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Abstract

The transcriptional regulator QsrR is converted into a genetically encoded fluorescent probe
capable of ratiometric monitoring of quinones in living cells with high sensitivity and selectivity.

Quinones, along with their phenolic partners, are widely distributed in biology where they
participate in diverse physiological processes, including electron shuttering in cell
membranes, posttranslational modifications of proteins,? co-factoring enzymes for the
metabolism of small molecules,3 perturbing the cellular redox pool through generating
reactive oxygen species (ROS),* and activating biological signaling pathways in response to
stress stimulation.®> The important roles of quinones in biology can be attributed to their
versatile oxidative and electrophilic properties, which are capable of promoting electron
transfer in living systems through the redox cycling of the quinone/quinol couple,® and
Michael addition with cellular thiols, such as free cysteine, glutathione, and cysteine
residues of proteins,’ respectively.

Traditional methods for quinone detection include liquid chromatography coupled with
UV,8 fluorescence spectroscopy? or photocatalytic chemiluminescence,? and Fourier
transform infrared difference spectroscopy.1! These methods, while commonly used, are not
amenable to applications in vivo, and to date no probe was available for detection of
quinones inside living cells. A major challenge to the development of a bio-probe for
quinone detection is the lack of a proper quinone binder, which is not only able to
specifically bind quinones, but can also undergo a conformational or spectroscopic-property
change after binding for the purpose of detection. Recently, our group discovered a
Saphylococcus aureus transcriptional repressor, QsrR, as a dimeric protein in control of the
quinone-detoxification system. Quinone can alkylate the key Cys residue, Cys5, in QsrR,
which induces a conformational change between the two monomeric subunits.”® In this way,
QsrR senses the presence of quinone in the microbe. This sensing mechanism of QsrR offers
an opportunity to develop a genetically encoded probe for quinone imaging.
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As evidenced by the development of a NADH sensor,12 in which two NADH-sensing
transcriptional regulator Rex subunits are covalently linked with a fluorescent protein,
cpYFP, a circularly permuted variant of YFP with the capacity to sensitively respond to
conformational change,3 we engineered the aforementioned quinone sensor QsrR through
the direct insertion of cpYFP between the monomeric sub-units. The principle underlying
this construction is primarily based on the observation that a 9-degree rotation exists
between the first a helix of one monomer and the last a helix of the other monomer after
quinone association, representing a possible driving force for the conformational change of
cpYFP, thus enabling spectroscopic detection (Fig. 1a).

We proceeded with the knowledge that the sensitivity of a protein-based probe is greatly
influenced by the linker between the receptor domain and the fluorescent reporter: we
constructed a series of probes via direct deletion, mutation or addition of native amino acids
at the C-terminal of the first monomer. The results showed that the construct QS7 containing
four-amino acid linker SYEF exhibited the greatest response (approximately 2.5 fold) after
quinone association, while other probes either gave decreased response with less than 2-fold
magnitude or exhibited less of an increase than QS7 which was therefore selected and
named QSer for further investigation (Fig. 1b).

The excitation and emission spectra of apo-QSer and 1,4-benzoquinone (BQ, a model
quinone molecule in biological research)-induced QSer were recorded, which revealed an
emission peak at 515 nm upon excitation at 496 nm (Fig. 2a). One unique feature of this
probe is its ratiometric properties: increased response above the wavelength of 427 nm and
decreased response below the wavelength of 427 nm were observed simultaneously when
the emission wavelength was fixed at 515 nm (Fig. 2a). Different concentrations of BQ
ranging from 0 to 30 uM were added and excitation spectra were recorded. As shown in Fig.
2b, all of the spectra intersected at a wavelength of 427 nm with a significant increase at a
higher wavelength and a slight decrease at a lower wavelength when the probe was titrated
with increased concentrations of BQ. This result confirmed the ratiometric properties of
QSer. The binding curve was created by fitting the normalized ratios of fluorescence
intensity at 496 nm divided by that at 410 nm (F4g9gnm/F410nm) With an exponential
association function, revealing a sensitive-response property at low concentrations of BQ
(<5 uM) and a saturated response at high concentrations of BQ (>20 uM) with
approximately 3.5-fold maximal response (Fig. 2c). Similar binding properties were
observed in a variety of quinone molecules, including methyl-p-benzoquinone (MBQ, Fig.
Slaand b, ESIT), menadione (MD, Fig. S2a and b, ESIT), 2,3-dimethoxy-5-methyl-p-
benzoquinone (DMBQ, Fig. S3a and b, ESIT), and plumbagin (PB, Fig. S4a and b, ESIT). A
time-dependent fluorescence response was also carried out to investigate the kinetics of the
reaction between QSer and quinones. The extremely fast changes in fluorescence (saturated
<10 s), however, prevented detailed recording of the transient response with our available
setup.

Next, a variety of biologically relevant small molecules, including quinone molecules
containing less than three-substituted groups (BQ, MBQ, MD, DMBQ and PB, termed A-
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type quinones in Fig. Sba, ESIT), four-substituted quinones (duroquinone [DQ], CoQ1g and
menaquinone [MQ], termed B-type quinones in Fig. Sbbh, ESIT), ROS (H,0, and tert-butyl
hydroperoxide [TBHP]), cellular metabolites (NADH and glucose), and the quinone-
dissolving solvent (DMSO) were utilized in order to examine the selectivity of this probe.
The results showed that QSer was able to sensitively generate a positive response to the A-
type quinones, whereas other chemicals including four-substituted quinones, ROS, cellular
metabolites, and DMSO could not induce any significant response of QSer, thereby
confirming the high selectivity of this probe (Fig. 2d and Fig. S6).

To test the utility of QSer for live-cell imaging of quinones, a mammalian cell expressing
vector encoding QSer was transfected into living HeLa cells, which were further imaged
using a confocal microscope with a fixed emission range and sequential dual excitation at
488 nm and 405 nm. Upon addition of 20 pM exogenous BQ, a rapid response was observed
within 3 min. At 5 min the signals reached a saturated state with a maximal response of ~2.2
fold (Fig. 3a), consistent with the observations in vitro. Furthermore, the signals gradually
returned to near basal levels over a 30 min period (Fig. 3b), confirming the reversibility of
S-alkylation of QSer inside living cells. In contrast, cells expressing cpYFP instead of QSer
exhibited constant response signals with the induction of the same amount of BQ (Fig. S7a,
ESIT), therefore excluding the possibilities of interference of the cpYFP domain responding
to potential pH fluctuation or quinone treatment. In addition, treatment of QSer-expressed
cells with DQ (50 pM), a four-substituted quinone, did not yield any significant fluorescent
response (Fig. S7b, ESIT), confirming the specificity of this probe inside cells.

Quinone molecules can give rise to ROS stress as well as act as alkylating agents and
therefore are widely utilized as anticancer, antimalarial, or antibacterial drugs.* We
employed a commercially available quinone drug, plumbagin, a well-studied natural product
with antimicrobial 14 anti-inflammatory, 1 anticarcinogenicl® and neuroprotectivel’
properties to further explore the utility of QSer. Interestingly, QSer-expressed cells treated
with 50 pM of plumbagin induced an immediate increase in the dual excitation ratio (Fig. 4a
and b), slightly faster than that observed in BQ-treated cells; however, these signals quickly
returned to basal levels within 6 min instead of the slow, extended signal-attenuation state
(30 min) observed in the BQ-treated cells (Fig. 4a and b). This result indicates the presence
of a fast metabolic process that can decompose or export both the free plumbagin and S-
plumbagin complex inside living cells. In addition, this result also confirms the reversibility
of the S-quinonization of QSer.

The development of novel fluorescent probes has revolutionized cell biology, allowing
dynamic monitoring and picturing of cellular metabolites and signals.12:18 Alkylation, a
widely utilized organic reaction, has been used to design small molecule probes for
detection and imaging of H,S,180 glutathione® and ONOO™.2° In this study, based on the S-
alkylation of QsrR, we have successfully developed the first protein-based fluorescent probe
for dynamic monitoring of intracellular metabolism of quinones. The unique covalent-
reaction mechanism of the QsrR domain enables QSer to selectively image A-type quinone
molecules. The ratiometric properties of QsrR can be utilized as an internal control in order
to diminish the inaccuracy caused by differences in probe’s expression levels. The observed
reversibility of S-quinonization and the inability of GSH on S-transarylation of QSer (Fig.
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S8, ESIT) strongly indicate the presence of a novel cellular process rather than the GSH-
mediated S-transarylation mechanism observed in GAPDH,2! which may universally
reverse S-quinonization on cellular proteins. Further optimization and utilization of this
probe should dramatically accelerate the studies of quinones in biology, such as quinone
drug metabolism and distribution, menadione-mediated bacterial small colony variants, and
the plastoquinone-mediated photosynthetic system.
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Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Design and construction of QSer. (a) QSer is generated by directly linking themonomeric subunits of the QsrR dimer with a

fluorescent protein, cpYFP, which may undergo conformational change after quinone association. (b) Experimental data showed
that a construct QS7 (QSer) with a SYEF linker at the C-terminal of the first monomeric subunit afforded the greatest response
among the nine constructs after quinone association. The concentrations of the protein sample and quinone are 10 and 20 UM,
respectively.
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Characterization of QSer in vitro. (a) The excitation and emission spectra of apo-QSer (red) and BQ-QSer (green). (b) The
excitation spectra of QSer with various concentrations of BQ. The emission wavelength is fixed at 515 nm. (c) The response

curve of QSer to BQ. (d) QSer selectively responds to specific quinones with less than three substitution groups. The
concentrations of BQ, MBQ, MD, DMBQ, and PB are 20 uM; the concentrations of DQ, CoQg and MQ are 50 uM; the
concentrations of H,O, and TBHP are 100 uM; the concentrations of NADH and glucose are 500 pM and DMSO is 1% (v/v).

Jietal
(a) (b)
600 - —— BQ-QSer 600 1
= > —— Apo-QSer >
T 500 '©500
o = c
> S S
> £400 4 £400 -
= Q ]
= 2300 - 2300 -
= 2 g
5 #2004 ?200 -
= o o
@ 3100 4 =100 -
= TH (TH
(s 0 T T T |
400 450 500 550 600
Wavelength (nm)
(c) (d)
4 3.5
c
o
3.0
z e
T £25
) -1
< w20
S 3
= N N15
= T » Emission at 515 nm ©
= E 1.5 £
5 = 1.0
5 o o
e = 1.0 =z
8 r T T T T T T 1 0-5'
= 0 5 10 15 20 25 30 35
= [Benzoquinone] (uM)
Figure 2.
P
+
>
> Error bars represent the standard error of the mean (SEM).
c
5
o
<
)
>
c
%)
Q
=

Chem Commun (Camb). Author manuscript; available in PMC 2014 May 02.



Jietal

(a) 405 nm

N
o

1duosnuely Joyny vd-HIN
NormalizedF,, /F, ..
”\' ‘

e
o

0 60 120 180 240 300 360
Time (s)

(b)

N
14}
)

—%
o
1

1duosnuely Joyny vd-HIN
NormalizedF,,, /F, .
— N
.

&
o

12 17 22 27 32 37
Time (min)

~

Figure3.

1duosnuely Joyiny vd-HIN

Chem Commun (Camb). Author manuscript; available in PMC 2014 May 02.

Page 8

488 nm

37 min

The response of QSer to 1,4-benzoquinone in living HeLa cells. (a) Time-lapse imaging of Hela cells exposed to 20 uM 1,4-
benzoquinone over 6 min. The fluorescent ratio of 488,405 nm excitation rapidly increased and saturated over 2-fold. (b) Time-
lapse imaging of the recovery of BQ-treated HeL a cells over 30 min. The fluorescent ratio of 488/405 nm excitation eventually

returned near the baseline. Error bars represent SEM. Scale bars, 20 um.
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Figure4.
The response of QSer to plumbagin in living HeLa cells. (a) Time-lapse imaging of HeLa cells exposed to 50 uM plumbagin

over 6 minutes. The fluorescent ratio of 488/405 nm excitation of cells showed a dynamic cycle, with a 2-fold peak at 100
seconds, which eventually returned to baseline at 6 minutes. Error bars represent SEM. (b) A pixel-by-pixel ratio of the 488 nm
excitation image by the 405 nm excitation image. Scale bar, 20 pm.
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