles
within intact cells fluorescence confocal microscopy also permits colocalization studies.
In a colocalization study, the specimen is multiply labelled for the different molecules or
structures of interest. The fluorescent labels used should be sufficiently different in their
excitation and emission properties to enable separate collection of fluorescent signals to
different channels. The fluorescence signals are combined to make colour images, which
along with the three-dimensional information obtained by confocal sectioning can

precisely show colocalizations as overlaps of the signals.
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Fig. 1.6 Experimental set-up for fluorescence correlation spectroscopy. (A) A laser beam is
first lead through a beam expander and then focused by a high-NA objective lens on a fluorescent
specimen. Fluorescence from the specimen is collected by the same objective, reflected by a
dichroic mirror (DM), focused by a tube lens and then passed through an emission filter and a
confocal pinhole onto the detector. (B) Schematic drawing of the focal volume (green) within
which the specimen particles (black circles) are illuminated. The observation volume, contained
within the focal volume, is determined by the detector pinhole of the confocal volume. The
dimensions ®, and ®, are obtained from a calibration using a dye (such as Rh 6G) of known
diffusion coefficient as explained in the main text. [9] A fluorescence signal trace measured for
Rh 6G with a 488 nm laser beam (D) The autocorrelation function G(t) of the measured
fluorescence intensities. Assuming a Gaussian observation volume, G(t) can be fitted (for
instance by ordinary least squares) to various analytical functions to extract information about
molecular concentration, brightness, diffusion, and chemical kinetics, for one or more diffusing

fluorescent species.
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1.3.2 Fluorescence correlation spectroscopy (FCS)

Fluorescence correlation spectroscopy (FCS) is a fluorescence fluctuation
technique developed in the early nineteen seventies to study diffusion and reaction
dynamics of fluorophores at thermodynamic equilibrium [54-56]. In FCS, minute

fluctuations in the fluorescence intensity of a low concentration of fluorescent
molecules excited within a microscopic volume are utilized to evaluate the physical
parameters contributing to these fluctuations. Using FCS, such physical parameters as
local concentration, diffusion coefficients, chemical reaction rate constants as well as
photophysical properties of fluorophores can be determined [57]. The technique is
characterized by high sensitivity to mobility, ability to distinguish between different
diffusing species and high sampling rate.

Modern FCS instruments possess single molecule sensitivity made feasible by the
advances in confocal microscopy [58]. Using confocal principles, sub-femtolitre
observation volumes of FCS systems have been attained while the use of avalanche
photodiode detectors has facilitated the detection of photons from the few molecules
observed at any given time. In an FCS experiment, a focused laser beam continuously
illuminates the specimen containing a dilute concentration fluorescently tagged target
molecules (Fig. 1.6). Excitation of a fluorescent molecules moving through the sensitive
volume of the system results in a burst of fluorescence photons. The duration of a burst
reflects the dwell time of the molecule within the observation volume and the intensity of
the burst depends on the number molecules traversing the volume at any given time and
the molecular brightness. The intensity time trace of the fluorescence signal is analysed
[59] to obtain an autocorrelation curve which is displayed together with the intensity time

trace during the experiment for easy adjustments when necessary.
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The autocorrelation curves can be analysed to determine the average number of
molecules in the observation volume and the diffusion times which can be converted to
diffusion coefficients. The analysis of autocorrelation curves are usually carried out by
Levenberg-Marquardt non-linear least-squares method to fit the data to model single- or
multi-component diffusion equations which correct for triplet state induced fluctuations
in intensity as well as blinking and possible anomalous diffusion of the particles [60-63].

A key advantage of FCS is its single molecule studies capability. However,
limitations to the application of FCS in cellular protein dynamics arise when a fraction of
the molecules under study are immobile. Immobile fluorescent molecules in the detection
volume of an FCS system are susceptible to bleaching resulting in high apparent number

of molecules and faster than normal diffusion coefficients [64].

1.3.3 Photobleaching methods

Photobleaching, a seemingly undesirable consequence of high intensity illumination of
fluorescent molecules has found extensive use in studying the mobility of cellular
proteins. Fluorescence recovery after photobleaching (FRAP), developed in the 1970s,
was first applied in cell biology to study membrane diffusion of fluorescently labelled
lipids and proteins [65-67]. But the accuracy of selective illumination of regions of
interest made possible by laser scanning microscopy and the advances in GFP-technology
have boosted the application of FRAP in the investigation of protein dynamics in the
interior of living cells [68-71].

FRAP is a procedure in which a defined area of the cell is swiftly irradiated with a
high-intensity laser beam resulting in the irreversible photobleaching of most of the
fluorophores present in the illuminated area (Fig. 1.7). As fluorophores move in and out
of the bleached region, bleached molecules are replaced by fluorescent ones resulting in a

gradual recovery of fluorescence until equilibrium is reached. The recovery can be moni-
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Fig. 1.7 Quantitative fluorescence recovery after photobleaching (FRAP). (A) A schematic
representation of a FRAP experiment. The level of fluorescence in a user-defined region of a
fluorescently tagged sub-cellular structure (a cell nucleus in this case) is measured with a low
laser power and then rapidly bleached at high laser intensity. The recovery of the fluorescence
signal in the bleached region due to the influx of mobile unbleached molecules is measured as a
function of time at low laser power. (B) Plots of fluorescence intensity in a region of interest
(ROI) normalized to the pre-bleach intensity versus time (recovery kinetics) for different types of
recovery as indicated. Recovery kinetics contains information about the apparent mobility of the
labeled molecules. The kinetics can be modeled by suitable mathematical algorithms to extract
dynamic properties, such as diffusion coefficients, immobile fractions, and average residence
times at binding sites of the labelled molecules [51,71-74] from the curves. In addition, computer
simulation of the FRAP process can be applied to generate curves with varying diffusion
coefficients and kinetic parameters [73,75]. Subsequently, the experimental curve can be fitted to

the generated curve set.
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tored in time with a low intensity beam [71]. Fast moving molecules lead to a steep
recovery curve with a short time of recovery while slow moving molecules produce a
curve with a longer recovery time. The recovery curve can be used to estimate the
dynamic properties, such as diffusion coefficients, immobile fractions, and average
residence times at binding sites of the labelled molecules [51,71-74].

The interpretation of FRAP data is often complicated by the finite duration of
measurements, possible restricted diffusion and sometimes multicomponent diffusion of
the protein of interest in the nucleus. Slower than expected diffusion coefficients are
often observed and attributed to transient binding events and multicomponent diffusion
[73,75]. In such cases, binding parameters such as bound fraction and residence time
reflecting the on and off (ko, and ko respectively) rates of the studied molecules binding
to and release from immobile structures are often extracted from the FRAP data based on
the difference between the expected diffusion coefficient of the protein under

investigation and the measured effective diffusion coefficient [73,74].

1.3.4 Fluorescence resonance energy transfer (FRET)

Fluorescence resonance energy transfer (FRET) is the transfer of excited-state energy
from an excited donor (D) molecule to an acceptor (A) molecule in each other’s close
proximity (< 10 nm). FRET occurs only if the emission spectrum of the donor overlaps
with the absorption spectrum of the acceptor. Energy transfer is a result of dipole-dipole
interaction between the donor and the acceptor and takes place without the emission of a
photon by the donor. FRET therefore constitutes a radiationless relaxation process of a
donor molecule in the presence of an acceptor. The fraction of excitation quanta
transferred to the acceptor, described as the energy transfer efficiency, is highly
dependent on the distance between the fluorophore pair. Energy transfer efficiency E is

given by the equation [76].
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E=1/[1+(R/R,)°] (1.1)

where R is the donor-to-acceptor distance, and Ry the distance at which E = 50%, is called
the Forster distance. Ry is typically in the range 20-60 A which is comparable with the
dimensions of biological macromolecules. The steep dependence of FRET on distance
coupled with the associated high efficiency of the phenomenon at macromolecular
dimensions makes FRET suitable for the measurement of (changes in) distances between
two sites on a macromolecule and for protein-protein separations. FRET is particularly
useful for the study of protein interactions.

With the advances in GFP technology there are several fluorescent probes suitable
for the use of FRET in measurement of protein-protein interactions in living cells. FRET
assay in living cells reviewed in [77] involves the labelling of target protein with suitable
donor and acceptor fluorophores and subsequent imaging under the microscope. Energy
transfer can, among other methods, be measured through the increased (sensitised)
acceptor emission. This involves the acquisition of fluorescence images of the specimen
with three distinct filter sets: one contains the donor excitation filter and acceptor
emission filter to detect sensitised emission, one set is specific for the donor excitation
and emission alone, and one is specific for the acceptor alone. The acceptor fluorescence
intensity upon donor-wavelength excitation is corrected at every point of the image for
the leak-through of the donor emission and for direct excitation of the acceptor to

calculate the energy transfer efficiency [78].

1.4 Applications of quantitative fluorescence microscopy in live cell studies
Cellular functions are often performed through the transport of active proteins to

sites of action followed by binding interactions. Free movement of the proteins allows a
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dynamic interplay between different processes. An example of such interplay takes place
between the nucleotide excision repair (NER), RNA Polymerase I transcription (POL I
transcription) and RNA Polymerse II transcription. (POL II transcription) in the cell
nucleus (Fig. 1.8). In vivo studies of proteins involved in such complex processes have
been facilitated by the advances in GFP fusion technology and fluorescence microscopy
techniques. To demonstrate the complementarities of fluorescence microscopy techniques
we studied some model proteins involved in diverse cellular processes in the nucleus,

cytoplasm and membrane: DNA-repair, transcription, and the immune defense system.

1.4.1 The Nucleotide excision repair (NER) proteins

Nucleotide excision repair (NER) is a continuous repair process eliminating a wide
variety of helix-distorting DNA damage to safeguard the integrity of mammalian
genome. Genetic studies have identified eight gene products (XPA through XPG and
XPV) associated with NER in humans [79-82]. Seven of these (XPA-XPQG) are involved
in damage recognition, unwinding of the double helix around the damage, and the
excision of the injury as a 24-32 oligonucleotide piece of DNA from the affected strand
(Fig. 1.8). The last repair factor, XPV is involved in the replication of the damaged DNA.
Several of the gene products occur in heterodimeric complexes with proteins that are
essential for their stability and function. The XPA is a 273 aminoacid protein that
participates in damage recognition and DNA binding [83,84]. XPC found in complex
with HHR23B is the damage recognition initiator in nontranscribed regions of the
genome [85,86], while the 48 kDa XPE protein (DDB2) also thought to be involved in
DNA damage recognition is complexed with a larger 127 kDa subunit (DDB1). XPB and
XPD helicases exist as components of TFIIH complex, which unwinds the DNA at the
damaged site and serves as a basal transcription initiation factor [87]. The XPF is

complexed with the excision repair cross complementing protein (ERCC) which makes
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the 5' DNA incision to the damaged site [88,89] while the 1186 amino acid nuclease,

XPG is involved in the 3' incisions [90,91].

1.4.2 Androgen receptors

The androgen receptor (AR) is a ligand-dependent transcription factor of the steroid
receptor (SR) subfamily of nuclear receptors. ARs regulate the expression of genes
involved in the development and maintenance of male phenotype and play a role in the
growth of prostate cancer. Like all SRs, AR is composed of a central DNA-binding

domain (DBD), a C-terminal ligand-binding domain (LBD), and an N-terminal transacti-

Nucleotide excision repair
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Fig. 1.8 Dynamic interplay between different DNA-interacting processes. The dynamic
interplay amongs the three DNA-interacting processes: nucleotide excision repair (NER), RNA
Polymerase I transcription (POL I transcription) and RNA Polymerse Il transcription. (POL II
transcripion) is an example of the complex dynamics and interactions that take place in the cell
nucleus Most of the factors involved move freely through the nucleus, as monomers, dimers or in
small subunits and assemble ‘on the spot’ to either DNA damage or gene promoters, where they

transiently form repair or transcription complexes.
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vation domain (NTD). In the absence of androgens, ARs are mainly located in the
cytoplasm. Upon ligand-binding ARs rapidly translocate to the nucleus, where they bind
to androgen response elements (AREs) in the promoters/enhancers of target genes and
recruit transcriptional coregulators. Confocal microscopy of GFP-tagged proteins, as well
as quantitative assays such as FRAP and FRET have been instrumental in the
investigation of the behaviour of SRs in living cells. Like many other nuclear factors
interacting with DNA, SRs, including the AR, were shown to be highly mobile in the
living cell nucleus and dynamically interact with specific binding sites. FRAP-analysis
based on computer modelling have been used to show that agonist-bound wild type ARs
are largely freely mobile in the nucleus and only transiently bind to immobile elements in
the nucleus. Non-DNA binding mutants were found to be freely mobile showing no
detectable immobile fraction suggesting that the transient immobilization of ARs is

dependent on DNA-binding.

143 1L-R2

Understanding how the human body combats diseases is essential both in
preventive medicine and drug design. It is known that lymph cells secrete cytokines in
order to mediate and regulate immunity, inflammation, and haematopoiesis. Cytokines
are small proteins of short half-lives, often acting over short distances and are produced
de novo in low concentrations in response to immune stimuli. Interleukines regulate
immune responses by binding to specific membrane receptors. Interleukin-2 (IL-2)
secreted by T lymphocytes when stimulated with antigen or mitogens is essential for T
cell growth [92,93]. The specific receptor for IL-2 is the monomeric subunit, IL-2Ra that
has also been found in the fully functional receptor assembly, the IL-2Raf}y heterotrimer
[94], which has a higher affinity for the cytokine and is capable of transmitting signals

intracellularly. The process by which IL-2Ra is assembled with the less abundant 3 and vy
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chains to form IL-2Rafy can be investigated by fluorescence imaging techniques.
Surprisingly, it was found using FRET that on various lymphoid cells the trimeric IL-2R
is pre-assembled even in the absence of the ligand, however the addition of TL-2

enhanced the association of the 3 subunits [95].

In apparent contradiction of the fluid mosaic membrane model, studies on non-
excitable cells have revealed a prevalence of assemblies of cell surface antigens and
receptors forming clusters of several hundred nanometres in size [96,97]. This
presumably enhances the efficiency of transmembrane signalling [98,99] by using the
focussing effect of the clustering. The clustering of the receptor subunit and its
colocalization can be assessed with high-resolution confocal microscopy and digital

image processing while FRET can be used to evaluate average molecular proximities.

1.5 Thesis outline

In demonstrating the efficacies of fluorescence microscopy techniques in the
study of protein localization and dynamics in living cells, the focus of this thesis shifts
from a discussion of the techniques to the characterization of the fluorescence properties
of the GFP used in making the proteins observable, through proper interpretation of data
generated in fluorescence microscopy and finally to the application of the methods in the
study of model biological systems.

In chapter 2, the long-lived dark state of the EGFP, the most common
fluorescence protein used in protein dynamic studies, is investigated and the consequence
of this so-called “blinking” on FRAP data is discussed. Chapter 3 presents a quantitative
comparison between two different methods: FCS and FRAP in the study of protein
mobility, first when biologically inert systems are the subjects of investigation and then
in the interpretation of measured data when biologically active proteins are investigated.

In chapters 4 to 7 the importance of complementary use of various techniques in the study
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of protein localization and dynamics is demonstrated. Chapter 4 demonstrates the
complementary use of both FRAP and FCS to show that the mobility of NER proteins is
mostly determined by their respective molecular size and shape. Chapter 5 shows how the
ability of the photobleaching techniques to characterize long-range diffusion was used to
prove that the recruitment of the NER endonuclease XPG to sites of uv-induced DNA
damage depends on the presence of functional TFIIH. Chapter 6 presents a minimal
invasive assessment of the effects of stimulation on the localization and mobility of EGF
receptor studied in the form of EGFP fusion protein. In chapter 7, the result of the
investigation of IL2-receptor localization and organization in the cell membrane of

lymphoid cells was investigated with respect to lipid rafts and MHC glycoproteins.
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2.1 Abstract

Green fluorescent protein [1] and its color variants have revolutionised many aspects
of cell biological research [2,3]. Probably the most important type of application is to
visualise protein dynamics inside living cells, either by 2 or 3-dimensional time lapse
imaging or by quantitative microscopic fluorescence assays such as fluorescence
recovery after photobleaching [4], fluorescence correlation spectroscopy [5] and
fluorescence resonance energy transfer [6]. In spite of the many obvious advantages
of genetically encoded fluorescent protein tags, quantitative measurements using
GFPs have been complicated by the photodynamic properties of the fluorophores.
Upon excitation, most GFPs can be driven into roughly three different ‘dark states’. In
addition to the triplet state (ns range) [7], GFP can also be driven into two longer
range dark states, the so-called flickering (in the order of ps) [8], and ‘blinking’,
which displays dark states that exist in the order of seconds. Where the first two have
consequences for FCS and lifetime imaging [9] measurements, ‘blinking’ affects
FRAP measurements. Although blinking has been investigated in vitro by
immobilising enhanced green fluorescent protein EGFP in gels and applying single
molecule microscopy, the blinking behaviour in vivo has not been investigated. Here,
we show that in living cells the on-time is excitation intensity-dependent, whereas the
time spent in the dark state [10] is independent of excitation intensity. This has

consequences for the analysis of quantitative methods like FRAP.

2.2 Introduction
The green fluorescence protein and its variants [3] have become powerful tools for
studying the structure and the dynamics of living cells due to their strong intrinsic

visible fluorescence which is easily detectable by fluorescence spectroscopy
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(reviewed in [1,11-15]). Methods and protocols to introduce the genes encoding
fluorescent proteins fused to target proteins in a variety of common cell lines are well
established [16]. The wide use of GFPs can be attributed to their minimal interference
with cellular mechanisms and the ability of host cells to synthesize the fusion proteins
on their own thereby enabling the visualization of the target protein non-invasively by
fluorescence microscopy [1,11,14-16] GFPs are employed in fluorescence imaging
and quantitative assays such as fluorescence recovery after photobleaching [4] and
fluorescence correlation spectroscopy [5] to study the dynamic behaviour of proteins
in living cells [14-18]. FRAP [17,19,20] and FCS [21,22] typically exploit changes in
measured fluorescence intensities inside specified observation volumes to quantify
dynamic processes. Effective interpretations of fluorescence data generated by these
techniques require a good understanding of the photodynamics of the fluorescent-
protein label to account for possible intrinsic fluctuations in fluorescence.
Fluorescence dynamics and single-molecule studies of GFPs have shown that
this fluorophore under excitation alternates between an emissive “on-state” and a non-
emissive “off-state” [23,24]. The resulting fluctuation in fluorescence is sometimes
referred to as “ blinking” and characterized by the lifetimes of the on- and off-states
(on- and off-times respectively). Although the phenomenon is still the subject of many
investigations, it has been attributed to the photophysical state of the chromophore as
determined by changes in the chromophore environment and subtle structural
variations in the protein. Switching between an “on” and an “off state” has been
observed at varying degrees and frequencies for GFPs. Fast (ns range) fluctuations
due to triplet state transitions [25-27] and the fluorescence flickers (us range) revealed

by FCS [28] are important in the interpretation of FCS data [29] while the long lived
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(seconds time-range) dark states of GFPs (blinking) are not only relevant in single
molecule studies but also in the interpretations of FRAP data.

Most studies on blinking of GFP and its mutants have been performed using
single molecule techniques employing scanning near-field optical microscopy
(SNOM), total internal reflection (TIR) wide-field microscopy, and fluorescence
correlation spectroscopy (FCS) [10,28,30]. In these methods the studied GFP samples
were either in solution (in the case of FCS), or immobilised in polyacrylamide,
agarose or silica gels in single molecule studies. Although there are reported
indications of the effect of blinking in photobleaching experiments using continuous
laser excitations [10], there is as yet no reported quantitative approach to study the
effect of the long-lived dark states on quantitative assays like FRAP in live cells.

To study the dynamics of GFP fluorescence in the living cell environment we
employed a photobleaching protocol to synchronise [31] the transition of immobilised
GFP to the dark state and then used fast confocal microscopy to characterize the light
driven photodynamics of the fluorophore. With this method, we were able to
characterize the blinking of enhanced green fluorescence protein (EGFP) in living
HeLa cells. We found the on-time to be laser intensity dependent and the off-time

constant irrespective of excitation intensity.

2.3 Materials and Methods

Microscopy

An inverted wide-field epifluorescence confocal laser scanning microscope system
(Zeiss LSM410) equipped with an oil immersion 1.4 NA/63x objective with a heating
collar was used. Cells grown on silica glass coverslip were transferred with the

growth medium to a specially constructed sample dish and presented to the
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microscope in a heated chamber placed on the microscope stage. The chamber and the
objective lens were kept at 37°C.

Excitation was with the 488nm line of an Ar ion laser guided through an acousto-
optical modulator (AOM) used to regulate excitation laser intensity. A 488 nm
dichroic mirror and a 505-530 nm emission filter were used in the emission beampath.
The confocal pinhole was set to a diameter of 20um. Images were taken with the lens
focussed to register maximum nuclear area. Measurements on a cell consisted of two
sequential equatorial image scans with low laser intensity, separated by one higher
intensity scan applied to drive the fluorophores' photophysical state. A fast scanning
time with minimum delay between scans is essential for an accurate measurement of
the recovery. A scanning time of 0.145s for 64x64 pixel images of the nucleus was
achieved at an image resolution of 0.3125 pum/pixel for the 63x lens objective used.
All images were taken using a low monitoring irradiance of 0.48 uW/um?” to avoid
bleaching the fluorophores while still obtaining sufficient signal to background ratio.
Typical integration time for imaging was 35.4us per pixel. Image analysis was
performed using a customized software developed locally in the LabVIEW (National

Instruments, Austin, TX) environment.

Bleach protocol for the measurement of photo-induced fluorescence dynamics of
immobilized GFP

The photo-induced fluorescence dynamics of immobilized EGFP expressed in the
nuclei of HeLa cells transduced with histone H2B-EGFP (Fig. 2.1) was investigated
using the imaging sequence depicted in Fig. 2.2A. The level of expression of the GFP
in a cell under investigation was first determined by taking a pre-bleach image of the
cell nucleus. The mean fluorescence intensity of this image, I; corrected for the

background was used to normalise all subsequent intensities measured on the cell.
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Fig. 2.1 Photobleaching of EGFP. (A) Confocal image of HeLa cells expressing GFP-
tagged histone H2B. (B) H2B-GFP expressing HeLa-cell photobleached in one half of the
nucleus. Images were taken immediately before and after photobleaching and at 120 s after
photobleaching. Photobleaching was performed at high intensity (148 pW/um?), irreversibly
bleaching all GFPs in that half. As expected, fluorescence intensities inside and outside the
bleached region remained unchanged 120 s after bleaching [32]. Same experiment as in B
with Hep3B cells expressing free EGFP resulted in quick redistribution of, and eventually
reduced overall fluorescence within the nuclei upon bleaching. (D) Fluorescence decay
obtained by continuously scanning a 1 wm wide strip spanning the nucleus of a living H2B-
GFP expressing HeLa cell at the rate of 50 Hz at a relatively low intensity of 4.5 pW/um? for

three 36 s periods separated by ~5 s intervals. Significant fluorescence recoveries were
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observed after the pause periods, indicating that some EGFP molecules were reversibly

bleached.

A Pre-excitation Excitation with Post-excitation
image at low varying laser image at varying
laser intensity intensity time intervals
Cell 0 .
I -
60 s
Cell 1 .
i i -
60 s 0 t,
Cell 2 . .
I i } -
60 s 0 t,
Cell n .
i i i L
60 s 0 t

Fig. 2.2 Bleaching procedure for measurement of photo-induced fluorescence
dynamics of immobilized GFP in living cells. (A) Schematic representation of the
procedure: using a single scan of the entire cell nucleus the level of expression of the GFP in
the cell under investigation is first determined. After 60 s the entire nucleus is bleached in a
single scan at a specific laser intensity. A post-bleach image is taken at time t after bleaching
to measure the mean fluorescence intensity of the cell after excitation. Every cell was imaged
only twice: once before and once after bleaching. All images were taken with the low monitor
laser irradiance of 0.48 uW/um’. The post-bleach intensity was normalised to the pre-bleach
intensity and the average of ten cells for each post-bleach time was obtained. The
measurement was carried out for post-bleach times ranging from 0.6 to 200 s and for bleach

intensities ranging from 2.6 to 122.0 pW/um®.
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After a pause of 60 s the cell was subjected to a bleach pulse of desired laser
irradiance to induce the transition of susceptible fluorophores to the off-state. A post-
bleach image was then taken at time ¢ after the bleach to measure the mean
fluorescence intensity of the cell after excitation. The post-bleach intensity, I,
(corrected for background) was normalised to the pre-bleach intensity, I; and the
average for ten cells (all with the same post-bleach time, ¢) was used to obtain the
relative fluorescence intensity, I; for this time. The measurement was carried out for
post-bleach times ranging from 0.6 to 200 s to obtain the recovery profile of the
fluorophore dark-state at the applied bleach irradiance. The procedure was repeated

for bleach pulses ranging from 2.6 to 122.0 pW/um?.

Measurements on GFP-CAAX

Photobleaching experiments on GFP-CAAX expressed in membrane patches left by
reseeded N15 neuroblastoma cells were carried out using a Leica TCS-SP confocal
microscope equipped with x63 (NA 1.3) oil immersion objective. The 488 nm beam
from an external ArKr laser (125 mW) was coupled into the back focal plane of the
objective via the epifluorescence excitation port, using a 50/50 beam splitter, thus
allowing simultaneous imaging and spot bleaching. Spots of ~2.1 um (full width half-
maximum) were bleached in patches using 30 ms pulses from the ArKr laser during

data collection in a line-scan mode at 125 Hz.

Evaluation of blink parameters
The recovery curves as obtained with the protocol described above were fitted to the

function

L=1+, —[0){%+%(tanl(%jﬂ (2.1)
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where I; is the post-excitation fluorescence intensity at time t. The first term, I is the
fluorescence intensity immediately after excitation while the second term is a
cumulative Cauchy function with Ir being the intensity after equilibrium and t;,; the
characteristic half-time for the Cauchy function, FWHM is full width at half
maximum.

Blinking was characterised by the observed on-fraction, on-time, off-time and
the rate constant of the transition between the dark and the bright states.
The on-fraction can be represented by the ratio

Fon = 1o/I¢ (2.2)

Iy being the fraction of molecules fluorescent immediately after excitation and If the
fraction of potentially fluorescent GFP molecules (not bleached) at the excitation

intensity used.

2.4 Results

To study its blinking behaviour in living cells, we expressed EGFP coupled to histone
H2B in HeLa cells (Fig. 2.1A). The histone H2B was chosen because it has been
shown to be largely immobile (only 3% of H2B exchange within 6 min, ~40% with
ti2 =130 min and the rest completely immobilised) [33-35]. Thus anchoring the
fluorophore to the nucleosomal core assures immobility avoiding substantial diffusion
related recovery of fluorescence in the time scale of the experiments. This was
confirmed by irreversibly bleaching all the fluorophores in half of the nucleus of some
of the HeLa cells by scanning (~10 scans) with very high intensity (148 pW/um?)
laser beam and measuring the fluorescence intensities inside and outside the bleached
regions by whole cell imaging at low intensity (Fig. 2.1B). The bleached half

remained distinct even 120 s after bleaching with no significant change in the
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fluorescence intensities inside and outside the bleached area (Fig. 2.1B). In contrast,
bleaching portions of Hep3B cells expressing freely diffusing EGFP molecules
resulted in reduced fluorescence intensities within the whole nucleus soon after
bleaching (Fig. 2.1C).

We then investigated the photodynamic properties of EGFP using HeLa cells
expressing EGFP-tagged H2B. Briefly, a 1 um wide strip spanning the nucleus of a
fixed HeLa cell was continuously scanned at a rate of 50 Hz with a intermediate laser
irradiance of 4.5 pW/um® for three consecutive periods of 36 s separated by ~5 s
pauses. Photobleaching lead to exponential loss of emission falling to 22.8% in 36.
However, when scanning was continued after a 5 s pause, significant fluorescence
recovery (on average 15%) from the immobilized EGFP molecules was observed,
indicating the presence of irradiation-induced ‘dark state’ molecules that (at least

partly) returned to the excitable ground state (Fig. 2.1D).

Photo-induced fluorescence dynamics in the seconds time-scale

To further investigate the photo-induced reversible dark state of EGFP, the bleach
protocol described in Materials and Methods (Fig. 2.2A) was applied to living HeLa
cells expressing H2B-EGFP. Whole cell bleaching and rapid imaging employed in the
procedure assured the exclusion of diffusion related recovery from the measured data
(which in the case of H2B-EGFP is limited to 3% at the highest). Since repeated
measurements after bleaching are expected to influence the equilibrium between dark
and fluorescent states, cells selected for measurement were subjected to only one pre-
bleach scan at low laser power (0.48 pW/um?) and only one post-bleach scan at a
defined time interval after the bleach pulse. The monitor intensity of 0.48 pW/um?

was sufficient for taking pre- and post bleach images since no significant bleaching
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Fig. 2.3 Dependence of EGFP dark-state recovery Kinetics on excitation density.
(A) Dark state recovery kinetics of GFP molecules in living H2B-EGFP expressing HeLa
cells for five excitation intensities. The lines are the best fits of the recovery data to a

cumulative Cauchy function as described in the text. (B) The fraction of molecules in the
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different states (fluorescent, off and bleached) immediately after excitation are plotted against
excitation intensity. (C) Normalised recovery from the dark state as a function of time for
different irradiation intensities (grey) and the average for all the irradiation intensities (red).
Inset is the derivative of the average curve. (D) Fraction of molecules in the on-state
immediately after excitation (computed as fluorescent fraction in part B relative to the
unbleached population of GFP, i.e. end-recovery intensity) as a function of irradiation

intensity.

was observed (data not shown). A 60 s pause was applied after recording the
prebleach image to allow the restoration of equilibrium between dark and fluorescent
states [10]. Measurements were carried out at varying post-bleach times ranging from
0.6 to 200 s after bleaching at varying intensities ranging from 2.6 to 122 pW/um>.
The fluorescence intensity immediately after bleaching, Iy reflected the population of
fluorophores in the on-state while subsequent post-bleach intensity I recorded after t s
reflects the sum of this population and the fraction of molecules that recovered from
the dark state after t s (Fig. 2.2A).

The recovery profiles (Fig. 2.3A) show that following a laser pulse EGFP
fluorescence dropped to a minimum and increased sigmoidally with logarithmic time
scale due to recovery of the dark state molecules. After 120 s, final post bleach
intensities (/f) were reached and after this period no further recovery of fluorescence
was observed (data not shown). These final intensities are all less than the initial
intensity before bleaching, due to intensity dependent irreversible bleaching of a
fraction of the fluorophores. The fraction of fluorescence intensity not recovered, 7,
represents the fraction of molecules permanently bleached at the bleach intensity. As
expected, this irreversibly bleached fraction increased with bleach intensity (Fig.
2.3B). Conversely, the maximum post-bleach intensities (/p) recorded immediately
after bleaching decreased with bleach intensity. /) represents the fraction of molecules

in the emissive state and when normalized to the final post bleach intensity /¢
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determined after 120 s yields the on-fraction at the given bleach intensity. The on-
fractions decreased with the bleach intensities (Fig. 2.3D). Interestingly, the fraction
of molecules in the reversible dark state increased initially with intensity but saturated

at 50 pW/um?® (Fig. 2.3B).

On-time, Off-time and On-fraction

We then obtained estimates for the characteristic off-times corresponding to each
bleach intensity, Tos, (Fig. 2.3A) by fitting the data to Eqn. 2.1. Interestingly, ti»
values were independent of illumination intensity and yielded an average of 1.58 +
0.23 s corresponding to a mean off-time of 2.28 + 0.33 s (Fig. 2.3C). The on-fractions
were calculated from the fitted values of /y and Ir as the ratio /y//r. On-fractions were
also determined from cell-pairs to substantiate the values calculated from recovery
profiles. In these measurements, the bleach protocol (Material and Methods) was used
on pairs of cells, where one cell was recorded immediately after bleaching and the
other after 120 s (Fig. 2.3A). All images were taken at a monitor irradiance of 0.48

uW/pm?.

Accessibility of the dark state to bleaching

The recovery from dark state with time constant in the seconds range implies that
during FRAP experiments GFP molecules contribute an additional mechanism to
recovery of fluorescence. Such an additional component could be avoided if dark state
molecules could be bleached by using very high bleach intensities. We therefore
investigated whether or not a molecule in the dark state is able to absorb excitation
light and thus is still susceptible to bleaching. To conduct these experiments we used
small patches of the EGFP-tagged membrane protein CAAX. HEK-cells expressing

EGFP-CAAX after transfection with EGFP-CAAX encoding plasmids when cultured
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Fig. 2.4 Accessibility of GFP dark state to bleaching. (A) Fluorescence dynamics
profile of a membrane patch subjected to a momentary high intensity bleach pulse of 20
pW/pm? for 50 ms. Inset shows reversible photobleaching of GFP molecules in patches when
illumination is paused for ~3.6 s during a continuous irradiation of the molecules using 2.5 ms
pulses of 20 pW/um?® laser power. (B) Fluorescence intensity profile of a patch subjected to a

momentary bleach pulse of 6000 pW/um? for 50 ms after continuous scanning at 20 pW/pm?

on glass cover slips leave small protein patches on the coverslip as they move. The

protein patches containing EGFP-CAAX are attached to the coverslip and do not

Chapter 2 62



exchange with the medium (since otherwise they would gradually disappear),
providing ensembles of immobilized EGFP molecules suitable for these experiments.
Repeated monitoring of the patches at a laser intensity of 20 pW/um?” showed that
about 20% of the EGFP molecules are reversibly bleached (Fig. 2.4A inset, see also
Fig. 2.2D). When patches were subjected to a bleach pulse at an intensity of 150
uW/um? after 1.5 s of continuous irradiation at 20 pW/um?, the fluorescent intensity
fell to 13% but recovered to 22% indicating a minimum of 16% of lost fluorescence is
reversible (Fig 4A). However, when patches were subjected to a very strong bleach
pulse (6000 pW/um?), the relative intensity dropped sharply to background level (Fig.
2.4B), indicating that the fraction in the dark-state was indeed efficiently and
irreversibly bleached. A similar level of bleaching was observed for patches that had
not previously been exposed to continuous irradiation (data not shown). These
experiments suggest that EGFP molecules in the long-lived dark states are also

susceptible to bleaching when exposed to a high flux laser irradiation.

2.5 Discussion

The environment of a fluorophore may have profound effects on its photophysical and
photochemical properties. In living cells, these conditions are different from those in
in vitro single molecule studies where the molecules under investigation are usually
immobilised in a solid gel [10,28,30]. Moreover, the complex excited state dynamics
of the GFP fluorophores makes the accurate prediction of their ensemble behaviour
based on single molecule studies challenging. Therefore, we have studied in living
cells the light induced fluorescence fluctuations of EGFP under conditions similar to

those in quantitative assays employing the proteins as fluorescence probes.
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The experimental setup utilising immobile H2B-EGFP allows investigation of
blinking in living cells without significant diffusion related fluorescence recovery
We monitored the recovery of fluorescence from blinking EGFP molecules in HeLa
cells expressing H2B-EGFP. The expression of EGFP in the cells follows the
distribution of chromatin core histone H2B to which they are attached in the nucleus
(Fig. 2.1A) ensuring their immobilization [33-35] as demonstrated by the absence of
fluorescence redistribution 120 s after intensive repetitive bleaching of half of the
nucleus of living HeLa cells expressing H2B-EGFP (Fig.1B). If the fluorophores were
mobile, bleached molecules would have dispersed over the nucleus soon after
bleaching as in Hep3B cells expressing free EGFP molecules (Fig. 2.1C). To further
discount mobility-related contributions to fluorescence recovery, whole cell imaging
was employed.

By this strategy, we were able to induce blinking of susceptible EGFP
molecules in the cells as evidenced by the recovery kinetics of the immobilized

molecules (Fig. 2.3A).

EGFP on-times are excitation intensity dependent; off-times are independent of
excitation intensity

The fraction of molecules in the emissive state decreases as the excitation intensity
increases, while the population of molecules in off state initially increases with
irradiance but saturates at about 50 uW/um?. Similarly, the fraction of irreversibly
bleached molecules increases with bleach intensity. The time an EGFP molecule
remains in the on-state decreases with increasing excitation intensities while the
lifetime of the off-state is, on average, 2.28 s irrespective of the excitation intensity.

This is in agreement with the work of Garcia-Parajo [29] on the S65T mutant of GFP.
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However, the off-times we found are much shorter than the 45 s reported by Peterman
[8], who used single molecule studies on EGFP molecules immobilised in agarose gel

at pH 8.

Blinking affects quantification of FRAP experiments

Although blinking of EGFP molecules may not be apparent when imaging larger
cohorts of molecules, the phenomenon is not negligible if the proteins are subjected to
excitation intensity variations [31], for instance in a FRAP experiment, or studied at
the single molecule level, e.g. in FCS. Due to the large difference between the
intensity used for monitoring and for the bleach pulse, blinking is expected to have
effect on a FRAP experiment. The effect will be most notable in a situation where a
large part or all of the proteins under investigation are immobile (or very slowly
diffusing). After the bleach pulse, approximately 20 % of the bleached molecules in
the bleached area will regain their fluorescent properties (Fig. 2.3A). The half-life of
this recovery being 1.6 s, the FRAP curve (which is only due to recovery from the
dark state) will fit to a model where ~80% of the molecules are immobile and the
remaining ~20% (dependent on the exact bleach intensity) diffuses at a certain
diffusion rate corresponding to a half-life of fluorescence recovery of 1.6 s. Since
diffusion half-lives at a specific diffusion rate are dependent on the size and shape of
the bleached area, the deduced diffusion coefficient will also depend on these data. In
a typical strip FRAP experiment, an apparent diffusion coefficient corresponding to a
half-life of ~1.6 s is approximately 0.5 pm?*/s. Thus, in a situation where strip-FRAP
is applied to nuclei in which 50% of the molecules are immobile, the effective
diffusion coefficient of the freely diffusing fraction (50%) will be convoluted with a
10% fraction seemingly diffusing at a rate of 0.5 um?/s. Proteins faster than this will

appear slower and vice versa. In a scenario where all proteins are free to diffuse,
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~20% of the bleached diffusing molecules will recover from the dark state. However,
this will have more effect on the slower molecules than on the fast ones, since the
latter are replaced at a faster rate than the blinking recovery rate.

Since the half-life of recovery due to blinking does not depend on the size of
the bleached area whereas diffusion half-lives do may lead to erroneous interpretation
of experiments with increasing size of the bleach area. Such experiment is the so-
called mean square displacement test, which is frequently used to determine if
molecules move by means other than diffusion. In free diffusion, the square root of
the half-life of recovery is linearly dependent on the bleached area. Thus, any
deviation from linearity may be interpreted as non-Brownian diffusion. However,
since the recovery rate due to blinking is independent of the area, the phenomenon
may add to the non-linearity.

In conclusion, quantification of phenomena that lead to slow protein mobility
(transient immobilization, high viscosity of the medium, or being part of a large
protein complex) with half-lives of recovery longer than ~1.5 s will be biased by
blinking. In general, when no care is taken, mobile fractions (especially when a large
fraction is immobile) and diffusion rates (especially slow diffusion) will be
overestimated. Also, the mean square displacement test should be interpreted with
care. Our experiments with very high laser intensity (6 mW/um?2) suggest that it is
possible to effectively bleach all molecules in the focus of a laser beam, avoiding any
effect of blinking behaviour of the fluorescent molecules used. However, this requires
a special setup with high intensity lasers. Moreover, the application of very high laser
intensities is unhealthy for a living cell. It is, however, possible to include blinking

into explicit or Monte Carlo models used in the evaluation of FRAP recovery data.
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Fig. 2.5 Model describing the photo-induced fluorescence dynamics of EGFP in
living cells. Following absorption of 488 nm light, the EGFP fluorophore in the ground state
S is excited to singlet state level S* (k,). EGFP can then relax to any one of four possible
states: by fluorescence to on-state (ky), which is available to immediate excitation; by
intersystem crossing to the triplet state (ki.); to the non-emissive dark state (Kgui); or get
permanently bleached (Kpieaen). In the dark state, EGFP may be in a higher energy level than
the ground state, but loses its energy probably in a non-emissive way (k,,). Although non-
emissive, the dark state molecule may still absorb excitation light and get permanently
photobleached (kq4,). We were only able to show that this at least occurs at very high energy
irradiation, but were not able to determine the rate at which this occurs at lower intensities.

Green lines are processes involving photon emission.

A model for blinking of EGFP in living cells
The model presented in Fig. 2.5 suffices to explain our observations. Upon

illumination by 488 nm laser light, the EGFP chromophore in the ground state is
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driven to excited state, from where it can return to the ground state by emitting a
photon. It is also possible that the excited molecule becomes photobleached and
thereby loses its fluorescent capacity. The fluorophore can also adopt a temporary
dark state after excitation (kqark), during which it does not emit any photons. Probably,
the energy level of the dark molecule is still above ground state [36] to which it will
return (ko) after an average 2.3 s corresponding to a half-life of 1.6 s. Surprisingly,
although non-emissive, the dark molecule is able to absorb excitation light and
undergo photobleaching. The fraction of molecules in the different states depends on
the excitation intensity. A chromophore remains emissive when its transitions are
within the singlet ground state and the excited singlet state (characterized by k, and
kg). We consider the triplet state, T (characterized by kjsc and ki) to be part of the
excitation-emission cycle as the triplet state lifetimes are too short for our experiments
to detect due to the long integration time. For this same reason, the short-lived
protonation induced dark states could not be detected in our experiments and only the
long-lived dark state could be identified.

Finally, we have shown in this work that blinking, the light induced
fluorescence fluctuation, of EGFP molecules is measurable in bulk samples by
variation of excitation laser intensity. We have found that the lifetime of the long-
lived dark state of the chromophore is about 2.28 s irrespective of the excitation

intensity while the on-time is dependent on the intensity used.
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3.1 Abstract

The dynamics of a cellular protein depends on its size, shape and function in the
cellular environment. Fluorescence correlation spectroscopy (FCS) is a method well
suited for the characterization of the diffusion properties of cellular proteins, but is
largely insensitive to binding-related immobilization common to proteins in the
nucleus, specifically those that bind either directly or indirectly to DNA. On the other
hand, in fluorescence recovery after photobleaching (FRAP) experiments, an accurate
evaluation of fluorescence recovery curves is only possible when the immobilization
events are accounted for. We have used FCS in conjunction with FRAP to
characterize the dynamics of functionally inert proteins of various sizes in the cell
nucleus consisting of single fluorescent EGFPs fused to increasing numbers of the
non-fluorescent mutants of the marker. The same methods were also used to
determine the mobility of EGFP tagged, biologically active wild-type androgen
receptor (AR) and an inactive mutant of the receptor (AR-D). In the FCS studies,
good fits to the autocorrelation functions could be achieved using single- or multi-
component anomalous diffusion models corrected for blinking of the EGFP marker.
In contrast, FRAP recovery curves of the active AR could not be optimally fitted even
when applying the anomalous fitting model. However, binding-related contributions
to mobility could be used to explain the curves. Hence, FRAP could serve as a good
indicator of the presence of binding, thereby facilitating a complete characterization

of the dynamics of proteins when the two methods are combined.
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3.2 Introduction

Live cell fluorescence microscopy experiments have shown that fluorescently tagged
biologically active proteins involved in diverse nuclear functions such as gene
transcription, RNA splicing and DNA replication and repair are often highly mobile in
the cell nucleus [1-8]. In addition they may interact at high exchange rate with
immobile binding sites, presumably on DNA. These conclusions are drawn mostly
from studies on a large number of nuclear proteins by fluorescence recovery after
photobleaching (FRAP) [9] (reviewed in [10-12]), and fluorescence correlation
spectroscopy (FCS) [13,14]. In addition to the unexpectedly high mobility of many
nuclear proteins, these studies suggest that nuclear transport of proteins is often
energy independent and diffusion-mediated [1-4,7-10], though active directed
transport of some proteins is possible in some cases [10].

FCS with its microscopic detection volume is capable of accurate
determination of the diffusion coefficient and concentration of a protein in a localized
spot [15]. The method is fast and diffusing species of sufficient disparity are
distinguishable. However, the limitation of the sensitive volume to a minute spot
makes the technique less suitable for the characterization of long range dynamic
parameters such as binding rates involving long residence times. Immobile fluorescent
molecules in the detection volume of an FCS system are susceptible to bleaching
resulting in a high apparent number of molecules and faster than normal diffusion
coefficients [11]. In the application of FCS to cellular protein dynamics,
photobleaching of immobile fractions and autofluorescence in the area to be

investigated is carried out before the measurement is commenced. Thus the accurate
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in vivo characterization of cellular protein dynamics involving binding events by FCS
alone is very challenging.

FRAP involves the measurement of the recovery of fluorescence in a
bleached, relatively large, observation area (usually of several um? in size) due to the
influx of many unbleached fluorescent molecules from the unbleached region. The
recovery kinetics (rate and shape) is affected by the mobility of many molecules over
a longer range and time, as well as the interactions they undergo as they traverse the
observation area. The long range and the multitude of parameters involved make the
analysis of FRAP recovery kinetics very challenging. Simplified mathematical
algorithms used to model FRAP recovery kinetics are only able to extract the apparent
effective diffusion coefficients that may be weighted averages of two or more
diffusing species or diffusion coupled with transient binding events [1,16,17].
However, if properly modeled, the diffusion coefficients, mobile and immobile
fractions, as well as average residence times at binding sites of the labelled molecules
can be extracted from a recovery profile [16-20]. In more rigorous evaluation of
FRAP data, computer simulation of the FRAP process is applied to generate curves
with varying diffusion coefficients and kinetic parameters [16,21]. The input
parameters of the simulated curve that best fits the experimental curve are then
ascribed to experimental data. The choice of parameters to associate with the
experimental curve is influenced by a prior knowledge of some properties of the
dynamics of the protein under investigation.

In this work, we demonstrate the complementarities of FCS and FRAP in the
characterization of protein dynamics in the nucleus of living cells. The green
fluorescent protein is functionally inert in the nucleus and therefore suitable for

investigating the intranuclear mobility of macromolecules. We have investigated the
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effect of the nuclear environment and molecular size on the mobility of the protein
using various sizes of tandem constructs of the protein measured in solutions and
when expressed in live cell nuclei. We propose a mathematical model for the
extraction of binding parameters from FRAP measurements which we have tested on
Monte Carlo simulation of some FRAP curves. We compare the dynamic properties
of the tandem constructs of the EGFP obtained with FCS to those obtained using
FRAP. We also compare the diffusion coefficients obtained by both methods for
EGFP fusions of the wild-type androgen receptor (AR) and a non-active mutant of the
receptor (AR-D), and show that the apparent discrepancies in the values obtained for

EGFP-AR can be explained by the binding of the active receptor to DNA.

3.3 Materials and Methods

Assayed solutions

Stock solutions of rhodamine Rh6G and Alexa Fluor 488 (Molecular Probes, Inc.,
Willow Creek Road, Eugene, OR) were prepared by dissolving the dyes in DMSO at
concentrations of 5 and 10 mM, respectively. The rEGFP used in this work was from
Clonetech (Clonetech laboratories, Inc., Terra Bella Avenue, Mountain View, CA).
EGFP-XPA protein was produced as previously described [22]. Dilutions of the

assayed fluorophores were made in phosphate buffered saline solution (PBS).

Cell lines, cell culture and transfection conditions

Cell strains used in this study include Hep3B-cells stably expressing free EGFP or
EGFP fused to increasing numbers of an EGFP variant in which glycine 67 was
replaced by a valine [23]. This non-fluorescent EGFP(G67V) variant was designated

NFP. Variants of the fusion proteins with two or more NFPs containing a triple
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nuclear localisation signal (NLS) to facilitate transport to the nucleus were also made.
CHO cells stably expressing EGFP-NFP,-NLS were used for cellular experiment with
these constructs. For the study of a functional DNA-binding protein, we used Hep3B-
cells stably expressing the fusions of EGFP with the wild-type androgen receptor AR
(EGFP-AR), or a fusion of EGFP with a mutant androgen receptor AR-D which
cannot bind DNA due to a replacement of alanine 573 by an aspartate (EGFP-ARD)
[24]. The cells were cultured in standard medium supplemented with 10% fetal calf
serum, 100 iu. penicillin and 100 U streptomycin per ml, and maintained in a

humidified 5% CO, incubator at 37 °C.

Generation of EGFP-NFP, and EGFP-NFP,-NLS fusion constructs
NFP constructs were generated using the Quikchange Site-Directed Mutagenesis Kit
(Stratagene, Cedar Creek, TX), and primers 5’-GTGACCACCCTGACCTACGTAGTGCAGTGCT
TCAGCCGC-3” and 5’-GCGGCTGAAGCACTGCACTACGTAGGTCAGGGTGGTCAC-3’ and by
removing the authentic start codon of the EGFP. The EGFP-NFP, and EGFP-NFP,-
NLS constructs were generated by the insertion of multiple PinAl-XmaCl fragments
containing NFP into the XmaCl-site of EGFP-C1 vector. In addition, an extra
sequence encoding for a HisHA-tag at the N-terminus of EGFP (between the Nhel and
Ncol sites) was added. The EGFP-NFP,-NLS constructs also contain three tandem
copies of the SV40 T-antigen nuclear localization signal (NLS) inserted by cloning
the Bg/ll/BamHI-fragment from pEYFP-Nuc (Clontech) in the BamHI site of EGFP-
C1. They also contain a FLAG-tag at the C-terminus of the NLS (BamHI site).

Cell lines expressing the protein constructs were generated by the transfection
of EGFP-NFP, plasmid DNA into Hep3B and EGFP-NFP,-NLS plasmid DNA into
CHO cells using FugENE 6 transfection reagent (Roche, Indianapolis, IN). Stable

clones were picked after selection with G418 Sulphate (Sigma, St. Louis, MO, 0.6
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mg/ml active concentration). The molecular weights of the protein constructs
expressed by the G418 resistant clones was checked by Western blotting using an
anti-EGFP antibody (Ab290, Abcam, Cambridge, UK) and HRP-conjugated
secondary antibody. The signal was visualized with Super Signal West Pico Luminol

solution (Pierce, Rockford, IL).

Microscopy
Fluorescence autocorrelation measurements were performed on a Carl Zeiss LSM510
microscope upgraded to ConfoCor2/LSM510 combi. A combined setup enables easy
positioning of the cells at the laser focus of the FCS head and images taken before
and after FCS measurements aid in data interpretation [25,26]. For excitation, the 488
nm line of an Ar ion laser on the laser module was used at a tube current of 6.1 A. An
additional shutter situated at the exit of the argon laser ensures complete blockage of
the 458, 477 and 514 lines when the 488-line is being used. FCS measurements were
performed at a laser power density of about 1.75 pW/um?” using the C-Apochromat
40x water immersion objective (1.2 NA) with a band pass filter BP 505-550 nm
(BP530-560 for Rh6G) and behind a 488 nm dichroic mirror at a detector pinhole
setting of 70 pm.

Photobleaching experiments were performed on a Zeiss LSM-META confocal
Microscope using a Plan-Neofluar 40x/1.3 NA oil-immersion objective. Excitation
was by the 488-nm line of an Ar ion laser and EGFP fluorescence was detected by

photomultiplier tubes (PMTs) after passing through a 505-550 nm band pass filter.

Both of the microscopes were equipped with a Zeiss 37-2 digital incubation

system to keep cells under physiological conditions.
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FCS measurement of liquid specimens

Dilute solutions of the assayed compounds (Rh6G, Alexa488, EGFP-chains) were
prepared in PBS. 100-150 pl of the solution to be measured was then dropped onto a
24-mm silica glass coverslip mounted on a sample dish placed on the microscope
stage. Five to ten repeated twenty-seconds-long FCS measurements were then carried
out 200 um above the glass. The autocorrelation functions were corrected for
background obtained from measurements on clear PBS and then fitted to Eqn.3.1 for
EGFP containing solutions and Eqn.3.3 for non-EGFP solutions to obtain the

diffusion times and apparent number of molecules in the sample volume.

FCS measurement on cells

Cells for measurement were grown on 24-mm silica glass coverslips and then
transferred to a sample dish with the growth medium replaced by phenol-red free
medium. The dish was placed in a sample holder and mounted on the microscope
stage in a heated chamber connected to a CO, supply. The chamber and the objective
lens were kept at 37°C. With the aid of LSM imaging the cell to be studied was
identified and the desired point for measuring positioned at the FCS beam. The
location of the FCS center with respect to the LSM center was identified by focusing
with a high laser intensity in FCS mode at a thin layer of precipitated Rh6G, and then

examining the bleached spot in LSM mode.

Evaluation of autocorrelation curves

Autocorrelation curves measured from intracellular GFP tagged proteins in living
cells are generally analysed using the Levenberg-Marquardt non-linear least-squares
method to fit the data to a single- or multi-component anomalous diffusion model

corrected for the triplet state and blinking fluctuations (Chapter 2) [27-29].
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< N > in equation 1 is the average number of molecules in the detection volume, the
diffusional autocorrelation time, 7,; of the i-th diffusing species represents the average
time it takes the molecule of a weight fraction w; to traverse the detection volume
described by the structure parameter, S = ,/0y (ratio of axial radius ®, to the lateral
radius m, of the ellipsoid forming the detection volume). d,,; denotes the anomaly
parameters of the diffusing components and a, is an offset to compensate for the
nonzero baseline of the autocorrelation function arising from drifts in the fluorescence

signal.
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In the triplet term, G,

tr?

T denotes the equilibrium molar fraction of

fluorophores in the triplet state [13,29-31] and 1z, is the triplet lifetime. The “blinking

term”, G,, accounts for the conformational fluctuations between fluorescent and dark
state formation. @,, is the fraction of fluorophores in the detection volume in the dark
state and 7,, is the corresponding relaxation time.

The diffusion time can be converted to a diffusion coefficient (D) using the

equation:
w;,

D, = " (3.2)
d,i

The radii o, and o, are obtained by calibrating the system with a dilute solution of a
dye of known concentration and diffusion coefficient. Rh6G of molecular mass 0.479
kDa is commonly used for its small size and photostability. In such dilute solution
(~10 nM), diffusion is simply Brownian and of a single component. Eqn.3.1 then

simplifies to
: -1 : 12
G(r) = a, + Gy 1| || 1= = (3.3)
<N> 7, NS

The diffusion time, 7; obtained from a Levenberg-Marquardt non-linear least-squares

method fit to Eqn.3.3 and the diffusion coefficient of Rh6G (280 um?/s) are used in
Eqn.3.2 to obtain m,,. An estimate of ®, can then be obtained from the fit result of S
or rigorously determined from measurements of a series of dilute concentrations of
the dye. For a given concentration of dye, the average number of molecules in the
detection volume can be expressed in terms of the dimensions of the ellipsoidal

sensitive volume in the optical plane and the molar concentration c:
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N=N,cn 0} o, (3.4)

N, is Avogadro’s number. Thus, a)fya)z can be derived from the slope of a plot of

apparent number of particles, N against dye concentration.

FCS System Calibration

We calibrated the FCS system by evaluating the autocorrelation curves obtained for
measurements on different concentrations of Rh6G solutions. Autocorrelation curves
obtained at the excitation laser power of 2.88 pW/um® could be fitted well with the
single component model of Eqn.3.3 producing a scatter residual plot randomly
distributed about zero (Fig. 3.1 inset). This shows that the observation volume of our
instrument is Gaussian in three dimensions [32] as confirmed by the absence of a
strong maximum in the plot of count rate per molecule (cpm) as a function of detector
pinhole diameter (Fig. 3.1) [33].

Typical calibration measurements on 20, 38, 76, 80 and 100 nM Rh6G
solutions in buffer yielded an average diffusion time of 30.6 +/- 1.1 us and the slope
of the plot of apparent number of particles, N, versus dye concentration (N/C M™)
was 0.117 (plot not shown). Using these in Eqn.3.1 and Eqn.3.3, we calculated the
radial and axial radii to be 0.185 pum and 1.02 pm respectively, resulting in a
structural parameter, S of 5.53. For subsequent fittings using equations Eqn.3.1 and
Eqn.3.3, S was fixed at this value. We used this to fit the autocorrelation curves we
obtained from measurements on a 30 nM solution of Alexa488 in PBS to recover a
diffusion coefficient of 220 pm®s and a triplet time of 4.2 us. The diffusion

coefficient is close to 230 pm?*/s obtained by Bacia et al. for Alexa488 in water [31].
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Accurate analysis of the autocorrelation curves of EGFP-tagged nuclear
proteins requires knowledge of the nonfluorescent-triplet and -blinking state
parameters (T, and oy, and T, and oy, respectively) associated with the GFP. To
determine these parameters we analysed a solution of rEGFP in buffer and fitted the
autocorrelation curves with Eqn.3.1 for a single component keeping the structural

parameter, S fixed at the value of 5.53. For a 23 nM solution we obtained a triplet
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Fig. 3.1 Dependence of detector count rate (cpm) on pinhole setting. Detector count rate
from a nanomolar concentration rhodamine 6G solution plotted against the pinhole diameter.
Inset is the autocorrelation function (top panel) of measured FCS fluorescence of the solution
at the usual pinhole setting of 70 um. The ACF was fitted (red line) to equation 1 and the fit
parameters used for calibrating the sensitive volume of the setup. Inset bottom panel is the

residual of the fit.

time of 9.4 +/- 0.6 us with a triplet fraction of 0.15 +/- 0.08 and a blinking relaxation

time of 296 +/- 15 us with a fraction of 0.12 +/- 0.4. The diffusion coefficient of 86.35
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+/-3.31 um?/s recovered for EGFP in buffer along with the blink parameters in the
single component fit are comparable with previous results [13,29,34,35].

The blink parameters were appropriately substituted into Eqn.3.1 to fit the
measured autocorrelation curves of a solution of EGFP-XPA diluted in PBS. The
diffusion coefficient of 54.6 um2/s obtained for the protein is in conformity with

expected diffusion coefficient of a 54-kDa protein in PBS.

Fluorescence recovery after photobleaching (FRAP)

Cells for photobleaching experiments were chosen to minimize cell-to-cell nuclear
size variation. Using the cropping function of the microscope cells were centred,
aligned upright and focussed for an equatorial 512 x 512 pixel (38.4 um x 38.4um)
image of 2um optical slice thickness recorded at zoom 6 and pinhole setting of 160
um. With the same settings the FRAP experiments were carried out with the use of
the bleach-control macro provided with the Zeiss LSM software. The program was set
to measure the average fluorescence intensity of a 10 pixel (0.7um) strip spanning the
entire nucleus every 21 milliseconds for 4 s at a monitor laser power of 0.8%,
followed by a bleach-scan of the strip at 100% laser power and then monitoring the
post-bleach intensity of the strip every 21 ms for 20 to 60 s at the low laser intensity.
Mean fluorescence intensities of the bleached region were corrected for background
taken from non-expressing cells. FRAP data for 10 to 60 cells were averaged to obtain

a mean recovery curve for each cell line.

Analysis of FRAP-data
FRAP data were analysed with a custom-written LabView program employing the

nonlinear Levenberg-Marquardt algorithm for the general model accounting for both
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free and anomalous (hindered) diffusion [36]. In the absence of directed transport and
assuming that recovery after bleaching is solely due to a single diffusing species, the
fluorescence intensity f; at any time for a Gaussian laser beam can be approximated

[36]] by the equation:

Lot L)
T () G0

i

where f) is the fluorescence intensity immediately after photobleaching, f.. is the
maximum recovered intensity attainable after a long time, ¢/, is the time to half of the
maximum recovery (i.e. (f.t fo)/2), and o is the anomaly parameter [36], which in the
FRAP formalism has a value of 1 for free diffusion, and smaller than 1 for hindered
diffusion.

The mobile fraction (percentage recovery of fluorescence) is determined by

R= ]Jfo"_];g (3.7a)
0
while the immobile fraction is given by
= f
Im= o (3.7b)

The 3-dimensional diffusion coefficient of the mobile molecules is obtained from the

half-time of recovery, #;,; by

y’
6tl /2

D=

(3.8)
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where ® is the bleached width and v, the bleach parameter is obtained as described by
Wolf et.al [37].

However, if a fraction, g of the molecules undergoes reversible-binding events
with a fast binding rate compared to the diffusion (high turn over), then the calculated
effective diffusion coefficient would be reduced by a factor of (7+¢g) [17], so that the

measurable effective diffusion coefficient becomes

D, =D/1+q) (3.10)

On the other hand, if the binding and dissociation rates are slow compared to
diffusion, the resulting FRAP curve is said to exhibit biphasic behaviour [17,38] (a
fast diffusion phase and a slow turnover phase) and the fluorescence intensity at time,

t on the recovery curve can be written as

k 1
1+kf””’" 1+k

Ji S ree (3.11)

where the bound fraction, v=k/(1+k)and k =k, /k,is the ratio of the binding and

dissociation rates. If the dissociation is exponential with a rate constant &, then the

concentration of released molecules diffusing in and out of the observation volume is

(/1)

c, =|v(l—e™") -
1+(t/t1/2) (3.12a)

while the concentration of freely diffusing molecules is given by
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(t/1,,)"
1+(t/t1/2)a (312b)

Ca =(1-v)

Thus if the fluorescence intensity increases from f to f. after equilibrium, then the

fluorescence intensity at any time during the experiment can be written as

_ _ v (t/tuz)a (1 — et (t/tuz)a
e T A e

or

(t/t,,)"

fo = fo+(fo = fo)A=ve™) p
" 1+ (t/t,,,) (3.13)

Eqn.3.13 enables the estimation of important biological information such as average

residence time of the bound molecules (t; = 1/kq) and the steady state proportions of

bound, and free, ﬁmolecules contributing to the recovery dynamics.
+

3.4 Results

Characterization of functionally inert EGFP-chains expressed in CHO-cells

We used fluorescence correlation spectroscopy and fluorescence recovery after
photobleaching to study the mobility of EGFP and fusions of EGFP with increasing
numbers of a non-fluorescent EGFP(G67V)-mutant NFP, which we termed EGFP-
chains. Since the constructs have no function in the host nuclei, they make an ideal set
of proteins to study the properties of the cell nucleus with respect to macromolecular
mobility. Moreover they facilitate a comparison between FCS and FRAP analyses in

live cells.
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Table 1: Composition and molecular weights of tandem GFP constructs.

Molecular weights of constituents [kDa]

Protein linker GFP Ha + Flag NLS Total
EGFP 1x2 1x26.8 1x45 0x3 33.3
EGFP-NFP 2x2 2x26.8 1x45 0x3 62.1
EGFP-NLS 1x2 1x26.8 1x4.5 1x3 36.3
EGFP-NFP-NLS 2x2 3x26.8 1x4.5 1x3 65.1
EGFP-NFP,-NLS 3x2 4 x26.8 1x45 1x3 93.9
EGFP-NFP;-NLS 4x2 5x26.8 1x4.5 1x3 122.7
EGFP-NFP,-NLS 5x2 6 x 26.8 1x4.5 1x3 151.5

Each construct is made up of a fluorescent EGFP (MW = 26.8 kDa) tagged to a number of
non-fluorescent mutants of the protein (NFP, MW = 26.8 kDa). The fluorescent EGFP has a
Hx with a flag (MW = 4.5 kDa) at one end and a liker (MW = 2kDa) through which it is
fused to an NFP at the other end. Fusions of NFPs and NFP to NLS (MW =3kDa) are also

achieved by linkers.

We first characterised the integrity, expression levels and subcellular
distribution of the fusion proteins by Western blotting and confocal microscopy (Fig.
3.2). We were able to fuse a maximum of four NFPs to EGFP and express the intact
fusion product in CHO-cells (Fig 3.2F). As expected, EGFP (MW, 33 kDa, Table 1)
and the twice as large EGFP-NFP (MW=62 kDa) were able to pass the nuclear
envelope both with (Fig. 3.2 A and B) and without (Fig. 3.3 A and B) a nuclear
localisation signal, although the larger construct without NLS migrated to the nucleus
to a lesser extent. EGFP-NFP,, EGFP-NFP;, and EGFP-NFP, were not able to
sufficiently pass the nuclear envelope. To facilitate the uptake of these into the host
nuclei three tandem copies of the SV40 T-antigen nuclear localization signal (NLS)
were fused to the ends of these constructs, after which efficient nuclear transport was
observed (Fig. 3.2 C-E). To investigate the effect of the presence of the triple-NLS,
EGFP and EGFP-NFP were also fused to the triple-NLS. All EGFP-chains carrying
an NLS were stably expressed in CHO cells. The NLS-free EGFP and EGFP-NFP

were investigated after transient transfection to Hep3B-cells.
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Fig. 3.2 Reduced nuclear uptakes of tandem constructs of EGFP. (A and B) Confocal
optical sections of Hep3B cells expressing EGFP (A) and EGFP-NFP (B) At the marked
position in the nucleus (white cross) fluorescence scans of the cells along the optical axis
were made to obtain the expression levels across the compartments of a resting cell. (C and
D) Fluorescence intensity profiles across the cells. Fluorescence intensities were measured at
marked positions in the nucleus (crosses) of panel A (C) and panel B (E) as a function of
objective position as the piezoelectric positioner moved the objective along the optical axis.
Ellipses representing the sensitive volume of the setup are superimposed on the fluorescence
traces for easy visualization of the FCS measuring positions. The fluorescence intensity
profiles show higher fluorescence in the cytoplasm than the nucleus for the Hep3B cell

expressing the larger EGFP-NFP implying better nuclear uptake of the smaller.
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Fig. 3.3 CHO cells expressing tandem constructs of EGFP appended with NLS. Confocal
optical sections of CHO cells expressing (A) EGFP-NLS, (B) EGFP-NFP-NLS, (C) EGFP-
NFP,-NLS, (D) EGFP-NFP;-NLS,and (E) EGFP-NFP,-NLS. The marked positions (crosses)

represent the positions at which FCS measurements were carried out. (F) Stable cell lines
containing EGFP-NFP, or EGFP-NFP,-NLS constructs express protein of the expected
increasing sizes. Western blot of whole-cell extracts of Hep3B cells expressing EGFP (lane
1) or EGFP-NFP; (lane 2), and of CHO cells expressing EGFP-NLS (lane 3), EGFP-NFP;-
NLS (lane 4), EGFP-NFP,-NLS (lane 5), EGFP-NFP,-NLS (lane 6), EGFP-NFP;-NLS (lane
7).
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FCS analysis of the nuclear mobility of EGFP-chains in living CHO-cells

We then investigated the mobility of EGFP-chains in the nuclei of living cells by
FCS. We avoided the nucleoli during these measurements and took care that the
microscope objective was also adjusted properly in the z-direction to ensure that the
focal volume of the laser was within the nucleus (Figs. 3.3 C and D). Fluorescence
autocorrelation curves collected for the various EGFP-chains at the respective marked
positions in Figs. 3.2 and 3.3 are shown in Fig. 3.4A. The triplet and blinking

parameters established earlier for the fluorescent EGFP (1, = 9.4us, oy = 0.15; 1, =

286 ps and oy, = 0.12) were used in fitting the autocorrelation curves. Interestingly,
curves of the NLS-free EGFP and EGFP-NFP fitted best to a one component diffusion
model (Eqn.3.1) with good residuals (Fig. 3.4A), whereas the autocorrelation curves
for the NLS-appended constructs required fitting to two component model to obtain
good residuals (Fig. 3.4A inset). The single EGFP protein showed the highest
diffusion coefficient of 29.8 +1.3 um?/s (Table 2). Two- component analysis of the
autocorrelation curves of EGFP-NLS suggested that a fast component of 71 = 17%
had a diffusion coefficient of 27.4 £ 2.5 pmz/s, similar to the NLS-free EGFP,
whereas the slow component had a diffusion coefficient of 2.5 + 1.4 pm?*/s. EGFP-
NFP, EGFP-NFP,, EGFP-NFP;, and EGFP-NFP4 had increasingly slower diffusion
coefficient, but a somewhat higher anomaly parameters (Table 2). This clearly shows
that the size of a protein can in principle be determined from its diffusion coefficient.
In addition, the slow components obtained from NLS-appended EGFP-chains were
not dependent on their size, suggesting that their mobility is reduced to more or less
the same extent by the NLS. This is most likely due to transient interactions of the

triple-NLS used here with immobile structures in the nucleus.

Chapter 3 92



-
%]

—
o
I

Autocorrelation, G(t)

o
w

o
-]

o
'Y

o
(S

Relative Intensity

0.8 -

=
m

=
=

nz

0o

pEGFE-(MFF), HLS
T L. e
pEGFP-(HFF), HLS
[P OP RV, slninkali. sk - Sabiml

EGFE-(HFP),HLS
! |! Y FEGFP-(NFF), HLS

£EGFF-(NFF),

PEGFP-NLS

PEGFP
B e B

o 107 10

REGFP-{NFP)4-NLS
— PEGFP-(NFP)3NLS

——REGFP-(NFF)2-NLS
—— PEGFP-(MFF)1-MNLE

——PEGFP-(NFF)1
PEGFP-NLS
—pEGFF

same cell lines as used in panel A.

Time [s]

Fig. 3.4. FCS and FRAP analysis of cells expressing tandem constructs of GFP of
increasing sizes. Normalized autocorrelation functions of fluorescence measured from the
marked positions in Fig. 3.3 from Hep3B cells expressing EGFP (dark green), EGFP-NFP
(light green), and in Fig. 3.4 from CHO cells expressing EGFP-NLS (dark blue), EGFP-NFP-
NLS (light blue), EGFP-NFP,-NLS (red), EGFP-NFP;-NLS (purple), EGFP-NFP,-NLS
(orange), The correlation functions could be described by the anomalous diffusion model of
Eqn.3.1 with corrections for EGFP blinking and triplet state. Inset panel shows the

corresponding fit residuals. Inset shows the corresponding fit residuals. (B) FRAP analysis of
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Table.2 FCS analysis of intranuclear mobility of EGFP-chains in living cells.

MW
Protein [kDa] @, (%] D1 (um?%s) | D, um?s) dw, dw;
EGFP 33.3 - 29.8 +1.3 - 2.2 +0.1 -
EGFP-NLS 36.3 71 +17 274 +25 25+14 24+04 1.9+0.2
EGFP-NFP 62.1 - 18.6 + 1.8 - 2.8 +0.3 -
EGFP-NFP-NLS 65.1 82+5 17.6 £ 1.7 1.3+05 2602 1.9 +0.3

EGFP-NFP,-NLS 93.9 68 + 14 13.0 0.5 0.8+05 2.6 +04 2.2+0.2
EGFP-NFP;-NLS 122.7 76 + 4 11.5+138 1.4 +06 3.1+07 29+10
EGFP-NFP,-NLS 151.5 71 8 8.7 +2.3 0.8 +04 2.6 +0.4 2.4 +0.3

FCS diffusion parameters are presented as mean £ SEM. Data was obtained by fitting the
autocorrelation curves obtained from FCS measurement on EGFP and EGFP-NFP expressed
in Hep3B cells and constructs with NLS appendage in CHO cells to one- or two- component
diffusion model of Eqn.3.1. Indexes 1 and 2 refer to the fast and slow components. D; and D,
are the diffusion constants, ®; is the fraction of constructs associated with the fast component

and dw is the anomaly parameter which in FCS formalism is 2 for Brownian diffusion

FCS analysis of the mobility of EGFP-chains in aqueous solution

To assess the effect of the nuclear environment on the mobility of the constructs,
nuclear extracts were obtained of the cells expressing the various EGFP-chains, dilu-
ted 5 times and the mobility of the chains was determined by FCS. EGFP had
roughly three times higher diffusion coefficient than in the living cell nucleus (81.21
umz2/s), similar to that of the purified recombinant EGFP in aqueous solution. The
diffusion coefficients obtained for increasingly long EGFP chains showed an inverse
cube root dependence on their molecular weight (Fig. 3.5A). The ratio of measured
intranuclear-to-invitro diffusion coefficient also showed an inverse dependence
onmolecular weight (Fig. 3.5B) indicating that the effect of the nuclear environment

increases with size.
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Fig. 3.5 Effect of protein molecular weight on in-vitro and intranuclear mobility of GFP
constructs. (A) Diffusion coefficients of the extracts of GFP constructs in dilute solution of
PBS measured by FCS (green), the fast components of intranuclear diffusion coefficients of
the constructs in Hep3B and CHO cells measured by FCS (blue) and the measured
intranuclear effective diffusion coefficients of the proteins measured by FRAP (red) plotted as
function of the molecular weights. (B) The ratios of intranuclear to in-vitro diffusion

coefficients measured by FCS plotted as function of the molecular weights.
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Evaluation of the mathematical FRAP model

To enable a comparison between FCS and FRAP, the dynamics of the proteins was
also studied using FRAP. Prior to the analysis of experimental data, we evaluated the
accuracy of the mathematical model (Eqn.3.13) in extracting the mobility parameters
from experimental FRAP-curves. We analyzed computer simulated FRAP recovery
curves for different combinations of the typical FRAP mobility parameters: diffusion
coefficients, immobile fractions and durations of immobilization. The Monte Carlo
simulation program goes through loops representing 20 ms integration times used in
the FRAP the experiments. The mobility parameters serve as the input to the program
together with the laser power, the size of the cell nucleus and dimensions of the
sampled region of interest. Using these inputs the program simulates the position of
fluorescent molecules (about 30,000 in an ellipsoid representing a cell nucleus)
relative to the position of the observation strip to mimic the measured fluorescence
intensities in each loop. Good fits to the simulated curves were obtained (Fig. 3.6)
andthe recovered parameters agreed with the simulated values (Fig 3.7). The equation

was particularly effective in evaluating the durations of immobilization.

FRAP analysis of the nuclear mobility of EGFP-chains in living CHO-cells

We performed FRAP experiments on the transfected CHO cells that were used for the
FCS measurements. Fluorescence recovery curves obtained for the respective
constructs are shown in Fig. 3.4B. Modelling the recovery curve obtained for EGFP
and EGFP-NLS with simple Brownian recovery (Eqn.3.6) produced a poor fit at the
beginning of recovery (Fig. 3.8A) but the fit was improved using the anomalous
diffusion model (Fig. 3.8B, Table 3). However, the larger constructs required

modifying the diffusion equation to account for transient immobilisation before good
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Fig. 3.6 Monte Carlo simulated FRAP curves for free diffusion and free diffusion with
immobilized fraction. (A) Monte Carlo simulated FRAP curves for a free diffusion with
diffusion coefficient D of 2.6 pm?*/s with no binding (D2.6b0t0); D of 2.0 6 um*/s, 5% bound
fraction and residence time of 10 s (D2b5t10); D of 12.0 pmz/s, 5% bound fraction and
residence time of 2 s (D12b5t2); D of 20.0 pm*/s, 50% bound fraction and residence time of
10 s (D20b50t10); and D of 12.0 pm®/s, 50% bound fraction and residence time of 60 s
(D12b50t60) were fitted (smooth curves) nonlinearly using Eqn.3.13 with o = 1. The panel at

the bottom shows the corresponding residuals of the fits.
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Fig. 3.8 Goodness of fit in mathematical modeling of FRAP recovery curves. (A) Fitting
the recovery curve obtained for EGFP expressed in Hep3B to a simple Brownian model
resulted in a poor fit, especially at the beginning of the recovery curve (bottom). (B) The
diffusion of EGFP could be described well by the anomalous diffusion model.

fits to the recovery kinetics could be obtained (Table 3). The recovery curves did not
show large variations in the anomaly parameter, with EGFP-NFP; deviating the most
from simple Brownian diffusion, and EGFP-NLS and EGFP-NFP,-NLS showing the
least anomaly (o closest to 1). The effective diffusion coefficients measured for
EGFP, EGFP-NLS, EGFP-NFP,-NLS and EGFP-NFP4-NLS (29.2 £1.6, 29.6 +5.1,
13.5 +1.7 and 9.0 +£1.7 um?/s respectively) agree with values obtained from FCS (Fig
3.5) but the apparent diffusion coefficients extracted for EGFP-NFP;, EGFP-NFP;-
NLS and EGFP-NFP;-NLS (10.2 +0.8, 10.9 0.7, and 7.0 0.4 um?/s respectively)
are slower than the fast components measured by FCS for these proteins. This
indicates that the constructs with an even number of protein units experience some
transient obstruction that slows down their apparent diffusion rates. Using Eqn.3.10
and assuming that diffusion coefficients obtained from FCS represent the intranuclear

diffusion rates of the proteins, we deduced that in addition to the one-second-duration
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restriction to mobility experienced by a subpopulation (10, 19 and 14 % for EGFP-
NFP;, EGFP-NFP;-NLS and EGFP-NFP;-NLS respectively) of these proteins,a
further 74, 50 and 55 percent of the proteins, respectively, experience brief

obstructions to their movements.

Table.3 FRAP analysis of intranuclear mobility of EGFP-chains in living cells.

Residence

Protein MW [kDa] a Desr (um?/s) Bound [%] time [s]
EGFP 33.3 0.97 +0.04 29.2 1.6 - -
EGFP-NLS 36.3 0.98 :0.15 29.6 £5.1 - -
EGFP-NFP;, 62.1 0.90 +0.03 10.2:08 10 £2 1101
EGFP-NFP+-NLS 65.1 0.97 +0.04 109 .70 19 + 1 1.2 01
EGFP-NFP,-NLS 93.9 0.98 +0.09 13.5+17 25+3 0.8 £0.1
EGFP-NFP;-NLS 122.7 0.96 +0.19 7.0 :04 14 :8 21:05
EGFP-NFP,-NLS 151.5 0.97 +0.04 9.0:23 192 1.3 01

The FRAP diffusion parameters are presented as mean + SEM. Data was obtained by fitting
the recovery curves obtained from FRAP measurement on EGFP and EGFP-NFP expressed in
Hep3B cells and constructs with NLS appendage in CHO cells to anomalous diffusion model
of Eqn.3.6 (for the smallest constructs i.e. EGFP and EGFP-NLS) or the anomalous diffusion
model corrected for binding (in the case of the larger constructs. D, is the apparent diffusion
coefficient extracted from the recovery curve, o is the anomaly parameter which in FRAP

formalism is 1 for Brownian diffusion.

FCS and FRAP analysis of androgen receptor mobility in living Hep3B-cells

We then combined the FRAP and FCS methods to study the dynamics of
androgen receptors (AR) in Hep3B cells. Two Hep3B cell lines stably expressing
either the GFP-tagged wild-type AR (AR-A) or the GFP-tagged non-DNA-binding
mutant (AR-D) were investigated. AR-D has a mutation in the DNA binding domain
(DBD). The autocorrelation curves obtained by FCS measurements proteins are
shown in Fig. 3.9A. The autocorrelation curves obtained for Hep3B cells expressing

GFP-tagged wild-type AR showed a longer tail than those expressing the mutant
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Fig. 3.9 Complementary use of FCS and FRAP reveal a bound fraction of agonistic
liganded GFP-ARs in Hep3B cells. (A) Autocorrelation functions measured from Hep3B
cells expressing wild-type AR (AR-A; orange) and those expressing the non-DNA-binding
mutant AR (AR-D; green). The autocorrelation function from the mutant fitted well to a one
component model (Eqn.3.1) whereas the wild type data could only be fitted to two
components (materials and methods: Eqn.3.1). (B) FRAP analysis of the same cell lines as in
A. The FRAP curve for the mutant, AR-D (green) fitted well to the one component
anomalous diffusion model of Eqn.3.6 but the curve from the wild type-expressing cell line
could only be fitted by immobilization coupled with anomalous diffusion model of Eqn.3.13
indicating that a fraction of the wild type AR is transiently bound (corresponding residuals are

shown in the inset).
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form. This is either due to multiple diffusing species or transient binding. The
diffusion coefficient (7.8 + 1.2 pm?/s) obtained by fitting the autocorrelation curves
from the mutant AR-D with a one component model (Eqn.3.1) and the fast component
of diffusion (7.7 + 1.3 um?/s) evaluated from fitting the autocorrelation curves from
the wild-type AR-A to two components (Eqn.3.1) agree with the diffusion coefficient
obtained for EGFP-NFP, (8.7 + 2.3 pm?/s). The diffusion coefficient obtained for the
28 % slow component of the wild type AR-A is 0.5 pm?s, less than one-tenth the
value for the faster component. This indicates that the second component is due to
transient immobilization of ARs as a result of binding events.

FRAP experiments were then conducted on both cell lines and the recovery
curves evaluated by modeling them to the anomalous diffusion equations Eqn.3.6 and
Eqn.3.13. Eqn.3.6 was sufficient to model the recovery curve obtained for AR-D and
no improvement in the residual was observed by fitting the curve to Eqn.3.13. On the
other hand recovery curves from cells expressing AR-A could only be satisfactorily
modeled using Eqn.3.13, using the anomalous diffusion model corrected for binding

activities (Fig. 3.9B).

3.5 Discussion

We have, in this work demonstrated the complementary of FCS and FRAP in the
measurement of protein dynamics in the living cell. As model systems we used
functionally inert tandem constructs of the GFP and the biologically active AR. The
results presented have shown that a well calibrated FCS system with its sub-femtoliter
observation volume is well suited to accurate determination of protein mobility in
living cells, and that the minute differences in diffusion rate of the increasingly large

EGFP-chains are distinguishable both with FCS as well as with FRAP measurements.
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We also showed that quantitative measurement of long range immobilisation events,
to which FCS is essentially blind, is well possible using complementary FRAP
experiments.

The mobility of the inert EGFP-chains we investigated showed an inverse
cube-root dependency on molecular weight. We also found that the nucleoplasm is
three times more viscous than water as revealed by the difference between the
diffusion coefficients measured in aqueous solution and those measured in the nucleus
of living cells. However, the effect of nuclear architecture and collisions with other
macromolecules shifts the size dependence of mobility as large molecules may
undergo more interactions than smaller ones. The shape of a protein also affects its
mobility as the conformation of a protein affects the frequency of its interaction with
other nuclear structures. The anomaly parameters measured for the even-numbered
GFPs are higher especially when the model with one diffusing component respective
autocorrelation curves were modelled with one diffusing component is used. The
fusion of a nuclear localisation signal to the EGFP constructs complicated their
dynamics in the nucleus. The NLS probably binds frequently to and is released from
immobile structures leading to a second component in FCS curves and resulting in
slower effective diffusion in FRAP. This is revealed in FCS measurements as the
autocorrelation curves measured for NLS-appended GFPs required fitting to two
components for a good fit. When longer duration binding occurs as in the case of
androgen receptors, bleaching of the immobile fraction complicates the
autocorrelation curve, thus prebleaching of the immobile fraction is recommended
before measurement.

The analytical method described here for FRAP is a combination of known

methods; the mathematical analytical approach described is a combination of the

103

Dynamics of Nuclear Proteins: Complementarity of Fluorescence Correlation
Microscopy and Recovery after Photobleaching in Intracellular Mobility
Measurements



approach described in Feder et al. [36] to evaluate diffusion and the approaches of
Carrero et al. [17,38,39] and Sprague et al [16,40] to evaluate binding. It was tested
on simulated FRAP curves and worked quite well. The advantage is that it is quite
simple. The drawback of this and any other analytical methods is that experimental
results not only depend on molecular mobility, but also on the shape and size of the
photobleached volume which is hard to model analytically. Using Monte-Carlo
simulations could circumvent the problem but are rather time consuming. For FCS
this is not the case, the shape and size of the small confocal volume are easily
determined.

In summary, FCS provides a sensitive method for diffusion measurements
although in live cells it is difficult to apply. Not only finding the appropriate place to
measure, but also the mobility of the cell challenges its application. Binding of the
diffusing species can also present a problem for evaluation. Complementary FRAP
experiments can be used to extract these binding times. In addition, photobleaching of
molecules with little or no mobility are of special concern. In order to avoid
contributions of photobleaching to the autocorrelation function, the immobile and
slowly moving fluorophores may be photodegraded by illumination prior to the
measurement. However, in that case only the more mobile fraction of molecules can
be analysed by FCS. Therefore, combining FCS and FRAP experiments seems to be

the optimal approach for studying protein mobility in living cells.

References

1. Houtsmuller AB, Rademakers S, Nigg AL, Hoogstraten D, Hoeijmakers JH,
Vermeulen W. (1999) Action of DNA repair endonuclease ERCC1/XPF in
living cells. Science;284:958-61.

2. Hoogstraten D, Nigg AL, Heath H, Mullenders LH, van Driel R, Hoeijmakers
JH, Vermeulen W, Houtsmuller AB. (2002) Rapid switching of TFIIH

Chapter 3 104



10.

11.

12.

13.

between RNA polymerase I and II transcription and DNA repair in vivo. Mol

Cell;10:1163-74.

Rademakers S, Volker M, Hoogstraten D, Nigg AL, Mone MJ, van Zeeland
AA, Hoeijmakers JHJ, Houtsmuller AB, Vermeulen W. (2003) Xeroderma

Pigmentosum Group A Protein Loads as a Separate Factor onto DNA Lesions.

Mol. Cell. Biol.;23:5755-5767.

Phair RD, Misteli T. (2000) High mobility of proteins in the mammalian cell
nucleus. Nature; 404:604-9.

Huang S, Deerinck TJ, Ellisman MH, Spector DL. (1998) The Perinucleolar
Compartment and Transcription. J. Cell Biol.; 143:35-47.

Snaar S, Wiesmeijer K, Jochemsen AG, Tanke HJ, Dirks RW. (2000)
Mutational Analysis of Fibrillarin and Its Mobility in Living Human Cells. J.
Cell Biol.;151:653-662.

Pederson T. (2000) Diffusional protein transport within the nucleus: a message

in the medium.2:E73-E74.

Shopland LS, Lawrence JB. (2000) Seeking Common Ground in Nuclear
Complexity.150.1.F1. J. Cell Biol.;150:1F-4.

Misteli T. (2001) Protein dynamics: implications for nuclear architecture and

gene expression. Science;291:843-7.

Axelrod D, Koppel DE, Schlessinger J, Elson E, Webb WW. (1976) Mobility
measurement by analysis of fluorescence photobleaching recovery kinetics.

Biophys J;16:1055-69.

Lippincott-Schwartz J, Snapp E, Kenworthy A. (2001) Studying protein
dynamics in living cells. Nat Rev Mol Cell Biol;2:444-56.

Verkman AS. (2002) Solute and macromolecule diffusion in cellular aqueous

compartments. Trends Biochem Sci;27:27-33.

Schwille P, Haupts U, Maiti S, Webb WW. (1999) Molecular dynamics in
living cells observed by fluorescence correlation spectroscopy with one- and

two-photon excitation. Biophys J;77:2251-65.

105

Dynamics of Nuclear Proteins: Complementarity of Fluorescence Correlation
Microscopy and Recovery after Photobleaching in Intracellular Mobility
Measurements



14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

Wachsmuth M, Weidemann T, Muller G, Hoffmann-Rohrer UW, Knoch TA,
Waldeck W, Langowski J. (2003) Analyzing Intracellular Binding and
Diffusion with Continuous Fluorescence Photobleaching. Biophys. J.;84:3353-
3363.

Webb W. (2001) Fluorescence Correlation Spectroscopy: Inception,
Biophysical Experimentations, and Prospectus. Appl. Opt.;40:3969-3983.

Sprague BL, Pego RL, Stavreva DA, McNally JG. (2004) Analysis of Binding
Reactions by Fluorescence Recovery after Photobleaching. Biophys.
J.;86:3473-3495.

Carrero G, Crawford E, Hendzel MJ, de Vries G. (2004) Characterizing
fluorescence recovery curves for nuclear proteins undergoing binding events.

Bull Math Biol;66:1515-45.

Houtsmuller AB, Vermeulen W. (2001) Macromolecular dynamics in living

cell nuclei revealed by fluorescence redistribution after photobleaching.

Histochem Cell Biol;115:13-21.

White J, Stelzer E. (1999) Photobleaching GFP reveals protein dynamics
inside live cells. Trends in Cell Biology;9:61-65.

Klonis N, Rug M, Harper I, Wickham M, Cowman A, Tilley L. (2002)
Fluorescence photobleaching analysis for the study of cellular dynamics. Eur

Biophys J;31:36-51.

Houtsmuller AB. Fluorescence Recovery after Photobleaching: Application to

Nuclear Proteins. Berlin / Heidelberg: Springer; 2005. 177-199 p.

Segers-Nolten GMJ, Wyman C, Wijgers N, Vermeulen W, Lenferink ATM,
Hoeijmakers JHJ, Greve J, Otto C. (2002) Scanning confocal fluorescence
microscopy for single molecule analysis of nucleotide excision repair

complexes. Nucl. Acids Res.;30:4720-4727.

Cubitt AB, Heim R, Adams SR, Boyd AE, Gross LA, Tsien RY. (1995)
Understanding, improving and using green fluorescent proteins. Trends in

Biochemical Sciences;20:448-455.

Farla P, Hersmus R, Geverts B, Mari PO, Nigg AL, Dubbink HJ, Trapman J,
Houtsmuller AB. (2004) The androgen receptor ligand-binding domain

Chapter 3 106



25.

26.

27.

28.

29.

30.

31.

32.

33.

stabilizes DNA binding in living cells. Journal of Structural Biology: Recent

Advances in Light Microscopy;147:50-61.

Brock R, Jovin TM. (1998) Fluorescence correlation microscopy (FCM)-
fluorescence correlation spectroscopy (FCS) taken into the cell. Cell Mol Biol

(Noisy-le-grand);44:847-56.

Brock R, Vamosi G, Vereb G, Jovin TM. (1999) Rapid characterization of
green fluorescent protein fusion proteins on the molecular and cellular level by

fluorescence correlation microscopy. PNAS;96:10123-10128.

Schwille P, Korlach J, Webb WW. (1999) Fluorescence correlation
spectroscopy with single-molecule sensitivity on cell and model membranes.

Cytometry;36:176-82.

Gennerich A, Schild D. (2000) Fluorescence correlation spectroscopy in small
cytosolic compartments depends critically on the diffusion model used.

Biophys J;79:3294-306.

Wachsmuth M, Waldeck W, Langowski J. (2000) Anomalous diffusion of
fluorescent probes inside living cell nuclei investigated by spatially-resolved

fluorescence correlation spectroscopy. J Mol Biol;298:677-89.

Widengren J, Mets U, Rigler R. (1995) Fluorescence correlation spectroscopy
of triplet states in solution: A theoretical and experimental study. J. Phys.

Chem.;99:13368-13379.

Bacia K, Schwille P. (2003) A dynamic view of cellular processes by in vivo

fluorescence auto- and cross-correlation spectroscopy. Methods;29:74-85.

Hess ST, Sheets ED, Wagenknecht-Wiesner A, Heikal AA. (2003)
Quantitative Analysis of the Fluorescence Properties of Intrinsically

Fluorescent Proteins in Living Cells. Biophys. J.;85:2566-2580.

Krouglova T, Vercammen J, Engelborghs Y. (2004) Correct Diffusion
Coefficients of Proteins in Fluorescence Correlation Spectroscopy.
Application to Tubulin Oligomers Induced by Mg2+ and Paclitaxel. Biophys.
J.; 87:2635-2646.

107

Dynamics of Nuclear Proteins: Complementarity of Fluorescence Correlation
Microscopy and Recovery after Photobleaching in Intracellular Mobility
Measurements



34.

35.

36.

37.

38.

39.

40.

Rusu L, Gambhir A, McLaughlin S, Radler J. (2004) Fluorescence Correlation
Spectroscopy Studies of Peptide and Protein Binding to Phospholipid
Vesicles. Biophys. J.;87:1044-1053.

Hess ST, Webb WW. (2002) Focal Volume Optics and Experimental Artifacts
in Confocal Fluorescence Correlation Spectroscopy. Biophys. J.;83:2300-
2317.

Feder TJ, Brust-Mascher I, Slattery JP, Baird B, Webb WW. (1996)
Constrained diffusion or immobile fraction on cell surfaces: a new

interpretation. Biophys J;70:2767-73.

Wolf DE, Edidin M. Methods of measuring diffusion and mobility of
molecules in surface membranes. In: Baker P, editor. Techniques in Cellular
Physiology. Volume 1. Amsterdam: Elsevier/North Holland Biomedical Press;
1981. p 1-14.

Carrero G, McDonald D, Crawford E, de Vries G, Hendzel MJ. (2003) Using
FRAP and mathematical modeling to determine the in vivo kinetics of nuclear

proteins. Methods;29:14-28.

Carrero G, Crawford E, Th'ng J, de Vries G, Hendzel MIJ. (2004)
Quantification of protein-protein and protein-DNA interactions in vivo, using

fluorescence recovery after photobleaching. Methods Enzymol; 375:415-42.

Sprague BL, McNally JG. (2005) FRAP analysis of binding: proper and
fitting. Trends in Cell Biology; 15:84-91.

Chapter 3 108



Chapter

4

In the absence of DNA damage the nuclear
mobility of most nucleotide excision factors is

mainly determined by their molecular size

Angelika Zotter, Shehu M. Ibrahim, P.O. Mari, Bart Geverts,
Jan H. J. Hoeijmakers, Wim Vermeulen

and Adriaan B. Houtsmuller



4.1. Abstract

Many crucial cellular reactions take place within the cell nucleus. To facilitate these
reactions, the cell often employs complex assemblies of proteins to interact with DNA,
which in most cases, is packed into chromatin. The sites of protein action are often
randomly dispersed throughout the nucleus, specifically in the case of DNA damage.
Considering the crowded nuclear environment, it is still not completely understood how
chromatin-transacting proteins move through the nucleus, assemble into functional
complexes and onto DNA, and act synchronically at their respective sites of need. To
study the movement of functional nuclear proteins in the living cell, we employed the
well-characterized multi-subunit nucleotide excision repair (NER) machinery as a
paradigm. Systematic comparison of mobility parameters of diverse functional,
physiologically expressed GFP-tagged NER subunits in the absence of induced DNA
damage revealed that the mobility of each factor is mainly determined by its molecular
size. Only the 10 subunit TFIIH complex, which has an additional function in
transcription initiation, and the primary NER damage sensor XPC, showed significant
retention indicative of biological action also in the absence of NER-inducing DNA

damage.
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4.2. Introduction

Understanding complex cellular processes requiring the assembly of multiple proteins is
of fundamental importance in biological research. How these multiple components reach
their respective targets in an ordered and timely fashion is a matter of debate and has led
to controversies in models describing these processes [1] . Particularly, nuclear DNA
transacting processes are thought to be restricted by space occupancy in the nucleoplasm
due to molecular crowding.

It has been hypothesized that nuclear factors reside in pre-assembled holo-
complexes or modules to facilitate their timely assembly when required at sites of action.
Some nuclear proteins and RNAs have also been shown to accumulate consistently in
distinct nuclear compartments believed to be specialized centers for DNA replication [2],
transcription [3-5], RNA processing [6,7], or ribosome biogenesis [8] (reviewed in [9]).
The purpose of such distinct nuclear assemblies could be to enable resident enzymes to
carry out their vital functions (e.g. replication) in a concerted manner. However, the
association of nuclear factors with these structures has been shown to be far from static,
in fact they generally seem to be highly dynamic [10-13]. Whether these ‘“nuclear
factories” themselves are kept in place via attachment to a nuclear matrix is still a matter
of controversy [14-16] (reviewed in [16-19]; [20]).

Similarly, the manner of subnuclear translocation in order to assemble at such
structures, or other sites of action, is still under debate. Studies on numerous nuclear
bodies such as RNP particles, and chromosome fibers have shown that the movement of
some nuclear solutes is largely diffusion-based but in some cases rely on energy-
dependent processes [21] (reviewed in [22]). Many nuclear proteins observed, though
showing random movement independent of ATP-based energy, still exhibit substantially

slower mobility than inert solutes like GFP [23]. Therefore, it has been suggested that

111
In the absence of DNA damage the nuclear mobility of most nucleotide excision factors
is mainly determined by their molecular size



nuclear protein mobility is mainly determined by stop-and-go binding events [23].
Likewise, the impact of chromatin structure on protein mobility, especially a “sieving
effect” for larger nuclear solutes, is still under debate ([24,25]; reviewed in [26]).

To explore the nature of nuclear protein mobility, we chose the nucleotide
excision repair (NER) complex as a model system. NER is a highly conserved multi-step
and multi-subunit DNA repair pathway, specialized in the removal of UV-induced DNA
damage. The NER pathway has been extensively studied in vitro, resulting in a detailed
model for its core reaction (reviewed in [27-30]. To clarify the in vivo functioning and
organization of the NER machinery, several subunits of the NER complex have been
tagged with GFP in our lab, and have been introduced into corresponding NER defective
mutant cell lines. Their functionality was tested by their capability to restore UV
resistance to the respective complemented cell lines, and cells were selected for
expression at physiological levels. Within this background, DNA repair factors have been
shown to move throughout the nucleus as distinct proteins or smaller multimeric subunits
of a complex, and to assemble step by step at their active sites as individual factors that
transiently interact only at DNA damage sites [12,31-34]. But in what manner do NER
proteins move about to efficiently find their target regions, and assemble as complexes at
DNA damage sites in the living cell?

In order to find out what factors determine their mobility within the nucleus, we
compared the mobility of different NER proteins in cells that were not subjected to UV
irradiation. In these cells, DNA damage was minimal, and therefore also the activity of
the NER enzymes we investigated. Using confocal photobleaching techniques in cells
stably expressing GFP-tagged NER proteins at physiologically relevant concentrations,
combined with mathematical fitting methods, we attempted to reconstruct the nuclear

dynamics of functional nuclear proteins in a state of inactivity. As an additional control
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and comparison, we included in our measurements exogenous proteins of comparable

size, but with no defined cellular function.

4.3. Results

Distribution of NER factors within the cell

All GFP-tagged NER factors were stably expressed in mammalian cells carrying
inactivating mutations in their respective NER gene. Cell populations with physiological
expression levels of the fusion protein were selected. In addition, fusion proteins were
tested for their biological activity before being used in our protein dynamics studies. The
GFP-tagged NER factors ERCCl1 and XPA wused in these experiments were
predominantly localized in the nuclei of mammalian cells, as described before [31,32].
Also XPG-GFP is homogeneously distributed throughout nuclear space with reduced
fluorescent signal within the nucleoli, both when expressed in CHO cells as well as
SV40-immortalized human fibroblasts [35]. XPB-GFP in transcriptionally active cells
showed additional accumulation in nucleoli [12], next to an overall homogeneous nuclear
distribution. XPC-GFP showed an inhomogeneous nuclear distribution that largely
mimicked the non-uniform distribution of genomic DNA or chromatin in interphase
mammalian nuclei [36]. As a control for nuclear protein dynamics measurements, we
used free EGFP and the hybrid molecule EGFP-NFP. NFP (non-fluorescent protein), is
an EGFP variant in which the fluorophore has been made non-fluorescent by a single

mutation (S65V; see materials and methods).

Nuclear mobility of GFP-tagged NER factors.
In previous experiments [12,31,32,36], we have determined the mobilities of a number of

different GFP-tagged NER factors by using various FRAP techniques. The corresponding
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measurements were performed over a period spanning several years, in which
experimental conditions, such as microscopic settings and laser intensities, as well as the
type of microscope used, varied. This hampered proper comparison of mobility
parameters of the different GFP-tagged NER factors. To systematically determine
mobilities of distinct nuclear proteins and comprehensively analyze the factors that
influence their differential mobility, we used a FRAP procedure optimized to accurately
visualize diffusion of small proteins within the nucleus of living cells (Materials and
Methods). Importantly, the monitoring laser power was chosen sufficiently low as to
avoid significant bleaching due to monitoring. This important improvement has been
made possible by the higher sensitivity of modern detectors.

To assess the mobility of GFP-tagged NER proteins in the absence of UV-induced
DNA damage, we examined untreated mammalian cells at physiological temperature
(37°C). Using the same microscope and laser settings, we directly compared the mobility
of the following GFP-tagged NER proteins (see also Table 1): the relatively small lesion
verification factor XPA (58kDa); the 3’-endonuclease XPG (161kDa); the 5’-
endonuclease ERCC1 (as part of a stable dimer with XPF, 163kDa); the damage sensor
XPC (as a heterotrimeric complex of XPC, hHR23B and CEN2, about 229 kDa); and the
helicase XPB (as integral part of the ten-subunit TFIIH complex, 480-510 kDa).

In direct comparison (Fig. 4.1A), XPG-EGFP (161kDa) showed a slightly but
significantly slower redistribution after photobleaching than EGFP-XPA (58 kDa). In
addition, ERCC1/XPF-GFP (163 kDa) exhibited a similar pattern of redistribution to the
equally-sized XPG-EGFP. GFP-tagged XPB, as an integral subunit of a large multi-
protein complex, exhibited a clearly slower mobility than the previously mentioned NER
proteins. Together, these data point towards protein mobility being determined mostly by

size and shape of the examined nuclear factors. XPC-EGFP, on the other hand, showed
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Fig. 4.1. Comparative FRAP analysis of DNA repair factors. (A-B) Graphical representation
of experimental data obtained for the GFP-tagged NER factors XPA, XPG, ERCC1, XPB, and
XPC (A) and GFP proteins that do not have cellular functions, plotted together with functional
EGFP-XPA (B). Normalised fluorescence was calculated as Ioum = (fi-Io)/(Ipetore-lo), Where [ is the
measured intensity at time #, lyefore 1S the pre-bleach intensity, [, is the fluorescence directly after
the bleach pulse. (C-D) Graphical representation of the corresponding mathematical fits for the
obtained FRAP curves in (A-B). FRAP fitting curves for the functional NER factors [37] and
GFP proteins (plotted together with XPA) (D) are given with the corresponding effective

diffusion coefficients. (E-F) Residuals representing the quality of the fits.

a significantly different mobility. Surprisingly, it appeared to be even slower than XPB,
though it is part of a complex much smaller than TFIIH, with an estimated molecular
mass of only 229 kDa. Clearly, this protein moves much slower than expected on the

basis of its molecular size.
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Mobility of GFP-variants within mammalian cell nuclei.

To further investigate the nature of NER protein mobility, we included the biologically
inert EGFP and EGFP-NFP molecules in our measurements. Since these relatively small
exogenous proteins do not perform any defined function within the cell, we could assume
that their nuclear mobility is mainly determined by diffusion depending on molecular size
and shape of the solute, and the viscosity of the nucleoplasm. Accordingly, we observed a
slower mobility of the double-sized EGFP (EGFP-NFP), as compared to single EGFP
(see Fig. 4.1B). Moreover, comparing the recovery pattern of the equally-sized molecules
EGFP-NFP and XPA-EGFP revealed that these proteins, in spite of their entirely
different physical properties and biological functions, show equal nuclear mobilities (Fig.
4.1B). These results strongly suggest that not molecular interactions, but rather the size of
a molecule determine the overall mobility of EGFP molecules as well as functional NER

factors.

Mathematical analysis of nuclear protein mobility

To quantify the observed differences in protein mobility, we fitted the obtained FRAP
recovery curves to a mathematical equation describing 2-dimensional Brownian diffusion
(see Materials and Methods). Considering that dense nuclear structures could constrain
random motion and hence affect otherwise free mobility (resulting in anomalous
diffusion, “corralled diffusion”), we express the determined mobilities of all nuclear
factors as an “effective diffusion” rate (Degr).

In this way, the following effective diffusion coefficients were obtained for the
inert control molecules EGFP and EGFP-NFP: D¢t EGFP (27 kDa), 25.6 umz/s; Desr
EGFP-NFP (54kDa), 8.0 pm?/s (see also Table 1 and Fig. 4.1D). Notably, EGFP has a
significantly higher mobility rate than the double-sized protein EGFP-NFP. Furthermore,

analysis of the NER protein EGFP-XPA (58 kDa) mobility curve resulted in a Des very
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similar to the one obtained for EGFP-NFP (9.6 um?”/s; see Table 1). Equally, most of the
other NER factors analyzed produced D corresponding to their respective molecular
weight (see Table 1). Importantly hereby, the equally-sized proteins XPG and

ERCC1/XPF produced very similar D¢ (5.4 and 5.3 pm?/s, respectively), which were

1000.0 -
theoretical curve (D in water 25°C)
100.0 A
Diffusion ®GFP
coefficient
2 10.0 -
(um*“/s) GFP-NFP XPG
Ercc1/xpF BN FIIH
OXPC
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1 10 100 1000 10000

Molecular Weight (kDa)

Fig. 4.2. Molecular mass dependence of intra-nuclear diffusion coefficient of NER protein
Measured effective diffusion coefficients of nuclear proteins are plotted in log against their

calculated molecular weight.

Table.1 FRAP and FCS analysis of intranuclear mobility of functionally inert and
biologically active nuclear factors in living cells

MW transient

Protein [kDa] Nuclear function D [pmz/s] bound fraction| retention
EGFP 27 none 25.6 -
EGFP-NFP 54 none 8 - 43.00%
EGFP-XPA 58 NER lesion verification 9.6 - -
ERCC1-GFP 163" 5’ endonuclease 5.3 - 24.10%
XPG-EGFP 161 3’ endonuclease 5.4 -
XPB-EGFP  [410-5107 helicase 3.2 8.8% (2.90 s)
XPC-EGFP 229° | NER lesion recognition factor 1.7 9.1% (1.23 s) 63.60%

Yin complex with XPF; 2 as part of TFIIH complex +/-CAK; ¥in complex with hHHR23B +
centrosome component
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significantly different from the smaller factor XPA (9.6 um?/s) and the large TFIIH
complex (3.2 pm%s). The recovery curve of XPC, however, despite its good fit to
equations for Brownian diffusion, produced a strikingly low Dcg; this strongly suggests
that not only diffusional parameters restrict the overall mobility of this protein. Rather,
transient interactions of a significant fraction of XPC with immobile nuclear structures
even in unchallenged cells may contribute to the observed slow mobility[38]. These
interactions are in the range of maximally a few seconds.

To visualize the relationship between the obtained diffusion rates and molecular
weight of the measured fusion proteins, the log of the measured Des was plotted against
the log of the predicted MW (Fig. 4.2) This graph clearly demonstrates the size-
dependent mobility of biologically inactive proteins, as well as NER proteins (not
actively engaged in NER), in the cell nucleus. Also XPB-GFP showed mobility
consistent with the diffusion of a stable complex in the range of 500 kDa, indicating that
its mobility is mainly determined by diffusion. Apparently, the previously demonstrated
contribution of transient binding of a fraction of TFIIH molecules to transcription
initiation sites [12] is too small to be revealed with this adapted strip-FRAP procedure
alone. XPC-EGFP mobility, on the other hand, deviates substantially from what would be
expected from its molecular size. Ignoring the most plausible possibility that XPC’s
mobility is retarded by transient DNA binding and using the inverse cube-root
dependence of D.sr on molecular mass suggests that XPC would be part of a complex in
the range of several MDa. Together, these results imply that findings using FRAP
technique are not in all cases a sole reflection of the molecular size but may be influenced

by shape as well as by transient interactions.
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Complementary FCS analysis to uncover transient protein immobilization:

To further characterize the mobility of nuclear proteins we compared our FRAP results
with data obtained from fluorescence correlation spectroscopy (FCS) measurements. In
FCS, only a volume less than 1 femto-liter inside the nucleus is monitored. Therefore,
data obtained with this method reflect the diffusion of nuclear proteins in the nucleosol,
largely excluding the influence of globally distributed binding sites and large obstacles.
Analysis of diffusion parameters obtained by both, FRAP and FCS, could be used to
discover transiently bound protein fractions which can not be detected with either of these
methods alone.

Using mobility parameters determined by FRAP and FCS, we found for some
proteins analyzed very shortly immobile fractions (see Table 1). The calculated time
frames for this immobilisation (<1s) correspond to anomalous (corralled) diffusion which
could be due to sterical hindrance by dense nuclear structures and be influenced by the
molecular shape of the protein. Only XPB and XPC yielded transiently bound fractions in
time frames indicative of biological activity. For XPB, we calculated a fraction of about
9% immobilized for about 3 s, which corresponds to the previously described
engagement of the TFIIH complex in Polymerase I and II transcription [12]. XPC,
surprisingly, showed an equal percentage of immobilized protein as XPB, but for only a
little more than 1 second (see Table 1). Considering its substantially slower recovery after
photobleaching even compared to the large TFIIH complex, this result was puzzling. On
the other hand, XPC additionally showed a very large transiently immobilisation fraction,
accounting for nearly 2/3 of the available protein. Perhaps XPC exhibits a general
“stickiness”, very short DNA-binding in order to probe continuously for DNA damage,
which could account for its slow redistribution. The immobilization in this case might be

too short to be temporally resolved with our methods.
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4.4 Discussion

How nuclear processes function in their required precision and efficiency in an
environment that is believed to be relatively crowded is a question of fundamental
importance. The nature of protein motion in order to arrive at randomly dispersed sites of
their enzymatic action is of special interest in the case of cellular emergency functions
such as DNA repair.

To analyze the nuclear mobility of DNA-interacting proteins background we
chose the NER machinery as a model system. This system provided several crucial
advantages: the multi-protein NER machinery has already been extensively studied in
vitro, resulting in a profound knowledge of its core reaction [27,39]; the GFP-tagged
NER core factors used in this study were expressed in physiologically relevant amounts
in corresponding mutant cell lines and have been shown to be functional in NER
[12,31,32,35,36]; the NER machinery can be switched on (by inducing global or local
NER-specific DNA damage) or, importantly, be studied in a situation where DNA repair
is at a minimum 1i.e. in the absence of UV-induced DNA damage. Therefore, NER
proteins are an excellent model system to study the behavior of nuclear proteins when
they are not exerting their primary function.

By tagging various NER proteins with GFP and expressing them at
physiologically relevant levels in corresponding mutant cell lines that lack the protein
under investigation, we could study the molecular mobility of each of the subunits
separately. Using the same microscope and the same settings for all of the factors
measured facilitated a direct comparison of the only slightly divergent protein mobilities.

Moreover, by combining two different novel microscopic approaches and mathematical
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analysis, we could establish individual mobility parameters for each of the factors
examined.

Our results show that individual NER subunits, in the absence of DNA damage,
exhibit passive diffusion at a rate mainly determined by their molecular size or that of the
protein complex they are a stable part of. Only the helicase XPB and the lesion
recognition factor XPC showed partial immobilization in time frames consistent with
biological function.

XPB is an integral part of the ten-subunit TFIIH complex [40], that besides NER
also functions in RNA polymerase | and II transcription initiation (Iben et al., 2002;
Wang et al., 1994; van Vuuren et al., 1994). Concomitantly, the mobility parameters of
XPB are consistent with the diffusion of a protein complex the size of TFIIH. We found
that only a small percentage (9%) of the TFIIH pool is immobilized for a short time also
in cells not subjected to DNA damage. These data are in concordance with earlier studies
that already suggested transient binding of TFIIH to transcription sites [12]. The fact that
redistribution of XPB is further slowed down at lower temperatures [12] indicates that the
observed transient immobilization of TFIIH is due to its involvement in a temperature
dependent process in which it gets immobilised, most likely binding to DNA.

Despite the very slow redistribution of the damage recognition factor XPC, we
found that its calculated immobilized fraction (9%, equal to XPB) is relatively small, and
the time of immobilization very short (a little more than 1s). However, an additional large
fraction (about 2/3) of the XPC pool is transiently retained for even less than 1s. This
short stalling could be either interpreted as constrained, “corralled”, diffusion, or as very
short immobilization events at immobile nuclear structures. XPC has been shown to be
additionally slowed down at lower temperatures, indicating temperature-dependent

binding or dissociation of this protein [36]. We hypothesize therefore, that most of the
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nuclear XPC pool might be engaged in continuous probing of DNA for NER damage,
also in unchallenged cells. It might attach to distorted or perhaps partly remodeled
patches of chromatin and dissociate quickly from these structures if no damage is
detected. Another indication of this is the fact that XPC, unlike the other NER factors, is
not homogeneously distributed throughout the nucleus but rather co-localizes with DNA-
dense regions [36]. The retention time of XPC could be too short to be resolved by our
combined methods, which would explain the outcome of our calculations. The percentage
of stalled XPC could also be underrated since very densely distributed binding sites for
XPC might have influenced FCS measurements. The FCS data therefore may not only
represent free diffusion of the XPC complex, but also be influenced by transiently bound
molecules. Consequently, the obtained data might not contribute as much to resolving
immobilized fractions of XPC undetected by FRAP measurements. There might be two
or more pools of transiently immobilized protein, which we could not resolve with our
combined methods (indicated also by the biphasic FCS autocorrelation curve (Fig. 4.3).
Therefore, we cannot exclude the possibility that XPC (in complex with hHR23B and
CEN1) has an additional function within the cell nucleus. Association of XPC with DNA
might be facilitated by the UV-damaged DNA binding factor XPE [41]. Determination of
the mobility of this newly characterized damage recognition protein in unchallenged cells
might therefore be of special interest.

In summary, our study presents the first direct mobility comparison of functional
NER proteins within the nucleus of mammalian cells in a unchallenged condition. Our
data show that chromatin-transacting proteins that are not engaged in their respective

function are freely mobile throughout the nucleus. Our results therefore provide further

Chapter 4 122



1.6 -

Normalized Correlation Function

0.0

1.4 -
1.2 -
1.0 -
0.8 -
0.6 -
0.4 -

0.2 -

— XPA (58 kD)

— XPG (161 kD)
— ERCC1 (163 kD)
— XPB (510 kD)

XPC (229 kD)
— EGFP (27 kDa)
EGFP-NFP (54 kDa)

e
\

10 1000 100000 10000000

Time [us]

Fig. 4.3. FCS autocorrelation curves of the diverse nuclear proteins. The normalized

correlation function is plotted against time. Molecular sizes of the proteins (or complexes they are

a stable part of) are given in kilodaltons.

support for a general model of chromatin-transacting processes in which free diffusion

and random collision allows the efficient formation of functional and adaptable protein

complexes directly at the site of need. Individual factors can hereby be easily exchanged

or used for multiple actions within one or more processes, rendering a cell capable of

adapting quickly and efficiently to environmental or internal challenges.
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4.5. Materials and Methods

Cell lines

Cell lines used in this study were the simian virus 40 (SV40)- immortalized human
fibroblasts XP20S (XP-A), stably expressing EGFP-XPA (clone 40; Rademakers et al.,
2003), XPCS2BA (XP-B; Vermeulen et al., 1994) stably expressing XPB-EGFP [12],
XP20MA (XP-C), stably expressing XPC-EGFP, the Chinese hamster ovary (CHO) cell
lines 43-3B (ERCC1) expressing GFP-ERCCI1, and UV135 (XP-G) stably expressing
XPG-EGFP, CHO cell lines (WT) stably expressing EGFP, and HeLa cells (WT) stably
expressing EGFP-NFP. All cell lines were cultured in a 1:1 mixture of DMEM/Ham’s
F10 medium containing Ultra-Glutamine (Cambrex Corporation, New Jersey, USA),

supplemented with antibiotics and 10% FCS at 37°C in an atmosphere of 5% CO..

EGFP constructs and the generation of stably expressing cell lines

Full-length human XPC and full-length human XPG were tagged on the C-terminus with
EGFP by in-frame ligation into the HissHA-EGFP-N1 vector, a derivative of the pEGFP-
N1 vector from CLONTECH. In this vector, polyhistidine (Hise) and hemagglutinin [42]
were added at the C-terminus of EGFP. SV40-transformed XP20MA (XP-C) cells, as
well as the CHO cell line UV135 (XP-G), were transfected with the corresponding
plasmids, following selection with 0.3mg/ml of G418 (gentamycin), and subsequently for
UV resistance (three times irradiation with 4J/m2 UV with 1-day interval). An equal
procedure was applied for the other NER constructs used here [12,31,32]. All the
corrected cell lines were tested for functionality and physiological expression levels
[12,31,32]. EGFP and EGFP-NFP expressing cell lines were generated by transfection

with a dT-EGFPx-FLAG tag plasmid and subsequent selection with G418.
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Confocal Microscopy

Three days prior to experiments, cells were seeded onto 24mm glass coverslips. Imaging
and FRAP experiments were performed on a Zeiss LSM 510 equipped with a 60-mW Ar
laser (488 nm) and a 40x, 1.2-n.a., oil immersion lens (Zeiss, Oberkochen, Germany).
The microscope was equipped with an objective heater. Unless stated otherwise, living

cells were examined at 37°C.

Fluorescence Recovery after Photobleaching

Diffusion measurements were performed by FRAP analysis at high time resolution (Strip-
FRAP). A strip spanning the nucleus was photo-bleached for 20ms at 100% laser
intensity (140-180 W, argon laser at 488 nm). Recovery of fluorescence within the strip
was monitored with 20ms intervals at low laser intensity (550-650 nW), to avoid
photobleaching by the probe beam. Measurements were performed at 37°C, using a
heated stage with feedback temperature control. Raw data were corrected for background
and fluctuations in the monitoring laser power. The half time of recovery, ti», was
obtained by a fitting method for Brownian Diffusion (based on the findings of Feder et
al., 1996), following the equation F(t) = (Fo+F(t/t12)*)/(1+(t/t12)%); Fo is the fluorescence
intensity at time t=0, F.. is the intensity towards infinite time, t;, is the half time for
recovery and o is the anomaly time exponent. The FRAP t;, were converted to effective
diffusion coefficients by the D=(0)27)/(2t1/2), where o is the strip width, and 7y is the

bleach parameter.

Fluorescence autocorrelation measurements

Fluorescence autocorrelation measurements were performed on a Carl Zeiss LSM510
microscope upgraded to ConfoCor2/LSM510 combi. A combined setup enabled easy
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positioning of the cells in the laser focus of the FCS and the acquisition of images before
and after FCS measurements to aid in data interpretation. For excitation, the 488 nm line
of an Ar ion laser on the laser module was used at a tube current of 6.1 A. FCS
measurements were performed at a laser power density of about 1.75 pW/um?” using the
C-Apochromat 40x water immersion objective lens (1.2 NA) with a band pass filter BP
505-550 nm (BP530-560 for Rh6G) at a detector pinhole setting of 70 pm.

Cells for FCS measurement were grown on 24-mm silica glass coverslips and
then transferred to a sample dish with the growth medium replaced by phenol-red free
medium. The dish was placed in a sample holder and presented to the microscope stage in
a heated chamber supplied with CO,. The chamber and the objective lens were kept at a
temperature of 37°C. With the aid of LSM imaging the desired area of a cell was selected
and positioned within the FCS laser focus by a centering-macro controlling the
microscope stage. The coordinates of the location of the FCS center with respect to the
LSM center were determined by bleaching a hole into a thin layer of Rh6G in FCS mode

and then examining the Rh6G film in LSM mode.
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5.1. Abstract

The structure-specific endonuclease XPG is an indispensable core protein of the
nucleotide excision repair (NER) machinery. XPG cleaves the DNA strand at the 3’ side
of the DNA damage. XPG binding stabilizes the NER pre-incision complex and is
essential for the 5’ incision by the ERCCI1/XPF endonuclease. We have studied the
dynamic role of XPG in its different cellular functions in living cells. We have created
mammalian cell lines that lack functional endogenous XPG and stably express EGFP-
tagged XPG. Life cell imaging shows that in undamaged cells XPG-EGFP is uniformly
distributed throughout the cell nucleus, diffuses freely and is not stably associated with
other nuclear proteins. XPG is recruited to UV-damaged DNA with a tys of 200 s and is
bound for 4 min in NER complexes. Recruitment requires functional TFIIH, although
some TFIIH mutants allow slow XPG recruitment. Remarkably, binding of XPG to
damaged DNA does not require the DDB2 protein, which is thought to enhance damage
recognition by NER factor XPC. Together, our data present a comprehensive view of the

in vivo behaviour of a protein that is involved in a complex chromatin associated process.

5.2. Introduction

Nucleotide excision repair (NER) is a versatile DNA repair mechanism that removes
different types of helix-distorting damage from the genome, including UV light-induced
DNA damage, such as cyclobutane pyrimidine dimers (CPD) and 6-4 photoproducts (6-4
PP) [10, 22]. The severe clinical features of three photo-hypersensitive hereditary NER
disorders underscore its biological importance: the cancer-prone syndrome, the neuro-
developmental conditions Cockayne syndrome (CS) and trichothiodystrophy (TTD) [28].

The multi-step NER process requires the coordinated actions of at least 25 polypeptides
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[11]. The general modus operandi for NER comprises the following steps: 1) recognition
of DNA damage, 2) unwinding around the lesion, 3) dual incision on both sides of the
damage, 4) removal of the excised oligonucleotide, and 5) filling the generated gap by
DNA polymerase and ligase [5]. Two different modes of NER exist, i.e. transcription-
coupled NER (TC-NER) and global genome NER (GG-NER) [21]. TC-NER removes
lesions exclusively from the transcribed strand of active genes, whereas GG-NER repairs
damage at any other position in the genome. GG-NER protects against damage-induced
mutagenesis and can thus be considered a cancer-preventing process, whereas TC-NER
primarily promotes cellular survival and therefore may counteract aging [30]. The
damage sensor for 6-4 PP in GG-NER is the heterotrimeric XPC/HR23B/centrin2
complex [48, 60]. In addition, the UV-damaged DNA binding protein (UV-DDB) assists
XPC in the recognition of CPD [9, 61] and facilitates 6-4 PP repair [33]. In TC-NER
lesions are detected by stalled elongating RNA polymerase 11 [54]. After lesion-detection
the two NER sub-pathways funnel into a common mechanism. Damage sensing is
followed by the recruitment of the ten-subunit TFIIH complex [13], which utilizes its
helicase components XPB and XPD to locally unwind the DNA around the lesion. The
structure-specific endonuclease XPG subsequently binds and promotes formation of an
open DNA complex around the lesion [8]. The next proteins that bind to the repair
complex are the single-stranded DNA (ssDNA) binding Replication Protein A (RPA) and
the damage verification factor XPA, which play an important role in the correct
positioning of the 3’ endonuclease XPG and the 5° endonuclease ERCC1/XPF [4]. After
dual incision a stretch of ~30 nucleotides ssDNA containing the damage is released, after
which the replication factors RPA, PCNA and DNA polymerase /¢ fill in the resulting
gap [45]. In the last step the newly synthesized DNA is sealed by DNA ligase I and the

original chromatin structure is restored by chromatin assembly factor I (CAF I) [15].
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In vitro studies have resulted in a number of models for the assembly of the NER
complex onto damaged DNA, proposing a completely pre-assembled holo-complex [50],
a partly pre-assembled NER complexes [16-19], and the sequential assembly of
individual NER factors, assuming conflicting assembly sequences [41, 48, 62, 63].
Assembly studies in intact cultured cells using locally damaged nuclei support the
sequential assembly scenario [60]. We have previously studied the in vivo kinetics of the
NER components ERCC1/XPF [24, 31], TFIIH [23, 31], XPA [40], XPC [38], and CSB
[54]. Together, these studies culminate to a model in which NER factors move freely
throughout the nucleus and are incorporated one-by-one into repair complexes after the
induction of DNA damage. However, the above-mentioned studies could not
unambiguously identify the precise role of XPG, including at what stage the protein is
incorporated in the NER complex. Therefore, we have carried out a comprehensive in

vivo analysis of the behavior of XPG in DNA repair.

5.3. Results

Generation of cell lines stably expressing functional XPG-EGFP

To study the nuclear distribution and dynamics of the XPG protein in living cells we
tagged the protein with enhanced green fluorescent protein (EGFP). EGFP was fused to
the carboxy-terminus of human XPG (Fig. 5.1A), resulting in an XPG-EGFP fusion
protein, which was stably expressed in XPG-deficient human fibroblasts (XPCS1RO-Sv)
and in Chinese Hamster Ovary cells (UV135). Fluorescently tagged XPG is
predominantly located in the nucleus of both cell types in which it is uniformly

distributed, with nucleoli being less populated (Fig. 5.1B). These observations are in
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Fig. 5.1. Expression and functionality of XPG-EGFP. (A) Schematic representation of the
XPG-EGFP-His(9)-HA fusion gene with the N-terminal and C-terminal nuclease domains (N and
C, respectively) and different interaction domains indicated. I, Internal domain; PBD, PCNA
binding domain; NLS, probable nuclear localization signal; aa, amino acids. (B) Localization of
the XPG fusion protein in human fibroblasts (left two images, showing the fluorescence signal
and an overlay of fluorescence and phase contrast) and CHO cells (right two images). XPG-EGFP
is present mainly in the nucleus, except in the nucleoli. (C) Immuno-blot, probed with
monoclonal anti-XPG, of 40 pg of whole-cell extract from HeLa (lane 2), human XPCS1RO-Sv
(XP-G) expressing XPG-EGFP (lane 3), CHO (UV135) cells expressing XPG-EGFP (lane 4) and
untransfected XPCS1RO-Sv (lane 5). The molecular mass of protein markers is indicated in

kilodaltons (kDa). EGFP-tagged XPG migrates slower than endogenous XPG (upper and lower
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arrow, respectively). No XPG protein was detected in the human fibroblasts in which the severely
truncated XPG-mRNA is probably highly unstable or not recognized. Chinese hamster XPG
cannot be detected with our anti-XPG serum. Loading control: PCNA (arrowhead), asterisk
indicates cross-reacting non-specific band only present in human cell extracts. (D) UV-survival of
repair-proficient human MRCS5 cells (wild type; light blue line), XPCS1RO cells (violet line),
XPCSIRO cells stably expressing XPG-EGFP (clone 5¢M; brown line), wild type CHO cells
(AAS8; dark blue line), XPG-deficient CHO cells (UV135; purple line), and UV135 cells
expressing XPG-EGFP (clone 129; yellow line). The transfected cell lines show a correction of

UV sensitivity to the wild type level.

accordance with earlier findings for fixed cells [6, 53, 60]. Immuno-blot analysis of
whole cell extracts of both cell types, using anti-XPG antibodies, showed that XPG-
EGFP migrates in SDS-PAGE with a mobility corresponding to the expected size of the
full-length fusion protein (~180 kDa, Fig. 5.1C [36]). Labeling with anti-EGFP
antibodies did not reveal the presence of any other GFP-containing polypeptides in the
crude extracts (data not shown). This implies that all microscopy-based studies in this
paper truly reflect the behavior of XPG-EGFP. The Western blot in Fig. 5.1C indicates
that XPG-EGFP is expressed at about the same level as endogenous XPG in wild type
(HeLa) cells. Importantly, XPG-EGFP was able to restore normal UV-sensitivity of XP-
G cells (Fig. 5.1D), showing that the fusion protein is functional in NER when expressed

at physiologically levels.

Mobility of XPG-EGFP in the nucleus

XPG has been reported to interact with other DNA repair proteins and with transcription
factors and might therefore be part of a larger protein complex [42]. To investigate
whether XPG either moves freely through the nucleoplasm, is part of a larger complex, or
is bound to immobile nuclear structures, we used FRAP (Fluorescence Recovery after

Photo-bleaching; Fig. 5.2A). XPG-EGFP molecules in a specific nuclear region are
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bleached by a short light pulse, followed by monitoring the kinetics and extent of
recovery of fluorescence due to the diffusion of non- bleached XPG-EGFP molecules
into the bleached area. In non-UV irradiated living cells, monitored at 37°C, essentially
all XPG-EGFP was mobile. The same redistribution kinetics were found for XPG-EGFP
in CHO cells (Fig. 5.2B) and in human fibroblasts (Fig. 5.2C), indicating that XPG-EGFP
mobility is independent of cell type and organism. Curve fitting shows that the effective
diffusion coefficients (D.g) of XPG-EGFP in CHO cells and human fibroblasts are very
similar, i.e. 6.1 + 1.5 pm?/s and 4.0 + 0.8 pm?/s, respectively (Fig. 5.2B and 5.2C). These
diffusion coefficients were significantly different than other NER-GFP fusions (XPA,
TFIIH) tested in parallel (A.zotter unpublished data and [23, 40]). Using combined FLIP
and FRAP [23] we showed that the mobility of XPG is the same at 27° and 37°C (Fig.
5.2D). Similar results have been obtained for other NER factors [24, 40], except for
TFIIH [23] in which temperature-sensitive mobility was thought to be due to binding to
transcription complexes. Together, this indicates that XPG in undamaged cells is not part
of a larger complex, e.g. with TFIIH as has been suggested elsewhere [1, 19], and does

not interact with immobile nuclear components, such as chromatin.

In vivo assembly of XPG-EGFP into the NER complex

Analysis of the in vivo kinetics of NER complex assembly has shown that incorporation
of TFIIH and ERCC1/XPF into the pre-incision complex is not diffusion-limited [31].
Association of the ERCC1/XPF incision factor depended on the presence of functional
TFIIH [31]. To determine how XPG-EGFP is incorporated into the repair complex in
vivo, we analyzed its recruitment kinetics in nuclei that had been locally UV-irradiated

(Fig. 5.3A, [31]). XPG-EGFP accumulation in the damaged area reached a plateau after
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about 10 min (Fig. 5.3B). This plateau reflects a pseudo steady state in which DNA repair

takes place at a constant rate and the number of XPG molecules that are incorporated into
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Fig. 5.2. FRAP analysis of XPG mobility. (A) Example of FRAP analysis to determine effective
diffusion coefficients in non UV-irradiated cells. A strip (red rectangle) spanning the nucleus
containing EGFP-tagged protein is bleached at high laser intensity. Subsequently, fluorescence
recovery after photobleaching is monitored in the strip. (B-C) Graphical representation of FRAP
analysis of EGFP-XPG in non-UV irradiated CHO cells (B) and human fibroblasts (C), the mean
relative fluorescence (flu. after bleaching/flu. before bleaching) is plotted against the indicated
time in seconds. Red lines: experimental data; green lines: simulated curves; blue lines at the
bottom of each graph represent residuals which are a measure for the quality of the fits. (D)
Simultaneous FLIP/FRAP analysis of XPG mobility in the nucleus of CHO cells. A small area at
one pole of the nucleus is bleached for 1 s, subsequently fluorescence is monitored in time in the
bleached (FRAP) and unbleached area (FLIP). The difference in EGFP intensity between the two
areas after the bleach pulse is plotted on a log scale as a function of time. Light blue line, XPG
redistribution at 37°C; dark blue line, XPG redistribution at 27°C; purple line, XPG redistribution
in UV irradiated cells at 37°C; violet line, XPG redistribution in UV irradiated cells at 27°C.
Experiments on UV-irradiated cells were performed between 10 min and 30 min after global UV-

C irradiation.

repair complexes per unit time equals the number of molecules that are released after a

repair event. The rate of incorporation of XPG-EGFP was the same in CHO cells and in
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human fibroblasts, with a ty s of ~200s for both cell types (Fig. 5.3B). This shows that the
absence of the DDB2 subunit of the UV-DDB protein in CHO cells has no effect on the
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Fig. 5.3. Accumulation of XPG-EGFP after local UV-DNA damage. (A) Time-lapse series of
XPG-EGFP expressed in CHO UV 135 cells prior and immediately after UV-C irradiation (100
J/m2). After taking pre-irradiation images cells were irradiated for 39s (lightning arrow),
subsequently images were taken with 20s interval. (B) Incorporation kinetics of XPG-EGFP in
CHO cells (UV135 — green line, n=5), CHO cells transfected with DDB2-mCherry (UV135 +
DDB2 - red line, n=5) and human fibroblasts (XPCS1RO - blue line, n=5) at UV-damaged areas
after 100 J/m2 UV-C. The local relative accumulation of XPG-EGFP was measured versus time.
(C) Incorporation kinetics of XPG-EGFP in UV135 cells at 37°C (red line, n=5) and 27°C (blue
line, n=5). The local accumulation of XPG-EGFP was measured and plotted as a percentage of
the total EGFP fluorescence of the cell nucleus (37°C n=11, 27°C n=20) versus time after start of

UV irradiation. Error bars represent SD between different experiments.
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kinetics of incorporation of XPG in NER complexes that assemble on UV-damaged

DNA. To investigate the role of DDB2 more directly, we transfected CHO cells that

stably express XPG-EGFP transiently with DDB2 fused to the red fluorescent protein

mCherry [44]. Subsequently, binding of XPG-EGFP was measured in cells that also

expressed DDB2-mCherry. The rate of incorporation of XPG-EGFP was the same in

transfected and non-transfected cells, i.e. with and without expression of DDB2 (Fig.

5.3B). Our experiments show that DDB2 does not changes the incorporation kinetics of

XPG into the NER pre-incision complex.

Table 5.1 Human cell-lines used for local damage induction

Cell strain TFIITH mutation Affected function Syndrome Reference

C5RO none wild type

XPCS1BA F99S in XPB unknown mild XP/CS (57)
frame-shift 742 in

XP131MA PR helicase activity XP/CS (8)

XP6BE R638W in XPD p44 interaction XP (39)

XPCS2 G602D in XPD helicase activity XP (58)

TTD1BEL R722W in XPD p44 interaction TTD (52)

Chapter 5 140




Binding of XPG depends on the presence of functional TFIIH

The rate of binding of XPG-EGFP to the nascent NER complex is temperature-
dependent. The initial rate of XPG-EGFP incorporation at 37°C is about 1.5%/min and at
27°C about 0.5%/min (Fig. 5.3C). Analogous to previous studies of the in vivo kinetics of
incorporation of ERCC1/XPF it is likely that the temperature-dependent step in NER
complex formation is the DNA unwinding process, catalyzed by the helicase activity of
TFIIH [43]. Previous studies, using fixed cells and in vitro NER assembly, were not
conclusive about the question whether XPG incorporation required functional TFIIH [6,
41, 53]. To determine whether XPG binding depends on functional TFIIH, we measured
the UV-induced accumulation of XPG (using a specific antibody) at different time points
after local UV-irradiation in various cell lines mutated in the TFIIH helicases XPB or
XPD (Table 1) and in wild-type cells. Accumulation of XPG, measured 10 min after local
UV-induced DNA damage, was strongly reduced in all TFIIH mutants tested, in
comparison to wild type cells. In contrast, XPC, which binds to DNA damage before
TFIIH, accumulated normally in all mutants (Fig. 5.4). However, some XPG
accumulation was observed in all mutant TFIIH cell lines 30 min after local UV damage,
except in TTD cells (Fig. 5.4). These results show that functional TFIIH is required for
normal XPG binding. However, several TFIIH mutants still support what seems a slow or

limited XPG incorporation in the NER complex.

XPG-EGFP is transiently immobilized by UV-damaged DNA
In addition to the binding (i.e. pre-steady state) kinetics of XPG-EGFP into the nascent
NER complex, we have analyzed the steady state kinetics and the nuclear redistribution

after UV damage. Different UV-C doses have been employed, i.e. 2, 4, 8, and 16 J/m?.
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Whole cell exposure to UV-light induces a uniform distribution of DNA lesions in the

nucleus. This did not result in a detectable redistribution of XPG-EGFP, in contrast to the
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Fig. 5.4. Accumulation of XPC and XPG after local UV-damage in human wild-type cells
(C5RO0) and various TFIIH mutants: 10 min (columns 1 and 2) and 30 min after UV-irradiation
(columns 3 and 4). Columns 1 and 3, immunofluorescence labeling with anti-XPC antibody

(green); columns 2 and 4, labeling with anti-XPG antibody (red).

study by Park et al. that reported the formation of XPG foci upon UV irradiation in fixed
cells [37]. However, these XPG foci could be the result of the fixation procedure. FRAP
analyses performed between 10 and 45 min after UV-treatment (when incorporation of
XPG is in steady state), showed incomplete fluorescence recovery in human fibroblasts
and in CHO cells within the time frame of 8 seconds after photobleaching (Fig. 5.5A and
5B, compare to untreated cells). This indicates that maximally 20-30% of the XPG-EGFP

molecules are immobile. The mobility of unbound XPG-EGFP did not change upon UV
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irradiation, as shown by the recovery plots of Fig. 5.5C and 5D. This demonstrates that
the XPG molecules that do not participate in NER have the same mobility and therefore
the same molecular size before and after UV irradiation. Similar to other NER factors
[23, 24, 40] we conclude that the observed immobilization of XPG-EGFP reflects its
incorporation in the NER complex.

Despite exhibiting similar total cellular fluorescence intensities (representing the
expression levels of XPG-EGFP), human fibroblasts showed less XPG-EGFP
immobilization at a NER-saturating UV dose than CHO cells, i.e. 20% and 30%,
respectively (Fig. 5.5E and 5F). Furthermore, a quantitatively different response to UV-
dose was observed for both cell types. While in human cells a larger fraction of the XPG-
EGFP molecules was immobilized at low UV-doses (saturating at 8J/m?) CHO cells show
a significant increase in immobilized XPG-EGFP up to 16J/m* (Fig. 5.5E and 5F). This
shows that the fraction of immobilized XPG-EGFP of the total cellular amount of XPG is
different in both cell types. This is probably due to the fact that the concentration of other
NER factors is different. If cells were cultured at 27°C instead of at 37°C, a significantly
larger fraction of XPG-EGFP was immobilized at the same UV dose in both cell lines
(Fig. 5.5E and 5F), indicating that at any given time point more XPG-EGFP molecules
participate in NER events. Combined FRAP and FLIP at 27°C instead of 37°C,
confirmed a decrease in mobility of XPG-EGFP after UV-irradiation (Fig. 5.2D). This
implies that the dissociation of XPG-EGFP from the NER complex (presumably after
dual incision) is temperature-dependent, resulting in a longer residence time at lower
temperature and thus increased immobilization.

In addition to a role in NER, XPG has been shown to be involved in base excision
repair of oxidative DNA lesions in vitro [26]. To investigate a possible role of XPG in

BER in vivo we treated cells with ionizing radiation or paraquat. Both procedures induce
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Fig. 5. 5. FRAP analysis of UV-treated and untreated cells to visualize DNA damage-
dependent immobilization of XPG-EGFP. (A, B) FRAP recovery curves (normalized to pre-
bleach intensity set to one) in CHO cells and human fibroblasts, respectively. Black curves: XPG-
EGFP recovery in untreated cells (as a reference); grey curves: recovery in UV irradiated cells.
(C, D) FRAP recovery curves (normalized to maximum recovery post-bleach set to one) of XPG-
EGFP in CHO cells and human fibroblasts, respectively. Black curves: XPG recovery in
untreated cells (as a reference); grey curves: recovery in UV irradiated cells. (E, F) Immobilized
XPG-EGFP fractions in CHO cells and human fibroblasts, respectively, in response to different
UV doses. Light blue and dark blue bars depict measurements in cells cultured at 27°C, after 8

and 16J/m2 UV, respectively. Error bars show the standard error of the mean.
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oxidative lesions that are removed by BER. After treatment with these agents, we did not
observe increased immobilization of XPG-EGFP (data not shown), suggesting that XPG
does not play a major role in BER. However, we cannot rule out that the number of
lesions introduced by these procedures is too low to detect changes in XPG-EGFP
immobilization or that the kinetics of XPG in BER are different and do not result in
detectable immobilization of XPG. Besides a role in BER, it has been suggested that
XPG associates with transcription bubbles containing stalled RNAPII molecules together
with TFIIH and CSB [42]. In addition, the S. cerevisiae XPG homolog Rad 2 has been
shown to be required for RNAPII activity [27]. We showed that the mobility of TFIIH,
which is involved in RNAPI and RNAPII activity, is affected by treatment with
transcription inhibitors (e.g. 5,6-dichloro-1-D-ribofuranosyl benzimid azole or DRB [23,
25]). We did not observe any effect on XPG-EGFP mobility after treatment with DRB
(data not shown) and were thus not able to confirm a role of XPG in transcription bubbles
in vivo [42]. It cannot be excluded that the interaction of XPG with transcription bubbles

1s too transient or involves only a very small fraction of molecules escaping detection.

The residence time of XPG-EGFP in the NER complex is in the order of minutes

To determine the residence time of XPG in a NER complex we applied a FRAP variant
on locally damaged cells. Briefly, an elongated area distant from the local damage is
bleached. Subsequently, the fluorescence redistribution is monitored (Fig. 5.6A). The
time required to re-establish the pre-irradiation distribution of XPG-EGFP is a measure
for the mean residence time of molecules in the NER complex. A new equilibrium
between bleached and non-bleached molecules was reached with a ty¢ of approximately 3
to 4 minutes. (Fig. 5.6B), reflecting the residence time of XPG in the NER complex. This
value is similar to the measured residence time of other components of the NER complex

[23, 24, 40].
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Fig. 5.6. FLIP analysis of locally UV-damaged areas in the nucleus. (A) A strip opposite a
locally damaged area in the nucleus is bleached and the redistribution of bleached and unbleached
XPG-EGFP is monitored in time. (B) FLIP curve of the locally damaged nucleus. The relative
difference between redistribution in the damaged versus the non-damaged area is plotted in time.

Error bars depict the standard error of the mean.

5.4. Discussion

The endonuclease XPG is a multi-functional nuclear protein. It plays a central role in
nucleotide excision repair (NER) of helix-distorting DNA damage and is thought to be
involved in transcription, transcription-coupled repair of non-helix distorting DNA

lesions and in base excision repair (BER) [26, 27, 42]. In the NER complex XPG carries
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out the incision at the 3’ side of the damage and stabilises the protein complex on the
locally unwound DNA [5]. In this study we present a comprehensive analysis of the
dynamic behaviour of XPG inside the nucleus of living CHO cells and human fibroblasts
that do not contain functional endogenous XPG and that stably express human XPG-
EGFP at levels similar to endogenous XPG in wild type cells (Fig. 5.1). Since these cells

show normal UV-resistance, the XPG-EGFP is fully functional.

XPG only interacts with NER components on damaged DNA

Evidence has been presented that XPG associates with TFIIH [1, 19, 34]. Our FRAP
measurements on cells expressing functional XPG-EGFP show that in vivo in undamaged
cells the majority of the protein is not associated with TFIIH, because of the observed
difference in mobility rate and differential dependence of the mobility on temperature.
Importantly, also after UV damage the XPG molecules that are not engaged in DNA
repair show the same in vivo mobility, indicating that XPG only interacts with other
nuclear components if it binds to the NER complex that assembles on damaged DNA
(Fig. 5.5). This is supported by the finding that other NER proteins show apparent
diffusion rates that are different from what is observed here for XPG-EGFP [14, 23, 24,
40]. Moreover, the mobility of TFIIH differs at 27 and 37°C, whereas that of XPG-EGFP
is temperature independent (Fig. 5.2). Also the kinetics of incorporation of these two
proteins into the NER complex is different (tos of 200 s for XPG and 110 s for TFIIH
(Fig. 5.3 and [31])). The observation that endonuclease XPG does not associate with
nuclear components except in the DNA damage-induced NER complex, supports the

notion that this protein is only involved in DNA repair.
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The dynamics of XPG engagement in NER
After UV-induced DNA damage XPG-EGFP is incorporated into the NER complex with
a tos of incorporation of about 200 s at 37°C (Fig. 5.3). CHO cells and human fibroblasts
show the same assembly rate. This rate of incorporation is somewhat lower than that of
XPC and TFIIH (tos is 100 and 110 s, respectively [31, 38]) and significantly lower than
the 5’ endonuclease ERCC1/XPF (tos is 65 s [31]). A quantitative model has been
proposed that is able to at least partly explain these differences in rates of incorporation
[38]. After about 5 min, XPG incorporation into NER complexes reaches a steady state.
FRAP experiments show that the protein remains incorporated for about 3.5 min (Fig.
5.6). This is similar to what has been found for XPA (4 to 6 min), TFIIH (4 min) and
ERCCI1/XPF (4 min) [23, 24, 40] and probably reflects the time required by the NER
complex to repair a DNA lesion. XPC has a significantly lower residence time (1-2 min),
probably because it leaves the NER complex before repair is complete (Hoogstraten and
Vermeulen, unpublished results, [38]) in line with in vitro studies [41]. Under steady state
condition, at the highest UV doses used here (16 J.m™), maximally about 30% of the
XPG-EGFP molecules are associated with a NER complex and therefore engaged in NER
(Fig. 5.5). Similar values have been obtained for ERCC1/XPF, XPA and TFIIH [23, 24,
40]. These results support a model in which the NER complex assembles from its
individuals components on a time scale of minutes, remains intact for 3 to 4 min (maybe
except for XPC) during which the actual repair takes place and subsequently dissociates
allowing its components to reassemble on another lesion.

Although the dynamic behaviour of XPG is largely the same in CHO cells and in
human fibroblasts, a difference is observed in the degree of XPG immobilization under
steady state conditions at high UV dose (16 J.m™). In CHO cells an almost two-fold

larger fraction of the XPG-EGFP molecules becomes engaged in NER than observed for

149
Recruitment of the Nucleotide Excision Endonuclease XPG to sites of UV-induced
Damage Depends on Functional TFIIH



human fibroblasts (at 37°C 20% and 30%, respectively (Fig. 5.6)). The simplest
explanation is that the expression levels of XPG and/or other NER proteins differ in the
two cell types. Alternatively, the endogenous truncated, non-functional XPG protein that
is present in the human fibroblasts may compete with the functioning of XPG-EGFP,
resulting in a lower immobilized fraction. The XPG mutation in CHO UV135 cells is
unknown but can be considered a null mutation, since XPG mRNA can hardly be

detected in these cells [29].

DDB?2 (p48) does not affect the rate of XPG incorporation kinetics

The kinetics of incorporation of XPG into the NER complex and its residence time in the
NER complex are the same in CHO cells and in human fibroblasts (Fig. 5.3, Fig. 5.6).
This is remarkable, since CHO cells lack functional DDB2 (p48), which is a subunit of
the UV-DDB complex that is thought to enhance the association of the damage
recognition protein XPC with DNA lesions, in particular pyrimidine dimers [33, 49, 51].
Since XPC binding precedes incorporation of XPG into the NER complex, it was
expected that XPG binding in CHO cells would be slower that in human fibroblasts,
which contain endogenous DDB2. Expression of DDB2 in CHO cells did not result in
accelerated binding of XPG to UV-induced DNA damage (Fig. 5.3). These results
indicate that UV-DDB does not significantly increase the rate of binding of XPG to UV-

damaged DNA.

Recruitment of XPG requires functional TFIIH

Previous experiments showed that the incorporation of core NER factors into the NER
complex occurs in a specific sequence [40, 60]. However, the precise timing of XPG
incorporation could not be established unambiguously. Here we show that incorporation

of XPG into the NER complex is temperature-dependent (Fig. 5.3). The same has been

Chapter 5 150



found for ERCC1/XPF, whereas binding of TFIIH and XPC are temperature-independent
([31], M.S. Luijsterburg and R. Van Driel, unpublished data). This was interpreted that
binding of ERCC1 requires an enzyme activity, i.e. the helicase activity of the TFIIH
subunits XPB and XPD [31]. Therefore, our data suggests that also XPG binding requires
TFIIH helicase activity, indicating that TFIIH binding must precede XPG incorporation.
Studies in cell lines that have a mutated XPB or XPD gene show that impairment of
TFIIH function severely affects XPG incorporation into the NER complex (Fig. 5.4,
Table 1).

Comparison of the effect of different TFIIH mutation indicates which parts of the
TFIIH molecule are important for XPG binding. XP/TTD cells [47, 55, 56], which carry a
C-terminal R722W substitution in XPD [46], exhibit the most severe reduction of XPG
recruitment. This suggests that XPD plays an important role in the recruitment of XPG to
sites of UV damage in vivo. Recent findings demonstrate that the stability of the TFIIH
complex is severely affected in TTD cells (D. Hoogstraten and W. Vermeulen,
unpublished data) [2, 13]. Therefore, it is conceivable that impaired recruitment of XPG
in TTD cells is due to the compromised stability, rather than a direct interaction of XPG
with the C-terminus of XPD. A recent study demonstrated that phosphorylation of S751
of XPB controls the 5’ incision by ERCC1/XPF, whereas the 3’ incision by XPG is
unaffected [3]. Accordingly, our experiments show that XPG binding is only moderately
affected in the XPB mutant, which has a truncated C-terminal domain, lacking the serine
751 residue (Fig. 5.4). This suggests that another part of the TFIIH complex controls the
3’ incision by XPG, possibly the N-terminal PH-fold of p62, which has been shown to
interact directly with XPG [12]. Nonetheless, our results unambiguously show that stable

recruitment of XPG to the pre-incision complex depends on functional TFIIH.
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Summarising, our results unfold a consistent and simple picture for the dynamic
behaviour of XPG in living CHO cells and human fibroblasts. The protein diffuses freely
as a monomer, not showing any prominent interactions other than the nascent NER
complex that is formed in UV-damaged cells after binding of XPC and TFIIH. The in
vivo dynamics of the XPG protein are remarkably similar in human cells and Chinese
hamster cells, showing that major differences in genetic background hardly affect XPG

behaviour.

5.5. Materials and Methods

Cell lines

Cell lines used in this study were simian virus 40 (SV-40)-immortalized human
fibroblasts MRCS5 (NER-proficient), XPCSIRO (XPG-deficient); HeLa cells (NER-
proficient), CHO AA8 (NER-proficient), CHO UV135 (XPG-deficient), 3T3 cells
(inducible EGFP expression) and the primary human fibroblasts CSRO (NER-proficient),
XPCSIBA (XPB-deficient), XPI131MA (XPB-deficient), XP6BE (XPD-deficient),
XPCS2 (XPD-deficient) and TTD1BEL (XPD-deficient). All cell lines were cultured in a
1:1 mixture of DMEM/Ham’s F10 medium containing Ultra-Glutamine (Cambrex
Corporation, New Jersey, USA) supplemented with antibiotics and 10% FCS at 37°C in

an atmosphere of 5% CO,.

Generation of cells expressing XPG-EGFP and construction of DDB2-mCherry

EGFP-tagged XPG was generated by in-frame ligation of full length human XPG cDNA
into a EGFP NI vector (Clontech Laboratories, California, USA)). This resulted in a
fusion gene under control of a cytomegalovirus promoter encoding an XPG-EGFP hybrid

polypeptide. The fusion gene was expressed in the XPG-deficient CHO cell line UV135

Chapter 5 152



and the XPG-deficient SV40-transformed human fibroblast cell line, XPCS1RO-Sv [7].
After subsequent rounds of selection on the presence of the neomycin resistance gene (by
G418-resistance selection) and UV-irradiation (to select for functional XPG expression)
stable expressing clones were isolated for each of the cell types. The pDDB2-eYFP [33]
plasmid was digested with Agel and BsrGI in order to replace the eYFP for mCherry [44]

to yield pDDB2-mCherry

Immunoblot analysis and UV survival

Cell extracts were generated by sonication, separated by sodium dodecyl sulfate
polyacrylamide gel (8%) electrophoresis and transferred to nitrocellulose membranes.
Expression of the fusion protein was analyzed by immunoblotting with a mouse
monoclonal anti-XPG antibody (IB5 T.C., 1:100 in PBS/0.05% Tween-20; a gift from Dr.
J.M. Egly), followed by a secondary antibody (goat anti-mouse conjugated with alkaline
phosphatase (Biosource International, California, USA) and detection using bromo-4-
chloro-3-indolyl phosphate (BCIP) and nitro blue tetrazolium (NBT). As loading control,
mouse monoclonal anti-PCNA antibody (Dako, Glostrup, Denmark) at a dilution of
1:1000 was used. For UV-survival experiments, cells were exposed to different UV doses
2 days after seeding. Survival was determined 3 days after UV-irradiation by measuring
cell proliferation with the aid of [°H] thymidine pulse-labeling at 37°C, as described

previously [20]

Immunofluorescence

Cells were grown on 24 mm glass coverslips and fixed with 3% paraformaldehyde in
PBS with 0.3% Triton X-100 for 20 min at room temperature (RT). Coverslips were
washed three times for 10 min with phosphate-buffered saline (PBS) containing 0.1%

Triton X-100, and were subsequently incubated for 1 h with PBS containing 1% BSA.
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Cells were incubated at RT with the primary antibody for 1.5 - 2h in a moist chamber.
Subsequently, coverslips were washed three times for 10 min with PBS-Triton X-100 and
5 min with PBS 1% BSA. Incubation with the secondary antibody was for 30 min — 1 h at
RT (dark chamber) followed by extensive washing with PBS 1% BSA and finally PBS.
Samples were embedded in Vectashield (Vector Laboratories, California, USA) mounting
medium containing 0.1 mg of DAPI (4°-6’-diamidino-2-phenylindole) per ml. Primary
antibodies used for immunolabeling were: mouse monoclonal antibody against XPG
(8H7, Lab Vision Fremont, California, united States, 1:2000), and affinity-purified rabbit
monoclonal antibody against XPC [35]. Secondary antibody: cy3-conjugated goat anti-
mouse antiserum and FITC-conjugated anti-rabbit antiserum (Both from Jackson
ImmunoResearch Laboratories, West Grove, Pennsylvania, USA). All antibodies were
diluted in PBS containing 0.15% glycine and 0.5% bovine serum albumin. Fluorescence
microscopy images were obtained with a Leica DMRBE microscope (Leica
Microsystems, Wetzlar, Germany) equipped with epifluorescence optics, a PL-
FLUOTAR 100x, 1.3-numerical aperture oil immersion lens and a Hamamatsu

(Hamamatsu Photonics, Hamamatsu City, Japan) dual mode cooled CCD camera.

Confocal imaging

Digital images of EGFP-expressing living cells were obtained using a Zeiss LSM 410
microscope equipped with a 60-mW Ar laser (488 nm) and a 40x, 1.3-numerical aperture
oil immersion lens and a Zeiss LSM 510 equipped with a 60-mW Ar laser (488 nm) and a
40x, 1.2-n.a., or 63x Planapochromat, n.a. 1.4, oil immersion lens (Zeiss, Oberkochen,
Germany). Both microscopes were equipped with an objective heater. Unless stated

otherwise, living cells were examined at 37°C.
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UV irradiation.

For induction of global UV DNA damage, cultured cells on coverslips were rinsed with
PBS and irradiated with a Phillips TUV lamp (254 nm) at a dose rate of ~0.8 J/m*/s. To
induce local UV-damage, cells were UV-irradiated through an polycarbonate filter
(Millipore Billerica, Massachusetts, USA) with pores of Sum diameter, as described
previously [32, 60]. At indicated time points after filter removal the cells were either
microscopically examined, or fixed with 2% paraformaldehyde and further processed for
immuno-histochemistry as described above. For kinetic measurements on locally UV-
damaged cells that express XPG-EGFP were grown to confluency in glass bottom dishes
(MatTek, Ashland, Massachusetts, USA). Local UV-irradiation was performed as
described [31]. Briefly, a petridish was filled with microscopy medium (137 mM NacCl,
5,4 mM KCl, 1,8 mM CaCl,, 0,8 mM MgSO4, 20 mM D-glucose and 20 mM HEPES)
and a small piece of Alcian blue-coated filter (5 um pores) was sunk onto the cells. A
glass ring was carefully placed on top of the filter after which the petridish was sealed
with a lid containing a quartz window. The cells were transferred to an Zeiss Axiovert
200 M microscope with a 37° incubator and an objective heater, to ensure the appropriate
temperature for this live cell experiment. Subsequently, irradiation was performed using a
homemade box, containing four UV lamps (Philips TUV 9W PL-S) above the
microscope stage. The UV dose rate was measured to be 3 W.m™ at 254 nm. Cells were

irradiated for 39 s, resulting in a UV dose of 100 J.m™

FRAP and fluorescence loss in photobleaching (FLIP)
For all experiments cells were seeded onto 24 mm glass coverslips three days prior to the

experiments.
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FRAP experiments. Using a Zeiss LSM510 META confocal microscope, equipped with a
60 mW Argon laser and a 40x oil immersion lens (1.2 n.a.), mobility measurements were
performed by FRAP analysis at high time resolution (Strip-FRAP; [23], modified). A
strip spanning the nucleus was photo-bleached for 20 ms at 100% laser intensity (120-
160uW, argon laser at 488nm). Recovery of fluorescence within the strip was monitored
with 20 ms intervals at low laser intensity (450-750nW) to avoid photobleaching by the
probe beam. Measurements were performed at 37°C, using a heated stage with feedback
temperature control. Raw data were corrected for background and fluctuations in the

monitoring laser power.

Fluorescence Loss in Photobleaching (FLIP).

To determine the residence time of XPG at locally UV-irradiated areas local UV
irradiation was applied as described above. Using a Zeiss LSM 410 microscope equipped
with a 60 mW Argon laser (488 nm) and a 40x, 1.3 n.a. oil immersion lens, a strip was
bleached (at 100% 488 nm) for 5 s near the edge of the nucleus opposite to the local
damage site. Redistribution of fluorescence was monitored over time (at 488 nm).
Evaluation was performed by comparing the loss of fluorescence of bound protein over
time (in local damaged area) versus non-bound protein (outside the damaged area) of
EGFP-tagged protein. The residence time of XPG in a NER complex was calculated as

described elsewhere [24]

Combined FLIP-FRAP analysis.

Using a Zeiss LSM510 META confocal microscope, equipped with a 60-mW Argon laser
and a 40x oil immersion lens (1.2 n.a.), a 2 pm (30-pixel) strip spanning the cell nucleus
at one pole was bleached for 1s at a laser power of 120-160 pW. Redistribution of

fluorescence throughout the nucleus was recorded at low laser power (1.6-1.9 uW),
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keeping monitoring bleaching to a minimum (<5 %). We compared the difference
between the fluorescence in the bleached and the unbleached area (at a distance of 150
pixels = 10.2 um) of the nucleus, and plotted the fluorescence values against time. Unless
otherwise specified, measurements were performed at 37°C, using a heated stage with
feedback temperature control. At least 9 independent measurements were averaged to
form a single mobility curve. Redistribution of fluorescence was corrected for lateral cell

movement. Rotating cells, or cells moving out of focus were excluded from evaluation.

FRAP analysis

For analysis of FRAP data, FRAP curves were normalized to pre-bleach values and the
best fitting curve (least squares) was picked from a large set of computer simulated FRAP
curves in which three parameters representing mobility properties were varied: diffusion
rate (ranging from 0.04 to 25 um?/s), immobile fraction (0, 10, 20, 30, 40, 50 %) and time
spent in immobile states, ranging from very short residence times (0.02, 0.04, 0.08, ..., 1
s) to relatively long residence times (2, 4, 8, 16, 32, 64, 128, o s). Monte Carlo computer
simulations used to generate FRAP curves were based on a model of diffusion in an
ellipsoid volume representing the cell nucleus, and simple binding kinetics representing
binding to immobile elements in the cell nucleus. Simulations were performed at unit
time steps corresponding to the experimental sample rate of 21 ms. Diffusion was
simulated by each step deriving novel positions M(x+ dx, y+ dy, z+ dz) for all mobile
molecules M(x, y, z), where dx = G(r;), dy = G(r;) and dz= G(r;3), r; is a random number
(0 <7 <1) chosen from a uniform distribution, and G(r;) is an inversed cumulative
Gaussian distribution with p = 0 and o = 6Dz, where D is the diffusion coefficient and ¢
is time measured in unit time steps. Immobilization was based on simple binding kinetics

described by: kou/koy = Fimm / (1 = Fimm), Where Fiy,,, is the relative number of immobile
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molecules. The chance for each particle to become immobilized (representing chromatin-
binding) was defined as Piymovitise = kon = kofp * Fimm/ (1 = Fim), Where koy = 1/ tinm, and
timm 18 the average time spent in immobile complexes measured in unit time steps; the
chance to release was Ppopitise = Koy = 1/ tymm. The FRAP procedure was simulated on the
basis of an experimentally derived 3D laser intensity profile providing a chance based on

3D position for each molecule to get bleached during simulation of the bleach pulse.

Assembly at local damaged sites

For analyzing the dynamics of NER complex assembly cells were kept on an Axiovert
200M microscope stage at the appropriate temperature, using a temperature-controlled
microscope chamber. The objective (Zeiss Apochromat 100X) was temperature-
controlled with an objective heater. One image was taken to determine the position and
the GFP fluorescence intensity of the cells (monochromator at 470 nm, bandwidth 20
nm). A reflection image of the filter was obtained moving up in the z-direction. Images of
the cells and the filter were overlaid to determine which nuclei are located under a filter
pore. The distance between cells and filter was measured with a Piezo electrical element
and had to be less than 7 um to obtain a well-defined damaged area. CHO cells were
transiently transfected with DDB2-mCherry with lipofectamine 2000 (Invitrogen, Breda,
the Netherlands) according to the manufacturer's instructions. The cells were irradiated
(100 J.m™) and images were collected at 20 s interval for 30 minutes to allow EGFP
accumulation in the locally damaged area to reach a plateau level. DDB2-mCherry
accumulation was monitored with 550 + 20 nm. The accumulation of XPG-EGFP at sites
of local damage was quantified with Object-Image software [59]. A macro was written to
determine the centre of gravity of the fluorescent spot at every time point. Next, the
average fluorescence intensity was measured in a region of 20 um’ around the centre of

gravity for every time point. The average intensity of the entire nucleus, except the
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damaged area, was also measured, representing the unbound protein pool. The EGFP
signal in the undamaged area was subtracted from the damaged area. The resulting value
represents the NER-related bound protein fraction. All values were corrected for photo
bleaching. Time courses were normalized with respect to the plateau level. Start of the
UV irradiation was defined as t=0. Assembly curves were normalized to 1 or to the bound
fraction calculated by the equation: Bound (%) = (Ispor-Loutspot)® PiXelsspor / (Inucleus
Ipackeround)™ pixelsnucieus, Where Igpor and Iouspor are the average pixel intensities inside the
damaged spot and outside the spot, respectively. Ihucleus 1S the average pixel intensity of

the nucleus, including the spot and Ipackground 1S the average pixel intensity outside the cell.
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6.1 Abstract

The translational mobility of epidermal growth factor receptor-green fluorescent
protein fusion proteins (EGFR-GFP) transfected into Chinese hamster ovary cells was
measured by fluorescence correlation microscopy (FCM) and fluorescence recovery
after photobleaching (FRAP). For both stimulated and unstimulated receptors, at least
three distinct molecular processes contributed to the autocorrelation functions. Five
models taking account of different photophysical as well as diffusional processes were
compared with respect to their ability to describe the experimental data. No clear
distinction could be made between anomalous diffusion and free Brownian diffusion.
The inclusion of a protonation-dependent blinking term greatly increased the reliability
of fitting the diffusion constants. A significant decrease in receptor mobility upon
stimulation was observed independent of the model of fit. In contrast, the specific
fluorescence per molecule did not change. These observations are best explained by a
signaling dependent attachment of the receptors to slowly moving or stationary
molecular structures such as to the underlying cytoskeleton or larger receptor
aggregates that were already photobleached. FRAP measurements of unstimulated
receptors yielded diffusion constants smaller by a factor of ~10 in comparison to those
derived from the autocorrelation measurements. When only the first few seconds of the
FRAP recovery curves were fitted, the diffusion constants converged towards those
determined by FCM. FCM probes molecular movements over short distances, whereas
in FRAP recovery of fluorescence results from diffusion of molecules over longer
distances and may therefore be subject to a large number of diffusional barriers. The
two techniques complement each other in the determination of molecular mobilities
over long and short temporal and spatial scales. Limitations of cellular FCM
measurements in resting and stimulated cells are discussed. A method to measure the

axial and lateral dimensions of the detection volume directly is presented.
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6.2 Introduction

The epidermal growth factor receptor (EGFR) is a member of the erbB receptor family.
Binding of epidermal growth factor (EGF) to this 170 kDa receptor induces activation of
the tyrosine kinase catalytical domain resulting in autophosphorylation of the receptor C-
terminal domain as well as phosphorylation of signal transduction proteins [1].

Although it is generally accepted that a receptor dimer in complex with a ligand is
responsible for inducing the signal transduction cascade, the exact mechanism of EGFR
activation is still under debate. Two models have been proposed. According to the
conformational activation model [2], ligand binding increases kinase activity by inducing
an as yet uncharacterized conformational change in the transmembrane segment of
signaling competent receptors that are present as preformed dimers. This model is
supported by FRET data [2] as well as data from Stern and coworkers [3] demonstrating
that a point mutation in the transmembrane domain can enhance kinase activity even
without binding of EGF. Recently it has been shown by chemical crosslinking followed
by sucrose gradient centrifugation that EGFR has the ability to form dimers even in the
absence of ligand [4] and the authors also presented evidence for EGF inducing a twist of
the juxtamembrane domain of the receptor upon binding. Transmembrane domains of the
EGFR were found to dimerize when expressed in E. coli [5].

The second model is that of ligand-induced allosteric receptor dimerization [6].
Data coherent with this model include the following observations. Upon incubation of
cells with EGF, oligomerization was detected by electron microscopy of immunogold
labeled EGFR [7]. Bivalent anti-EGFR antibodies capable of inducing dimerization of the
receptors were able to induce activation in the absence of EGF [8]. Chemical crosslinking
could also induce kinase activity [9, 10]. Furthermore, the activation kinetics of

solubilized receptors has a second order concentration dependence [6]. Recently, titration
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calorimetry and small-angle X-ray scattering led to the formulation of a model in which
the extracellular domain of EGFR dimerizes only after binding an EGF molecule. [11].
Contradictory to this, single molecule tracking revealed that EGFR dimers occupied by
one EGF molecule were pre-formed before binding the second EGF [12].

In order to investigate the molecular details of the activation event, a number of
luminescence techniques have been employed. Fluorescence resonance energy transfer
(FRET; [13]) has been applied in probing the proximity or mobility of receptors or
receptor subunits [2, 14-16]. Receptor mobility was determined by fluorescence recovery
after photobleaching (FRAP; [17, 18]) or single particle tracking [19, 20]. In most cases,
the reporter group was introduced in the form of labeled ligands or Fab-fragments specific
for the extracellular domain. Attachment of the reporter group to the ligand limits the
scope of analytical questions to activated receptors, while anti-receptor Fab-fragments
suffer from rather low affinity and possible interference with activation. In contrast, the
generation of active receptor - green fluorescent protein (GFP) fusion proteins for
endogenous labeling obviates both of these problems.

In this paper, fluorescence correlation microscopy (FCM, [21-24]) and
fluorescence recovery after photobleaching (FRAP; [17, 25]) were employed to
investigate activation-induced changes in receptor mobility and aggregation in molecular
detail. Chinese hamster ovary (CHO) cells stably transfected with an EGFR-GFP fusion
protein served as model system. The analysis of the GFP fusion proteins is less obtrusive
than the labeling strategies employed previously in that the intact receptor is examined in
living cells without interference from the addition of reporter groups to the ligand-binding
domain.

Fluorescence correlation spectroscopy (FCS) derives information on molecule

number and diffusion rates from temporal fluctuations arising from passage of molecules
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through femtoliter confocal detection volumes. In addition, changes in molecular
aggregation can be detected from the fluorescence per molecule (fpm) calculated by
dividing the total fluorescence by the average number of molecules. Photophysical
processes affecting the quantum yield may contribute additional components to the
temporal autocorrelation function. For GFP pH-dependent and independent protonation
equilibria causing dark state formation (“blinking”) contribute two components in the
upper microsecond time range [26]. Fluorescence correlation microscopy (FCM)
integrates the FCS modality into a microscope system with high-sensitivity digital
imaging and micropositioning in order to perform FCS measurements in different
locations or compartments of living cells [22, 27]. In FCS, the mean residence time of a
molecule in the detection volume needs to be short with respect to the total measurement
time. Otherwise, the molecules may be bleached at the laser powers required for recording
autocorrelation functions. In living cells measurement times of several minutes may be
hampered by cellular movements. This cellular characteristic limits FCS to the analysis of
particles having a diffusion coefficient of 10"° cm?/s or larger. In FRAP, information on
molecular mobility is derived from recovery curves of fluorescence after locally bleaching
fluorophores with a high intensity laser pulse. While in FCS fluctuations may arise from
molecules moving about in the immediate vicinity of the detection volume, only, in FRAP
recovery results from diffusion of molecules over relatively long distances.

In our measurements, autocorrelation functions for EGFR-GFP fusion proteins in
both resting and stimulated cells were best described by functions consisting of at least
three components with time constants in the upper millisecond, lower millisecond to
upper microsecond and lower microsecond time range. Five different models were
employed to fit the autocorrelation functions: (i) a model containing two diffusional

components and one triplet term, (ii) a model assuming a triplet term, two GFP blinking
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terms and one diffusional component, models assuming a triplet term with one freely
diffusing component and one anomalous diffusing component with (iii) or without (iv) a
blinking term, or (v) a model including a triplet term, a blinking term and anomalous
diffusion for both the slow and the fast component. Inclusion of a blinking term
significantly improved the quality of the fits. Fits assuming either Brownian diffusion or
anomalous diffusion described the experimental data equally well.

Upon EGF stimulation, observed decrease in receptor mobility was significantly
more than, that expected for receptor dimerization. The number of diffusing species
decreased by only ~22 %, and the average fluorescence intensity per molecule remained
almost unchanged. These observations are best explained by possible attachment to
immobile or large structures of low mobility such as the membrane-proximal actin
cytoskeleton, , or by hindrance of receptor diffusion by actin polymerization [28, 29]. The
diffusion constants derived from the autocorrelation functions were larger than the ones
derived from FRAP by a factor of ~10. Only when considering very short recovery time
intervals did the diffusion constants derived from FRAP approach those from FCS
measurements. Considering the local nature of FCS measurements in comparison to the
long-range plasma membrane characteristics reflected by FRAP, the large diffusion
constant derived from the FCS measurements is evidence of a high molecular mobility in
membrane microdomains.

To our knowledge this is the first systematic comparison of the information
obtained by both FCS and FRAP on receptor diffusion. Here we show that the two
techniques arrive at complementary descriptions of membrane organization on the

submicrometer as well as the micrometer scale.
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6.3. Materials and methods

Cell culture

A431 epidermoid carcinoma cells, Chinese hamster ovary (CHO) cells and transfected
CHO cells stably expressing the fusion protein of the epidermal growth factor receptor
and the F64L, S65T mutant of GFP (EGFP) [23] were grown in a 5% CO, humidified
atmosphere at 37°C in DMEM supplemented with 10% FCS. Two different subclones of
the transfected CHO cells, differing with respect to the level of EGFR-GFP expression
were used. F1-10 expressed an estimated 2x10* receptors per cell and F1-4 an estimated
10° receptors per cell. For EGF stimulation, 8 or 50 nM murine EGF (IC Chemikalien,

Ismaning, Germany) was used.

Western blot analysis of tyrosine phosphorylation after receptor stimulation with
EGF

Tyrosine phosphorylation of cellular proteins was determined in Western blots of EGF-
stimulated and control cell lysates. Aliquots containing lysates of 4x10° cells were boiled
in nonreducing SDS-PAGE sample buffer for 10 min. Proteins were separated
electrophoretically on a Bio-Rad minigel apparatus (Bio-Rad, Richmond, VA) using a
10% gel and were transferred to PVDF-Imobilon P membranes (Millipore). Membranes
blocked by Tween20-PBS (TPBS) containing 1% BSA were incubated overnight with 10
ng/ml SC-508-HRP peroxidase-conjugated anti-phosphotyrosine antibody (PY20, Santa
Cruz Biochemicals) in TPBS-1% BSA. After washing three times in TPBS and once in
PBS, membranes were developed with ECL reagents (Amersham Pharmacia Biotech),
exposed onto Fuji X-ray film and digitized at 1200 dpi. Total protein of the membrane

was determined by amido-black staining.
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Measurement of Ca*" responses upon EGF stimulation

Intracellular Ca®" concentrations were measured by fluorescence microscopy using the
Calcium indicator dye Fura-2 (Molecular Probes, Eugene, OR) [30]. The ratio I340/I30
of the fluorescence intensities excited at 340 and 380 nm is independent of dye
concentration and is a monotonously increasing function of Ca®" concentration F1-10,
A431 and CHO cells were grown on 25 mm diameter round coverslips in DMEM.
Before the experiment, cells were starved for 12 hours in serum-free medium. Cells were
loaded with 2 pg/ml Fura-2-AM for 30 minutes at 37 °C, washed twice with HBS
(containing, in mM: 135 NaCl, 5 KCI, 1 MgCl,, 1.8 CaCl,, 5 glucose, 10 HEPES, pH
7.4) and imaged with an Attofluor Digital Ratio Imaging System (Atto Instruments,
Rockville, MD) with a time resolution of 0.2 frames per second. Spectral ranges were
340 £ 12.5 nm and 380 £ 12.5 nm for excitation and larger than 520 nm for emission.
After 100 seconds 0, 8 or 50 nM EGF was administered, and at 400 seconds 2 pg/ml of
ionomycin was added to permeabilize the plasma membranes for Ca*". To display
activation-induced temporal changes in Ca’" concentration ratio images (I334/I30)
corrected for field flatness were calculated, and the average ratio of regions-of-interest

(ROIs) covering the inside of each cell were graphed versus time.

Fluorescence correlation microscopy

Measurement of fluorescence autocorrelation

For the measurement of fluorescence autocorrelation, the instrument described in [22, 23]
was used. Cells were grown on 12 mm diameter round coverslips in DMEM, washed
twice in HBS with 0.1% BSA and allowed to equilibrate at 25°C for 30 min. FCS
measurements were performed using a water immersion objective (Zeiss C-Apochromat

40%, NA 1.2) at defined positions of the plasma membrane. First, the lateral position of
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the laser focus in the sample was determined by detection of focally excited fluorescence
with a CCD camera. Cells were then continuously visualized by the camera in
transmission or wide-field fluorescence illumination mode, and the cell was positioned in
the x- and y-dimension with respect to the position of the focus using a high-precision
motorized x-y stage (Mairzhduser, Wetzlar, Germany). Transmission and wide-field
fluorescence images were recorded (Fig. 6.1A). Positioning of the focal volume along
the optical axis (z) was achieved by a Pifoc piezoelectric lens positioner (Physik
Instrumente, Waldbronn, Germany). The profile of fluorescence intensity along the
optical axis was recorded by scanning the focus through the cell. In cells expressing the
EGFR-GFP fusion protein, the plasma membrane was apparent as peaks of fluorescence
intensity proximal and distal to the coverslip. Measurements were carried out in the upper
(distal) cell membrane (see Fig. 6.1B) over 60-200 seconds. A series of 3-10 consecutive
measurements was acquired at each position. After about every fifth measurement the
focal position was confirmed by recording a fluorescence profile. For assessing the effect
of receptor stimulation on autocorrelation functions, EGF was added at a final
concentration of 50 nM by carefully pipetting 200 pl of 250 nM stock solution to the 800
ul buffer already on the cells. Data presented are those from experiments where no
displacement of the membrane with respect to the confocal detection volume was
observed during the series of measurements. For excitation, the 488 nm line of an Ar ion
laser (2313-150MLYV, Uniphase, Eching, Germany) at laser power densities of 0.7-1.4
kW/cm” was used. Emission was detected through a dichroic mirror (500 DRLP, Omega
Optical, Brattleboro, VT, USA) and a 515-545 nm bandpass filter (Delta Light & Optics,

Lyngby, Denmark).

177
Translational Mobility of EGF Receptor Fusion Proteins over Short and Long Distances



B) .
n 350
o
S 300 -
=
2 250 |
C
g 200 -
c
2 150 -
c 100 -
()]
§ 50 -
S o ‘ ‘
= 0 10 20 30
z (um)

Fig. 6.1 Localization of the epidermal growth factor receptor (EGFR) in Chinese
hamster ovary (CHO) (A) Transmission and fluorescence image of CHO F1-10 cells.
The spot at the arrowhead indicates the focal volume during an FCS measurement. (B)
Fluorescence intensity profile across the cell. Fluorescence intensity vs. objective position
was detected as the piezoelectric focus positioner approached the objective towards the
sample. The dashed line indicates the upper membrane (distal from the cover plate), where

the FCS measurements in this example were performed.
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Evaluation of autocorrelation curves
Autocorrelation curves calculated on-line by the ALV-5000/E correlator board (ALV

Laserbetriebsgesellschaft, Langen, Germany) were fitted assuming five different models.

Two distinct components with free diffusion plus a triplet component

. 1 -12 -1 ; -12 6.1
GT)=ay+—G, | W, 1+ | |1+ 21 +=-w )1+ 1+—2i (6.1a)
N 1.d,l S Td,l ftl,l S z.11,2

(1 -T+ Te_%” ]

1-T

and G i (T)= (6.1b)

where N is the number of molecules in the detection volume, 7;; and 7;, are the

diffusional autocorrelation times of the diffusing species, w; is the weight of the first
species with w, =V, F’ / (V,F, +V,F, )2 , v, and v, denoting the relative molar fractions,

and F; and F, the fluorescence efficiencies of species 1 and 2. The structure parameter, S,
denotes the ratio of the axial vs. radial diameters of the ellipsoid-shaped detection volume
(defined by the surface of ¢ detection efficiency relative to the center of the illuminated
spot), 7 is the “lag” time; ay is an offset to compensate for the nonzero baseline of the
autocorrelation function arising from a drift in the fluorescence signal (e. g. due to
photobleaching). Correction for triplet state formation was included in all the models. In

the triplet term, G T denotes the equilibrium molar fraction of fluorophores in the

triplet >

triplet state [31, 32] and 7, is the triplet lifetime.

One component with free diffusion plus protonation-dependent blinking of GFP and
triplet state formation
The model assumes that two protonation mechanisms are simultaneously present in

EGFP [26, 33]:
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where Gl(fr())t is the “blinking term” accounting for protonation-dependent dark state

formation with two different mechanisms, ©,, and ©,, are the average fractions of

fluorophores in the detection volume being in the dark state due to the corresponding

protonation mechanism, and z.; and 7., are the corresponding relaxation times.

Two diffusional components, fast diffusing species 1 with free, and slowly diffusing

species 2 with anomalous diffusion and triplet correction

1
G(T) = aO + W : Gtriplet

G 12 7% . z "
x| | 14— | [ 14— +H-w ) 14| = 1+ | = (6.3)
Tu; S Tun Ty S\ %z

Here d,,» is the anomaly parameter of the slowly diffusing component [33, 34], with a

X

value equal to two for free diffusion and larger than two for obstructed diffusion.
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Fast diffusing component with free, and slowly diffusing component with obstructed

diffusion, GFP blinking with one component and triplet correction

triplet ’ prot

- - /2
-1 -1/2 %M ! %M !
|w |1+ | |1+ ZT +1-w Y 14| 1+L2 -z (6.4a)
Tia S Tia Tin S Tin

(1—90 +®ce_%“)
and G, (1) ="

1
G(z)=a,+—G GY x

(6.4b)

(1)

prot

where G,/ 1is a “blinking term” assuming a single protonation mechanism, ©, is the

fraction of fluorophores in the detection volume being in the protonation-dependent dark
state and 7. is the corresponding chemical relaxation time. As the characteristic time
constants of the two proposed protonation mechanisms are separated by less than an order

of magnitude [26], only one component was included in this and the following models.

Two species with anomalous diffusion and GFP blinking with one component and triplet

correction

1
G(r)=a,+—C G x

triplet ’ prot

. [[]/][U/]<{[]][[J/J ©5)

where d,,; and d,,» denote the anomaly parameters of the diffusing components.

Weighted least squares fitting for all models applying the Levenberg-Marquardt
algorithm was performed using a program written in LabVIEW environment (National
Instruments, Austin, TX, USA). The reciprocal of the variance of 5 residuals around each
data point (differences between the actual data points and the values of the test function
calculated with properly selected initial parameters) served as statistical weight for the
respective data point in the fit procedure.
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Table 1 summarizes the terms included in the different models.

Table 1
Model
#1 #2 #3 #4 #5
Triplet Yes yes yes yes yes
Blinking components - two - one one
Fast diffusion Free - free free anomalous
Slow diffusion Free free anomalous anomalous anomalous

Background correction

For cells expressing very few EGFR-GFP fusion proteins (N<1), background
fluorescence was comparable to the signal from the EGFR-GFP molecules. In the
presence of such background an aberrantly high number of molecules N is derived from
the amplitude of the autocorrelation function. To correct for the background fluorescence

a correction factor was used [35]:

G, (7)= ( - II—BJZ (G(r)-a,)+a, (6.6)

I3 is the uncorrelated background intensity (cellular autofluorescence and dark current of
the photodiodes), and 7y, is the total intensity including the signal and the background.

G(r) is any of the autocorrelation functions listed above and a, is the offset term

described in the previous sections.
Diffusion constants were derived from the diffusional autocorrelation times

according to

a)2

D= 4: (6.7)
D

where w,, is the radius of the e ellipsoid in the plane perpendicular to the optical axis.
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Experimental determination of the dimensions of the ellipsoid of the confocal detection
volume

For calculating the diffusion constant D from the diffusional autocorrelation time,
knowledge of w,, is necessary. In order to calibrate the size of the detection volume, the
autocorrelation functions of a concentration series of fluorescein solutions (1, 2, 5, 10
nM) were measured. Autocorrelations were fitted to the single-component free diffusion
model including a triplet term, which yielded the number of molecules, N (Fig. 6.2A).
For a single diffusing species, the average number of molecules in the detection volume
can be expressed in terms of the dimensions of the e ellipsoid in the optical plane and
the molar concentration c:
N=N,cn’w? (6.8)

xy 7z

from which the product a)fya)z can be derived (N, is Avogadro’s number). The axial

radius of the ellipsoid, w, was determined experimentally by adsorbing ethidium bromide
to the surface of a coverslip from a 10 uM solution of the dye. Fluorescence intensity was
recorded while the distance of the objective from the adsorbed dye layer was
continuously changed by the piezoelectric focus positioner of the microscope (Fig. 6.2B).
The intensity profile was fitted to a Lorentzian function:

I( ): b+ 2AW2 .
w((4z—z))" +w")

(6.9)

where [, is the background intensity, A4 is a constant, z is the coordinate of the objective

and zy is the location of the peak. The width parameter w was used as an approximation

for @.. Then @y, was calculated from the previously determined product a)fya)z and w.

Typical dimensions for the instrument used were @, = 0.34 + 0.04 pm and @. = 2.43 +

0.58 um yielding an experimentally determined structure factor S of ~7.1.
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Fig. 6.2. Calibration of the sensitive volume in the FCM. The apparent number of molecules
present in the sensitive volume was determined with a concentration series of fluorescein
solutions. (A) The volume of the e-2 ellipsoid derived from the slope of the straight line was 1.35
fL. (B) Fluorescence intensity profile of an ethidium bromide layer adhering to the coverslip as a
function of objective position. The curve was fitted with a Lorentzian, the width of which yielded

the axial radius, wz=2.22 um in this experiment, of the e-2 ellipsoid.
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Statistical analysis of data derived from autocorrelation functions
To test the significance of changes in the autocorrelation functions upon receptor
stimulation by EGF and of the difference of the value of the anomaly parameters d,, from

2, two-sided, paired t-tests were carried out at a level of confidence a=0.95.

Fluorescence recovery after photobleaching (FRAP)

FRAP measurements were performed using a custom-made instrument based on a Leica
fluorescence microscope. The beam of a 488 nm argon ion laser was splitted with a half-
mirror and focused to a diffraction-limited spot with a 40x (N.A.=0.5) dry objective. The
beam diameter was determined to be 375 nm by comparing the e diameter of the
intensity profile of the beam to the image of microbeads of known diameter projected to a
screen. Laser output was 40 mW, attenuation of the beam for monitoring was 10*x.
Excitation power density in the illuminated spot was <0.5 kW/cm?. An electromechanical
shutter wheel was used to block the main beam path during monitoring. Bleaching time
was 200 ms, preceded and followed by 200 ms dead time for protecting the cooled
photomultiplier used for sampling the recovery kinetics at 5 - 50 Hz. Emission was
detected through the half-mirror and a 500 nm longpass filter (Schott). Data were fitted
with a custom-written LabView program employing the linearization method described in
[36] for free Brownian diffusion and a nonlinear Levenberg-Marquardt algorithm for the
general model accounting for both free and anomalous (hindered) diffusion [37].
Assuming that there is no directional flow and that recovery after bleaching is due to
diffusion of a single component only, the fluorescence intensity f; at any time for a

Gaussian laser beam is given by the equation:
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where fy is the fluorescence intensity immediately after photobleaching, f. is the
maximum recovered intensity attainable after a long time, ), is the time of recovery to
(ft f0)/2, and a is the anomaly parameter [37], which in the FRAP formalism has a value
of one for free diffusion, and smaller than one for hindered diffusion. The mobile fraction

(percentage recovery of fluorescence) is determined by

R= f:‘fo (6.11)
fo=fo
and the diffusion constant by
Y’
D= (6.12)

4t1/2

where f 0 is the fluorescence intensity before bleaching, ® is the radius of the laser beam
at e-2 height of the Gaussian beam at the point of focus on the membrane and the

coefficient 7y is a function of bleaching:

y=a+b(f,/ 1) (6.13)

The constants a, b and ¢ were determined to be a=0.512281, b=0.474267 and
c¢=-0.415823 according to [38]. Under our experimental conditions, y was 1.147+0.073

(mean + S.D, n=314).

6.4. Results

Signaling competence of EGFR-GFP fusion proteins
Previously, the capacity of the EGFR-GFP fusion proteins to bind ligand and to

internalize was assessed by fluorescence microscopy [23, 39, 40]. Here, the functionality
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Fig. 6.3. Tyrosine phosphorylation evoked by EGF stimulation. (A) Anti-phosphotyrosine
Western blot of A431, F1-10 and CHO cells in rest, and stimulated with 8 or 50 nM EGF. (B)
Contrast-enhanced image of the lanes for F1-10 and CHO from the blot in A.

of the fusion proteins to induce downstream signaling was assessed by analysis of ligand-
induced tyrosine phosphorylation of cellular proteins and detection of calcium signaling

upon receptor stimulation with EGF.

Tyrosine phosphorylation

Signal transduction is initiated by activation of the tyrosine kinase and subsequent
phosphorylation of tyrosine residues in the receptor C-terminal domain and down-stream
substrates. Lysates of ligand-treated and control cells were probed for tyrosine
phosphorylated proteins by Western blot (Fig. 6.3). The human epidermoid carcinoma
cell line A431 served as a positive control. In A431 cells, as well as F1-10 cells, ligand-

induced tyrosine phosphorylation of bands with ~170-190 kDa molecular weight,

187
Translational Mobility of EGF Receptor Fusion Proteins over Short and Long Distances



corresponding to the EGFR was dose-dependent. Due to its larger molecular weight, the
mobility of the EGFR-GFP fusion protein was smaller than that of the native EGF
receptor. Other proteins at ~60, 65, 90 and 100 kDa were also phosphorylated in a dose-
dependent manner. In non-transfected CHO cells only two weak bands with 100 and 110
kDa molecular weight were present, and although these were also present in A431 and
F1-10, their phosphorylation state did not change upon EGF treatment. The F1-10 cell
line expresses only 2x10* copies of the EGFR-GFP fusion protein compared to 2x10°
EGFRs in A431 cells. For this reason, the intensity of the band corresponding to the

receptor was much weaker in F1-10 than in A431 cells.

Calcium response

Phospholipase Cy is one of the early down-stream effectors of EGF receptor signaling.
Activation of this enzyme by docking on phosphotyrosine residues of EGFR leads to the
generation of diacylglycerol and release of inositol-trisphosphate, eliciting an increase of
intracellular calcium [41]. The aim of the Ca®>" measurements was not an absolute
determination of Ca*" concentration, but the mere demonstration of the presence of Ca*"
responses and illustration of their relative magnitude for different cells and different
conditions. Changes in intracellular calcium were detected by ratiometric imaging of the
fluorescence of the Ca-indicator dye Fura-2 excited at 340 and 380 nm. For both A431
cells and F1-10 cells, stimulation with 50 nM EGF led to an increase in intracellular
calcium Fig. 6.4. At 8 nM EGF a calcium response was detectable in A431 cells, only.
CHO negative controls did not exhibit an increase in intracellular calcium at any EGF

concentration.
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Fluorescence autocorrelation measurements

Characterization of the bleachable fraction of receptor molecules

Fluorescence autocorrelation measurements were performed on cells expressing about
2x10* of the EGFR-GFP fusion proteins. When the laser excitation was switched on,
even at low illumination intensities (0.7-1.4 kW/cm?), a considerable fraction of the
EGFR-GFP was photobleachable. Photobleaching distorts the autocorrelation curves by
mimicking the presence of a component with a long diffusional autocorrelation time. In
addition, the fraction of bleached molecules is not detectable by FCS, limiting the
analysis of diffusion rates and receptor numbers to molecules diffusing sufficiently fast to
escape bleaching.

To address whether the bleached molecules were either immobile or diffusing too
slowly to escape bleaching, intermittent 15-second bleaching periods were applied with
pauses of either 10 - 15 s or 50 - 200 s and fluorescence was recorded (Fig. 6.5A). The
count traces after longer pauses (3™ and 6™ count traces) resembled the original
bleaching curve (2™ count trace). Monitoring of the fluorescence intensity with a laser
power of 1.3 kW/cm® before and after the bleaching intervals (1* and 5™ count traces)
showed that the total count rate decreased by only ~28% (from 62 to 45 kHz) over the
first three 15-second bleaching periods (2™, 3™ and 4™ count traces), whereas the
transient decreases during the individual bleaching periods were much larger, 85 + 3 %.
This discrepancy between transient and total reduction of fluorescence showed that the
majority of the bleachable molecules are mobile on a longer time scale.

At lower laser intensities, however, the acquisition of autocorrelation functions

was hampered by movements of the plasma membrane over the long acquisition times
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Fig. 6.4. Calcium signals induced by EGF stimulation. (A) Calcium response curves of Fura-2
loaded cells after EGF stimulation. Changes in intracellular calcium concentration are indicated
by the ratio of Fura-2 fluorescence excited at 340 and 380 nm (F340/F380). The time of adding
EGF, and ionomycin (2 mg/ml, for calibration) are marked with arrows. Typical responses of
native CHO, F1-10 and A431 cells are shown with solid line, circles and closed triangles,
respectively. (B) Average peak values with SDs of fluorescence ratios (n =10 - 30). The resting
value characteristic for unstimulated cells was ~1, corresponding to an intracellular Ca2+

concentration of 80-120 nM.
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necessary to acquire autocorrelation functions. In order to avoid the continuous decrease
of intensity during the autocorrelation measurements, the fraction of molecules with low
mobility was eliminated by pre-bleaching the sample using an illumination intensity of 13
kW/cm?® for 100-200 seconds, until the fluorescence was constant (Fig. 6.5B). The
remaining intensity was 26 + 16 % SD (n=21) of the original one, i.e. the mobility of
~74% of the receptors was too low to escape photobleaching. The cell-to-cell variability
of the bleachable fraction seemed to correlate with the initial fluorescence intensity; the
higher the initial intensity, the higher the bleachable fraction.

In Fig. 6.5A count traces at 13 kW/cm® and 1.3 kW/cm® are shown. The
fluorescence intensity at the lower laser power is much higher than 10% of the signal
recorded at the higher laser power. This nonlinear dependence of emission intensity on
illumination power density is also indicative of the presence of photobleaching, which is
more pronounced at higher laser power, where considerable bleaching occurs even after
reaching a steady signal level due to a dynamic equilibrium between photobleaching and

re-population by diffusion. Although the illuminated spot

Dependence of apparent diffusional autocorrelation times on laser power

Photobleaching has a twofold effect on autocorrelation functions. First, the number of
molecules in the detection volume is reduced. Second, photodestruction reduces the
period, during which a fluorophore emits photons in the detection volume. The latter
phenomenon leads to a decrease of the diffusional autocorrelation time [42] and thereby
to overestimating the diffusion constant. The higher the excitation laser power, the
stronger this effect. Fig. 6.6 shows the correlation times and the weights of the
components obtained from autocorrelation curves fitted according to model 1 (a slow and

a fast diffusion component plus triplet state) as a function of illumination intensity. The
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Fig. 6.5. Repetitive bleaching of EGFR-GFP reveals fast and slow diffusing EGFRs. (A)

Count traces during repetitive bleaching and monitoring intervals. Count rate was monitored at a

laser power of 10 uW, while bleaching was done with 100 uW corresponding to power densities

of 1 and 10 kW/cm?, respectively. See text for details. (B) Pre-bleaching of low mobility and
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immobile EGFR- GFPs. During the 30-s bleach is confined to a relatively small fraction of
the total cell surface area, a decrease of the overall fluorescence intensity of the cell was
observed after completion of the FCS experiments. With typically 20 minutes of cumulative
focal illumination at 0.9-1.3 kW/cm2 of power density, a decrease of about 20% of total
fluorescence per cell was derived from wide-field fluorescence images and integration over all
pixels of one cell. Neighboring cells showed no such decrease.. (C) Relative decrease of

fluorescence intensity vs. initial intensity at illumination with 100 W intensity for 30 s.
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Fig. 6.6. Dependence of the autocorrelation functions on the laser illumination intensity.
Autocorrelation curves were fitted according to model 1 (a slow and a fast diffusion component
plus triplet state). The correlation time of the fast component (open symbols) is largely unaffected
by illumination intensity, whereas the slow diffusion correlation time component (filled symbols)

is negatively correlated with laser power.
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Fig. 6.7 FCS measurement done on a resting F1-10 cell. The pre-bleached sample has a steady
running average of fluorescence intensity. (A) Autocorrelation curve and nonlinear fits. Model 1
(dashed line) assumes triplet state and two diffusing components with free Brownian diffusion.
Model 5 (solid line) considers triplet state formation, GFP blinking and two diffusing components
also allowing obstructed diffusion. (B) Residuals of model 1. In the 0.1-10 ms regime the fit is
poor. (C) Residuals according to model 5 show a better fit in the fast regime, indicating the
presence of GFP blinking. The anomaly parameter of the fast diffusing component was 2.25,
referring to obstructed diffusion, whereas for the slow component it was ~2, the values
characteristic for free diffusion. (D) Count trace recorded from an F1-10 cell with very low
expression level. Background intensity was assessed to be ~0.5 kHz. (E) Autocorrelation curve
and nonlinear fit according to model 5. The high amplitude refers to a low molecule
concentration: the mean number of molecules in the detection volume was ~0.12, corresponding

to a receptor concentration of 0.14 nM.

apparent correlation time of the fast component was barely affected by laser power; the
time spent in the illuminated volume was too short compared to the bleaching time
constant. In contrast, the correlation time of the slow component was negatively

correlated with the illumination intensity. In addition, the relative fraction of the slow
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component decreased with increasing laser power. To minimize this photobleaching
effect, the lowest laser power sufficient for recording autocorrelation functions with a
good signal-to-noise ratio was employed over a measurement time at which movements

of the plasma membrane did not distort the autocorrelation measurements.

Analysis of autocorrelation functions

The autocorrelation functions acquired from EGFR-GFP expressing cells consisted of
multiple components, implying that fluctuations resulting from several photophysical
and/or diffusion processes were present, simultaneously (Fig. 6.7). In order to identify the
mode of molecular diffusion and the nature of the photophysical processes of the EGFR-
GFP fusion proteins, a series of different models were employed for fitting the
autocorrelation functions.

The simplest model reasonably fitting the autocorrelation functions assumed two
components diffusing by free Brownian diffusion (Eqn.6.1). Averages of fitted
parameters from 12 independent measurements in different cells are given in Table 2.
The characteristic autocorrelation time constant in the microsecond domain was fitted by
a triplet term, yielding a fraction of molecules in the triplet state of 7=0.56 £ 0.13, and a
triplet lifetime of 7, =2.3+ 1.2 us. In this model, the decay of the autocorrelation
function in the lower millisecond domain was attributed to a fast diffusion process. The
slow diffusion time was attributed to the diffusion of EGFR-GFP fusion proteins in the
plasma membrane.

The expression level of the EGFR-GFP fusion proteins in F1-10 cells had a rather
broad distribution. In some cases the number of molecules in the detection volume was
significantly smaller than one (Fig. 6.7 E and F). In these cases correction for

uncorrelated background was indispensable for the correct determination of N (Eqn.6.6).

195
Translational Mobility of EGF Receptor Fusion Proteins over Short and Long Distances



The background was derived from the baseline of the count traces. With a detection

volume of 1.46 fL, the concentration of the receptors was as low as 0.15 nM.

Table 2

Fit parameters of resting and stimulated cells

Mean+SD
Before EGF After EGF
D, (em%/s)* 2.69+0.94 x 107 1.92+1.09 x 107
D, (cm?/s)* 1.07£0.35 x 10 0.69+0.58 x 10”

wy 0.33+0.05 0.36+0.11
T 0.55+0.12 0.57+0.15
7, (US) 2.0+0.8 2.6£1.5
Mse 42 59

Data are presented as mean + S.D. from twelve independent experiments. Those measurements
were selected, in which cell movements did not influence the position of the plasma membrane
with respect to the detection volume in measurements immediately before and after stimulation
with 50 nM EGF. Indexes 1 and 2 refer to the fast and slow components. D; and D, are the
diffusion constants, w; is the relative contribution of the fast component, 7" and z,. are the triplet
fraction and lifetime, and mse is the mean squared error of the nonlinear fits. The asterisk denotes

parameters that changed significantly after EGF treatment (p<0.05).

As an alternative to fitting the experimental data in the fast regime (10™ - 107 s)
by free diffusion, terms describing protonation-dependent fluorescence fluctuations were
included in the autocorrelation function. EGFP is known to undergo protonation leading
to a dark, non-fluorescent state by two different mechanisms: an external, pH-dependent
process and an internal, pH-independent one, in which a proton in the GFP molecule is
translocated [26, 33]. Autocorrelation data were fitted according to Eqn.6. 2, which takes
these two protonation mechanisms, triplet state formation and a single diffusing species
into account. The characteristic time constants of blinking obtained from the fits were

400 £290 ps and 5 £+ 3 ms.
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Analysis of autocorrelation functions assuming diffusional constraints in the cytoplasm
and the plasma membrane

In a number of cases, the model with two distinct freely diffusing components
(Eqn.6.1) failed to describe the data in the time domain of either the slow membrane-
located or the fast cytoplasmic component. Plasma membrane proteins may be subject to
local hindrances to their diffusion, caused by membrane domains [43, 44] or the
membrane-proximal actin cytoskeleton, the so-called terminal web [45]. A model of
anomalous diffusion had been proposed that accounts for the resulting non-linearity of
the root mean-square displacement with time [33, 34]. Different models assuming
obstructed diffusion were employed for fitting the data (Eqns.6.3, 6.4 and 6.5). The
anomaly parameter d,, expresses the degree of non-linearity. For free Brownian diffusion
this value equals two in the corresponding autocorrelation function, for obstructed
diffusion this value is larger than 2. If d,, >2, the slope of the autocorrelation function
around the diffusion correlation time is smaller than in the case of free diffusion.
Therefore an extended sloping tail region of the autocorrelation curve can be fitted when
assuming the anomalous diffusion model [46]. However, the shape of the function has a
weak dependence on the anomaly parameter d,, implying that the fitted value of this
parameter may carry considerable error. For this reason, the quality of fits assuming
anomalous diffusion was evaluated for each component separately, limiting the flexibility
of the fitted curve. Three models of obstructed diffusion, successively including more
components, were tested: (i) model 3 assuming triplet state formation, free diffusion of
the fast component and obstructed diffusion of the slow component (Eqn.6.3), (ii) model
4 assuming GFP blinking in addition to the terms in model 3 (Eqn.6.4), and finally (iii)

model 5 with triplet state formation, GFP blinking and two components with obstructed
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Table 3

Fit parameters of resting and stimulated cells (mean+SD)

Model 3

free + obstructed

Model 4

blinking + free + obstructed

Model 5

blinking +obstructed+obstructed

Before EGF  After EGF Before EGF After EGF Before EGF After EGF
D, (107 cm%s)  2.90+1.44  2.58+1.01 1.98+£0.98 1.68+0.98 1.97+0.83 1.63+0.94
D, (10° cm?s)  1.06+£0.45*%  0.66+0.28* 1.1740.52% 0.68+0.30% 1.17+0.51%* 0.66+0.30*
w; 0.304£0.06  0.330.10 0.29+0.05 0.34+0.12 0.30+0.06 0.36+0.12
dy 1 n.a. n.a. n.a. n.a. 2.12+0.38 2.43+0.35%*
d, 2.26+0.11%%  224+0.10%*  2.04+0.15 1.99+0.15 2.02+0.14 1.96+0.16
T 0.58£0.11  0.57+0.06
7, (107 s) 2.82+1.05 3.22+0.74
0. n.a. n.a. 0.10+0.03 0.09+0.01 0.09+0.01 0.09+0.01
7. (10%s) n.a. n.a. 1.78+0.17 1.85+0.24 1.81+0.21 1.87+0.22
mse 4.6 5.8 3.3 478 3.5 3.5

Data are presented as mean £ S.D. from twelve independent experiments with autocorrelation
recorded immediately before and after stimulation with 50 nM EGF, in which cell movements did
not influence the position of the detection volume.

* D, changed significantly after EGF stimulation (p values of two-tailed paired t-tests, model 3:
p=0.033, model 4: p=0.0023 model 5: p=0.0016)

** d,.; and d,, in model 3, and d,,; in model 5 differed significantly from 2 (p<0.001), i.e. the
diffusion of the respective components can be described by a model of obstructed diffusion (D:
diffusion constant, w: weight of diffusion component, d,,: anomaly parameter, 7T triplet fraction,
7, triplet lifetime, @,.: fraction of the protonation-dependent dark species, z.: chemical relaxation

time of the protonation process, mse: mean squared error of nonlinear fits).

diffusion (Eqn.6.5). Mathematically (i) and (i1) are equivalent to fixing the value of the
anomaly parameter of the fast component to two.

The fitted parameters obtained for models 3 to 5 (Eqns.6.3, 6.4, and 6.5) are
summarized in Table 3. For model 3, the anomaly parameter d,, > of the slow component
was slightly but significantly larger than 2. However, for many of the measurements

model 3 failed to fit the data in the 0.1-1 ms range. The implementation of a term for a
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single dark species due to protonation in model 4 greatly improved the quality of the fit,
especially in the ms range (see mean squared errors of the fits in Table 3). On EGF-
stimulated cells, the introduction of the anomaly parameter for the fast component, d,,; in
model 5 further reduced the mean standard error of the fits. In resting cells d,,,; was close
to two, while it was significantly larger than 2 in stimulated cells. In contrast, the mean

value of the anomaly parameter was close to two for the slow component in this model.

FCM measurements on EGF-stimulated cells

In resting cells, the EGFR-GFP fusion proteins showed a relatively uniform
distribution (Fig. 6.8A). Stimulation with EGF led to receptor aggregation and
internalization within 5 min which was still apparent even 30 min after stimulation (Fig.
6.8B). To record the autocorrelation function for a cell, the spot for measurement was
photobleached (for about 200 s) at a laser irradiance of 13 kW/cm® until the fluorescence
signal stabilizes. Consecutive autocorrelation curves were then taken at 1.3 kW/cm2.
EGF was added to the medium (large volume to allow for quick and thorough mixing) at
regular intervals during the course of the experiment increasing the EGF concentration of
the medium up to a final concentration of 50 nM. Each EGF addition was followed by
autocorrelation measurements on the stimulated cell at the same spot where the previous
measurements had been carried out. Fit values to autocorrelation measurements taken
directly before and after adding 50 nM EGF to the cells are shown in Tables 2 and 3. For
all models, the diffusion constants decreased upon stimulation with EGF (Fig. 6.9A). In
addition, EGF caused a decrease of the number of molecules N in the detection volume
(Fig 9B). The average ratio of the apparent number of molecules after and before EGF

incubation was 0.78.
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Fig. 6.8

Fluorescence images of F1-10 cells taken before (A, C) and ~30 minutes after EGF stimulation

(B, D). In resting cells the distribution of receptors is more uniform than in stimulated cells, in
which the distribution is more granulated. Note the translocation of receptors from the membrane

to the cytoplasm.

Receptor oligomerization was further evaluated by calculating the fluorescence
per molecule, fpm, normalized to laser power. The fpm is obtained by dividing the
background corrected fluorescence F' by the background corrected number of molecules
N and the laser power P: fpm=FN'P' The mean fluorescence decreased after
stimulation, but only to the same extent as the number of molecules N. Consequently, the
mean fluorescence per molecule was unaffected: the ratio of the fpm values after and

before stimulation was close to 1 (0.94+0.36) (Fig. 6.9C, D).
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Fig. 6.9. Effect of EGF stimulation on F1-10 cells. Closed bars: before treatment, open bars:
after treatment. (A) The change of D2 upon stimulation by 50 nM EGF.(B) The change of the
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treatment on the normalized specific fluorescence per molecule. F is the fluorescence intensity in
kHz, N is the average number of molecules in the detection volume and P is the laser power. (D)
Ratio of F/N/P values after and before stimulation. Apart from a few outliers the value is around

1.

FRAP measurements of EGFR-GFP fusion proteins

In contrast to FCS, FRAP has already been employed for the analysis of molecular
mobilities of receptors and intracellular molecules in a variety of systems [17, 47-49]. In
earlier FRAP measurements, analysis of EGFR diffusion has been limited to stimulated

receptors, visualized by incubation of EGF receptors with fluorescently labeled ligands.
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Fig. 6.10 Typical FRAP data and fit. (A) Dependence of fitted diffusion constant on the time
span used for fitting FRAP data. Data are fitted to the free diffusion model (0«=1). The same
S1recovery curves, sampled at 50Hz, are fitted taking into account various time spans after the

bleach pulse. The shorter the fitted period, the higher the diffusion coefficient.
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The availability of the endogenously labeled EGFR-GFP fusion proteins allowed for
determining the diffusion constant of unstimulated receptors. In our measurements on F1-
4 cells the unbleached fraction fi/f ° was 52.3 + 13.6 % , and the mobile fraction R was
84.9 £ 15.2 (mean = S.D., n=314). The diffusion constants derived from FRAP recovery
curves (Fig. 6.10A) obtained by fitting the entire recovery time span (120 - 130 s) using a
free Brownian diffusion model (Fig. 6.10B) were considerably slower (8.7x10™"" cm?/s)
than those obtained from FCS experiments (see also table 4). Limiting the evaluation of
the recovery curve to the first five seconds after the photobleaching pulse increased the
values obtained for D to an average of 3.3x107'° cm?/s. When the same recovery curves
were fitted with a model for anomalous diffusion (making the assumption that £., = {°) the
diffusion constant was found to be 9.0 + 3.3 x 10™"! cm?/s and the anomaly parameter o =

0.6 +£0.3.

6.5 Discussion

Functional characterization of EGFR-GFP fusion proteins

The functionality of the EGFR-GFP fusion proteins with respect to early signaling events
was confirmed by anti-phosphotyrosine Western blot analysis and Ca-signalling.
Western-blot analysis of tyrosine-phosphorylated proteins probed for the activation of the
receptor itself, and also for the propagation of the signal to down-stream targets. The
latter was also confirmed by Ca-imaging.

The significantly weaker calcium response of F1-10 cells compared to A431 cells can be
explained by the lower expression level of the receptor. An additional factor might be the
reduced ligand binding affinity of the chimeric EGFR-GFP, which may be as low as one-
tenth of that of the native receptor (B. Defize personal communication). The decrease in
the affinity can be attributed to either conformational change induced by the presence of
the linker region and of the GFP moiety assuming the model of predimerized receptors or
by sterical hindrance in the formation of the 2:2 receptor-ligand complex. Nonetheless,

the induction of Ca-signaling and tyrosine phosphorylation of proteins other than the
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EGFR-GFP confirms the ability of the fusion protein to elicit down- stream signaling also
in CHO cells. The ability to be engulfed by membrane ruffles when liganded with
microbead-linked EGF [39] and eventually be internalized in a Cbl- and Grb2-dependent

manner [40] provides further evidence for the functionality of the chimeras.

Table 4
FCS FRAP
cell F1-10 F1-4 F1-4, 50Hz sampling
parameter all all fitto 120s | fittoSs anomalous generic
2 -10
D (cm’/sx1077) 10.70 0.87 0.78 3.27 0.90 0.71

8.D. 4.00 0.46 0.36 2.59 0.33 031
n 26 314 51 39 51 51
o - - - - 0.6 0.8

Diffusion constants determined for the EGFR-GFP fusion protein using FCS and FRAP on
resting cells.

FCS data were evaluated according to model 5 (a fast and a slow species with anomalous
diffusion, one blinking term plus triplet correction). All FRAP recovery curves were fitted to the
Brownian diffusion model first, resulting in diffusion constants an order of magnitude lower than
those derived from FCS. Measurements that were sampled at a high (50 Hz) frequency were used
to fit both the whole recovery curve (120s), and also the initial parts of the same curves. Results
for fitting the first 5 seconds are presented in the table. (Not all 51 curves could be fitted
unambiguously over this short time span). Further models used for fitting were the anomalous

diffusion model either with fixing £.. = f° or leaving the value of £.. free (generic).

Effect of bleaching on autocorrelation measurements

In all cells, a strong decrease of fluorescence was observed in the first few seconds of
illumination. Recovery of this fluorescence in the absence of laser excitation indicated
that this decaying signal originated from a fraction of receptors with little mobility.
However, when the laser power was reduced to a level at which bleaching could be almost
completely avoided, the time required to obtain an autocorrelation curve increased
resulting in a dominance of movements of the plasma membrane in the autocorrelation

function.
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Apparently, a fraction (~75%) of receptors has a diffusion rate too low to be
distinguished from cellular movements by FCM, while a second fraction with higher
mobility may be distinguished. For this reason, the fraction of receptors with little
mobility was prebleached at higher excitation intensities and autocorrelation functions
were recorded at laser powers as low as possible for obtaining autocorrelation functions
with good signal-to-noise ratios. This protocol confines the quantification of receptor
numbers and diffusion to the fraction of receptors with higher mobility.

After several minutes of laser illumination at a single spot on the membrane, the
extent of overall depletion of fluorescence in the cell derived from integrating all pixel-
intensities was orders of magnitude larger (20%) than the percentage of the illuminated
area out of the total cell surface area (~0.01%). This means that not only those receptors
located in the membrane domain initially overlapping with the focal volume were
bleached, but also receptors from more distant membrane regions could cross domain
boundaries and reach the illuminated area within the time span of the measurements

The large fraction of receptors with low mobility demonstrates a practical
limitation of FCS in cellular studies set forth by the sensitivity of the method to the
displacement of the membrane with respect to the detection volume. These factors
prevent measurements of diffusion times slower than a few seconds (in our case 7,8
longer than a few seconds). For investigating such slow diffusion processes FRAP may

be a more adequate approach.

Evaluation of autocorrelation functions
Diffusion constants were derived from the diffusion autocorrelation times based on a
direct determination of the dimensions of the detection volume. The method employed

here differs from the usual practice of relying on calibration measurements on
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compounds of known diffusion constants [49]. This direct method of determinating the
dimensions of the detection volume and the structure parameter, S, yielded identical
values to those obtained from the amplitude and shape of the autocorrelation curve from a
fluorescein solution.

Autocorrelation functions for EGFR-GFP fusion proteins in both resting and
stimulated cells consisted of at least three components with time constants in the upper
millisecond, lower millisecond to upper microsecond and lower microsecond time range.
While the slowest component was assigned to diffusion of receptors in the plasma
membrane, it was uncertain whether the component in the lower millisecond time range
resulted from cytoplasmic diffusion of proteolytic fragments of the EGFR-GFP fusion
protein, from protonation-dependent blinking of GFP or from a superposition of both
processes. The fastest process was assigned to triplet state transitions.

Five different models were employed to fit the autocorrelation functions: (i) a
model containing two diffusional components and one triplet term, (ii) a model assuming
a triplet term, two GFP blinking terms and one diffusional component, models assuming
a triplet term with one freely diffusing component and one anomalously diffusing
component with (iii) or without (iv) a blinking term, or (v) a model including a triplet
term, a blinking term and anomalous diffusion for both the slow and the fast component.

Fitting the autocorrelation functions with a model assuming two protonation-
dependent photophysical transitions in the sub-millisecond to millisecond time-range and
no diffusion term (model 2), yielded time constants of 400 + 290 ps and 5 + 3 ms. The
faster term is in good agreement with the time constants of protonation equilibria
determined in previous studies. The time constant of the external, pH-dependent
mechanism was found to be 300 ps at pH 7 and 45 ps at pH 5, while the time constant of

the internal process was 340 ps [26]. Thus, the time constant in the upper microsecond
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time range likely corresponds to a superposition of both the internal and external
protonation processes. However, the slower component has a time constant more than an
order of magnitude larger than that of the protonation processes. For this reason, the
autocorrelation curve in the sub-millisecond to millisecond time-range cannot be
explained by these processes alone. Instead, one has to consider the presence of diffusing
GFP-containing species other than the EGFR-GFP in the membrane observed through the
slow (sub-second) term of the autocorrelation functions.

The identity of this faster diffusing species may be delineated from the
dependence of the weights of the slow and the fast components on the position of the
detection volume. In the cytoplasm of resting cells, the fast component contributed 59 + 8
% to the autocorrelation function, compared to only 33 + 5 % when the beam waist was
placed on the plasma membrane. The presence of the faster component in the latter case
originated likely from the ellipsoidal shape of the sensitive volume with a longitudinal
axis of about 2.4 um, extending into the cytoplasm. Conversely, the detection of the slow
component for placement of the detection volume in the cytoplasm was probably caused
by the same factor, especially when considering that these cells are generally <5um thick
at areas outside the nucleus.

The diffusion constant of the faster, cytoplasmic component is 2.7 £ 0.9 x 107
cm?/s, which is in range with the values reported previously for free cytoplasmic GFP
using FCS (D= 1.7+ 0.4 x 107 ¢cm?s [50] and 1.25 £ 0.13 x 107" cm?/s [33]). However,
Western blot analysis has shown that in the F1-10 cells there is no free GFP. Thus the
faster component could either be attributed to EGFR-GFP fusion proteins being
transported in vesicles, to free cytoplasmic EGFR-GFP that have lost their signal
sequence, or other fluorescent molecules native to the cytoplasm. Of these possibilities
the first can probably be excluded as the diffusion constant of integral membrane proteins
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in intracellular membranes is comparable to that in the cytoplasma membrane [51, 52]
and the speed of vesicular traffic is even slower than that [53].

Depending on the number and nature of components included in the different
models, different diffusion constants were obtained. Comparison of the diffusion
constants obtained with the different models revealed a dependence of the diffusion
constant on the number and nature of components included in each model. The diffusion
constant of the fast component in models 4 and 5 was ~30% lower than the one obtained
with model 3, which did not include a blinking term. In models 4 and 5 this term had an
average characteristic time constant of ~0.18 ms. Without this blinking term, the fast
diffusion term compensated for the poor fit in the sub-millisecond time range and thus
converged to a smaller value. Evidently, inclusion of the blinking term critically affected
the determination of diffusion times.

The molecular details of the diffusion mechanism were addressed by testing
models assuming free Brownian diffusion as well as anomalous diffusion [34].
Anomalous diffusion describes a non-linear dependence of the mean-square displacement
on time. Such a dependency may occur when diffusion is hindered e.g. by collisions with
inert obstacles such as small membrane domains or molecular aggregates from which the
receptor is excluded. In this case, the diffusion constant is time-dependent: the short-
range diffusion coefficient is higher than the long-range one (anomalous subdiffusion).
The longer the time interval over which molecular displacement is analyzed, the more
pronounced the discrepancy between the mean square displacement for Brownian
diffusion and that of the hindered diffusion. For short time intervals, the diffusion
constant approaches that of unhindered diffusion. On the other hand, if the diffusion of
the receptors is restricted to membrane domains of similar size to that of the detection

volume, dw values between 1 and 2 are expected.
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As did diffusion constants, the anomaly parameters also showed variability in the
measurements. In model 5, the values of d,,; and d,, > ranged between 1.76 - 2.97 and 1.7-
2.30 for the fast and slow components, respectively. Values larger than 2, especially in
the case of the fast component, may relate to obstructed diffusion mechanism with
various local diffusion conditions in the accidentally selected and probed volume
elements. Wachsmuth et al reported values of dw > 2 for the diffusion of GFP and GFP-
beta-galactosidase in AT-1 and COS-7 cells [33]. Values less than 2, if not caused by the
uncertainty in the fitting procedure, may be due to corralled diffusion due to membrane
domains with sizes comparable to that of the detection volume. An alternative
explanation could be directed diffusion (or vesicle trafficking). However, it should be
emphasized that the mean of d,,» did not differ significantly from 2; therefore the
assumption of an anomalous diffusion mechanism is not fully convincing unless there is
considerable micro-heterogeneity in the system.

For describing the diffusion of GFP receptor fusion proteins in the plasma
membrane model 5 — assuming a slow and a fast non-Brownian diffusion component,
plus GFP blinking and triplet correction — seems to be the most adequate. The inclusion
of a protonation term and a fast diffusion time are indispensable to attain satisfactory fits
throughout the millisecond to second time range. The use of the anomalous diffusion
model is not fully convincing; however, if kept in a relatively narrow range around 2, the
value of the anomaly parameter affects the fitted diffusion correlation time to a moderate
extent only, so it does not compromise other parameters of the fit. The determination
whether or not anomalous diffusion behavior occurs here and whether it can be detected

by FCS remains open and deserves further investigation.
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Effects of receptor stimulation on autocorrelation measurements

After stimulation of receptors with EGF, a significant decrease of the slow diffusion
coefficient corresponding to a decrease in receptor mobility was observed. This decrease
of the diffusion constants was independent of the model used for the fit. This finding
illustrates the robustness of the evaluation of slow (intramembrane) diffusion times. At
first sight the decrease of the diffusion constants and of the number of molecules is
consistent with receptor aggregation and downregulation. However, the two-fold decrease

of D exceeds the theoretically predictable value for dimerization (assuming spherical

molecules this would be by a factor of ~32 =1.26). This discrepancy hints at
immobilization or at least hindering in motion of the EGFR-GFP fusion proteins. This
may be due to interaction with static structures e.g. with the underlying cytoskeleton,
which was observed in A431 cells upon stimulation with EGF (van Bergen en
Henegouwen PMP et al, J. Cell. Biochem. 1989, 39:445-465). Alternatively, receptors
could oligomerize instead of dimerizing. However, in the case of oligomerization a
decrease of the number of independently diffusing particles by a factor larger than two
would be expected, but this decrease is only 22%. The constancy of the normalized
fluorescence per molecule also indicates that, at least in the first few minutes of
activation, the aggregate size of EGFRs does not change significantly. These findings
may reflect activation of the receptors according to the conformational activation model
(not involving a change in the aggregation state of the receptor) rather than by induced
receptor dimerization or oligomerization. However, we have to keep in mind that the
chromophore of a large fraction of the receptors is bleached and therefore not subject of
the FCS studies. Thus, it is equally plausible that receptor aggregation / dimerization
occurs, but it is only reflected by the decrease in diffusion constant, as the detected

EGFR-GFP molecules, or preformed dimers adhere to the more slowly moving higher
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order clusters that are already photobleached in the pre-bleach period and thus do not

contribute to the specific fluorescence per particle value.

Complications in cellular FCM

For FCM measurements of EGFR-GFP fusion proteins, photobleaching of molecules
with little or no mobility, as well as movements of the plasma membrane are of special
concern. In order to avoid contributions of photobleaching to the autocorrelation function,
the immobile and slowly moving fluorophores may be photodestructed by high intensity
illumination prior to the measurement. However, in that case only the more mobile
fraction of molecules can be analyzed by FCM. The motion of the plasma membrane
along the optical axis results in slow fluctuations of the detected signal with large
amplitude. This motion contributes an additional component to the autocorrelation
function and hampers the determination of the number of diffusible molecules in the
detection volume. Estimates on the rate and amplitude of membrane mobility were
derived from the repeated acquisition of fluorescence profiles along the optical axis Fig.
6.11. This motion can be as fast as several hundred nanometers per minute, and can cover
a z-range of more than a micron. In our analyses, only those cells were included, which
did not perform such motions as suggested by the congruency of the intensity profiles
before and after the measurement, and by the relatively smooth fluorescence vs. time

count traces with little or no low-frequency drift.

Comparison of FCS and FRAP analysis

Earlier reports on the lateral diffusion coefficients of EGFRs determined by FRAP are
available for several cell types (e.g. D =4.5-8.2 x 107'% cm?/s at 15-37°C on A431 cells
[54],D=1.8 x 10" cm?/s, on fibroblasts and D = 4.1 x 10™'° cm?/s on keratinocytes [55].

Our FRAP experiments, depending on the exact evaluation method, yielded somewhat
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lower diffusion coefficients, 0.7-0.9x10'° cm?/s, when fitting throughout the whole 120-
140 s of the measurement. This discrepancy may be due to the different cell types used
in earlier and the present experiments. When fitting only the first five seconds of the
FRAP recovery curve, the derived diffusion coefficient is higher than that for the whole
curve: ~3.3x10™'% cm?/s. Even this value is slower (by a factor of ~3) than the mean
diffusion coefficients derived from FCS, which are ~1.2 and 0.7x10” ¢cm?/s for resting
and stimulated cells, respectively. To understand this discrepancy, the different nature of
the experiments must be considered: in FCS the local environment of a relatively small
area of the membrane is probed, which may be smaller than the diameter of a membrane
domain. Therefore mainly diffusion inside a membrane microdomain determines the
diffusion correlation time. In FRAP the long range diffusion rate of unbleached
molecules arriving from more distant areas and having to cross domain boundaries is also
examined. Thus, the rate of long-range receptor motion is not only affected by the
intradomain diffusion rate, but also by the rate of crossing domain boundaries [45, 49]. It
also has to be kept in mind that in the FCS measurements receptors with low mobility
were pre-bleached to avoid artifacts in the autocorrelation function, so the motion of this
fraction of the molecules was not subject of the FCS studies.

When the autocorrelation functions were fitted with models including a blinking term and
two anomalous diffusion components, the average anomaly parameter of the membrane
diffusion term was close to two, possibly signifying free Brownian diffusion. In contrast,
for FRAP measurements the anomaly parameter lesser than unity hinted at the possibility
of obstructed diffusion. The analysis of only the first few seconds of the recovery curve
yielded a higher diffusion coefficient than the total recovery curve, i.e. the diffusion
coefficient was time (or distance) dependent, corroborating the assumption of an

anomalous diffusion mechanism. Obstructed diffusion can result from either molecular
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Fig. 6.11 Effect of macroscopic motion of the cell membrane on an FCS measurement.
Disparate z-profiles before (dashed line) and after (solid line) an FCS measurement show that the
cell membrane has undergone macroscopic motion between the two z-scans. The vertical dotted
line denotes the focus position during the FCS measurement. (A) The count trace recorded during
the FCS measurement displays large fluctuations and a decreasing trend as the membrane is
moving out of the focus. (B)This appears in the autocorrelation function as a long diffusion

time”
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interactions (binding to immobile structures or large complexes), frequent collisions with
densely packed obstacles or corralling due to boundaries between distinct membrane
domains [37, 43, 56]. If the last possibility applies, and the diameter of membrane
domains significantly exceeds that of the illuminated spot, the manifestation of obstructed
diffusion during the measurement depends on the position of the sensitive volume
relative to the domain boundaries. If the boundary lies within the detection volume, the
anomalous nature of diffusion may be observed, but otherwise it may not be detected.
The presence of membrane domain boundaries affects the autocorrelation function only if
the domain is comparable in size to that of the detection volume.

The uncertainty of detecting anomalous diffusion in the FCS measurements may
originate from the fact that fluctuations resulting from molecular movements in the
immediate vicinity of the detection volume are detected. In contrast, in FRAP the
recovery of fluorescence results from diffusion of molecules over short as well as longer
distances. Molecules therefore may encounter a large number of diffusion barriers. Thus
the short-range diffusion of molecules in FCS will be hardly affected by boundaries and
heterogeneities in membrane organization. Only if a diffusion barrier lies within the
detection volume, or if membrane microdomains are comparable in size with the
detection volume, may anomalous diffusion be observed. The diffusion constant and
anomaly parameter may also depend on the size of the membrane domain and the
position of the detection volume with respect to the domain boundaries: in a larger
domain, diffusion may occur faster than in a smaller one, in which the observable
mobility is more strongly dependent on the rate of crossing membrane domain

boundaries, also called hop diffusion [45, 57, 58]. The large standard deviation of the
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slow diffusion constant and the anomaly parameter in the FCS measurements may reflect

the microheterogeneity of the plasma membrane.

6.6 Conclusions

Because a significant fraction of the membrane-located receptors appears to be
immobile on the time-scale of the FCS measurement, it was necessary to pre-bleach the
sample until a dynamic equilibrium between bleaching and re-population processes of the
illuminated area were established; otherwise the drift of fluorescence intensity would
have compromised the autocorrelation data. On the other hand, the finite photostability of
the dyes involves a technical limitation of FCS: diffusible species with too long diffusion
times (in our system >1 s) cannot be reliably analyzed because of the too long exposure
to laser illumination and consequent photodestruction. In addition to photobleaching,
which in principle can be treated mathematically, long diffusion times necessitate longer
recording times, during which the position of the plasma membrane can change due to
active or passive motions of the cell. Thus, for the investigation of such slow diffusion
processes FRAP might be more adequate.

The details of the selected model, such as the involvement of correction terms for
photophysical processes like protonation dependent GFP “blinking” or triplet state
formation may significantly affect the nonlinear fit estimates of faster diffusion times,
which are in the same time range, and may even change the conclusions concerning the
diffusion mechanism (free or obstructed) of the slow diffusing species by distorting the
shape of the autocorrelation function. However, this does not question the validity of the
comparison of slow (membrane-related) diffusion times under different treatment
conditions: a consequent evaluation of the slow diffusion constants with different models

yielded similar numerical D, values, and a convincing decrease in the mobility of EGFR-
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GFP evoked by EGF stimulation. Hence we can say that the slow diffusion correlation
time is a fairly robust parameter, which is hardly influenced by the model so long as the
other terms are reasonably well fitted. The decreased mobility of EGFR-GFP is best
explained by attachment of the receptors to slowly moving or stationary molecular
structures such as to the underlying cytoskeleton or larger receptor aggregates that were
already photobleached, since the specific fluorescence per molecule did not change, and
the number of fluorescing molecules in the observation volume only decreased by 22%.
Our FCS measurements report on the microheterogeneity of local diffusion
conditions both in terms of mobility and the effect of obstacles hindering diffusion as
reflected by the large SD of the values of the diffusion constants and the anomaly
parameters. This indication of the microdomain structure of the cell membrane and its
influence on the motion of cell surface receptors is further supported by the anomalous
nature of diffusion reported by FRAP data. Our analysis also shows that FCS and FRAP
can provide complementary information on the local (few hundred nm) and long-range

(several microns) diffusion properties of plasma membrane receptors.
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7.1 Abstract

Immunogold staining and electron microscopy show that IL-2 receptor a subunits exhibit non-
random surface distribution on human T lymphoma cells. Analysis of inter-particle distances
reveals that this clustering on a few hundred nm scale is independent of the presence of 1L-2 and
of the expression of the IL-2R B subunit. Clustering of IL-2Ra is confirmed by confocal
microscopy, yielding the same average cluster size, ~ 600-800 nm, as electron microscopy. HLA
class I and I1, and CD48 molecules also form clusters of the same size. Disruption of cholesterol-
rich lipid rafts with filipin or depletion of membrane cholesterol with methyl-B-cyclodextrin
results in the blurring of cluster boundaries and an apparent dispersion of clusters for all four
proteins. Interestingly, the transferrin receptor (TrfR), which is thought to be located outside
lipid rafts, exhibits clusters that are half the size and are less affected by modifying the
membrane cholesterol content. Furthermore, TrfR clusters hardly co-localize with IL-2Ra, HLA
and CD48 molecules (cross-correlation coefficient is <0.12), while IL-2Ra co-localizes with
both HLA and CD48 (cross-correlation coefficient is >0.37). This co-clustering is confirmed by
electron microscopy. The sub-micron clusters of IL-2Ra chains and their co-clustering with HLA
and CDA48, presumably associated with lipid rafts, could underlie the efficiency of signaling in

lymphoid cells.
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7.2 Introduction

Cytokines regulating immune responses have their specific, private receptor, but may also share
public receptors with other cytokines. Interleukin-2 (IL-2) secreted by T lymphocytes when
stimulated with antigen or mitogens is essential for T cell growth [1,2]. The private receptor for
IL-2 is the IL-2Ra subunit, exhibiting relatively low affinity for [L-2 compared to the IL-2Rafy
heterotrimer, which is considered a fully functional receptor [3]. We have recently shown in a
fluorescence resonance energy transfer study that the IL-2R a, B and y subunits are preassembled
even on the surface of unstimulated Kit 225 K6 T lymphoma cells, and cannot, therefore, be
considered as a transient signaling assembly [4]. It is still unclear how IL-2Ra is recruited to the
less abundant B and y chains to form the functionally active receptor.

Similar assemblies (non-random co-localization) of cell surface antigens and receptors
have been reported previously for lymphoid cells, as reviewed e.g. in [5]. Such supramolecular
formations on the nanometer level have primarily been explored using flow cytometric energy
transfer [6], joined by other, mostly fluorescence based techniques that assess lateral or rotational
mobility of membrane proteins or assemblies thereof [7-9]. Possibly functional protein
association patterns were discovered, including the di/oligomerization of HLA I and Il molecules
on activated T cells and lymphoid cell lines [10-13], the heteroassociation between HLA I and
HLA II glycoproteins [14], or HLA I and the IL-2Ra subunit [15]. These observations argue
against independent, freely moving membrane proteins postulated by the fluid mosaic membrane
model; instead, a segregated, "corralled" structure may be the valid hypothesis, with specific
molecules confined to specific regions [16].

Various studies directed at the plasma membrane have provided evidence for the

existence of such distinct domains in the sub-micron range [12,17-19]; for a most recent
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overview see [20]. From the biochemical point of view, these domains appear as detergent
insoluble / resistant, glycolipid enriched membrane domains (DRMs, DIGs or GEMs [21]) and
are often termed lipid rafts [22]. Physically, they are expected to be represented by cell surface
patches found for both lipid and protein molecules [23]. The physical and chemical forces giving
rise to such domains are under intensive investigation [8,24]. One presumes that several
intracellular, extracellular, and intramembrane constraints and forces influence the size and
distribution of these clusters, one of them being the cholesterol content of the membrane area in
question [22,25]. There is indeed evidence that changing the cholesterol composition of the cell
membrane alters the association pattern and signaling properties of various molecules [25,26].
Such a change can be brought about by treating the cell membrane with filipin, a polyene
antibiotic specifically complexing cholesterol [27], or by extracting cholesterol from the
membrane by methyl-B-cyclodextrin [28].

The physiological significance of the lateral micro-domain organization of biological
membranes is not clear yet. One can assume that a larger scale local accumulation of receptors
and their signal transduction machinery [29,30] may enhance the efficiency of transmembrane
signaling by providing a focusing effect. We have previously shown patchy aggregation of
platelet derived growth factor receptors on glioblastoma cells [19] as well as assemblies of up to
1000 erbB2 molecules on various mammary tumor cell lines [31]. Also, in addition to the
molecular association of MHC class I and class II glycoproteins on lymphoma cells, we have
observed their sub-micron scale clusters and co-clusters [12,17]. Given this knowledge, as well
as the evidence that MHC class I glycoproteins are in the molecular vicinity of IL-2Ra on some
cell lines [15], in the present study we have undertaken to investigate the higher order clustering
of IL-2Ra on Kit 225 K6 and MT-1 lymphoma cells, and the possible heteroassociation of IL-

2Ra with MHC glycoproteins on the sub-micron-micron scale. To shed light on the possible role
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of lipid rafts [20,22] in organizing these receptor assemblies, we have examined the co-
localization of IL-2Ra and MHC molecules with CD48, a GPI-linked T cell membrane protein
reported to associate with rafts [21] and with the transferrin receptor that is excluded from
glycosphingolipid enriched membrane micro-domains [32,33]. Furthermore, we have tested the
influence of membrane cholesterol composition on the sub-micron scale clustering of these
molecules by extracting cholesterol with methyl-B-cyclodextrin or complexing cholesterol in sifu

with filipin.

7.3 Materials and Methods

Cell culture and treatment
Kit 225 K6 and MT-1 T cell lines were cultured in RPMI-1640 medium (5% CO,) supplemented

with 10 % fetal calf serum and antibiotics. To maintain the growth of Kit 225 K6 cells, 20 U/ml
recombinant IL-2 was added every 48 hours. Resting cells were obtained by culturing for 72
hours in IL-2 free medium. Filipin III (Sigma, St. Louis, Missouri, 0.1 mg/ml) was used to
complex cholesterol in the cell membrane. Incubation (10° cells/ml) for 1 hr at 37°C was
followed by washing twice in PBS. Cholesterol extraction was achieved by treating 10° cells/ml
with 7 mM methyl-B-cyclodextrin (MBCD, Sigma, St. Louis, Missouri) for 1 hr at 37°C and its
efficiency was assessed from the decrease of fluorescence polarization of the TMA-DPH

membrane probe [26].

Monoclonal antibodies

The IL-2Ra subunit, MHC class I and Il were labeled with aTac, W6/32 and L.-243, respectively
[4,12]. Anti-CD48 (MEM102) and anti-transferrin receptor (MEM75) were a generous gift of V.
Horejsi (Inst. Mol. Genetics, Acad. Sci., Czech Republic). Fab fragments were prepared from
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mAbs as previously described [34]. Whole mAbs or Fab fragments were conjugated with long-
linker fluorescein or rhodamine succinimidyl esters, (XF or XR, Molecular Probes, Eugene, OR),
or sulfoindocyanine-succinimidyl ester (Cy3, monofunctional, Amersham Life Sci. Inc.,

Cleveland, Ohio) as described earlier [14,15].

Labeling of cells with monoclonal antibodies

10° cells/ml suspended in ice cold PBS were labeled for 40 min at 4°C in the dark. Optimal
antibody concentrations were determined from saturation curves. Antibodies were air-fuged
(20,000 g, 30 min) before labeling. Labeled cells were washed in cold PBS and either fixed with

1 % formaldehyde, used unfixed immediately, or further processed for electron microscopy.

Labeling of cells with colloidal gold for electron microscopy

Labeling with the first Fab (see above) was followed by incubation with polyclonal secondary
antibodies conjugated to gold beads of 10 or 30 nm diameter (Aurogamig G-10, against the
heavy and light chains, or Aurogamig G-30 against the Fc fragment; from Amersham Life Sci.
Inc., Cleveland, Ohio) for 40 min. After washing with PBS (10 min, 250 x g) the cells were fixed
with 2 % paraformaldehyde for 1 hr and then with 2% glutaraldehyde in 0.1M sodium cacodylate
buffer (pH 7.2) overnight on ice. For sequential double labeling, the first antibody was a Fab
followed by Aurogamig G-10, and then the unused binding sites of the polyclonal antibodies
were blocked for 5 min with the Fab fragments used for primary labeling. Monoclonal antibodies
against the second target epitope were whole antibodies that were tagged with Aurogamig G-30
against the Fc fragment. These beads will only label that fraction of the second target epitope

which is not hidden by the first cohort of beads tagging the first target epitope [17].

Electron microscopy

After immunogold labeling cells were spread on poly-L-lysine-coated Formvar grids, dehydrated
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in ascending ethanol series and air-dried from ether. Gold beads were counted in a JEOL electron
microscope (JEM 100 B microscope operated at 100 kV) on the periphery and thinner parts of

cells, where transparency allowed a good contrast.

Calculation of actual and expected cell surface distribution of gold labeled antigens

For a random distribution of the gold particles, the statistics of the number of beads per unit area
should be Poissonian [12,17]. The average density of gold particles was calculated from their
number and the area over which they were distributed. The area assigned to one bead on average
was taken as the unit and thus the parameter A of the assumed Poisson distribution was taken as
1. The number of beads counted in each unit area on the cell surface was used to calculate the

actual distribution.

Comparison of characteristic inter-particle distances of colloidal gold labels

Scanned images of electron micrographs were processed using a custom-written program
developed in the LabView (National Instruments, Austin, TX) environment. The coordinates of
recognized labeling particles were used to produce the distribution of all inter-particle distances

in the sample.

Confocal microscopy

Cells were labeled with fluorescent Fab fragments, fixed in 1% formaldehyde or left unfixed in
control experiments, and attached to poly-L-lysine coated slides. A Zeiss LSM 420 laser
scanning confocal microscope (Oberkochen, Germany) was used for measurements. Cy3 and XR
were excited at 543 nm, XF at 488 nm. For double labeled samples in cross correlation studies a
515-525 nm narrow bandpass emission filter was used to detect XF fluorescence instead of the

usual 510 nm LP. 512x512 pixel, 0.6 pm thin confocal sections were obtained with a pinhole
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setting of 25, 5-8x zoom, through a 100x (N.A.=1.3) objective. The intensity distribution of
surface labeling was generated from the 3D reconstruction of sections using a projection
algorithm in NIH Image (NIH, Bethesda, MD). In addition to the reconstructed free surfaces of

cells, single confocal sections of each cell, flattened against the glass slide, were also analyzed.

Determination of cluster size from confocal images
Average cluster size was determined from both projected surface distributions and flattened

single confocal images using the two dimensional autocorrelation function

G(p,p) = < f(1,0) f(r+p,0+¢) > (7.1)

where the angle brackets indicate summation over the whole domain of the p radius and ¢ angle.
The autocorrelation image was calculated by taking the inverse Fourier-transform of the two-
dimensional power spectrum matrix of the original images. Since in our case we do not expect
the distribution to be anisotropic, G(p,¢) is independent of ¢. Consequently, an angle-invariant
autocorrelation function G(p) can be generated by averaging G(p,p) over the range 0<e<2m. G(p)

is fitted to the equation

G(p) = ZiA i exp-(p/R;)? (7.2)

where the R; characteristic radii serve as an adequate measure of the mean size (half-width at the
1/e height of a Gaussian distribution) of each class of clusters distinguishable on the basis of its
size [23]. Calculation of G(p) and fitting equation 3 using the Levenberg-Marquardt algorithm

was performed with a custom-written program developed in the LabView environment. Using
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two exponentials gave a good fit with small residuals. The smaller value of R;, generally in the
100-500 nm range, was taken as the radius of sub-micron sized clusters, in coherence with
individual cluster sizes measured directly on the images. The larger value of R;, several microns

in magnitude, was assumed to be characteristic for background fluctuation [31].

Determining co-localization from image cross correlation
Co-localization of pairs of cell surface antigens was determined from confocal images of double-

labeled cells. For a pair of images x and y, the cross-correlation coefficient was calculated as

C =% % (xi-<x>)(yi-<y>) / (Ei & (xij=<x>)"Z; I (vi-<y>))"? (7.3)

where X and y;; are fluorescence pixel values at coordinates 1, in images x and y. Only those
pixels were used for the summation that were above detection threshold in both images. The
theoretical maximum is C = 1 for identical images, and a value close to 0 implies disparate
localization of the label. A program in LabView was written to register and threshold image pairs

and compute the cross-correlation coefficient.

7.4 Results

Immunogold labeling and electron microscopy reveals a sub-micron level clustering of IL-2Ra
subunits on K6 cells

Fig. 7.1 shows immunogold labeled IL-2Ra on Kit225 K6 cells. Clusters of several gold beads

can be observed in addition to singly placed labels, and larger areas with no label at all. Counting
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the labels, we constructed the actual probability distribution (Fig. 7.2a, diamonds) and compared
it to the theoretical Poissonian (Fig. 7.2a, closed circles). It is clear that there are a larger number
of unit areas without any label than that expected for a Poissonian, and that unit areas with 4 or
more gold labels are more abundant as well. Due to this disproportion, unit areas close to the
expected Poissonian parameter (i.e. those with 1,2 and 3 labels) are lesser in number than
predicted for a random distribution. The observed and expected distributions are different beyond
a confidence level of 99.99 using the Chi-squared test. Thus, the localization of labels follows a

non-random distribution, manifesting as clustering on the sub-micron scale.

Quantitative assessment of inter-particle distances reveals no difference in the higher level
clustering of IL-2Ra. on IL-2 fed and starved K6 cells and MT-1 cells

Since the receptor clusters are not expected to be anisotropic, the calculation of a relevant
autocorrelation function that can be used to quantify cluster size simplifies to constructing the
distribution histogram of all inter-particle distances, without regard to the direction of
localization. Such a distribution histogram is presented on Fig. 7.2b (diamonds) for the sample

shown in Fig. 7.1. It is compared against a simulated distribution of the same number of particles
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Fig. 7.1. Non-random distribution of IL-2Ra on Kit 225 K6 cells revealed by colloidal gold labels.
Kit 225 K6 cells were labeled with anti-Tac as primary antibody and then with 30 nm colloidal gold
conjugated to the secondary antibodies. A representative electron micrograph of the periphery of a cell is

shown. The distribution of gold labels appears to be non-random. Scale bar is 470 nm.

randomly scattered over the same area (closed circles). The actual distribution is comprised of
two peaks, while the randomly generated particle pattern shows a single Poissonian peak. The
first peak of the actual distribution likely corresponds to the average inter-particle distance within
the small clusters of gold beads, while the second peak characterizes the average distance to
labels outside the cluster. These average distances quantitatively describe the sub-micron level
receptor patterns on various T cells. On Fig. 7.2¢c we see that in the case of Kit 225 K6 cells, the
distance distribution is not influenced by IL-2 deprivation. Furthermore, the average distances

within the clusters are the same in the case of MT-1 cells as for the K6 line.
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Fig. 7.2.Quantitative analysis of the distribution of gold labels on IL-2Ra subunits. (A) Gold labels
shown in Fig. 7.1. were counted (n=406) and the unit area was defined such that the expected value of
gold labels per unit area was one. The image was divided into equal squares of one unit area each and the
actual distribution of labels among the squares determined. The probability distribution of the particle
density per unit area is plotted for the actual finding (# ) and compared against a Poisson distribution with
parameter A=1(e). (B) The coordinates of all labels in Fig. 7.1. were determined and the distribution of all
inter-particle distances was plotted (#). A model distribution was also generated assuming Poissonian
statistics (dashed line, ®). In contrast to the single peak of the expected random distribution, the measured
distribution has two peaks. The first peak around 400 nm represents the characteristic distance of gold
labels within clusters. (C) Characteristic distances for gold labels determined as in (B) are plotted for Kit
225 K6 (K6+IL2), IL-2 - starved Kit 225 K6 (K6-1L2) and MT-1 cells. Characteristic distances within
clusters are represented by filled columns, average distances within the whole sample area are shown with

open columns. Data are mean + S.D. from 6 independent experiments.

Confocal laser scanning microscopy of hydrated samples confirms the presence of sub-micron
IL-2Ra clusters on MT-1 and Kit225 K6 cells

Confocal laser scanning microscopy was used to confirm the presence of sub-micron IL-2Ra
clusters on MT-1 and K6 cells. Cells were labeled on ice with Fab fragments to visualize
receptors without inducing aggregation artifacts. Fig. 7.3 shows images of Kit 225 K6 cells
labeled with Cy3-conjugated aTac (panel a), or XR conjugated MEM-75 against the TrfR (panel

b). A patchy receptor distribution is observed with clusters of 500-800 nm for the IL-2Ra and
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Fig. 7.3. Confocal laser scanning microscopy of Cy3 labeled IL-2Ra and TrfR. Kit225 K6 cells were
labeled with Cy3-conjugated aTac Fab against the IL-2Ra subunit (A, C, D), or XR conjugated MEM-75
against the transferrin receptor (TrfR, panel B). Cells in panels ¢ and d were treated with filipin and
methyl-B-cyclodextrin, respectively. Confocal slices of 0.6 um thickness were obtained. Surface
fluorescence distribution was reconstructed from z directional projection of image slices. Scale bar is 4
um. A patchy receptor distribution can be observed with clusters of 200-1200 nm diameter depending on

the type of receptor and the treatment.

200-300 nm for the TrfR. Controls on pre-fixed and live cells indicate that this clustering is not
caused by the labeling procedure. Cluster diameter for the IL-2Ra determined from G(p) (Egs.
7.1-7.2) was ~600 nm (see also Fig. 7.4). This implies that the minimum and maximum distances
between immunogold labels within a cluster would be 0 and 600 nm, averaging to ~300, which

corresponds well to the ~380 nm average inter-particle distance within clusters determined in EM

(Fig. 7. 2).

Cluster size of IL-2Ra, HLA glycoproteins and CD48 is dependent on the integrity of
cholesterol-rich lipid rafts

Interestingly, clusters of the transferrin receptor are significantly smaller in size (250 nm) than
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Fig. 7.4. Cluster sizes of IL-2Ra, HLA class I and II, CD48 and TrfR and their modulation by
membrane cholesterol content. Cluster sizes on Kit 225 K6 cells determined from the angle-averaged
autocorrelation function are presented for IL-2Ra (filled columns), HLA class I (cross-hatched columns)
and class II (striped columns), CD48 (grey columns) and TrfR (open columns). The effect of modulating
the cholesterol content of the membrane is also displayed: with the exception of TrfR, all receptor clusters
exhibit a significant increase of cluster size upon both cholesterol depletion by cyclodextrin or in situ

complexation of cholesterol by filipin. (n>9, from 3 independent experiments).

those of IL-2Ra. TrfR is thought to be localized outside rafts [32], whereas several src-family
kinases that play a role in T cell activation are detected in association with rafts [22,33]. To
checkifthese cholesterol-rich regions could be held responsible for keeping together the islets of
IL-2Ra subunits, we have examined the change of cluster size after modifying the membrane
cholesterol content with cyclodextrin or filipin. Fig. 7.3C and d show that cluster boundaries
become blurred and their size increases upon both treatments. Thus, modulation of cholesterol
content seems to break up the tightness of IL-2Ra clusters. The increase in cluster size is
significant in both cases (Fig. 7.4, filled columns), and is paralleled by a decrease of absolute
fluorescence intensities, indicating dispersion of the labeled proteins. The same observations can
be made for MT-1 cells (data not shown).

As Fig. 7.4 shows, both class I and II MHC glycoproteins and the raft marker CD48

behave similarly to IL-2Ra: their cluster size is comparable to that of IL-2Ra (control group,
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cross-hatched, striped and grey columns), and is dispersed significantly upon cyclodextrin and
filipin treatment. On the other hand, TrfR not only possesses smaller clusters in control cells, but
its cluster size hardly changes upon either of the treatments modifying membrane cholesterol
(open columns). The same molecules behave similarly on the surface of MT-1 cells (data not

shown).

Cross-correlation analysis of confocal images reveals partial co-clustering of IL-2R with MHC
and CD48 molecules, but not with TrfR

Since flow cytometric energy transfer measurements gave evidence of nm level proximity
between IL-2Ra and MHC antigens, we have used double labeling with fluorescent Fabs in
confocal microscopy to investigate the co-localization of IL-2Ra with MHC glycoproteins. Fig.
7.5A shows the co-localization of IL-2Ra (green) and HLA class II (red). Owing to the high
degree of co-localization (cross-correlation coefficient C=0.37, see Fig. 7.6), many pixels of the
image appear orange when the red and green channels are overlaid. Fig. 7.5b demonstrates that
IL-2Ra (green) and TrfR (red) images from the same cell exhibit disparate localization of these
two receptors. Accordingly, their cross-correlation coefficient is very low (C=0.05). In similar
experiments, the cross correlation coefficient was measured for a set of receptor pairs (Fig. 7.6).
While IL-2Ra co-localizes with HLA class I, Il and CD48, neither IL-2Ra nor CD48 co-localizes
with TrfR. A similar co-localization pattern was observed on MT-1 cells. This is coherent with a
selective association of IL-2Ra, MHC and the raft marker CD48 with cholesterol rich membrane
rafts that are perturbed by filipin or cyclodextrin treatment, and the observation that TrfR clusters

are virtually unaffected by the modification of membrane cholesterol.
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Fig. 7.5. IL-2Ra exhibits sub-micron scale co-localization with MHC II but not with TrfR. A
representative confocal fluorescence image of the co-localization of IL-2Ra and HLA class Il is shown in
panel a. IL-2Ra and HLA class II are labeled with XF (green) and XR (red), respectively. Because of the
high degree of co-localization, many pixels appear orange when the two channels are fused. Panel b
demonstrates that IL-2Ra (green) and TrfR (red) co-detected in a similar experiment are mostly localized

at different areas of the plasma membrane. Scale bar is 2 um.
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Fig. 7.6. IL-2Ra staining cross-correlates with MHC glycoproteins and CD48, but not with TrfR.
Kit 225 K6 cells were double labeled with pairs of antibodies against IL-2Ra, HLA class I and 11, CD48
and TrfR. The cross correlation coefficient is measured for the following receptor pairs: IL-2Ra and HLA
class I, IL-2Ro and HLA class II, IL-2Ro and CD48, IL-2Ra and TrfR, CD48 and TrfR. While IL-2Ra
co-localizes with HLA class I and II, and CD48, a raft marker, neither IL-2Ra nor CD48 co-localizes with
TrfR (n=7).
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Fig. 7.7. Electron microscopy confirms the partial co-clustering of IL-2Ra and MHC molecules.

Immunogold labeling followed the sequence: aTac Fab - 10 nm AuroGamig - blocking by aTac Fab -
W6/32 whole antibody - 30 nm AuroGamig (anti-Fc). Electron microscopy shows that the selective labels
against the IL-2Ra and the MHC are partially, though not completely co-localized, thus confirming the

confocal microscopic data (scale bar is 200 nm).

Sequential immunogold labeling and electron microscopy confirms the higher level partial co-
localization of IL-2Ra. and MHC

Earlier we have developed a strategy to examine co-clustering of class I and class II MHC
antigens on lymphoid cells [17]. Fig. 7.7 shows an example of IL-2Ra labeled with 10 nm gold
followed by 30 nm gold tags on MHC-I molecules on the surface of Kit225 K6 cells. While there
are also some labels that are not proximal to the other labeling species, many of the small and
large beads are seen co-clustered. A similar partial co-localization of IL-2Ra and MHC-II was
observed on both Kit 225 K6 and MT-1 cells (data not shown). Thus, the co-clustering deduced
from confocal images is supported by electron microscopic evidence.

When the surface density of 30 nm gold labels on IL-2Ra is averaged for several cells,

25/um”are seen. If IL-2Ra is labeled after covering MHC class II molecules with L243 Fab and
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10 nm gold beads, the detectable 30 nm labels on IL-2Ra decrease to 13/um®. This is consistent
with the idea that the interaction of MHC-II and IL-2Ra at the molecular level allows detection
of only about 50% of the IL-2Ra after having shielded those o subunits that are in the vicinity of
MHC-II antigens. A similar, ~ 50% co-clustering ratio could be determined for IL-2Ra in
relation to MHC class I molecules on these cells. This observation is in line with the 37-43%

cross correlation coefficient seen between fluorescent labels on IL-2Ra and MHC antigens.

7.5 Discussion

Recently we have presented fluorescence resonance energy transfer efficiency data indicating
spontaneous assembly of the a, B and . subunits of the multisubunit IL-2 receptor on Kit 225 K6
T lymphoma cells even in the absence of IL-2 [4]. Here we show using immunogold labeling in
electron microscopy that this molecular-level assembly of the IL-2 receptor is extended to a
higher hierarchical level, i.e., on the several hundred nanometer scale in the plasma membrane of
human T lymphoma cells. The distribution of colloidal gold labels attached to IL-2Ra was
significantly different from a hypothetical random Poissionian pattern (p<0.01%). The
distribution of inter-particle distances also showed two peaks, one close to that expected for the
single peak of a Poissonian pattern, and another at smaller distances, likely corresponding to the
average cluster radius of 350-380 nm.

Clusters of similar size were observed both on Kit 225 K6 cells, which have an absolute
requirement of IL-2 for their growth, and on MT-1 cells, which do not express the § subunit of
the IL-2 receptor and grow independently of IL-2. Also, IL-2 deprivation of Kit 225 K6 cells had
no effect on cluster size. Thus the molecular interactions producing sub-micron scale clusters
seem to be largely independent of the presence of the IL-2R  subunits or the specific ligand IL-

2.
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Confocal laser scanning microscopy of both fixed and live cells confirmed the sub-micron
clusters observed with electron microscopy. Also, the cluster size deduced from electron
microscopy corresponded well to that seen in confocal slices and surface reconstructions. The
cluster sizes measured are on the same order of magnitude as the areas of confined diffusion
determined from single particle tracking for ganglioside GM1 and the Thy-1 antigen [35],
furthermore, they are comparable to those assessed for ErbB2 [31] and PDGF receptor molecules
[19] by scanning near-field optical microscopy.

Such high degree of receptor aggregation has been found both as a ligand induced
phenomenon [36] and as a stably maintained structure with yet undetermined lifetimes. The latter
frequently occurs under polarizing conditions, especially in the nervous system [37], or in the
neuromuscular junction [38]. However, similar receptor clustering can also be found on cells that
are non-polarized, e.g. lymphoid cells. Earlier we have demonstrated higher hierarchical level
distribution patterns of the MHC class I [12] and class II molecules [17]. These findings have
recently been corroborated by data revealing anomalous diffusion of MHC I and II molecules
[11,39].

The present experiments significantly support the view that such above-nanometer-level
co-distribution patterns could be common among various receptor types even on non-polarized
cells. The existence of lipid rafts in the plasma membrane can easily have a central role in
maintaining such receptor superstructures [22]. Besides glycosphingolipids, cholesterol has been
postulated as an important functional component of lipid rafts. Coherent with this, modifying
membrane cholesterol content was shown to influence signaling by raft-associated molecular
assemblies [25,40]. We found that specifically complexing cholesterol in sifu with filipin, or
extracting it from the membrane with cyclodextrin changes the higher level co-localization
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patterns by dispersing and blurring the clusters of both IL-2Ra, HLA I, II and the raft protein
CDA48. At the same time, flow cytometric energy transfer measurements have shown that IL-2Ra
is in the nm scale proximity of both MHC-I and MHC-II on Kit 225 K6 and MT-1 cells
(fluorescence resonance energy transfer efficiency was in the range of 12-21%, unpublished
data). These data together support the notion that IL-2Ra and MHC proteins may be partially
confined to lipid rafts. In accordance with this, a significant cross-correlation of different color
fluorescent labels on pairs of CD48 and these molecules was found, while the sub-micron
clusters of the transferrin receptor, which is not a constituent of rafts [32,33], were significantly
smaller and did not co-localize with either IL-2Ra or CD48.

The combined application of fluorescence resonance energy transfer, electron
microscopy, confocal laser scanning microscopy and image processing suggest that both small
receptor islands and larger rafts can accommodate the IL-2 receptor a subunit together with HLA
class I and class II glycoproteins. The importance of the organizing role of lipid rafts is
underlined by the finding that caveola-like domains serve as concentrators of various signal
transduction machineries [29,41], and several small cytoplasmic kinases, a group vastly
important in the signal transduction of T lymphocytes [21,42], are bound to lipid rafts [22,30,43].
Thus, the clusters on both the molecular and the sub-micron level could underlie the efficiency
of signaling in lymphoid cells and might play a role in the directed secretion of lymphokines and
in specific internalization pathways.

MHC class II, recently reported to co-aggregate with lipid rafts upon stimulation by
crosslinking [44], and class I molecules seem to be partially recruited into the signaling platform
of IL-2R subunits and CD48 formed by rafts. Although it is believed so far that posttranslational
modification (fatty-acylation, GPI-linkage) is a specific predictor for targeting lipid rafts [21], for

transmembrane proteins with (MHC molecules) or without (IL-2Ra) intracellular tails it is hard
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to predict their partitioning behavior based on their sequence. In these domains, MHC molecules
may provide a stabilizing effect through their direct cytoskeletal connections [45]. In addition,
MHC class I molecules may also contribute to this biochemical switchboard as potential
regulators of IL-2 receptor signaling by an intracellular tyrosine phosphorylation cross-talk, as
reported for the insulin receptor recently [46].

Co-immobilization of GPI-anchored raft proteins, including CD48, on T cells has been
reported to inhibit recruitment of IL-2Ra chains with the signaling § and y subunits, but not the
association of B and y chains with the Janus kinases [47]. In light of our data showing a
“focusing” effect of rafts for IL-2Ra, this might be due to co-immobilization of IL-2Ra as well
and/or a steric blocking of its interaction with the B and y. Thus, T cell rafts related to the cell
surface clusters of the proteins investigated here may promote IL-2R mediated signaling by
recruiting the a chains into a signaling platform regardless of their ligand binding, and, on the
other hand, may also have a control on T cell growth [47] through the co-localized GPI-linked

proteins (CD48 or Thy-1).
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Summary

The advent of confocal microscopy, fast microcomputers with high storage capacity
and, moreover, the availability of fluorescent proteins of various excitation and
emission properties have made fluorescence microscopy the method of choice in the
study of protein behaviour in living cells. In this thesis we investigated in detail two
important quantitative methods, fluorescence correlation spectroscopy (FCS) and
fluorescence recovery after photobleaching (FRAP). Model systems used in
demonstrating the complementarity of the techniques and their merits included the
nuclear excision repair (NER) system, transcription regulation by the androgen receptor
(AR), and signal transduction by two membrane receptors, the EGF receptor and the

IL2-receptor.

In Chapter 1 an introduction to microscopy is given. A brief history traces the
development of microscopy from the modest lens arrangement of Zacharias Janssen to
modern fluorescence microscopes allowing quantitative investigation of protein
dynamics in living cells. A discussion of fluorescence properties of the GFP is
presented and several quantitative fluorescence microscopy techniques used are

discussed. Also the model systems studied are described.

In Chapter 2 the long-lived dark state of EGFP, the fluorescent tag used in most live
cell studies, is investigated as observed in a set-up similar to a typical fluorescence
recovery after photobleaching (FRAP) experiment. A method is presented to measure
light induced fluorescence fluctuations due to transitions between the dark and
excitable state of EGFP in bulk samples. We have found that the average lifetime of the
long-lived dark state of the chromophore is about 2.3 s irrespective of the excitation

intensity whereas the average on-time is dependent on the intensity used. The
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consequence of this behaviour for quantitative FRAP assays, i.e. the non-diffusion

related recovery of fluorescence due to these "blinking" molecules are discussed.

Chapter 3 compares two quantitative confocal fluorescence microscopy techniques,
FCS and FRAP, in the study of protein mobility, first, when biologically inert systems
are the subjects of investigation and, second, in the interpretation of measured data
when biologically active proteins are investigated. Using GFP chains of different sizes
it is shown that FCS provides a sensitive method for diffusion measurements although
difficult to apply in live cells studies. Not only does finding the appropriate place to
measure constitute a challenge to its application in live cell studies, the photobleaching
of immobile or slow moving molecules complicates FCS autocorrelation curves and the
mobility of the cells should be considered. On the other hand, mathematical analysis of
FRAP data is complicated by the relatively large observation volume and multitude of
parameters contributing to the recovery of fluorescence. We present an optimal
approach in the study of protein mobility in living cells by combining the sensitivity of

FCS to mobility with the ability of FRAP to extract binding parameters.

In Chapter 4, the complementarity of FRAP and FCS was used to study the behaviour
of DNA repair molecules. In this study the focus was on the nuclear dynamics of
nucleotide excision repair factors in the absence of DNA damage. Combined FCS and
FRAP shows that in the absence of DNA damage NER proteins are freely mobile and
move as separate entities through the nucleus. No evidence was found for temporary
storage of the inactive factors for instance in nuclear subcompartments, nor for the
formation of large precursor complexes (‘repairosomes’). In this direct comparison of
the mobility of NER proteins we found that when moving, NER proteins diffuse with

diffusion coefficients consistent with their molecular weights and any discrepancy in
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mobility can be explained by binding or transient interactions with other nuclear matter.
Our data show that chromatin-transacting proteins that are not engaged in their function
are freely mobile throughout the nucleus. Our results therefore provide further support
for a general model of chromatin-transacting processes in which free diffusion and
random collision allows for the efficient formation of functional and adaptable protein
complexes directly at the site of need. In this way, individual factors can be easily
exchanged or used for multiple actions within one or more processes, rendering a cell

capable of adapting quickly and efficiently to environmental or internal challenges.

Chapter 5 presents a study of the mechanism of deployment of the NER endonuclease
XPG to sites of UV-induced DNA damage using the ability of the photobleaching
techniques to characterize transient long-term binding events. We found that XPG
diffuses freely as a monomer in both living CHO cells and human fibroblasts, not
showing any prominent interactions other than with the nascent NER complex that is
formed in UV-damaged cells after binding of the damage sensor XPC and the
transcription/repair factor TFIIH. The in vivo dynamics of the XPG protein are similar
in human cells and Chinese hamster cells, showing that major differences in genetic

background hardly affect XPG behaviour.

In Chapter 6, results are presented of the application of FRAP and FCS in a minimally
invasive assessment of the effects of stimulation by EGF on the localization and
mobility of the EGF receptor. FCS measurements on GFP-tagged EGFR revealed a
microheterogeneity of local diffusion conditions in the cell membrane both in terms of
mobility and the effect of obstacles hindering diffusion as reflected by the large SD of
the values of the diffusion constants and the anomaly parameters. This indication of the

microdomain structure of the cell membrane and its influence on the motion of cell
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surface receptors is further supported by the anomalous nature of diffusion obtained
from FRAP experiments. Similar to the work presented in the previous chapters, these
analyses also show that FCS and FRAP provide complementary information on the
local (sub-micron) and long-range (several microns) diffusion properties of plasma

membrane receptors.

Chapter 7 presents our result on the investigation of the organization and
localization of IL2-receptor in the cell membrane of lymphoid cells with respect to
lipid rafts and MHC glycoproteins. Submicron colocalization was assessed with high-
resolution confocal microscopy and digital image processing while dynamically
averaged molecular proximities were studied with fluorescence resonance energy
transfer (FRET). Our results show that IL-2 receptor o subunits exhibit non-random
surface distribution on human T lymphoma cells. Analysis of inter-particle distances
detected in immuno-electronmicroscopy revealed that this clustering on the submicron
scale is independent of the presence of IL-2 and of the expression of the IL-2R f
subunit. Clustering of IL-2Ra is confirmed by confocal microscopy, yielding the same
average cluster size, ~ 600-800 nm, as electron microscopy. HLA class I and II and
CD48 molecules also form clusters of the same size and co-cluster with IL-2Ra
chains, indicating the association of these molecules with lipid rafts. The clusters of
IL-2Ra are dispersed by extraction of cholesterol and are proposed to underlie the

efficiency of IL-2 signalling in lymphoid cells.

Summary 252



Samenvatting

De opkomst van confocale microscopie, snelle computers met grote opslagcapaciteit en,
bovendien, de beschikbaarheid van fluorescerende eiwitten met verschillende excitatie- en
emissie-eigenschappen hebben er voor gezorgd dat fluorescentiemicroscopie de
belangrijkste methode is geworden voor het bestuderen van het gedrag van eiwitten in
levende cellen. In dit proefschrift worden twee belangrijke kwantitatieve
fluorescentiemicroscopische methoden, fluorescentie correlatie spectroscopie (FCS) en
fluorescentie redistributiec na photobleking (fluorescence recovery after photobleaching,
FRAP) in detail onderzocht. Nucleotide excisie reparatie (NER), transcriptieregulatie door
androgeen receptoren (AR), en signaaltransductie door twee membraanreceptoren, de EGF

receptor en de IL2-receptor, dienden daarbij als modelsystemen.

In Hoofdstuk 1 wordt een inleiding gegeven in de fluorescentiemicroscopie. Een kort
historisch overzicht laat de ontwikkeling van de microscoop zien, van de eerste eenvoudige
microscoop van Zacharias Janssen tot en met de meest moderne digitaal bestuurbare
confocale fluorescentiemicroscoop waarmee zelfs processen kunnen worden bestudeerd die
zich afspelen in het binnenste van zeer kleine structuren zoals de celkern. Daarna wordt
dieper ingegaan op diverse aspecten van moderne kwantitatieve fluorescentietechnieken
zoals FCS en FRAP. Tevens wordt in detail de eigenschappen van het groen fluorescerend
eiwit beschreven. Ten slotte wordt een korte beschrijving gegeven van de hierboven

beschreven modelsystemen.

In Hoofdstuk 2 wordt een studie beschreven waarin de dark state van het groen
fluorescerend proteine (GFP) nauwkeurig wordt onderzocht onder omstandigheden
vergelijkbaar met die waaronder FRAP experimenten worden uitgevoerd. Er wordt een

methode beschreven waarmee het mogelijk is om de lichtgeinduceerde fluctuaties door de
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overgangen te bestuderen van dark state naar grondtoestand van het GFP en vice versa. We
hebben gevonden dat de levensduur van de dark state ongeveer 2.3 seconde is,
onathankelijk van lichtintensiteit, terwijl de on-time athangt van de lichtintensiteit waarmee
het molecuul belicht wordt. De consequenties van dit gedrag voor het kwantificeren van

FRAP experimenten wordt bediscussieerd.

In Hoofdstuk 3 worden twee kwantitatieve fluorescentiemethoden vergeleken, FCS en
FRAP, voor het bestuderen van cellen, ten eerste wanneer biologisch niet actieve
moleculen worden bestudeerd en ten tweede wanneer de onderzochte moleculen biologisch
wel actief zijn. Met behulp van GFP-ketens van verschillende lengte wordt aangetoond dat
FCS vooral geschikt is om de diffusiesnelheid van moleculen te meten, hoewel dat moeilijk
is in levende cellen. Niet alleen is het moeilijk om de goede plaats in cellen te vinden, maar
ook moet ernstige rekening gehouden worden met het bewegen van cellen tijdens de
meting. Aan de andere kant wordt de mathematische analyse van FRAP metingen
bemoeilijkt door het relatief grote volume dat bemeten wordt en door het grote aantal
parameters dat moet worden gemodelleerd. Er wordt een door ons ontwikkelde methode
beschreven die gebruik maakt van de gevoeligheid van FCS voor diffusieverschillen en de

mogelijkheid die FRAP experimenten bieden om immobilisatieparameters te bepalen.

In Hoofdstuk 4 wordt de complementariteit van FCS en FRAP gebruikt om het gedrag van
DNA-reparatie-eiwitten in levende cellen te bestuderen. In dit onderzoek was de aandacht
gevestigd op het gedrag van reparatiefactoren in de afwezigheid van DNA schade. In de
afwezigheid van schade bleken de meeste van deze eiwitten vrij door de celkernen te
bewegen. Er werden geen aanwijzingen gevonden voor tijdelijke opslag in nucleaire
substructuren, noch voor het vormen van grote precursorcomplexen (‘reparosomen’). In

een directe vergelijking tussen de verschillende eiwitten bleek bovendien dat de
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diffusiesnelheid in afwezigheid van schade vooral bepaald werd door de grote van de
onderzochte eiwitten, en dat iedere afwijking daarvan kon worden toegeschreven aan
kortstondige binding aan immobiele structuren in de celkern. Deze gegevens geven verdere
ondersteuning aan algemene modellen voor systemen die met chromatine interacteren,
waarin DNA-eiwit complexen op de plaats waar ze nodig zijn worden gevormd uit hun
losse onderdelen die door diffusie en toevallige botsingen op de goede plek terecht komen.
Op die manier kunnen individuele factoren makkelijk en snel worden uitgewisseld tussen
verschillende typen schadecomplexen en kan de cel snel reageren op bedreigingen uit het

externe of interne milieu.

In Hoofdstuk 5 wordt een onderzoek beschreven naar de manier waarop de NER factor
XPG betrokken is bij het repareren van UV-geinduceerde DNA-schade. In dit onderzoek
werd gebruik gemaakt van de mogelijkheid om met behulp van FRAP langdurige
immobilisatie te kwantificeren. We laten zien dat de XPG factor vrij als monomeer door de
celkern beweegt en geen andere interacties aangaat dan met DNA-schade waaraan reeds
XPC en TFIIH zijn gebonden. De in vivo dynamiek van XPG was bovendien hetzelfde in
hamster en mens, waaruit blijkt dat het gedrag van XPG niet athankelijk is van genetische

achtergrond.

In Hoofdstuk 6 worden de resultaten getoond van de toepassing van FCS en FRAP in
minimaal invasieve experimenten om de localisatie en mobiliteit van door EGF
gestimuleerde EGF receptoren te bepalen. FCS-experimenten op GFP-gelabelde EGF
receptoren lieten een kleinschalige heterogeniteit zien van zowel diffusiesnelheid als van
obstakels die de vrije diffusie van EGFR hinderden, zoals bleek uit grote variatie en
anomalieparameters. Deze aanwijzingen die duiden op een microdomeinstructuur van de

celmembraan werden verder ondersteund door FRAP-experimenten die anomale diffusie
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lieten zien. Deze resultaten laten op vergelijkbare wijze met de eerder beschreven
experimenten zien dat FCS en FRAP complementair zijn in de zin dat FCS bijzonder
geschikt is voor snelle diffusiemetingen en FRAP voor het meten van lange termijn

effecten.

In Hoofdstuk 7 worden de resultaten beschreven van onderzoek naar de organisatie en
lokalisatie van de IL-2 receptor in de celmembranen van lymhpoide cellen met betrekking
tot lipid rafts en MHC-receptoren. Submicron lokalisatie werd bepaald met hoge resolutie
microscopie en digitale beeldbewerking, terwijl dynamisch gemiddelde moleculaire
afstanden werden bestudeerd met behulp van fluorescentie resonantie energie transfer
(FRET). De resultaten laten zien dat subunits van de IL-2 receptor a op een niet
toevallige manier verdeeld zijn in clusters over het oppervlak van menselijke T-
lymphoma cellen. Analyse van de afstanden tussen de clusters m.b.v. immunogoud
labeling en electronenmicroscopie liet zien dat deze clusters niet athankelijk zijn van de
aanwezigheid van IL-2 receptor B subunits en de aanwezigheid van IL-2. Clustering van
IL-2 receptor a werd bevestigd door confocale microscopie, waar de zelfde dimensies
werden gemeten als met electronenmicroscopie (~600-800 nm). HLA klasse I en II en
CD48 moleculen vormen ook clusters van dezelfde grootte en clusteren samen met 1L-2
receptor o ketens. De clusters gevormd door IL-2 receptor o zijn gevoelig voor
cholosterol extractie, dit geeft een aanwijzing dat ze waarschijnlijk aanwezig zijn in /ipid
rafts en zou de basis kunnen vormen voor de efficiéntie waarmee signalen worden

doorgegeven in lymphoide cellen.
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