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Fluorescence labeling of proteins enables the visualization of dynamic cellular processes.
Labeling is most often accomplished by fusing the protein of interest to a fluorescent
protein, such as green fluorescent protein (GFP),[1] or to a short peptide tag that directs
attachment of a small-molecule fluorescent probe.[2] These methods are ideal for the study
of preselected proteins. However, because these proteins require genetic manipulation, they
are not well suited to studies of global cellular processes, such as protein synthesis or post-
translational modification.

Strategies have been developed to enable tagging of proteins with ketone,[3] azide,[4,5] or
alkyne[6] functional groups in complex biological mixtures. Glycosylated,[7]
phosphorylated,[8] farnesylated,[9] and fatty-acylated[10] proteins have been isolated after
the incorporation of reactive analogues. These post-translational modifications are regulated
dynamically, and metabolic tagging has enabled proteome-level analyses that were not
accessible by genetic manipulation.

Similarly, reactive amino acid analogues can be incorporated into proteins on a proteome-
wide basis; this enables selective modification of newly synthesized proteins.[11] The
methionine (Met) analogues azidohomoalanine (Aha) and homopropargylglycine (Hpg)
have been used to visualize and identify temporally defined subsets of the proteome.[12]
Proteins containing Aha or Hpg can be labeled with fluorophores or affinity reagents by
efficient and selective copper-catalyzed azide–alkyne ligation.[13] While this reaction has
been used successfully to label purified proteins, complex cellular extracts, and fixed cells,
the toxicity of copper raises concerns about the use of this method to label live cells.[14,15]
The Staudinger ligation[5,16] and the strain-promoted, copper-free azide–alkyne
cycloaddition[14,17–21] provide excellent alternatives for live-cell labeling. Here, we
describe the use of the copper-free azide–alkyne cycloaddition to label newly synthesized
proteins in live cells with a set of cell-permeable coumarin–cyclooctyne conjugates.
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The tagging of azide-containing glycans with cyclooctyne conjugates has been explored
previously,[14] and it has been shown that the reactivity of the cyclooctyne can be raised by
the use of dibenzocyclooctynes[20] or by fluorination adjacent to the alkyne.[17,19,21]
Activated cyclooctynes have enabled rapid and sensitive labeling of cell-surface azides for
dynamic cell imaging. These “next-generation” probes have been used to monitor glycan
trafficking in live cells[17] and zebrafish embryos.[22] In all previous reports, the
fluorinated cyclooctyne probes were membrane impermeable due to the charged nature of
the appended fluorophores; this necessarily limits the labeling reaction to cell-surface-
exposed azides.

We anticipated that conjugation of coumarin, a small, membrane-permeable fluorophore, to
a variety of cyclooctyne moieties would yield a set of molecules that could both enter live
cells and ligate to azides displayed on proteins. Commercially available
dimethylaminocoumarin (DMAC) was conjugated to various cyclooctyne acids by a short
linker segment by using standard coupling chemistry to give coumarin–cyclooctyne
conjugates 1–3. The linker segment was included to improve the solubility of the dye and to
increase the distance between the dye and its protein target, which might enhance the
fluorescence signal.[23] Each of the three probes was submitted for Caco-2 permeability
analysis; the Caco-2 assay is typically used to predict the permeability and bioavailability of
small molecules across the epithelium of the small intestine.[24] The results of this assay
confirmed that conjugates 1–3 all cross Caco-2 cell monolayers, consistent with their
expected membrane permeability (see Table S1 in the Supporting Information).

Coumarin cyclooctynes 1–3 were assessed for their ability to label newly synthesized
proteins in a mammalian Rat-1 fibro-blast line by using confocal fluorescence microscopy
(Figure 1). Cells were treated for 4 h with 1 m M Aha, Met, or Aha that had been pretreated
with the protein synthesis inhibitor anisomycin ([Aha +aniso]). The [Aha +aniso] control
was included as a means to assess the contribution of free Aha to the fluorescence signal.
After the 4 h pulse, cells were washed and incubated with one of the coumarin conjugates
for 10 min at 37 °C. Following incubation, the cells were washed again and treated with
MitoTracker Red, a membrane-permeable dye that localizes to functional mitochondria.
This counterstain aids in delineating individual cells, distinguishing the cytoplasmic space
from the nucleus, and assessing mitochondrial morphology as a measure of cell health. After
counterstaining, cells were washed a final time and examined by confocal microscopy,
which enabled the acquisition of three-dimensional images of intracellular labeling in live
cells.[25]Substantial labeling of cells was observed after 10 min of treatment with
conjugates 1–3. The fluorescence of cells treated with Aha alone was much brighter than
that of cells treated with either Met or [Aha +aniso]; this indicates that the observed labeling
is specific to Aha, and that most of the coumarin-labeled Aha is associated with proteins that
are generated during the Aha pulse. Examination of individual confocal slices and
fractionation of cellular proteins confirms that labeling occurs throughout the cell, and is not
confined to the cell membrane (Figures S1–S3 and Tables S2 and S3). We observed more-
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uniform staining of cells labeled with 3 compared to 1 or 2, and 3 also showed higher levels
of azide-independent staining.

We used flow cytometry to evaluate conditions for the labeling of newly synthesized
proteins as a function of dye concentration, amino acid pulse length, and fluorophore-
labeling time. Cells were pulse-labeled for 4 h with Aha or Met before treatment with each
of the conjugates 1–3 for 10 min at concentrations of 0.5–50 μM (Figure 2). The mean
coumarin fluorescence increased with increasing dye concentration for all three dyes. The
fluorescence enhancement, which is defined as the mean fluorescence for Aha-treated cells
divided by the mean fluorescence for Met-treated cells, increased with increasing
concentration of 1 and 2. In contrast, the optimal enhancement for cells treated with 3 was
not at the highest dye concentration, but rather at 10 μM 3. We believe that the higher
background labeling for cells treated with 3 could be attributed to side reactions with
cellular nucleophiles (vide infra).

The optimal pulse length for the reactive amino acids prior to exposure to coumarin
cyclooctynes was determined by examining four time intervals (15 min, 30 min, 1 h, and 4
h; Figure S4). Longer pulses (1 and 4 h) with Aha gave the largest enhancements, but
significant labeling could be achieved with shorter pulse lengths. Aha pulses of 30 min gave
a fourfold enhancement in mean fluorescence for 50 μM 2 or a twofold enhancement with
10 μM 3. More modest enhancements (1.3-to 1.5-fold) were observed after a 15 min Aha
pulse and treatment with 10 μM 3. Improved conditions for the use of short pulse lengths
might be revealed through further adjustments to the system, and considering factors such as
local application of the reactive amino acid, increasing the concentration of amino acid, or
utilizing different cell lines.

We used an amino acid pulse length of 4 h and a dye concentration of 10 μM to examine the
effect of dye-labeling time on the system (Figure S4). Cells were examined after exposure to
each dye for periods of 6, 10, 30, or 60 min. After 10 min of dye labeling, cells expressing
proteins containing Aha showed enhancements in fluorescence. Modest labeling was also
observed at 6 min, which is the shortest labeling time examined. Labeling for as long as 60
min yielded further increases in mean fluorescence for samples stained with 1 and 2, but
non-specific labeling with 3 became more substantial. For 1 and 2, short labeling times can
be combined with increased dye concentration (50 μM) to achieve higher fluorescence
enhancements (data not shown).

The extent of labeling under optimized conditions for each of the three dyes was quantified
by flow cytometry. After a 4 h Aha pulse, cells were dye-labeled for 10 min with 10 μM 3 or
50 μM 1 or 2 (Figure 3). Cells treated with Aha and labeled with 10 μM 3 displayed a mean
fluorescence tenfold higher than that of control cells treated with Met. Cells treated with 50
μM 1 or 2 gave enhancements of 15- and 20-fold, respectively. Exposure to anisomycin
prior to pulse-labeling with Aha reduced the fluorescence to levels comparable to those
observed for cells treated with Met.

To explore the origin of the elevated background labeling observed for cells treated with 3,
we used HPLC to characterize in vitro the reactions of 1–3 with Aha, Met, and Cys (a model
cellular nucleophile, see the Supporting Information). Both 1 and 3 were stable in phosphate
buffered saline (PBS) for 24 h, however, as previously observed, conjugate 2 showed
evidence of defluorination in PBS over a period of 24 h,[19] The extent of defluorination of
2 under the conditions used for labeling of cellular proteins is insignificant (data not shown).
All three dyes reacted with Aha, but only 3 showed evidence of reactivity toward Cys,
reacting at a rate comparable to that observed with Aha (Figure S5). No product was
observed for reactions of 3 with Met after 24 h. We used tandem mass spectrometry (TMS)
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to analyze the products of reaction of 3 with cysteine and with glutathione, a ubiquitous
cellular nucleophile. Glutathione is a thiol-containing tripeptide found in cells at low
millimolar concentrations (1–8 mM).[26] TMS analysis revealed products that are consistent
with thiol addition to the strained alkyne of 3 (Figure S6). Although the high reactivity of 3
offers the prospect of sensitive labeling of cellular targets, care must be exercised in the use
of this reagent.

In order to gain useful biological information, it is important to minimize the extent to which
a labeling method perturbs cell viability. Three distinct methods confirmed that treatment of
cells with 1–3 and subsequent imaging did not compromise viability. First, MitoTracker Red
was used to stain active mitochondria and to ensure that mitochondrial morphology was
normal during imaging. Second, cells were counterstained with propidium iodide to confirm
that membranes remained intact after labeling with the coumarin-cyclooctynes (Figure S7).
Finally, phase-contrast microscopy was used to verify that cells divided and remained well
spread after imaging experiments (data not shown).

In summary, we have prepared a new class of reactive dyes capable of labeling azide-tagged
proteins in living cells. After brief exposure to 1–3, cells that are pulse-labeled with Aha
were characterized by substantial enhancements in fluorescence relative to cells treated with
Met. The optimal conditions described here resulted in mean fluorescence enhancements of
eightfold or higher. We believe that this labeling method can be used to visualize other
intracellular biomolecules, thereby providing a useful tool for imaging dynamic protein
modifications previously inaccessible to researchers.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Confocal fluorescence imaging of Rat-1 fibroblasts grown for 4 h in medium containing 1
mm Met (first column), 1 m M Aha pretreated with the protein synthesis inhibitor
anisomycin (aniso; second column), or 1 m M Aha (last two columns). After the Aha pulse,
cells were dye-labeled for 10 min with 50 μM 1 (row 1), 50 μM 2 (row 2), or 10 μM 3 (row
3). Cells were counterstained with MitoTracker Red before imaging. The images for each
dye (1, 2, or 3) were acquired under identical conditions to capture either coumarin or
MitoTracker Red fluorescence [fourth column, Mito(Aha)]. The scale bar represents 20 μm.
Projection images and individual slices from each stack are available in the Supporting
Information (Figures S1 and S2).
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Figure 2.
Flow cytometric analysis of coumarin fluorescence as a function of dye concentration for
cells pulse-labeled for 4 h with Aha or Met. A) Mean fluorescence enhancement for cells
dye-labeled for 10 min (1 gray bars, 2 hashed bars, and 3 black bars). B) Mean fluorescence
values for cells dye-labeled for 10 min with either 10 or 50 μM of each dye. For each
sample, 20 000 events were collected.
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Figure 3.
Histograms of coumarin fluorescence from flow cytometry. Cells were pulsed for 4 h in
media supplemented with 1 m M Met (red), 1 m M Aha +anisomycin (aniso; black), or 1 m
M Aha (blue). After the pulse, cells were dye-labeled for 10 min with 50 μM 1, 50 μM 2, or
10 μM 3. Values given indicate the mean fluorescence for each population of cells.
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