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Transferases are enzymes that exhibit multisite migration characteristics. Significantly, enzyme activity
undergoes changes during this migration process, which inevitably impacts the physiological function of
living organisms and can even lead to related malignant diseases. However, research in this field has
been severely hindered by the lack of tools for the simultaneous and differential monitoring of site-
specific transferase activity. Herein, we propose a novel strategy that integrates a fluorescence signal
response with high sensitivity and an optical rotation signal response with superior spatial resolution. To
validate the feasibility of this strategy, transferase y-glutamyltransferase (GGT) was used as a model
system to develop dual-mode chiral probes ACx-GGTB (AC17-GGTB and AC15-GGTB) using chiral
amino acids as specific bifunctional recognition groups. The probes undergo structural changes under
GGT, resulting in the release of bifunctional recognition groups (chiral amino acids) and simultaneously

generate fluorescence signals and optical rotation signals. This dual-mode output exhibits high sensitivity
Received 23rd May 2024 - . . . . . . . .

and facilitates differentiation of sites. Furthermore, it enables simultaneous and differential detection of
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GGT activity at different sites during migration. We anticipate that probes developed based on this

DOI: 10.1039/d4sc03387f strategy will facilitate imaging-based monitoring of the activity for other transferases, thus providing an
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Introduction

Transferases can facilitate the transfer of various functional
groups from one substrate to another. These enzymes include
transmethylase (e.g., glutathione S-transferase),' transaminase
(e.g., y-glutamyltransferase, GGT),> hexokinase (e.g., glycosyl-
transferase),® phosphorylase,* and so on. The catalytic transfer
function of transferases is crucial for numerous essential
physiological processes in cells and organisms.'® For example,
GGT plays a pivotal role in glutathione metabolism and
homeostasis.”® It exhibits widespread distribution across
various cellular organelles and serves as a significant clinical
marker for hepatobiliary diseases.’®' Another characteristic
feature of transferases is their ability to undergo multisite
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imaging platform suitable for the real-time tracking of transferase activity changes during migration.

migration within cells, ultimately localizing at a different site
from the site of generation. For example, GGT is synthesized
and processed in the endoplasmic reticulum (ER) before being
translocated to the cytomembrane.” This property is ubiqui-
tous among most transferases. Thus, alterations in transferase
activity at different sites during metastasis, from the initial
generation site to the final aggregation site, have profound
implications for various physiological functions and ultimately
contribute to malignant diseases.'>'* Monitoring these dynamic
changes in activity across different locations represents an
important frontier in transferase research. However, the rapid
fluctuations in transferase activity and occurrence of numerous
cellular reactions are a significant challenge for the monitoring
of enzyme activity during migration.

At present, most of the reported probes for monitoring
enzyme activity at a cellular single-site (such as the mitochon-
dria, ER and cell membrane) rely on fluorescence response
mode,"* for example, a photo-crosslinking probe with high
resolution for nitroreductase at the mitochondria,' a highly
sensitive fluorescent probe for carboxylesterase-2 at the ER,'®
and a solid-state luminescent probe for GGT at the cell
membrane.”” However, there are currently no reported fluores-
cent probes capable of the real-time monitoring of transferase
activity along the migration pathway with high spatial resolu-
tion at multiple sites.*® Therefore, how to optimize the high
spatial resolution of fluorescent probes and construct a new
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(a) Schematic for fluorescence-plane polarization dual-mode imaging and the corresponding molecular skeleton of chiral probes. (b)

Bifunctional recognition groups for different kinds of transferases (RY). They are chiral amino acids and named Tran. Among them, GSTB and GST
for glutathione S-transferase, GTB and GT for glycosyltransferase, GGTB and G for y-glutamyltransferase. (c) Fluorescent-plane polarization
dual-mode probes for typical transferase-GGT. AC, fluorophore. R?, alkyl chain groups to adjust the water—oil amphiphilicity of the probes. The

red glows indicate the chiral carbon atom.

method for monitoring multi-site transferase activity is the
focus and difficulty of this work.

Molecular chirality can induce plane polarization and
exhibit optical rotation signals.** Thus, plane polarization
microimaging can be used to monitor biomacromolecules in
real-time at multiple sites with high spatial resolution.’”*® This
property might make up for the shortcomings in the

16292 | Chem. Sci., 2024, 15, 16291-16299

fluorescence imaging of transferase activity based on the above
traditional fluorescent probes. And in many cases the inherent
optical rotation of biomolecules such as collagen can be
monitored. Alternatively, optical rotation signals from biolog-
ical stains such as chiral (hematoxylin) or non-chiral (eosin)
have been used to monitor the chiral biomolecules.***** And the
binding of fluorescently tagged drugs with protein targets has

© 2024 The Author(s). Published by the Royal Society of Chemistry
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been monitored using changes in optical rotation.”” These
mean that the chiral probes based on plane polarization
imaging technology are expected to monitor the multi-site
transferase activity in living cells with high spatial resolution.
However, a limitation of plane polarization imaging is its low
sensitivity. Therefore, we propose a novel design strategy
(Fig. 1a) for transferase probes by introducing chiral recogni-
tion groups (Fig. 1b) at one end of the probes as recognition
groups to simultaneously activate the changes in both highly
sensitive fluorescence and high spatial resolution optical rota-
tion. We anticipate that this strategy would address the limi-
tations associated with using just fluorescence or plane
polarization imaging methods.

Results and discussion
Probe design

To validate the feasibility of this design strategy, GGT was
selected as a typical representative example due to its diverse
intracellular metastatic properties and high expression levels
during various tumorigenesis processes (e.g., hepatoma,
oophoroma and colorectal carcinoma). We have designed and
synthesized a series of molecules (ACx-GGTB, Fig. 1) capable of
emitting fluorescence-plane polarization dual-mode signals. In
molecular design, chose [6-acetyl-2-
methylaminonaphthalene] (Aceman, AC) as the fluorophore
(Fig. 1) which exhibits significant fluorescence sensitivity due to
intramolecular charge transfer (ICT). In order to achieve the
simultaneous fluorescence and optical rotation signal response,
chiral bifunctional recognition groups N-boc-L-glutamate 1-tert-
butyl ester (GGTB) and r-glutamate (G) for GGT (R, Fig. 1b)
were introduced into ACx-GGTB, whose dissociation can acti-
vate simultaneous alterations in the molecular chiral structure
and intramolecular electron cloud density. The alkyl chain
groups (R? Fig. 1c) are important for regulating water-oil
amphiphilicity,*® thereby enhancing the ability to traverse
organelles possessing different membrane structures, such as
the ER, cell membrane and so on. It is anticipated that this kind
of molecules will exhibit differentiated fluorescence and optical
rotation signal responses, which can be attributed to the
formation of a range of hydrolysates during the enzymatic
reaction with GGT in living cells.

we

Fluorescence and optical rotation signal changes in PBS

Taking AC17-GGTB as an example, the changes in fluorescence
and optical rotation under the action of GGT were verified. A
weak blue fluorescence signal was observed at 422 nm (Fig. 2a,
D pc17-ere = 0.07, Tac17-gere = 2.6 ns) under 325 nm excitation
in the absence of enzymes (Fig. S1t) in PBS (pH = 7.4). However,
the absorbance and fluorescence signals exhibited an increase
(Fig. 2, S1 and S21) when AC17-GGTB reacts with GGT. This was
primarily attributed to the conversion of AC17-GGTB to AC17
(Fig. 3, ®ac17 = 0.21, T5c17 = 2.8 ns), whose structural changes
were also monitored. And the fluorescence intensities of other
intermediate products (AC17-1a, AC17-1b, AC17-2 and AC17-3,
Fig. 3) are similar to that of AC17-GGTB (®aci7-crs = 0.07,

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Response of ACx-GGTB (15 uM) for GGT activity in PBS (pH =
7.4). (a) Emission spectrum of AC17-GGTB for GGT activity (0-0.78 U
ML, Xex = 325 nm). (b) Linear response of AC17-GGTB for GGT
activity in the emission spectrum (a) (l422nm = 3.7 % 10° + 6.1 x 10°
GGT (R? = 0.99)). (c) Dynamic response of AC17-GGTB for GGT
activity (0.39 U mL™2). (d) Local expansion of (c) (63 s in (c) was taken as
0 s). (e) Specific rotation ([a]y) of ACx-GGTB (1.5 g/100 mL) and its
metabolites (1.5 g/100 mL) at 25 °C in dichloromethane. Data are
representative of replicate experiments (n = 5).

®pci7-3 = 0.10) during the reaction of AC17-GGTB with GGT,
which is due to that the bifunctional recognition group GGTB
has not been fully removed, therefore, still inhibiting the fluo-
rescence. A good linear correlation was observed between GGT
activity (0-0.78 U mL™ ") and fluorescence signal intensity at
422 nm for AC17-GGTB (Iyponm = 3.7 x 10° + 6.1 x 10° Cggr,
Fig. 2b). The minimum detection limit of AC17-GGTB for GGT
activity was determined to be 1.78 x 10~ U mL ™. Furthermore,
the response time is rapid within 1.0 s (Fig. 2¢ and d), which is
advantageous for monitoring GGT activity during its transfer
from the generation site to the final aggregation site in living
cells. In addition, under the same conditions (PBS, pH = 7.4),
the fluorescence signal of AC17-GGTB at 422 nm remained
unchanged for 4.0 h, which ruled out the existence of self-
aggregation or dissociation of the probe to affect the detection
of GGT activity (Fig. Slef). And the observed fluorescence
response was only observed in the presence of GGT, while other
coexisting compounds in the cells, including biological
macromolecules, ions and amino acids exhibited negligible
effect on the fluorescence signal (Fig. S31). These results can be
attributed to the specific cleavage by GGT that targets the amide
bond of AC17-GGTB (m/z [mivi+n): 701.4934), resulting in the
production of AC17 (m/zpminm,-su): 424.8876) and GGTB (m/
Zivezn)t 305.1486, Fig. $47). In addition, to further confirm the

Chem. Sci., 2024, 15, 1629116299 | 16293
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Schematic for the changes of probe structure under the action of GGT
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Fig. 4 LC-MS/MS analysis of the transfer and recognition process of
AC17-GGTB in living HepG2 cells. a, LC-MS/MS analysis of the
migration and recognition process of AC17-GGTB in cells. (b) Expan-
sion of the blue area of (a). Incubation concentration: 20 uM. Incu-
bation time: 0.5 h, 4.0 h.

above spectral response results, similar commercial molecules
A (1-(6-amino-2-naphthyl)ethanone) and B (N-(6-acetyl-2-
naphthalenyl)acetamide) were used as controls to test the
change of photophysical properties in different solvents (Fig.
S5, S6 and Table S1t). The photophysical properties of AC17-
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GGTB, AC17 and control molecules (A, B) were found to be
almost identical in solutions other than PBS (pH = 7.4).
However, in PBS, the wavelengths of AC17-GGTB and AC17 were
obviously blue-shifted, and the fluorescence signal intensity
was significantly reduced. These phenomena, combined with
related reports,* were attributed to the introduction of the
longer alkyl chain (C,,Hj;5) within AC17-GGTB. Moreover, it was
also confirmed that the fluorescence signal of AC17-GGTB in
PBS (pH = 7.4) was linearly enhanced with the increase of
concentration (2-12 pM), which again excluded the occurrence
of aggregation affecting its fluorescence signal, and verified the
spectral response results of AC17-GGTB to GGT above (Fig. S71).
And we also verified that AC15-GGTB possesses similar fluo-
rescence recognition performance for GGT activity (Fig. S1, S2,
S3, and S81). Therefore, ACx-GGTB was suitable for the sensitive
fluorescence detection of GGT activity.

When there is a change in the fluorescence signal, it simul-
taneously generates an optical rotation signal change, both of
which are correlated with GGT activity. The specific rotation
([e]n) value for AC17-GGTB was —35.86 (Fig. 2e). However, the

Schematic for the structural changes and site migration of probe in cells
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Fig. 5 Schematic for the structural changes and site migration of the probe in cells. The structure of the probes changes gradually in the cell,

which leads to the transfer from the cytomembrane to the ER.
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Fig.6 Fluorescence imaging of AC17-GGTB in HepG2 cells. (a) One/two-photon fluorescence imaging in HepG2 cells. Single-photon excitation
wavelength = 405 nm, two-photon excitation wavelength = 800 nm, scan range = 420-460 nm. Incubation concentration: 20 uM. Incubation
time: 3.0 h. ACx-GGTB + DON: the cells were first incubated with the inhibitor DON (1.0 mM) for 1.0 h, and then incubated with the ACx-GGTB
(20 uM) for 3.0 h. (b) The high throughput date statistics of the blue channel in the two-photon channel. 1, AC17-GGTB; 2, AC15-GGTB. (c) The
total intensity data in the two-photon channel. (d) Colocalization imaging of AC17-GGTB in HepG2 cells. AC17-GGTB: incubation time: 3.0 h,
excitation wavelength = 405 nm, scan range = 420-460 nm (Blue Channel); ER-Tracker Green: endoplasmic reticulum commercial probe,
incubation time: 0.5 h, excitation wavelength = 488 nm, scan range = 505-555 nm (Green Channel); LysoTracker Red DND-99: lysosome
commercial probe, incubation time: 0.5 h, excitation wavelength = 559 nm, scan range = 580-630 nm (Red Channel); DiD Perchlorate
(DilC18(5)): cell membrane commercial probe, incubation time: 0.5 h, excitation wavelength = 635 nm, scan range = 650-700 nm (Red
Channel). Overlay Channel: fitting diagram of the four channels. Internal PMTs are at 16 bit and 1600 x 1600 pixels, and scan speed is 400 Hz.
Scan: 10 pm.

amide bond within the probes is cleaved upon encountering
GGT. Consequently, AC17-GGTB is converted to achiral AC17,
resulting in the loss of optical activity. The [a], values for the
metabolites AC17-3, AC17, BOC-L-glutamate-1-tert-butyl ester,

© 2024 The Author(s). Published by the Royal Society of Chemistry

and r-glutamate are —0.82, 0, 3.27, and 1.25, respectively. These
experimental results confirm that the probe enables the detec-
tion of GGT activity exploiting differences in optical rotation
signals mediated by GGT activity.

Chem. Sci., 2024, 15, 16291-16299 | 16295
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Fluorescence and optical rotation signal changes and
response mechanism at multiple sites of living cells

The fluorescence and optical rotation response signal changes
originate from the structural changes of AC17-GGTB under the
action of GGT directly. That is, the response mechanism at
multiple sites of living cells was first verified in this section. As
such, the molecular changes of chiral probe AC17-GGTB (20
uM) were assessed in living cells using a Liquid
Chromatography-QExactive Mass Spectrometer (LC-MS/MS,
Fig. 4). AC17-GGTB and its metabolites exhibited high
stability (photostability, Fig. S9;f pH stability, Fig. S10%),
appropriate water solubility (Fig. S111), and low cytotoxicity
towards living cells (Fig. S127). Fig. 4 confirmed the presence of
AC17-GGTB and its metabolites in both experimental groups at
different incubation times (0.5 and 4.0 h), with the levels
increasing over time (Fig. 4 and S11%). Furthermore, the content
of AC17-GGTB at 0.5 h was considered as the baseline, while the
relative amounts of AC17-GGTB, and metabolites AC17-1a/b,
AC17-3, and AC17 in cells at 4.0 h were found to be 5.58, 1.41,
9.23, and 0.83, respectively. This indicated that there are
multiple structural changes of the probe during the recognition
process with GGT in living cells.

We then used quantitative structure-activity relationships**
(QSAR) to verify alterations in the intracellular localization of
AC17-GGTB with specific structural changes during GGT
migration, utilizing the electric charge (Z), the amphiphilicity
index (AI) and the logarithm of the octanol-water partition
coefficient (log P) as evaluation parameters. The analysis results
revealed (Fig. 5) that AC17-GGTB (Al = 7.13, log P = 7.82) could
efficiently localize in the cytomembrane (5 <AI<8, 5 <log P<8).
Subsequently, AC17-GGTB was sequentially transesterated into
primary esterolysis intermediates (AC17-1a and/or AC17-1b)
and secondary esterification products (AC17-2, log P = 5.33) in

AC17-GGTB ™

View Article Online

Edge Article

the complex environment of the cytoplasm, which could be
localized in the cytomembrane and cytoplasm (0 < log P < 6).
Then AC17-2 was further rapidly decomposed into the amino
acid derivative AC17-3 (Al = 4.22, lop P = 5.08, which could be
protonated to form an ammonium salt with Z > 0) with the help
of the cellular microenvironment. It could diffuse to the cyto-
membrane and ER (3.5 < Al < 6, 0 < logP < 6, Z > 0) and
simultaneously react with GGT activity in situ to form AC17. The
QSAR analyses provide preliminary evidence supporting the
localization of AC17-GGTB and its metabolites at different sites
in living cells.

We further investigated the intracellular fluorescence and
optical rotation signals in the recognition process of GGT using
cell imaging. Fig. 6a confirmed a highly sensitive fluorescence
signal at 420-460 nm towards GGT activity, which was achieved
by one-photon (405 nm) or two-photon (800 nm) excitation in
living HepG2 cells when incubated with AC17-GGTB (20.0 pM).
The undifferentiated fluorescence signal of AC17-GGTB and its
metabolites (AC17-3 and AC17) also supported this finding
within the cells (Fig. S14 and S15%). Furthermore, the addition
of 1.0 mM of DON (a typical GGT inhibitor) during pretreatment
resulted in reduced fluorescence signal intensities that were
significantly lower than those observed for untreated cells
(Fig. 6b and c). Additionally, differences in the fluorescence
signal intensity between different sites within the cells were
further observed (Fig. 6d, Marker 1: cytomembrane; Marker 2:
ER; Marker 3: lysosome). The detected fluorescence signal
intensity was strong and sensitive but did not differentiate
between the different sites involved in GGT migration, ie.
Markers 1, 2, and 3.

To further prove the differentiation of signals at different
sites, the optical rotation signal was determined in living model
cells with inhibited GGT activity. As shown in Fig. 7, AC17-GGTB

Max

1: AC17-GGTB
2:AC173
3:AC17
4:GGTB

5: PBS :

2

AC17-GGTB

AC17-3

AC17 GGTB PBS

Fig.7 Plane polarization imaging in model cells. (a) Plane polarization imaging of probe AC17-GGTB and the enzyme metabolites and PBS (pH =
7.4, control) in model cells. (b) The expansion of the green area in (a). (c) Optical rotation signal intensity data statistics in (a). (d) Optical rotation
signal intensity data statistics of the marked sites in (b). [a],, optical activity of the probe and its metabolites; 1, 2, markers in (b). Incubation

concentration: 20 pM. Incubation time: 3.0 h. Scan: 50 mm.
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exhibited an enhance optical rotation signal within the cyto-
membrane region (Marker 1), which was significantly stronger
than other areas (Fig. 7b and d). Intermediate metabolites such
as AC17-3 and GGTB could simultaneously exist in both the
cytomembrane and cytoplasm, while AC17-3 also exhibited
a certain amount of penetration into the ER. Although the
molecules exhibit certain optical rotation activity, their rela-
tively dispersed distribution within the cell resulted in compa-
rable signal intensities between the plasma membrane (Marker
1) and other areas (Marker 2). Meanwhile, the overall optical
rotation signal of AC17, the final product of GGT enzymatic
hydrolysis, is significantly weaker than that of AC17-GGTB due
to nonchiral AC17 lacking inherent optical rotation activity, as
such the optical rotation signals originate from the target site-
cytomembrane or ER. However, there is a significant increase
in the signal intensity of AC17 in the cytomembrane region
(Marker 1) compared to the ER region (Marker 2), facilitated by
differences between these two regions. Additionally, cells
incubated with AC17-GGTB exhibit a significantly stronger
optical rotation signal intensity compared to the control group,
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further confirming that ACx-GGTB can monitor the GGT activity
at different target sites within cells using plane polarization
imaging based on changes in optical rotation activity before and
after recognition by GGT at various cellular locations. There-
fore, combining highly sensitive fluorescence with region-
specific optical rotation enables differential monitoring of
GGT activity along the migration pathways within cells using
ACx-GGTB. Moreover, more significantly, the same polarizing
imaging results were obtained in living tissues (Fig. S16+).

Fluorescence-plane polarization dual mode monitoring of
GGT metabolism in living cells

The normal physiological metabolism model in HepG2 cells
established to further verify the applicability of
fluorescence-plane polarization dual-mode imaging probes for
the monitoring of GGT activity between different sites. HepG2
cells were incubated with AC17-GGTB for various times (10, 30,
60, 90, and 120 min), and simultaneous detection using the
dual-mode imaging signals was performed. Fig. 8 indicates
a minimal fluorescence signal throughout the cytomembrane

was

90 min 120 min

Max

120 min

!-\[‘“
Il\lin

90 min

Average Intensity

30 60
Incubation Time / min

Fig. 8 Fluorescence-plane polarization dual-mode imaging in HepG2 cells. (a) Fluorescence plane polarization dual-mode imaging of AC17-
GGTB for GGT activity in HepG2 cells. (b) and (c) The fluorescence (b) and optical rotation (c) signal intensity data statistics of the marker sites in
(a). Two-photon excitation wavelength = 800 nm, scan range = 420-460 nm (blue channel). Incubation concentration: 20 uM. Scan in fluo-

rescence imaging: 10 pm. Scan in polarization imaging: 10 mm.
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after 30 min incubation. Conversely, a pronounced optical
rotation signal was observed. As the incubation time increased,
there was a significant enhancement in the fluorescence signal.
Then, after an incubation period of 120 min, a strong yet
indistinguishable fluorescence signal was observed (Fig. 8a and
b), accompanied by a significant decrease in the optical rotation
signal (Fig. 8a and c). However, it should be noted that the
optical rotation signal inside the cell remained consistently
lower than that at the cytomembrane (Markers 1 and 2 in plane
polarization of Fig. 8a and c). This result was attributed to
variations in GGT activity between the different sites. Moreover,
the fluorescence signal remained consistent between the two
sites upon exposure to GGT at both the cytomembrane and ER
(Markers 1 and 2 in fluorescence of Fig. 8a and b at 90 min and
120 min). However, a significantly stronger optical rotation
signal was observed at the cytomembrane compared to that at
the ER (Fig. 8a and c) due to disparities in the metabolites’
optical activity. These findings validate the ability of the AC17-
GGTB probes to selectively monitor GGT activity at multiple
sites during migration. The above experimental results
confirmed the feasibility of this design strategy for detecting
transferases in living cells, provided that the molecular struc-
ture incorporates essential functional groups, namely
fluorescence-plane polarization bifunctional recognition
groups (e.g., (R)-5-(3-acetyl-5-(methylsulfonyl)-2-nitrophenoxy)-
2-amino-5-oxopentanoic acid and 0-((2S,3S,4S,5R,6R)-3,4,5-
trihydroxy-6-methoxytetrahydro-2H-pyran-2-carbonyl)-.-homo-

serine) as well as flexible hydrophobic groups (e.g., n-octane,
hexylene diamine, and 3-(tert-butyl-amino) butyric acid). As
such a dual-mode fluorescent-plane polarization probe was
constructed that exhibits highly sensitive fluorescence and high
spatiotemporal resolution of the optical rotation signals and
can be used to monitor the activity of transferases in living cells.

Conclusions

Fluorescence-plane polarization dual-mode imaging chiral
probes were developed to monitor changes in transferase activity
between different sites during migration in living cells. In order
to validate the design concept, ACx-GGTB was used as an illus-
trative example to monitor GGT activity at multiple intracellular
sites. QSAR model analysis and LC-MS/MS analysis confirmed
that the probes could undergo structural modification and
transfer between distinct locations in response to the enzymatic
action of GGT. Spectroscopic and imaging results further
corroborated the capability of ACx-GGTB for the dual-mode
monitoring of GGT activity using fluorescence-plane polariza-
tion during intracellular migration in living cells. As such our
research confirms the feasibility of the current design strategy
and highlights the potential utility of fluorescence-plane polari-
zation dual-mode imaging probes for investigating transferase
activity, as well as diagnosing and treating related diseases.
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