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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 (g) 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 S213
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 Fy;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 5 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 (COX8) 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 REPs,'”>? 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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