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Live-cell imaging and profiling of c-Jun
N-terminal kinases using covalent inhibitor-derived
probes†
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Shao Q. Yao *a

c-Jun N-terminal kinases (JNKs) are involved in critical cellular

functions. Herein, small-molecule JNK-targeting probes are reported

based on a covalent inhibitor. Together with newly developed two-

photon fluorescence Turn-ON reporters and chemoproteomic studies,

we showed that some probes may be suitable for live-cell imaging and

profiling of JNKs.

c-Jun N-terminal kinases (JNKs) consist of isoforms derived
from three genes (i.e. JNK1/2/3) and each gene is expressed as
either 46 or 55 kDa proteins, differing in cellular and tissue
distributions. JNKs are involved in many physiological processes and
their dysregulation has been associated with various pathological
states, making them promising drug targets.1 As subcellular
compartmentalization and JNK activation are closely linked,2

tools capable of direct imaging and profiling of active JNKs in
mammalian cells would be highly valuable.3 Zhang et al. previously
developed a genetically engineered biosensor to measure JNK
activities in live cells.4 Its adaptation in cell biology and drug
discovery has however been hampered by common limitations
associated with protein biosensors.5 Furthermore, direct visua-
lization of JNK–drug interaction at the proteome-wide level is not
possible with such techniques.6

Small-molecule probes have emerged as promising tools to
elucidate protein functions.7,8 Among them, bioorthogonal

probes are particularly valuable,8 as in some cases, they could
be converted into dual-purpose probes capable of both imaging
and profiling with excellent permeability, tunable photophysical
properties, good binding kinetics and chemical tractability.9,10

Notwithstanding, dual-purpose bioorthogonal probes for live-
cell imaging and profiling of JNKs are not available at present.

Our previous attempt to develop an affinity-based probe
(Af BP) for JNKs, SP-1, was met with significant challenges
(Fig. 1A).11 SP-1 was made by attaching an alkyne-containing
diazirine linker to SP600125 (a non-covalent inhibitor of JNK12).
Due to the parental compound’s poor target selectivity and the
need for UV irradiation, it was not further pursued as a dual-
purpose probe. Covalent probes based on irreversible inhibitors
are known to possess improved target labeling performance.13–15

Inspired by the recent discovery of JNK-IN-8,16 the first irreversible
inhibitor capable of selective inhibition of JNK activities at nano-
molar concentrations, herein we disclose three new bioorthogonal
JNK probes, JP2-TCO, JP2-CP and JP3 (Fig. 1B). Together with new
fluorogenic two-photon reporters (QT1, QT2, and AAN-N3; Fig. 1C),
we have successfully carried out both live-cell imaging and
proteome profiling experiments to comprehensively evaluate
the probes/reporters.

As shown in Fig. 1A, with a built-in Michael acceptor as
the electrophilic trap to label a key cysteine residue in JNKs,
JNK-IN-8 possesses good cellular selectivity against other
kinases.16 By chemically grafting bioorthogonal tags, including
trans-cyclooctene (TCO), methylcyclopropene (CP), and terminal
alkyne to the solvent-accessible dimethylamine end of JNK-IN-8
(renamed as WT in the current study), we obtained JP2-TCO,
JP2-CP and JP3 (Fig. 1B and Scheme S1, ESI†), respectively,
representing the two most widely used click reactions (Cu-free
tetrazine ligation as well as CuI-catalyzed azide–alkyne cyclo-
addition (CuAAC)). In order to minimize background fluorescence
in live-cell imaging and ultimately carry out deep-tissue imaging by
using two-photon fluorescence microscopy (TPFM),17,18 we also
developed three new fluorogenic two-photon reporters (Fig. 1C);
they were designed based on the well-known two-photon dye
acedan,17 and represent the first reported case in which such
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molecules are capable of tetrazine ligation-/CuAAC-dependent
Turn-ON fluorescence. Although one-photon fluorogenic reporters
are available for click reactions, they are ill-suited for TPFM.19,20

QT1/QT2 and AAN-N3, with strategically installed tetrazines and N3

groups to quench intrinsic acedan fluorescence via intramolecular
energy and charge transfer,21,22 respectively, would be ‘‘Turned-ON’’
upon ligation to the respective JNK probes (JP2-TCO/JP2-CP and JP3).
They may also be adapted to other covalent inhibitor-derived probes
containing these clickable tags, enlarging the kinds of proteins
capable of TPFM.

The detailed structures and performance of the above JNK
probes and reporters, together with two previously published
control probes (Fig. 1D),11 are summarized in Table S1 and Fig. S1
(ESI†). In order to establish the suitability of our new fluorogenic
reporters for in situ imaging, we confirmed their in vitro ‘‘click‘‘
and photophysical properties (Fig. S1–S4 and Table S2, ESI†); while
all three reporters showed negligible background fluorescence
prior to click reaction, their ligated products showed 410-fold
increases in fluorescence (lex = 360 nm; Fig. S4A, ESI†) with
reasonable two-photon Turn-ON properties (lex = 760 nm;
Fig. S4B, ESI†). To better understand the proteome-labeling
properties of JP2-TCO/JP2-CP/JP3, previously developed Af BPs,

SP-1, IM-1 (another AfBP sharing the similar core structure with
JNK-IN-811) and NP (a diazirine-containing photo-labeling
control11), were compared. As shown in Fig. S5 (ESI†), in
addition to maintaining reasonable in vitro activities, all three
covalent probes potently inhibited cellular c-Jun phosphorylation
catalyzed by JNKs;16 among them, JP3 provided the strongest
inhibition in anisomycin-stimulated HeLa cells (EC50: 0.5 mM),
while JP2-CP and JP2-TCO showed comparatively weaker inhibi-
tion. To evaluate whether the drops in cellular activities, when
compared to JNK-IN-8 (EC50: 0.2 mM), might affect the probes‘
covalent engagement towards JNKs, we carried out in vitro labeling
experiments with recombinant JNK1 (Fig. 2A); all three probes, as
well as the two AfBPs (SP-1 and IM-1) effectively labeled JNK1. Of
note, both AfBPs upon UV-initiated labeling produced weaker
fluorescent bands than that labeled by JP3 which was similarly
alkyne-tagged, under the same click conditions. This confirms
what was originally envisaged; when compared to AfBPs, a superior
target-labeling performance by our covalent JNK probes could be
achieved.

We next evaluated the proteome reactivity profiles of these
probes in cellular environments. HeLa cells, which are known
to express a low level of endogenous JNKs, were first transfected

Fig. 1 Small-molecule dual-purpose probes and two-photon (TP) fluorescence Turn-ON reporters for JNKs. (A) Structure of the irreversible JNK
inhibitor (JNK-IN-8)16 and our previously reported affinity-based JNK probe (SP-1).11 (B) Newly developed dual-purpose probes of JNKs and (C) their
corresponding TP Turn-ON reporters. (D) Other control probes used in the current study.

Fig. 2 (A) Labeling of recombinant JNK1 using various probes (1 mM, 1 h), with or without pre-treatment of WT (10�). The labeled protein was clicked
with TER-Tz1 (for JP2-TCO/JP2-CP) or TER-N3 (for JP3/SP-1/IM-1) prior to SDS-PAGE, in-gel fluorescence scanning (FL) and silver staining (SS).
(B) In situ profiling of various probes in HeLa cells transfected with JNK1-GFP (top: FL). The corresponding western blotting (WB) gels are provided
(bottom). The labeled cells (1 mM, 1 h) were lysed and then clicked with a reporter prior to analysis. In the case of AfBPs (NP/SP-1/IM-1), probe-treated
cells were washed and UV-irradiated (lex = 365 nm, 15 min, 4 1C) before lysis. (C) Imaging of JNK1-GFP-transfected HeLa cells using JNK probes
(5 mM JP3/0.5 mM JP2-TCO; 1 h). (panels 1/4/7/10): IF with FITC-labeled anti-JNK (green). (Panels 2/5/8/11): probe channel upon click chemistry with
TER-N3/TMR-Tz (red). (Panels 3/6/9/12): merged channels. (D) No-wash imaging in live JNK1-GFP-transfected HeLa cells with JP2-TCO (5 mM; 1 h). After
clicking with QT1/QT2 (10 mM, 1 h), the cells were imaged. Cells were pre-treated with WT (4�) where applicable. Scale bar = 20 mm.
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with a plasmid encoding JNK1-GFP, with subsequent expression
of JNK1-GFP (70 kDa protein) confirmed by Western blotting
(WB in Fig. 2B; bottom). Following in situ labeling by directly
treating the transfected cells with each probe, and click chemistry
of the resulting cell lysates with the corresponding reporters, the
labeled proteomes were separated and analyzed by in-gel fluores-
cence scanning (FL in Fig. 2B; top); both JP2-TCO and JP3
produced a major 70 kDa fluorescent band corresponding to
JNK1-GFP. Such labeling was absent in non-transfected cells and
in cells pretreated with JNK-IN-8 (10�). In direct contrast, neither
JP2-CP nor the AfBPs produced any noticeable JNK1-GFP labeling.
The inability of JP2-CP to label JNK1-GFP in a proteome
environment, despite its reasonable JNK inhibitory activities
(Fig. S5, ESI†), was probably caused by the CP tag which was
reported to be less reactive towards tetrazine than TCO.23 Our
results thus highlight the need to carefully tune the size,
reactivity and other parameters of bioorthogonal tags when
developing fully functional probes.10,24 Subsequent experiments
indicated that both JP2-TCO and JP3 robustly labelled JNK1-GFP
even at low probe concentrations (i.e. 10 nM; Fig. S6, ESI†).
These two probes were thus chosen for further investigations.

Then we evaluated the suitability of JP2-TCO and JP3, in
combination with QT1/QT2 and AAN-N3, respectively, for cellular
imaging. We first investigated whether QT1/QT2/AAN-N3 could be
used for no-wash imaging by metabolically incorporating HeLa
cells with a TCO- or alkyne-containing metabolite,25,26 followed by
click labeling and imaging via confocal microscopy (Fig. S7A,
ESI†); the results indicated that both QT1 and QT2 were suitable
two-photon reporters for no-wash live-cell imaging. Unfortunately,
labeling of AAN-N3 with HPG-treated26 HeLa cells, even under
optimized click conditions (Fig. S3, ESI†), provided relatively poor
contrasts, indicating that AAN-N3 was not suitable for cellular
imaging. Next, JP2-TCO and JP3 were used directly in JNK1-GFP-
expressing HeLa cells, where overlapped fluorescence signals from
JNK1-GFP and probe channels may provide a direct readout of
selective target engagement of the probe. Two one-photon reporters,
TER-N3 and TMR-Tz (Table S1, ESI†), previously reported to be
suitable for cellular imaging of alkyne- and TCO-containing probes,
respectively,25 were used for comparison (Fig. 2C). JNK1-GFP-
transfected cells were first treated with JP3, followed by fixation
and click chemistry with TER-N3. As the native GFP fluorescence
was quenched upon cell fixation, immunofluorescence (IF) was
performed by using an anti-JNK antibody. As shown in Fig. 2C
and Fig. S7B (ESI†), merged images showed good overlaps of the
JNK1-GFP signal with the TER fluorescence from the probe
channel (panel 3), and most probe-derived fluorescence was
abolished in WT-pretreated cells (4�; panel 5). Similar results
were obtained from JP2-TCO-treated cells using TMR-Tz (Fig. 2C
and Fig. S7C, ESI†). Under similar conditions, transfected cells
treated with SP-1/IM-1 (Fig. S7F, ESI†), when compared to
JP3-labeled cells side-by-side, failed to display any probe-specific
labeling, probably due to their weaker interaction towards the
target protein. Different from the always-ON reporter TMR-Tz,
which required extensive cell wash prior to imaging, the
two-photon fluorogenic reporters QT1/QT2 could be used for
no-wash imaging on JP2-TCO-treated JNK1-GFP-transfected

cells (Fig. 2D and Fig. S7D, E, ESI†); we successfully observed
Turn-ON fluorescence from the QT1/QT2 channel which was
significantly reduced in WT-pretreated cells, and mostly abolished
in non-transfected cells. Such Turn-ON reporters may allow future
real-time imaging under undisturbed environmental conditions.27

It should be noted that, in the above experiments, we detected
weak but noticeable probe-derived fluorescence in JNK-IN-8-
pretreated cells (Fig. 2C and D, panels 5/11/17/23), indicating the
presence of cellular off-targets. This result was consistent with our
concentration-dependent labeling experiments (Fig. S6, ESI†),
where increasing concentrations of JP3/JP2-TCO (Z1 mM) introduced
additional fluorescent bands.13 Our results thus suggested that our
new covalent JNK probes (JP2-TCO/JP3), as well as the two-photon
Turn-ON reporters (QT1/QT2), could be used for selective bioimaging
of elevated levels of JNKs in consideration of both probe selectivity
and detection sensitivity.

We next investigated the proteome-wide selectivity of these
covalent probes at lower concentrations (i.e., r1 mM) towards
endogenous JNKs. Cell lines expressing different levels of JNKs
(HeLa o HEK293T o SH-SY5Y; Fig. S8A, ESI†) were chosen to
assess the labelling performance of JP3/JP2-TCO (Fig. 3A and
Fig. S8B, C, ESI†). Direct visualization of labelled proteomes via
in-gel fluorescence scanning showed the positive labelling of a
B46 kDa band. To validate whether JNKs were among the
labelled proteins, pull-down (PD)/WB was carried out. In all
three cell lines, both JP3 and JP2-TCO successfully labelled/
enriched endogenous JNKs and such labelling was efficiently
abolished by WT (10�; Fig. 3B and Fig. S8D, ESI†), indicating
the possibility of directly visualizing JNK–drug interaction at
the proteome-wide level.28 Interestingly, JP2-CP which earlier
failed to display a distinct fluorescent band from JNK1-GFP-
expressing HeLa cells via in-gel fluorescence scanning (using
TER-Tz1), also showed positively enriched JNKs (using Biotin-Tz2,
which showed a stronger reactivity than TER-Tz110). Subsequent
large-scale LC-MS/MS experiments on the enriched proteomes
from HeLa cells further confirmed that all three probes could
label endogenous JNKs (Fig. 3C and Table S3, SI_II, ESI†); among
the proteins identified from each labeling reaction, only two hits,

Fig. 3 Cellular performance of small-molecule probes towards endogenous
JNKs in anisomycin-stimulated HeLa cells. (A) In situ profiling of cells upon
labeling by JP3/JP2-TCO (1 mM, 1 h). Cells were pre-treated with WT (10 mM,
1 h) where indicated. Following lysis, labeled proteomes were clicked with TER
reporters and analyzed. (B) The corresponding PD/WB (anti-JNK) results of
JNK probes (0.5 mM, 1 h). Following cell lysis and click chemistry with biotin-N3

(for JP3) or biotin-Tz2 (for JP2-TCO/-CP), the labeled lysates were analyzed
before pull-down (BP) and after pull-down (PD). (C) Standard PD/LC-MS
summarizing the number of proteins enriched by JP3/JP2-TCO/JP2-CP
(1 mM, 1 h) in HeLa cells.
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including an isoform of JNK2 (JNK2a1; 44 kDa), were successfully
labeled using all three probes. JNK1 and JNK3 were not detected
possibly due to their relatively low expression in HeLa cells
(Fig. S8A, ESI†).

Our work herein represents the first reported example in
which live-cell imaging and in situ proteome profiling were
carried out to comprehensively compare covalent and non-
covalent probes sharing related target-binding pharmacophores.
Taking JNK probes as examples, our current view is that properly
designed covalent probes may deliver overwhelmingly better
performance in both profiling and imaging of cellular targets
compared to affinity-based probes. With the successful development
of new JNK probes (JP2-TCO/JP3) and two-photon fluorogenic
reporters (QT1/QT2), they may be used for in situ profiling and
imaging of cellular JNK activities in cells expressing moderate/
high endogenous JNKs.
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