Biochimica et Biophysica Acta 1837 (2014) 1581-1593

Contents lists available at ScienceDirect

Biochimica et Biophysica Acta

journal homepage: www.elsevier.com/locate/bbabio

eGFP-pHsens as a highly sensitive fluorophore for cellular pH
determination by fluorescence lifetime imaging microscopy (FLIM)*

@ CrossMark

Franz-Josef Schmitt **, Bastian Thaa ®, Cornelia Junghans 2, Marco Vitali ?, Michael Veit ®, Thomas Friedrich ?

@ Technical University of Berlin, Institute of Chemistry, Sekr. PC 14, StrafSe des 17. Juni 135, D-10623 Berlin, Germany
b Free University of Berlin, Department of Veterinary Medicine, Institute of Virology, Robert-Ostertag-Str. 7-13, D-14163 Berlin, Germany

ARTICLE INFO ABSTRACT

Article history:

Received 11 January 2014

Received in revised form 7 April 2014
Accepted 8 April 2014

Available online 14 April 2014

The determination of pH in the cell cytoplasm or in intracellular organelles is of high relevance in cell biology.
Also in plant cells, organelle-specific pH monitoring with high spatial precision is an important issue, since
e.g. ApH across thylakoid membranes is the driving force for ATP synthesis critically regulating photoprotective
mechanisms like non-photochemical quenching (NPQ) of chlorophyll (Chl) fluorescence or the xanthophyll
cycle. In animal cells, pH determination can serve to monitor proton permeation across membranes and,
therefore, to assay the efficiency of drugs against proton-selective transporters or ion channels. In this work,

Keywords:
GF}I,)W we demonstrate the applicability of the pH-sensitive GFP derivative (eGFP-pHsens, originally termed deGFP4
FLIM by Hanson et al. [1]) for pH measurements using fluorescence lifetime imaging microscopy (FLIM) with excellent

precision. eGFP-pHsens was either expressed in the cytoplasm or targeted to the mitochondria of Chinese
hamster ovary (CHO-K1) cells and applied here for monitoring activity of the M2 proton channel from influenza
A virus. It is shown that the M2 protein confers high proton permeability of the plasma membrane upon
expression in CHO-K1 cells resulting in rapid and strong changes of the intracellular pH upon pH changes of
the extracellular medium. These pH changes are abolished in the presence of amantadine, a specific blocker of
the M2 proton channel. These results were obtained using a novel multi-parameter FLIM setup that permits
the simultaneous imaging of the fluorescence amplitude ratios and lifetimes of eGFP-pHsens enabling the
quick and accurate pH determination with spatial resolution of 500 nm in two color channels with time resolu-
tion of below 100 ps. With FLIM, we also demonstrate the simultaneous determination of pH in the cytoplasm
and mitochondria showing that the pH in the mitochondrial matrix is slightly higher (around 7.8) than that in
the cytoplasm (about 7.0). The results obtained for CHO-K1 cells without M2 channels in comparison to
M2-expressing cells show that the pH dynamics is determined by the specific H™ permeability of the membrane,
the buffering of protons in the internal cell lumen and/or an outwardly directed proton pump activity that
stabilizes the interior pH at a higher level than the external acidic pH. This article is part of a Special Issue entitled:
Photosynthesis Research for Sustainability: Keys to Produce Clean Energy.

© 2014 Elsevier B.V. All rights reserved.
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of high interest for different applications ranging from molecular cell
biology and biomedicine to photosynthesis research. In the latter ap-

1. Introduction

The measurement of pH in the cell cytosol or with high spatial
precision in cell organelles localized at specific subcellular structures is
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proach, the activity of photosystem II (PSII) can be efficiently examined
by measuring the fluorescence of chlorophyll (Chl) a, most frequently in
the form of transient fluorescence measurements by recording Chl
fluorescence induction curves imaging the transient development of
photochemical and nonphotochemical quenchers in dark-adapted
samples after excitation by intense light [2-4].

Several other techniques of fluorescence detection are used to
analyze PSII activity. Delayed fluorescence (DF) is a suitable indicator
to measure the recombination fluorescence response at the reaction
centers of PSII that can be monitored as a very weak fluorescence signal
with characteristic kinetics [5-7]. Prompt Chl fluorescence is analyzed
to obtain the rate constants for charge separation and charge stabiliza-
tion directly by evaluating time- and wavelength-resolved fluorescence
measurements with model-based kinetic analysis [8,9].
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When electrons are vectorially transferred from the lumen to the
stroma across the thylakoid membrane, protons are transferred in the
opposite direction. More specifically, when electrons in PSII are trans-
ferred from the water-oxidizing complex (WOC) via tyrosine Yz to the
oxidized primary donor P680"" in the reaction center, protons are
released into the lumen [10-12]. Therefore, the highly localized
measurement of pH changes and proton release into the thylakoid
lumen during the activity of the photosynthetic reaction centers
would complement the fluorescence data and help to establish a techni-
cal approach for monitoring the principal bioenergetic processes in
photosynthesis including proton transfer. Such an approach would be
of interest for analyzing the coupling of electron transfer (ET) steps to
proton release at the WOC [10-14]. From a more general point of
view, the electrochemical gradient for protons (the ‘proton-motive
force’) is the energy source that couples between electron and hydrogen
transfer in oxidative as well as photosynthetic phosphorylation accord-
ing to the chemiosmotic hypothesis devised by Peter D. Mitchell in 1961
[15]. Thus, the proton-motive force, either generated by oxygenic pho-
tosynthesis in thylakoid membranes of cyanobacteria or chloroplasts
of higher plants, or built-up by the respiratory chain complexes in the
inner membrane of mitochondria, ultimately empowers ATP synthesis
by FoF1-ATPases [16]. In this context, techniques that allow determining
[H"] quantitatively and with high spatial precision in vivo are critical for
the investigation of the fundamental bioenergetic processes in plants as
well as animal physiology. Moreover, the ApH built-up across the
thylakoid membrane by the complexes of oxygenic photosynthesis
also serves as a mediator for protective mechanisms that safeguard
photosynthetic organisms against the harmful impacts of excessive
light energy in order to balance between absorption and utilization of
light and, in particular, to avoid photooxidative damage. Under extreme
light, the excitation energy deposited on Chl molecules cannot
completely be fed into the photochemical quenching processes, which
results in a rise of Chl fluorescence and increased risk of formation of ex-
cited Chl triplet states and subsequent generation of reactive oxygen
species (ROS). Therefore, various mechanisms of non-photochemical
quenching (NPQ) are triggered (see [17] for review), ranging from the
light-induced and pH-dependent xanthophyll cycle [18-21], to
activation of the orange carotenoid protein (OCP) in cyanobacteria, to
the specific light-harvesting complex stress-related (LHCSR) protein in
algae and to the PsbS subunit of PSII in higher plants [22,23], which is
an independently evolved member of the LHC protein superfamily act-
ing as a luminal pH sensor [24]. In this context, the large ApH across the
thylakoid membrane (with acidic luminal pH) that builds up under ex-
treme light due to the limited capacity of the FoF;-ATPase system is the
most immediate biochemical signal for triggering NPQ mechanisms
[17], and it is responsible for the most rapidly responding energy-
(ApH)-dependent NPQ component (qE) [25,26]. Two processes are initi-
ated by acidic luminal pH: the pH-sensing PsbS protein of plants first un-
dergoes conformational changes [27] and most likely triggers a
rearrangement of PSII supercomplexes in grana [25], and then in effect,
promotes the induction of NPQ by reducing the semi-crystalline ordering
and increasing the fluidity of protein organization in the membrane [28].
Likewise, the LHCSR protein in algae functions as a pH-sensitive site for
quenching of excitation energy by a Chl-carotenoid charge transfer
mechanism [24]. Second, low lumenal pH triggers the xanthophyll cycle
[19] by activating pH-dependent xanthin deepoxidases. In the
violaxanthin cycle of plants and green or brown algae, the violaxanthin
deepoxidase converts violaxanthin via antheraxanthin to zeaxanthin,
whereas diatoms and many eucaryotic algae perform the diadinoxanthin
cycle [25]. Xanthin deepoxidases associate with thylakoid membranes at
low pH to act on their substrates [25]. Although it is known since many
years that zeaxanthin may act as a direct quencher of Chl fluorescence
[29], the mechanism by which zeaxanthin deactivates more efficiently
than violaxanthin is still not completely understood. All carotenoids
with more than ten conjugated C=C bonds have an excited singlet S;
state low enough to accept energy from excited Chl. However, the S;

state cannot be populated by one-photon absorption, but it can
be reached upon rapid internal conversion from the S, state. In vitro
determination of the energy levels of the S; state of zeaxanthin and
violaxanthin showed that both pigments have an S; state suitable for
direct quenching of excited Chl through singlet-singlet energy transfer.
Experimental evidence suggests that violaxanthin is implicated in direct
quenching of LHCII, since its particularly short fluorescence lifetime of
10 ps was found in femtosecond transient absorption experiments in in-
tact thylakoids under maximal qE [30]. Recent results emphasize that the
switch between the light-harvesting and photoprotective modes of the
light-harvesting system is antagonistically operated by zeaxanthin and
violaxanthin and that the xanthophyll cycle pool size is critical to optimize
the kinetics of NPQ [20]. Furthermore, a common quenching process
might underlie the zeaxanthin-dependent as well as the zeaxanthin-
independent gE component, most likely based upon a conformational
change within the PSII antenna, optimized by LHC subunit interactions
and synergistically tuned by external and internally bound xanthophylls
[21]. Altogether, the pH-dependent qE component of NPQ and the
xanthophyll cycles highlight the importance of organelle-specific pH
quantification techniques with the help of genetically targetable GFP
sensor proteins.

Determination of the local pH plays also an important role in imag-
ing ROS production and signaling. The nature of ROS generated during
illumination of photosynthetic organisms strongly depends on the pH
mainly in the thylakoid lumen, and, vice versa, the generation of ROS
determines the local pH. The nature of ROS leads to oxidative damage
of cellular structures and triggers delay or acceleration of the repair of
damaged cell structures. In addition, ROS also act as important signaling
molecules with regulatory functions. ROS were found to play a key role
in the transduction of intracellular signals and in the control of gene
expression and the activity of antioxidant systems. It is therefore of
highest relevance to study the interaction of ROS in dependency of the
local pH [31-35]. One prominent species of ROS formed at PSI is the
superoxide radical (O3 "), which cannot pass the membrane due to its
charge. Due to its pK, of 4.8, 05 " can get protonated at sufficiently acidic
pH and pass membranes in the form of hydroxyl radicals (HO"), which is
essential for signaling. HO" is the most reactive ROS known to biology
with a midpoint potential of 4+2.33 V at pH 7. Since the luminal pH
can reach values down to 4.5 [36], while other publications report
values between 5.0 and 5.5 [37], the dynamics of the O3 */HO" system
is still a matter of debate that might be elucidated with techniques for
highly localized pH determination [35].

Genetically encoded fluorescence proteins based on or derived from
the green fluorescent protein (GFP) and its spectral variants from
various species allow for the selective labeling of proteins and their
investigation in vivo [38-41]. Wild-type GFP from Aequorea victoria
shows a bimodal absorption spectrum with a maximum at 395 nm
and a shoulder at 470 nm. The 395/470 nm absorbance ratio is about
2.0 at neutral pH and changes in a pH-dependent manner from 6.5 to
0.42 at pH 12.2 [42]. The two maxima relate to the protonated and
deprotonated states of Tyr-66 in the chromophore triad [43,44] indicat-
ing that GFP can assume two alternative conformations: first with the
protonated chromophore, which is excited at 395 nm, and second
with a deprotonated chromophore with excitation at 475 nm [43]. It
was shown that the S65T mutation in GFP simplifies the excitation spec-
trum to a single peak at 488 nm of enhanced amplitude [45], which no
longer shows signs of conformational/protonation state isomers. Al-
though the shape of the fluorescence excitation and emission spectra
did not change with pH, the intensities decreased continuously with
decreasing pH down to 50% of maximal intensity at a pH of 6.0 [46],
but, notably, no change in the fluorescence lifetime was found in the
pH range from 5 to 10 [46].

It is assumed that chromophore protonation/deprotonation in GFP
relies on a hydrogen bond network around the chromophore that al-
lows for rapid and directed proton transfer along the protein structure
from the chromophore environment to the surrounding solvent [44,
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Fig. 1. Scheme of the multi-parameter FLIM setup based Nikon TI Eclipse wide-field fluorescence microscope (for details see text).

47]. Since these processes strongly influence the optical properties
and lead to a profound pH dependence, extensive efforts have been
undertaken to tailor the fluorescence properties of GFP for sensing
applications by mutagenesis approaches.

However, a single emission band from GFP cannot easily be
employed for pH sensing since the expression level varies strongly mak-
ing it impossible to discriminate the (variant) specific GFP fluorescence
signal from (also variant) cellular autofluorescence. The pH-dependent
lifetime changes of GFP are also small impeding the possibility to
discriminate the GFP component from the complex contributions of
cellular autofluorescence. Thus, one optimization strategy might follow
the mechanism of established exogenous fluorescence probes like
fluorescein-isothiocyanate (FITC) or carboxy-SNAFL2, which can be
used for ratiometric pH measurements [1]. The problem with these
substances is the rather unspecific cell penetration in vivo, while GFP
could directly be targeted or fused to specific target proteins for precise
sub-cellular localization and analysis in vivo. To exploit the potential of
GFP for sensing the chemical environment around the molecule, exten-
sive studies have been undertaken to develop GFP-based in vivo pH
sensors by mutational approaches. Such genetic optimization studies,
aimed at augmenting the pH dependence of fluorescence that is already
present in GFP wildtype [42,48,49], resulted in the development of the
class of ‘ratiometric’ and ‘ecliptic’ GFP-based pH sensors termed
pHlourins [43]. Also, the “dual emission” GFPs (deGFPs) belong to the
ratiometric sensor class that switch from a green (Amax ~ 515 nm) to a
blue form (N\pax ~ 460 nm) upon acidification (with decreasing pH)
[1], which has been shown to permit ratiometric pH measurements
in vivo [43,46,50-52]. The ratiometric comparison of two different
emission bands diminishes, but not completely abolishes the problem
of discrimination from the autofluorescence background, but at least,
the pH determination becomes rather independent from the expression
level.

In particular, Hanson et al. [1] investigated two candidates of the
deGFP class, the variants deGFP1 (carrying mutations S65T/H148G/
T203C, pK, ~ 8.0) and deGFP4 (carrying mutations S65T/C48S/H148C/
T203C, pK, ~ 7.3). At high pH, an excited state proton transfer (ESPT)
was suggested as an underlying mechanism which is blocked at low
pH. At high pH rapid ESPT from the neutral chromophore to the solvent
is possible. The negatively charged chromophore shifts the energetic
level of the first electronically excited state to lower energies and the
fluorescence appears green. Due to a distorted hydrogen bond network
at low pH this ESPT interrupts and the fluorescence appears blue [1].

Hanson et al. successfully employed deGFPs in different mammalian
cell lines (e.g. CHO-K1). However, the broad unspecific emission of au-
tofluorescence also complicates ratiometric techniques in cells. In the
case of large cell-to-cell variability of the GFP expression level and/or
varying autofluorescence, ratiometric detection techniques relying on
the exclusive measurement of fluorescence amplitudes are prone to
profound systematic errors. This generally requires rigorous sets of con-
trols to cope with the variances of biological matter. An alternative
would be to identify a different parameter of the deGFP fluorescence,
which allows it to discriminate from other (auto)fluorescence sources.
Such a parameter could be the fluorescence lifetime. Since the deGFP
fluorescence lifetime is characteristic, one can quantify the presence of
deGFP and determine the contribution of the background signal from
a single decay curve at a fixed wavelength.

Besides the pH value in the cytoplasmic lumen, various other reac-
tion areas such as cell organelles underlie strict pH regulation, for exam-
ple the endoplasmatic reticulum, or endocytotic vesicles in the kidney
or at synapses in the central nervous system, or phagocytotic vesicles
during the immune response. In certain cell organelles, for example
inside the interior mitochondrial membrane, the actively regulated
proton gradient is essential for the primary supply of the cell with ATP
[53-56]. For that purpose, cells contain a huge number of proton
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transporters or proton selective ion channels in the multitude of cellular
membranes. Other examples of proton transport are the proton-
potassium-ATPase of the stomach mucous membrane (gastric H*/K*-
ATPase), which is responsible for the acidification of the stomach
lumen [57,58], and the voltage-gated proton channel Hv1, which plays
an important role in phagosomes of immune cells and the motility of
male sperm [59].

Even some viruses exploit proton-transporting systems for their in-
fection or reproduction cycle. It is known that influenza viruses encode a
proton-selective ion channel in their genome (since this is derived from
the influenza A virus M2 protein, it is called the ‘M2 channel’), which is
also present in the viral envelope, and they induce its expression in
infected cells. The M2 channel is necessary for the early and in some
strains also for the late phase of the replication cycle of the influenza
A virus and especially allows for the release of viral ribo-nucleo-
protein complexes upon acidification of the virion core that occurs
after receptor-mediated endocytosis of viral particles and subsequent
endosomal acidification [60-62].

Therefore, proton-transporting membrane proteins represent im-
portant pharmacological targets. An application of in vivo pH measure-
ments with deGFPs aiming to determine the activity of the M2 channel
would demonstrate the power of fluorescence lifetime measurements
suitable for pharmaceutical studies. For treatment of infections with
influenza A viruses in Germany only two drugs, Tamiflu® (Roche) and
Relenza® (GlaxoSmithKline) are permitted, which both are directed
against the same target protein, the viral neuraminidase.

Another antiviral drug, amantadine, specifically blocks the M2 chan-
nel, but this substance is rarely used for human therapy due to its severe
side effects and the rapid emergence of resistant virus mutants [62]. By a
reliable, target-oriented, and fast-responding method for analyzing the
activity of viral proton channels, significant progress in pharmacological
research could be achieved.

The functionality of the M2 channel has so far been tested only with
laborious and complex biochemical and electrophysiological methods.
lon-selective electrodes can only be used in electrophysiological
experiments on single cells, but this method is not suitable for high-
throughput screening due to the extensive time requirements and the
need for highly specialized personnel. For example, the M2 protein
has to be expressed in the plasma membrane of oocytes of the clawed
frog Xenopus laevis (or in other cells that can be handled with electro-
physiology) and investigated using the two-electrode voltage-clamp
and patch-clamp technique [63-65].

Other approaches use purified M2 protein reconstituted into
artificial lipid membranes (liposomes), which separate two electrically
isolated compartments from each other and thus allow for the measure-
ment of the ion flow through the membrane. Besides the problem to ob-
tain a preferred orientation of the M2 protein in the reconstituted
membranes, also these methods require considerable experimental
skill and are only suitable for small numbers of substances to be tested.

To measure the activity of the M2 proton channel in eukaryotic cells
in vivo, a fluorescence-based system that could be used by the pharma-
ceutical industry for high-throughput screening in drug research would
be advantageous. The use of fluorophores based on functionalized
fluorescence proteins in general offers the most promising tool because
it also permits the application of recently developed advanced tech-
niques of ultrahigh time- and space-resolved fluorescence microscopy
for in vivo studies [66].

In the study presented here, it is shown that the fluorescence
lifetime of eGFP-pHsens is a superior parameter for the quantitative
analysis of pH in cells after excitation of eGFP-pHsens at 405 nm
allowing the simultaneous ratiometric (460 nm vs. 520 nm band) and
kinetic analysis (at 520 nm) of the fluorescence properties. Such time-
resolved spectroscopy of the pH sensitive emission has been previously
reported for the pH-sensitive exogenous fluorescence dye carboxy-
SNAFL2 [67]. An application of complementary studies employing
time-resolved measurements and spectrally resolved fluorescence

intensity with a multiparameter fluorescence setup was previously
published for applications in studying FRET efficiency [68].

2. Materials and methods
2.1. cDNA constructs and mammalian cell expression

Mutations C48S, H148C and T203C were introduced into the
eGFP cDNA within the pEGFP-N1 vector (Life Technologies) using the
QuikChange Site-Directed Mutagenesis Kit (Stratagene) to obtain
deGFP4, or eGFP-pHsens, as denoted in this work. The cDNA of the M2
protein from influenza A virus (see GenBank acc. no. CY088486, 97
amino acid sequence: MSLLTEVETPTRNGWECRCSDSSDPLVIAASIIGILHL
[LWILDRLFFKCIYRRLKYGLKRGPSTEGVPESMREEYRQEQQSAVDVDDGHF
VNIELE) was first subcloned in-frame into the pEGFP-N1 vector to ob-
tain an M2-eGFP fusion protein. Subsequently, the eGFP cDNA in this
construct was replaced by the cDNA of the red fluorescent protein
TagRFP-T (from TagRFP-T cDNA in vector pcDNA3, a kind gift of W.
Zuschratter, IfN Magdeburg) by recombinant PCR, resulting in construct
M2-TagRFP. For targeting eGFP-pHsens to mitochondria, the eGFP-
pHsens cDNA was subcloned into the pHyper-mito vector (Evrogen),
which carries the first 30 N-terminal amino acids of the subunit VIII of
human cytochrome C oxidase as mitochondrial targeting sequence, by
exchanging the cDNA of the hydrogen peroxide sensor ‘Hyper’ [41] by
the cDNA of eGFP-pHsens using recombinant PCR. All PCR-derived frag-
ments were verified by sequencing (Eurofins MWG Operon). CHO-K1
cells were transfected with cDNA of either eGFP-pHsens only or togeth-
er with M2-TagRFP cDNA in a 1:1 mixture using Lipofectamine 2000
(Life Technologies) as a transfection reagent according to the
manufacturer's instructions. Cells were used 24-48 h after transfection.

2.2. Expression and purification of eGFP-pHsens from Escherichia coli

For expression of eGFP-pHsens in E. coli, the cDNA was subcloned by
BamHI/Notl digestion into a modified pQE81L-Amp vector (Qiagen)
harboring an additional Notl restriction site. This procedure results in
a protein with an N-terminal 6xHis tag.

After transformation of the plasmid into NEB turbo cells (New
England Biolabs), liquid cultures were grown to OD 0.6 and expression
was induced by adding 100 pM IPTG. After growing cells at room tem-
perature for 48 h, cells were harvested by centrifugation yielding deeply
green-colored pellets indicating expression of eGFP-pHsens. Cell pellets
were resuspended in phosphate buffer and lysed by two passages
through a French press (18,000 psi). After removal of the cell debris
by centrifugation (24,000 xg, 4 °C), the clarified supernatant was puri-
fied on a Ni2*-Sepharose column (GE Healthcare) according to the
manufacturer's manual (20 mM Imidazol was supplemented to the su-
pernatant, as recommended). The fractions with the highest absorbance
at 470 nm were pooled and dialyzed against 50 mM Tris/HCl, 300 mM
NaCl, and 5 mM EDTA (pH 7.8).

2.3. pH calibration measurements with the purified protein and in living
cells

For measuring the fluorescence lifetime response of eGFP-pHsens
in vitro, the purified protein was suspended in PBS-equivalent
(PBSeq) solutions (137 mM Nacl, 2.7 mM KCl, 5 mM Tris, 5 mM
HEPES, 5 mM MES) titrated to varying pH values and the fluorescence
lifetime was determined by FLIM in cells or by time-resolved fluores-
cence spectroscopy on the purified protein in a cuvette.

For pH measurements in mammalian cells, CHO-K1 cells transfected
with eGFP-pHsens cDNA were transferred into PBSeq solutions (vide
supra) with varying pH ranging from pH 5.0 to pH 8.0. Nigericin
and monensin (both from Sigma-Aldrich) were added to PBSeq
solutions at a final concentration of 5 uM for both ionophores. Cells
were incubated with the ionophore-containing PBSeq solution for
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30 min to allow for the relaxation of the cytosolic pH to the external
pH. For dynamic experiments, the microscopy dish containing CHO-
K1 cells at fixed pH was washed with fresh PBSeq directly under the
microscope to change the pH of the medium.

2.4. Fluorescence lifetime imaging microscopy (FLIM)

The technique of wide-field multi-parameter (WFMP) FLIM was de-
veloped and applied for continuous and sensitive monitoring of living
cells. The WFMP-FLIM setup (see Fig. 2, [68]) is based on a Nikon TI
Eclipse wide-field fluorescence microscope equipped with 100 x (N.A.
1.4) objective. Excitation was performed with a 405 nm picosecond
laser diode driven at 20 MHz (LDH-405, Picoquant, Berlin). The pulse
train was focused on the back focal plane of the objective to achieve a
uniform illumination of the whole field of view. A dichroic cube (488-
DXCR—Cairn Research Limited, Faversham, UK) and an emission filter
(405 nm Notch, AHF Analysentechnik, Tiibingen) were used to remove
the stray light of the laser from the fluorescence signal. Three band pass
filters (460/40, 520/35 and 605/55 AHF Analysentechnik AG, Tiibingen,
Germany) were used to select the desired spectral channels for the blue
emission band of eGFP-pHsens, the green emission band of eGFP-
pHsens and the emission band of TagRFP-T, respectively. Images were
taken with an electron-multiplying CCD (EMCCD), Andor Luca (Andor
Technologies, UK). For FLIM the images were projected on a newly de-
veloped actively cooled time- and space-resolving multi-anode (MA)
photomultiplier with the highest throughput (up to 10° photons/s)
and lowest noise (<10 photons/s) for ultrasensitive wide-field observa-
tions with high time and space resolution (Leibniz Institute for Neurobi-
ology, Magdeburg, Germany). The setup allows for fast switching
between all excitation and detection modes. It is equipped with several
fully automated optical add-ons to switch between different operation
modes (see Fig. 2, [68]).

The MA detector is equipped with a double-stage microchannel
plate photomultiplier (MCP-PMT) and several separate anode elements
equipped with a novel MA-Proximity-MCP-PMT-measurement head.
These anode elements represent a charge division pattern comprising
four planar and electrically isolated electrodes and a fifth cylindrical
one surrounding the planar structure. An incident photon releasing an
electron from the photocathode leads to the amplification of the elec-
tron to an avalanche along the MCP-PMT stack. The impinging electron
avalanche on the sectorized anode is registered. As the anode elements
are divided into several electrodes each position of the initially regis-
tered photon on the photocathode leads to a certain spatial distribution
of the charges from the avalanche on the anode sectors. The combina-
tion of the measured charge on all anode elements therefore allows
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determining the position of the incident photon by the charge division
technique [68].

The average lifetime of the fluorescence decay for spatially resolved
FLIM pictures is calculated with the program QA analysis (Europhoton,
Berlin, Germany) and plotted in color representation of the average
fluorescence time to show the spatial dependency of the fluorescence
decay time (FLIM pictures).

2.5. Time- and wavelength-correlated single photon counting (TWCSPC)

TWCSPC measurements were performed with a similar setup as
described in [8,68,69] employing a Hamamatsu R5900 16-channel
MA photomultiplier tube (PMT) with 16 separate output (anode)
elements and a common cathode and dynode system (PML-16C,
Becker&Hickl, Berlin, Germany). The polychromator was equipped
with a 300 grooves/mm grating resulting in a spectral bandwidth
of the PML-16C of about 12.5 nm/channel. A 405 nm pulsed laser
diode (LDH-405, Picoquant, Berlin) was used for excitation. For
further details, see [70].

2.6. Decay-associated spectra (DAS)

The fluorescence decay was analyzed employing a Levenberg-
Marquardt algorithm for the minimization of the reduced y,” after
iterative reconvolution with the instrumental response function (IRF).
The value of y,? depends on a parameter set (ps,...,p,) of the chosen con-
tinuous fit function A(t,A\,p1,...,pn) for the temporally discrete fluorescence
points F(t,,\).

The function y,? is evaluated in each time t,, channel (v = 1, ...,

4096) after convolution of the determined fit function A(t,\,p1,...,.Pn)
with the IRF and averaged over all time channels:
4096 2
2 1 F(t,,N)—=A(t,,\,D1,...,Dp)
yeees Do G
Xr (pl ,pn Zm( F(ty,)\) ( )
A(tA\,p1,....0n) Was chosen as a biexponential decay function

N

A(EN) = a;(N)

Jj=1

(2)

with the parameters a;(A\) and 7; denoting wavelength dependent
amplitude and time constant of the jth exponential decay component
for two components (n = 2), respectively. The biexponential fits of
all decay curves measured in one time- and wavelength resolved

g

gray filter

LP filter

2

spectrometer
lens

polarizer analyzer
PML 16-C
trigger
channel
delay ‘ .
Abc || Tac \qﬁ:p /\ routing
measurement
signal

Fig. 2. Measurement setup used for TWCSPC with optical path shown in blue for excitation from the laser source via optional polarizer and short pass (SP) filter. The fluorescence light (red)
is monitored via analyzer (optional), gray filter and long pass (LP) filter into the spectrometer system connected with the MA PMT system PML-16C. The PMT signal is processed via
constant fraction discriminator (CFD), time-to-amplitude converter (TAC) and analog-to-digital converter (ADC) (see [8,68]).
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fluorescence spectrum were performed as global fits with common values
of lifetimes 7; (linked parameters) for all decay curves and wavelength-
dependent pre-exponential factors a;j(A) (non-linked parameters).
The result of this analysis is usually plotted as a graph of a;(A) for all
wavelength independent lifetimes 7; representing the so-called DAS,
thus revealing the energetic position of individual decay components.

The quality of the fit was judged by the value of y,%

For this calculation the software Globals Unlimited® (University of
[llinois, Urbana, USA) was used. It was found that a sufficient quality
of the fit could be achieved for the fluorescence decay curves of eGFP-
pHsens when the decay curves were fit with n = 2 decay components
(x2 = 1.4). No significant improvement was obtained with n > 2
decay components.

3. Results

The normalized fluorescence decay curves of eGFP-pHsens at
520 nm at different pH values, measured in CHO-K1 cells that had
been permeabilized by monensin and nigericin to achieve effective pH
equilibration of the intracellular space, are shown in Fig. 3, (panel a)
in comparison to a typical autofluorescence decay of untransfected
cells excited with 405 nm laser light (gray curve, panel a). The decay
curves were monitored at 520 nm with the FLIM setup as described in
Materials and methods. Fig. 3, (panel b) shows the same situation for
the purified eGFP-pHsens in PBSeq at different pH values measured
with the PML-16C (see Materials and methods). The fluorescence
decay of eGFP-pHsens is determined by a slow decay component
(2.6-2.7 ns), which dominates the fluorescence decay at pH 8 (magenta
curve). The contribution of a rather fast decay component (100-200 ps)
is rising in amplitude with reducing pH (black curve for pH 5.0). The
complex decay of the autofluorescence (gray curve) which exhibits a
broad lifetime distribution including species with very long fluores-
cence lifetime differs clearly from the characteristic kinetics of eGFP-
pHsens. It is important to note that the autofluorescence curve in
Fig. 3a was scaled up upon normalization. The absolute amplitude
of the autofluorescence signal compared to the eGFP-pHsens signal
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depends strongly on the expression level of eGFP-pHsens and the
applied excitation wavelength. It can vary from less than 1% up to fluo-
rescence signals that are higher in amplitude than the eGFP-pHsens sig-
nal in weakly expressing cells.

The clear separation of the different decay curves at different pH
values for CHO-K1 cells expressing eGFP-pHsens (Fig. 3 a) shows that
the fluorescence lifetime of eGFP-pHsens is a sensitive indicator for
the local pH in the range of pH 5 to pH 8. In this manner, eGFP-pHsens
is a highly suitable pH monitor for the evaluation of the pH from the
fluorescence lifetime in one wavelength section at 520 nm only. In com-
parison, the fluorescence decay curves of wild-type eGFP (Fig. 3, panel
c¢) expressed in CHO-K1 cells measured at 520 nm emission wavelength
are shown. The pH dependency is much less pronounced for eGFP and
shows a clear change of the fluorescence lifetime between pH 6.5 and
7 only. At pH below 6.5 no further acceleration of the decay kinetics
was observed.

The pH dependency of the fluorescence lifetime of a typical exoge-
nous dye used for ratiometric measurements like FITC in PBSeq (Fig. 3,
panel d) also is less suitable for measuring the pH, since there is no
remarkable change of the distribution of two clearly distinguishable
lifetimes as observed for eGFP-pHsens (Fig. 3, panels a and b). While
in eGFP-pHsens the contribution of the fast component (100-200 ps)
rises strongly upon acidification and the amplitude of this fast compo-
nent in contrast to the 2.6-2.7 ns component can be evaluated, such a
behavior is not observed in FITC (Fig. 3d). In FITC, the amplitude of the
fast component (1.3 ns at pH 5) in relation to the slow component
(2.7 ns at pH 5) is rather stable when the pH changes, but the lifetime
itself changes with pH reaching 1.7 ns (fast component) and 3.7 ns
(slow component) at pH 8 (data not shown). In fact, such a behavior
is less suitable for monitoring of pH via the fluorescence lifetime, since
also the autofluorescence shows a broad distribution of fluorescence
lifetimes and varies locally. Therefore, the error bar of the pH determi-
nation by measurement of a single fluorescence decay curve of FITC is
larger in comparison to eGFP-pHsens (data not shown).

The high count rate, which can be achieved with the novel MA detec-
tor (IfN Magdeburg), allows to achieve a S/N ratio of >100 for the spatially
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Fig. 3. Fluorescence decay curves of eGFP-pHsens in CHO-K1 cells (panel a) and in solution (PBSeq, panel b) at 520 nm. Wild type eGFP (panel c) expressed in CHO cells monitored at 520
nm and FITC in solution (PBSeq., panel d) in dependency of the pH. The measurements in living cells were performed in the multiparameter FLIM setup (Fig. 1) after excitation at 405 nm at
different pH. The measurements in PBSeq were done in solution (PML-16C, Fig. 2). Signals were normalized to the peak amplitude.
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Fig. 4. DAS of eGFP-pHsens after excitation at 405 nm and subsequent global fit with two exponential components of the fluorescence decay data in the range between 426 and 613 nm.
The DAS for pH ranging from pH = 5.0 to pH = 8.0 are shown. The amplitudes of the two exponential components are shown in black (130-200 ps) and red (2.4-2.7 ns). The DAS are
normalized to the maximum of the 130-200 ps component. The TWCSPC data was collected in 16 wavelength channels with omission of the first channel due to low S/N ratio.

integrated fluorescence decay during 1 s of measurement time, since
more than 10,000 photons are collected in the fluorescence maximum.
A big advantage is the independency of the pH determination from
count rate and S/N ratio by analyzing the relative contribution of the
fast (100-200 ps) component in comparison to the slow (2.6-2.7 ns)
component. However, it has to be mentioned that the exact time constant
and the amplitude distribution of the fast and the slow component slight-
ly depend on the environment of the eGFP-pHsens and differ systemati-
cally between solutions of the purified protein and protein expressed in
CHO-K1. Further deviation in other host organisms or different environ-
ments/status of the protein cannot be excluded. If it can be assumed
that ionophores like nigericin and monensin guarantee that the pH in
cells equilibrates with the environment which is visible well comparing
Fig. 3 (panel a, eGFP-pHsens in CHO-K1 cells) and Fig. 3 (panel b, eGFP-
pHsens in PBSeq) the calibration directly in the system of interest is
recommended by setting the host onto a specified pH after expressing
eGFP-pHsens and registering the lifetime values and amplitude distribu-
tion. This calibration has to be done for a specific analysis of the local pH
in the same organism under constant conditions for the protein expres-
sion. In other cases (if the adaption of the pH after adding ionophores is
unknown) eGFP-pHsens in PBSeq solution can be used for calibration.
To obtain a clear picture of the behavior of the fluorescence dynam-
ics of eGFP-pHsens, DAS were calculated from TWCSPC data to elucidate
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Fig. 5. Relative contributions (relative fraction, left side) and lifetimes (exact value of the
100-200 ps component shown as black squares, scaling at the right side) of both compo-
nents of a biexponential fit of the fluorescence emission from eGFP-pHsens at 520 nm after
excitation with 405 nm laser light at different pH varying from pH = 5.0 to pH = 8.0.
The black columns denote the 100-200 ps component, and the red columns denote
the 2.6-2.7 ns component. The black squares and the solid line (right axis) show the
time constant of the fast component.
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Fig. 6. Left side: Cells expressing the eGFP-pHsens protein only, without the M2 channel
and right side: Cells expressing M2 channels as TagRFP-M2 fusion protein together with
eGFP-pHsens in the cytoplasm.

the contribution of different fluorescent states in eGFP-pHsens to the
overall fluorescence signal. The DAS of eGFP-pHsens in PBSeq buffer at
varying pH values after excitation at 405 nm shown in Fig. 4 reveal
that at low pH, the fluorescence decay occurs fast with a typical time
constant of around 200 ps that shows a fluorescence maximum at
about 470 nm, which is in agreement with [1]. The fluorescence spec-
trum is untypical for the emission of GFP and shows contributions in
the blue (460 nm) and red (480 nm) of the main peak as well as a shoul-
der at 520 nm indicating that different substates are involved in the blue
emission upon excitation at 405 nm (see black squares in Fig. 4). At
higher pH, when the H-bond network in eGFP-pHsens resembles the
natural WT GFP structure, the typical GFP fluorescence spectrum rises
with main emission found at 520 nm and the typical phonon sideband
at 540-550 nm (red circles in Fig. 4). At pH 8, the fluorescence decay
is dominated by the 2.7 ns component. In addition, a significant shift
of the time constant of the fast component from 200 ps (pH 5) to
130 ps (pH 8) is visible.

Fig. 5 demonstrates the amplitude distribution of the wavelength-
dependent amplitude a;(\) evaluated at 520 nm for both exponential
decay components determined from the data fit after averaging six
measurements on two different samples. In addition, the change of
the lifetime of the fast component is shown in Fig. 5 at the scaling at
the right side (black squares). The confidence interval displays the
resulting standard deviation for a single experiment. The dominating
component with a typical lifetime of 2.7 ns at pH 8 corresponds to the
natural decay time of eGFP displaying the expected GFP spectrum at
higher pH (see Fig. 4). At acidic pH, the amount of a rapid decay compo-
nent with a lifetime of 100-200 ps increases until a ratio of 20:1 with
respect to the slow component is reached at pH 5.0. The ratio of both
fluorescence components (2.7 ns and 130-200 ps) can be used as a
ruler for the local pH in the environment of the fluorescence proteins
after measuring one decay curve at 520 nm. In the sensitive regime of
the chromophore between pH 5.0 and pH 7.0 an accuracy of 0.3 in
determining the local pH can be achieved from a single measurement

at 520 nm without background correction and autofluorescence
subtraction.

An application for fast and automated measurements of the local pH
in cells would for example be the proton exchange via viral proteins like
the M2 proton channel of the influenza A virus and the test of the effect
of antiviral drugs like amantadine. Amantadine binds to the proton
channels formed from M2 proteins and blocks the influx of protons.
To test the efficiency of such compounds, the cellular pH change or
local change of the pH in endosomes can be analyzed by FLIM of cells ex-
pressing eGFP-pHsens as depicted in Fig. 6 as concept for a screening
assay. The utilization of a TagRFP-M2 fusion protein allows controlling
the expression level and localization of the M2 channel protein. For
basic medical research, an assay as depicted in Fig. 6 would also be suit-
able to select for virus mutants in infected cells via fluorescence-
activated cell sorting (FACS) to identify cells infected with viruses,
whose M2 channels are insensitive to amantadine. This would allow
rapid development of new antiviral drugs, with lower susceptibility to
mutational resistance.

Fig. 7 presents two CHO-K1 cells transfected with eGFP-pHsens
(shown in green) in overlay with the brightfield EMCCD image (left
panel). The CHO-K1 cells were cotransfected with a fusion protein
of the M2 proton channel from influenza A virus with TagRFP-T (M2-
TagRFP) shown in red (middle panel). eGFP-pHsens is excited with
405 nm pulsed diode laser radiation, while TagRFP-T is excited with
light at 530 nm (filter 530/25, AHF Analysentechnik, Tiibingen) from a
mercury arc lamp. Both proteins (M2-TagRFP and eGFP-pHsens) are
registered subsequently in two separate color channels with a filter
wheel. The right panel of Fig. 7 shows an overlay of the distribution of
eGFP-pHsens and M2-TagRFP.

The same cells shown in Fig. 7 were monitored with the single-
photon-counting MA detector (see Fig. 8) to analyze the fluorescence
decay time. The results of such a study of cells, in which the extracellular
pH was changed from 7.4 to 5 are presented in Fig. 8. The color bar is
correlated with the average lifetime 7 of the eGFP-pHsens. The average
fluorescence decay times shown as color-coded FLIM pictures for the
spatially resolved fluorescence lifetime after acidification of the external
medium (Fig. 8) indicate how the intracellular pH of two cells express-
ing M2 ion channels changes with time. While directly after acidifica-
tion (“0 min”) the pH was determined to be 7.2 by comparing the
observed lifetime distribution with the calibration data shown in
Fig. 5, a final value of about pH 5.5 is reached after 12 min (see Fig. 8).

Fig. 9 shows a different situation, in which two cells express eGFP-
pHsens, but only one of them expresses the M2 channel, which
illustrates the differences in kinetics of the internal pH change after
acidification of the external medium depending on the presence or ab-
sence of the M2 channel. In the middle panel of Fig. 9 two cells (green)
that express eGFP-pHsens similarly can be seen. As it was schematically
depicted in Fig. 6, only one of these cells also expresses the M2-TagRFP

Fig. 7. CHO-K1 cells co-transfected with the pH-sensitive eGFP-pHsens shown in green (left panel) in overlay with the brightfield EMCCD image, and the fusion protein of the influenza
virus M2 proton channel with TagRFP-T shown in red (middle panel). The overlay of both fluorescence pictures is shown in the right panel. Scale bar: 5 um.
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Fig. 8. FLIM data of the cells shown in Fig. 7 after acidification of the external medium. Both cells were cotransfected with eGFP-pHsens and TagRFP-M2.

fusion protein due to the stochastic nature of the transfection procedure
(red color in left panel). The plasma membrane localization of the M2
protein is clearly visible in the red detection channel.

After changing the external pH, the cell expressing the M2 proton
channel changes its cytoplasmic pH much faster than the cell without
M2 channels, as depicted in Fig. 10. The left panel in Fig. 10 depicts a
situation in which both cells had been exposed and equilibrated to an
external pH of 5.5. From the color representation of the fluorescence
lifetime, it is apparent that the cell expressing M2 starts from a far
more acidic internal pH than the cell that does not express M2, which
still remained at above pH 6.0 even after 20 min of exposure to the
acidic solution. Subsequently, the external pH was shifted to pH 8. As
aresult, the internal pH in the cell coexpressing the M2 channel changes
quickly, while a much slower pH change was observed in the cell that

does not express M2. After 6 min, both cells exhibit a similar pH (see
Fig. 10), and after 10 min the M2-expressing cell reached pH 8 and
showed even a slightly higher pH than the cell expressing eGFP-
pHsens only (without M2). The color plots shown at the right side of
Fig. 10 (2 min-10 min) resemble the internal pH change only, while
the color for the external environment is kept in blue without correla-
tion to the pH for better visibility.

As mentioned above, amantadine binds to the M2 channel and
blocks the influx of protons. To test the effect of amantadine, the intra-
cellular pH change after adding amantadine at a final concentration of
100 uM was measured. Fig. 11 shows the time course of the pH change
in CHO-K1 cells expressing eGFP-pHsens and M2-TagRFP without
(black squares) and with amantadine (blue triangles) in the buffer.
In comparison, the effect of the same shift in extracellular pH on

Fig. 9. CHO-K1 cells transfected with M2-TagRFP shown in red (left panel) and the pH-sensitive eGFP-pHsens shown in green (middle panel). One of the two cells shown expresses both
transfected proteins (eGFP-pHsens and the fusion protein M2-TagRFP) while the other cell only expresses eGFP-pHsens. The right panel displays the overlay of the first 2 panels.

Cells after changing external pH to 8
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Cells atpH 5.5

2 min 3min 4 min
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Fig. 10. pH changes shown as color plot measured in the two cells displayed in Fig. 9. The pH is encoded by a chromatic color scheme, see left panel.
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Fig. 11. pH in CHO-K1 cells expressing M2 channels without (black squares) and with
amantadine (blue triangles) in comparison to control cells not expressing M2 (red circles).

intracellular pH is shown from control cells only expressing eGFP-
pHsens, but not the proton channel (red circles in Fig. 11). The confi-
dence intervals indicate the standard deviation of four different
measurements for each cell type. The pH change in cells with M2 chan-
nels (black squares in Fig. 11) shows a fast decrease upon acidification of
the external medium to pH 5. After about 10 min, the internal pH satu-
rates at about pH 5.5. Cells which do not express M2 clearly exhibit a
slower and less profound pH change (red circles in Fig. 11). They also
exhibit a retarded response of the intracellular pH after changing the
external solution to pH 5, and the time course does not seem to be expo-
nential. Upon incubation of M2-expressing cells with 100 M amanta-
dine in the PBSeq buffer (pH 5) a behavior similar to control cells
devoid of M2 channels was observed (blue triangles in Fig. 11 in com-
parison to the red circles, respectively). Within the confidence interval,
the behavior of the cells expressing M2 upon blocking by amantadine
and the behavior of the cells without M2 (control) are comparable.
These experiments show that the expression of M2 in mammalian
cells leads to a M2-specific, drastic augmentation of proton transport
across the cell membrane. The specificity of the pH response can be
seen from the fact that proton uptake is reduced to background level
in the presence of the M2-specific blocker amantadine.

Another feature of the FLIM technique applied to eGFP-pHsens is the
possibility to monitor the pH not only in the cytoplasm but also in intra-
cellular organelles like mitochondria or chloroplasts, still with high
sensitivity and good contrast just by expression of eGFP-pHsens as a
fusion protein with mitochondrial targeting sequences. In general, the
simultaneous determination of pH in the cytosol and small cellular com-
partments by external pH indicator dyes is difficult since the applied
dye may or may not be suitable to selectively reach the desired cell com-
partments such as mitochondria. In contrast, the genetically encoded
fluorescence proteins can confidently be targeted to the sub-cellular

2.5ns pH8 |

2.0ns

15ns I

pH7

structure of interest. Therefore, additional chemical properties that
allow for the penetration across cellular membranes do not necessarily
have to be considered. The specific design of the fluorescence proteins
with a suitable targeting sequence ensures organelle-selective staining.
We demonstrate such an application for simultaneous pH measurement
in the cytosol and mitochondria of CHO-K1 cells cotransfected with
eGFP-pHsens (expressed in the cytoplasm) and eGFP-pHsens targeted
to mitochondria in Fig. 12. As shown in Fig. 12, the cells exhibit clearly
distinguishable fluorescence from the cytoplasm and the mitochondria,
which appear slightly brighter than the cell cytoplasm in the intensity
picture (measured with the MA detector) depicted in Fig. 12, right
side. Closer inspection of the FLIM pictures (see Fig. 12, left side) reveals
that the pH in the mitochondria is slightly higher (around 7.8) than the
pH in the cytoplasm (about 7.0).

4. Model-based analysis of the pH change in CHO-K1 cells

The observed pH dynamics as shown in Fig. 11 can be modeled by an
apparent diffusion process of protons across the cell membrane that is
subsuming the effects that contribute to a net change of the pH concen-
tration in the cell cytosol. Starting from the free diffusion equation that
equals the continuity equation for a free particle stream for the time
derivative of the time dependent concentration c(t) inside the cell
with the “apparent diffusion” constant D

¢(t) = DAC(t) 3)

one can derive a simplification for the Laplacian of the concentration
Ac(t), i.e. the second spatial derivative of the concentration across the
cell membrane in the form of the difference between the internal
concentration ¢;(t) and the constant external concentration c4 divided
by the square of the membrane thickness Ax:

c(t)—c 1.
actt) = 16— Teo) (4)
From that simplification one achieves the general expression c;(t) =

Ae”a2" + K with the constants A and K.

K determines the equilibrium pH in the cell K = c¢., and A is deter-
mined by the boundary condition ¢;°—c.q = A with the initial pH in
the cytoplasm ¢;°:

Ci(t> = (Cio_ceq.)eiﬁt + Ceq.- (5)
Eq. (5) directly delivers the time dependent pH inside the cell lumen as

PH(1) = — log(ci(t) = — 108 (6 —Ceq )€ 2" + ¢y |- (6)

Fig. 12. FLIM images of CHO-K1 cells expressing eGFP-pHsens in the cytoplasm and additionally cotransfected with eGFP-pHsens targeted to mitochondria. The fluorescence intensity pic-
ture is shown at the right side. The corresponding fluorescence lifetime distribution is shown in the chromatic scale as depicted on the left side.
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Fig. 13. Comparison of the diffusion model as described by Eqs. (6) and (7) with the
corresponding behavior of cells with (red) and without (black) M2 channels as shown
in Fig. 11. The red solid line indicates the fit with constant diffusion coefficient (Eq. (6))
and the black solid line with time dependent diffusion coefficient (Eq. (7)).

For a given thickness of the cell membrane Eq. (6) contains two free
parameters, the “diffusion coefficient” D and the equilibrium proton
concentration c,q. As shown in Fig. 11, the pH seems to decay exponen-
tially in time after acidification of the external lumen (black squares in
Figs. 11, 13).

Fig. 13 displays the result after fitting the formula (6) to the mea-
surement data (black solid line in comparison to black squares) starting
at pH(t=0) = 7.1 (cio =79.1078 mol/l) with % =6.7 - 1074 5!
and pH(eq.) = 5.1 (Ceq. = 7.9 - 105 mol/l).

Assuming that the cell membrane has a physical thickness of 10 nm
the resulting diffusion coefficient (D) is D = 6.7 - 10~ '® cm %/s.

For the control cells not expressing M2, the temporal change of the
pH (red circles in Fig. 13) cannot be fit by Eq. (6). Instead of the purely
exponential behavior one has to assume that D is time-dependent.

The red solid line in Fig. 13 represents a fit with

A}%—sj.lo*4 s (lfexp(fl.8~1073 57! t)) (7)

5 =

In addition, a slightly higher starting pH(t=0) of 7.15
(c,-o =71-1078 mol/l) and a clearly higher pH(eq.) = 5.6 (Ceq. = 2.5

10~ mol/1) had to be assumed.

However, typical values for the diffusion of protons inside
the cytoplasm are determined to be 10~ 6 cm?/s [71] with values of
5.8 107> cm?/s determined for the transversal diffusion of protons
across lipid bilayers [72] due to the fast transfer of protons along acidic
groups in the lipid membrane.

This simplified analysis shows that the step of the protons crossing
the membrane cannot be the rate-limiting step determining the pH ki-
netics in the cytosol after acidification of the surrounding medium, since
the values for the transversal diffusion coefficient found in the literature
differ from the observed pH kinetics by 10 orders of magnitude. The
determining parameters for the pH change are therefore the general
permeability of the cell membrane for protons, buffer capacity inside
the cell and/or active outwardly directed proton pumping. In addition,
the permeability of the M2 channel itself is pH-dependent [73]. This
would also account for acid carriers as proposed as fast proton trans-
porters in the cell membrane [71]. Active outwardly directed proton
pumping and downregulation of proton carriers at low pH determine
the equilibrium proton concentration ¢4 that is reached after sufficient-
ly long time in the acidified medium. The results of Fig. 13 clearly show
that the number of protons crossing the cell membrane is much higher
in cells containing M2 than in cells without proton channels as one
would expect from the assumed function of M2 as an active proton
transporter.

5. Discussion

In this study, we show how eGFP-pHsens can be used for a targeted
measurement of the local pH in living cells and small cell organelles by
fluorescence lifetime determination. The technique provides a tool to
analyze selectively proton transfer processes across cellular membranes
and into small intracellular organelles.

Compared to ratiometric pH measurement techniques with fluores-
cent dyes, which evaluate only the total intensity of the fluorescence in
certain spectral regions, the pH determination based on the fluorescence
lifetime by FLIM provides several decisive advantages: Firstly, the influ-
ence of cellular autofluorescence or fluorescent contaminants can be
separated by measuring the fluorescence lifetime and evaluating the con-
tribution of characteristic fluorescence decay times of the eGFP-pHsens
protein. The fluorescence lifetime is also independent from the actual
fluorophore concentration (which depends on the expression level).
Secondly, in contrast to ratiometric techniques, FLIM allows the pH deter-
mination by measuring one wavelength section around 520 nm only. The
FLIM method allows a highly sensitive pH measurement, with in principle
only diffraction-limited spatial resolution. The implementation of novel,
high-resolution methods even allows gaining information from structures
that are smaller than the diffraction limit. This especially accounts for the
application of photoswitchable fluorescence proteins. An additional
application of eGFP-pHsens could be the use as a highly efficient, pH-
dependent photoswitch. Thirdly, organelle-specific targeting sequences
can be used allowing for the design of target-specific assays for all proton
transporting membrane proteins of interest in pharmacology. Due to
the robustness and sensitivity and the recent development of high-
throughput FLIM detectors based on the single photon counting tech-
nique, the assay can easily be parallelized (e.g. adaptation to a common
microtiter plate format for high-throughput screening).

The model based analysis of the pH dynamics in CHO-K1 cells revealed
that the apparent diffusion constant is not determined by the process of
transversal diffusion over the cell membrane. The retarded pH adaption
as observed in cells not expressing M2 (red curve in Fig. 13) strongly in-
dicates that proton ‘sinks’ exist inside the cell lumen that buffer protons
until the internal pH starts to change. This allows for the quantitative
analysis of the buffer capacity of the cell lumen. The buffer capacity can
also explain the deviation between the black measured squares and the
solid fit (black line) in Fig. 13 observed in the short time regime at
2 min after acidification of the external medium.

After 10-12 min, it is evident that the intracellular pH in M2-
expressing cells equilibrates on a higher value in comaprison to cells
not expressing M2. This difference can be explained by a flux of protons
that are actively pumped out of the cell, which prevents the cytoplasm
to reach equilibrium with the external acidic medium. In conclusion,
the observed pH dynamics (Figs. 11 and 13) denotes the pathway
from a strong pH gradient between the cytoplasm and the external
lumen to an equilibrium that is determined by the H* permeability of
the cell membrane, active proton pumps that reduce the internal proton
concentration and strongly pH-dependent proton carriers. The time
constants of Egs. (6) and (7) denote the kinetics from the initial pH gra-
dient to the equilibrium for M2 containing cells and cells not containing
M2, respectively. The deviation of the shape of the fit curve in Fig. 13
from the exponential one is mainly determined by the buffer capacity
of the cell cytoplasm. Finally, the equilibrium pH is a ruler for the pH de-
pendency of proton carriers and the activity of active proton pumping in
comparison to the number of protons that can cross the cell membrane
along the gradient. Proton transporters might be acid carriers localized
in the cell membrane as proposed by [71].

6. Conclusions and future perspectives for photosynthesis research
The proposed technique to employ eGFP-pHsens in a FLIM-based

setup is suitable for large scale automated screening of compound li-
braries to identify drugs directed against influenza A virus by
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specifically blocking the M2 proton channel, similar to the mode of ac-
tion of amantadine. The applicability of GFP based fluorophores suitable
for biomedical imaging will be strongly expanded in future research
including the quantitative analyses of chromophore to protein matrix
interactions, chromophore to membrane protein interactions, chromo-
phore-chromophore interactions and light-induced dynamic processes.
It is a promising approach to expand the technique to pharmaceutical
drug research regarding other proton transporters like the gastric
H*/K*-ATPase. This protein plays an important role in the treatment
of gastric ulcers or in the therapy of infections with Helicobacter pylori
[57,74]. With eGFP-pHsens, stable cell lines that are grown on
microwell plates and function as a high-throughput test system that
can be quickly and precisely scanned by evaluating the fluorescence
decay time of the fluorescence protein could be generated. Such devices
can be used to identify drugs blocking proton-translocating membrane
proteins in general, and in particular compounds acting against the M2
channel are still valuable research targets [75]. Since the influenza A
virus mutates quickly, with the M2 coding sequence being particularly
prone to mutations, these viruses can be selectively scanned for such
mutations and used for targeted drug development against the struc-
turally changed M2 proteins of resistant influenza A strains. This in-
cludes the test for possible resistance against amantadine. This
approach does count not only for the influenza A virus, but for all
virus particles containing proton channels in order to facilitate the di-
rected design of channel inhibitors.

Functionalized GFP based sensors are suitable to monitor metabolic
processes including sensors for reactive oxygen species (ROS), Ca®™,
NAD"/NAHD and pH (see [35] for a list of available sensor proteins). Al-
though most applications have been reported in animal cells, the broad
range of available genetically encoded fluorescent chemosensors can as
well be applied in plants. Special applications related to the determina-
tion of pH in cell walls and in the cytosol with the highest spatial reso-
lution have already been suggested [76,77]. Precise organelle-specific
determination of pH offers promising perspectives for future photosyn-
thesis research. Following the time course of ApH generation across
thylakoid membranes would allow for a correlation of ApH evolution
with the kinetics of the development of the qE component of NPQ
processes including the xanthophyll contributions. Correlation of pH
sensing with probes specific for certain ROS might be able to disentan-
gle the interplay between the two systems. Furthermore, applications
of pH-sensing fluorescence proteins that are tagged to the luminal
side of the WOC in PSII would enable the detection of proton release
events that are difficult to determine since the autofluorescence of the
Chl molecules is much stronger than that of animal cells, which do not
contain such an abundance of intrinsic chromophores. Therefore, the
chromophores having a design that can be excited in the green spectral
range with characteristic fluorescence lifetime are the most promising
candidates for in vivo plant spectroscopy employing genetically-
encoded fluorescence proteins [78]. The proposed technique can be
used to investigate “proton pumps, such as cytochrome c oxidase
(Cc0), [which] translocate protons across biological membranes at a
rate that considerably exceeds the rate of proton transport to the en-
trance of the proton-conducting channel via bulk diffusion” [79].

For application of GFP-based chemosensors in photosynthesis
research, the main problem of the overlapping Chl fluorescence has to
be considered seriously. Whereas the excitation spectrum of GFP itself
significantly overlaps with Chl excitation, the spectral properties of the
yellow fluorescent protein (YFP) would be better suited, since it can
be excited in the green at 520 nm. Therefore, future developments of
chemosensors for plant cell research should better focus on YFP as a tem-
plate to achieve robust applicability in photosynthetic organisms. Of note,
high-resolution FLIM not only allows for the simultaneous analysis of
fluorescence intensity in different wavelength sections and fluorescence
lifetimes with high spatial resolution, but it can also add additional pa-
rameters like fluorescence polarization/anisotropy and is applicable in
several microscopic modes including confocal laser scanning, wide field

illumination, fluorescence recovery after photobleaching and fluores-
cence correlation spectroscopy (see also [68]).
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