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Abstract—The study of dynamic movement and interactions of proteins inside living cells in real time is critical for a better under-
standing of cellular mechanisms and functions in molecular detail. Genetically encoded fusions to fluorescent protein(s) (FP) have
been widely used for this purpose [Annu. Rev. Biochem. 1998, 67, 509-544]. To obviate some of the drawbacks associated with the
use of FPs [Curr. Opin. Biotechnol. 2005, 16, 1-6; Nat. Methods 2006, 3, 591-596], we report a small molecule-based approach that
exploits the unique reactivity between the cysteine residue at the N-terminus of a target protein and cell-permeable, thioester-based
small molecule probes resulting in site-specific, covalent tagging of proteins. This approach has been demonstrated by the in vivo
labeling of proteins in both bacterial and mammalian systems thereby making it potentially useful for future bioimaging

applications.
© 2008 Elsevier Ltd. All rights reserved.

1. Introduction

Small molecule-based chemical labeling strategies for
site-specific tagging of proteins have provided powerful
tools for the study of protein functions in intact
cells.!?* These include the formation of stable com-
plexes between biarsenical compounds and tetracys-
teine-containing proteins,*> non-covalent interactions
between small molecule ligands with proteins containing
the cognate tag,® enzyme- mediated covalent conjuga-
tion of small molecules to protein domains/peptide tags
fused to target proteins,'® !> intein-mediated protein
semisynthesis,'®"!° incorporation of unnatural amino
acids during protein biosynthesis,?*?! and more recently
the metabolic installation of bioorthogonal chemical re-
porter tags by using the cell’s biosynthetic machin-
ery.?>23 We and others had previously developed small
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molecule probes that specifically react with N-terminal
cysteine-containing proteins in vitro.>* 27 Herein, we re-
port the first use of this approach for in vivo tagging and
visualization of proteins in both bacterial and mamma-
lian systems.

Proteins with an N-terminal cysteine are widely used in
protein engineering and can be generated by a number
of different ways.”*2® Our approach takes advantage
of intein-mediated protein splicing (Fig. 1A) for the
in vivo generation of the target protein bearing an N-ter-
minal cysteine residue. Subsequent site-specific labeling
of the protein occurs via the well-known native chemical
ligation (NCL) reaction between this cysteine and a
membrane-permeant thioester-containing small mole-
cule probe (Fig. 1B) resulting in the formation of a cova-
lent protein-probe adduct. NCL is one of the few highly
specific chemical transformations that are compatible
with the complex and demanding cellular milieu,?® and
requires fewer genetic manipulations at the level of
proteins and host cells alike. Typically other in vivo
compatible chemical reactions like the ketone-hydrazine
reaction®” and the Staudinger ligation reaction?” require
the introduction of wunnatural functionalities into
biomolecules and/or tedious genetic manipulations. Fol-
lowing intein cleavage, only one additional amino acid is
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Figure 1. (A) Chemoselective native chemical ligation between an N-terminal cysteine in a protein and a thioester-containing probe, forming a stable
amide bond. (B) Our strategy for site-specific covalent labeling of N-terminal cysteine proteins and thioester probes in live cells. (C) Structures of cell-

permeable, thioester probes used in this study.

added to the target protein unlike other methods that
necessiate the fusion of target proteins to large protein
domains/tag that can potentially peturb the folding
and/or activity of target proteins. Furthermore, the use
of inteins obviates the dependence of endogenous methi-
oninyl aminopetidases (MAP) for the in vivo removal of
methionine residues since the cleavage process is signif-
icantly influenced by the residues adjacent to the initia-
tor methionine.*°

A panel of cell-permeable, thioester-containing small
molecules were used in our studies (Fig. 1C): (1) mono-
or di-acetate forms of coumarin, fluorescein, tetrameth-
ylrhodamine, and carboxynaphthofluorescein (CM, FL,
TMR, and CF, respectively), representing the spectral
variants of cell-permeable analogs of the fluorophores
(blue, green, orange, and red, respectively). Acetate
groups on the probes are spontaneously hydrolyzed in-
side the cell by endogenous esterases releasing the highly
fluorescent free dyes; (2) C2FL, representing the ‘caged’
form of FL wherein the two acetates were replaced by
photo-labile 2-nitrobenzyl groups. Selective ‘unmasking’
of C2FL by photolysis makes this probe useful for bioi-
maging techniques where spatio-temporal activation of
fluorescence is required; (3) BIOTIN, useful for poten-
tial in vivo protein—protein interaction studies utilizing
biotin—avidin affinity purification/enrichment of protein

complexes. The photophysical properties of these probes
remained similar to the parent fluorophores.?’

2. Results and discussion

2.1. In vivo intein cleavage to generate N-terminal Cys
proteins

The intein-mediated system was originally designed for
protein purification on an affinity column.?> This meant
that one would prefer cell growth conditions which min-
imize the in vivo cleavage of the fusion protein so as to
allow the on-column isolation of the entire fusion (e.g.,
intein-target protein) before subsequent in vitro cleavage
of the target protein takes place. However, we observed
with great interest that a substantial amount of the
fusion protein always underwent spontaneous in vivo
cleavage under normal cell growth conditions (i.e., pH
7 in cell media when grown at 37 °C or even at room
temperature) leading to the release of the intein-cleaved
target protein inside growing cells. We therefore
capitalized on this phenomenon to generate, in vivo,
N-terminal cysteine-containing proteins that can be sub-
sequently labeled site-specifically with thioester-contain-
ing small molecule probes. Bacterial cells transformed
with pTWIN2-GST vector were used as a model to
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optimize cell growth conditions such that maximum in-
tein-mediated protein cleavage occurred in vivo to gen-
erate GST possessing an N-terminal cysteine residue.
We found that inducing protein expression at room tem-
perature for 18 h was sufficient to cleave ~50% GST
from its intein fusion (Fig. 2A). We next assessed the
in vivo cleave of EGFP and ECFP, transiently expressed
in HEK293 cells from pT-Rex-DEST30-intein-EGFP
and pT-Rex-DEST30-intein-ECFP-NLS, respectively.
Both EGFP and ECFP were engineered such that each
possesses an N-terminal cysteine residue upon cleavage
from the intein fusion. The pT-Rex-DEST30-intein-
ECFP-NLS construct, having a nuclear localization se-
quence (NLS) attached to the C-terminus of intein-
ECFP fusion, allows us to assess the in vivo cleavage
of intein fusion inside the nucleus. As shown in Figure
2B and C, both EGFP and ECFP were efficiently
cleaved (>95% cleavage for intein-EGFP and >60%
for intein-ECFP-NLS) after 48 h of transient transfec-
tion and cell growth indicating that the intein-mediated,
in vivo protein cleavage occurred efficiently in different
cellular compartments inside mammalian cells. Western
blot was necessary to follow the in vivo cleavage in
mammalian cells as only small amounts of proteins were
expressed due to low transfection efficiencies.

2.2. In vivo labeling of N-terminal cysteine-containing
proteins in bacteria

Having established that intein-mediated protein cleav-
age occurred efficiently inside both bacterial and mam-
malian living cells, we next labeled the N-terminal
cysteine-containing proteins, following intein cleavage,
with our cell-permeable thioester-containing probes.
To label the N-terminal cysteine-containing GST over-
expressed in bacteria, the probe (5-100 pM) was directly
added to the growing cell media after in vivo protein
cleavage was induced, followed by incubation for 0-
24 h for the labeling reaction to occur. At the end of
the labeling, excessive probe and side products (i.e.,
probes conjugated to free cysteine) were removed by
extensive washings of the cells. For quantification of
time-dependent in vivo labeling, a small sample of the
labeled cells was periodically analyzed by SDS-PAGE
(Fig. 3A and B): consistent with previous reports for
in vitro labeling,?’ in vivo labeling was shown to occur
in a time-dependent fashion, with >50% of the labeled
protein observed within the first 3 h of labeling.
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Due to the intrinsic reactivity of thioester toward any
thiol-containing molecules, it is possible that our probes
may react with internal cysteines of a protein, generating
a ‘mislabeled’ protein in which internal cysteines in the
protein is thiol-esterified by the probe via a thiol ex-
change reaction. We believe, however, this ‘thiol-acyla-
tion’ reaction is readily reversed inside living cells by
aqueous hydrolysis to spontaneously release the unla-
beled protein. Consequently, of all proteins present in
the cell, only those possessing an N-terminal cysteine
may be stably labeled (due to the formation of a peptide
bond) by our probes. In order to unambiguously con-
firm this, we expressed and labeled, in vivo, N-terminal
cysteine-containing GST followed by direct analysis of
the whole-cell protein content using a DTT-free SDS
loading buffer (lane 1 in Fig. 3C). Lysis of proteins using
a DTT-free loading buffer prior to SDS-PAGE separa-
tion allows the detection of any protein which may have
been ‘mislabeled’ at its internal cysteine thiols.!”2> As
shown in Figure 3C, the major fluorescent band ob-
served in DTT-free SDS loading buffer corresponds,
both in intensity and molecular weight, to that of the
target protein when DTT was present (i.e., lane 1 vs
2). We also observed some negligible yet noticeable
background bands observed in lane 1 which were not
present in lane 2 (* in Fig. 3C), which may have arisen
from non-specific labeling of endogenous proteins. De-
spite this, we believe these background labelings are tol-
erable for most bioimaging experiments, and they may
be reduced further by more extensive washings of the la-
beled cells. Put together, our results further confirmed
the site-specific covalent nature of our strategy, which
allows in vivo labeling N-terminal cysteine-containing
proteins with high efficiency and low background.

2.3. Fluorescence microscopy of bacterial cells labeled
with different probes

The spectra overlap of EGFP and the probe TMR in our
labeling strategy provide an ideal donor—acceptor pair
for fluorescence resonance energy transfer (FRET),
which only occurs when both donor and acceptor are
in close proximity.*> This serves to unambiguously con-
firm the covalent labeling of the N-terminal cysteine
proteins with our probes inside live cells. As shown in
Figure 4A, a clear FRET signal was observed in all
TMR-labeled bacterial cells expressing N-terminal cys-
teine-containing EGFP, indicating the covalent nature
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Figure 2. In vivo cleavage efficiency of intein-fused proteins in different organisms. (A) In bacteria, in vivo cleavage occurs at about 50% as seen by
coomassie stain of a 12% SDS-PAGE. (B) and (C) Western blots (with anti-EGFP antibody) of in vivo cleavage of intein-fusion proteins in HEK293
mammalian cells: >95% in vivo cleavage for intein-EGFP as shown in (B), and >60% in vivo cleavage for intein-ECFP-NLS as shown in (C). Note

that anti-EGFP antibody detects both EGFP and ECFP.
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Figure 3. (A) Fluorescence in-gel scanning image showing the time-course of labeling of cells expressing N-terminal cysteine-containing GST with
FL. Labeled cells after specified time intervals were analyzed on a 12% SDS-PAGE (left to right): 0 min, 10 min, 30 min, 1 h, 3h, 6 h, 12 h and 24 h.
(B) % completion of GST labeling over 24-h intervals with FL (¢), TMR (7)), and BIOTIN (A). At the indicated time point, the extent of labeling
was quantitated by the integration of the fluorescence intensity (for FL and TMR probes) of the labeled protein band using the ImageQuant software
(Amersham Biosciences). (C) Site-specific in vivo labeling of N-terminal cysteine-containing GST with 10 uM TMR, showing negligible background
labeling from acylated internal cysteines. Cells in lanes 1 were lysed in DTT-free SDS-loading buffer, while those in lanes 2 were lysed in regular SDS-
loading buffer containing DTT. The 27 kDa GST band in lane 1 appeared smeared due to the lack of reducing agent (i.e., DTT) in the SDS-loading
buffer. Some noticeable background bands (indicated by *) in lane 1 which disappeared in lane 2 may be from ‘mislabeled’ endogenous proteins.

Figure 4. Fluorescence micrographs of live bacterial cells after labeling with 20 uM of the indicated probes: (A) EGFP-expressing cells labeled with
TMR: (i) overlay of phase contrast image with fluorescence microscopy image (GFP channel). Arrowed cells are those not expressing N-terminal
cysteine-containing EGFP; (ii) overlay of phase contrast image with fluorescence microscopy image (TMR channel); (iii) FRET channel of the
labeled cells (excitation: 470 £ 20 nm; emission: 605 £ 30 nm). Note that cells not expressing EGFP showed neither TMR nor FRET signal. Scale
bar: 1 um. (B) GST-expressing cells labeled with C2FL: (i) fluorescence microscopy image (GFP channel) after 0 min UV photolysis (inset: phase
contrast image); (ii) fluorescence microscopy image (GFP channel) after 5 min UV photolysis. Scale bar: 2 um. (C) GST-expressing cells labeled with
other probes: (i) fluorescence microscopy image (TMR channel) of negative control with cells not expressing N-terminal GST but labeled with TMR
(inset: phase contrast image); (ii) fluorescence microscopy image (coumarin channel) of GST-expressing cells labeled with CM; (iii) fluorescence
microscopy image (GFP channel) of GST-expressing cells labeled with FL; (iv) fluorescence microscopy image (red channel) of GST-expressing cells
labeled with CF. All cells were labeled for 24 h. Scale bar: 2 pm.
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of our labeling. Also evident in Figure 4A is that neither
TMR nor FRET signals could be detected in those cells
not expressing EGFP, further confirming the labeling
strategy only works when there is an N-terminal cys-
teine-containing protein present inside the cell. A nega-
tive control of unlabeled cells expressing EGFP revealed
no fluorescence in the FRET channel even with ex-
tended exposure time (Supporting Information, Fig. S2).

We next demonstrated the versatility of the strategy by
labeling live cells with probes having different fluores-
cence and other chemical properties (Fig. 4B and C).
Bacterial cells expressing N-terminal cysteine GST were
labeled with CM, FL, TMR, and CF giving rise to cells
that have different ‘colors’ (Fig. 4C). When labeled with
C2FL, the ‘caged’ analog of FL, labeled proteins inside
the cell could be selectively ‘lighted” up by UV photoly-
sis (Fig. 4B) indicating the potential of this approach for
a variety of other advanced bioimaging techniques.>!

2.4. In vivo labeling of N-terminal cysteine-containing
proteins in mammalian cells

Having successfully demonstrated the strategy for highly
specific, covalent protein labeling inside bacterial cells,
we next extended the strategy to mammalian cells, which
are more useful for bioimaging applications, yet much
more challenging because of their cellular complexity.
HEK293 cells were used in our studies. Intein-fused
EGFP and ECFP mammalian expression vectors were
constructed, in which an extra N-terminal cysteine was
introduced into both EGFP and ECFP, as described un-
der 4. To facilitate evaluation of the labeling, as well as
to assess whether the strategy targets proteins expressed
in subcellular compartments within mammalian cells
(e.g., nucleus), we fused a nuclear localization sequence
(NLS) to ECFP, generating ECFP-NLS. As described in
previous paragraphs, in vivo cleavage of the intein-fused
protein occurred efficiently in HEK?293 cells (Fig. 2B

and C), consistently generating >50% cleaved proteins
for subsequent labeling experiments.

To determine the site-specific, covalent nature of our
labeling strategy in a mammalian system, HEK293 cells
transfected with EGFP were incubated with the thioes-
ter-containing biotin probe, BIOTIN, in cysteine-free
media, and the in vivo labeling of EGFP was assessed
by SDS-PAGE and Western blots of the resulting cell
lysates (Fig. 5A). Western blot was necessary to validate
the in vivo labeling in mammalian cells, as only a small
amount of the target protein was expressed due to
intrinsically low efficiency of the transient transfection.
As shown in Figure 5A, endogenously biotinylated pro-
teins, namely methyl-crotonyl-CoA-carboxylase and
propionyl-CoA-carboxlyase (both 75kDa), were de-
tected in untransfected, unlabeled HEK 293 cells (lane
1). This is consistent with what was reported previ-
ously.!” Untransfected cells on the other hand, when la-
beled similarly with the probe, showed a noticeable
background labeling (lane 2), which, fortunately was al-
most completely eliminated in EGFP-transfected, la-
beled cells (lane 3): the only other major band
observed, besides the expected EGFP, was that of
endogenous biotinylated proteins. This validated the
feasibility of our strategy in mammalian cells with
tolerable background labeling. We suspect that the
background labeling observed in untransfected cells
(e.g., lane 2 in Fig. 5A) was a result of artifacts from
the Western blot, although we could not eliminate the
possibility of some non-specific labeling in our strategy.

The relative efficiency of our in vivo labeling strategy
was assessed by streptavidin absorption experiments
(Fig. 5B and C) with EGFP-expressing HEK293 cells la-
beled with BIOTIN. After the labeling reaction, cells
were extensively washed to remove any excessive free
probe, lysed, and the resulting cell lysate was incubated
with an excessive amount of streptavidin beads to isolate
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Figure 5. Site-specific labeling of N-terminal cysteine-containing proteins in HEK293 mammalian cells. (A) EGFP-expressing cells labeled with
BIOTIN for 24 h. Shown is the Western blot (with anti-biotin) of HEK293 cells: lane 1, non-transfected cells; lane 2, non-transfected cells labeled
with 100 uM of the probe; lane 3. EGFP-transfected cells labeled with 100 pM of the probe. Note that a band was observed in all lanes,
corresponding to endogenously biotinylated methyl-crotonyl-CoA-carboxylase and propionyl-CoA-carboxlyase (both 75kDa). (B) and (C)
Determination of percentage in vivo labeling in HEK293 cells expressing EGFP using streptavidin absorption experiments. The same sample was
divided equally and 2 separate Western blots using (B) anti-EGFP and (C) anti-biotin were carried out. In lanes 2, biotinylated proteins were pulled-
down using streptavidin beads.!” These include the 27 kDa biotinylated N-terminal cysteine EGFP and 75 kDa endogenous mammalian proteins.
Lane 1 contains one-fifth of the flow-through from the absorption experiments.
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biotinylated proteins (the bead-bound fraction) from
non-biotinlyated proteins (the flow-through fraction).
As shown on the Western blot detected with anti-EGFP
antibody (Fig. 5B) between the fractions of EGFP in the
flow-through (lane 1; 1/5 of total volume) and bound to
the beads, it was estimated that <10% all cleaved EGFP
was labeled in vivo. A separate but duplicate Western
blot was run simultaneously, using anti-biotin antibody,
to ensure successful separation of biotinylated/non-bio-
tinylated proteins in the pull-down experiment
(Fig. 5C): very few biotinylated EGFP were detected
in the flow-through fraction (i.e., lane 1). Work is cur-
rently underway to improve the labeling efficiency of
our strategy.

2.5. Fluorescence microscopy of mammalian cells

Next, we used fluorescence microscopy to visualize the
labeling ECFP in HEK293 cells. The ECFP was local-
ized to the nucleus. After transfection with pT-Rex-
DEST30-intein-ECFP-NLS vector, cells were shown to
express ECFP almost exclusively in their nuclei
(Fig. 6(i1)), indicating successful nuclear localization of
the protein. Upon further induction of intein-mediated
protein cleavage to release the active N-terminal cys-
teine-containing ECFP, cells were labeled with TMR
for 24h, washed extensively then visualized
(Fig. 6(iii)): the majority of the fluorescence detected
in the TMR channel was observed to be accumulated in-
side the nucleus of the transfected cell indicating that
successful and site-specific labeling of the nuclear local-
ized ECFP by TMR had occurred. Also apparent in the
labeled cell, however, were some much weaker but sig-
nificant fluorescence signals detected at the periphery
of the nucleus (Fig. 6(iii)). We believe this was not
caused by non-specific covalent labelings, but rather
the non-covalent trapping of the probe inside the mito-
chondrial, as rhodamine dyes (i.e., TMR) are known
previously to localize in the mitochondria of mamma-
lian cells.?? In the future, other dyes may be used to min-
imize this problem. Finally, since ECFP and TMR form
a FRET pair, the covalent labeling of our strategy was
further confirmed by the observation of a clear FRET
signal present exclusively in the nucleus of the labeled
transfected cell (Fig. 6B(iv)). A negative control with
unlabeled cells expressing ECFP-NLS showed no FRET
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Figure 6. Fluorescence microscopy of ECFP-NLS-expressing HEK?293 cells labeled with TMR for 24 h. (i) Phase contrast image; (ii) fluorescence
image (CFP channel) indicating nuclear localization of ECFP; (iii) fluorescence image (TMR channel), indicating the majority of TMR labeling
occurred inside the nucleus with some mitochondria staining; (iv) FRET channel (excitation: 436 £ 10 nm; emission: 620 £ 30 nm). FRET signals
were detected only in the nucleus of the labeled cell. No signals were detected in either ECFP-transfected but not TMR-labeled cells (see Supporting
Information, Fig. S3).
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Figure 7. Assessment of probe cytotoxicity-HEK293 cells expressing
N-terminal cysteine-containing ECFP-NLS proteins was labeled at
different concentration of the BIOTIN probe (100 pM to 2 mM) for
24 h. Cell viability was assessed by Trypan blue exclusion assay.
Percentage cell death values shown are after negation of cytotoxicity
due to vehicle (DMSO) alone. All experiments were performed in
triplicates.

signal under the same exposure time (Supporting Infor-
mation, Fig. S3).

In our strategy, when the fluorescent tag is covalently at-
tached to the N-terminus of a protein, the protein effec-
tively becomes a fluorophore itself. In spite of the fact
that we observed some background labeling in certain
probes (i.e., TMR labeling in mitochondria), we believe
this problem may be overcome in future by carefully
choosing probes which possess unique chemical, physi-
cal, and biological properties, which, when combined
with advanced bioimaging techniques such as photoacti-
vation, FRET, fluorescence recovery after photobleach-
ing (FRAP) or fluorescence loss after photobleaching
(FLIP) should make the strategy applicable to an even
wider range of biological experiments.

2.6. Probe toxicity
Lastly, we assessed the cytotoxicity of our probes in

mammalian cells. The biotin-containing probe, BIO-
TIN, was taken as an example. Different amounts of
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BIOTIN were added to HEK293 cells transfected with
ECFP-NLS, and the percentage of cell death as a result
of BIOTIN was monitored. The percentage of cell death
was determined for BIOTIN concentrations ranging
from 100 uM to 2 mM (Fig. 7): with <500 uM of BIO-
TIN added to the cells, minimal cell death was observed
(less than 5%). With the addition of up to 2 mM of the
probe, only ~20% of cell death was observed. This indi-
cates that our labeling conditions (e.g., typically 10—
100 uM of the probe) should have negligible effect on
the cell viability, further validating the compatibility of
our labeling strategy with live cell experiments.

3. Conclusion

Our labeling approach has several advantages over
existing strategies.> >3 Genetic fusions require the intro-
duction of a macromolecular protein, namely GFP
(27 kDa, or its derivatives),? avidin (55 kDa)*? or hAGT
(23 kDa),'® to the target protein, which may subse-
quently affect its biological and cellular activities. In
our strategy, only one extra amino acid, that is, cysteine,
is introduced, thus minimizing potential perturbation to
the original conformation and activity of the protein.
This also compares well with the biarsenical approach
which requires the presence of a tetracysteine motif-
CCXXCC.* Since N-terminal cysteine-containing pro-
teins could be readily generated in vivo,?*2° our ap-
proach does not require complex genetic manipulation
of the protein/host, as in the approaches developed by
Schultz?® and Bertozzi.??> Lastly, with the easy access
to potentially a large array of thioester-containing small
molecule probes, our approach may provide a general
method for in vivo protein labeling in a variety of bio-
logical experiments.

In conclusion, we have developed a simple yet highly
versatile method for site-specific, covalent labeling of
proteins inside live cells. We have shown that this strat-
egy can be applied to different organisms with tolerable
background labeling and with a variety of easily accessi-
ble small molecule probes, thus making it potentially
useful for future bioimaging and proteomics applica-
tions.33 This strategy, however, is not amenable to pro-
teins that have a pre-requisite for an amino-terminal
signal sequence for organellar localization.

4. Experimental
4.1. Probe synthesis

All probes used in our studies were synthesized as de-
scribed elsewhere.?” The final stock concentration of
all the probes reported in this study were 5-10 mM in
DMSO.

4.2. Construction of expression plasmids
Two model proteins, EGFP and GST, were PCR ampli-

fied from pEGFP (Clontech, USA) and pGEX-4Tl1
(Pharmacia Biotech, USA) vectors, respectively, and

cloned into the pTWIN1/2 expression vector (NEB,
USA) following the C-terminus of the Ssp DnaB intein
tag. The genes were inserted between the first Sapl site
and the Pstl site on the vector, with a cysteine introduced
by PCR as the first amino acid of the target protein, gen-
erating pTWINI-EGFP and pTWIN2-GST, respec-
tively. Similarly, the ECFP gene containing a nuclear
localization sequence (ECFP-NLS) was amplified from
the pECFP-Nuc vector (Clontech, USA) and cloned into
the pTWINI1 vector to generate pTWINI1-ECFP-NLS.
The intein-fused EGFP and ECFP-NLS genes were then
amplified from their respective bacterial constructs (i.e.,
pTWINI1-EGFP and pTWINI1-ECFP-NLS), cloned into
the donor vector pDONR201 using the GATEWAY™
cloning system (Invitrogen, USA), followed by recombi-
nation of the cloned genes into a mammalian expression
vector pT-Rex-DEST30 (Invitrogen) to generate pT-
Rex-DEST30-intein/EGFP and pT-Rex-DEST30-in-
tein/ECFP-NLS, respectively. All constructs were veri-
fied by DNA sequencing. The primers used to generate
different constructs as shown above are listed below:

pTWIN1-EGFP

5'-GGT GGT TGC TCT TCC AAC TGC AGA GCC
ATG GTG AGC AAG GGC-3'

5'-GGT GGT CTG CAG TTA CTT GTA CAG CTC
GTC-3'

pTWIN2-GST

5'-GGT GGT TGC TCT TCC AAC TGC AGA GCC
ATG TCC CCT ATA CTA-3'

5'-GGT GGT CTG CAG TCA GTC ACG ATG CGG-
3/

pTWINI1-ECFP-NLS

5'-GGT GGT TGC TCT TCC AAC TGC AGA GCC
ATG GTG AGC AAG GGC-3'

5'-GGT GGT CTG CAG TTA TCT AGA TCC GGT
GGA-3'

pT-Rex-DEST30-intein-EGFP

5'-GGGG ACA AGT TTG TAC AAA AAA GCA
GGC TTC GAA GGA GAT AGA ACC ATG GCT
ATC TCT GGC GAT AGT-3'

5'-GGGG AC CAC TTT GTA CAA GAA AGC TGG
GTC CTG CAG TTA CTT GTA CAG-3/
pT-Rex-DEST30-intein-ECFP-NLS

5'-GGT GGT CTG CAG TTA TCT AGA TCC GGT
GGA-3’

5'-GGGG AC CAC TTT GTA CAA GAA AGC TGG
GTC CTG CAG TTA TCT AGA TCC-3'

4.3. Protein expression and in vivo labeling in bacteria

Bacterial constructs were transformed into the Esche-
richia coli expression strain ER2566 (NEB) and grown
in 100 pg/ml ampicillin containing LB media at 37 °C.
At ODyggpp = ~0.6, protein expression was induced by
the addition of 0.3 mM of IPTG (isopropyl-B-p-thioga-
lactoside) and the cells were further grown for 12 h at
room temperature to allow the expression and folding
of the fusion protein, as well as for the fusion protein
to undergo self-cleavage and generate the desired N-ter-
minal cysteine protein in vivo. To label the protein in
live cells, 20 uM of the probe (5-100 uM also worked)
was added directly to the LB media containing grown
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cells, and incubated at room temperature for 24 h. For
the time-course labeling experiments, a small sample of
cells was removed at each time interval, quenched with
10 mM of cysteine and lysed by boiling in SDS sample
buffer. The resulting sample was analyzed directly on a
12% SDS-PAGE to ensure that all labeled products
were detected. Labeling was visualized by in-gel fluores-
cence scanning with a Typhoon™ 9200 fluorescence
scanner (Amersham Biosciences, USA). Biotinylated
proteins were detected by Western blotting. Briefly, fol-
lowing SDS-PAGE, the resulting gel was electroblotted
onto a polyvinylidene difluoride (PVDF) membrane
(BioRad, USA) and blocked for 1 h with 5% non-fat
dry milk in PBST (phosphate buffered saline, pH 7.4,
with 0.1% Tween 20). The membrane was incubated
with horseradish peroxidase (HRP)-conjugated anti-bio-
tin antibody (Cell Signaling Technologies, USA) at a
1:1000 dilution in PBST for 1 h with gentle agitation.
Blots were then washed with PBST (3 x 15 min) and
protein bands were detected by chemiluminescence using
the ECL™ kit (Amersham).

4.4. Protein expression and in vivo labeling in mammalian
cells

HEK?293 cells were grown in Dulbecco’s modified Ea-
gle’s medium (DMEM) supplemented with 10% fetal
bovine serum, penicillin (100 U/ml) and streptomycin
(100 pg/ml) at 37 °C with 5% CO,. Cells were seeded
at 2.4 x 10° cells per 100 mm tissue culture plate. After
overnight incubation, cells were transiently transfected
with either pT-Rex-DEST30-intein-EGFP or pT-Rex-
DEST30-intein-ECFP-NLS using PolyFect Transfec-
tion Reagent (Qiagen, USA). After 36 h of protein
expression, cells were washed in 1x PBS and cysteine-
free DMEM (Sigma) was added. The biotin-thioester
probe, BIOTIN, was added to a final concentration of
100 uM (10-100 uM also worked) and cells were incu-
bated for another 24 h. Cells were harvested by centrifu-
gation at 1000 rpm for 10 min and resuspended in 1x
PBS. Washings were repeated at least three times, and
cells were lysed in PBS using glass beads. Streptavidin
MagneSphere® Paramagnetic Particles (Promega,
USA) were used to pull-down all biotinylated proteins
in the cell lysate. Protein samples were incubated with
excess streptavidin magnetic beads for 1 h at 4 °C to en-
sure all biotinylated proteins were absorbed onto the
beads. Beads were then washed thrice in 1x PBS, boiled
in 1x SDS loading buffer and loaded onto a 12% SDS—
PAGE. Western blotting was used to assess biotinylated
proteins, as described above. For the quantification of
in vivo labeling efficiency, a streptavidin absorption
experiment was carried out to separate biotinylated pro-
teins from non-biotinylated ones, as previously de-
scribed.!” Sample fractions bound to the streptavidin
beads and from the flow-through were analyzed by both
anti-biotin and anti-EGFP Western blotting.

4.5. Probe toxicity assay
The biotin-containing thioester probe was used as a

representative in this study. A stock solution of 5 mM
BIOTIN dissolved in DMSO was used for all experi-

ments. HEK?293 cells transfected with pT-Rex-
DEST30-intein-ECFP-NLS were labeled with BIOTIN
at concentrations of 100, 200, 500, 1000, and 2000 pM
for 24h. ‘Blank’ experiments with DMSO only
(adjusted to the respective final concentrations) were per-
formed simultaneously. Cells were inspected periodically
with a microscope. At the end of 24 h, cells viability was
assessed by the Trypan blue (0.04%) exclusion assay. The
percentage of cell death from the BIOTIN experiments
was subtracted from the ‘blank’ experiments to obtain
the final percentage of cell death for a particular BIOTIN
concentration. All experiments were performed in tripli-
cates and the average values plotted.

4.6. Fluorescence microscopy

For bacteria, labeled cells were harvested by centrifuga-
tion at 4000 rpm for 10 min. Upon resuspension in 1x
PBS buffer (pH 7.4) containing 10% glycerol, cells were
left standing for 30 min. This procedure was repeated
three times to ensure the complete removal of any free
probe. Cells were mounted on clean glass slides coated
with 1.5% agarose. Fluorescence images were recorded
with the AxioSkop™ 40 fluorescence microscope (Zeiss,
Germany) equipped with a cooled CCD camera (Axio-
Cam, Zeiss) using a 63x or 100x oil objective. For
HEK?293 mammalian cells, following their growth as
described above to induce protein expression, cells
were washed in 1x PBS and cysteine-free DMEM (Sig-
ma) was added, followed by 100 uM of TMR
(10-100 uM also worked) and 0.0l mM CaCl,. Upon
incubation for 24 h, labeled cells were washed thrice
with 1x PBS and imaged with the AxioVert™ 2000 fluo-
rescence microscope (Zeiss) equipped with a cooled
CCD camera (AxioCam, Zeiss) using a 63X objective.
Different fluorescence images were obtained with
different excitation/emission filter sets: coumarin chan-
nel (excitation =365 nm and emission =420 nm LP);
CFP channel (excitation =436+ 20nm and emis-
sion =480 + 40 nm); GFP channel (excitation =
470 £ 20 nm and emission = 530 £ 25 nm); TMR and
Red channels (excitation =546+ 12nm and emis-
sion = 590 nm LP). The FRET channel for CFP/TMR
pair was recorded wusing filters with an excita-
tion =436 £ 20 nm and emission = 620 * 20 nm (Chro-
ma). The FRET channel for GFP/TMR pair was
recorded using filters with excitation =470 = 20 nm
and emission = 605 * 30 nm (Zeiss).
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