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A Fluorescent Probe for Imaging Sirtuin Activity in Living
Cells, Based on One-Step Cleavage of the Dabcyl

Quencher

Mitsuyasu Kawaguchi, Shohei lkegawa, Naoya leda, and Hidehiko Nakagawa*®

Sirtuins (SIRTs) are a family of NAD "-dependent histone deace-
tylases. In mammals, dysfunction of SIRTs is associated with
age-related metabolic diseases and cancers, so SIRT modula-
tors are considered attractive therapeutic targets. However,
current screening methodologies are problematic, and no
tools for imaging endogenous SIRT activity in living cells have
been available until now. In this work we present a series of
simple and highly sensitive new SIRT activity probes. Fluores-
cence of these probes is activated by SIRT-mediated hydrolytic
release of a 4-(4-dimethylaminophenylazo)benzoyl (Dabcyl)-

Introduction

Sirtuins (SIRTs), mammalian orthologues of yeast Sir2, are a
family of NAD "-dependent histone deacetylases, their activities
closely correlated with cellular energy levels" SIRTs are in-
volved in metabolic regulation, stabilization of genomic DNA,
stress responses, and even aging,” and SIRT modulators are
considered attractive therapeutic targets.”’

Several methodologies to detect SIRT activity are available;
they include the use of radioisotopes,” antibodies,” and
HPLC." Fluorescent probes have also been widely used, due to
their high sensitivity and commercial availability,” but they
generally require trypsin digestion of a C-terminal lysine resi-
due in order to produce a fluorescence signal after the SIRT re-
action.” This requirement is problematic for screening purpos-
es (e.g., trypsin inhibitors generate false-positive signals), and
also makes it impossible to visualize SIRT activity in living cells
with these probes. Therefore, a one-step procedure for detec-
tion of SIRT activity is desired, and one approach has indeed
been reported by Kikuchi and co-workers.® They utilized an in-
tramolecular transesterification mechanism, which affords a
fluorescence increase after deacetylation of a lysine residue by
SIRT1. However, they found that the background fluorescence
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based FRET quencher moiety from the g-amino group of lysine
in a nonapeptide derived from histone H3K9 and bearing a
C-terminal fluorophore. The probe SFP3 detected activities of
SIRT1, -2, -3, and -6, which exhibit deacylase activities towards
long-chain fatty acyl groups. We then truncated the molecular
structure of SFP3 in order to improve both its stability to pepti-
dases and its membrane permeability, and developed probe
KST-F, which showed specificity for SIRT1 over SIRT2 and SIRT3.
We show that KST-F can visualize endogenous SIRT1 activity in
living cells.

gradually increases under aqueous conditions even in the ab-
sence of SIRT1, probably due to instability of the probe, which
contains a carbonate group. Therefore, their probe might be
restricted to enzymes with high activity, such as SIRT1 among
the SIRT family, and it is unsuitable for cellular SIRT imaging.
There is still a need for a stable, one-step fluorescence probe
suitable for imaging SIRT activity in living cells.

For a long time, it was thought that SIRTs catalyze deacetyla-
tion reactions of histones and that some SIRTs also catalyze
ADP ribosylation.”” However, it is now known that some SIRTs
show weak deacetylase activity, but have relatively strong de-
acylase activities instead: SIRT4, for example, shows lipoami-
dase activity,"” SIRT5 shows desuccinylase and demalonylase
activities,”"" and SIRT6 shows demyristoylase activity."? The de-
myristoylase activity of SIRT6 regulates secretion of TNF-a.!'?
Interestingly, the X-ray crystal structure of SIRT6 shows a large
hydrophobic pocket that accommodates the myristoyl
group.™ Moreover, other reports indicate that several SIRTs,
including SIRT1, -2, and -3, show deacylase activity towards
lysine residues bearing long-chain fatty acyl groups, in addition
to their strong deacetylase activities."¥ These results suggest
that SIRT1, -2, and -3 might also have large hydrophobic pock-
ets for recognition of long-chain fatty acyl groups."”

In this study we report new one-step SIRT activity probes
that utilize this deacylase activity. Specifically, we hypothesized
that lysine residues bearing large quencher dyes, such as 4-(4-
dimethylaminophenylazo)benzoyl (Dabcyl) derivatives, would
be recognized and hydrolyzed by SIRTs that have large hydro-
phobic pockets. On the basis of this hypothesis, we synthe-
sized FRET-based SIRT probes SFP1-3 (Scheme 1, below), each
containing a Dabcyl-based quencher, anticipating that their
fluorescence would be activated by SIRT-mediated hydrolytic
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release of the Dabcyl moiety. Surprisingly, SFP3 was hydrolyzed
by SIRT1, -2, -3, and -6, and was an excellent substrate for
SIRT1 (K,,=0.10 um), with the release of Dabcyl dyes. We then
truncated the molecular structure of SFP3 to improve its stabil-
ity and membrane permeability, obtaining probe KST-F. We
show that KST-F can visualize endogenous SIRT1 activity in liv-
ing cells. Recently, Schutkowski and co-workers reported a sim-
ple methodology for detecting SIRT activity in which long-
chain acyl groups bearing small quencher moieties—2-amino-
benzoylamide groups—at the other end of the chain are di-
rectly cleaved by SIRT2." We believe the discovery that
Dabcyl lysine is a SIRT substrate further expands the substrate
scope of SIRTs and that the longer excitation wavelengths of
Dabcyl dyes should also be advantageous for activity measure-
ments.

Results and Discussion
Strategy and molecular design for SIRT activity detection

As mentioned above, X-ray crystal structure analysis has re-
vealed the presence of a large hydrophobic pocket in SIRT2
and also in SIRT2,'*™ and despite the absence of direct evi-
dence, we speculated that SIRT1 and SIRT3 might have similar
pockets. Therefore, taking into account that some SIRTs exhibit
deacylase activities towards long-chain fatty acyl groups,*'¥
we considered that the substrate-recognition pockets of SIRTs
might be very flexible, and might recognize even Dabcyl-
based quencher moieties. On the basis of this hypothesis, we
designed probes SFP1-3, each consisting of a nonapeptide de-
rived from histone H3K9,"® a C-terminal fluorophore, and a
Dabcyl quencher dye attached to a lysine e-amino group. In
this design, we considered that the Dabcyl moiety would
quench the fluorescence of the fluorophore, but would be rec-
ognized and hydrolyzed by SIRTs with large hydrophobic pock-
ets, resulting in a fluorescence increase, as shown in Scheme 1.

Synthesis and photochemical characteristics of SFP0-3

SFP1-3 were synthesized as shown in Schemes S1-3 in the
Supporting Information. In brief, H3K9 nonapeptide was syn-
thesized by means of Fmoc solid-phase synthesis on 2-chloro-
trityl chloride resin. It was cleaved from the resin with weak
acid (1% TFA) without cleavage of the protecting groups of
the peptide sequence. The Cbz group on the lysine residue
was removed, and three Dabcyl derivatives (Dabcyl, —EH and
—PH) activated with succinimidyl ester moieties were linked to
the e-amino group. Fluorescein isothiocyanate (FITC)-DA—
NH, TFA was attached at the C terminus of each peptide with
(1-cyano-2-ethoxy-2-oxoethylidenaminooxy)dimethylamino-
morpholinocarbenium hexafluorophosphate (COMU), and the
protecting groups of FITC and the peptides were removed
with K,CO; and TFA, respectively. Each probe was purified by
HPLC, and the structures were confirmed by HRMS. Using the
same procedure, we also synthesized SFPO (with a primary
amine at the lysine residue) as the putative product of enzy-
matic reaction with SIRTs (Scheme S4).
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Scheme 1. Schematic illustration of our strategy for one-step detection of
SIRT activity.

We first measured the absorption and fluorescence spectra
of SFP0-3 and calculated the fluorescence quantum yields
(Figure 1, Table 1). SFPO showed strong fluorescence (@ =
0.70), whereas SFP1-3 showed very weak fluorescence, thus
suggesting that FRET does occur in these molecules and effec-
tively quenches the fluorescence of SFP1-3 (@ =0.009-
0.031).

Enzymatic reactions and kinetics of SFP1-3 with SIRT6

We examined the reactions between SFP1-3 and SIRT6, the de-
acetylation activity of which is poor."? Interestingly, fluores-
cence increments of SFP2 and SFP3, but not SFP1, were ob-
served with SIRT6 (Figures2A and S1). These fluorescence
increments were SIRT6- and NAD*-dependent, and they were
suppressed by nicotinamide (NAM), a pan-SIRT inhibitor,!"”
thus showing that they reflect SIRT6 enzymatic activity. The in-
crease in fluorescence was higher with SFP3. This result sug-
gests that SIRT6 shows a preference for aliphatic carboxylates
(as in SFP2 and SFP3), in accordance with reports that SIRTs
deacylate fatty acids, but not aromatic carboxylates."® We next
conducted a product analysis of the enzymatic reaction by
HPLC (Figure 2B). The peak of SFP3 decreased time-depend-
ently, and two new peaks were generated. We assigned these
two peaks as SFPO and Dabcyl-PH. Thus, the enzymatic reac-
tion between SFP3 and SIRT6 proceeded as we had expected,
and the fluorescence increment was due to generation of
SFP0. We also investigated the kinetics of the SIRT6 reaction.
The K, and k., values were found to be 2.1 um and 0.0029 s,
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Figure 1. Absorption and fluorescence spectra of 2.5 um SFPO, -1, -2, and -3. 4., =490 nm. Measurements were made in sodium phosphate buffer (pH 7.4).

Table 1. Photochemical properties of SFP0-3.%! Table 2. Kinetic parameters of enzymatic reactions between SFP3 and
SIRTs.”
Amax [NM] e[10°m'em™] Aem [NM] o

SFPO 494 6.37 516 0.700 SFP3 kg [s7'] Ky [um] kea/ Ko [s" M7 Koo [M]
SFP1 494 8.92 516 0.031 SIRT1 0.023 £0.0086 0.10£0.014 23x10° 3.0
SFP2 494 8.44 517 0.015 SIRT2  0.0024+0.00008 0.524+0.059 4.6x10° 30
SFP3 495 8.05 517 0.009 SIRT3  0.0019+£0.00003  7.740.21 2.5%10° 400

- - SIRT4  nd. n.d. n.d. n.d.
[al Da.ta were measured |.n s.odlum phosphate buffer (pH 7.4). For deter- SIRT6  0.0029--0.00009 2.1-40.19 14%10° 99
mination of @, fluorescein in 0.1 N NaOH (@ =0.85) was used as a fluo-
rescence standard. [a] For the determination of kinetic parameters, we used the following

concentrations of SIRTs: 7 nm SIRT1, 24 nm SIRT2, 60 nm SIRT3, 32 nm
SIRT4, and 48 nm SIRT6 (final conc.). n.d.: not determined (enzymatic
X . L reaction with SIRT4 was too slow to allow the values to be determined).
respectively (Figure 2C, Table 2). These values are similar to the For details, see the Supporting Information.
reported values of H3K9 myristoyl and palmitoyl (C;, and C,4)
derivatives,"” the K, and k. values of which were 3.4 um/

0.0049 s™', and 0.9 um/0.0027 s~', respectively (Table S1).
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Figure 2. Enzymatic reactions between SFP1-3 and SIRT6. A) Fluorescence enhancement due to enzymatic reactions between SFP1-3 and SIRT6. Reactions
were performed with 2.5 um SFP1-3, 48 nm SIRT6, and 500 pm NAD in SIRT assay buffer [50 mm Tris-HCI (pH 8.0) containing 150 mm NaCl and 1 mm dithio-
threitol] at 37°C. NAM (5 mm) was used as a pan-SIRT inhibitor. 1.,=490 nm, A.,,=520 nm. B) HPLC analyses of enzymatic reactions of 20 um SFP3 and

500 um NAD with 300 nm SIRT6. Absorbances at 440 and 525 nm, which are the absorbance maxima of FITC and Dabcyl, respectively, under acidic conditions
were monitored. C) Michaelis—-Menten plot of SFP3 reaction with SIRT6. The K, value is calculated to be 2.1 um.
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Activities of other SIRT family members towards SFP3

It has been reported that SIRT1-3 showed strong demyristoy-
lase activity, whereas SIRT4 did not."™® We found that the reac-
tion between SFP3 and SIRT1 proceeded even more rapidly
than that between SFP3 and SIRT6 (Figure 3 A). Kinetic analysis
revealed that SFP3 is an excellent substrate of SIRT1: the K,
and k. values were calculated to be 0.10pum and
0.023 s7'm™', respectively (Table 2, Figure S2). SFP3 was also
moderately susceptible to SIRT2 and SIRT3, but was not hydro-
lyzed by SIRT4 (Figure 3B-D). Product analysis of the enzymat-
ic reaction between SFP3 and SIRT1 by HPLC showed that
SFPO and Dabcyl-PH were generated, without any apparent
side reaction (Figure S3). These results again strongly support
our idea that the Dabcyl-PH group is recognized as efficiently
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Figure 3. Fluorescence enhancement due to enzymatic reactions between
SFP1-3 and SIRTs at 60 min. Reactions were performed with 2.5 um SFP1-3,
500 pm NAD, and A) 24 nm SIRT1, B) 48 nm SIRT2, C) 60 nm SIRT3, or

D) 32 nm SIRT4, in SIRT assay buffer at 37°C. NAM (5 mm) was used as

a pan-SIRT inhibitor. ., =490 nm, A.,,=520 nm.
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as myristoyl and palmitoyl groups by various SIRT enzymes.
The reactivity (k,/K.) of SIRT family members towards SFP3
was as follows: SIRT1> SIRT2 > SIRT6 > SIRT3 > SIRT4 (Table 2,
Figure S2).

Evaluation of reported SIRT inhibitors and activators with
SFP3

We next examined the effects of several SIRT modulators on
the hydrolysis of SFP3, because SFP3 detects deacylase activi-
ties for long-chain fatty acyl groups, not deacetylase activity,
whereas reported SIRT modulators have been identified in
terms of action on the deacetylase activity. We focused on
NAM and EX-527 as SIRT inhibitors,"® and on resveratrol and
quercetin as SIRT activators (Figure 4)."” EX-527 inhibited SIRT1
ten times more potently than it did SIRT6, which was only
weakly inhibited (Figure 4A).”” NAM inhibited all the SIRT sub-
types tested, with 1Cs, values ranging from 5.6 to 120 um (Fig-
ure 4B), in accordance with a previous report.?" Resveratrol
did not affect SIRT1 activity, but weakly inhibited SIRT6 (ICs,
~ 190 um, Figure 4C). The inhibitory activity of resveratrol to-
wards SIRT1 remains controversial,*? and we can at least say
that resveratrol did not greatly affect SIRT activity in our assay
system. Quercetin had similar effects on SIRT1 and SIRT6 activi-
ties: that is, inhibition at lower concentration, but activation at
higher concentration, in accordance with a previous report
(Figure 4D).””® Taken together, these results suggest that SIRT
modulators generally have similar effects on deacetylase activi-
ty and deacylase activity towards long-chain fatty acyl groups.

Applicability for cell-based assay

Only a little work has been done to evaluate endogenous SIRT
activity in living cells.?” Therefore, we were interested in apply-
ing SFP3 for this purpose. There were two important points to
consider: 1) intracellular endopeptidases can hydrolyze SFP3,
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Figure 4. Evaluation of reported SIRT modulators: A) EX-527, B) NAM, C) resveratrol, D) quercetin. IC, values are shown. The results are means +SDs (n=3).
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and 2) SFP3 might be membrane impermeable because it is a
fairly large peptide. To address these points, we first prepared
lysates of human embryonic kidney (HEK) 293, HCT116, and PC-
3 cells and evaluated the stability of SFP3 in these lysates (Fig-
ure S4A). Fluorescence increments were observed in all three
lysates, but they were not suppressed in the presence of NAM;
this suggested that they were not due to SIRT activity, and that
SFP3 was not stable in cell lysates. This was confirmed by
HPLC analysis, which indicated that SFP3 afforded complex
products in cell lysates, and that these did not include SFPO or
Dabcyl-PH (Figure S4B). Thus, SFP3 itself is not applicable to
cellular systems.

Modification of SFP3 for intracellular application

We considered that short peptides, up to tripeptides, might be
resistant to endopeptidases and might also be more mem-
brane permeable. Therefore, we designed and synthesized four
truncated SIRT activity probes: K-F, KS-F, KST-F, and TKT-F, each
consisting of a lysine residue bearing Dabcyl-PH on the e-
amino group as a SIRT deacylation site and linked to one, two,
or no other amino acids, on the basis of a previously reported
acetylome analysis (Figure 5A, Scheme 55-7).**) We measured
the absorption and fluorescence spectra of these four probes
and calculated the fluorescence quantum yields. All four
probes were efficiently quenched by FRET (& =0.006-0.015;
Figure S5, Table S2). Next, we evaluated the stabilities of these
probes in HCT116 cell lysate (Figure 5B). All four probes were
much more stable than SFP3 in the lysate. In that experiment,
weak fluorescence increments were observed, especially in the
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cases of KS-F, KST-F, and TKT-F, and they were suppressed in
the presence of NAM, thus suggesting that SIRT activities in
the lysate could be detectable by some of these probes. Simi-
lar results were obtained with HEK293 and PC-3 cell lysates
(Figure S6). We further confirmed that KST-F remained stable in
the lysates for at least two hours by means of HPLC analyses
(Figure 5Q).

We next compared the enzymatic reactions of these probes
and SFP3 with SIRT1 (Figure 5D). KS-F, KST-F, and TKT-F
showed moderate reactivities with SIRT1 (Figure S7), but K-F
showed low reactivity; nevertheless, K-F did react to some
degree with SIRT1, and this suggested that even one lysine
residue bearing a Dabcyl-PH group can be recognized by
SIRT1. Kinetic analyses showed that the k./K, values of KS-F,
KST-F, and TKT-F were about ten times lower, and that of K-F
was 500 times lower, than that of SFP3, thus suggesting that
truncating the molecule has little influence on the reactivity
with SIRT1 until K-F is reached (Table 3). On the other hand,

Table 3. Kinetic parameters of enzymatic reactions between truncated
forms of SFP3 and SIRT1.”

SIRT1 ke [s7'] Ky [um] kel K [ "M T Koo [um]
K-F 0.0021+0.00016 4.6+0.74 4.6x10? 76

KS-F 0.0055 +0.00005 0.39+0.037 1.4x10* 17

KST-F 0.0063+0.00008 0.384+0.014 1.7x10* 23

TKT-F 0.0067 £0.00002 0.14+0.018 4.8x10* 4.2

[a] For the determination of kinetic parameters, 7 nm SIRT1 was used. See
the Supporting Information for details.
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Figure 5. Development of stable, membrane-permeable SIRT probes applicable to cellular systems. A) Structures of the probes. B) Stability of the four SIRT
probes and of SFP3 in HCT116 lysate. Reactions were performed with 2.5 um SIRT probes, 500 um NAD, and HCT116 lysates (0.4 mgmL ™' protein) in SIRT HTS
assay buffer at 37°C on a microplate. NAM (5 mm) was used as a pan-SIRT inhibitor. C) HPLC analyses of reaction products of 20 pm KST-F in HCT116 cell
lysate (0.4 mgmL™" protein). Absorbances at 440 nm and 525 nm were monitored. D) Fluorescence enhancement due to enzymatic reactions between the
probes and SIRT1 at 60 min. Reactions were performed with 2.5 pm SIRT probes, 500 um NAD, and 20 nm SIRT1 in SIRT HTS assay buffer at 37 °C on a micro-
plate. The results are means & SDs (n=3). Asterisks show statistical significances examined by Bonferroni-type multiple t-test: **p < 0.01, ***p <0.001.
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the reactivities of the four probes with SIRT2 and -3 were quite
low (Figure S8).

Imaging endogenous SIRT1 activity

We considered that KST-F might be practical for imaging SIRT1
activity in cellular systems, due to its stability and low molecu-
lar weight. We therefore adopted a well-established strategy
for intracellular probes, and prepared a diacetylated derivative
of KST-F: KST-F-DA, which would be expected to show high
membrane permeability and to be hydrolyzed to KST-F by in-
tracellular esterases. Incubation of KST-F-DA with HEK293 cells
resulted in a gradual increase in fluorescence, and pretreat-
ment with 10 mm NAM or 20 um EX-527 blocked this increase
(Figure 6 A, B, D, and E). In contrast, pretreatment with 10 um
AGK2, a SIRT2-specific inhibitor, did not affect the fluorescence
increment (Figure 6B and E), thus supporting the involvement
of endogenous SIRT1 activity in generating the fluorescence. In
addition, interestingly, stimuli of serum starvation made a fluo-
rescence increment more potent in HEK293 cells (Figure 6C
and F), probably due to the activation of sirtuin activity. It has
been reported that SIRT1 protein levels were elevated under
serum starvation in HEK293 cells, strongly supporting our
data.”® Because KST-F mainly reacted with SIRT1 in vitro (Fig-
ures 5D and S7), we consider that the fluorescence increment
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is likely predominantly to reflect cytoplasmic and nucleic SIRT1
activities in the cells.

Conclusion

On the basis of recently reported SIRT substrate specifici-
ties,'? we designed and synthesized the FRET-based SIRT
probes SFP1-3, each consisting of a nonapeptide derived from
histone H3K9 and bearing a Dabcyl quencher dye on the e-
amino group of the lysine residue, together with a C-terminal
fluorophore. SFP3 showed single-step fluorescence activation
due to cleavage of the Dabcyl moiety by SIRT1, -2, -3, and -6.
Then, to obtain dyes suitable for intracellular imaging, we set
out to improve the stability and membrane permeability by
truncating the SFP3 molecule. This strategy proved successful,
and one of the resulting probes, KST-F, could visualize endoge-
nous SIRT1 activity in living cells for the first time. We expect
our probe to be a useful tool for sophisticated functional stud-
ies of native SIRT1.

Experimental Section

'H NMR spectra were recorded with a JEOL JNM-LA500 or JEOL
JNM-A500 spectrometer in the indicated solvent. Chemical shifts
(0) are reported in parts per million relative to the internal stan-
dard, tetramethylsilane (TMS). Electrospray ionization (ESI) mass
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Figure 6. Fluorescence microscopic imaging of SIRT1 activity in living cells with KST-F-DA. HEK293 cells were incubated with 5 um KST-F-DA in DPBS in the

presence or absence of A) 10 mm NAM, and B) 20 um EX-527 (a specific SIRT1 inh

ibitor) or 10 um AGK2 (a specific SIRT2 inhibitor), at 37 °C. C) HEK293 cells

were serum starved for 36 h, then incubated with 5 um KST-F-DA in DPBS at 37 °C. Confocal fluorescence and differential interference contrast (DIC) images
were shown at 180 min after addition of KST-F-DA. D)-F) Comparison of fluorescence intensities of cells treated with DMSO, NAM, EX-527, or AGK2 or serum
starved. Fluorescence intensities of regions of interest (inside cells) for each set of conditions were calculated with ImageJ. The results are means + SDs

(n=10). Asterisks show statistical significances examined by Bonferroni-type mult

iple t-test: **p <0.01, ***p <0.001.
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spectra were recorded with a JEOL JMS-T100LC mass spectrometer
equipped with a nanospray ion source. UV/Vis absorption spectra
were recorded with a UV-1800 spectrophotometer. Fluorescence
spectra were recorded with an RF-5300PC fluorimeter. Analytical
HPLC was performed with a Shimadzu pump system equipped
with a reversed-phase ODS column (Inertsil ODS-3 4.6 x 150 mm,
GL Science) at a flow rate of 1.0 mLmin~'. Semipreparative HPLC
purification was performed with a JASCO PU-2086 pump system
equipped with a reversed-phase ODS column (Inertsil ODS-3 20 x
250 mm, GL Science) at a flow rate of 10 mLmin~". Microplate fluo-
rescence assay was performed with an ARVO X5 platereader (Per-
kinElmer). Confocal fluorescence images were taken with an 1X-71
(Olympus) equipped with disc scanning unit. Recombinant human
SIRT1 was purchased from R&D Systems, SIRT2 and SIRT3 were pur-
chased from ATGen, and SIRT4 and SIRT6 were purchased from Bio-
Vision. Amino acids and resin were purchased from Watanabe
Chemical Industries, Ltd. All other reagents and solvents were pur-
chased from Sigma-Aldrich, Tokyo Chemical Industry Co., Ltd.
(TCl), Wako Pure Chemical Industries, Nacalai Tesque, or Kanto
Kagaku and used without further purification. Flash column chro-
matography was performed with silica gel 60 (particle size 0.032-
0.075) supplied by Taikoh-shoji.
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