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Abstract

Acidic vesicles and organelles play fundamental roles in a broad range of cellular events such as
endocytosis, lysosomal degradation, synaptic transmission, pathogen fate, and drug delivery.
Fluorescent reporters will be invaluable for studying these complex and multifunctional systems
with spatiotemporal resolution, yet common fluorescent proteins are generally non-fluorescent at
acidic conditions due to the decrease of anionic chromophore upon protonation, but are fluorescent
at physiological pH creating interfering fluorescence from non-vesicle regions. Here we developed
a novel abFP (acid brightening fluorescent protein) that fluoresces strongly at acidic pH but is non-
fluorescent at or above neutral pH, boasting a pH profile opposite to that of common fluorescent
proteins. Through expansion of the genetic code, we incorporated a quinoline-containing amino
acid Qui into the chromophore of EGFP to reverse the chromophore charge. Protonation of Qui
rendered a cationic chromophore, which resulted in unique fluorescence increase only at acidic pH
in vitro, in E. coli cells, and on mammalian cell surface. We further demonstrated that abFP tagged
& opioid receptors were fluorescently imaged in lysosome showing distinct features and without
background fluorescence from other cellular regions, whereas EGFP tagged receptors were
invisible in lysosome. This Qui-rendered cationic chromophore strategy may be generally applied
to other fluorescent proteins to generate a palette of colors for acidic imaging with minimal
background, and these abFPs should facilitate the study of molecules in association with various
acidic vesicles and organelles in different cells and model organisms.
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Introduction

Eukaryotic cells have multiple intracellular organelles and vesicles that have an acidic
lumen, such as endosomes, lysosomes, autophagosomes, trans-Golgi compartments, and
synaptic vesicles!. They participate in endocytosis and/or exocytosis, playing fundamental
roles in a broad range of cellular events. For instance, endocytic trafficking via endosomes
delivers membrane components, receptor-associated ligands and solute molecules to various
intracellular destinations?; lysosomes degrade and recycle cellular waste, and are further
involved in secretion, plasma membrane repair, nutrient signaling and energy metabolism?3;
synaptic vesicle release is a fundamental step in inter-neuronal signaling®. These complex
itineraries also control the intracellular fates of pathogens and toxins, and determine the
intracellular targeting of therapeutic agents®. The dysfunction of any of these pathways often
leads to various diseases. It is thus of fundamental importance to understand the complex
and multifunctional roles of these vesicles and organelles.

Fluorescence microscopy provides spatial-temporal resolution and has been invaluable for
studying dynamic cellular processes in live cells. For investigating acidic vesicles, it would
be ideal to have fluorescent indicators that are non-fluorescent at physiological pH 7.4 and
become fluorescent at acidic intra-vesicular pH values. Such indicators will brighten up in
acidic vesicles only, clearly distinguish vesicles of interest from other cellular structures and
regions. Small molecule fluorescent indicators with such pH response have been developed
recently for visualizing exocytosis®”. Although valuable, small molecule probes lack genetic
specificity in general. A genetically encoded indicator would allow precise targeting to
organelle, compartment or tissue, selectively appending to specific proteins, stable
expression for study over time, and noninvasive imaging to minimize perturbation.
Fluorescent proteins (FPs) are genetically encoded and have been engineered to sense pH
change for reporting of vesicles®-11. Nonetheless, monomeric FPs and their derived pH
indicators are generally non-fluorescent at acidic pH and become fluorescent when pH is
shifted to the physiological pH2. This pH response profile is suitable for detecting events
that expose vesicle contents to the higher neutral pH, but is incapable of visualizing intra-
vesicular contents, resting vesicles, and intracellular vesicle dynamics, due to indicator’s
invisibility in acidic conditions and high background fluorescence at non-vesicle regions.

Here we report the development of an abFP (acid &rightening Auorescent Aotein)
possessing a pH profile contrary to common FPs. Through genetic code expansion,
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quinonine was genetically incorporated into the chromophore of GFP to sense pH change
via a unique, positively charged chromophore. The resultant abFP is invisible at and above
physiological pH but brightly fluoresces at acidic pHs. By fusing abFP to target receptors,
we demonstrated the clear imaging of ligand-induced endocytosis opioid receptors with
distinct fluorescence at lysosomes and no background fluorescence of other cellular
structures. We expect that the unique fluorescence of abFP at acidic conditions will
markedly expand the optical investigation of various acidic vesicles previously invisible to
optical microscopy.

Design a quinoline-based chromophore to sense pH change

The chromophore of most FPs consists of a tyrosine residue, the phenol group of which
shifts its protonation-deprotonation equilibrium in response to pH (Fig. 1a). When pH
changes to acidic values, the phenolate species will decrease, and thus excitation of the
corresponding anionic chromophore leads to decrease of fluorescence intensity, resulting in
a profile of pH response typical for common FPs shown in Fig. 1b.

Instead of relying on an anionic chromophore, we reasoned whether introduction of a
positive charge onto the chromophore would reverse the pH profile, as acidic pH will shift
equilibrium toward the positively charged chromophore. We decided to use quinoline,
because it has ideal pKa values (pKa 5~6) at the nitrogen atom in the conjugated ring for
protonation, which are suitable for detecting physiological pH changes in acidic organelles
and vesicles. Another important consideration is that after incorporating quinoline into the
chromophore the resultant FP should maintain its strong fluorescence. Most reported FPs
have a heteroatom (oxygen or nitrogen) at the phenol position in the chromophore®3: using
unnatural amino acid (Uaa) mutagenesis we previously showed that GFP mutants without a
heteroatom at the phenol position significantly lost their fluorescencel4. Therefore, we
designed a quinoline-containing Uaa (L-p-(quinolin-6-yl) alanine, Qui) with a nitrogen atom
at the para position of the -p-carbon (Fig. 1c). Through the expansion of the genetic
code®17, we could evolve an orthogonal tRNA/synthetase pair to site-specifically
incorporate the designed Qui into FP in live cells, expecting that the chromophore with Tyr
substituted by Qui would similarly form and fluoresces. As Qui can equilibrate between
protonation and deprotonation with a positive charge, we expect the pH profile of the Qui-
containing FP would show an opposite trend from that of common FPs (Fig. 1d).

Genetically incorporate Qui into proteins in E. coli

Qui was synthesized using a palladium-catalyzed cross-coupling method with NV2-tfert
butyloxycarbonyl (Boc)-L-p-iodoalanine methyl ester and 6-bromoquinoline followed by
acidic deprotection of the Boc group and the methyl ester (see Supplementary
Information)18.

To genetically incorporate Qui into proteins, we initially tried the Methanosarcina mazei
(Mm) tRNAPY! together with MmNapRS, an aminoacyl-tRNA synthetase evolved from
MmPyIRS for specific incorporation of L-3-(2-naphthyl)alanine (Nap, Fig. 2a) in response
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to the amber stop codon (TAG)19. Although Qui was structurally similar to Nap, we found
that tRNAPY//MmNapRS could not incorporate Qui into proteins possibly due to the
electrostatic effect of the nitrogen atom on the quinoline ring. We then decided to evolve the
tRNAPY/MmPyIRS pair to be specific for Qui. We have reported the generation of multiple
MmPyIRS mutants specific for bulky phenylalanine analogues substituted with a benzoyl
groupl®, an azobenzene group?? and long alkyl halide groups?L. Based on these experiences,
we created a mutant library of MmPyIRS with five residues (N346, C348, V401, W417, and
G419) saturatedly mutated and then subjected to selections as described?2:23, One mutant,
named as MmMQUIRS, was identified from the selection to afford Qui-dependent phenotype
(Fig S1). The amino acid sequences in the active site of MmQUIRS were markedly different
from those of MmNapRS and MmPyIRS (Fig. 2b, 2c.

We evaluated the incorporation specificity of Qui into proteins in £. coli. The gene for the
enhanced green fluorescent protein (EGFP) containing a TAG codon at site 182
(EGFP-182TAG, a permissive and non-chromophore forming residue) was co-expressed
with the tRNAPYYMmQUIRS pair in £. coli. In the absence of Qui, no full-length EGFP was
detected; when 1 mM Qui was added in growth media, full-length EGFP was produced (Fig.
2d) in the yield of 3.5 mg/L. The purified EGFP-182Qui was analyzed by electrospray
ionization time-of-flight mass spectrometry (ESI-TOF MS) (Fig. 2e). A peak observed at
27967.2 Da corresponds to the intact EGFP with Qui at the position 182 (EGFP182Qui:
expected 27967.8 Da); another peak observed at 27836.4 Da corresponds to the
EGFP182Qui lacking the initiator Met (EGFP182Qui-Met: expected 27836.6 Da). No peaks
corresponding to misincorporation of natural amino acids at the 182TAG position was
identified. These results indicate that the evolved tRNAPY//MmQUIRS pair was able to
incorporate Qui with high efficiency and specificity in £. coli.

Develop Qui-based abFP

To utilize Qui for pH sensing, we then incorporated Qui at position 66 of EGFP to replace
the chromophore forming Tyr residue (Fig. 3a). EGFP-66TAG gene was co-expressed with
the tRNAPY/MmQUIRS pair in £. coli. In the presence of 1 mM Qui in growth media, full-
length EGFP protein was produced (Fig. 3b). The purified EGFP-66Qui protein was
analyzed by ESI-TOF MS (Fig. 3c). A peak at 27967.6 Da was observed, corresponding to
intact EGFP containing Qui at site 66 (EGFP66Qui: expected 27967.8 Da); the EGFP66Qui
lacking the initiator Met was also observed at 27836.6 Da (expected 27836.6). These data
support that Qui was specifically incorporated at the desired position 66 of EGFP, and that
the chromophore was formed correctly in a similar manner as the EGFP.

To characterize the fluorescence property of EGFP-66Qui, we first measured the absorption
spectra of the purified protein in the neutral phosphate buffer (Fig. 3d). EGFP (EGFP66Tyr)
has a major absorption peak at 488 nm, while EGFP-66Qui had a major absorption peak at
385 nm, and only small absorption was measured around 475 nm. Since 385 nm is in the UV
region and not appropriate for live cell imaging, fluorescence emission spectra of
EGFP-66Qui were then measured in aqueous buffers with different pH at 475 nm excitation
(Fig. 3e). Fluorescence emission peaked at 510 nm, and the intensity changed in response to
pH variation. Upon pH change from acidic (pH 4.4) to neutral (pH 7.4) condition, the
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fluorescence intensity increased by 8-fold. The pKa value for fluorescence change was
determined as 5.7 (Fig. 3f), which corresponds well to the reported pKa value of quinoline,
supporting that fluorescence intensity change of EGFP-66Qui in response to pH was due to
Qui. Although EGFP-66Qui showed pH-responsive fluorescence change, its pH profile
remained similar to common FPs.

During experimentation we unexpectedly found that the EGFP-66Qui protein solution
changed from colorless to light red after keeping it under the ambient light for a while. This
observation prompted us to check if EGFP-66Qui was photoactivatible. We thus illuminated
a fresh EGFP-66Qui protein prepared in dark with 365-nm light, and indeed found that the
sample turned red within several minutes (Fig. 4a). After illumination, its absorption
spectrum changed correspondingly, with absorption maxima shifted from 385 nm to 523 nm
in phosphate buffer (pH 7.4) (Fig. 4b). We next measured fluorescence emission spectra of
the photoproduct in aqueous buffers of different pH. When excited at 475 nm, a wavelength
between the two absorption peaks, the photoactivated EGFP66Qui showed ratiometric
spectral change (Fig. 4c). From pH 5.8 to pH 9.0, the main fluorescence emission maxima
were measured at ~510 nm; when pH was shifted to more acidic values (5.6 to 3.8), the
fluorescence emission maxima were red-shifted to 566-582 nm. More excitingly, the
fluorescence intensity of the peak around 570 nm increased upon pH change from neutral
(pH 7.4) to acidic (pH 3.8). The pKa value for fluorescence change was determined as 5.2
(Fig. 4d) and well corresponded to that of quinoline, suggesting that the incorporated Qui
still worked as the pH sensing unit after photoactivation. It was amazing to observe that the
photoactivated EGFP66Qui was able to fluoresce strongly at the extreme acidic pH 3.8, a
property that hasn’t been reported for other FPs. Meanwhile, the photoactivated EGFP66Qui
was almost non-fluorescent at the physiological pH 7.4 at ~570 nm, which will be invaluable
for reducing background fluorescence; its weak fluorescence at 510 nm at pH 7.4 will be
helpful for localization of the labeled target. The extinction coefficient and quantum yield of
the photoactivated EGFP66Qui were measured at pH values 7.4, 5.6, and 4.6 (Fig. 4e).
When shifted from pH 7.4 to acidic pH, its brightness increased 450-fold at pH 5.6 and 713-
fold at pH 4.6, respectively. Therefore, the photoactivated EGFP-66Qui presents a desired
pH profile of fluorescence that is inverse to common FPs and capable of covering the whole
acidic pH range encountered in live cells. We thus named EGFP-66Qui as abFP for its
ability to brighten up in acidic conditions after photoactivation.

Wild type GFP has been reported to photoconvert from the 398 nm-absorbing state (neutral
chromophore) to the 475 nm-absorbing state (anionic chromophore) upon illumination, with
a concomitant decarboxylation of residue Glu22224. Glu222 locates close to and participates
in the hydrogen bonding network with the chromophore. To probe possible structural change
underlying the photoactivation of EGFP-66Qui, we analyzed the protein sample after UV
illumination using ESI-TOF MS. Amazingly, two peaks were observed corresponding
exactly to the loss of 44 Da (mass of CO,) from the two peaks of the EGFP-66Qui before
illumination, suggesting decarboxylation of Glu222 as well (Fig. 4f). Specifically, a peak
observed at 27923.8 Da corresponds to the decarboxylation of EGFP-66Qui (EGFP66Qui-
COy: expected 27923.8 Da); the other peak observed at 27792.7 Da corresponds to the
decarboxylation of EGFP-66Qui lacking the initiating Met (EGFP66Qui-Met-CO,: expected
27792.6 Da). We further digested the photoactivated EGFP-66Qui with trypsin and then
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analyzed using tandem MS. A series of b and y ions unambiguously indicate that the
decarboxylation occurred at the Glu222 residue (Fig. 49).

To quickly check abFP’s ability to sense pH in live cells, we expressed abFP in £. colicells
and treated the pelleted cells with or without photoactivation by 365 nm light. The external
media were then exchanged to buffers of pH 7.4 or 4.4, and the pelleted cells were excited at
47020 nm and photographed through a 530 nm long pass filter. Strong yellow fluorescence
was observed only from cells in the pH 4.4 buffer after photoactivation (Fig. 4h). These data
suggest that abFP can work as a photoactivatable pH indicator in living bacterial cells.

Genetically incorporate Qui into proteins in mammalian cells

To enable the usage of abFP in mammalian cells, we began by testing and optimizing the
incorporation of Qui into proteins in mammalian cells. A HeLa-EGFP-182TAG reporter cell
line was used, which has the EGFP gene containing the TAG amber stop codon at the
permissive site 182 stably integrated into the genome2°. Suppression of this 182TAG codon
by incorporating the tested Uaa will result in full-length EGFP rendering HelL a cells green
fluorescent. Plasmid pMP-QuiRS-1xtRNA or pMP-QuiRS-3xtRNA, encoding the
MmQUIRS and indicated copies of tRNAPY!, was transfected in the reporter cells. After
transfection, cells were incubated with Qui of various concentrations at 37 °C for 24 or 48 h
followed by flow cytometry. Strong EGFP fluorescence was measured from cells when Qui
was added (Fig. 5a, Fig S2). The fluorescence intensity increased with Qui concentration,
tRNA copy, and Qui incubation time (Fig. 5b), indicating the efficient incorporation of Qui
into EGFP in HelLa cells. For subsequent experiments in mammalian cells, we used 1 mM
Qui, 3xtRNAPY! and 48 h unless indicated otherwise.

Another important consideration for Uaa application in mammalian cells is the potential
cytotoxicity of Uaa. We measured the viability of cells incubated with various
concentrations of Qui using alamarBlue. Qui did not cause obvious toxicity to HelL a-
EGFP-182TAG reporter cells (Fig. 5¢) or HeLa cells (Fig S3).

Expression of abFP in mammalian cells to sense acidic pH

We next expressed abFP directly in HeLa cells. To facilitate pH change by using external
buffers, we displayed abFP or EGFP on HelLa cell surface by fusing them with human
interleukin-2 receptor a-subunit Tac, which resides at the plasma membrane and targets the
fused protein to the extracellular side.2® Plasmids pMP-QuiRS-3xtRNA and pcDNA3.1-
EGFP66TAG-Tac were co-transfected into HelLa cells, and the cells were incubated with 1
mM Qui for 48 h. Following photoactivation using 385 nm light, the cells were exposed to
buffer with various pH and then imaged. For cells expressing abFP, only faint fluorescence
was detected at pH 7.2, but clear and stronger fluorescence were imaged when pH was
shifted to the more acidic 5.6, 4.6 and 3.8 (Fig. 6a). In control HeLa cells expressing EGFP,
strong green fluorescence was observed at pH 7.2, but the intensity decreased precipitously
with pH shifting to 5.6 and 4.6, and became almost invisible at 3.8 (Fig. 6b). The pH profile
of abFP fluorescence in HelLa cells is drastically opposite to that of EGFP, consistent with /n
vitro data. Western blot analyses of these cells showed that the expression level of abFP-Tac
or EGFP-Tac did not vary significantly with the exposed pH (Fig. S4), indicating that
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fluorescence change was not due to the change of protein amount. These microscopic results
indicate that abFP was successfully expressed in HelLa cells and able to fluoresce strongly in
acidic pH with minimal background fluorescence at physiological pH.

Fluorescence imaging of endocytosed receptors using abFP

Endocytosis is a conserved mechanism for regulating various receptors. Many receptors
have been recently discovered to initiate signaling not only from cell surface but also from
subcellular locations such as endosomes and Glogi apparatus?’~32, The ability to clearly
image receptors internalized into acidic subcellular structures would facilitate the study of
endocytic trafficking of receptors and the emerging ‘location bias’ of receptor functional
selectivity. To demonstrate abFP’s ability to light up receptors internalized into the acidic
vesicles, we fused abFP or EGFP with the & opioid receptor (DOR) for fluorescent imaging
in mammalian cells. DOR is a subtype of G protein-coupled receptors (GPCRs) that are
activated by endogenous opioid neuropeptides and by clinically important opiate drugs.
After agonist-induced endocytosis, DOR traffics selectively to lysosomes via endosomes.

We fused abFP or EGFP at the C-terminus of DOR and expressed the receptor in HeLa cells
(Fig. 7a). abFP was photo-activated and cells were imaged using fluorescence confocal
microscopy. LysoTracker Red, a cell-permeant small molecule probe that selectively
accumulates in acidic organelles, was applied to cells for comparison. Before exposure to
agonist (t = 0 min), cells expressing DOR-EGFP showed strong green fluorescence, which
did not overlap with the red fluorescence of the LysoTracker (Fig. 7b), indicating receptors
locating at non-acidic environment. In contrast, cells expressing DOR-abFP had almost no
detectable green fluorescence (Fig. 7c), consistent with abFP’s extremely low fluorescence
intensity at neutral pH 7.4. The cells were then treated with agonist DADLE to stimulate
DOR endocytosis. After stimulation for 60 min, cells expressing DOR-EGFP had decreased
green fluorescence, which still did not overlap with the red fluorescence of LysoTracker
(Fig. 7b). At 90 min, green fluorescence became almost non-detectable from these cells,
indicating that DOR receptors had mainly trafficked to lysosome. During the endocytosis
process EGFP was unable to fluorescently indicate the DOR receptor at acidic vesicles. In
striking contrast, cells expressing DOR-abFP had green fluorescence emerged after agonist
stimulation, and accumulated with time (Fig. 7¢). In addition, the green fluorescence
overlapped extensively with the red fluorescence of the LysoTracker, both appeared in
puncta, suggesting that the DOR-abFP receptors were trafficking to lysosome. Moreover, as
abFP was almost non-fluorescent at neutral pH, there was no background fluorescence of
DOR at non-acidic locations, making the DOR at acidic vesicles highly distinct. The ratio of
DOR-xxFP fluorescence intensity to that of LysoTracker measured from these cells clearly
indicate that abFP had the opposite trend from EGFP in reporting receptor endocytosis (Fig.
7d). For abFP tagged DORs, their fluorescence ratio increased more than 4-fold after the
DOR was endocytosed into the lysosome, providing high signal over noise for imaging and
detection. Western blot analyses showed that the protein level of DOR-EGFP or DOR-abFP
did not change significantly in the time range (Fig. S5), indicating that the observed
fluorescence change was not due to the change of protein amount.
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Discussion

The chromophore of common FPs consisting of a Tyr residue can equilibrate between a
neutral and anionic state due to protonation and deprotonation of the phenolic hydroxyl
group. Compared with the anionic chromophore, the neutral chromophore of FPs usually has
shorter excitation wavelength and lower brightness for emission. Therefore, most FPs have
been optimized to use the anionic chromophore for fluorescence imaging1-33. Previous pH
sensitive indicators derived from FPs, such as the ecliptic pHIuorin8, often suppress the
neutral chromophore as well. Consequently, FPs are weakly to non-fluorescent in acidic
conditions in general due to the decrease of the anionic chromophore®12, making them
unsuitable for imaging molecules residing in acidic environments. Here we reversed the
charge of the chromophore from anionic to cationic by genetically encoding a quinoline-
containing unnatural amino acid Qui into the chromophore of EGFP. At acidic pH, Qui is
protonated increasingly, shifting the equilibrium of chromophore toward the cationic state
and hence increasing the fluorescence intensity. The resultant abFP thus has a pH profile that
is opposite to common FPs: abFP is strongly fluorescent in acidic conditions, as low as pH
3.8, and almost nonfluorescent at and above physiological pH 7.4. There are various Tyr-
containing FPs covering a broad range of wavelengths; our strategy of replacing the
chromophore Tyr with Qui may be generally applied to these FPs to generate a palette of
colors for acidic imaging.

The unique pH profile makes abFP especially well-suited for fluorescence imaging of acidic
vesicles: being strongly fluorescent inside the acidic vesicles while invisible at other cellular
structures to reduce the interfering background fluorescence. Incorporation of the novel Qui
into the chromophore red-shifted the fluorescence of the parental EGFP: abFP showed
excitation peak of 523 nm (green) and emission at 560-580 nm (orange), which are suitable
for live cell imaging. Here we demonstrated the use of abFP to fluorescently image the
endocytosed DOR receptors in live mammalian cells, showing distinct fluorescent puncta
structures intensively overlapping with the LysoTracker. In addition, abFP is
photoactivatible, which may be valuable for /n cellulo pulse-chase labeling for tracking
subpopulations of cells, organelles or proteins, and for super-resolution imaging of single
molecules3*. Moreover, unnatural amino acids have been genetically encoded in mammalian
cells, neurons?®, stem cells3%, C. efegans3®, zebrafish37, and mouse3738, and our evolved
tRNAPY/MmQUIRS are compatible for use in these systems to incorporate Qui into abFP.
Therefore, we expect that abFPs should be useful for studying molecules residing in a
variety of acidic vesicles and organelles, which range from endosomes, lysosomes,
autophagosomes, trans-Golgi network, to synaptic vesicles, in different cells and model
organisms.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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a) The chromophore of common FPs contains a Tyr residue, which equilibrates between the
neutral phenol and anionic phenolate states in response to pH change. b) The profile of
fluorescence intensity vs. pH for common FPs, which are usually non-fluorescent at acidic
pH values. c) Genetically incorporation of Qui in placement of Tyr will create a quinoline-
based chromophore, which will equilibrate between a cationic and a neutral chromophore
state. d) Expected fluorescence intensity vs. pH profile for the quinoline-based
chromophore, which will have an opposite trend as that of the common FPs.
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Fig. 2. Genetically encoding Qui into proteinsin E. coli.
a) Chemical structures of Qui, Nap, and Pyl (pyrrolysine). b) Amino acid sequences of

MmQUuiRS, MmNapRS, and MmPyIRS at mutated sites. * MmNapRS has two additional
mutations (A302T and Y384F). ¢) Qui was docked into the X-ray crystal structure of
MmOmeRS (PDB ID: 3QTC) bearing the appropriate amino acid substitutions for
MmQUIRS to illustrate the active site mutations (shown in stick and labeled). d) Western
blot analysis of EGFP182Qui expressed in the presence of tRNAPY/MmQUIRS
supplemented with or without 1 mM Qui. Samples were normalized for the same cell
numbers for each lane. An anti-Hisg antibody recognizing a Hisg tag fused to the C-terminus
of EGFP182TAG was used. €) ESI-TOF MS analysis of the intact EGFP182Qui expressed in
the presence of tRNAPY/MmQUIRS supplemented with 1 mM Qui.
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a) Chromophore structures of EGFP and EGFP-66Qui. b) Western blot analysis of
EGFP-66Qui expression in £. coli cells in the absence and presence of 1 mM Qui. Same
number of cells were used for analysis; an anti-His6 antibody was used to detect the His6
tag appended at the C-terminus of EGFP. ¢) ESI-TOF MS analysis of the intact EGFP-66Qui
expressed in the presence of tRNAPY/MmQUIRS supplemented with 1 mM Qui. d) UV-vis
absorbance spectra of EGFP and EGFP-66Qui in phosphate buffer (pH 7.4). €) Fluorescence
emission spectra of EGFP-66Qui in buffers with indicated pH values. Sodium acetate/acetic
acid buffer (100 mM) was used from pH 3.8 to 5.2; Phosphate buffer (100 mM) was used
from pH 5.6 to 9.0. f) pH profile of EGFP-66Qui. Fluorescence emission intensity at 505 nm

of EGFP-66Qui (measured in €) was plotted against pH.
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Fig. 4. Photoactivation of EGFP-66Qui resultsin abFP that fluoresces at acidic pH only.
a) A photograph of EGFP-66Qui protein samples before and after illumination with a

handhold UV lamp (365 nm). b) Absorption spectral change of EGFP-66Qui upon
photoactivation in phosphate buffer (100 mM, pH 7.4). ¢) Fluorescence emission spectra of
photoactivated EGFP-66Qui in buffers with indicated pH values. Sodium acetate/acetic acid
buffer (100 mM) was used from pH 3.8 to 5.2; Phosphate buffer (100 mM) was used from
pH 5.6 to 9.0. d) pH profile of photoactivated EGFP-66Qui. Fluorescence emission intensity
at 560 nm measured in ¢ was plotted against pH. €) Extinction coefficient (e, measured at
523 nm) and quantum yield of photoactivated EGFP-66Qui at different pH. Relative
brightness is the product of these two values normalized to that at pH 7.4. f) ESI-TOF MS
analysis of the intact EGFP-66Qui protein after photoactivation, showing the loss of 44 Da.
0) Tandem MS spectrum of the photoactivated EGFP-66Qui digested by trypsin. Residue
“e” represents the decarboxylated Glu at position 222. h) Fluorescence images of bacterial
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pellets expressing EGFP-66Qui before and after photoactivation in different pH aqueous
media.
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Fig. 5. Genetically encode Qui into proteinsin mammalian cells.
a) FACS analysis of Qui incorporation into EGFP- 182TAG in HeLa cells. tRNA copy: 3x;

Qui incubation time: 48 h. See Fig. S2 for results under other conditions. b) Total EGFP
fluorescence intensity measured from the same number of HeLa-EGFP-182TAG reporter
cells. Error bars represent s.e.m.; n = 6. ¢) Cell viability assay for HeLa-EGFP-182TAG
reporter cells incubated with various concentrations of Qui. Error bars represent s.e.m.; n =
3.
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Fig. 6. abFP expressed in Hel a cells fluoresced strongly in acidic pH but not in physiological pH.
Fluorescence images of HeLa cells expressing abFP (a) or EGFP (b) exposed to buffers of

indicated pH values.
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Fig. 7. abFP enables fluorescence imaging of endocytosed opioid receptor DOR in mammalian
cells.

a) Scheme showing the endocytosis of abFP or EGFP tagged DORs to lysosome upon
agonist induction. b) Fluorescence microscopic images of HeLa cells expressing EGFP-
tagged DOR. Cells were imaged before (t = 0) and after (t = 60, 90 min) agonist induction.
¢) Fluorescence microscopic images of HeLa cells expressing abFP-tagged DOR. d) Ratio
of the DOR-xxFP to LysoTracker fluorescence intensity measured from fluorescence
microscopic images representatively showed in b and c.
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