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Abstract: Real-time imaging of cell-surface-associated proteo-
lytic enzymes is critical to better understand their performances
in both physiological and pathological processes. However,
most current approaches are limited by their complexity and
poor membrane-anchoring properties. Herein, we have
designed and synthesized a unique small-molecule fluorescent
probe, which combines the principles of passive exogenous
membrane insertion and Forster resonance energy transfer
(FRET) to image cell-surface-localized furin-like convertase
activities. The membrane-associated furin-like enzymatic
cleavage of the peptide probe leads to an increased fluores-
cence intensity which was mainly localized on the plasma
membrane of the furin-expressed cells. This small-molecule
fluorescent probe may serve as a unique and reliable reporter
for real-time visualization of endogenous cell-surface-
associated proteolytic furin-like enzyme functions in live cells
and tissues using one-photon and two-photon microscopy.

Cell surface proteolytic enzymes play critical roles in
physiological and pathological processes ranging from extra-
cellular matrix processing, growth factors, and the activation
of receptors to microbial invasion.!"! These proteolytic events
have not only been implicated in the site-specific cleavage of
bioactive proteins or peptide substrates within transmem-
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brane domains, thus performing various biological functions,
but they are also involved in the progression of various
degenerative diseases including cancer, atherosclerosis, and
neurological disorder.!'! Therefore, diagnostic targeting and
regulation of proteolysis has become a promising approach to
understand the basic pathological pathways and even to treat
cancer and other diseases.”?

Furin, a membrane-localized proteolytic processing
enzyme that belongs to the proprotein convertase (PC)
family, is ubiquitously expressed and functions within secre-
tory and endocytic pathways and at the cell surface. Normally,
these furin-like convertases can activate a variety of protein
precursors in intracellular membrane and cell-surface
systems, and process them into biologically functional pep-
tides and proteins.’! For example, furin has been established
to be involved in the intramembrane processing of several
kinds of matrix metalloproteinases (MMPs), which were
found to have elevated levels in several types of human
cancers.!l The activation of a- and P-secretases, two key
enzymes in processing the generation of toxic amyloidal
peptides during the development of Alzheimer’s disease
(AD), was also found to be mediated by the proteolytic
activities of furin.’] As well as activities contributing to
chronic pathological conditions, cell-surface-associated furin
or furin-like proprotein processing is also highly relevant to
the maturation of bacterial toxins and the propagation of
many non-enveloped or lipid-enveloped viral pathogens,
which are prerequisite processes to mediate bacterial or
viral invasion into host cells.®! Considering the many roles of
furin in human pathophysiology, effective strategies to visual-
ize cell-surface-associated furin activities in real-time are
therefore rather important. This visualization of cell-surface
furin activity will pave the way for elucidating cell-membrane
functions and understanding furin-dependent dynamic
processes in living cells, thus making them potential targets
for the development of new therapeutic agents. Recently,
fluorescent biological reporters, such as green fluorescent
protein (GFP) or genetically encoded fluorescent protein
variants, have been introduced as labels to image extracellular
furin activities.”! A similar noninvasive investigation of cell-
surface proteolytic furin activity was also achieved in single
cells based on re-engineered anthrax toxin [-lactamase
protein mutants.”! Although all of these approaches were
successful in principle, these genetic manipulations may
potentially perturb the cell’s physiology and cause unexpected
biological responses.” In contrast, a small-molecule-based
probing technology with desirable properties, such as simple
preparation and manipulation, may offer an attractive alter-
native to compensate for the shortcomings of genetic
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manipulation.® Unfortunately, because of rapid diffusion and
poor immobilizing ability on the cell surface, most established
small-molecule fluorescent reporters for furin-like assays
(such as the fluorogenic furin convertase substrate Boc-
RVRR-AMC) are mainly applied in fixed cells or cell-lysate
systems.” The rational design of simple and reliable small-
molecule probes with unique tractability and immobilizing
properties for real-time imaging of specific cell-membrane-
associated furin activity in living cells or tissues is a topic of
interest and significance. To our knowledge, such highly
specific and activatable cell-surface-anchored reporters have
not yet been well exploited.

Herein, we present a simple small-molecule-based
reporter to effectively visualize furin-like enzyme activities
on the cell surface. This well-designed membrane-anchored
and furin-responsive probe (MFP) molecule could efficiently
confine the probe into the lipid compartments of cell
membranes, thereby increasing the effective probe—-enzyme
interactions. Moreover, this unique reporter also provides
a significant opportunity for the real-time visualization of
specific extracellular proteolytic enzyme activities in living
cells and tissues. The visualization may be achieved through
both one-photon and two-photon imaging with minimum
autofluorescence and cytotoxic side effects.

Scheme 1 shows the small-molecule reporter prepared in
order to image the process of specific furin cleavage on the
cell membrane. The consensus peptide sequences (K/R)-(X),-
(K/R) (where n=0,2, 4, or 6, K =lysine, and X is any amino
acid, respectively),”*!" were chosen as our basic moieties for
preferential furin cleavage, which were further integrated
with the principles of passive exogenous insertion and Forster
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Scheme 1. The structure of the membrane-anchored and furin-responsive probe (MFP)
and the corresponding surface-associated cleavage of the probe by furin on the cell
membrane. FITC=fluorescein (green structures); Q = Dabcyl quencher molecule (light-
brown oval). The purple line denotes the cleavable peptide sequence, the blue line

denotes the lipid anchor.
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resonance energy transfer (FRET) for the purpose of specific
imaging of furin activity.'!! In our study, the defined peptide
sequence RXRR was selected as the main binding pocket,
which was subsequently conjugated with small hydrophilic
residues (e.g. serine) and hydrophobic residues (e.g. valine) at
the C-terminus, respectively, to achieve enhanced enzyme-
activatable properties.'™! To conduct real-time cell imaging,
the enzyme-responsive RVRRSVK peptide was flanked with
an activatable FRET pair consisting of fluorescein (FITC)
and an effective FITC quencher Dabceyl (4-(dimethylamino-
azo)benzene-4-carboxamide), chosen for their spectral over-
lap. The connection of FITC through a 6-aminohexanoic acid
linker was mainly because of its optimal fluorescence
quantum yield under physiological conditions and its promis-
ing two-photon properties.'”! More importantly, to immobi-
lize the enzyme-responsive fluorescent probe onto the cell
surface,” fatty-acid lipid moieties with different length of
carbon chains were carefully screened and were further
conjugated with the furin-responsive peptide probe
(Scheme S1 and Figure S1 in the Supporting Information).
The optimized lipid moiety serves as an efficient targeting
vector to anchor the fluorescent probe to the cell surface, in
fact mostly to the lipid compartments in the cell membranes,
to enhance the specific enzyme interaction.

After preparation of the MFP probe, we first examined
the enzyme hydrolysis of the developed MFP probe by
measuring the changes in fluorescence emission intensity
upon addition of furin in HEPES (4-(2-hydroxyethyl)-1-
piperazineethanesulfonic acid) buffer. As shown in Fig-
ure 1 A, the MFP probe itself was almost nonfluorescent as
a result of efficient FRET quenching. After incubation with
the enzyme for 2 hours, an intense fluorescent
enhancement (approximately 12-fold) was
detected at a maximum wavelength of A=
525 nm, corresponding to emission from the
connected FITC. Similar enzyme hydrolysis
with a standard inhibitor (Dec-RVKR-cmk)
demonstrated a limited fluorescence enhance-
ment after 2 hours incubation time,'*! suggest-
ing that the specific furin interaction splits the
FRET pair by releasing the quencher Dabcyl.
Further analysis of the hydrolysis kinetics of
the MFP probe by furin in HEPES buffer
allowed calculation of the catalytic constant,
" kot =2.78+0.51s"!, and the Michaelis con-
rlu stant, K, =25.5 £ 2.1 um. The enzyme catalytic

o efficiency (K. /K,) for furin was 1.09x
10°mM~'s™!. Moreover, the enzyme cleavage
effect was examined by HPLC analysis (Fig-
ure 1B). A new peak with a retention time of
10 minutes was observed to increase after
incubation with furin for 60 minutes. This new
peak was attributable to the enzyme cleavage
fragment (S-V-K(Dabcyl)) and was confirmed
by LC-MS analysis (Figure 1C). The retention
time of enzymatic reaction mixtures incubated
with the furin inhibitor was the same as that of
the MFP probe alone, indicating that the
developed MFP probe could be specifically

H
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Figure 1. A) Fluorescence enhancement of MFP (6.5 um; in HEPES
buffer; pH 7.4) when treated with furin with or without inhibitor Dec-
RVKR-cmk at different time intervals (0-120 min, A, =450 nm) at
37°C. Dec-RVKR-cmk (100 um) was preincubated with the enzyme for
30 minutes prior to the addition of the probe. Inset: the enzyme
kinetics of furin (2U) with MFP. B) HPLC traces of MFP alone, MFP
with furin, or MFP incubated with the inhibitor before addition of furin
for 60 minutes. C) The LC-MS spectrum showing the cleavage product
S-V-K(Dabgyl).

cleaved by furin. This was consistent with the results obtained
through fluorescence measurements.

With the desired enzyme-responsive properties in hand,
we tested the applicability of MFP towards furin-dependent
cell-surface imaging. In this study, human neuronal glioblas-
toma U251 cells were selected as our target mainly because of
their expression of high levels of furin."") Additionally, furin-
deficient Lovo cells (human colon adenocarcinoma cells)
were chosen as the negative control.'” Typically, U251 and
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Lovocells were incubated with the MFP probe for
15 minutes. As contrast, cell membranes were also tracked
with the commercially available CellMask Deep Red dye to
monitor the progress of membrane staining.® As shown in
Figure 2, after 15 minutes incubation, strong green fluores-
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Figure 2. Fluorescence imaging of U251 cells using the MFP probe.
Cells were incubated with MFP alone (130 nm) or with MFP and the
inhibitor (40 um) for 15 minutes at 37°C. Standard CellMask Deep Red
(2.5 ugmL™") was used to image the membrane. Fluorescence inten-
sity was plotted as a function of distance (d) along with arrows.

Lovo cells were incubated with the MFP probe as a control. Scale bar
in all images =20 pm.

cence on the surface of the U251 cells was detected. More-
over, the time-lapse imaging further confirmed the dynamic
enzymatic processes on the cell surface, and strong membrane
staining could be still detected even after a prolonged
incubation period of 1.5 hours (Figure S2 and S3). As the
control, no obvious fluorescence was detected in the same
cells upon treatment with the furin inhibitor (Dec-RVKR-
cmk)™ or in the negatively controlled furin-deficient Lovo
cells even after incubation with high concentrations of the
probe (Figure2 and S4, Supporting Information). Such
promising imaging results demonstrated that the MFP probe
could be employed as an effective tracer to report the cell-
surface-associated furin activity in living cells.

To further investigate the varying levels of furin expres-
sion between U251 and Lovo cells which are responsible for
the fluorescence detected on the cell surface, a cell-lysate-
based furin assay was conducted by incubation of the MFP
probe with cell-lysate samples. In this study, the level of the
total protein in the cell lysate was kept constant by using the
standard Bradford method.!'”! As shown in Figure 3, a sub-
stantially lower fluorescence signal was detected in furin-
deficient Lovo cells, whereas a significant fluorescence en-
hancement was measured in furin-expressed U251 cell lysates
over all of the incubation time. Moreover, the furin cleavage
in U251 cell lysates was significantly suppressed with the
addition of the furin inhibitor, suggesting that the developed
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Figure 3. A) Plot showing the change in fluorescence intensity of MFP
(10 um) with time, used to quantify the furin activity in U251 and
Lovo cell lysates (10 pg total protein was incubated with MFP at
37°C). The inhibitor Dec-RVKR-cmk (100 um) was added to U257 cell
lysates for 30 minutes prior to addition of the probe. B) Analysis of
furin expression by Western blot in U251 and Lovo cells. B-tubulin was
included as an internal control.

MFP probe could serve as reliable tracer to quantitatively
evaluate specific furin activities in complex environments
(Figure 3 A and Figure S5). Similar enzyme cleavage was also
confirmed by HPLC and using the standard fluorescent furin
substrate Boc-RVRR-AMC (Figures S6 and S7).”’! To further
verify the specific expression level of the furin enzyme in
different cells, both cell-lysate samples were analyzed by
immunoblotting with anti-furin antibodies. For quantitative
analysis, the expression levels of furin were normalized to the
internal control of B-tubulin. The chemiluminescence signals
in Figure 3B confirmed the highly expressed furin in
U251 cells, whereas the same enzyme expression was greatly
reduced in Lovo cells.™ The different levels of furin expres-
sion in U251 and Lovo cells verified by immunoblotting
further confirmed that our developed MFP probe could be
used to reliably evaluate furin activity in different cells.
Finally, we also evaluated the potential cytotoxicity of the
MEFP probe by using a standard MTT assay (Figure S8). There
was no obvious cytotoxicity of the MFP probe to both U251
and Lovocells even after incubation over a long time,
suggesting that the MFP probe could allow real-time visual-
ization of furin activity without affecting physiological
processes.

One significant feature of our developed MFP probe was
its ability to specifically stain the cell membranes upon its
specific reaction with the surface-associated furin enzyme. To
confirm if the hydrophobic lipid anchor could facilitate the
membrane insertion, a similar fluorescent probe (FP) without
fatty acid moiety was also prepared for live-cell imaging
(Figure S9). Although enzymatic hydrolysis results clearly
indicated that FP could be cleaved by furin in HEPES buffer
(Figure S10), the cell-imaging study based on FP alone
revealed poor membrane staining when compared to results
obtained using MFP (Figure S11). This result clearly showed
that the lipid anchor is essential for the localization of the
MFP probe on the cell surface. To check whether the chain
length in the lipid moiety could affect cell-membrane staining,
a similar MFP peptide sequence was used without a Dabcyl
quencher connection to conjugate with different fatty acids
(e.g. caproic acid, lauric acid and stearic acid, respectively).
The as-prepared FITC—peptide—fatty acid conjugates, abbre-
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viated as C6-F, C12-F, and C18-F, respectively (where C12-F
has the same carbon chain as MFP), were incubated with
HEK?293 cells (human embryonic kidney cells) for different
time intervals. As shown in Figure 4 and Figure S12, there was
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Figure 4. Fluorescence imaging of live HEK293 cells after incubation
with FITC—peptide conjugates (C6-F, C12-F, and C18-F; 1 um) for

2 hours at 37°C. FITC=green fluorescence signal; Lysotracker=red
signal; Hoechst dye H33258 (nuclear stain) =blue signal. The arrows
show the co-localization of C18-F and LysoTracker (yellow). Scale
bar=15 pm.

almost no fluorescence detected in C6-F incubated HEK293
cells compared to cells treated with C12-F and C18-F. These
results confirmed that the increased length of the carbon
chain could indeed enhance the immobilization of the probe
onto the cell surface. Unlike C12-F, although the C18-F
conjugate indeed showed an enhanced tracking ability on the
cell membrane, the obvious internalization into the lysosomes
would be hard to avoid after prolonged incubation, for
example over 2 hours (Figure 4 and Figure S13). Therefore,
the MFP probe with a dodecanoyl moiety would be the ideal
tracer to specifically localize the probe onto the cell
membrane, and thus significantly facilitate long-time track-
able visualization of surface-associated furin in living cells.
Such long-time membrane anchoring provides the potential
to monitor the dynamic processes of cell-surface enzyme
activities, which is normally difficult for most established
cell-permeable small-molecule probes.

In terms of the two-photon characteristics of FITC (see
Supporting Information),>!8 we also investigated the possi-
bility to undertake two-photon imaging based on the specific
interactions between the developed MFP probe and cell-
surface-associated furin enzyme in living cells or tissues. As
a proof of concept, U251 cells were incubated with the
MFP probe (1.0 pm) at 37°C for 30 minutes and two-photon
imaging was carried out upon excitation of the sample at 1 =
800 nm. As shown in Figure 5, strong fluorescent staining on
the surface of U251 cells was measured. Similar two-photon
imaging was also conducted by incubation of the MFP probe
with mouse ear tissues and the images were monitored at
depths of approximately 40 pm. The bright fluorescence
detected clearly indicated that the developed probe molecule
could efficiently monitor furin enzyme activities in living
tissues.

In conclusion, the specific localization of our developed
MFP probe on the plasma membrane represents a simple and
effective small-molecule-based method for the direct visual-
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Figure 5. Two-photon imaging in U251 cells and mouse ear tissue after
incubation with the MFP probe. Channel: FITC (A), membrane tracker
CellMask Deep Red (B), merged images (C). D) MFP signals (green) in
tissues and second harmonic generation from collagen (blue). Scale
bar=20 um.

ization of furin-like enzyme activity on the cell surface. In this
study, the carefully optimized lipid moiety in the molecular
structure can efficiently facilitate the immobilization of the
probe on the extracellular plasma membrane for a relative
long time. Upon specific enzyme hydrolysis, a strong
fluorescent turn-on effect can be detected, demonstrating
the promising real-time imaging of surface-localized furin
activities in living cells and tissues using one-photon and two-
photon microscopy. This rational design could be also
expanded as a reliable and general method to visualize
other membrane-associated proteolytic enzymes and their
functions and biological roles without the need for invasive
procedures. Furthermore, optimization of this type of probe
to trace enzyme dynamics and location in specific subcellular
organelles will provide a deeper insight into the mechanisms
of viral or pathogen invasion, a goal is currently under
investigation. More importantly, such a unique MFP probe
can also be used to screen potential proteolytic enzyme
inhibitors to selectively block furin-dependent cell-surface
processing without interfering with normal cell function,
which should facilitate the discovery of specific probes or drug
molecules towards theranostics of furin-related diseases.
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