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T he use of small organic groups, such as alde-
hyde/ketone (1), azide, (2) and alkyne (3), as
bioorthogonal chemical reporters for the study of

biomolecular dynamics in vivo has attracted substantial
interests recently (4). Compared to genetically encoded
protein reporters such as green fluorescent protein (5),
the incorporation of chemical reporters is less likely to
perturb the folding, localization, and thus function of the
target protein in vivo because of their smaller sizes.
Moreover, these chemical reporters could serve as reac-
tion portals where a multitude of biophysical probes
can be covalently attached via a growing repertoire of
bioorthogonal reactions (6). For example, an aldehyde/
ketone can be selectively conjugated to the hydrazide/
alkoxyamine-linked probes via nucleophilic addition; an
azide can be selectively functionalized with the alkyne-
containing probes via copper(I)-catalyzed “click chemis-
try” (7), strained-promoted cycloaddition (2e, 2f), and
Staudinger ligation (2a); and conversely, a terminal
alkyne can be conjugated with the azide-containing
probes via click chemistry. The applications of these
bioorthogonal chemical reporters to various classes of
biomolecules have led to many new biological insights,
including glycan dynamics (8), enzymatic pathways (9),
protein lipidation (10), DNA/RNA synthesis (11), and
phospholipid metabolism (12).

Despite its biological inertness and its rich chemistry
in water (13), the use of alkene as an intracellular
bioorthogonal chemical reporter in mammalian cells
has not been reported. Whereas several alkene amino
acids (14) have been designed and incorporated into
proteins site-selectively using either a genetic or meta-
bolic approach in E. coli and Saccharomyces cerevisiae,
the methods for the selective functionalization of al-
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ABSTRACT The nonsymmetrical spatial distribution of newly synthesized
proteins in animal cells plays a central role in many cellular processes. Here, we
report that a simple alkene tag, homoallylglycine (HAG), was co-translationally in-
corporated into a recombinant protein as well as endogenous, newly synthesized
proteins in mammalian cells with high efficiency. In conjunction with a photo-
induced tetrazole-alkene cycloaddition reaction (“photoclick chemistry”), this al-
kene tag further served as a bioorthogonal chemical reporter both for the selec-
tive protein functionalization in vitro and for a spatiotemporally controlled imaging
of the newly synthesized proteins in live mammalian cells. This two-step meta-
bolic alkene tagging-photocontrolled chemical functionalization approach may of-
fer a potentially useful tool to study the role of spatiotemporally regulated protein
synthesis in mammalian cells.
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kenes in living systems are still scarce. We recently dem-
onstrated that the photoinduced tetrazole-alkene cy-
cloaddition (“photoclick chemistry”) can be employed
to functionalize an O-allyl-tyrosine-encoded protein in
E. coli cells (13c). Besides, Hilderbrand and co-workers
reported that trans-cyclooctene could serve as a
bioorthogonal chemical reporter for selective imaging
of cancer cells in which trans-cyclooctene was first at-
tached to an anti-EGFR antibody and then reacted with
a tetrazine reagent via an inverse-electron-demand
Diels�Alder reaction (15). Because of its large size, it re-
mains to be investigated whether trans-cyclooctene
can be genetically encoded into biomolecules site-
selectively.

Alkene functionality is naturally present in mamma-
lian cells, with the vast majority in the form of internal
cis-alkenes found in phospholipids and a small fraction
in the unsaturated lipid-derived signaling molecules
such as sphingosine 1-phosphate, anandamide, lino-
leic acid, retinoic acid, and farnesyl pyrophosphate. We
envision that an exogenous terminal alkene can serve
as a viable bioorthogonal chemical reporter because (1)
most endogenous alkene groups are not accessible to
chemical reactions because they are tightly packed in
lipid membranes, and (2) the exogenous terminal alk-
enes are more reactive than internal alkenes in the pho-
toclick chemistry (16). Here, we report the first incorpo-
ration of a metabolic alkene reporter, homoallylglycine
(HAG), into proteins in mammalian cells, and the utility
of this alkene reporter in the spatiotemporally controlled
imaging of the newly synthesized proteins via photo-
click chemistry in live mammalian cells (Figure 1).

RESULTS AND DISCUSSION
Metabolic Incorporation of HAG into Mammalian

Proteins. Since HAG represents the simplest terminal
alkene and has shown co-translational activity in a bac-

terial methionine auxotroph (14a), we reasoned that
HAG should serve as a methionine surrogate for co-
translational incorporation in mammalian cells as well
because (1) mammalian cells lack the methionine bio-
synthetic machinery (17), (2) human methionyl-tRNA
synthetase shares high homology with its E. coli or-
tholog (18), and (3) similar methionine surrogates such
as azidohomoalanine (AHA) and homopropargylglycine
(HPG) have successfully been employed by Tirrell and
Schuman to identify and image the newly synthesized
proteins in neurons (2f, 19). To examine whether HAG
can be co-translationally incorporated into mammalian
proteins, HeLa cells were cultured in a methionine-
deficient DMEM medium supplemented with HAG, and
the HAG incorporation into the newly synthesized pro-
teins was probed by in-gel fluorescence analysis of the
freshly prepared cell lysates after the photoinduced cy-
cloaddition reaction with tetrazole 1 (Table 1) (20). Us-
ing the fluorescence intensity to quantify the extent of
HAG incorporation, we found that the highest incorpora-
tion efficiency was obtained when cells were cultured
in the presence of 1 mM HAG for about 20 h (Figure 2).
Importantly, the cell proliferation assay as determined
by hemacytometer (Supplementary Table S1) and the
CellTiter-Glo based cell viability assay (Supplementary
Figure S2) indicated that the HAG labeling procedure did
not cause cytotoxicity during the incubation periods. Fur-
thermore, treatment of HeLa cells with either anisomy-
cin (40 �M) or cycloheximide (50 �M) for 30 min prior
to the HAG labeling completely abolished the incorpora-
tion of HAG into the cellular proteins (Supplementary
Figure S3), indicating that indeed HAG only labels the
newly synthesized proteins (21).

HAG Occupancy in Mammalian Proteins. To deter-
mine the HAG occupancy at the different Met sites, we
overexpressed a C-terminal His-tagged �-galactosidase

Figure 1. Scheme for metabolic incorporation of HAG and its subsequent functionalization by the photoinduced
tetrazole-alkene cycloaddition reaction in mammalian cells. Green pentagon denotes the in situ generated
fluorescence.
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(�-gal) by transiently transfecting 293T cells with pcD-
NA4/myc-His/lacZ plasmid and allowed protein expres-
sion to proceed in the methionine-deficient HAG label-
ing medium. The HAG-encoded �-gal was purified by
using Ni-NTA beads and subsequently digested with
trypsin and V8 to generate the peptide fragments. The
presence of HAG in these fragments was then analyzed
by nanoLC-tandem mass spectrometry. Based on
19.97-Da mass reduction relative to Met in the MS2
spectra (Supplementary Figure S4), 12 unique HAG sub-
stitutions were unambiguously identified among 24
Met sites (Table 2). Gratifyingly, 10 corresponding Met-
encoding peptide fragments were also positively identi-
fied (entries 1�10 in Table 2). Using ion count as an ap-
proximation for fragment abundance, we calculated the
HAG occupancy using the following equation: % occu-
pancy � IHAG/(IHAG � IMet), where IHAG and IMet are ion
counts for the HAG- and Met-encoded peptide frag-
ments in the MS spectra, respectively (Supplementary
Figure S5). We found that the HAG occupancy in �-gal
varied in the range of 42�85% (Table 2), with no appar-
ent structure-occupancy relationship after mapping the
identified HAG sites onto the �-gal structure (Supple-
mentary Figure S6). This finding is consistent with the
co-translational nature of HAG incorporation in which
HAG is activated by a methionyl-tRNA synthetase and

charged into a growing polypeptide chain during the ri-
bosomal synthesis when the polypeptide has yet to fold
into a globular structure. The differences in HAG occu-
pancy are generally less than 2-fold, which can be attrib-
uted to variations in ionization potential among 20
HAG- and Met-encoded peptide fragments.

Effect of HAG Incorporation on Protein Function
in Vitro. While Met occurrence in protein is relatively
low (�1.8%) (22), substantial global displacement of
Met by HAG nevertheless raises a critical concern that
it may potentially alter the folding and thus function of
the HAG-encoded proteins. To alleviate this concern, we
compared the enzymatic activity of the HAG-encoded
�-gal to that of wild-type (wt) in the cell lysates. Using
o-nitrophenyl-�-galactoside (ONPG) as a chromogenic
substrate in the kinetic assay, the HAG-encoded �-gal
showed a maximum velocity (Vmax) of 0.0357 � 0.0011
AU min�1, essentially identical to that of wt-�-gal (Vmax �

0.0378 � 0.0006 AU min�1) (Supplementary Figure
S7, panel a). Importantly, the expression levels of HAG-
and wt-�-gal in the cell lysates were found to be identi-
cal by the Western blot analysis using an anti-myc anti-
body (Supplementary Figure S7, panel b). This result
confirmed that HAG substitutions did not significantly
affect the �-gal enzymatic activity. Since �-gal functions
as a tetramer (23), this result also implies that HAG sub-

TABLE 1. Structures of the various tetrazoles, second-order rate constants for the cycloaddition
reactions, and photophysical properties of the corresponding pyrazoline cycloadducts

tetrazole k2 (M�1 s�1) a pyrazoline �abs (nm) � (M�1 cm�1) �em (nm) b �F
c

1 0.52 P1 354 4,200 555 0.0068
4 0.15 P4 356 5,200 501 0.080
5 0.79 P5 362 6,000 511 0.0041

aThe reaction was performed by irradiating a 200-�L mixture of 100 �M tetrazole and 10 mM 4-penten-1-ol in a quartz test tube with a
handheld UV lamp at 302 nm (see ref 20 for details). b�ex � 346 nm. cQuantum yields were measured using Rhodamine 6G as the stan-
dard (	F � 0.95 in PBS buffer). See Supporting Information for details.
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stitutions did not disrupt its tetramerization. The kinetic
finding is consistent with the cell proliferation and viabil-
ity assay results in which no HAG-related cytotoxicity
was detected when cells were grown in the HAG-
supplemented medium.

HAG for Protein Modification in Vitro. To examine
whether the metabolically incorporated HAG can be se-
lectively functionalized with the tetrazole reagents, first
we reacted the purified HAG- and wt-�-gal with 2 mM tet-
razole 1 and found that only HAG-�-gal showed the for-
mation of the fluorescent pyrazoline band on the SDS-
PAGE gel (Figure 3, panel a). The reaction yield was
estimated to be 56 � 14%, as determined by quantify-
ing the fluorescence intensity (Supplementary Figure
S8). To examine whether the HAG-encoded cell lysate
undergoes selective cycloaddition reaction, we incu-
bated BODIPY-tetrazole 2 (see Table 1 for structure) with

the HAG-encoded or normal cell lysate and tracked the
reactions via BODIPY fluorescence on the gel. We found
that only the HAG-encoded cell lysate was selectively la-
beled with the green BODIPY dye (Figure 3, panel b,
middle). Similarly, when the HAG-encoded cell lysate
was incubated with biotin-tetrazole 3 (see Table 1 for
structure) the biotinylated products can be detected by
streptavidin-alkaline phosphatase in a Western blot
(Figure 3, panel b, right). Taken together, these results
confirmed that HAG can serve as a viable bioorthogonal
chemical reporter for selective protein modification in
vitro by the tetrazole-derived probes.

HAG for Protein Labeling in Live Cells. To examine
whether HAG serves as a suitable tag for labeling newly
synthesized proteins in living cells, HAG-labeled HeLa
cells were suspended in 1 mL of PBS buffer containing
either 500 �M tetrazole 4 (used because of its superior

Figure 2. Co-translational incorporation of HAG into newly synthesized proteins in HeLa cells and its quantifica-
tion by in-gel fluorescence analysis after the photoinduced reaction with tetrazole 1. a) Time-course study: 1 mM
HAG (or Met control) was added to the methionine-deficient DMEM medium. (b) Concentration-dependency study:
cells were grown for 8 h in the presence of 0.1, 0.2, 0.5, 1, or 2 mM HAG or 1 mM Met. The fluorescent images
were shown as the inverted images. For fluorescence quantification, the entire lanes were circled in the densitom-
etry measurement. Three independent experiments were conducted for each incorporation condition. The trend
lines were added to the plots.
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fluorescence quantum yield; see Table 1) or 5% DMSO.
After a 10-min incubation at 37 °C, the cells were ex-

posed to a 302-nm UV light for 5 min before an addi-
tional 4 mL of PBS buffer was added. The cells were then

directly analyzed by fluorescence acti-
vated cell sorting (FACS) using a
407-nm violet laser for excitation and
a 450/50 bandpass filter for fluores-
cence detection. We found that after
the photoinduced reaction the HAG-
labeled HeLa cells showed signifi-
cantly greater increase in fluorescent
cell population than the normal HeLa
cells (Figure 4, panel a). Quantification
of the histograms showed that the
HAG-labeled cells yielded 11-fold in-
crease in mean fluorescence com-
pared to the DMSO control (Figure 4,
panel b). By contrast, the unlabeled
cells showed about 3-fold increase in
mean fluorescence after the reaction
compared to the DMSO control. The
increased background fluorescence
seen in normal HeLa cells can be at-
tributed to the intracellular retention of
tetrazole 4, which produces the
weakly fluorescent nitrile imine inter-

TABLE 2. Identification of HAG incorporation in �-galactosidase by nano-LC/MS�MS

entry incorporation site fragment sequencea charge occupancy (%)b

1 Met-1 #IDPVVLQR �1, �2 83.7%c

2 Met-202 WSDGSYLEDQD#WR �2 54.1
3 Met-246 AVLEAEVQ#CGELR �2 64.9
4 Met-367 HEHHPLHGQV#DEQT#VQDILL#K �3 69.0d

5 Met-372 HEHHPLHGQVMDEQT#VQDILLMK �3 84.8e

6 Met-379 HEHHPLHGQV#DEQT#VQDILL#K �3 69.0f

7 Met-502 SVDPSRPVQYEGGGADTTATDIICP#YAR �3 53.4
8 Met-655 HSDNELLHW#VALDGKPLASGEVPLDVAPQGK �3 42.3
9 Met-864 IDGSGQ#AITVDVEVASDTPHPAR �3 55.4

10 Met-1043 LISEEDLN#HTGHHHHHH �2 56.7
11 Met-420 THG#VPMNRLTDD �3 NA
12 Met-603 QFC#NGLVFADR �2 NA

a# denotes HAG. bThe occupancy was calculated using the following equation: % occupancy � IHAG/(IHAG � IMet), where IHAG and IMet

were ion counts for the HAG- and Met-encoded peptide fragments in the MS spectra, respectively. NA, not available. cAveraged
between the �1 and �2 charge states. dDetermined by comparing ion count of HEHHPLHGQV#DEQT#VQDILL#K over that of
HEHHPLHGQVMDEQT#VQDILL#K. eDetermined by comparing ion count of HEHHPLHGQVMDEQTMVQDILL#K over that of
HEHHPLHGQVMDEQTMVQDILLMK. fDetermined by comparing ion count of HEHHPLHGQV#DEQT#VQDILL#K over that of
HEHHPLHGQV#DEQT#VQDILLMK.

Figure 3. Selective functionalization of (a) HAG-encoded �-gal and (b) HAG-
labeled cell lysates by the tetrazole reagents via the photoinduced cycloaddi-
tion reaction. For reaction with tetrazole 1, 0.12 �g of HAG-�-gal and
0.14 �g of wt-�-gal were used in the gel analysis. For the BODIPY-tetrazole 2
mediated reaction, the fluorescent image was inverted; the fluorescence was
from the green BODIPY fluorophore, not the pyrazoline fluorophore. For the
biotin-tetrazole 3 mediated reaction, the Western blot is shown in which the
biotinylated products were detected by streptavidin-alkaline phosphatase.
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mediate upon laser activation (407 nm) during the flow
cytometric analysis (see Supplementary Figure S9 for
fluorescence spectrum of the nitrile imine intermedi-
ate). Nevertheless, the roughly 4-fold increase in mean
fluorescence detected in the HAG-labeled cells over nor-
mal cells suggests that HAG can serve as a useful chemi-
cal tag.

The selective photoinduced cycloaddition reaction
with the HAG-labeled HeLa cells was further confirmed
by fluorescence microscopy (Figure 5). In this experi-
ment, the HAG-labeled cells grown on coverslips were
treated with 100 �M tetrazole 4 for 10 min followed by
exposure to 302-nm handheld UV light for 2 min. The
cells were then washed with PBS and examined by fluo-
rescence microscopy. In the DAPI channel (ex 365 nm,
em 445 � 25 nm), the HAG-labeled HeLa cells showed
strong fluorescence, whereas normal HeLa cells did not
(Figure 5, panel a, top), indicating that the reaction was
selective. There was no significant treatment-related cel-

lular toxicity based on the DIC
images (Figure 5, panel a, bot-
tom) and the cell viability assay
(Supplementary Figure S10). To
verify that the observed fluores-
cence arose from the cycloaddi-
tion reaction with the newly syn-
thesized proteins, the treated
cells were lysed after photoex-
posure and the lysates were
subjected to in-gel fluorescence
analysis. Only the HAG-encoded
cell lysate showed fluorescent
protein bands, whereas the un-
labeled cell lysate did not
(Figure 5, panel b), indicating
that cellular fluorescence was
indeed due to the formation of
pyrazoline protein adducts.

Spatiotemporally Controlled
Imaging of Proteins in Live
Cells. The main advantage of
using an alkene reporter along
with photoclick chemistry for
protein imaging is the potential
of spatiotemporal control. To
demonstrate this, the HAG-
labeled HeLa cells grown on a
glass coverslip in a sealed

chamber were incubated with 200 �M of a 365-nm pho-
toactivatable tetrazole 5 (Table 1) (24). After briefly ex-
posing the cells to a two-photon 700 nm laser (5 s), the
cellular fluorescence was recorded over 1 min with a
confocal microscope equipped with a DAPI filter. We
found that only the directly illuminated HAG-HeLa cell
showed a rapid and more than 2-fold increase in fluores-
cence relative to the unilluminated cells (Figure 6,
panel a, top; Figure 6, panel b, left), indicating a tempo-
ral and spatial resolution can be achieved with the
HAG reporter. As a control, a slight increase in fluores-
cence was observed for the illuminated normal HeLa
cell, which was indistinguishable from the nonillumi-
nated normal cells (Figure 6, panel a, bottom; Figure 6,
panel b, right). Similar to what we observed in the FACS
analysis (Figure 4), the increased background fluores-
cence seen with normal cells was likely due to the
photogenerated, weakly fluorescent nitrile imine
intermediate.

Figure 4. Flow cytometry analysis of normal and HAG-labeled HeLa cells after reac-
tions with 500 �M tetrazole 4. a) Representative histograms showing populations
of DMSO-treated HeLa cells (black), tetrazole 4 treated HeLa cells (red), and tetra-
zole 4 treated HAG-HeLa cells. b) Bar graph representation showing the mean fluo-
rescence for each population: white bar, DMSO control; black bar, treated with tet-
razole 4. The error bars represent standard deviations derived from three indepen-
dent experiments.
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Compared to the direct incorporation of biophysical
probes into proteins, co-translational incorporation of
HAG followed by its selective functionalization offers
several unique advantages in tracking protein dynam-
ics in living cells. First, this two-step approach gets
around the size constraint imposed by the methionyl-
tRNA synthetase on the amino acid surrogate side
chains. Importantly, the co-translational incorporation
efficiency of HAG was found to be rather high, in the
range of 42�85% based on a mass-spectrometry analy-
sis (Table 2). Second, the incorporation of HAG did not
seem to significantly perturb protein folding, structure,
and likely subcellular localization. There was no appar-
ent cytotoxicity when HAG was incorporated into many
cellular proteins (Supplementary Figure S2). In the
kinetic analysis of the HAG- and Met-encoded
�-galactosidase, no difference in Vmax was detected
(Supplementary Figure S7). Third, HAG served as a reac-
tion portal where diverse small-molecule probes such
as fluorescence and affinity probes were attached
through the photoclick chemistry in vitro (Figure 3) and
in vivo (Figures 4�6). Fourth, the labeling procedure was
straightforward and in principle applicable to tissue
samples and living organisms because there was no ge-
netic manipulation involved.

Compared to the recently reported phototrigged
copper-free azide�alkyne cycloaddition (25), which
clearly has a potential in functionalizing azide-
containing biomolecules with a spatiotemporal resolu-
tion, this alkene reporter-photoclick chemistry strategy
generates fluorescent adducts in situ rapidly (in sec-
onds) and thus allows the monitoring of the newly syn-
thesized proteins in real time without the need of wash-
ing (e.g., in Figure 6). This streamlined procedure is
particularly advantageous when the repeated washings
are not feasible, e.g., in higher living organisms.

Conclusion. In summary, we have shown that a
simple alkene amino acid, HAG, can serve as a useful
metabolic reporter for newly synthesized proteins both
in vitro and in vivo. The HAG metabolic labeling proce-
dure was straightforward, and the incorporation effi-
ciency was high with occupancies in the range of
42�85%. Importantly, the HAG metabolic labeling did
not appear to disrupt protein function, as evidenced
both by the kinetic analysis and the lack of cytotoxicity
during the cell culture. In conjunction with the photo-

induced tetrazole�alkene cycloaddition reaction, the
HAG-encoded proteins can be modified with a variety
of tetrazole reagents in vitro. Furthermore, this bioconju-
gation chemistry can be carried out in intact cells, allow-
ing the labeled cells to be sorted by flow cytometry. Fi-
nally, we demonstrated that the HAG reporter can be
used to image the newly synthesized proteins in mam-
malian cells with spatiotemporal control. Efforts to in-
crease the sensitivity of this labeling chemistry and to
apply this technique to study spatial cell biology (26) are
currently underway.

Figure 5. a) Fluorescent (top) and DIC (bottom) images of HAG-HeLa
and HeLa cells treated with 100 �M tetrazole 4 for 10 min followed by
2-min photoirradiation at 302 nm. Scale bar �10 �m. b) Confirma-
tion of protein labeling via the photoinduced reaction in HeLa cells by
in-gel fluorescence analysis. The fluorescence image was inverted.
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METHODS
Metabolic Labeling of HeLa Cells with HAG. HeLa cells were al-

lowed to grow to 80�90% confluency on a 35-mm tissue cul-
ture plate in DMEM medium supplemented with 10% FBS. After
the medium was removed, the cells were washed twice with pre-
warmed DPBS (3 mL each) before 3 mL of prewarmed
methionine-deficient DMEM medium was added. The cells were
incubated in a humidified 37 °C, 5% CO2 incubator for 30 min
to deplete the intracellular methionine pool. The medium was
then removed and a fresh 2 mL of labeling medium (DMEM, 10%
dialyzed FBS, �Met, 0.1�2 mM HAG used in the concentration-
dependency study; 1 mM HAG used in the time-course study)
was added before the plate was returned to the CO2 incubator
for the indicated time (8 h for the concentration-dependency
study and 1�28 h for the time-course study). After metabolic la-
beling, the medium was removed, and the cells were washed
twice with 3 mL of ice-cold PBS. The HAG-labeled cells were then
used in the subsequent studies.

Determining HAG Incorporation Efficiency. To a 35-mm tissue
culture plate containing confluent HAG-labeled HeLa cells was
added 100 �L of ice-cold lysis buffer (10 mM Tris, 50 mM NaCl,

30 mM sodium pyrophosphate, 50 mM NaF, 5 mM EDTA, and
0.1 mM Na3VO4, 1% Triton X-100, pH 7.6), and the plate was
placed on ice for 20 min. The cells were then dislodged from the
plate surface, and the lysate was collected and centrifuged at
16,000 
 g at 4 °C for 30 min. The supernatant was transferred
to a new eppendorf tube. To set up the reactions, 20 �L of cell ly-
sates was mixed with 1 �L of tetrazole 1 (40 mM in DMSO) in
a 96-well microtiter plate. After the mixtures were irradiated with
a handheld 302-nm UV lamp for 10 min, the reactions were
quenched by adding 4 �L of 6
 SDS sample buffer and boiled
at 95 °C for 5 min. The samples were then loaded onto a precast
NuPAGE 4�12% Bis-Tris gel (Invitrogen) and subjected to pro-
tein electrophoresis. The fluorescent bands in the gel were re-
corded with a digital camera by illuminating the gel with a hand-
held 365-nm UV lamp. Subsequently, the same gel was stained
with Coomassie Blue to reveal the sizes and equal loading of
proteins. The fluorescence intensities were quantified using the
NIH ImageJ program.

Purifying HAG-Encoded and Wild-Type �-Galactosidases. To
overexpress �-galactosidase in mammalian cells, human embry-
onic kidney (HEK) 293T cells were grown on 10-cm tissue cul-
ture plates. Lipofectamine 2000 was used to transiently trans-

Figure 6. Spatiotemorally controlled imaging of HAG-labeled proteins in live HeLa cells. a) DIC (panel 1), time-lapsed fluorescence (panels 2�6)
and merged DIC/fluorescence (panel 7) images of HAG-encoded HeLa cells (top row) and normal HeLa cells (bottom row) upon two-photon il-
lumination. All cells were treated with 200 �M of tetrazole 5. A 5-s two-photon 700 nm laser was applied to the red circled area in panels 1
(sketched using the LSM-510 software). Scale bar �20 �m. b) Time courses of fluorescence development in the cytosolic regions in selected
HeLa cells as indicated in panels 6: red square denotes the region in cells that were subjected to two-photon activation; cyan and purple circles
denote the regions in the surrounding cells that were not subjected to two-photon activation.
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fect 293T cells with the pcDNA4/myc-His/lacZ plasmid
(Invitrogen). After 20�24 h, the medium was switched to the
HAG (1 mM) labeling medium or regular DMEM medium for an-
other 48 h. The cells were then rinsed with DPBS to remove HAG
before treatment with 0.5 mL of lysis buffer (50 mM Tris, 300 mM
NaCl, 1% NP-40, protease inhibitor cocktail, pH 7.8). The ly-
sates were subjected to three freeze�thaw cycles and centri-
fuged at 16,000 
 g at 4 °C for 30 min. The �-galactosidases
in the supernatant were extracted with Ni-NTA beads (Sigma, St.
Louis, MO) by following the manufacturer’s instructions. The pu-
rified protein was desalted using protein desalting spin col-
umns (Pierce, Rockford, IL).

ONPG-Based �-Gal Activity Assay. To 5 �L of cell lysates con-
taining either HAG-encoded or wild-type �-galactosidase was
added 1 mL of freshly prepared o-nitrophenyl-�-galactoside
(ONPG) solution (3 mM in PBS, 10 mM MgCl2, 0.1 mM
2-mercaptoethanol, pH 7.5). The UV absorbance at 420 nm
was recorded at various times over a period of 12 min. The maxi-
mum velocities (Vmax) were derived by least-squares fitting of
all data points to a linear equation. To confirm equal amounts
of �-galactosidases present in the cell lysates, the protein mix-
tures in the cell lysates were resolved by SDS-PAGE, and the
�-galactosidase was detected by Western blot using an anti-
Myc antibody (Invitrogen, Carlsbad, CA).

Reactions of HAG-Encoded �-Gal with Tetrazole. To 20 �L of
PBS buffer containing the purified �-gal (0.12 �g, 0.11 �M fi-
nal concentration) and 2.0 M urea was added 1 �L of tetrazole
1 (2 mM final concentration). The mixture was irradiated with a
handheld 302-nm UV light for 5 min. The samples were then
loaded onto a NuPAGE 4�12% Bis-Tris gel for SDS-PAGE. The re-
solved gel was subjected to both Coomassie Blue staining and
in-gel fluorescence analysis. The amount of �-gal pyrazoline ad-
ducts was determined by comparing its fluorescence intensity
to that of a 5-kDa mPEG-pyrazoline with known concentrations
on the same gel. The yield of the cycloaddition was estimated by
assuming 50% HAG occupancy at all 24 methionine sites.

Functionalization of HAG-Labeled Cell Lysates. For BODIPY
modification, 20 �L of HAG-labeled HeLa cell lysate (or the Met
control) was incubated with 2 �L of BODIPY-tetrazole 2 (400 �M
in DMSO) and 2 �L of TCEP (30 mM in water) in PBS buffer. Af-
ter the mixtures were irradiated in a 96-well microtiter plate with
a handheld 302-nm UV lamp for 5 min and additional incuba-
tion at RT for 1.5 h, the reactions were quenched by adding 1 �L
of 1 N HCl. After the pH was adjusted to 7.0 with 1 N NaOH,
5 �L of 6
 SDS sample buffer was added, and the mixtures
were boiled at 95 °C for 5 min. The samples were loaded onto
a NuPAGE 4�12% Bis-Tris gel and resolved by protein electro-
phoresis. The resolved gel was subjected to both Coomassie
Blue staining and in-gel fluorescence analysis. For biotinylation,
20 �L solution of HAG-labeled 293T cell lysate (or Met control)
was incubated with 2 �L of biotin-tetrazole 3 (200 �M in DMSO)
and 1 �L of TCEP (30 mM in ddH2O) in PBS buffer. After the mix-
tures were irradiated in a 96-well microtiter plate with a hand-
held 302-nm UV lamp for 5 min followed by incubation at RT for
1.5 h, the reactions were quenched by adding 1 �L of 1 N HCl.
After the pH was adjusted to 7.0 with 1 N NaOH, 5 �L of 6
 SDS
sample buffer was added, and the mixtures were boiled at 95 °C
for 5 min. The samples were loaded onto a NuPAGE 4�12% Bis-
Tris gel and subjected to protein electrophoresis. The proteins
were then transferred to the PDVF membrane (Millipore, Bed-
ford, MA) using a semidry protein transfer apparatus and blotted
with the VECTASTAIN ABC-AmP reagent kit (Vector Laboratories,
Burlingame, CA) by following the manufacturer’s instructions.

Fluorescence Activated Cell Sorting. HeLa cells were allowed
to grow to 80�90% confluency on the 10-cm tissue culture

plates. After metabolic labeling of HAG overnight, the labeled
cells and the Met control cells were detached from plate sur-
faces by treatment with 10 mL of 0.25% trypsin-EDTA contain-
ing DMEM medium and collected by centrifugation at 300 
 g
for 5 min at RT. The pellets were washed twice with PBS and re-
suspended in 1 mL of PBS buffer containing either 500 �M of
tetrazole 4 or 5% DMSO. After incubation at 37 °C for 10 min, the
cells were irradiated with a handheld 302-nm UV lamp for 5 min
before dilution with 4 mL of PBS. The cells were then subjected
to FACS analysis using a BD LSR II flow cytometer (BD Bio-
sciences, San Jose, CA). Cells were excited with a 407-nm vio-
let laser and cellular fluorescence were detected using a 450/50
bandpass filter. A total of 20,000 events were collected for
each sample and the forward- and side-scatter properties were
used to exclude doublets, dead cells, and debris during analy-
sis. The error bars represent standard deviations from three in-
dependent measurements.

Live Cell Fluorescent Imaging. HeLa cells were allowed to grow
to 60�70% confluency on coverslips placed in the tissue cul-
ture plates. After metabolic labeling of HAG overnight under the
optimized conditions, the HAG-labeled cells and the Met con-
trol cells were treated with tetrazole 4 (100 �M, 5% DMSO in
PBS buffer) for 10 min, followed by photoirradiation with a hand-
held 302-nm UV lamp for 2 min. After being washed twice with
PBS, the coverslip was flipped and placed on top of a glass slide
installed with In situ-Frame to make a sealed sample chamber
containing PBS buffer. The sample was then place underneath
a fluorescent microscope for image acquisition. Subsequently,
roughly 1 
 105 labeled cells were lysed by adding 10 �L of 6

SDS sample buffer and boiled at 95 °C for 5 min. The samples
were then loaded onto a NuPAGE 4�12% Bis-Tris gel and re-
solved by protein electrophoresis. The fluorescent bands in the
gel were recorded with a digital camera by illuminating the gel
with a handheld 365-nm UV lamp. The same gel was stained
with Coomassie Blue to reveal the sizes and amounts of proteins
loaded onto the gel.

Two-Photon Fluorescent Imaging. HeLa cells were allowed to
grow to 30�40% confluency on coverslips placed inside the tis-
sue culture plates. After metabolic labeling of HAG overnight un-
der the optimized condition, the HAG-labeled cells and the Met
control cells were washed twice with prewarmed PBS. The cov-
erslip was flipped and placed on top of a glass slide installed
with In situ-Frame to make a sealed sample chamber contain-
ing tetrazole 5 (200 �M, 2% DMSO in PBS buffer). The sample
was placed underneath the confocal microscope for the two-
photon initiated reaction and subsequent image acquisitions.
The image acquisitions were carried out using a Zeiss LSM-510
meta-NLO System equipped with a Coherent Chameleon Ultra II
Ti/Sapphire laser and external nondescanned detectors and
specifically configured for multiphoton imaging. The laser power
was set at 7% for reaction initiation and 1.6% for image acqui-
sition. A Plan-Apochromat 63
/1.4 oil DIC objective was used.
The two-photon laser excitation wavelength was set at 700 nm,
and the DAPI filter set (435�485 nm) was used in the fluores-
cence capture. The data quantification was carried out using the
software installed in LSM-510.
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