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Aims and Scope

Fluorescence spectroscopy, fluorescence imaging and fluorescent probes are indis-
pensible tools in numerous fields of modern medicine and science, including
molecular biology, biophysics, biochemistry, clinical diagnosis and analytical and
environmental chemistry. Applications stretch from spectroscopy and sensor tech-
nology to microscopy and imaging, to single molecule detection, to the develop-
ment of novel fluorescent probes, and to proteomics and genomics. The Springer
Series on Fluorescence aims at publishing state-of-the-art articles that can serve as
invaluable tools for both practitioners and researchers being active in this highly
interdisciplinary field. The carefully edited collection of papers in each volume will
give continuous inspiration for new research and will point to exciting new trends.






Preface

A plethora of reviews, popular science books, and scientific textbooks have been
written on the significance of fluorescent proteins in the life sciences. More than
30,000 references can be found in bibliographic databases which refer to at least
one among the members of this protein family (see Fig. 1). Most of these narrate on
how fluorescent proteins may be used to label gene products, how they may be
visualized in cellular compartments by fluorescence microscopy, or how they may
be expressed in individual cells, thus provoking novel findings in ontogenesis. In
most of the experiments described, fluorescent proteins are being exploited as
miniaturized light bulbs, the length scale is that of microns, and the time scale is
that of seconds or longer. There is no doubt that fluorescent protein technology has
revolutionized life sciences in that proteins have become universal and standard
tools in molecular biology laboratories.

A minor fraction of roughly 5% of all publications deals with the nanoscopic
properties of fluorescent proteins (FPs) acting as light bulbs. Early achievements
include the crystallographic analysis of their molecular structure [1, 2], the discov-
ery of excited-state proton transfer in the naturally occurring FP [3, 4], and the
erratic light emission of individual members of FPs [5, 6]. Especially the last
experiments, along with low temperature studies [7, 8], have revealed that FPs
exhibit a tremendous heterogeneity in terms of structure and dynamics.

It is therefore not astonishing that FPs have had a large impact on other areas of
biophysical research, e.g., in studies on protein folding [9-11]. However, the
irregular emission of light by FPs also has impacted experiments in the life
sciences: most operators of fluorescent protein technology, whom I was talking
to, were concerned about weird experimental features like rapid initial fading in
time-lapse microscopy, sometimes with sudden fluorescence recovery, or changing
FRET-ratios upon continuous illumination. Such annoying findings can be traced
back to the wealth of light-driven processes in the proteins, and I am quite sure that
more surprises of that kind have been experienced by others. It should be empha-
sized here that such “strange” photodynamics have initiated seminal studies on
protein diffusion and high-resolution microscopy [12—14].

vii
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Fig. 1 Number of references related to fluorescent proteins (database: web-of-science). The
number of articles dealing with Green Fluorescent Protein has reached saturation now at a level
of typically 2,000 articles per year for almost a decade. Those on the Red Fluorescent Proteins are
still increasing

Volumes 11 and 12 of the Springer Series on Fluorescence deal with various
aspects of fluorescent proteins. The first volume (Fluorescent Proteins I) is devoted
to the molecular, i.e., mainly optical, properties of fluorescent proteins. In the first
part, the primary processes leading to fluorescence are discussed: excitation, relax-
ation, and other processes in the excited state and in emission. Fluorescence
proteins are treated as “ordinary” fluorophores, and one article is highlighting our
opportunities to circumvent the synthetic limitations given by nature. The second
part focuses on the mechanisms that make the difference to conventional fluoro-
phores: isomerization, protonation, as well as reversible and irreversible photo-
chemical reactions. The knowledge on how these processes are affected by the
surrounding of the FP allows for tailoring it with respect to spectacular applications,
applications that are not conceivable with “ordinary” fluorophores.

In the second volume (Fluorescent Proteins II), the key aspect is on applications.
Its first part is giving an overview on how many unconventional photophysical
properties latently exist in naturally occurring and how double-resonance experi-
ments enable the information to be extracted from microscopy data in an unprece-
dented way. More on high-resolution microscopy will be found in forthcoming
volumes of this series. Quantitation, a central objective of analysis, is the compre-
hensive caption of the articles in the next part. We may state, justifiably, that
researchers have reliable tools at hand to quantify some of the most abundant
ions after more than a decade of development. Other physiological parameters of
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overwhelming importance like the transmembrane potential still need to experience
this development. The last part reports on three examples of utmost biological
relevance and how ultrasensitivity in bioanalysis, i.e., single-molecule technology,
is merged with FP technology. This combination has resulted in an understanding
of processes on a molecular level and in detection limits that were not even thought
of some 15 years ago.

A preface is also always the occasion to deeply acknowledge the support by
others. First of all, I have to thank my family who tolerated my commitment to this
experience. I also would like to express my thanks to my coworkers, to my
colleagues, and to the representatives of Saarland University for their understand-
ing. In times of growing competitiveness in many academic areas, it is not self-
evident to dedicate a substantial amount of time to such a book project. For the
same reason, I especially appreciate the immense work of all authors of these two
volumes who are all passionate, but busy scientists and who (more or less) volun-
tarily spared no pains to complete their manuscripts in a wonderful and highly
professional way. By now, it also may be appropriate to apologize for my e-mail
bombardments!

Saarbriicken, Germany Gregor Jung
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Fluorescent Proteins: Nature’s Colorful Gifts
for Live Cell Imaging

Jorg Wiedenmann, Cecilia D’Angelo, and G. Ulrich Nienhaus

Abstract Fluorescence of marine organisms has fascinated researchers since the
early twentieth century. The successful application of the green fluorescent protein
(GFP) from the jellyfish Aequorea victoria in 1994 as genetically encoded marker
resulted in a massive increase in interest for naturally fluorescent proteins. Methods
are now established that allow the fast isolation of new genes encoding GFP-like
proteins from marine creatures, resulting in an impressive array of glowing proteins
with different biochemical and optical properties. Protein engineering has been
applied to render natural variants into advanced optical tools for live cell imaging,
promoting studies of protein localization and movement, gene activity, sensing of
intra- and extracellular condition, and tracking of whole cells and organisms.
Finally, photoactivatable proteins were discovered that enable pulse-chase experi-
ments and live cell imaging of proteins with a resolution beyond the diffraction
barrier of optical microscopy. Phylogenetic sequence analyses revealed interesting
details about the molecular evolution of these proteins including the convergent
evolution of colors. Marine organisms, especially corals, still harbor a huge number
of GFP-like pigments, the majority of which are yet to be studied. Consequently,
further important discoveries of useful marker proteins can be expected in the
future.
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1 Introduction

The functional expression of the green fluorescent protein (GFP) in a nematode
worm launched the era of live cell imaging and opened up new horizons for
biomedical research [1]. Initially discovered during studies of jellyfish biolumines-
cence by Osamu Shimomura, the unusual biochemical properties soon made GFP
from Aequorea victoria (avGFP), an indispensable tool for cell biology [2]. The
protein can be expressed in its functional form in virtually any type of cell,
facilitating the use of GFP as a genetically encoded marker of gene activity or for
tracking of proteins in living cells [2]. The outstanding impact of GFP technology
on life sciences research was recognized by the award of the Nobel Prize in
Chemistry 2008 to Osamu Shimomura, Martin Chalfie, and Roger Tsien for the
“discovery and development of the green fluorescent protein, GFP”. Multicolor
labeling was enabled by the generation of blue and yellow variants, and GFP-based
sensor systems were developed that report changes in both intracellular and extra-
cellular conditions. The discovery of GFP-like proteins in non-bioluminescent sea
anemones and related organisms gave access to a great variety of homologous
proteins with novel optical properties [3—6]. The gene hunt in the oceans resulted in
novel variants including red fluorescent and photoactivatable proteins [7-9]. The
evolution of the diverse spectroscopic properties of GFP-like proteins was analyzed
using molecular biology and bioinformatics tools [10]. The phylogenetic tree of
GFP-like proteins shows a clustering of optical features in certain taxonomic
groups. This knowledge can be exploited in targeted searches for novel lead
structures. Here, we outline the history of the development of the fluorescent
marker protein technology, introducing marine organisms as source of novel
marker proteins that enable fascinating live cell imaging applications.
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2 Natural Sources of Fluorescent Proteins

2.1 History of Fluorescent Protein Research

The striking phenomenon of cnidarian bioluminescence in the marine realm was
first described by Pliny the Elder (first century ap) and by Claudius Aeliani
(second century AD) [11]. About eighteen centuries passed until the GFP of the
hydromedusae A. victoria (avGFP) emanated as a “by-product” from studies of
bioluminescence [12].

In 1925, Harvey observed the appearance of bluish fluorescence in previously
nonfluorescent, light-emitting tissue upon stimulation of luminescence of the
ctenophore Mnemiopsis [13]. The fluorescence was probably emitted by a sub-
stance similar to the blue fluorescent protein that appears as an intermediate in the
luminescence reaction of the photoprotein aequorin isolated from A. victoria
[12, 14, 15]. A yellow-green fluorescence was observed in the luminescent tissue
of Aequorea and Halistaura [16]. During isolation and characterization of the
photoprotein aequorin, Shimomura et al. identified the green fluorescent pigment
of A. victoria as a protein [12].

FPs were also described for the hydroid Obelia, the hydromedusae Aequorea,
and the pennatullacean Renilla [17-19]. In vitro, the bioluminescence reaction of
these species produces bluish light with broad emission spectra, with maxima
between 460 and 486 nm [18, 19]. However, the in vivo luminescence showed
narrow peaks with maximal emission at 508 nm, matching the fluorescence
emission spectrum of GFPs. The absence of the blue emission during the
in vivo luminescence reaction indicates a non-radiative energy transfer between
the light-generating proteins (luciferases, acquorin) and GFP [18]. GFPs or tissue
fluorescence peaking around 508 nm was identified in numerous bioluminescent
hydromedusae, hydropolyps, and pennatularians [11, 18-26]. GFPs with shorter
emission wavelengths were found in Halistaura (497 nm) and Phialidium
(498 nm) [26, 27]. In these bioluminescent cnidarians, GFPs were exclusively
found in the photogenic cells [11, 24, 28].

The imidazolone structure of GFP was proposed by Shimomura in 1979 and later
confirmed by Cody et al. [29]. During these early years of GFP research, details
about the biochemical and optical properties also became available [27].

Finally, Prasher and coworkers determined the amino acid sequence of avGFP in
1992 [30]. The application potential of avGFP was fully realized when Chalfie and
coworkers achieved the functional expression in the nematode worm Caenorhab-
ditis elegans [1]. Their utility as genetically encoded marker is enabled by the
autocatalytic formation of the chromophore in the presence of molecular oxygen
[31-33].

The possibility to produce avGFP in unlimited quantities in recombinant systems
stimulated further research on the biochemical and photophysical properties [2].
The molecular structure of avGFP was resolved by X-ray crystallography [34, 35],
which enabled rational approaches to molecular engineering of the protein. Finally,
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the possibility to alter the amino acid sequence by mutagenesis techniques opened
the opportunity to customize GFP for imaging applications. These studies yielded,
for instance, blue- and yellow-shifted emitters useful for multicolor labeling [2].

Today, it is well established that marine cnidarians host a variety of GFP-like
protein pigments. However, already before the recent systematic studies, these
pigments attracted sporadic interest from researchers. In 1927, UV-induced green
fluorescence was demonstrated for a sea anemone from a rock pool in Great Britain
[36]. Kawaguti noted in 1944 that green pigments of scleractinian corals in Palao
exhibited green fluorescence [37].

Red fluorescence from a sea anemone was first observed by Marden [38] during a
dive in the Red Sea. At a depth of 20 m, where the red components of the down-
welling light are readily attenuated from the spectrum, a sea anemone appeared in
bright red. He explained the phenomenon by the presence of red fluorescent
pigments excited by blue-green light. Wobber [39] documented the red fluorescence
of Corynactics californicus by photographing the animals under natural light at a
depth of 40 m. A note on the fluorescence of the corals Montastrea cavernosa and
Mussa angulosa was published by Read [40]. Orange and red fluorescence could be
induced by exciting the corallimorpharian C. californicus, the coral Balanophyllia
elegans, and a tube anemone Cerianthus sp. with ultraviolet, blue or green light [41].
Using UV light for excitation, Catala described the fluorescence of numerous corals
[42-45]. Species belonging to 16 genera displayed fluorescence. For example,
representatives of the genus Flabellum collected at a depth of 3540 m showed
intensive green fluorescence in the fleshy parts, whereas Trachyphyllia emitted
orange fluorescence. In some specimens, he also observed a change of fluorescence
color from green to pink upon prolonged or frequent irradiation with UV light [42].
UV-induced fluorescence was reported also for various corals, corallimorpharians,
and actiniarians under irradiation [46].

A chromatophore system containing fluorescent pigments was found in the
entodermal layer of the coral Leptoseris fragilis [47-50].

Mazel [51-55] provided photographic documentation and spectral characteriza-
tion of fluorescent pigments of corals, corallimorpharians, and sea anemones from the
Caribbean Sea. The pigments could be arranged in four major classes, with emission
maxima around 486, 515, 575, and 685 nm. The red emission peaking at 685 nm could
be attributed to chlorophyll of the symbiotic algae [54, 55]. Salih et al. [56] found
fluorescent morphs among 124 species of 56 genera of Great Barrier Reef corals.

Despite the urgent need for red fluorescent marker proteins, the red-shifted
emitters found in non-bioluminescent cnidarians were not considered as potential
candidates for two reasons. (1) It was assumed that these pigments represent flavin-
like compounds or phycobiliproteins. Both pigment types are products of complex
biosynthesis pathways and therefore not suitable as genetically encoded markers.
(2) In those days, GFPs were found only as secondary emitters in bioluminescent
organisms and, consequently, their existence in non-bioluminescent cnidarians was
ruled out.

The GFP-like protein nature of green and red fluorescent and the nonfluorescent
pink pigments was realized by Wiedenmann in 1997 [4] and confirmed by the
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cloning of several FPs with emission colors from cyan to red by Matz et al. [3] and
Wiedenmann et al. [5, 6].

The following years yielded numerous natural FPs with novel spectral properties
[57-73]. Protein engineering rendered them in even more useful tools. Milestones
of the discovery and engineering of fluorescent proteins are outlined in Fig. 1.

2.2 Marine Organisms as Sources of GFP-Like Properties

2.2.1 Distribution Among Animal Phyla

As yet, GFP-like proteins have only been isolated from marine organisms (Fig. 2).
Most of them belong to the phylum cnidaria [10]. However, green fluorescent
homologs were also isolated from the taxa crustacea [65], ctenophora [74], and
chordata [75]. The wide distribution suggests that, in principle, any metazoan
organism can harbor GFP-like proteins. However, the taxon anthozoa proved to
be the most rewarding source for innovative fluorescent marker proteins such as red
fluorescent and photoactivatable proteins [7, 9].

2.2.2 Color Morphs

The existence of several morphs with striking color differences is common among
many species of reef corals and sea anemones [76—79]. Already in the nineteenth
century, numerous color morphs of Anemonia sulcata (=viridis) were described
[80-82]. Five distinct color morphs of this species can be distinguished based on the
presence of four GFP-like proteins in the tentacles [77] (Fig. 3). Also the morphs
of the reef coral M. cavernosa owe their colors to differing tissue concentrations of
cyan, green, and red fluorescent proteins [61, 79]. Interestingly, color morphs of
both A. sulcata and M. cavernosa express the whole collection of pigments charac-
teristic for each species. The color differences result from transcript levels that
differ relative to each other among the morphs [61, 83]. This implies that novel
GFP-like proteins can be discovered that display colors different from the color of
the animal under study. Our studies of the sea anemone Calliactis parasitica
revealed that red fluorescent proteins can even be cloned from animals that appear
to be nonfluorescent ([67]; Gamber and Wiedenmann, unpublished).

2.2.3 Distribution in the Organism

GFP-like proteins can contribute up to 14% to the total soluble cellular proteins in
the expressing tissue of some corals [79, 83]. In contrast to bioluminescent cnidar-
ians where the expression of GFPs seems to be restricted to the photogenic tissue,
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Fig. 1 Timeline of discovery and engineering of fluorescent proteins from cnidarians. This

modified version of an image from reference [8] is a kind gift of Michael W. Davidson, Florida
State University
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Fig. 2 Marine organisms as sources of fluorescent proteins. The upper row shows daylight
photographies of a hydrozoan jellyfish (/eft), a faviid coral (center) from the Great Barrier Reef
and plankton sample (mainly copepods) from the English Channel (right). Fluorescence images
show the distribution of green and red fluorescent proteins. Only the calanoid copepod in the center
of the image contains GFPs

Fig. 3 Color morphs of Anemonia sulcata (=viridis) are defined by the tentacle content of green
fluorescent proteins (asF499; asFP522), a red fluorescent protein (asFP595), and nonfluorescent,
pink chromoproteins (asCP562). From left to right: var. rustica (no detectable content); var. viridis
(GFPs); var. smaragdina (GFPs, asCP562); var. rufescence (GFPs, asFP595, asCP562) (not
shown: var. vulgaris with asCP562). Animals were photographed under daylight (upper row)
and UV (366 nm) light (lower row)
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no uniform picture of the distribution of GFP-like proteins exists in non-biolumi-
nescent anthozoans [11, 24, 28, 84].

Sea anemones and reef corals, in particular, show differing expression patterns
of cyan, green, and red fluorescent proteins and nonfluorescent chromoproteins [77,
78, 83, 84]. Nevertheless, a few notable tendencies do exist. In many corals and sea
anemones, the GFP-like proteins are found in highest abundance in the light-
exposed part of the animals, such as the upper side of a colony or in the tentacles
of polyps [77, 85]. Specifically, nonfluorescent chromoproteins are often localized
in the tips of tentacles or branches and growth margins of coral colonies [77, 85].
Large differences in the distribution of GFP-like proteins in the tissue of scleracti-
nian corals have also been documented at the microscopic scale.

Peloux [86] demonstrated that fluorescence was emitted from pigment granules
localized in the entoderm in Goniopora lobata. In contrast, in Euphyllia picteti, the
pigment granules were found in elongated cells of the ectoderm [86]. The orange-
red fluorescent pigment of the solitary coral Cynarina lacrymalis appeared to be
distributed in a diffuse, nongranular manner in the ectoderm. Kawaguti observed a
membrane surrounding the pigment granules of Lobophyllia robusta as well as a
close proximity of smaller granules with the endoplasmatic reticulum [87]. In the
ectodermal cells of Isophyllia sinuosa, pigment granules are often surrounded by
two membranes [88].

Salih and coworkers found that fluorescent granules were localized mainly
above the symbiotic algae in corals from high light habitats, whereas in specimens
from low light habitats, they were dispersed among or under the zooxanthellae layer
[56]. Both, in Lobophyllia hemprichii and M. cavernosa, fluorescent pigments can
engulf the vacuoles containing the symbiotic algae [79] (Fig. 4).

10 um

Fig. 4 Microscopic images of the distribution of GFPs in the tissue of anthozoans. The tentacle
cross-section of the sea anemone Anemonia sulcata (var. smaragdina) (left) shows a dominant
localization of GFPs in the ectodermal cells. The red fluorescence of the gastrodermal cells is
caused by the chlorophyll of the zooxanthellae. In the reef coral Montastrea cavernosa (right),
GFPs are also found in gastrodermal cells surrounding the red fluorescent zooxanthellae. Images
modified from references [79, 89]. Copyright Elsevier 2007 and 2007 John Wiley & Sons Ltd
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The green and red fluorescent pigments of the sea anemone A. sulcata are evenly
distributed in the ectodermal cells of the tentacles [89] (Fig. 4).

2.2.4 Regulation of GFP-Like Protein Expression in Cnidarians

In many reef building corals, both fluorescent and nonfluorescent GFP-like
proteins are most abundant in light-exposed parts of the colonies. For numerous
species, this can be explained by a strong response of FP-encoding genes to the
intensity of light experienced by the corals [85]. The blue region of the spectrum
proved to be most effective in stimulating the expression of FPs on the tran-
scriptional level. Interestingly, different groups can be distinguished based on
their response to changes in the light climate (Fig. 5). Members of the low
threshold group are upregulated already at low light intensities; however, under
higher light levels, the tissue concentration of these proteins reaches a plateau or
even decreases. In contrast, the amount of FPs belonging to the high threshold
groups is negligible under low light, but increases nearly proportional to the
amount of incident photons [85]. Representatives of a third group express FPs at
high levels independent of the light intensity in the habitat [79, 83]. A striking
example of light-independent expression of GFPs are tube anemones from the
deep sea that are brightly fluorescent in the virtual absence of sunlight [90]
(Fig. 5).
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Fig. 5 Differential expression of fluorescent proteins in Acropora millepora in response to the
light intensity (a). Cyan fluorescent proteins (amFP584, amFP496) are downregulated at high light
intensities. Tissue concentrations of green and red fluorescent proteins (amFP512; amFP605)
increase nearly proportional with the amount of incident light (b). The graph shows averages of
five replicate measurements. Error bars represent standard deviation. (¢) Fluorescence image of a
tube anemone (ceriantharia) acquired in 530 m depth in the Gulf of Mexico. The depth (ft) and
temperature (Temp, °C) are displayed. Panel (c¢) modified from [90] with permission
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2.2.5 Spectral Properties of Natural GFP-Like Proteins

Most of the GFPs isolated from bioluminescent hydrozoa and anthozoa, such as
Renilla or Aequorea, show a narrow emission spectrum peaking at ~508 nm and act
as secondary emitters in the chemiluminescence reaction [11, 27]. Exceptions are
found in the fluorescent proteins from Phialidium sp., where both blue-shifted
(498 nm) and red-shifted (537 nm) emission maxima were observed and in Halistaura
GFP which has also a blue-shifted (497 nm) emission maximum [26, 27, 65].
Regarding the position of excitation maxima, considerable differences were detected
among GFPs from bioluminescent cnidaria. They were localized at 465 nm (Halis-
taura GFP), 485 nm (Phialidium GFP), 498 nm (Renilla GFP), and 525 nm (Phiali-
dium YFP) [26, 27, 65]. The excitation spectrum of avGFP is characterized by a major
maximum at 398 nm and a side maximum at 475 nm.

The set of fluorescent proteins from non-bioluminescent anthozoa FPs can be
grouped in cyan, green, yellow, and red fluorescent proteins (Fig. 6). Cyan fluores-
cent proteins (CFPs) show excitation maxima of 400-460 nm and emission maxima
of 480-486 nm. GFPs usually have excitation maxima between 480 and 518 nm and
show emission spectra peaking between 490 and 522 nm. The excitation of some
GFPs such as asFP499 show a second, more or less pronounced, maximum at
~400 nm [5]. This band corresponds to the absorption of the neutral chromophore
and contributes to the excitation spectrum via excited state proton transfer [91, 92]
(Fig. 6).

A GFP (Dronpa) cloned from a pectinidae coral shows an interesting photo-
switching behavior [93]; green fluorescence peaking at 518 nm is emitted when
Dronpa is irradiated with light around the excitation maximum at 503 nm. However,
the protein undergoes photoconversion to a nonfluorescent state with an absorption
maximum at 390 nm when being excited with such wavelengths. Conversely, upon
excitation of the nonfluorescent form at 390 nm, the green fluorescent state is almost
completely restored. Photoswitchable GFPs were also isolated from a deep sea
cerianthid and a ctenophore [74, 90].

So far, only one truly yellow fluorescent protein (YFP) has been cloned from
non-bioluminescent anthozoans (Zoanthus sp.) showing excitation/emission max-
ima at 528/538 nm [3]. Finally, the group of naturally red fluorescent proteins have
emission maxima ranging from 583 to 611 nm. In this group, excitation spectra are
characterized by maxima between 558 and 574 nm. The maturation of both yellow
and red fluorescent proteins can produce minor amounts of green fluorescent side
products [94]. These green fluorescent states have excitation and emission maxima
at 475-500 nm and 500-520 nm, respectively [6, 95]. Their contribution to the total
fluorescence depends on the protein. In eqFP611, the residual green fluorescence is
less than 1% of the red emission [6], while in dsRed the contribution is considerably
higher [94-96]. Fluorescence resonance energy transfer (FRET) can be observed if
green and red emitting states of GFP-like proteins are present within a single
tetramer [64, 95].

A special case is represented by photoconverting proteins such as Kaede or
EosFP [59, 64, 65, 79]. Upon expression, these proteins form a green fluorescent
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Fig. 6 Spectral properties of major color classes of GFP-like proteins. Panels (a)—(i) show the
excitation and emission spectra of fluorescent proteins or the absorption spectrum in the case of the
nonfluorescent chromoprotein asCP562. (a) CFP (eqFP486) from Entacmaea quadricolor
(Wiedenmann, unpublished). (b) GFP (asFP499) from Anemonia sulcata [5]. (¢) GFP (cmFP512)
from Cerianthus membranaceus [67]. (d) YFP (zFP538) from Zoanthus [3] sp. (e) RFP (dsFP586)
from Discosoma sp. (Wiedenmann, unpublished). (f) RFP (eqFP611) from Entacmaea quadricolor
[6]. (g) Pink chromoprotein asCP562 from Anemonia sulcata [5]. (h) Green-to-red photoconverting
protein EosFP from Lobophyllia hemprichii before, and (i) after photoconversion [64]. zFP538
spectra are a courtesy of M. Matz

state with excitation and emission maxima around 506 and 516 nm, respectively.
Irradiation with ~390 nm light irreversibly changes the proteins to red emitters
(Amax ~ 581 nm) with an excitation maximum at ~572 nm [64].

Aside from the brightly fluorescent members, the GFP family also comprises a
large number of homologous proteins that show intense color but no visible
fluorescence [10, 68, 77, 78, 85]. Some of these nonfluorescent chromoproteins
can, however, exhibit very weak red fluorescence detectable in a spectrophotometer
[67, 68]. For asulCP, a quantum yield of <0.001 was determined. In contrast, with
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a quantum yield of <0.0001, the blue chromoprotein Rtms5 from Montipora
efflorescens is de facto nonfluorescent [97].

The chromoproteins asulCP and asCP562 undergo conversion into a red fluores-
cent state upon excitation with green light ([68]; Wiedenmann and Girod, unpub-
lished). The process can be reversed by irradiation of the red fluorescent protein
with blue light [68]. Photoswitching is associated with a trans—cis isomerization of
the chromophore [98].

2.2.6 Structural Properties

In solution, avGFP exists as monomer at concentrations below 1 mg/ml [27]. At
higher concentrations, dimerization occurs with a K4 of 0.1 mM [99]. In contrast,
GFPs from Renilla sp., Phialidium gregarium, and Halistaura (Mitrocoma) cellu-
laria form stable non-dissociatable dimers [27].

Throughout the different color classes of GFP-like proteins, the B-can fold is
almost perfectly conserved (Fig. 7). However, most GFP-like proteins from
anthozoans exist as homo-tetramers [6, 59, 60, 64, 67]. In some cases, the oligo-
merization tendency is reduced [6]. Among others, the cyan FP MiCy from a
scleractinian coral forms a dimeric association [63].

The rigid B-can fold of coral FPs can help to explain the long half-lives of up to
3 weeks determined in vivo for the corals L. hemprichii and M. cavernosa [83]
(Fig. 7).

The 4-(p-hydroxybenzylidene)-5-imidazolinone structure of the avGFP chromo-
phore appears to be universally involved in the development of chromogenic
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Fig. 7 Structural properties of GFP-like proteins (a) The B-can fold of EosFP from the reef coral
Lobophyllia hemprichii. (b) Tetrameric assembly of EosFP. (¢) Protein turnover measured in vivo
and in situ in L. hemprichii. The diagram shows the decay of the tissue fluorescence at 581 nm in
animals kept in the dark. Under these conditions, green-to-red photoconversion of newly synthe-
sized protein is prevented, and the decrease of red tissue fluorescence can be used as indicator of
the decay of the red fluorescent form of EosFP that was present at the beginning of the experiment.
No changes in tissue fluorescence can be detected in illuminated corals. The diagrams show the
medians; error bars display the first and third quartiles. Data from the dark-treated animals were
fitted with an exponential decay. Panel (c) reprinted with permission from [83] (Copyright 2007
John Wiley & Sons Ltd)
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properties in both fluorescent and nonfluorescent GFP homologs [7]. The conser-
vation of the second and third chromophore-forming amino acids, tyrosine and
glycine, and catalytic residues such as arginine in homologous positions to Arg96 in
avGFP indicate that the basic mechanisms of chromophore formation are similar.
Pronounced differences exist in regard to the modification of the GFP-type chro-
mophore that yields the structures responsible for cyan, yellow, and red fluores-
cence or nonfluorescent pink to blue colors [7].

Structural features are discussed in greater detail in the chapter “Structure-
Function Relationships in Fluorescent Marker Proteins of the GFP Family”.

2.2.7 Molecular Evolution of GFP-Like Proteins

At the moment, more than 100 sequences coding for GFP-like proteins are available
from databases, many of them awaiting further characterization of the coded
protein. The length of the amino acid sequence of these FPs range from 225 (e.g.,
dsRed) to 238 (avGFP). One exception is the protein cFP484 from Clavularia sp.
[3] showing a length of 266 amino acids. The length and composition of both the
N- and the C-terminus vary considerably among different FPs (Fig. 8). The core
protein is characterized by alternating conserved and variable regions. One striking
feature is the strict conservation of the tyrosine—glycine motif within the chromo-
phore. Moreover, the amino acids arginine and glutamine in positions homologous
to residues Arg96 and Glu222 in avGFP are strictly conserved. These amino acids
are thought to be involved in the autocatalytic formation of the GFP chromophore
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Fig. 8 Multiple sequence alignment of avGFP, a GFP (cmFP512 from Cerianthus membranaceus
[67]), a nonfluorescent chromoprotein (asCP562 from Anemonia sulcata [5]), a red fluorescent
protein (dsRed from Discosoma sp. [3]). Conserved residues are shaded in black. The chromo-
phore-forming amino acids are shaded in gray and marked by a black arrow. The position
corresponding to histidine 148 in avGFP is highlighted by a gray arrow
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[32, 35, 100-102] (Fig. 6). In contrast, the first residue of the chromophore appears
to be rather variable among differently colored GFP-like proteins. Consequently,
prediction of the spectral properties based on this position is not reliable. Glutamine
can serve as the first chromophore residue in both green and red fluorescent proteins
[67] (Fig. 8). An exception is histidine in the first position of the chromophore. In all
FPs examined so far, this type of chromophore underwent photoconversion from a
green to a red fluorescent state upon irradiation with UV light [59, 64, 65, 103, 104].

In addition, the position corresponding to His148 in avGFP can be indicative of
the spectral properties of GFP-like proteins. In highly fluorescent proteins, this
residue is a serine, while in nonfluorescent GFP-like proteins this position is
occupied by, for instance, alanine, cysteine, or aspartate [3, 73]. However, the
proteins eqFP611 [6] and cmFP512 [67] provide exceptions to the rule. These
proteins possess amino acids different from serine in the homologous position,
aspargine and alanine, respectively, but exhibit a strong red (eqFP611) or green
(cmFP512) fluorescence [6, 67, 105].

Molecular phylogeny approaches performed on amino acid sequences of FPs
showed that the proteins group often according to the classical taxonomy of the host
animals rather than to their spectral properties [5, 10, 58, 65, 106] (Fig. 9). The
phylogenetic trees of GFP-like proteins suggest a multiple convergent evolution of
red fluorescent proteins and nonfluorescent chromoproteins [10, 65].

The red fluorescent proteins dsRed, Kaede, and EosFP, for instance, show quite
similar spectral properties: dsRed has an emission maximum at 583 nm, whereas
the emission spectrum of red-converted Kaede and EosFP peaks around 581 nm.
Nevertheless, the chromophore structure and underlying formation mechanisms are
clearly different and suggest a convergent evolution of these red emitters [106,
107].

Based on the computational reconstruction of ancestral genes, a GFP was
proposed to be the common ancestor of differently colored FPs in scleractinian
corals [10, 108]. These results show that bioinformatics can help to localize key
residues responsible for both biochemical and photophysical properties of FPs.

2.2.8 Biological Function(s) of GFP-Like Proteins

GFPs in bioluminescent cnidarians, as for instance avGFP, are exclusively found in
the photogenic tissue of the animals [11, 16, 28]. They can form tight molecular
interactions with photoproteins, as for example with luciferase in the case of Renilla
[109]. The fact that they ubiquitously act as secondary emitters of light generated in
the chemiluminescent reaction [11] suggests that their function might be associated
with the bioluminescence function. Most cnidarians emit light upon mechanical
stimulation [11, 110], which may be interpreted as a deterring response to the action
of predators. The sudden flash might dazzle or confuse a nocturnal raider of pelagic
jellyfish, allowing the prey to escape into the dark. As most cnidaria are quite well
protected by their cnidae charged with potent toxins, they have rather few enemies
specialized in feeding on them. A large number of predators of sessile cnidaria,
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especially of hydrozoans, are found among nudibranchs (sea slugs) [111-113]. It is
hard to imagine that these animals can be prevented from feeding by light flashes.
Therefore, light emission could probably be used to attract larger predators, subse-
quently attacking the enemy of the cnidarians [114]. This scenario can be as well
assumed for pelagic species. But why use GFPs as secondary emitters? In the case
of Renilla luminescence, the answer appears to be straightforward: light emission
via GFP increases the quantum yield of the chemoluminescence reaction and
thereby promotes its effect [109]. Many photoreceptors have a high sensitivity in
the green spectral region [115, 116]; therefore, a focused emission of green light
might increase the perceptibility of the emitted light as compared to the broad-
banded bluish light, which is generated in the chemiluminescent reaction. The
optical properties of coastal waters allow most efficiently the penetration of green-
yellow light [117], which might also have promoted the evolution of the secondary
green emitters to increase the transmission efficiency of the light produced in the
bioluminescence reaction.

The great majority of anthozoa species are non-bioluminescent, but many of them
contain fluorescent proteins. The wide range of emission colors and the existence of
nonfluorescent, yet intensely colored GFP homologs, also poses the question about the
biological reasons for this variability [6, 10, 85].

Kawaguti suggested that the green fluorescent pigments convert harmful UV
radiation into less energetic light that can be used by symbiotic zooxanthellae [37,
118]. The hypothesis of a photoprotective function seems to be supported by the
finding that fluorescent morphs of A. sulcata are more abundant in shallow water
habitats compared to the nonfluorescent morph var. rustica [77]. For the green
fluorescent morph var. smaragdina, this distribution is probably caused by an
enhanced fitness in the competition for space under high light conditions [119].
Similar conclusions were drawn by Salih and coworkers studying fluorescent
pigments of Great Barrier Reef corals [56]. They reported the highest number of
fluorescent morphs from the shallowest site, thus supporting a photoprotective
function.

Moreover, the light regulation of several genes encoding GFP-like proteins
suggests function(s) associated with the photobiology of reef corals [85].

Nevertheless, most green, yellow, and red fluorescent proteins as well as GFP-
like chromoproteins emit and/or absorb light at wavelengths with sometimes minimal
effects on photosynthesis of the symbiotic algae. These optical properties make them
rather unsuitable for light shielding purposes [85]. Furthermore, the majority of the
proteins show only minor absorption in the UV region (320400 nm), making an
exclusive UV screening function unlikely. Also, the high-level expression in azoox-
anthellate anthozoans from habitats without light stress questions a general photo-
protective function [67, 90]. The great variety of colors and their sometimes
convergent evolution point to multiple other uses by the expressing organisms [10].
For GFPs from pelagic copepods, a potential role in camouflage and intraspecific
recognition was discussed [65]. Today, convincing explanations of the biological
function of this fascinating protein family in non-bioluminescent anthozoa are still
missing.
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3 Methods: Cloning and Engineering of GFP-Like Proteins

3.1 Cloning of Novel GFP-Like Proteins

The exploration of natural sources of GFP-like proteins is still the most promising
approach to discover new lead structures for novel optical tools. Simple tests can ensure
that a novel pigment is most likely a GFP-like protein, and spectral measurements can
be used to evaluate the potential applicability as a marker protein [4, 67]. However, the
cloning of FP-coding cDNAs and the determination of its primary structure stand
usually at the beginning of an in-depth characterization. Further experiments are then
carried out on the recombinant protein, taking advantage of the relative ease by which
the proteins can be expressed in recombinant systems and purified therefrom [3, 6].
This development was promoted by the progress in cloning techniques and the
knowledge of the molecular properties of avGFP. The initial isolation of the cDNAs
coding for avGFP was performed by probing a cDNA library with radiolabeled
oligonucleotides designed on the basis of partial amino acid sequences [30]. Although
successful, the handling of radioactivity is inconvenient and the screening of a repre-
sentative library (~10° clones) is painstaking, laborious work. Therefore, currently two
major strategies are applied for the cloning of novel FP-coding cDNAs: (a) the PCR
amplification of partial cDNA fragments using (degenerate) primers designed against
conserved regions of known FP sequences in combination with primers recognizing
cDNA adaptors [3, 120], and (b) the direct expression of cDNA libraries in combina-
tion with a screening procedure based on the marker gene properties of the target
protein [5, 6, 64, 67]. The first method is comparatively fast, and the specific PCR
amplification promises success even if only minor amounts of cDNA or samples of
lower quality are available. However, this method will fail if the target sequences
deviate too much from the template used for primer design. The second method is more
laborious and it might fail when the transcript levels of the target gene or the quality of
the cDNAs are very low. Further restrictions will arise if the target protein is toxic for
the expressing bacteria or the codon usage is incompatible. However, this method
offers the great benefit that no sequence information about the novel GFP-like protein
needs to be available. Therefore, it is the method of choice when a novel candidate with
an unpredictable sequence is to be cloned.

3.2 Engineering of GFP-Like Proteins

Some wild-type proteins such as EosFP proved to be useful as marker proteins in
several imaging application without further optimization [64, 121]. However,
several features of natural GFP-like proteins hamper their applicability as marker
proteins [9]. Common drawbacks are:

e Unspecific aggregation that prevents the correct localization in cells and might
have cytotoxic effects
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¢ Oligomerization that can interfere with the functionality of fusion proteins and
prevent the correct cellular localization

e Lack of functional expression in mammalian cells requiring culturing tempera-
tures around 37°C

¢ Fast photobleaching

e Suboptimal fluorescence properties

The fluorescence of the protein chosen for further optimization can often be used
as read out for the success of alterations of the amino acid sequence. Consequently,
even major engineering projects that might require the alteration of up to 30
residues in more or less unpredictable positions are feasible for skilled experimen-
ters. Currently, three mutagenesis methods are routinely applied for the optimiza-
tion of GFP-like proteins:

3.2.1 Random Mutagenesis

This method exploits the increased error rates of polymerases under suboptimal
reaction conditions. During the amplification of the FP-encoding cDNA in the PCR,
errors are introduced randomly in the newly generated DNA fragments. The
modified amplicons are subsequently cloned in expression vectors and expressed
in bacterial hosts. The fluorescence of the bacterial colonies growing on agar plates
can be used as indicator for the effects of certain mutations.

Random mutagenesis proved to be especially helpful to create variants with
improved folding and maturation properties [122—124].

3.2.2 Site-Directed Mutagenesis

Today, a considerable number of crystal structures of GFP-like proteins are avail-
able, which can help to identify target residues for knowledge-based engineering.
The primer overlap extension PCR is a very robust technique to perform directed
amino acid exchanges [123, 125]. Oligonucleotide primers can be also designed to
randomize a distinct residue so that any possible amino acid will be introduced in
this position. The randomization of defined residues can be used, for instance, to
verify quickly if a mutation picked up during screening of a random mutant library
is indeed the optimal exchange in a certain position. Examples of successful
applications of site-directed mutagenesis include the disruption of tetrameric asso-
ciations or the generation of variants with strongly red-shifted emission [122, 123].

3.2.3 Multisite-Directed Mutagenesis

Up to six oligonucleotide primers can be applied in a single mutagenesis reaction to
a mixture of up to several different mutant templates using the QuikChange Multi
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Site-Directed Mutagenesis Kit (Stratagene, La Jolla, CA, USA) [124]. Not all of the
newly generated DNA fragments will carry all exchanges; many will contain
different combinations of the individual mutations. Mutant libraries generated by
this method can be subsequently screened in bacteria to spot mutations that act
synergistically to improve desired properties, for example, folding of monomeric
variants [124].

4 Key Applications

4.1 Key Application of Fluorescent Proteins

Fluorescent proteins, most prominently avGFP, have revolutionized life science
research as specific protein labels, markers of gene expression, and reporters of
environmental conditions in living cells and tissues [2, 9, 126].

FPs derive their popularity from the fact that in aerobic environments, their
fluorophore forms in an autocatalytic reaction without the need for additional
cofactors or substrates [2]. Moreover, they can be expressed in principle in virtually
any organism. These properties make them excellent genetically encoded markers.
The discovery of non-green GFP homologs largely expanded the application
potential of the fluorescent protein technology [3-5]. In the following section,
major applications of GFP-like proteins are outlined.

4.1.1 Determining Gene Activity

Cell function and differentiation depend on differential gene expression [127]. Impor-
tant examples of the dramatic effects of the upregulation and downregulation of genes
can be found during stem cell differentiation or cancer development. Fluorescent
proteins can help to study changes in gene activity. For this purpose, the marker
proteins are expressed under control of a promoter system that functions in the same
way as the gene of interest (Fig. 10a). Once the cell switches the specific gene on or off,
the production of the fluorescent marker is affected. It is important to note that delays
in the detection of such changes result from the biochemical properties of the marker
protein and the promoter. After the protein is expressed in the cell, it can be visualized
only after maturation of the chromophore is completed and sufficient numbers of
functional molecules are accumulated to reach the detection threshold [9]. The high
stability of the 3-can fold and the associated slow turnover of the marker protein can
hamper or even prevent the detection of downregulation of a gene. The oligomeriza-
tion degree of the marker protein is not of primary concern in studies of gene activity.
More crucial is the use of fast maturing variants. Destabilized variants were con-
structed that allow a better monitoring of downregulation processes [128].



22 J. Wiedenmann et al.

P14 EwRUNBRD

Time (hours)

Microinjection Photoconversion Tracking of cell fate —————

Stage 10.25

Photoconversion ~ Tracking of movement ——— ml‘:tg%ogn%fria

Fig. 10 Applications of GFP-like proteins. (a) Cytoplasmatic fluorescence of EGFP expressed
under control of a CMV promoter increases with a transition midpoint of 13 h. The cellular
expression of FPs can be used as reporter of gene activity. Images courtesy of Franz Oswald,
University of Ulm. (b) Multicolor labeling of proteins and organelles in HeLa cells. A EGFP-labeled
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4.1.2 Tracking of Proteins

Precise knowledge about the localization of proteins in the cell is required to
understand their functioning. To study the whereabouts of a protein, the coding
DNAs of the protein of interest and the FP are fused. An essential step in the
construction of the fusion protein is the removal of the stop codon at the end of the
open-reading frame of the first fusion partner. This modification ensures that a
tandem of both proteins is produced once the construct is expressed in a cell. The
localization of the protein in the cell can subsequently be followed by the fluores-
cence of the attached marker protein (Fig. 10b). Although some proteins allow the
fusion to tetrameric FPs, the application of monomeric variants is recommended to
minimize potential mislocalization and functional defects that might be caused by
the size of the tetrameric fusion protein complex [9].

4.1.3 Labeling of Subcellular Compartments

Markers are required that highlight distinct subcellular compartments to help the
identification of protein localization (Fig. 10a, d). Compartments can be labeled
either by FP fusion proteins with a defined localization or using FPs that are tagged
with short targeting peptides [64]. Obviously, the FPs used for labeling of the
compartment and the protein under study need to have different spectral properties.
FPs are also useful when the compartments themselves are to be analyzed, for
instance, to study the dynamics of a mitochondrial network [106].

«

Fig. 10 (continued) tubulin-associated protein highlights parts of the cytoskeleton in green;
mitochondria show red fluorescence emitted from RFP611, the nucleus is labeled with the blue
fluorescent dye DAPI. Reprinted from [123] with permission from Elsevier. (¢) Monitoring cell
fate during embryonic development of Xenopus laevis using the green-to-red photoconvertible
protein EosFP. The purified marker was microinjected at stage 2. Local optical marking was
achieved by irradiation with ~430 nm light, enabling precise observations of the fate of the
highlighted blastomer. Adapted from [121]. Copyright 2009 Wiley-VCH Verlag GmbH & Co.
KG, Weinheim, reproduced with permission. (d) Tracking of mitochondria labeled with EosFP.
The movement of a single mitochondrion was monitored after photoconversion. A fusion event is
visible in the panel on the right. Adapted from [106]. Copyright 2006, Expert Reviews Ltd,
reproduced with permission. (e) Whole body imaging. Tumor cells expressing a red fluorescent
protein were implanted in a nude mouse, and tumor growth was documented after 2 weeks (/eft
panel) and 4 weeks (right panel). The primary tumor is marked by arrowheads; arrows highlight
metastases. Adapted from [129]. Copyright 2005 Wiley-VCH Verlag GmbH & Co. KG,
Weinheim, reproduced with permission. (f) Super-resolution microscopy using photoactivatable
FPs. Aktin fibers were labeled with a EosFP. The left part of the image was acquired by resolution
achieved by total internal reflection fluorescence (TIRF) microscopy. The right part shows the
increase in resolution achieved by the PALM method: scale bar 2 pm. Modified from [144].
Copyright 2009 Nature Publishing Group
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4.1.4 Tracking of Cells/Whole Body Imaging

The movement of whole cells needs to be followed during cell fate mapping
experiments during embryogenesis or to track metastases in tumor models [121,
129] (Fig. 10c, e). During short-time experiments, FPs can be introduced, for
instance, in a developing embryo via microinjection. If the progression of a
tumor needs to be followed over weeks, the FP-encoding construct has to be stably
integrated in the genome of the cell under study.

In many experiments, researchers aim to follow the localization of a few cells in
a whole organism. Therefore, the brightness is the most important property that
should guide the choice of the marker. Red FPs are particularly desirable in this
context because of reduced background fluorescence and less scattering in the red
spectral region. Moreover, the green light used for imaging is less cytotoxic compared
to UV or blue light.

4.1.5 Multicolor Labeling

Multicolor labeling was greatly facilitated by the advent of red fluorescent proteins
such as mCherry, TagRFP, or mRuby [124, 130, 131].

Currently, up to six different fluorescence colors can be imaged in a single cell
using a standard fluorescence microscope equipped with suitable filter sets: blue, cyan,
green, yellow, red, and far-red. FPs are now available for each of these channels [8].
Consequently, multiplexing experiments became feasible during which several pro-
cesses can be studied in the same cell (Fig. 10b). Applications such as protein tracking,
labeling of whole cells or subcellular compartments, and measurements of gene
activity particularly benefit from the recent expansion in the range of FP colors [8].

4.1.6 Monitoring Protein Interactions

The co-localization of two proteins in a distinct subcellular compartment does not
prove their molecular interaction. FRET can be exploited to visualize protein
interactions [8]. For this purpose, the proteins of interest are fused to two differently
colored FPs. If the fusion proteins are localized within a distance of ~100 A, the
energy of the excited chromophore with the blue-shifted emission maximum (the
donor) is transferred in a radiationless process to the chromophore with the emis-
sion maximum at longer wavelengths (the acceptor). If the two chromophores are
further away from each other, no energy transfer takes place and the donor
fluoresces normally. The ratio of the fluorescence intensity of the chromophores
can be consequently used to monitor protein interactions.

4.1.7 Sensor Applications

Fluorescent proteins have been engineered that respond to changes in cellular
environment by altering their fluorescence properties. Examples of a range FP-based
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sensors include variants that change fluorescence intensity in response to changes in pH
or membrane voltage [132—134]. Intracellular calcium concentrations can be deter-
mined using so-called camaeleons [135]. These sensors function by changing the
FRET efficiency between two differently colored FPs in response to conformational
changes induced by binding of Ca”* to a linker containing calmodulin (CaM) and the
CaM-binding domain of myosin light chain kinase (M13).

4.1.8 Pulse-Chase Experiments

Tracking of subpopulations proteins, organelles, or cells within a bulk of homo-
genously labeled structures is enabled using photoactivatable fluorescent proteins.
The first variant that became available was the photoactivatable GFP (paGFP)
[136]. Its fluorescence increases ~100-fold in response to irradiation with intense
blue light. A defined portion of paGFP fusion proteins can be “switched on” within
a single cell by irradiation with a focused blue laser beam. Subsequently, the
movement of the highlighted molecules can be tracked. Recently, a red version,
pamCherry, was introduced [137]. Fluorescent proteins that show a light-induced
change in emission colors (photoconversion) are particularly useful for such pulse-
chase experiments due to the strong optical contrast that can be generated between
the activated and the nonactivated state (Fig. 10c, d). Examples include the cyan-to-
green (psCFP) [138], green-to-red Kaede [59], and EosFP [64] photoconverting
proteins. The application of relatively high intensities of ~400 nm light induces
photoconversion of psCFP. In contrast, Kaede and EosFP can be converted with
comparably low amounts of ~400 nm light. Photoconvertible proteins offer also the
convenience that the potential target structures are already visible before optical
highlighting [9].

4.1.9 Super-Resolution Microscopy

In recent years, concepts were developed that allow imaging of proteins with a
resolution beyond the diffraction barrier of conventional light microscopy
[139-141]. All super-resolution concepts rely on fluorescent dyes that can be
switched between two distinct states [140, 142]. Photoactivated localization
microscopy (PALM), for instance, makes extensive use of GFP-like proteins that
can be switched on and off or photoconverted in a controlled manner (Fig. 10f). The
tandem-dimer variant of the photoconvertible EosFP (tdEosFP) became one of the
most widely used tools for PALM [64, 107, 143]. Fusion proteins with tdEosFP are
illuminated with low amounts of ~400 nm light to induce a limited number of
photoconversion events. The precise loci of the resulting single red fluorescent
molecules are obtained by determining the center of the point spread function and
logged. Later, the red fluorescent molecules are photobleached to “clear the screen”
for the detection of new photoconversion events. After multiple switching and
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bleaching cycles, the data points are assembled to reconstruct a super-resolution
image [141, 144].

Alternatively, green fluorescent labels that can be switched “on” and “off” by
alternating irradiation with near-UV and blue light such as Dronpa, rsFastLime,
rsCherry, and mlrisFP can be used for the same purpose [93, 145-148]. Together
with labels that can be activated by strong irradiation with near-UV or blue light
(e.g., paGFP or pamCherry), photoconvertible and photoswitchable FPs have been
applied for dual color PALM [137, 143]. Most recently, mlrisFP enabled pulse-
chase experiments with super-resolution [148].

5 Conclusions

Nature has created a plethora of fluorescent proteins with useful optical properties.
The wide distribution of GFP-like proteins among the animal kingdom suggests that
any metazoan organism might contain potential marker proteins; however, anthozo-
ans are surely the most rewarding source for non-green GFP homologs. The overall
molecular structure of the fluorescent proteins is essentially identical, with a
strongly fluorescent chromophore generated autocatalytically in the interior of the
B-can fold.

Molecular phylogeny analyses show that GFP-like proteins tend to evolve along
with their “host” organisms; therefore, variations of certain biochemical properties
cluster among distinct taxonomic groups. This knowledge will facilitate the search for
natural FP variants with altered properties. By now, well-established methods allow
the fast isolation of genes encoding novel fluorescent and the subsequent engineering
of their products to meet the demands of imaging application in live cells.

The emission colors of natural FPs range from cyan to red, providing a rainbow
of marker proteins for multicolor labeling experiments in live cells and tissue.
Moreover, photoactivatable proteins were isolated from marine invertebrates that
respond to light stimuli by changing their emission color or by reversible switching
between a fluorescent and nonfluorescent form. While both types of photoactiva-
table proteins are key tools in optical microscopy with spatial resolution beyond the
diffraction barrier, photoconvertible proteins, in particular, are useful for dynamic
tracking of proteins and cells.

In summary, the combination of bioprospecting and protein engineering was
hugely successful in generating novel marker proteins and can also be considered
the most promising strategy to satisfy the increasing demand for optical tools for
biomedical research.
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Green Fluorescent Protein Photodynamics
as a Tool for Fluorescence Correlative Studies
and Applications

Giuseppe Chirico, Maddalena Collini, Laura D’Alfonso, Michele Caccia,
Stefano Carlo Daglio, and Barbara Campanini

Abstract The use of green fluorescent protein (GFP) mutants has represented a
revolution in the application of optical microscopy to cell biology. GFP photo-
dynamics also has been recently addressed in detail due to the crucial role that
photoswitchable GFPs have been acquiring in nanoscopy. As a prototype of the
class of the reversible photoswitchable GFPs, we discuss here the photophysics of
the E222Q mutant of GFPMut2 (Mut2Q).

The fluorescence of the anionic state of this mutant, primed by blue light, is
markedly enhanced under the additional excitation at a shorter wavelength and it
relaxes within a few milliseconds. By means of modulated double beam fluores-
cence correlation spectroscopy on protein solutions, two characteristic photo-
switching times are found for Mut2Q that lie in the 1-30 ms range and a four
states energy diagram can be depicted from these data. By means of experiments on
GFPs immobilized in acrylamide gels, we show how the modulated excitation
microscopy coupled to the use of photoswitchable proteins can be exploited to
obtain the photodynamics parameters on a pixel-by-pixel basis, in view of future
applications of this or similar mutants to live cells imaging.

Keywords Cross-correlation - E222Q mutant - Fluorescence correlation spectros-
copy - Green fluorescent protein - Photodynamics
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1 Introduction

Green fluorescent protein (GFP) denotes a class of proteins that has revolutionized
the use of fluorescence microscopy in biology. The visualization of cells and their
constituents is mostly made nowadays through the genetically encoded fusions of
fluorescent proteins that permanently transfect a cell line or even a whole eukary-
otic organism [1, 2]. However, the possibility to genetically fuse GFP mutants to
specific proteins and then to follow their fate within the cell by monitoring the GFP
emission is limited by quenching and bleaching, and therefore the scientific com-
munity is striving to improve the stability of GFP and to devise new visible-infrared
emitting proteins. The GFP itself already displays a remarkable stability against
photo-destruction [3] and against denaturing agents [4]. Moreover, its spectroscopic
characteristics (absorption and emission wavelengths, quantum yields) can be tuned
by specific mutations on the chromophore or in the chromophore pocket creating a
multicolor scenario of mutants spanning from blue to near IR emission (from about
350 nm to about 600 nm) [5, 6].

The possibility to tailor the emission wavelength of GFP mutants to the specific
needs in imaging or sensing applications is not the only spectroscopic tool: GFP
photoactivation is now playing a crucial role in many aspects of the biomedical
research, and GFP, GFP-like, and other fluorescent proteins (FPs) represent a large
breakthrough in the study of intracellular tracking [7-9].

Already in the very first years of GFP use, Dickinson et al. [10] reported the
peculiar feature of a UV-induced photoswitching in GFP proteins trapped in gels
after transition to a dark state induced by long-term irradiation (photobleaching). Since
then, several photoactivation mechanisms have been reported for GFP and FPs,
beside photobleaching and thermally activated blinking, as reviewed by Day and
Davidson [11]. These processes consist in changes in the chromophore conformation
occurring upon irradiation, which result either in a different absorption and/or emis-
sion spectrum [11]. In these years, a variety of names have been used in the literature
for these behaviors. The FPs whose fluorescence emission is largely enhanced after
irradiation by a high energy (UV-violet) beam can be defined as photoactivable FPs,
and, among them, the most known and studied is the PA-GFP [12—14]. A drawback of
photoactivable FPs could be their low fluorescence before activation which often
prevents their localization in cells. The photoconvertible FPs, as for example Kaede
[15, 16], are proteins which changes their emission wavelength upon irradiation
thereby allowing their detection before and after activation in two different channels.
For the vast majority of these proteins, the activation is an irreversible process;
however, a different class of FPs exists, the photoswitchable FPs, for which irradiation
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at appropriate wavelength(s) can repeatedly convert the chromophore between two
states. Examples of such proteins are YQ1, EYQ2, and Dronpa [17-20]. Also wt-GFP
can be included in this class with the caveat that its “blinking” on/off behavior is
stochastic, whereas the newly developed mutants can be light driven.

The use of these “photoX” FPs in fluorescence microscopy allow to attain
enhanced spatial resolution, far below the diffraction barrier [14, 21-23], due to
the development of techniques such as photoactivated localization microscopy
(PALM) [14], fluorescence PALM (FPALM) [24], stochastic reconstruction micros-
copy (STORM) [25], PALM with independent running acquisition (PALMIRA)
[26], stroboscopic PALM (SPALM) [27], and RESOLFT microscopy (reversible
saturable optical fluorescence transitions between two marker states) [28].

The photophysical bases of the “FPX” behaviors have then been the object of
many recent investigations [19, 29-32] on two widely different platforms: proteins
trapped in gels through single molecule studies [33] and proteins in solution by
means of fluorescence correlation techniques [34].

Although the possibility to single out the properties of a protein at a time is very
appealing and can in principle provide detailed knowledge of the fluctuations in the
chromophore quantum yield, and the on and off switching times, one cannot
exclude some kind of interaction with the host matrix [35]. The observation of
proteins while they are flying through an observation volume in solution offers the
possibility to follow their photodynamics when highly diluted samples are used
and, through correlative methods, allows to single out the kinetic components of the
fluorescence fluctuations even in conditions of poor signal/noise ratio [36].

In the last few years, we have been actively involved in this second kind of
approach and in trying to transpose it from solution to cell measurements. In the
particular case of a switchable FP, the switching itself, regarded so far as a
drawback for the use of GFP mutants in microscopy studies, can instead be used
advantageously in biological studies, and even more in nanotechnological applica-
tions by exploiting the dependence of the switching mechanism on the chemical
and physical properties of the environment in which the proteins are embedded. The
aim of the present contribution is to give an overview of how GFPs photoswitching
can be exploited to obtain technical improvements in fluorescence microscopy,
using a time-structured excitation [37]. This can be achieved by focalizing on the
sample two laser beams, a pump beam for conventional excitation and a more
energetic probe beam which is also modulated in time as a square wave.

The outline of the chapter is as follows. We will first give a short review of the
GFP blinking processes. This is not intended as an extensive and comprehensive
review of all the large amount of data presented in the literature, but it helps to point
out those specific characteristics of the GFP photodynamics that we propose to
exploit to develop new methods for microscopy based on time-modulated excita-
tion. We then describe possible protocols to implement fluorescence microscopy
based on photoswitching of GFP mutants and time modulation of the excitation
intensity. The experimental investigation is paralleled by an effort to develop and
theoretically analyze models of energy diagrams [19, 38, 39]. Finally, we discuss
the perspectives of this approach to imaging applications.



38 G. Chirico et al.

1.1 GFP Photodynamics

From a biophysical point of view, GFP appeal in biomedical studies is due to its
possibility to absorb UV-blue light and emit green light with relatively high
efficiency. Mutations of residues within the chromophore or on the protein scaffold
have an impressive effect not only on the excitation and emission wavelength but
also on the fluorescence quantum yield, ranging from values as large as
¢ = 0.8-0.2 [3, 11, 21, 40-42]. As briefly discussed in the introduction, the use
of GFPs is affected by several photodynamic mechanisms, particularly photo-
bleaching [19, 43], blinking (or flickering) [44], photoactivation [12, 41], and
photoswitching [19, 31, 39, 41, 45]. However, most of these properties, when
coupled to the sensitivity of the protein chromophore to the external environment
(pH, chlorine ions, etc.), can also be exploited to obtain molecular sensors [46, 47]
and to enhance the image resolution by single molecule photoactivation [22].

Blinking and bleaching affect the fluorescence signal by reducing the (effective)
quantum yield [3] and by inducing fluorescence fluctuations with characteristic
times in the range of microseconds to seconds [34, 38, 48-51]. The most limiting
process is photobleaching. This mechanism, which can have a different origin
depending on the excitation mode, OPE [52] or TPE [43, 48, 53], is recognized in
the single molecule experiments as a permanent loss of fluorescence of the observed
molecule. In fluorescence correlation spectroscopy (FCS), bleaching induces
the shortening of the apparent diffusion times, a change in the autocorrelation
function (ACF) amplitude and shape, and an overall decrease in the maximum
achievable brightness [48, 54]. The protein spontaneous blinking processes have
been ascribed to transitions to dark (neutral or zwitterionic) states reached through
tiny conformational changes (cis—trans transitions [19, 29]) coupled to changes in
the protonation state of the chromophore [34, 40, 49], that also involve the rear-
rangement of the proton network within the chromophore pocket [49 and references
therein, 55]. The blinking efficiency of the particular GFP protein depends on the
specific mutations [44] and on the physical (temperature) [56] and chemical (pH
and metal ions) [47, 57] parameters of the solution. The dependence of blinking on
pH has been investigated extensively by FCS experiments in solution [34, 51, 58],
and it has also led to devise intracellular sensors of pH or ions based on GFPs
[19, 59, 60].

Among all the processes that at the molecular level are classified as blinking, we
focus on the photoswitching processes in GFPs: these can be induced by the
mutation of glutamate 222 into glutamine, which is believed to be the key mutation
for the induction of stable (i.e., slowly, thermally relaxed) photoswitching in
several mutants [3, 19].

The protein on which we will base this discussion is derived from the parent
GFPMut2 protein that carries the mutations S65A, V68L, and S72A [61]. The
E222Q mutation in GFPMut2 results in a mutant called Mut2Q, which shows
photoswitching properties. Differently from other photoswitchable proteins that
are characterized by quasi permanent photoactivation, in Mut2Q the activation
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and deactivation process is characterized by characteristic times of the order of few
milliseconds. This rapid activation kinetics might also be exploited in the future to
probe cellular processes which fall in this time window.

The spectroscopic properties of the parent protein and its mutant under one-
photon (OP) and two-photon (TP) excitation have been reported in a number of
previous works [49, 62] and are summarized for discussion purposes in Fig. 1.
Briefly, the pKa for the chromophore anionic-neutral equilibrium is 6.0 &+ 0.1, and
the absorption bands fall at =390 nm for the chromophore neutral state and
2490 nm for the anionic state. Excitation at 490 nm leads to fluorescence emission
at 508 nm, typical of the anionic form of the chromophore, in a wide range of pH
values. In the case of GFPMut2, also excitation at 390 nm produces emission at
508 nm, due to excited state proton transfer (ESPT), whereas this effect is reduced
in Mut2Q due to the E222Q mutation [3].

Moreover, the E222Q mutation induces a marked decrease in the chromophore
brightness (Fig. 1) particularly under OPE (Fig.1a, b), as also reported by Jung and
coworkers for a set of GFP mutants [41, Table 1] encompassing amino acids 203,
65, and 222.
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Fig. 1 One-photon primed (Jexc = 390nm) fluorescence emission of the GFPMut2 (solid line)
and Mut2Q (dotted line) mutants in acidic (pH = 5; panel a) and basic (pH = 8.5; panel b)
conditions. The buffer was citrate-phosphate (10—100 mM), protein concentration 0.1 uM. Panels
(c) and (d) report normalized emission spectra at pH = 5 (¢) and at pH=8.5 (d) under TPE
excitation at 890 nm. Protein concentration was 10-30 nM, laser intensity was =11 MW/cm? (the
data were Fourier smoothed over 5 points). The inset of panel (d) reports the pH titration of
fluorescence at 510 nm. Squares and circles refer to GFPMut2 and Mut2Q, respectively. The solid
lines are the best fit to sigmoidal functions with pK = 6.2 + 0.1 (GFPMut2) and pK = 6.0 £ 0.1
Mut2Q)
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1.2 GFP Mutants Single Beam Photodynamics

Photoswitching of GFP involves the use of two laser beams that may conventionally
be indicated as pump and probe beams, which respectively induce the ground—
excited state transition and photo-induces a change in the chromophore environ-
ment. In order to exploit the Mut2Q switching properties, as it is our focus here, it is
essential to have first a detailed knowledge of the fluorescence dynamics that can be
observed and induced by a single (pump) beam.

The fluorescence dynamics can be studied in solution by means of FCS. The
ACEFs of the fluorescence intensity are analyzed in terms of a superposition of the
diffusive (hyperbolic) and the photodynamics (exponential) components:

G(t) = Gp,(opeTpE) (1) X H [1 + exp( f/fj)],

r\ A

YTPE r o 1

Gp. Tp];(f) <N> (1 + ‘ED) (1 + (\/Ena)()) ‘CD> , (D
YOPE t\7! AN

o) =g (140) (1)

where 7; is the jth photodynamics relaxation time with fraction A;, (N) is the
average number of molecules in the excitation volume, yopg = 0.35 and ypg
=~ (0.076 are geometrical factors, and the diffusion times tp = w% /8D, for TPE,
and txy = (u(z] /4D, for OPE, are related to the diffusion coefficient D and to the
laser beam waist wg. For the axial diffusion time a value 17, = 5 1xy is typically
assumed [36].

For our mutants, three photodynamics components are found, typically in the
range from one to hundreds of microseconds, attributed to intersystem crossing
transition [j = “T” in (1)], to the protonation dynamics [j = “P” in (1)] and to
cis—trans isomerizations or other photoinduced transitions to high energy states of
the chromophore that may also imply structural changes [j = “L” in (1)]. Both the
relaxation times and their amplitudes may show dependence on pH, temperature,
and excitation intensity, and the characterization of this dependence is relevant for
their future applications in cells where the pH may vary substantially, being shifted
often to acidic values, and where the temperature is typically 37°C.

The fastest component “T” is the so-called stochastic blinking that has been
observed both on immobilized GFP proteins [10, 63] and in diluted solutions [34].
Neglecting this very short (few microseconds) triplet state dynamics, we have
found that, for the other components, the relaxation rates range from 5 to 60 kHz
(relaxation times = 10-300 ps) depending on the excitation intensity and on pH
[49]. Concerning the amplitudes, the “L” component is independent from pH, but
increases with the excitation intensity to a value of Ay, = 0.45 at 20 MW/cm? (TPE)
or 3 kW/cm? (OPE). On the contrary, the “P” component strongly depends upon the
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Fig. 2 Normalized ACFs of
the fluorescence fluctuations
measured on solutions of
Mut2 (panel a) and Mut2Q
(panel b) for pH 22 5 (open
symbols) and pH == 8.6 (filled
symbols) by TPE at

A = 890 nm. The solid lines
are the best fit to (1) (TPE)
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Scheme 1 The circles represent the vibrational sublevels in the electronic states. Only the most
relevant energetic barriers are indicated in the scheme. The frans configuration of the neutral
chromophore represents the dark state of the GFP [19]. The solid lines correspond to thermally
activated transitions between the ground states. The dashed lines represent the photoinduced transi-
tions and correspond to the 490 nm absorption band [S¢ (anionic)—S; (anionic)], to the photoswitched
recovery of the fluorescence by the depletion of the trap neutral trans state by the (405 nm) probe beam
(S1—3S,). The ESPT mechanism (not shown) should involve S; (neutral) and S; (anionic) levels

pH ranging from Ap = 0 at alkaline values up to Ap = 0.8 at pH = 5, independent
from the excitation intensity [49]. Such a marked contribution of the photody-
namics to the fluorescence correlation curves is evident at acidic pH values, as

reported in Fig. 2.
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A recently proposed scheme for the chromophore photodynamics [19] takes into
account both the protonation of the cis and trans forms and a photoinduced
isomerization process which is much faster than the thermally driven trans—cis
isomerization. A possible outline of this complex scenario is given in Scheme 1.

The photoinduced isomerization and the neutral-anionic transitions are rela-
tively fast processes lying in the range of the millisecond [38, 39]. The thermal
recovery of the cis form of the chromophore at the ground state occurs instead over
longer times, from tens of seconds to hours [19, 39]. These processes deal with the
relaxation between ground electronic states [19, 34, 64—66]. However, there may be
photoinduced transitions from excited states of the chromophore. One of these
transitions is the so-called excited state electron transfer (ESPT) that involves
directly the E222 residue, is the origin of the large Stokes shift observed in many
GFP mutants [64, 66, 67], and it should be strongly reduced in Mut2Q mutant [3].

1.3 GFP Mutants Dual Beam Excitation Photodynamics

Under two laser beams excitation, a reversible photoswitching effect is observed in
E222Q mutants [19, 38, 68, 69]. In these experiments, a protein solution is shined
continuously with a 488 nm laser beam that primes the emission of the anionic form
of the chromophore, while a second laser beam tuned in the range 405-420 nm
is superimposed. The 508 nm emission is found to be substantially larger than
the sum of the emissions primed by one beam at a time, suggesting that a photo-
activated process has occurred, as shown, for example, in Fig. 3a for Mut2Q.
A characterization of this process can be obtained by estimating the increase in
the fluorescence emission of the protein under dual beam excitation and its charac-
teristic time.

Concerning the fluorescence enhancement, we found that the activation of the
fluorescence by the blue probe laser is a property of the E222Q mutation, since the
parent protein GFPMut2 does not show any enhancement or delayed emission
under 405 nm irradiation (Fig. 3a, inset), but at most a limited bleaching. The
maximum relative enhancement AF/F, can be obtained by fitting the fluorescence

emission as a function of Ijohe, at selected values of Ipymp, to the trial function

-1
(F) = Fo + AF X Lyope (15l + yrobe + (Tprobe /1S2)2> , where I, and I, are satu-

ration intensities that account for the triplet state population and for the transitions
from the excited singlet to higher energy states [38]. From the best fit of the data,
we can estimate a maximum value of AF/F, = 3.5-4 as shown in Fig. 3b. The
fluorescence enhancement amplitude is of the same order of magnitude of that
found for wt-GFP [2, 12, 70]. Nevertheless, the limited bleaching induced by the
probe beam in this mutant makes it potentially amenable to cell applications [38].

A characterization of the characteristic times related to this process can be
achieved by modulating the probe (or the pump) beam at a frequency v of the
same order of magnitude of the characteristic rate of the process itself. From the
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Fig. 3 Panel (a) reports the fluorescence emission (Ao, = 515/30 nm) of Mut2Q at pH 8.4 versus
the probe beam intensity: probe excitation only (405 nm) open circles; pump excitation only
(488 nm, 1.1 kW/cm?2) full triangles; dual beam excitation open squares. Inset of Panel (a):
fluorescence emission under dual beam excitation versus the probe intensity (/pump = 1.7 kW/cm2)
for GFPMut2 (open squares) and Mut2Q (full circles). Data refer to the same protein concentra-
tion. The solid lines are best fit curves as described in the text, and the best fit parameters are
reported as a function of 1/I,,mp in panel (b): AF/F (left axis, open squares), I, (right axis, open
circles) and I, (right axis, filled circles). Panels (c—f): Fluorescence traces collected from dilute
solutions (20 nM) of GFPMut2 (¢, d panels) and Mut2Q (e, f panels) proteins under the action of
the pump (488 nm, continuously irradiating) and probe (405 nm, modulated) beams. The solution
pH was 8.6. The probe beam was alternated on the sample by means of an electromechanical
shutter at v = 1 Hz (panels ¢ and e) and v = 100 Hz (panels d, f). The insets in panels (c) and (e)
report a longer stretch of the traces (smoothed by adjacent averaging over 5 points)

fluorescence traces reported in Fig. 3e, f, it is apparent that the Mut2Q mutant
displays a particularly fast (millisecond) kinetic response to changes in the blue
excitation light intensity, resulting in a rounded transition of the signal for the
Mut2Q mutant only when the blue beam is switched on and off. This effect is more
pronounced under high modulation frequencies, v = 100-300 Hz, but also at
modulation frequencies as low as v = 1 Hz, it is possible to note that the on—off
(or off—on) transitions for Mut2Q are not as sharp, at the 50 ps time resolution, as
for the GFPMut2 parent protein (Fig. 3c, d).

The process outlined above and represented by the data reported in Fig. 3 can be
analyzed by means of fluctuation spectroscopy and ACFs decays. In general, for
steady single (pump) beam excitation, the fluorescence signal can be written as:
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F(t,T) 2 kgTno{Lyum ) JW(r) Si(r,t)dr, ()

where kg is the radiative constant, T is the sampling time (supposed to be much
smaller than the characteristic fluorescence fluctuation time), 7 is the detection
efficiency, o is the absorption cross section, W(r) is the normalized intensity of the
excitation profile, <Ipump> is the average intensity of the steady pump beam, S;(r, #)
is the number concentration of the molecules in the S; excited state. The fluctua-
tions of the fluorescence signal may come from the number fluctuations, the
changes in the probability P, of the molecules to be in the S; state, or the changes
in the pump intensity, /oump(?). Let us first consider the simplest case: no photo-
dynamics exists in the time range explored by the FCS ACFs, and the modulation
frequency of the pump excitation fall in ranges where no coupling with the photo-
dynamics may exist. Equation (2) becomes then:

Fap (1, T) 2= 1 Tl (1) JW(r)N(r, ) dr, 3)

where N(r, ?) is the total number of fluorescent molecules. The fluorescence ACF
can be described by:

<5FNp(f+’E T)(SFNp(t T)> < ([+’C)N I)>

= FCDE o (gt e O
et reO)s s 1y, 4)
{pune),

where N(¢) = [W(r)N(r,)dr and 0N (1) = [ W(r) ON(r,¢) dr.
If we now define the number and pump intensity correlation functions as:

en(t) = <J (W(r) oN(r,t) W(r') ON(r',t + 1))dr dr’>/<N)27

g[(’l,') = <5117W”17 ([ + T I’W”l’ >/<117W”17>

®)

and rearrange terms in (4), we can write that the normalized fluorescence correla-
tion function as:

8(r) = &i(v) + (1 +4g(1))en (o). (6)

From this expression, it is easy to identify two limiting behaviors. When highly
diluted solutions are investigated under modulated excitation (of either the pump or
the probe beam), the fluorescence fluctuations correlation function is dominated by
the number fluctuations [i.e., gn(7)], and the ACF is well approximated by the form:
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g(N = 0)(7) = (1 +4g(7))gn (7). @)

On the other hand, for relatively concentrated solutions the limiting behavior is:

gIN>1)(7) = g(7). ®)

Similar results are obtained if we take into account the protein photodynamics
whose characteristic times are assumed to be much smaller than the typical modu-
lation time of the pump beam intensity. In this case, the gy(t) function should be
simply replaced with the whole ACF decay as reported in (1). If we are specifically
interested in studying the effect of the beam intensity modulation on the protein
photodynamics, we should then measure at (N) = 20-40 molecules per excitation
volume.

However, if the internal photodynamics contains relaxation times of the order of
the pump beam intensity modulation time, we should consider a direct coupling
between the photodynamics and the pump beam modulation that brings us to
reconsider the parameters entering (3). In this case, the variable over which to

t
compute the g/(t) correlation function becomes [ Ly (X)P1(r,t — X5 Lyone )dx,
—00
where P (r,t; 1,,,.0;,e) represents the probability, per unit of excitation intensity, to
find a molecule that sits at r at the time ¢ in the S; excited state. The shape of the
P (r, t; I0pe) function can be inferred by the analysis, in terms of eigenvalues and
eigenvectors, of the linear system of equations that describe the evolution of the
energy levels populations [38].

It must be further noticed that by modulating the excitation beam, we are sampling
the dynamic response of the quantum system. In other words, we are performing a
Laplace analysis of the response function, Py (r, £; Iope ), of the quantum system to a
pulsed excitation. In fact, if we suppose that the quantum system response is a single
exponential with relaxation rate I', i.e., P1(r, ;o) = exp(—I't), independently
of the position within the excitation volume (which is an hypothesis requiring
additional considerations), and if we suppose that the excitation (pump only at
this stage) changes with time as I,y (x) = A cos(Q), the intensity over which to
compute the fluctuations becomes:

t

A Q
J Ipump(-X)Pl (l‘, t—Xx; [pmhg)dx = \/ﬁ_z—ﬁ COoS (Qf — F) . (9)
The intensity ACF is then given by:
1 ) m?(Q)
T) = ———cos (Q1) = cos(Q1). 10
() = g cos(@) (@) (10)

Therefore, we can measure the relaxation rate I" from the zero lag time extrapo-
lation of the correlation function, g;(O)_l =Q*+ T2



46 G. Chirico et al.

It is interesting to note that by performing a cross-correlation of the protein
(endowed with photodynamics) and the excitation signal, or, even better, a signal
coming from a solution with no photodynamics in the analyzed range of frequen-
cies, we would be able to measure the relaxation rate I" of the P function not only
from the amplitude modulation but also from the dephasing term = Q/I".

The above formalism can be applied to the characterization of photoswitching
processes, both in solutions and on images. In our case, the probe beam is modu-
lated, and we can apply the same formalism as in (9) and (10) if we exploit the
hypothesis that the P;(r,; I,obe) function can be expanded in series of eigenvalues
that depend linearly on /ope [38]. Any relaxation component will then provide a
demodulation of the zero lag time correlation function as that reported in (10). If we
use an average of 30-40 molecules per excitation volume, the correlation function
is given by (8) and (10), and the dependence of the zero lag time extrapolation,
g/(0), on the modulation frequency can be analyzed accordingly, as shown for
example in Fig. 4. In real experiments, the situation is more complex due to the
presence of a background (with average value (B)), and the demodulation factor
changes to the form:

m(Q)  (F?

> = e (@) (b

Moreover, if more than one relaxation component is found each with number
fractions f; in the range accessible to FCS (relaxation rates <1 MHz), the intensity
correlation function becomes [38]:

(F?)

)+ @)
2 2
x (zﬁm%<g>) +<zf,-mi<mm) cos’(@). (12)

The zero lag time extrapolation of the ACF has been measured under modulated
pump (488 nm) or probe (405 nm) irradiation at a modulation frequency in the
range 0.5 < Q/27 < 100 Hz. The results of the experiments on Mut2Q are reported
in Fig. 4a. The analysis of the dependence of g,(0) as a function of the modulation
frequency according to (12) indicates the presence of two relaxation components
with relaxation times of the order of few tens of milliseconds, as shown in Table 1.
These characteristic times depend on the solution pH while are not affected
appreciably by the solution viscosity and temperature [38].

An energy diagram model that includes at least a trap state and a higher energy
singlet state over which the excitation of the chromophore can cycle has been
suggested to rationalize the data reported in Fig. 4, and thoroughly discussed in
terms of equilibrium solutions and eigenvalues, or relaxation times [38]. The main
feature of this scheme is the presence of a trap state from which the chromophore

gi(t) =

N =
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Fig. 4 Panel (a): ACFs of Mut2Q solutions (40 molecules per excitation volume), under modu-
lated probe beam excitation (Aprobe = 420 nm, Iope = 1.6 kW/cm? Toump = 16.3 kW/cm?) at
modulation frequencies varying from 0.5 to 100 Hz (0.5, black; 1, red; 5, green; 10, blue; 30, cyan;
50, magenta; 80, yellow, and 100 Hz, dark olive). The dashed black lines report the ACFs of the
same solution under pump modulation. Panel (b): zero lag time correlation function, g(0), as a
function of the modulation frequency for the cases of probe modulation (open squares) and pump
modulation (filled squares). The lines are the best fit to the data of (12), with 7, = 1.3 ms,
fi = 68%, and 7, = 32.8 ms

Table 1 Analysis of the dependence of the modulation factor, g,(0), on the modulation frequency
at two different pH values for Mut2Q, Ipump = 1.7 kW/cm®

pH N 7yr (mS) TR (mS) <T> (ms)
6.2 0.70 £ 0.04 8.2 £2.0 113.9 4+ 44 40.1 £+ 14.0
9.0 0.69 £+ 0.02 1.3+£0.2 2777 £35 9.55 +£ 1.23

can escape with the help of a more energetic radiation (420 nm typically). In [38],
the possibility was envisaged that the action of the probe energetic beam was to
promote a transition to a higher energy state, S, from which a rapid decay to S; and
then to Sy could follow. This assumption was also supported by similar behaviors
found in many organic compounds and fluorescent proteins, in which the phenom-
enon is known as (photoinduced) reverse intersystem crossing [71-76]. However, it
must be considered the possibility that configuration switchings such as the cis—
trans transitions proposed by several groups [19, 77-79] for the ground state
equilibrium (e.g., see Scheme 1) might also occur at the excited state, and therefore
the S2 state (Scheme 1) might be a different chromophore configuration rather than
a distinct electronic state.

1.4 Dual Beam Modulation Imaging

How can we exploit the millisecond activation time of the fluorescence displayed
by the E222Q mutants? A dependence of the fluorescence enhancement and of the
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activation times on the pH has been proved in vitro [38], and it might be also
translated to the cell environment. However, a more basic application consists in
the exploitation of the fluorescence enhancement and of the relaxation times to
perform fluorescence imaging at increased signal/noise ratio. In fact, both the
activation time and the enhancement factor could be measured on immobilized
proteins and used as a contrast parameter.

This kind of applications must deal with the (minor but finite) photobleaching of
the GFP mutants. A simple way to limit such an effect is to fast scan the sample at a
scanning frequency v = fs that is slightly detuned with respect to a multiple of the
(pump or probe) beam modulation frequency, f; . In this way, the phase of the beam
modulation wave on each pixel is scanned linearly, and a limited number of
repetitions of each line can provide the response to a full period of light beam
modulation. This principle is outlined and exemplified in Fig. 5Sa, b: a single line is
scanned repeatedly 180 times, while it is continuously irradiated by the 488 nm
beam and by the modulated 420 nm beam. In this case, the x-axis is the actual
scanning axis and the y-axis can be taken as a time axis. From the analysis of this
time axis (as detailed below), an image of the line can be reconstructed where the
pixel content is either the photoswitching amplitude or the time. A full recon-
structed image, called beating mode (BM) image, can then be built by repeating this
procedure for all the single lines of the conventional image.

More in detail, the line scan shown in Fig. 5 has been obtained by modulating the
probe beam by means of an electronic shutter or a mechanical chopper at a
frequency in the range 1-500 Hz (9.78 Hz in Fig. 5b). Depending on the shift
between the shutter (modulation) frequency f; and the line scanning rate f; , in each
line scan the probe switching occurs on different portions of the line and of its
pixels (see scheme in Fig. 5a).

By analyzing the rows and columns of the BM image, we can derive the
information on both the fluorescence enhancement and the activation time on
each pixel of the line. The analysis of the line in the x-direction (Fig. 5¢) provides
us with an indication of the actual size of the point spread function on the sample.
In fact, the on—off transition appears to be smoothed due to the extension of the
beam well over the size of the pixel, which is actually the step size of the x-motion
of the scanner (100 nm in the case presented in Fig. 5). From the values of the
on—off transition decays along the x-direction, it is possible to estimate for the
PSF a width of 215 + 25 nm, in reasonable agreement with the value expected for
the numerical aperture, NA = 1.2, and the excitation wavelength, 4., = 420 nm,
used here. The analysis of the BM image along the y-axis provides instead a time-
resolved scanning of the probe on and off switching. The time resolution is
computed from the difference between f5 and fi, respectively, according to the
equations:

fS :fLM + 57
5 (13)
fs

Ty =
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Fig. 5 Beating mode imaging scheme. Panel (a) sketches the principle of the beating mode
scanning in which the scanning along the line (x-direction) performs the conventional line
scanning, while the y-axis scanning implements a high resolution time scanning along the line.
The time resolution is determined by the shift between the shutter and the line scan frequencies
(see text). The equations reported indicate the average rate per pixel at the different scanning steps.
Panel (b): a sample image obtained by continuously scanning a single line of a sample of Mut2Q
loaded acrylamide gel, under modulate probe beam excitation, fsg = 9.78 Hz and f{, = 1.9608 Hz,
pixel size 100 nm, time along the y-axis t, = 1.25 ms. Panel (¢): scanning along the x-axis of a line
of panel (b). The red curves are exponential decay fits to the data, and the blue ones are linear fit to
the stretches of data. Panel (d): activation times measured by fitting the growth (squares) and the
decay (circles) of the y-scan along each pixel of the line as reported in panel (e). Panel (e): samples
of y-scan along selected pixels (spaced by 16 columns each). The red lines are the best fit of the
growth and decay observed to the function A + B*exp(x/t)

where M, an integer, is the number of lines of the BM image and J < fi is the
scanner dead time. For example, for fg = 9.78 Hz and f; = 1.9608 Hz, the resolu-
tion is 7, = 1.25 ms.

Sample traces along the y-axis of the BM image are reported in Fig. Se. It is
noteworthy that the on and off transitions are smooth and last for a large number of
pixels that correspond to times of the order of tens of milliseconds. It is worth
noting that, with the same kind of excitation, the analysis of the BM image acquired
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from immobilized samples of fluorescein provides sharp transitions that last for few
pixels (data not shown) that correspond closely to the ratio between the pixel dwell
time and the y-axis time resolution [38]. The smoothness of the transitions is then to
be ascribed to the photoswitching kinetics.

From the traces, it is then possible to estimate the switching on and off times on
single pixels of the BM image. The analysis of the fluorescence trace should be
performed according to the equations developed in [38]:

A (1 - -
B — {? M} exp(ryry) y<0
1— —I'(r—
F)y)={ 52 {fyw( exp(-L(r yfy)))]o <yl (4
T I Ty
B-—A=D—<y
Ty
for the on to off transition and
D+ [% 7“_”’}(_”))} exp(I'yt,)y<0
(FY)) =< p +% oy + (lexp(ll:(fy‘cy)))]ogy<rly (14b)

D+A=BI<y

for an off to on transition. In the above equations, D and B indicate the levels of
emission under the pump only and the pump&probe beams, respectively, and
A = B — D. The times 7 and 7, indicate the pixel dwell time and the time resolu-
tion along the y-scan as results from (13). I" indicates the effective photoswitching
rate. In (14), the condition y = 0 corresponds to the situation when the probe laser
switching occurs synchronously with the line scan (i.e., the situation depicted in the
second row from top on Fig. 5a).

Equation (14) is too complex to allow a routine analysis of the y-scans of all the
pixels along a line of the image. However, since T 2 5 1, while the decay observed
for y < 0 may last for several tens of pixels (depending obviously on the value of the
photoswitching time), we can adopt as a trial fitting function a simple exponential:

f(y) =a+bexp[(y — yo)I]. (15)

A simulation, reported in Fig. 6, motivates this choice at least for the present
case in which the available y-time resolution is =1 ms, the dwell time is 5 ms, and
the average fluorescence activation rate is I' = 50 Hz.

The analysis according to (15) performed on a full line acquired on a uniform
sample of immobilized Mut2Q proteins provides the plot reported in Fig. 5d.
This kind of plot can be used to build, line by line, an image in which the pixel
content is the fluorescence on switching (or off) times, similarly to what previously
reported for the fluorescence average enhancement factor [38]. The use of both the
fluorescence enhancement and the switching time and the dependence of these
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Fig. 6 Simulation of the
decay that can be observed
along the y-axis of each pixel
of the line acquired in the BM
image (see Fig. 5). A 5%
Gaussian noise was added

to the data. The simulation
switching time was

I' = 50 Hz. The best fit
values of the two lines to
(15) reported in the plot are
I' =50 + 2.5 Hz and

49 4+ 5 Hz for the on—off
and the off—on transition,
respectively 0 L L L L

parameters on the solution pH would, in principle, offer also the possibility to
follow locally (i.e., on the pixels) the pH.

2 Conclusions and Perspectives

Reversible photoswitching is a key tool to perform functional and enhanced
resolution optical imaging [80]. Here, we have discussed how time-structured
excitation of one E222Q mutant of GFP (GFPMut2) can be exploited to provide
information on the protein photodynamics itself, and how it could be transposed to
imaging applications where the image contrast is provided by the fluorescence
enhancement or the photoswitching time. Far from being conclusive, the discussion
of the examples reported in this chapter opens the possibility of new technical
developments in which photoswitching may play a role in enhancing image signal/
noise also offering the way to measure locally chemical and physical parameters.
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The Proton Sensitivity of Fluorescent Proteins:
Towards Intracellular pH Indicators

Ranieri Bizzarri

Abstract On account of the presence of an ionizable phenol group on their
chromophore, most fluorescent proteins display pH-sensitive absorption and fluo-
rescence emission bands. This property has great implications for most applications
that involve FPs as intracellular markers of target proteins. The photophysical
modulation of pH sensitivity relies upon a complex network of exchange reaction
pathways involving the chromophore and funneling protons in and out the protein
structure. In parallel with the fast-growing use of FPs as intracellular probes, many
groups reported on the use of FP variants as genetically-encodable pH indicators of
intracellular compartments that cannot be probed using conventional pH-sensitive
dyes. These pH indicators shed light on many cell functions strongly coupled with
local pH. Here, we shall review both the properties that make FPs so efficient as
intracellular pH indicators and the probes that are more utilized by the scientific
community.

Keywords Excited-state proton transfer - GFP chromophore ionization
Intracellular pH - pH indicator - Proton pathways
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1 Introduction

Intracellular pH (pH;) plays many critical roles in the biochemistry of the cell
thereby representing a fundamental modulator of cell function [1]. This relevance
stems from the acid—base characteristics of many residues in biomolecules, partic-
ularly enzymes, which rely upon pH control to perform their activity at optimal
level.

pH; affects cell metabolism and growth [2, 3], ion transport and homeostasis
[4-7], endocytosis [8], and muscle cellular contractility [9]. pH; alterations may
directly lead to cell apoptosis and cancer [10—12], to the impairment of posttransla-
tional modifications and processing of secreted proteins [13], to a mislocalization of
the biosynthetic cargo [14], and to severe defects in functionality of the organelles
[15]. Modification of the pH; of the secretory compartment seems related to several
tumors [16]. The nervous system is influenced by pH;, because it affects neuronal
excitability, cell-cell coupling, and signal cascades [17]. The lumen of presynaptic
vesicles displays an acidic interior. During exocytosis, i.e., the fusion of vesicles
with the plasma membrane, the synaptic vesicles undergo a pH jump as their inner
part comes in contact with the neutral extracellular medium. Note that exocytosis is
at basis of the release of neurotransmitters stored in presynaptic vesicles [18].

The pH; of eukaryotic cells is in most cases within the 7.1-7.4 range, being
regulated by: (1) the flux of acid/base moieties (H", OH™ or HCO3™) across the
surface membrane by means of specific ion-coupled transporters such as the NHE
proteins [5], and (2) by acid-generating processes, such as aerobic and anaerobic
metabolism [19]. Nonetheless, pH; is not spatially uniform and its value depends
strongly on the nature and function of subcellular domains. Some organelles, like
endosomes and plant vacuoles, have intracompartmental pH between 4 and 6; the
progressive luminal acidification of endosomes is essential for the distribution and
degradation of internalized ligands into lysosomes [20, 21]. Consistently, cellular
dysfunction may be associated with abnormal pH values in organelles.

The fundamental role of pH; in modulating cell functions implies that accurate
pH; measurement can provide critical information to study physiological and patho-
logical processes in living organisms. The need of high spatiotemporal resolution
while at the same time avoiding invasive measurements and preserving cell viabil-
ity restricts the selection of the analytical probes to fluorescence indicators [22].
High-resolution quantitative fluorescence imaging microscopy has evolved to a
very sensitive analytical tool in cell and molecular biology [23]. The development
of fluorescence microscopy was paralleled by the engineering of fluorescent
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indicators for in cellulo and in vivo use. Owing to its relevance for cell biology,
pH; has been one of the first parameters addressed by fluorescent indicators in the
microscopy of living cells [24, 25]. Although synthetic probes can efficiently report
on pH;, indicators constituted by Fluorescent Protein mutants have quickly become
the best selection to monitor proton concentration variations within cells [26].

The Green Fluorescent Protein (wild type GFP, abbreviated as wtGFP) is an
autofluorescent protein characterized by violet-blue light absorption and bright
green light emission. wtGFP was discovered in 1962 as an accessory protein of
the bioluminescence system of the hydroid jellyfish Aequorea victoria, encompass-
ing also the protein Aequorin [27, 28]. Thirty years later the cloning [29], and the
successful heterologous expression of the wtGFP gene [30], proved that the fluo-
rescent emission is genetically encoded into the primary sequence of the protein.
On account of this outstanding property, wtGFP can be used as intrinsic intracellu-
lar reporters of target proteins by simple genetic fusion followed by expression
into cells. In recent years, many other organisms were found to possess emissive
proteins structurally similar to wtGFP, although endowed with slightly different
optical properties (e.g., different emission wavelength) [31-33]. Furthermore, the
primary sequence of wtGFP and other ancestor fluorescent proteins can be modified
thereby manipulating their optical properties; as a consequence, hundreds (and their
number is currently expanding) of Fluorescent Proteins (FPs), characterized by a
wide range of photophysical properties [33], are now available to researchers. The
introduction of FPs revolutionized cell biology studies and pioneer scientists
Osamu Shimomura, Martin Chalfie, and Roger Tsien received the Nobel Prize in
Chemistry in 2008.

The main advantages of fluorescent protein-based indicators over simple organic
dyes are that they can be fused to protein of interests and possibly thereby targeted
to specific subcellular compartments as they are genetically encoded. FP indicators
can be designed to respond to a variety of biological events and signals, they can be
introduced in many tissues and organisms, and they seldom cause photodynamic
toxicity [34-36].

In this chapter, we shall describe the pH-dependent optical properties that
make some variants excellent fluorescent indicators of pH;, describing also their
biological applications. Note that we shall limit our review to mutants obtained
from wtGFP and thus belonging to the Aequorea family (GFPs). Indeed, popular
FPs recovered from other organisms display generally poor pH-responsiveness
[32]; insofar only two efficient pH indicators not based on Aequorea proteins
have been described [37, 38]. The reader is referred to these papers for additional
information.

The pH-dependent optical characteristics of GFPs will be reviewed in Sect. 2.
The engineered GFP-based indicators for pH; measurement will be described in
Sect. 3. In Sect. 4, we shall discuss the most common microscopy setups that are
used to image pH; through engineered GFP indicators. In the last chapter, we shall
debate the future perspectives about the development and applications of these
remarkable indicators.
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2 The Basis of pH Sensitivity in Fluorescent Proteins

2.1 The Y66 GFP Chromophore: Intrinsic Protonation
and Optical Characteristics

Upon the formation of the native [-barrel tertiary structure of GFP, the Y66
chromophore (hereafter denoted as Chro) is spontaneously generated through
three chemical steps [39]. At first, the tripeptide sequence S65-Y66—-G67 under-
goes intramolecular cyclization to yield a five-member ring B-amino lactame
(Scheme 1, i). Then, in the presence of water-soluble oxygen, an oxidation step
takes place (Scheme 1, ii). Eventually, a water molecule is released and the
hyperconjugated imidazolinone structure of Chro is formed (Scheme 1, iii). Note
that the rate-limiting step of the overall process is the oxidation reaction, requiring
at least 30 min to reach completion [40].

The intrinsic chromophore protonation properties were thoroughly investigated
by using several synthetic Chro analogs. Chro bears two main protonation sites: the
phenol function of Tyr®® and the N® nitrogen in the imidazolinone ring (Scheme 2).
Two protonation sites imply four protonation states: double protonated (net charge:
+1, hereafter denoted as P), neutral (net charge: 0, hereafter denoted as N),
zwitterionic (net charge: 0, hereafter denoted as Z), and anionic (net charge:—1,
hereafter denoted as P) (Scheme 2). These four protonation states have fairly
different optical properties (Fig. 1a). The P, N, and D forms absorb, respectively,

Tyr 66 O alye7r O 0
N
NH P NJLLH
HN_._O O N>/
HO HO E\H
.
anNH N
o H OH
Ser 65 Y66 GFP chromophore
H20
i iii
O o

O o
WS s ST
HO OH HO OH

"N 120, Hy0 "N

H  OH H  OH

Scheme 1 Formation of Y66 GFP chromophore from the autocatalytic post-translational proces-
sing of the Serés—Tyr“—Gly67 aminoacid sequence [39]
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Scheme 2 The four accessible protonation states P (protonated), N (neutral), Z (zwitterionic), and
D (anionic) of synthetic GFP chromophore and their associated protonation reactions. For each
reaction, the equilibrium constant (pK,) is reported

at 387-393," 368-372°, and 425-428" nm in water [41-43], showing also consider-
able solvatochromism when other solvents are considered [43]. The red shifted
absorption of P and D states compared to N is attributed to extended electronic
conjugation which lowers the So — S, transition energy [44]. Owing to its negli-
gible population at any pH (see below), the absorption spectrum of Z is not directly
measurable; nonetheless, a zwitterionic-mimicking derivative was found to absorb

"Minor variability depends on the structure of the synthetic Chro analog.
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Fig. 1 pH-dependent optical properties of GFP Y66 chromophore. (a) Absorption spectra of the
four protonation states of synthetic Chro (for nomenclature and structural reference see Scheme 1).
(b) pH-dependent interconversion between N and D state of synthetic chromophore as monitored
by absorption spectroscopy. (¢) Comparison between absorption spectra of synthetic chromophore
and unfolded protein at pH 4.45 and pH 11: state N and D are, respectively, observed. (d)
Absorption (left scale) and emission (right scale) spectra of F64L GFP, a mutant that is optically
identical to wtGFP; the neutral Chro state (A) and the anionic Chro state (B) are indicated; note
that the absorption spectra of N and D states in the denatured protein are added for comparison

at 406 nm (Fig. 1a) [43], in good agreement with the value theoretically calculated
for Z.

The absorption differences between the protonation states of Chro allowed
for the calculation of the ionization pK, values by means of spectrophotometric
titrations (Fig. 1b) [42, 43]. In synthetic Chro analogs, N°® has pK, = 1.8-2.4%
(Scheme 2, P«—N), whereas the phenol group has pK, = 8.1-8.5 (Scheme 2,
reaction N—D). The pK, of P—~Z was determined to be around 6.5 by using the
already mentioned zwitterionic-mimicking Chro analog [43]. These three pK,
values allow for the full quantitative description of the thermodynamic system of
Chro protonation (Scheme 2). Importantly, this calculation shows that Z always
accounts for less than 0.01% of its isoelectric counterpart N. Hence, in the physio-
logical range of pH only the N«—D ionization is active (Fig. 1b).

Strikingly, none of the protonation forms of the synthetic GFP chromophore
displays appreciable fluorescence emission (quantum yields <107°). Several

*Minor variability depends on the addition of a small amount of methanol/ethanol to improve Chro
solubility.
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studies linked the absence of emission to the presence of a fast and efficient deac-
tivation channel involving intramolecular hula-twist torsion of the chromophore in
the excited state [45]. Indeed, Chro fluorescence is restored at very low tempera-
tures and in high-viscosity media that strongly reduce molecular mobility thereby
hampering the torsional deactivation channel of the excited state [41, 45—47].

The absorption properties of the synthetic chromophore are conserved in the
unfolded state of the protein or in a protein fragment containing the chromophore,
although detectable red shift of maxima to 384 and 448 nm occurs for the N and D
states, respectively (Fig. 1c). Note that the absorption of D state in the unfolded
protein at pH 11 is commonly used as standard to calculate the degree of chro-
mophore maturation in the folded protein state [48, 49]. Similarly, Chro in the
unfolded protein is nearly nonfluorescent at room temperature, but it becomes
emissive at 77 K [41].

2.2 Wild-Type GFP: Optical States and Mechanism
of Fluorescence Emission

At first, we shall consider the “archetype” of the fluorescent protein family char-
acterized by Y66 chromophore, i.e., wild-type GFP (wtGFP). wtGFP is folded
between pH 4 and 11; in this range, only the stable neutral and ionic Chro states
contribute to the optical properties. To avoid notation confusion between pure Chro
and protein Chro, and following a long-standing tradition in the field of FP photo-
physics, the neutral and anionic states of the wtGFP chromophore will be hereafter
identified as state A and B, respectively.

The tertiary B-barrel structure of fluorescent proteins has a striking effect upon
the optical properties of Chro [50, 51]. Concerning absorption, state A of wtGFP
is red-shifted by 30 nm compared to N state, peaking at 398 nm (Fig. 1d). The
absorption red shift of state B compared to D is even larger: 50 nm, because B peaks
at 475 nm (Fig. 1d). These major optical changes are attributable to the complex
network of interactions, mostly H-bonds, which are established between the chro-
mophore and the surrounding residues. Indeed, X-ray data of wtGFP displayed that
Chro is surrounded by four entrapped water molecules and several charged and
polar residues such as G1n69, G1n94, Arg%, Hisl48, Thr203, Ser?® , and Glu?*?
[52-55]. Additionally, A and B states display different conformations of the
residues around the chromophore [53]. A proton relay system connecting the
phenol group to residue Glu** is present in A, whereas it is blocked in B owing
to the rotation of Thr’®® by 120° to establish a strong H bond with the phenolate
anion [53]. The A/B population ratio is around 6/1, as calculated from the extinction
coefficients of these states; notably, this ratio is nearly unchanged by external pH in
the 5-11 pH range (an argument that will be further discussed in Sect. 2.3) [56].

The rigid tertiary structure of wtGFP is responsible for the significant protein
fluorescence emission (@, = 0.78 [57], @y = 0.79 [48]), which is also very



66 R. Bizzarri

resistant to classical quenching agents [58, 59]. In spite of their large difference in
absorption maxima, however, A and B are characterized by minor differences of
emission maxima and shapes (Fig. 1d). This surprising similarity of fluorescent
emissions stems from a subtle photophysical effect that was fully elucidated only
after pump-probe experiments targeting the excited state depletion at short (ps)
time-scale [60, 61]. Photon absorption by B results in the formation of the excited
state B* whose depletion is mainly due to fluorescence emission, peaking at
503 nm. When A is excited, instead, two competing photoprocesses are activated
(beside some thermal deactivation back to ground state): (a) the direct fluorescence
emission from A* (in the 440—480 nm range) and (b) proton transfer from A* to
Glu???, presumably through a proton relay system involving one water molecules
and the hydroxyl function of Ser**® [60—62]. The latter process is called Excited
State Proton Transfer (ESPT) and is triggered by the increased acidity of the phenol
group in the excited state [44] a well-known phenomenon in classical photochem-
istry. ESPT takes place in a few picoseconds and it represents a much more efficient
depletion channel of A* than direct fluorescence emission [63]. By ESPT, A* states
evolves to an intermediate excited form I*, where Chro is anionic like in B* but its
surrounding residues are in the relaxed form typical of A, because the timescale
of the A* — I* photoprocess (ps) is too fast to allow for the protein structural
rearrangements that are thermodynamically driven by chromophore deprotonation
(e.g., flipping of the lateral chain of Thr’®) [60, 64]. Hence, I* emits at wave-
lengths, similar to B*, although their emission spectra are not fully superimposable
(Fig. 1d). After emission, I* is converted to I, which is a metastable ground-state
moiety where anionic Chro is embedded in an environment typical of the neutral A
form. I quickly evolves to A, which is about 7.6 kJ/mol lower in energy [65], by
receiving back the proton of Glu?** possibly through the same internal protonation
relay involving Ser’® and a bound water molecule [53]. A more detailed kinetic
analysis revealed that the I moiety actually comprises two metastable intermediates
I; and I, although I; is very short lived (3 ps) compared to I, (0.4 ns) [66].

The main optical characteristics of wtGFP are shared by most FPs from
Aequorea Victoria containing the Y66 chromophore, although the mutation pattern
has always some effect on the absorption and emission wavelength of A and B as
well as the fluorescence quantum yields and lifetime. Unfortunately, a detailed
structure—function photophysical model to guide protein engineering for obtaining
desired optical properties is not yet available. Nonetheless, the absorption and
emission of B are more sensitive to environmental effects within the chromophore
pocket than its protonated counterpart A. For example, the presence of aromatic
residues near Chro leads to significant red shifts of both B absorption and emission.
A particularly relevant case is represented by the mutants where Thr*® is replaced
by Tyr: here B absorption is shifted to 510-525 nm and it becomes almost
superimposable to its emission (515-527 nm); this large red-shift is attributable
to T—m* interaction between the aromatic ring of Chro and Tyr**®, which adopt a
parallel configuration to each other.[55, 67] Because of such optical properties,
Tyr*® mutants are collectively denoted as the Yellow Fluorescent Protein class
(YFPs). YFPs represent the most optically red-shifted mutant class belonging to the



The Proton Sensitivity of Fluorescent Proteins: Towards Intracellular pH Indicators 67

Aequorea family. Larger red-shifts are observed only when an additional double bond
conjugated to the original imidazolinone Chro is generated in mutants derived from
different sea organisms. The very high extinction coefficients (>75,000 M ' cm ™),
emission quantum yields (@ > 0.8), and fluorescence lifetimes (z > 3 ns) make
YFPs among the best candidates for high-resolution and single-molecule imaging
studies [68, 69].

The optical properties of the A states can be in principle modulated by careful
engineering of the ESPT efficiencys, i.e., of the molecular pathway that conveys the
proton from A* to a proton acceptor and vice versa. This is usually done by adding
polar/ionizable residues in the chromophore surroundings [70]. Hampering the
ESPT channel leads to mutants whose A state has a significant blue-shifted emis-
sion compared to wtGFP, although the quantum yield of A* fluorescence is usually
low [62].

2.3 pH Dependence of Optical Response in GFP Mutants

In a billion years, natural selection has engineered wtGFP to be almost unrespon-
sive to external pH changes to avoid slight fluctuations of the jellyfish biolumines-
cence that could hamper its (yet unknown) biological role. Actually, wtGFP shows
detectable deviations from the 3:1 optical ratio between the A and B bands only at
pH below pH 4.5 and above pH 10 [56] where the protein starts unfolding. This
means that, in the physiological pH range, the ionization of Chro phenol does not
involve a net proton transfer to or from the external solution, but only an internal
proton displacement to or from other ionizable residues surrounding Chro.

GFP mutants engineered by scientists have no natural role to play and therefore
the ionization of Chro phenol is often very sensitive to the external proton concen-
tration in the 5-10 pH range, in spite of the Chro-insulating B-barrel tertiary
structure [71-73]. In such cases, the phenol group of Chro is connected to the
external solution by means of “proton wires” constituted by several residues
networked by H-bonds. Agmon et al. recently demonstrated also the existence of
“proton-collecting antenna” systems, i.e., several carboxylates within H-bond net-
works on the surface of proteins, which convey protons to the orifice of an internal
proton wire leading to the protein’s active site [74]. Note that the pH dependence of
Chro ionization, and the existence of pH-interconverting different optical states, is
a prerequisite for GFP-based pH intracellular indicators [71, 73, 75].

In many GFP mutants, the pH-dependent optical response is analogous to that of
the isolated Chro, and follows a strict single-site protonation behavior (Fig. 2a, b, c).
Here absorption spectra show the progressive interconversion of neutral Chro
(absorbing at 390-420 nm) into anionic Chro (absorbing at 475-520 nm)
(Fig. 2a). The fluorescence spectrum at each pH is determined by the relative
populations of neutral and anionic Chro; in absence of ESPT neutral Chro is usually
very dim, whereas anionic Chro is always bright (Fig. 2c).
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Fig. 2 pH titrations of representative FP mutants. (a) pH-dependent interconversion between
neutral and anionic Chro in S65A/V68L/S72A/T203Y GFP (Mut2Y [76]) as monitored by
absorption spectroscopy. (b) Absorption maxima at 510 nm of Mut2Y is plotted vs. pH to show
the typical sigmoid trend of a single-site pH titration (pK, = 6.26). (¢) pH-dependent interconver-
sion between neutral and anionic Chro in Mut2Y as monitored by fluorescence emission by
exciting at 470 nm, where the anionic Chro is predominantly excited. (d, e, f) Same as in panels
(a, b, ¢) but Mut2Y is replaced by F64L/T203Y (EIGFP, [76], pK, = 6.0) and its fluorescence is
excited at 395 nm (f) where the only neutral Chro absorbs; note the large shift in emission
wavelength maxima as pH is increased

In other mutants, the absorption trend with pH is more complicated (Fig. 2d, e, f).
Plotting the absorbance of anionic Chro vs. pH, a nice single-ionization curve is
obtained, as expected (Fig. 2e) [62, 76, 77]. This plot allows for the calculation of
pK., which we should interpret as the thermodynamic value associated with Chro’s
deprotonation. At pH » pK,, however, the absorption band corresponding to neutral
Chro is still intense, although it is slightly wavelength-shifted compared to that
found at acidic pH (Fig. 2d); this phenomenon is not consistent with the simple
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ionization scheme of Chro, and consequently the experimental pK, cannot be
attributed uniquely to Chro. Additionally, these mutants display detectable emis-
sion also from neutral state(s) [62]. The latter effect appears to be pH-dependent,
leading to emission spectra that are red-shifted by raising the solution pH (Fig. 2f).

We shall now describe a comprehensive model (named 2S-model) that rationa-
lizes most experimental findings related to the pH dependence of the optical
response in pH-sensitive GFPs as well as in unresponsive wtGFP by inclusion
of a second, optically inactive, protonation site thermodynamically coupled or
uncoupled with Chro ionization [76].

The first assumption in our model is that, likewise wtGFP, the principal optical
characteristics of any Y66 GFP variant stem from the ionization of the phenol group
on the chromophore and therefore from the ground state populations of neutral and
anionic forms of Chro. In certain conditions, these populations can be modulated by
external pH. We shall not include in the treatment structurally/environmentally
“non-relaxed” anionic species I (if present), as they negligibly contribute to the
protein absorption spectra on account of their metastable character and short
lifetime. Note, also, that many GFP mutants (e.g., those devoid of Thr203) usually
display no structural relaxation upon chromophore protonation/deprotonation, thus
yielding I* = B*.

The second assumption is that the optical behavior of the protein can, in some
cases, be affected by a second ionizable site XH (henceforth denoted as X when
deprotonated), which resides on the lateral chain of a nearby residue to Chro. Chro
and XH (or X) are supposed to exchange protons at ground state (and perhaps
also at excited state), possibly through a few proton relays belonging to an internal
H-bonding network including the chromophore. Actually, many protonatable
groups are likely exchanging protons with the chromophore (e.g., His'**, Glu**?,
Arg”®). We shall see that only one can modulate, through its own ionization, the
proton equilibrium of Chro. This assumption is verified experimentally [76]. Both
Chro and XH are supposed to be in direct proton communication with the external
solution through some ‘“proton antenna” entry or exit pathways such as those
described by Agmon et al. [74].

Two protonation sites imply four distinct ground states that we denote as A’, A,
B, and B'. A’ and B’ (Scheme 3). A and B are mixed states: A pertains to protonated
Chro and X, whereas B corresponds to anionic Chro and XH (Scheme 3). This
notation is coherent with the reported protonation scheme of wtGFP [53, 60, 61],
where the A state is characterized by neutral chromophore and anionic Glu*** (that
plays the role of “coupled” X residue, as we shall show in the following), whereas B
has the opposite configuration. We further assume that: (1) each state maintains its
optical characteristics when the pH is varied, and (2) a linear relationship holds
between absorbance/fluorescence and concentration (linearity is usually ensured in
intracellular microscopy as measurements are performed on diluted solutions and/
or very thin observation volumes). Thus, the absorption or fluorescence of the
protein at a given pH is given by the sum of the populations of each state multiplied
by its molar absorbance or fluorescence yield, respectively. Following the mathe-
matical treatment of Ullmann [78], we can write:
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processes are observed in the pH range of protein folding. The mixture of B and A obtained at high
pH constitutes the “apparent” M state in our notation [76]

S =Gy [SA’+SA - 10PH=PKxA) 4 . 10PH—PKNE) | g, . lO(sz_pKA/A_pKA/B+W>:|

8 {1 + 10PH-PKxa) 4 1QPH-PRvm) 4 1o<2pH—pKA,A—pKA,B+w)} h (1)

where S is the absorption or the fluorescence of the protein at a given observation
(excitation) wavelength; Cg is the protein concentration; S/, Sa, Sg, and Sy are
the molar absorbance/fluorescence of each state at the observation (excitation)
wavelength; pKa 4 and pKap are the pK, values pertaining to the A’~A and
A’ B proton dissociation equilibria, respectively (Scheme 3); W is the interaction
free energy between the ionization reactions of Chro and XH; W is positive when
the coupling is cooperative (i.e., deprotonation of one site favors the deprotonation
of the other one), whereas it is negative when anticooperative coupling takes
place (i.e., deprotonation of one site hampers the deprotonation of the other
one). From the mathematical treatment by Ullmann [78] and (1) we calculated
how the molar fraction of each state (Fig. 3a, c, e) and the signals of neutral and
anionic Chro (Fig. 3b, d, f) change with pH for some prototypical cases, i.e.,
W = 0 (Fig. 2a, b), W < 0 and pKag > pKa'a (Fig. 3c, d), and W <« 0 and
pKas < pKara (Fig. 3e, f).

A first remarkable case occurs for W = 0. This means that XH/X and Chro are
decoupled, i.e., the ionization of the first does not influence the ionization thermo-
dynamics of the second. Under the reasonable hypothesis that XH influences
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Fig. 3 pH-dependence of molar fractions of A’, A, B, and B’ states (panels a, ¢, e) and optical
signals of neutral and anionic Chro states (panels b, d, f) for prototypical cases relevant to the 2 S
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neither the optical properties of Chro states (i.e., Sy = Sp and Sg = Sp/), (1)
becomes:

Sa + Sp - 10(PH-PKyg)

5=Co 1 + 10(PH-PKy5)

(@)

Equation (2) represents the typical isotherm for a single-proton dissociation
equilibria and generates a sigmoidal dependence of protein absorption and fluores-
cence on pH (Fig. 2b). The absorption of synthetic Chro (or Chro in unfolded
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protein) in water follows (2) at pH above 4 (below the N®-protonation equilibrium
must be included, Sect. 2.1). In protein, (2) predicts that a rise in the solution pH
leads to the full conversion of the Chro neutral states (here A’ and A) into the
anionic state (here B and B’) (Fig. 2a); the opposite holds when pH is reversed.
At pH = pK 4, the optical signal is exactly at half of its global variation. Differ-
entiation of (2) shows also that the maximum signal sensitivity to pH changes is
found in the pH range [pKa'g — 1;pKa’s + 1], where the fluorescence response to
pH is nearly linear (maximum deviation: 16%). This “chromophore-like” optical
behavior is shared by many GFP mutants (e.g., some YFPs [55, 79], citrine [80],
Mut?2 class [72]); pK a’s, however, is 1-3 pH units lower than the pK, of the isolated
chromophore. Preliminary results on the thermodynamics of GFP protonation
(R. Bizzarri, unpublished data) suggest that this difference is related to the stronger
negative ionization entropy of the chromophore outside the protein environment
(—=97.7 J/mol K for synthetic Chro in water) compared to inside the [-barrel
(—14.4 J/mol K for EYFP). As for most organic acids, deprotonation of the
chromophore in water is associated with the structural reorganization of the H,O
molecules around the newly formed negative charge, a process that leads to a
significant entropy decrease of the system. Ionization of Chro within the folded
protein does induce some rearrangements of nearby residues (e.g., Thr*®* flipping in
T203 mutants) but apparently at lower entropy expense.

The second remarkable case occurs when W < 0, i.e., the ionization of XH
strongly hampers the deprotonation of Chro. This behavior is attributable to all GFP
mutants whose Glu?*? is not forced in a single protonation state by strong H-bonds
with surrounding residues [76]; in such cases, X = Glu??? and the strong antic-
ooperative coupling presumably stems from the strong negative energy implied in
the creation of two close negative charges on Chro and Glu*** upon concomitant
deprotonation. Consistently, in these mutants the fully deprotonated B’ state cannot
be reached within the stability range of the protein (note that B’ becomes signifi-
cantly populated at pH ~ [pKa'a + pKas—W], Fig. 3c, ). Assuming W < 0 (so
as to discard the B’ population at any meaningful pH) and introducing the new
ionization constant K5~ and molar absorption/fluorescence Sy:

Kam = Kaa + Kap (3)
Sy = Sa + Sp(Kas/Kara) @
1+ (Kas/Kaa)
Equation (1) rearranges into:
S + Sy - 10PH=PKw)
S=C,- A+ OM )

1 4+ 10(PH-PKxy)

Equation (5) is formally equivalent to (2), and it describes the sigmoidal evolution
of the optical response between the A’ state (prevalent at pH < pK ) and the new
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M state (prevalent at pH > pKa\). The sigmoidal behavior is depicted in Fig. 3d, f.
Note that the M state does not coincide with B, i.e., the M state does not pertain to the
pure anionic form of protein Chro. Actually, M is an apparent state that corresponds
to a mixed form of A (neutral Chro) and B (anionic Chro); the optical characteristics
of M are given by (4), whereas the thermodynamics of A’«M apparent ionization is
expressed by (3) [76]. This explains the non-negligible presence of neutral chromo-
phore in the absorption and/or fluorescence spectra of the “coupled” mutants at pH
well above the protein chromophore’s pK,, although they display pH-titration behav-
ior typical of a single ionization state (Fig. 2e). Interestingly, the relative molar ratio
between neutral (state A) and anionic (state B) Chro at high pH is determined by the
comparison between pK a5 and pKa/g: for pKara < pKas, A is the prevalent form at
high pH (Fig. 3¢c), whereas B becomes prevalent in the opposite case (Fig. 3e). Thus,
we can play with the acidity of the second ionizable site to induce or hamper Chro
deprotonation by rising pH.

We should stress that also wtGFP belongs to this protein family, as previously
suggested by Scharnagl [81]. wtGFP differs from other “coupled” mutants only for a
much lower pKan, which is around 4.5-4.9 (other mutants display pKay from 5.5
up to 7.2). This explains why two states with different Chro protonation, A and B, can
be constantly seen in the optical spectra of wtGFP at any pH without invoking an
unlikely “proton-shield” from the external solution. Accordingly, when Glu*** is
replaced by Gln in wtGFP the protonation behavior changes drastically: the optical
response becomes sensitive to external pH change in the physiological range [65, 82].

Assuming pKan = 4.9 and a population ratio B/A = 6, (3) and the trivial
identity B/A = K,p/Ka'a make us calculate pKyp = 5.75 and pKaa = 4.97.
This means that the origin of the lower pKan in WwtGFP is fully attributable to the
“easier” ionization of Glu*** carboxylic group (a case resembling that of Fig. 3c, d).
Thus, natural selection has engineered Glu®** to play multiple pivotal roles in wtGFP:
(1) it helps the maturation of chromophore [39];(2) it deprotonates much more easily
than the phenol group in Chro (Glu side chain: pK, = 4.07, Chro: pK, = 8.3) and, by
means of the anticooperative coupling effect, it strongly lowers the optical pK, to a
value outside the physiological range thereby stabilizing the protein emission; (3) it is
a good recipient for the Chro’s proton upon ESPT, conferring significant emission to
the protein’s neutral Chro. Note that the second and third properties positively
cooperate with the biological function of wtGFP: in fact, the pH-independent neu-
tral/anionic M state implies that the protein fluorescence can be excited in a very
large wavelength range (390-500 nm, Fig. 1d), thus making wtGFP a very efficient
FRET acceptor for the bioluminescence of its partner Aequorin (which bioluminesces
between 400 and 550 nm, [57]) in the jellyfish cells.

2.4 Ratiometric Optical Response

Equation (2), or its equivalent (5), shows that the optical signal depends on the total
protein concentration Cy. This poses a limit on the use of GFP mutants as



74 R. Bizzarri

intracellular indicators of pH. Indeed, in living specimens it is rather complicated to
control protein expression: this makes very difficult to determine whether fluores-
cence changes observed in different cells (or intracellular environments) are origi-
nated by a change in pH of the concentration of the fluorescent indicator protein.
The fluorescence response of the indicator may also be affected by the cell
thickness in thin regions as the cell periphery, as the probe excitation is proportional
to the optical path length. Calibration methods making use of purified protein
solutions of known concentration are often cumbersome or inaccurate [83]; fluctu-
ation methods such as FCS yield molar brightness and protein concentration only
when the indicator is very diluted in the intracellular context (usually below
30-50 nM) and require a complex fluorescence acquisition apparatus.

A straightforward way to circumvent all these problems is represented by GFP
mutants whose optical response can be monitored in the so-called ratiometric
configuration. These proteins display opposite optical trends of fluorescence exci-
tation (excitation ratiometric indicators) and/or emission (emission ratiometric
indicators) in two distinguishable optical intervals: the signal ratio in these two
intervals drops the dependence from C, while retaining the reliance on the concen-
tration of the analyte under observation (here: pH). The theoretical analysis of a
ratiometric pH indicator, in a form equivalent to that described by Grynkiewicz for
Ca’*-sensors [84], is presented in the following.

Let us consider a GFP whose fluorescence obeys (2) or (5) and two sets of
excitation—emission wavelengths or wavelength intervals (Ac(,4¢1) and (Ac,4c2).
Taking the fluorescence ratio in these two intervals we have:

) 6
F(/x2, Ze2) Foo (Zx25 Ae2) + Fo(Axa, Ae2) - 10(PK—pH) (6)

F(A, o) _ <Fm<xx1,iﬂ> + Fo(t, de) 1o<PK-P“>>
where Fj and F, represent the molar brightness at very low pH (and it replaces the
notation S,/) and at very high pH (and it replaces the notation Sg or Sy;), respec-
tively. pK, must be identified with pKary for “coupled” mutants or with pKa'g
otherwise. Equation (6) can be recast as:

F(ox1, e1) R;[1,2] + 10PK'=PH)
R[1,2] = 227 _RoM,2]- 7
2= B, d) 02 (T e @

where
Ro1.2) = o2t e) ®
Rl T ¥
PRy = b, ~ log | =272 (10
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R[1,2] is the ratiometric fluorescence signal relevant to the optical setup [1,2].
Ratiometric indicators by excitation display Ay ; # A and Ay = Ao; those by
emission have 4,1 = A, Ae1 # eo.

The value of Ry is linked to instrumental characteristics such as the exci-
tation intensity and the detector efficiency because it represents a fluorescence
ratio taken adopting two specific excitation/emission optical sets (8). Instead,
R; and pK,' depend only on the photophysical/thermodynamic properties of the
fluorescent protein and on the selection of the excitation/emission sets (Axj,4e1)
and (44,4¢2) (9)—(10). Importantly, (7) shows the same functional dependence
of the measurable quantity from pH as (2) and (5). Thus, a plot of R[1,2] vs
pH is sigmoidal with Ry as lower asymptote (the ratiometric offset), Ry as amp-
litude (the dynamic range), and pKa/ as inflection point (the ratiometric pK,)
(Fig. 4a). Different from (2) and (5), however, (7) does not retain the depen-
dence from the concentration Cy. In addition, the ratio R[1,2] is independent
from any geometrical feature, such as cell or specimen thickness, as well as
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Fig. 4 Ratiometric properties of E'GFP and E’GFP. (a) Universal calibration curve for Tat-
E’GFP obtained in U2-OS cells by adopting the excitation ratiometric scheme A,; = 488 nm,
Axo = 458 nm, and A, = 500-600 nm; the three parameters relevant for ratiometric measure-
ments, i.e., Ry, Ry, and pK,’ are shown in the graphic. (b) Extrapolated excitation spectra collected
at 523 nm [76] of E’GFP at pH — 0 (red) and at pH — oo (blue) to show the intrinsic optical
properties of A’ and M states (for notation, see text and Scheme 3); note the isosbestic point near
460 nm that is very close to the 458-nm emission line of Ar-laser. (¢) Same as in panel (b), but the
extrapolated fluorescence emissions upon 395-nm excitation are now considered; note the emis-
sion shift that stems from different ESPT pathways for A’ and A (see text). (d) Same as in panel
(¢), but E'GFP is now considered
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from general fluorescence variations due to photobleaching effects. In principle,
(7) describes a universal calibration curve under the selected excitation/obser-
vation conditions.

The necessary condition Ry # 1 to meaningful pH-dependent R[1,2] explains
why only fluorescent probes characterized by multiple excitation or emission
maxima that show opposing changes in fluorescence excitation or emission in
response to pH [see (9)] are utilizable as ratiometric pH indicators. Nonetheless,
it is worth noting that the optical setup (/y»,4¢») affects strongly the pK,’ value, i.e.,
the mid-point of fluorescence ratiometric response upon pH (10). Careful selection
of this setup is required to tailor the pH indicator to the desired biological applica-
tion(s), as maximum sensitivity of ratiometric signal to pH occurs in the range
[pK,)—1;pK, + 1], where R[1,2] vs pH is nearly linear.

Ideally, all GFP mutants should be excellent excitation ratiometric pH indi-
cators, on account of the large absorption and excitation difference between the
neutral and anionic chromophore (Fig. 1d and 2a, d). Some variants show also
significant alteration of the emission spectra upon pH, and could in principle be
used as emission ratiometric indicators (Fig. 2f). Unfortunately most GFPs dis-
play poor emissivity at low pH from the neutral chromophore and cannot be
employed to monitor ratiometrically pH with good accuracy. High-yield ESPT
from the neutral excited state seems actually a pre-requisite for a GFP-based
ratiometric pH-indicator, although some authors described mutants whose intrin-
sic emission of neutral Chro is enough to provide adequate signal to noise ratio in
pH measurements [62].

We noticed earlier that “uncoupled” mutants are characterized by Glu?** fixed in
the protonated state by the stabilizing action of some surrounding residues: these
GFPs lack the primary acceptor of ESPT and are usually dimly fluorescent at low
pH. We have experimentally observed that many ‘“coupled” variants, instead,
display significant fluorescence from A’, and sometimes even from A (e.g.,
wtGFP, characterized by an impressive @, = 0.78 [57]), on account of an efficient
ESPT mechanism (Fig. 2f). Notably, Glu**? is protonated in A’: this means that one
or more additional residues, for instance His”g, must act as ESPT recipient. This
subtle difference between A’ and A is at basis of a minor, but well-detectable,
wavelength shift in the emission spectra of the two states (Fig. 1h). We shall show
at Sect. 3.2 that such shift can be proficiently used to engineer GFP-based emission
ratiometric indicators of pH.

3 GFP-Based pH Indicators for Intracellular Use

In 1998, four different papers came out describing for the first time the pH;
determination in different intracellular compartment by means of pH-sensitive
GFP mutants [71, 75, 85, 86]. Since then, several GFPs have been proposed to
the attention of the scientific community as genetically encodable intracellular pH
indicators. A recent estimate based on simple bibliographical keywords sets to
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about 100 the number of published papers reporting on pH measurements by GFP
indicators. Many of these papers provided new quantitative insight on subtle
biochemical processes (for example see [87, 88]) and there are no doubts that in
the near future, new scientific evidences will be collected with the help of this kind
of pH indicators.

A simple classification divides GFP-based pH indicators into two families:
nonratiometric and ratiometric indicators. In the following, we shall review the
components of each family. The reader is also referred to [26] for further details.

3.1 Nonratiometric Indicators

The members of this family are GFP variants that show strong pH-dependence of
their optical properties but whose poor emission from the neutral chromophore
makes them unsuitable for ratiometric measurements. As we already stated at
Sect. 2.3, GFP mutants where Glu?*? is forced in the protonated state regardless
of the pH generally display these optical characteristics. Nonratiometric pH indi-
cators are conventionally used to report changes of pH; rather than absolute pH;
values, owing to the variable, and not easily measurable, intracellular GFP expres-
sion (Sect. 2.4).

In 1998, the group of Brooks Robey [75], Verkman [71], and Tsien [85]
introduced the F65L/S65T GFP mutant, better known as Enhanced GFP (EGFP),
as nonratiometric efficient pH; indicator. EGFP displays a significantly green-
emissive anionic state (g435 = 60,000 M! cmfl, ® =0.7, . = 509 nm, [76]),
although its pK, around 6 prevents the pH monitoring of alkaline subcellular
component such as mitochondria [71]. Actually EGFP is characterized by a weak
coupling between Glu*** and Chro that leads to about 12% of A state at high pH
[76, 89]; thus, for most applications EGFP can be safely considered an uncoupled
variant. EGFP was applied to probe pH changes in the cell cytoplasm [71, 75, 85],
Golgi apparatus [71, 85], and synaptic vesicle cycling at nerve terminals [90].

By means of several rounds of random mutagenesis on wtGFP, Rothman and
coworkers generated in 1998 and 2000 two pH-sensitive GFPs, named “Ecliptic”
and “Superecliptic” pHlourins (EcGFP and sEcGFP), which since then appeared
more suitable than EGFP to monitor intracellular pH changes on account of their
higher pK, values (pK, = 7.1-7.2, [86, 90]). EcGFP shows the S147D/N149Q/
T1611/S202F/Q204T/A206T GFP mutation pattern. Inspection of reported optical
properties clearly suggests that EcGFP is characterized by coupled protonation
between Chro and presumably Glu**%. The absorption spectra of ECGFP maintains
a predominant neutral state at pH > pK, [91]. Additionally, FCS of EcGFP evi-
denced a pH-independent internal proton transfer at high pH [91], which may be
attributed to the proton exchange reaction between Chro and XH in the M state
(Sect. 2.3). EcGFP is conventionally used as a nonratiometric sensor by selective
excitation of the B state at 476 nm: the fluorescence disappears at low pH as B is no
more populated. Consistently with other “coupled” variants, however, the neutral
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states of EcGFP maintain non-negligible fluorescence and this protein can be also
used as ratiometric indicator.

SEcGFP adds the F64L/S65T mutations to the EcGFP sequence [90], and the
anionic chromophore of sEcGFP is about nine times brighter than in EcGFP.
Although no absorption spectra of SEcGFP are available, this fluorescence enhance-
ment is likely related to the S65T replacement, which is known to inhibit strongly
Glu?*? ionization thereby favoring B population [73, 76].

In the first report by Rothman [86], ECGFP (and its ratiometric counterpart
RaGFP, Sect. 3.2) was fused to the luminal C-terminus of vesicle-associated
membrane protein (VAMP)-synaptobrevin (the full construct was named synapto-
pHlourin) to monitor synaptic vesicle exocytosis and recycling. In the lumen of
vesicles the pH is low, and EcGFP excitation at 476 nm yields a very dim emission;
however, upon exocytosis ECGFP comes into contact with cytoplasmic pH thereby
boosting its fluorescence. On account of this property, EcGFP and its brighter
alternative sECGFP have been proposed as general markers of cell exocytosis
[92]. EcGFP and sEGFP are broadly used to monitor presynaptic secretory vesicles,
vesicle fusion events, exocytosis and endocytosis (see, for example: [87, 93, 94]).

As already discussed at Sect. 2.2, the T203Y substitution in the GFP sequence
leads to significant red-shifted absorption and emission of the B state because of a
n—n stack interaction between Chro and Tyr**® [95]; T203Y GFPs are collectively
denoted as Yellow Fluorescent Proteins (YFPs). YFP mutant S65G/S72A/T203Y,
usually indicated as Enhanced YFP (EYFP), is pH responsive and is characterized
by an uncoupled chromophore, owing to the stabilization of protonated Glu induced
by the S65G replacement [55, 95]. Accordingly, the neutral chromophore of EYFP
is almost non-emissive [55]. Instead, the anionic chromophore of EYFP is very
bright (e514 = 84,000 M~ ' cm™', & = 0.61, /. = 527 nm, [96]). On account of its
rather high pK, = 7.1, EYFP was shown to be very effective to probe pH changes
in the cytosolic, Golgi, and mitochondrial environment by the Tsien lab [85]. EYFP
is also a good selection for multicolor experiments in tandem with pH-unresponsive
cyan or green mutants. Unfortunately, the emission of EYFP is severely quenched
by the chloride ion [55, 79], which can be abundant in some cell types and
subcellular organelles. Attempts at reducing the chloride sensitivity of EYFP by
introducing mutations in its well characterized ion-binding pocket yielded chloride-
resistant mutants characterized with rather low pK, [80], which seem unsuitable for
pH monitoring in vivo.

3.2 Ratiometric Indicators

In the same study that introduced EcGFP, Rothman and coworkers described
the first GFP-based ratiometric pH indicator by excitation, named Ratiometric
pHlourin (RaGFP) [86]. RaGFP shows the following mutational pattern: E132D/
S147E/N149L/N1641/K166Q/1167V/R168H/L220F. Surprisingly, RaGFP is char-
acterized by a reversed pH dependence of its chromophore states; in fact, rising pH
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leads to the parallel decrease of the anionic band at 476 nm and the increase of the
neutral band at 395 nm. The photophysical reasons underlying this odd behavior
have not been elucidated yet. In a typical experiment, RaGFP is imaged by taking
the ratio of 500-550 nm emission excited at 410 and 470 nm [88, 97]. The group of
Schulte carried out a thorough ratiometric analysis on this indicator and reported
it to be associated with pK,” = 6.9 and R; = 8.8 for A,; = 415 nm, A, = 475 nm,
and 1, = 508 nm [38]. Hence, RaGFP is capable of probing pH in the physiological
range with high sensitivity. Accordingly, RaGFP has been applied to monitor
the pH in a variety of intracellular locations, such as the cytoplasm [97, 98],
peroxisomes [88], mitochondria [98], axons of motoneurons [99], bacterial flagellar
motor [100], and endosomes and the trans-Golgi network [101]. Likewise EcGFP,
RaGFP was conjugated with VAMP-synaptobrevin (ratiometric synapto-pHlourin):
this construct allowed the monitoring of the actual pH in presynaptic secretory
vesicles [86].

As anticipated at Sect. 3.1, EcGFP pHlourin has been proposed as an emission
ratiometric pH indicator [38]. Upon excitation at 400 nm A’ state does not display
ESPT and its emission reflects the intrinsic decay of the neutral excited state at
460480 nm. Conversely, A state is characterized by efficient ESPT, emitting at
510 nm. Thus, a pH-dependent emission shift is obtained by excitation at 400 nm
[38]. Adopting the ratiometric sets (1, = 400 nm, 4., = 511 nm, A, = 464),
Schulte and coworkers determined R; = 28 and pK,’ = 7.6 [38].

In 2002, Remington and coworkers published remarkable results about four new
ratiometric pH indicators, named deGFPs [77]. deGFPs are characterized by the
S65T and H148C(G) and/or T203C replacements and display pK, values from 6.8
to 8.0 [77]. The chromophore of deGFPs is likely anticooperatively coupled with
Glu??, as their absorption spectra retain large absorption of the neutral pH at
pH > pK, [77]. Likewise EcGFP, excitation of the A’ state of deGFPs at 400 nm
does not activate ESPT but the intrinsic emission of the neutral excited Chro at
460 nm (& = 0.05-0.1); instead, 400 nm-excitation of A triggers efficient ESPT
yielding green fluorescence (@ = 0.05-0.1) [62]. X-ray analysis of the crystal
structure of deGFP1 highlighted a pH-induced structural rearrangement in the
chromophore pocket, presumably at basis of the observed dual emission character-
istics [77]. The crystal structure at low pH evidenced the interruption of the proton
relay towards Glu?*? typical of wtGFP, thus explaining the inactivation of ESPT.
Raising pH was shown to trigger a backbone motion placing Tyr'* and Ser'*’ in a
favorable position to form hydrogen bonds with the phenol group of Chro; this
configuration generates a novel proton relay encompassing Ser'*’ and two water
molecules and allows ESPT towards the bulk solvent. On account of these and other
findings, Remington and co-workers were the first to propose the modulation of
ESPT rate by rationale modification of the primary sequence as a method to change
the emission properties of GFP mutants [62, 102, 103].

Although all deGFPs can be applied as excitation ratiometric pH-indicators,
deGFP4 variant was tested for emission ratiometry adopting the optical set
Ay = 365 nm, A = 475-525 nm, A, = 385470 nm. deGFP4 was shown to
possess a much greater dynamic range [77] compared to popular emission
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ratiometric pH-indicator SNARF-1 dye [104, 105]. The SNR of deGFP4, however,
appeared worse likely because of the dim intrinsic fluorescence at low pH. In the
same study, deGFP4 was used to monitor pH changes in the cytoplasm of PS120
cells. Additionally, deGFP4 was tested as ratiometric indicator by emission under
two-photon excitation by replacing illumination at 365 nm with 810 nm strong
pulsed laser excitation. The use of two-photon-excitable indicators will be dis-
cussed in some detail at Sect. 4.2.

In 2006 and 2009, our group introduced the YFP mutants F64L/T203Y (named
E'GFP) and F64L/S65T/T203Y (named E>GFP) as novel efficient and versatile
ratiometric pH indicators for intracellular study [106, 107]. Like deGFPs, E'GFP
and E°GFP shows proton-dependent optical behavior strongly affected by Chro and
Glu®*? anticooperative coupling [76]. Indeed, the neutral form of the chromophore
is evident in the absorption spectra of both proteins at high pH (Fig. 2d), indicating
active A—B internal equilibrium typical of the apparent M state. We calculated
that A state encompasses about 95 and 60% of the overall protein population at high
pH in E'GFP and E*GFP, respectively [76].

The spectroscopic data of E'GFP and E’GFP and their pKay values are
reported in Table 1. Notably, these two proteins are characterized by significant
quantum yield of emission from the A’ state, probably on account of efficient ESPT
towards His'*® (R. Bizzarri, unpublished results); both the absorption and the
excitation of the A’ state are red-shifted compared to typical neutral Chro absorp-
tion. The B state has strong absorption and emission (Table 1). These date support
the use of these two proteins as excitation ratiometric indicators by illumination of
A’ (low pH predominant) and B state. Actually, E°GFP represents a very attractive
selection when imaging setups equipped with popular Ar-laser excitation source,
owing to its isosbestic point located at 460 nm that can be addressed by the 458-nm
Ar emission line (Fig. 4b). Indeed, we demonstrated that when ratiometric /.,
corresponds to an isosbestic point, (10) predicts a minimal deviation of pKa/ from
the actual thermodynamic value, which is close to the optimal value 7 in this protein
[106]. When we adopted A,; = 488 nm, A,, = 458 nm (two Ar-laser lines) and
Je = 500-600 nm, we obtained pK,” = 6.9 associated with a large dynamic range
of measurement in vivo (R; > 3, Fig. 4a). E°’GFP was successfully employed to
monitor cellular alkalinization upon mitosis and subsequent acidification upon
entry in the G1 phase [106]. A fusion construct of E°GFP and Tat, the transactivator

Table 1 Protein absorption and emission wavelengths, quantum yields, and pK, as determined
from steady state absorption/emission measurements at different pH. 44/, 45, A Wavelengths at
maxima of A’, A, and B absorption, respectively; Jema’s Aema/s: Wavelengths at maxima of the A’
and M emission, respectively; @4/, @, P quantum yields of emission of A’, A, and B,
respectively

Protein Ay (nm) @ Ap(m) P, Ag(nm) Pp  Aepa (M) A v (nm)  pK,
E'GFP* 410 0.11 400 0.15 509 0.88 500 516 6.00
E>GFP® 419 0.10 401 0.05 515 0.88 510 523 6.78

“Base mutation pattern: F64L/T203Y
®Base mutation pattern: F64L/S65T/T203Y
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protein of HIV-1, allowed us to determine the pH in nucleolar and promyelocytic
leukemia protein (PML) bodies at high spatial resolution [106]. Interestingly, we
observed a significant pH change upon Tat relocation that might be biologically
related to the control of HIV-1 transcription [108]. It is worth mentioning that
chloride (and other halides) ions are static quenchers of E*GFP fluorescence [109],
but the mathematical dependence of fluorescence emission from quencher concen-
tration leads to unaffected ratiometric measurements [106]. Actually, the chloride
dependence of E°GFP and one slightly different variant was exploited to engineer
an efficient pH/chloride tandem intracellular indicator [110].

Inspection of Table 1 shows that also A state of both proteins display non-
negligible emission yield at wavelengths distinguishable to that of the A’ state.
The emission displacement can be rationalized by considering that ESPT of A is
presumably directed to anionic Glu®?*> and it takes part in a different H-bond
network around the chromophore. This ESPT rewiring allows the use of E'GFP
and E°GFP as emission ratiometric pH indicators by exciting selectively the neutral
states (Fig. 4c, d). In E’GFP, Ax = 403 nm and collection in the two ranges
Je1 = 515-600 nm ., = 475-515 nm (where A’ and A are predominant, respec-
tively) shifted pKa/ to 7.48, making this setup valuable for pH determination in
alkaline subcellular regions. The higher quantum yield of A and the larger emission
wavelength shift in E'GFP (Table 1), however, make this protein more useful
for emission ratiometry. The optical setup A, = 403 nm, A.; = 505-600 nm
Jex = 460-505 nm was found to yield pK,” = 6.68 and R; = 8.57 [107]. Accord-
ingly, Tat-E'GFP was applied to monitor vesicle pH in real-time and at high spatial
resolution during multi-step internalization through the intracellular endocytic
network (Fig. 5) [107].

Ratiometric indicators need not to be constituted by a single GFP molecule.
Indeed, two or more GFPs can be linked together affording a fluorescent system
composed by unit with distinguishable optical properties. Awaij and coworkers
developed in 2001 two ratiometric pH sensors, named GFpH and YFpH, by fusing
the pH-insensitive variant GFPuv, excitable at 380 nm, and a classical pH-sensitive
GFP excitable at longer wavelengths [111]. GFpH is constituted by GFPuv and
EGFP. On account of this, GFpH works well as excitation ratiometric pH indicators
for mildly acidic subcellular components adopting the 4,; = 480 nm, 1,, = 380
nm, and A. = 520 nm optical scheme (pK,” = 6.2 and R; ~ 5) [111].

YFpH is composed by GFPuv and EYFP. Notably, the excitation at 380 nm leads
to an emission shift of YFpH from 509 to 527 nm as the pH was raised. This effect
was interpreted as FRET between GFPuv and EYFP, as EYFP is nonfluorescent
when excited at 380 nm. Conversely the emission wavelength of YFpH upon
380-nm excitation remained stable when with pH was nearly unchanged, as such
emission comes mostly from EYFP. Hence, YFpH was proposed as a ratiometric
pH indicator by both excitation (1,; = 480 nm, 4,, = 380 nm and A, = 520) and
emission (1, = 380 nm, A.; = 525 nm and A, = 510) [111]. The pK,’ of YFpH was
shown to be around 6.5-6.8 in both cases [111]. GFpH and YFpH were used to
visualize pH changes in the cytosol/nucleus of living cells and during internaliza-
tion caused by endocytosis upon agonist stimulation [111]. A pH indicator similar
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Fig. 5 Ratiometric pH; map
by emission of Tat-E*GFP
internalized in endocytic
vesicles collected by confocal
microscopy [107]. Upper
panel: fluorescence emission
(scale of yellows). Central
panel: ratiometric map in
pseudocolor scale at medium
magnification (Scale bar:

10 um). Lower panel: high-
resolution ratiometric map in
pseudocolor scale of the
region enclosed by a white
rectangle in central panel
(Scale bar: 1 pm). The
ratiometric maps clearly
display the progressive
acidification from the
membrane to the inner part of
the cell, which is a hallmark
of the dynamic evolution of
organelle contents from
endosomes and pinosomes to
degradative lysosomal
compartments

R. Bizzarri
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to YFpH was realized by conjugation of Cyan Fluorescent Protein (CFP), the cyan-
emitting, poorly pH-sensitive [85] Y66W GFP mutant, together with EYFP. Note
that in the vast majority of FRET experiments involving Aequorea proteins, CFP
and EYFP are the two optical partners, owing to their large optical complementarity
[112, 113]. CFP-EYFP was proficiently used to detect changes in pH secondary to
H* efflux into the basolateral space of MDCK cells [114].

In 2004, Pozzan and coworkers introduced mtAlpHi [10], an excitation ratio-
metric indicator tailored for measurements in high-pH subcellular regions. mtAlpHi
was obtained by replacing the calmodulin linker of the Ca**-sensor camgaroo-II
[80] with a portion of Aequorin. mtAlpHi was used to monitor pH changes
occurring in a variety of physiological and non-physiological situations in mito-
chondria [10]. Notably, mtAlpHi (and its parent construct camgaroo-II) comprises a
YFP variant that is poorly sensitive to the quenching effect of chloride ions [80].

4 Imaging Intracellular pH

4.1 Confocal Microscopy Setups

Recent advances in microscopy methods have paved the way to the use of many
fluorescent indicators to provide high-resolution intracellular measurements in
physiological and nonphysiological conditions. A typical microscope apparatus
for intracellular fluorescence measurements can be divide into three major compo-
nents: (1) the excitation sources; (2) the actual microscope; (3) the detector(s).
A further component is represented by the optical system(s) that discriminates the
excitation light from the emission of the specimen.

The major breakthrough in fluorescence imaging of biological samples was
represented by the diffusion of confocal microscopes [104, 115, 116]. In a confocal
microscope, fluorescence from out-of-focus planes is almost completely removed
by a pinhole, which is optically-conjugated to the objective focus and placed just
before the detector [117]. This configuration greatly improves the image quality and
the axial resolution compared to conventional (e.g., wide-field) epifluorescence
microscopes. Using a high-numeric aperture objective, axial resolution (z-axis) as
low as 0.6—1.2 pm (the corresponding xy resolution is usually around 0.2-0.4 pm)
are routinely achieved in most confocal setups. The diffraction-limited excitation
and probe regions, which have approximately the shape of a 3D cylindrically-
symmetric Gaussian whose dimensions correspond with the optical xy and z
resolutions, is called Point Spread Function (PSF). The PSF represents the volume
that is actually sampled by the microscope; during a measurement, the PSF is
rapidly scanned across a much larger xy region to provide a convolution image of
each pixel of the sample at the focal plane, which represents the “fluorescence map”
of the sample at the objective resolution. Confocal microscopy allows for pH;
detection in focal volumes of less than 1 fl yielding, in principle, high-resolution
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pH maps in living organisms such as cultured cells. The sequential acquisition
process is usually accomplished by fast-moving galvanometric mirrors that deflect
the excitation light before entering the objective, thereby scanning line by line the
desired region of the sample. Thus, the scanning speed (and pixel dwell time) is a
relevant parameter of the measurement because it determines the illumination time
of each pixel as well as the time required to collect one image. Modern confocal
allows line-scanning speed ranging from a few Hz to 1-2 kHz.

Besides allowing for high-resolution xyz measurements, a confocal microscopy
system must possess other properties to maximize the performances of any fluores-
cent indicator; at the same time, the indicator should be selected and engineered to
take full advantage of all the features of the imaging system. The most important
rule is to maximize the Signal to Noise Ratio, because it determines the accuracy of
the indicator measurement. This can be obtained by using: (1) stable and powerful
illumination sources, typically lasers, tuned on the excitation bands of the indicator;
(2) very sensitive detectors to reveal weak signals (e.g., highly sensitive photo-
multipliers, SPADs); (3) highly-selective excitation/emission selection optics (e.g.,
steep dichroics and filters, Acousto-Optical Beam Splitter). Properties (2) and (3)
are particularly critical, as the increasing of excitation light above a certain level
typically does not lead to any fluorescence signal increase owing to fluorophore
saturation and photobleaching.

Measurements by ratiometric indicators need additional considerations. The
microscopy system must be flexible in selecting, and fast in switching, the excita-
tion sources and/or the collection intervals, in dependence of the ratiometric nature
of the indicator. Conventional confocal microscopes are usually supplied with
multiple excitation laser sources that can be activated sequentially in less than
100 ms, being therefore well-suited for ratiometry by the excitation. We should note
again that E?GFP is an optimized pH indicator for confocal imaging, as it performs
best when excited by the 458 and 488 nm lines of Ar laser, which is one of the
typical laser source for confocal setups [106]. The large diffusion of solid-state
403/405-nm lasers make also easily accessible ratiometry by emission making use
of both E'GFP and E°GFP. Some wide-field microscopes come supplied with
motorized filter wheels that allow the fast switching of the excitation wavelengths
from a lamp source. In such cases excitation ratiometry is possible, although the
high axial resolution of the confocal setups is lost (and can be recovered only by
post-processing deconvolution).

Confocal microscopes are usually equipped with more than one detector, per-
mitting the concomitant collection of fluorescence in two or more wavelength
intervals, which is the basic requirement of emission ratiometry. In the most
advanced setups, spectral detector are supplied, i.e., each detector is software-
adjusted to collect emission photons of selected wavelength by means of a complex
system of motorized gratings and slits within the microscope (bandwidths can be as
low as 5 nm). This instrumental feature is particularly interesting in view of
modulating both the dynamic range and the apparent pK,’” of ratiometric response
[Sect. 2.4, (10)].
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Minimization of the detector noise is fundamental for ratiometric measurements.
Indeed, the ratio between fluorescence values amplifies the “electronic” error that is
present in each image. The nonlinear (sigmoidal) shape of the calibration curve
further amplifies this error when the ratio is back-converted to pH. Thus, high
amplification of the initial photocurrent should be avoided because it adds a strong
electronic noise that degrades the ratiometric measurement. The easiest, and in
many cases the only strategy to reduce noise effects in ratiometric measurements
is the use of the maximum excitation intensity compatible with minimal probe
photobleaching; then, adequate thresholding of images (by means of some repro-
ducible criteria, e.g., the subtraction of background plus a fixed multiple of its
standard deviation) is quintessential to obtain a meaningful pH map. pH; maps
collected on cells clamped at a given pH by means of ionophores can help evaluat-
ing the intrinsic accuracy of the ratiometric detection method. Notably, the use of
photon-counting detectors may represents an interesting option for improving
accuracy of ratiometric measurements, as they are characterized by predictable
and low-level Poissonian noise [118]. Unfortunately, standard instruments are
usually not supplied with photon-counting detectors, which typically find use in
complex microscopy setups devoted to single molecule biophysical measurements.

4.2 Two-Photon Microscopy Setups

In recent years, two-photon excitation (TPE) fluorescence microscopy emerged as a
valuable alternative of confocal laser microscopy [117, 119]. TPE relies upon
the nonlinear (quadratic) sample excitation upon near simultaneous absorption of
two photons each bearing half of the energy required to carry out the electronic
transition between the ground and the excited state. The nonlinear dependence of
TPE on illumination intensity and the high photon flux densities required to yield
a significant number of TPE events (~10°' photon/cm? s), confer to this imaging
technique intrinsic high 3D resolution, a property not associated with single-photon
excitation microscopy [120]. Indeed, TPE is usually confined in a small volume
around the focal point, whose dimensions are critically dependent on the numerical
aperture of the objective lens and the illumination wavelength. The calculated TPE
lateral and axial resolutions for a 1.2 NA objective at 900 nm are about 0.18 and
0.45 pm, respectively, yielding a focal excitation volume of 0.113 fl [121]. None-
theless, these high resolutions will degrade steadily with illumination power if
fluorophore excitation saturation becomes significant, i.e., for highly two-photon
absorbing fluorophores; also, optical aberrations, refraction index mismatch of the
sample and other optical factors may contribute to slightly worse resolutions than
those predicted by theory.

TPE fluorescence microscopy shows some relevant advantages over both
widefield and confocal microscopy. In the latter two techniques, the linear depen-
dence of excitation on illumination intensity produces probe stimulation along
an elongated axial region. Since photon absorption is the prerequisite also for
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photodegradation processes (e.g., photobleaching), the spatially restricted two-
photon excitation volume should significantly reduce sample photobleaching and
phototoxic effects. Because out-of-focus fluorescence is never generated, there
is no need to introduce a pinhole in the detection path of the microscope, as in
confocal microscopy [120]. This latter observation implies that in TPE microscopy
the “spatially informative” signal coming from the sample is entirely collected by
the detector. Finally, the longer wavelength of TPE allows for imaging visible—
excitable probes in thick biological samples when IR illumination is adopted [122];
analogously, TPE microscopy with visible light is used to image UV-excitable
species such as aromatic residues in proteins and cofactors. It is also worth men-
tioning that many commercially available confocal setups can be easily upgraded to
multiphoton imaging by interfacing a femto- or pico-second mode-locked infrared
laser source [121].

As predictable, the development of TPE microscopy methods and setups
prompted the engineering of new fluorescent intracellular indicators that could
efficiently respond to nonlinear excitation [123]. FPs constitute a valuable class
of indicators also in TPE microscopy, owing to their genetically encoded expres-
sion that is nonrelated to their optical properties. The TPE fluorescence yielded by a
fluorophore in a microscopy setup can be expressed as [124]:

_ 0.5 - o(Zem) * 6(ex) - <P(t)>2 1N
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where the time averaging of both emitted fluorescence (F(t)) and excitation power
(P(t)) reflects the common use of pulsed laser illumination sources; ¢(4ey,) and
0(Jex) are the quantum yield at emission wavelength and the TPE cross-section
(usually expressed in GM units, IGM = 107" cm® s/photon) at the excitation
wavelength, respectively; 7 is a multicomponent parameter that takes into account
the properties of the optical setup and of the illumination source [125]; C is the
concentration of the probe. In ratiometric configuration (11) becomes:
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by emission. Thus, TPE ratiometric indicators require changes in their cross-section
and/or in the emission spectrum to monitor any species, as the other parameters
in (12)—(13) would remain constant during the measurement.

Fluorescent proteins display TPE cross sections in the interval 10=-100 GM at
wavelengths ranging between 650 and 1,200 nm [126, 127], allowing for good SNR
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in typical imaging conditions. In GFPs, the neutral and anionic forms of Chro have
rather distinguishable two-photon excitation wavelengths: the neutral states are
usually excited around 800 nm, which corresponds to twice the excitation wave-
length at one photon, whereas the anionic state peaks at values (900-1,000 nm)
[128]. Often the TPE wavelength falls significantly lower than twice the
corresponding one-photon wavelength. Apparently, the latter discrepancy is attrib-
utable to a hidden excited state in the vicinity of the lowest excited singlet (S1) of
the anionic form of Chro [129]. These properties make in principle feasible pH-
indicators ratiometric by excitation starting from carefully selected mutants. Com-
pared to single photon excitation, however, the strong overlap between the two
excitation bands related to the different selection rules, together with the usually
much longer time required to change the excitation wavelength in TPE setups
(seconds) make this option not very convenient for physiological measurements.
pH-indicator ratiometric by emission is much more attractive. Indeed, TPE usually
does not affect the properties of fluorescence emission (a single-photon process),
because TPE does not intervene on the nature of the excited electronic—vibrational
state that radioactively decays down to ground state. Thus, ESPT and emission
shifts identical to the single-photon case are commonly observed in the TPE of pH-
sensitive GFP variants [77]. As anticipated in Sect. 2.4, Remington and coworkers
described some deGFPs as two-photon ratiometric pH indicators by emission [77].
TPE was demonstrated to give a superior S/N ratio compared with single-photon
excitation. This finding was attributed to less autofluorescence under TPE and/or
more efficient excitation of the protonated state of deGFP4.

Recently, we demonstrated that also E°GFP is suitable for emission ratiometry in
TPE configuration to monitor external pH. We showed that the emission band
obtained by excitation at 780 nm, and attributable principally to A’ and A states,
undergoes a significant red-shift upon pH increase [26]. The fluorescence ratio
between the 515-555 nm and 470-503 nm intervals was found to increase by a
factor of more than 3 when pH was shifted from 4.9 up to 9.5.

Finally, it is worth noting that synapto pHlourin (a fusion construct of ecGFP)
was visualized in the olfactory neuron of Drosophila melanogaster by TPE micros-
copy [130]. The nonratiometric pH reporter, however, was just used to monitor real-
time exocytic events upon stimulation of the fly by means of the strong fluorescence
increase associated to the pH rise upon exocytosis.

4.3 Kinetic Vs. Optical Resolution

In Sect. 1, we noticed that pH is seldom spatially uniform at intracellular level on
account of the multicompartmentalized cell biochemistry. High-resolution intracel-
lular pH maps are of great value to understand the biology underlying the pH
regulation at spatial level, or, in other terms, the scientific relevance of any
measurement is directly related to the maximum resolution achievable. Apparently,
this would pose a strict requirement on the microscopy imaging setup, asking for
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the maximum possible resolution. Yet, the photophysical characteristics of the pH
indicator are of comparable importance.

A good pH indicator must be capable of reporting an accurate pH estimate in
every subcellular region it comes in, i.e., to provide a spatially unbiased pH map. So
far we considered the effect of pH on the equilibrium optical properties of the target
GFP (2), (5) but we have not taken into account the time (z..) required to reach the
equilibrium state. This value, however, has great importance in view of the transla-
tional diffusion of the protein (or, more generally, of the indicator) in the sample
under study and the spatial resolution of the imaging setup. In fact, the spatial
resolution of the measurement and the diffusive property of the indicator determine
together its permanence time (t4) in each “observation volume” (actually the PSF in
a confocal setup): if t; > 1., the pH in the “observation volume” is correctly
measured, since the indicator ionization has time to get to equilibrium; otherwise,
a “smeared” pH map is observed, unless the pH is spatially homogeneous. Note
that these observations are rather general and apply to any couple of indicator/
monitored species, in any environment, whenever high spatial resolution maps are
the goal.

Under the assumption of free isotropic diffusion, in the time 7. the indicator
spans a linear distance Aw in the sample given by [131]:

Aw = \/4D7, (14)

where D is the diffusion coefficient of the indicator in the sample medium. Aw is
called the kinetic resolution of the indicator.

Let us now introduce the optical resolution of the imaging system Ad. The
isotropic diffusion hypothesis now yields:

Ad = /4D, 5)

Thus, the previously stated t; > 7. condition can be recast as Ad > Aw, i.e., the
optical resolution must be larger than the kinetic resolution to ensure meaningful
spatial measurements of pH or any other species.

The kinetic theory of chemical reactions allows for the calculation of the time 7,
and thereby of the kinetic resolution, once the rate limiting step(s) of the indicator’s
reaction are identified. For simplicity, we shall consider only the [A’«—B + H']
ionization of Chro in the present discussion on GFP-based pH indicators. The
mathematical treatment, however, can be easily extended to the full 2S model. 7.
can be expressed by [132]:

= = kon - ([B]eq + [H+]eq) T kgt (16)

Tc

where [B]eq and [H"]¢q are the concentrations of B and H" at equilibrium, and ko,
kogr are the protonation and deprotonation rate constants, respectively (K = kqg/
kon)- The rate constants are implicitly assumed to account for all processes involved
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in the proton transfer from outside and inside the protein along suitable proton
wires. This observation suggests lower protonation kinetics of the Chro compared
to either ionizable residues on the protein surface or to synthetic acid—base indica-
tors, owing to the B-barrel-restricted proton access to the GFP chromophore. This
prediction has been experimentally verified in several GFP mutants [72, 76]. For
concentrations similar to those found in vivo, GFPs are typically associated with
protonation 7. values between 100 ps and 1 ms, which are 1-2 orders of magnitude
larger than for organic acid-base compounds. However, the nonnegligible size of
GFPs is associated with a diffusion coefficient that is 2—4 times smaller than for
small organic pH indicators molecules. Also, the cell components offer viscous
environments that further reduce the mobility of the GFP; typically, D values
between 0.1 and 20 pmz/s are observed [133-135]. GFPs linked to membrane
receptors can show D as low as 10 °+10"2 um?/s. Assuming the most unfavorable
case of a GFP indicator characterized by 7. = 1 ms and freely diffusing in the cell
cytoplasm (D = 20 um?/s), (14) yields an upper limit to the kinetic resolution of
0.28 pm.

In a diffraction-limited optical system, Ad is theoretically given by the Abbe’s
criteria [136]:

A

A=A

a7

where NA is the numerical aperture of the imaging lens (e.g., the microscope
objective). Considering NA = 1.25 and 4 = 488 nm (typical imaging conditions
of green pH indicators), we have: Ad ~ 200 nm, a value slightly lower than the
poorest kinetic resolution. In real cases, however, Ad is usually significantly larger
than predicted by 17 owing to the nonideal imaging conditions (e.g., optical
aberrations, strong emission spatial gradients, refractive index mismatch, and
variation throughout the sample). These observations suggest that in most condi-
tions (and particularly when the protein diffusion is hampered by subcellular
targeting compared to cytoplasm), GFP indicators provide really meaningful pH
maps of intracellular regions. This conclusion should be carefully considered, as in
most cases intracellular indicators are seldom able to afford reliable spatial maps at
the high resolutions implied in microscopy imaging. For instance, pH-dependent
organic probes display 7, > 7. only up to pH 6 when monitored by high-resolution
microscopy setups [137, 138].

5 Conclusions and Perspectives

To date, FPs are the most valuable probes to monitor biochemical processes in vivo,
owing to the genetic encoding of fluorescence in the protein primary sequence.
Among FPs, a special role is played by GFPs, the variants sharing the common
origin from wtGFP, the fluorescence emitter of Aequorea victoria; in fact, GFPs
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constitute the fluorescent marker of thousands of genetic construct for fluorescence
imaging and are characterized by versatile engineering of their properties.

The presence of a phenol-ionizable group on the GFP chromophore leads to two
protonation ground states (neutral and anionic) associated with considerably differ-
ent absorption and fluorescence excitation (and sometime, emission) spectra. We
demonstrated that a second ionizable site on a nearby residue, Glu222, can help
modulate the chromophore protonation. These properties makes GFPs ideally
suited to report on intracellular pH, and some variants were shown to be effective
probes of the proton concentration in vivo, either nonratiometrically or ratiome-
trically. Ratiometric indicators represent the most useful class of fluorescent sensors
as they allow a universal calibration within a series of experiments.

In this chapter we reviewed the proton-dependent optical properties and we
reported the principal applications of the principal GFP-based pH indicators devel-
oped so far. None of these indicators proved satisfactory for all in vivo uses. This
leaves room for further improvement of pH-dependent optical properties starting
from the present knowledge of GFP photophysics. We should stress that the selec-
tion of any indicator for a certain application cannot be made without any knowledge
of the photophysical features it possesses, as well as of the characteristics of the
imaging setup. In the final section, we discussed the most relevant properties of
microscopy systems that are used in conjugation with GFP-based indicators.

The engineering of new pH indicators tailored to specific applications and
imaging represents a stimulating task, as it involves the manipulation — through
rational amino acid replacements in the primary sequence — of the protonation
reactions of the chromophore as well as its nearby residues. The “optical” pK, (that
is the pK, associated with the optical response) is often determined by a subtle
thermodynamic balance between the ionization reactions of the chromophore and
some nearby residues. Hence, the introduction/removal of amino acids that stabilize
the neutral/anionic forms via H-bonding (e.g., Thr’*® to stabilize the anionic
chromophore) is the best way to tune the protonation thermodynamics. Predictably,
new mutants with unusual pK, values will be reported in the next years, thus
opening the way to new applications. For instance, there is a lack of GFP indicator
tailored to high pH as displayed by certain intracellular regions that would require
higher pK, values: likely, a few substitutions around the chromophore could
decrease further the stability of the anionic state without affecting its optical
properties.

The manipulation of the spectral characteristics of the neutral and anionic
chromophore forms appears a much more difficult task, as no general photophysical
guidelines are available. As previously mentioned, the excitation/emission of
the anionic state can be susceptible to modifications of polarity/electronic density
associated with the chromophore cavity. The neutral chromophore is characteri-
zed by both direct emission from its excited state (em &~ 460 nm) and/or ESPT
(Zem > 500 nm). Since ESPT relies on one or more efficient molecular wires
that conveys the proton to one/more final acceptor(s), the rate of ESPT is in
principle modulable by modifying the proton relay residues, as elegantly shown
by Remington and coworkers [70]. Changes in ESPT rate can affect both the
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wavelength and the yield of emission, thus allowing for a palette of emission
ratiometric pH indicators. Emission ratiometric pH-indicators are very relevant
also from another perspective: they can be easily applied to two-photon excitation
microscopy, an increasingly relevant technique for biomolecular imaging.

In conclusion, today GFPs comprise an incredibly powerful arsenal of tools that
opened new perspectives in biology; pH indicators make no exception. No doubt
that the wonder of the light sculpted in the genetic essence of the matter will be still
mesmerizing and putting to the test researchers all around the world.
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Abstract Fluorescence quenching-based optical sensors offer a powerful tool
for noninvasive monitoring of halide transmembrane fluxes and intracellular
distribution. The observation that the native fluorescence of yellow fluorescent
protein (YFP) is quenched by many anions led to the development of intracellular
halide sensors genetically encoded and thus able to target specific subcellular
compartments. Cyan (C)FP—YFP-based sensors have opened the way for ratio-
metric estimation of intracellular C1~ concentrations. Moreover, the complete loss
of fluorescence induced by halide binding via static quenching in specific GFP
variants led to the possibility of development of combined chloride—pH sensors. In
this chapter, the thermodynamics, binding-pocket structure, and spectroscopic
properties of halide-sensing GFP variants are reviewed in terms of the detailed
mechanism governing the dependence of fluorescence on local ions. Engineering
of GFP-based probes and their advantages in a range of applications will be
discussed, with emphasis on the measurement in vivo of chloride ion fluxes,
which regulate many physiological functions and cellular parameters such as
membrane excitability, cell volume, charge balance, and resting potential.
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1 Introduction

Chloride (C17), the most abundant anion in living organisms, is necessary for all
forms of biological life. The homeostasis of intracellular C1™ concentration ([C1™];)
is a critical determinant of several physiological functions and cellular processes,
including synaptic transmission [1], epithelial fluid absorption and secretion, and
regulation of charge balance [2, 3] and cell volume [4, 5]. Furthermore, [Cl ];
determines whether GABA or glycine excites or inhibits postsynaptic target neu-
rons [6]. In cells, [C17]; is highly regulated by various Cl -selective channels and
CI™ transporters [7-9]. Alterations in these protein functions lead to disturbance of
CI” homeostasis and occur in hereditary or acquired human diseases as diverse as
cystic fibrosis, myotonia congenita, epilepsy, hyperekplexia, lysosomal storage
disease, Bartter syndrome, deafness, renal salt loss, kidney stones, and osteopetrosis
[10]. Therefore, there is a great need to both clarify the molecular mechanisms
underlying these diseases and find new drugs that specifically modulate the function
of Cl™ -selective ion channels or CI™ transporters [11].

Direct measurement of [Cl ]; in cells is a challenging task owing to the low CI™~
transmembrane ratio of 10:1 (cf. Ca*", 10000:1) and the small CI™ driving force, as
the resting potential of cells is usually very close to the C1™ equilibrium potential
(Ecy). Nevertheless, several methods have been proposed for the analysis of [Cl™;
distribution and its functional variations in living cells. This chapter considers
genetically encoded CI™ sensors, as does a recent review [12]. Two excellent
sources of information about alternative methods of measuring Cl~ homeostasis
are [8] and [13].

Visualization of molecular and cellular phenomena by means of the green
fluorescent protein (GFP) from the jellyfish Aequorea victoria is widely recognized
as a revolution in cell biological imaging [14—17]. The superior attractiveness of
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GFPs as biological tags resides in the fact that no cofactors other than O, are needed
for its heterologous expression (in organisms other than jellyfish) [18, 19]. The
spectroscopy characteristics of GFP are substantially improved by the single-point
mutation S65T [20], which, together with the 37°C folding efficiency F64L muta-
tion, yield enhanced GFP (EGFP) [21]. EGFP is, de facto, a benchmark for using
GFPs in mammalian cells. Much effort has been made to modify and advance GFP
properties. A variety of GFP derivatives with different spectral characteristics have
been developed and some of them can be used as sensors of specific cellular
processes. For instance, semi-rational mutagenesis of residues in the chromophore
environment led to pH-sensing mutants known as pHluorins and super-ecliptic
pHluorins. By exploiting the rapid change in pH upon synaptic vesicle fusion,
pHluorins tagged to synaptobrevin can be used to visualize synaptic activity in
neurons [22].

GFP-based biosensors have become a powerful tool for the functional imaging
of Ca2+, cAMP, and other cellular constituents [23, 24], and they also represent the
most promising tools for effective analysis of CI™ homeostasis in living cells [12].
In general, genetically encoded biosensors address many of the shortcomings of
small-molecule organic dyes: (1) they can be delivered in a straightforward manner
to specific cell types or subcellular compartments; (2) they are retained in the target
cell compartment and thus are compatible with chronic repeated measurements
from the same cells in vivo; and (3) the Cl -binding kinetic and equilibrium
constants are independent of the sensor concentration.

2 Halide Ion-Binding Site in GFP Variants

In the initial attempts to extend the usefulness of GFP tags in cell biology, new
colors have been sought by random and semi-rational mutagenesis [25, 26]. The
quadruple mutant T203Y/S65G/V68L/S72A Yellow FP (YFP) [27] has been of
particular interest, especially in fluorescence resonance energy transfer (FRET)
measurements, because the YFP spectrum is significantly shifted toward the red
spectral region and adequately matched with that of the Cyan FP (CFP). Straight-
away, it was recognized that YFP is sensitive to the bulk pH and anion concentra-
tions; so various attempts were made to reduce the sensitivity of YFP to its
environment [28, 29]. Conversely, YFP mutants with improved halide sensitivity,
such as YFP-H148Q), have been proposed as a tool to report halide concentrations in
living cells [30]. Several other mutations of YFP were developed for measuring C1™
concentration in subcellular organelles [31] (see more in Sect. 3). It was also found
that the single mutation T203Y in EGFP (E*GFP; wtGFP-S65T/F64L/H231L) is
sufficient to introduce a halide-binding site with higher Cl™ affinity than YFP-
H148Q; moreover, the E°GFP binding site is in a different location in the protein
structure [32]. The GFP structure is characterized by 11 B-strands that protect the
chromophore from the environment, surrounding it and preserving its fluorescence.
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The chromophore, which is generated by spontaneous cyclization and oxidation of
the three amino acids S65-Y66—G67, consists of a conjugated planar m-system,
connecting the autocatalytically formed heterocycle to the phenol ring of Y66.
Variants containing the T203Y substitution are furthermore characterized by a
nearly coplanar n—m stacking between the phenol ring of Y203 and the chromo-
phore, although YFP and E’GFP structures exhibit other substantial differences
[32]. Above all, superimposing the structures of iodide-containing complexes for
E’GFP and YFP-H148Q (Fig. 1), the different position of the binding sites can be
seen. In YFP-H148, iodide is involved in a charge interaction with R96 NE2
(4.1 A), two hydrogen bonds with Y203 OH (3.3 A) and Q69 NE2 (3.2 A), and
hydrophobic contacts with the aromatic rings of the chromophore (CD2 4.5 A) and
Y203 (CE1 4.1 A). In E’GFP, the binding site is still delimited by the same
aromatic rings of chromophore (3.5 A), and Y203 and hydrogen bond with Y203

Fig. 1 Ribbon representation of YFP-H148Q®I™ complex X-ray structure (pdb code 1f09). The
chromophore is shown in stick representation and only residues that define the binding site are
explicitly shown. The iodide-binding site of EGFP-T203Y (E*GFP) (pdb code 202b) is colored in
green and superimposed for comparison. The bonded iodide anion has been superimposed and is
represented as yellow (YFP-H148Q) or green (E°GFP) spheres
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OH (3.3 A); nevertheless, it is located on the opposite side of Y203 OH with
a second hydrogen bond with V68 N (3.4 A) (Fig. 1). In contrast with YFP, the
E’GFP-binding pocket contains three water molecules that are displaced upon
halide binding. Most importantly, the anion is located in proximity to the chromo-
phore heterocyclic carbonyl oxygen atom (~ 4.3 ;\) in both structures, leading to
the linkage between anion binding and chromophore protonation, a relevant ther-
modynamic property of all halide-binding GFP variants.

2.1 Thermodynamics of GFP Halide Binding and pH Linkage

Two chromophore protonation states, neutral and anionic, are relevant in intact
GFP, as revealed by accurate structure and spectroscopic analysis [33-35]. The
ionization constant pK, ranges approximately from 4.5 to 7.5 depending on the
GFP variant. Moreover, the chromophore pK, of GFPs carrying the T203Y
substitution is strongly dependent on the concentration of small anions such
as chloride [32, 36, 37]. The simplest model accounting for a molecule of YFP
(or GFP) reacting with protons and chloride ions entails a macromolecule M
with two distinct binding sites for ligands X (H*) and Y (C17). In 1948, Wyman
highlighted for the first time the effects on each other elicited by two ligands
binding to a macromolecule; he developed the linked functions theory [38, 39],
which is best illustrated by a reference cycle [40] depicted for the present case
as follows:

% hK,
My = M
kv 11 11 %ky N
Mxy = My
IPKu

Thermodynamic principles allow us to derive the properties of either ligand from
the binding of the other. In particular, let °Ky and 'Ky be the binding affinities of Y
(C17) to the unligated (i.e., anionic YFP) and X-ligated (neutral YFP), and let °pK,
be 'pK, analogous quantities for protonation equilibriums. Then, by definition:

0g, — Ml g, — Myl
MY MY o
O [Myx] o [Mxy]
Pa=loenyg PRl
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Of the four reactions depicted, only three are independent; in fact

0 ek — Myl My]  [Mxv]l o,
Ky 107 = 0] pay ]~ By~ <0 @

An interaction constant (Cyy) between the two sites is introduced as a measure of
the free energy of coupling (AG.) for the cycle as introduced by Weber [41]:

1 1pK,
Ky 10P% AG,
Cxy = 0K, = 107K = exp (_ kBT)' “4)

Thus, Cyy is the equilibrium constant governing the [Mx| + [My] < [M] + [Mxy]
equilibrium. Taking the unligated form of the macromolecule as a reference, the
system partition function P is given by:

P =1+ 105 [X] + °Ky[Y] + 10K . 1Ky [X][Y],

®)
=1+A0x+ Aoty +Anxy,
and the fraction of each intermediate is simply derived:
Ayxly
i = . 6
OLij P (6)

If the binding of C1™ (Y) is examined as a function of pH (X), an obvious choice
for Cl™-sensing applications, the apparent dissociation constant for Cl~ (1/Ky)
conforms to the following equation (see Fig. 2):

1 Ky + 'Ky10('PKa—pH)
Ky - 1+ 10('PKa—pH)  ~ )

Unfortunately, it is only possible to determine accurate experimental estimates
of the Cl~ dissociation constant 1/°Ky in the absence of H+ (high pH values);
likewise, the ionization constant 'pK, of the Y-ligated form is poorly determined by
experiments. However, data impose high values for 1/°Ky and 'pK, parameters,
suggesting a large free energy of coupling (4). Indeed, as previously observed, the
anionic chromophore leads to unfavorable charge interaction with the bound halide
ion so that the anion-bound anionic chromophore intermediate (My) is highly
unlikely. In other words, at high pH values Cl™ binding is concomitant with the
binding of one proton (to the chromophore), and so an infinite-cooperativity model
(8) fits experimental data as well [32].

(°pK,—pH)
Ko — L 1+10 . @)

171K, 100pKi—pH)
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Fig. 2 CI dissociation constant as a function of pH for the indicated YFP and GFP variants and
biosensors. Fitting curves were drawn using (8)

The dissociation constant is a fundamental property to consider when selecting a
sensor. GFP-based Cl™ sensors exhibit apparent Cl™ dissociation constants that are
strongly dependent on pH. Here, we introduce a theoretical framework allowing
correct comparison among different sensors (Fig. 2).

2.2 Halide-Induced Fluorescence Quenching

Fluorescence quenching is fundamental for C1™ sensors, where the decrease in
emission intensity or lifetime can be measured and related to the halide concentra-
tion via different quenching models [42—44]. Quantification of halides by fluores-
cence quenching is a popular technique because of the high sensitivity typical of
fluorescence assays.

Fluorescence quenching of quinine by chloride ions was first (in 1869) discov-
ered by George Stokes [45]. In this example, ClI™ acts as a collisional quencher:
within the lifetime of the excited state of the fluorophore (quinine), the fluorophore
is returned to the ground state by a diffusive encounter with a quencher (Cl™). For
halides, dynamic quenching is the result of the fluorophore intersystem crossing to
an excited tripled state, promoted by spin—orbit coupling between the fluorophore
(singlet) excited state and the halide. Another relevant quenching model is static
quenching, where the fluorophore forms a nonfluorescent complex with the
quencher. As dynamic quenching only affects the excited state of the fluorophore,
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there are typically no changes in the fluorophore absorption spectra. Conversely,
static quenching usually causes alterations in the chromophore absorption spectra
via the formation of a ground-state complex. Measuring lifetime dependence on
quencher concentration allows distinguishing between static and dynamic quench-
ing models rigorously. The excited state lifetime of fluorophore is shortened when
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Fig. 3 (a) Simulated fractions (6) of bound intermediates for a theoretical GFP-based sensor with
pK. = 7.0, K4 = 20 mM and Cyy = 10* as a function of [CI] at pH = 7.4. (b) Corresponding
intermediate ratios M/Myx and M/(Mx + Mxy). (c¢) Experimental fluorescence excitation ratio (488/
458 nm) as a function of [Cl] at various pH values, from 4.5 to 9.5. Fluorescence spectrophotome-
ter data were obtained with purified E>GFP at 37°C and emission set at 523 nm. (d) Average of
ratio values obtained at various [Cl], reported in (C), as a function of pH. Sigmoid curve fitting
provides the thermodynamic parameter pK,
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quencher concentration is increased; in fact, the presence of quenchers in solution
makes available additional pathways from the excited to the ground state.

Fluorescence of GFP-based CI~ sensors is thought to be a result of static
quenching processes [31, 32, 37], because halide-dependent alterations of the
chromophore absorption spectra are usually observed.

Distinguishing between static and dynamic quenching bears some important
consequences for reading pH via fluorescence ratio. As static quenching implies
the formation of a ground-state nonfluorescent complex Myy [see the thermody-
namic cycle depicted in (1)], the fluorescence ratios measured for M/(Myx + Mxy)
and M/My are identical. Therefore, pH calibrations derived from fluorescence ratios
are independent of [C1] (Fig. 3a, b), and determine the value of OpKa [see (1)]
univocally. While GFP apparent pK, depending on [Cl ] is expected when using
spectroscopic signal (e.g., absorbance) proportional to the ratio M/(Myx + Myxy),
only the combination of static and dynamic quenching or the presence of heteroge-
neously emitting mixtures of fluorophores [42] might justify apparent pK,, and
hence pH calibration curves, depending on the [Cl ] for data derived from fluores-
cence titration.

In conclusion, if halide-dependent fluorescence changes of a GFP-based CI™
sensor are totally governed by static quenching, then Cl ™ -independent pH reading is
attainable (Fig. 3c, d).

3 Chloride Ion Sensors

The discovery, cloning, and heterologous expression of the GFP from the jellyfish
A. victoria opened tremendous opportunities for visualization of proteins and
nucleic acid-binding domains, analysis of protein—protein interactions [46], moni-
toring of Ca®* [23], H" [22, 47, 48], high-throughput screening of drugs, and
analysis of various physiological processes in biological organisms [49].

In the last decade, several GFP-based Cl™ sensors have become available, with
a variety of characteristics: spectral properties, Cl™-binding affinities, and pH
dependence of excitation and emission wavelengths.

3.1 YFP-Based Sensors

As we mentioned earlier, among the widely used derivatives of GFP, the subfamily
of yellow fluorescent proteins (YFPs) carries a key T203Y substitution resulting in
a yellowish shift (~20 nm) of excitation and emission spectra [50]. In 1999,
Wachter and Remington presented the important observation that the fluorescence
of YFP, which, in addition to T203Y, contains substitutions S65G/V68L/S72A (to
improve brightness in living cells), is modulated by halide or nitrate ions, of which
CI" is the most physiologically relevant. It was found that YFP fluorescence was
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Fig. 4 Halide sensitivity of
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sensitive to anions with relative potencies I > NO3 > Cl > Br > formate >
acetate (Fig. 4; [30]).

YFP sensitivity to these small anions results from ground-state binding near the
chromophore [36, 51], which apparently alters the chromophore ionization constant
and hence the fluorescence emission. The halides behave like ligands that affect the
chromophore charge state [30, 32, 37]. To improve spectral characteristics and
brightness, YFP was subjected to further mutagenesis and the most successful
variants were selected. A mutant with modified polar groups was created: YFP-
H148G, where substitution of His with Gly would open up a solvent channel to the
chromophore without perturbing its structure [36]. YFP-H148G was found to be
highly fluorescent. It exhibits higher sensitivity to Cl~, and this sensitivity strongly
depends on H" concentrations (see Fig. 2). At pH 6.0, the apparent dissociation
constant (K,pp) for C1™ is 32mM for YFP and 22 mM for YFP-H148Q, whereas at
pH 7.5, K,pp values are 777 mM and 154 mM, respectively [37].

As in the majority of cell types the intracellular CI~ concentration varies in the
range 5-60 mM (Fig. 6¢; see also [12]); at physiological pH, the apparent dissocia-
tion constants for YFP and even YFP-H148Q are far from ideal values. This
seriously limited the use of these proteins as C1~ probes. To enhance the sensitivity
of YFP-H148Q to Cl, libraries of mutants were generated in which pairs of residues
in the vicinity of the halide-binding site were randomly mutated [31]. Analysis of
over a 1,000 clones revealed improved anion sensitivity with K, down to 40 mM
for YFP-H148Q/V163S. Interestingly, another double mutant, YFP-H148Q/I152L,
was selected for the relatively rapid-binding kinetics (association time constant
about 50 ms [31]). These mutants were used for a high-throughput screening and as
the basis for development of a ratiometric probe, called Cl-sensor (see below).

3.2 Ratiometric Sensors

Serious problems in quantifying optical signals from living cells arise because
of variations in optical path length, local probe concentration, light scattering,
illumination intensity, and photobleaching. These variations, which are present in
different cells and different regions of the same cell, also change with time.
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Fig. 5 Design and fluorescence properties of Clomeleon. (a) Scheme of Clomeleon construct
with indication of the 24-amino acid flexible linker. (b) Emission spectra of Clomeleon in the
presence of different C1™ concentrations. Excitation was at 434 nm and the emission spectra were
normalized to their peaks at 527 nm. (c¢) The relationship between fluorescence emission ratio
(527/485 nm) and C1™~ concentrations. The line is an exponential function fit to the data (modified
from [52])

Measuring the ratio between two wavelengths (for either excitation or emission
fluorescence) is an effective way to overcome most of these experimental obstacles.
The important development of genetically encoded Cl~ probes was achieved
by constructing ratiometric YFP-based CI™ sensors. Three main constructs were
developed: Clomeleon [52], Cl-sensor [53], and ClopHensor [54].

3.2.1 Clomeleon

This construct consists of two fluorescent proteins, CFP and a variant of YFP, topaz
fluorescence protein (TFP; GFP/S65G/S72A/K79R/T203Y/H231L), connected
with a polypeptide linker of 24 amino acids (Fig. 5a).

Clomeleon has two important features. First, Clomeleon is a so-called FRET-
based sensor because halide binding, altering the chemical and spectroscopic
properties of YFP, affects FRET between CFP and TFP. FRET is a widely used
approach for monitoring protein—protein interactions and development of sensors
for different ions [55—57]. This phenomenon represents interaction between the two
closely spaced fluorophores, when the excited fluorophore operating at shorter
excitation—emission range of wavelengths directly transfer its excitation energy to
the acceptor fluorophore operating at longer wavelengths. This process was called
FRET by Forster [58]. Its main principles and features are described in various
reviews [55-57, 59-62]. In Clomeleon, excited at 430—435 nm, CFP transfers its
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energy to closely adjacent TFP. Binding of a Cl~ to this anion-sensitive protein
reduces its emission, leading to a decrease in FRET efficiency.

The second main advantage of Clomeleon is the ability to perform ratiometric
measurements based on the Cl™ sensitivity of TFP and CI™ insensitivity of CFP.
Analysis of normalized emission spectra of this construct at different C1~ concen-
trations revealed the existence of the isosbestic point (Fig. 5b), assuring reliable
ratiometric analysis and the possibility of estimating intracellular C1~ concentra-
tions. The ratiometric capabilities of Clomeleon allow noninvasive optical mea-
surements that are minimally influenced by the thickness of the specimen, intensity
of the excitation light, and concentration of the sensor. This, in turn, makes it
possible to accurately determine Cl™ values even in cells with complicated geome-
try, such as neurons.

Clomeleon possesses several other valuable features: excitation at visible wave-
lengths, good signal-to-noise ratio, absence of leakage from cells, and the possibil-
ity of targeting the probe to different cell types using specific promoters. Moreover,
the construct exhibits high fluorescence and proteolitical stability: the absence of
Clomeleon bleaching over 2 h of recording [63] and its presence in mice in vivo for
up to 9 months [64].

The important disadvantage of Clomeleon is that at physiological pH, it has a
rather low sensitivity to Cl. The K, of Clomeleon (the concentration of Cl which
induces a 50% change in the fluorescence ratio) is more than 160 mM (Fig. 5c¢),
which is far from the physiological [C1 ]; (of 3—60 mM). For this reason, the
development of ratiometric probes with higher sensitivity to C1~ was required.
This was achieved by the development of the probe called “Cl-sensor,” whose
sensitivity to C1™ at physiological concentrations is about fivefold higher than that
of Clomeleon.

3.2.2 Cl-Sensor

Similar to Clomeleon, Cl-sensor is based on the coupling of CFP with YFP via a
peptide linker of 20 amino acids (Fig. 6a). In order to enhance the sensitivity of YFP
to Cl™ and accelerate its binding kinetics, three mutations (H148Q, I152L, and
V163S) were introduced.

This construct exhibits two major advantages. First, it was found that normalized
spectra obtained at different C1~ concentrations have a common point near 465 nm
(Fig. 6b). For every spectrum, the intensity at this point is C1™ independent. Thus,
Cl-sensor with triple-mutated YFP can be used as a ratiometric excitation wave-
length probe. This feature is particularly useful for recordings of Cl~ transients
using conventional setups with polychromators or other devices for a rapid change
of excitation wavelength.

Second, the calibration obtained in cell lines showed that the K of this construct
is about 30 mM. This indicates that Cl-sensor possesses a sensitivity corresponding
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Fig. 6 Design and fluorescence properties of Cl-sensor. (a) Scheme of Cl-sensor construct with
indication of the 20-amino acid flexible linker. Three asterisks indicate three mutations: YFP-
H148Q, -I152L and -V163S in the YFP sequence. (b) Normalized excitation spectra of Cl-sensor.
Whole-cell recordings from CHO cells with pipettes containing different Cl1~ concentrations
(shown in the graph). Note that spectra have a common point at 465 nm. (¢) Comparison of Cl™~
sensitivities of Cl-sensor and Clomeleon. Cl-sensor (black squares and line): the relationship
between fluorescence excitation ratio (480/440 nm) and [Cl]; obtained from whole-cell recordings
with pipettes containing solutions with different Cl concentrations (from [53]). Clomeleon (blue
circles and line): the relationship between fluorescence emission ratio (527/485 nm) and [Cl];
plotted from [52]. Note that the calibration curve for Clomeleon is mainly out of the physiological
range of [Cl]; (from [12])
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to the physiological range of intracellular C1™ concentrations. Indeed, comparison
of concentration dependencies for Clomeleon and Cl-sensor (Fig. 6¢) shows that the
main part of the curve for Clomeleon is out of physiological range of intracellular
CI™ detected in different cell types (Fig. 6¢). In contrast, the main changes in
fluorescence ratio for Cl-sensor are in this area.

As many other GFP-derived fluorophores, Clomeleon and Cl-sensor exhibit
relatively high sensitivity to pH (Fig. 2). Although at low [C]™]; (below 25 mM)
the errors introduced by pH variations are relatively small (less than 10-20%), at
[CI"]; approaching 150 mM errors may be about 50% [52]. This disadvantage has
been elegantly overcome by the development of a probe allowing simultaneous
recording of pH and C1™ from the same point in space and time.

3.2.3 ClopHensor Allows Simultaneous pH and Chloride Measurements

Because of the strong pH dependence of the affinity of CI~ for YFP-derived
sensors, the concomitant assessment of intracellular pH is a requirement of precise
[C17]; measurements. Furthermore, pH-induced modulation of the fluorescence
signal of most GFP derivatives may complicate the interpretation of FRET signals.
Therefore, the development of ClopHensor was not based on FRET, allowing
concomitant pH and [CI™]; ratiometric readout.

ClopHensor is obtained by fusion of a red fluorescent protein (DsRed-monomer)
to the E*GFP variant that contains a specific chloride-binding site (Fig. 7a). DsRed-
monomer fluorescence is insensitive to variation in either [C1™] or pH and is
spectrally distinct from that of E°GFP, so that it allows straightforward normaliza-
tion of sensor signal, e.g., to eliminate the dependence of the signal on sensor
concentration.

Key features of ClopHensor are: (1) the static quenching mechanism governing
halide binding (Fig. 7b and [32]), allowing for reading of pH values free from the
influence of [Cl™]; variations; and (2) the presence of a pH isosbestic point at
458 nm (Fig. 7c), which considerably simplifies post-experiment calibrations. Two
prominent peaks centered at nearly 515 and 560 nm, stemming from E’GFP and
DsRed excitation, characterize the ClopHensor fluorescence excitation spectrum
(Fig. 7c, d). Overall, ClopHensor spectral changes are ideally suited for ratiometric
operation at three excitation wavelengths: 488, 458, and 560 nm. [Cl™]; measure-
ments and Cl ™ -independent pH measurements are derived from the ratios 458/560
and 488/458, respectively. ClopHensor is intrinsically characterized by two molec-
ular parameters (1): °pK, = 6.81 + 0.05 and 1/'Ky = 13.1 & 0.5 mM, which
correspond to a construct K4 for C1™ of about 50 mM at physiological pH (7.2-7.3).

ClopHensor characteristics determine the following procedural sequence: (1)
estimate pH in a region of interest; (2) calculate [using (8)] the correct affinity for
CI™ corresponding to the estimated pH value; (3) estimate [C1™]; [54]. This sensor
promises to be a reliable tool for accurate analyses of CI~ homeostasis in different
cells of biological organisms regardless of intracellular pH variations.
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Fig. 7 ClopHensor design and spectral and functional characterization. (a) Schematic represen-
tation of ClopHensor construct with indication of the 20-amino acid flexible linker. (b) Cl™
binding to E°GFP induces quenching of its fluorescence via a static quenching mechanism.
(¢, d) Excitation spectra of purified ClopHensor with emission set at 590 nm collected at different
pH values (5.9, 6.9, 7.4, and 8.4) in the absence of Cl™ (c) and at increasing Cl~ concentration
(0—1 M) and constant pH = 6.9 (d) (from [54])

4 Imaging Procedure and Data Analysis

Two kinds of measurements are typically made with fluorescent sensors: relative
and absolute. Relative measurements would reflect changes in [C1™]; levels without
reference to resting levels or the absolute size of [Cl™]; changes, and are usually
reported as the change in fluorescence normalized by the overall mean fluorescence
(AF/F). In contrast, absolute measurements would give a quantitative estimate of
[CI]; changes. Absolute measurements typically require post-experiment calibra-
tion, which can be achieved in one of three ways: single-wavelength measurements
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(e.g., single YFP sensors), ratiometric measurements (e.g., linked GFP sensors), or
hybrid measurements.

Ratiometric sensors, showing a Cl -dependent spectral shift in either their
excitation or emission spectrum, undoubtedly give the most reliable estimates of
[CI™]; changes. In fact, ratiometric measurements eliminate or attenuate distortions
caused by variations in probe concentrations, cell thickness, excitation intensity,
and detection efficiency. Furthermore, ratiometric methods attenuate artifacts such
as photobleaching, nonuniform sensor distribution, and instrumentation instability
[65]. When experimental conditions require high recording bandwidth, hybrid
protocols can be followed performing single-wavelength and ratiometric measure-
ments at different instant in time [65, 66].

The calibration equation for single-wavelength measurements can be written in
terms of a generic fluorescence signal F as:

®)

where Fee and Fyoung are fluorescence intensity values in zero and saturating C1™
conditions, respectively. We note that in the case of a fluorescence static quenching
mechanism Fpoung = 0, owing to the formation of a ground-state nonfluorescent
CI"-GFP complex.

Ratiometric measurements are commonly made at two wavelengths (dy, 4p) to
obtain the ratio and calibration equation, known also as Grynkiewicz equation [67],
written as follows:

F/l — R—-R Tee F2 Tee
L) = Kd< L > ( AL ) (10)
F/lD Rbound —R F).D,bound

It is worth noting that if a C1™ -independent signal (i.e., an isosbestic wavelength)
is used in the denominator of the ratio R, then the last term in (10) cancels out,
giving a simple equation:

R =

_ R — Rt’ree
' =Ky ———|. 1
[C ] ¢ <Rb0und - R) ( Oa)

The calibration ratiometric equation for dual-wavelengths pH sensors can be
written as follows:

R_RA) (F;.D A)
H=pK, + log[ ——2) +1log (=22, (11)
pH=p g(RB_R e\

where R, and Ry are the ratio values in acidic and basic conditions, respectively;
again, the last additive term is absent in the case where a pH isosbestic point is used
in the denominator of R (e.g., ClopHensor procedure).
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Finally, ratiometric measurements include those made at: two-excitation and
one-emission wavelengths (excitation ratio imaging); one-excitation and two-
emission wavelengths (emission ratio imaging); and two-excitation and two-emission
wavelengths (excitation—emission ratio imaging). Cl~ sensors are available for
excitation (Cl-sensor), emission (Clomeleon), and excitation—emission (ClopHen-
sor) ratio imaging. Excitation ratio imaging typically requires switching excitation
filters, or polychromator devices, and collecting two images sequentially. Emission
ratio imaging uses a single excitation source with the concomitant recording of two
images in different emission channels. Advantageously, acquisition speed of emis-
sion ratio imaging can be very high, and, above all, noise generated by variations in
source intensity is effectively removed. In fact, excitation intensity fluctuation is
probably the most common noise source in optical recording experiments, especially
with laser sources where such intensity variations can be as much as 10% peak-to-
peak [68—70]. To remove sources of noise variations in excitation ratio imaging, it is
crucial to introduce a reference measurement in the signals used in ratio formation.
Unfortunately, measured signals in commercially available confocal microscopes
do not provide such correction and so are not suitable for quantitative (spectroscopy)
application such as ratio imaging. However, in excitation and excitation—emission
ratio imaging, this problem can be remedied, as suggested by Zucker and Price [68,
69], using the transmission-detector signal to update laser-intensity fluctuations
dynamically. In addition, it is important to carefully subtract any autofluorescence
and other offset background before forming ratio images or calculating AF/F.

5 Application of Genetically Encoded Cl™ Sensors

5.1 YFP-Based Sensors

Genetically encoded YFP-based sensors have a number of advantages over other
techniques for intracellular CI ™ monitoring [71]. These advantages stimulated rapid
expansion of YFP-based sensors for use in different applications. They have been
used for extensive screening of large collections of drugs in a search for new ligands
for CI -selective channels and proteins involved in CI™ homeostasis.

For instance, several classes of modulators of the cystic fibrosis transmembrane
conductance regulator (CFTR) chloride channel were identified: inhibitors [72],
activators [73-76], potentiators [77], and correctors [78, 79]. These approaches
were particularly useful in clarifying the role of CFTR in submucosal fluid secretion
in excised human airways [80].

For identification of inhibitors of a human intestinal Ca-activated Cl~ channel
(CaCC), a high-throughput screening was established using stable expression of
YFP-H148Q/I152L with lentivirus. It allowed screening of 50,000 compounds and
selection of two drugs, which inhibited by >95% iodide influx in HT-29 cells in
response to agonists of CaCC [81].
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Derivatives of YFP have also been used for pharmacological analysis of CI™
selective receptor-operated channels activated by GABA and glycine [82]. In flow
cytometry experiments, YFP-1152L. was successfully used for high-throughput
discrimination between functional and nonfunctional mutations of the glycine
receptor [83].

YFP can be targeted to specific cell types by cell-specific promoters, or to
defined cellular compartments by fusion to short sequence tags or to specific
proteins. Transgenic mice expressing EYFP under control of the Kv3.1 K* channel
promoter (pKv3.1) have been generated [84] and used for analysis of glutamate-
induced changes in intracellular C1™ and pH [84, 85].

5.2 Clomeleon and Cl-Sensor

Development of ratiometric YFP-based C1™ sensors has greatly expanded their use
for monitoring of halides in different preparations. Particularly important is the
possibility of noninvasive estimation of intracellular C1™ concentration in different
cell types.

Transient expression of Clomeleon and Cl-sensor has permitted accurate deter-
mination of resting [Cl]; in cultured hippocampal neurons [52, 53], in spinal cord
neurons [71], and in plant cells [86]. Moreover, it allowed monitoring of changes in
[CI]; elicited by the activation of GABA receptors or changes in extracellular C1~
concentration or membrane potential.

Using electroporation in vivo, Cl-sensor was expressed in rat retina (Fig. 8a).
Quantitative fluorescence analysis of [Cl™]; distribution in different cell types, as
well as its changes during development and depolarization, has been performed [71,
87]. These observations demonstrated that the efficiency of electroporation in the
developing postnatal retina (at PO) is high, and that the expression persists for more
than 6 month.

The widest field of application for genetically encoded probes comes from the
possibility of targeting them to specific cell types or to cellular compartments and
membrane domains by fusion to respective tags, to proteins with known location, or
using unique promoters. Several techniques to express Clomeleon in selected
populations of neurons have been developed [88]. The most successful were:
in vivo viral transfer of the Clomeleon gene to targeted neurons and creation of
transgenic mouse lines by insertion of Clomeleon, under control of the thyl
promoter. The high expression of Clomeleon in transgenic mice lines has allowed,
for instance, the visualization of the entire neocortical layer 5 pyramidal neurons in
living mice and estimation of [CI™]; distribution (Fig. 8b, d). Moreover, it allowed
noninvasive monitoring of synaptic inhibition in different brain regions: the hippo-
campus, the deep cerebellar nuclei, the basolateral nucleus of the amygdala, and the
superior colliculus [88].

Using ratiometric two-photon imaging in retina slices from transgenic mice
expressing Clomeleon, Duebel et al. performed elegant analysis of [Cl™]; values
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Fig. 8 Expression of Cl-sensor (a, ¢) and Clomeleon (b, d) in different preparations. (a) Confocal
image of a vertical P20 rat retina slice electroporated in vivo at PO. Retinal layers are indicated: OS
outer segment, ONL outer nuclear layer, OPL outer plexiform layer, INL inner nuclear layer, /PL
inner plexiform layer, GCL ganglion cell layer (from [71]).(b) Expression of Clomeleon in
transgenic mice. Two-photon image of neocortical layer 5 (L5) neurons obtained from the brain
surface (L1) of living mice (from [88]). (¢) Histogram of [CI]; distribution in photoreceptor cells
from P15 rat retina slices measured noninvasively with Cl-sensor. Note high range of [Cl ];
variations from 10 to 50 mM with mean of 31 + 9 mM (n = 73) (from [87]). (d) Distribution
of [Cl J; in cortical neurons at P10 estimated with Clomeleon. Mean [C] ]; = 16.6 + 5.2 mM
(from [64])

in different parts of bipolar cells. They found a somatodendritic gradient of [Cl™ ];
indicating variations in the distribution of this anion along bipolar cells [89].

These and previously obtained electrophysiological observations on differential
intracellular distribution of CI™ [90, 91] have been confirmed and extended in a
recent study in which Cl-sensor was used for mapping [Cl ™ ]; in cellular processes of
hippocampal and spinal cord neurons in culture [71].

Mapping of intracellular CI™ concentration in different neuronal areas and in
small cellular compartments such as dendritic spines is a difficult and important
task. Using Cl-sensor with improved neuronal promoter, Waseem et al. [71]
performed systematic mapping of the [Cl ]; distribution in different neuronal
compartments of cultured hippocampal and spinal cord neurons. It was shown
that the two types of neurons exhibit similar tendencies for a somatodendritic
gradient of [Cl™]; : the maximum [Cl]; was observed in soma and it gradually
decreased along dendritic branches, particularly after bifurcations. CI~ concentra-
tion in distal dendrites was frequently more than 50% smaller than in the soma
(Fig. 9a, b). Moreover, quantitative estimation of [Cl™]; was performed in dendritic
spines, which represent small postsynaptic compartments of glutamatergic
synapses. Application of glutamate caused a transient elevation of CI™ of
5-10 mM [71].
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Fig. 9 Distribution of [Cl ™ ]; along dendritic trees in cultured hippocampal neurons. (a) Hippo-
campal neuron (15 DIV) transfected with Cl-sensor. Numbers are [Cl™ ]; in different regions of the
cell. Note the decrease in [Cl ]; at increasing distance from the soma. Scale bar 20 um. (b)
Alteration in the [Cl™]; levels in different parts of hippocampal neurons (10-15 DIV). Top:
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Fig. 10 Measurement of chloride concentration in LDCV. (a) Micrograph of PC12 cells trans-
fected with the NPY-ClopHensor plasmid that were differentiated by treatment with nerve growth
factor (red channel). (b) Distribution of the measured LDCV [Cl™] in PC12 cells (n = 76). (¢)
[CI"]; map of WSS-1 cells co-expressing ClopHensor in LDCV and at the plasma membrane.
Scale bars, 5 pm (from [54])

5.3 ClopHensor

Fusion of GFP tags to various portions of prepro-neuropeptide Y (NPY) precursor
has been successfully used to investigate the trafficking of regulated dense-core
secretory granules (LDCV) [92], the dominant secretory organelles in neuroendo-
crine cells. Fused to the N-terminal signal sequence of the NPY, ClopHensor has
been successfully targeted to LDCV (Fig. 10a), recording an average pH; = 5.2
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+ 0.4 and revealing a high intravesicular C1~ concentration of ~110 + 48 mM
(Fig. 10). This finding has been further confirmed by measuring C1~ concentration
in LDCYV and cytoplasm (at the plasma membrane), using two constructs concurrently:
one with the NPY tag and another with a double palmitoylation-site tag (Fig. 10c).

These studies demonstrate that different constructs of C1~ sensors represent an
effective noninvasive tool allowing systematic analysis of [Cl ]; distribution in
different cell types or neuronal branches and also quantitative estimation of [ClJ;
changes in small cellular compartments such as dendritic spines during excitation.

5.4 Visualization of Activity of Cl -Selective Receptor-Operated
Channels

The other important perspective in using genetically encoded Cl™ sensors consists
of its insertion into the protein’s sequence without changing its functional proper-
ties. Recently, this idea has been successfully explored and a new genetic probe,
termed BioSensor-GlyR, has been developed [87]. This construct represents a Cl™ -
selective glycine receptor (GlyR) channel with Cl-sensor incorporated into the long
cytoplasmic domain (Fig. 11a). Importantly, after expression in cell lines (HEK-
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293 and CHO), the main functional properties, i.e., kinetics, agonist sensitivity, and
CI™ selectivity of this modified ionotropic receptor, were not perturbed by the
inserted Cl-sensor. Application of glycine to cells expressing this construct induced
changes in fluorescence, corresponding to the direction and amplitude of glycone-
induced C1™ currents (Fig. 11b). This demonstrates that BioSensor-GlyR is a good
probe for spectroscopic monitoring of GlyR activation in live cells. While the
sensitivity of BioSensor-GlyR was high enough to resolve changes in [Cl J;
induced by activation of postsynaptic receptors in glycinergic synapses, the decay
kinetics of fluorescence responses were slow compared with those of ionic currents
(Fig. 11b). This construct also exhibits weak expression in neurons (unpublished
observations).

In spite of these limitations, it is important to continue development of improved
probes for noninvasive monitoring of Cl™ -selective channels activity. This would
open additional ways for visualization functional synapses and noninvasive
monitoring of network signaling in cell circuits.

6 Conclusions

Development of genetically encoded Cl™ sensors has opened a new perspective for
noninvasive monitoring of Cl™ in different cells and tissues of biological organ-
isms. This approach allows measurement of [Cl™]; in small cellular compartments,
and simultaneous monitoring of C1~ and pH. Development of transgenic mice
provides a highly promising direction for the analysis of CI~ homeostasis under
different experimental conditions, during development of the nervous system and in
pathological conditions. The possibility of targeting Cl~ probes to Cl™ -selective
transporters, allowing the visualization of their functional activity, is intriguing.
This task, however, is highly challenging, as it needs the development of new
constructs with both improved brightness and intact functionality under a variety of
intracellular environments.
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Fluorescent Genetically Encoded Calcium
Indicators and Their In Vivo Application

Thomas Gensch and Dagmar Kaschuba

Abstract Calcium ions have a pivotal role in all living organisms. Monitoring and
quantifying changes of the calcium concentration in living cells, tissues or organisms
is a challenging task. To achieve this goal, specific calcium sensor proteins were
designed and artificially assembled. An important group of these proteins is com-
monly referred to as fluorescent genetically encoded calcium indicators (fGECIs). In
fGECISs, fluorescent proteins are fused to calcium-binding protein motifs and addi-
tionally harbour modules that interact with the calcium-binding domains. Since the
first publications in 1997, a multitude of f{GEClIs has been generated, characterized and
applied in many studies. This chapter gives an overview on the usage of fGEClIs in the
recent past, considering 236 publications from January 2008 to August 2010. Out-
standing studies are presented that investigate intracellular calcium changes with
respect to physiological functions at the level of cellular organelles, cells, as well as
cellular networks and whole animals such as wormes, flies and mice.
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1 Fluorescent Genetically Encoded Calcium Indicators

In all kingdoms of life, calcium ions serve as ubiquitous second messengers [1].
Within a cell, calcium participates in the regulation, modulation and control of vital
functions. In addition, calcium constitutes an important intercellular communica-
tion signal. The presence of intracellular calcium stores allows calcium signals to be
generated independently of the extracellular calcium concentration. However, for
calcium changes to be an effective cellular signal, the free cytosolic calcium
concentration is strictly controlled at a rather low level (about 100 nM) in eukary-
otic cells. Notably, unphysiologically elevated concentrations of calcium can lead
to the aggregation of proteins and nucleic acids, as well as precipitation of calcium
phosphate [2] and consequently, they may induce apoptotic cell death as well.
Fluorescence microscopy emanated as the method of choice to observe and
determine calcium concentrations as well as its changes in living cells. Calcium
imaging via fluorescence is based on calcium-sensitive fluorescent dyes — most of
them are low molecular weight (0.3-2 kDa) organic molecules that allow detection
of calcium-dependent changes through fluorescence. The first of these dyes have
been available already for more than 30 years. They have a modular design with a
fluorescent moiety, e.g. fluorescein or rhodamine, and a calcium-binding moiety,
e.g. BAPTA or EGTA. The binding of calcium ions to the calcium-binding moiety
of the calcium indicator dye (CID) affects the absorption and fluorescence proper-
ties of the fluorescent moiety allowing the readout of the change in free calcium.
CIDs are commercially available and come also as modified forms that can easily
cross cellular membranes and get enriched in the cell. After more than a decade of
development and optimization, an arsenal of CIDs is now available, varying in
absorption maximum, emission maximum, absorption coefficient, fluorescence
quantum yield and calcium sensitivity. This allows the experimenter to choose
the “right” excitation and emission wavelength from the UV to orange and violet to
red spectrum, as well as between calcium sensitivities ranging from nanomolar to
micromolar values [3]. CIDs can have either a pure fluorescence intensity change
upon calcium binding as seen, e.g. in Fluo-4 (increase) or Fura Red (decrease), or
more sophisticated properties like a fluorescence lifetime change, e.g. in Calcium
Green-1, or a ratio change in, e.g. Fura-2 (excitation) or Indo-1 (emission).
However, CIDs suffer from several experimental limitations:

1. While loading of cultured cells with CIDs works well, tissue slices or whole
organs are often insufficiently accessible to CIDs.

2. Itisnot possible to direct or target CIDs to specific subcellular structures, e.g. nucleus,
mitochondria, endoplasmic or sarcoplasmic reticulum and plasma membrane.

3. Similarly, cell-type specific loading with CIDs in tissue, e.g. neurons vs. glia
cells, is impossible.
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4. The CIDs can only be used for a limited time period after loading, i.e. several
hours (at most). Chronic imaging, aimed to observe one and the same cell(s) and/
or its neighbours over days or weeks, is not possible.

5. Loading cells with CIDs is an acute intrusion that may cause detrimental stress
to cells or tissues.

These shortcomings of CIDs limit the application of calcium imaging in a lot of
modern biological research areas, where not the isolated cell, but a tissue, an organ
or the whole organism is the focus of research. Therefore, genetically encoded
calcium sensors (GEClIs) were introduced to overcome the mentioned limitations of
CIDs. GEClIs can be integrated into the genome of cells, so that they are constitu-
tively expressed and transferred to daughter cells. This allows chronic imaging over
long time periods. Furthermore, using suitable promoters, expression can be limited
to a specific cell type or a tissue, e.g. an organ (see Fig. 1). There are moreover
genetic and pharmacological tools available to induce expression at a defined time

Calcium green Tg(cmlc2:gCaMP)
whole embryo heart whole embryo heart

96hpf 72hpf 48hpf 24hpf

120hpf

Fig. 1 Imaging heart function in a living zebrafish embryo (0-120 h post-fertilization): Compari-
son of images using a CID [/eft, calcium green (injected)] and a transgenic zebrafish line that
specifically expresses GCaMP at all developmental stages in the heart using a cardiac-specific
promoter, adapted from [4] (right; HT heart tube, V ventricle, At atrium)
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point. In addition, by attaching small amino acid sequences, so-called target
sequences, to GECIs — derived from proteins that are highly localized to specific
parts of the cell — GECIs can be targeted, e.g. to the nucleus, mitochondria,
endoplasmic or sarcoplasmic reticulum, peroxisomes, Golgi apparatus or the
plasma membrane.

2 Bioluminescent GEClIs

The topic of this book is fluorescent proteins (FPs), and this chapter deals with GECIs
based on FPs (fGECI). Nevertheless, a few words should be spent on another type of
GECI, namely those that are based on bioluminescence. The best known representa-
tive is aequorin (for review, see [5, 6]). Apo-aequorin is a luciferase that forms a blue-
emitting photoprotein by binding covalently the chromophore coelenterazine. Bind-
ing of calcium ions to aequorin leads to conformational changes of the protein and
finally coelenterazine is oxidized to coelenteramine. The latter is in its excited state
and a blue photon is emitted upon relaxation to the ground state. In this way, calcium
changes in a concentration range from 100 nM to 1 mM can be registered [7].
Aequorin has been cloned and expressed in 1985-1987 and has been used as a
GECI since then. One of its most remarkable features is the high signal-to-noise
ratio. This property can be explained by the fact that aequorin does not require
excitation by light, which eliminates illumination-induced background signals such
as autofluorescence or scattered excitation light. However, aequorin also has some
drawbacks. The most obvious ones are the irreversible reaction from coelenterazine
to coelenteramine, the long formation time of aequorin from apo-aequorin, the
necessity of supplying cells or tissue with the cofactor coelenterazine and a relatively
low spatial resolution (due to the low intensities of the emitted bioluminescence). In a
recent review, the application of bioluminescent vs. fluorescent GECIs to image
mitochondrial calcium changes in living animals has been compared [8]. The spatio-
temporal resolution obtained in measurements with a mitochondria-targeted came-
leon (fGECI) was superior to that obtained with a mitochondria-targeted aequorin.
When considering the whole organism, non-invasive imaging methods can be rea-
lized with aequorin. Calcium signals were observed in living, unrestrained and non-
anaesthetized animals. On the other hand, f{GECIs are superior when imaging neuro-
nal activity in brain or intact slices (see, e.g. [9, 10]). The best aequorin-based GECIs
are 5—15 times less sensitive in detection of action potentials.

3 fGECIs: A Short History

Despite the experimental advantages of fluorescent GEClIs, it is interesting to know
that the original idea to construct such sensor proteins was born out of the failure to
produce a functional, FRET-based inositol 1,4,5-triphosphate (InsP3) sensor. Orig-
inally, two differently coloured GFPs and the cytosolic part of the InsP3 receptor
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were fused, but no FRET changes were observed when the InsP3 concentration
was varied. Nobel laureate Dr. R. Tsien suggested to his postdoctoral fellow
Dr. A. Miyawaki to practice on a different sensor, similarly engineered but with a
sensing unit of known structure. This protein consisted of a fusion of calmodulin
(CaM) with its target peptide M13 from skeletal muscle myosin light chain kinase
[11]. Two fGECIs were produced named cameleons that differed by the GFP-
FRET-pairs, i.e. blue-green and cyan-yellow [12]. Upon calcium binding, calmod-
ulin wraps around the M13 peptide and FRET increases. Shortly before this
hallmark publication, the group of Dr. Persechini presented another type of
fGECT also relying on FRET between two GFP mutants [13]. The construct lacked
calmodulin in the linker; instead it used binding of endogenous calmodulin to the
M13 peptide on the sensor when the calcium concentration is elevated. Interest-
ingly, the FRET change was opposite compared with cameleon: at high calcium
concentration, FRET was almost completely abolished. In the same year, the group
introduced another f{GECI, which contained calmodulin at the C-terminal end of the
sensor protein [ 14]. While the first design did not find follow-up sensors, the second
architecture is still used and can be found in some of the single GFP fGECIs, which
use a circular permuted GFP flanked by the M13-peptide and calmodulin [15, 16].

Since then, almost every year further improved versions of f{GECIs are published
that have higher brightness, enhanced dynamic range, improved photostability, etc.
Unfortunately, a comparison to older versions or to other f{GECI families is often
incomplete and not standardized. Therefore, it would be desirable that the labora-
tories developing fGECIs would agree on a standardized protocol that can be
reliably performed in every laboratory, e.g. calcium responses to histamine treat-
ment of HeLa cells and to signals that can be quantified by a ratiometric dye, like
Fura-2. There exist some “heroic” and very detailed studies in the literature that
tried to compare the performance of fGECIs shortly after their introduction
[17-22], but they were outdated rather quickly. In addition, test expression systems
were chosen that are not easily accessible for non-experts.

At this point, we would like to highlight a problem for scientists who aim to use
fGECIs without having a background in f{GECI development. Several parameters
are important for choosing one over the other fGECI: calcium sensitivity (Kcao.),
dynamic range, visibility of the calcium-bound and calcium-free form, pH insensi-
tivity, magnesium insensitivity, calcium on- and off-rates (speed), toxicity and
successful targeting. But even well-defined parameters like the first two suffer
from the fact that the reproducibility of protein purity and functionality are not
always given. Often, the temperature is different, which is also known to affect the
performance of some fGECI. In addition, the use of calcium buffers for defined
calcium concentrations is error prone, especially in the presence of other ions, like
Mg?*. For example, a laboratory may prefer one fGECI over the other because of its
higher sensitivity, like YC3.6 over D3cpv, because YC3.6 is 2.5 times more
sensitive according to the originally published value ([23, 24], see Table 1). Re-ex-
amination of both sensors in two later publications yielded similar K¢, values for
D3cpv but much higher values for YC3.6 [20, 31]. Along with these results, the
advantage of YC3.6 over D3cpv no longer exists! Also for GCaMP2, a single FP
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Table 1 Overview on fGECI used in January 2008 to August 2010

fGECI Signal  Kcaos Original Improvement” Articles®
change® publication
Single GFP
GCaMP? 3.5-fold 0.24 pM Nakai 35
et al. [16]
GCaMP1.3¢ n.d. n.d., likely similar Ohkura Elimination of 6
to GCaMP et al. [25] restriction sites
GCaMP1.6¢ 4-fold  0.15 uM Ohkura Ca**-free form with 7
et al. [25] higher
1.23 uM Hendel fluorescence,
et al. [20] chromophore
maturation
GCaMP2 4-fold 0.15 M Tallini Ca**-free form with 34
et al. [26] higher
6.4-fold 0.44 uM Hires fluorescence,
(0.70 puM at et al. [27] stability at 37°C
2 mM Mg?")
4-fold 0.84 uM Tian
et al. [22]
GCaMP3 12-fold 0.66 uM Tian Dynamic range, 4
et al. [22] Ca>*-free form
with higher
fluorescence
Ratiometric 10-fold 1.7 uM Nagai 31
pericam etal. [15]
Inverse pericam 6.6-fold 0.20 pM Nagai 6
etal. [15]
Case 12 12-fold 1.1 uM Souslova 6
et al. [28]
GFP pair (FRET)
YC2 1.5-fold 0.07 uM (35%)/ Miyawaki 5
11 uM (65%) et al. [12]
YC2.1 1.9-fold 0.10 uM (70%)/ Miyawaki pH-sensitivity 18
4.3 uM (30%) et al. [29]
YC2.12 n.d. n.d., likely similar Nagai Maturation at 37°C 8
to YC2.1 et al. [30]
YC3.6 5.6-fold 0.25 uyM Nagai Dynamic range 37
et al. [23]
3.5-fold 0.63 uM Hendel
et al. [20]

14.5- 0.22 pM (33%)/ Horikawa
fold 0.78 pM (67%) etal. [31]

PremoCameleon (Most probably Beacham 5
like YC3.60) et al. [32]
Hanson
et al. [33]
D1 (DIER) 2-fold 0.58 uM (28%)/ Palmer Reduced crosstalk 27
56 uM (72%) et al. [34] with
endogenous
calmodulin
D3cpv 4.1-fold 0.60 pM Palmer Reduced interaction 16
et al. [24] with
1.9-fold 0.66 uM Hendel endogenous
et al. [20] calmodulin

(continued)
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Table 1 (continued)

fGECI Signal  Kcaos Original Improvement” Articles®
change® publication
TN-L15 l.4-fold 1.2 pM Heim 8
et al. [35]
0.8-fold 0.72 uM Hendel
et al. [20]
TN-XL 4-fold 2.5 uM Mank Mg2+ insensitive 7
et al. [36]
TN-XXL 2.3-fold 0.80 uM Mank Mg>" insensitive, 6
et al. [37] more sensitive
YC-Nano50 12.5- 0.05 uM (82%)/ Horikawa More sensitive 1
fold 0.4 uM (18%) et al. [31]
YC-Nanol5 14.5- 0.016 uM (72%)/ Horikawa More sensitive 1

fold 0.32 pM (28%) et al. [31]

#All signal changes are increases except for inverse pericam

®In case the sensor is an off-spring of another f{GECI

“Published between January 2008 and August 2010

In the original papers by Nakai et al. [16] and Ohkura et al. [25], the sensors are written with a
dash between G and C (G-CaMP, G-CaMP1.3 and G-CaMP1.6). In Tallini et al. [26] — still with
Dr. Ohkura and Dr. Nakai as co-authors — the dash is “lost” (although still reminiscent in Table 1 of
that article). From here on, both spelling ways can be found in the literature. The option without
dash predominates (i.e. GCaMP)

sensor, various K¢, values have been reported differing by 300-500% [22, 26,
27]. Even more puzzling though, in the original publication GCaMP?2 is reported to
be insensitive to Mg>* [26], while Hires et al. found a significant influence of Mg**
[27]. The differences in the maximal signal change (dynamic range) are also large
(on the order of 50-200% !) for many fGECIs (see GCaMP2, YC3.6, D3cpv or TN-
L15, Table 2). In addition, data obtained from intracellular or in vivo experiments
introduce further sources for variations in the experimental results and will be even
more imprecise or non-reproducible. For these reasons, it is highly recommended to
compare fGECIs in one and the same experimental setup and conditions as near as
possible to the system that will be investigated. This is much more conclusive for
choosing the best-suited fGECI than to rely on published absolute values deter-
mined under different experimental conditions.

4 Utilization of fGECIs from January 2008 to August 2010

The focus of this chapter is, however, not the detailed description of existing
fGECIs, but a comprehensive investigation in which research areas the sensors
have been used and which improvements in in vivo calcium measurements have
been achieved. At the same time, we are going to analyze to what extent f{GECIs
have entered laboratories pursuing research in physiology and cell biology, and also
to show that fGECIs are on the way to become a standard tool for calcium
measurements just like the commercially available CIDs currently are.
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Table 2 Overview on applications of fGECIs (January 2008 to August 2010)

Application References Articles

Photophysics + structure + sensor [22, 27, 31, 37-48, 220] 16
development

C. elegans [22, 49-75] 28

Drosophila [17, 20, 22, 37, 76-112] 41

Transgenic mice [113-130] 18

Mice/rat (virus/electroporation) [10, 22, 27, 31, 37, 38, 129, 131-145] 22

Zebrafish [4, 31, 146-157] 14

Plants [158-173] 17

Culture cells [22, 45, 59, 88, 135, 140, 144, 145, 152, 174-219, 98

221-262]

Xenopus [263] 1

Dictyostelium [31] 1

Yeast [264, 265]

Targets

Mitochondria [17, 88, 105, 174, 176, 179-181, 185, 186, 42

188-191, 199-201, 205-207, 209, 213, 216,
221, 224, 226, 230, 233, 234, 241, 243, 247,
249, 250, 253, 254, 257-262]

SR/ER [139, 145, 175, 177, 181, 182, 188, 192, 194, 197, 34
202-204, 210-212, 216-219, 224, 226, 229,
232-234, 248, 250, 252, 253, 255, 257, 258,

261]
Nucleus [167, 185, 191, 206, 252] 5
Peroxisome [187] 1
Golgi [214, 223] 2
Plasma membrane [141, 237, 242, 251, 262] 5
Fusion protein [175] (bestrophin), [185] (FKBP), [148] 8

(synaptophysin), [149] (synaptophysin), [141]
(actin), [152] (P2X receptor), [240] (TRP
channel), [251] (adenylyl cyclases)

For the period from January 2008 to August 2010, we found 236 articles that made
use of at least one fGECI. In total, 36 f{GECIs have been explored in these articles
reviewed in this chapter. The building principles and biophysical properties of fGECIs
are covered in three excellent and informative recent reviews (Mank and Griesbeck
[266], McCombs and Palmer [267], Garaschuk and Griesbeck [268]). In Table 1, we
listed all f{GECISs that have been used in more than four articles in the time period from
January 2008 to August 2010, together with the two most recently published sensors
GCaMP3 [22] and the YC-Nanos [31] for comparison reasons. It is noted here that the
group of Dr. J. Nakai has announced two improved GCaMP2 versions (GCaMP4s),
one with enhanced fluorescence signal changes upon calcium binding [46] and the other
with reduced cross-interaction with calcineurin [44]. In another article, a GCaMP4.1 is
mentioned and used [263], but no details about the mutations or type of improvements
are given. Also listed in Table 2 are the in vitro calcium-binding constant K¢, and the
signal change upon calcium binding (dynamic range) for each sensor protein.

There are clearly some “major players” that have been used in more than 25 studies,
i.e. GCaMP, GCaMP2, ratiometric pericam, YC3.6 and D1ER. Two of them, D1ER
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and ratiometric pericam, were established for calcium imaging in the sarco-/endoplas-
mic reticulum and mitochondria, respectively. They were used in more than 50%
of the calcium imaging studies in these two cell compartments. D1ER has a tailored
low calcium affinity to detect calcium changes above 100 pM in the endoplasmic
reticulum. Ratiometric pericam is well targeted to mitochondria. It has a very high
dynamic range and its somewhat lower calcium affinity might be also of advantage.
The original GCaMP is — despite some drawbacks including the very low fluorescence
of its calcium-free form — very popular for in vivo studies in model organisms such as
Caenorhabditis elegans and Drosophila melanogaster. In many of the surveyed
studies, calcium changes are large and cell-specific expression is straightforward
in these animals. Therefore — it seems — the urgency of using the best {GECI available
is relatively low in these animals. YC3.6 and GCaMP2 — “on the market” for 6
and 4 years, respectively — have obviously proven to work fine for a number of
more sophisticated calcium imaging issues. The latest generation of fGECIs
(TN-XXL, GCaMP3, YC-Nano, Casel2) have some real advantages compared with
the older ones. Nevertheless, it is not clear whether they will replace those soon.

fGECIs have been used in several different application fields. From a total of 236
articles, 53% of the studies have been performed in awake or anaesthetized animals
or living tissue samples. The remaining 47% of studies — besides a small fraction
dealing with photophysical and structural properties of f{GECIs — were performed in
cell lines. In the upper part of Table 2, publications are listed according to the
organisms studied — experiments in flies and mice obviously leading this group. The
lower part of the table refers to publications in which f{GEClIs have been specifically
targeted. In 33% of the articles, the f{GECI was targeted to a subcellular structure or
fused to a protein. Coming as no surprise, the most frequently targeted cellular
structures are mitochondria and the endoplasmic reticulum.

4.1 [GECIs in Cell Organelles

Looking back on the first 13 years of research with f{GEClIs, it appears that the most
successful application certainly was to elucidate the calcium homoeostasis in mito-
chondria and the endoplasmic reticulum (ER). Together with targeted aequorins,
fGECISs allowed to specifically measure calcium concentrations in the cytosol, mito-
chondria and the endoplasmic reticulum manifesting in an accumulation of articles
dealing with organelle-targeted fGECIs (Table 2). There are not only original pub-
lications but also several very instructive reviews available [269, 270]. Also specific
insights into an organelles calcium homoeostasis and the role of calcium in apoptosis
[271, 272] or in heart physiology [273] were provided. While most of the targeting
signals place an fGECI into the lumen of the organelle, in some recent studies, f{GECIs
were directed to the outer membrane of the ER [175] or mitochondria [191]. The latter
study could nicely demonstrate the existence of microdomains with high local calcium
concentrations near the outer mitochondrial membrane after agonist-evoked calcium
release from the ER (see Fig. 2). Such microdomains [274] have been proposed since
15 years. The microdomains were only faintly recognizable in the original raw data
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Fig. 2 Microdomains of high calcium elevations near mitochondria in HeLa cells after stimula-
tion with histamine. Changes of the calcium concentration were measured with a cameleon-like
fGECI (Dlcpv [34]) targeted to the outer mitochondrial membrane. The microdomains can be
interpreted as ER—mitochondria connections, adapted from [191]

and needed sophisticated data evaluation and a number of control experiments to
convincingly visualize the places of high local calcium changes on the surface of the
mitochondria. Giacomello and co-workers not only identified the microdomains but
also provided functional and morphological information. Mitochondria are excluded
from the place of capacitative calcium entry (CCE), but they are involved in calcium
uptake after voltage-operated calcium entry [275]. Very recently, the possibility of
precise and exclusive localization of cameleon-like f{GECIs into the lumen of mito-
chondria and ER as well as the cytosol has helped to identify and characterize a first
member (MICU1) of a long-searched protein family of mitochondrial calcium uni-
porters [233]. Upon downregulation of MICU1 by RNA silencing, the mitochondrial
calcium concentration was reduced, while that of the cytosol and ER was not affected.

Recent studies on calcium changes in the Golgi apparatus [214, 223] broadened
the perspective of future fGECI applications in single cell studies: It may be soon
possible to elucidate the interplay between different cell organelles during cellular
signalling.
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4.2 fGECIs: Incorporation into the Genome of Mammals

Several groups have used fGECI-encoding genes to generate transgenic animals
that express the sensors in pre-defined cell types and allow non-invasive imaging of
“freely behaving” animals. Dr. Tsiens group mentioned this potential strategy
already in their original publication on cameleons in 1997: “Cameleons should be
well suited to genetically tractable organisms such as bacteria, yeast, nematodes,
flies, plants and transgenic mice” [12]. Many years later, however, they (and others)
“encountered problems in using CaM-based genetic sensors” [23] in mammals
mainly due to much lower in situ/in vivo signals compared to the in vitro results.
This statement from 2004 is still valid. While fGECIs are commonly used in some
genetically manipulatable organisms such as worms and flies as well as in cell
culture cells, only a few transgenic mouse lines expressing fGECIs have been
actively exploited so far for physiological experiments.

In “conventionally” generated transgenic animals, the majority of cells express
the sensor protein. On the other hand, it is also possible to limit the expression to a
certain tissue or cell type to minimize unwanted side effects. A restricted expression
pattern depends on the insertion site of the transgene and its connection to gene
regulatory elements like promoters or ribosomal entry sites. An appropriate pro-
moter would be, e.g. connexin40 if intracellular calcium changes in endothelial
cells have to be investigated as shown by the group of Kotlikoff [276]. They
monitored calcium waves with GCaMP2 in arterioles of transgenic mice in vivo.

Generally, it is laborious to generate transgenic, homozygous mouse lines.
Facilities that already offer established mouse lines (e.g. JAX® Mice Database of
the Jackson Laboratory in Maine, USA) or founder lines that can be crossed to
achieve cell type-specific expression via the CreloxP system may improve this
situation in the future. In the last years, other fast-paced developing methods
emerged, which allow a rapid onset of transgene expression. These methods have
become convenient either to induce spatially and temporally controlled transgene
expression or to limit expression to adult or developing animals. This development
is also manifested in the statistics of f{GECI use in living mice and mice tissues (see
Table 2). Only 45% of all studies with fGECIs in mice have been performed with
transgenic, homozygous animals expressing the f{GECI in a certain cell type. The
majority of the investigations (55%) work with mice, where the fGECI has been
introduced in a different way. At this point, we are going to highlight two of these
new methods: electroporation and viral-mediated gene transfer.

DNA is a negatively charged molecule and therefore moves in an electric field
towards the anode. If an electric field is applied to a living cell, DNA can be
dragged into the cell by a process referred to as electroporation [277, 278]. The
transfer efficiency might reach up to 80%. This makes electroporation a versatile
method to deliver genetic material into bacteria or cells in culture. Due to variations
of electrode design, it is also possible to electroporate slice preparations of tissue
and even tissue in a nearly natural environment. Another sophisticated method is
electroporation in utero. This approach allows introducing DNA to mice pups
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starting at embryonic day 12. To drive transgene expression, a CAG promoter,
a combination of cytomegalovirus (CMV) early enhancer element and chicken beta
actin promoter, is often used. It is active during early development. The injected
embryos continue their development normally. The tissue can be imaged either a
few days after electroporation or post-natally.

Tian and colleagues introduced GCaMP2 and GCaMP3 sensors into mice via in
utero electroporation. They compared the sensor properties in neurons under the
same experimental conditions. GCaMP3 could resolve calcium increases evoked by
single APs up to a frequency of 6 Hz, whereas GCaMP2 was less sensitive [22].
Figure 3 shows the normalized fluorescence change vs. the number of APs used for
stimulation.

Another outstanding study not only introduced an improved version of the
troponin- and FRET-based fGECI family (TN-L15 [35, 279], TN-XL [36] and
here TN-XXL [37]) but also demonstrated the power of fGECIs for functional
chronic imaging of neuronal activity. After in utero electroporation, the TN-XXL
sensor was expressed specifically in the upper layer of the visual cortex. By
anatomical means, pyramidal neurons were selected for analysis. Visual stimula-
tion was performed on anaesthetized mice and the calcium level of the neurons was
measured (see Fig. 4). Individual neurons displayed specific patterns of activity or,
depending on the stimulus given, were silenced. Photobleaching was negligible
during measurements. Most notably, identified neurons could be investigated for
weeks. Over this time period, they showed a rather similar behaviour, although
some changes could be detected as well.

Chronic calcium imaging has been performed in a number of studies ranging
from a few up to 120 days [22, 37, 131, 137, 225]. The possibility of chronic
imaging with fGECIs may assist to answer new scientific questions ranging from
learning to cell differentiation and cell division.
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Fig.3 Comparison of GCaMP2 and GCaMP3 in layer 2/3 cortical neurons (right) and hippocam-
pal pyramidal neurons (/eft) of in utero electroporated mice, adapted from [22]. GCaMP3 shows a
fourfold higher fluorescence intensity (right) and a significantly improved detection of action
potentials compared with GCaMP2 (left)
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Fig. 4 Left: visual stimuli are presented to mice expressing TN-XXL in visual cortex neurons
(top). Scheme of two-photon fluorescence microscopy performed through a cranial window
(middle). Right: changes of TN-XXL FRET ratios in a single pyramidal neuron upon stimulation
with stripe bar presentations in varying orientation. Measurements were performed on days 1, 12
and 19. Left (bottom): summary of the three measurement days, adapted from [37]

Another alternative to generate transgenic mice is to introduce foreign DNA by
viral-mediated gene transfer. This strategy allows a fast onset of transgene expres-
sion paired with high transduction efficiency. The generation of virus-based expres-
sion constructs is very flexible. The assembly of recombinant viruses often relies on
the expression of gene products from different plasmids, from which only one
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plasmid contains the transgene expression cassette. This cassette can be exchanged
on demand thus, allowing to generate viruses containing different promoters,
sensors (here fGECIs) or sensor mutants.

A variety of viruses can be used to deliver a transgene to certain cells or tissues.
The decision on which viral system should be used depends on a variety of factors
like the size of DNA to be transferred, the cell type that should be transduced or for
how long the sensor should be expressed. For further reading and a comprehensive
overview on viral-mediated transgene expression, see for instance the review of
Davidson and Breakfield [280]. Lentivirus-, adenovirus- and adeno-associated
virus-based approaches are the most convenient virus-based expression systems
to date. For some standard applications, they are even commercially available.
Adeno-associated viruses (AAVs) offer a variety of possible cell tropisms based on
their capsid composition; i.e. they can be tailored such that they selectively infect
and transduce specifically certain cell types.

Liitcke and colleagues expressed the ratiometric sensor YC3.6 driven by the
human synapsin promoter in neocortical cells of mice with recombinant AAVs
[10]. They stereotactically injected 6—8-week-old mice and detected the neuron-
specific YC3.6 fluorescence after 3 weeks. More than 80% of the neurons were
transduced. The successful measurement of intracellular calcium changes in vivo,
i.e. in neurons of freely moving animals, e.g. during behavioural experiments, is a
challenging task (Fig. 5). The authors performed slice and in vivo imaging via
one- and two-photon fluorescence microscopy, respectivily. They simultaneously
measured — in some cases — local field potentials or recorded changes of the
membrane voltage in the cell-attached mode. They also analysed normalized
fluorescence changes of the acceptor fluorescence of YC3.6 in relation to the
animals’ activity in a cage considering different motion events (walking, rest,
wall touching). By doing so, they opened the way for future studies, where calcium
changes in neurons and behaviour (here motion) can be correlated.

At present, however, only the relative change of the acceptor fluorescence can be
monitored. Fibre-optic recordings in particular will allow a multitude of opportu-
nities for functional studies on the neural basis of animal behaviour, from dendrites
up to the level of local and large-scale neuronal populations.

4.3 fGECIs in Worms

As discussed above, the use of fGECIs in mammals is not yet a standard technique.
The situation is completely different for the nematode C. elegans. Its less than 100
developmentally and functionally well-defined neurons make it a textbook example
for the use of fGECIs. Many key experiments with f{GECIs have been performed
already years ago. The observed calcium signals were robust and often large, which
might be the reason, why more than 50% of the studies were using “old” fGECISs that
have been published before 2002. With both, single GFP or FRET-based fGECIs, a
great variety of phenomena was investigated since January 2008: regenerative
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Fig. 5 Top: schematic picture of the experimental setup. Bottom: motion analysis of a freely
moving mouse in a cage with simultaneous detection of neuronal activity (layer 2/3 neocortical
neurons in the mouse brain). Plotted is not the YC3.6 ratio change but the normalized fluorescence
change of the acceptor of YC3.6 (circular permuted Venus, an YFP variant), adapted from [10]

growth, behaviour in temperature gradients, mating activity, swimming, pheromone
or chemoattraction, odour reception, molecular oxygen concentration, locomotion
and egg-laying.

So far, imaging experiments were mostly conducted either in head-fixed or in agar-
based environments to immobilize the animals. Ben Arous and colleagues generated
C. elegans strains expressing D3cpv and YC3.6 in different neurons. One strain
expresses the sensor in a subset of neurons (AVA neurons), which regulate the
backward motion [51]. They performed bright field imaging, while worms moved in
anatural environment and with normal speed. Signals with up to 30% FRET change in
AVA neurons could be directly correlated to the reversal of motion (see Fig. 6).
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Fig. 6 Motion analysis of freely moving Caenorhabditis elegans with simultaneous detection of
calcium changes in AVA neurons (left top: transmission image; left bottom: two-colour fluores-
cence image). The fGECI D3cpv is specifically expressed in AVA neurons. Robust calcium
increases were measured when animals crawled backward (grey lines), adapted from [51]

4.4 fGECIs in Flies

Another well-investigated model organism is the fly D. melanogaster. More than 40
studies with fGECISs in flies have been published since 2008. As for C. elegans, a
large variety of physiological research topics have been investigated: e.g. odour and
visual perception, stress response, air flow, walking, gravity, hearing, temperature
sensing and the neuron-motor junction.

A recent application was the determination of a fly’s behaviour simultaneous
with calcium imaging in those neurons that are responsible for a sensory signal.
Seelig and colleagues analysed flies expressing GCaMP3 in brain neurons that are
responsible for a compensatory turning response upon visual stimulation [100]. A
single dendrite was imaged, while the flies were able to move freely on a treadmill
ball. The normalized fluorescence showed about 200% intensity change when a
preferred stimulus was given. The observed fluorescence signal correlated strongly
with the behavioural response of the fly to motion stimuli (see Fig. 7).

One crucial point is the reduction of motion artefacts. Seelig and colleagues did
so by investigating the awake flies in a fixed, open head configuration through
removal of brain-moving muscles [100]. A multitude of control experiments had to
be performed to show that the behavioural responses are not affected significantly.

Unwanted emerging motion artefacts that interfere with calcium measurements
can be omitted when ratiometric sensors such as YC3.6, D3cpv, ratiometric
pericam or TN-XXL are used. When GCaMPs, Casel2, Camgaroo or inverse
pericam are used, quasi-ratiometric measurement can be performed by applying
additionally a fluorescent dye with a different colour that is insensitive for calcium
changes.
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Fig. 7 Top: apparatus (left) for simultaneous measurement of tethered walking and calcium
response in horizontal system (HS) neurons of alive, head-fixed flies and motion pattern (right)
obtained for a fly in a sequence of visual pattern stimulation for anticlockwise (CCW) and
clockwise rotation (CW) and z-projection of two-photon fluorescence image of HS neurons
expressing the fGECI GCaMP3. Bottom: average time course of behavioural response (fly’s
turning response) and calcium elevations in HS neurons during null-direction (ND) and pre-
ferred-direction (PD) response, adapted from [100]

These examples of the use of f{GECIs in different model organisms (mice, flies,
worms) show that f{GEClIs can be faithfully applied to determine cellular calcium
changes in freely behaving animals. In future, it will be interesting to compare
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results obtained from freely behaving animals with data from in vitro experiments,
the latter being the vast majority of the physiological experiments and therefore the
basis of the existing knowledge.

4.5 fGECIs in Zebrafish

The zebrafish is an animal model that has a lot of promises. Unlike the invertebrate
model organisms (worms, flies), the zebrafish is — being a vertebrate — a much closer
relative to higher vertebrates by morphological and physiological means. The genera-
tion of transgenic lines is, however, much more easy to compare with higher vertebrates
like rodents. Zebrafishes — in particular the embryo — are also much more suitable for
full animal or organ imaging. It comes therefore as a surprise that the zebrafish is the
one with the lowest number of publications with fGECI applications (see Table 2)
among the popular animal species used for studies with genetically changed animals. In
addition, more than one-third of the studies uses transgenic zebrafish lines with f{GECI
for other reasons than calcium imaging (e.g. as cell marker). About 30% of all studies
are based on a zebrafish line that expresses GCaMP in cardiac-specific manner allow-
ing impressive organ-specific calcium imaging in the living, functional heart (see
Fig. 1). There are only a few studies that utilize f{GECIs expressed in neurons for
functional calcium imaging. One reason might be, that the use of CIDs with their better
imaging properties compared to the f{GECIs and their tailored calcium sensitivities is
advantageous in zebrafish, although the CID distribution is unspecific (see Fig. 1).
Unlike mice, zebra fish embryos can be loaded sufficiently with CIDs.

4.6 fGECIs in Plants

Plants can also be genetically modified rather easily. Therefore plants were sup-
posed to be one of the major application fields for f{GECIs [12]. A surprisingly low
number (17) of applications in plants, however, have been published from 2008 to
2010. One obvious problem is that plant cells — compared to animal cells — contain a
large variety of chromophores absorbing and emitting in the whole visible spec-
trum. Therefore, autofluorescence is a severe problem in plants. This favours
bioluminescent aequorins over fGECISs, especially where high spatial resolution is
not an issue. Probably for the same reason (i.e. strong autofluorescence), only
cameleon-like fGECIs have been used in plants (with one exception [173]). Most
studies (70%) have been performed with Arabidopsis thaliana, where calcium
elevations after external stimulation with ATP or mechanical treatments have
been studied. Other nice examples include approaches, where intracellular calcium
changes have been measured simultaneously with other cell parameters such as
intracellular pH, stomatal closure or cell growth rate. Monshausen et al. investi-
gated in parallel the intracellular calcium concentration and cell growth [164] in
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A. thaliana root hair cells. Cell growth occurs in a periodic manner with growth
periods between 15 and 30 s. A calcium gradient exists showing a maximum near
the root hair tip. The calcium concentration oscillates almost in phase with cellular
growth (see Fig. 8). Yet, cellular growth is preceding the highest calcium concen-
tration by about 5 s. The peaks in calcium concentrations are assumed to either
prime the root hair cell for the next growth surge or to regulate processes that
stabilize the cell wall after a growth period.

Nevertheless, the application of fGECIs in plants is far behind the original
expectations. Approaches to target fGECIs to different cell types or subcellular
compartments are rarely used compared with the technical possibilities. Neverthe-
less, the use of fGECIs in plants may intensify in the future for two reasons:

1. Modern fluorescence microscopy techniques, e.g. spectral unmixing, may allow
to observe the signature of f{GECIs even in pigment-rich plant cells.

2. The study of calcium homoeostasis in different plant cell types may become as
important as in animals to clarify the intracellular and intercellular signalling

processes.
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Fig. 8 Arabidopsis root hairs show an oscillating, tip-located calcium gradient that peaks after
maximal growth. Top: root hairs of Arabidopsis undergoing tip growth expressing the cytosolic
fGECI YC3.6. Bottom: quantitative analysis of root hair growth rates (black, full circles) and
cytosolic calcium levels (red, open circles) at the root hair apex, adapted from [164]
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4.7 fGECIs Fused to Proteins

Until now, the application of f{GECIs targeted to cell organelles or specific cell
types in different organisms has been reviewed. Another way to place the “calcium
spy” inside the cell is to fuse an fGECI directly to a key-player protein of the
process under investigation. A nice example can be found in a recent publication on
the calcium regulation of adenylyl cyclase isoforms fused to GCaMP [251].
Adenylyl cyclases (ACs) are enzymes that synthesize cAMP from ATP. From a
total of ten isoforms, nine are integral membrane proteins and react to intracellular
calcium changes. AC1 and ACS8 are stimulated, whereas AC5 and AC6 are inhib-
ited by calcium. Willoughby et al. expressed GCaMP2 in the cytosol. Furthermore,
they generated modified GCaMP2 sensors. The N-terminal end of GCaMP2 was
extended with consensus motifs for myristoylation and palmytoylation to allow
membrane association of the sensor to AC2 and ACS, respectively (Fig. 9). The
measurements were performed in HEK293 cells. All modified proteins were
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Fig. 9 Top: GCaMP2 and three differently modified GCaMP2 versions that all three show strong
localization in the plasma membrane. Bottom: different local calcium changes detected by the four
GCaMP2 sensors for two important routes of intracellular calcium elevation — calcium release from
the endoplasmatic reticulum (ER) and the capacitative calcium entry (CCE), adapted from [251]
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positively checked for functionality, resulting in four very similar fGECIs that
differed only by their local distribution. The three “extended” GCaMP2 versions
were all localized on the plasma membrane.

Transient intracellular calcium elevations were induced in two different ways:
Ins(1,4,5)Ps-mediated calcium release from the endoplasmic reticulum and CCE
through calcium channels from the extracellular side. Both scenarios were measured
with the four GCaMP2 proteins. The GCaMP2-AC?2 fusion protein detected signals
very similar to those measured with the cytosolic GCaMP2 construct. On the
contrary, the GCaMP-ACS fusion protein responded much stronger to CCE, while
calcium release from the ER was barely visible. This could be explained by ACS8
residing in a special microdomain that promotes for calcium signals arising from
CCE. The calcium-insensitive AC2 may also be localized in special microdomains,
but the calcium changes were indistinguishable compared with those in the cytosol.
These results clearly demonstrate that AC2 and ACS are located in different micro-
domains. The plasma membrane-targeted GCaMP2 is facing many different micro-
domains and shows therefore an intermediate behaviour. Willoughby and colleagues
demonstrate in their study directly discrete compartmentalized calcium signals
associated with specific signalling proteins. The fusion of f{GECI to proteins specific
for a certain process is a very promising approach, however, surprisingly rarely
realized (only eight publications in total). Especially ion transporters and ion
channels seem to be good candidates as fusion partners with fGECIs. (see also
[152, 175, 240]).

5 Outlook

The fGECIs that we discussed in this chapter have absorption and emission maxima
between 420-520 nm and 470-540 nm, respectively. In general cyan, green and
yellow fluorescent proteins are incorporated in these fusion proteins.

Observing the calcium concentration in more than one organelle simultaneously in
a single cell asks, however, for fGECIs with an expanded range of excitation and
emission wavelengths. Not much progress to solve this issue has been achieved until
now, although the first cameleon publications actually used blue/green GFP-FRET
pairs [12, 14]. Furthermore, soon after the cloning of the first orange/red-emitting
fluorescent proteins (e.g. DsRed [281]), cameleons with orange/red-emitting FRET
acceptors have been published [282]. Sapphire/DsRed, which showed so far the best
performance is a FRET sensor based on the yellow cameleon YC2.1 [29]. But since
then, no real improvement and no successful application of such spectrally distinct
fGECIs have been achieved, although recently found new fluorescent proteins
extended the spectral range of FPs from ultramarine [245] to the far red [283, 284].
Several laboratories — including those of Dr. Miyawaki, Dr. Griesbeck and Dr. Camp-
bell — tried to generate f{GECIs with more red-shifted excitation and emission, but the
new fGECIs performed worse (small dynamic range!) than the established “mother
fGECIs” from the cyan-yellow spectral range (H. Mizuno, personal communication
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2010, [285]). Different dimerisation tendencies as well as different geometries of
transition dipole moments of the different fluorescent proteins are partly responsible
for the lower FRET efficiencies and FRET changes in these constructs using non-
Aequorea fluorescent proteins. Circular permuted green and yellow GFP mutants were
the basis for the GCaMP [16] and the pericam family [15] of fGEClISs, as well as for
major improvements of the cameleons [23] and the troponin-based sensors [36]. The
low performance of red-shifted f{GECIs can be partly attributed to the bad fluorescent
properties of the circular permuted variants of orange/red fluorescent proteins. Very
recently, promising variants have been proposed [286, 287]. Nonetheless, just one
group has used a “red cameleon” (Sapphire—DsRed) since 2008. The purpose was to
demonstrate the possibility to observe the time course of two physiological parameters
in one cells using FPs [245]. The laboratory of Dr. French has used YC3.6 for calcium
imaging and an orange/red FRET pair to monitor the activation of a GTPase [193]
together with intracellular calcium changes. In both studies, sophisticated imaging
methods were used like spectral unmixing [245] and combination of ratiometric and
fluorescence lifetime imaging [193]. Although, in future, the combination of specifi-
cally subcellular targeted, more sensitive, faster responding and spectrally different
fGECISs as well as other genetically encoded sensors with the application of the fast
increasing arsenal of modern imaging methods will certainly promote the usage of
fGECISs to new levels. This chapter, reviewing the applications of f{GECIs since 2008,
shows an impressive diversity of physiologically relevant questions in biology that
have been tackled with the help of fGECIs. This collection shall motivate and give
some ideas to life science researchers from various fields to consider, start or continue
using fGECIs in their experiments.
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Action Potentials in Heart Cells

Lars Kaestner, Qinghai Tian, and Peter Lipp

Abstract Action potentials are a basic and fast communication mode within or in
between neuronal and muscular cells in the human body. The rhythmic initiation
and structured propagation of action potentials in the heart are most essential for
a vital organism. The use of genetically encoded biosensors based on fluorescent
proteins allows a non-invasive biocompatible way to read-out action potentials in
cardiac myocytes. This comprises the physiological situation as well as pathophys-
iological models of the diseased heart. Although the approaches to design such
biosensors date back to the time when the first fluorescent protein-based FRET
sensors were constructed, it took 15 years until first reliable sensors became
available. In this chapter, it is shown in cardiac myocytes how fluorescent pro-
tein-based action potential measurements can be used in pharmacological screening
applications as well as in basic biomedical research. Potentials and limitations will
be discussed and perspectives of possible future developments will be provided.
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1 Introduction to Action Potentials in Cardiac Myocytes

Every heart beat is initiated by an electrical excitation. The formation and the
propagation of this signal inside the heart can be measured by an electrocardiogram
(ECG). Such an ECG recording detects the concert of the electrical signals of all
excitable cells in the heart. This electrical transient is called action potential and is
initiated either externally (i.e. from neighbouring cells) or occurs spontaneously.

Once the cells are isolated for scientific or pharmacological investigations, this
excitation can be substituted by a field stimulation using short electrical pulses
(< 5ms) [1]. This electrical stimulation activates fast sodium channels followed by
voltage-activated calcium channels that allow calcium to enter the cytoplasm. This
calcium translates the electrical signal into a mechanical response of each cell and
eventually into the entire heart beat. The calcium channels are counterbalanced by
the activity of the electrogenic sodium/calcium exchanger. A plethora of potassium
channels majorly shape the repolarisation phase of each action potential. Various
physiological and pathophysiological conditions can modulate further molecular
entities such as the sodium/potassium pump, chloride channels and additional
potassium channels [2]. This rather complex concert of players give rise to a typical
shape of an action potential that may vary from species to species. It is classified
into four phases followed by a resting phase, all of which are visualised in Fig. 1.
Depending on the heart rate, the action potential duration is in the range of hundreds
of milliseconds.

Investigating and monitoring the alterations of cardiac action potentials is
insofar important as most of the mayor cardiac diseases are also manifested in the
action potential. This includes all forms of arrhythmia, cardiac infarction and
indirectly coronary heart diseases.
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Fig. 1 Shape of a ventricular action potential. Phase 0: rapid depolarisation, Phase I: initial
repolarisation, Phase 2: plateau phase due to delay in repolarisation, Phase 3: repolarisation,
Phase 4: resting membrane potential (associated with the diastole in the heart)
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2 Measuring and Screening Cellular Action Potentials:
Principles and Properties

Action potentials of muscles and nerves have been measured since the middle of the
nineteenth century, e.g. [3-5], using metal electrodes. The transition to the cellular
level was achieved by Cole and Curtis in the 1930s [6] by the development of the
voltage-clamp technique. A quantum leap was the introduction of the patch-clamp
technique by Neher and Sakmann [7, 8] which still is the Gold-standard for
measurements of cellular action potentials. The big advantage of this approach is
that the entire cell can be controlled, i.e. clamped to a given potential or alterna-
tively to a given current (voltage-clamp and current-clamp mode, respectively). By
controlling the intra- and extracellular solutions in combination with pharmacolog-
ical manipulations, ionic currents underlying the action potential could be studied
in great detail. However, there are some considerable disadvantages: (1) cells
need to be mechanically disturbed by the glass pipette; (2) no spatial information
concerning the subcellular potential distribution becomes available and (3) moving
cells like cardiomyocytes within a beating heart cannot be approached. All these
limitations can be overcome using contact-free optical read-outs. All optical
sensors for membrane potential investigations developed so far, independent of
whether they rely on small molecule dyes or genetically encoded chromophores, are
based on membrane potential-induced changes of fluorescent properties. These
sensors are described and classified in the following subchapters. Fluorescence
read-out has general advantages over detection based on absorption [9], but for
a high spatial (diffraction limited optical resolution) and temporal resolution
(<1 ms) over a duration of minutes, the number of emitting photons becomes the
limiting factor. Therefore, dark field read-outs based on abnormal dispersion could
be an alternative concept meeting those challenges.

During the last few years, there has been a growing demand for screening of
action potentials especially in cardiac myocytes. This was caused by the need to
probe the proarrhythmic potential following drug administration regardless
whether cardiac related or not [10]. The proarrhythmic potential appears as
a prolongation of the QT-interval in the ECG. This is the temporal distance
between the start of the QRS-complex (dominant peak in the ECG) and the end
of the T-wave. Recognition of potential QT alterations at the earliest possible state
is now an essential requirement in the drug discovery and development workflow.
The cellular equivalent of the QT-interval is the action potential duration [11]. As
a result of such regulations, several successful methodologies to automate action
potential measurements (or electrophysiological properties in general) based on
the patch-clamp technique were developed. A number of these approaches were
turned into commercial products, e.g. lonworks Quattro or PatchXpress 7000A
from Molecular Devices (Sunnyvale, USA), NPC-16 Patchliner or SyncroPatch 96
from Nanion (Munich, Germany), Flyscreen from Flyion (Tibingen, Germany) or
QPatch form Sophion (Copenhagen, Denmark). However, all these systems are
designed to investigate immortalised cell lines rather than adult cardiac myocytes,
which allow a well-defined handling routine. When these cells are not adherent,
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i.e. in suspension, they adopt a perfectly spherical shape that is ideal for such
robotic approaches. These cell lines are useful tools if general cellular properties
or properties of isolated ionic currents are to be investigated. If it comes to
more specific physiological or pathophysiological questions, primary isolated
cells are a much more appropriate tool [12]. This holds true especially when
excitable cells such as cardiomyocytes or neurones are to be investigated. Due
to easier isolation and handling, neonatal cardiac cells are often preferred in
studies investigating specialised cell types. Recently, we were able to show that
with respect to action potential properties, neonatal and adult cardiac myocytes
depict a totally different pharmacological profiling. Therefore, it can be concluded
that neonatal cells are not a valid model for the investigation of action potentials in
the adult situation. On the other hand, a highly reproducible isolation procedure for
adult cardiomyocytes is available [13], and cells can be cultured for 1 week
without major de-differentiation, thereby enabling genetical manipulation of the
cells such as expressing genetically encoded sensors and fusion proteins [1, 14].
However, the shape and fragility of isolated cardiomyocytes do not allow a reliable
handling in suspension, as it is necessary for the commercially available automated
cellular electrophysiology set-ups. Therefore, contact-free optical read-out would
be advantageous. So far, optical action potential measurements were approached
either by photometry, e.g. [15], detecting the signal of an entire cell or by random-
access point scans [16] or for spatially resolved data by confocal line scans [17].
This restriction to line scans was necessary for a very high acquisition speed
of approximately 1 kHz. For confocal and semi-confocal approaches, this can be
performed by three principle scanning technologies: (1) resonant scanners as
commercialised by Nikon (Tokyo, Japan) and Leica (Mannheim, Germany); (2)
acousto-optical deflector (AOD) scanning as implemented in the VT, (VisiTech
Int., Sunderland, UK); (3) real slit scanning as implemented in the LSMS5Life
(Zeiss, Jena, Germany).

With the latest developments of the sSCMOS technology [18], camera acquisition
rates in combination with high quantum efficiencies (~0.6 for front illuminated
sensors) have reached a level that may allow sufficiently fast data acquisition
while simultaneously maintaining spatial resolution to distinguish individual cells
in a cell-based assay. This key technology in combination with new generations of
voltage sensors (see below) may outperform the classical patch-clamp approaches
in screening action potentials.

3 Optical Measurements of Action Potentials: An Overview

Depending on the particular mechanism of detecting voltage changes, optical
sensors can be classified into four groups:

1. Dyes displaying a potential-dependent change in their transmembrane distri-
bution, which leads to a large fluorescence change (typically a 100% change
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per 100 mV). However, the redistribution process takes too long, usually
seconds or even minutes, to be used for action potential recording [19].
Examples are rhodamine-based dyes to measure mitochondrial membrane
potentials [20].

2. Sensors in which potential-dependent changes in the conjugated double-bond
structures take place. This leads to sensing of the electromagnetic field changes
in their vicinity that translates into changes of their fluorescence properties. This
type of intramolecular electron redistribution can take place within micro-
seconds; so the dyes are fast enough to follow action potentials. The electron
rearrangement takes place inside a small molecule — therefore, its magnitude
leads to a small signal, usually in the range of 10% per 100 mV. Typical dyes,
such as RH-237, di-4-ANEPPS and di-8-ANEPPs, are widely used in cellular
cardiology [15, 21-24]. Especially di-8-ANEPPS is a popular dye because it
shows a comparably low rate of internalisation into cells [25]. Additionally,
it can be used in a ratiometric read-out [26, 27], which is fundamental when
accounting for contraction artefacts [28, 29].

3. Probes relying exclusively on the Stark effect, such as ANNINE dyes [30, 31],
which have also been used to measure spatially resolved action potentials in
cardiac myocytes [17].

4. Genetically encoded voltage sensors, which are introduced in great detail in
Sect. 4.

Figure 2 depicts a time scale with milestones of developments in optical
membrane potential sensors. It covers the entire time range for the genetically
encoded sensors from the identification of GFP as a protein to in vivo application of
such sensors.

In summary, small molecule dyes have a number of superb properties, but suffer
from the unspecific staining of all cell types. A possible alternative is a genetic
targeting using tissue-specific promotors. In addition to the fluorescent protein-
based voltage sensors (see Sect. 4), it is worthwhile to mention the combination of
genetic targeting and conventional organic chromophores [32]. A proof of principle
was reported by combining a membrane-targeted phosphatase which was able to
cleave the hydrophilic phosphate group of a precursor dye, leading to a membrane-
bound voltage-sensitive dye [33].

4 Fluorescence Protein-Based Approaches to Sense
Membrane Potentials

A further hybrid approach uses the expression of a membrane-bound GFP as
FRET donor in combination with dipicrylamine (DPA), a synthetic voltage-sensing
molecule, as FRET acceptor [34]. This hybrid approach has the advantage of
genetic targeting but suffers from the common disadvantages of small molecule
dyes such as the limitations for long-term observation. There are controversial
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Fig. 2 Half a century of scientific innovations to bring genetically encoded voltage sensors to the
present level. Abbreviations used in this figure: GEVS genetically encoded voltage sensor, SHG
second harmonic generation, GFP green fluorescent protein, FRET Forster resonance energy
transfer, AP action potential

reports of the usability of this construct. While DiFranco and colleagues applied
it successfully in the transverse tubules in mouse skeletal muscle fibres [35],
Sjulson and Miesenbock showed that — due to DPA-induced increase in membrane
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capacitance — it was not possible to detect action potentials in the Drosophila
antennal lobe [36].

To revisit voltage sensors solely comprising genetically encoded proteins, we
need to go back in time. The first of such sensors (called FlaSh) was a wtGFP fused
to the C-terminus of the Drosophila Shaker K*-channel [37]. This and its follow-up
sensors were composed of a voltage-sensing domain in combination with one or
several fluorescent proteins. Later, FlaSh was improved in terms of dynamics and
voltage range [38]. The second voltage sensor generated independently was based
on the fourth transmembrane segment (S4) of the voltage-gated K* channel K, 2.1
coupled to a CFP/YFP FRET pair in sequence and was named VSFP1 [39]. This
sensor was followed by a circular permutated version of the fluorescent protein
[40]. The third sensor type was called SPARC and comprised of a fused GFP
between domains I and II of the rat skeletal muscle Na* channel [41]. These three
sensors are subsumised under the first generation of voltage sensors [42]. They all
display a rather bad membrane localisation [43], and the fluorescence intensity
change per 100 mV potential change is limited to only 0.5-5% [37, 39, 41]. While
the first generation of voltage sensors are based on voltage-activated ion channels or
domains thereof, the second generation of voltage sensors comprised self-contained
voltage sensor domains, such as the voltage-sensing domain of the Ciona intesti-
nalis voltage sensor-containing phosphatase (Ci-VSP) [44] or voltage sensor
domain only proteins (VSOPs) [45].

The Ci-VSP domain was chosen by two groups of the same institution (Brain
Science Institute, RIKEN, Japan) that performed independent approaches to
develop what is now termed second generation voltage sensors: VSFP2.1 [46]
and Mermaid [47]. These initial papers in mammalian cells reported ratio changes
of approximately 9% and 20% per 100 mV at around 34°C for VSFP2.1 and
Mermaid, respectively. Since Mermaid is up to now the only genetically encoded
potential sensor that was successfully applied in cardiac cells and tissue, it will be
described in greater detail in a separate Sect. 6.

Based on the VSFP2.1 design, further developments were performed. Linker
optimisation led to VSFP2.3, which was characterised biophysically [48] and in
an in vivo proof of principle in the cortex of mice [49]. In a recent study using
spectrally resolved data, VSFP2.3 and Mermaid displayed similar ratio changes of
around 13% per 100 mV under putatively similar conditions [50].

A further line of developments explored alterations in the fluorescent entities:
circular permutated fluorescent proteins [51] and red-shifted variants [52] with
positive proof of principles but moderate intensity changes were generated.

The second generation of genetically encoded voltage sensors share the property
of a fast and a slow kinetic component. The fast component corresponds to the
sensing currents in the voltage-sensing domain, while the slow component reflects
the voltage-dependent conformational change [53]. The Knopfel group performed
seminal work in linker and fluorescent read-out optimisation and introduced a novel
probe named VSFP3.1 [54] in which the kinetic properties of the slow sensing
component was dramatically shifted towards faster sensing. Accordingly, they
designed the fastest genetically encoded voltage sensor so far. This approach is
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based on a reaction of the voltage-sensing domain without major conformational
changes of a single fluorescence probe without taking advantage of FRET. This
results in intensity changes of approximately 0.5% per 100 mV potential change
[54]. When considering the overall properties of VSFP3.1, it appears to be of
limited use, and we would not yet regard it as a third generation voltage sensor as
claimed by the Knopfel group [55].

5 Concepts to Transduce Sensors in End-Differentiated Cells

Genetically encoded voltage sensors similar to other genetically coded sensors
require that the genetic information, coding for the sensor, will be incorporated
into the cell of interest. Popular chemical transfection methods such as catalysing
DNA cross-membrane transport using calcium phosphate, polycations or dendri-
mers as well as physical transfection approaches like electroporation, microinjec-
tion or particle guns provide only very low transfection rates in end-differentiated
cardiac myocytes. Therefore, they are ousted by biological transfection methods.
Nevertheless, even the biological transfection methods such as the popular lipofec-
tion, which leads to a 5-100-fold increased transfection rate compared to chemical
methods, fail in cardiac myocytes. Viral gene transfer was identified as the trans-
duction method of choice for end-differentiated cell such as cardiac myocytes. To
perform viral transduction, we evaluated various viruses: Semliki-Forest virus [56],
Lentivirus [57] and Adenovirus [58].

In our hands in cardiac myocytes, Semliki-Forest virus transduction leads to a
transduction rate lower than 5%. In neurons, a fast expression of the transducted gene
was achieved within 6 h, but it killed all cells within 24 h [59]. In contrast, Lentiviral
gene transfer required about a week for protein expression. This is far too long for
established culture systems of cardiac myocytes [1, 14]. Therefore, Lentiviruses
may well serve for gene transfer in animals, but they are not suitable for gene transfer
in primary cultured cells such as cardiac myocytes. Using an adenoviral gene
transfer approach, protein expression reached sufficient levels within 24 h for most
genetically encoded biosensors tested, e.g. Mermaid — see below or the Ca®* sensors
inverse pericam, YC3.6 and TN-XL [1, 59]. The adenoviral-mediated expression is
fairly stable over at least 1 week, and we could not find adverse effects of virus
transduction and induced gene expression. Therefore, the adenoviral approach
appears suitable for high content screening applications in primary isolated cardio-
myocytes and enables monitoring of chronic applications of test substances [59].

For various scientific questions, it is advantageous to perform the sensor trans-
duction and expression not just in vitro but already in vivo. A very elaborate
approach is the breeding of transgenic animals with a cardiac-specific expression
of the sensor as it was performed with Mermaid in zebrafish (see below) or for the
Ca** sensor GCaMP2 in mice [60]. Another approach is to transduce the sensor into
individual animals, again with the help of a virus. Although there are reports to
perform adenoviral-mediated gene silencing in the heart [61], in our hands the
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expression of the sensor could not be achieved in the heart neither after injection in
neonatal hearts nor in adult hearts of rat and mice. This is most probably due to the
immune responses of the animals. Therefore, we regard adeno-associated viruses
(AAVs) as an alternative. Since the AAV infection starts with a receptor-mediated
endocytosis, the different serotypes in combination with distinct intracellular pro-
cessing give rise to specific tissue tropism [62]. Additionally, tissue-specific expres-
sion can be fostered by cloning of the appropriate tissue-specific promotor into the
AAYV genome. This is a popular methodology in concepts of gene therapy [63], but
was also shown for cardiac-specific expression of fluorescent proteins [64, 65].

6 ‘“Mermaid”: Characterisation and Application
in Cardiac Myocytes

“Mermaid” is a novel sensor introduced in 2008 [47] in a row of developments of
continuously improving voltage sensors (see Sect. 4). The FRET-based approach
was realised with the voltage sensor containing phosphatase of sea squirt
C. intestinalis as the base for the conformational change similar to what was
originally introduced by Murata et al. [44]. In the Miyawaki laboratory, this sensing
unit was fused to two mutated coral-derived fluorescent proteins [47, 66]. These
proteins are the monomeric Umi Kinoko (mUKG) and the monomeric Kusabira
Orange (mKOk) derived from Sarcophyton sp. and Fulgoraria concinna, respec-
tively. A big drawback of previous genetically encoded membrane potential sensors
was their limited plasma membrane localisation [43]. Here we show a comparison
between the small molecule dye di-8-ANEPPS that provides almost exclusive
membrane staining [14] and Mermaid (Fig. 3). Panels (a) and (b) depict the
subcellular localisation of the Mermaid and di-8-ANEPPS, respectively. Panel (c)
depicts the overlay of images (a) and (b), and panel (d) a pixel-based colocalisation
analysis of the two sensors.

We found that approximately 83% of the mermaid protein was located at the
plasma membrane. The entities of Mermaid non-colocalising can be divided into
two pools: (1) sensor proteins that are not localised at the plasma membrane, but
instead in the perinuclear region, representing Mermaid in the Golgi apparatus or
other organelles such as the sarcoplasmic reticulum; (2) sensor located in the
plasma membrane that cannot be accessed by di-8-ANEPPS. We could recently
show that transversal membrane tubules in cardiomyocytes in culture subsequently
pinch off [14]. This was achieved with a membrane-localising fluorescent fusion
protein (GPI-GFP) under very similar conditions as applied here (rat ventricular
myocytes, same viral expression system). If parts of the transversal membrane
tubules are disconnected to the outer plasma membrane, they cannot be accessed
by di-8-ANEPPS staining, but a (fluorescent) protein can still be expressed.

The second important property is the signal alteration upon potential change.
Mermaid displayed relative ratio changes between 7% and 30% per 100 mV
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Fig. 3 Membrane localisation of Mermaid. Images (a) and (b) visualises a cardiac myocyte with
a preferential detection of Mermaid and di-8-ANEPPS, respectively. Image (c) is merged out of
the previous images, while panel (d) providing a pixel-based colocalisation analysis. The yellow
surrounded area depicts the colocalising pixels. The red ellipsis points out pixels from membrane
fragments outside the Mermaid expressing cell on the edge of the image, while the green
surrounded area refers to pixels of exclusive Mermaid localisation (mainly in the perinuclear
region). The “red component” in these pixels is caused by the spectral cross talk. For spectral
information and further global unmixing, refer to [29]

membrane change (in the —80 mV to 420 mV interval depending on the cell type
and/or recording conditions) [29, 47] and therefore compares well with small
molecular sensors such as RH-237 or di-8-ANEPPS [20]. We even noticed a 25%
higher change of the relative fluorescence ratio compared to the ratiometric read-
out mode of di-8-ANEPPS [29]. We have to note that these values refer to a simple
ratio of the two spectral channels allocated to the FRET donor and acceptor.
Calculation of the real FRET efficiency or the apparent FRET efficiency [67] was
achieved so far neither by us nor by others.

As stated by the designers of Mermaid, “it is not easy to bring out the best in
Mermaid”, (Miyawaki A, Tsutsui H, 2008, personal communication). This refers
to the practical aspect of using the combination of the novel coral-derived pair of
fluorescent proteins that do not fit to spectral recording conditions of the popular
and widespread fluorescent protein pair CFP and YFP (including their more inert
derivatives). Especially the excitation in the range between 400 and 440 nm results
in substantial bleaching of mKOk.

The relatively slow (in terms of frame rate) FLIM technologies [68] in combi-
nation with the entirety of the photophysical properties of Mermaid did not allow
to record action potentials based on fluorescence lifetime changes. However, we
performed fluorescence lifetime measurements of cells at a resting membrane
potential. Since we do not know the fluorescence lifetime of mUKG in the absence
of the acceptor, the fluorescence lifetime in the donor channel does not provide
information whether FRET already occurs in the resting state or not.
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Fig. 4 Fluorescence lifetime imaging (FLIM) of a Mermaid expressing cardiac myocyte. (a) A
FLIM image of ventricular cardiomyocyte. The fluorescence was recorded in the spectral region of
570-640 nm, where one detects exclusively the emission of the FRET acceptor. When fitting the
measured time resolved photons [light green circles in (b)] we considered the instrument response
function [red curve in (b)]. Nonetheless, when performing a double exponential fit [black line in
(b)], we received two time constants of 0.4 and 3.46 ns, with surprisingly a negative amplitude for
71 (—47,224) and a positive amplitude for 7, (92,771). Since 7, is not caused by the instrument
response function, it must account for the “switching on” behaviour of the FRET between the
Mermaid proteins. We could find such a negative amplitude in approximately 50% of the cells
investigated. When the negative amplitude was absent, the fluorescence lifetime could be nicely
fitted with a monoexponential decay. Therefore, it can be concluded that under certain conditions,
there is a FRET in cardiac myocytes under resting conditions of the membrane potential. It is still
open what parameters determine this distribution. However, to our knowledge this is not related
to Mermaids expression level

Therefore, we analysed at the Mermaid fluorescence lifetime in the spectral
region of the acceptor mKOxk (570-640 nm). As depicted in Fig. 4, we could fit the
time course only well when enabling negative values for one of the two amplitudes
in a double exponential approach. The decay time constant was in the range
of 0.3-0.4 ns. Since we already considered the instrument response function, this
negative amplitude must refer to a photophysical induced “switch on” process.
According to FRET theory, the time constant corresponding to the “switching on”
process of the acceptor should be equal to the decay time of the donor. The
concentration of the excited acceptor [A*] can be written as:

[A*] = [D ](_]kT |:€_§ — €T'IJ:|a

where [D*], is the concentration of the excited donor at the time ¢ = 0, kr is
the transfer rate, tp is the donor lifetime and rg the acceptor lifetime at the time
t = 0[69].

However, this consideration applies only when (1) the donor has a monoexpo-
nential decay time, (2) there is no direct excitation of the acceptor and (3) an
isotropic dynamic average applies. For Mermaid, none of the three conditions are
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Fig. 5 Comparing kinetic properties of di-8-ANEPPS and Mermaid. Panel (a) compares normal-
ised action potentials between di-8-ANEPPS-stained cardiomyocytes (dashed line) and Mermaid
expressing cardiomyocytes (solid line). The cells were measured at 35°C and the potentials are
averages of five cells. The horizontal dotted line indicates the APD7q line. Panel (b) depicts the
statistical analysis [time to peak (fop) and peak decay (bottom)] for APD;, (Ba) and APD3, (Bb)

fulfilled because (1) the decay time of mUKG is double exponential (1.25 and
3.08 ns) [29], (2) at the applied excitation band (450-490 nm) mKOx is directly
excited [47] and (3) the fluorescent proteins are connected intramolecularly
and therefore the dipole orientational factor is more less fixed. Nevertheless,
to our understanding the negative amplitude we observed is compatible with the
“switch on” behaviour of a FRET acceptor mKOx.

Furthermore, Mermaid displays a rather slow kinetic, as the time constant for the
switch on is in the range of 10-20 ms at about 35°C, and at 19°C a slow component
around 0.5 s appears [29, 47] (compare also Fig. 5). Nevertheless, in neurones it was
possible to detect a 100 Hz stimulation frequency by Fourier analysis [47].

Moreover, pharmaceutical prolongation of action potentials in adult cardiomyo-
cytes was obvious to detect [29]. This paves the way for a potential application:
pharmacological safety screens (compare Sect. 2).

A second application area arose with the transgenic zebrafish (Danio rerio) heart
expressing Mermaid under a cardiac-specific promoter [70]. In this work, the first
in vivo imaging of voltage dynamics in a whole heart was reported, using
a genetically encoded voltage sensor. Figure 6 presents the key results. Although
this study is eminent to have the first optical in vivo potential recordings of the
entire heart, transfer from zebra fish cardiac physiology to relevant tasks of mam-
malian and human cardiology is rather equivocal. Nonetheless, this animal model
provides a huge potential to address questions in developmental biology as well as
the high regenerative capability of cardiac tissue in zebra fish. Despite the fact that
we regard Mermaid as the best genetically encoded potential sensor so far, there is
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Fig. 6 Voltage dynamics of a beating heart in zebrafish. (a) Transgenic zebra fish (cmlc2::
mermaid). An unanaesthetised, unrestrained fish was imaged ventrally. A donor fluorescence
image (mUKG channel; in green) was imposed with transmission image (in grey). A 4 x objective
was used here. (b) A representative donor channel fluorescence image. @ atrium, v ventricle, bv
blood vessel. (¢, d) pseudocoloured ratio (mKOx/mUKG) images representing a single cycle of
heart contraction in the cmlc::mermaid (¢) and mermaid-null (d) transgenic fish. Propagation of
excitation from the junction of vessel and atrium to the ventricle was highlighted with arrows in
(c). (e, f) Plot of total fluorescence intensity from a whole beating heart versus time in the
mermaid-null (e) and mermaid (f) transgenic fish. Green = mUKG (donor) channel. Red =
mKOx (acceptor) channel. Black = ratio (mKOx/mUKG). Bar = 500 pm (a) and 100 pm
(b—d). This figure is reprinted from Tsutsui et al. [70], Copyright 2010, with permission from
John Wiley and Sons
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still room for improvements, especially in terms of its kinetic behaviour (see
above). This could be approached by the design of smaller sensors and sensing
units inside beta-barrels instead of moving beta-barrels against each other (see
Sect. 7).

7 A Perspective Based on Non-Linear Properties
of Fluorescent Proteins

As described in Sect. 3, all previous attempts of genetically encoded voltage sensors
are based on native voltage-sensing proteins that rely in their function on con-
formational changes, such as voltage-gated ion channels or voltage-dependent
phosphatases. Their mechanical action towards fluorescent proteins is used to induce
and subsequently measure changes in fluorescence intensity. A different approach
would be the exploration of the chromophores with respect to direct effects of
the membrane potential on the chromophore itself. The Stark effect caused by
electric field changes is used in voltage sensor concepts for small molecular dyes,
e.g. [30]. However, for chromophores of fluorescent proteins, this effect is too small
to be detected by fluorescence microscopy. This leads us to other properties of the
chromophores that have been vastly ignored in the development of biosensors
in general. These are the non-linear properties allowing the formation of second
harmonic generation (SHG) in response to femtosecond pulsed infrared light.
The fact that fluorescent proteins induce measurable SHG and are able to modulate
SHG upon external stimulation was shown recently [71, 72]. The process of SHG in
protein chromophores can be modulated by external electrical fields. The change of
the static dipole moment upon excitation, which influences the second-order polari-
sability, has already been determined for GFP [73]. Also the direction of the
transition dipole moment is known [74, 75]. These changes are fast enough to follow
changes of the transmembrane potential. The structural changes of the anionic
chromophore in GFP can be described by two mesomeric structures in Fig. 7a.
One may think that all that considerations are rather theoretical, but indeed it
has been shown that based on SHG alterations even native GFP could be used to
measure membrane potential alterations in neurons of Caenorhabditis elegans [76].
Since it is possible to measure membrane potential-induced SHG changes of
GFP in vivo, a development and optimisation of fluorescent proteins towards
favourable properties for SHG changes could lead to a most favourable genetically
encoded membrane potential sensor based on a completely novel concept that has
conceptional advantages over FRET-based sensors (see above). To make such an
approach successful, efforts are required in (1) improving the sensor; (2) innovative
recording modes in combination with novel excitation and detection technologies.

1. As for the sensor, point mutations are one possibility to improve the chromo-
phore’s electronic properties to optimise the SHG signal. Orientational altera-
tions with respect to the external electric field, i.e. the membrane potential, can
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Fig. 7 (a) The mesomeric phenolic (leftf) and quinoid (right) structure describe the electronic
chromophore properties. Alternating electric field displaces the electronic cloud asymmetrically,
which results in a SHG signal. (b) Favourable orientations of the chromophore can be realised
using circularly permuted proteins (Ba). If it turns out that an orientation of the chromophore’s
long axis parallel to the surface normal leads to reliable SHG signals, then a strong dependence of
the SHG-signal on the transmembrane potential can be expected (Bb)

be used to further improve the sensor by modifications of the primary structure
of the fluorescent protein: In a geometry where the chromophore’s long axis is
parallel to the external electric field, i.e. in circularly permuted proteins [77, 78],
the intensity of the SHG signal should be sensitive to changes of the electric
field. Such a concept is visualised in Fig. 7b.

2. Such a sensor — if used to image cardiac action potentials — requires much higher
acquisition speeds than the recordings of C. elegans [76]. Since focused laser light
is required, photometry and video-imaging as performed in Figs. 5 and 6 are
no option. However, multibeam two-photon scanners [79] commercialised by
LaVision BioTec (Bielefeld, Germany) enable voxel dwell times prolonged two
orders of magnitude compared to single point scanners. This would still allow
imaging rates of several hundred frames per second. Since the intensity of the SHG
scales with the square of laser pulse energy, laser sources with short pulses below
50 fs would be advantageous and perspectively might be provided by emerging
fibre laser technologies. In addition to that, the microscope needs to fulfil two
requirements: (1) high sensitive detection of SHG changes and (2) detection
of two-photon-induced chromophore fluorescence for calibration/normalisation.

The sum of the improvements may lead to the next generation of genetically
encoded membrane potential sensors. Since they rely on effects of the electrical
field on the chromophore, the kinetics should be much faster as in previous sensors.
They have the intrinsic property for normalisation, because SHG and fluorescence
are generated by the same molecular structure. Finally, if properly attached to the
membrane (see above), the field changes should induce sufficiently high modula-
tion (contrast) in the SHG.

8 Conclusions

Presently, the development and characterisation of genetically encoded voltage
sensors are boosted (1997-2007: approximately one paper a year; 2008-2010:
more than five papers a year). The major improvements of the sensors are
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accompanied by an increasing number of scientists recognising the tremendous
potential of such genetically encoded probes. However, all paper on genetically
encoded voltage sensors focus on the engineering, characterisation and proof of
principle, but do not report their application in physiology or pathophysiology-
driven studies. The direct comparison between small molecule dyes and genetically
encoded sensors was so far avoided. However, when all of these probes are applied
in a ratiometric manner, their performance is in a comparable range [29].

Although the development of the sensors was driven by neuroscience applica-
tions, the examples presented here on cardiac cells and cardiac tissues pave the way
for an application beyond basic science, into pharmaceutical industry, especially for
safety screens. Since genetically encoded voltage sensors can still be regarded to be
in the early stages of their development, a further improvement can be expected.
With these improvements, the applicability of genetically encoded voltage sensors
will rise and make it a standard method in electrophysiology.

References

1. Viero C, Kraushaar U, Ruppenthal S, Kaestner L, Lipp P (2008) A primary culture system for
sustained expression of a calcium sensor in preserved adult rat ventricular myocytes. Cell
Calcium 43:59-71

2. (1991) The Sicilian gambit. A new approach to the classification of antiarrhythmic drugs
based on their actions on arrhythmogenic mechanisms. Task Force of the working group on
Arrhythmias of the European Society of Cardiology. Circulation 84:1831-1851

3. Matteucci C (1842) Sur un phenomene physiologique produit par les muscles en contraction.
Ann Chim Phys 6:339-341

4. Bois-Reymond (ed) (1848) Untersuchungen tiber Thierische Elektricitat. Verlag von G.

Reimer, Berlin
. Hv H (1867) Handbuch der physiologischen Optik. Leopold Voss, Leipzig
. Cole KS (1979) Mostly membranes (Kenneth S. Cole). Annu Rev Physiol 41:1-24
7. Hamill OP, Marty A, Neher E, Sakmann B, Sigworth FJ (1981) Improved patch-clamp
techniques for high-resolution current recording from cells and cell-free membrane patches.
Pflugers Arch 391:85-100
8. Sigworth FJ (1986) The patch clamp is more useful than anyone had expected. Fed Proc 45:
2673-2677
9. Kaestner L, Lipp P (2007) Towards imaging the dynamics of protein signalling. In: Shorte SL,
Frischknecht F (eds) Imaging cellular and molecular biological functions. Springer, Berlin,
pp 289-312
10. ICH. (2005) S7B nonclinical evaluation of the potential for delayed ventricular repolarization
(QT interval prolongation) by human pharmaceuticals. FDA & EMEA, pp 1-10
11. Arrigoni C, Crivori P (2007) Assessment of QT liabilities in drug development. Cell Biol
Toxicol 23:1-13
12. Lipp P, Kaestner L (2006) Image based high content screening — a view from basic science.
In: Huser J (ed) High-throughput screening in drug discovery. Wiley VCH, Weinheim,
pp 129-149
13. Kaestner L, Scholz A, Hammer K, Vecerdea A, Ruppenthal S, Lipp P (2009) Isolation and
genetic manipulation of adult cardiac myocytes for confocal imaging. J Vis Exp 31

AN W



Action Potentials in Heart Cells 179

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

217.

28.

29.

30.

31.

32.

33.

Hammer K, Ruppenthal S, Viero C, Scholz A, Edelmann L, Kaestner L, Lipp P (2010)
Remodelling of Ca(2+) handling organelles in adult rat ventricular myocytes during long
term culture. J Mol Cell Cardiol 49:427-437

Hardy ME, Pollard CE, Small BG, Bridgland-Taylor M, Woods AJ, Valentin JP, Abi-Gerges N
(2009) Validation of a voltage-sensitive dye (di-4-ANEPPS)-based method for assessing drug-
induced delayed repolarisation in beagle dog left ventricular midmyocardial myocytes.
J Pharmacol Toxicol Meth 60:94—106

Bullen A, Saggau P (1999) High-speed, random-access fluorescence microscopy: II fast
quantitative measurements with voltage-sensitive dyes. Biophys J 76:2272-2287

Bu G, Adams H, Berbari EJ, Rubart M (2009) Uniform action potential repolarization within
the sarcolemma of in situ ventricular cardiomyocytes. Biophys J 96:2532-2546

Coates C, Fowler B, Holst G (2009) Scientific CMOS technology - a high-performance
imaging breakthrough. In: FI Andor Technology PLC, PCO AG (ed) www.scmos.com.
Andor Technology PLC, Fairchild imaging, PCO AG, Belfast, Milpitas, Kehlheim, pp 1-14
Sims PJ, Waggoner AS, Wang CH, Hoffman JF (1974) Studies on the mechanism by
which cyanine dyes measure membrane potential in red blood cells and phosphatidylcholine
vesicles. Biochemistry 13:3315-3330

Haugland RP (2002) Handbook of fluorescent probes and research products. Molecular
Probes, Eugene

Huser J, Lipp P, Niggli E (1996) Confocal microscopic detection of potential-sensitive dyes
used to reveal loss of voltage control during patch-clamp experiments. Pflugers Arch 433:
194-199

Lipp P, Huser J, Pott L, Niggli E (1996) Spatially non-uniform Ca* signals induced by the
reduction of transverse tubules in citrate-loaded guinea-pig ventricular myocytes in culture.
J Physiol 497(Pt 3):589-597

Dibb KM, Clarke JD, Horn MA, Richards MA, Graham HK, Eisner DA, Trafford AW (2009)
Characterization of an extensive transverse tubular network in sheep atrial myocytes and its
depletion in heart failure. Circ Heart Fail 2:482-489

Sill B, Hammer PE, Cowan DB (2009) Optical mapping of Langendorff-perfused rat hearts.
J Vis Exp. doi:10.3791/1138

Loew LM (1996) Potentiometric dyes: imaging electrical activity of cell membranes. Pure
Appl Chem 68:1405-1409

Bedlack RS Jr, Wei M, Loew LM (1992) Localized membrane depolarizations and localized
calcium influx during electric field-guided neurite growth. Neuron 9:393—403

Gross E, Bedlack RS Jr, Loew LM (1994) Dual-wavelength ratiometric fluorescence mea-
surement of the membrane dipole potential. Biophys J 67:208-216

Hardy ME, Lawrence CL, Standen NB, Rodrigo GC (2006) Can optical recordings of
membrane potential be used to screen for drug-induced action potential prolongation in single
cardiac myocytes? J Pharmacol Toxicol Meth 54:173-182

Kaestner L, Tian Q, Lipp P (2011) Cardiac Safety Screens: Molecular, cellular and optical
advancements. In: Lin C P, Ntziachistos V (eds) SPIE biomedical optics III, vol. 8089, SPIE,
Munich, in press

Kuhn B, Fromherz P, Denk W (2004) High sensitivity of Stark-shift voltage-sensing dyes by
one- or two-photon excitation near the red spectral edge. Biophys J 87:631-639

Fromherz P, Hubener G, Kuhn B, Hinner MJ (2008) ANNINE-6plus, a voltage-sensitive
dye with good solubility, strong membrane binding and high sensitivity. Eur Biophys J 37:
509-514

Hinner MJ, Hbener G, Fromherz P (2004) Enzyme-induced staining of biomembranes with
voltage-sensitive fluorescent dyes. J Phys Chem B 108:2445-2453

Hinner MJ, Hubener G, Fromherz P (2006) Genetic targeting of individual cells with a
voltage-sensitive dye through enzymatic activation of membrane binding. Chembiochem 7:
495-505



180

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51

52.

53.

54.

55.

L. Kaestner et al.

Chanda B, Blunck R, Faria LC, Schweizer FE, Mody I, Bezanilla F (2005) A hybrid
approach to measuring electrical activity in genetically specified neurons. Nat Neurosci 8:
1619-1626

DiFranco M, Capote J, Quinonez M, Vergara JL (2007) Voltage-dependent dynamic FRET
signals from the transverse tubules in mammalian skeletal muscle fibers. J Gen Physiol 130:
581-600

Sjulson L, Miesenbock G (2008) Rational optimization and imaging in vivo of a genetically
encoded optical voltage reporter. J Neurosci 28:5582-5593

Siegel MS, Isacoff EY (1997) A genetically encoded optical probe of membrane voltage.
Neuron 19:735-741

Guerrero G, Siegel MS, Roska B, Loots E, Isacoff EY (2002) Tuning FlaSh: redesign of the
dynamics, voltage range, and color of the genetically encoded optical sensor of membrane
potential. Biophys J 83:3607-3618

Sakai R, Repunte-Canonigo V, Raj CD, Knopfel T (2001) Design and characterization of
a DNA-encoded, voltage-sensitive fluorescent protein. Eur J Neurosci 13:2314-2318
Knopfel T, Tomita K, Shimazaki R, Sakai R (2003) Optical recordings of membrane potential
using genetically targeted voltage-sensitive fluorescent proteins. Methods 30:42-48

Ataka K, Pieribone VA (2002) A genetically targetable fluorescent probe of channel gating
with rapid kinetics. Biophys J 82:509-516

Baker BJ, Mutoh H, Dimitrov D, Akemann W, Perron A, Iwamoto Y, Jin L, Cohen LB,
Isacoff EY, Pieribone VA, Hughes T, Knopfel T (2008) Genetically encoded fluorescent
sensors of membrane potential. Brain Cell Biol 36:53-67

Baker BJ, Lee H, Pieribone VA, Cohen LB, Isacoff EY, Knopfel T, Kosmidis EK (2007)
Three fluorescent protein voltage sensors exhibit low plasma membrane expression in
mammalian cells. J Neurosci Meth 161:32-38

Murata Y, Iwasaki H, Sasaki M, Inaba K, Okamura Y (2005) Phosphoinositide phosphatase
activity coupled to an intrinsic voltage sensor. Nature 435:1239-1243

Ramsey IS, Moran MM, Chong JA, Clapham DE (2006) A voltage-gated proton-selective
channel lacking the pore domain. Nature 440:1213-1216

Dimitrov D, He Y, Mutoh H, Baker BJ, Cohen L, Akemann W, Knopfel T (2007) Engineering
and characterization of an enhanced fluorescent protein voltage sensor. PLoS ONE 2:e440
Tsutsui H, Karasawa S, Okamura Y, Miyawaki A (2008) Improving membrane voltage
measurements using FRET with new fluorescent proteins. Nat Methods 5:683—-685

Lundby A, Akemann W, Knopfel T (2010) Biophysical characterization of the fluorescent
protein voltage probe VSFP2.3 based on the voltage-sensing domain of Ci-VSP. Eur Biophys
J39:1625-1635

Akemann W, Mutoh H, Perron A, Rossier J, Knopfel T (2010) Imaging brain electric signals
with genetically targeted voltage-sensitive fluorescent proteins. Nat Methods 7:643—-649
Mutoh H, Perron A, Dimitrov D, Iwamoto Y, Akemann W, Chudakov DM, Knopfel T (2009)
Spectrally-resolved response properties of the three most advanced FRET based fluorescent
protein voltage probes. PLoS ONE 4:e4555

Gautam SG, Perron A, Mutoh H, Knopfel T (2009) Exploration of fluorescent protein voltage
probes based on circularly permuted fluorescent proteins. Front Neuroeng 2:14

Perron A, Mutoh H, Launey T, Knopfel T (2009) Red-shifted voltage-sensitive fluorescent
proteins. Chem Biol 16:1268-1277

Villalba-Galea CA, Sandtner W, Dimitrov D, Mutoh H, Knopfel T, Bezanilla F (2009) Charge
movement of a voltage-sensitive fluorescent protein. Biophys J 96:L19-1L21

Lundby A, Mutoh H, Dimitrov D, Akemann W, Knopfel T (2008) Engineering of a genetically
encodable fluorescent voltage sensor exploiting fast Ci-VSP voltage-sensing movements.
PLoS ONE 3:e2514

Perron A, Mutoh H, Akemann W, Gautam SG, Dimitrov D, Iwamoto Y, Knopfel T (2009)
Second and third generation voltage-sensitive fluorescent proteins for monitoring membrane
potential. Front Mol Neurosci 2:5



Action Potentials in Heart Cells 181

56.

57.

58.
59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

1.

Lundstrom K (2003) Semliki forest virus vectors for gene therapy. Expert Opin Biol Ther 3:
7711777

Delenda C (2004) Lentiviral vectors: optimization of packaging, transduction and gene
expression. J Gene Med 6(Suppl 1):S125-S138

Russell WC (2000) Update on adenovirus and its vectors. J Gen Virol 81:2573-2604
Kaestner L, Ruppenthal S, Schwarz S, Scholz A, Lipp P (2009) Concepts for optical high
content screens of excitable primary isolated cells for molecular imaging. In: Licha K, Lin CP
(eds) SPIE biomedical optics, vol 7370. SPIE, Munich, pp 737-745

Tallini YN, Ohkura M, Choi BR, Ji G, Imoto K, Doran R, Lee J, Plan P, Wilson J, Xin HB,
Sanbe A, Gulick J, Mathai J, Robbins J, Salama G, Nakai J, Kotlikoff MI (2006) Imaging
cellular signals in the heart in vivo: cardiac expression of the high-signal Ca** indicator
GCaMP2. Proc Natl Acad Sci USA 103:4753-4758

Christensen G, Minamisawa S, Gruber PJ, Wang Y, Chien KR (2000) High-efficiency, long-
term cardiac expression of foreign genes in living mouse embryos and neonates. Circulation
101:178-184

Buning H, Perabo L, Coutelle O, Quadt-Humme S, Hallek M (2008) Recent developments in
adeno-associated virus vector technology. J Gene Med 10:717-733

Schultz BR, Chamberlain JS (2008) Recombinant adeno-associated virus transduction and
integration. Mol Ther 16:1189-1199

Du L, Kido M, Lee DV, Rabinowitz JE, Samulski RJ, Jamieson SW, Weitzman MD,
Thistlethwaite PA (2004) Differential myocardial gene delivery by recombinant serotype-
specific adeno-associated viral vectors. Mol Ther 10:604—-608

Schirmer JM, Miyagi N, Rao VP, Ricci D, Federspiel MJ, Kotin RM, Russell SJ, McGregor CG
(2007) Recombinant adeno-associated virus vector for gene transfer to the transplanted rat
heart. Transpl Int 20:550-557

Karasawa S, Araki T, Nagai T, Mizuno H, Miyawaki A (2004) Cyan-emitting and orange-
emitting fluorescent proteins as a donor/acceptor pair for fluorescence resonance energy
transfer. Biochem J 381:307-312

Wilodarczyk J, Woehler A, Kobe F, Ponimaskin E, Zeug A, Neher E (2008) Analysis of FRET
signals in the presence of free donors and acceptors. Biophys J 94:986—-1000

Kaestner L, Lipp P (2009) Fluoreszenzproteine “fithlen” wo sie sind. BIOforum 32:17-18
Valeur B (2002) Molecular fluorescence. Wiley-VCH, Winheim

Tsutsui H, Higashijima S, Miyawaki A, Okamura Y (2010) Visualizing voltage dynamics
in zebrafish heart. J Physiol 588:2017-2021

Asselberghs I, Flors C, Ferrighi L, Botek E, Champagne B, Mizuno H, Ando R, Miyawaki A,
Hofkens J, Van der Auweraer M, Clays K (2008) Second-harmonic generation in GFP-like
proteins. ] Am Chem Soc 130:15713-15719

De Meulenaere E, Asselberghs I, de Wergifosse M, Botek E, Spaepen S, Champagne B,
Vanderleyden J, Clays K (2009) Second-order nonlinear optical properties of fluorescent
proteins for second-harmonic imaging. Journal of Materials Chemistry, 19:7514-7519
Bublitz G, King B, Boxer S (1998) Electronic structure of the chromophore in green
fluorescent protein. ] Am Chem Soc 120:9370

Rosell FI, Boxer SG (2003) Polarized absorption spectra of green fluorescent protein single
crystals: transition dipole moment directions. Biochemistry 42:177-183

Shi X, Basran J, Seward HE, Childs W, Bagshaw CR, Boxer SG (2007) Anomalous negative
fluorescence anisotropy in yellow fluorescent protein (YFP 10C): quantitative analysis of
FRET in YFP dimers. Biochemistry 46:14403-14417

Khatchatouriants A, Lewis A, Rothman Z, Loew L, Treinin M (2000) GFP is a selective non-
linear optical sensor of electrophysiological processes in Caenorhabditis elegans. Biophys J
79:2345-2352

Topell S, Hennecke J, Glockshuber R (1999) Circularly permuted variants of the green
fluorescent protein. FEBS Lett 457:283-289



182

78.

79.

80.

81.

82.

83.

84.
85.

86.

87.

88.

L. Kaestner et al.

Baird GS, Zacharias DA, Tsien RY (1999) Circular permutation and receptor insertion within
green fluorescent proteins. Proc Natl Acad Sci USA 96:11241-11246

Kaestner L, Lipp P (2007) Non-linear and ultra high-speed imaging for explorations of
the murine and human heart. In: Popp J, von Bally G (eds) Optics in life science, vol 6633.
SPIE, Munich, pp 66330K-1-66330K-10

Shimomura O, Johnson FH, Saiga Y (1962) Extraction, purification and properties of
aequorin, a bioluminescent protein from the luminous hydromedusan, Aequorea. J Cell
Comp Physiol 59:223-239

Tasaki I, Watanabe A, Sandlin R, Carnay L (1968) Changes in fluorescence, turbidity,
and birefringence associated with nerve excitation. Proc Natl Acad Sci USA 61:883-888
Heim R, Tsien RY (1996) Engineering green fluorescent protein for improved brightness,
longer wavelengths and fluorescence resonance energy transfer. Curr Biol 6:178-182
Prasher DC, Eckenrode VK, Ward WW, Prendergast FG, Cormier MJ (1992) Primary
structure of the Aequorea victoria green-fluorescent protein. Gene 111:229-233

Zimmer M (2005) Glowing genes: a revolution in biotechnology. Prometheus Books, Amherst
Fluhler E, Burnham VG, Loew LM (1985) Spectra, membrane binding, and potentiometric
responses of new charge shift probes. Biochemistry 24:5749-5755

Salzberg BM, Grinvald A, Cohen LB, Davila HV, Ross WN (1977) Optical recording of
neuronal activity in an invertebrate central nervous system: simultaneous monitoring of
several neurons. J Neurophysiol 40:1281-1291

Grinvald A, Salzberg BM, Cohen LB (1977) Simultaneous recording from several neurones
in an invertebrate central nervous system. Nature 268:140-142

Salzberg BM, Davila HV, Cohen LB (1973) Optical recording of impulses in individual
neurones of an invertebrate central nervous system. Nature 246:508-509



Part 111
Advanced Bioanalytical Applications



Probing Structure and Dynamics of the Cell
Membrane with Single Fluorescent Proteins

Anna Pezzarossa, Susanne Fenz, and Thomas Schmidt

Abstract In recent years, our picture of the cell membrane has changed from a
homogenous, fluid matrix to a highly dynamic and compartmentalized structure.
This structuring influences the dynamical behavior of proteins embedded in the cell
membrane. Since cell signaling is largely mediated through membrane-bound
multi-protein complexes, there might be a direct link between membrane structure
and signaling. In this chapter, we first review recent single molecule studies proving
the existence of microdomains in the membrane of different cultured cell types and
in a living organism by fluorescently labeling individual Ras proteins and studying
their mobility. In the second part, we report on a study of the mobility of G protein-
coupled receptors and G proteins in the model system Dictyostelium discoideum.
The insights allowed building up a mechanistic model of the early steps of chemo-
taxis exemplifying the implication of membrane domains in cell signaling.

Keywords Chemotaxis - Diffusion - G protein-coupled receptor - Membrane
domains - Ras protein - Single-molecule microscopy
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1 Introduction

1.1 Membrane

Biological membranes form the outer layer of cells. They consist of an asymmetric lipid
bilayer with phospholipids, cholesterol, and proteins as the main components. Glycosi-
lated lipids and proteins built up a dense mesh protecting the cell against mechanical and
chemical damage from outside. From the inside, the membrane is stabilized by the actin-
rich cell cortex. The plasma membrane separates the contents (organelles, cytosol,
cytoskeleton) and processes (e.g., protein synthesis, transport, and recycling) in
the cell interior from the surrounding environment. At the same time, it plays a role in
cell—cell communication, cell—cell recognition, and transport processes. The membrane
represents the major regulatory platform for the initiation of early signaling events.

The role of lipids in membrane assembly and dynamics was the base for the
Singer—Nicolson fluid mosaic model in the 1970s [1]. In this model, the bilayer is
represented as a passive, neutral two-dimensional solvent in which active mem-
brane proteins are homogeneously distributed and free to move. Some striking
observations in epithelial cells proved this picture to be incorrect. Lipids were
found to form functional microdomains insoluble in some detergents [2, 3]. Basic
research on multicomponent lipid bilayers and vesicles containing two kinds of
lipids with different phase transition temperatures and cholesterol revealed that
even lipid mixtures exhibited complex phase separation behavior [4-7]. Based on
these results, it was predicted that the spatial and temporal structure of the mem-
brane might play an important regulatory role also in living cells. Although the
observations on cells and biomimetic systems are still to be integrated into a global
picture, it is accepted that lateral inhomogeneities are necessary for the function of
biological membranes [8]. At present, the consensus is to describe the plasma
membrane as a highly complex, organized structure at length scale in the order of
tens of nanometers with a broad range of dynamic processes [8§—10].

Genetic engineering of proteins made it possible to label membrane proteins
with fluorescent proteins in living cells. In combination with single molecule
fluorescence microscopy, it represents a powerful tool to study structure and
dynamics of the cell membrane under physiological conditions.
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1.2 Diffusion

The term diffusion refers to the Brownian motion of particles in a fluid medium,
driven by thermal energy. We can picture the cell membrane as bilayer of lipids
enriched in protein either embedded (integral proteins) or surface-adsorbed (periph-
eral proteins). Both proteins and lipids diffuse along the plane of the membrane
(translational diffusion). A complete description of the motion in a membrane
should also consider rotational diffusion, which accounts for the orientation of
the molecules. In what follows, we will concentrate on translational diffusion only.

The lateral diffusion of a particle in a medium, characterized by a diffusion
constant D, is described by Fick’s second law:

d
PEN =D Vip(E 1), (M
where V2p(X, t)d¥ describes the probability of finding a particle, which started at X
at time ¢ = 0, within the volume [X, X + di] at time 7. Solving in X yields:

L L2
plna= | ——— | ep( - o @
(47'[Dt)d 4Dt

where d is the number of dimensions and Xy the starting position.

For analysis of actual data, it is advantageous to analyze cumulative distribution
functions. Integration of p(X,¢) in (2) gives the cumulative probability distribution
function Pcum(xz, 1), for particles that move up to the squared distance X% in time
t[11, 12]. Pcum(xz, t) reads for one, two, and three dimensions:

2
PLIC, 1) = erf< x—) : 3)

4Dt
d=2(2 N _ 1 _ _i
Pcum(x ’t) =1 exp 4Dt ’ (4)
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Those cumulative distribution functions are characterized by the typical area the
molecule will cover during its diffusional path, the mean squared displacement
(MSD):

MSD (1) = {x*(1)) J (¥ — %)’p(¥, 1)dx = 2dDr. (6)
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The MSD increases linearly with time between observation for regular diffusion,
the Brownian walk.

A biomolecule diffusing in a two-dimensional membrane will experience multi-
ple forces and boundaries affecting its motion, causing a deviation from a free
diffusion Brownian trajectory. Physical barriers such as other immobile membrane
proteins or cytoskeletal fences can transiently or permanently restrict the lateral
diffusion of proteins in the plasma membrane. In this scenario, the diffusional
behavior of a molecule becomes more complex and it cannot be described by (6).
It has been observed that deviations from the linear regime occur often in cell
membranes. This motion is modeled according to anomalous or sub-diffusion:

MSD () =Tt e >0, (7

in which ¢ is the anomalous diffusion exponent [13]. In this model, the diffusion
coefficient I' appears to decrease with time. In case the molecules are restricted to
diffuse within a square area with reflecting boundaries of side-length L, we speak of
confined diffusion [14], described by:

2 _
MSD (¢) = % {1 —exp (%)} . ()

In this scenario, we would observe free diffusion behavior on short time scales,
when the particle cannot yet “feel” the barrier, but on longer time scales the mean
square displacement levels off to an asymptotic value as illustrated in Fig. 1.

0.4

03

0.2

MSD

0.1

0 0.5  § 1.5 2

time

Fig. 1 Comparison between free (blue curve) and confined (red curve) diffusion. Graphs are
created assuming identical diffusion coefficients
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Many models have been proposed, which take into account all the possible
situation a molecule can experience. It is worth to mention the hop diffusion
model in which the molecules are temporarily trapped by a permeable barrier that
restricts the available diffusion space to a few nanometers. There is a non-zero
probability of barrier crossing and hopping to the adjacent domain [15]. This latter
model, however, is not easily accessible experimentally, due to the time resolution
limitation of current microscopy setups.

2 Single-Molecule Fluorescence Microscopy

Since its development, single-molecule fluorescence microscopy has been recog-
nized as an ideal tool to observe dynamics in cells. Conventional microscopy is
suitable to observe large objects, but to observe small biomolecules such as
proteins, its resolution is not sufficient. At the beginning of the 1990s it became
possible to detect single fluorophores and subsequently, thanks also to genetical
engineering, to track objects in a living cells labeled with a fluorescent probe
[16, 17, 93].

To understand how it is possible to visualize subwavelength structures, the main
concepts of fluorophore localization will be given in what follows. The image of a
fluorescent emitter is described by its diffraction pattern, known as the point spread
function (PSF) given by an Airy disk of width w = 0.61 A/NA, where /1 is the
imaging wavelength and NA the numerical aperture. In this scenario, the resolution
limit is given by the Abbe limit or Rayleigh criterion, according to which two
objects closer than the width of the Airy disk cannot be resolved. Using high NA oil
objectives (NA = 1.4-1.5), in the visible region of light, this distance is typically
200 nm. Two emitters separated less than this distance would therefore be undis-
tinguishable. An isolated fluorophore, on the other hand, can be localized with high
precision. Its position is determined from the maximum of the PSF. Typically, this
precision is in the order of tens of nanometers, depending on the signal-to-noise
ratio. There are two ways to isolate the objects of interest: spatially [17] or
spectrally [18]. Spatial isolation is achieved by dilution until there is only one
fluorophore left within the Airy disk. The other option is to label the objects with
spectrally well-separated fluorophores. In the latter case, multicolor imaging allows
to distinguish between two objects closer than the width of their Airy disk.

The image of an arbitrary object is described as the sum of point light sources,
localized at ;. For practical purposes, the PSF is approximated by a Gaussian,
yielding the image /(5):

; 1 5—5)°
I5) = Zwﬁp<—%> ©
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where N; is the number of emitted photons and w the width of the Gaussian. The
Gaussian PSF predicts that the localization accuracy o; for an individual emitter is
given by:

o = w/\/lv, (10)

Taking into consideration background noise b and pixelation (with pixel size a),

o; is given by [19]:
_ w,-z_’_412/12_1_87ij‘b2 (11
VN TN TNy )

A more rigorous expression for ¢; that also takes into account the real PSF of a
microscope and other noise sources has been derived by Ober et al. [20].

Prior to further data analysis, accurate image processing is needed to obtain the
position of each single-molecule peak. The first step is to remove any static or
slowly varying background. A reliable background image can be obtained by
applying several different algorithms: high-order polynomial fitting, low-spatial-
frequency filtering, mean-image calculation. The background-subtracted images
are subsequently filtered by cross-correlation with the PSF of the microscope,
approximated by a Gaussian. To reliably detect signals above the background, a
threshold is set and only signals that are above the noise by a factor 7, determined
according to the experimental conditions, are further processed. Finally, each
single-molecule peak is fitted to the PSF, and information about position, signal
intensity, spatial width of the signal, and background signal are retrieved. In the
following sections, we illustrate two widely used methods to obtain information on
single-molecule dynamics from such position data.

2.1 Tracking

The single-molecule positions obtained from PSF fitting are the starting point for
single-particle tracking. To generate trajectories, we need to correlate M mobile
particles in an image to N mobile molecules in the subsequent image. A probabilis-
tic algorithm is used to connect the positions of molecules in two frames, i and j, of
amovie. The probability that a single particle k in image /; with diffusion coefficient
D is identical with particle / in image I; is given by:

o S\2
pk,1) = exp <— 7(“"";"; AS;’) > (12)

At is the time lag between the recording of the two images /; and /;.
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A transitional matrix is built up out of (12) which includes the probabilities of all
possible connections between all M molecules in /; and N molecules in /;. Trajec-
tories are constructed by optimizing for the combination of all connections with the
highest total probability, i.e., where }, ;log (p(k,[)) is maximized. The algorithm
implemented in our laboratory further includes corrections to deal with photo-
bleaching and molecules that move into the field of view from outside. Starting
from the trajectories, we construct the experimental cumulative probability to find
the MSD.

Generating trajectories for all particles constitutes a NP-complete, or “traveling
salesman” problem. Exact solutions can be calculated only for problems with a
limited amount of particles (<20). However, there are approximative solutions that
are close to the optimal. To calculate the approximate solution, we use Vogel’s
algorithm from operations research. The order in which the connectivity between
subsequent images is drawn is determined by the maximal probability difference in
connectivity for each molecule k in image i, {p(k, /)};. This simple sort-draw
algorithm significantly reduces the computational costs of the analysis.

Single-particle tracking allows to directly visualize the diffusion behavior of
single molecules drawn from a potentially inhomogeneous ensemble such as
proteins diffusing in an inhomogeneous cell membrane. However, it suffers from
fluorophore photobleaching that results in short trajectories [21]. This limitation
can be overcome using quantum dots or gold nanoparticles, which permit longer
observation times. Another drawback of this technique is that some prior knowl-
edge on the dynamic of the system, i.e., its diffusion constant D, is needed to cope
with the probabilistic nature of the tracking problem described in (12) [16]. This is
particularly significant at high concentration of molecules when trajectories can be
accidentally mixed.

2.2 Particle Image Correlation Spectroscopy

An alternative method to determine the P, without prior trajectory analysis was
recently developed in our laboratory. This method does not require to assign
individual traces and is consequently able to deal with high numbers of molecule
as long as the Rayleigh criterium is fulfilled and individual molecules can be
identified [22]. This algorithm is based on a correlation function, similarly as in
spatiotemporal image correlation spectroscopy (STICS) [23].

In an isotropic medium, the cumulative correlation function of pairwise dis-
tances, C.um, depends on two parameters: distance x and a time lag Ar. Thus,
considering M molecules in image /; and N molecules in image /;, C.,m is given by:

M o 2
Com 2, 2) = Z 0y (13)
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where 3 ; is the position of molecule k in image /; and n(5};,x*) the number of
particles in image /; that lie in a circle of radius x around §¢;. The algorithm is
illustrated in Fig. 2.

For each molecule in image /;, the number of molecules in image /; closer than x?
is counted. Subsequently, the contributions from all molecules in /; are summed and
averaged over all image pairs. C¢,y, contains both temporal (e.g., diffusion) and
spatial correlations (e.g., random proximity of the molecules).

The first contribution contains the information on the diffusion dynamics of the
molecule and is equal to P, to find a diffusion step with size smaller than +% in the
time lag At. In a two-dimensional case, for Brownian diffusion, with diffusion
coefficient D, P, (xz,Al) is given by (4). For the second contribution, a correction
term that accounts for random proximity needs to be calculated to correct for
spatial correlation. Assuming that the particles are distributed uniformly and
independently with a density ¢, the probability to find N molecules in a circle
with radius x is given by a Poisson distribution with mean and variance equal to
cnx’, Combining the two contribution, P, is calculated from the experimental
Ccum distribution:

Pcum(xz, Ar) = Ccum(xz, Ar)—c- 2. (14)

2.3 Fitting the Probability Distribution Function

In both the methods outlined above, the dynamic information is contained in the
cumulative probability distribution function. In the scenario of a single diffusing
species, P, 1s given by (4). However, this model is often not adequate to describe
the dynamics of biomolecules in living cells. In many biologically relevant pro-
cesses, it is often necessary to include more than one diffusing population. In case
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of two mobile components, characterized by diffusion coefficients D; and D,
respectively, P.,m, assumes a double exponential form

2 2
5 o X B X
Poum (X7, Ar) =1 [oc exp( 4D]At> +(1—a) exp( 4D2At>} (15)

where o denotes the population size. In single-molecule experiments, the probabil-
ity distributions are constructed either from the trajectories or by particle image
correlation spectroscopy (PICS) as described above. This model has been applied
successfully to describe protein dynamics in living cells [24].

2.4 Fluorescent Proteins for Life Cell Imaging

Single-molecule fluorescence microscopy is a powerful tool to address many
biologically challenging questions both in vivo and in vitro. For its application
though, the object under investigation (protein, DNA) must be specifically labeled
by an appropriate fluorescent probe. Several fluorophore classes have emerged
recently to label protein and intracellular structures, including (but not limited to)
genetically encoded fluorescent proteins (FP), quantum dots (QD), and synthetic
dyes.

An optimal probe for single-molecule tracking should meet several require-
ments: it should be expressed without toxicity in the system under investigation,
it should be brighter than the cell’s autofluorescence or have a different wavelength
to be unequivocally detected, and should have sufficient photostability to be imaged
for long time. The method that offers the least interference with a cell biological
functions and allows the observation of dynamics in living cells is still fusion with a
FP. In order to choose the best FP for a designed experiment, several photophysical
parameters have to be taken into account: the saturation intensity (/;), photobleach-
ing time (1)), and maximal photon emission rate (k).

These parameters will be briefly described in this section and experimental
results for the most common FP [eYFP (yellow), eGFP (green), eCFP (cyan), and
DsRed (red)] will be given (see Table 1).

Following a standard two-level energy level diagram of a fluorophore, the
dependence of 1y, on the excitation intensity / is given by ty = 1oy (1 + Is/I),

Table 1 Photophysical properties of autofluorescent proteins, measured in a page gel compared to
flavin-di-nucleotide, which was measured at high concentrations (>100 nM) [25]

Fluorophore Ao (nm) [, (kW/em®) &> (photons/ms) 757 (ms) P (x1075)
eCFP 458 48 + 12 6,000 + 3000 <1 >19

eGFP 488 1346 2,900 =+ 200 28402  69+05
eYFP 514 6+1 3,100 £ 100 35405 55405
DsRed 532 50 &+ 10 18,000 + 2,000 0.4 + 0.1 1543

flavin 514 35+ 10 500 £ 100
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where 7,y is the photobleaching time limit. The detected signal (S4e) One can expect
for a given experimental arrangement depends on the detector efficiency (74e), On
the integration time (), the excitation intensity and wavelength, the chemical
environment, and last on the photobleaching yield. Taking these parameters into
account, we obtain the following expression for Sge:

. —t
Sget = ndetkoofbl |:1 T exp <m):| . o
bl $

When photobleaching is negligible (t, » f), the equation converts into the
simpler form:

= —f:'jw/[ (17)

Typical values for individual FPs when excited for 5 ms at an intensity of 1 kW/cm?
are 100-200 counts detected on a back-illuminated CCD camera.

In a living cell, the main source of autofluorescence is given by flavinoids, which
is located in the yellow-green spectral region. A spectral comparison between
flavinoids and FPs shows an almost complete overlap of the flavine emission with
eCFP, eGFP, and eYFP, where the excitation overlap with eCFP and eGFP is high,
that with eYFP is low (see Fig. 3).

Taking into account the high concentration of flavinoids in a cell (10’ molecules/
cell), even excitation in the tail of their spectrum will cause a large autofluorescence
background; therefore, FP with a red-shifted spectra are to be preferred.

From the above considerations, it appears that the suitability for single molecule
microscopy is given by: eYFP > eGFP » eCFP (see Table 1). DsRed is not con-
sidered here due to its photobleaching rate, which is tenfold higher than the other
FPs, which overwhelms the advantages given by the spectral separation from
flavins. Many new variants of GFP have been created using genetic engineering,
which cover almost the whole light spectrum [26, 27]. Most of those, however, are
dimeric or even tetrameric, which is potentially toxic. Functional monomers can be
engineered, but this results in a loss of brightness or photostability. Dimmer
proteins require either higher laser power or longer exposure time to be imaged,
which is limiting for fast in vivo experiments. For single molecule experiments
though eYFP is still the preferred choice [26].

To overcome the limitations of autofluorescent protein, several alternative
labeling techniques have been proposed [28]. Most of these rely on the possibility
of specifically coupling a synthetic fluorophore to the biomolecule of interest
through a chemical reaction. One widely used strategy is to create genetically
modified proteins carrying a target domain (peptide tag) which is selectively
posttranslationally labeled with a small complementary functionalized fluorophore.
An important class of these peptide tags is represented by peptidyl carrier protein (PCP)
and acyl carrier protein (ACP) domains [29, 30]. Those domains are modified by
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Fig. 3 Spectral comparison of flavin-di-nucleotide to fluorescent proteins. Top: Normalized
absorption spectra. Bottom: Normalized emission spectra [25]

phosphopantetheinyl transferases (PPTases) of bacterial origin, such as the 4'-
phosphopantetheinyl transferase (SFP) and the ACP synthase. The labeling reaction
requires a fluorophore functionalized with a phosphopantetheinyl (Ppant) prosthetic
group, derived from coenzyme A. In the reaction, the prosthetic group is covalently
attached to a specific residue in the peptide tag by the enzyme (see Fig. 4).

Another commonly used peptide tag, Hal.o, is based on an bacterial enzyme
haloalkane dehalogenas. The enzymatic reaction relies on the formation of an
ester bond between the fusion protein and a HalLo linker bound to a fluorescent
reporter [31].

A different approach is based on the ability of particular sequences, rich in
histidine residues, to bind transition metal complexes. One of those, the hexahisti-
dine tag (His6), has been largely studied; however, this technique suffers from high
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dissociation constant (>300 nM), which makes it difficult to use for fluorescence
experiments [32].

New opportunities arise from with the introduction of unnatural amino acid in
the protein of interest, which allows direct or indirect introduction of fluorophores
[33, 34]. The advantage of these techniques is that they allow for a wider choice of
fluorophores, making it possible to reach a better spectral separation from cellular
autofluorescence. Moreover, they are usually more photostable than FPs. On the
other hand, most of these techniques suffer from nonspecific labeling and blinking
(as in the case of QDots or nanocrystals), thus limiting their applicability. More-
over, they require specifically functionalized fluorophores, whose synthesis is quite
laborious and which are potentially toxic for cells.

3 H-Ras Mobility in Membranes: From Cultured
Cells to the Living Vertebrate

3.1 The Ras Family

Ras GTPases are small (~20 kDa), lipid-anchored membrane proteins involved in
signal transduction. They play a major role in regulating cell growth, proliferation,
and differentiation. Mutations in the Ras proteins are related to oncogenesis and
cancer. Three different isoforms are expressed in all mammalian cells: H-Ras,
K-Ras, and N-Ras. They are localized mainly in the inner leaflet of the plasma
membrane, but they are found as well in the endoplasmic reticulum and in the Golgi
apparatus [35-38]. Ras proteins effectively work as molecular switches, cycling
between two possible states: a GTP-bound “on” state and a GDP bound “off” state
which promotes association and activation of effector proteins. For signaling, they
all interact with the same set of effectors, yet generating different output.

Ras proteins share 90% sequence homology, characterized by a highly con-
served region in the N-terminus and showing a significant divergence in the
C-terminus, which is referred to as hypervariable region, encoding for the mem-
brane-anchoring domain [39]. Based on these structural observations, it was pro-
posed that functional differences may result, at least partially, from a differential
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membrane compartmentalization of the isoforms. Several biochemical evidences
were obtained which support this model: first, cholesterol depletion in the plasma
membrane hyperactivates downstream Ras signaling in an isoform-specific manner,
inhibiting H-Ras but not K-Ras [40]. Second, cell fractioning experiments showed
that the isoforms target different membrane domains [41, 42]. Biochemical and
electron microscopy (EM) studies suggested that H-Ras, but not K-Ras, was asso-
ciated with cholesterol and phospholipids-enriched domains, forming nanoclusters
of proteins with diameter in the range of 611 nm [41, 43, 44]. Another hypothesis
was that membrane anchor domain orientation plays a role in isoform diversity. But
the orientation alone cannot explain the functional differences observed [45].

It had also been shown that H-Ras partitioning is regulated by its GTP-bound
state, suggesting a complex model in which H-Ras segregation is activation depen-
dent. However, biochemical studies were not able to provide an insight on domain
distribution and dynamics, and EM studies are limited to thin sample sheets and
cannot be performed on living cells. Ideally, direct visualization of those objects
in vivo is needed to fully understand inner leaflet plasma membrane organization.

3.2 Mobility Studies of Membrane-Anchored Proteins
Reveal Membrane Domains in Cultured Cells

The plasma membrane of mammalian cells is heterogenous in structure and con-
tains different types of domains, varying in size from a few to several hundreds of
nanometers. Most of these domains have been extensively studied in the exoplas-
matic membrane of cells, because of its easier accessibility (for reviews, see
[46, 47]). Only more recent work has been done on the cytoplasmic leaflet. The
proteins of the Ras family and their membrane anchor motif (CAAX) are ideal to
study the partitioning and dynamics property of the inner leaflet.

To investigate the presence of membrane domains in vivo, and to obtain dynamic
information, single-molecule fluorescence microscopy was used in our group to
track the membrane targeting domain of two Ras isoforms (H-Ras and K-Ras) fused
with eYFP. These results were compared to those obtained for the membrane
anchor of a member of the family of Src-kinase, Lck [24, 48].

The H-Ras targeting sequence consists of ten amino acids and contains three
cysteines to which one S-prenyl and two S-acyl groups are attached posttranslationally
[35, 38]. Biochemical studies showed its presence in the detergent-resistant membrane
(DRM) fraction. Instead, the K-Ras membrane anchor, consisting of a farnesyl moiety
in conjunction with a polybasic domain, does not co-precipitate with DRM [43]. On
the other hand, Lck is anchored via two cysteine-linked S-acyl groups and one glycine-
linked myristoyl group at the N-terminus of the protein, which confers a high affinity
for cholesterol-rich membrane, analogous to H-Ras. The idea was to compare the
mobility of these different anchors and retrieve from it information on inner leaflet
membrane structure and the possible implication of domains in Ras signaling.
Surprisingly, all those proteins showed similarity in their diffusional behavior.
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The eYFP fusion constructs were tracked as described in the previous section,
and from the traces analysis information on their dynamics in the membrane and
confinement in domains was obtained.

All the anchors exhibited a biphasic behavior, represented by two distinct
fractions, a fast moving one which included the majority of molecules [between
60% (H-Ras) and 84% (K-Ras)], and a slow diffusing one. Mean square displace-
ment vs. time curves showed a linear increase with time, indicating free diffusion of
the fast fraction for all the different anchors with slightly different diffusion
coefficients: Dyg,s = 1.13 umz/s, Dkras = 1.00 umz/s, and Dy = 1.30 umz/s.
The remaining fraction of molecules showed instead in all different experiments
confined behavior to domains of ~200 nm in diameter with an initial diffusion
coefficient of Dy ~ 0.2 umz/s.

These results proved that if nanoclusters are present, anchors with high affinity
(H-Ras and Lck) were not significantly slowed down when compared to K-Ras.
These results did not exclude the presence of cholesterol-dependent Ras nanoclus-
ters in the inner leaflets. Due to their supposedly very small size (<70 nm), it was
not possible to visualize them. However, if they are present, their effects would be
negligible in terms of protein mobility. Other studies using fluorescence recovery
after photobleaching (FRAP) [41] and electron microscopy (EM) [44] confirmed a
two state model in which 30% of H-Ras is present in 20 nm cholesterol-dependent
domains. Although these domains are much smaller than what can be detected with
SPT, the two observations are closely related. One possible explanation could be
that these 20 nm domains are temporally trapped to the actin cytoskeleton and to
scaffolding proteins, leading to observed 200 nm domains. To conclude, trapping in
200 nm domains was observable with SPT, but no isoform-specific effect on
mobility was observable on the 10-60 ms time scale of the measurement.

A further study was conducted on full-length H-Ras protein to explore the
relationship between Ras mobility and activation. Evidences on activation-depen-
dent mobility were suggested by the results obtained by FRAP experiments [41].
A constitutive active mutant GFP-H-Ras(V12) showed an increase in its lateral
mobility with the expression level in a saturable manner, suggesting association
with saturable domains. To further investigate this relationship, we performed
single-molecule tracking experiments on H-Ras and on two mutants, one constitu-
tive active, eYFP-H-Ras(V12), and one inactive, eYFP-H-Ras(N17) in vivo [49].
We observed two mobile fractions for both mutants, a fast one showing free
diffusion and a slow population that showed free diffusion for the inactive mutant
and confinement to ~200 nm domains for the active one. Similarly, the eYFP-H-Ras
(wt) slow fraction showed a mobility change upon insulin stimulation. Before
activation, the H-Ras (wt) slow fraction appeared to diffuse freely, but after
5 min of insulin treatment a confinement of ~200 nm was observed (see Fig. 5).

Most likely the actin cytoskeleton plays a role in H-Ras trapping, as it is known
that insulin induces rearrangements of the cytoskeleton [50-53]. The SPT results
largely agreed with results from single molecule fluorescence resonance energy
transfer (FRET) [54], which showed the involvement of actin in immobilization of
active H-Ras.
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Fig. 5 Diffusion characteristics of eYFP-H-Ras(wt) before stimulation (/eff) and 5 min after
stimulation with insulin (right). Top: Mean square displacement of the fast-diffusing fraction,
MSD vs. timelag. Bottom: Mean square displacement of the slow diffusing fraction, MSD vs.
timelag [49]

Those results proved a major role for the plasma membrane as a platform for Ras
signaling. A mechanistic model for Ras microlocalization and activation had been
suggested by Rotblat et al. [55], in which the interactions that regulate H-Ras
membrane affinity also regulates its segregation in nanodomains. Recently, an
increasing amount of evidence has proved a role for the growth factor receptor
Gal-1 in H-Ras nanocluster formation [56]. These latter studies confirm the impor-
tance of microlocalization in signal transduction and identify new fundamental
players that drive cluster formation.

3.3 H-Ras Studies in Zebrafish Embryos Prove
Membrane Structuring in Living Organisms

A significant amount of experimental work has been done on cultured cells to study
membrane structuring and its effects on cellular processes. Only recently, this
approach has been extended to the living vertebrate organism, zebrafish [57-60].
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Zebrafish was chosen because their embryos are small, transparent, and easy to
manipulate, making it the ideal model system to study [61-63]. In our group, the
membrane anchor of H-Ras was genetically fused to a YFP, YFP-C10H-Ras, and
was used to demonstrate the possibility of measuring protein mobility in living
organism [64].

In this study, results from in vitro measurements, performed on a cultured
zebrafish cell line (ZF4), were compared to those obtained ex vivo on primary

Table 2 Comparison of the obtained diffusion characteristic for the different experimental
conditions. o fast fraction size, Dy, Dgow diffusion coefficient fast and slow fraction, respec-
tively, L; and L, domain size fast and slow fraction, respectively

o (%) Do (m’/s) Ly (um) Dyiow (um?/s) L, (pm)
In vitro 70 0.67 0.79 0.06 0.16
Ex vivo 67 0.72 0.55 0.05 0.21
In vivo 75 0.51 Free 0.04 0.12
2-day-old

zebrafish embryo
egg water

agarose
coverglass sheet

TIRF objectiv

Wide-field
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Fig. 6 Single molecule microscopy in vivo. The zebrafish embryo is placed on a coverslip and the
tail region is covered with a sheet of agarose 0.75 mm thick. The sample was mounted on a
microscopy setup suitable for wide field and TIRF microscopy. Left: Wide field picture, displaying
membrane localization of the fluorescent signal. Right: TIRF image of the same region. Arrows
indicate three examples of the YFP-H-Ras fluorescent peaks which can be attributed to single YFP
molecules
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embryonic stem cells and in vivo in 2 days old zebrafish embryo. In all the
experiments, two populations in protein mobility were observed. Both in vitro
and ex vivo the fast population appeared confined, but remarkably, in vivo data
could be fitted according to a free diffusion model. The slow fraction instead
showed a more stable behavior through all the different experiments, being always
confined in small domains with comparable diffusion coefficients (see Table 2).

In vitro and ex vivo experiments were performed using epifluorescence micros-
copy, while in vivo experiments needed a different experimental setup because of
the high level of out-of-focus fluorescence. A total internal reflection fluorescence
(TIRF) microscopy approach was used, in which an evanescent light field excites
the molecules within 100 nm from the coverglass (see Fig. 6).

Using this approach, it was possible, for the first time, to record individual
molecules in a living organism. To summarize, the existence of two kinds of
domains was observed, a smaller one with a diameter between 120 and 210 nm,
present in all the experiments, and a bigger one, 550—790 nm found only in in vitro
and ex vivo experiments [64].

This study showed that the two populations model of protein diffusion and their
confinement in domains applies to living organisms as well as to cultured cells, and
could play a physiological role in cell signaling. However, it also showed that large
differences exist between cultured cells and living organism. Thus, to make physio-
logically relevant considerations on a system, studies in living organism are required.

4 Receptor and G Protein Mobility in Dictyostelium discoideum

The soil-living amoeba Dictyostelium discoideum is a widespread model organism
for chemotaxis. Its completely sequenced 34 Mb-genome [65] contains many genes
that are homologous to those in higher vertebrate species, thus representing an ideal
model organism. Gene engineering and GFP technology provide a versatile toolbox
to study vital processes such as cell motility, chemotaxis, or signal transduction in
D. discoideum. This section highlights recent studies that yielded insight into the
role of G protein-coupled receptor (GPCR) and G protein mobility in chemotaxis by
combining fluorescent protein technology and high resolution microscopy.

4.1 Chemotaxis in D. discoideum

Nature developed fascinating strategies to ensure survival of a species. One exam-
ple is the amoeba D. discoideum. Under optimal conditions, D. discoideum lives as
an individual cell, but it has the ability to aggregate into a multicellular structure
containing ~10° amoeba when the environmental conditions deteriorate. The result-
ing aggregate undergoes cell differentiation and morphogenesis leading to a so-
called pseudoplasmodium or slug that has the ability to sense temperature and light.
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These capabilities allow the pseudoplasmodium to find its way to the soil surface
where it undergoes a final transformation into a fruiting body emitting robust
spores. Taken away by the wind or animals, these spores bear the potential to
germinate into a new protozoa under propitious environmental conditions. For an
illustration of the complete cycle, see Fig. 7.

Chemotaxis, the directed cell movement in a chemical gradient, is at the basis of
this complex process. An amoeba that experiences unfavorable conditions, e.g.,
starvation, secretes the chemoattractant cAMP. Neighboring amoeba detect cAMP,
change their shape building up a leading and a trailing edge, migrate with the help
of pseudopodia toward the source, and in turn also secret cAMP. Thereby, stream-
lines of amoeba are built up as a first level of organization.

On a molecular level, chemotaxis is triggered by the interaction of the chemoat-
tractant with a GPCR embedded in the membrane of the chemotaxing cell. A crucial
GPCR in D. discoideum chemotaxis is the cAMP receptorl (cAR1). It is not only the
first receptor expressed as a consequence of disadvantageous conditions but also the
most sensitive to cAMP. For this reason, the function of cAR1 was studied exten-
sively [66—609]. As implied by the name GPCR, these transmembrane receptors are
associated with G proteins on their cytosolic side. G proteins are heterotrimers
consisting of a G,, and a heterodimeric G, subunit. The common view of G protein
signaling implies that upon ligand binding to the receptor, the associated G proteins
exchange guanine di-phosphate for guanine tri-phosphate in the G, subunit. This
leads to destabilization of the complex and the dissociation of the G protein in its G,,
and Gg, subunit. In D. discoideum chemotaxis, both G, and Gy, subsequently
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Fig. 7 Scanning electron micrograph of the developmental stages of the amoeba D. discoideum.
Image copyright M. J. Grimson and R. L. Blanton, Biological Sciences Electron Microscopy
Laboratory, Texas Tech University
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activate different intracellular pathways that finally lead to cell polarization and
directed migration toward the cAMP gradient.

Chemotaxis is triggered over a wide range of chemoattractant gradients
and mean concentrations down to remarkably shallow gradients of 2% across the
cell body. Thus, it is highly interesting to identify the ubiquitous molecular
mechanisms that translate various extracellular gradients steadily in a highly
polarized cellular phenotype exhibiting biased migration toward the source of the
gradient. Several models were proposed for the early chemotaxis stages of gradient
sensing followed by cell polarization: the pilot pseudopodia model [70, 71], the first
hit model [72], several positive feedback loop models [73—75], the local excitation,
global inhibition model [76, 77], and the balanced inactivation model [78].
Recently, increasing experimental evidence was found that questions the concept
that signaling guides the generation of well-placed pseudopods [79-81].
D. discoideum cells move by default and constantly generate pseudopods in a
probabilistic manner. Moreover, new pseudopods protrude preferentially from
existing ones, but can be retracted after review. These new insights demand a
reevaluation of the molecules important to chemotaxis with respect to their influ-
ence on pseudopod generation frequency, persistency, or the probabilistic distribu-
tion of their placement. To conclude, more quantitative information about the
localization, mobility, and reaction rates of major players like cAR1 and the G
protein subunits are required to elucidate their interaction with, e.g., the actin
cytoskeleton that pushes the pseudopodia forward. These findings will allow to
achieve a more realistic picture of chemotaxis.

4.2 GPCR and G Protein Exist as a Precoupled Complex

G proteins are important signal transducing molecules in cells. They not only are
involved in chemotaxis, but also regulate many vital processes such as transcription
and secretion in mammalian cells. Extensive research has been pursued since their
discovery in the 1960s yielding the identification of more than 1,000 mammalian
GPCRs and the atomic structure of three of them [82—-84]. Nevertheless, it is not yet
known how ligand-induced conformational changes of the GPCR activate the
G protein. Another open question is whether GPCR association with the G protein
before receptor stimulation is required or even stable. In 2005, Nobles et al. could
prove the existence of a precoupled pentamer consisting of a GPCR dimer of either
o2A adrenergic or muscarinic M4 receptor and the trimeric G protein in living HEK
cells applying FRET [85]. More recently, we used single-molecule widefield
microscopy (SMM) to deduce information about the GPCR/G protein complex
from the diffusion behavior of cAR1 and the G protein subunits in D. discoideum
[67]. Despite its low axial resolution of ~1 pm, SMM is ideally suited to study
processes that are confined to two dimensions, like diffusion of transmembrane or
membrane-bound proteins, with high spatial (~40 nm) and temporal (~50 ms)
resolution. For this purpose, D. discoideum cells were stably transformed with
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Fig. 8 Mobility of cAR1-YFP and G-YFP. (a) cAR1 exists in two populations exhibiting free
diffusion. (b) Mean square displacement vs. time plot for the fast fraction of Gg-YFP. (¢) Mean
square displacement vs. time plot for the slow fraction of G- YFP [67]

Table 3 Results of cAR1 and G protein diffusion as measured in unstimulated D. discoideum
cells. Dgr and Dgg, diffusion constants of the fast and slow fraction respectively. o, fast fraction

Dgr (umz/s) Dsk (umz/s) o (%) Diffusion type
cAR1 0.015 £+ 0.002 0.007 £+ 0.001 45+ 6 Free
G, 0.14 + 0.01 0.015 £ 0.001 68 + 4 Free
Gy, 0.15 £ 0.01 0.011 £ 0.001 68 + 3 Free

cAR1-YFP, G,»-YFP, or Gg,-YFP constructs. Particle image correlation analysis
[22] of the single molecule data allowed for the calculation of the cumulative
probability of diffusion steps on different time lags. The results are summarized
in Fig. 8 and Table 3. Neither cAR1 nor the G protein subunits were found to diffuse
homogenously. Their P,,s could be best fitted by a diffusion model taking two
diffusing species into account (see Sect. 2.3). A global fit of all P.,s at different time
lags provided the MSDs of the fast and the slow fraction, as well as the fast fraction size
o. Both cAR1 and the G protein subunits showed free diffusion on all observed
timescales (50400 ms; see Fig. 8a). The high similarity of the diffusion behavior of
G, and Gg, suggested that all membrane-bound G proteins were G, heterotri-
mers. Moreover, comparison of the diffusion constants of the slow moving fractions
of G,» and Gy, with the fast moving fraction of cAR1 provided a strong argument
that ~30% of the G proteins exist in a precoupled complex with cAR1 and therefore
move at the same speed. This hypothesis could be further supported by alternative
biochemical assays [67].

4.3 Polarized Mobility of GPCR and G Protein upon
Agonist Stimulation

The same study [67] monitored the effect of global and gradient stimulation with
cAMP on D. discoideum cells expressing either G,,-YFP or Gg,-YFP to identify the
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Table 4 Results of G protein diffusion as measured in globally stimulated D. discoideum cells.
Dgr and Dgp, diffusion constants of the fast and slow fraction respectively. a, fast fraction [67]

Dgg (umz/s) Diffusion type Dsg (umz/s) o (%) Diffusion type
G, 0.19 + 0.02 Confined 0.015 £ 0.001 68 + 4 Free
Gg, 0.16 £ 0.02 Confined <0.001 59+3 Immob.

molecular mechanism leading to cell polarization. It had been shown previously
that the cARI1 receptors and the G proteins are homogenously distributed in the
membrane of D. discoideum. Moreover, this homogeneous configuration was not
affected by stimulation with cAMP [66, 69, 86, 87]. Thus, a simple picture, in
which cell polarization is caused by asymmetric receptor or G protein distribution
in the cell membrane, is not applicable.

The scenario described in Sect. 4.2 changed dramatically upon global stimula-
tion with 10 uM cAMP (see Table 4). The diffusion behavior of the fast fraction of
both the G, and the G, subunit changed from free diffusion to confined diffusion
within domains of ~600 nm diameter. Moreover, the slow fraction of the Gg,
subunit increased from 32% to 41% and was immobilized (D < 0.001 umz/s).
Both effects were shown to be F actin dependent by disrupting the actin cytoskele-
ton by adding latrunculin A. These observations led to the conclusion that the
observed domains are imposed by the actin cytoskeleton, and that Gg, interacts
either directly or indirectly with the F actin meshwork.

When exposed to a gradient of cAMP (~0.4 nM/um), the diffusion behavior of
the G protein subunits became polarized. The proteins at the trailing edge diffused
like in the unstimulated situation (see Sect. 4.2). Both the fast and the slow fraction
showed free diffusion. The proteins at the leading edge, on the other hand, exhibited
the same diffusion characteristics as in the case of global stimulation: confined fast
fractions of G, and Gy, and immobilized as well as increased slow fraction of Gg,.
These results support the hypothesis that F actin plays an important regulatory role
in maintaining cell polarity during chemotaxis.

Earlier single molecule studies investigated the cAMP/cAR1 dissociation rate
in chemotaxing cells and found polarized behavior in the receptor off-rate [69].
cAMP/receptor complexes at the leading edge dissociated faster that those at the
trailing edge. Since the steady-state amount of cAMP binding was measured to be
almost equal at both locations, the association rates at the leading edge had to be
increased, too. As a result, cAMP binding and unbinding and thus receptor and G
protein activation are cycled faster at the leading edge of the cell. A possible
explanation that why G protein reactivation is facilitated at the leading edge was
provided by de Keijzer et al., who showed that the mobility of cARI is increased
at the leading edge in comparison to the trailing edge [66]. Thus, activated cAR1
receptors that dissociated from the receptor/G protein complex are able to activate
many more G proteins than at the trailing edge. Such a local amplification step
leads to a final fivefold linear amplification of the external cAMP gradient to an
intracellular gradient in active G proteins constituting the first step in diffusion-
controlled asymmetric signaling.
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4.4 Mechanistic Model of Early Chemotactic Signaling
in D. discoideum

Combining existing knowledge about D. discoideum chemotaxis with new insights
from single molecule fluorescence microscopy, we suggested a mechanistic model of
early chemotaxis events [67]. In the resting state of the cell, the membrane is
populated by cAR1 and complexed cAR1-G,g,. The complexed G protein diffuses
one order of magnitude slower than the free G protein [67, 68]. The cytosol provides a
pool of Gg, [68, 78] and heterotrimeric G proteins. Upon cAMP binding to cAR1, the
equilibrium between the G,,p, heterotrimer and the complexed cAR1-G,,p, gets
disrupted by the formation of an activated cAR1-G,,p, complex. This complex
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Fig. 9 Model describing the dynamic cAR1/G protein interaction at the leading and trailing edge
[67]. For details, see text
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subsequently dissociates into the activated receptor, and the free G,, and Gg, sub-
units. The stimulation-dependent dissociation of the G protein in its subunits was
observed by Janetopoulos et al. with the help of FRET [88]. It takes approximately
0.4-1 s~ ! until cAMP dissociates from cAR1 [89]. During that time, the activated
receptor can activate more G proteins. Since the receptors at the leading edge diffuse
considerably faster than at the trailing edge, an intracellular gradient in active
G proteins is generated that is significantly larger than the external chemoattractant
gradient [66]. G protein activation initiates multiple intracellular signaling cascades
leading to actin cytoskeleton reorganization [90]. The tightening of the membrane-
associated F actin is reflected in the diffusion properties of the G protein subunits. The
fast fraction of both subunits becomes confined in actin-dependent 600 nm domains.
This process is conceptually similar to the diffusion barriers at the leading edge of
moving fish epidermal keratocytes [91]. Simultaneously, the slow fraction of G, gets
immobilized by binding to F actin at the leading edge; at the trailing edge, Gy,
diffuses into the cytosol. This allows for two scenarios: F actin either functions as a
scaffold of Gg, signaling or impairs the discussed inhibitory function of Gg, [78].
Gp, immobilization might be another example for the widely used clustering of
signaling components in a larger protein complex, a so-called signalosome. The
cytoskeleton together with anchoring and scaffolding proteins was found to play a
crucial role in the maintenance of these signaling complexes [92]. Figure 9 illus-
trates the dynamic cAR1/G protein interactions at the leading and the trailing edge.

5 Conclusion

In this chapter, we first reviewed the basic concepts of diffusion and single
molecule microscopy. It was shown how combining fluorescent protein technology
and high resolution microscopy lead to new insights into relevant biological
processes. Two applications were introduced in detail. First, extensive work on
the model proteins of the Ras family elucidated the role of membrane partitioning in
protein dynamics and its influence on signaling. Moreover, we showed how this
technique was extended to study protein dynamics in living organism. Second,
single molecule fluorescence microscopy allowed to characterize the mobility of
the GPCR cARI1 and its associated G protein in D. discoideum. On the basis of these
data, a mechanistic model was developed to shed light on the molecular basis of
cAR1-cAMP mediated chemotaxis in D. discoideum.
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Fluorescence Correlation and Cross-Correlation
Spectroscopy Using Fluorescent Proteins

for Measurements of Biomolecular Processes

in Living Organisms

Yong Hwee Foo, Vladimir Korzh, and Thorsten Wohland

Abstract Fluorescence imaging and spectroscopy have played an important part in
the advancement of the modern life sciences. Especially single molecule sensitive
fluorescence techniques have allowed researchers to quantify biomolecular pro-
cesses on the molecular level. However, these techniques were applied mainly in
solution or in cell cultures that do not represent a physiologically relevant 3D
environment. Results thus obtained are often not predictive of events in biomedi-
cally more interesting organisms or tissues. Therefore, many efforts are dedicated to
bring single molecule fluorescence techniques into living model organisms. In this
context, genetically encoded fluorescent proteins have played a major role. They
exist in a wide variety (color, lifetime, Stokes shift, photoactivation, and environ-
mental sensitivity) and ensure a 1:1 stoichiometry of labeling, important for the
quantitation of data. In particular, two techniques, fluorescence correlation and
cross-correlation spectroscopy (FCS and FCCS), profited from these labels and
were successfully modified for applications in organisms. In this chapter, we will
review the basics of FCS and FCCS, the challenges of applying FCS in organisms,
and the importance of fluorescent proteins in this process. We provide a discussion
of the different applications to date and give a perspective of new developments with
promising potential for applications within organisms. The application of FCS and
other single molecule techniques within living organisms is an important step in the
quantitation of biomolecular events in physiologically relevant 3D environments.
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1 Introduction

Fluorescence imaging and spectroscopy have been defining techniques in the area
of modern biology. Today, fluorescent tagging of molecules allows researchers to
monitor even single molecules of interest in organisms (i.e., in vivo).l This advance
has been possible because of the advent of green fluorescence protein (GFP), which
allowed genetic labeling of proteins within cell cultures or in vivo in a selective and
specific manner. In addition, mutants of GFP can be found throughout the visible
spectrum [1, 2], which facilitates the monitoring of multiple proteins simulta-
neously. Most of them are nontoxic to the cell or organisms compared to organic
dyes or quantum dots. Modern single molecule tools include Forster resonance

'In vivo, according to the common definition in biochemistry or molecular biology, refers to in
living samples such as cell cultures and organisms, while in vitro refers to in tube or solution.
However, in developmental biology, in vivo refers only to organism, while in vitro refers to in tube
and in 2D cell culture. The term ex vivo is used when cells are directly taken from the organism
and studied outside of the organism within a limited time. For the purpose of this chapter, we use
the definitions of developmental biology, and therefore in vivo refers only to experiments in
organism.
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energy transfer (FRET), fluorescence lifetime imaging microscopy (FLIM), fluo-
rescence recovery after photobleaching (FRAP), fluorescence correlation spectros-
copy (FCS), and single particle tracking (SPT). These techniques are quantitative in
nature and provide data about reaction rates, affinity of molecular interactions,
fluorescence lifetime, diffusion characteristics, and photophysical properties. How-
ever, many of these fluorescence studies are conducted mainly in vitro (i.e., in a
tube or 2D cell culture). The physiological relevance of 2D cell cultures has been
recently questioned. Improvement is provided by 3D cell cultures which are said to
bridge the gap between 2D cell cultures and physiological tissues [3], but neverthe-
less remains an in vitro approach. Therefore, there is a need to apply single
molecule techniques within living organisms.

This chapter concentrates on FCS as one of the promising tools for quantitative
measurements within living organisms. FCS is a single molecule sensitive tech-
nique commonly used to study molecular processes. It is based on extracting
information that is embedded within the fluorescence signal fluctuations which
are generated by the tagged molecules as they pass through an illuminated obser-
vation volume. The processes creating the fluctuations in the fluorescence signal
can be due to photophysical properties of the label or movement of the labeled
molecule. FCS extracts this information by transforming the fluorescence signal by
a mathematical process known as autocorrelation to produce an autocorrelation
function (ACF). With a typical resolution of nanoseconds and measurement times
of seconds, processes happening in this time range contribute to the shape of the
ACEF. It is the high temporal resolution of FCS which allows diffusion processes
(microseconds to milliseconds) such as Brownian diffusion [4], anomalous diffu-
sion [5-7], and flow [8, 9] to be monitored. The time taken for these molecules to
diffuse through the observation volume, the diffusion time, depends on the size of
the molecules. In combination with the ability of the ACF to determine the number
or concentration of molecules undergoing a certain diffusion process, one can
determine and quantitate the kinetics or affinity of molecular interactions based
on the change in diffusion time [10-18]. In addition, fast processes (nanoseconds to
microseconds) such as triplet state dynamics [19-21], chemical reactions [22],
rotational diffusion [23-28], and photophysics of fluorescent proteins [29-31] can
be monitored. The typical observation volume in a confocal FCS instrument is ~0.5
femtoliter (fL), small enough to allow resolution at the subcellular level. FCS
measurements have been performed in the cytoplasm, nucleus, and membranes of
many common cell lines, bacteria, and yeast. A further advantage is that FCS works
only in the concentration range from sub-nanomolar (nM) to a few micromolar
(uUM), close to typical physiological concentration ranges and well below what is
commonly used in imaging. Therefore, overexpression of proteins is usually not
required.

Fluorescence cross-correlation spectroscopy (FCCS) is a modality of FCS which
uses two different fluorophores to measure biomolecular interactions. Signals from
differently tagged molecules are detected in two separated detectors and are cross-
correlated. The cross-correlation function (CCF) contains the information about
interaction of the two molecules. This can be applied to quantitate the fraction
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of molecules in complexes or the K4 of molecular interactions. FCCS has been
applied to study enzyme activities [32—34], polymerase chain reaction [35], DNA—
protein or RNA—protein interactions [36, 37], protein—protein interactions [38—44],
and receptor dimerization or oligomerization [45, 46]. The advantage of FCCS is
that, unlike FRET, it is independent of the relative position, orientation, and
spectral overlap of the two fluorophores, and thus is less likely to produce false-
negative results.

The same advantages that make FCS and FCCS valuable tools for cell observa-
tions, namely the small observation volume, its sensitivity, its noninvasive charac-
ter, and the possibility to quantify molecular interactions and dynamics make FCS
also an ideal tool for observations in living organisms. Consequently, in recent
years, FCS and FCCS have been applied to popular animal models such as zebrafish
(Danio rerio), medaka (Oryzias latipes), nematodes (Caenorhabditis elegans), and
fruit flies (Drosophila melanogaster). In this chapter, we will review the basics of
FCS and FCCS, the challenges of applying FCS in vivo using fluorescence proteins
(FPs) and modalities of FCS and FCCS which overcome some of the difficulties
encountered by conventional FCS. We will then present a discussion of the differ-
ent applications of FCS and FCCS in vivo to date and conclude by giving a
perspective of new developments with promising potential for in vivo applications.

2 Principles of FCS and FCCS

The history of FCS dates back to 1972, when D. Magde, E. L. Elson, and W. W.
Webb applied FCS to study the binding of ethidium bromide to DNA [22]. This was
followed by a detailed discussion of the theory and setup of FCS [47, 48]. Although
limited by the technology at that time resulting in poor temporal resolution, signal-
to-background, and signal-to-noise ratio, FCS measurements represented a first step
in a right direction. The decisive breakthrough came in the early 1990s when Rigler,
Mets, and colleagues used a strongly focused laser and smaller pinhole size in
addition to better technology to produce a diffraction-limited observation volume of
less than 1 fL [4, 49]. After this advance, FCS became increasingly popular.

2.1 Principles of FCS

The principle of FCS is based on detecting fluorescent particles diffusing in and out
of an observation volume. The observation volume can take on different sizes and
shapes depending on the illumination and detection setup. In a typical confocal
microscope, the observation volume is created using one-photon excitation (OPE)
and using a pinhole to achieve axial sectioning of the observation volume. This
confocal volume is an oblong shaped laser focal volume on the order of femtoliters.
As fluorescent particles transit the observation volume (Fig. 1a), fluorescent fluc-
tuations caused by the movement of the particle or any other process are recorded
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Fig. 1 Principles of FCS: (a) Detection of fluorophores in a confocal observation volume. (b)
Fluorescence intensity time trace of particles moving through the observation volume. (F(¢)) is the
average intensity. (¢) [llustration of the autocorrelation process. The ACF is a measure of the self-
similarity of a signal at a delay time 7. (d) The autocorrelation process generates a decaying
autocorrelation function. (e) Curve fitting of the ACF by theoretical ACF models

(Fig. 1b). In order to extract the information contained in the intensity time trace, its
normalized ACF is calculated [50]:

_ (FF(+1))
G(1) = oy (1

—~

During the ACF process, the fluorescent signal at time t is compared to the signal
at time t 4+ 7. The graphical representation is as if the signal is shifted in time and
the “similarity” between the shifted and original signal is calculated (Fig. 1c). As
the delay time 7 increases, the signal correlates less (is less and less similar with the
original signal) and hence the ACF decays to 1 at infinite 7 (Fig. 1d). Finally, to
extract information about the processes causing the fluorescence fluctuations, a
theoretical ACF model is used to fit the experimental ACF (Fig. le).

Figure 2a shows the general shape of a typical ACF. The theoretical ACF
expression is given by:

G(t) = G(0)P(7)D(x) + G(o0), @)
where G(0) is the amplitude of the ACF at 1 = 0 in the absence of any photody-

namic processes P(t). P(t) is any process that changes the fluorescence character-
istic of the fluorophore, e.g., triplet state populations or conformational changes
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Fig. 2 The influence of different processes on the ACF: (a) Parts of an ACF. Gray portion of
the ACF is contributed by photodynamic processes P(t), while the black portion stems
from diffusion processes D(1). G(0) is the amplitude of the ACF at 1 = 0. G(c0) is a convergence
value for the ACF at long delay times. (b) The width of the ACF increases with the decreasing
diffusion coefficient which is related to the size of the particles. (¢) Shape of the ACF changes with
different transport or diffusion processes. (d) The amplitude of the ACF decreases with increasing
concentration

leading to quenching. These processes typically happen much faster than the
diffusion process D(t) of the particles. Hence, they show up as an additional
shoulder at small t values of the ACF. However, in some FPs, such processes can
be on a similar timescale as diffusion (refer to Sect. 3.3). D(7) is the characteristic
diffusion process undertaken by the particles. G(co) is a convergence value for the
ACF at long (infinite) delay times. While in general it should be 1, it is usually
added as a fit parameter and as an additional check for the quality of the data.” If G
(c0) deviates significantly from the convergence value of 1, it possibly indicates
photobleaching, sample movement, or other systematic deviations of the measure-
ment. In the following subsections, G(0), D(t), and P(t) are discussed in detail.

%In some cases, the ACF is defined slightly differently in which the ACF has a convergence value
of 0 instead of 1. This different definition is only a change in offset. It does not influence the
function of the ACF and does not alter any of the conclusions here.
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2.1.1 Diffusion and Width of the ACF

The extraction of parameters from the experimental ACF requires the determination of
ACF models based on the theory of the assumed process. For instance, to determine
the ACF for particles diffusing through a confocal volume, one has to calculate
the fluorescence signal arising from fluorescent particles undergoing Brownian
motion and passing through a confocal observation volume. Theoretical ACF models
have been determined for a wide variety of processes including translational and
rotational diffusion, flow, chemical reactions, and photodynamics [50, 51]. Since
diffusion typically dominates experimental ACFs in biological systems, we give
here the theoretical model for particles diffusing in a 3D environment and discuss
the different parameters on that example. Assuming a Gaussian laser profile, the 3D
Brownian or free diffusion ACF with a photodynamic process is given by [49, 52]:

T

G(1) = G(O)P(r)(l +T>1<1 +)1/2 + G(o0), 3)

(%)) Kz‘L'D

where the 3D diffusion model D(7) is given by:

- -1 . —1/2

K is the structural parameter defining a 3D observation volume in the case of a
confocal laser spot:

K== (5)
o
The average time (diffusion time) taken to diffuse through the laser focus is

given by:

(002

~4p- ©

72
g and zg are the radial and axial distance of the laser focus at which the intensity
profile decreases to e > of its maximal value, respectively. D is the diffusion
coefficient of the particles. The width of the ACF is determined by the timescales
of the processes. Since photophysical processes are usually taking place on a much
faster timescale compared to diffusion, the overall width of the correlation function
is determined solely by diffusion. Hence, the time the ACF needs to decay from
G(0) to half of its amplitude G(0)/2 is an estimate of the diffusion time 7, (Fig. 2b).
The hydrodynamic radius of a particle can be estimated by FCS using the Stokes—
Einstein relation:

kT
~ 6mnyr’

)
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where k is Boltzmann’s constant; 7T is the absolute temperature; 7) is the viscosity of
the medium; r is the hydrodynamic radius of the particle. For a spherical particle
with radius 7 and molecular mass M, 7 is proportional to v/M. Although 7, can be
estimated from the value of G() at half maximum, a diffusion model is required to
extract the value of tp.

Other common D(71) models include:

Dap(c) = (1 +i)l (®)

™D

for 2D or planar free diffusion [47] which is commonly used for membrane
measurements.

¥\ 1Y\
D3p ano(7) = <1 + <TD)> (1 +ﬁ <TD)> ®

for 3D anomalous diffusion [53] with the anomalous factor «. Values of o < 1
indicate hindered or sub-diffusive diffusion, while o > 1 indicates direct transport
or super-diffusion.

-1 —1/2
D (t)=F|1 _|_L 1+ _t
3D,2C o1 K2tp,

N\ 12
1-F 1+— 1+——— 1
+( 1)( + ‘Em) ( +K2‘502) (10)

for 2 components diffusion [10, 50]. This describes the detection of two different
species of particles with two different tp;, where F; is the fraction of particles with
Tp1. It assumes that the two species have the same molecular brightness (covered in
Sect. 2.1.2). This is particularly useful to determine the binding of a small fluores-
cent tagged molecule to a larger one. However, according to simulations, the two 7
can be well resolved with statistical significance only if the slower molecule
diffuses 1.6 times slower [54]. This corresponds to a mass ratio between the
molecules of about 4. This ratio can be lower if one or both of the 75 is known
beforehand. Despite this, quantitating the binding of two species of molecules with
similar mass is challenging. A more comprehensive list of ACF models has been
reported [55]. The different processes give the ACF distinct shapes (Fig. 2c).

2.1.2 Concentration and Amplitude of the ACF

The amplitude of the ACF for pure diffusion at T = 0 is given by:

G(0) ~ (1)

1
N’



Fluorescence Correlation and Cross-Correlation Spectroscopy 221

which shows that the amplitude of the ACF at 7 = 0 is inversely proportional to the
average number of particles N (Fig. 2d). Therefore, it is desirable to keep the
number of observed particles low. This can be done using a very small observation
volume or keeping the concentration of the sample low. In general, FCS can
measure samples with about 0.1-1,000 particles per observation volume which
translates into sub-nanomolar to a low micromolar concentration range in the case
of confocal FCS. The effective confocal volume V., in which fluorescent particles
can be observed is given by [52]:

Vo = /%o’ 2. (12)

Typically V4 ranges from ~0.3 to 1 fL. V4 can be measured in three different
ways [56]. The first method is to do a dilution series using dye solutions of known
concentrations. When the experimental N is plotted against the different concentra-
tions of the dye, the slope gives the V4. The second method is to use a dye with a
known diffusion coefficient D to determine 7, and subsequently wg and zy from
experimental ACFs. The last method is to use a fluorescent bead to determine the
point spread function and calculate the Vg Once the V4 is known, (11) becomes:

1

where C is the average concentration of the sample and N, is Avogadro’s constant.
This method is only accurate if all the particles have the same molecular brightness,
n or counts per particle per second (cps). The cps, experimentally determined by
dividing the average intensity (F(r)) by (N), is influenced by the laser power, the
detection efficiency of the optical system, and the quantum yield of the dye used.
A higher cps gives a better signal-to-noise ratio [57]. If the observation volume
contains different particles with different cps, (11) and (13) become a summation of
all the i species with their particular 7;:

Ni *Ci
G(0) = 2. - 2 . (14)
(omlNi)™  NaVer (3m,Ci)

The amplitude of the ACF is biased toward the species with higher 7. A typical
situation in which this can happen is in binding processes in which the fluorescent
yield of a particle changes upon binding [14, 18].

2.1.3 Photodynamics

During the course of translating through the observation volume, any phenomenon
that changes the fluorescence characteristics of the fluorophore will be detected.
The most common process is the transition to the triplet state of the fluorophore.
A fluorophore can flicker or blink as it cycles between a long-lived triplet and
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a short-lived singlet state. As this process is very fast, it is detected at small t values
(typically at ~107%s) of the ACF as an additional shoulder. It can be accounted for
by the expression [19, 21]:

Pz) = 14 Lo exp(— ) (1)

1-F trip Twrip

where F,;, is the fraction of the particles that reside in the triplet state and t,,;, is the
triplet state relaxation time. For other processes that cycle between a dark and
bright state while diffusing through the observation volume such as a loss of
fluorescence due to a conformational change [58, 59] or a loss of fluorescence in
different pH due to protonation [29], F,;, becomes the fraction in the dark state and
T, Decomes the relaxation time for the process.

In summary, when the sample has different species with different cps under-
going different diffusion processes, (2) takes the general form [60]:

1 Pz ZsziDi(T)

G(t) =—
S PRSP

+ G(0), (16)

where F; is the fraction of the total particles N,,, having the corresponding 7; and
D;(7). For in-depth discussions of the principles, equations and applications of FCS
refer to these reviews [50, 51, 61].

2.2 Principles of FCCS

In contrast to an ACF, a CCF correlates signals from two different sources. In
FCCS, photons collected from usually two separated detection channels each
detecting particles tagged with fluorophores emitting at two different wavelengths
are cross-correlated (Fig. 3). For example, protein X is tagged with GFP while
protein Y is tagged with a red FP. If X binds to Y, whenever the “green” detector
detects a signal, so will the “red” detector and the signals are correlated. The CCF
contains information about the complexes formed between X and Y. The normal-
ized CCF for the green (G) and red (R) channels is given by:

(Fo(t)Fr(t+ 1))
(Fa (1) (Fr(1)
The amplitude of the CCF in a simple 1:1 stoichiometry binding case, assuming

no changes in the brightness upon binding, no spectral crosstalk and negligible
background is given by:

Ger(t) = 7)

Ny

GGR(O) = (Ng JrNg’.)(Nr JrNgr) ’

(18)
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Fig. 3 Principle of FCCS: (a) Differently tagged particles move independently through the
observation volume. Therefore, the signals are not correlated and their CCF is flat (blue curve).
(b) If particles form complexes and move together through the observation volume, the signals of
the differently tagged particles will correlate resulting in an elevated CCF with respect to the green
and red ACF

where N; and N,, are the number of molecules of the free species and complex
observed, respectively. As before, the two ACF amplitudes from each detection
channel are inversely proportional to the total number of respectively molecules:

1

R 19
NN (19)

Gi(0)

The ratio of the amplitude of CCF to the ACFs indicates the amount of the
molecules in complexes:

Ggr(0) N
G6(0) N, +N,’ 20
Ger(0) Ny en

Gr(0) ~ Ng+Ng

For example, the ratio of the CCF to the green ACF indicates the ratio of red
tagged particles in complexes. Typically, if N, < N,, G¢(0)/G4(0), which is limited
by the amount of N, and is of a higher value, is reported over the other ratio as a
quantitative approach of reporting interaction.
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However, this approach only provides an estimate because in practice crosstalk
increases the CCF amplitude. Crosstalk is the leakage of signal from the green
fluorophore into the red detection channel and vice versa due to the wide emission
bands of most fluorophores. However, the crosstalk from the red fluorophore to the
green channel is usually negligible. Hence, signals from a green fluorophore will
cross-correlate with its own signals in the red channel resulting in an elevated CCF
amplitude. This can lead to false-positive results. Crosstalk can be accounted for by
treating it as another contribution of different cps (14). Assuming only crosstalk
from the green fluorophore into the red channel, the ACF and CCF become [35]:

ng,GzNg + ng.GzNgf o 1

2 N,+N,,’
<77g,GNg + ng,GNg") 8 §

Gg(0) = (22)

2
nr,Rer + ng,RzNg + (nr,R + ng,R) NH/'

Gr(0) 7
|:771‘,RN1' + ng,RNg + (77;:,1? + ng,R)Ng"i|

2 2
N, + (n‘—R> Nq + (1 +77LR> Ny
77)‘,1? R
= (23)

= 7

VANRLES Y (1 + W)Ng,.

nr‘,R ni‘,R

ng,G (77;-,R + ng,R)NXT + ng,Gng,RNX

(Ug,GNg + ng,GNgr) |:77r,RNI‘ + 1y gNg + (WzgR + Ug,R)Ngr}

<1 +77g—‘R>Ng,. + TRy

nl‘,R nl‘,R
= ; (24)

Mg, Mg,
(Ng +Neo) [Ny + 5N + (1455 N,
771~‘R n/',R

Ggr(0)

where 1), ; is the cps of fluorescent species i detected in channel j. The individual cps
can be determined using samples with only one of the fluorophores present. Once
the ratio 1, /7, r is known, the three equations can be solved for the values of N, N,,
and N,,. Usually crosstalk can be avoided using fluorophores with well-separated
emission spectra. However, in the case of FPs, the selection is limited. Crosstalk can
also be avoided by alternating excitation schemes where only one type of fluoro-
phore is excited at a time and only the corresponding detection channel is recorded.
Alternating excitation is discussed in detail in Sect. 4.

In recent years, FCCS was developed into a quantitative method for the deter-
mination of dissociation constants (K;) of biomolecular interactions [41-44, 62].
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In order to determine concentrations of free and bound molecules, the individual
effective volumes V4 for the two detection channels and the cross-correlation need
to be known. In dual-color FCCS (DC-FCCS) [63], excitation of the two fluoro-
phores is achieved by two lasers. The two laser foci will not have the same size due
to different wavelengths and might be shifted with respect to each other. Hence, the
cross-correlation effective volume, which is where the binding complex is detected,
needs to be calculated resulting in three different V4 [63]. To avoid the alignment
of two lasers, single-wavelength FCCS (SW-FCCS) [64] or two-photon excitation
FCCS (TPE-FCCS) [65] can be used resulting in only a single V. Reviews
covering theoretical and practical aspect as well as recent advances in FCCS are
available [66-68].

2.3 Experimental Realization

FCCS was first shown in 1989 by Ricka and colleagues [69] who used a single laser
wavelength to obtain a “green” fluorescence signal from fluorescent polystyrene
lattices and a scattered “blue” signal from nonfluorescent latex particles. Both
signals were cross-correlated. In 1997, Schwille and colleagues [63] used two
lasers to excite two different dyes with different emission spectra and cross-
correlating their signals. With the help of better technology, FCCS became a
powerful tool with the ability for the determination of molecular interactions.
A typical confocal setup of DC-FCCS is shown in Fig. 4. In an FCS setup, only
one laser and one of the detectors are used. Emission filters select the range of
wavelengths to be detected by high quantum efficiency avalanche photodiode
(APD) detectors in photon counting mode. A hardware correlator performs the
auto- and cross-correlation. Correlation can also be done by a software correlator
[70, 167]. A scanning laser microscope is usually coupled to an FCS/FCCS module
to allow the user to obtain an image of the sample before selecting the position in
the sample to perform FCS measurements [71].

3 Challenges of Applying FCS and FCCS In Vivo

The discussion and equations in the previous section in general can only be applied
in solution. When applied to cell cultures or organisms, especially using FPs as the
probe, special attention has to be paid. In this section, we discuss issues facing
measurements in cell cultures and organisms, and common solutions.

3.1 Optimizing Measurement Conditions

A typical FCS or FCCS biochemical experiment in vitro involves tagging the
molecule of interest with an organic dye in a solution with low background. Photons
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generated from the dyes are easily detected achieving high signal-to-noise ratio. In
contrast, the fluorophores preferred in organisms are fluorescent proteins (FPs) due
to the ease, selectivity, and control of stoichiometry and expression levels of
genetic labeling. In general, FPs have lower quantum efficiency than the commonly
used organic dyes. Working in organisms further reduces the detection efficiency of
the fluorescent proteins due to scattering and absorption in the tissue. This limits the
working distance of the technique. Furthermore, bulk photobleaching of the fluo-
rescent proteins can pose a serious problem in the confined volume of a cell. Hence,
there is a fine balance between reduction of the laser power to reduce photobleach-
ing and keeping it sufficient for producing and recording enough fluorescent
photons to calculate an ACF. Hence, the first and foremost concern for experiment
in vivo with FCS or FCCS is to establish the range of cps, which gives a good
ACF with minimal photobleaching. A cps of 800—1,500 Hz is usually sufficient for
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a single 30 s measurement in organisms [43]. Even a cps as low as 500 Hz was
reported to be sufficient [72].

3.2 Correcting for Background Autofluorescence

In measurements in vitro, background is usually low and the organic fluorophores
used have high cps. Hence, background contribution from the buffer or dark counts
of the detector is insignificant. Due to the low cps of FPs obtained in vivo, the native
fluorescence background (autofluorescence) in cells or biological tissues often
significantly contributes to the ACF. If the background autofluorescence has ele-
vated cps, the autofluorescence has to be considered as another fluorescent species
and has to be account for by (14). The background fluorescence can also be
removed using lifetime gating [73] or fluorescence lifetime correlation spectros-
copy (FLCS) [74], where contribution from unwanted background fluorescence can
be separated based on the fluorescence lifetime. In the case where the background is
noncorrelated (background which does not yield an ACF), a simple addition of a
correction factor to the theoretical ACF is sufficient. Noncorrelated background can
be due to noise from the detector or scattered light from the sample which are
random in nature. This simply decreases the amplitude of the ACF, resulting in the
apparent detection of more particles. The expression for the apparent ACF ampli-
tude with noncorrelative background contribution B is:

2N

Gacrap(0) = SN+ B

This can be rewritten as a factor of the total average fluorescence intensity Fieas
measured:

(Fmeas - B)2

Gacrapp(0) =~
meas

Gacr(0). (26)

Similarly, the apparent CCF is given by:

B B
Gecrapp(0) = (1— < )(1— = R )Gccp(m, 27)

Fmeas,G meas,R

where F..s; 1S the total average fluorescence intensity in the corresponding
channels. Background can be corrected using these background correlation factors
into the theoretical models to fit the experimental ACF/CCF [41, 75] or by solving
(25) [43-45]. Equation (27) assumes that both B; and By, are not correlated, and if a
correlated background signal is present it is treated as a separate species.
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3.3 Selecting Fluorescent Proteins for FCS/FCCS

Although GFP and its many variants provide sufficient coverage of the visible
spectrum, for the FCS/FCCS experiment the selection of FPs is still limited. As a
low expression level is usually required in an FCS/FCCS experiment, it is crucial
that the FPs used have high molecular brightness and are photostable. However, in
general, FPs are not as photostable and as bright compared to organic dyes or
quantum dots. Many of them have complex photodynamic processes which are not
well understood. All these factors have to be considered when deciding on an FP to
use in FCS/FCCS studies.

The enhanced GFP (EGFP) from Clontech is one of the most stable and
brightest GFP mutants and commonly used in FCS/FCCS studies but has a weak
tendency to dimerize [168]. Monomeric forms of GFP are available [76, 77].
For FCCS, a red FP is needed to pair up with EGFP to reduce crosstalk. Often
mRFP1 [78] has been used to partner with EGFP [33, 38, 39, 43-45]. In recent
years, mCherry [79], reported to be more photostable than mRFP1, is also
increasingly used [41, 42, 80, 81]. However, red FPs have disadvantages because
of their complex photodynamics and poor photostability. Just like organic dyes,
FPs can transit to triplet states and flicker/blink depending on the environment
and measurement conditions. These photodynamic processes can be much slower
and more complex than in typical organic dyes. These, thus, show up as an
additional shoulder in the medium correlation time region and can influence the
shoulder of the diffusion process in the ACF. Extracting the diffusion time and
actual amplitude of the curve becomes complicated. In fact, the first few FCS
experiments using GFP looked at its photodynamics [21, 29, 82]. Investigation
into the photodynamics of YFP [30] and the tetramer DsRed [31] soon followed.
Because YFP has a strong blinking behavior and is less photostable than GFP, it
is less often used. The red FPs, mRFP1, mCherry, and mStrawberry also have
complex photodynamic processes that can complicate data analysis [83]. More-
over, not all of the expressed proteins are fluorescent; 60% of mRFP1 has been
reported to be in a dark state [84], while 50% of mCherry is not matured, at least
in yeast [41]. A recently developed FP, mKeima, with a large Stokes shift can be
coupled with ECFP to perform SW-FCCS [85]. Limited by the selection of
monomeric RFPs suitable for FCS/FCCS, mCherry is the best available choice
as a partner for EGFP at the moment.

3.4 Working with Organisms

The challenges mentioned so far are common in cell cultures and in organisms.
When measuring in vivo, there are some additional issues that require particular
attention. The most common problem is the working distance of the technique.
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Even for a transparent tissue, for example the zebrafish embryo, tissue will still
cause scattering and absorption which prevents the detection of sufficient photons.
TPE, which will be discussed in the next section, has been proposed to overcome
this. However, the increase in photobleaching at the laser focus and saturation
effects have restricted its application in FCS [86—88]. In some cases, excision of
tissue or dissection of the animal, i.e., ex vivo conditions are required to overcome
this problem [89, 90].

Distortion of the focal volume due to variations in refractive index in thick tissue
is another problem. Since the size of the effective volume is typically determined by
a calibration measurement in solution, it is uncertain how accurate this calibration is
for in vivo measurements. The reliability of experimentally determined diffusion
times and concentrations depends largely on knowing the exact size of the volume
in the actual sample. The distortion of excitation volumes extends to DC-FCCS.
Since two different wavelengths are used, the distortion and chromatic aberration
for each volume are different. SW-FCCS and TPE-FCCS are two methods that use
a single wavelength for excitation to partially avoid this problem. The issue of
distortion of the focal volume in vivo can be addressed using two-foci cross-
correlation spectroscopy (TFCCS) covered in the next section.

Natural movements of the organism during measurement introduces artifacts
or complicates data analysis as it distorts the ACF; hence, measurement near the
heart should be avoided [90]. Depending on the organism, anesthetics are avail-
able to immobilize the organism (see, for instance, the study of tricaine in
zebrafish [91]).

Figure 5 illustrates the issue of protein expression levels in organisms. Figure Sa
shows a confocal image of zebrafish embryo expressing a membrane receptor,
Cxcr4b, tagged with EGFP. Different regions of the embryo express different
amounts of the protein. FCS can only be performed in those that are low in
expression. Hence, cells suitable for FCS may not be visible under the normal
settings for imaging. Figures 5b and ¢ shows a Drosophila embryo expressing

Fig. 5 (a) Zebrafish embryo expressing a membrane receptor Cxcr4b-EGFP. The scale bar
represents a size of 100 um. (b) Drosophila embryo showing motor neurons expressing cytosolic
EGFP. The scale bar represents 10 um. (¢) Drosophila embryo showing motor neurons expressing
mCDS8-EGFP membrane-targeted protein. The scale bar represents 5 pm
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Fig. 6 (a) ACF of the membrane receptor Cxcr4b measured in a zebrafish embryo. (b) ACFs
(cross and dash) and CCF (diamond) of a tandem mRFP1-EGFP positive control, where both
mRFP1 and EGFP are excited simultaneously using a 515 nm laser (SW-FCCS) in a zebrafish
embryo. (¢) ACF of cytosolic EGFP expressed in a Drosophila embryo. (d) ACF of membrane-
targeted EGFP-mCD8 in a Drosophila embryo

cytosolic EGFP and membrane-targeted EGFP-mCD8 mouse protein in the motor
neurons, respectively. The background noise in Fig. 5b and c is due to the tuning of
the detector on the laser scanning microscope to very high sensitivity to detect the
low expressed proteins. In general, detecting expression levels suitable for FCS is
different from normal confocal imaging conditions. If the tagged proteins are
introduced exogenously instead of a transgenic line, suitable amount of the injected
mRNA or plasmid and the time in which FCS is to be performed when the protein is
expressed at a suitable level are critical.

Figure 6 contains some example of FCS/FCCS measurements in vivo. Figure 6a
is an ACF of the membrane receptor Cxcr4b measured in zebrafish embryo, while
Fig. 6b is an FCCS experiment of a tandem mRFP1-EGFP positive control. These
tandem FPs are commonly used to define the upper limit of an FCCS experiment.
The ACFs of cytosolic EGFP and membrane-targeted EGFP-mCD8 expressed in
Drosophila embryo are shown in Fig. 6c and d, respectively.
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4 FCS and FCCS Modalities

4.1 Two-Photon Excitation

In TPE, the fluorophore absorbs two photons within a very short time (<10~ s).
The sum of the two photons’ energies is the energy required for excitation. This
means that light with a twice longer wavelength can be used to excite the same dye
compared to OPE. However, the probability of TPE is very low, and the photon
emission probability increases quadratically with the excitation intensity. Therefore,
a more expensive high energy femto- or pico-second pulsed laser is needed to
generate the high flux of excitation photons required. Only a small localized region
at the laser focus (~1 fL) has the intensity high enough for TPE. This gives TPE real
3D sectioning without the need of any spatial filters such as a pinhole.

TPE microscopy was introduced [92] to take advantage of the 3D sectioning.
The localized excitation reduces photobleaching in the bulk of the sample as well as
reduction of photodamage to a living cell. The longer wavelength used, typically in
the infrared region, provided deeper tissue penetration. Hence, TPE is suitable for
thick tissue imaging. TPE was combined with FCS on live cells [93, 94]. A unique
feature of TPE is that the excitation spectra of many dyes overlap making it possible
to excite more than one dye using TPE at one particular wavelength. Using the dyes
Rhodamine Green and Texas Red, it was shown that it is possible to perform TPE-
FCCS using a single wavelength [65]. This removes the need for the alignment of
two lasers in DC-FCCS, making the experimental setup and concentration calcula-
tions simpler. TPE-FCCS was later applied to a fusion protein of red-shifted GFP
and DsRed [95]. Recent TPE-FCCS studies have been reported [96—101]. In these
publications, only Rosales et al. (using ECFP and EYFP) and Savatier et al. (using
mCerulean and mCherry) perform TPE-FCCS using FPs. The challenge in TPE-
FCCS for FPs is finding two suitable FPs to be optimally excited with a single
wavelength giving similar ¢ps (to minimize emission crosstalk) and low photo-
bleaching.

There are few articles comparing TPE-FCS with OPE-FCS [86, 88, 94, 102].
Despite the advantages of TPE-FCS, it suffers from poor signal-to-noise ratio (low
cps) which places the FPs at a disadvantage when compared to the higher quantum
yield organic dyes. This low cps is mainly attributed to increased photobleaching at
the laser focus and saturation effects [86—88].

4.2 Alternating Excitation

In a typical alternating excitation experiment, two dyes are alternatively excited by
two lasers at a rate much faster than their diffusion times. This requires time-
correlated single photon counting (TCSPC) to synchronize the pulsing lasers and
the photons generated by the respective laser. The main advantage of using
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alternating excitation is to avoid false positives caused by spectral crosstalk in
FCCS as well as to avoid the hassle of mathematically accounting for crosstalk as
shown in Sect. 2.2. This is helpful in the case of FPs which usually have a long
emission tail. As was first shown by Thews et al., this approach removes crosstalk
from the CFP and YFP pair in FCCS [103]. This method of performing FCCS was
then expanded by Miiller et al. in the same year [104] naming the method pulsed
interleaved excitation (PIE). A similar alternating excitation scheme is alternating
laser excitation (ALEX) [105]. ALEX’s pulse is typically in the microsecond
timescale, while PIE’s pulse is in the nanosecond time scale. Hence, PIE is capable
of producing correlation function of sub-microsecond resolution.

4.3 Two-Focus Cross-Correlation Spectroscopy

Two-focus or two-beam cross-correlation uses two focal spots side by side to record
fluorescence fluctuations. It was originally applied to a system with flow. These
fluctuations can be cross-correlated to determine direction and velocity of the flow
[106—108]. The main advantage of TFCCS with regards to measurement in organ-
isms is the accurate determination of the focal volume width directly within the
tissue during measurement. Typically, the width of the observation volume is
predetermined in solution using a dye of a known diffusion coefficient. However,
when going from solution to cell cultures or in vivo, due to the refractive index
mismatch of tissue and water (typically the immersion and mounting medium used
in biological samples), the observation volume is distorted. Calibration of the focal
volume width by a dye in solution may be a poor estimate. In TFCCS, the laser
width and diffusion coefficient of the molecule of interest can be directly extracted
from the same biological sample in which the experiment is performed without the
need of any dye calibration once the distance between the two foci is known [62].

4.4 Multiplexed FCS

Multiplexed correlation spectroscopy uses more than two detection volumes to
simultaneously perform FCS in different spots. As different parts of a living cell or
organism are not homogenous, there is a need to simultaneously probe different
parts of the sample. Blom et al. used diffractive optical elements (DOEs) to create
multiple focal spots of 2 x 2 [109] and 4 x 1 [110] to perform parallel FCS in
microarrays. DC-FCCS with the 2 x 2 DOEs was later reported [111]. Takahashi
and colleagues sequentially used four foci to perform FCS either at different spots
in the same cell or in four different cells [112]. The same group later used total
internal reflection FCS (TIR-FCS) coupled with seven photomultiplier tube detec-
tors to perform FCS simultaneously on seven different spots in living cells [113].
Confocal FCS was also coupled to an electron multiplying charged coupled device
(EMCCD) camera, which is an array detector, with the intention of multiplexing
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[114]. They use this EMCCD array detection method with TIR illumination to
acquire 1,600 point measurements simultaneously [115]. An array of pinholes,
based on a stationary Nipkow disk used in a spinning disk confocal microscope,
was coupled to an EMCCD camera to achieve tens to hundreds of measurements
simultaneously [116]. Recently, the use of single plane illumination microscopy
(SPIM) in combination with fast EMCCD camera-based FCS lead to the simulta-
neous measurement of more than 4,000 contiguous ACFs in zebrafish [117].

4.5 Scanning FCS

Scanning FCS (SFCS) in general refers to scanning the laser in the sample
repeatedly either in a line [53, 62, 118-122] or in a circular pattern [123—-127]
while recording the fluorescence fluctuations. A circular scan works similarly to
TFCCS in the sense that the determination of the diffusion coefficient of the
fluorophore is achieved once the scanning radius is known without any addi-
tional calibrations [127]. The information obtained from scanning contains
spatial and temporal components of the scan. The photons can then be correlated
spatially and/or temporally. Scanning also allows the measurement of very slow
or immobile molecules [125]. Very slow diffusing molecules require longer
measurement times to acquire enough photons for statistical accuracy; hence,
scanning overcomes this problem. Many proteins especially membrane localized
proteins diffuse slowly or are immobile. Hence, SFCS allows the study of such
molecules where conventional FCS fails. Scanning also reduces the time fluor-
ophores spend in the laser focus thus reducing photobleaching.

Using a scanning mirror, Berland and colleagues combined TPE and circular
scanning to detect molecular aggregation [123]. Petrasek and colleagues compared
the photobleaching effects of TPE with and without scanning [128]. They have
shown that scanning improves the signal-to-noise ratio of TPE. They applied this
circular SFCS with TPE to study protein dynamics in C. elegans before asymmetric
cell division [126]. A series of line scanning FCS/FCCS techniques, which com-
bined TFCCS and alternating excitation, for membrane studies with the capability
to correct for membrane movements was recently developed [121, 129] and applied
in zebrafish embryos [62, 130]. Spinning disk confocal microscopy, which uses an
array of ~10,000 pinholes to quickly scan through the sample, has recently been
coupled with FCS [131].

4.6 Raster Image Correlation Spectroscopy

Raster image correlation spectroscopy (RICS) uses the images acquired from a
confocal laser scanning microscope to perform correlations instead of using a
separate FCS module. The fluorescence intensity in one of the pixels which is
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considered to be a single point measurement which can be spatially and/or tempo-
rally correlated. A review of the different types of image correlation spectroscopy
methods has been recently published [132]. Aggregation, number densities, and the
mobility of molecules can be determined from these methods. However, as the
stacks of images are acquired at different time points, the methods are suitable only
for immobile or very slow moving processes, or chemically fixed cells. RICS,
which is a type of image correlation spectroscopy developed recently, exploits
the time structure hidden during the acquisition of an image to allow one to monitor
much faster processes in the microseconds to seconds timescale [133, 134]. It has
also been extended to perform two color cross-correlation [135]. Although not yet
implemented in organisms, the results in 2D cell cultures are promising. Since
confocal imaging is routinely done in organisms, it is a matter of time before RICS
is applied in living organisms.

4.7 Imaging Total Internal Reflection FCS

Total internal reflection fluorescence microscopy (TIRFM) uses the evanescent
electromagnetic field generated when the incident laser is total internally reflected
while traveling from an optically denser to a less dense medium. This evanescent
field can project ~70-300 nm into the sample. This enables high sensitivity for
regions at the cover slide, allowing processes close to the cover slide, such as
membrane dynamics, to be studied. In addition, bulk photobleaching and phototox-
icity are reduced. TIR has been coupled to FCS (TIR-FCS) in the late 1970s and
early 1980s to study molecular dynamics near to the glass surface [136—138].
However, those measurements are limited to a single spot in the sample. Kannan
and colleagues coupled TIR with EMCCD camera-based FCS allowing the mea-
surement of whole FCS images on cell membranes [115]. As the diffusion dynam-
ics on a cell membrane are slower than in the cytoplasm, the milliseconds time
resolution of the EMCCD still allows such dynamics to be studied. This method,
imaging TIR-FCS (ITIR-FCS), was later extended to perform spatiotemporal cross-
correlation studies in cells [139]. ITIR-FCS has not been reported in organisms yet,
but a TIR-based single molecule study using YFP as a probe in zebrafish embryos
has already been reported [140].

4.8 Single Plane Illumination Microscopy-FCS

SPIM uses a thin, diffraction-limited light sheet to illuminate the specimen [141].
A second objective is placed at a right angle to the light sheet to collect the
fluorescence. This allows imaging of a whole single section of a sample. Performing
a z-scan using the light sheet generates a 3D image. In contrast to confocal imaging,
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only the observed section is illuminated; hence, photobleaching and phototoxicity
are dramatically reduced [142]. SPIM can be coupled to an EMCCD camera to
achieve multiplexed FCS at a single section of a specimen. SPIM-FCS has recently
been demonstrated in zebrafish embryo using injected fluorescence microspheres
[117]. Similar to ITIR-FCS, it is limited by the time resolution of the imaging device,
hence restricting measurements to processes at the millisecond timescale at the
moment.

5 Application of FCS/FCCS In Vivo

At the time of writing, the number of publications of FCS/FCCS being applied in
organisms is just a handful, illustrating the fact that application of this technique
in vivo is still at its infancy. To our knowledge, FCS/FCCS has been applied to animal
models such as nematodes (C. elegans), fruit flies (D. melanogaster), medaka
(O. latipes), and zebrafish (D. rerio). Some of these reports are still exploring and
optimizing the ways FCS can be applied in living tissue. Not all the reports covered
here deal with intact organism as manipulation of the organism such as excision or
dissection is required to reach regions deep inside the organism for measurement. As
FCS/FCCS are now regularly been applied in 2D cell cultures, it is a matter of time
before the technique will be used regularly in vivo.

5.1 Nematodes (C. elegans)

C. elegans is a well-studied, easy to maintain multicellular worm with a short life
cycle. Its genome is completely sequenced and many genetic tools are available.
This invertebrate animal is transparent even as an adult. Its development pattern is
well understood down to a single cell. For example, C. elegans is a good model
to study cell polarization and asymmetric cell division. C. elegans also happened to
be the first eukaryotic organism in which the GFP gene was encoded and ex-
pressed [143].

Using circular TPE-SFCS, Petrasek and colleagues investigated the diffusion
characteristics of proteins PAR-2 and NMY-2, which are related to cell division, in
the cytosol and on the cortex of the C. elegans embryo before asymmetric cell
division [126]. First, they used static FCS to measure the diffusion distribution of
these proteins in the cytosol. However, they noted that while measurement in the
cytosol was successful, measurements on the cortex was complicated due to the
failure to separate the movement of the organism and the slow diffusion time of
these proteins in the data analysis. Circular SFCS was then used to overcome this
problem as well as photobleaching and the low statistical accuracy due to the slow
motion of the molecules on the cortex. In addition to the display of the usual
temporal correlation for the whole duration of the scan, the scans can be plotted
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as the number of period of the scan against the position of the scan within a single
period. This 2D image map can be correlated spatiotemporally. This spatiotemporal
correlation can distinguish different mode of transport better compared to the usual
temporal correlation. The authors came to the conclusion that NMY-2 has the
characteristic of directed motion, while PAR-2 displays multicomponent diffusive
or even sub-diffusive behavior in the cortex.

5.2 Fruit Fly (D. melanogaster)

Fruit fly is another favorite animal model. It is small, easy to handle, has a relatively
low maintenance cost, short lifecycle, and its embryo develops outside the body.
It has many genetic methodologies, many of which have been transferred to other
animal model.

Although as early as 2004, in a conference paper, it was reported that TPE-FCS
can be applied in Drosophila imaginal wing disks to monitor the molecular
dynamics of the morphogen Dpp-EGFP [144], it was not until 2009 that FCS was
again applied in Drosophila. Bhattacharya and colleagues being interested in
chromatin organization in mouse embryonic stem (ES) cell differentiation inves-
tigated the molecular dynamics of some nuclear proteins in cell cultures as
well as in the Drosophila embryo [145]. FRAP, FCS, fluorescence loss in photo-
bleaching (FLIP), and fluorescence anisotropy were the main techniques used in
their study. As the dynamics of nuclear proteins is linked to genome regulation,
they started by comparing the molecular dynamics of nuclear-related proteins in
mouse ES cells and primary mouse embryonic fibroblasts (PMEF). FCS in
general was used to compare the diffusion time as well as the detection of
anomalous diffusion of these proteins in both cell types, while FRAP was used
to determine the amount of fluorescence that can be recovered. In the second part
of the study, a Drosophila transgenic line with a core histone protein H2B-EGFP
was used to monitor the changes of the chromatin states during development. The
core histone proteins within the developing embryo are highly mobile before
cellularization, but their mobility decreases as cellularization and differentiation
programs set in, revealing a transition from plastic to frozen chromatin assembly
during cellular differentiation.

Shi and colleagues demonstrated that by dissecting the Drosophila embryo at
stage 16, in which the transparency of the embryo is less than the earlier stages, and
mounting it on a cover glass, the exposed central nervous system can be
accessed by FCS in an ex vivo experiment [90]. A simple measurement of
diffusion time between flies expressing cytosolic EGFP and membrane-bound
protein mCD8-EGFP in the aCC/RP2 motor neurons were reported. They
showed that FCS differentiates the diffusion characteristics of the membrane-
bound mCD8-EGFP from the cytosolic EGFP in conditions very close to those
existent in vivo.
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5.3 Zebrafish (D. rerio)

Zebrafish is a popular animal model for many areas of scientific research such as
developmental biology, genetics, neurobiology, drug screening, and cancer
research. A recent review on the achievements and potential of zebrafish for
modeling human diseases, drug discovery, and development is available [146].
Reviews focusing on the area of cancer research [147, 148], drug studies [149, 150],
and transgenic lines for neurodegenerative diseases have been published. Zebrafish
is easily maintained, which makes it a low-cost vertebrate that breeds regularly
producing a large number of offspring. Its genetics is well known and hence many
genetic techniques and transgenic lines are available. The main advantage with
respect to optical studies is that its embryo is optically transparent and develops
outside the mother. This facilitates the applications of many fluorescence techniques
and in this case FCS/FCCS to study blood flow, protein mobility, and protein—protein
interactions in zebrafish embryos.

Fluid flow dynamics in organisms are thought to influence the development of
tissues and organs. Techniques such as confocal scanning microscopy and particle
image velocimetry have been used to quantify blood flow in zebrafish [151].
However, these techniques either have low spatial resolution or require the addition
of tracer particles into the blood. Pan et al. applied line SFCS at different angle with
respect to the flow channel to determine the 2D flow direction in microchannel and
applied it in zebrafish embryo blood vessel [122]. The autofluorescence in the
serum allowed determination of flow direction and velocity without any external
tagging or injection of fluorescent particles. Using a model with two flows, the
alternating slow and fast blood flows in the zebrafish cardiac cycle stemming from
systolic (contraction) and diastolic (relaxation) periods were distinguished. Exten-
sion to 3D flow was reported and tested in zebrafish embryo brain blood vessels
[152]. Later on, static FCS was used to detect the presence of blood circulation in
sinusoids of the developing zebrafish liver [153]. In another publication, the same
group compared the penetration depth of OPE and TPE-FCS, characterized flow
across blood vessels, and the mobility of a membrane receptor, Cxcr4b-EGFP, in
living zebrafish embryos [90].

Shi and colleague used single-wavelength excitation to perform static SW-FCCS
in zebrafish embryos and CHO cells to measure the apparent Ky for a Rho-GTPase
and its effector [43]. The K4 was considered to be apparent because competitive
binding from the endogenous protein, unknown interaction of the proteins of
interest with other proteins and photobleaching or dark states from the FPs influ-
ence the amount of detected complexes. The expression vectors encoding the
mRFP1-tagged constitutively active G12V form of the Rho-GTPase Cdc42 and
EGFP-IQGAPI1, which is an actin-binding scaffolding protein, were co-injected
into 1 of 16 cells of early zebrafish embryos or co-transfected into CHO cells. The
T17N dominantly inactive form of Cdc42 was used as a negative control. A single
514-nm laser line was used to excite the mRFP and EGFP, simultaneously avoiding
the uneven distortion and alignment of two lasers in the case of DC-FCCS.
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The apparent K4 was reported to be ~100 nM in zebrafish embryo, while a value of
~1,000 nM was obtained in 2D cell culture, indicating the difference of performing
the experiment in vivo and in vitro and emphasizing a need to make a radical turn
from in vitro studies toward in vivo-based applications.

In a parallel effort, Ries and colleagues developed a series of line scanning FCS/
FCCS to measure slow membrane dynamics on artificial and yeast cell membranes
[121]. The line scans were performed by scanning the laser beam horizontally in xy
direction perpendicularly through a vertical membrane at a rate much faster than the
diffusion time of the fluorophore. The linear scan path is chosen in such a way that
the detection volume spends a short time inside the membrane to minimize photo-
bleaching. The line scan containing the spatial information of the position of the
membrane was aligned and the intensity trace from the membrane extracted and
correlated. This corrects for the membrane movements which can cause data
analysis to be difficult. This approach was applied in living zebrafish embryo to
study the mobility of mRFP-labeled fibroblast growth factor receptors Fgfrl and
Fgfr4 in cell membranes of living zebrafish embryos as well as to determine their
binding affinities to their EGFP-labeled ligand Fgf8 [62]. First, scanning TFCCS
was used to study the mobility of the receptors and at the same time determine the
size of the observation volume required for the quantitation of concentrations. Next,
using the extracellular concentration determined by conventional FCS and the
concentration of receptor—ligand complexes determined by dual-color scanning
FCCS, the Kj of the receptor—ligand binding was calculated. The same group also
investigated the concentration gradients of the morphogen Fgf8 in zebrafish
embryos [130]. A morphogen provides positional information by generating a
protein concentration gradient. mRNA of Fgf§8-EGFP was injected into a single
cell at the 32-cell stage, hence restricting the source of ligand production. TFCCS
was used to investigate whether the movement of Fgf8-EGFP is by diffusion or
directed transport. The former was found to be the case. In addition, readings
taken at different distances from the source indicated that the concentration of
Fgf8-EGFP decreased with increasing distance from the source, confirming that
Fgf8-EGFP establishes a gradient. Changing the level of receptor-mediated endo-
cytosis influenced the shape of the concentration gradient. It was concluded that the
mechanism of Fgf8 morphogen involved Brownian diffusion from the source
through the extracellular space in the presence of a sink, which is generated by
endocytosis to form and maintain a morphogen gradient.

5.4 Medaka (O. latipes)

Similar to zebrafish, medaka is a well-studied fish model laying transparent
embryos. Unlike the tropical zebrafish, the medaka embryo can tolerate a wide
range of temperature from 4 to 35°C [154], and its embryos are equally, if not more,
transparent.
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Nagao et al. applied FCS, FRAP, and time-lapse LSM ex vivo using excised
portion of medaka embryo body to investigate the molecular dynamics of proteins
in primordial germ cells (PGCs) [89]. After excision of the medaka embryo tail
region, the exposed section was placed on a glass bottom dish. FCS was used
ex vivo to measure the diffusion coefficient of a granule-related protein Olvas-
EGFP expressed in PGCs in the early embryonic stages. The protein is localized in
granule-like structures in the cytoplasm of the PGC which are thought to be nuages.
Diffusion in the granules were measured by FRAP, probably due to the higher
concentration and lower mobility of Olvas-EGFP in the granules. Due to the
movement of the specimen, FCS measurements were restricted to only 3 s. Results
suggested that Olvas-EGFP shuttles between the cytosol and the granules. Upon
expression in HeLa cells, Olvas-EGFP was localized to granules similar to nuages
in medaka PGCs. It behaved similar to two other proteins of PGC granules — Nanos
and Tudor. Despite the fact that most of the study was conducted in cell culture, the
authors have shown that by manipulating the medaka sample, FCS and other
fluorescence techniques can potentially be applied to study protein dynamics in vivo.

6 Outlook

Currently, most FCS applications are still conducted in vitro despite the fact that
present technology already allows the application of FCS/FCCS in vivo. There are a
number of limitations hampering the transition to in vivo studies. On one side, there
is the problem that despite their simplicity to be used efficiently, the model animals
are much more productive in hands of trained personnel and often special holding
facilities are required. On the other side, single molecule techniques, including
FCS, remain largely inaccessible to most biological laboratories. Although there are
commercial systems available, they are not as ubiquitously available as other
biophysical techniques. And the most advanced systems, which are often the system
necessary for in vivo research, are not yet commercialized. Many modalities of
FCS/FCCS are still being developed and are usually used by only a few groups
around the world. These new FCS modalities often need self-written software
packages, require newly developed data treatment algorithms, and need handling
and maintenance by specialists. Therefore, most of the in vivo single molecule
research requires close collaborations between developmental biology and biophys-
ical laboratories.

Luckily, these days the C. elegans, zebrafish, and other developmental biology
laboratories are quite numerous, and the number of biophysical groups engaged in
single molecule research has risen considerably over the years. It is understood that
some biological problems may not be feasible to study in fish embryos or adult
worms, but many projects will gain from being transplanted into in vivo systems.
But we expect that in the future, as FCS/FCCS becomes more popular and accessi-
ble to more laboratories, we should see more studies done in vivo.



240 Y.H. Foo et al.

At the time of writing, some new FCS modalities have emerged that could
advance in vivo FCS research. The combination of stimulated emission depletion
(STED) with FCS (STED-FCS) can reduce the diffraction-limited volume allowing
higher concentration and smaller region to be measured [155]. FCS has also been
used with nearfield scanning optical microscopy [156], nano-apertures [157], and
supercritical angle illumination [158] to manipulate the observation volume. FLCS,
where contributions due to different fluorescent species can be separated based on
their lifetime and not emission wavelengths, is able to generate ACF free from
unwanted background fluorescence or individual ACFs from spectrally similar
fluorescent species as long as their fluorescence lifetime can be resolved [74, 159].
It can also separate particles with similar diffusion time, something which the
conventional FCS cannot achieve. FLCS has been applied to living cells very
recently [160]. Optical fiber-based FCS has also been developed [161-164].
Although these studies were performed in solution, optical fiber-based FCS has
the potential of measuring in remote areas of an organism. To apply such new
modalities to living organisms requires additional research and creative innovations.
The initial motivation of applying FCS/FCCS or single molecule techniques in
organisms is its physiological relevance. Techniques that induce high amount
of laser radiation thus inducing photodamage and phototoxicity, or require
extensive physical manipulation of the organism to the point that they are no longer
physiological relevant should be avoided. Ideally, the measurement should be
noninvasive and use the lowest amount of radiation per photon detected as possible.
Light sheet-based illumination as used in SPIM-FCS greatly enhances the multi-
plexing capabilities of FCS, allowing the measurements of whole areas in an
organism simultaneously with greatly reduced phototoxicity [117, 142]. This allows
capturing many more measurements per organism and makes it possible to establish
FCS/FCCS images in which each pixel reports not on the fluorescence intensity but
on molecular parameters, including molecular mobility, concentration, and degree
of biomolecular interactions.

As GFPs and its variants are probably going to be the preferred choice of reporters
for studies in organisms in the near future, applications going from in vitro to in vivo
have to deal with the constraint of working with relatively lower molecular bright-
ness and photostability. Although in recent years, there has been many advances
in generating new FPs [165, 166], and the photophysical properties of GFPs are
largely understood, there are still important questions remaining. Are there complex
photodynamic processes or multiple fluorescent states in the FP used that hinder
the accuracy of monitoring the process of interest? Are all of the FPs tagged to the
protein of interest fluorescent as a result of mis-folding or non-maturing FPs? These
questions are important in FCS/FCCS as well as in any quantitative technique which
uses FPs as reporters. Since single molecule techniques are now commonly used with
FPs, some of these studies may help answer these questions.

Going hand in hand with the advances in FPs, advances in technologies such as
better detectors and optical systems, more efficient data treatment and computing
power are constantly being developed. Studies with higher spatial and temporally
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resolution can be expected in the future. With the wealth of quantitative information
FCS and FCCS can generate, they are powerful techniques to be applied in living
organisms.

7 Summary

In this chapter, we introduced the basic principles of FCS and FCCS, and the type of
quantitative information they can provide. We discussed the challenges and solu-
tions in applying FCS/FCCS in vivo using FPs as probes and introduced the
different modalities of FCS/FCCS. We reviewed the current applications of FCS
and FCCS in vivo and offer some perspective on the potential of this technique.
Despite its nearly 40-year history, FCS is steadily developing, improving, and
gaining popularity and is now successfully applied in organisms. Recent advances
in FCS aim especially at improving FCS performance in vivo. High resolution
STED-FCS makes new length scales below 100 nm and thus higher concentrations
accessible. Scanning FCS resolves problems of sample movements, protein mobility,
and photobleaching, and camera-based SPIM-FCS increases the number of simulta-
neous measurements per sample by several orders of magnitude, while reducing
significantly the phototoxicity of the measurements. The future for FCS is going to be
exciting indeed.
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Investigating the Life Cycle of HIV with
Fluorescent Proteins

Viola Baumgartel, Sergey Ivanchenko, Barbara Miiller, and Don C. Lamb

Abstract Sensitive fluorescence methods based on fluorescent proteins (FPs) are
being widely applied in the life sciences. Virology is no exception and the entry,
assembly, and release of individual viruses are being investigated in living cells
with unprecedented temporal and spatial resolution. In this chapter, we will focus
on how FPs are used to explore the interaction of the human immunodeficiency
virus (HIV) with its host cell. The first challenge is to fluorescently label the virion
without interfering with virus functionality. Once components of the virus are
labeled, processes such as entry, assembly, and budding can be directly followed
optically in live cells in real time. Using single virus tracing, the interaction of
individual viruses with the plasma membrane, virion uptake, as well as the kinetics
of HIV assembly and release have been investigated. Furthermore, a variety of
fluorescence microscopy techniques, e.g., Forster resonance energy transfer or
image correlation microscopy, as well as FPs with special properties, e.g.,
photoconvertible proteins, offer new means of gaining mechanistic insight into
processes involved in HIV replication.
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1 Introduction

Viruses are obligatory intracellular parasites, which enter suitable host cells and
rely on exploiting cellular machineries and pathways to ensure their own replica-
tion. Accordingly, close interactions of viral components with host cell factors are
involved in all stages of the viral life cycle. These interactions have to be precisely
regulated and each interaction represents a potential target for novel antiviral
strategies. During the past decade, the use of fluorescent proteins (FPs) in virology
has become an invaluable tool for elucidating the dynamics of virus—cell
interactions.

1.1 The Use of Fluorescent Proteins in Virology

Viruses strongly depend on exploiting the biochemical mechanisms and pathways
of their host cell for their own replication. Therefore, all steps of the viral life cycle
are intimately coupled to intracellular processes and the visualization of these steps
requires the identification of virions or subviral structures within the context of an
infected cell. The small size of virus particles, with capsid diameters ranging from
~20 nm for parvoviruses to ~500 nm for mimiviruses, are near or beyond the
resolution limits of traditional optical microscopy; therefore, viruses cannot be
visualized directly by conventional light microscopy. Furthermore, the viral repli-
cation cycle comprises an ecliptic phase: viral genome replication and protein
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production is preceded or accompanied by disintegration of the physical particle.
During this period, the virion does not exist as a morphologically identifiable
structure in the infected cell until virus progeny is formed in the assembly process.
While electron microscopy (EM), immuno-EM, cryo-EM, and more recently cryo-
electron tomography have been instrumental for detailed analyzes of virion mor-
phogenesis and architecture as well as for visualization of individual steps in
virus—cell interaction, these techniques provide only static images that do not
convey information regarding the dynamics of the observed processes and are
restricted to the analysis of free virions or morphologically identifiable subviral
structures within the cell.

The discovery of FPs and their adaptation to cell biology applications has greatly
expanded our possibilities to study individual events in the viral life cycle. Many
virological applications of FPs do not differ, in principle, from their use in other
areas of cell biology, e.g., the investigation of the intracellular trafficking of an
individual viral protein or its colocalization or interaction with a particular host cell
factor. Beyond that, fluorescence-labeling strategies together with advanced live-
cell imaging techniques make it possible to visualize the dynamic interactions of
individual, complete virions with a host cell. The transition from ensemble
measurements to single virus tracing (SVT) has allowed us to unravel processes
that are difficult to investigate by traditional virological techniques. Since many
individual particles may interact with one host cell in a nonsynchronized manner, it
is difficult to dissect events occurring in parallel and on a fast time scale using bulk
biochemical or virological methods. For instance, some viruses have been found to
use different pathways for cytoplasmic entry. Direct observation of individual
virions in combination with fluorescent labeling of interacting cellular proteins
can dissect different individual entry events occurring in parallel in the same host
cell and thereby distinguish between different entry pathways. Likewise, the real-
time observation of intracellular transport processes or the interaction of the virus
with a specific host factor yields information on the sequence of events and on
dynamics that is not easily obtained by any other method.

1.2 Human Immunodeficiency Virus Type 1

Although FPs are being used to investigate many different types of viruses, we will
focus here on their applications to elucidate the life cycle of Human Immunodefi-
ciency Virus Type I (HIV-1). The retrovirus HIV-1 was identified in 1983 as the
etiological agent of the acquired immunodeficiency syndrome AIDS. Its genome
consists of a +strand ssSRNA of approximately 9,800 nucleotides and encodes 15
mature protein products, most of which are components of the viral particle
(Fig. 1a, c) [4]. The spherical virion (Fig. 1c) with a diameter of ~145 nm [5, 6]
is surrounded by a lipid envelope derived from the host cell plasma membrane,
which carries the viral Env glycoprotein. Approximately 15 Env spikes, each
consisting of three dimers composed of the transmembrane protein gp41 and the
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Fig. 1 HIV-1 genome organization and possible sites of fluorescent protein insertion (a) Sche-
matic representation of the HIV genome organization. Arrows indicate cleavage sites of HIV
protease. (b) Insertion of a fluorescent protein (GFP, gray box) within the HIV-1 Gag polyprotein.
Constructs with either one [1] or two protease cleavage sites [2] flanking the FP moiety have been
described. Bold case, HIV Gag derived amino acid sequence; italics, linker sequences;
arrowheads, protease cleavage site. (¢) Schematic structure of the mature HI virion. Viral
components that have been labeled by fusion to an FP moiety (or by expression of a membrane-
targeted FP derivative in the case of the lipid envelope [3]) are highlighted in bold case. See main
text for references

surface protein gp120, are found on the viral surface [7, 8]. The inner protein shell
of the virion is constructed from ~2,500 copies of the main structural polyprotein
Gag, which makes up roughly 50% of the particle mass [9]. The Gag polyprotein
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consists of four domains — matrix, capsid, nucleocapsid and p6 — that after proteo-
lytic separation by the virus encoded protease form the structural components of the
mature virion [10]. In the mature particle, the inside of the lipid envelope is lined
with a layer of matrix, attached to the membrane through an N-terminal myristoyl
anchor and a patch of basic surface charges. A conical capsid built from capsid
molecules encases the inner nucleoprotein core, which consists of two copies of the
RNA genome, tightly condensed by interaction with the nucleocapsid domain. The
virion also contains the viral p6°*¢ protein, the virus encoded enzymes protease,
reverse transcriptase, and integrase present in approximately 125 copies per virion
and several hundred molecules of the viral accessory protein Vpr as well as small
amounts of the accessory proteins Vif and Nef (summarized in [9]). A number of
cellular proteins, most prominently actin, cyclophilin A, and ubiquitin, have also
been detected in purified viral particles [11]. The functional role of cellular proteins
incorporated into HIV particles — if any — is currently unclear in most cases.

1.3 The Life Cycle of HIV

A general overview of the life cycle of HIV is shown in Fig. 2. HIV replicates in
cells of the human immune system, the most important host cells being CD4
positive T-cells and macrophages. While several factors on the cell surface, e.g.,
heparan sulfate proteoglycans [12, 13], can mediate unspecific cell attachment,
productive HIV entry into these cells requires the specific interaction of Env with
the cellular receptor CD4 and a coreceptor molecule, most importantly one of the
cellular chemokine receptors CCRS or CXCR4 [14]. The sequential interaction of
Env with CD4 and a coreceptor molecule triggers a series of conformational
changes within gp41 that result in the fusion of the viral envelope with the host
cell membrane and release of the viral core into the cytoplasm [15]. While it was
initially assumed that productive HIV fusion occurs exclusively at the plasma
membrane, this view has more recently been challenged (see Sect. 4.1). The
structural transformations of the core following cytoplasmatic entry — a process
termed uncoating — remain currently enigmatic. HIV RT carried within the core
converts the sSRNA genome into a dsDNA form, which is subsequently transported
into the nucleus, where integrase catalyzes the covalent insertion of the proviral
DNA into the host cell genome. The finding that many mutations and conditions
that affect viral capsid stability also impair reverse transcription suggests that
uncoating and the subsequent steps are coupled, but the coordination of uncoating,
reverse transcription, nuclear import and integration, as well as the functional roles
of the viral proteins and host cell factors involved in the process are currently not
well understood. The expression of HIV structural proteins from the integrated
proviral genome is mediated by the cellular transcription and translation
machineries and regulated by the viral transcriptional activator Tat as well as the
viral protein Rev, which mediates the nuclear export of unspliced or partially
spliced viral mRNA. The late stages of assembly and release of progeny virions



254 V. Baumgartel et al.

cell to cell transmission
via nanotubes or
,virological synapses’

virus attachment,
,surfing’ of particles
along filopodia

virion uptake,

membrane fusion

_|intracellular trafficking

'\ |of incoming nucleoprotein,

| [nuclear transport
@~

Provirus

T N\06
HIV transcription
kinetics

L}
,‘, kinetics of particle formation,
S ESCRT recruitment

AN
A
@
o0~

intracellular trafficking and
interactions of virion
components (proteins, RNA)

Fig. 2 Invesitgation of individual steps in HIV replication using fluorescent proteins The HIV
replication cycle can be schematically divided into the following steps (/) Binding to the cellular
membrane surface receptor CD4 and a coreceptor molecule (CXCR4 or CCRS, respectively). (2)
Cytoplasmic entry of the viral core by fusion of the envelope with a cellular membrane (plasma
membrane or endosomal membrane). (3) Uncoating, reverse transcription and formation of the
pre-integration complex. (4) Nuclear import of the pre-integration complex and integration of the
proviral genome into the host genome. (5) Transcription and nuclear export of viral mRNA and
genomic RNA. (6) Translation of viral proteins by the host cell machinery. (7) Trafficking of
virion components to the plasma membrane and assembly of the immature virion. (8) Budding and
release of virus progeny. (9) Proteolytic cleavage of Gag followed by morphological maturation of
the virus. Boxes highlight events in virus replication that have been investigated using fluorescent
fusion proteins in conjunction with modern live cell imaging techniques

are orchestrated by the main structural polyprotein Gag. This protein is translated in
the cytoplasm and traffics to the plasma membrane, where it assembles into
spherical immature particles. Gag expressed alone is sufficient for assembly and
release of virus like particles [16]. In the viral context, Gag is also responsible for
the incorporation of the viral genomic RNA and other viral and cellular components
into the virion, as well as for the recruitment of host cell factors required for virus
budding from the plasma membrane (see Sect. 4.2). Concomitant with release,
proteolytic processing of the Gag polyprotein by protease into its functional
subunits matrix, capsid, nucleocapsid, and p6 triggers extensive morphological
rearrangements within the particle, resulting in the characteristic cone-shaped
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core structure. This converts the immature, noninfectious virion into its mature,
infectious form capable of infecting a new host cell.

2 Preparation of Fluorescently Labeled HIV-1 Particles

2.1 Labeling of HIV-1 Proteins by Fusion with Fluorescent
Proteins

A major challenge in the process of generating fluorescently labeled virus
derivatives suitable for SVT is the introduction of one or more fluorophores into
the virus without affecting virus functionality. Live-cell imaging experiments over
tens of minutes with high time resolution require the use of suitably bright objects.
However, the attachment of a large number of fluorophores can interfere with the
functionality of the virus and needs to be tested. One possibility is to use chemical
labeling strategies with synthetic, photostable fluorophores. For example, covalent
modification of viral surface proteins by amino- or thiol-reactive fluorophores,
labeling of the virus envelope by lipophilic dyes or the insertion of fluorescent
intercalators into the viral genome have been successfully applied for labeling of
different viruses [17]. However, these strategies are difficult to control and may
lead to virus preparations of varying infectivity. Genetic labeling of viruses by
insertion of a gene encoding for an FP, on the other hand, results in defined virus
derivatives whose functionality with respect to individual replication steps can be
analyzed. However, the context for insertion of an FP-encoding gene has to be
carefully selected (rationally or by random insertion followed by screening of
variants), and the resulting virus derivative needs to be well characterized with
respect to function.

The possibility that the fusion to a 27-kDa FP moiety may affect intracellular
localization, properties, or functionality of the protein of interest is a general
concern for all live-cell imaging studies and needs to be considered when analyzing
fluorescently labeled HIV-1 proteins. Beyond that, the molecular biology and
compact organization of viruses presents additional pitfalls for attempts to label
proteins in the viral context. As for other viruses, HIV-1 uses strategies of genetic
economy in order to encode as much information as possible within the limitations
of a small genome. Specifically, HIV-1 employs (1) overlapping open reading
frames (see Fig. 1a) as well as overlap of open reading frames with regulatory
RNA sequences, (2) differential RNA splicing, (3) translational frameshifting, (4)
expression of polyproteins that need to be processed in a highly organized manner
in order to produce infectious virions, and (5) assembly of the virion structure from
arrangements of multiple identical subunits. All of these mechanisms present
obstacles for the introduction of fp genes into the viral genome. The insertion of
the egfp gene into the HIV genome increases the length of the genomic RNA to be
replicated and packaged in viral particles by approximately 7%. Beyond that,
tagging viral structural proteins with the relatively bulky FP domain may interfere
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with the assembly of regular structures required for virion formation and/or lead to
molecular crowding within the restricted volume of the virus particle. It has been
shown that the architecture of HIV is more flexible than that of many other viruses,
which is reflected in a variable particle diameter and a wide range of the number of
Gag molecules per virion [5, 6]. Nevertheless, extensive homo- and heteromeric
interactions between HI virion components require a careful, structure-guided
selection of potential labeling sites. Furthermore, at many positions within the
HIV genome, the introduction of a foreign gene will not only change the HIV
open reading frame of interest but also at the same time introduce unwanted
modifications of other viral gene products encoded by overlapping open reading
frames and/or interfere with regulatory sequences important for virus replication.
This limits the number of potential fp introduction sites in the viral context.

A final concern for the study of human pathogens by live-cell imaging is that
unfixed samples of pathogenic viruses must be handled in certified facilities with
the appropriate biosafety level (BSL3 for wild-type HIV-1). If the required equip-
ment is not available under the appropriate biosafety level conditions, experiments
have to be performed using either fixed samples or subviral constructs containing
deletions that are officially classified for use in lower level biosafety laboratories. In
the case of HIV-1, variants with deletion of both long terminal repeat regions
express most viral proteins when put under the control of an exogeneous promoter
and form entry competent particles, but cannot undergo reverse transcription. Such
variants may be classified for use under relaxed biosafety conditions.

It is not always necessary to work with the full viral construct. Depending on the
questions to be addressed, the expression of an individual FP-tagged viral protein
may suffice. HIV-1 Gag by itself can directly assemble and be released as virus-like
particles, and CMV promoter-driven expression constructs encoding codon-
derivatized versions of Gag that allow the expression of HIV-1 Gag independent
of the viral Rev protein [18, 19]. In this context, a FP of choice can be fused to the
Gag C-terminus [20, 21]. It should be noted, however, that codon-optimized, Rev-
independent versions of Gag are expressed in very high levels in transfected cells
and, along with codon optimization or the addition of heterologous RNA export
signals, can influence the intracellular localization of Gag (e.g., [22, 23]). Further-
more, other viral components involved in the process of particle formation as well
as the generation of mature viruses cannot be investigated using this approach. This
problem can partly be circumvented by exogeneous expression of a tagged version
of the protein of interest together with the wild-type virus, thereby leaving the
sequence and stoichiometry of the endogenous viral gene products unaltered. In the
case of HIV-1, it has been shown that the viral Gag and Gag-Pol polyproteins as
well as the viral Env glycoprotein are incorporated into the virion upon exogeneous
co-expression. Furthermore, the accessory protein Vpr, which is present in several
hundred copies in the mature virion [24], is targeted to the budding site through
specific interaction with HIV-1 Gag [25]. This property has been exploited to
package various fusion proteins into HIV particles. FP-tagged versions of Vpr itself
[26, 27] as well as a fusion protein that mediates the incorporation of integrase-GFP
into the virus through transient, HIV protease-sensitive fusion to Vpr [28] have
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been successfully used to label the inner core of HIV particles and follow core
components subsequent to HIV cell entry. Pseudotyped particles carrying a labeled
version of the viral Env protein would also be of interest for the analysis of HIV
entry or assembly. However, while functional FP tagged variants of Env have been
successfully developed for other retroviruses [29], this is not the case for HIV-1.

Despite the numerous pitfalls and difficulties in labeling viruses with FPs, many
successful fluorescently labeled constructs of different proteins in HIV-1 have been
developed. In the case of HIV-1 Gag, it is possible to introduce a fluorescent label to
the polyprotein in the authentic viral context (Fig. 1b). Structural and cryo-EM
analyzes revealed, that the Gag polyprotein displays a modular architecture in
which the folded domains of its functional subunits are connected by extended
flexible linker regions [10]. In the assembly process, Gag molecules are aligned in a
parallel fashion in patches of local order, resulting in an area of low protein density
between the layers of the folded domains of matrix and capsid in the immature
particle [30]. Further, the immature Gag shell is not a completely closed sphere, but
the Gag layer encompasses only ~2/3 of the lipid envelope, leaving a large gap of
low protein density [9, 31]. This structural flexibility allows the introduction of
additional proteins within the extended and flexible C-terminus of matrix. Small
insertions directly upstream of the matrix-capsid cleavage site are tolerated without
affecting viral infectivity in tissue culture [1, 32], but even the introduction of the
complete GFP domain, which adds more than 50% to the molecular mass of the
Gag protein, is possible. The FP-labeled virus is infectious, but infectivity is
significantly reduced. However, wild type morphology and infectivity is restored
upon cotransfection of the modified construct with wild-type provirus in equimolar
amounts [1]. While this strategy does not allow us to follow the virus through a
complete replication cycle or multiple rounds of replication, labeled particles for
the study of virus entry can be produced, or the release of virions from transfected
cells can be observed. A derivative of this construct that carries an additional
protease cleavage site between matrix and eGFP (HIV'°?) has been reported to
display increased infectivity and sustain virus replication in MT-4T-cells [2].

Finally, labeling strategies have been developed that allow detection of specific
RNA molecules by fluorescence microscopy [33]. In order to follow HIV RNA in a
live cell, the viral genome — or a deleted variant thereof retaining the structural
element required for virion incorporation (psi) — can be tagged with multiple copies
of RNA stem-loop sequences acting as specific and high affinity binding sites for
the bacteriophage MS2 coat protein or the E. coli antitermination protein BglG,
respectively. Coexpression of these binding partners as FP-tagged derivatives then
results in specific attachment of fluorescent labels to viral RNA molecules, which
made it possible to study the dynamics of HIV RNA trafficking and Gag-RNA
interactions by live cell imaging [34].

The selection of an optimal labeling strategy strongly depends on the question to
be addressed. If the aim of the study is to investigate the dynamics of an individual
viral protein or its interactions with cellular factors, the optimal strategy may be to
express an FP-tagged version of this protein of interest by itself. This has for
instance been exploited to study intracellular localization and interactions of the
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accessory proteins Tat [35] or Rev [36]. For the investigation of virus particle
assembly, FP-labeled Gag will in most cases be a good choice, since this protein is
centrally involved in the processes of particle formation and release. Interactions
between other viral components, e.g., RNA, with viral budding sites can then be
followed by introducing a differently colored label to this other component of
interest. Due to the high number of molecules incorporated per virion, FP-tagged
Gag expressed in the viral context is also the best strategy if the experiment requires
a bright labeling of individual particles with a single color (for example, for
following virus cell attachment or cell to cell transfer). For experiments that require
a distinction between complete virions and subviral nucleoprotein complexes
resulting from virus cell fusion, however, a combination between a labeled compo-
nent of the inner core of the virion (integrase or Vpr) and a differently colored lipid
membrane marker (e.g., SI5-mCherry, [3]) is required. This principle may be
expanded to triple labeling strategies (e.g., including a label at matrix) in order to
separately follow virion components in the process of entry.

2.2 Preparation of Fluorescent Virus Particles for Studies
of Virus—Cell Entry

HIV entry studies can be performed by addition of purified and characterized
fluorescently labeled particles to host cells. The most convenient method providing
high particle yields is the transfection of 293T cells with a suitable labeled virus
derivative. By cotransfection of several different constructs, virus particles carrying
multiple differently colored labels attached to different viral proteins (e.g., Matrix.
mCherry or a myristoylated FP lining the envelope and eGFP.Vpr in the viral core
[3, 26] can be generated. Labeled virions can be purified from the supernatant of
transfected cells by ultracentrifugation through a 20% (w/w) sucrose cushion or by
use of size exclusion chromatography spin columns. It should be noted that both are
rather crude purification methods and the resulting virus preparations may contain
significant amounts cellular vesicles and pelletable cell debris — though invisible in
the live cell imaging analysis if they do not contain the fluorescently labeled viral
protein(s). More rigorous purification methods, in particular separation through
iodixanol gradient centrifugation [37], will remove membrane vesicles and other
impurities. However, this is not recommendable for virions intended for SVT studies
because such treatment also affects virus infectivity. Rather, the amount of impurities
can be limited by using appropriate transfection procedures (the standard CaPO,
transfection method is preferable to using polyethyleneimine or most lipofection
reagents) and by harvesting after relatively short incubation times posttransfection
(24-30 h). Purified virus particles should be resuspended in PBS supplemented with
10 mM Hepes pH 7.2 and 10% FCS and stored in aliquots at —80°C; repeated freeze-
thaw cycles must be avoided. Necessary quality control for particle preparations
includes (1) the determination of virus concentration by enzyme-linked immuno-
sorbent assay or quantitative immunoblot using antiserum raised against HIV-1
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capsid, (2) recording of the appropriate fluorescence spectrum under standardized
conditions, and (3) immunoblotting using various antisera to detect the labeled viral
protein of interest, to monitor overall particle composition as well as to ensure
proper proteolytic maturation of Gag. In our work with double labeled HIV
derivatives, we had observed that Gag maturation was impaired upon incorporation
of larger amounts of eGFP.Vpr [26]; this may also be the case upon incorporation
of other labeled protein derivatives. Since proper Gag maturation is a prerequisite
for HIV infectivity, it should be controlled to ensure the quality of virion
preparations. (4) In the case of multilabeled particles, colabeling efficiency needs
to be determined from images of particles bound to glass cover slips recorded
under standardized conditions and automatically evaluated using e.g., an ImageJ
plugin [26].

2.3 Host Cells

The selection of the appropriate host cell is crucial for SVT analyzes. Both, the
questions to be addressed as well as potential limitations of the experimental setup
need to be considered. For conceptual reasons, it is always preferable to employ
natural target cells of the virus — e.g., T-cell lines or primary immune cells in the
case of HIV. The use of such cells may be mandatory to address certain questions,
for example, intercellular transmission of virions through a virological synapse.
However, some properties of these cells can present insurmountable difficulties for
sensitive and high-resolution live-cell analyzes. Primary T-cells and T-cell lines
grow in suspension and need to be attached to a surface for continuous observation.
They display relatively high mobility and the cytoplasm is confined to a narrow
space between plasma membrane and nucleus. Thus, it may be necessary to revert
to adherent cell lines as a model for imaging experiments. The HeLa cell line is not
derived from natural target cells of HIV, but transfected HeLa cells (for studying
virus production) or HeLa derivatives carrying the HIV receptor and coreceptor (for
analysis of virus entry) have been widely used as model HIV host cell lines in
biochemical and virological studies. They may thus be employed for SVT, provided
that the model character of this setup is acknowledged.

3 Fluorescence Microscopy in Virology

Using FPs, the dynamics of the viral life cycle can be monitored in real time using
live-cell imaging. Fluorescence microscopy has the advantage over EM or bulk
biochemical or virological approaches that it is minimally invasive and the
dynamics of the process can be directly observed in real time. Current detectors
such as avalanche photodiodes, hybrid detectors, and back-illuminated CCD
cameras have quantum efficiencies over 50% (up to 95%) at visible wavelengths,
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providing high sensitivity to fluorescently labeled molecules. A few precautions
need to be taken to minimize autofluorescence of the cells. Even when working
with viruses that are labeled with hundreds of FPs, it is advantageous to use
ultrasensitive detection (with high-transmission optics and sensitive detectors) as
the excitation power used for the experiments can be reduced, minimizing photo-
toxicity effects.

Numerous microscopy methods are used to investigate the life cycle of viruses in
live cells. Wide-field (WF) microscopy has the advantage that it is fast and has the
highest sensitivity. It is often used for investigating the uptake of labeled viruses as
there is little background fluorescence from the cells. In contrast, confocal micros-
copy is the method of choice for experiments in which cells express labeled viral
proteins. The confocal geometry provides the best contrast, especially when the
fluorescence background of the cell is high. However, confocal systems are typi-
cally slow as the diffraction-limited confocal volume has to be scanned over the
region of interest. This disadvantage can be overcome with a spinning disk confocal
microscope (SDCM), where several confocal volumes are simultaneously scanned
over the area of interest, making data collection rates similar to that of WF systems.
For the observation of events occurring at the plasma membrane, total internal
reflection fluorescence (TIRF) microscopy can be used. In TIRF microscopy, the
evanescent field excites only a thin layer of ~100-200 nm above the cover slip,
keeping the background low even in samples where fluorescent molecules are
present in the cytosol. It has therefore been used to study the dynamics of HIV
budding site formation at the plasma membrane ([38, 39], see below). However,
TIRF microscopy has the drawback that only the basal membrane of the cell can be
observed. This membrane is not freely accessible to diffusing particles from the
outside medium for studying virus entry; in experiments addressing the late stages
of HIV replication, many of the released particles become trapped between the
plasma membrane and the cover slip.

There are a number of fluorescence techniques that have been combined with
microscopy to gain detailed information over viral processes in the cell. We briefly
discuss a few of them below.

3.1 Forster Resonance Energy Transfer

Forster Resonance Energy Transfer (FRET) is an excellent method for visualizing
the interaction of molecules within the intracellular environment. For details of
FRET and its use in imaging, we refer the reader to the review of Jares-Erijman
and Jovin [40]. Using CFP and YFP attached to Gag, the oligomerization of
retroviral Gag was investigated using FRET in live cells [41]. Spearman and
coworkers showed that the majority of Gag oligomerizes at the plasma membrane.
Larson et al. used a similar FRET assay in Rous sarcoma virus to demonstrate that
there is some oligomerization of Gag also in the cytosol [42]. Further work from
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Poole and coworkers used FRET in fixed cells to show that Gag interacts with
viral RNA early after expression in the perinuclear region of the cell [43]. These
few examples serve only to illustrate that FRET is an important tool for studying
molecular interactions in virology and, when coupled with microscopy, can be
used to investigate the location and dynamics of these interactions in living cells in
real time.

3.2 Fluorescence Fluctuation Spectroscopy

In the early 1970s, Fluorescence Correlation Spectroscopy (FCS) was developed at
Cornell University [44, 45, 46]. Through a temporal correlation of the measured
fluorescence intensity, the timescale and amplitude of the fluctuations are analyzed
and information regarding the concentration, reaction rates, and mobility of
molecules determined. Since the development of FCS, a number of methods have
been developed based on analysis of the fluctuations in fluorescence intensity and
are referred to as Fluorescence Fluctuation Spectroscopy (FFS). A more detailed
description of these methods can be found in the chapter in this book on Fluores-
cence Fluctuation Methods by Wohland. The group of Webb used FCS to measure
the mobility of Rous sarcoma virus Gag in the cytosol [42]. Gag was found to
interact with molecules within the cytosol, showing a much slower diffusion
coefficient than measured for monomeric GFP alone.

In addition to investigating the temporal fluctuations in fluorescence intensity,
the fluctuations in the amplitude of the fluorescence intensity can also be analyzed
[47—49]. From the amplitude of the fluorescence intensity, it is possible to extract
information regarding the molecular brightness of the fluorescing molecules, which
is well suited for investigating the oligomerization of molecules. The group of
Mueller used brightness analysis to estimate the number of Gag molecules in
individual virions [50]. They found that in particle preparations from transfected
cells, the number of Gag molecules per particle depended on Gag expression levels,
varying from 750 to ~2,500 molecules per virion. The higher value is consistent
with what has been derived from electron tomography analysis of HIV [9]. Analysis
of cytosolic HIV-1 Gag by brightness analysis revealed a concentration dependent
oligomerization [51].

As the distribution of molecules in space follows the same physical principles as
the distribution of molecules at a particular position with time, the number, and
brightness of molecules can not only be determined from the temporal fluctuations
in fluorescence intensity but also from spatial fluctuations. This analysis approach,
called Image correlation spectroscopy (ICS), was developed in the group of
Petersen [52-54] and has been applied to estimate the number of VPS4 monomers
in a complex that interacts with HIV assembly sites [55] as discussed in more detail
below.
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3.3 Single Virus Tracing

In contrast to bulk virological and fluorescence experiments, SVT involves the
direct microscopic observation of individual virions in their interaction with the
host cell [17]. The pioneering work of Seisenberger and coworkers [56] has shown
that it is possible to follow single viruses over extended periods. In combination
with fast and sensitive EMCCD cameras and specific labeling techniques, fluores-
cence live-cell microscopy is able to acquire images at 30 ms per frame and localize
particles with accuracy on the order of a few nanometers. Initial SVT experiments
were performed using WF microscopy [56]. Later, TIRF microscopy was employed
as it is particularly well suited for events that occur at the cell membrane such as
HIV-1 genome recruitment to the nascent bud [34] and Gag assembly [38, 39].
More recently, three-dimensional SVT is also being performed using z-stacking
with a scanning confocal microscope such as a SDCM [57-59].

In single-virus tracing experiments, individual viruses are tracked as they
undergo particular steps in the virus life cycle such as cell entry, transport within
cells, or assembly of virus at the plasma membrane. The concentration of virus must
thus be low enough to allow a clear distinction of individual virus particles —
typically, on the order of 100 virions per cell or less. In addition, data collection
rates must be fast enough to recognize the same particles in adjacent frames.
Typical data acquisition rates vary from a few seconds for a z-stack (10-21 planes)
for three-dimensional measurements down to 30 ms per frame for fast moving
particles in a single plane. Viruses can then be tracked manually by selecting each
particle in each frame of the movie [for example, using the “ParticleAnalysis”
plugin from Image]J (http://rsb.info.nih.gov/ij/)]. However, meaningful conclusions
from SVT experiments require the analysis of datasets comprising a significant
number of individual events. This is greatly simplified by using software packages
that automate or semiautomate the tracking process. The selection of the appropri-
ate tracking software depends strongly on the preconditions in each recorded movie
like particle density, signal-to-noise ratio, or particle movement. Automatic track-
ing can be performed using programs such as the ImageJ plugin ViroTracker [60] or
commercial versions like the Velocity quantification module (Improvision, Perkin
Elmer Inc.). The important steps in tracking particles are first the localization of the
individual particles in each frame and then a correspondence algorithm that
determines the position of the individual viruses in the following frame. Correspon-
dence finding is challenging as signals from individual particles can merge, disap-
pear from the focus, new particles enter or become visible in the field of view, or
particles can change their motional behavior during the recording time. Therefore, a
given software package may need to be adjusted according to the requirements of a
particular experimental setup.

Once the trajectories of individual virions have been extracted from the movie,
the interaction of viral proteins with each other or with components of the cells can
be investigated. Interactions can be visualized through changes in the motional
behavior of the particles as well as through multicolor experiments where potential
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interaction partners and/or cellular organelles have been labeled in a different color
and monitored in different channels.

4 Elucidating the Life Cycle of HIV-1 with Fluorescence
Microscopy

Different virus types use different strategies to infect and replicate within their
respective host cells, but a common feature of all viral replication cycles is that they
comprise numerous highly dynamic steps, ranging from cell attachment and entry
of virions, the intracellular transport and dynamic interactions of viral components
to the assembly and release of progeny virions. Fluorescence technologies are
ideally suited to investigate the dynamic aspect of these processes. Even though
FP derivatives are widely used in virology, we will mainly focus here on FP
applications used for the investigation of the HIV-1 life cycle (schematically
illustrated in Fig. 2). Different fluorescence microscopy techniques and protein
derivatives are presented as possible strategies to elucidate dynamic or mechanistic
details of each HIV-1 replication step from entry over assembly to egress.

4.1 Entry of HIV-1 Virions

The delivery of the viral genome into a suitable host cell involves attachment of the
virion to the plasma membrane of the target cell, followed by viral entry mediated
through specific virus—receptor interactions. Enveloped viruses, like HIV, enter by
fusion of the envelope with a cellular membrane. Depending on the virus, this may
either occur by direct fusion at the plasma membrane or through uptake by clathrin-
dependent or -independent pathways [61, 62] followed by fusion from within the
endosomal compartment. The latter pathway is mandatory if the viral fusion
mechanism is triggered by low pH, as in the case of influenza virus. However, the
mechanism of endocytic uptake may differ and the same virus may exploit different
pathways in parallel or switch between them depending on cell type or in response
to inhibition. Using SVT, it is possible to differentiate between entry pathways,
even if they occur in parallel on the same cell. For example, SVT experiments
revealed that clathrin-dependent as well as clathrin-independent pathways can be
used for productive entry of influenza virus [63].

For HIV, initial attachment can be nonspecific, i.e., independent of the binding
of the viral Env protein to the cellular receptor. Using HIV labeled with eGFP
within Gag, we investigated the interaction of HIV with HeLaP4 cells stably
expressing CD4 and the viral coreceptors [64]. Approximately 20% of the viruses
were immobilized immediately upon contact with the plasma membrane of the cell
and the fraction of immobilized particles was proportional to the concentration of
heparan sulfate-linked proteoglycans (HSPG) on the cell surface. In other cell types
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with lower HSPG levels, HIV-1 may exploit other nonspecific interactions
mediated by surface proteins like intracellular adhesion molecules incorporated
into HI virions (ICAMs). Low-affinity unspecific attachment can lead to nonspe-
cific endocytic uptake and degradation, but may also serve to concentrate virus at
the plasma membrane and increase the probability for the virus to encounter
receptor molecules at the cell surface followed by stronger specific binding. At
least in the case of infection of cells in tissue culture by free virions, there appears to
be a kinetic competition between association/dissociation of attached virions and
virus uptake by fusion or endocytosis [65, 66].

Specific HIV—cell interactions are mediated by binding of HIV gp120 to the
cellular receptor CD4, followed by interaction with a coreceptor molecule (CCRS5
or CXCR4, respectively). Coreceptor binding triggers conformational
rearrangements in gp41, which mediate fusion between the viral lipid envelope
and the cell membrane, allowing cytoplasmatic entry of the viral core [15].

The observations that HIV-1 Env mediated membrane fusion is pH independent,
does not require endocytosis of the viral receptor and can occur between the plasma
membranes of adjacent cells displaying Env and CD4, respectively [97, 98, 99] led to
the assumption that the plasma membrane represents the site of productive HIV-1
fusion. Efficient uptake of HIV-1 by endocytosis has been observed, but was initially
considered to be nonproductive. However, evidence from virological analyzes [67]
indicated that productive endocytic entry can occur at least in some cell types. More
recently, endocytosis, followed by pH-independent, receptor-mediated fusion from
the endosome, has even been proposed to be the only productive entry pathway based
on biochemical evidence and results from SVT experiments [59]. The relative
importance of different entry pathways for HIV-1 in different cell types still requires
further exploration.

The lack of a functional FP-labeled derivative of HIV-1 Env prevents the
analysis of the dynamics of the fusion event through direct microscopic observation
of the separation of Env and viral core components. Studies using the lipophilic dye
DiD as a membrane marker and nucleocapsid-GFP as a marker for soluble content
of the virus indicated that lipid mixing occurred rapidly, while release of the viral
content was delayed and occurred on a time scale of 10 min [59, 68]. Retroviral
fusion at the plasma membrane was investigated using double labeled pseudotyped
particles carrying matrix.mCherry as a marker for the viral interior and a fully
functional YFP-tagged version of the murine leukemia virus Env protein [29].
Color separation was dependent on the fusogenicity of the Env protein and the
analysis of color separation events revealed, that fusion occurred within seconds of
virus-cell contact [69].

4.2 Assembly of HIV-1 at the Plasma Membrane of Hela Cells

As for entry, viruses can take multiple routes for exiting the cell. In the case of HIV-1,
EM analyzes have shown that release occurs by budding from the plasma membrane
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of infected cells. This is not only the case for T-cells but also for macrophages,
where an apparently intracellular budding compartment, initially proposed to be of
endosomal origin [70] has been identified as a specialized invagination of the
plasma membrane [71-73]. The plasma membrane is also the location of budding
site formation in the model cell lines used for fluorescence analysis. Consistent with
this, live cell imaging analyzes indicated that initiation of Gag assembly occurred at
the plasma membrane [74], rather than at late endosomal membranes, as had been
previously suggested. The viral genomic RNA is recruited by Gag and involved in
the assembly process. Experiments using viral RNA tagged with 24 stem loops that
bind eGFP-labeled MS2 protein of bacteriophage coexpressed with FP-tagged
HIV-1 Gag [34] showed that RNA is immobilized at the plasma membrane in a
Gag-dependent manner. Initially, Gag-FP fluorescence is undetectable, indicating
that only a few molecules of Gag are involved in the early assembling structure.
This then serves as a nucleation site for Gag shell recruitment as indicated by the
onset of Gag.mCherry fluorescence a few minutes after arrival of RNA at the
plasma membrane (Fig. 3).

The kinetics of the assembly of Gag alone [39] and Gag in the context of the
entire viral genome [38] have been investigated using either TIRF microscopy or
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Fig. 3 HIV Gag polyprotein interaction with the viral RNA genome (a) Individual assembly sites
in HeLa cells transfected with Gag.mCherry polyprotein and MS2-NLS-GFP viral RNA were
imaged using TIRF microscopy. Images showing an membrane area with several assembly sites
and the trajectories (green line) of one viral RNA punctum; before (top) and after (bottom) Gag.
mCherry bocames visible colocalizing with the previously detected RNA punctum. Images are
5x5 um. (b) Fluorescence intensity trace (in arbitrary units) of the Gag.mCherry polyprotein (red
line) and the labeled MS2-NLS-GFP viral RNA (green line), as shown in (a). The increase in
intensity of labeled RNA indicates trapping of the RNA at the membrane due to interaction with a
low number of Gag molecules and is followed by gradual recruitment of further Gag.mCherry. The
lateral velocity of the labeled RNA (black line, averaged using a sliding window of 21 frames)
decreases due to association with the nascent Gag particle [34]
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Fig. 4 Tracking assembly and release of HIV particles (a) Top, fluorescence intensity trace,

showing assembly and release of an individual HIV<“*Fparticle at the HeLa cell plasma membrane

recorded using TIRF microscopy (colored line). Three phases are observed: phase I (red) showing
the increase in fluorescence intensity due to the olimerization of Gag at the nascent assembly site,
phase II (yellow) showing a plateau in fluorescence intensity when Gag assembly is complete and
the virion presumably interacts with cellular components, and phase III (blue), where the fluores-
cence intensity decreases or the particle disappears. The corresponding intensity level in the wide
field trace is shown in gray. Bottom, instantaneous velocity plot of the same HIV particle shows a
strong increase in mobility of the particle in phase III (blue) in contrast to phase I (red) and 11
(yellow). (b) 2-D trajectory of the individual HIV particle shown in panel a, color coding illustrates
the three different phases. Adapted from [38]

alternating TIRF/WF microscopy, respectively. The assembly process was found to
proceed in three phases as exemplified in Fig. 4a. In phase I, Gag proteins are
recruited to the plasma membrane, indicated by an exponential increase in fluores-
cence intensity. This phase was found to be completed in 5-6 min in cells
expressing Gag.eGFP only [39] and on the order of 8—9 min when Gag.eGFP was
expressed in the context of the complete HIV genome [38]. In phase II, the
fluorescence reaches a plateau and no new Gag is delivered to the assembly site.
In phase III, a decrease in fluorescence signal is observed, often accompanied an
onset of rapid movement or disappearance of the particle.
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Gag might either be recruited to the budding site directly from the cytosolic pool
or arrive to the budding site by lateral diffusion along the plasma membrane. At first
glance, the latter mechanism may look more appealing: confining diffusion to only
two dimensions would significantly increase the rate of assembly driven by random
diffusion. However, a high affinity of monomeric Gag to the plasma membrane
might result in spontaneous formation of Gag patches lacking genomic RNA.
Instead, HIV utilizes cooperative interactions to a high degree to form genome-
containing nucleation sites. The Gag polyprotein comprises many interaction
domains which mediate Gag-membrane, Gag—Gag, and Gag—RNA interactions
[10]. For the individual interactions to work together, they should be weak enough
to avoid premature nucleation. This explains why RNA with just a few Gag
molecules attached serves as a nucleator and supports further growth of the Gag
shell.

This theory is supported by the finding that a cytosolic pool of Gag molecules,
rather than membrane-bound Gag molecules, contribute to the growing bud [38].
Here, we utilized a fusion construct of Gag labeled with the photoconvertible
fluorescent protein mEosFP [75], which undergoes an irreversible transition from
a green- to red-emitting state upon illumination at ~400 nm. Cells expressing the
Gag.mEosFP protein in the viral context were illuminated with a 405-nm laser in
TIRF mode, photoconverting plasma membrane bound Gag.mEosFP from a green-
to red-emitting state while leaving the cytosolic fraction of molecules mostly
unconverted. The newly formed viruses displayed a higher ratio of green (i.e.,
nonconverted Gag.mEosFP) to red fluorescence than the Gag.mEosFP pool avail-
able from the surrounding membrane, indicating that Gag is mostly recruited
directly from the cytosol to the assembly site.

4.3 Egress of HIV-1 Virions

By tracking individual HIV-budding sites, we can follow the virus through the
assembly process. Fig. 4b shows the trajectory of an HI virion from initiation of
assembly to release. As we have observed for many individual budding sites, the
transition from Phase II to Phase III is accompanied by a pronounced increase in the
motility of the virion. In this particular case, the particle could be tracked for several
frames before disappearing. From the mean-squared-displacement analysis of the
trajectory of the virion, we calculated a hundred-fold increase in the diffusion
coefficient of the particle upon the onset of Phase III. The characteristics of the
mean squared displacement indicate Brownian motion, revealing that the particle
diffuses freely outside of the cell. The observation that the diffusion coefficient is
lower than measured for virions in free solution can be explained by trapping of the
particle in a pocket between the cover slip and the plasma membrane.

To determine if the assembly and release rates were influenced by the geometry
of the TIRF setup, control experiments were performed on the dorsal plasma
membrane using a SDCM. Fig. 5 shows the fluorescence intensity and three-
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Fig. 5 HIV assembly and release using 3-D particle tracking (a) Top, fluorescence intensity trace
of an individual assembling HIV°S*™ particle. Bottom, corresponding instantaneous velocity plot
of the same particle; both datasets were obtained from the full 3D information from SDCM
images, smoothed over 3 frames. (b) 2-D projection of the SDCM trajectory overlaid on top of
the projected image, arrowhead marks the beginning of the trajectory, scale bar 1 pm. (c¢) 3-D
representation of the trajectory, shown in panel b, that takes into account the z-position of the virus
particle . The membrane surface is shown in gray. In all panels the color coding is according to the
three assembly phases shown in Fig. 4. Adapted from [38]

dimensional trajectory of an HIV particle from initiation to release. No difference in
the assembly rates or release rates was detected when comparing measurements
from the ventral or dorsal membranes of the cell.

At present, particle release can only be detected based on changes in the
motional behavior of the virion. Released particles that stay immobilized at the
plasma membrane are therefore not classified as release events and this potential
bias to the statistics needs to be considered. However, a sufficient number of release
events were detected to gain significant statistics regarding the release process,
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although the exact time point of release is unclear. The development of more
sophisticated fluorescence techniques utilizing special properties of FPs to detect
release events with more accuracy is currently under way.

4.4 Interaction of HIV-1 Particles with ESCRT

During HIV-1 budding, the cellular ESCRT machinery (Endosomal Sorting Com-
plex Required for Transport; [76]), consisting of four heteromeric complexes
(ESCRT-0 to -III), promotes virion release from the infected host cell [100]. This
machinery is involved in a number of cellular membrane fission events, most
importantly the formation and abscission of vesicles at the multivesicular body
and cytokinesis. While the interactions between components of the cellular ESCRT
machinery have been well characterized by numerous studies and the involvement
of a subset of ESCRT proteins in HIV-1 release is firmly established [76, 100], the
mechanism of action of individual ESCRT proteins in the process of HIV release
and the order of events at the viral budding site are less well understood. Fluores-
cently labeled variants of many ESCRT proteins are available, but analysis of
HIV-ESCRT interactions by live cell imaging is complicated by the fact that
most components of the ESCRT machinery, in particular ESCRT-III become
nonfunctional or dominant negative when overexpressed as FP-tagged derivatives
[77-80, 81]. Using stably transfected cells expressing low levels of individual FP-
tagged ESCRT proteins, Jouvenet and coworkers [82] investigated their arrival time
at the HIV-1 and Equine infectious anemia virus (EIAV) Gag assembly sites. They
observed that the ESCRT-I related protein ALIX gradually accumulated at EIAV
budding sites in parallel with Gag, whereas ESCRT-III and VPS4 were recruited to
HIV-1 and EIAV budding sites only after the completion of Gag assembly. In our
experiments, we focused in detail on the interaction of VPS4A with nascent
assembly sites (Fig. 6). In cells coexpressing eGFP-VPS4A and HIV™"™™ fysion
proteins, we visualized distinct fluorescent bursts of eGFP-VPS4A transiently
recruited to nascent HIV™™™ particles assembling at the plasma membrane
[55]. Independent of the cellular expression level, the number of colocalizing
eGFP-VPS4A bursts increased with the number of HIV™"™ assembly sites and
saturated at around 75% of colocalization. The coexpression of a late domain
defective mutant of HIV™™™ strongly reduced the number of eGFP-VPS4A
bursts to a basal level that was also observed in cells not producing HIV-1. Using
moment analysis [53], a type of ICS [52, 54], the number of VPS4A subunits per
bursts could be estimated from fluctuations of the eGFP fluorescence signal,
yielding a range of two to five dodecamers, which assemble from cytosolic
monomers.

To gain more insight into the dynamics of the VPS4A-HIV interaction with
respect to the overall kinetics of HIV assembly, we determined the durations of
Phase I and Phase II and scaled them to correspond to the respective averaged
duration. The resulting average kinetic scheme of HIV assembly is shown in the
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Fig. 6 Time-points of the VPS4-HIV interaction during HIV-1 budding (a) Top, mean Gag.
mCherry intensity trace adapted to the average kinetic rate, phase I indicates the assembly phase,
phase II the lag phase of the HIV-1 budding process. Bottom, histogram of all VPS4 burst positions
representing the time of VPS4 activity relative to the start of HIV-1 assembly, all bursts
colocalizing with Gag.mCherry (open bars) or single burst events (filled bars). Adapted from
[55]. (b) A model of ESCRT components at the HIV-1 budding site. The immature virus shell is
formed underneath the plasma membrane from Gag.mCherry and Gag(wt) proteins. A dome
shaped high molecular assembly of ESCRT-III narrows the membrane neck. Several dodecamers
of VPS4 transiently interact with this structure and are directly involved in the membrane scission
event

upper panel of Fig. 6b. The time at which bursts were detected in the VPS4A
channel were scaled onto the same kinetic scheme and shown in the lower panel of
Fig. 6b. eGFP-VPS4A activity, as indicated by each fluorescent burst, mainly
appeared during phase II and before the viral particles entered phase III. This
suggests a more direct involvement of VPS4A in the budding process of HIV-1
[55] than previously assumed from in vitro studies of ESCRT mediated membrane
scission within giant unilamellar vesicles [83, 84]. Involvement of VPS4 in the
release process is also indicated by the observation that ESCRT-III components
still localize to budding site in the presence of dominant negative VPS4, but fail
to catalyze virus release [82]. The findings from live cell imaging are consistent
with a model in which several VPS4 dodecamers transiently bind to and promote a
dome-shaped assembly of ESCRT-III molecules [101] constricting the membrane
neck (Fig. 6b). Promotion of dome formation as well as rapid resolution of
the structure by concerted action of several VPS4 dodecamers might contribute
to the process of membrane fission.
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4.5 Cell-to-Cell Transmission of HIV-1

Most experiments involving HIV infection in tissue culture, including most SVT
studies, have been carried out using cell-free virus. It has, however, been shown that
the efficiency of virus transmission through direct contact between an infected and a
noninfected T-cell is several orders of magnitude higher and is believed to be an
important pathway in vivo. Several different mechanisms of directed cell-to-cell
spread have been described [85, 86]. It should be noted that the transmission of HIV
between T-cells through so-called “virological synapses” [87] as well as the
transfer of virus from one cell to the other along filopodial structures [29] still
involves virus budding and specific cytoplasmatic entry of virions; thus, the
mechanisms of the actual release and entry events are presumably not fundamen-
tally different from those studied using cell-free virus.

While it is difficult to demonstrate the occurrence of HIV cell-to-cell transmission
by bulk virological or biochemical techniques, live cell imaging has the advantage
that it allows the direct visualization of transfer events. Cell-to-cell transfer of HIV
through virological synapses has been investigated using fluorescently labeled virus
[58]; however, current studies lack the spatial and temporal sensitivity required for
SVT analysis. Time-lapse fluorescence imaging of Jurkat T-cells expressing HIV'“™
showed focal accumulation of Gag leading to a 1-3 pm button-shaped disk at the
contact site between virus expressing and uninfected CD4+ T cells [58].
Cotransfection of Gag-iCerulean and Gag-iVenus constructs resulted in a high
FRET signal at the synaptic button, confirming homo-oligomerization of Gag at
these points. In 3D video microscopy using a SDCM, the complete cell-to-cell
transfer could be tracked starting from Gag-iGFP movement toward the cell
adhesion site and into the nascent synapse (0.10-0.25 pm/s). This was then
followed by the release of HIV into and distal migration (0.12 pum/s) within the
target cell. Virus transfer was coreceptor dependent as shown by inhibition by the
CXCR4 antagonist AMD3100 and led to productive infection of target cells.

The cell-to-cell transmission of retrovirus along filopodial bridges has also been
demonstrated by live-cell microscopy. Using fluorescently labeled murine leuke-
mia virus (MLV), the group of Mothes demonstrated the directed “surfing” of
individual particles along filopodia established from a noninfected cell toward an
MLV producing cell [88]. Receptor-dependent transfer of HIV-1 along membrane
nanotubes connecting infected and noninfected T-cells has also been described
[89]. The importance of these processes for HIV transmission in vivo remains to be
further characterized.

S Summary and Outlook

As for many fields in the areas of biology, biophysics, biochemistry, and medicine, the
development and application of FPs has a profound impact on virological research.
Until recently, most of the advances in virology were derived from biochemistry and
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EM experiments. Now, it is possible to perform quantitative fluorescence experiments
on viruses and analyze protein interactions, kinetics, and transport processes in real
time in living cells. While for the purpose of this chapter we have concentrated on a
handful of experiments that demonstrate how FPs are being applied to elucidate the
life cycle of HIV-1, there are many excellent investigations being performed on
different viruses using FPs [17]. The methods developed and experience gained
from HIV-1 imaging analyzes may serve to guide similar experiments with other
viruses, provided that suitable labeling strategies can be devised.

Experiments summarized above have laid the foundation for detailed
investigations of the kinetics of the processes in the life cycle of HIV-1. An obvious
extension of this research is to characterize the effect of antiviral drugs on dynamic
events in the life cycle of the virus. Beyond that, the continuous development of FPs
with distinct physicochemical properties will expand our possibilities for
investigating virus—cell interactions. Protein variants with different excitation
properties, increased photostability, and higher quantum yield are being developed
[90, 91]. The exchange of specific amino acids situated near the chromophore
center lead to so-called photochromic FPs, which can be reversibly switched
between fluorescent on and off states [92, 93]. The development of new, smaller,
in vivo labeling systems in the future will be very important for virological studies
where current fusion proteins are too bulky for labeling of some viral components.
With added functionality, it will be possible to exploit multiple fluorescence
parameters for multichannel measurements, determining particle release or moni-
toring the maturation process of the virion. In addition, specialized FP variants
allow the monitoring of environmental conditions as pH [94], calcium [95], and
redox potential [96] with high time resolution and may be employed to explore
more complex processes. In summary, FPs have become a very powerful tool in
virology, making it possible to visualize viruses and their interactions in real time
during virtually all phases of the viral life cycle and promising even more exciting
possibilities in the future.
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Halide-induced fluorescence quenching, 105
Halide ion-binding site, 101
Haloalkane dehalogenase, 195
Heart cells, action potentials, 163
Heart disease, 163
HIV-1, 249
budding sites, 267
cell-to-cell transmission, 271
Homo-tetramers, 14

|

Image correlation spectroscopy (ICS), 261
Imaging FCS, 213

Imaging total internal reflection FCS, 234
Individual molecules, 201

Indo-1, 126

Inositol 1,4,5-triphosphate, 128

lonizable site, 69

IrisFP, 3

Isophyllia sinuosa, 10

K
Kaede, 3, 12, 16, 25, 36
Kusabira Orange, monomeric (mKO), 171

L

Leptoseris fragilis, 6

Light, 3

Live-cell imaging, 3, 249
Lobophyllia hemprichii, 10, 13
Lobophyllia robusta, 10
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M

mCherry, 3, 24, 228

Medaka, FCS/FCCS, 238

Membrane-anchored proteins, mobility,
197

Membrane domains, 185

Membrane potential sensor, 163

Membrane structuring, 199

Mermaid sensor, 163, 171

Microdomains, 125

MICUI, 134

Mitochondria, 125, 133

Molecular evolution, 15

Montastrea cavernosa, 6, 7

mRuby, 3

Multicolor labeling, 24

Mutagenesis, 20

Myocytes, 164

N

Nematodes, FCS/FCCS, 235
Neuronal activity, 125
Nonratiometric indicators, 77

(0]
Oryrzias latipes, FCS/FCCS, 238

P
PALM with independent running
acquisition (PALMIRA), 37
Particle image correlation spectroscopy,
191
Peptidyl carrier protein (PCP), 194
pH, dependence, 67
indicators, 59, 76
intracellular, 59, 76
Phosphopantetheinyl transferases
(PPTases), 195
Photoactivated localization microscopy
(PALM), 25, 37
Photobleaching, 38, 40
Photoconvertible FPs, 36
Photodynamics, 35, 38
Photoprotection, 3
Photoswitchable FPs, 36
Phycobiliproteins, 6
4-(p-Hydroxybenzylidene)—5-
imidazolinone, 14
Point spread function (PSF), 83, 189
Probability distribution function, 192

281

Proteins, fGECIs, 144
interactions, monitoring, 24
tracking, 22

Protonation site, 68

Proton pathways, 59

Proton sensitivity, 59

Proton transfer, 67

Pulse-chase experiments, 25

Pulsed interleaved excitation (PIE), 232

Q
QT-screen, 163

Quenching, 105

R

Ras proteins, 185, 196

Raster image correlation spectroscopy
(RICS), 233

Ratiometric configuration, 74

Ratiometric imaging, 99

Ratiometric indicators/sensors, 78, 108

Ratiometric optical response, 73

Red fluorescent protein, 3, 11, 112, 146, 228

Reef corals, 3

RESOLFT, 37

Retroviral fusion, plasma membrane, 264

S

Scanning FCS (SFCS), 233

Signalosome, 207

Single-molecule microscopy, 185

Single-molecule widefield microscopy
(SMM), 203

Single particle tracking (SPT), 215

Single plane illumination microscopy-FCS,
234

Single virus tracing (SVT), 249, 251, 262

Spatiotemporal image correlation
spectroscopy (STICS), 191

Spectral properties, 12

Spinning disk confocal microscope
(SDCM), 260

Stochastic blinking, 40

Stroboscopic PALM (SPALM), 37

Subcellular compartments, labeling, 23

Super-resolution microscopy, 25

T
Time-correlated single photon counting
(TCSPC), 231
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TN-XXL, 137

Total internal reflection FCS (TIR-FCS),
232

Total internal reflection fluorescence
microscopy (TIRFM), 234

Tracking, single particles, 190

Two-focus cross-correlation spectroscopy
(TFCCS), 232

Two-photon excitation (TPE) fluorescence
microscopy, 85, 231

U
Umi Kinoko, monomeric (mUKQG), 171

\%
Virus
cell entry, 258

Index

Voltage sensor domain only proteins
(VSOPs), 169
VPS4-HIV, 270

w
Whole body imaging, 24
Worms, fGECIs, 138

Y

Yellow fluorescent protein (YFP), 12, 101
sensors, 107, 115

Y66 GFP chromophore, 62

V4
Zebrafish, FCS/FCCS, 237
fGECISs, 142
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