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ABSTRACT: The discovery of hydrogen sulfide (H,S) as a novel
gasotransmitter for cell signaling and other pathophysiological
processes has spurred tremendous interest in developing analytical
methods for its detection in biological systems. Herein, we report
the development of a highly responsive and selective genetically
encoded H,S probe, hsGFP, for the detection of H,S both in vitro
and in living mammalian cells. hsGFP bestows a combination of
favorable properties, including large fluorescence responses, high
efficiency in folding and chromophore formation, and excellent
sensitivity and selectivity toward H,S. As a genetically encoded
probe, hsGFP can be readily and precisely localized to subcellular

pubs.acs.org/biochemistry

Fluorescent Probe for Imaging

Road, Riverside, California 92521, United States

<

domains such as mitochondria, cell nuclei, and ion channels.

hsGFP was further utilized to image H,S enzymatically produced from L-cysteine in human embryonic kidney (HEK) 293T cells.

ydrogen sulfide (H,S), a gaseous molecule with the
unique foul odor of rotten eggs, has long been regarded
as a toxicant." Naturally, H,S is primarily produced from
geological activities such as volcanic eruptions and from
microbial breakdown of organic matter.>> The major enzymatic
sources of H,S production in mammals are cystathionine f-
synthase (CBS), cystathionine y-lyase (CSE), and 3-mercapto-
pyruvate sulfurtransferase (3-MST).* In recent years, emerging
evidence has suggested that H,S also serves as an important
gasotransmitter in biological systems.*”” H,S has been shown
to participate in the post-translational modification of protein
cysteine residues, leading to S-sulfhydration.*” H,S$ also acts as
a relaxant of smooth muscle and a regulator of cardiovascular
and gastrointestinal systems.'”'" In addition, H,S has been
reported to modulate ATP-sensitive potassium (K,pp) channels
and some other potassium channels.'> Aberrant production of
H,S has been linked to serious pathological consequences, such
as Alzheimer’s disease,"> Down syndrome,14 diabetes,"® hyper-
tension,'® and liver cirrhosis.!” There is thus a need to dissect
the production, diffusion, signaling, and turnover of H,S in
biological systems, using noninvasive detection methods.'®"?
The detection of H,S, a prerequisite for understanding its
diverse physiological and pathological roles, has long been
challenging. Recently, a group of H,S-responsive fluorescent
probes have been developed to partially relieve these problems.
In particular, copper sulfide precipitation,”>* H,$S trapping via
nucleophilic addition,** and H,S-mediated reduction of
azides to amines** > are examples of the most successful and
prevailing strategies for designing H,S-reactive probes. While
the ever-expanding set of synthetic H,S probes is gaining
increasing popularity, numerous technical obstacles remain to
be overcome. A diffusion-controlled delivery of synthetic H,S
probes is unlikely to localize the dyes to a specific subtype of
cells or tissues where H,S signaling events actually occur.
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Within a single cell, it is not straightforward to target synthetic
H,S probes to subcellular domains to measure the generation,
transport, and concentration of subcellular H,S. Even though
certain functional groups can be utilized to derivatize these
chemical probes and lead them to subcellular domains, these
strategies have proven to be challenging and laborious.*" To
date, only very few H,S probes have been reported to be
capable of mitochondrial and lysosomal localization in
mammalian cells.*>**

We previously reported a genetically encoded fluorescent
probe for H,S,>* which has the potential to address some of the
aforementioned problems. A genetic code expansion technol-
0gy35’36 was used to introduce the unnatural amino acid
(UAA), p-azidophenylalanine (pAzF), into a circularly
permuted green fluorescent protein (cpGFP), thereby generat-
ing the first genetically encoded fluorescent H,S sensor,
cpGFP-pAzF. It reacts with H,S to form a fluorescent p-
aminobenzylideneimidazolidone chromophore. However, this
proof-of-concept sensor suffers from poor sensitivity and a low
signal-to-noise ratio. Only an ~60% increase in fluorescence in
response to 100 uM H,S was observed. The use of this sensor
to detect small amounts of biologically generated H,S is thus
technically challenging and may even be impractical.

Herein, we present our recent efforts in engineering a
significantly enhanced, genetically encoded fluorescent H,S
probe, hsGFP. hsGFP has a large dynamic range, high
specificity for H,S over other cellular redox signaling molecules,
and an ability to efficiently fold and form the mature
chromophore. These properties effectively allowed the use of
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hsGFP to sensitively and selectively detect H,S in vitro and in
living cells. We also show that hsGFP can be easily targeted to
subcellular domains, including mitochondria, cell nuclei, and
Karp channels, to efficiently respond to H,S. Moreover, hsGFP
can also be used to image enzymatically produced H,S in HEK
293T cells. hsGFP is a highly robust genetic reporter for H,S
that has opened new doors for dissecting the complex roles of
H,S under diverse physiological and pathological conditions.

B MATERIALS AND METHODS

Materials and General Methods. Plasmids pSUR1-EYFP
and pcDNA3.1-Kir6.2-GFP encoding Kurp channels were
kindly provided by C. Nichols (Washington University in St.
Louis, St. Louis, MO).37 Other materials were acquired and
general procedures were performed as previously described.****
Sodium hydrosulfide (NaSH) in phosphate-buffered saline
(PBS) (pH 7.4) was employed as the H,S donor throughout
this work.

Library Screening. Previously, to engineer a selective
peroxynitrite (ONOO™) probe, a superfolder GFP was utilized
as the starting gene template to create a library of circularly
permuted variants with randomized N- and C-termini.*® The
same library was utilized to screen for mutants that responded
to H,S. Briefly, the gene library in the pPBAD/His B plasmid
was used to cotransform Escherichia coli DH10B competent
cells with pEvol-pAzF by electroporation.®”** Cells were grown
on Luria-Bertani (LB) broth agar plates supplemented with 100
pug/mL  ampicillin, 50 pg/mL chloramphenicol, 0.04% L-
arabinose, and 1 mM pAzF. LB agar plates were incubated at
37 °C for 36 h. Subsequently, S mM NaHS in PBS (pH 7.4)
was sprayed three times prior to selecting highly fluorescent
colonies. Between each spray, plates were left at room
temperature for 1 h. Selected colonies were grown in liquid
LB medium and induced with 0.04% L-arabinose for protein
expression. Crude proteins were extracted with B-PER Bacterial
Protein Extraction Reagents (Pierce, Rockford, IL). NaHS in
PBS (pH 7.4) was added to the crude mixtures for a final
concentration of 1 mM, and the fluorescence responses were
monitored using a Synergy Mx Microplate Reader (BioTek,
Winooski, VT).

Protein Expression and Purification. To express hsGFP,
DHI10B cells were cotransformed with pEvol-pAzF and pBAD-
hsGFP by electroporation and grown on LB agar containing
100 pug/mL ampicillin and 50 ug/mL chloramphenicol at 37 °C
overnight. A single colony was grown in a starter culture of S
mL of LB broth with appropriate antibiotics at 37 °C and 220
rpm overnight. A saturated starter culture was diluted 100-fold
into terrific broth (TB) medium containing the appropriate
antibiotics and grown under the same conditions. When the
ODy reached 0.8, the expression culture was induced with
0.2% L-arabinose and 1 mM pAzF. Culture flasks were wrapped
with aluminum foil to prevent the light deactivation of pAzF.
Cells continued to grow under the same conditions for 24 h
and then in a shaking 30 °C water bath for an additional 24 h.
Cells were then harvested and lysed. The hexa-His-tagged
hsGFP protein was affinity-purified with nickel-nitrilotriacetic
acid (Ni-NTA) agarose beads under native conditions as
previously described.*® The protein was concentrated and
buffer-exchanged into 1X PBS using a 3K molecular weight
cutoff Amicon Ultra centrifugal filter (Millipore, Billerica, MA).
Its concentration was determined with a Bradford assay in
comparison to a series of bovine serum albumin (BSA)
standards.
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In Vitro Characterization. A final protein concentration of
0.5 M was used for in vitro assays as previously described.*® All
assays were performed in 1X PBS (pH 7.4) at room
temperature. Absorption, fluorescence excitation, and fluores-
cence emission spectra were recorded before and after exposure
of hsGFP to S mM NaSH in PBS (pH 7.4) for 30 min.
Fluorescence kinetics assays were performed by measuring the
point fluorescence (excitation at 460 nm, emission at 500 nm)
over 30 min at 2 min intervals. Fluorescent responses of hsGFP
to H,S at low micromolar concentrations were spurred by
mixing 0.5 M hsGFP protein with the indicated concen-
trations of H,S for 1 h at room temperature. Data points were
represented as averages from three independent measurements
+ the standard deviation (SD). Fluorescence intensities were
normalized to a control group with addition of PBS. A linear
calibration curve (y = 0.097x + 1.0155; R* = 0.979) was
obtained. The SD of the intercept and the slope (S) of the
curve were used to calculate the limit of detection (LOD) as
3.3(SD/S). Selectivity assays were performed by incubating
hsGFP with various redox-active molecules for 20 min at room
temperature. Fluorescence intensities at 500 nm were
quantified and represented as means + SD from three
independent measurements.

Comparison of hsGFP and cpGFP-pAzF in E. coli. E. coli
cells were treated in parallel to express either cpGFP-pAzF or
hsGFP. Cells were pelleted, washed three times with PBS, and
next resuspended in PBS with the ODy, adjusted to 0.8. H,S
(200 uM) was added, and the mixture was incubated for 1 h at
room temperature. Fluorescence intensities at S00 nm with a
460 nm excitation were quantified. Data are means + SD from
three independent measurements.

Construction of Mammalian Expression Plasmids. The
hsGFP gene in pBAD was amplified with oligonucleotides
pCMV-hsGFP-F-HindIlI and pCMV-hsGFP-R-Xhol (see
Table S1 of the Supporting Information). After digestion
with HindIIl and Xhol, the product was ligated into a
predigested pcDNA3-pnGFP plasmid,®® resulting in pcDNA3-
hsGFP for the mammalian expression of hsGFP. To construct
pMito-hsGFP for mitochondrial matrix localization, a mito-
chondrial localization sequence (MLSLRQSIRFFKPATRTLC-
SSRYLL) derived from cytochrome oxidase subunit IV was
appended to the N-terminus of hsGFP using an overlap
extension polymerase chain reaction (PCR) strategy with
oligonucleotides pCMV-Mito-1F, pCMV-Mito-2F, pCMV-
Mito-3F, and pCMV-hsGFP-R-Xhol. To construct phsGFP-
Nuc for the nuclear localization of hsGFP, pCMV-Nuc-F-Nhel
and pCMV-Nuc-R-Xhol were utilized to amplify hsGFP. The
PCR product was digested with Nhel and Xhol and ligated into
a predigested pEYFP-Nuc plasmid (Clontech). To construct
pSURI-Kir6.2-hsGFP for the localization of hsGFP to K,1p ion
channels, pCMV-SUR1-F-EcoRI and pCMV-SURI-R-Agel
were utilized to amplify SURL (sulfonylurea receptor) from
pSURI-EYFP. Oligonucleotides Kir6.2-F-Agel, Kir6.2-R-
hsGFP, Kir6.2-F-hsGFP, and pCMV-hsGFP-R-Xhol were
used to amplify the Kir6.2 K,rp channel gene from
pcDNA3.1-Kir6.2-GFP and the hsGFP gene from the pBAD
plasmid. The Kir6.2 and hsGFP genes were fused in a second-
step overlap extension PCR. The two DNA fragments
containing genes for SURI, or Kir6.2 and hsGFP, were
digested with EcoRI and Agel, or Agel and Xhol, respectively.
A three-part ligation reaction was conducted to ligate the two
digested pieces into a pcDNA3 vector treated with EcoRI and
Xhol. The human CBS gene was requested from the DNASU

dx.doi.org/10.1021/bi500830d | Biochemistry 2014, 53, 5966—5974



Biochemistry

~o

I 151 161 171 181 191
CpGFP-pAzF MGSAGYNSTNVYITADKQKNGIKANFKIRHNIEDGGVQLADHYQONTPIGDGPVLLPDNH
pnGFP MGSSTYNSHKVYITADKQKNGIKVNFKIRHNVEDGSVQLADHYQQNTPIGDGPVLLPDNH
hsGFP MGSSPYNSHKVYITADKQKNGIKVNFKIRHNVEDGSVQLADHYQONTPIGDGPVLLPDNH
201 211 221 231 238 11
CpGFP-pAzF YLSFQSALSKDPNEKRDHMVLLEFVTAAGITLGMDELYKVDGGSGGTGYSKGEELFTGVV
pnGFP YLSTQSVLSKDPNEKRDHMVLLEFVTAAGITLGMDELYKVDGGSGGTGVSKGEELFTGVV
hsGFP YLSTQSVLSKDPNEKRDHMVLLEFVTAAGITLGMDELYKVDGGSGGTGVSKGEELFTGVV
21 31 41 51 61 71
CcpGFP-pAzF PILVELDGDVNGHKFSVSGEGEGDATYGKLTLKLICTTGKLPVPWPTLVTTFGZGLKCFA
pnGFP PILVELDGDVNGHKFSVRGEGEGDATNGKLTLKFICTTGKLPVPWPTLVTTLTBGVQCFS
hsGFP PILVELDGDVNGHKFSVRGEGEGDATNGKLTLKFICTTGKLPVPWPTLVTTLTZGVQCFS
81 91 101 111 121 131
CpGFP-pAzF RYPDHMKQHDFFKSAMPEGYVQERTIFFKDDGNYKTRAEVKFEGDTLVNRIELKGIDFKE
pnGFP RYPDHMKQHDFFKSAMPEGYVQERTIFFKDDGTYKTRAEVKFEGDTLVNRIELKGIDFKE
hsGFP RYPDHMKQHDFFKSAMPEGYVQERTIFFKDDGTYKTRAEVKFEGDTLVNRIELKGIDFKE
Wy
141 YS
CpGFP-pAzF DGNILGHKLEYNGTD----
pnGFP DGNILGHKLEYNTHHHHHH
hsGFP DGNILGHKLEYNWHHHHHH

Figure 1. Sequence alignment of hsGFP and several other genetically encoded probes for H,S and ONOO™. Residues forming the chromophores
are boxed in green. pAzF and pBoF are shown as Z and B, respectively (colored magenta). The N- and C-terminal mutations of hsGFP are colored
blue. Residues are numbered according to the sequence of wild-type GFP.

plasmid repository (Clone ID HsCD00002251) and cloned
into pcDNA3 using two oligonucleotides, pCMV-CBS-F and
pCMV-CBS-R.

Mammalian Cell Culture and Imaging. Culturing,
transfection, and imaginsg of HEK 293T cells was performed
as previously described.*® After transfection, cells were cultured
in complete medium containing 1 mM pAzF for 48 h. Cells
were further cultured in fresh complete medium without pAzF
for an additional 12 h to deplete free pAzF. Time-lapse imaging
experiments were performed by incubating cells with 50 uM
H,S buffered in PBS (pH 7.4). Images were taken every 30 s for
a total duration of 40 min. Fluorescence images of hsGFP at
subcellular domains were taken after incubating the cells with
100 uM buffered H,S at 37 °C for 1 h in Dulbecco’s PBS
(DPBS). To stimulate the enzymatic production of H,S in
HEK 293T cells, cells were incubated in DPBS containing 1
mM L-cysteine at 37 °C for 3 h. Before being imaged, cells were
washed twice with DPBS containing 1 mM Ca** and 1 mM
Mg2+. Next, cells in DPBS were imaged under either a Leica
SP2 or a Leica SPS confocal fluorescence microscope at the
microscopy core of the UCR Institute for Integrative Genome
Biology. The excitation laser was set at 488 nm, and emission
was collected between 500 and 600 nm. The airy unit of the
pinhole was set to 1.

B RESULTS AND DISCUSSION

Laboratory Engineering of hsGFP. The first genetically
encoded H,S probe, cpGFP-pAzF, was derived by replacing
Tyr66 of a cpGFP with pAzF using a genetic code expansion
technology (Figure 1).>* Its fluorescence responded to H,S at a
small magnitude. The formation of a pAzF-derived mature
chromophore was also disfavored, via observation of a large
percentage of ribosomally synthesized peptides without under-
taking chromophore maturation reactions. Even though this
proof-of-concept probe has previously been demonstrated to be
capable of detecting H,S in vitro and in live cells, broader
applications require a more robust probe.

We recently also developed a fluorescent grobe pnGFP for
the detection of peroxynitrite (ONOO™).*® We circularly
permuted a superfolder GFP.*' The new N- and C-terminal
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amino acid residues were fully randomized, and the resulting
library was screened for selective responses to ONOO™. The
probe pnGFP was identified to show a large fluorescence
enhancement in response to ONOQO™ in vitro and in live cells.
pnGFP is also eflicient in protein folding and chromophore
maturation. We reasoned that these favorable properties of
pnGFP are likely associated with the new superfolder GFP
template, so we hypothesized that pAzF could also be
introduced into this new template to derive H,S sensors with
improved properties to achieve a sensitive detection of H,S. To
test this notion, we screened the same library used to derive
pnGFP, but for H,S-induced fluorescence changes (Figure 2).

()‘

Figure 2. Schematic representation of hsGFP activation. The original
N- and C-termini of superfolder GFP were connected with a floppy
peptide linker. The new N- and C-termini were fully randomized and
screened for H,S-induced fluorescence changes. The chemical
structures of the chromophore before and after conversion are also
shown. The basic tertiary structure schematic was adapted from
Protein Data Bank entry 2B3P.

pAzF was utilized to replace p-boronophenylalanine (pBoF) in
pnGFP to synthesize pAzF-containing proteins in bacterial
colonies. These bacterial colonies were challenged with H,S.
We first selected highly fluorescent colonies after reaction with
H,S. Next, we cultured these colonies in liquid media for
protein expression. Crude proteins were prepared and used for
secondary screening. Their fluorescence intensities before and
after reaction with H,S were quantitatively measured. At this
stage, the ratio of the two intensities was used as our selection
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Figure 3. Spectroscopic responses of hsGFP to H,S. (A) Absorption spectra of hsGFP before (black) and after (gray) S mM H,S treatment, with
arrows indicating an absorbance decrease at ~391 nm and a concomitant increase at ~452 nm upon addition of H,S. (B) Excitation and emission
spectra of hsGFP before and after a S mM H,S treatment, with arrows indicating the increase in excitation and emission at ~454 and ~500 nm,
respectively. (C) Fluorescence changes of hsGFP (0.5 M) in response to various concentrations of H,S (H,S concentrations are 1 mM, 100 uM, SO
uM, 10 uM, 1 uM, and 0 uM from top to bottom, respectively). (D) Fluorescent responses of hsGFP (0.5 uM) to H,S at low micromolar
concentrations.
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Figure 4. (A) Chemoselectivity of hsGFP against a panel of redox-active chemicals: (1) 1 mM H,S, (2) 100 uM H,S, (3) 1 mM H,0,, (4) 5 mM
reduced glutathione, (S) S mM L-cysteine, (6) 100 M HOC], (7) 100 uM HOOtBuy, (8) 100 uM O,°, (9) 20 uM ONOO", (10) 100 uM NOC-7
(NO* donor), (11) 1 mM DTT, (12) 1 mM vitamin C, (13) 1 mM homocysteine, (14) *OH (1 mM Fe?* and 100 uM H,0,), (15) *OtBu (1 mM
Fe’* and 100 M HOOtBu), and (16) PBS. (B) Fluorescence intensities of E. coli cells expressing cpGFP-pAzF or hsGFP before (black) and after
(red) reaction with 200 M H,S.

criterion. Through this process, we identified a very promising addition of H,S buffered in PBS (pH 7.4). The absorbance

mutant showing a >20-fold enhancement of fluorescence spectrum of hsGFP showed a major peak at 391 nm,
intensity in response to 1 mM H,S. We named it hsGFP and corresponding to a p-azidobenzylideneimidazolidone chromo-
conducted further work to characterize it in vitro and in living phore (Figure 3A). After H,S had been added, the absorbance
cells. at 452 nm increased at the expense of the absorbance at 391

Spectroscopic Responses of hsGFP to H,S. We nm, indicating the formation of a new p-aminobenzylideneimi-
examined the optical properties of hsGFP before and after dazolidone chromophore. Addition of H,S caused a dramatic
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Table 1. Fluorescence Properties of hsGFP and cpGFP-pAzF

x-fold intensity
enhancement at the
indicated H,S

concentration
H,S Ay (nm) with € (mM ™' cm™) in parentheses A, (nm) with @ in parentheses  brightness (mM™' ecm™) 100 uM 1 mM
hsGEP - 391 (66) ND* ND* 5.5 23
+ 452 (33) 500 (0.1) 53
cpGFP-pAzF - 375 (13) ND“ ND“* 0.6 LS
+ 481 (20) 509 (0.03) 0.6

“Not determined.

increase in the fluorescence excitation and emission signals
(with peaks at 454 and S00 nm, respectively), suggesting that
the reduced p-aminobenzylideneimidazolidone product is
highly fluorescent (Figure 3B). The basal fluorescent signal
before reaction was likely due to the background formation of a
tyrosine-derived chromophore and the pre-reduction of an
azide-derived chromophore to an amine-derived chromophore.

To determine the sensitivity of hsGFP to H,S, we measured
the fluorescence response of hsGFP to various concentrations
of H,S. We found that fluorescence changes were often
completed within the first 20—30 min (Figure 3C). Upon
incubation with 100 #M or 1 mM H,S, the green fluorescence
of hsGFP increased by ~S5.5- or 23-fold, respectively.
Considering these large changes, we suspected that hsGFP
could detect H,S at low physiological concentrations. To test
this, we measured the response of hsGFP to H,S at low
micromolar concentrations (Figure 3D). The limit of detection
(LOD) was determined to be 435 nM, making hsGFP one of
the most responsive fluorescent probes, yet developed, for H,S
detection (Figure 3D).** Collectively, these data indicate that
hsGFP is a robust and highly sensitive probe for H,S.

Cells generate a variety of redox-active molecules under
normal and stress conditions. To unambiguously detect H,S in
such a complex environment, fluorescent probes that are not
responsive to other relevant redox-active molecules are
required. To test the selectivity of hsGFP, we systematically
measured its response to a range of redox-active molecules,
including competing thiols, and reactive oxygen, nitrogen, and
sulfur species, at physiologically relevant or higher concen-
trations (Figure 4A). Notably, except for H,S, all other tested
molecules triggered no or limited fluorescence responses,
suggesting that hsGFP is a highly selective fluorescent probe
toward H,S.

Comparison of hsGFP to cpGFP-pAzF. Compared to the
first-generation H,S probe cpGFP-pAzF, the most striking
improvement of hsGFP was its large fluorescence response. At
100 M and 1 mM H,S, cpGFP-pAzF showed 0.6- and 1.5-fold
fluorescence increases, respectively.** Therefore, the magni-
tudes of hsGFP fluorescence changes under the same
conditions have improved by 920 and 1530%, respectively
(Table 1). We utilized electrospray time-of-flight mass
spectrometry (ESI-TOF MS) to characterize freshly purified
hsGFP (Figure S1 of the Supporting Information). The major
peak corresponded to a mature p-azidobenzylideneimidazoli-
done chromophore. In contrast, the main portion of freshly
purified cpGFP-pAzF was the precursor peptide that does not
undergo chromophore maturation reactions.>* The improved
folding and chromophore maturation, caused by superfolder
mutations, may partially explain the differences in fluorescence
responses, because a portion of H,S-reacted cpGFP-pAzF may

5970

be trapped in an intermediate state and not form the mature p-
aminobenzylideneimidazolidone chromophore during the short
period of fluorescence analysis. Furthermore, the postreaction
product of hsGFP was also considerably more fluorescent. We
characterized the extinction coefficients (¢) and quantum yields
(®) of hsGFP and cpGFP containing p-aminophenylalanine
(pAmF)-derived chromophores. hsGFP-pAmF is ~9-fold
brighter than cpGFP-pAmF (Table 1). In addition, because
the magnitudes of enhancement at the two concentrations were
not identical, there were likely differences in reaction kinetics,
as well. Additionally, the fluorescence excitation and emission
peaks of hsGFP-pAmF were blue-shifted by ~29 and ~9 nm
from the fluorescent peaks of cpGFP-pAmF, respectively. This
was not surprising, because Phe203 of cpGFP can possibly
induce a z-stacking interaction with the chromophore to shift
the peaks toward the red end of the spectrum.*®

We also directly compared hsGFP with cpGFP-pAzF in
living E. coli cells (Figure 4B). Cells were cultured and induced
for protein expression under the same conditions. Higher
fluorescence intensities were observed for hsGFP than for
cpGFP-pAzF, before and after H,S treatment. After 200 uM
H,S had been added to the cells, the fluorescence of cpGFP-
pAzF-expressing cells increased marginally, while the increase in
the fluorescence of hsGFP-containing E. coli cells was dramatic.
This result indicates that hsGFP can be highly expressed and is
more responsive to H,S than is cpGFP-pAzF.

It is interesting to note that, although the first-generation
H,S probe cpGFP-pAzF reacts more preferably with dithio-
threitol (DTT), a common reducing reagent used in molecular
biology, than with H,S,** hsGFP has a lower reactivity toward
DTT than toward H,S (Figure 4A). This phenomenon may be
related to the tight packing of superfolder GFP, because DTT is
a considerably larger molecule than H,S. In addition, the
evolved hsGFP has a proline and a tryptophan at its N- and C-
termini, respectively. Previous work suggested a strong
stabilizing interaction between proline and tryptophan.** Such
interaction may also be important here, because it may help
exclude the larger hydrophilic DTT molecules from the hsGFP
chromophore. The data also support that the reactivity of a
chemical functional group can be well-modulated by its
environment. In our case, “the environment” is the circularly
permuted fluorescent protein scaffold, and the chemoselectivity
of the chromophore has shifted during directed protein
evolution. Therefore, except for the ability to be genetically
encoded, the unnatural fluorescent protein probes are advanta-
geous in the sense that an effective method (ie., directed
protein evolution) is available to tune the reactivity and
specificity of these fluorescent probes.

Expression of hsGFP in Live Mammalian Cells and
Subcellular Domains. Having confirmed that hsGFP is a

dx.doi.org/10.1021/bi500830d | Biochemistry 2014, 53, 5966—5974
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Figure S. (A) Live fluorescence imaging of HEK 293T cells expressing hsGFP before and after addition of S0 M buffered H,S for 40 min. The scale
bar is SO ym. (B) Quantified fluorescence intensities of individual fluorescent cells shown in panel A (top, magenta; bottom left, cyan; bottom right,

yellow).

robust, sensitive, and selective fluorescent probe for the
detection of H,S in vitro, we sought to explore its applications
for imaging in live mammalian cells. Upon challenging
transiently transfected hsGFP in HEK 293T cells with 50 uM
H,S, we observed a large increase in fluorescence (Figure SA
and the movie in the Supporting Information). We analyzed the
time-dependent fluorescence change of single cells, and an ~8-
fold fluorescence increase was observed (Figure SB). Compared
to in vitro assays, this higher magnitude of H,S-triggered
fluorescence enhancement can be attributed to a better fidelity
of pAzF incorporation and less preconversion of azide to amine
in mammalian cells than in E. coli. The results demonstrate that
hsGFP is highly responsive to H,S in living mammalian cells,
consistent with our observations in vitro and in E. coli cells.
Fluorescent redox probes that can be localized to subcellular
domains are particularly invaluable for measuring the dynamics
of locally produced reactive molecules, such as H,S. To
generate subcellular domain-associated H,S probes, we
individually fused hsGFP to a mitochondrial targeting signal,
a nuclear localization signal, or the Kir6.2 subunit of the K,pp
channel. These constructs were expressed in HEK 293T cells.
Upon treatment of these recombinant probes with H,S, we
were able to confirm the localization of the recombinant hsGFP
probes at the predicted subcellular locations (Figure 6),
suggesting that hsGFP is a robust and versatile fluorescent
probe that provides a convenient approach for future
investigations of H,S signaling with subcellular resolution.
Detection of Biologically Generated H,S. After
confirming the capacity of hsGFP to detect exogenous H,S,
we next sought to determine whether hsGFP could detect
enzymatically produced H,S in live mammalian cells. L-
Cysteine, a nonessential amino acid and an important sulfide
source in human metabolism, is a major precursor for the
enzymatic production of H,S in mammals.* Endogenously,
HEK 293T cells express H,S-generating enzymes such as
CSE.* Upon stimulating hsGFP-expressing HEK 293T cells
with 1 mM L-cysteine, we observed a prominent fluorescence
enhancement, compared to the fluorescence of the negative
control group that was not supplemented with L-cysteine
(Figure 7). Furthermore, overexpressing an H,S-generating
enzyme, CBS, in HEK 293T cells increased the basal
fluorescence intensities of both L-cysteine-stimulated and
unstimulated groups. HEK 293T cells that were overexpressing
CBS and stimulated by L-cysteine showed a synergistic increase
in fluorescence intensities versus those of groups that were
singly either overexpressing CBS or stimulated by L-cysteine,
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Figure 6. Localization of hsGFP to subcellular domains of HEK 293T
cells. HEK 293T cells expressing hsGFP individually fused with either
mitochondrial targeting signal, nuclear localization signal, or Kir6.2
subunit were treated with H,S, showing the localization of hsGFP to
(A) the mitochondrial matrix and (B) cell nuclei or around (C) K,pp
channels, respectively. (D—F) Corresponding bright field images of
the cells in panels A—C, respectively. The scale bar is 50 pm.

suggesting that CBS overexpression leads to a larger L-cysteine-
induced fluorescence enhancement in hsGFP-expressing HEK
293T cells. We also quantified the fluorescence intensities of
single cells, and significant differences were identified between
groups with a two-tailed Student’s ¢ test (Figure 8). It is worth
noting that the typical cell culture media contain ~0.3 mM L-
cysteine, which may have contributed to the basal fluorescence.
Nevertheless, the stimulation with 1 mM fresh L-cysteine was
able to induce the production of additional H,S and trigger the
fluorescence response of hsGFP. This experiment further
confirmed that hsGFP is a highly responsive and selective H,S
probe and can be utilized to detect H,S under biologically
relevant conditions.

B CONCLUSION

By introducing pAzF into a new superfolder cpGFP template
followed by fluorescence screening of a randomized library, we
identified hsGFP as a dramatically enhanced, genetically
encoded fluorescent probe for H,S. hsGFP has an unusually
large response to H,S, allowing sensitive and selective detection
of H,S, both in vitro and in living cells. Moreover, for the first
time, we showed that hsGFP could be precisely localized to
subcellular domains by creating genetic fusions with targeting
signal peptides or other cellular proteins. Because this approach
is general, it may be adapted to address the technical challenges
of monitoring H,S at various subcellular locations. This method
may also be utilized to deliver other similar fluorescent probes,
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Figure 7. Response of hsGFP to L-cysteine in HEK 293T cells. Representative images of hsGFP expression in HEK 293T cells with (bottom row) or
without (top row) CBS overexpression, in the absence (two left columns) or presence (two right columns) of 1 mM L-cysteine.
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Figure 8. Average fluorescence intensities of individual hsGFP-
expressing HEK 293T cells, with or without CBS overexpression, in
the absence (gray) or presence (green) of 1 mM L-cysteine. Ten
individual cells were analyzed for each group. Data are means + SD
(**P < 0.01, from a two-tailed Student’s ¢ test).

such as the recently reported ONOO™ probe, pnGFP.*®
Although various synthetic H,S probes have been developed,
only a small percentage have been tested near physiological
conditions. We performed fluorescence imaging of H,S
production in HEK 293T cells stimulated with L-cysteine and
showed that the fluorescence of hsGFP reflected the relative
amount of enzymatically generated H,S in live cells. With these
results, it is convincing that hsGFP is a highly robust
fluorescent probe for H,S that has the potential to facilitate a
broad spectrum of research on the biochemistry and cell
biology of H,S signaling. Additionally, we expect that hsGFP
may be used to develop fluorescent assays for screening
inhibitors or activators of H,S-producing enzymes, potentially
leading to important new pharmacological tools and drug
candidates.

B ASSOCIATED CONTENT

© Supporting Information

Sequences of oligonucleotides used in this study, ESI-TOF MS
analysis of hsGFP, and a movie showing time-lapse fluorescence
changes of hsGFP-expressing HEK 293T cells in response to
H,S. This material is available free of charge via the Internet at
http://pubs.acs.org.
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