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ABSTRACT: Intracellular pH affects protein structure and
function, and proton gradients underlie the function of
organelles such as Iysosomes and mitochondria. We engi-
neered a genetically encoded pH sensor by mutagenesis of
the red fluorescent protein mKeima, providing a new tool to
image intracellular pH in live cells. This sensor, named
pHRed, is the first ratiometric, single-protein red fluorescent
sensor of pH. Fluorescence emission of pHRed peaks at
610 nm while exhibiting dual excitation peaks at 440 and
585 nm that can be used for ratiometric imaging. The
intensity ratio responds with an apparent pK, of 6.6 and
a >10-fold dynamic range. Furthermore, pHRed has a pH-
responsive fluorescence lifetime that changes by ~0.4 ns
over physiological pH values and can be monitored with
single-wavelength two-photon excitation. After characteriz-
ing the sensor, we tested pHRed’s ability to monitor
intracellular pH by imaging energy-dependent changes in
cytosolic and mitochondrial pH.

Intracellular pH plays a vital role in cell biology. pH modulates
protein structure and function, and organelles such as lyso-
somes and mitochondria require proton gradients to function
properly. Intracellular pH is also coupled to processes such as the
cell cycle and apoptosis."”” Currently, there are several small-
molecule sensors of pH, but these indicators can suffer from
leakage from cells and poor control over subcellular targeting.’
There are also several genetically encoded pH sensors based on
green fluorescent protein (GFP) variants or fluorescence reso-
nance energy transfer between two proteins.* However, for multi-
color imaging these GFP-based pH sensors have limited com-
patibility with GFP-based sensors of other analytes because of
overlapping excitation or emission bands.® For example, we are
interested in imaging neuronal energy metabolism with GFP-
based genetically encoded ATP sensors.”” Changes in energy
metabolism often correlate with pH changes, and it would be
useful to monitor both ATP and pH simultaneously. Critically,
the ATP sensors, like many GFP-based probes,® '° are also pH
sensitive. Thus, monitoring pH dynamics is also necessary to
correct for pH artifacts. Unfortunately, there are no GFP-based
pH sensors with wavelength requirements that are compatible
with those of the ATP sensors. Although the development of red
fluorescent proteins (RFPs) has greatly improved prospects for
multicolor imaging,s’n’12 until now there were no ratiometric
RFP-based pH sensors."

To this end, we developed pHRed, a genetically encoded
sensor engineered from the long Stokes shift RFP mKeima.
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Excited-state proton transfer (ESPT)"*'> was recently described

in mKeima," suggesting it could serve as a scaffold for engineer-
ing a sensor that is excitation ratiometric.”'” The mKeima-
A213S mutant, dubbed pHRed, has proven useful for monitoring
pH, and in this report we characterize pHRed purified in solution
and expressed in neuroblastoma cells (Figure 1).

We first characterized pHRed purified in solution. pHRed’s
peak fluorescence emission occurs at 610 nm, and there are
excitation peaks at 440 (protonated neutral chromophore) and
585 nm (anionic chromophore) (Figure 1a).*"* Acidification
from pH 9 to 6 causes a 7-fold increase in the 585 nm peak
intensity (Fsgs) and a 4-fold decrease in the 440 nm peak intensity
(Fa40); both peaks respond with a pK, of 7.8 (Figure 1b). The
intensity ratio (Fsgs/Fa40) increases >10-fold with acidification
and responds with a lower pK, of 6.6 because the 585 nm peak
has a greater absolute intensity change (Figure 1c, Supplemental
Figure S1). The ratio response is also insensitive to dif-
ferences in buffer ion composition (K*, Na™, CI, Mg2+,
Ca*", HCO; ), oxidative stress (H,O,, dithiothreitol), and
temperature (21—37 °C) (Supplemental Figure S1). Hence,
pHRed is a specific sensor for monitoring pH.

To compare its brightness to mKeima with excitation at 440
and 585 nm, we measured the extinction coefficients (£) and
quantum yields (QY) of pHRed (Supplemental Figures S2 and
S3 and Table S1). At pH 7.5, pHRed’s €440 is 1.7-fold lower and
&sgs is 3.4-fold larger compared to mKeima. Likewise, pHRed’s
QY40 is 1.8-fold lower and the QYsgs is 1.3-fold larger. As a
result, at pH 7.5 the brightness (¢ QY) of pHRed is 3-fold lower
than mKeima at 440 nm but 4-fold higher at 585 nm.

The pH dependence of €449 and €555 correlates well with the
differing pK,’s of the fluorescence intensity responses of pHRed
(pK, ~ 7.8) and mKeima (pK, ~ 6.6) (Figure 1d). Interestingly,
pHRed’s QY5 is not strongly pH dependent, but the QY440
increases 3-fold between pH 6 and 9 (Figure le). The QY 40 of
mKeima is also pH dependent, increasing 1.4-fold from pH 6 to
9. pHRed generally has a lower QY440 than mKeima, but the
difference decreases as pH increases. This might suggest that
mKeima, with a lower pK,, is closer to saturation in its QY40 pH
response, but it may also be that the A213S mutation simply
increases the rate of nonradiative decay of the 440 nm absorbing
neutral chromophore in pHRed. The pH dependence of the
QY40 itself is not likely due to a pH-dependent change in ESPT
efficiency because we do not observe any green emission, as
would be expected if pH-dependent ESPT were a mechanism
(Supplemental Figure S4).'®
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Figure 1. (a) Fluorescence excitation and emission spectra of purified
pHRed in solution. pH response of the (b) 440 and 585 nm excitation peak
intensities with 620 nm emission, (c) the Fsgs/Fay ratio, (d) extinction
coefficients, and (e) quantum yields. (ab) Fluorescence intensity is
normalized to total integrated intensity. (b—e) mKeima data are shown
in gray for comparison. (f) pHRed reports intracellular pH in live Neuro2A
cells. Changes in extracellular pH without permeabilization caused minor
changes to intracellular pH (horizontal bars). The protonophore nigericin
was used to manipulate intracellular pH. n = 43 cells; bars indicate standard
error. Inset: pH calibration in cells agrees well with purified protein (line).

The spectroscopic data suggest that the A213S mutation also
increases the apparent pK, of pHRed relative to mKeima. It is
possible that a serine hydroxyl at position 213 could interact with
the adjacent carboxylate of E211. The crystal structures of
mKeima'*'® show that E211 directly interacts with the chromo-
phore’s imidazolinone moiety, and E211 may indirectly interact
with S142 and D157 via waters and R193. This might provide a
network by which a hydrogen-bonding interaction between $213
and E211 could cause a pK, shift.

The purified protein characterizations demonstrate that
pHRed is better suited than mKeima for intracellular pH sensing.
pHRed has two well-matched peak intensities that facilitate ratio
imaging, and it has a larger ratio response dynamic range that is
also better matched to the physiological pH range. Therefore, we
next characterized the pH response of the intensity ratio when
pHRed is expressed in live cells. Heterologously expressed in
Neuro2A cells, pHRed reports intracellular pH. To manipulate
the intracellular pH, live cells were permeabilized using the
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Figure 2. pH response of pHRed fluorescence lifetime (630 nm
emission) with 860 nm two-photon excitation. (A) pH response of
peak normalized fluorescence lifetime decays of purified pHRed in
solution. (B) Intracellular pH in live Neuro2A cells imaged with FLIM.
The nigericin method was used to manipulate pH. (C) pH response of
pHRed fluorescence lifetime in cells (n = 6) and protein in solution
(n=3) in solution agreed well with an apparent pK, of 6.9 = 0.2, similar
to the Fg;5/F440 intensity ratio response.

K*/H"-ionophore nigericin and incubated in buffer with high
extracellular KCL'* The pH dependence of pHRed’s intensity
ratio in cells correlated well with the pH response of purified
protein in solution (Figure 1f).

We also found that pHRed exhibited a pH-dependent fluor-
escence lifetime that could be used to image intracellular pH
using fluorescence lifetime imaging microscopy (FLIM) with
near-infrared two-photon excitation. Imaging thick samples such
as brain slices is greatly hindered by light penetration and light
scatter, but this problem can be overcome by the use of two-
photon excitation at infrared wavelengths.'”* However, two-photon
excitation profiles are generally broad, and collecting an intensity
ratio for pHRed would be challenging given the long wavelength
of pHRed’s second excitation peak. FLIM offers an alternative
solution. Purified pHRed in solution can be excited in two-photon
mode at a single wavelength of 860 nm,"” and its fluorescence lifetime
decreased upon acidification (Figure 2a). To test its pH response
in cells, we again used the KCl-nigericin method to manipulate
the intracellular pH of live Neuro2A cells expressing pHRed
(Figure 2b). We found that the pH response of the fluorescence
lifetime of pHRed expressed in cells correlated well with that of
purified protein in solution (Figure 2c). The fluorescence life-
time of pHRed increased upon changing from pH S to 8 with a
half-maximal response at pH 6.9 £ 0.2 (n = 6), making pHRed a
well-tuned fluorescence lifetime sensor for intracellular pH.
Furthermore, pHRed’s lifetime changed by ~0.4 ns, a substantial
lifetime difference that can be well detected in FLIM.>"** As with
intensity ratios, the fluorescence lifetime is independent of
expression levels. Thus, pHRed is a versatile probe that could
be used to monitor pH in both thin and thick samples.

To test the utility of pHRed for live-cell microscopy, we used
pHRed in two experimental regimes related to cellular energy
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Figure 3. Decreased glucose concentration depletes mitochondrial sub-
strates causing a loss of inner membrane potential, and COX8-pHRed
reported a decrease in matrix pH (red, n = 17). Cytosolic pH reported by
pHRed did not acidify when glucose was lowered (black, n =3). At the end of
each experiment, consecutive 10 mM NH,Cl and 10 mM acetic acid pulses
were used to verify that pHRed correctly reported an induced intracellular
alkalinization and acidification, respectively. Mitochondrial matrix (pH 8.0)
rested alkaline relative to cytosol (pH 7.3).

metabolism: first, pHRed was targeted to the mitochondrial
matrix and used to probe mitochondrial function; second, pHRed
was used in conjunction with the sensor Perceval® to simulta-
neously monitor intracellular ATP and pH, demonstrating en-
ergy-dependent changes in cytosolic pH.

The cytochrome ¢ oxidase subunit VIII (COXS8) signal
sequence was used to target pHRed to the mitochondrial
matrix,”*** and glucose-dependent mitochondrial function was
reported by COX8-pHRed. COX8-pHRed reported that the
matrix was alkaline, resting at pH 8.0 in the presence of S mM
extracellular glucose. When the extracellular glucose concentra-
tion was decreased from 5 to 0.1 mM, the matrix acidified, and
this acidification could be reversed by increasing the extracellular
glucose concentration (Figure 3). Without an appended signal
sequence, pHRed expressed throughout the cell and reported
that the cytosol did not acidify when extracellular glucose
concentration was lowered, resting near pH 7.3 (Figure 3).
The mitochondrial uncoupler p-trifluoromethoxy carbonyl cya-
nide phenyl hydrazone similarly caused an acidification of the
mitochondrial matrix but not the cytosol (Supplemental Figure
S5). Acidification of the mitochondrial matrix is consistent with a
decrease in mitochondrial metabolism when glucose levels are
decreased. Lowered glucose causes a decrease in substrates
available to enter the tricarboxylic acid cycle and fuel the electron
transport chain, causing a collapse of the inner membrane potential
and mitochondrial pH gradient.”>** These data illustrate that
targeted expression of pHRed can be used to monitor the pH of
different organelles and their pH-dependent function.

We also demonstrated that pHRed can be used in multicolor
experiments to simultaneously image intracellular ATP and pH
and to facilitate correction for pH sensitivity of the ATP sensor.
pHRed was co-expressed with Perceval, a sensor of the intracel-
lular ATP:ADP ratio,® and the effect of acute glucose starvation
on intracellular pH and ATP was monitored. As described above,
lowering the extracellular glucose concentration to 0.1 mM
causes mitochondrial acidification but not cytosolic acidification.
These observations suggest that 0.1 mM extracellular glucose
provides sufficient energy to maintain cytosolic pH despite
attenuated mitochondrial function, at least for short periods of
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Figure 4. Coexpression of pHRed and Perceval for simultaneous imaging
of the intracellular pH and the ATP:ADP ratio in live Neuro2A cells. Top:
pHRed 629 nm (left) and Perceval 525 nm (right) emission in the same
cells. Middle: In high glucose, cells rested at pH 7.4 and showed rapid
recovery from an acid load induced by a 10 mM NH,CI prepulse (first
asterisk). Complete glucose withdrawal caused acidification, and recovery
from an acid load was attenuated (second asterisk). Bottom: Glucose
withdrawal caused a decrease in ATP that was promptly reversed with
refeeding. The Perceval signal was pH corrected using pHRed. Small errors
in the correction remain at the start and end of the NH,Cl pulses. n = 14.

time in Neuro2A cells. In contrast, complete glucose starvation
causes a cellular energy crisis that leads to oxidative stress,
apoptosis, and loss of pH regulation.”® Whereas increasing
extracellular glucose can alkalinize the cytosol, complete glucose
withdrawal can acidify the cytosol because ATP depletion
attenuates the function of Na'/H" exchangers, the Na'/K'-
ATPase, H"-ATPases, and other transporters that act together in
H" homeostasis.””>*** 3! By co-expressing pHRed and Perce-
val, ATP depletion and its effect on intracellular pH could be
simultaneously imaged. With 5 mM extracellular glucose ATP
was high in Neuro2A cells, but ATP was quickly depleted with
complete glucose starvation (Figure 4). The onset of ATP
depletion correlated with the onset of intracellular acidification
as the cells entered energy crisis (Figure 4). Additionally, recovery
from acidification induced by a 10 mM NH,Cl prepulse differed
in high glucose/high ATP versus no glucose/low ATP condi-
tions. In the NH4Cl prepulse method, extracellular NH,Cl
causes intracellular alkalinization followed by a transient acid-
ification when it is removed. This method is commonly used to
assay the function of membrane transporters involved in H"
homeostasis.”® High ATP supported a rapid recovery from acid-
ification, but low ATP prevented a rapid recovery phase
(Figure 4). Furthermore, glucose re-feeding promptly raised
intracellular ATP, but recovery from acidification was delayed
until ATP reached near original levels reported by Perceval
(Figure 4). These data are consistent with other studies showing
that acid/base transporters and pH homeostasis require ATP for
energy or as an allosteric modulator for transporter function.”****"

This multicolor imaging experiment also illustrates the utility
of pHRed in providing a simultaneous pH signal that can be used
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to correct the pH sensitivity of a green sensor. Sensitivity to pH is
a critical problem for GFP-based sensors, particular circularly
permuted GFP sensors, that can cause severe artifacts if not taken
into account.%*'® Perceval is pH-sensitive, and changes in
intracellular metabolism and ATP:ADP ratio often occur con-
currently with pH changes. Rather than requiring parallel experi-
ments, simultaneous imaging of pHRed with Perceval allowed
pH artifacts to be corrected on a cell-by-cell basis (Supplemental
Figure S6). In this experiment, an empirical correlation between
the green Perceval signal and the red pHRed signal was measured
when cells were exposed to a mild pH manipulation not
associated with a change in intracellular ATP. The empirical
linear correlation was used to normalize Perceval for the pH
changes reported by pHRed. This empirical method works well
to remove the large pH artifacts observed with the uncorrected
Perceval signal (Supplemental Figure S6). The ATP dynamics
that were on the time scale of the metabolic changes monitored
here were well corrected, despite small transient errors that
remain in the corrected Perceval signal at the start and end of the
ammonium pulse (Figure 4). Hence, pHRed facilitates imaging
of multiple cellular parameters and can be valuable for providing
a pH signal to correct for the pH-sensitivity of other sensors.
In conclusion, we engineered a new sensor called pHRed, a
mutant of mKeima, that we used to image intracellular pH in live-
cell microscopy. A pH sensor also using an RFP has been
previously published, but this sensor provides intensity-based
measurements that require corrections for expected photoblea-
ching.13 To our knowledge, this is the first sensor based on a
single RFP that is excitation ratiometric. We demonstrated that
pHRed uniquely allows us to image intracellular ATP and pH
simultaneously because of its spectral compatibility with the
GFP-based ATP sensor Perceval. We also demonstrated that in
principle pHRed can be used in two-photon FLIM, potentially
providing a new tool for imaging pH in thick samples or possibly
even in vivo. With the §reat progress made in engineering RFPs
and ESPT in RFPs,'”>” this ratiometric sensing strategy could
potentially be applied to create a variety of new sensor color
variants and greatly enhance multicolor live-cell microscopy.
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Materials and Methods. Chemicals were purchased from
Sigma-Aldrich unless otherwise noted. Cell culture media and
supplements were purchased from Invitrogen unless otherwise
noted. Error bars are standard errors.

Development of pHRed.

In the development of mKeima, an early-stage precursor exhib-
ited two pH-dependent fluorescence excitation peaks at 452 and
580 nm, and the 452 nm peak was attenuated with four mutations:
S61F, 192T, F158Y and S213A.' Of these mutations, the side
chains of residues 92 and 158 are exterior facing, and residues 61
and 92 were further mutagenized in subsequent stages of devel-
opment. Residue 158 is adjacent to D157, a residue important for
ESPT;2® however, the F158Y mutation is sterically conservative.
In contrast, the side chain of residue 213 projects towards the
chromophore,?® and therefore we rationalized that reversing the
S213A mutation would be a good starting point for recovering the
452 nm peak. Indeed, the mKeima-A213S mutant exhibits dual
excitation peaks that respond ratiometrically to pH (Figure 1a).
Because of proximity to the chromophore, we also conducted
random mutagenesis of residues 60 and 61, but no improved vari-
ants were identified.

As for mKeima, the “reverse” pH dependence® of pHRed’s
fluorescence response is reminiscent of the behavior of the GFP-
derived pHluorins,* and it is opposite the trend observed for
avGFP.° In mKeima the reverse pH dependence is a result of
chromophore interactions with S142 and D157.% The carboxylate
of D157 stabilizes the protonated chromophore in a trans confor-
mation, but under acidic conditions in which D157 is protonated,
hydrogen bonding with S142 stabilizes the anionic chromophore
in a cis conformation.> However, at alkaline pH D157 may also
stabilize the cis-protonated chromophore, and the role of the iso-
merization is not clear.? Furthermore, residues S142 and D157
also provide a proton transfer network for ESPT following excita-
tion of the protonated chromophore, and excitation of either ioni-
zation state results in red fluorescence emission.

A synthetic gene encoding mKeima (Genscript) was subcloned
into the pRSetB (Invitrogen) bacterial expression vector, append-
ing a 7xHis tag. Mutations were introduced by site-directed mu-
tagenesis or by degenerate oligonucleotides and overlap PCR.
Mutants were transformed into DH5a. E. coli and grown in 96-
well deep-well plates in 1.5 mL of YT media overnight at 37°C
with shaking followed by room temperature shaking for 1 to 3
days. Bacterial pellets were collected by centrifugation, triturated
in lysis buffer (1X CellLyticB, 100 mM MOPS, 50 mM KClI, 5

mM NaCl, 0.5 mM MgCl,, pH 7.4 KOH), transferred to HisSelect
Nickel-Affinity 96-well plates (Sigma), and incubated overnight
at room temperature with shaking to capture protein. Capture
plates were then washed three times with tris-buffered saline with
0.1% Triton-X100 and three times with MOPS wash buffer (Lysis
buffer excluding CellLyticB). Plates were then incubated at room
temperature with shaking for 4 to 6 hours in elution buffer (wash
buffer plus 20 mM imidazole and 0.1% BSA). Clear bottom
black 96-well plates (Nunc) were pre-blocked with elution buffer.
Fluorescence of mutant proteins was screened using a Synergy 4
fluorescence plate reader (BioTek).

Initial Expression and Purification. pHRed containing an N-
terminal 7xHis tag was expressed in DH5a cells as described
above except scaled to a 10 to 30 mL culture volume. Protein
was purified using the Qiagen NiNTA Quick Spin Columns ac-
cording to manufacturer instructions. Eluate was dialyzed into
storage buffer (10 mM HEPES, 120 mM KCI, 10 mM NacCl, 0.5
mM MgCl,, 20% glycerol, pH 7.4 KOH) with two buffer changes
at 4°C, stored at -20°C to 4°C for use within 5 days or stored at -
80°C for later use.

Initial Characterization of Purified pHRed in Solution. For pH
titrations buffer contained 10 mM of acetate, MES, MOPS, Bi-
cine, and CHES and 100 mM of NaCl (pH with NaOH) or KCI
(pH with KOH) or K-Gluconate (pH with KOH). Protein samples
were diluted 20 to 40 fold to ~2 pM, and fluorescence was meas-
ured in a fluorescence plate reader or in a cuvette spectrofluoro-
meter for more detailed spectra (Fluoromax, Horiba Jobin Yvon).
To test for interferences, consecutive additions of MgCl,, CaCl,,
H,0,, and DTT were made to samples diluted into NaCl, KClI, or
K-gluconate buffers. For temperature dependence, samples were
measured in sealed plates to prevent evaporation. Fluorescence
was measured at room temperature (21°C) first. Temperature was
then consecutively increased to 25°C, 31°C, and 37°C, and the
samples and instrument were allowed to equilibrate before meas-
uring fluorescence. For sensitivity to bicarbonate, solutions were
titrated with NaHCO; from pH 4.9 to 8.2. Protein was diluted
into bicarbonate buffers and fluorescence measured within 5 min-
utes of pH measurement to minimized pH variations in the ab-
sence of a controlled CO, atmosphere. For filter based plate read-
er measurements, 440/20 nm and 575/15 nm excitation and a
635/32 nm emission filters were used.

Expression in Neuro2A Cells. pHRed was subcloned into the
GW1 (British Biotech) mammalian expression vector. DNA was
prepared from DH5a cells using Qiagen High Speed MaxiPrep
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kits. Neuro2A (ATCC CCL-131) cells were cultured at 37°C in
5% CO, humidified air atmosphere in MEM media containing
10% bovine calf serum (Invitrogen) and passed every 3 to 4 days.
For expression, cells were plated onto protamine coated 18 mm
diameter, #1.5 glass coverslips (Thermo). Four to six hours later,
cells were transfected using Effectene (Qiagen) according to man-
ufacturer’s instructions. The following day media was changed to
low glucose DMEM containing 1% bovine calf serum and 10 pM
all trans-retinoic acid to induced neurite extension. Cells were
imaged 24 to 72 hours after media change.

Cell Treatments and Nigericin pH Calibrations. Cells were
imaged in continuously flowing (2 mL/min) artificial cerebrospi-
nal fluid (ACSF in mM: 130 NaCl, 4 KCl, 2 CaCl,, 1 MgCl,, 20
sucrose) buffered with 25 mM HEPES, pH 7.4 (NaOH) except for
Figure 3 where ACSF was buffered with 25 mM NaHCO; bub-
bled with 5% CO,/95% air. ACSF was warmed to 34+1°C with
an inline heater placed just before the perfusion chamber except
for FLIM experiments conducted at room temperature. Glucose
was added to concentrations indicated in the text and osmotic
balance was maintained with sucrose (~325 mOsmol to match
complete DMEM culture media). For nigericin experiments,
NaCl was replaced with KCI, and 2-5 pM nigericin was used.

Intensity Ratio Imaging. Cells were imaged on a Nikon
Eclipse TE300 inverted microscope mounted with an Andor
Revolution Differential Spinning Disk (DSD) unit for optical
sectioning controlled by iQ software. Excitation light from a
Prior Lumen Pro was passed through 445/20 nm, 482/18 nm, or
578/16 nm Semrock filters. The DSD unit contained a Chroma
59022bs dichroic, Semrock 492 nm short pass, Omega 490 nm
short pass, and Omega 590 nm short pass filters. Excitation light
was passed through Semrock 525/39 nm or 629/56 nm filters. In
a typical experiment, images were taken in succession at 10 sec-
ond intervals with 2x2 binning and 200 to 400 ms exposure times
using a Nikon Plan Apo VC 20X/0.75NA dry objective. Back-
ground and bleed-through of Perceval fluorescence into the
pHRed channel were subtracted before ratios were calculated.
There is a minimal amount of bleedthrough (5%) of Perceval
green fluorescence into the pHRed red channel when excited at
the shared wavelength of 445 nm. Pixel-by-pixel ratios were
calculated, regions or interest were drawn around cells, and aver-
age measurements were calculated with thresholding using Im-
ageJ software.

Perceval is a dual excitation ratiometric sensor that responds to
changes in the ATP:ADP ratio.® The Fyes/Fuss fluorescence inten-
sity ratio (R) increases in response to increasing ATP:ADP with a
half maximal response at ATP:ADP ~ 0.5. The occupancy of the
sensor is calculated as (R — Rmin) / (Rmax — Rmin)- Rmin @nd Rpax
are estimated at the end of each experiment in 0 or 25 mM glu-
cose, respectively, and the ratios are pH-corrected as described
below.

Two-Photon FLIM. Protein samples and cells were imaged on
an upright microscope with a 10X dry objective modified for
lifetime imaging built in house by G.Y. and Bernardo Sabatini.
Samples were excited using a tunable Ti:Sapphire 80 MHz laser
(Coherent, Chameleon Vision 1), and a time-correlated single-
photon counting board (Becker and Hickl SP-830) was used to
measure fluorescence decays. Fluorescence emission was col-
lected by a photomultiplier tube (Hamamatsu 47422) through a
700 nm long pass and 630/60 nm filters. Data was collected and
analyzed using Matlab software provided by Ryohei Yasuda and
Bernardo Sabatini and modified by G.Y. The empirical mean
lifetimes were measured by averaging over a 9 ns window. The
zero time offset for the averaging window was estimated to be the
time of peak intensity as determined by fitting the fluorescence

decays to a bi-exponential function convoluted with a Gaussian
instrument response function. There was no difference in esti-
mated zero time offsets using either a Gaussian instrument re-
sponse function or an experimental response function. The fitting
approach provides a robust automated method for determining the
zero time offset and averaging window. The fitted lifetimes
themselves were not used because the empirical mean lifetimes
provide a fitting-independent measurement. These empirical
mean lifetimes are plotted in Figures 2b and 2c.

Note that the pH changes in Figure 1f and Figure 2b differ in
kinetics. This is an artifact of the different perfusion systems
attached to the ratio imaging and FLIM instruments. Thus the
difference in the rate of the pH-dependent ratio and lifetime
changes reflects differences in solution exchange, not any funda-
mental photophysical peculiarity.

Spectroscopy for Extinction Coefficient and Quantum Yield
Determinations. For spectroscopy, pHRed and mKeima proteins
were expressed and purified as described above. However, pro-
teins were dialyzed into a low buffering strength solution (5 mM
MOPS, pH 7.3, 300 mM NaCl, 10% glycerol). For pH studies,
the solutions contained 300 mM NaCl and 50 mM of one of the
following buffers: MES, pH 5.5; MES, pH 6.0; MOPS, pH 6.5;
MOPS, pH 7.0; MOPS, pH 8.0; Bicine, pH 8.5; Bicine, pH 9.0;
CHES, pH 10.0.

The concentration of protein containing mature chromophore
was measured in 1M NaOH. mKeima and pHRed have the same
QYG-derived chromophore as DsRed. Alkaline denaturation of
the protein exposes the chromophore, and hydrolysis of the chro-
mophore acylimine produces a GFP-like chromophore. In agree-
ment, both mKeima and pHRed exhibit 446 nm peak absorbance
in 1M NaOH. The extinction coefficient of this chromophore
measured for DsRed in 1M NaOH was close to that for GFP (g446
=4 x 10* M . cm™).” Therefore absorbance at 446 nm in 1M
NaOH can be used to measure the concentration of mature chro-
mophore.®  Mature protein concentrations were measured at sev-
eral dilution on several days, and protein concentrations were
consistent. For direct comparison with literature values, total
protein concentration of mKeima was determined by colorimetric
bicinchoninic acid (BCA) assay. Comparison of the two methods
indicate that ~60% of the mKeima protein contains mature chro-
mophore, consistent with previously published reports.? Further-
more, the extinction coefficient determined using BCA-assayed
total protein concentration values is ~15000 M™*.cm™ at pH 7.5,
very consistent with other published reports where the extinction
coefficient was also determined with respect to BCA-assayed
total protein concentration.® In order to provide an accurate
description of the mature mKeima and pHRed we henceforth used
the protein concentration determined by the alkaline denaturation
method as others have 8

For pH-dependent extinction coefficient measurements, pro-
teins were diluted in appropriate buffers at 3 or 4 different con-
centrations (~5-20 pM), and the extinction coefficients were cal-
culated according to the Beer-Lambert equation.

For pH-dependent quantum vyields, proteins were diluted in
appropriate buffers to absorbances of 0.001 to 0.01, and the fluo-
rescence vs. absorbance slopes were measured through 7 to 9 data
points. For 440 nm excitation, mKeima at pH 7.5 was used as the
reference standard (QY = 0.24).> For 585 nm excitation, sulfor-
hodamine 101 in ethanol was used as the reference standard with
correction for the difference in refractive index (QY = 0.95)."
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Supplemental Figures, Tables, and Discussions.

pHRed’s Fluorescence Intensity and Intensity Ratio (Related to
Figure la-c) The maximal fluorescence intensity change with
575 nm excitation is of a larger magnitude than the maximal fluo-
rescence intensity change with 440 nm excitation (Supplemental
Figure S1). As a result the intensity ratio pH response is acid
shifted. While both Fs75 and F440 respond to pH with a pK, ~ 7.8,
the Fs75/F 449 ratio responds with a pK, ~ 6.6.

The same is true for mKeima fluorescence intensities, but for
mKeima the fluorescence intensities respond to pH with a pK, ~
6.6. This causes the intensity ratio of mKeima to respond to pH
with a pK, < 6, a major reason why pHRed is better suited for
monitoring intracellular pH compared to mKeima.

pH Response is Insensitive to Various Factors (Related to Fig-
ure la-c). The pH-dependent fluorescence of pHRed was insensi-
tive to differences in buffer ion composition (Mg?*, Ca?*, K*, Na*,
CI7, HCOy"), oxidative stress (H,0,, dithiothreitol), and tempera-
ture (pK4(21°C)=6.6; pKa(25°C)=6.7; pK,(31°C)=6.7;
pK,(37°C)=6.7), so there should be minimal artifacts due to these
factors (Supplemental Figure S1).
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Supplemental Figure S1. Top: Scaled pH responses of pHRed
fluorescence intensities. Fs7s and Faso both exhibit a pKa of ~7.8, but
Fszs changes nearly 2-fold more in magnitude than Fas0, causing the
ratio to reach half-maximal response at a lower pKa of 6.6 (inset).
Bottom: The pH response of pHRed’s Fszs/Faso intensity ratio was not
significantly affected by changes in buffer concentrations of Mg?,
Ca?*, Na*, K*, CI", HCOs", gluconate™, hydrogen peroxide, or dithio-
threitol (symbols overlay one another closely on the fitted solid black
curve).
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Photophysical properties of pHRed (Related to Figure la-e).
Absorbance spectra were taken at 3-4 different protein concentra-
tions at different pH to determine extinction coefficients (Sup-
plemental Figure S2). At the end of each measurement, NaOH
was added directly to the sample to a final concentration of 1M,
and the 446 nm absorbance of the mature chromophore was
measured. 7 This provided a direct measurement of protein con-
centration to minimize errors due to pipetting.

Quantum yields were measured by comparing the slopes of the
fluorescence versus absorbance relationships. 7 to 9 data points
were collected for each slope determination (Supplemental Figure
S3).

The extinction coefficients, quantum yields, and brightness
products of pHRed and mKeima measured in this study are listed
in Supplemental Table S1.
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Supplemental Figure S2. pH dependence of the absorbance spectra
of pHRed and mKeima. Extinction coefficients for absorbance at 440
and 585 nm were estimated by measuring absorbance spectra at 3 to 4
protein concentrations at pH 5.5 to pH 10.
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Supplemental Figure S3. pH dependence of the fluorescence excita-
tion and emission spectra of (a-b) pHRed and (e-f) mKeima. Quan-
tum vyields with excitation at 440 nm or 585 nm were determined by
collecting fluorescence versus absorbance relationships, and compar-
ing slopes to reference standards (mKeima, pH 7.5 for QY a4o; Sulfor-
hodamine 101 for QYssgs). The brightness is the product of the quan-
tum yield and extinction coefficient. (c-d) pHRed. (g-h) mKeima.
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Purity of pHRed. Nickel affinity purified pHRed and mKeima
were analyzed by denaturing SDS-PAGE. Densitometry of the
Coomassie stained gels indicated the 26 kDa band accounted for
~90% of the protein. 10% of the protein was attributed to bands
at ~16 kDa and ~10 kDa. These bands are previously described
C- and N-terminal fragments that result from hydrolg/sis of the
acylimine in the chromophore and backbone scission.” No other
bands were apparent.

We also looked for any green fluorescence from pHRed. The
fluorescence spectra of purified pHRed showed that there is no
green fluorescent component. Because maturation can be differ-
ent when FPs are expressed in mammalian cells, we also looked
for green fluorescence following transfection of pHRed in N2A
cells. Fluorescence images were taken 1, 2, 3, and 4 days after
transfection (normally cells are used 3 and 4 days after transfec-
tion). On day 1 no fluorescence was visible. On days 2 to 4, we
imaged 50 to 300 cells each day, exciting at 445 nm and collect-
ing fluorescence images at 525 nm and 629 nm. We compared
pixel intensities of transfected cells versus untransfected cells.
We clearly observe an increase in red fluorescence, but there is
not a significant green fluorescence component that would indi-
cate a green immature population.

pHRed Reported Dissipation of the Mitochondrial pH Gradient
by FCCP (Related to Figure 3). COX8-pHRed reported acidifica-
tion of the mitochondrial matrix induced by 1uM FCCP (Supple-
mental Figure S2, red trace, blue bar). This is consistent with the
uncoupling action of FCCP which dissipates the mitochondrial
inner membrane potential. Interestingly, oligomycin also caused
a slight acidification which reached steady-state in ~1 min (yel-
low bar). This is contrary to the expected effect of oligomycin.
Oligomycin would be expected to block the ATP synthase and
proton translocation, causing an alkalinization of the mitochon-
drial matrix. These contrary observations could be due to non-
specific effects of oligomycin or indicative that ATP synthesis is
not strongly coupled to the inner membrane potential in Neuro2A
cells. However, exploration of this phenomenon is beyond the
scope of this paper. Neither oligomycin nor FCCP significantly
affected cytosolic pH as reported by pHRed (black trace).
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Supplemental Figure S4. Top: Densitometry following SDS-PAGE
and Coomassie staining indicate both pHRed and mKeima were puri-
fied to at least 90% purity. Bottom: N2A cells were transfected with
pHRed. Over time red fluorescence increased in transfected cells
(red) versus autofluorescence from untransfected cells (black). There
was not a significant green fluorescence in transfected cells (green)
compared to autofluorescence of untransfected cells (blue).
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Supplemental Figure S5. pHRed expression in live Neuro2A re-
ported on mitochondrial function. Expressed in the cytosol, pHRed
indicated no change in intracellular pH in response to FCCP (blue
bar). Targeted to the mitochondrial matrix, COX8-pHRed reported
an acidification of the mitochondrial matrix with application of
FCCP.
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pH Correction of Perceval Using pHRed (Related to Figure 4).
The ATP:ADP ratio reporter Perceval is pH-sensitive. Thus,
changes in the Perceval ratio shows significant changes that are
correlated with the pHRed signal changes. To correct for pH
artifacts, an empirical linear correlation was measured between
Perceval and pHRed ratios during a change in intracellular pH
that does not significantly affect the intracellular ATP:ADP ratio.
For example, minor changes to the extracellular pH or mild alka-
linization by exposure to low concentrations of extracellular
NH,CI are appropriate pH challenges. The linear correlation can
be used in conjunction with the pHRed signal to extrapolate the
expected changes in Perceval and thus normalize the Perceval
ratio.

For example, Supplemental Figure S3 shows data from one cell
extracted from Figure 4 of the main text. The uncorrected Per-
ceval intensity ratio is strongly correlated to the pHRed intensity
ratio, showing clear pH artifacts (Supplemental Figure S3ab).
Using the NH,CI pulse in the presence of glucose when the intra-
cellular ATP:ADP ratio is high and stable, data collected during
this pH challenge show a strong linear correlation between Per-
ceval and pHRed. Furthermore, data collected during the NH,CI
pulse in the absence of glucose can be fitted with a near parallel
line. These parallel fitted lines represent the extreme contours of
the intracellular ATP:ADP ratio as reported by Perceval in its
saturated and unsaturated states. Data points that are collinear
along a contour have the same ATP:ADP ratio but differ in intra-
cellular pH. When a time course of data points deviates between
the two extreme contours, a real change in ATP:ADP occurred.
In this experiment, extracellular glucose was withdrawn to de-
plete intracellular ATP. As a result, most points in the Perceval-
pHRed space lie on the upper or lower fitted lines. Only when
glucose was withdrawn did points (red) deviate from the top con-
tour moving to the lower contour, indicating a real decrease in
ATP:ADP. Likewise, when glucose was resupplied points, (blue)
deviated from the bottom contour and moved back towards the
top contour, indicating a real increase in ATP:ADP.

Operationally, the linear correlation from individual cells is
used to normalize Perceval and minimize pH artifacts. The pre-
dicted change in Perceval due to pH is calculated using the
pHRed signal and fitted parameters, and then Perceval is normal-
ized to the predicted pH-only change. As expected, this method
is not a perfect correction for pH sensitivity. An alternative
method is to use the estimated pH and pre-determined pH-
dependence of Perceval reporting parameters to absolutely correct
the Perceval signal. However, in practice this method suffers
from large propagated errors and also relies on predetermined
parameters. The empirical method works very well in practice
(and in simple simulations), and has the added benefit of using
parameters determined from each experiment on a cell-by-cell
basis.
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Supplemental Figure S6. Empirical correction of the pH-sensitivity
of Perceval using pHRed from a live Neuro2A cell expressing both
reporters. (A) Uncorrected Perceval ratio over time. 10 mM NH,4CI
pulses (black bars) were applied in the presence or absence of glu-
cose. The fluorescence ratio trace is color coded to indicate time
periods of interest throughout the figure. (B) pHRed ratio over time.
(C) Data from (A) and (B) plotted as the Perceval ratio versus the
pHRed ratio. Data during the NH,CI pulse in the presence of glucose
provided a linear correlation between Perceval and pHRed (top solid
black line). Data during the NH,CI pulse in the absence of glucose is
fitted by a nearly parallel line (bottom black solid line) as expected.
When glucose was withdrawn, the data points (red) deviate below the
top fit, indicating a true decrease in intracellular ATP:ADP ratio (red
arrow indicates progression over time). Conversely, when glucose
was resupplied, the data points (blue) show a path from the lower fit
to the upper fit, indicating a true increase in ATP:ADP ratio (blue
arrow indicates progression over time). Cell “run down” at the end of
the experiment can prevent complete recovery to the initial ATP:ADP
ratio, causing the blue data points to lie close to but not on the top
fitted line.
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Supplemental Table S1. Photophysical properties of pHRed and mKeima measured in this study. Extinction coefficients were measured for the
mature chromophore. Quantum yields for excitation at 440 nm and emission in the 550-700 nm band were measured against mKeima at pH 7.5,
assumed to have a quantum yield of 0.24. Quantum yields for excitation at 585 nm and emission in the 600-700 nm band were measured against
Sulforhodamine 101 in ethanol (QY = 0.95)*" with correction for the difference in refractive indices. N.D. = Not determined.

pHRed mKeima
pH € 440 nm € 585 nm QY 440nm QY s85nm € 440 nm € 585 nm QY 440nm QY s85nm
55 18000 15700 0.04 0.41 17700 13600 0.18 0.43
6.0 14200 14500 0.06 0.41 18500 13100 0.19 0.29
6.5 13800 13800 0.06 0.41 18600 7800 0.20 0.31
7.0 16500 14000 0.11 0.45 21200 4500 0.23 0.32
7.5 14800 8700 0.13 0.49 25600 2600 0.24 0.38
8.0 18300 6300 0.13 0.41 24900 1000 0.23
8.5 22900 4000 0.16 0.48 25700 500 0.25
9.0 21700 2540 0.18 0.44 22900 800 0.26
pKa 7.8 7.8 N.D. N.D. 6.7 6.7 N.D. N.D.
pHRed mKeima
pH (£:QY)as0 (e'QY)ses (e'QY)ag0 (e'QY)ses
55 800 6400 3300 5900
6.0 800 6000 3400 3800
6.5 800 5700 3800 2400
7.0 1700 6400 4900 1500
7.5 2000 4300 6100 1000
8.0 2300 2500 5700
8.5 3600 1900 6400
9.0 3800 1100 6000
pKa 7.8 7.8 6.9 N.D.
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