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pH-sensitive fluorescent proteins have revolutionized the field of cellular imaging
and physiology, offering insight into the dynamic pH changes that underlie
fundamental cellular processes. This comprehensive review explores the
diverse applications and recent advances in the use of pH-sensitive
fluorescent proteins. These remarkable tools enable researchers to visualize
and monitor pH variations within subcellular compartments, especially
mitochondria, shedding light on organelle-specific pH regulation. They play
pivotal roles in visualizing exocytosis and endocytosis events in synaptic
transmission, monitoring cell death and apoptosis, and understanding drug
effects and disease progression. Recent advancements have led to improved
photostability, pH specificity, and subcellular targeting, enhancing their utility.
Techniques for multiplexed imaging, three-dimensional visualization, and super-
resolution microscopy are expanding the horizon of pH-sensitive protein
applications. The future holds promise for their integration into optogenetics
and drug discovery. With their ever-evolving capabilities, pH-sensitive
fluorescent proteins remain indispensable tools for unravelling cellular
dynamics and driving breakthroughs in biological research. This review serves
as a comprehensive resource for researchers seeking to harness the potential of
pH-sensitive fluorescent proteins.

KEYWORDS

pH-sensitive, sensors, mitochondrion, organelle pH, disease progression

Introduction

Cellular processes are intricately regulated by pH dynamics, with precise pH levels being
critical for various biological functions. Monitoring pH changes within living cells is
essential for understanding the underlying mechanisms of physiological processes, disease
progression, and drug effects. pH-sensitive fluorescent proteins have emerged as versatile
and indispensable tools for visualizing and quantifying pH fluctuations in real time via
noninvasive techniques.
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TABLE 1 The spectral characteristics of pH-sensitive fluorescent proteins.

FP λex λem Ec QY Brightness pKa References

GFP GFP S65T 490 510 55,000 0.64 35.2 - Heim et al. (1995)

Ratiometric pHluorin 475/395 509 - - - 7.1 Miesenböck et al. (1998)

Superecliptic pHluorin 495 512 - - - 7.2 Shen et al. (2014)

pHGFP 410/470 535 - - - - Moseyko and Feldman (2001)

T-sapphire 399 511 44,000 0.6 26.4 4.9 Zapata-Hommer and Griesbeck (2003)

deGFP4 509 518 26,900 0.15 4.04 7.37 Hanson et al. (2002)

Pt-GFP 390/502 508 - - - 7.3 Schulte et al. (2006)

E1GFP 488 507 55,900 0.6 33.54 6.0 Serresi et al. (2009)

E2GFP (Acid) 424 510 31,500 0.22 - - Bizzarri et al. (2006)

E2GFP (Alkaline) 401/515 523 29,280 0.91 - - Bizzarri et al. (2006)

pHluorin2 475/395 509 - - - - Mahon (2011), Valkonen et al. (2013)

PepHlurion/PrpHlurion 395/475 512/515 - - - -/6.6 Shen et al. (2013)

CoGFP 388/498 456/507 - - - 6.5 Ogoh et al. (2013)

DendGFP 492 508 90,000 0.65 58.5 6.5 Pakhomov et al. (2015)

DendRFP 557 575 35,000 0.68 23.8 5.2 Pakhomov et al. (2015)

Dendra2 (Green) 490 507 45,000 0.5 22.5 6.6 Pakhomov et al. (2017)

Dendra2 (Red) 553 573 35,000 0.55 19.25 6.9 Pakhomov et al. (2017)

RFP mOrange2 549 565 58,000 0.60 35 6.5 Shaner et al. (2008)

mApple 568 592 75,000 0.49 37 6.5 Shaner et al. (2008)

mNectarine 558 578 58,000 0.45 26 6.9 Johnson et al. (2009)

mKate 588 635 45,000 0.33 67 6.2 Shcherbo et al. (2007)

mKate2 588 635 62,500 0.40 74 5.4 Shcherbo et al. (2009)

pHRed 440/585 620 - - - 6.9 Tantama et al. (2011)

pHTomato 550 580 - - - 7.8 Li and Tsien (2012)

pHoran4 547 561 - - - 7.5 Shen et al. (2014)

pHuji 572 598 31,000 0.22 6.82 7.7 Shen et al. (2014), Liu et al. (2021a)

pHmScarlet 562 585 85,000 0.47 39.73 7.4 Liu et al. (2021a)

YFP YFP 392/514 528 - - - 7.0 Elsliger et al. (1999)

EYFP 390/514 527 - - - 7.1 Llopis et al. (1998)

mCitrine 516 529 77,000 0.76 - 5.7 Griesbeck et al. (2001)

mtAlpHi 498 522 - - 8.5 Abad et al. (2004)

SypHer 420/490 535 - - - - Poburko et al. (2011)

SypHer2 427/504 525 - - - - Matlashov et al. (2015)

SypHerRed 575 605 - - - - Shimolina et al. (2022)

mNeonGreen 506 517 116,000 0.8 92.8 10.0 Tutol et al. (2019)

CFP mTFP1 462 492 64,000 0.85 54 4.3 Ai et al. (2006), Ai et al. (2008)

ECFP 435 474 30,000 0.30 9.0 4.7 Lelimousin et al. (2009)
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In this review, we delve into the diverse and dynamic world of
pH-sensitive fluorescent proteins, highlighting their pivotal role in
cellular imaging and physiology. These proteins ushered in a new era
of research, enabling scientists to gain insights into the spatial and
temporal variations in pH within subcellular compartments. By
offering a unique way to track pH dynamics in a living system, pH-
sensitive fluorescent proteins have paved the way for an array of
applications spanning various fields of biology and medicine. In our
review we list the different types of pH-sensitive fluorescent proteins
available, including the pioneering green fluorescent protein (GFP)-
based variants, such as GFP S65T, ratiometric pHluorin,
superecliptic pHluorin, T-sapphire, deGFP4, E1GFP, E2GFP,
pHluorin2, DendFP and Dendra2; red fluorescent protein (RFP)-
based variants, such as mOrange2, mApple, mNectarine, pHRed,
pHTomato, pHoran4, pHuji, and pHScarlet; yellow fluorescent
protein and the YFP-based variants, SypHer, SypHer2,
SypHerRed, and mNeonGreen; and cyan fluorescent protein
(CFP)-based variants, such as mTFP1 and ECFP. In addition,
other pH sensors, including pHlameleons, pHCECnSensor01,
pH-Lemon, Tandem, pHLARE, and EGF-CoGFP-mTagBFP2/
mCRISPRed, were used in the field. Each of these proteins
possesses distinct spectral properties, pH-sensing ranges, and pH-
dependent fluorescence responses, and their excitation wavelengths
(λex), emission wavelengths (λem), extinction coefficients (Ec),
fluorescence quantum yields (QYs), brightness, and pKa values
are summarized in Table 1.

One of the notable applications discussed in this review is their
role in studying organelle pH, elucidating the pH values associated
with different cellular compartments. Notably, aberrant
pH variations within cellular organelles, such as mitochondria,
have been closely correlated with the onset of serious ailments
such as cancer (Vyas et al., 2016) and neurodegenerative diseases
(Devine and Kittler, 2018). Similarly, deviations in the pH of the
Golgi apparatus can lead to abnormal glycosylation, which has been
associated with the development of cancers and cutis laxa formation
(Rivinoja et al., 2012). Dysregulation of the pH within lysosomes
may result in lysosomal dysfunction, potentially contributing to
various diseases, including neurodegenerative diseases (Wang et al.,
2018), inflammation, autoimmune diseases (Ge et al., 2015), and
disorders of lipid and glucose metabolism (Gu et al., 2021), among
others. The ability to monitor the pH of the cytosol, nucleus,
mitochondria, endoplasmic reticulum, Golgi apparatus,
lysosomes, and peroxisomes has deepened our understanding of
organelle-specific pH regulation, as well as their applications in
studying intracellular pH regulation, vesicle trafficking, and
membrane fusion events.

Furthermore, these proteins have been instrumental in
visualizing exocytosis and endocytosis processes, particularly in
the context of synaptic transmission. pH-sensitive fluorescent
proteins, such as superecliptic pHluorin and synapto-pHluorin,
have allowed researchers to precisely monitor transmission events
at individual synaptic boutons. The ability of these vesicles to
detect both exocytosis and endocytosis has provided invaluable
insights into synaptic communication. In addition, these
pH sensors have found diverse applications in understanding
the effects of drugs and the progression of diseases, detecting
cell death and apoptotic processes, and monitoring
nucleoside transport.

As an ever-evolving field, this review also covers recent advances
and future directions in the use of pH-sensitive fluorescent proteins.
Improved photostability, pH specificity, and subcellular targeting
capabilities have enhanced their utility. Novel techniques, including
multiplexed imaging, three-dimensional visualization, and super-
resolution microscopy, are expanding their applications.
Additionally, the review sheds light on potential applications in
optogenetics and drug discovery.

This review provides a comprehensive reference for researchers
interested in harnessing the potential of pH-sensitive fluorescent
proteins. With their unparalleled ability to uncover the intricacies of
cellular physiology and disease mechanisms, pH-sensitive
fluorescent proteins continue to drive progress in biological
research, providing insight into the dynamic nature of pH within
living cells. pH-sensitive fluorescent proteins have revolutionized
the field of cellular imaging by providing a unique window into the
dynamic nature of intracellular pH changes. These remarkable
biomolecular tools have enabled researchers to visualize and
monitor pH fluctuations in real time, shedding light on various
biological processes.

In this comprehensive review, we explore the diverse types,
mechanisms, applications, and recent advancements of pH-sensitive
fluorescent proteins, highlighting their significant contributions to
our understanding of cellular dynamics.

Types of pH-sensitive fluorescent
proteins

Green fluorescent protein variants

GFP S65T. GFP S65T is a mutation introduced in the jellyfish
green fluorescent protein fluorophore (S65-Y66-G67). The S65T
mutation significantly improved the pH sensitivity of GFP across a
pH range of 5.0–8.0 (Elsliger et al., 1999). Additionally, it enhances
the GFP fluorescence intensity and photostability while shifting the
major excitation peak from 395 nm to near 490 nm (Heim et al.,
1995; Heim and Tsien, 1996). These changes effectively address the
shortcomings of the wild-type protein, increasing its suitability for
research applications.

Ratiometric pHluorin. Ratiometric pHluorin, a pH-sensitive
fluorescent protein in the GFP family, exhibits pH-dependent
fluorescence. Derived from GFP with the S202H mutation, this
protein exhibited a 16% decrease in intensity at 395 nm excitation
and a 26% increase at 475 nm upon a pH shift from 7.4 to 6.0.
Additional mutations (E132D, S147E, N149L, N164I, K166Q,
I167V, R168H, and L220F) enhance its properties. Unlike
conventional pHluorin, it uses dual wavelengths (395 nm and
475 nm) for ratiometric measurements, providing accurate
pH assessments in cellular compartments (Miesenböck et al.,
1998). The pHluorin M153R mutation maintains pH-dependent
behavior, enhancing fusion protein stability without altering
excitation ratios, making it a bright and reliable tool for live cell
pH measurements and protein distribution analysis (Morimoto
et al., 2011).

Superecliptic pHluorin. Superecliptic pHluorin (SEP), derived
from pHluorin, enhances fluorescence to visualize cellular processes,
notably membrane fusion and neurotransmitter release. Its name
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reflects improved pH sensitivity and brightness, enabling precise
monitoring of pH changes in subcellular compartments or at the cell
surface. Unlike ratiometric pHluorin, SEP lacks the S202Hmutation
but features substitutions such as Q80R, S147D, N149Q, T161I,
S202F, Q204T, and A206T (Miesenböck et al., 1998). Used in live-
cell imaging, SEP tracks vesicle trafficking, exocytosis, and
endocytosis, offering insights into cellular communication. The
SEP A227D mutant retains pH responsiveness and enhances the
voltage-dependent signal of Genetically Encoded Voltage Indicators
(GEVI) (Kang et al., 2019).

pHGFP. pHGFP was first optimized from the ratiometric
pHluorin, which can be expressed in Arabidopsis thaliana and
tobacco plants. Using this pH-sensitive protein was suitable for
monitoring the pH of cytosolic dynamics in individual plant cells as
well as in whole plant tissues. The results revealed significant
differences in the pH gradient between different developmental
regions of the roots of Arabidopsis thaliana (Moseyko and
Feldman, 2001).

T-Sapphire. T-Sapphire, an intrinsically fluorescent protein
originating from the sapphire variant of GFP, was distinguished
by the lack of a second excitation peak at 475 nm in the wild-type
GFP due to the T203I mutation. T-Sapphire incorporates the
mutations Q69M, C70V, V163A, and S175G. Notably, both
T-Sapphire and Sapphire exhibited significant stokes shifts,
characterized by an excitation peak at 399 nm and an emission
peak at 511 nm. T-Sapphire exhibits sensitivity to pH variations,
maintaining its absorbance stability within the pH range of
4.0–7.0. A distinctive feature of its fluorescence is its pKa
value of 4.9, suggesting high resilience to pH fluctuations
within the typical pH 6.8 to 7.3 cytosolic environment of live
cells (Zapata-Hommer and Griesbeck, 2003). This intrinsic
attribute facilitates the visualization of slightly acidic
compartments, such as the Golgi or secretory vesicles using
this protein.

deGFP4. deGFP4 is a recently engineered variant of the green
fluorescent protein encompassing the S65T/C48S/H148C/T203C
site. This structural arrangement bestows upon it the unique
traits of dual emission capability and sensitivity to pH variations
with a pKa value of approximately 7.3. Through confocal
microscopy, the alterations in the emission ratio of deGFP4 were
closely observed, demonstrating a dynamic range akin to that of the
commercially accessible pH-sensitive dye SNARF-1 in PS120 cells.
Moreover, deGFP4 showed notable superiority in terms of
fluorescent signal intensity over cellular autofluorescence when
subjected to two-photon excitation, surpassing the capabilities of
traditional confocal microscopy. With its favorable optical
characteristics, appropriate pKa values spanning the physiological
pH spectrum, and compatibility with ratiometric assessments, the
dual-emission functionality of deGFP4 presents an immensely
promising avenue for serving as a probe for pH investigations in
vivo (Hanson et al., 2002).

Pt-GFP. Pt-GFP is a newly developed fluorescent pH reporter
derived from the orange seapen Ptilosarcus gurneyi. It offers a wider
pH responsiveness range, an excellent dynamic ratio range, and
enhanced acid stability. When expressed in Arabidopsis thaliana, Pt-
GFP can effectively regulate both cytosolic pH regulation and
changes in response to conditions such as anoxia and salt stress
(Schulte et al., 2006).

E1GFP. E1GFP, commonly referred to as enhanced green
fluorescent protein, represents a modified rendition of the
original green fluorescent protein. This modified version is
distinguished by the incorporation of the F64L and T203Y
mutations, which are strategically employed to increase the
protein’s folding efficiency at a physiological temperature of 37°C.
The term “ratiometric by emission” describes E1GFP’s inherent
ability to undergo changes in its emission characteristics directly
in response to pH shifts. Essentially, the fluorescence emitted by
E1GFP can be gauged at two distinct wavelengths, with the ratio of
intensities at these wavelengths contingent upon the prevailing
pH within the protein environment. With a pKa close to 6.0,
E1GFP is particularly well suited for detecting pH levels that lean
toward the acidic end of the spectrum (Serresi et al., 2009).

E2GFP. The F64L/S65T/T203Y/L231H GFP mutant, termed
E2GFP, has been developed as a ratiometric pH indicator for
studying intracellular conditions. E2GFP has two spectral forms
that change with pH under both excitation and emission conditions,
with a pKa value of approximately 7.0. Optimal excitation occurs at
488 and 458 nm, providing a strong signal dynamic range and
ratiometric deviation from the thermodynamic pK. This makes
E2GFP suitable for imaging setups with common light sources
and filter configurations. E2GFP was utilized to measure the
average intracellular pH and spatial pH in CHO and U-2 OS cell
lines under normal circumstances. Additionally, it was used to
monitor pH changes during mitosis in CHO cells and to target
specific subcellular regions, such as nucleoli and nuclear
promyelocytic leukemia bodies (Bizzarri et al., 2006).

pHluorin2. pHluorin2 represents a significant improvement over
the original ratiometric pHluorin, as it is constructed from GFP2 with
the incorporation of mammalian codons, the F64L mutation, and key
pHluorin-specific mutations. pHluorin2 retains ratiometric
pH sensitivity while significantly boosting fluorescence. Unlike
native pHluorin, pHluorin2 within the ligand-binding domain of
the parathyroid hormone 1 receptor is easily detectable through
confocal microscopy and displays heightened fluorescence during
ligand-triggered endocytosis. pHluorin2 offers enhanced fluorescence
and maintained ratiometric pH sensitivity, marking a substantial
advancement in this research approach (Mahon, 2011).

PEpHluorin and PRpHluorin. PEpHluorin and PRpHluorin
play crucial roles as pH sensors in plant cells, enabling the
measurement of pH in different intracellular compartments.
When these sensors were used, the study revealed that the
cytosol and nucleus exhibited similar pH values of approximately
7.3 and 7.2, respectively, while other organelles, such as
peroxisomes, the mitochondrial matrix, and the plastidial stroma,
maintained an alkaline pH. Along the secretory pathway,
progressive acidification was observed, ranging from pH 7.1 in
the endoplasmic reticulum to pH 5.2 in the vacuole, with the
trans-Golgi network (TGN) and multivesicular body (MVB)
exhibiting similar pH values of approximately 6.3 and 6.2,
respectively. Interestingly, inhibiting vacuolar H+-ATPase
(V-ATPase) with concanamycin A induced a significant increase
in pH within the TGN and vacuole. These two pH sensors are
invaluable tools for visualizing and precisely quantifying
pH variations within plant cells (Shen et al., 2013).

CoGFP. CoGFP, a green fluorescent protein (GFP) derived from
the sea cactus Cavernularia obesa, naturally exists as a dimer, with
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well-defined absorption peaks at 388 nm and 498 nm. When excited
at 388 nm, it emits blue fluorescence at pH values less than 5 and
green fluorescence at pH values greater than 7, demonstrating
stability at pH 4. When subjected to 498 nm excitation, the probe
emits green fluorescence within the pH range of 5–9. Researchers
have ingeniously transformed CoGFP into a monomeric form,
departing from its original dimeric structure. This monomeric
version has proven invaluable for tracking intracellular
pH variations during the phagocytosis of living cells using
fluorescence microscopy. This pioneering approach streamlines
the process through single-wavelength excitation and a longpass
emission filter, making it more technically accessible than dual-
wavelength excitation with dual-emission fluorescent proteins
(Ogoh et al., 2013).

DendFP. DendFP was introduced as a tetrameric green
fluorescent protein obtained from Dendronephthya sp. in 2002.
This photoconvertible protein is a Kaede-like fluorescent protein
that displays distinct characteristics (Labas et al., 2002). Unlike
many existing genetically encoded pH sensors, DendFP does not
experience fluorescence quenching with increased acidity. Instead,
its emission peak transitions from red to green. Consequently,
pH can be quantitatively assessed by analysing the emission
intensity ratio between the red and green spectra. This unique
characteristic sets DendFP apart from other pH sensors
(Pakhomov et al., 2015).

Dendra2.Dendra2, a monomeric GFP-like protein and a variant
of the photoconvertible fluorescent protein DendFP, is classified
within the Kaede-like group of photoconvertible fluorescent
proteins (Labas et al., 2002). It undergoes an irreversible
transformation from green to red upon exposure to violet-blue
light. The red-emitting state transitions to green in acidic
environments due to the protonation of the chromophore’s
phenolic group. This inherent reversibility makes Dendra2 a
promising candidate for ratiometric pH sensing within the
physiological pH range, as it features a pKa of 7.1 and 7.5 before
and after photoreaction, respectively (Pakhomov et al., 2017).

Red fluorescent protein variants

mOrange2. mOrange2, an engineered variant of the mOrange
fluorescent protein, was developed through the introduction of
specific mutations (Q64H, F99Y, E160K, and G196D) (Shaner
et al., 2008). In contrast to mOrange, mOrange2 exhibits a
remarkable 6-fold increase in photostability, rendering it well-
suited for fusion applications within mammalian cells. However,
compared with its predecessor, mOrange2 displayed a slight 30%
reduction in brightness. Notably, its excitation and emission peaks
experienced subtle shifts to 549 nm and 565 nm, respectively.
Despite these alterations, mOrange2 maintains its responsiveness
to acidity, characterized by a pKa value of 6.5. This feature positions
mOrange2 as a valuable candidate for labelling acidic
compartments, thereby enhancing its potential as a marker for
processes involving exocytosis or other pH-dependent
phenomena (Sarker et al., 2022).

mApple. mApple, an engineered protein resulting from the
fusion of DsRed originates from a coral anemone (Discosoma sp.)
(Matz et al., 1999; Shaner et al., 2008). Notably, mApple is

pH responsive and functions effectively across the pH range from
4.6 to 7.4. This characteristic enables accurate and precise
quantification of subcellular pH. The pH-sensitive protein
mApple has been designed to specifically target the cytosol,
endosomes, and lysosomes. This strategic localization renders
mApple a central component of rapid pH-dependent fluorescent
lifetime imaging microscopy (pHLIM), facilitating accurate
evaluation of subcellular pH levels (Rennick et al., 2022).

mNectarine. mNectarine, a monomeric red fluorescent protein,
originates from Discosoma sp. and is a pH-sensitive mFruit variant
(Johnson et al., 2009). It was developed through iterative rounds of
directed evolution using random mutagenesis. With a pKa of 6.98,
mNectarine is well-suited for tracking physiological pH changes in
mammalian cells. By fusing mNectarine with human concentrative
nucleoside transport 3 (hCNT3) at its N-terminus, the pH was
measured at the intracellular surface of hCNT3. This fusion
approach represents an effective technique for monitoring
nucleoside transport, suggesting its potential application for
assessing the activity of other transport proteins reliant on H+

coupling (Johnson et al., 2009).
mKate. mKate, a monomeric derivative originating from

Katushka, is celebrated for its exceptional brightness and
photostability, rendering it a premier choice for fluorescent
protein labelling within the far-red spectrum. Furthermore,
mKate shows rapid and complete chromophore maturation at
37°C, with a half-life as short as 75 min. Its fluorescence remains
remarkably stable at pH 6.0 and below, featuring a pKa value of 6.0
(Shcherbo et al., 2007).

mKate2. mKate2, a monomeric far-red fluorescent protein,
surpasses its predecessor, mKate, in terms of brightness,
facilitating enhanced multicolor labelling and whole-body
imaging. This novel protein shows high brightness, a far-red
emission spectrum, pH resistance, and photostability, making it
an ideal choice for live tissue imaging in cells and animals (Shcherbo
et al., 2009). This advancement broadens the possibilities for
research in the field of fluorescent proteins.

pHRed. pHRed is a red fluorescent protein (RFP) engineered
from the long Stokes shift FP mKeima, and incorporates the A213S
mutant for pH sensitivity (Violot et al., 2009). Notably, this
approach has emerged as a pioneering single-protein, ratiometric
red fluorescent sensor developed for pH detection. Its fluorescence
emission peak at 610 nm was coupled with dual excitation peaks at
440 nm and 585 nm, facilitating ratiometric imaging. The intensity
ratio varies with an apparent pKa of 6.6, exhibiting a dynamic range
exceeding 10-fold. Additionally, pHRed presented a pH-responsive
fluorescence lifetime shift of approximately 0.4 ns across
physiological pH values, which was detectable via single-
wavelength two-photon excitation. Furthermore, pHRed has
proven successful in monitoring intracellular pH fluctuations
through imaging energy-dependent shifts in both cytosolic and
mitochondrial pH (Tantama et al., 2011).

pHTomato. pHTomato, derived from the monomeric variant
mRFP/mStrawberry (Campbell et al., 2002; Shaner et al., 2004),
shares similar excitation (550 nm) and emission (580 nm) peaks
with tomato variants of the mFruit series (Shaner et al., 2004). It
differs from mStrawberry through six amino acid substitutions
(F41T, F83L, S182K, I194K, V195T, and G196D). Notably,
pHTomato features a crucial threonine at position 66,
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reminiscent of mRFP-Q66T (Jach et al., 2006). A significant
attribute is its heightened sensitivity to pH, with a pKa value of
approximately 7.8. Furthermore, the fusion of pHTomato and GFP-
based probes with different variants of the channel rhodopsin
introduced an all-optical method for multiplex control and
tracking of distinct circuit pathways (Li and Tsien, 2012).

pHoran4. pHoran4 (pH-sensitive orange FPs) is an offshoot of
the pH-sensitive mOrange protein and is distinguished by the
M163K mutation in close proximity to the chromophore. This
mutation clearly demonstrated the crucial role of the residue in
modulating the pH sensitivity of Discosoma red fluorescent protein
variants. Its pKa, measuring 7.5, closely mirrors that of superecliptic
pHluorin. However, it is important to note that the change in
fluorescence intensity from pH 5.5 to 7.5 remains notably smaller
than that of superecliptic pHluorin (Shen et al., 2014).

pHuji. pHuji is an enhanced variant derived from the red
fluorescent protein mApple K163Y (pronounced “Fuji”, akin to
an apple cultivar). This variant exhibited a remarkable more than
20-fold alteration in fluorescence intensity between pH 5.5 and 7.5.
Moreover, the pHuji emission peak at 598 nm exhibited negligible
pH-dependent shifting and was distinctly separated from the
superecliptic pHluorin emission at 512 nm. These attributes
collectively facilitate simultaneous two-color imaging in
conjunction with the superecliptic pHluorin, thus making pHuji
suitable for detecting single exocytosis and endocytosis events (Shen
et al., 2014).

pHScarlet. pHScarlet is an enhanced version of the mScarlet
fluorescent protein that was meticulously designed to exhibit
pH sensitivity. Upon emission of vibrant red fluorescence, an
excitation peak at approximately 568 nm and an emission peak
near 592 nm were observed. This heightened pH responsiveness
enables the concurrent monitoring of vesicle docking and fusion
events. pHmScarlet can also seamlessly pair with superecliptic
pHluorin, facilitating dual-color imaging of two discrete secretory
events: vesicle exocytosis and docking. Notably, pHmScarlet has the
ability to maintain exceptional spatial resolution, despite its
emission wavelength being redshifted when compared to that of
superecliptic pHluorin. This attribute holds particular significance
when utilizing Hessian-structured illumination microscopy
(Hessian-SIM) to uncover the intricate ring structure of vesicle
fusion pores (Liu A. et al., 2021).

Yellow fluorescent protein variants

YFP. Like that of GFP S65T, the pH dependence of yellow
fluorescent protein (GFP S65G/V68L/S72A/T203Y) was also
notable. Specifically, YFP H148G introduces changes in solvent
accessibility (Wachter et al., 1998), while YFP H148Q and YFP
E222Q modify polar groups near the chromophore. pH titration
assays performed on these YFP variants revealed the ability to adjust
the chromophore’s pKa across a wide spectrum, ranging from 6.0 to
8.0. Consequently, this range expansion allows accurate
pH determination at pH values ranging from 5.0 to 9.0 (Elsliger
et al., 1999).

EYFP. EYFP (enhanced yellow fluorescent protein), a variant of
GFP, has pH-dependent absorbance and fluorescence. By targeting
EYFP to specific cell compartments, it becomes possible to measure

the pH in the cytosol, nucleus, Golgi (ET-EYFP), and mitochondrial
matrix (EYFP-mito). These observations indicate that the Golgi
membrane is permeable to hydrogen ions (H+) and that chloride
ions (Cl−) appear to contribute to maintaining electroneutrality
during H+ transport (Llopis et al., 1998).

mCitrine. mCitrine, a novel yellow variant of green fluorescent
protein, has been engineered in Escherichia coli. Compared with its
predecessors, mCitrine offers numerous advantages, including
reduced sensitivity to pH changes, resistance to chloride
interference, improved photostability, and enhanced expression
within organelles at 37°C. The heightened resistance to halides is
attributed to structural modifications. Additionally, mCitrine has
been pivotal in the development of improved calcium indicators that
can be selectively targeted to various cellular locations. This
breakthrough enables the very first single-cell visualization of free
calcium concentrations in the Golgi. mCitrine has been shown to be
highly effective across a wide range of applications, particularly in
the field of genetically encoded fluorescent indicators for monitoring
physiological signals (Griesbeck et al., 2001).

mtAlpHi.mtAlpHi is a green fluorescent protein chimera that is
specifically designed for high sensitivity to alkaline pH levels. This
innovative probe serves as a mitochondrial alkaline pH indicator
and is expertly tailored to investigate mitochondrial matrix
pH dynamics. mtAlpHi displays remarkable sensitivity, with an
apparent pKa of approximately 8.5, and exhibits reversible and
substantial changes in fluorescence in response to pH shifts, both in
controlled laboratory settings and within living cells. It is
purposefully directed to the mitochondrial matrix, facilitating the
tracking of pH fluctuations in diverse scenarios, including the use of
uncouplers, Ca2+ ionophores, medications affecting ATP synthesis
or electron flow, weak acids or bases, and receptor activation (Abad
et al., 2004).

SypHer. SypHer (a synthetic pH sensor) is a pH-sensitive yellow
fluorescent protein that contains the C199S mutation of HyPer
(Poburko et al., 2011). This design incorporates circularly permuted
yellow fluorescent protein (cpYFP) inserted into the regulatory
domain of the prokaryotic H2O2-sensing protein OxyR (Belousov
et al., 2006).

SypHer2. SypHer-2, a variant of HyPer-2, introduces the C199S
substitution. HyPer-2 itself is a HyPer mutant featuring the single
point mutation A406V, equivalent to A233V in the wild-type OxyR
(Markvicheva et al., 2011). Notably, compared with those of SypHer,
the fluorescence signals of the NIH/3T3 and HeLa-Kyoto cell lines
were significantly brighter. Although the pH sensitivities of SypHer
and SypHer-2 appear identical, SypHer2 proves useful for
monitoring pH at both presynaptic and postsynaptic termini,
revealing substantial dynamic differences in pH between synaptic
boutons and dendritic spines (Matlashov et al., 2015).

SypHerRed. SypHerRed originates from the circularly permuted
red fluorescent protein mApple and is engineered through the
introduction of the C199S mutation into the hydrogen peroxide
biosensor HyPerRed (Ermakova et al., 2014). Notably, SypHerRed
exhibited a redshifted spectrum with an excitation maximum at
575 nm and an emission maximum at 605 nm. These characteristics
render it suitable for visualizing the intracellular pH (pHi) in cancer
cell cultures and mouse tumor xenografts. This visualization can be
achieved through techniques such as fluorescence lifetime imaging
microscopy and macroscopy (FLIM) (Shimolina et al., 2022).
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mNeonGreen. mNeonGreen, the most luminous monomeric
green/yellow fluorescent protein, is derived from the tetrameric
yellow fluorescent protein lanYFP found in the cephalochordate
B. lanceolatum. It exhibits pH sensitivity within the range of
pH 4.0 to pH 8.0 and serves as an effective turn-on fluorescent
protein sensor for chloride (Tutol et al., 2019). When conducting
fluorescence measurements, the mNeonGreen fluorophore can be
excited using a 480 nm laser and its emission can be detected at
517 nm. This particular fluorescent protein stands out as the most
luminous monomeric green or yellow fluorescent protein currently
known. It excels as a fusion tag in both conventional imaging
techniques and stochastic single-molecule super resolution
imaging. Moreover, it serves as an outstanding FRET acceptor,
particularly when paired with the latest generation of cyan
fluorescent proteins (Shaner et al., 2013).

Cyan fluorescent protein variants

mTFP1. mTFP1 (monomeric teal FP1) originates from the
tandem dimer (td) group of fluorescent proteins and was initially
derived from the tetrameric cyan fluorescent protein cFP484 found
in Clavularia coral. This particular protein exhibited singular and
vibrant cyan fluorescence when in a monomeric state, which was
achieved through cyan excitation at 462 nm and subsequent
emission at 492 nm. Despite having a modest pKa value of 4.3,
mTFP1 displays sensitivity to pH fluctuations within the range of
2.0–7.0; nevertheless, its fluorescence remains unaltered amidst
physiologically relevant variations. With a notably high quantum
yield of 0.85, and exceptional brightness and photostability,
mTFP1 stands as an ideal choice for serving as a FRET donor,
particularly in conjunction with acceptor yellow or orange
fluorescent proteins (Ai et al., 2006).

ECFP. Enhanced cyan fluorescent protein (ECFP) exhibits
pH sensitivity within the pH 5.0 to pH 7.0 range. The
fluorescence lifetime of intracellular ECFP undergoes substantial
changes (32%) within this pH range, enabling precise
pH measurements with an accuracy of less than 0.2 pH units.
The use of ECFP fused with chromogranin A (CgA) has been
mentioned as a successful application for measuring the pH of
secretory granules of cells and analysing pH variations in response to
ammonium chloride exposure (Poëa-Guyon et al., 2013).

Other pH sensors

To date, many genetically encoded fluorescent sensors have been
found (Kim et al., 2021). For instance, FRET-based biosensors can
sense cAMP, cGMP, glutamate, Ca2+, H+, and Cl+ concentrations
(VanEngelenburg and Palmer, 2008). In the following paragraph,
we summarize several FRET-based pH biosensors that bind two
fluorescent proteins, one of which is sensitive to pH changes (Figure 1).

pHlameleons. pHlameleons represent a type of pH sensor that
relies on FRET for precise pH imaging. The evolution of pHlameleons
involved substituting N-terminally truncated Venus (Cy11.5/
pHlameleon5) with comparably truncated EYFP (pHlameleon6)
and EYFP-H148G (pHlameleon7) mutant proteins. This adaptation
empowered pHlameleons with heightened sensitivity and an extensive
dynamic range, enabling them to detect even subtle pH changes across
a wide spectrum of cellular pH values. These sensors capitalize on the
FRET phenomenon between acidic and basic fluorescent proteins,
which responds to pH shifts. In more acidic cellular environments,
structural changes occur in acidic fluorescent proteins, diminishing the
FRET effect with basic fluorescent proteins. By detecting and
quantitatively analysing this reduced FRET signal using techniques
such as fluorescence microscopy, pHlameleons offer valuable insights
into fluctuations in intracellular pH levels. Furthermore, pHlameleons
can be further refined and tailored to specific research needs through
genetic modifications (Esposito et al., 2008).

pHCECSensor01. pHCECSensor01 is an engineered pH sensor
composed of a chimeric membrane protein that fuses pH-sensitive
EYFP with pH-insensitive ECFP. This unique combination enables
ratiometric pH measurements, and with a pKa value of 6.5 ± 0.04,
the sensor becomes capable of discerning pH fluctuations within the
basolateral spaces of epithelial cells. The effectiveness of the sensor

FIGURE 1
FRET-based pH sensors utilizing pairs of pH-sensitive fluorescent
proteins. (A) These pairs consist of a cyan fluorescent protein at the
N-terminus, such as ECFP or mTurquoise2, and an enhanced yellow
fluorescent protein at the C-terminus, such as Venus, EYFP, or
EYFP mutants such as EYFP-H148G and EYFP-V68L/Q69K. (B)
Alternatively, the N-terminus can incorporate green fluorescent
proteins such as CoGFP, E2GFP, GFPuv, or EYFP, while the C-terminus
can contain blue fluorescent proteins such as mTagBFP2, as well as
red fluorescent proteins such as RFP1 andmCherry. Green fluorescent
proteins such as EGFP, GFPuv, eGFP, and sfGFP are also options.
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was demonstrated in Madin-Darby canine kidney (MDCK) cells,
where it accurately detected pH fluctuations caused by different
stimuli. This approach could be a valuable noninvasive method for
monitoring extracellular pH changes in various tissues in living
organisms (Urra et al., 2008).

pH-Lemon. pH-Lemon stands as a pioneering genetically encoded
pH probe that melds the pH-stable cyan fluorescent protein variant
mTurquoise2, with the exceptional pH-sensitive enhanced yellow
fluorescent protein EYFP (Burgstaller et al., 2019). Under acidic
conditions, protonation of the pH-Lemon prompts a significant
reduction in yellow fluorescence. Simultaneously, there was an
increase in cyan fluorescence attributed to a decrease in FRET
efficiency. In addition, the pH-Lemon demonstrated a marked
alteration in the pH-dependent fluorescence lifetime. This
characteristic positions it for use in fluorescence lifetime imaging
microscopy, offering an alternative avenue for investigating
pH levels within acidic cellular compartments (Burgstaller et al., 2019).

Yellow cameleons. Cameleons, created by combining green
fluorescent protein variants with calmodulin (CaM) and
incorporating pH-sensitive EYFP (YC2) and EYFP V68L/Q69K
(YC2.1), serve as fluorescent indicators for calcium ions (Ca2⁺).
These bioengineered constructs are valuable tools for monitoring
Ca2⁺ levels in diverse biological contexts. Notably, their
pH sensitivity is more pronounced at elevated Ca2⁺ levels than at
zero Ca2⁺ (Miyawaki et al., 1999).

EGF-CoGFP-mTagBFP2/mCRISPRed. The two tandem
variants exhibited remarkable pH sensitivity within the wide
pH range of 4.0–7.5 and can be purified for extracellular
applications. Utilized in live-cell microscopy, these pH sensors
facilitated the creation of intracellular pH maps, offering insights
into pH fluctuations within endocytic vesicles. Moreover, the ability
to bind extracellularly to cells harboring EGF receptors allows for
pH monitoring within microfluidic chambers. Notably, the dual-
emission feature of EGF-CoGFP-mCRISPRed, which holds
potential in ratiometric flow cytometry is a valuable method for
assessing internalization rates and characterizing protein-drug
conjugates in the context of cancer therapy (Karsten et al., 2022).

ClopHensor. The ClopHensor is specifically designed for real-
time optical monitoring of chloride ions and pH levels within live
cells. ClopHensor exploits the spectral and chemical characteristics
of the highly chloride-sensitive GFP variant E2GFP anion-binding
site linked to DsRed through a flexible 20-amino-acid linker. When
ClopHensor is targeted to specific intracellular compartments, it can
effectively detect elevated chloride concentrations, particularly
within large dense-core exocytosis granules (Arosio et al., 2010).
Notably, the H148 and V224L mutations in ClopHensor alter its
pKa, increasing alkalinity and enhancing its affinity for chloride ions
(Mukhtarov et al., 2013).

GFpH and YfpH. The two pH indicators GFpH (GFPuv-EGFP)
and YfpH (GFPuv-EYFP) use two different green fluorescent protein
variants and operate in both single-excitation/dual-emission and
dual-excitation/single-emission modes through FRET. These
indicators were dependent on pH, with pKa values of 6.1 and 6.8.
They were successfully used to measure and visualize pH changes in
the cytosol and nucleus of cultured cells and near a membrane protein
during endocytosis. These probes are valuable tools for monitoring
the pH in organelles and around specific proteins, aiding in the
analysis of cellular functions (Awaji et al., 2001).

pHERP. The pH-sensitive excitation ratiometric green
fluorescent protein (pHERP) was created by fusing EYFP and
GFPuv with the peptide linker GGGLEDPRVPVEK. This pHERP
was directed to the Golgi using sialyltransferase (ST). The
measurement of the Golgi pH (pHG) in HeLa cells expressing
ST-pHERP revealed a pHG of 6.4 (Chandy et al., 2001).

Tandem. Tandem is a protein with dual fluorescence properties
that comprises a pH-sensitive fluorophore (eGFP; green) and a pH-
independent fluorophore (mRFP1; red). This unique composition
makes Tandem a versatile pH sensor and delivery indicator within
cells. The fusion protein emits both red and green fluorescence,
enabling the monitoring of nanoparticles and confirming effective
protein delivery. At pH 7.4, both red and green fluorescence are
present. Under acidic conditions (pH 4.5–5.0) within lysosomes,
green fluorescence diminishes due to eGFP protonation, while red
fluorescence remains. The nanoparticles enter cells through
endocytosis, move to lysosomes and are observed to colocalize
through microscopy. The Tandem fusion protein offers a versatile
approach for tracking bioactive nanocarriers, aiding the understanding
of their intracellular routes, particularly when delivered by calcium
phosphate nanoparticles. This study highlights the necessity of carriers
such as nanoparticles for effective cellular uptake of proteins and DNA
plasmids (Kollenda et al., 2020).

pHusion. pHusion consists of the tandem concatenation of
enhanced green fluorescent protein (EGFP) and monomeric red
fluorescent protein (mRFP1) with the short peptide linker AVNAS
to obtain a 1:1 stoichiometry, permitting ratiometric measurements
of pH changes, where mRFP1 functions as an intramolecular
reference (Gjetting et al., 2012).

pHLARE. The pHLARE (pH Lysosomal Activity Reporter) is an
innovative biosensor engineered for measuring lysosomal pH (pHlys)
in a ratiometric manner. Constructed from rat LAMP1, a
transmembrane protein located in lysosomes, features superfolder
GFP (sfGFP) attached to its amino-terminus. sfGFP, a GFP variant
with a pKa value of approximately 5.9, grants pHLARE the capacity to
function within lysosomes across a dynamic pH range spanning 4.0 to
6.5. Its stable expression in cells is achievable. By utilizing pHLARE,
researchers successfully observed a significant pHlys reduction upon
inhibiting themammalian target of rapamycin complex 1 (mTORC1).
This finding is particularly relevant because that lysosomes are
increasingly recognized as promising therapeutic targets (Webb
et al., 2021).

Mechanisms of pH sensing and
fluorescence

This section focuses on the detailed mechanisms by which pH-
sensitive fluorescent proteins undergo changes in fluorescence
intensity or spectral shifts in response to pH variations. We
discuss the role of key residues and structural variations within
these proteins, such as changes in histidine residues and pH-
sensitive chromophores, in mediating pH-dependent fluorescence.
The chromophore structural variations in green, yellow, orange, and
red FPs have been reported (Shaner et al., 2007), and the chemical
diversity of chromophores in fluorescent proteins has also been
summarized (Lukyanov, 2022). Additionally, we explored how
protein engineering and mutagenesis techniques have facilitated
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the development of improved pH-sensitive variants with enhanced
dynamic ranges and photophysical properties. We delve into the
underlying molecular mechanisms that govern their pH sensitivity,
shedding light on the intricate conformational changes and
protonation/deprotonation events that occur (Bizzarri et al., 2009).

The following is a list of pH-sensitive proteins whose crystal
structures have been resolved to date.

Structural analysis of GFP S65T at low
pH and high pH

The X-ray structures of the GFP S65T variant at both low pH 4.6
(PDB: 1C4F) and high pH 8.0 (PDB: 1EMG) revealed structural
changes related to the titration of the phenolic hydroxyl group on the
chromophore. These changes include the rotation of the Thr203 side
chain, the breaking of a hydrogen bond between the chromophore
and Thr203, and the loss of a hydrogen bond between His148 and the
chromophore at low pH. These findings confirm the protonation of
the phenolic end of the chromophore but do not provide evidence for
the titration of a second group on the chromophore, such as the
imidazolinone ring nitrogen. These results support a model in which
the S65T chromophore exists in a pH-dependent equilibrium between
neutral and anionic forms, deprotonating with the heterocyclic ring
nitrogen. This model may apply to other GFP variants, although
exceptions are possible depending on the specific configuration near
the chromophore (Elsliger et al., 1999).

Structural analysis of deGFP1 at low pH and
high pH

The X-ray structures of deGFP1 (a green fluorescent protein
variant) crystals at both low pH 5.5 (PDB: 1JBY) and high pH 9.0
(PDB: 1JBZ) were performed by molecular replacement and refined
at 1.8 and 1.5 Å resolution, respectively. The crystal structures were
determined and compared to those of S65T GFP. The barrel-like
motif characteristic of GFP was maintained at both pH values. The
position of the Cys203 sulfur atom in deGFP1 corresponds to the
usual position of the Thr203 carbon atom. The structure does not
reveal a proton relay network resembling that found in wild-type
GFP. The arrangement of hydrogen bonds around the chromophore
is described, and differences in side chain orientations and hydrogen
bond configurations at low and high pH values are highlighted. The
rearrangement of specific residues in response to pH changes,
especially those near position 148, is considered essential for the
structural changes observed in deGFP1. These changes are not due
to crystallization conditions and appear to be pH-dependent
(Hanson et al., 2002).

Structural analysis of mNeonGreen at low
pH and high pH

The study suggested that the X-ray radiation-induced loss of
fluorescence in mNeonGreen crystals at pH 4.5 (PDB: 5LTP) and
high pH 8.0 (PDB: 5LTR) is due to protonation of the chromophore
phenolate group and the separation of resonant electron clouds, resulting

in a blueshift of the absorption maximum into the UV region and a loss
of absorbance in the visible region. A structural comparison between two
fluorescent proteins, lanYFP and mNeonGreen, highlighted the
successful evolution process involving rational design and directed
evolution. Key mutations disrupting oligomer interfaces were
identified, and the authors explained how certain mutations aimed at
restoring fluorescence caused rearrangements near the chromophore,
leading to a more constrained environment that favors fluorescence.
This rearrangement is associated with a small blueshift in the excitation
and emission maxima of mNeonGreen compared to lanYFP (Clavel
et al., 2016).

Structural analysis of DendFPs

The green form of DendGFP (λex/λem = 494/506 nm) (PDB:
5EXB) and the photoconverted red form of DendRFP (λex/λem =
560/578 nm) (PDB: 5EXC) of the DendFP structure were solved at
1.81 and 2.14 Å resolution, respectively. The X-ray structure
revealed that DendFP undergoes irreversible photoconversion
from green to red fluorescence upon UV and blue light
irradiation. This transformation involves a structural change,
specifically the cleavage of the peptide backbone and the
formation of a terminal carboxamide group, which extends the
conjugation of the chromophore system and leads to red
fluorescence. The paragraph also reports the three-dimensional
structures of both the native green and photoconverted red forms
of DendFP. Additionally, these findings highlight the role of specific
amino acid positions, such as Ser142 and His193, in influencing the
photoconversion rate, emphasizing the importance of hydrogen
bonding between the chromophore and the Gln116 and
Ser105 clusters for this process (Pletneva et al., 2016).

Structural analysis of Dendra2

The X-ray structure of the green species Dendra2 (PDB:2VZX)
is similar to that of related proteins, EosFP and Kaede. The structural
changes in Dendra2, which involve mainly Arg66 and the water
molecule W4, differ from those in EosFP and Kaede, affecting the
charge stabilization on the imidazolinone ring. This structural
change leads to a blueshift in the absorption and emission bands
and higher pK values for the hydroxyphenyl moiety of the
chromophore. The action spectrum of Dendra2 aligns with the
neutral species absorption band, explaining why the
photoconversion of Dendra2 is greater than that of EosFP,
particularly at physiological pH (Adam et al., 2009).

Structural analysis of mTFP1

The crystal structure of mTFP1 (PDB: 2HQK) was solved at a
resolution of 1.19 Å at pH 5.1, confirming its monomeric nature
and revealing an unusually distorted chromophore
conformation. With a high quantum yield, mTFP1 is suitable
for use as a replacement for ECFP or Cerulean in FRET
applications with yellow or orange FP acceptors. The structure
of mTFP1 revealed that it has the typical ‘β-can’ motif found in
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FIGURE 2
Analysis of the charge states of the phenolic hydroxyl and carbonyl moieties of fluorophores in pH-sensitive fluorescent proteins using the APBS
plugin. (A) In GFP S65T at both pH 4.6 and pH 8.0, the phenolic groups of the chromophore exhibited a negative charge. Specifically, at pH 4.6, the
adjacent carbonyl group, located next to the five-membered ring, remained uncharged, whereas at pH 8.0, it became negatively charged. (B) Similarly,
deGFP1 displayed similarities with GFP S65T, wherein the phenolic groups of the chromophore carried a negative charge at both pH 5.0 and pH 9.0.
However, in contrast to that of GFP S65T, the adjacent carbonyl group, near the five-membered ring, was negatively charged at pH 5.0 but remained
uncharged at pH 9.0. (C) In the case of mNeonGreen, unlike those of GFP S65T and deGFP1, the phenolic groups of the chromophore did not charge at
pH 4.5 or pH 8.0. Nevertheless, akin to deGFP1, the carbonyl group adjacent to the five-membered ring in mNeonGreen had a negative charge at
pH 4.5 and remained uncharged at pH 8.0.
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Aequorea GFP and its homolog. Structural comparisons with
other fluorescent proteins, such as EosFP, dsFP583, and
amFP486, revealed high sequence identity and slight structural
deviations. The crystal packing of mTFP1 is consistent with its
engineered monomeric nature, unlike that of tetrameric
Anthozoa FPs. The locations of the mutations in the
mTFP1 structure showed that external mutations are involved
in disrupting protein-protein interfaces, while internal mutations
affect side chain packing and internal hydrogen bond networks
(Ai et al., 2006).

Currently, the crystal structures of fluorescent proteins, including
GFP S65T, deGFP1, and mNeonGreen, have been elucidated under
both high and low pH conditions. The chromophores of these
fluorescent proteins exhibit varying charge states of the phenolic
group and the carbonyl group adjacent to the five-membered ring
at different pH values. For instance, at pH 4.6 and pH 8.0, the phenolic
groups of the GFP S65T chromophore are negatively charged.
However, at pH 4.6, the carbonyl group adjacent to the five-
membered ring is uncharged, while at pH 8.0, it becomes negatively
charged (Figure 2A). Similarly, deGFP1 shares similarities with GFP
S65T in that at pH 5.0 and pH 9.0, the phenolic groups of the
chromophore carry a negative charge. Nevertheless, unlike that in
GFP S65T, the carbonyl group adjacent to the five-membered ring in
deGFP1 was negatively charged at pH 5.0 and uncharged at pH 9.0
(Figure 2B). In the case of mNeonGreen, at pH 4.5 and pH 8.0, it differs
from GFP S65T and deGFP1 in that the phenolic groups of the
chromophore do not carry a charge. However, akin to deGFP1, the
carbonyl group adjacent to the five-membered ring in mNeonGreen
has a negative charge at pH 4.5 and is uncharged at pH 8.0 (Figure 2C).
The results of these structural analyses indicate that the chemical
properties of these three fluorescent proteins exhibit variations
under different pH conditions, particularly in terms of the charge
states of the phenolic group and the carbonyl group adjacent to the
chromophore. These differences may be associated with the
fluorescence properties and pH sensitivity of the biological functions
of these fluorescent proteins.

Applications in organelle pH detection
and beyond

This review highlights the diverse applications of pH-sensitive
fluorescent proteins in cellular imaging and related fields. Its use in
monitoring pH changes within subcellular compartments, and its role
in investigating intracellular pH regulation and homeostasis are well
known. Additionally, the review explores their applications in
studying membrane fusion, protein trafficking, and cellular
processes associated with pH fluctuations, as well as their relevance
in disease related pathological conditions, such as cancer,
neurodegenerative disorders, and infectious diseases.

Monitoring organelle and subcellular
compartment pH

Monitoring organelle pH is a fundamental aspect of cellular
research, contributing to a deeper understanding of various cellular
processes. A range of methods are employed to achieve this goal,

including the use of fluorescent pH-sensitive dyes such as SNARF-1
(Ramshesh and Lemasters, 2018), BCECF nanoparticles, lipobeads
and microspheres (Han and Burgess, 2010), microelectrodes
(Sommer et al., 2000), and fluorescent proteins (Benčina, 2013).
Subcellular localization of monomeric fluorescent protein fusions
with targeting proteins can be visualized through widefield
fluorescence imaging (Shaner et al., 2007). Genetically encoded
pH-sensitive sensors have also been used for monitoring
intracellular pH, as discussed in several review papers (Nehrke,
2006; Benčina, 2013; Martynov et al., 2018; Freeman et al., 2023).

Most organelles, except for the nucleus, have their own specific
pH associated with the processes that occur in these compartments.
The nuclear membrane, which is porous to protons, maintains a
pH (pHN) similar to that of the surrounding cytosol. The
cytoplasmic and nuclear pH was monitored by several pH-
sensitive proteins, the results of which are summarized in
Table 2. Cytosolic and nuclear pH levels have been monitored
using pH-sensitive proteins, including PrpHluorin (Shen et al.,
2013) and pHluorin (Karagiannis and Young, 2001), which have
a nuclear location sequence (NLS). Other nuclear markers have been
reported for histone H2B (Musinova et al., 2011; Liu Y. et al., 2021),
LSD1 (Jin et al., 2014), and fibrillarin (Ochs et al., 1985; Amin et al.,
2007; Tiku et al., 2018). The data in Table 2 reveal that the cytosolic
pH (pHC) and pHN for resting cells typically range between 7.2 and
7.7. pHmeasurements using pHGFP and pHusion show pHC values
between 6.5 and 7.3.

The pH of the resting mitochondrial matrix (pHM) is notably
alkaline, ranging from 7.2 to 8.1, as shown in Table 2. Previously,
pHluorin, ECFP, EYFP, and ECFP pH sensors, which have a pKa of
approximately 7, have been used to measure pHM. These sensors are
insensitive to small pH changes at pHM; therefore, pHM dynamics
are easily missed. Recent improvements in live cell fluorescence
imaging have revealed that proton concentrations rapidly fluctuate
within individual mitochondria, as determined using mitoSypHer
(Poburko et al., 2011). The pKa of ratiometric mitoSypHer is
approximately 8, which is similar to the pKa of pHRed (Tantama
et al., 2011), mtAlpHi (Abad et al., 2004), and pHTomato (Li and
Tsien, 2012), and they are well suited for pHM measurements.
However, specific pH measurements within subcellular
mitochondrial compartments, such as cristae and the
intermembrane space, have not been performed. To achieve
precision, pH-sensitive proteins are combined with mitochondrial
markers such as Tom20 (Yano et al., 1998; Bhagawati et al., 2021),
VDAC (Shoshan-Barmatz et al., 2010; Camara et al., 2017;
Shteinfer-Kuzmine et al., 2022), cytochrome c oxidase subunit 8
(Cox8) (Ross, 2011; Kadenbach and Hüttemann, 2015), Oxa1
(Stiburek et al., 2007; Sato and Mihara, 2009; Sato and Mihara,
2010), HSP60 (Zhou et al., 2018), g subunit (Gu et al., 2019), 6.8 PL
(Gu et al., 2019), ferrochelatase (Nagaraj et al., 2009;Watanabe et al.,
2013), and mitofilin (Madungwe et al., 2018).

To assess the pH of reticular organelles such as the endoplasmic
reticulum, signal peptides such as KEDL and HDEL (Gomord et al.,
1997) are commonly used when fused with the pH-sensitive protein
pHluorin (Reifenrath and Boles, 2018). The measured pH of the
endoplasmic reticulum (pHER) is found to be very close to that of
the cytosol (Shen et al., 2013). Markers such as Glimp63 (Zheng
et al., 2022), Sec61 (Zheng et al., 2022), Calreticulin (Michalak et al.,
2009; Houen et al., 2021), and Calnexin (Ryan et al., 2016), can be
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employed for localization and pH testing. However, tagging
subcellular domains of the Golgi apparatus can be challenging.
Many Golgi proteins briefly reside in the endoplasmic reticulum,
indicating cycling between the Golgi and endoplasmic reticulum
(Storrie, 2005). The pH of the cis-Golgi is 6.8 ± 0.2, which is slightly
more acidic than that of the endoplasmic reticulum (7.1 ± 0.4) (Shen
et al., 2013). The trans/medial-Golgi pH ranges from 6.4 to 6.81, and
the pH can be measured using β-1,4-galactosyltransferase (GT)
fused with pH-sensitive EYFP (Llopis et al., 1998; Lázaro-Diéguez
et al., 2006; Rivinoja et al., 2006). Various markers, including
B4GALT1/ST6GAL1 (Qasba et al., 2008; Hassinen et al., 2010;
Peanne et al., 2011; Khoder-Agha et al., 2019), and GalT (Linders
et al., 2022), as well as TGN38 (Bos et al., 1993), are employed for
trans-Golgi measurements, while the cis-Golgi markers GM130 (Tie
et al., 2016; Zheng et al., 2022), GMAP-210 (Infante et al., 1999),
GP73 (Bachert et al., 2007; Hu et al., 2011), MGAT2/GnTII
(Hassinen et al., 2010), and Giantin (Linstedt and Hauri, 1993;
Satoh et al., 2019) are utilized for cis/medial-Golgi measurements.

Lysosomes are acidic organelles, and their pH can be
measured using fluorescent proteins sensitive to acidic
conditions, such as mTFP1 (FIRE-pHLy) (Chin et al., 2021)
and LAMP1 conjugated with RpHluorin (Linders et al., 2022).
Additionally, markers such as Dnase2B (Shpak et al., 2008;
Ohkouchi et al., 2013), and Cathepsin D (Chai et al., 2019) are
used for lysosome localization. Peroxisomes are alkaline
organelles, with a pH close to 8.0. The pH of the cells was
measured via the fusion of SKL or SRL with pHluorin (Miura
et al., 1992; Wolins and Donaldson, 1997; Elleuche and Pöggeler,
2008). In addition to the above signaling peptides, other
peroxisome markers, such as Catalase have been identified
(Zheng et al., 2022). Endosomes, comprising early and late
endosomes, are characterized by markers such as the
Cellubrevin (Miesenböck et al., 1998), TFR (Rennick et al.,
2022), and EEA1 (Zheng et al., 2022). The pH was determined
to be 5.51 ± 0.66 for Cellubrevin-pHluorin and ranged from 5.1 to
6.8 for TFR-mApple, respectively. Additionally, a genetically
encoded pH probe called pH-Lemon was designed for live
imaging of distinct pH conditions within acidic cellular
compartments, particularly lysosomes and endosomes. The pH-
Lemon was created by fusing a pH-stable cyan fluorescent protein
(mTurquoise2) with the highly pH-sensitive EYFP (Burgstaller
et al., 2019). This probe offers reversible and ratiometric
responses, making it suitable for monitoring pH dynamics. It
also exhibits pH-dependent changes in fluorescence lifetime,
enabling its use in fluorescence lifetime imaging microscopy.
Fusion of the pH-Lemon to specific cellular markers allows for
the visualization of pH variations in different subcellular
structures and compartments, providing a valuable tool for
studying local pH dynamics in living cells.

Visualizing synaptic transmission:
exocytosis, endocytosis, docking, fusion

Fluorescent proteins exhibiting pH-sensitive fluorescence play a
crucial role in visualizing exocytosis and endocytosis processes.
Among these fluorescent proteins, the Aequorea green fluorescent
protein mutant known as superecliptic pHluorin is highly suitable for

such applications. Ratiometric pHluorin is coupled with the vesicle
membrane protein VAMP2, which can sort both secretory and
synaptic vesicles, facilitating the precise monitoring of transmission
at individual synaptic boutons (Miesenböck et al., 1998).

The use of synapto-pHluorin, a variant of pHluorin that is
targeted to the synaptic vesicle lumen, has enabled the
measurement of dynamic pH changes within vesicles resulting
from exocytosis and endocytosis during presynaptic activity. The
observed fluorescence changes during action potentials reflect a
delicate balance between the brightly fluorescent externalized
pHluorin and the darkened, endocytosed, and reacidified vesicles
(Sankaranarayanan et al., 2000).

Additionally, a construct called hPTH1R-pHluorin2, in which
pHluorin2 is located in the ligand-binding domain of the
parathyroid hormone 1 receptor, exhibited a substantial increase
in fluorescence upon ligand-induced endocytosis into intracellular
vesicles, making it readily detectable by confocal microscopy
(Mahon, 2011).

Notably, the pH-sensitive protein superecliptic pHluorin, in
conjunction with pH-sensitive organic fluorophores such as
carbofluorescein (CFI) and virg1inia orange (VO), which
integrate the SNAP-tag into an intraluminal loop of the vesicular
acetylcholine transporter VAChT, has played a pivotal role in the
detection of single exocytosis events within PC12 cells. Similarly, the
ability to detect synaptic vesicle exocytosis and recycling in
hippocampal neurons was made feasible through the use of pH-
sensitive proteins and the organic fluorophores SEP, CFI, and VO
conjugated with VAMP2. These groundbreaking constructs offer a
powerful means to visualize both exocytosis and endocytosis,
thereby introducing exceptionally bright and innovative sensors
for pivotal synaptic transmission processes (Martineau et al., 2017).

Moreover, the incorporation of pHuji, a red fluorescent protein
renowned for its pH sensitivity, in conjunction with SEP enables the
simultaneous use of two-color imaging. This combination of
methods helps individuals detect exocytosis and endocytosis
events associated with clathrin-mediated internalization,
involving proteins such as the transferrin receptor (TfR) and the
β2 adrenergic receptor (β2AR). In brief, the ability to detect
exocytosis and endocytosis events allows for the pairing of TfR-
SEP with TfR-pHuji, which can also be paired with other pH-
sensitive red fluorescent proteins, such as TfR-pHTomato and TfR-
pHoran4. Furthermore, this approach facilitates the observation of
differential sorting during clathrin-coated vesicle (CCV) formation
through the utilization of TfR-pHuji and SEP-β2AR (Shen
et al., 2014).

An additional noteworthy creation is SypHTomato, which was
generated by merging pHTomato with synaptophysin. This
innovative construct effectively reports activity-driven exocytosis
akin to that of green reporters. When coupled with the GFP-based
indicator GcaMP3, SypHTomato permits the simultaneous
monitoring of transmitter release and presynaptic Ca2+

fluctuations within individual nerve terminals (Li and Tsien, 2012).
Considering that prior research has indicated the widespread

use of SEP for single-vesicle exocytosis imaging, it is essential to
acknowledge its limitations in visualizing the docking step. This
is primarily due to the low fluorescence signal within vesicles,
which renders them unsuitable for monitoring the docking
process. In stark contrast, pHmScarlet, among various other
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TABLE 2 pH-sensitive FPs targeted to organelle and subcellular compartments.

Organelle Sensors pH References

Cytosol E2GFP 7.2–7.5 Bizzarri et al. (2006), Raimondo et al. (2012)

deGFP4 7.4–7.7 Raimondo et al. (2012)

GFP-F64L/S65T 7.4 Kneen et al. (1998)

EYFP 7.4 Llopis et al. (1998)

pHluorin 7.0–7.5 Karagiannis and Young (2001), Ullah et al. (2013)

pHluorin2 7.0–7.5 Ayer et al. (2013), Valkonen et al. (2013)

PrpHluorin 7.3 Shen et al. (2013)

SypHer 7.2 Poburko et al. (2011)

pHRed 7.4 Tantama et al. (2011)

pHERP 7.2–7.5 Chandy et al. (2001)

pHGFP 6.5–7.3 Moseyko and Feldman (2001)

pHusion 6.4 Gjetting et al. (2012)

Dendra2 7.40 ± 0.05 Pakhomov et al. (2017)

hCNT3-mNectarine 6.5–7.5 Johnson et al. (2009)

ClopHensor wild-type/ClopHensor (H148G/V224L) 7.3–7.7 Arosio et al. (2010), Mukhtarov et al. (2013)

Nucleus NLS-PrpHluorin 7.2 Shen et al. (2013)

pHluorin-NLS 7.3 Karagiannis and Young (2001)

Mitochondria mtAlpHi (COX-IV (1–12aa)) 8.1 Abad et al. (2004)

mitoDendra2 7.40 ± 0.05 Pakhomov et al. (2017)

MitoSypHer (COX-VIII (1–25aa)) 7.6 Poburko et al. (2011)

ECFP-mito (COX-IV (1–12aa)) 8.0 Llopis et al. (1998)

EYFP-mito (COX-IV (1–12aa)) 7.9 Llopis et al. (1998)

mito-pHluorin (COX-IV (1–12 aa)-RSGI linker) 7.7 Vijayvergiya et al. (2004)

COX8-GFP-F64L/S65T >7.5 Kneen et al. (1998)

COX8-pHRed 8.0 Tantama et al. (2011)

2COX8-pH-Lemon - Burgstaller et al. (2019)

COX4-pHluorin 7.7 Ayer et al. (2013)

Mito-PpHluorin 8.1 Shen et al. (2013)

Trans-Golgi GalT-RpHluorin2 5.9 ± 0.07 Linders et al. (2022)

Medial/Trans-Golgi GT-EGFP/ECFP/EYFP (B4GALT1 (N-terminal 1–81aa)) 6.6/6.8 Llopis et al. (1998), Rivinoja et al. (2006)

Medial/Trans-Golgi GT-EGFP/ECFP/EYFP (B4GALT1) 6.4 Lázaro-Diéguez et al. (2006)

Medial/Trans-Golgi ST-pHERP (2,6-sialyltransferase (1–70 aa)) 6.4–6.6 Chandy et al. (2001)

Medial-Golgi MGAT2-RpHluorin2 6.1 ± 0.07 Linders et al. (2022)

Cis-Golgi ManI-PpHluorin 6.8 ± 0.2 Shen et al. (2013)

Trans-Golgi network TGN38-pHluorin 6.21 ± 0.39 Miesenböck et al. (1998)

TGN38-pHluorin 6.4 Disbrow et al. (2005)

PpHluorin-BP80 6.3 Shen et al. (2013)

Endoplasmic Reticulum pHluorin-KDEL - Khiroug et al. (2009)

(Continued on following page)
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red fluorescent proteins, exhibited increasing pH sensitivity.
Furthermore, compared with that of SEP, the redshifted
emission wavelength of SEP maintains ample spatial resolution
for elucidating the ring structure of vesicle fusion pores. This
capacity is harnessed through the use of Hessian structured
illumination microscopy (Hessian-SIM), which enables the
simultaneous tracking of both vesicle docking and fusion
events. The amalgamation of pHmScarlet with SEP introduces
the potential for dual-color imaging, allowing for the observation
of two distinct exocytosis and fusion events (Liu A. et al., 2021).

Understanding drug effects and disease
progression

pH-dependent fluorescent lifetime imaging microscopy
(pHLIM) combined with deep learning was used to accurately
measure the subcellular pH of individual vesicles. A pH-sensitive
protein called mApple was used to target specific cellular
compartments such as the cytosolic mApple, endosomes (TfR-
mApple), and lysosomes (TMEM106b-mApple). This approach
allows for the rapid and accurate detection of pH changes
induced by drugs, such as bafilomycin A1 and chloroquine, and
provides a valuable tool for understanding drug effects and disease
progression, particularly in the context of cargo release from
therapeutic delivery systems. The acidifying endo/lysosomal
pathway represents a promising avenue for improving the
precision of drug delivery (Cheng et al., 2013). Utilizing pH-
responsive systems, including nanomaterials (Deirram et al.,
2019) and linkers such as acetal (Gillies et al., 2004; Cohen et al.,
2011), can exploit the acidic environment to enhance cargo delivery
to specific pH compartments in the cellular trafficking pathway.
Consequently, visualizing the native pH of subcellular locations
where these materials traffic is crucial for optimizing the design of
these systems. This approach overcomes the limitations associated
with traditional pH measurement methods and fluorophores,
making it a simple and quantitative approach for studying
subcellular pH dynamics (Rennick et al., 2022).

Detecting cell death and apoptosis
processes

Several researchers have developed a novel cell death assay based
on changes in cytosolic pH as an indicator of programmed cell death
(PCD) in plants. The authors used the extinction of YFP
fluorescence at low pH to monitor cytosolic acidification during
PCD, and the fluorescence was recovered when the pH was restored
to neutral, indicating no YFP degradation. This nondestructive assay
allows time-lapse studies and visualization of subcellular localization
changes during PCD. The authors suggest that this tool can aid in
the study of the genetic regulation and cell biology of PCD in plants,
cautioning other researchers to consider the impact of pH changes
on fluorescent reporters when conducting similar studies (Young
et al., 2010).

The use of pH-sensitive green fluorescent protein (GFP) and
YFP(H148G) (Wachter et al., 1998) (hereafter referred to as pH-GFP)
enables the observation of fluctuations in intramitochondrial and
cytosolic pH levels in response to mitochondria-dependent apoptotic
triggers, such as Bax, staurosporine, and ultraviolet irradiation.
Mitochondria play a crucial role in triggering apoptosis by
releasing caspase activators, including cytochrome c (cytC). These
authors found that mitochondria-dependent apoptotic stimuli lead to
rapid changes in the intracellular pH, mitochondrial alkalinization
and cytosolic acidification, followed by cytC release, caspase
activation, and mitochondrial swelling and depolarization. These
events are specific to mitochondria-dependent stimuli and are not
induced by mitochondria-independent apoptotic triggers. The
authors found that the acidification of the cytosol induced by
mitochondria may be a key factor in caspase activation during
apoptosis, and this effect was supported by experiments with
protonophores and yeast cells (Matsuyama et al., 2000).

Monitoring nucleoside transport

The pH-sensitive fluorescent protein mNectarine was used to
monitor H+/uridine cotransport in cultured mammalian cells,

TABLE 2 (Continued) pH-sensitive FPs targeted to organelle and subcellular compartments.

Organelle Sensors pH References

GFP-F64L/S65T-SEKDEL - Kneen et al. (1998)

CaR-pH-Lemon-KDEL - Burgstaller et al. (2019)

PpHluorin-HDEL 7.1 Shen et al. (2013)

ER-RpHluorin2 7.2 ± 0.08 Linders et al. (2022)

Peroxisome pHluorin-SKL 6.9–7.1/8.0 Jankowski et al. (2001), Ayer et al. (2013)

PrpHluorin-SRL 8.4 Shen et al. (2013)

Lysosome LAMP1-RpHluorin2 4.7 ± 0.15 Linders et al. (2022)

mTFP1 ~4.1 Chin et al. (2021)

Endosome Cellubrevin-pHluorin 5.51 ± 0.66 Miesenböck et al. (1998)

TFR-mApple 5.1–6.8 Rennick et al. (2022)
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particularly focusing on the human concentrative nucleoside
transporter hCNT3. By fusing mNectarine to hCNT3, they were
able to measure the changes in pH at the intracellular surface of
hCNT3. The results indicate that H+/uridine cotransport occurs
under acidic conditions, providing direct evidence of this process.
Additionally, the study suggested that under acidic, Na+-containing
conditions, both Na+ andH+ ions are transported along with uridine,
while under Na+-free acidic conditions, only H+ ions are transported
with uridine. This approach of using the mNectarine fusion to
monitor nucleoside transport is considered simple and effective for
studying the activity of H+-coupled transport proteins (Johnson
et al., 2009).

Finally, we summarized the diverse applications of pH-sensitive
fluorescent proteins, as shown in Figure 3.

Other applications

deGFP4, E2GFP, and the Cl-sensor can also be employed to
investigate activity-dependent pH fluctuations at the single-neuron
level (Raimondo et al., 2012). pH-sensitive genetically encoded
probes such as pHluorin2 have enabled the monitoring of
pH within different compartments of Candida albicans (Tournu
et al., 2017). Additionally, the pH within the cellular cortex of
Drosophila S2 cells was examined by employing a pHMA sensor-
pHluorin fusion linked to the protein moesin, as previously
described (Fishilevich et al., 2010).

Recent advances and future directions

The field of pH-sensitive fluorescent proteins has experienced a
surge of innovation in recent years, opening up exciting new avenues
for research and expanding their utility. In this section, we highlight
some of the recent advances in the field and provide insights into
promising future directions.

Enhanced photostability and specificity

Recent research efforts have been directed toward improving the
photostability and pH specificity of fluorescent proteins. These
advancements are crucial for extending the usability of these
proteins for long-term imaging and high-resolution studies. The
development of pH-sensitive variants with reduced photobleaching
has the potential to revolutionize long term experiments, especially
those requiring super-resolution microscopy.

Subcellular targeting capabilities

Genetically encoded pH sensors have become more
sophisticated in terms of subcellular targeting. The ability to
precisely direct these sensors to specific organelles and
subcellular compartments is a valuable tool for dissecting
complex cellular processes. The future is likely to see the
emergence of even more precise targeting strategies, allowing

researchers to examine pH dynamics at unprecedented levels
of detail.

Multiplexed imaging and combinatorial
approaches

To gain a more comprehensive understanding of cellular
processes, there is a growing trend toward multiplexed imaging.
Researchers are combining pH-sensitive fluorescent proteins with
other fluorescent markers, such as calcium indicators or protein
sensors, to investigate complex interactions. This approach is likely
to become increasingly common and provide deeper insights into
the interplay of pH with other cellular parameters.

Three-dimensional imaging and super-
resolution microscopy

As imaging techniques continue to evolve, the application of
pH-sensitive fluorescent proteins in three-dimensional imaging and
super-resolution microscopy is expanding. These proteins are now
used to study pH dynamics within intricate cellular structures and at
nanoscale resolutions. Future developments in this area will allow
researchers to uncover previously inaccessible details of
pH regulation.

Applications in optogenetics

The potential of pH-sensitive fluorescent proteins in the
emerging field of optogenetics is an area of great promise. By
combining pH sensors with light-activated proteins, researchers
can precisely manipulate cellular processes triggered by
pH changes. This approach holds the potential to revolutionize
our ability to modulate biological responses with high
spatiotemporal precision.

Drug discovery and therapeutic
interventions

Understanding the role of pH in cellular processes is crucial for
drug discovery. pH-sensitive fluorescent proteins can be employed
to screen potential drug candidates for their effects on pH-
dependent mechanisms. This application has the potential to
accelerate the development of therapies for a wide range of diseases.

As the field of pH-sensitive fluorescent proteins continues to
advance, the potential for breakthroughs in both fundamental
biology and therapeutic interventions becomes increasingly
evident. These remarkable tools have paved the way for a deeper
understanding of the dynamic pH changes that underlie complex
biological processes. With ongoing research and technological
advancements, pH-sensitive fluorescent proteins will remain at
the forefront of cellular biology, enabling researchers to explore
new frontiers and uncover the intricacies of cellular physiology and
disease mechanisms.
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FIGURE 3
Applications of pH-sensitive proteins in organelle pH detection and beyond. (A) Our review shows the pH levels within distinct subcellular
compartments in typical cells. We exclusively report pH values obtained using genetically encoded pH-sensitive fluorescent proteins as indicators. These
values have been collated from various references and are cross-referenced in Table 2. (B) During exocytosis, mature vesicles fuse with the plasma
membrane, causing a rapid shift in internal pH from an acidic environment (approximately pH 5.6) to a slightly alkaline extracellular environment
(approximately pH 7.4). Notably, pH-sensitive proteins such as VAMP2-ratiometric pHluorin, synapto-pHluorin, hPTH1R-pHluorin2, TfR-pHuji, SEP-
β2AR, and SypHTomato enable the visualization of exocytosis, endocytosis, docking, and fusion events in synaptic transmission and secretion. (C) pH-
sensitive fluorescent proteins are valuable for understanding drug effects and disease progression. By utilizing a pH-sensitive protein called mApple,
specific cellular compartments, such as the cytosolic mApple, endosomes (TfR-mApple), and lysosomes (TMEM106b-mApple) can be targeted. This
approach allows for the rapid and precise detection of pH changes induced by drugs such as bafilomycin A1 and chloroquine. (D) pH-sensitive
fluorescent proteins can detect processes related to cell death and apoptosis triggered by mitochondria-dependent apoptotic stimuli, leading to rapid
changes in the intracellular pH, including mitochondrial alkalinization and cytosolic acidification. (E) pH-sensitive fluorescent proteins can be employed
to monitor nucleotide transport. By fusing mNectarine to hCNT3, the changes in pH at the intracellular surface of hCNT3, which is responsible for
transporting molecules such as cytidine, thymidine, guanosine, adenosine, inosine, and uridine, can be measured.
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Conclusion and outlook

The remarkable versatility of pH-sensitive fluorescent proteins
has undoubtedly transformed the landscape of cellular biology and
physiology. This review has elucidated the indispensable role of
these fluorescent proteins in elucidating the dynamic pH changes
that underlie complex biological processes. Progress through the
diverse types, mechanisms, and applications of these fluorescent
proteins has shown their monumental impact on our ability to
understand, visualize, and monitor pH dynamics in living systems.

As we stand on the precipice of further scientific discovery, it is
essential to acknowledge the pivotal contributions made by these
fluorescent proteins in various domains of cellular research. The
ability of these methods to provide real-time, noninvasive
measurements of pH alterations within subcellular compartments
has been pivotal in deciphering the intricacies of cellular physiology.
Insights gained from the study of exocytosis, endocytosis, organelle
pH, and subcellular pH localization have significantly advanced our
understanding of cellular processes.

Moreover, recent advancements in the field of pH-sensitive
fluorescent proteins have opened new horizons. The development
of genetically encoded pH sensors with enhanced photostability,
specificity, and subcellular targeting capabilities augments their
utility. Techniques such as multiplexed imaging, three-
dimensional visualization, and super-resolution microscopy are
expanding their applications to uncharted territories.

The potential applications of pH-sensitive fluorescent proteins
in fields such as drug discovery offer exciting prospects for future
research. Exploring the acidifying endo/lysosomal pathway has
emerged as a promising avenue for enhancing the precision of
drug delivery. Visualizing the native pH of these subcellular
locations is crucial for harnessing proteins’ ability to modulate
cellular processes precisely through targeted drug delivery. The
promise lies in understanding how these proteins, by influencing
pH-dependent mechanisms, can lead to breakthroughs in both
fundamental biology and therapeutic interventions. However,
there are certain limitations associated with pH-sensitive
fluorescent proteins. Some exhibit a lower quantum yield,
consequently reducing their fluorescence signal intensity. Others
exhibit narrow pH response ranges, constraining their applicability
for measuring diverse pH environments. Additionally, certain
proteins feature a single excitation and single emission
characteristic, which may not be ideal for precisely measuring
pH levels in various organelles, especially when utilizing
radiometric methods.

In conclusion, pH-sensitive fluorescent proteins remain at the
forefront of biological research, empowering scientists to unravel the
intricacies of cellular physiology and disease mechanisms. With
continuous advancements and refinements, these proteins will
continue to be indispensable instruments, shedding light on the
dynamic changes in pH within living cells and tissues. The future of
cellular biology, guided by pH-sensitive fluorescent proteins, holds

the promise of uncovering even more profound insights into the
dynamic world of pH in biological systems.

Author contributions

S-AL: Conceptualization, Funding acquisition, Investigation,
Supervision, Visualization, Writing–original draft, Writing–review
and editing. X-YM: Writing–review and editing. Y-JZ:
Writing–review and editing. C-LC: Funding acquisition,
Writing–review and editing. Y-XJ: Writing–review and editing.
Y-QZ: Writing–review and editing. P-PL: Funding acquisition,
Visualization, Writing–review and editing. WS:
Conceptualization, Validation, Visualization, Writing–original
draft, Writing–review and editing.

Funding

The author(s) declare financial support was received for the
research, authorship, and/or publication of this article. The National
Natural Science Foundation (NSF) of China: S-AL. (32000855); Joint
Construction Program for Medical Science and Technology
Development of Henan Province of China: S-AL. (LHGJ20190239);
National Natural Science Foundation (NSF) of China: P-PL.
(32000522); Cultivation Project of Basic Medical College of Xinxiang
Medical University: C-LC. (JCYXYKY202112) and Key Project of
Science and Technology of Henan Province: C-LC. (222102310260).

Acknowledgments

We thank the facilities in the Clinical Systems Biology Research
Center and the Translational Medicine Center of the First Affiliated
Hospital of Zhengzhou University.

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

Publisher’s note

All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated
organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

References

Abad, M. F. C., Di Benedetto, G., Magalhães, P. J., Filippin, L., and Pozzan, T. (2004).
Mitochondrial pH monitored by a new engineered green fluorescent protein mutant.
J. Biol. Chem. 279, 11521–11529. doi:10.1074/jbc.M306766200

Adam, V., Nienhaus, K., Bourgeois, D., and Nienhaus, G. U. (2009). Structural basis of
enhanced photoconversion yield in green fluorescent protein-like protein Dendra2.
Biochemistry 48, 4905–4915. doi:10.1021/bi900383a

Frontiers in Pharmacology frontiersin.org17

Li et al. 10.3389/fphar.2023.1339518

https://doi.org/10.1074/jbc.M306766200
https://doi.org/10.1021/bi900383a
https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2023.1339518


Ai, H., Hazelwood, K. L., Davidson, M. W., and Campbell, R. E. (2008). Fluorescent
protein FRET pairs for ratiometric imaging of dual biosensors. Nat. Methods 5,
401–403. doi:10.1038/nmeth.1207

Ai, H., Henderson, J. N., Remington, S. J., and Campbell, R. E. (2006). Directed
evolution of a monomeric, bright and photostable version of Clavularia cyan fluorescent
protein: structural characterization and applications in fluorescence imaging. Biochem.
J. 400, 531–540. doi:10.1042/BJ20060874

Amin, M. A., Matsunaga, S., Ma, N., Takata, H., Yokoyama, M., Uchiyama, S., et al.
(2007). Fibrillarin, a nucleolar protein, is required for normal nuclear morphology and
cellular growth in HeLa cells. Biochem. Biophys. Res. Commun. 360, 320–326. doi:10.
1016/j.bbrc.2007.06.092

Arosio, D., Ricci, F., Marchetti, L., Gualdani, R., Albertazzi, L., and Beltram, F. (2010).
Simultaneous intracellular chloride and pH measurements using a GFP-based sensor.
Nat. Methods 7, 516–518. doi:10.1038/nmeth.1471

Awaji, T., Hirasawa, A., Shirakawa, H., Tsujimoto, G., and Miyazaki, S. (2001). Novel
green fluorescent protein-based ratiometric indicators for monitoring pH in defined
intracellular microdomains. Biochem. Biophys. Res. Commun. 289, 457–462. doi:10.
1006/bbrc.2001.6004

Ayer, A., Sanwald, J., Pillay, B. A., Meyer, A. J., Perrone, G. G., and Dawes, I. W.
(2013). Distinct redox regulation in sub-cellular compartments in response to various
stress conditions in Saccharomyces cerevisiae. PloS One 8, e65240. doi:10.1371/journal.
pone.0065240

Bachert, C., Fimmel, C., and Linstedt, A. D. (2007). Endosomal trafficking and
proprotein convertase cleavage of cis Golgi protein GP73 produces marker for
hepatocellular carcinoma. Traffic cph. Den. 8, 1415–1423. doi:10.1111/j.1600-0854.
2007.00621.x

Belousov, V. V., Fradkov, A. F., Lukyanov, K. A., Staroverov, D. B., Shakhbazov, K. S.,
Terskikh, A. V., et al. (2006). Genetically encoded fluorescent indicator for intracellular
hydrogen peroxide. Nat. Methods 3, 281–286. doi:10.1038/nmeth866

Benčina, M. (2013). Illumination of the spatial order of intracellular pH by genetically
encoded pH-sensitive sensors. Sensors 13, 16736–16758. doi:10.3390/s131216736

Bhagawati, M., Arroum, T., Webeling, N., Montoro, A. G., Mootz, H. D., and Busch,
K. B. (2021). The receptor subunit Tom20 is dynamically associated with the TOM
complex in mitochondria of human cells. Mol. Biol. Cell 32, br1. doi:10.1091/mbc.E21-
01-0042

Bizzarri, R., Arcangeli, C., Arosio, D., Ricci, F., Faraci, P., Cardarelli, F., et al. (2006).
Development of a novel GFP-based ratiometric excitation and emission pH indicator
for intracellular studies. Biophys. J. 90, 3300–3314. doi:10.1529/biophysj.105.074708

Bizzarri, R., Serresi, M., Luin, S., and Beltram, F. (2009). Green fluorescent protein
based pH indicators for in vivo use: a review. Anal. Bioanal. Chem. 393, 1107–1122.
doi:10.1007/s00216-008-2515-9

Bos, K., Wraight, C., and Stanley, K. K. (1993). TGN38 is maintained in the trans-
Golgi network by a tyrosine-containing motif in the cytoplasmic domain. EMBO J. 12,
2219–2228. doi:10.1002/j.1460-2075.1993.tb05870.x

Burgstaller, S., Bischof, H., Gensch, T., Stryeck, S., Gottschalk, B., Ramadani-Muja, J.,
et al. (2019). pH-lemon, a fluorescent protein-based pH reporter for acidic
compartments. ACS Sens. 4, 883–891. doi:10.1021/acssensors.8b01599

Camara, A. K. S., Zhou, Y., Wen, P.-C., Tajkhorshid, E., and Kwok, W.-M. (2017).
Mitochondrial VDAC1: a key gatekeeper as potential therapeutic target. Front. Physiol.
8, 460. doi:10.3389/fphys.2017.00460

Campbell, R. E., Tour, O., Palmer, A. E., Steinbach, P. A., Baird, G. S., Zacharias, D. A.,
et al. (2002). A monomeric red fluorescent protein. Proc. Natl. Acad. Sci. U. S. A. 99,
7877–7882. doi:10.1073/pnas.082243699

Chai, Y. L., Chong, J. R.,Weng, J., Howlett, D., Halsey, A., Lee, J. H., et al. (2019). Lysosomal
cathepsin D is upregulated in Alzheimer’s disease neocortex and may be a marker for
neurofibrillary degeneration. Brain Pathol. Zurich Switz. 29, 63–74. doi:10.1111/bpa.12631

Chandy, G., Grabe, M., Moore, H. P., and Machen, T. E. (2001). Proton leak and
CFTR in regulation of Golgi pH in respiratory epithelial cells. Am. J. Physiol. Cell
Physiol. 281, C908–C921. doi:10.1152/ajpcell.2001.281.3.C908

Cheng, R., Meng, F., Deng, C., Klok, H.-A., and Zhong, Z. (2013). Dual and multi-
stimuli responsive polymeric nanoparticles for programmed site-specific drug delivery.
Biomaterials 34, 3647–3657. doi:10.1016/j.biomaterials.2013.01.084

Chin, M. Y., Patwardhan, A. R., Ang, K.-H., Wang, A. L., Alquezar, C., Welch, M.,
et al. (2021). Genetically encoded, pH-sensitive mTFP1 biosensor for probing lysosomal
pH. ACS Sens. 6, 2168–2180. doi:10.1021/acssensors.0c02318

Clavel, D., Gotthard, G., von Stetten, D., De Sanctis, D., Pasquier, H., Lambert, G. G.,
et al. (2016). Structural analysis of the bright monomeric yellow-green fluorescent
protein mNeonGreen obtained by directed evolution. Acta Crystallogr. Sect. Struct. Biol.
72, 1298–1307. doi:10.1107/S2059798316018623

Cohen, J. L., Schubert, S., Wich, P. R., Cui, L., Cohen, J. A., Mynar, J. L., et al. (2011).
Acid-degradable cationic dextran particles for the delivery of siRNA therapeutics.
Bioconjug. Chem. 22, 1056–1065. doi:10.1021/bc100542r

Deirram, N., Zhang, C., Kermaniyan, S. S., Johnston, A. P. R., and Such, G. K. (2019).
pH-responsive polymer nanoparticles for drug delivery.Macromol. Rapid Commun. 40,
e1800917. doi:10.1002/marc.201800917

Devine, M. J., and Kittler, J. T. (2018). Mitochondria at the neuronal presynapse in
health and disease. Nat. Rev. Neurosci. 19, 63–80. doi:10.1038/nrn.2017.170

Disbrow, G. L., Hanover, J. A., and Schlegel, R. (2005). Endoplasmic reticulum-
localized human papillomavirus type 16 E5 protein alters endosomal pH but not trans-
Golgi pH. J. Virol. 79, 5839–5846. doi:10.1128/JVI.79.9.5839-5846.2005

Elleuche, S., and Pöggeler, S. (2008). Visualization of peroxisomes via SKL-tagged
DsRed protein in Sordaria macrospora. Fungal Genet. Rep. 55, 9–12. doi:10.4148/1941-
4765.1083

Elsliger, M. A., Wachter, R. M., Hanson, G. T., Kallio, K., and Remington, S. J. (1999).
Structural and spectral response of green fluorescent protein variants to changes in pH.
Biochemistry 38, 5296–5301. doi:10.1021/bi9902182

Ermakova, Y. G., Bilan, D. S., Matlashov, M. E., Mishina, N. M., Markvicheva, K. N.,
Subach, O. M., et al. (2014). Red fluorescent genetically encoded indicator for
intracellular hydrogen peroxide. Nat. Commun. 5, 5222. doi:10.1038/ncomms6222

Esposito, A., Gralle, M., Dani, M. A. C., Lange, D., and Wouters, F. S. (2008).
pHlameleons: a family of FRET-based protein sensors for quantitative pH imaging.
Biochemistry 47, 13115–13126. doi:10.1021/bi8009482

Fishilevich, E., Fitzpatrick, J. A. J., and Minden, J. S. (2010). pHMA, a pH-sensitive
GFP reporter for cell engulfment, in Drosophila embryos, tissues, and cells. Dev. Dyn.
Off. Publ. Am. Assoc. Anat. 239, 559–573. doi:10.1002/dvdy.22180

Freeman, S. A., Grinstein, S., and Orlowski, J. (2023). Determinants, maintenance, and
function of organellar pH. Physiol. Rev. 103, 515–606. doi:10.1152/physrev.00009.2022

Ge, W., Li, D., Gao, Y., and Cao, X. (2015). The roles of lysosomes in inflammation
and autoimmune diseases. Int. Rev. Immunol. 34, 415–431. doi:10.3109/08830185.2014.
936587

Gillies, E. R., Goodwin, A. P., and Fréchet, J. M. J. (2004). Acetals as pH-sensitive
linkages for drug delivery. Bioconjug. Chem. 15, 1254–1263. doi:10.1021/bc049853x

Gjetting, K. S. K., Ytting, C. K., Schulz, A., and Fuglsang, A. T. (2012). Live imaging of
intra- and extracellular pH in plants using pHusion, a novel genetically encoded
biosensor. J. Exp. Bot. 63, 3207–3218. doi:10.1093/jxb/ers040

Gomord, V., Denmat, L. A., Fitchette-Lainé, A. C., Satiat-Jeunemaitre, B., Hawes, C.,
and Faye, L. (1997). The C-terminal HDEL sequence is sufficient for retention of
secretory proteins in the endoplasmic reticulum (ER) but promotes vacuolar targeting
of proteins that escape the ER. Plant J. Cell Mol. Biol. 11, 313–325. doi:10.1046/j.1365-
313x.1997.11020313.x

Griesbeck, O., Baird, G. S., Campbell, R. E., Zacharias, D. A., and Tsien, R. Y. (2001).
Reducing the environmental sensitivity of yellow fluorescent protein. Mechanism and
applications. J. Biol. Chem. 276, 29188–29194. doi:10.1074/jbc.M102815200

Gu, J., Geng, M., Qi, M.,Wang, L., Zhang, Y., and Gao, J. (2021). The role of lysosomal
membrane proteins in glucose and lipid metabolism. FASEB J. Off. Publ. Fed. Am. Soc.
Exp. Biol. 35, e21848. doi:10.1096/fj.202002602R

Gu, J., Zhang, L., Zong, S., Guo, R., Liu, T., Yi, J., et al. (2019). Cryo-EM structure of
the mammalian ATP synthase tetramer bound with inhibitory protein IF1. Science 364,
1068–1075. doi:10.1126/science.aaw4852

Han, J., and Burgess, K. (2010). Fluorescent indicators for intracellular pH. Chem.
Rev. 110, 2709–2728. doi:10.1021/cr900249z

Hanson, G. T., McAnaney, T. B., Park, E. S., Rendell, M. E. P., Yarbrough, D. K., Chu,
S., et al. (2002). Green fluorescent protein variants as ratiometric dual emission
pH sensors. 1. Structural characterization and preliminary application. Biochemistry
41, 15477–15488. doi:10.1021/bi026609p

Hassinen, A., Rivinoja, A., Kauppila, A., and Kellokumpu, S. (2010). Golgi
N-glycosyltransferases form both homo- and heterodimeric enzyme complexes in
live cells. J. Biol. Chem. 285, 17771–17777. doi:10.1074/jbc.M110.103184

Heim, R., Cubitt, A. B., and Tsien, R. Y. (1995). Improved green fluorescence. Nature
373, 663–664. doi:10.1038/373663b0

Heim, R., and Tsien, R. Y. (1996). Engineering green fluorescent protein for improved
brightness, longer wavelengths and fluorescence resonance energy transfer. Curr. Biol.
CB 6, 178–182. doi:10.1016/s0960-9822(02)00450-5

Houen, G., Højrup, P., Ciplys, E., Gaboriaud, C., and Slibinskas, R. (2021). Structural
analysis of Calreticulin, an endoplasmic reticulum-resident molecular chaperone. Prog.
Mol. Subcell. Biol. 59, 13–25. doi:10.1007/978-3-030-67696-4_2

Hu, L., Li, L., Xie, H., Gu, Y., and Peng, T. (2011). The Golgi localization of GOLPH2
(GP73/GOLM1) is determined by the transmembrane and cytoplamic sequences. PloS
One 6, e28207. doi:10.1371/journal.pone.0028207

Infante, C., Ramos-Morales, F., Fedriani, C., Bornens, M., and Rios, R. M. (1999).
GMAP-210, A cis-Golgi network-associated protein, is a minus end microtubule-
binding protein. J. Cell Biol. 145, 83–98. doi:10.1083/jcb.145.1.83

Jach, G., Pesch, M., Richter, K., Frings, S., and Uhrig, J. F. (2006). An improved
mRFP1 adds red to bimolecular fluorescence complementation. Nat. Methods 3,
597–600. doi:10.1038/nmeth901

Jankowski, A., Kim, J. H., Collins, R. F., Daneman, R., Walton, P., and Grinstein, S.
(2001). In situ measurements of the pH of mammalian peroxisomes using the
fluorescent protein pHluorin. J. Biol. Chem. 276, 48748–48753. doi:10.1074/jbc.
M109003200

Frontiers in Pharmacology frontiersin.org18

Li et al. 10.3389/fphar.2023.1339518

https://doi.org/10.1038/nmeth.1207
https://doi.org/10.1042/BJ20060874
https://doi.org/10.1016/j.bbrc.2007.06.092
https://doi.org/10.1016/j.bbrc.2007.06.092
https://doi.org/10.1038/nmeth.1471
https://doi.org/10.1006/bbrc.2001.6004
https://doi.org/10.1006/bbrc.2001.6004
https://doi.org/10.1371/journal.pone.0065240
https://doi.org/10.1371/journal.pone.0065240
https://doi.org/10.1111/j.1600-0854.2007.00621.x
https://doi.org/10.1111/j.1600-0854.2007.00621.x
https://doi.org/10.1038/nmeth866
https://doi.org/10.3390/s131216736
https://doi.org/10.1091/mbc.E21-01-0042
https://doi.org/10.1091/mbc.E21-01-0042
https://doi.org/10.1529/biophysj.105.074708
https://doi.org/10.1007/s00216-008-2515-9
https://doi.org/10.1002/j.1460-2075.1993.tb05870.x
https://doi.org/10.1021/acssensors.8b01599
https://doi.org/10.3389/fphys.2017.00460
https://doi.org/10.1073/pnas.082243699
https://doi.org/10.1111/bpa.12631
https://doi.org/10.1152/ajpcell.2001.281.3.C908
https://doi.org/10.1016/j.biomaterials.2013.01.084
https://doi.org/10.1021/acssensors.0c02318
https://doi.org/10.1107/S2059798316018623
https://doi.org/10.1021/bc100542r
https://doi.org/10.1002/marc.201800917
https://doi.org/10.1038/nrn.2017.170
https://doi.org/10.1128/JVI.79.9.5839-5846.2005
https://doi.org/10.4148/1941-4765.1083
https://doi.org/10.4148/1941-4765.1083
https://doi.org/10.1021/bi9902182
https://doi.org/10.1038/ncomms6222
https://doi.org/10.1021/bi8009482
https://doi.org/10.1002/dvdy.22180
https://doi.org/10.1152/physrev.00009.2022
https://doi.org/10.3109/08830185.2014.936587
https://doi.org/10.3109/08830185.2014.936587
https://doi.org/10.1021/bc049853x
https://doi.org/10.1093/jxb/ers040
https://doi.org/10.1046/j.1365-313x.1997.11020313.x
https://doi.org/10.1046/j.1365-313x.1997.11020313.x
https://doi.org/10.1074/jbc.M102815200
https://doi.org/10.1096/fj.202002602R
https://doi.org/10.1126/science.aaw4852
https://doi.org/10.1021/cr900249z
https://doi.org/10.1021/bi026609p
https://doi.org/10.1074/jbc.M110.103184
https://doi.org/10.1038/373663b0
https://doi.org/10.1016/s0960-9822(02)00450-5
https://doi.org/10.1007/978-3-030-67696-4_2
https://doi.org/10.1371/journal.pone.0028207
https://doi.org/10.1083/jcb.145.1.83
https://doi.org/10.1038/nmeth901
https://doi.org/10.1074/jbc.M109003200
https://doi.org/10.1074/jbc.M109003200
https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2023.1339518


Jin, Y., Kim, T. Y., Kim, M. S., Kim, M. A., Park, S. H., and Jang, Y. K. (2014). Nuclear
import of human histone lysine-specific demethylase LSD1. J. Biochem. (Tokyo) 156,
305–313. doi:10.1093/jb/mvu042

Johnson, D. E., Ai, H.-W., Wong, P., Young, J. D., Campbell, R. E., and Casey, J. R.
(2009). Red fluorescent protein pH biosensor to detect concentrative nucleoside
transport. J. Biol. Chem. 284, 20499–20511. doi:10.1074/jbc.M109.019042

Kadenbach, B., and Hüttemann, M. (2015). The subunit composition and function of
mammalian cytochrome c oxidase. Mitochondrion 24, 64–76. doi:10.1016/j.mito.2015.
07.002

Kang, B. E., Lee, S., and Baker, B. J. (2019). Optical consequences of a genetically-
encoded voltage indicator with a pH sensitive fluorescent protein. Neurosci. Res. 146,
13–21. doi:10.1016/j.neures.2018.10.006

Karagiannis, J., and Young, P. G. (2001). Intracellular pH homeostasis during cell-
cycle progression and growth state transition in Schizosaccharomyces pombe. J. Cell Sci.
114, 2929–2941. doi:10.1242/jcs.114.16.2929

Karsten, L., Goett-Zink, L., Schmitz, J., Hoffrogge, R., Grünberger, A., Kottke, T., et al.
(2022). Genetically encoded ratiometric pH sensors for the measurement of intra- and
extracellular pH and internalization rates. Biosensors 12, 271. doi:10.3390/bios12050271

Khiroug, S. S., Pryazhnikov, E., Coleman, S. K., Jeromin, A., Keinänen, K., and
Khiroug, L. (2009). Dynamic visualization of membrane-inserted fraction of pHluorin-
tagged channels using repetitive acidification technique. BMC Neurosci. 10, 141. doi:10.
1186/1471-2202-10-141

Khoder-Agha, F., Harrus, D., Brysbaert, G., Lensink, M. F., Harduin-Lepers, A.,
Glumoff, T., et al. (2019). Assembly of B4GALT1/ST6GAL1 heteromers in the Golgi
membranes involves lateral interactions via highly charged surface domains. J. Biol.
Chem. 294, 14383–14393. doi:10.1074/jbc.RA119.009539

Kim, H., Ju, J., Lee, H. N., Chun, H., and Seong, J. (2021). Genetically encoded
biosensors based on fluorescent proteins. Sensors 21, 795. doi:10.3390/s21030795

Kneen, M., Farinas, J., Li, Y., and Verkman, A. S. (1998). Green fluorescent protein as
a noninvasive intracellular pH indicator. Biophys. J. 74, 1591–1599. doi:10.1016/S0006-
3495(98)77870-1

Kollenda, S., Kopp, M., Wens, J., Koch, J., Schulze, N., Papadopoulos, C., et al. (2020).
A pH-sensitive fluorescent protein sensor to follow the pathway of calcium phosphate
nanoparticles into cells. Acta Biomater. 111, 406–417. doi:10.1016/j.actbio.2020.05.014

Labas, Y. A., Gurskaya, N. G., Yanushevich, Y. G., Fradkov, A. F., Lukyanov, K. A.,
Lukyanov, S. A., et al. (2002). Diversity and evolution of the green fluorescent protein
family. Proc. Natl. Acad. Sci. U. S. A. 99, 4256–4261. doi:10.1073/pnas.062552299

Lázaro-Diéguez, F., Jiménez, N., Barth, H., Koster, A. J., Renau-Piqueras, J., Llopis,
J. L., et al. (2006). Actin filaments are involved in the maintenance of Golgi cisternae
morphology and intra-Golgi pH. Cell Motil. Cytoskelet. 63, 778–791. doi:10.1002/cm.
20161

Lelimousin, M., Noirclerc-Savoye, M., Lazareno-Saez, C., Paetzold, B., Le Vot, S.,
Chazal, R., et al. (2009). Intrinsic dynamics in ECFP and Cerulean control fluorescence
quantum yield. Biochemistry 48, 10038–10046. doi:10.1021/bi901093w

Li, Y., and Tsien, R. W. (2012). pHTomato, a red, genetically encoded indicator that
enables multiplex interrogation of synaptic activity. Nat. Neurosci. 15, 1047–1053.
doi:10.1038/nn.3126

Linders, P. T. A., Ioannidis, M., Ter Beest, M., and van den Bogaart, G. (2022).
Fluorescence lifetime imaging of pH along the secretory pathway. ACS Chem. Biol. 17,
240–251. doi:10.1021/acschembio.1c00907

Linstedt, A. D., and Hauri, H. P. (1993). Giantin, a novel conserved Golgi membrane
protein containing a cytoplasmic domain of at least 350 kDa.Mol. Biol. Cell 4, 679–693.
doi:10.1091/mbc.4.7.679

Liu, A., Huang, X., He, W., Xue, F., Yang, Y., Liu, J., et al. (2021a). pHmScarlet is a pH-
sensitive red fluorescent protein to monitor exocytosis docking and fusion steps. Nat.
Commun. 12, 1413. doi:10.1038/s41467-021-21666-7

Liu, Y., Wang, Y., Yang, L., Sun, F., Li, S., Wang, Y., et al. (2021b). The nucleolus
functions as the compartment for histone H2B protein degradation. iScience 24, 102256.
doi:10.1016/j.isci.2021.102256

Llopis, J., McCaffery, J. M., Miyawaki, A., Farquhar, M. G., and Tsien, R. Y. (1998).
Measurement of cytosolic, mitochondrial, and Golgi pH in single living cells with green
fluorescent proteins. Proc. Natl. Acad. Sci. 95, 6803–6808. doi:10.1073/pnas.95.12.6803

Lukyanov, K. A. (2022). Fluorescent proteins for a brighter science. Biochem. Biophys.
Res. Commun. 633, 29–32. doi:10.1016/j.bbrc.2022.08.089

Madungwe, N. B., Feng, Y., Lie, M., Tombo, N., Liu, L., Kaya, F., et al. (2018).
Mitochondrial inner membrane protein (mitofilin) knockdown induces cell death by
apoptosis via an AIF-PARP-dependent mechanism and cell cycle arrest. Am. J. Physiol.
Cell Physiol. 315, C28–C43. doi:10.1152/ajpcell.00230.2017

Mahon,M. J. (2011). pHluorin2: an enhanced, ratiometric, pH-sensitive green florescent
protein. Adv. Biosci. Biotechnol. Print 2, 132–137. doi:10.4236/abb.2011.23021

Markvicheva, K. N., Bilan, D. S., Mishina, N. M., Gorokhovatsky, A. Y., Vinokurov, L.
M., Lukyanov, S., et al. (2011). A genetically encoded sensor for H2O2 with expanded
dynamic range. Bioorg. Med. Chem. 19, 1079–1084. doi:10.1016/j.bmc.2010.07.014

Martineau, M., Somasundaram, A., Grimm, J. B., Gruber, T. D., Choquet, D., Taraska,
J. W., et al. (2017). Semisynthetic fluorescent pH sensors for imaging exocytosis and
endocytosis. Nat. Commun. 8, 1412. doi:10.1038/s41467-017-01752-5

Martynov, V. I., Pakhomov, A. A., Deyev, I. E., and Petrenko, A. G. (2018). Genetically
encoded fluorescent indicators for live cell pH imaging. Biochim. Biophys. Acta Gen.
Subj. 1862, 2924–2939. doi:10.1016/j.bbagen.2018.09.013

Matlashov, M. E., Bogdanova, Y. A., Ermakova, G. V., Mishina, N. M., Ermakova, Y.
G., Nikitin, E. S., et al. (2015). Fluorescent ratiometric pH indicator SypHer2:
applications in neuroscience and regenerative biology. Biochim. Biophys. Acta 1850,
2318–2328. doi:10.1016/j.bbagen.2015.08.002

Matsuyama, S., Llopis, J., Deveraux, Q. L., Tsien, R. Y., and Reed, J. C. (2000). Changes
in intramitochondrial and cytosolic pH: early events that modulate caspase activation
during apoptosis. Nat. Cell Biol. 2, 318–325. doi:10.1038/35014006

Matz, M. V., Fradkov, A. F., Labas, Y. A., Savitsky, A. P., Zaraisky, A. G., Markelov, M.
L., et al. (1999). Fluorescent proteins from nonbioluminescent Anthozoa species. Nat.
Biotechnol. 17, 969–973. doi:10.1038/13657

Michalak, M., Groenendyk, J., Szabo, E., Gold, L. I., and Opas, M. (2009). Calreticulin,
a multi-process calcium-buffering chaperone of the endoplasmic reticulum. Biochem. J.
417, 651–666. doi:10.1042/BJ20081847

Miesenböck, G., De Angelis, D. A., and Rothman, J. E. (1998). Visualizing secretion
and synaptic transmission with pH-sensitive green fluorescent proteins. Nature 394,
192–195. doi:10.1038/28190

Miura, S., Kasuya-Arai, I., Mori, H., Miyazawa, S., Osumi, T., Hashimoto, T., et al.
(1992). Carboxyl-terminal consensus Ser-Lys-Leu-related tripeptide of peroxisomal
proteins functions in vitro as a minimal peroxisome-targeting signal. J. Biol. Chem. 267,
14405–14411. doi:10.1016/s0021-9258(19)49726-3

Miyawaki, A., Griesbeck, O., Heim, R., and Tsien, R. Y. (1999). Dynamic and
quantitative Ca2+ measurements using improved cameleons. Proc. Natl. Acad. Sci.
U. S. A. 96, 2135–2140. doi:10.1073/pnas.96.5.2135

Morimoto, Y. V., Kojima, S., Namba, K., and Minamino, T. (2011). M153R mutation
in a pH-sensitive green fluorescent protein stabilizes its fusion proteins. PloS One 6,
e19598. doi:10.1371/journal.pone.0019598

Moseyko, N., and Feldman, L. J. (2001). Expression of pH-sensitive green fluorescent
protein in Arabidopsis thaliana. Plant Cell Environ. 24, 557–563. doi:10.1046/j.1365-
3040.2001.00703.x

Mukhtarov, M., Liguori, L., Waseem, T., Rocca, F., Buldakova, S., Arosio, D., et al.
(2013). Calibration and functional analysis of three genetically encoded Cl(-
)/pH sensors. Front. Mol. Neurosci. 6, 9. doi:10.3389/fnmol.2013.00009

Musinova, Y. R., Lisitsyna, O.M., Golyshev, S. A., Tuzhikov, A. I., Polyakov, V. Y., and
Sheval, E. V. (2011). Nucleolar localization/retention signal is responsible for transient
accumulation of histone H2B in the nucleolus through electrostatic interactions.
Biochim. Biophys. Acta 1813, 27–38. doi:10.1016/j.bbamcr.2010.11.003

Nagaraj, V. A., Prasad, D., Rangarajan, P. N., and Padmanaban, G. (2009).
Mitochondrial localization of functional ferrochelatase from Plasmodium
falciparum. Mol. Biochem. Parasitol. 168, 109–112. doi:10.1016/j.molbiopara.2009.
05.008

Nehrke, K. (2006). Intracellular pH measurements in vivo using green fluorescent
protein variants. Methods Mol. Biol. Clifton N. J. 351, 223–239. doi:10.1385/1-59745-
151-7:223

Ochs, R. L., Lischwe, M. A., Spohn, W. H., and Busch, H. (1985). Fibrillarin: a new
protein of the nucleolus identified by autoimmune sera. Biol. Cell 54, 123–133. doi:10.
1111/j.1768-322x.1985.tb00387.x

Ogoh, K., Kinebuchi, T., Murai, M., Takahashi, T., Ohmiya, Y., and Suzuki, H. (2013).
Dual-color-emitting green fluorescent protein from the sea cactus Cavernularia obesa
and its use as a pH indicator for fluorescence microscopy. Lumin. J. Biol. Chem. Lumin.
28, 582–591. doi:10.1002/bio.2497

Ohkouchi, S., Shibata, M., Sasaki, M., Koike, M., Safig, P., Peters, C., et al. (2013).
Biogenesis and proteolytic processing of lysosomal DNase II. PLoS ONE 8, e59148.
doi:10.1371/journal.pone.0059148

Pakhomov, A. A., Chertkova, R. V., and Martynov, V. I. (2015). pH-sensor properties
of a fluorescent protein from Dendronephthya sp. Bioorg. Khim. 41, 669–674. doi:10.
1134/s1068162015060114

Pakhomov, A. A., Martynov, V. I., Orsa, A. N., Bondarenko, A. A., Chertkova, R. V.,
Lukyanov, K. A., et al. (2017). Fluorescent protein Dendra2 as a ratiometric genetically
encoded pH-sensor. Biochem. Biophys. Res. Commun. 493, 1518–1521. doi:10.1016/j.
bbrc.2017.09.170

Peanne, R., Legrand, D., Duvet, S., Mir, A.-M., Matthijs, G., Rohrer, J., et al. (2011).
Differential effects of lobe A and lobe B of the Conserved Oligomeric Golgi complex on
the stability of {beta}1,4-galactosyltransferase 1 and {alpha}2,6-sialyltransferase 1.
Glycobiology 21, 864–876. doi:10.1093/glycob/cwq176

Pletneva, N. V., Pletnev, S., Pakhomov, A. A., Chertkova, R. V., Martynov, V. I.,
Muslinkina, L., et al. (2016). Crystal structure of the fluorescent protein from
Dendronephthya sp. in both green and photoconverted red forms. Acta Crystallogr.
Sect. Struct. Biol. 72, 922–932. doi:10.1107/S205979831601038X

Frontiers in Pharmacology frontiersin.org19

Li et al. 10.3389/fphar.2023.1339518

https://doi.org/10.1093/jb/mvu042
https://doi.org/10.1074/jbc.M109.019042
https://doi.org/10.1016/j.mito.2015.07.002
https://doi.org/10.1016/j.mito.2015.07.002
https://doi.org/10.1016/j.neures.2018.10.006
https://doi.org/10.1242/jcs.114.16.2929
https://doi.org/10.3390/bios12050271
https://doi.org/10.1186/1471-2202-10-141
https://doi.org/10.1186/1471-2202-10-141
https://doi.org/10.1074/jbc.RA119.009539
https://doi.org/10.3390/s21030795
https://doi.org/10.1016/S0006-3495(98)77870-1
https://doi.org/10.1016/S0006-3495(98)77870-1
https://doi.org/10.1016/j.actbio.2020.05.014
https://doi.org/10.1073/pnas.062552299
https://doi.org/10.1002/cm.20161
https://doi.org/10.1002/cm.20161
https://doi.org/10.1021/bi901093w
https://doi.org/10.1038/nn.3126
https://doi.org/10.1021/acschembio.1c00907
https://doi.org/10.1091/mbc.4.7.679
https://doi.org/10.1038/s41467-021-21666-7
https://doi.org/10.1016/j.isci.2021.102256
https://doi.org/10.1073/pnas.95.12.6803
https://doi.org/10.1016/j.bbrc.2022.08.089
https://doi.org/10.1152/ajpcell.00230.2017
https://doi.org/10.4236/abb.2011.23021
https://doi.org/10.1016/j.bmc.2010.07.014
https://doi.org/10.1038/s41467-017-01752-5
https://doi.org/10.1016/j.bbagen.2018.09.013
https://doi.org/10.1016/j.bbagen.2015.08.002
https://doi.org/10.1038/35014006
https://doi.org/10.1038/13657
https://doi.org/10.1042/BJ20081847
https://doi.org/10.1038/28190
https://doi.org/10.1016/s0021-9258(19)49726-3
https://doi.org/10.1073/pnas.96.5.2135
https://doi.org/10.1371/journal.pone.0019598
https://doi.org/10.1046/j.1365-3040.2001.00703.x
https://doi.org/10.1046/j.1365-3040.2001.00703.x
https://doi.org/10.3389/fnmol.2013.00009
https://doi.org/10.1016/j.bbamcr.2010.11.003
https://doi.org/10.1016/j.molbiopara.2009.05.008
https://doi.org/10.1016/j.molbiopara.2009.05.008
https://doi.org/10.1385/1-59745-151-7:223
https://doi.org/10.1385/1-59745-151-7:223
https://doi.org/10.1111/j.1768-322x.1985.tb00387.x
https://doi.org/10.1111/j.1768-322x.1985.tb00387.x
https://doi.org/10.1002/bio.2497
https://doi.org/10.1371/journal.pone.0059148
https://doi.org/10.1134/s1068162015060114
https://doi.org/10.1134/s1068162015060114
https://doi.org/10.1016/j.bbrc.2017.09.170
https://doi.org/10.1016/j.bbrc.2017.09.170
https://doi.org/10.1093/glycob/cwq176
https://doi.org/10.1107/S205979831601038X
https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2023.1339518


Poburko, D., Santo-Domingo, J., and Demaurex, N. (2011). Dynamic regulation of the
mitochondrial proton gradient during cytosolic calcium elevations. J. Biol. Chem. 286,
11672–11684. doi:10.1074/jbc.M110.159962

Poëa-Guyon, S., Pasquier, H., Mérola, F., Morel, N., and Erard, M. (2013). The
enhanced cyan fluorescent protein: a sensitive pH sensor for fluorescence lifetime
imaging. Anal. Bioanal. Chem. 405, 3983–3987. doi:10.1007/s00216-013-6860-y

Qasba, P. K., Ramakrishnan, B., and Boeggeman, E. (2008). Structure and function of
beta -1,4-galactosyltransferase. Curr. Drug Targets 9, 292–309. doi:10.2174/
138945008783954943

Raimondo, J. V., Irkle, A., Wefelmeyer, W., Newey, S. E., and Akerman, C. J. (2012).
Genetically encoded proton sensors reveal activity-dependent pH changes in neurons.
Front. Mol. Neurosci. 5, 68. doi:10.3389/fnmol.2012.00068

Ramshesh, V. K., and Lemasters, J. J. (2018). “Imaging of mitochondrial pH using
SNARF-1,” inMitochondrial bioenergetics. Editors CM Palmeira, and AJ Moreno (New
York, NY: Springer New York), 351.

Reifenrath, M., and Boles, E. (2018). A superfolder variant of pH-sensitive pHluorin
for in vivo pH measurements in the endoplasmic reticulum. Sci. Rep. 8, 11985. doi:10.
1038/s41598-018-30367-z

Rennick, J. J., Nowell, C. J., Pouton, C. W., and Johnston, A. P. R. (2022). Resolving
subcellular pH with a quantitative fluorescent lifetime biosensor. Nat. Commun. 13,
6023. doi:10.1038/s41467-022-33348-z

Rivinoja, A., Kokkonen, N., Kellokumpu, I., and Kellokumpu, S. (2006). Elevated
Golgi pH in breast and colorectal cancer cells correlates with the expression of oncofetal
carbohydrate T-antigen. J. Cell. Physiol. 208, 167–174. doi:10.1002/jcp.20653

Rivinoja, A., Pujol, F. M., Hassinen, A., and Kellokumpu, S. (2012). Golgi pH, its
regulation and roles in human disease. Ann. Med. 44, 542–554. doi:10.3109/07853890.
2011.579150

Ross, J. M. (2011). Visualization of mitochondrial respiratory function using
cytochrome c oxidase/succinate dehydrogenase (COX/SDH) double-labeling
histochemistry. J. Vis. Exp. JoVE, e3266. doi:10.3791/3266

Ryan, D., Carberry, S., Murphy, Á. C., Lindner, A. U., Fay, J., Hector, S., et al. (2016).
Calnexin, an ER stress-induced protein, is a prognostic marker and potential
therapeutic target in colorectal cancer. J. Transl. Med. 14, 196. doi:10.1186/s12967-
016-0948-z

Sankaranarayanan, S., Angelis, D. D., Rothman, J. E., and Ryan, T. A. (2000). The use
of pHluorins for optical measurements of presynaptic activity. Biophys. J. 79,
2199–2208. doi:10.1016/S0006-3495(00)76468-X

Sarker, R., Tse, C. M., Lin, R., McNamara, G., Singh, V., and Donowitz, M. (2022).
mOrange2, a genetically encoded, pH sensitive fluorescent protein, is an alternative to
BCECF-AM to measure intracellular pH to determine NHE3 and DRA activity. Cell.
Physiol. biochem. Int. J. Exp. Cell. Physiol. biochem. Pharmacol. 56, 39–49. doi:10.33594/
000000493

Sato, T., andMihara, K. (2009). Topogenesis of mammalian Oxa1, a component of the
mitochondrial inner membrane protein export machinery. J. Biol. Chem. 284,
14819–14827. doi:10.1074/jbc.M809520200

Sato, T., and Mihara, K. (2010). Mammalian Oxa1 protein is useful for assessment of
submitochondrial protein localization and mitochondrial membrane integrity. Anal.
Biochem. 397, 250–252. doi:10.1016/j.ab.2009.10.035

Satoh, A., Hayashi-Nishino, M., Shakuno, T., Masuda, J., Koreishi, M., Murakami, R.,
et al. (2019). The golgin protein Giantin regulates interconnections between Golgi
stacks. Front. Cell Dev. Biol. 7, 160. doi:10.3389/fcell.2019.00160

Schulte, A., Lorenzen, I., Böttcher, M., and Plieth, C. (2006). A novel fluorescent
pH probe for expression in plants. Plant Methods 2, 7. doi:10.1186/1746-4811-2-7

Serresi, M., Bizzarri, R., Cardarelli, F., and Beltram, F. (2009). Real-time measurement
of endosomal acidification by a novel genetically encoded biosensor. Anal. Bioanal.
Chem. 393, 1123–1133. doi:10.1007/s00216-008-2489-7

Shaner, N. C., Campbell, R. E., Steinbach, P. A., Giepmans, B. N. G., Palmer, A. E., and
Tsien, R. Y. (2004). Improved monomeric red, orange and yellow fluorescent proteins
derived from Discosoma sp. red fluorescent protein. Nat. Biotechnol. 22, 1567–1572.
doi:10.1038/nbt1037

Shaner, N. C., Lambert, G. G., Chammas, A., Ni, Y., Cranfill, P. J., Baird, M. A., et al.
(2013). A bright monomeric green fluorescent protein derived from Branchiostoma
lanceolatum. Nat. Methods 10, 407–409. doi:10.1038/nmeth.2413

Shaner, N. C., Lin, M. Z., McKeown, M. R., Steinbach, P. A., Hazelwood, K. L.,
Davidson, M. W., et al. (2008). Improving the photostability of bright monomeric
orange and red fluorescent proteins. Nat. Methods 5, 545–551. doi:10.1038/nmeth.1209

Shaner, N. C., Patterson, G. H., and Davidson, M. W. (2007). Advances in fluorescent
protein technology. J. Cell Sci. 120, 4247–4260. doi:10.1242/jcs.005801

Shcherbo, D., Merzlyak, E. M., Chepurnykh, T. V., Fradkov, A. F., Ermakova, G. V.,
Solovieva, E. A., et al. (2007). Bright far-red fluorescent protein for whole-body imaging.
Nat. Methods 4, 741–746. doi:10.1038/nmeth1083

Shcherbo, D., Murphy, C. S., Ermakova, G. V., Solovieva, E. A., Chepurnykh, T. V.,
Shcheglov, A. S., et al. (2009). Far-red fluorescent tags for protein imaging in living
tissues. Biochem. J. 418, 567–574. doi:10.1042/BJ20081949

Shen, J., Zeng, Y., Zhuang, X., Sun, L., Yao, X., Pimpl, P., et al. (2013). Organelle pH in
the Arabidopsis endomembrane system. Mol. Plant 6, 1419–1437. doi:10.1093/mp/
sst079

Shen, Y., Rosendale, M., Campbell, R. E., and Perrais, D. (2014). pHuji, a pH-sensitive
red fluorescent protein for imaging of exo- and endocytosis. J. Cell Biol. 207, 419–432.
doi:10.1083/jcb.201404107

Shimolina, L., Potekhina, E., Druzhkova, I., Lukina, M., Dudenkova, V., Belousov, V.,
et al. (2022). Fluorescence lifetime-based pH mapping of tumors in vivo using
genetically encoded sensor SypHerRed. Biophys. J. 121, 1156–1165. doi:10.1016/j.bpj.
2022.02.036

Shoshan-Barmatz, V., De Pinto, V., Zweckstetter, M., Raviv, Z., Keinan, N., and Arbel,
N. (2010). VDAC, a multi-functional mitochondrial protein regulating cell life and
death. Mol. Asp. Med. 31, 227–285. doi:10.1016/j.mam.2010.03.002

Shpak, M., Kugelman, J. R., Varela-Ramirez, A., and Aguilera, R. J. (2008). The
phylogeny and evolution of deoxyribonuclease II: an enzyme essential for lysosomal
DNA degradation.Mol. Phylogenet. Evol. 47, 841–854. doi:10.1016/j.ympev.2007.11.033

Shteinfer-Kuzmine, A., Argueti-Ostrovsky, S., Leyton-Jaimes, M. F., Anand, U., Abu-
Hamad, S., Zalk, R., et al. (2022). Targeting the mitochondrial protein VDAC1 as a
potential therapeutic strategy in ALS. Int. J. Mol. Sci. 23, 9946. doi:10.3390/
ijms23179946

Sommer, S., Jahn, A., Funke, F., and Brenke, N. (2000). In vivo measurements of the
internal pH of Hediste (Nereis) diversicolor (Annelida, Polychaeta) exposed to ambient
sulphidic conditions using pH microelectrodes. Naturwissenschaften 87, 283–287.
doi:10.1007/s001140050723

Stiburek, L., Fornuskova, D., Wenchich, L., Pejznochova, M., Hansikova, H., and
Zeman, J. (2007). Knockdown of human Oxa1l impairs the biogenesis of F1Fo-ATP
synthase and NADH:ubiquinone oxidoreductase. J. Mol. Biol. 374, 506–516. doi:10.
1016/j.jmb.2007.09.044

Storrie, B. (2005). Maintenance of Golgi apparatus structure in the face of continuous
protein recycling to the endoplasmic reticulum: making ends meet. Int. Rev. Cytol. 244,
69–94. doi:10.1016/S0074-7696(05)44002-4

Tantama, M., Hung, Y. P., and Yellen, G. (2011). Imaging intracellular pH in live cells
with a genetically encoded red fluorescent protein sensor. J. Am. Chem. Soc. 133,
10034–10037. doi:10.1021/ja202902d

Tie, H. C., Mahajan, D., Chen, B., Cheng, L., VanDongen, A. M. J., and Lu, L. (2016).
A novel imaging method for quantitative Golgi localization reveals differential intra-
Golgi trafficking of secretory cargoes.Mol. Biol. Cell 27, 848–861. doi:10.1091/mbc.E15-
09-0664

Tiku, V., Kew, C., Mehrotra, P., Ganesan, R., Robinson, N., and Antebi, A. (2018).
Nucleolar fibrillarin is an evolutionarily conserved regulator of bacterial pathogen
resistance. Nat. Commun. 9, 3607. doi:10.1038/s41467-018-06051-1

Tournu, H., Luna-Tapia, A., Peters, B. M., and Palmer, G. E. (2017). In vivo indicators
of cytoplasmic, vacuolar, and extracellular pH using pHluorin2 in Candida albicans.
mSphere 2, 002766–e317. doi:10.1128/mSphere.00276-17

Tutol, J. N., Kam, H. C., and Dodani, S. C. (2019). Identification of mNeonGreen as a
pH-dependent, turn-on fluorescent protein sensor for chloride. Chembiochem Eur.
J. Chem. Biol. 20, 1759–1765. doi:10.1002/cbic.201900147

Ullah, A., Lopes, M. I., Brul, S., and Smits, G. J. (2013). Intracellular pH homeostasis in
Candida glabrata in infection-associated conditions. Microbiol. Read. Engl. 159,
803–813. doi:10.1099/mic.0.063610-0

Urra, J., Sandoval, M., Cornejo, I., Barros, L. F., Sepúlveda, F. V., and Cid, L. P. (2008).
A genetically encoded ratiometric sensor to measure extracellular pH in microdomains
bounded by basolateral membranes of epithelial cells. Pflugers Arch. 457, 233–242.
doi:10.1007/s00424-008-0497-2

Valkonen, M., Mojzita, D., Penttilä, M., and Bencina, M. (2013). Noninvasive high-
throughput single-cell analysis of the intracellular pH of Saccharomyces cerevisiae by
ratiometric flow cytometry. Appl. Environ. Microbiol. 79, 7179–7187. doi:10.1128/AEM.
02515-13

VanEngelenburg, S. B., and Palmer, A. E. (2008). Fluorescent biosensors of protein
function. Curr. Opin. Chem. Biol. 12, 60–65. doi:10.1016/j.cbpa.2008.01.020

Vijayvergiya, C., De Angelis, D., Walther, M., Kühn, H., Duvoisin, R. M., Smith, D. H.,
et al. (2004). High-level expression of rabbit 15-lipoxygenase induces collapse of the
mitochondrial pH gradient in cell culture. Biochemistry 43, 15296–15302. doi:10.1021/
bi048745v

Violot, S., Carpentier, P., Blanchoin, L., and Bourgeois, D. (2009). Reverse pH-dependence
of chromophore protonation explains the large Stokes shift of the red fluorescent protein
mKeima. J. Am. Chem. Soc. 131, 10356–10357. doi:10.1021/ja903695n

Vyas, S., Zaganjor, E., and Haigis, M. C. (2016). Mitochondria and cancer. Cell 166,
555–566. doi:10.1016/j.cell.2016.07.002

Wachter, R. M., Elsliger, M. A., Kallio, K., Hanson, G. T., and Remington, S. J. (1998).
Structural basis of spectral shifts in the yellow-emission variants of green fluorescent
protein. Struct. Lond. Engl. 6, 1267–1277. doi:10.1016/s0969-2126(98)00127-0

Wang, C., Telpoukhovskaia, M. A., Bahr, B. A., Chen, X., and Gan, L. (2018). Endo-
lysosomal dysfunction: a converging mechanism in neurodegenerative diseases. Curr.
Opin. Neurobiol. 48, 52–58. doi:10.1016/j.conb.2017.09.005

Frontiers in Pharmacology frontiersin.org20

Li et al. 10.3389/fphar.2023.1339518

https://doi.org/10.1074/jbc.M110.159962
https://doi.org/10.1007/s00216-013-6860-y
https://doi.org/10.2174/138945008783954943
https://doi.org/10.2174/138945008783954943
https://doi.org/10.3389/fnmol.2012.00068
https://doi.org/10.1038/s41598-018-30367-z
https://doi.org/10.1038/s41598-018-30367-z
https://doi.org/10.1038/s41467-022-33348-z
https://doi.org/10.1002/jcp.20653
https://doi.org/10.3109/07853890.2011.579150
https://doi.org/10.3109/07853890.2011.579150
https://doi.org/10.3791/3266
https://doi.org/10.1186/s12967-016-0948-z
https://doi.org/10.1186/s12967-016-0948-z
https://doi.org/10.1016/S0006-3495(00)76468-X
https://doi.org/10.33594/000000493
https://doi.org/10.33594/000000493
https://doi.org/10.1074/jbc.M809520200
https://doi.org/10.1016/j.ab.2009.10.035
https://doi.org/10.3389/fcell.2019.00160
https://doi.org/10.1186/1746-4811-2-7
https://doi.org/10.1007/s00216-008-2489-7
https://doi.org/10.1038/nbt1037
https://doi.org/10.1038/nmeth.2413
https://doi.org/10.1038/nmeth.1209
https://doi.org/10.1242/jcs.005801
https://doi.org/10.1038/nmeth1083
https://doi.org/10.1042/BJ20081949
https://doi.org/10.1093/mp/sst079
https://doi.org/10.1093/mp/sst079
https://doi.org/10.1083/jcb.201404107
https://doi.org/10.1016/j.bpj.2022.02.036
https://doi.org/10.1016/j.bpj.2022.02.036
https://doi.org/10.1016/j.mam.2010.03.002
https://doi.org/10.1016/j.ympev.2007.11.033
https://doi.org/10.3390/ijms23179946
https://doi.org/10.3390/ijms23179946
https://doi.org/10.1007/s001140050723
https://doi.org/10.1016/j.jmb.2007.09.044
https://doi.org/10.1016/j.jmb.2007.09.044
https://doi.org/10.1016/S0074-7696(05)44002-4
https://doi.org/10.1021/ja202902d
https://doi.org/10.1091/mbc.E15-09-0664
https://doi.org/10.1091/mbc.E15-09-0664
https://doi.org/10.1038/s41467-018-06051-1
https://doi.org/10.1128/mSphere.00276-17
https://doi.org/10.1002/cbic.201900147
https://doi.org/10.1099/mic.0.063610-0
https://doi.org/10.1007/s00424-008-0497-2
https://doi.org/10.1128/AEM.02515-13
https://doi.org/10.1128/AEM.02515-13
https://doi.org/10.1016/j.cbpa.2008.01.020
https://doi.org/10.1021/bi048745v
https://doi.org/10.1021/bi048745v
https://doi.org/10.1021/ja903695n
https://doi.org/10.1016/j.cell.2016.07.002
https://doi.org/10.1016/s0969-2126(98)00127-0
https://doi.org/10.1016/j.conb.2017.09.005
https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2023.1339518


Watanabe, S., Hanaoka, M., Ohba, Y., Ono, T., Ohnuma, M., Yoshikawa, H., et al.
(2013). Mitochondrial localization of ferrochelatase in a red alga Cyanidioschyzon
merolae. Plant Cell Physiol. 54, 1289–1295. doi:10.1093/pcp/pct077

Webb, B. A., Aloisio, F. M., Charafeddine, R. A., Cook, J., Wittmann, T., and Barber,
D. L. (2021). pHLARE: a new biosensor reveals decreased lysosome pH in cancer cells.
Mol. Biol. Cell 32, 131–142. doi:10.1091/mbc.E20-06-0383

Wolins, N., and Donaldson, R. (1997). Binding of the peroxisomal targeting
sequence SKL is specified by a low-affinity site in Castor bean glyoxysomal
membranes (A domain next to the SKL binds to a high-affinity site). Plant
Physiol. 113, 943–949. doi:10.1104/pp.113.3.943

Yano, M., Kanazawa, M., Terada, K., Takeya, M., Hoogenraad, N., and Mori, M.
(1998). Functional analysis of humanmitochondrial receptor Tom20 for protein import
into mitochondria. J. Biol. Chem. 273, 26844–26851. doi:10.1074/jbc.273.41.26844

Young, B., Wightman, R., Blanvillain, R., Purcel, S. B., and Gallois, P. (2010). pH-
sensitivity of YFP provides an intracellular indicator of programmed cell death. Plant
Methods 6, 27. doi:10.1186/1746-4811-6-27

Zapata-Hommer, O., and Griesbeck, O. (2003). Efficiently folding and circularly
permuted variants of the Sapphire mutant of GFP. BMC Biotechnol. 3, 5. doi:10.1186/
1472-6750-3-5

Zheng, P., Obara, C. J., Szczesna, E., Nixon-Abell, J., Mahalingan, K. K., Roll-Mecak,
A., et al. (2022). ER proteins decipher the tubulin code to regulate organelle distribution.
Nature 601, 132–138. doi:10.1038/s41586-021-04204-9

Zhou, C., Sun, H., Zheng, C., Gao, J., Fu, Q., Hu, N., et al. (2018). Oncogenic
HSP60 regulates mitochondrial oxidative phosphorylation to support Erk1/2 activation
during pancreatic cancer cell growth. Cell Death Dis. 9, 161. doi:10.1038/s41419-017-
0196-z

Frontiers in Pharmacology frontiersin.org21

Li et al. 10.3389/fphar.2023.1339518

https://doi.org/10.1093/pcp/pct077
https://doi.org/10.1091/mbc.E20-06-0383
https://doi.org/10.1104/pp.113.3.943
https://doi.org/10.1074/jbc.273.41.26844
https://doi.org/10.1186/1746-4811-6-27
https://doi.org/10.1186/1472-6750-3-5
https://doi.org/10.1186/1472-6750-3-5
https://doi.org/10.1038/s41586-021-04204-9
https://doi.org/10.1038/s41419-017-0196-z
https://doi.org/10.1038/s41419-017-0196-z
https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2023.1339518

	Progress in pH-Sensitive sensors: essential tools for organelle pH detection, spotlighting mitochondrion and diverse applic ...
	Introduction
	Types of pH-sensitive fluorescent proteins
	Green fluorescent protein variants
	Red fluorescent protein variants
	Yellow fluorescent protein variants
	Cyan fluorescent protein variants
	Other pH sensors

	Mechanisms of pH sensing and fluorescence
	Structural analysis of GFP S65T at low pH and high pH
	Structural analysis of deGFP1 at low pH and high pH
	Structural analysis of mNeonGreen at low pH and high pH
	Structural analysis of DendFPs
	Structural analysis of Dendra2
	Structural analysis of mTFP1

	Applications in organelle pH detection and beyond
	Monitoring organelle and subcellular compartment pH
	Visualizing synaptic transmission: exocytosis, endocytosis, docking, fusion
	Understanding drug effects and disease progression
	Detecting cell death and apoptosis processes
	Monitoring nucleoside transport
	Other applications

	Recent advances and future directions
	Enhanced photostability and specificity
	Subcellular targeting capabilities
	Multiplexed imaging and combinatorial approaches
	Three-dimensional imaging and super-resolution microscopy
	Applications in optogenetics
	Drug discovery and therapeutic interventions

	Conclusion and outlook
	Author contributions
	Funding
	Acknowledgments
	Conflict of interest
	Publisher’s note
	References


