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ABSTRACT: Selective manipulation of protein kinases under living
conditions is highly desirable yet extremely challenging, particularly
in a gain-of-function fashion. Here we employ our recently
developed bioorthogonal cleavage reaction as a general strategy
for intracellular activation of individual kinases. Site-specific
incorporation of trans-cyclooctene-caged lysine in place of the
conserved catalytic lysine, in conjunction with the cleavage partner
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dimethyl-tetrazine, allowed efficient lysine decaging with the kinase

activity chemically rescued in living systems.

B INTRODUCTION

As key players in signaling transduction, the more than 500
protein kinases control diverse biological processes that are
essential for all aspects of the cell."” The activity of each kinase
is precisely regulated by its native physiochemical inputs,'
which are often entangled within the complicated signaling
networks, making it exceedingly difficult to manipulate a single
kinase with high specificity and/or spatiotemporal resolution.
Intensive efforts have therefore been made to specifically inhibit
or activate a kinase of interest within a cell. For example, the
classical “bump and hole” strategy allows chemical genetic
inhibition of engineered inhibitor-sensitized kinase mutants by
adenosine derivatives without perturbation to wild-type
kinases,” which provided fruitful insights on kinase-mediated
signaling cascades. Meanwhile, multiple protein engineerin§
strategies have been explored for turning on specific kinases,
including direct chemical rescue of a mutant kinase,’ ligand-
gated split kinases,” the rapamycin-induced allosteric activation
of kinases,” and among others. Because of the gain-of-function
nature of these approaches that is advantageous in probing the
sufficiency of a specific kinase as opposed to the more widely
adopted loss-of-function methods,® such study greatly
enhanced our capability for deciphering and dissecting the
intricate kinase networks.” However, the design and engineer-
ing of these kinase variants are often sophisticated and are
restricted to certain types of kinases that lack general
applicability to the entire kinase families.

B RESULTS

Design of Bioorthogonal Chemical Activation Strat-
egy. To address these issues, we aim to combine bioorthogonal
chemical cleavage reactions'”'' with the genetic code
expansion methodology'” to afford a mechanism-based kinase
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activation strategy with general applicability to virtually all
protein kinases. Because lysine is a universally conserved
catalytic residue that resides in kinase ATP-binding pocket for
ATP docking and phosphoryl transfer, mutation of this lysine
residue can abolish the activity of any given kinase.” Our idea
relies on replacing this key lysine residue with a chemical-caged
lysine analogue via genetic code expansion for blockage of its
enzymatic activity (Figure 1a). The subsequent addition of the
bioorthogonal cleavage partner will decage this lysine residue
and thus rescue the corresponding wild-type kinase. Although
the photocaged version of such lysine-restoration strategy has
been previously developed for kinase activation with high
temporal resolution and the potential of spatial control," the
UV light utilized could cause cell damage and perturb the
intracellular signaling network."* In addition, the nitrobenzyl-
based photocaging lysine analogue such as o-nitropiperonyl
caged lysine (ONPK, 1, Figure S1) employed in the
aforementioned study is not fully bioorthogonal and could be
decaged in prokaryotic reducing environments (Figure S2), or
by enzymes in eukaryotic cells under hypoxic conditions.'* The
development of two-photon excitation caging groups circum-
vented the concern of UV cytotoxicity and could be used to
improve the tissue penetration ability."® Still, a small molecule-
based chemical activation strategy has its unique advantages
such as better biocompatibility, tunability, and minimal
invasiveness, particularly for intact living animals.'® For
example, the inverse electron-demand Diels—Alder (invDA)
reaction between frans-cyclooctene and tetrazine has been
recently employed as a small molecule “click to release” strategy
for controlled release of doxorubicin from the antibody-drug
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Figure 1. Design of bioorthogonal chemical activation strategy for kinases. (a) Chemical decaging of lysine-dependent enzymes. X represents the
chemical caging group that renders the enzyme inactive (gray). Upon small molecule-triggered bioorthogonal cleavage reaction, the native lysine
residue is restored, which rescues the enzyme activity (orange). (b) Mechanism of the invDA reaction between Me,Tz and the genetically encoded
TCOK-a amino acid which subsequently undergoes rearrangement and elimination that ultimately leads to in situ liberation of the £-amine on lysine.
(c) Schematic illustration of invDA-mediated kinase activation. TCOK-a is site-specifically incorporated into a target kinase (cyan) in place of the
conserved catalytic lysine residue, which blocks the ATP (green) binding and phosphoryl transfer between kinase and the substrate (orange). The
addition of Me, Tz triggers rapid invDA reaction for lysine decaging with the kinase activity chemically rescued (structure based on PDB: 2SRC).

o
a $  MEKI-AN-KSTTAG c s &
ol

BONK -+ o+ - - o & &  Fawm FAK-YM-KD

S T F _ KasaTAG -K454TAG

TCOK-a - - -+ TCOK-a - - - - - + + - - + =+

Me,Tz - ) * ) * Me, Tz - - - + - + - + - +

anti His - -MEK1 .
k. A anti mycl —_— -

|-FAK
anti p‘ERKl . .‘ anti pY397-FAK
anti ERK | o
| P — ANt ACHN | S — — — — — — — — — —
anf 2ctn| ———————|
&«
N
o)
b s - d £
s &
£ 40 o ¥ ¥ FAK-YM FAK-YM-Y397F
2 S T T -K454TAG -K454TAG
® 30 TCOK-a - - - - - o+ o+ - - o+ o+
0
3 Me Tz - - - - + - + - + - +
5 20 2
2 anti myc| — D e — — |-FAK
S 10
[a]
0 anti pY416-Src| — D — L e |
BCNK + + - - anti Src l.----—-l
TCOK-a - - +

+
Me,Tz - * - + anti actin }.--—'--——l
2

Figure 2. Bioorthogonal chemical activation of kinases of interest in living cells. (a) Cells expressing MEK1-AN-K97TCOK showed an increased
level of ERK phosphorylation upon Me,Tz addition. (b) ETS domain-containing protein (Elk)-based luciferase reporter showed Elk-related
transcription level activation (mean + s.d., n = 3) of MAPK pathway following chemical cleavage (**P = 0.0095 by two-tailed ¢ test). (c) FAK
autophosphorylation level showed activation of hyperactive FAK mutant (FAK-YM) but not the kinase dead mutant (FAK-YM-KD) by the TCOK-
a/Me,Tz decaging pair. (d) The phosphorylation level of Src was increased in Me,Tz treated hyperactive FAK (FAK-YM-TCOK) expressing cells
but not in the Y397F mutant variant. Me,Tz, 100 uM. HEK293T cells were used in (a-d).

conjugates.’” We have further developed the axial isomer of the Me,Tz-triggered invDA reaction and subsequent decaging
trans-cyclooctene caged lysine (TCOK-g, 2) and 3,6-dimethyl- on TCOK-a may restore the key lysine with the kinase activity
1,2/4,5-tetrazine (Me,Tz, 3) as a bioorthogonal cleavage pair chemically rescued (Figure lc). Herein, we report such a
for invDA-mediated lysine decaging and protein activation bioorthogonal chemical activation strategy for selective rescue
inside cells (Figure 1b, Figure S1)."® Therefore, we reasoned of kinase activity in living cells as well as in living animals.
that the site-specific incorporation of TCOK-a in place of the Bioorthogonal Chemical Activation of MEK1 and FAK
catalytic lysine residue can render the kinase inactive, whereas in Living Cells. We started with the classical Ser/Thr kinase
326 DOI: 10.1021/acscentsci.6b00024
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Figure 3. Bioorthogonal chemical activation of Src oncogenic variant in living cells. (a) Schematic model for bioorthogonal activation of oncogenic
Src variant. Substitution of the catalytic lysine (K295) with TCOK-a on the oncogenic Src mutant (Src-YS27F) generated the chemically caged
oncogenic Src variant Src-K29STCOK-YS27F (gray). Decaging of TCOK-a via bioorthogonal cleavage reaction could rescue Src activity (orange),
leading to phosphorylation of its downstream oncogenic-related substrates. (b) Increase of Src autophosphorylation and downstream
phosphorylation level after Me,Tz-mediated decaging of Src-K29STCOK-Y527F in live HEK293T cells. (c) Representative images of 293A cells
expressing the oncogenic Src-YS27F variant which led to cell rounding and detaching. 293A cells expressing the “kinase dead” Src mutant (Src-
K295R-YS527F) was used as the control. Scale bars, S ym. (d) Representative images of phenotypic changes upon chemical rescue of oncogenic Src.
Upon Me,Tz mediated bioorthogonal activation, 293A cells expressing Src-K295TCOK-Y527F began to rapidly round up. Me,Tz, 100 uM; Scale

bars, 5 ym.

MEK! in the mitogen-activated protein kinases (MAPK)
pathway, one of the fundamental signaling cascades for all
eukaryotic systems.'” MEKI is an essential component in the
MAPK pathway and phosphorylates its downstream MAPKs
such as extracellular-signal regulated kinases (ERKs) to fulfill
diverse essential functions. A constitutively active MEK1 variant
with partial N-terminal deletion and S218D/S222D mutation
(MEK1-AN) was constructed to minimize the interference
from endogenous upstream regulation by kinases such as Raf."?
An in vitro kinase assay was first performed between purified
MEK1 variants and its substrate ERK to confirm that TCOK-a
incorporation in place of the catalytic lysine residue (K97)
effectively blocked its kinase activity (Figure S3). In addition,
the expression of this caged MEKI variant (MEK1-AN-
K97TCOK) did not alter the ERK phosphorylation level inside
cells (Figure 2a). We then applied the invDA-mediated
chemical activation strategy on MEK1 under living conditions.
As expected, the phosphorylation level of ERK and the
downstream transcription activity were significantly increased
only upon the addition of Me,Tz to cells harboring the MEK1-
AN-K97TCOK variant (Figure 2a,b). When the noncleavable
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bicyclo[6.1.0]nonyne caged lysine analogue (BCNK, 4, Figure
S1) was used as the control, the caged MEKI variant (MEK1-
AN-K97BCNK) was not able to be rescued by Me,Tz under
the same condition, which further confirmed that the MEKI1
activation was triggered by the designed cleavage reaction
instead of the effects from any reagents added. These results
demonstrated the capability of TCOK-a/Me,Tz as a
bioorthogonal cleavage pair for gain-of-function study of
MEKI1 within an intracellular context.

We then moved to another kinase family to prove the general
applicability of our chemical activation strategy. Focal adhesion
kinase (FAK) is a nonreceptor tyrosine kinase (NRTK) central
in integrin signaling pathway that is involved in cellular
adhesion and spreading.”® To chemically manipulate its activity
in living cells, we also constructed the hyperactive FAK mutants
according to the literature.” The Y180A/M183A mutated FAK
(FAK-YM) showed higher activity for autophosphorylation as
well as the phosphorylation of Src than wild type FAK, while
mutation of its catalytic aspartic acid (FAK-YM-KD) or
autophosphorylation site (FAK-YM-Y397F) strongly elimina-
ted the phosphorylation activity (Figure S4). TCOK-a caged
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Figure 4. Expanding the bioorthogonal chemical activation strategy into living animals. (a) Schematic flow of bioorthogonal chemical activation
strategy in mice by using chemically caged firefly luciferase as the model. HEK293T cells expressing the fLuc-K529TCOK variant were
subcutaneously injected into mice, followed by tail vein injection of Me,Tz (50 uL), which led to the regeneration of the active fLuc capable of
converting D-luciferin to oxyluciferin in the presence of ATP (structure based on PDB: 2D1Q). (b) Representative images of rescued fLuc activity as
measured by restored bioluminescence 60 min after Me, Tz injection. S0 uL of Me,Tz of 300 or 30 mM concentration was injected, equal to 66 or
6.6 mg/kg weight, respectively. HEK293T cells with and without the expression of fLuc-KS29TCOK were injected into left legs and right legs,
respectively. (c) Statistical analysis (mean =+ s.d., n = 3) of bioluminescence values in (b). P = 0.302, 0.097, 0.071, 0.021 in each group by one-tailed ¢
test (*P < 0.05). (d) Activation of Src oncogenic mutant using the invDA-mediated bioorthogonal cleavage reaction in living mice. Cells expressing
Src-K29STCOK-YS27F were hypodermically injected into mice, followed by tail vein injection of Me,Tz (S0 L, 300 mM, equal to 66 mg/kg
weight). The xenografted cells were extracted to evaluate the Src autophosphorylation level by Western blotting using pY416-Src antibody. The
kinase activity of Src was successfully restored with Me,Tz injection. (e) The overexpressed myc-tagged Src was further purified and separated from
the endogenous Src kinase by immunoprecipitation on the extracted samples using myc antibody. The Src autophosphorylation level was then
analyzed by Western blotting using anti-pY416-Src antibody.

anti pY416-Src

FAK-YM at the catalytic lysine K454 (FAK-YM-K454TCOK) phosphorylation level reached maximum 30 min after Me,Tz
exhibited a significantly increased autophosphorylation level treatment (Figure S6). While a basal level of endogenous FAK

upon Me,Tz-triggered bioorthogonal cleavage and lysine activity was observed, the hyperactive FAK mutant we rescued
regeneration, whereas the FAK-YM-KD variant showed no exhibited obviously higher activity. In addition, a genetic
kinase activity after chemical cleavage due to the mutation of knockdown or selective kinase inhibitor could be utilized in
the catalytic aspartic acid (Figure 2c and Figure SSa). Similarly, combination with chemical activation to minimize the
the phosphorylation level of Src was effectively elevated after perturbation from an endogenous level of kinases, providing
Me,Tz-triggered decaging of TCOK-a on the FAK-YM- an efficient activation strategy with low background.
K454TCOK variant, while the Y397F autophosphorylation Bioorthogonal Chemical Activation of Src Oncogenic
site mutation eliminated the effects originally caused by binding Variant in Living Cells. Next, considering that many
between the pTyr on FAK and SH2 domain of Src, which led oncogenic forms of kinases are tumor inducing agents with
to Src activation (Figure 2d and Figure SSb). The time course high clinical relevance,"”*' we applied our strategy for in situ
study was also conducted, showing an increase of FAK and Src rescue of oncogenic kinase mutants which could be used to
328 DOI: 10.1021/acscentsci.6b00024
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study its cancer-related cellular responses. The C-terminal tail
deletion or Y527F autophosphorylation site mutation forms of
Src are its oncogenic variants escaping from C-terminal Src
kinase (Csk) regulation with aberrant high activation levels.””
We introduced the Y527F mutation and replaced the catalytic
lysine (K295) with TCOK-a, which generated a caged
oncogenic Src variant (Src-YS27F-K29STCOK, Figure 3a).
Expression of the active oncogenic Src mutant (Src-YS27F) led
to its autophosphorylation and downstream tyrosine phosphor-
ylation cascades, while the lysine-caged mutant did not show
phosphorylation activity. Notably, upon Me,Tz-mediated lysine
decaging on Src-YS27F-K295TCOK, the high kinase activity of
Src was restored (Figure 3b). We also investigated the time
course and concentration dependence of oncogenic Src
activation, which showed that the autophosphorylation of Src
was initiated in S min with 100 yM Me,Tz, further
demonstrating the rapid activation property of this invDA-
mediated cleavage reaction (Figure S7ab). The chemical
decaging-mediated protein activation rate was slower but
within the same scale as that of photodecaging-mediated
protein activation (Figure S7c). Moreover, this activation
strategy was verified in a panel of cell lines including 293A,
NIH3T3, CHO, and HeLa, which further established its general
applicability (Figure S8).

Besides the detection of the phosphorylation level, we also
observed that constitutive expression of oncogenic Src variants
caused morphological changes such as cell rounding, detaching,
and filament disassembly in 293A cells (Figure 3c and Figure
S9). These phenotypes resembled the v-src transformed
fibroblasts previously reported with increased motility and
invasiveness.”> To track this phenotype in a dynamic manner,
the bioorthogonal chemical activation was performed for
specific and rapid rescue of the oncogenic Src mutant. Cells
expressing TCOK-a caged oncogenic Src variant (Src-YS27F-
K29STCOK) underwent cell rounding and detaching rapidly
after Me,Tz-triggered lysine decaging, while neither the
noncleavable benzyloxycarbonyl caged lysine analogue (CbzK,
5, Figure S1) caged Src mutant nor the lysine-mutated Src
showed noticeable changes (Figure 3d and Figure $9,510).
Manipulation of oncogenic Src mutant via this bioorthogonal
chemical activation strategy may provide a powerful tool in
studying other oncogenic kinase variants.

Expanding the Bioorthogonal Chemical Activation
Toolkit into Living Animals. Finally, we sought to move our
bioorthogonal cleavage strategy into more complicated bio-
logical systems such as live animals. Because of the poor
penetration capability, many photodecaging strategies are not
compatible with deep tissue or animal samples. In contrast, the
invDA reaction between trans-cyclooctene and tetrazine
derivatives has been established in recent years as the choice
of bioorthogonal reactions for applications in intact animals due
to their fast reaction rate and high biocompatibility.””** To test
our invDA-mediated bioorthogonal cleavage reaction in living
mice, we first utilized firefly luciferase (fLuc) as the model
protein due to the convenience in detecting its enzymatic
activity via bioluminescence in vivo.”> A key lysine residue
(K529) in fLuc forms hydrogen bonds with ATP to facilitate
the production of the bioluminescent oxyluciferin (Figure 4a).
Decaging of the premasked lysine residue has been shown
previously to restore the blocked luciferase activity via the
reformation of hydrogen bonding network between ¢-amine on
K529 and ATP.'®*® HEK293T cells expressing the TCOK-a
caged fLuc variant (fLuc-KS29TCOK) were injected into living
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mice subcutaneously, followed by the treatment of Me,Tz (66
or 6.6 mg/kg body weight) via tail vein injection. The Me,Tz-
triggered invDA reaction on TCOK-a led to effective
restoration of luciferase activity, as evidenced by the recovered
bioluminescence signal in this xenograft mice model (Figure
4b). Toxicity study showed that the Me,Tz molecule did not
affect mouse growth up to 20 days with the highest dosage we
tested (intravenous injection of S0 uL of S00 mM Me,Tz 3
times a week, equal to 140 mg/kg body weight; Figure S11).
We further showed that the activation efficiency was tunable by
varying the administered Me,Tz concentration, and the
maximum recovery efficiency was comparable to those cells
activated by Me,Tz in culture medium (Figure 4c).

Next, we pursued the activation of Src oncogenic variant in
living mice. Similarly, we injected the TCOK-a caged Src
oncogenic variant (Src-K29STCOK-Y527F)-expressing cells
subcutaneously into living mice, followed by immediate
administration of Me,Tz (66 mg/kg body weight) through
tail vein injection. These cells were then extracted after 1 h
decaging and Src activation was analyzed by detecting its
autophosphorylation level on Western blotting gel with pY416-
Src antibody. Similar to luciferase activation, the Src
autophosphorylation level was obviously elevated in the
Me, Tz treated group, with the activation efficiency comparable
with the preactivated positive control group (Figure 4d). In
addition, the overexpressed myc-tagged Src was purified and
separated from the endogenous Src kinase by immunoprecipi-
tation using myc antibody. The detection of Src autophosphor-
ylation by pY416-Src antibody further confirmed efficient
activation of Src kinase in living mice (Figure 4e). These results
verified the capability of Me,Tz to pass through blood
circulation and enter the target cells for in vivo enzyme
activation.

Taken together, we demonstrated the compatibility of our
bioorthogonal cleavage reaction in living animals, and this
chemical activation strategy can be used for gain-of-function
study of lysine-dependent enzymes such as kinases within
complicated living systems.

B DISCUSSION

In summary, we developed a generally applicable strategy to
chemically rescue kinase activity in living systems with high
efficiency and specificity. Because of the structural and
functional similarity among many kinases, general strategies
for gain-of-function study of individual kinases are highly
desired. Our bioorthogonal chemical rescue approach allowed
the activation of a kinase of interest among its closely related
family members with very low cytotoxicity or perturbation to
cellular processes. This, in conjunction with the capability to
differentiate the direct, as opposed to indirect substrates within
the downstream signaling cascades, would facilitate the
dissection of the intricate and entangled kinase signaling
networks in native cellular conditions. Furthermore, our
method provides a complementary strategy to the photocaging
method for in situ manipulation of kinase activity, which has
potential advantages especially in living animals. For example,
our study offers an appealing small molecule-based kinase
activation strategy within intact animals, which could be used
for chemical control of selective cell activation in tissues or
animals that are highly desired for cell-based therapy.”**” In
addition, our mechanism-based activation strategy could be
readily expanded to a wide range of lysine-dependent enzymes
other than kinases, providing a common approach for gain-of-
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function study of various biological processes under living
conditions. Indeed, the emerging of bioorthogonal bond-
cleavage reactions significantly expanded our bioorthogonal
chemistry toolkit beyond ligation, which may find broad
applications, particularly in manipulatin§ biomolecular and/or
cellular activities in living systems.'****

B METHODS

In Vitro Kinase Assay. Purified MEK1 variants (S ng/uL)
and GST-ERK fusion protein (20 ng/uL) were incubated with
1 mM ATP in HMM buffer at 37 °C for indicated time.** The
reaction was then terminated with loading buffer and subjected
to SDS-PAGE analysis followed by Western blotting. HMM
buffer: 10 mM HEPES, 10 mM MgCl,, 10 mM MnCl,, pH =
74.

Expression and Activation of Chemically Caged
Kinases in Living Cells. Cells were plated in multiwell plates
and grown to 60—80% confluency ready for transfection.
Plasmids encoding the target kinases (MEK1, FAK, or
oncogenic Src variant) bearing an in-frame amber codon
were cotransfected with the plasmid encoding MmPylRS-306A/
384F-tRNAM, pair into cells in serum-free DMEM via X-
tremeGENE HP (Roche) or lipofectamine LTX (Invitrogen).
After 6 h, the medium was changed to DMEM/10% FBS
supplemented with and without 1 mM UAA, and cells were
further grown for another 18 h before being replaced with fresh
DMEM. Me,Tz (100 uM, or specially indicated concentration)
was added for 1 h (or specially noted time) to enable the
invDA-mediated cleavage reaction to proceed inside live cells
before collecting the cell samples for further analysis. For the
phosphorylation assays, cells were lysed with lysis buffer and
subjected to SDS-PAGE and Western blotting analysis. Lysis
buffer: 20 mM HEPES-KOH, pH 7.8, 50 mM KCl, 100 mM
NaCl, 1 mM EGTA, 1% NP-40, 1 mM NaF, 0.1 mM Na,;VO,.

Dual Luciferase Assay. Cells were plated in 96-well plate
and grown to 60—80% confluency ready for transfection.
pcDNA4-MEK1-AN-K97TAG, pCMV-MmPyIRS-306A/384F,
Elk-Gal4, Gal4-fLuc, and pRL-TK were cotransfected into cells
in serum-free DMEM via X-tremeGENE HP (Roche). After 6
h, medium was changed to DMEM/10% FBS supplemented
with 1 mM TCOK or BCNK, and cells were grown for another
18 h before replacing the culture medium with fresh DMEM
containing 100 uM Me,Tz. After 8 h, medium was removed
and bioluminescence was detected according to the protocol
for dual luciferase assay kit (Vigorous) on a Synergy H4
microplate reader (Bio-Tek). Dual luciferase activity was
calculated according to the following formula: dual luciferase
activity = fLuc bioluminescence/rLuc bioluminescence.

Fluorescence Imaging. For live cell imaging, cells were
plated into a four-well chamber and cotransfected with
indicated plasmids. Upon confocal imaging, culture medium
was removed and replaced with fresh live cell imaging solution
(Gibco). Images were captured on LSM700 laser scanning
confocal microscope (Zeiss). GFP channel was used for
detection of Src-EGFP fluorescence and Texas Red channel
was used for detection of LifeAct-mRFP fluorescence. For time
lapse images, frames were captured with 2 min intervals for 40
min (10 min before and 30 min after 100 uM Me, Tz addition).
For fixed cell imaging, cells were transfected and treated before
fixation with 4% PFA, permeabilized with 0.1% Triton-X100,
and blocked with 5% FBS, before immunofluorescence staining
or phalloidin staining. DAPI was used to stain nucleus in the
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last step. Images of stained samples were also visualized on
LSM 700 laser scanning confocal microscope (Zeiss).

Luciferase and Kinase Activation in Mice. Balb/c nude
mice (male, 6—8 weeks) were purchased from Vital River
Laboratories, China. All protocols were approved by the
Institutional Animal Care and Use Committee of Peking
University accredited by AAALAC International. HEK293T
cells were cultured in dishes, cotransfected with pcDNA3.1-
fLuc-KS29TAG (or pcDNA4-Src-K29STAG-YS27F-mycHis)
and pCMV-MmPylRS-306A/384F in serum-free DMEM via
X-tremeGENE HP (Roche). After 6 h, medium was changed to
DMEM/10% FBS supplemented with and without 1 mM
TCOK (or with 1 mM CbzK as the negative control in the case
of Src) and cells were grown for another 18 h. Cells were then
digested, centrifuged, and resuspended in DMEM before being
placed on ice or preactivated with 500 M Me,Tz at R.T. for 20
min. These cells (~2 X 107 cells/50 uL) were then
subcutaneously injected into the mice (left legs, cells with
fLuc-K529TCOK/Src-K295TCOK-YS27F expression; right
legs, cells without fLuc-K$29TCOK/with Src-K295CbzK-
YS27F expression). 50 uL Me,Tz of 300 or 30 mM
concentration (equal to 66 or 6.6 mg/kg body weight for an
~2S g mouse) was then intravenously injected into mice via tail
vein immediately following the cell injection, allowing
bioorthogonal activation of target protein in vivo. For the
case of luciferase, after 40 min, 150 uL of luciferin (1S mg/mL)
was administered into mice (equal to 90 mg/kg body weight)
by intraperitoneal injection, and after another 20 min, the in
vivo bioluminescence images of mice were captured on IVIS
Lumina II imaging system (PerkinElmer). For the case of Src,
cells were extracted 1 h after tetrazine administration, followed
by immunoprecipitation by myc antibody and analysis of
autophosphorylation level by Western blotting. Immunopreci-
pitation was intended to distinguish overexpressing Src mutant
with endogenous Src protein to make a clear background.

Statistical Analysis. Statistical values in graphs are
presented as mean = s.d. from three independent experiments.
The t test or ANOVA is used for a significance test.
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