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Abstract Genetically encoded fluorescent proteins are
optimal reporters when used to monitor cellular processes
as they can be targeted to any subcellular region by fusion
to a protein of interest. Here, we present the pH-sensitive
fluorescent protein E'GFP which is ideally suited to
monitor pH changes in dynamic intracellular structures in
real time with high spatio temporal resolution. E'GFP is a
ratiometric pH indicator by emission with a pK close to 6.0.
We describe an application of this novel pH reporter in the
measurement of pH changes along the endo-lysosomal
pathway. By fusing E'GFP to the HIV-Tat protein which is
endowed with cell-penetrating properties, we were able to
monitor multi-step endocytosis from the initial cell-surface
binding through to the intracellular endocytic network in
real time. This represents a framework for the application of
E'GFP to the in situ detection of pH changes involved in
dynamic biological phenomena.
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Introduction

Transport of macromolecules from the extracellular milieu
to the cell interior is mediated by multiple mechanisms of
endocytosis involving carrier vesicles that mature as
distinct compartments [1]. A primary function of the
endocytic vesicles is to sort internalized cargoes to defined
cellular destinations [2]. Besides differences in localization,
morphology and dynamics, endosomes also differ in their
intraluminal pH [3]. Endosomal acidification represents an
essential element of the dynamic progression of organelle
contents from endosomes and pinosomes to degradative
lysosomal compartments [4]. Monitoring the endocytosis of
a macromolecule coming from the external environment in
real time by measuring the pH within vesicles can therefore
provide useful insight into its intracellular fate. However,
the progressive acidification and the fast-moving properties
of endocytic vesicles, require non-invasive probes capable
of measuring mildly acidic pH values and providing
adequate spatio temporal resolution. Fluorophores with
pH-dependent properties are ideal candidates for the
implementation of such sensors provided they can monitor
pH changes with ratiometric properties, in other words their
response must not be affected by the concentration of the
probe itself [5].

Many organic dyes with pH-dependent optical properties
have already been used to determine the pH values of distinct
endocytic compartments. Good results were obtained using
organic fluorophores such as fluorescein [6, 7]. These
approaches, however, require the tagging of small proteins
by means of elaborate labeling techniques. Unfortunately,
chemical labelling is seldom site specific and this can
represent a major obstacle to selective internalization into
intracellular organelles. Furthermore, most organic dyes are
ratiometric pH indicators by excitation, which means that
two excitation wavelengths must be alternated during the
measurement. This issue can be better solved by employing
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sensors that are ratiometric by emission, i.e., fluorescence
excitation by a single monochromatic source and concom-
itant acquisition at two emission intervals. Here, a beam-
splitting device must be used to collect the emission, which
is virtually standard in microscopy setups.

pH indicators based on genetically encoded proteins do
not require the in vitro labeling procedures associated with
the use of organic dyes. In most cases genetically encoded pH
indicators represent the best tool, as they can be fused to
specific genes and make pH measurement immediate
possible with no need for further manipulations. Moreover,
through molecular engineering or scanning mutagenesis, it is
possible to finely tune indicator properties (subcellular
localization [8], pK, response dynamic range [5], chloride
sensitivity [9]) according to the application of interest. For
example, a GFP derivative whose pK lies in the alkaline
region was recently demonstrated to be an ideal pH indicator
for the mitochondrial matrix [10]. Miesenbock and co-
workers introduced another family of pH-sensitive GFPs
named pHluorins, which are suitable for use as dynamic
markers of exocytosis in synaptic transmission [11]. Despite
the reported applications, most pH-sensitive GFP mutants
possess characteristics of ratiometric indicators by excitation.
Remington and coworkers have presented interesting GFP-
based pH sensors that are ratiometric by emission (deGFPs)
[12]. deGFP4 was successfully used in transfected PS120
cells [12], but its rather weak fluorescence in the lower-
wavelength collection range decreases the S/N ratio [13].

In this work we engineered a novel GFP variant (F64L/
T203Y GFP, E'GFP) that displays: 1) a pH- dependent
emission wavelength, 2) a pK value ideal for mildly-acidic
compartments, 3) similar fluorescence in both emission
intervals. Moreover, E'GFP is mostly insensitive to halide
ions (e.g. chloride [9]) and is therefore particularly suitable
for those subcellular compartments where the lowering of
pH is accompanied by an increase in chloride ions (e.g.
endocytic vesicles [14]). To assess the ability of E'GFP to
report on the intracellular pH, we focus on real-time
monitoring of pH progression during an endo-lysosomal
pathway based on HIV-1 Tat intracellular trafficking [15].
HIV-1 Tat protein is a potent transactivator of viral
transcription directed by the HIV-1 long terminal repeat
(LTR) [16], which possesses an unusual ability to enter
cells by endocytosis. As recently reported, Tat enters T-cells
using clathrin-coated pits and progressively translocates
into well-characterized low-pH endosomes [15]. By using
E'GFP conjugated to Tat we monitored the changes in
vesicle pH, starting from the initial cell-surface value
through to the intracellular endocytic network, in real time.
We demonstrate a progressive acidification within Tat-
loaded vesicles that is crucial to the intracellular fate of Tat.
The low endosomal pH exploited by Tat-E'GFP after
prolonged incubation in live cells, leads to protein
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degradation in the lysosomal compartment. We also show
that treatment with chloroquine raises the vacuolar pH,
demonstrating the ability of E'GFP to respond effectively
to environmental pH changes. We believe that this
implementation illustrates the suitability of E'GFP for use
in the surveillance of intracellular pH during dynamic
cellular events with high spatio temporal resolution.

Materials and methods
Plasmids and proteins expression

The mammalian expression vector encoding for E'GFP
protein was generated by PCR amplification of EGFP
template (Clontech version; Palo Alto, CA, USA) and was
inserted into HindIII-EcoRI sites of the pcDNA3.1(+)
vector from Invitrogen. Two rounds of site- directed
mutagenesis achieved by using the QuickChange Kit
(Stratagene, La jolla, CA, USA) according to the manu-
facturer’s instructions, introduced the mutations T65S and
T203Y. The primers used for mutagenesis were purchased
from Sigma-Genosys (St. Louis, MO, USA). The sequence
of sense primer used to mutate the threonine (T) in position
65 to serine (S) was 5" GTG ACC ACC CTG TCC TAC
GGC GTG CAG 3’ while the primer used for the mutation
of threonine (T) in position 203 to tyrosine (Y) was 5’
CAA CCA CTA CCT GAG CTA CCA GTC CGC CCT
GAG 3'. The antisense primers had the respective reverse
complementary sequences. Caveolin-E'GFP was obtained
by PCR amplification of the caveolin-1 sequence starting
from the plasmid obtained from L. Pelkmans [17]. The
template was introduced into the HindIII-EcoRI sites of
pcDNA3.1 in frame with the E'GFP sequence cloned into
the EcoRI-Xbal sites. The ~ 2.9-kb vector pPR-IBA2 (IBA
GmbH, Goéttingen, Germany) was used for the expression
of strep-tagged proteins. The E'GFP template was cloned
into Bsal sites, as described in [9]. The plasmid expressing
Tat-E'GFP was obtained by subcloning the Tat-EGFP
fragment derived from pGEX2T-GST-Tat EGFP (described
in [18]) into the BamHI and EcoRI sites of the pGEX6P1
vector system (GE Healthcare, Waukesha, WI, USA). The
mutant TAT-E'GFP (T203Y, T65S EGFP) was obtained by
substituting the residues at positions 65 and 203 of EGFP
by site- directed mutagenesis using the same primer
sequences reported above. Expression of recombinant
Tat-E'GFP proteins was induced in the E. coli BL21 DE3
strain (Invitrogen) growing in the log phase upon treatment
with 1 mM isopropyl-6-D-galactoside at 37 °C 4 h. We
used GSTrap HP column (GE Healthcare) for the purifica-
tion of Tat-E'GFP by FPLC. A further step to remove the
GST tag from Tat-E'GFP required subsequent treatment
with a Prescission™ Protease (GE Healthcare).
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Cell culture and transfections

HeLa cells (CCL-2 ATCC) were grown in Dulbecco
modified medium (DMEM) supplemented with fetal bovine
serum (10%) with glutamine (2 mM), penicillin (10 U/mL)
and streptomycin (10 pg/mL), at 37 °C and in a 5% CO,
atmosphere. Transfections were carried out using lipofect-
amine reagent (Invitrogen) according to the manufacturer’s
instructions. For live imaging, 10x10* cells were plated 24
hours before the experiments onto a 35-mm glass bottom
dish (WillCo-dish GWSt-3522).

Spectroscopy and pH-titration in vitro

Absorption spectra were recorded according to the procedure
reported in [5]. Briefly, absorption measurements were done
at 23 °C on a Jasco V550 spectrophotometer (JASCO,
Easton, MD, USA) by setting the monochromator slits to
2 nm, the scanning speed to 100 nm/min, the data resolution
to 0.5 nm, and the time collection average at each
wavelength to 0.25 s. Fluorescence measurements were
carried out at 23 °C on a Cary Eclipse spectrofluorometer
(Varian, Palo Alto, CA) by setting the excitation and
emission monochromator slits to 2.5 nm, the scanning speed
to 150 nm/min, the data resolution to 0.5 nm, and the time
collection average at each wavelength to 0.2 s. Titrations of
E'GFP absorbance and fluorescence versus pH were per-
formed on 2.1 puM protein samples dissolved in a citrate
(2 mM)/phosphate (10 mM) buffer with its pH adjusted to
the desired value through the addition of 1 M NaOH. In more
detail, a concentrated solution of the protein (170 uM) at pH
8.5 (diethanolamine/H,SO,4 buffer) was added to a previously
prepared citrate/phosphate buffer at a certain pH. After the
dissolution, the final pH was checked. Given the small
volume of protein solution added, the final pH was always
within 0.05 pH units of the buffer. Nonetheless, the final pH
was used for the titration curve. The extrapolated absorption
and fluorescence spectra at pH—-o0 (acid form) and pH—+o0
(alkaline form) were calculated using the ACA method
reported in [19]. Fluorescence quantum yields of the
protonated forms of E'GFP were calculated by using quinine
sulfate (0.2 N in H,SO,) as standard (quantum yields=0.52)
and exciting at 380 nm.

pH-titration in living HeLa cells

pH calibrations in living cells were carried out by perfusing
HeLa cells transfected with E'GFP initially for 10 min with
an enriched K buffer containing potassium gluconate
(120 mM), sodium gluconate (40 mM), HEPES (20 mM),
calcium chloride (0.5 mM), and magnesium sulfate
(0.5 mM), pH 7.2. Cells were then perfused with the same
buffer, adjusted to the desired pH by 0.1 M NaOH, and

supplemented with the following compounds: 5 uM niger-
icin, 5 uM valinomycin, 5 uM carbonyl cyanide p-
chlorophenyl hydrazone, 10 uM tributyltin chloride, and
20 uM forskolin [20]. Images were taken 10 min after the
perfusion with ionophores. Cell imaging data were ana-
lyzed using the Leica imaging package (version 2.61) and
ImageJ software (NIH Image, http://rsb.info.nih.gov/nih-
image/index.html). For the determination of intracellular
pH maps, background-subtracted images were processed by
the median filter option of the ImagelJ software, assuming a
pixel radius comparable to the highest achievable optical
resolution of the image. A threshold level was determined
interactively for each cell.

Internalization assay and biochemical analysis

To monitor Tat-E'GFP internalization, HeLa cells cultured
onto 35-mm glass bottom dishes were incubated with Tat-
E'GFP (0,12 pg/mL) in DMEM at 37 °C for 1 h. To
remove the unbound proteins in the medium, cells were
rinsed three times with cold PBS, with an acid-stripping
solution containing ice-cold sodium acetate (0.2 M pH 4.5)
and NaCl (0.5 M) for 2 min and 20 s, followed by two
rinses with PBS. This acid wash procedure did not affect
the internalization properties of HeLa cells [21]. After the
initial preloading and subsequent washes, cells were
incubated again at 37 °C and analyzed at the indicated
time points. For biochemical analysis, HelLa cells were
treated with the same protocol described for internalization
assay. Cell lysis was performed at the indicated time points
as described in [22]. Immunodetections were performed
with anti-TAT monoclonal antibody (Advanced Biotech-
nologies Incorporated), anti-vinculin (Sigma) and with anti-
mouse HRP-conjugated secondary antibodies (Amersham
Biosciences). A plug-in from Imagel software (NIH Image,
http://rsb.info.nih.gov/nih-image/index.html) has been used
to quantify the bands obtained by immunodectection.

Live cell fluorescence microscopy and image analysis

Cell fluorescence was measured using a Leica TCS SP2
inverted confocal microscope (Leica Microsystems AG,
Wetzlar, Germany) equipped with an Ar laser for excitation
at 488 nm and interfaced with an external diode laser
pulsing at 50 MHz (model: C8898 Hamamatsu Photonics
Italia, Milan, Italy) for excitation at 403 nm. Glass bottom
Petri dishes containing transfected or treated HeLa cells
were mounted in a thermostated chamber at 37 °C (Leica
Microsystems) and viewed with a 40x1.25 numerical
aperture oil immersion objective (Leica Microsystems).
The images were collected using low excitation power at
the sample (10-20 puW) and the emission was monitored
using an acousto-optical beam splitter (AOBS) detection
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system on the confocal microscope. The 500-550 nm
collection range was adopted for E'GFP imaging. The
ratiometric pH maps of the cells were obtained using
emission set up # 1, Fsos_g00/F460_505. Image size was 512 x
512 pixels and scan speed was usually set to 400 Hz (lines
per seconds) corresponding to 0.78 frames per seconds at
the resolution used. The pinhole size was set to the optimal
value of 1.0 Airy (corresponding to an 81.44-um confocal
aperture). The background signal was subtracted from all
images. Vesicle dynamics were recorded by time-lapse
experiments at 6.525-s intervals, using the experimental
settings described above.

Results
Optical properties of the E'GFP mutant

The absorption spectrum of the protein contains two main
bands in the visible region, one located at 400 nm and one
at 510 nm (Fig. 1a). In keeping with the reported spectral
properties of GFPs [19], we attributed the first and the
second band to the neutral and anionic forms of the
chromophore, respectively. Accordingly, raising the pH
leads to an increase in the anionic band, but the neutral
band does not disappear as expected for a complete
interconversion from neutral to anionic chromophores. This
result was recently explained by some of us in terms of an
additional protonation equilibrium coupled to that of the

Fig. 1 In vitro spectroscopic
properties of E'GFP. a Absorb-
tion spectra of E'GFP as a
function of pH. b In vitro
titration of E'GFP followed by
absorbance spectroscopy.

¢ Emission fluorescence spectra
of E'GFP at different pH, with
excitation at 403 nm. d In vitro
titration of E'GFP followed by
fluorescence spectroscopy
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Emission ratiometric pH indicator properties of E'GFP
in vitro

The fairly good quantum yields and large pH-dependent
emission shift upon excitation of the neutral form of the
chromophore prompted us to evaluate E'GFP as an
emission ratiometric pH indicator for intracellular use.
The theoretical analysis of ratiometric fluorescent pH
indicators shows that the ratio of fluorescence obtained in
the two excitation or emission channels (F/F,) has a
sigmoidal dependence on pH and is characterized by three
parameters, the ratiometric offset (Ry), the dynamic range
(Rp), and the ratiometric apparent pK (pK') [5]:

5 =Ry —Rf * IO(pKLpH) (1)
1 + 10(PK"=pH)

Ry is related to the illumination intensities and detection
efficiencies; Ry is the dynamic range and depends on the
optical characteristics of the fluorescent probes in the
detection channels; pK’ is the ratiometric (or apparent) pK
and is related to the thermodynamic equilibrium pK as well
as the optical properties of the protein in channel 2
according to:

F(PH"OO)
pK' = pK — log m (2)

2

Here, FP"7) and FP"~ ) represent the fluores-
cence collected in channel 2 at very high or very low pH,
respectively, for the same concentration of fluorescent
probe. Thus, the working range of the pH probe can be
adjusted by careful selection of the emission range of
channel 2. Note that pK’ identifies the linear pH working
range of the indicator (=pK'+1). High R values (excellent
for high resolution measurements) are often associated with
large deviations of pK' from pK. Hence, the collection
ranges must be tuned to the pH range where the indicator
has to perform its activity, and a compromise between Ry
and pK' must be found. The rather low pK of E'GFP makes
this protein potentially useful for monitoring mildly- acidic
intracellular environments, such as endosomal vesicles. By
applying this theoretical approach to experimental fluores-
cence emission data at different pH values collected during
the titration experiments, we identified two ratiometric
setups that provide good Ry values along with fairly acidic
pK'. Setup #1, Fsos_600/Fac0-s05 (here each subscript refers
to the optical collection range in nanometers), yielded
R=8.57 and pK'=6.68; setup #2, indicated as Fsi9_go0/
Fas0-s510, yielded R=4.97 and pK'=6.42. Thus, in both
setups the pK' resulted fairly well displaced from the actual
pK as a result of higher fluorescence in the Fye0_505
and Fug0_510 channels at low pK compared to high pH

(see Eq. 2). Interestingly, shifting the right end of the range
from 505 to 510 nm triggered a pK' shift of about 0.25 pH
unit. Indeed, the range 505-510 nm is halfway between the
emission maximums observed at low and high pH,
(Fig. 1b), and a shift of a few nanometers shifts is expected
to lead to 51§n1ﬁcant changes in the fluorescence ratio
H*%FOO H——00)
of Eq. 2.

Emission ratiometric pH indicator properties of E'GFP
in living cells

The ratiometric properties of E'GFP were assessed in living
cells by an established calibration procedure [20]. HelLa
cells were transfected with a vector encoding for E'GFP
protein. After 2448 hours, most cells expressed the protein
in the folded fluorescent form, as revealed by confocal
microimaging analysis. As expected for a single GFP,
E'GFP was found to be uniformly distributed in the cell
[23]. Cells were then perfused at 37 °C with buffers at
different pH values (5.5-8.0) containing a mixture of iono-
phores in order to clamp the intracellular pH to the
extracellular value (Fig. 2a). Spectral detection of intracel-
lular fluorescence was carried out by exciting the neutral
protein chromophore at 403 nm using a laser source
interfaced with the confocal microscope. In accordance with
our in vitro determination, we collected the fluorescence
signals in the four wavelength ranges (460-505), (505-600),
(460-510), and (510-600) to evaluate the ratiometric
response in setup #1 and #2. Plots of the Fsos_¢00/F460-505
(setup #1) and F's19_600/Fa60-510 (setup #2) ratios versus pH
are reported in Fig. 2b. Fitting the ratiometric curves using
Eq 1 ylelded Rf:8.4 and pK’:665 for F505—600/F460—5055
and Ry=5.09 and pK'=6.40, in excellent agreement with the
in vitro data. Such an agreement provides indirect evidence
that the cellular environment does not affect significantly the
pK (and, in turn, pK”) of E'GFP. Indeed, solution parameters
such as the ionic strength, which are known to strongly
modulate the pK values of most acidic compounds have
been found to be much less significant when determining
the protonation of the GFP chromophore, due to the
protective effect of the protein structure [24].

As a first assessment of E'GFP’s ability to monitor
pH during dynamic cellular events, we constructed a C-
terminally-tagged caveolin-E'GFP fusion protein. Caveo-
lin-1 is a key component of caveolar membrane which has
the N and C termini facing the cytoplasm and a putative
“hairpin” intramembrane domain embedded within the
membrane bilayer [25]. When the C- terminus of caveolin
is fused to GFP, the resulting fusion protein is known to
yield both a dotted staining at the plasma membrane,
corresponding to a highly immobile cluster of membrane-
caveolae, and cytoplasmic structures concentrated in the
perinuclear region that showed rapid movements [26].
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Fig. 2 Ratiometric calibration of E'GFP (excitation at 403 nm) in
living cells. a Ratiometric pH-map by emission in single HeLa cells
clamped at different pH values: pH 8 (upper panel) pH 6.7 (middle
panel) pH 5 (lower panel). Images are color-encoded according to the
look-up table on the left. Scale bar represents 10 um. b Ratiometric
calibration curves of E'GFP in living HeLa cells clamped at different
pH values. The blue squares refer to the Fsos ¢00/Faco 505 ratio
(emission setup #1), whereas the cyan circles refer to the (Fsi0_g00/

We used the intracellular pool of caveolin as a dynamic
enclosed-membrane compartment that exposed E'GFP to
the cytosol. Caveolin-E' GFP- transfected cells were readily
observed by confocal microscopy under both the Fs5os_g00/
F4607505 and F5107600/F46075IO Setups. From the calibration
curves, we determined that the cytosol has a pH of 7.3+0.2
(Fig. 2c middle panel) in agreement with previously
published data [27]. To demonstrate that dynamic measure-
ments of acidic pH values were equally feasible, we
clamped the intracellular pH of the transfected cells to
5.5. After 5 min of acidic treatment in the same Petri dish,
caveolin-E'GFP was found to respond in accordance with
the cytoplasm pH decrease (Fig. 2c, right panel). Taken
together, these data show that our approach can be applied
in order to measure pH changes in dynamic structures
inside a living cell.
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F60-510) ratio (emission setup #2); dashed curves represent fits of
achieved using Eq. 1. ¢ Confocal imaging of a single HeLa cell
transfected with caveolin-E'GFP (left panel). Ratiometric pH- map by
emission (setup# 1) of cytosol under physiological conditions: pH 7.3+
0.2 (middle panel). The same cell was analyzed after treatment with
HEPES buffer supplemented with ionophores and after perfusion of
permeant acid to clamp intracellular pH to 5 (right panel)

From the plasmamembrane to the endosomal-lysosomal
pathway: real-time monitoring of endosomal acidification
in Tat- E'GFP- loaded vesicles

To assess the ability of E'GFP to measure the pH of
dynamic endocytic organelles, we monitored the progres-
sive endosomal acidification during Tat HIV-1 intracellular
trafficking. As a first step, we engineered a recombinant
fusion protein where the full-length cDNA of E'GFP was
fused to the C- terminus of the Tat sequence. The expected
size of the purified product, ca. 39 kDa, was confirmed by
Western blotting using a mouse monoclonal antibody
directed against Tat protein. To monitor Tat endocytosis,
HeLa cells were preloaded with Tat E'GFP for 1 h at 37 °C
(concentrations ranging from 10-50 nM). Consistent with
previous reports [15], our analysis confirmed that the
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overall process of endocytosis was very slow. Indeed, we
found that, immediately after pre- binding, Tat- cargoes
accumulated in bright patches on the plasma membrane.
However, only 4 h later, one or a few clusters of vesicles
embedded in the cytoplasm (Fig. 3a; see magnification in
Fig. 3c). The fast-moving behavior of the Tat-E'GFP
intracellular pool was assessed by time-lapse experiments
(see the movie in Electronic Supplementary Material).
Vesicles rapidly moved into the intracellular environment,

Fig. 3 Measurement of endo-
somal acidification after 4 h of
Tat-E'GFP endocytosis.

a Four hours after treatment
with Tat-E'GFP, the HeLa cells
were visualized for E'GFP
fluorescence (green) b Ratio-
metric pH map of Tat-E'GFP-
loaded vesicles. Image is color-
coded according to the look-up
table on the right. Magnified
area of the same cell is shown in
¢ (fluorescence signal) and d
(ratiometric pH map). Arrows in
d indicate two endosomes be-
longing to the two identified
subpopulations: white arrow
vesicle pH=6.58, purple arrow
vesicle pH=5.79. e pH distribu-
tion of Tat-E'GFP intracellular
vesicles. After 4 h of endocyto-
sis the intracellular pool (cells=
15; vesicles=225) was com-
posed by two subpopulations of
endosomes pH=6.52

(0=0.11) and pH=5.95
(0=0.17)

20x102 -

15 ]

Frequency
2

and they frequently interacted with each other in a “kiss-
and-run” fashion [28]. By using the calibration setups
described previously, we were able to determine the pH of
Tat-loaded endosomes (Fig. 3b). Vesicles that were local-
ized close to the plasma membrane showed a pH value of
6.77£0.13 (cells=15). In the internalized pool (cells=15;
vesicles=225) we identified two subpopulations of endo-
somes characterized by different pH values: 6.52 (0=0.11)
and 595 (0=0.17) (Fig. 3e). After a further 2 h, we

T L) L) T L) L) T T L) T T T T L) L) L) L) L)
535455565.758596.06.16.26.36.46.56.66.76.86.97.0

pH
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observed a clear modification in terms of both endosomes
localization (Fig. 4a; see magnification in Fig. 4c) and pH
of vesicles (Fig. 4b; see magnification in Fig. 4d). In detail,
endosomes localized close to the membrane showed a pH
value of 6.31+0.2 (cells=15) whereas the internalized pool
(cells=15; vesicles=122) that accumulated in the perinuclear
area showed a single pH value of 5.83 (0=0.14) (Fig. 4e).
Thus, the Tat-E'GFP indicator demonstrated that during
endocytosis Tat underwent low-endosomal pH changes,
moving from mildly acidic endosomes to more acidic

Fig. 4 Measurements of vesicle
pH changes after 6 h of Tat-
E'GFP internalization. a Confo-
cal image of HeLa cell treated
with Tat-E'GFP for 6 h.

b Ratiometric pH-map of
Tat-E' GFP-loaded vesicles.
Magnified area of the same cell
is shown in ¢ (fluorescence
signal) and d (ratiometric pH-
map). e pH distribution of
endosomes and Gaussian fit
after 6 h of Tat-E'GFP endocy-
tosis. The histogram show one
population of intracellular
vesicles (cells=15; vesicles=
122) with an average pH value
of 5.83 (0=0.14).

f Analysis of Tat-E'GFP stabil-
ity during internalization. HeLa
cells were preloaded with Tat-
E'GFP for 1 h at 37 °C. Then
the cells were washed with an
acidic buffer (pH=4.5) and in-
cubated at 37 °C for the indi-
cated time points. Cells lysis
was performed at 2, 4, 6, 8 and
24 h after incubation. To deter-
mine the level of Tat-E'GFP
protein an immunodetection
using antibodies directed against
Tat was performed
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compartments that are well recognized as the final
destination for macromolecules degradation. This progres-
sive acidification prompted us to investigate the stability of
Tat-E'GFP during endocytosis and its intracellular fate.
HeLa cells were preloaded with Tat-E'GFP for 1 h. To
remove the excess of unbound Tat-E'GFP, HeLa cells were
washed and then incubated again for a further 2, 4, 6, 8 and
24 h. In order to detect any decrease in the amount of Tat
protein at the indicated time points, we performed cell lysis
and immunoblot detection by using an antibody directed
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against Tat protein. Our results showed that the intracellular
levels of Tat-E'GFP remained constant during the first 6 h
of uptake but declined at 8 h (about 40% lower than the
amount of protein at 6 h and 70% lower than the initial

preloading), eventually disappearing after 24 hours (Fig. 4f).

Effect of chloroquine- treatment on the neutralization
of low-endosomal pH

The lysosome is the final destination of many macro-
molecules internalized by the endo-lysosomal pathway and
is characterized by a strongly acidic pH [29]. As previously
reported, acidic conditions lead to quenching and irrevers-
ible unfolding of GFP proteins [30]. Indeed, imaging
analysis performed after 10 h of endocytosis showed a
dramatic decrease in the intracellular Tat-E'GFP fluores-
cence, although many signals were detected close to the
membrane (Fig. 5a). These results are in keeping with the
final localization of Tat-E'GFP in lysosomal compartments
[15]. To better investigate this point, we carried out the
internalization experiment in the presence of chloroquine, a
well-recognized lysomotropic agent that raises the intra-
lysosomal pH and specifically blocks lysosomal degrada-

Fig. 5 Effects of chloroquine
treatment on endosomal- pH.

a After 10 h of internalization
the intracellular fluorescence
signal of Tat-E'GFP- loaded-
vesicles dramatically disap-
peared (blue dashed box). b At
the same time point HeLa cells
treated with chloroquine dis-
played an enhanced intracellular
vesicle-associated staining
(yellow dashed box). ¢ Fluores-
cence image of Tat- E'GFP
loaded-vesicles in the presence
of chloroquine. White dashed
box represents the magnification
of the area indicated in d.

d Ratiometric pH-map of
Tat-E'GFP signal shows a
homogenous distribution of pH
within endosomes of approxi-
mately 6.2. Scale bar represents
2 um

tion. As expected, at 10 h of Tat internalization and upon
chloroquine treatment we observed enhanced vesicular
staining (Fig. 5b,c). The ratiometric pH map of Tat-
E'GFP- loaded vesicles showed a homogenous distribution
of pH within endosomes of 6.2+0.2 (Fig. 5d). Overall,
these experiments reveal a possible protecting role of
chloroquine on Tat degradation within lysosomes.

Discussion

The aim of this work was to demonstrate the capabilities of a
novel GFP-based fluorescent probe of high-resolution pH
measurements in living cells. This probe was put to the test
by investigating HIV-1 Tat protein internalization in real time.

Our GFP variant (E'GFP) is characterized by the F64L
and T203Y mutations and belongs to the family of yellow
fluorescent proteins. Compared to other GFP mutants, this
probe offers the following properties: (i) its pK is close to
6.0 and it is therefore particularly suitable for pH detection
below neutrality; (ii) upon excitation of the neutral state of
the chromophore (~400—410 nm), the emission properties
of E'GFP are strongly dependent on the environmental pH.

@ Springer
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This latter characteristic is the basis of pH measurements by
emission with ratiometric characteristics. Indeed, we identi-
fied two emission intervals for ratiometric image acquisition
(Fs05-600/Fa60-s0s and Fsio goo/Fac0-s10), Which provide a
rather high dynamic range of response, and we calculated a
ratiometric pK’ between 6.4 and 6.7. Additionally, the good
emission of E'GFP in both collection channels ensures that a
good signal to noise ratio is always achieved and therefore
small pH changes can be monitored in a reliable way.

The ratiometric by emission characteristics of E'GFP
make this reporter a pH-indicator that is ideally suited for
detecting pH changes within highly dynamic compartments
as occurring in a wide range of cellular processes. In the
endo-lysosomal pathway, the acidic nature of endosomes is
directly responsible for the sorting and processing of
internalized molecules right up to their final compartment
destination and subsequent degradation [31]. Nowadays,
biochemical and molecular biology techniques represent
powerful tools in the identification of intracellular routes of
internalized molecules [32]. They cannot report however,
on the progressive acidification of vesicles, which is a
crucial process for understanding the intracellular fate of
exogenous molecules upon internalization.

As paradigm of endocytosis, we focused on HIV-1
Trans-activating (Tat) viral protein intracellular trafficking.
In keeping with the expected Tat behavior [15], Tat-E' GFP
internalization was found to follow a multi-step mecha-
nism. The purified protein added to a culture medium first
attached to the cell membranes - presumably by ionic
interactions - and then it was entrapped within vesicle-like
structures. During internalization, we observed that Tat-
E'GFP accumulated in two distinct intracellular domains:
one close to the plasmamembrane and the second embed-
ded in the cytoplasm. After 4 h the vesicles associated with
the membrane showed a nearly neutral pH (6.77) whereas
after two more hours the pH decreased to a mean value of
6.31. Significantly, it was recently reported that early
endosomes comprise two distinct populations: a dynamic
pool that is highly mobile on microtubules and rapidly
evolving towards late endosomes, and a more static one that
is close to the membrane that matures much more slowly
[33]. Furthermore, among the membrane vesicles there are
also the recycling compartments characterized by mildly
acidic luminal pH. The decrease in the pH observed 6 h
later is also probably due to the presence of the Tat-E'GFP
recycling pool. Recycling endosomes undergo further
rounds of internalization and they are not involved in
degradation. As for the intracellular dynamic vesicles, after
4 h we identified two distinct endosomal subpopulations
characterized by different average pH values: 6.52 and
5.95, respectively (Fig. 3e). The slightly more acidic unique
pH=5.83 observed at 6 h (Fig. 4¢) suggests that, with time,
these two pools matured into a single one. Studies
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performed in T cells by Vaudeville and coworkers are
perfectly in keeping with our results; they indicated that
upon internalization, Tat concentrated within early endo-
somes at 3 h, whereas after 6 h it colocalized with late
endosome/lysosome markers [15]. The eventual uptake by
the lysosomal compartment could not be observed in our
experiments owing to the much more acidic pH that
triggered protein degradation (Fig. 4f). The addition of
chloroquine (a lysomotrophic agent) raised the pH of the
vesicles to 6.2, delaying Tat-E'GFP degradation for up to
10 h. Previous works by Frankel and Pabo demonstrated
that in HeLa cells the transactivation of the viral promoter
induced by Tat is dramatically increased by a variety of
lysosomotrophic agents, such as chloroquine. In our
system, we show that the chloroquine treatment leads to
enhanced intracellular vesicles staining corresponding to a
homogeneous Tat-vesicle population with a mildly acidic
pH (approximately 6.2). This may favor the escape of Tat
into the cytosol and subsequent translocation into the
nucleus and in turn explain the high level of transactivation
reported in the presence of chloroquine [34].

In addition, in confirming of the intracellular endocytic
pathway followed by Tat (achieved by monitoring endo-
somal pH), this work represents a proof of the functionality
of E'GFP as a pH indicator that is potentially applicable in
dynamic membrane-enclosed compartments. By taking
advantage of the E'GFP-based sensor efficiency, a wide
range of biological processes involving changes in the pH
gradient (cell polarity, migration, intracellular transport of
drugs, penetration of cytosol by certain enveloped viruses)
can be monitored in real time with high spatio-temporal
resolution.

Conclusion

It is well established that intracellular pH (pH;) plays a
pivotal role as a modulator of cell function. Many cellular
mechanisms are influenced by pH; changes including cell
metabolism, gene expression, organelle functions and cell
death. In particular, the maintenance of an appropriate pH
within intracellular membrane-enclosed compartments is
essential for many biological processes and any aberration
of intraorganelle pH homeostasis can lead to significant
functional changes. Therefore monitoring pH; with high
spatial resolution can help to elucidate many physiological
or pathogenic processes taking place within cells.

In this report, we describe a new method for monitoring
pH changes during dynamic cellular events in living cells.
To this aim, we engineered a novel variant of green
fluorescent protein (F64L T203Y GFP) that is suitable for
ratiometric emission measurements in living cells. The use
of E'GFP as a genetically encoded biosensor is associated
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with several advantages. E'GFP is capable of measuring pH
within specific intracellular regions with little background
signal and without the need for invasive loading proce-
dures. Additionally, neither probe leakage nor the toxicity
associated with the use of many chemical probes is
observed when E'GFP is applied in living cells. The
E'GFP probe shows rapid signal response to pH changes
and good luminescent/optical properties. Given its favour-
able optical characteristics, its pK which is suitable to
address the mildly-acidic/physiological pH ranges, and its
suitability for ratiometric measurements, E'GFP should
make an excellent probe for studying real-time changes of
pH in living cells. The extension of the emission ratiometric
properties of E'GFP to two-photon excitation cell imaging
and its application in order to shed light on relevant
biological processes involving pH changes will be the tasks
of forthcoming studies.
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