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Abstract
We report a chemical lipidation model for the study of protein lipidations in vitro and in live
mammalian cells based on a bioorthogonal, photoinduced tetrazole-alkene cycloaddition reaction.

Protein lipidation—the covalent attachment of lipid anchors to a protein—regulates many
cellular processes by controlling subcellular protein localization.1 A prominent example is
N-Ras, which controls cell growth, differentiation, and apoptosis by acting as a molecular
switch in the signal transduction pathway, cycling between the inactive GDP-bound form
and the active GTP-bound form.2 As a prerequisite for its biological activity, N-Ras requires
two sequential lipidations —a palmitoylation at Cys-181 and a farnesylation at Cys-186—in
order to partition into proper compartments (Fig. 1a).3 While the affinities of various lipid
anchors toward membrane structures have been studied in vitro using the lipid bilayer
model,4 the dynamics of spatiotemporal segregation of proteins upon lipidation in vivo
remains less well understood.5

To probe the effect of lipidation on protein localization dynamics in vivo, two strategies
have been successfully developed. One involved the fusion of fluorescent proteins to the
target protein to facilitate its monitoring by confocal fluorescent microscopy.6 Another
involved the microinjection of the dye-labeled, semisynthesized proteins with the pre-
determined lipidation patterns into living cells followed by examination of its subcellular
localizations by fluorescent microscopy.7 While these two approaches have elucidated the
effect of lipidation on protein localization, the spatiotemporal resolution of intracellular
trafficking upon lipidation was limited. We have recently reported a photoinduced tetrazole-
alkene cycloaddition reaction for selective functionalization of either tetrazole or alkene-
containing proteins both in vitro and in vivo.8 We envisioned that this photoinduced
bioorthogonal reaction may provide a chemical strategy for probing protein lipidation in live
cells with an improved spatiotemporal resolution. A two-step procedure will be employed in
this approach; the photoreactive tetrazoles are first incorporated at the target lipidation sites,
which then react with exogenous lipid dipolarophiles to form the lipidated products via the
photoinduced cycloaddition reaction (Fig. 1b). Compared to enzymatic lipidation, this
chemical strategy offers three unique advantages: 1) while enzymatic lipidations such as
palmitoylation,9 are reversible, chemical lipidations are irreversible which simplify the data
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analysis; 2) the extent of chemical lipidations is tunable through controlling the duration of
photoillumination as well as the concentration of exogenous lipid reagents; and 3)
exogenous lipid dipolarophiles with either natural lipid chains or unnatural ones can be used
in the reactions such that intricate structural effect can be probed in vivo. To validate this
strategy, here we report the bioorthogonal chemical lipidations of enhanced green
fluorescent protein (EGFP) carrying photoreactive tetrazoles in vitro, and the effect of
photoinduced chemical lipidations on EGFP localization both in an organic/PBS buffer
mixture and in live HeLa cells.

Since successive lipidations are typically required for stable membrane association, we
decided to examine the effect of lipid numbers by preparing two semi-synthetic EGFP
proteins carrying varying number of photoreactive tetrazole moieties using the intein-
mediated protein ligation strategy (Scheme 1). Thus, two short peptides containing either
one (Tet 1) or two (Tet 2) tetrazole sidechains were prepared via solid-phase peptide
synthesis.10 In parallel, we cloned EGFP(1-239) into the ligation vector, pTXB1, and
overexpressed EGFP-intein-CBD in E. coli. The ligation products, EGFP-Tet 3 and 4, were
obtained by incubating the immobilized fusion protein with 3 mM Tet 1 or 2 in the ligation
buffer followed by FPLC purification (Scheme 1).10 ESI-MS analysis revealed an intact
mass of 27547.7 ± 8.7 Da for EGFP-Tet 3, which matches closely with the expected mass of
27536.9 Da. However, repeated attempts in obtaining the intact mass of EGFP-Tet 4 were
not successful, presumably due to poor ionization.

To assess the reactivity of the tetrazole-modified EGFP, we incubated EGFP-Tet 3 and 4,
respectively, with N-palmityl fumaric acid (5) and subjected the mixture to 5-min 302-nm
photoirradiation with a handheld UV lamp (UVM-57, 0.16 Amps). Both EGFP-Tet 3 and 4
showed the fluorescent adduct formations upon photoirradiation during the in-gel
fluorescence analysis (Fig. 2), confirming the photoreactivity of tetrazoles toward a lipid
dipolarophile in vitro.11 Unexpectedly, the fluorescence intensity of EGFP-Pyr 7 was about
6-fold greater than that of EGFP-Pyr 6 (compare lane 2 to lane 1 in fluorescence panel),
more than two-fold anticipated due to the multiplicity (two tetrazoles in 4 vs. one in 3). This
could be attributed to higher effective concentration of the lipid dipolarophile 5 due to the
presence of significantly more hydrophobic Tet 2. However, the difference was reduced to
5-fold when 1 mM lipid dipolarophile 5 was used in the reactions, indicating the
concentration effect was attenuated.

To examine how chemical lipidation affects the phase-transfer behaviour of EGFP, we
performed the photoinduced lipidation reaction and added the product mixture to a DCM/
PBS buffer (~2:1) mixture. We expected that EGFP lipidation will drive the fluorescent
proteins from the aqueous phase to the interface of PBS/DCM as reported previously.12 To
our surprise, only EGFP-Tet 4 reaction product showed visible, distinct fluorescence at the
solvent interface while EGFP-Tet 3 reaction product did not (Fig. 3). This result could be
due to either the high lipidation yield (5–6-fold higher for EGFP-Tet4) or the formation of
the bis-lipidated EGFP-Pyr 7.

To probe whether this photoinduced chemical lipidation alters protein localization in vivo,
we injected EGFP-Tet 4 into HeLa cells together with Dextran-tetramethylrhodamine (MW
~70 KDa). After adding 100 μM N-palmityl fumaric acid (5) to the culture medium, the cells
were subjected to 1-min 302-nm UV irradiation before immediate image acquisitions by
confocal fluorescent microscopy (Fig. 4). In the GFP channel (ex 488 nm, em 500–550 nm),
punctate fluorescent pattern was observed, which was absent in HeLa cells lacking the lipid
dipolarophile (compare Fig. 4b to 4a). This was not due to dye-induced non-specific
aggregation of EGFP-Tet 4 as the punctate green fluorescence was visible when the GFP
channel image was merged with the rhodamine channel (ex 561 nm, em 576–615 nm) image
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(compare the merged images of Fig. 4b to 4a). Importantly, in the presence of lipid
dipolarophile and before the photoirradiation, no punctate fluorescence pattern was observed
(see ESI). Therefore, these intense fluorescent spots are most likely the result of EGFP
translocation from the cytosol to the vesicles upon its chemical lipidation,13 which is
consistent with the tendency of the lipid-containing EGFP-Pyr 7 to localize at the organic/
water interface in vitro (Fig. 3).

In summary, we have demonstrated a bioorthogonal chemistry strategy in probing protein
lipidation in vitro and in vivo without the use of lipidation enzymes. This chemical strategy
recapitulated some aspects of protein lipidation in vivo, e.g., the effect of lipid numbers on
membrane association stability and the lipidation induced translocation into vesicles inside
cells. While we have used the native protein ligation method in preparing the photoreactive
lipidation substrates, it is possible in the future that photoreactive tetrazole amino acids14

can be genetically incorporated into target protein site-specifically in mammalian cells. With
further development, this photoinduced bioortho-gonal strategy should provide a
spatiotemporally controlled tool for dissection of protein lipidation dynamics, specificity,
and function in vivo.
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Fig. 1.
(a) Scheme for the enzyme-mediated protein lipidation. N-Ras is used as an example. (b)
Scheme for the bioorthogonal chemical lipidation based on the photoinduced tetrazole-
alkene cycloaddition reaction.
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Fig. 2.
Photoinduced chemical lipidations of the tetrazole-containing EGFP by N-palmityl fumaric
acid: scheme for the lipidation reaction was shown in the top and the analysis of the
lipidation products by SDS-PAGE was shown in the bottom. Left panel, Coomassie blue
staining; right panel, fluorescence imaging. Duration of 5 min of 302-nm UV irradiation was
applied to the reaction mixtures.
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Fig. 3.
Photoinduced partitioning of EGFP-Tet 3 and 4 in the organic and aqueous phases after the
photoinduced cycloaddition reaction: Ten μL of EGFP-Tet 3 (or 4; 20 μM) or the reaction
product was added into 400 μL DPBS and 750 μL dichloromethane in a 1.5-mL tube. After
vortexing, the EGFP localization was monitored via fluorescence by illuminating the
samples with a handheld 365-nm UV lamp from the top.
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Fig. 4.
Representative cofoncal micrographs illustrating a bioorthogonal chemical control of the
subcellular localization of EGFP in live HeLa cells in the absence (a) and presence (b) of
lipid dipolarophile 5 in the culture medium: HeLa cells were microinjected with 25 μM
EGFP-Tet 4 together with 2 μM Dextran-TMR, which was used as a red fluorescent marker
that is excluded from the nucleus when injected in the cytoplasm. The images were acquired
on a confocal microscope with GFP (green), Differential Interference Contrast (DIC), and
rhodamine (red) channels following 1 min 302-nm UV irradiation. The merged cell images
were shown as the last panels. The scale bars denote 20 μm.
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Scheme 1.
Preparation of the tetrazole-containing EGFP proteins via native chemical ligation. CBD =
chitin binding domain.
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