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invaluable tools for tagging and visualizing pro-

teins in vivo (1-3). FPs allow individual proteins
to be selectively tagged in the complex environment of
a living cell by simple genetic encoding. Naturally occur-
ring and engineered FPs have been exploited to im-
prove the brightness, photostability, expression, and
spectral range of the tags (3). To complement the utility
of the FPs and to facilitate growing efforts to carry out de-
manding biophysical measurements in live cells, chemi-
cal tags have been developed over the past decade
that combine the selectivity provided by genetic encod-
ing with a modular small molecule probe (4-6). To date,
the protein-based chemical tags have been most suc-
cessful in achieving sufficient selectivity to enable high
signal-to-noise imaging of intracellular proteins (7-12).

We have previously demonstrated that the high-

affinity interaction between E. coli dihydrofolate reduc-
tase (eDHFR) and trimethoprim (TMP) can be used to se-
lectively label proteins with fluorescent tags in vivo (7,
8, 39, 40). A plasmid encoding a fusion between eDHFR
and the protein of interest can be constructed and then
transfected into live cells using standard methods in
molecular biology. Then, the eDHFR fusion protein can
be selectively labeled by noncovalent binding to a cell-
permeable TMP-fluorophore heterodimer. Because eD-
HFR has a molecular weight (18 kD) two-thirds that of
GFP and is a stable, monomeric protein, eDHFR is an at-
tractive protein chemical tag. TMP has high selectivity
for eDHFR over mammalian DHFRs, and thus eDHFR-
tagged proteins can be labeled in wild-type mamma-
lian cell backgrounds with high selectivity. The straight-
forward synthesis of TMP derivatives provides facile
access to a variety of TMP-fluorophores. TMP has excel-
lent cell permeability properties, reflecting its use clini-
cally as an antibiotic. Optimized TMP-green and -red
tags that improve the cell permeability of the fluores-

The fluorescent proteins (FPs) have emerged as
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ABSTRACT Chemical tags for live cell imaging are emerging as viable alterna-
tives to the fluorescent proteins for labeling proteins with small molecule probes.
Among reported chemical tags, trimethoprim (TMP)-tag stands out for having suf-
ficient cell permeability and selectivity to allow imaging of intracellular proteins.
TMP-tag provides a noncovalent label in which the protein of interest is fused to E.
coli dihydrofolate reductase (DHFR) and then labeled with a cell-permeable TMP-
probe heterodimer. To complement the utility of the noncovalent TMP-tag, we
sought to render the TMP-tag covalent for applications such as single-molecule
tracking and pulse-chase labeling that would benefit from a more permanent modi-
fication. On the basis of the long-standing use of proximity-induced reactivity for ir-
reversible inhibitor design and its more recent application to in vitro chemical bi-
ology tools, we designed an eDHFR variant with a unique cysteine residue
positioned to react with an acrylamide electrophile installed on the TMP-probe la-
bel. In vitro experiments show that the eDHFR:L28C nucleophile reacts rapidly and
quantitatively with the TMP-acrylamide-probe. Most significantly, the balance in
reactivity provided by the acrylamide electrophile allows intracellular proteins
tagged with eDHFR:L28C to be labeled with a TMP-acrylamide-fluorescein hetero-
trimer in live cells with minimal background. Thus, the TMP electrophile described
here can be used immediately as a covalent chemical tag in live cells. Moreover,
proximity-induced reactivity is shown to be sufficiently selective for use in a liv-
ing cell, suggesting a general approach for the development of orthogonal cova-
lent chemical tags from existing noncovalent ligand-protein pairs.
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cein chromophore heterodimer have been reported
that allow efficient labeling of intracellular proteins (8).
Thus, TMP-tag is one of the few chemical tags that al-
lows intracellular proteins to be labeled in live cells with
high resolution.

To complement the utility of our noncovalent TMP-
tag, we sought to design a covalent TMP-tag that would
retain the cell permeability of TMP but provide a more
permanent modification for single-molecule tracking,
pulse-chase labeling, and other applications. Proximity-
induced reactivity appealed to us as a potentially gen-
eral method for converting a noncovalent protein tag to
a covalent one. It is now well established that irrevers-
ible enzyme inhibitors can be created by appending a
functional group on the inhibitor that forms a covalent
bond with an amino acid inside or outside the ligand-
binding pocket (13-16). More recently broad-specificity
suicide substrates have been used to clone enzymes
on the basis of their reaction class, for example, pro-
teases, using cell lysates (17). Individual enzymes have
been labeled using selective inhibitors modified with
appropriate electrophiles using proximity-induced reac-
tivity in cell lysates. Finally, there have been efforts to de-
sign chemical tags for live-cell imaging based on
proximity-induced reactivity (18, 19). Significantly,
Belshaw and co-workers demonstrated that with optimi-
zation of the electrophile and the position of the pro-
tein nucleophile, proximity-induced labeling could be
extremely rapid, with 50% labeling occurring in times
as short as 15 min. To date, however, proximity-induced
chemical tags have not shown sufficient selectivity to
enable high-resolution imaging in live cells (18, 19).

Here we evaluate the potential of proximity-induced
reactivity for engineering covalent tags suitable for in
vivo imaging by generating a covalent TMP-tag. First, ac-
rylamide and cysteine were selected as the functional
groups for modification of TMP and eDHFR. Using molec-
ular modeling programs, a heterotrimeric TMP-
acrylamide-probe was designed that could react with
the unique cysteine installed on the surface of eDHFR,
and the TMP analogue was subsequently synthesized.
Then, the system was characterized in vitro and in vivo
in order to determine the efficiency of labeling. Finally,
the utility of the covalent pair as an imaging tag was as-
sessed, testing its ability to selectively label fusion pro-
teins in vivo. Not only does this work provide a new co-
valent tag for live cell imaging, but also it demonstrates
that proximity-induced labeling can provide the balance
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Figure 1. Covalent TMP-tag. We sought to convert our non-
covalent trimethoprim (TMP) E. coli dihydrofolate reduc-
tase (DHFR) chemical tag into a covalent tag using
proximity-induced reactivity. An acrylamide electrophile
was installed on the trimethoprim-fluorophore (TMP-F) la-
bel. Then molecular modeling was used to design a cys-
teine nucleophile on the surface of eDHFR optimally posi-
tioned to react with the acrylamide electrophile when TMP
bound to the active site of eDHFR. A covalent TMP-tag
would be advantageous for pulse-chase experiments,
single-molecule imaging, and other applications that ben-
efit from a more permanent chemical modification.

in reactivity needed for selective protein modification in
live cells.

RESULTS AND DISCUSSION

Design of a Covalent TMP-Tag. We envisioned con-
verting our previously reported noncovalent TMP-tag
into a covalent tag by incorporating appropriate reac-
tive groups on TMP and eDHFR that, when held in prox-
imity, would react to form a covalent bond (Figure 1). Key
to this design was the choice of reactive groups that bal-
ance low reactivity toward endogenous cellular mol-
ecules with efficient proximity-induced reactivity when
TMP binds to eDHFR. Many combinations of amino ac-
ids and electrophiles have been published for the de-
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sign of irreversible inhibitors (14). For the covalent TMP-
tag, the choice was limited to pairs in which the reactive
group on the protein was a natural amino acid in order
to retain genetic encoding. Therefore, cysteine and acryl-
amide were chosen as the reactive pair. Ligands con-
taining acrylamide have been designed that can irrevers-
ibly label target proteins after 1 min of incubation when
reactive groups are optimally positioned in the binding
pocket (15). At the same time, acrylamide is a very se-
lective electrophile, having low background reactivity
with cellular proteins (15, 20).

With selection of the reactive pair, the next step was
to design an eDHFR:Cys variant and a corresponding ac-
rylamide TMP electrophile (A-TMP). There are no high-
resolution structures of TMP bound in the active site of
eDHFR available; however, there is a structure of TMP
bound to the highly homologous L. casei DHFR (21).
Therefore, a structural alignment of the E. coli (22) and
L. casei enzymes was used to create a model of TMP
bound to eDHFR. Proximity-accelerated reactivity can be
achieved by reacting an electrophilic group on a ligand
with a nucleophilic residue on the protein that is located
on the inside or outside of the binding pocket. Reac-
tion with a residue on the outside of the pocket is more
general and straightforward since it does not interfere
with ligand binding interactions. Previous work from
Belshaw and co-workers (18) showed that the shortest
alkylation rates were achieved with residues in closest
proximity to the binding pocket. Therefore, the residue
Leu28 was selected for mutation to cysteine because it
is located just outside of the binding pocket and has a
solvent-accessible side chain. In the model of TMP
bound to eDHFR, the 4’-OH group of TMP is located
near the opening of the binding pocket, close to the pro-
tein surface. Leu28 is also located along the protein sur-
face. Accordingly, the required linker length was ap-
proximated as the arc, [ = 2R sin 6, where R is the
radius of gyration and 6 is the angle between the 4'-OH
and Leu28, using the center of the protein as the vertex.
After determining an estimate for the linker, the molecu-
lar modeling program MacroModel (23) was used to pro-
duce energy-minimized structures of TMP analogues
containing varying linker lengths. The linker lengths of
these analogues were calculated as the distance from
the 4'-OH to the reactive B-carbon of the acrylamide,
and it was established that a 21-atom linker would be
sufficient to span the length of L. The chosen analogue
was then superimposed onto TMP in the crystal struc-
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Figure 2. Design of a covalent TMP-DHFR pair. Cartoon of a
TMP-acrylamide heterodimer bound to eDHFR, with an
engineered L28C in position to react with the acrylamide
electrophile. The eDHFR protein is represented in green as
a ribbon diagram, with the Cys28 residue shown using the
stick representation. The TMP-acrylamide heterodimer is
also represented as sticks with coloring based on ele-
ments. Because no structure has been solved of TMP
bound to eDHFR, the model was created by structural
alignment of eDHFR (22) with the L. casei DHFR (21). The
A-TMP structure was created in MacroModel (23) and then
superimposed on TMP in the eDHFR model. The graphic
was prepared using PyMOL (24).

ture using PyMOL (24) in order to verify the design
(Figure 2).

Synthesis of Heterotrimeric TMP. The synthetic de-
sign of the covalent TMP-tag, A-TMP-fluorescein (1),
was planned around a tribranched core for installation
of (1) the TMP ligand, (2) the fluorophore, and (3) the ac-
rylamide electrophile (Scheme 1). Cysteine was used
for the branched core because it has three chemically
unique sites of attachment, minimizing the need for pro-
tecting groups. The route was also designed to intro-
duce the probe in the last step, allowing for straightfor-
ward derivatization with a variety of probes.

The first step of the synthesis was activation of
5-hexynoic acid as the succinimidyl ester (S2, Supple-
mentary Scheme S3). Two equivalents of the activated
alkyne were then selectively coupled to the two amines
of the oxidized dicysteine using Schotten-Bauman con-
ditions producing compound 2. The cysteine dimer had
been selected as the precursor for the core in order to
initially protect the nucleophilic thiol.
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Scueme 1. Retrosynthetic analysis of TMP-fluorophore-acrylamide heterotrimer
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Derivatization of TMP takes advantage of the fact droxyl to generate TMP—OH (3), as previously described
that substitution at the 4’-methoxy position does not (26). Based on the modeling results, we hypothesized

significantly disrupt binding of TMP to eDHFR (25). The that a six-carbon linker would prevent the branching po-
4'-methoxy of TMP was selectively hydrolyzed to a hy- sition from interfering with binding. Thus, TMP—OH
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was alkylated with commercially available 1,6-
dibromohexane to produce TMP-linker-bromide (S1,
Supplementary Scheme S1), with a second electrophile
available for coupling to the cysteine core.

The succinimidyl ester of 6-carboxyfluorescein was
coupled to the amino group of 11-azido-3,6,9-
trioxaundecan-1-amine, derivatizing the fluorophore
with an azido group for coupling to the alkyne of the cys-
teine core via a copper-catalyzed 1,3-dipolar cycloaddi-
tion reaction known as “Click chemistry”. To improve the
membrane permeability of the final molecule, the hy-
droxyl groups of the crude product were selectively pro-
tected by reaction with isobutyric anhydride in pyridine,
producing compound 4 (8).

The synthesis of the final product from the cysteine
core was completed in four steps. First, the disulfide
bond of compound 2 was reduced to the thiol using
n-tributylphosphine and then immediately alkylated
with TMP-linker-bromide (S1). Second, 1,5-diamino-3-
oxapentane was coupled to the free carboxylic acid us-
ing standard peptide coupling conditions to produce S3
(Supplementary Scheme S3). Third, the succinimidyl es-
ter of acrylamide was introduced to the free amine of
the linker, producing compound 6 and completing the
21-atom linker between TMP and the B-carbon of the ac-
rylamide. Last, the azide of compound 4 was coupled
to the alkyne of compound 6 using Click chemistry, giv-
ing compound 1, a heterotrimeric A-TMP-fluorescein (A-
TMP-FI), from three components in seven linear steps in
0.8% overall yield from 5-hexynoic acid, the longest lin-
ear route.

For preliminary in vitro studies, a biotin derivative
was also synthesized, A-TMP-biotin (A-TMP-B). The de-
tailed synthesis of this TMP heterotrimer will be subse-
quently reported in a separate publication (*H NMR,
Supplementary Figure S2).

In Vitro Characterization of Covalent Labeling. To
verify that the designed eDHFR:L28C/A-TMP pair under-
went efficient proximity-induced covalent labeling, the
pair was first characterized in vitro. Using purified pro-
tein, A-TMP was shown to label eDHFR:L28C covalently,
with the reaction 50% complete after 50 min.

First, an E. coli expression vector encoding the eDHFR:
L28C variant was constructed, and then the eDHFR:L28C
protein was overexpressed and purified. eDHFR has
two naturally occurring cysteines, Cys85 and Cys152.
While these two cysteines are buried in the protein struc-
ture, they were removed to ensure there would be no in-

www.acschemicalbiology.org

terference with the cysteine labeling reaction or with pro-
tein folding and purification. Both Cys85 and Cys152
were mutated to serine, a conservative mutation struc-
turally and electronically. Finally, the reactive cysteine
was introduced with a L28C mutation. All point muta-
tions in eDHFR were made using Stratagene’s
QuikChange Site-Directed Mutagenesis Kit. Primers
were designed not only to encode the mutated codon
but also to introduce a new unique restriction site for
analysis. After each round of site-directed mutagenesis,
successful mutants were identified by colony PCR and
restriction digestion. The presence of only the desired
mutations was confirmed by sequencing the full coding
region. Even though this variant has three point muta-
tions, C85S, C152S, and L28C, for clarity the protein
variant is referred to as eDHFR:L28C throughout this
manuscript. A variant containing the C85S and C152S
mutations, but lacking the L28C mutation, was used as
a control and is referred to as eDHFR:—2C. The mutated
eDHFR genes were encoded in vectors containing the
T7 promoter and had Hise tags. The proteins were over-
expressed via the T7 promoter using standard condi-
tions and purified using Ni-NTA spin columns. Both pro-
teins were judged to be >95% pure by Coomassie
staining of a SDS—PAGE gel.

To verify that the designed pair would react effi-
ciently to form a covalent bond, purified eDHFR:L28C
was reacted with A-TMP-B and then analyzed by
SDS—PAGE and Western analysis (Figure 3, panel A).
The labeling reaction conditions were based on prece-
dent reported by Belshaw and co-workers when the
same nucleophile—electrophile pair was used (20). Pu-
rified eDHFR:L28C at a 5 wM concentration was incu-
bated with 10 wM A-TMP-B in PBS, pH7 with 1 mM re-
duced glutathione for 3 h at 37 °C. As a control, A-TMP-B
was incubated under the same conditions with eDHFR:
—2C to confirm that covalent labeling was dependent
on the L28C mutation. This result proves that eDHFR:
L28C is covalently labeled by A-TMP-B.

Having shown that the labeling reaction worked,
next the rate and efficiency of labeling were deter-
mined. An alkylation reaction was set up using the
same conditions as described above, and aliquots were
quenched at various time points by the addition of 6X
SDS. Initial experiments revealed that alkylation of eDH-
FR:L28C by A-TMP-B produces a gel shift, and thus the
rate could be analyzed simply by analysis of a
Coomassie-stained SDS—PAGE gel (Figure 3, panel B).
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Figure 3. Covalent labeling with A-TMP-tag in vitro. To demonstrate the rate and efficiency of covalent labeling, A-TMP-
biotin was incubated with purified eDHFR and then analyzed by SDS—PAGE. A) Western analysis of in vitro covalent label-
ing reaction. Purified eDHFR at a concentration of 5 uM was incubated with 10 .M A-TMP-biotin in PBS with 1 mM glu-
tathione at 37 °C for 3 h. A biotinylated protein ladder was run in Lane 1. Lanes 2: 5 uM purified eDHFR:L28C incubated
with 10 uM A-TMP-biotin. Lane 3: 5 uM eDHFR:—2C incubated with 10 ;M A-TMP-biotin. B) Determination of the rate of
covalent labeling. Purified eDHFR:L28C was labeled under the same reaction conditions in panel A. At various time points,
aliquots were quenched with 6X SDS. The reaction was analyzed by SDS—PAGE and Coomassie staining, and it was de-
termined that 50% labeling occurs in approximately 50 min and that the reaction is near quantitative at the end.

The progress of the reaction was quantified by densito-
metry analysis of the gel using the program Image-J (27).
The time required for 50% alkylation of eDHFR:L28C
was calculated to be 50 min from the pseudo-first-order
rate constant for the appearance of the alkylated prod-
uct. Covalent labeling of eDHFR:L28C after 3 h of incuba-
tion was calculated to be >95%.

Finally, we demonstrated that, as would be expected
for a covalent tag based on high-affinity binding, the la-
beling reaction could be carried out at stoichiometric
concentrations of the fluorophore, even at low protein
concentrations, without any significant decrease in reac-
tion rate. Currently, the majority of chemical tags are
based on enzymatic modification with a fluorescent
substrate. For the reaction rate of the enzyme-catalyzed
reaction to be maximal, the fluorophore concentration
needs to be near or above the substrate Ky, typically at
a micromolar to millimolar concentration. Because in
vivo many proteins are at concentrations below the Ky,
the fluorophore must be used in large excess over the
protein, resulting in high background fluorescence from
unreacted fluorophore. In contrast, tags like TMP-tag,
based on high-affinity binding, need only be applied
near or above the Kp, typically in the low nanomolar
range. Therefore, most proteins in the cell can be la-
beled using stoichiometric concentrations of fluoro-
phore, minimizing background noise due to unbound
fluorophore. First, the A-TMP labeling reaction was mod-
eled using COPASI (28) (see Supporting Information for
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additional details). The model predicts that the time for
50% labeling remains 50 min down to 100 nM protein
concentration; the time for 50% labeling at 10 nM pro-
tein concentration is 72 min and at 1 nM protein concen-
tration is 150 min. To verify the model and to character-
ize the reaction rate and end point dependence on
reactant concentrations, the kinetics were determined
with eDHFR:L28C and A-TMP-B both at a 1 wM concen-
tration (Supplementary Figure S3). The results confirmed
that, as predicted by the model, 50% labeling still oc-
curred in ca. 50 min. These results suggest that chemi-
cal tags based on high-affinity binding should minimize
background fluorescence because the fluorophore can
be used at low, stoichiometric concentrations.

In Vivo Characterization of Covalent Labeling. Hav-
ing confirmed that A-TMP efficiently labeled eDHFR:
L28C covalently in vitro, the covalent eDHFR:L28C/A-
TMP pair next was evaluated in vivo. A heterotrimeric
A-TMP-Fl was used both to characterize the in vivo cova-
lent labeling reaction and to visualize intracellular label-
ing of a nucleus-targeted eDHFR:L28C fusion protein.
A-TMP-Fl was shown to label the fusion protein co-
valently and with high signal-to-noise using in-gel fluo-
rescence and confocal microscopy. There was no evi-
dence of cytotoxicity, as the cells labeled with A-TMP-FL
showed no loss of viability or any other phenotypic
variations compared with mock treated control cells.

To test the utility of the A-TMP-tag for live cell imaging
of intracellular proteins, wild-type fibroblasts express-

www.acschemicalbiology.org
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Figure 4. Covalent labeling with A-TMP-tag in vivo. To demonstrate the specificity of covalent labeling in living cells,
A-TMP-fluorescein was used to label wild-type fibroblasts expressing a nucleus-targeted eDHFR:L28C-RFP fusion protein.
A) Live cell imaging of intracellular proteins using the covalent A-TMP-tag. A nucleus-targeted eDHFR:L28C-RFP fusion
protein was labeled with A-TMP-fluorescein (A-TMP-Fl) in wild-type fibroblasts. Cells transiently transfected with vector
encoding the nucleus-targeted eDHFR:L28C-RFP fusion were incubated with 1 .M A-TMP-Fl in Ringer’s solution for 10
min, washed twice with Ringer’s, incubated for 1 h, and then imaged using live cell, confocal microscopy. Confocal micro-
graphs: left image, differential image contrast; middle image, excitation of fluorescein at 488 nm; right image, excita-
tion of RFP at 568 nm. B) In-gel fluorescence scanning analysis of in vivo covalent labeling reaction. Cells were nucleo-
fected 48 h prior to labeling experiment. The cells were then washed with PBS and incubated for 3 h in 4 mL of complete
DMEM either with or without 1 WM A-TMP-FL. The cells were washed twice with PBS, trypsinized, and pelleted. The super-
natant was removed, the cells were lysed, and the lysate was analyzed by SDS—PAGE and in-gel fluorescence scanning,
exciting with a 488 nm laser. Lane 1: cells transiently transfected with nucleus-targeted eDHFR:L28C-RFP and incubated
with A-TMP-FL. Lane 2: cells transiently transfected with nucleus-targeted eDHFR:L28C-RFP but not incubated with A-TMP-
FL. Lane 3: untransfected cells incubated with A-TMP-FL. Lane 4: a positive control of cells transiently transfected with a
cytostolic GFP vector. These results show A-TMP-Fl reacts covalently and selectively with eDHFR:L28C in vivo.

ing a nucleus-targeted eDHFR:L28C-red fluorescent pro-
tein (RFP) fusion was labeled with A-TMP-Fl (Figure 4,
panel A). An eDHFR:L28C-RFP fusion protein was con-
structed so that cells positively transfected with eDHFR:
L28C could be identified by excitation of RFP. Fibroblast
cells transiently transfected with the DNA encoding
nucleus-targeted eDHFR:L28C-RFP were incubated with
1 M of A-TMP-FL for 10 min. The cells were then washed
twice and imaged by confocal fluorescent microscopy.
Significantly, all transfected cells showed distinct
nuclear staining with no significant background label-
ing in the cytosol or in untransfected cells, demonstrat-
ing that the A-TMP-tag has sufficient selectivity to label
intracellular proteins with high signal-to-noise in live
cells.

To determine the rate and efficiency of labeling in
vivo, live cells were incubated with A-TMP-FI, and the co-
valent labeling reaction was examined by SDS—PAGE
and in-gel fluorescence. NIH Swiss 3T3 fibroblasts tran-
siently transfected with nucleus-targeted eDHFR:L28C-
RFP were incubated at 37 °C for 3 h in DMEM complete
media. After incubation, each set of cells was lysed and
evaluated by SDS—PAGE and in-gel fluorescence scan-
ning (Figure 4, panel B). Lanes 1 and 2 contain the lysate
of cells transfected with the eDHFR:L28C-RFP fusion
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that were incubated with and without 1 .M A-TMP-FL, re-
spectively. Lane 3 contains the lysate of untransfected
cells that were incubated in media containing 1 pM
A-TMP-FI, thus testing for background labeling of endog-
enous cellular proteins. Cells transfected with a cy-
tostolic GFP vector were used as a positive control for de-
tection (Lane 4). In Lane 1, the only major band is the
expected 52 kDa eDHFR:L28C-RFP fusion protein; con-
firming the identity of this band, it emits in both the
green and red fluorescence channels, and it is directly
observed as a gel shift in the time course experiment
(Supplementary Figure S5). The in vivo time course ex-
periment also demonstrates that covalent labeling reac-
tion is robust, with >95% labeling occurring after 2 h.
Interestingly, there are a few minor higher and lower mo-
lecular weight bands in the lysate of the transfected
cells (Lane 1) (see Supporting Information for a table of
the relative intensities of the bands). The minor lower
molecular weight bands also appear in the untrans-
fected cell lysate (Lane 3) and grow in over time (Supple-
mentary Figure S5); therefore, we conclude that these
bands reflect slow background labeling, which it may be
possible to minimize through further optimization of
the labeling conditions. The minor higher molecular
weight bands occur only in the lysate of the transfected
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cells (Lane 1) and also are observed in the red channel
(Supplementary Figure S5), suggesting that these bands
are most likely either degradation products or adducts
of the labeled eDHFR:L28C-RFP fusion proteins. Cur-
rently, we are investigating the identity and origin of
these three minor bands. The absence of any major
bands in Lane 3 confirms that there is no significant
background labeling of endogenous intracellular pro-
teins, demonstrating that the covalent labeling reaction
is highly selective. Together, these results establish that
proximity-induced reactivity produces a highly specific,
covalent modification, verifying the utility of the eDHFR:
L28C/A-TMP pair as a chemical tag for live cell labeling
experiments and, more broadly, the utility of proximity-
induced reactivity for the development of new chemical
tags.

To determine the approximate time required for cova-
lent labeling in vivo, the live cell labeling experiment was
repeated, incubating fibroblasts transiently transfected
with nucleus-targeted eDHFR:L28C-RFP with 1 uM
A-TMP-F| for various lengths of time and subsequently
analyzing the reaction by SDS—PAGE and in-gel fluores-
cence scanning (Supplementary Figure S5). Since cova-
lent labeling produced a discerible gel shift, detection
of red fluorescence enabled the determination of both
the time course and the extent of covalent labeling. The
progress of the reaction was quantified by densitom-
etry analysis of the gel using the program Image-] (27).
The gel established that the in vivo covalent labeling re-
action is >95% complete after 2 h, slightly faster than
that measured in vitro. Thus, the in-gel fluorescence
analysis demonstrates that the A-TMP-Fl labeling reac-
tion (1) is covalent, (2) is near quantitative, (3) is 50%
complete in less than 1 h, and (4) exhibits no significant
background labeling of endogenous proteins.

Discussion. Together these results establish that
A-TMP-tag is a robust covalent chemical tag for live cell
imaging. The reaction between eDHFR:L28C and A-TMP
is rapid, with in vitro kinetics showing that 50% covalent
labeling occurs in 50 min, but at the same time spe-
cific, allowing an intracellular protein to be imaged in a
living cell with high signal-to-noise. eDHFR is an 18 kD,
stable, monomeric protein. Thus, eDHFR should be a
suitable label for any protein that can be imaged with
FPs and may even offer advantages for proteins that are
perturbed by the slightly larger FPs (ca. 27 kD) (1) or by
complications from oligomerization of certain FPs (3).
The protocol for labeling with A-TMP-tag is straightfor-

GALLAGHER ET AL.

ward: the A-TMP-fluorophore is cell-permeable and is
simply added to the cell media immediately prior to im-
aging, with no additional reagents or cell-permeabili-
zation procedures required that might affect cell viabil-
ity. As expected given that TMP has high selectivity for
bacterial DHFRs and is used clinically as an antibiotic
and given that E. coli DHFR is not endogenous to mam-
malian cells, expression of eDHFR-tagged proteins and
addition of A-TMP-fluorophores show no signs of cyto-
toxicity or interference with endogenous biological path-
ways. Complementary to our noncovalent TMP-tag, the
covalent A-TMP-tag reported here should be advanta-
geous for pull-down, pulse-chase, and other applica-
tions that require a more permanent chemical modifica-
tion. With growing interest in single-molecule imaging
of live cells (29) and evidence that super-resolution im-
aging methods can break the diffraction barrier for mo-
lecular imaging of cells (30-33), covalent chemical tags
are attractive because they have the potential to allow
proteins to be labeled in live cells with small molecule
fluorophores with high photon flux.

A-TMP-tag can now be used in conjunction with other
covalent chemical tags for multicolor tagging applica-
tions. While several different chemical tags have been
reported, few can actually label intracellular proteins in
living cells with high specificity and hence good signal-
to-noise. For multicolor labeling of intracellular proteins,
there is clear evidence in the published literature that
TMP-tag and SNAP-tag provide high signal-to-noise la-
beling for intracellular proteins. TMP-tag provides a non-
covalent label based on binding of TMP by eDHFR (7,
8). Johnsson and co-workers developed SNAP-tag, a la-
beling method based on the human DNA repair protein
0¢-alkylguanine-DNA alylktransferase (AGT) (10), where
an evolved AGT variant is specifically labeled in vivo by
06-benzylguanine-probe heterodimers (34). HaloTag
(12), an irreversible dehalogenase variant developed
by Promega, CLIP-tag (11), the newly reported orthogo-
nal variant of SNAP-tag, and now our covalent A-TMP-tag
all show promise for providing additional orthogonal
tags for labeling intracellular proteins but require fur-
ther experimental vetting. Tsien’s original tetracysteine
tag suffers from background labeling of cysteine-rich
proteins but remains the only short peptide tag for label-
ing intracellular proteins (9). For multicolor labeling of
extracellular membrane proteins, biotin ligase (35) and
phosphopantetheinyl transferase (36, 37) additionally
can be used and provide short peptide tags. An impor-
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tant next step for the chemical tagging field will be the
optimization of a set of orthogonal chemical tags that
can be used simultaneously to study the dynamic inter-
actions of individual proteins in different biological path-
ways in the complex environment of the cell.
Proximity-induced reactivity provides an additional
strategy for engineering covalent chemical tags in vivo,
beyond developing entirely new ligand-receptor or
substrate-enzyme pairs or creating an orthogonal pair
with both high activity and selectivity by directed evolu-
tion. Enzyme-mediated chemical tags in theory are at-
tractive because of their rapid chemical modification of
the tagged protein. However, given that for in vivo ex-
periments the rate-limiting step is the time required for
the small molecule probe to enter the cell (typically =1
h), in practice there likely will be no temporal advantage
to enzyme-mediated tagging compared to proximity-
induced covalent modification. In its first embodiment
here, the covalent A-TMP-tag covalently labels 50% of
purified eDHFR:L28C in vitro by 50 min, already on the
order of typical protocols for labeling proteins in vivo
with chemical tags. Given that Belshaw and co-workers
(18) showed that a similar exoreaction could be opti-
mized to give 50% labeling within 15 min and that endo
suicide substrates show 50% reaction as fast as 1 min

(15), the rate for labeling with the A-TMP-tag presum-
ably can be further improved by optimization of the ori-
entation of the cysteine nucleophile and acrylamide
electrophile or even by directed evolution. While
proximity-induced reactivity has long been exploited in
the field of organic chemistry and a few manuscripts
have explored its use as a tool for chemical biology, here
we establish that proximity-induced reactivity has suffi-
cient selectivity for specific labeling in a live cell.

Here we have developed a new covalent chemical
tag for in vivo imaging of intracellular proteins and, for
the first time, have established that proximity-induced
reactivity provides the specificity required for challeng-
ing cellular applications such as high-resolution imag-
ing. While demonstrated here with TMP and eDHFR, the
same acrylamide electrophile and cysteine nucleophile
presumably can be readily extended to convert other
chemical dimerizers, such as SLF and FKBP12* or dexa-
methasone and the glucocorticoid receptor, into cova-
lent chemical tags. Future development of additional or-
thogonal reactions and the extension to engineering
applications beyond chemical tags should begin to elu-
cidate the full potential of classical reactions in organic
chemistry for synthetic biology.

METHODS

Synthetic Methods. Synthetic procedures and characteriza-
tion of each compound are provided in Supporting Information.

Vector Construction. Details of vector construction are pro-
vided in Supporting Information.

In-Gel Fluorescence Scanning. Procedures for in-gel fluores-
cence scanning are provided in Supporting Information.

Protein Purification. The eDHFR:L28C plasmid was expressed
in BL21(DE3)pLysS cells (Invitrogen). Cells were grown at 37 °C
to an ODgg of 0.6, induced with 0.4 mM IPTG for 3 h, and puri-
fied using Ni-NTA spin columns (Qiagen). The protein was dia-
lyzed three times in PBS at 4 °C, snap frozen, and stored at
—80 °C.

In Vitro Alkylation Reactions. Purified eDHFR:L28C (5 M)
was incubated with A-TMP-B (10 wM) in PBS with reduced gluta-
thione (1 mM) at 37 °C. At selected time points, aliquots (30 L)
were removed from the reaction mixture and quenched with 6X
SDS. Samples from the in vitro alkylation experiments were run
on Criterion 15% Tris-HCl gels (BioRad) for 55 min at 200 V.
Bands were quantified by densitometry analysis of Coomassie-
stained gels by Image-).

Live Cell Imaging. The A-TMP-Fl dye (1 wM) was added to Ring-
ers solution, applied to cells for 10 min, washed twice with Ring-
ers containing 10% (v/v) FBS, and incubated for 1 hr. Images
were obtained using a FV500 confocal microscope (Olympus)
using a 60X (1.4 NA) objective. Fluoview Tif images were pro-
cessed with Image) UCSD Plugins.
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