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Abstract

Chemical tags for live cell imaging are emerging as viable alternatives to the fluorescent proteins for
labeling proteins with small molecule probes. Among reported chemical tags, trimethoprim (TMP)-
tag stands out for having sufficient cell permeability and selectivity to allow imaging of intracellular
proteins. TMP-tag provides a non-covalent 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 non-covalent 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 modification. Based on the long-standing use of proximity-induced reactivity for
irreversible inhibitor design and its more recent application to in vitro chemical biology tools, we
designed an eDHFR variant with a unique Cys residue positioned to react with an acrylamide
electrophile installed on the TMP-probe label. In vitro experiments show that the eDHFR:Leu28Cys
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:Leu28Cys to be labeled with a TMP-acrylamide-fluorescein heterotrimer 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 living cell, suggesting a general approach for the development of orthogonal
covalent chemical tags from existing non-covalent ligand-protein pairs.

Introduction

The fluorescent proteins (FPs) have emerged as invaluable tools for tagging and visualizing
proteins 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 occurring and engineered
FPs have been exploited to improve 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 demanding biophysical measurements in live cells, chemical tags have been
developed over the past decade that combine the selectivity provided by genetic encoding with
amodular small molecule probe (4-8). To date, the protein-based chemical tags have been most
successful 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 reductase (eDHFR) and trimethoprim (TMP) can be used to selectively label
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proteins with fluorescent tags in vivo (7,8). 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
non-covalent binding to a cell-permeable TMP-fluorophore heterodimer. Because eDHFR has
amolecular weight (18 kD) two-thirds that of GFP and is a stable, monomeric protein, eEDHFR
is an attractive protein chemical tag. TMP has high selectivity for eDHFR over mammalian
DHFRs, and thus eDHFR-tagged proteins can be labeled in wild-type mammalian cell
backgrounds with high selectivity.

The straightforward synthesis of TMP derivatives provides facile access to a variety of TMP-
fluorophores. TMP has excellent cell permeability properties, reflecting its use clinically as an
antibiotic. Optimized TMP-green and -red tags that improve the cell permeability of the
fluorescein chromophore heterodimer have been reported that allow efficient labeling of
intracellular proteins (8). Thus, TMP-tag is one of the few chemical tags that allows
intracellular proteins to be labeled in live cells with high-resolution.

To complement the utility of our non-covalent 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 general method for converting a non-covalent protein
tag to a covalent one. It is now well established that irreversible 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 based on their reaction class, e.g. proteases,
using cell lysates (17). Individual enzymes have been labeled using selective inhibitors
modified with appropriate electrophiles using proximity-induced reactivity in cell lysates.
Finally, there have been efforts to design chemical tags for live-cell imaging based on
proximity-induced reactivity (18,19). Significantly, Belshaw and co-workers demonstrated that
with optimization of the electrophile and the position of the protein nucleophile, proximity-
induced labeling could be extremely rapid, with 50% labeling occurring in times as short as
15 minutes. 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, acrylamide and Cys were
selected as the functional groups for modification of TMP and eDHFR. Using molecular
modeling programs, a heterotrimeric TMP-acrylamide-probe was designed that could react
with the unique Cys installed on the surface of eDHFR and the TMP analog 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 assessed,
testing its ability to selectively label fusion proteins in vivo. Not only does this work provide
a new covalent tag for live cell imaging, but also it demonstrates that proximity-induced
labeling can provide the balance in reactivity needed for selective protein modification in live
cells.

Results and Discussion

Design of a Covalent TMP-Tag

We envisioned converting our previously reported non-covalent TMP-tag into a covalent tag
by incorporating appropriate reactive groups on TMP and eDHFR that, when held in proximity,
would react to form a covalent bond (Figure 1). Key to this design was the choice of reactive
groups that balance low reactivity towards endogenous cellular molecules with efficient

proximity-induced reactivity when TMP binds to eDHFR. Many combinations of amino acids
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and electrophiles have been published for the design 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, Cys and acrylamide
were chosen as the reactive pair. Ligands containing acrylamide have been designed that can
irreversibly label target proteins after one minute of incubation when reactive groups are
optimally positioned in the binding pocket (15). At the same time, acrylamide is a very selective
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 acrylamide 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. Reaction 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 Cys
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 protein surface. Leu28 is also located along the protein
surface. Accordingly, the required linker length was approximated as the arc, £=2zRsind, where
R is the radius of gyration and @ 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 molecular modeling
program MacroModel (23) was used to produce energy-minimized structures of TMP analogs
containing varying linker lengths. The linker lengths of these analogs were calculated as the
distance from the 4’-OH to the reactive -carbon of the acrylamide, and it was established that
a 21-atom linker would be sufficient to span the length of £. The chosen analog was then
superimposed onto TMP in the crystal structure using PyMOL (24) in order to verify the design
(Figure 2).

Synthesis of the Heterotrimeric TMP

The synthetic design of the covalent TMP-tag, A-TMP-fluorescein (1), was planned around a
tri-branched core for installation of (1) the TMP ligand, (2) the fluorophore and (3) the
acrylamide electrophile (Scheme 1). Cysteine was used for the branched core because it has
three chemically unique sites of attachment, minimizing the need for protecting groups. The
route was also designed to introduce the probe in the last step, allowing for straightforward
derivatization with a variety of probes.

The first step of the synthesis was activation of 5-hexynoic acid as the succinimidyl ester
(S2, Supplementary Scheme S3). Two equivalents of the activated alkyne were then selectively
coupled to the two amines of the oxidized di-cysteine using Schotten-Bauman conditions
producing compound 2. The cysteine dimer had been selected as the precursor for the core in
order to initially protect the nucleophilic thiol.

Derivatization of TMP takes advantage of the fact that substitution at the 4’-methoxy position
does not significantly disrupt binding of TMP to eDHFR (25). The 4'-methoxy of TMP was
selectively hydrolyzed to a hydroxyl to generate TMP-OH (3), as previously described (26).
Based on the modeling results, we hypothesized that a six-carbon linker would prevent the
branching position from interfering with binding. Thus, TMP-OH was alkylated with
commercially available 1,6-dibromohexane to produce TMP-linker-bromide (S1,
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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 cysteine core via a copper-catalyzed 1,3-dipolar cycloaddition
reaction known as “Click chemistry”. To improve the membrane permeability of the final
molecule, the hydroxyl groups of the crude product were selectively protected 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 using standard peptide coupling conditions to produce S3
(Supplementary Scheme S3).

Third, the succinimidy! ester 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 acrylamide. Last, the azide of compound 4 was coupled to the alkyne of compound 6 using
Click chemistry, giving compound 1, a heterotrimeric A-TMP-fluorescein (A-TMP-FI), from
three components in seven linear steps in 0.8 percent overall yield from 5-hexynoic acid, the
longest linear route.

For preliminary in vitro studies, a biotin derivative was also synthesized, A-TMP-biotin (A-
TMP-B). The detailed synthesis of this TMP heterotrimer will be subsequently 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 underwent efficient proximity-induced
covalent labeling, the pair was first characterized in vitro. Using purified protein, A-TMP was
shown to label eDHFR:L28C covalently, with the reaction 50% complete after 50 minutes.

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 Cys are buried in the protein structure,
they were removed to ensure there would be no interference with the cysteine labeling reaction
or with protein folding and purification. Both Cys85 and Cys152 were mutated to serine, a
conservative mutation structurally and electronically. Finally, the reactive cysteine was
introduced with a L28C mutation. All point mutations 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 mutations 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 Hisg tags. The proteins were overexpressed via
the T7 promoter using standard conditions and purified using Ni-NTA spin columns. Both
proteins were judged to be >95% pure by Coomassie staining of a SDS-PAGE gel.

To verify that the designed pair would react efficiently to form a covalent bond, purified
eDHFR:L28C was reacted with A-TMP-B and then analyzed by SDS-PAGE and Western
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analysis (Figure 3, panel a). The labeling reaction conditions were based on precedent reported
by Belshaw and co-workers when the same nucleophile-electrophile pair was used (20).
Purified eDHFR:L28C at a 5 uM concentration was incubated with 10 uM A-TMP-B in
phosphate buffered saline (PBS), pH7 with 1 mM reduced glutathione for three hours 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 was
determined. 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 eDHFR: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). The progress of the reaction was quantified by densitometry analysis of
the gel using the program Image-J (27). The time required for 50% alkylation of eDHFR:L28C
was calculated to be 50 minutes from the pseudo first-order rate constant for the appearance
of the alkylated product. Covalent labeling of eDHFR:L28C after three hours of incubation
was calculated to be >95%.

Finally, we demonstrated that, as would be expected for a covalent tag based on high-affinity
binding, the labeling reaction could be carried out at stoichiometric concentrations of the
fluorophore, even at low protein concentrations, without any significant decrease in reaction
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 uM to
mM 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 nM range. Therefore,
most proteins in the cell can be labeled using stoichiometric concentrations of fluorophore,
minimizing background noise due to unbound fluorophore. First, the A-TMP labeling reaction
was modeled using COPASI (28) (see Supporting Information for additional details). The
model predicts that the time for 50% labeling remains 50 minutes down to 100 nM protein
concentration; the time for 50% labeling at 10 nM protein concentration is 72 minutes and at
1 nM protein concentration is 150 minutes. To verify the model and to characterize the reaction
rate and endpoint dependence on reactant concentrations, the kinetics were determined with
eDHFR:L28C and A-TMP-B both at a 1 uM concentration (Figure S3). The results confirmed
that, as predicted by the model, 50% labeling still occurred in ca. 50 minutes. These results
suggest that chemical 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

Having 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-FI
was used to both characterize the in vivo covalent labeling reaction and to visualize intracellular
labeling of a nucleus-targeted eDHFR:L28C fusion protein. A-TMP-FI was shown to label the
fusion protein covalently and with high signal-to-noise using in-gel fluorescence and confocal
microscopy. There was no evidence of cytotoxicity, as the cells labeled with A-TMP-FI 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 expressing a nucleus-targeted eDHFR:L28C-red fluorescent protein (RFP) fusion
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was labeled with A-TMP-FI (Figure 4, panel a). An eDHFR:L28C-RFP fusion protein was
constructed 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 uM of A-TMP-FI for ten minutes. The cells
were then washed twice and imaged by confocal fluorescent microscopy. Significantly, all
transfected cells show distinct nuclear staining with no significant background labeling in the
cytosol or in untransfected cells, demonstrating 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-
Fl, and the covalent labeling reaction was examined by SDS-PAGE and in-gel fluorescence.
NIH Swiss 3T3 fibroblasts transiently transfected with nucleus-targeted eDHFR:L28C-RFP
were incubated at 37°C for 3 hours in DMEM complete media. After incubation, each set of
cells was lysed and evaluated by SDS-PAGE and in-gel fluorescence scanning (Figure 4, panel
b). Lanes 1 and 2 contain the lysate of cells transfected with the eDHFR:L28C-RFP fusion that
were incubated with and without 1 uM A-TMP-FI, respectively. Lane 3 contains the lysate of
untransfected cells that were incubated in media containing 1 uM A-TMP-FI, thus testing for
background labeling of endogenous cellular proteins. Cells transfected with a cytostolic GFP
vector were used as a positive control for detection (Lane 4). In Lane 1, the only major band
is the expected 52 kDa eDHFR:L28C-RFP fusion protein; confirming 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
experiment also demonstrates that covalent labeling reaction is robust, with >95% labeling
occurring after two hours. Interestingly, there are a few minor higher and lower molecular
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 untransfected cell lysate (Lane 3) and grow in over time (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 only occur in the lysate of the transfected cells (Lane 1) and also are observed
in the red channel (Figure S5), suggesting that these bands are most likely either degradation
products or adducts of the labeled eDHFR:L28C-RFP fusion proteins. Currently, 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 proteins, 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 covalent 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-FI for various lengths of time and subsequently
analyzing the reaction by SDS-PAGE and in-gel fluorescence scanning (Supplementary Figure
S5). Since covalent labeling produced a discernable 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 densitometry analysis of the gel using the program
Image-J (27). The gel established that the in vivo covalent labeling reaction is >95% complete
after 2 hours, slightly faster than that measured in vitro. Thus, the in-gel fluorescence analysis
demonstrates that the A-TMP-FI labeling reaction is (1) covalent, (2) near quantitative, (3)
50% complete in less than 1 hour, and (4) exhibits no significant background labeling of
endogenous proteins.
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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 minutes, but at the same time specific,
allowing an intracellular protein to be imaged in a living cell with high signal-to-noise. eEDHFR
isan 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 straightforward—the A-TMP-fluorophore is
cell permeable and is simply added to the cell media immediately prior to imaging, with no
additional reagents or cell-permeabilization procedures required that might affect cell viability.
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 mammalian cells, expression
of eDHFR tagged proteins and addition of A-TMP-fluorophores show no signs of cytotoxicity
or interference with endogenous biological pathways. Complimentary to our non-covalent
TMP-tag, the covalent A-TMP-tag reported here should be advantageous for pull-down, pulse-
chase, and other applications that require a more permanent chemical modification. With
growing interest in single-molecule imaging of live cells (29) and evidence that super-
resolution imaging methods can break the diffraction barrier for molecular 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 applications. 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 multi-color labeling of intracellular proteins, there is clear evidence in the
published literature that TMP-tag and SNAP-tag provide high signal-to-noise labeling 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 labeling method based on the
human DNA repair protein O%-alkylguanine-DNA alylktransferase (AGT) (10), where an
evolved AGT variant is specifically labeled in vivo by O8-benzylguanine-probe heterodimers
(34). HaloTag (12), an irreversible dehalogenase variant developed by Promega, CLIP-tag
(11), the newly reported orthogonal 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 further experimental vetting. Tsien's original tetracysteine tag suffers from
background labeling of Cys-rich proteins but remains the only short peptide tag for labeling
intracellular proteins (9). For multi-color labeling of extracellular membrane proteins, biotin
ligase (35) and phosphopantetheiny! transferase (36,37) additionally can be used, and provide
short peptide tags. Animportant 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
interactions of individual proteins in different biological pathways 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 evolution.
Enzyme-mediated chemical tags in theory are attractive because of their rapid chemical
modification of the tagged protein. However, given that for in vivo experiments the rate-
limiting step is the time required for the small molecule probe to enter the cell (typically >1
hour), 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 covalent labels 50% of purified eDHFR:L28C in vitro by 50 min—
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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 exo-reaction could be optimized 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 presumably can be further improved
by optimization of the orientation of the Cys nucleophile and acrylamide electrophile, or even
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 sufficient 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, we have established that proximity-induced reactivity provides
the specificity required for challenging cellular applications, such as high-resolution imaging.
While demonstrated here with TMP and eDHFR, the same acrylamide electrophile and Cys
nucleophile presumably can be readily extended to convert other chemical dimerizers, such as
SLF and FKBP12* or dexamethasone and the glucocorticoid receptor, into covalent chemical
tags. Future development of additional orthogonal reactions and the extension to engineering
applications beyond chemical tags should begin to elucidate the full potential of classical
reactions in organic chemistry for synthetic biology.

Synthetic Methods

Synthetic procedures and characterization of each compound are provided in the Supporting
Information.

Vector Construction

Details of vector construction are provided in the Supporting Information.

In-Gel Fluorescence Scanning

Procedures for in-gel fluorescence scanning are provided in the Supporting Information.

Protein Purification

The resulting eDHFR:L28C plasmid was expressed in BL21(DE3)pLysS cells (Invitrogen).
Cells were grown at 37°C to an ODgqg of 0.6 and then, induced with 0.4 mM IPTG for three
hours and purified using nickel-NTA spin columns (Qiagen). The protein was dialyzed three
times in phosphate buffered saline (PBS) at 4°C, snap froze and stored at —80°C.

In Vitro Alkylation Reactions

Purified eDHFR:L28C (5 uM) was incubated with A-TMP-B (10 uM) in PBS with reduced
glutathione (1 mM) at 37°C. At selected time points, aliquots (30 pL) were removed from the
reaction mixture, quenched with 6x SDS. Samples from the in vitro alkylation experiments
were run on Criterion 15% Tris-HCI gels (BioRad) for 55 min at 200 V. Bands were quantified
by densitometry analysis of or Coomassie stained gels by Image-J.

Live Cell Imaging

The A-TMP-FI dye (1 pM) was added to Ringers solution, applied to cells for 10 minutes and
washed twice with ringers containing 10% (v/v) FBS. Images were obtained using a FV500
confocal microscope (Olympus) using a 60x (1.4 NA) objective. Floview Tif images were
processed with ImageJ UCSD Plugins.
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ary Material

Refer to Web version on PubMed Central for supplementary material.
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eDHFR:L28C

CPJ.D
Figure 1.

A covalent TMP-tag. We sought to convert our non-covalent trimethoprim (TMP) E. coli
dihydrofolate reductase (DHFR) chemical tag into a covalent tag using proximity-induced
reactivity. An acrylamide electrophile was installed on the trimethoprim-fluorophore (TMP-
F) label. Then molecular modeling was used to design a Cys nucleophile on the surface of
eDHFR optimally positioned 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 benefit from a more
permanent chemical modification.
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Figure 2.

The design of a covalent TMP-DHFR pair. Cartoon of a TMP-acrylamide heterodimer bound
to eDHFR, with an engineered Leu28Cys 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 elements. Since 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).
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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 sodium
dodecyl sulfate (SDS)-PAGE. a) Western analysis of in vitro covalent labeling reaction.
Purified eDHFR at a concentration of 5 uM was incubated with 10 uM A-TMP-biotin in
phosphate buffered saline (PBS) with 1 mM glutathione at 37°C for three hours. 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 pM A-TMP-biotin. b)
Determination of the rate of covalent labeling. Purified eDHFR:L28C was labeled under the
same reaction conditions in a. At various time points, aliquots were quenched with 6x SDS.
The reaction was analyzed by SDS-PAGE and Coomassie staining and it was determined that
50% labeling occurs in approximately 50 minutes and that the reaction is near quantitative at
the end.
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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-FI) in wild type fibroblasts. Cells transiently transfected
with vector encoding the nucleus-targeted eDHFR:L28C-RFP fusion were incubated with 1
uM A-TMP-FI in phosphate buffered saline (PBS) for ten minutes, washed twice with PBS,
incubated for one hour, and then imaged using live cell, confocal microscopy. Confocal
micrographs: left column, differential image contrast; middle column, excitation of fluorescein
at 488 nm; right column, excitation of RFP at 568 nm. b) In-gel fluorescence scanning analysis
of in vivo covalent labeling reaction. Cells were nucleofected 48 hours prior to labeling
experiment. The cells were then washed with PBS and incubated for 3 hours in 4 mL of
complete DMEM either with or without 1 uM A-TMP-FI. The cells were washed twice with
PBS, trypsinized, and pelleted. The supernatant was removed, and the cells were lysed and the
lysate was analyzed by sodium dodecyl sulfate (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-FI; Lane 2, cells transiently transfected with
nucleus-targeted eDHFR:L28C-RFP but not incubated with A-TMP-FI; Lane 3, untransfected
cells incubated with A-TMP-FI; Lane 4, a positive control of cells transiently transfected with
a cytostolic GFP vector. These results show A-TMP-FI reacts covalently and selectively with
eDHFR:L28C in vivo.
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Scheme 1.

Retrosynthetic analysis of TMP-fluorophore-acrylamide heterotrimer.
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