Chemical
Science

rsc.li/chemical-science

ROYAL SOCIETY
OF CHEMISTRY

(3

ISSN 2041-6539

EDGE ARTICLE

Yuan Guo, Jian Li et al.

First-generation species-selective chemical probes for
fluorescence imaging of human senescence-associated
B-galactosidase

Volume 1
Number 28

28 July 2020
Pages 7269-7514




Open Access Article. Published on 17 June 2020. Downloaded on 12/4/2025 1:17:41 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

#® ROYAL SOCIETY

Chemical
P OF CHEMISTRY

Science

View Article Online
View Journal | View Issue

EDGE ARTICLE

First-generation species-selective chemical probes
for fluorescence imaging of human senescence-
associated p-galactosidaset

i '.) Check for updates ‘

Cite this: Chem. Sci., 2020, 11, 7292

8 All publication charges for this article
have been paid for by the Royal Society
of Chemistry Xiaokang Li, © 12 Wenjing Qiu,+* Jinwen Li, © 2 Xi Chen,° Yulu Hu,? Ying Gao,?
Donglei Shi,? Xinming Li,? Huiling Lin,® Zelan Hu,® Guogiang Dong,©

Chunquan Sheng,® Bei Jiang,® Conglong Xia,? Chu-Young Kim, © ¢ Yuan Guo @ *®

and Jian Li @ *ad

Human senescence-associated B-galactosidase (SA-B-gal), the most widely used biomarker of aging, is
a valuable tool for assessing the extent of cell ‘healthy aging” and potentially predicting the health life
span of an individual. Human SA-B-gal is an endogenous lysosomal enzyme expressed from GLBI, the
catalytic domain of which is very different from that of E. coli B-gal, a bacterial enzyme encoded by lacZ.
However, existing chemical probes for this marker still lack the ability to distinguish human SA-B-gal
from B-gal of other species, such as bacterial B-gal, which can yield false positive signals. Here, we show
a molecular design strategy to construct fluorescent probes with the above ability with the aid of
structure-based steric hindrance adjustment catering to different enzyme pockets. The resulting probes
normally work as traditional SA-B-gal probes, but they are unique in their powerful ability to distinguish
human SA-B-gal from E. coli B-gal, thus achieving species-selective visualization of human SA-B-gal for
the first time. NIR-emitting fluorescent probe KSL11 as their representative further displays excellent

species-selective recognition performance in biological systems, which has been herein verified by
Received 1st March 2020

Accepted 17th June 2020 testing in senescent cells, in lacZ-transfected cells and in E. coli-B-gal-contaminated tissue sections of

mice. Because of our probes, it was also discovered that SA-B-gal content in mice increased gradually
with age and SA-B-gal accumulated most in the kidneys among the main organs of naturally aging mice,
suggesting that the kidneys are the organs with the most severe aging during natural aging.
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processes behind aging or aging-related diseases.*® Since the
progressive accumulation of senescent cells is an important
contributing factor toward aging,”** markers of cellular senes-
cence play a crucial role in probing aging in which senescence-
associated B-galactosidase (SA-B-gal), the most widely used
biomarker today, is the gold standard for senescence
detection."™*?

Introduction

Aging is the time-dependent decline in physiological function
that affects all living organisms, and is also the most serious
risk factor for numerous non-communicable diseases.”
Biomarkers of aging can help researchers narrow their research
scope to specific biological levels when explaining the biological
Detection of senescent cells relies on 5-bromo-4-chloro-3-

indolyl-B-p-galactopyranoside (X-gal), a commonly used chro-
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mogenic substrate for SA-B-gal, but it is limited to use in vitro or
in fixed cells."»** Fluorescence imaging is thought to be
a powerful approach for tracing biomarkers in vivo because of
its high sensitivity, non-invasive nature, and good spatial and
temporal resolution.”** As a result, several fluorescence-based
probes for the detection of this enzymatic activity have been
developed by introducing the galactosidic bond in the
B configuration as an SA-B-gal recognition site.**>* However, the
probes designed by this strategy can only achieve the indis-
criminate recognition of B-galactosidase (B-gal). To the best of
our knowledge, none of them is capable of distinguishing SA-B-
gal from B-gal of different species, especially the selective
identification of human endogenous p-gal rather than

This journal is © The Royal Society of Chemistry 2020
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exogenous bacterial B-gal, which is essential for precisely
tracking aging because of the bacterial infection that occurs
commonly and remains a challenge.

Human SA-B-gal is an endogenous lysosomal enzyme
expressed from GLB1, a gene that found in most mammals. In
the field of human f-gal recognition, E. coli B-gal, a bacterial
enzyme encoded by lacZ, was routinely applied as the substitute
enzyme of human B-gal in vitro,>**” as well as lacZ-transfected
cells enriched by E. coli B-gal were commonly used as model
organisms.”**' However, unlike human B-gal, bacterial B-gal is
neither a lysosomal enzyme nor associated with senes-
cence.’**>3 Although human B-gal shares a similar catalytic
mechanism with E. coli B-gal, by comparing their catalytic
domains, we found that this domain of human p-gal was very
different from that of E. coli B-gal (pink for human f-gal, yellow
for E. coli B-gal, RMSD = 6.236 A), while it was very similar to
that of its homologous Aspergillus oryzae (A. oryzae, a fungus) p-
gal (pink for human B-gal, cyan for A. oryzae B-gal, RMSD =
1.002 A) (Fig. 1).** Therefore, the structural difference of B-gal
from various species should be carefully considered for con-
structing B-gal probes. We propose here that A. oryzae B-gal is
a more suitable SA-B-gal model than E. coli B-gal, which has
been confirmed by our following experimental results.

The aforementioned concerns encourage us to develop
a fluorescence system for precisely tracking human SA-B-gal in
natural aging biological samples, which relies on unprece-
dented fluorescent probes with the ability to selectively detect
human SA-B-gal without interference from E. coli B-gal (Fig. 2).
We now wish to introduce a design strategy to generate probes
with the above ability, which builds on structure-based steric
hindrance adjustment catering to the two different enzyme
pockets and screening based on A. oryzae B-gal in vitro. Herein,
we report on twelve novel probes KSLO1-KSL12 with different
steric hindrance around the recognition group G (Fig. 3). They

b

Pink: human B-gal
Yellow: E. coli B-gal

Shape 1
L 2

Catalytic domains

Pink: human B-gal

>,
Catalytic domains

Fig. 1 Comparison of protein structures of B-gal from different
species. (a) Superimposition of the catalytic domains of E. coli $-gal
and human B-gal (upper). Superimposition of the catalytic domains of
A. oryzae B-gal and human B-gal (lower). (b) Shape I: shape of the
binding pocket of human B-gal with galactose; Shape IlI: shape of the
binding pocket of E. coli B-gal with galactose. The Ms volume, pocket
Ms area, and mouth Ms area for human B-gal vs. E. coli B-gal are 457.2
A3 vs. 280.1 A%, 231.1 A% vs. 261.2 A, 86.4 A2 vs. 41.0 A2, respectively.
The pockets were analysed by CASTP.>*
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Fig. 2 Identification of human SA-B-gal from E. coli B-gal using
species-selective chemical probe. (a) Selective enzyme-triggered
hydrolysis of species-selective probe KSL11 by SA-B-gal but not E. coli
B-gal. (b) Schematic representation of the recognition process of SA-
B-gal and E. coli B-gal with the traditional type of probe and KSL11.

can sensitively sense the endogenous SA-B-gal in living cells,
and emit multicoloured fluorescence from green to near-
infrared (NIR), providing a wide range of colour choice for
various imaging requirements. More importantly, KSLO8-
KSL12 are successfully screened out because they desirably
respond to A. oryzae B-gal but not E. coli B-gal, thus achieving
species-selective visualization of B-gal for the first time. KSL11
as the representative of the first generation of species-selective
probes shows powerful ability to distinguish SA-B-gal from E.
coli B-gal, which has been herein verified by testing in sen-
escent cells, in lacZ-transfected cells and in E. coli-B-gal-
contaminated tissue sections of mice. Moreover, using KSL04
and KSL11, it was further discovered that SA-B-gal content in
mice increased gradually with age and SA-B-gal accumulated
most in kidneys among the main organs including lung, heart,
muscle, brain, spleen, liver, and kidney, indicating that
kidneys are the organs with the most severe aging during
natural aging.

Results and discussion

Structure-based rational design to generate species-selective
B-gal probes

Since A. oryzae B-gal is a more suitable SA-B-gal model in vitro
than E. coli B-gal, our first step was to develop probes that
selectively recognize A. oryzae B-gal. We started with the 2-(2'-
hydroxyphenyl)benzothiazole (HBT) scaffold due to its flexibility
in structural modification and steric hindrance adjustment
around the enzyme recognition group. Besides, HBT is one of
the most common excited-state intramolecular proton transfer
(ESIPT)-based fluorophores and characterized by several

Chem. Sci., 2020, 1, 7292-7301 | 7293
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Fig. 3 Structure-based “step by step” rational design of B-gal fluorescent probes. (a) Structures of KSL0O1-KSLO4 with EWGs on the 3’-position.
(b) Structures of KSLO5-KSL12 with EWGs on the 5'-position. “+" means that the probe could be hydrolysed by the corresponding B-gal; “—"

means that the probe could not be hydrolysed by the corresponding -

gal; "+" means KSLO7 responded slowly to E. coli B-gal. (c) Excitation

wavelength (1ex) and maximum emission wavelength (Aen,) of KSLO1-KSL12.

attractive innate features suitable for fluorescence imaging.*
The first probe KSLO1 was designed in which a B-galactopyr-
anoside unit carrying a self-immolative p-cresol linker was
linked to the phenolic oxygen of HBT as the enzyme-triggered
moiety, and an electron-withdrawing aldehyde group was
introduced on the 3’-position of HBT skeleton to enhance the
intramolecular charge transfer (ICT) effect (Fig. 3a). To inves-
tigate the binding ability of this HBT-based probe to B-galac-
tosidase, a mutant E. coli B-gal with low catalytic activity and
high structural conservatism was constructed. The crystal
complex data revealed that KSLO1 could successfully enter the
catalytic pocket of B-gal (Fig. 4), which greatly inspired us to
sequentially design probes based on HBT scaffold. Subse-
quently, KSL02-KSL04 were designed by extending the -
conjugate system and increasing the size of the electron-
withdrawing group (EWG) of KSLO1. However, KSL01-KSL04

7294 | Chem. Sci.,, 2020, 1, 7292-7301

all were unable to distinguish A. oryzae B-gal from E. coli B-gal in
view of the existence of a p-cresol linker, which made the HBT
fragment stay at the edge of the enzyme catalytic pocket and
with a large extensible space.

Further, probes KSL0O5-KSL07 were constructed in which the
B-galactopyranoside unit was directly bound to the HBT
phenolic oxygen atom and different sized EWGs were intro-
duced on the 5'-position (Fig. 3b). It was worth noting that all of
them could be hydrolysed by A. oryzae B-gal. Compared with
KSLO05 and KSL06, KSLO7 exhibited unusual slow respond rate
and incomplete hydrolysis to E. coli B-gal. Hence, we speculated
that the length of the m-conjugate chain and the size of the 5'-
substituents might jointly influence the enzyme-triggered
hydrolysis reaction, and KSL08-KSL012 were constructed
based on this conjecture by extending the m-conjugated chain of
KSLO5 and KSLO6, respectively. As expected, they selectively

This journal is © The Royal Society of Chemistry 2020
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Fig. 4 Crystal structure of E. coli B-gal E537Q in complex with KSLO1
(PDB ID: 6KUZ). (a) Interaction network between E. coli B-gal E537Q
and probe KSLO1 in domain B, and the electron density for KSLO1 in
domain B (2F,—2F. map contoured at 1.0, blue mesh). Carbon atoms
of the bound probe and protein are shown in orange and grey,
respectively. Oxygen, nitrogen and sulphur atoms are shown in red,
blue and yellow, respectively. Yellow dashed lines indicate hydrogen
bonds. (b) Surface representation of E. coli B-gal E537Q domain B with
KSLO1.

recognized A. oryzae B-gal and barely responded to E. coli $-gal.
The responses of probes to E. coli B-gal and A. oryzae B-gal were
confirmed by in vitro optical analysis experiments by recording
UV-vis absorption and fluorescence emission (Fig. 5 and S2-
S4t). The responses of probes to human f-gal were confirmed
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Fig.5 Spectral profiles of representative probes KSL04 (non-species-
selective) and KSL11 (species-selective). (a—f) Fluorescence spectra of
KSLO4 (10 uM) and KSL11 (10 uM) respectively incubated with different
species of B-gal at 37 °C in PBS buffer (10 mM, containing 1% DMSO);
KSLO4, Aex = 435 nm; KSL11, Ao = 425 nm. KSLO4 (a) and KSL11 (c)
were incubated with A. oryzae B-gal (10 U mL™Y) in pH = 4.5 buffer.
KSLO4 (b) and KSL11 (d) were incubated with E. coli B-gal (10 U mL™Y) in
pH = 7.4 buffer. (e and f) Fluorescence spectra of KSLO4 (10 uM) or
KSL11 (10 pM) upon titration with increasing concentrations of A.
oryzae B-gal. (e) KSLO4, inset: the relationship between lgg; nm and A.
oryzae B-gal concentrations. (f) KSL11, inset: the relationship between
ls62 nm/ls70 nm and A. oryzae B-gal concentrations.
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by cell fluorescence imaging and the results revealed that all our
probes worked well in human cells (Fig. 6a). All in all, we made
full use of the structure-based “step by step” design strategy and
eventually discovered the species-selective probes to distinguish
human SA-B-gal from E. coli B-gal for the first time.

These HBT-based fluorescent probes were synthesized as
outlined in the ESIf and unambiguously characterized (see
ESIY).

Crystal structure of E. coli B-gal E537Q in complex with KSL0O1

In order to catch the fluorescent probes bound in E. coli f-gal
crystals, we made the active site mutant E537Q for co-
crystallization and obtained the crystals of this mutant in
complex with fluorescent probe KSLO1 (PDB ID: 6KUZ) (Fig. 4
and Table S11). The resolution of this crystal structure is 2.83 A
with an R-work value of 0.1817 and an R-free of 0.2243 respec-
tively. In each asymmetric unit of the crystal, there are four
monomers of the protein, forming a compact tetramer, as
illustrated in previous studies.***” This reinforces the functional
importance of being a tetramer of E. coli f-gal. At the active sites
of the four monomers, the electron densities of the fluorescent
probe KSLO1 inside the binding pocket can be contoured.
However, the electron densities of the probes positioned
outside of the binding pocket are absent presumably due to the
flexibility of this part of the probe and less interactions with the
protein. The probe inside binds in the “deeper mode”,*” and the
flexible loop 794-803 is open. As presented in Fig. 4, there are
several hydrogen bonds between the galactosyl part of the probe
and the protein. In addition, there is a -7 stacking interaction
between the benzyl ring of the probe and Trp999 from the
protein. Thus, the design of the galactosyl part and the benzyl
ring can help the binding of this fluorescent probe to E. coli B-
gal. As a matter of fact, this probe can also be recognized by A.
oryzae B-gal and human B-gal, and initially, the design of this p-
cresol is to let it function as a linker. As shown in Fig. 4b, the p-
cresol linker leads the other part of the fluorescent probe to
avast external space of the E. coli B-gal, which is the basis of why
fluorescent probes KSL01-KSL04 could be recognized by E. coli
B-gal. A similar hypothesis could be proposed for the mecha-
nisms of recognition of these fluorescent probes by A. oryzae B-
gal and human B-gal.

Since the crystal structures of wild-type B-gal with galactose
from the three species are all available, we were able to model
the novel fluorescent probe KSLO5 in the three structures and
make a comparison. As shown in Fig. S1,T KSLO5 can bind well
to B-gal from all three species with no clashes, which means
that the binding pocket is able to accept another heterocyclic
ring. However, if we want to extend the terminal of this probe
in the three structures, it is evident that the steric hindrance
for the extended probe to bind to E. coli B-gal is larger than that
for A. oryzae B-gal or human B-gal. This observation is in
accordance with the discovery we found that fluorescent
probes KSL08-KSL12 were able to respond to A. oryzae B-gal
and human B-gal but not E. coli B-gal. These are the first re-
ported fluorescent probes that can distinguish among B-gal
from different species.

Chem. Sci., 2020, 1, 7292-7301 | 7295
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Fig. 6 Multicolour imaging of endogenous human B-gal in living cells by KSLO1-KSL12 and intracellular colocalization of representative probes
KSLO4 and KSL11 in MRC5 cells. (a) Confocal fluorescence images of senescent MRC5 cells (Passage 25) and SKOV3 cells sequentially incubated
with KSLO1-KSL12 (10 uM for each one) for 30 min at 37 °C, respectively; scale bar: 20 um. (b and c) Intracellular localization of KSLO4 (b) and
KSL11 (c) in senescent MRC5 cells; cells were incubated with KSLO4 (10 pM) or KSL11 (10 uM) for 20 min and then co-stained with 1 uM
LysoTracker (LysoGreen) for 30 min, 200 nM MitoTracker Green FM for 30 min, or 1 uM ER-Tracker Green for 20 min; plots in column 4 represent
the intensity correlation plot of dyes and probes; column 5 represents cross-sectional analysis along the white arrow in the insets. Red channel:
Aex = 405 nm, Aepn = 660-750 nm; green channel for LysoTracker: Aex = 458 nm, Aem, = 480-520 nm; green channel for MitoTracker and ER-

Tracker: Aex = 488 nm, Ao = 495-550 nm. Scale bar: 20 pm.

Spectroscopic properties and optical response to different
species of B-gal

The absorption and emission spectra of probes KSL01-KSL12
before and after the addition of B-gal were investigated in
physiological buffer solution (PBS : DMSO = 99 : 1, v/v, pH 4.5
for A. oryzae B-gal, pH 7.4 for E. coli B-gal) (Fig. 5a-d and S2-
S4t). Upon titration with 10 U mL™" A. oryzae B-gal, the twelve
probes all exhibited light-up fluorescent signals and dramatic
bathochromic shift of the maximum emission wavelength. As
for titration with E. coli B-gal, KSLO1-KSL06 showed similar
results to titration with A. oryzae B-gal, KSLO7 exhibited slow
response rate and incomplete hydrolysis, while KSLO8-KSL12
exhibited negligible fluorescence changes compared with the
signals of probes alone, demonstrating that they selectively
recognize A. oryzae B-gal but not E. coli B-gal. The plots of the
fluorescence  intensity = ofKSLO1-KSL12against  different
concentrations of A. oryzae B-gal all showed good linear rela-
tionship (with R* greater than 0.99) (Fig. 5e, f and S51). More-
over, these probes exhibited low limit of detection (2.61 x 10>
to 9.29 x 107> U mL™', Table S2t), demonstrating their
potential in detecting low concentration of endogenous B-gal.
Meanwhile, the fluorescence quantum yields (®r) and molar
extinction coefficients (&) of all probes and their hydrolysates
were calculated and summarized in Table S21 for comparison.
Next, to evaluate the environment sensitivity of these probes,
the influences of viscosity and polarity on them were examined
respectively. To our delight, except for KSL10 which is sensitive
to strong polarity, the other eleven probes did not show polarity

7296 | Chem. Sci., 2020, 1, 7292-7301

or viscosity sensitivity (Fig. S6 and S7t). Better still, there are
three probes with the maximum emission reaching near-
infrared (KSLO4, KSL11, KSL12, ., = 660 nm, Fig. 3c).
Among them, KSL04 was regarded as the representative of the
traditional type of probes, and KSL11 was regarded as the
representative of species-selective probes for its longest
maximum emission wavelength at 662 nm. A further analysis on
the data in Fig. 3 revealed the noticeable structure-activity
relationship for these probes as follows: the maximum emission
wavelength increased with the m-conjugation extension of the
scaffolds; when a EWG was located at the 3’-position of HBT
scaffold, they lost the species-selectivity; when the EWG was
located at the 5’-position of HBT scaffold, their species-
selectivity increased with the m-conjugation extension.

Subsequently, we evaluated the reaction kinetics of KSLO1-
KSL12 upon the addition of 10 U mL ™" A. oryzae B-gal, and the
fluorescence intensity of all probes reached a plateau within
20 min, for some probes only dozens of seconds were needed
(40 s to 20 min, Fig. S87), implying that these probes might be
applied for the rapid detection of B-gal. We next performed the
Michaelis-Menten kinetics assays for the A. oryzae B-gal and the
E. coli B-gal catalysed reactions. Based on the calculation of their
Michaelis-Menten constants (K,,), KSL04 bound well not only
with A. oryzae B-gal (K, = 2.38 pM) but also with E. coli B-gal (Ky,
= 7.64 uM), as shown in Fig. S9,T while KSL11 without reactivity
against E. coli B-gal showed selective binding with A. oryzae B-gal
(Km = 0.54 uM), as presented in Fig. S10.t

This journal is © The Royal Society of Chemistry 2020
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To evaluate the interference caused by other biological ana-
lytes, the selectivity of KSL04 and KSL11 for B-gal toward
a variety of enzyme species, amino acids, and biomolecules was
examined (Fig. S111). The results showed that KSL04 reacted
with E. coli B-gal and A. oryzae B-gal, KSL11 selectively reacted
with A. oryzae B-gal but not E. coli B-gal, and neither of them
responded to other biological analytes, such as esterase, pepsin,
trypsin, cellulase, LZM, DTT, GSH, 1-Cys, Hcy, and H,0,. In
order to gain insight into the sensing mechanism of these
probes to B-gal, high-resolution mass spectrometry (HRMS)
experiments were performed. As illustrated in Fig. S13,7 in the
ensemble system of KSL04 and A. oryzae B-gal, the peak of
cleavage product KSLOH04 was found at m/z 342.0770 for [M —
H] ™, and in the ensemble system of KSL11 and A. oryzae B-gal,
the peak of KSLOH11 were found at m/z 394.1013 for [M — H]".
Furthermore, the aforementioned fluorescence spectra from
reactions of these probes with B-gal resemble the spectra of
cleavage products KSLOHO1-KSLOH12, which also strongly
supported the fact that the enzyme-triggered cleavage reaction
caused the release of free KSLOH fluorophores. All these results
collectively substantiated that these KSL probes could be
hydrolysed by breaking the C-O galactosidic bond with B-gal to
release the KSLOH fluorophores, similar to the sensing mech-
anism of reported B-gal probes.>**” In addition, the released
fluorophores KSLOH04 and KSLOH11 were stable over lyso-
somal pH ranges of 4.0-6.0 and after 30 min of continuous
illumination (Fig. S12+).

Multicolour imaging of endogenous human f-gal in living
cells

Encouraged by the favourable optical properties of KSLO1-
KSL12, we next evaluated their capabilities to image endoge-
nous human B-gal in living cells. MRC5 cells (human diploid
fibroblasts derived from lung tissue) were used as research
objects because they gradually accumulated SA-B-gal with
replicative senescence.’®** Besides, SKOV3 cells with high
expression of -gal were chosen as positive references.?” All the
probes exhibited low cytotoxicity at the tested concentration (10
uM) and enjoyed good biocompatibility toward the three
cultured cell lines (Fig. S14-S167). As shown in Fig. 6a, after
incubation with KSLO1-KSL12 separately, MRC5 and SKOV3
cells both exhibited bright fluorescence signals in the corre-
sponding response channels of probe hydrolysates (Table S37).
The fluorophores released by the KSLO1-KSL12 after enzyme-
triggered hydrolysis showed a broad emission range from
green to red, achieving multicolour imaging of endogenous -
gal in living cells and providing a variety of choices for different
imaging requirements (Fig. S177).

To investigate the subcellular localization capacity, KSL04
and KSL11 were further examined in MRC5 cells by co-staining
with commercially available LysoTracker (LysoGreen), Mito-
Tracker Green FM, and ER-Tracker Green (Fig. 6b and c). The
red channel fluorescence of probes KSL04 and KSL11 almost
completely overlaps with the fluorescence of LysoTracker in the
green channel, with Pearson's correlation coefficient (PCC)
values of 0.94 and 0.95, respectively. However, the fluorescence
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in the red channel of the probes badly overlaps with the green
channel of the other two subcellular trackers, with PCC values
below 0.40. The correlation mapping of the fluorescence
intensity also exhibited excellent colocalization between the
probes and LysoTracker. These results demonstrated that
KSL04 and KSL11 possessed excellent targeting abilities to the
lysosome, wherein SA-B-gal was stored and accumulated in
senescent cells.">*

Quantifying the aging of cells and organs

The content of SA-B-gal gradually accumulates with aging,*® so
the quantification of SA-B-gal can be utilized to evaluate the
aging degree. To investigate the capabilities of our probes in
quantifying cell senescence, MRC5 cells were continuously
cultured until they nearly lost the ability of division and
proliferation. The number of cell passages (P) was recoded to
mark the degree of aging during the cell culture. Generally, both
representative probes KSL04 and KSL11 can be used to detect
SA-B-gal in MRC5 cells and KSL04 can operate in lower back-
ground signal and higher fluorescence quantum yield than
KSL11. Only in infected or lacZ-transfected cells, the species-
selective KSL11 is unique in its powerful ability to distinguish
human endogenous SA-B-gal from bacterial B-gal. Therefore, we
chose KSL04 to image the continuously cultured MRC5 cells
with passage numbers ranging from 22 to 29. As shown in
Fig. 7a and b, the fluorescence intensity gradually enhanced
with the increase of passage number. The fluorescence signal
was relatively weak and underwent subtle changes for P22 and
P23 cells, and it began to rise dramatically from P24 to P27 and
eventually reached a plateau at P28 and P29. Compared with
P22 cells, the fluorescence intensity of P25 to P29 cells showed
significant enhancement (Fig. 7a, b, and S18%). These results
corresponded well with the data acquired by the X-gal staining
assay (Fig. S191). Therefore, KSL0O4 can be applied to quantify
the content of endogenous SA-B-gal to characterize the cell
aging degree, and show the potential to be used to establish
a cellular model of evaluating anti-aging efficacy. Traditional
anti-aging efficacy evaluations are mainly based on the life span
of model animals, which is not only laborious but also time-
consuming. For example, the average life span of Caeno-
rhabditis elegans is 2-3 weeks, Drosophila melanogaster is 2-3
months, and mice is 2-3 years.**"** The efficiency will be greatly
improved if a rapid anti-aging evaluation model at cellular level
is established. Such a cell experiment was attempted by using
KSLO04 to evaluate the changes in fluorescence intensity between
drug-administered group and blank group of senescent MRC5
cells. Rapamycin (Rapa), a widely reported anti-aging drug, was
used as positive drug.*>*® As shown in Fig. 7a and b, senescent
MRC5 (P29) cells were incubated with rapamycin for 3 days
before staining with KSL04, and their fluorescence intensity
significantly decreased in a dose-dependent manner compared
to the blank sample. Hence, our B-gal probes exhibited the
potential to be used to build a sensitive and efficient anti-aging
efficacy evaluation model at the cellular level.

Since the aging rate varied for different organs with age, we
wondered which one would undergo the most marked
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Fig. 7 Aging evaluation of continuously cultured MRC5 cells and organs of naturally aging mice by KSL0O4 and KSL11. (a) Confocal fluorescence
images of MRC5 cells incubated with KSLO4 (10 uM) at various stages of replicative senescence (passage numbers ranging from 22 to 29), and
senescent MRC5 cells (P29) incubated with Rapa (10 and 25 nM) for 3 days before labelling KSLO4 (10 uM); scale bar: 20 pm. (b) Quantified
fluorescence intensity of (a) and Fig. S18;T error bars represent the standard deviation (+S.D.) with n = 4. (c) Representative images of kidney
sections from 1-, 13-, and 23-month-old C57BL/6J male mice incubated with KSLO4 (10 uM), KSL11 (10 pM), and X-gal (1 mg mL™), respectively;
scale bar: 100 um. (d) Schematic diagram of kidneys changes with natural aging sensed by our $-gal probes. (e) Quantified fluorescence intensity
of KSLO4 (10 uM) in PBS and the seven main tissue sections from 1-, 13-, and 23-month-old C57BL/6J male mice (Fig. S20-S22%) after incubation
with KSLO4 (10 uM) for 1 h at 37 °C, n = 5. (f) Quantified fluorescence intensity of KSL11 (10 pM) in PBS and the kidney sections from 1-, 13-, 23-
month-old C57 male mice after incubation with KSL11 (10 uM) for 1 h at 37 °C; error bars represent the standard deviation (+S.D.) withn = 5. Red

channel: Aoy = 405 NM, Aem = 660750 nm. *P < 0.1, **P < 0.05, ***P < 0.001, two-sided Student's t-test.

senescence-related changes. Driven by this curiosity, we con-
structed a natural murine model of aging, with 1-, 13-, and 23-
month-old C57BL/6] male mice. Their main organs, including
lung, heart, muscle, brain, spleen, liver, and kidney, were sliced
and observed by confocal microscopy. Upon incubation with
KSL04 for 1 h at 37 °C, the fluorescence intensity of kidney
sections was dramatically stronger than that of the other 6
organ sections and significantly increased with age (Fig. 7c-e,
S21 and S221). This result was also confirmed by the naked-eye
observation of the X-gal staining assay (Fig. 7c and S23t). The
section results indicated that SA-B-gal accumulated most in the
kidneys over other main organs, and its content increased
significantly in kidneys with age. Although some studies have

7298 | Chem. Sci, 2020, N, 7292-7301

reported that kidneys are sensitive organs with aging through
several senescence-associated markers,*”*° they lack compar-
ison of the kidneys with other main organs. As far as we know,
this is the first time to investigate the aging of diverse organs in
a natural aging mouse model using a fluorescent approach and
discover that the kidneys are the organs with the most severe

aging.

Species-selective probe eliminates the interference from E.
coli B-gal and bacterial infection

As we all know, bacterial infection is a common pathological
condition, and B-gal secreted by bacteria may interfere with the

This journal is © The Royal Society of Chemistry 2020
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accurate detection of SA-B-gal.”>** In order to verify whether our
species-selective -gal probes are effective at eliminating the
false positive test results caused by bacterial infection, a lacZ
gene transfection assay, a chemically induced senescence
model of human cells, and a simulated E. coli infection model
were performed. To generate bacterial B-gal in living cells, the
lacZ gene was introduced into 293T and HepG2 cells by
employing a pLVX-Puro-LacZ plasmid transfection method to
overexpress E. coli B-gal, which was clearly demonstrated by
a western blot assay (Fig. S247). After incubation with KSL04 (10
uM) at 37 °C for 30 min, the lacZ-(+) HepG2 and 293T cells with
overexpressed E. coli B-gal exhibited a dramatically enhanced
fluorescence in the red channel, while the fluorescent signal
was barely observed for the lacZ-(—) HepG2 and 293T cells due
to the relative low expression of endogenous B-gal in human
hepatocellular carcinoma cells (Fig. 8a and S251). However,
there were negligible fluorescence changes were observed in the
red channel between the lacZ-(—) and lacZ-(+) cells after incu-
bation with the species-selective B-gal probe KSL11, demon-
strating that KSL11 hardly recognizes the lacZ-encoded E. coli B-
gal (Fig. 8a and S257). Further, a senescence model of human
hepatocellular carcinoma cells (Hep3B) with the increase of SA-
B-gal content was established by incubation with DNA-
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replication kinase CDC7 inhibitor LY3177833,° which was
verified by western blot assay (Fig. S24}) and X-gal staining
assay (Fig. S267). As shown in Fig. 8b, the fluorescence intensity
of LY3177833-treatment samples were much stronger than that
of the control samples after staining with either KSL0O4 or
KSL11, indicating that both of them could respond to SA-B-gal
in senescent cells. The fluorescence quantitative histograms
(Fig. 8c and d) evidently demonstrated that KSL04 exhibited
significant fluorescence enhancement along with the increase
of whatever SA-B-gal induced by LY3177833 or E. coli B-gal
generated by lacZ transfection, while KSL11 barely responded to
the overexpressed E. coli B-gal and species-selectively identified
the SA-B-gal, which corresponded to the results of in vitro optical
analysis experiments.

In order to investigate the application of species-selective
KSL11 in bacterial infection samples, a simulated E. coli infec-
ted model was established by staining the kidney sections with
200 U mL™" of E. coli B-gal. The E. coli-B-gal-contaminated
sections were treated with KSL04 (10 uM) and KSL11 (10 pM)
at 37 °C for 1 h before fluorescence imaging. As shown in
Fig. 8e, the KSL04-labelled section exhibited a bright fluores-
cence in red channel, while the KSL11-labelled section dis-
played subtle fluorescence changes compared to those of the
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Fig. 8 Comparison of non-selective KSLO4 and selective KSL11 in the detection of different biological samples. (a and b) Confocal images of
HepG2 or Hep3B cells co-stained with probe (10 pM KSLO4 or 10 uM KSL11) and Hoechst (2 pg mL™2), respectively; scale bar: 20 um. (a) lacZ-(—)
HepG2 cells without overexpressed E. coli B-gal, and lacZ-(+) HepG2 cells with overexpressed E. coli B-gal; intensity of laser line UV (405 nm):
10%; gain of PMT (660-750 nm): 700. (b) Hep3B cells were cultured in the presence or absence of the CDC7 inhibitor LY3177833 (senescence
inducer) at 10 uM concentration for 4 days before staining with probes; intensity of laser line UV (405 nm): 10%; gain of PMT (660-750 nm): 900.
(c) Quantified fluorescence intensity in red channel of (a); error bars represent the standard deviation (£S.D.) with n = 4. (d) Quantified fluo-
rescence intensity in red channel of (b); error bars represent the standard deviation (+S.D.) with n = 4. (e) Confocal images of E. coli-B-gal-
contaminated kidney sections after incubation with KSL04 (10 uM) and KSL11 (10 pM) for 1 h, respectively; the kidney sections were derived from
a1 month-old C57BL/6J male mouse and pretreated with 200 U mL™ E. coli B-gal solution for 0.5 h at 37 °C; scale bar: 100 um; intensity of laser
line UV (405 nm): 20%; gain of PMT (660-750 nm): 900. Blue channel: A¢x = 405 nm, Aepn = 430—-490 nm; red channel: Aex =405 nm, A¢, = 660—
750 nm. n.s. indicates no significance difference, ***P < 0.001, two-sided Student's t-test.
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blank or non-contaminated control section, indicating that the
KSL11 was protected from the interference of exogenous B-gal
produced by bacterial infection conditions.

Conclusions

We have proposed an unprecedented species-selective visuali-
zation strategy for human SA-B-gal, an endogenous lysosomal
enzyme, to improve the reliability of probing aging. Regarding
the species differences of B-gal, we have observed that A. oryzae
B-gal shares the same specificity with the human B-gal, thus
being a suitable SA-B-gal model in vitro; however, E. coli B-gal, as
the most common bacterial B-gal, belongs to another family
and, in some cases, interferes with the detection of SA-B-gal. To
this end, we have designed and synthesized potential species-
selective probes KSLO1-KSL12 for the identification of SA-B-
gal with the aid of structure-based steric hindrance adjustment
catering to the different pocket shapes of A. oryzae B-gal and E.
coli B-gal. Interestingly, all these compounds can work for A.
oryzae B-gal and emit over a green-to-NIR spectral region, thus
providing a wide range of colour choices for imaging this
enzyme. Better still, KSLO8-KSL12 as the first generation of
species-selective probes have been screened out because they
desirably respond to A. oryzae B-gal but not E. coli B-gal. As
demonstrated by the imaging results, using our rationally
designed and screened species-selective probe KSL11, the
selective visualization of SA-B-gal without interference from
bacterial B-gal in biological samples has been achieved.
Furthermore, using KSL04 and KSL11, it has been discovered
that SA-B-gal content in mice increased gradually with age and
SA-B-gal accumulated most in kidneys among the main organs
including lung, heart, muscle, brain, spleen, liver, and kidney,
revealing the kidneys as the organs with the most severe aging
during the aging process. Therefore, our unique fluorescence-
based SA-B-gal detection system offers a promising tool for
identifying aging and evaluating anti-aging drugs and will pave
the way to explain the biological processes behind aging or
aging-related diseases.
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