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Modern proteomic methods enable efficient identification of
the hundreds or thousands of proteins present in whole cells
or in isolated organelles."! However, a thorough understand-
ing of the proteome requires insight into protein localization
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as well as protein identity. Recently, visualization of newly
synthesized proteins in bacterial cells was demonstrated
through co-translational introduction of an alkynyl amino
acid followed by selective Cu'-catalyzed ligation of the
alkynyl side chain to the fluorogenic dye 3-azido-7-hydrox-
ycoumarin.”) Here we report that selective fluorescence
labeling and imaging of newly synthesized proteins can be
accomplished in a diverse set of mammalian cells.

Fluorescence microscopy provides the most convenient
means of visualizing cellular proteins. Protein tagging with
green fluorescent protein (GFP) or with tetracysteine motifs
has provided powerful tools for tracking individual proteins in
intact cells.’! However, a more global analysis of protein
synthesis and transport requires a different approach: as the
identities of the proteins of interest may not be known
a priori, a labeling strategy without genetic manipulation is
needed.

Co-translational incorporation of noncanonical amino
acids provides a solution to this problem.[! Recently, bio-
orthogonal noncanonical amino acid tagging (BONCAT)
demonstrated the unbiased and selective enrichment and
identification of newly synthesized proteins in a mammalian
cell line.P! Susceptibility to amino acid tagging is determined
not by the identity of the protein, but rather by the spatial and
temporal character of its synthesis, and proper design of the
noncanonical side chain enables facile labeling with fluores-
cent probes through selective transformations such as the
Staudinger or azide—alkyne ligations.**! Azides and alkynes
are essentially absent from mammalian cells, which makes the
azide—alkyne ligation very selective, and the reaction rate can
be enhanced by Cu' catalysis or by ring strain.”!

Here we describe the use of homopropargylglycine (Hpg)
for tagging and fluorescence visualization of newly synthe-
sized mammalian proteins. Protein tagging with Hpg is
operationally similar to conventional pulse-labeling with **S-
methionine; the absence of Met synthesis in mammalian cells
and the promiscuity of the methionyl-tRNA synthetase make
it straightforward to incorporate Hpg into mammalian
proteins in competition with Met.") After incorporation,
Hpg is susceptible to labeling with the membrane-permeant
fluorogenic dye 3-azido-7-hydroxycoumarin for in situ imag-
ing (Figure 1).M"

Initial experiments were performed with mouse embry-
onic fibroblasts that express a mitochondrially targeted GFP
(MEF-mitoGFP).['!l Cells were grown to confluence before
passage into serum-free medium lacking Met (SFM). After
incubation to deplete any residual Met, cultures were
supplemented with 1 mMm Met or Hpg for a 4h pulse.
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Figure 1. Bioorthogonal labeling of newly synthesized proteins for
fluorescence visualization in mammalian cells.
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Incorporation of Hpg into proteins did not appear to affect
cell viability; staining with propidium iodide demonstrated
that viability was similar when cells were pulse-labeled either
with Met or with Hpg for 4 h (data not shown). During a2 h
chase, cells were incubated in SFM containing 1 mm Met. The
cells were washed, fixed, and blocked before reaction with
200 um CuSO,, 400 pum triscarboxyethylphosphine (TCEP),
200 pm tris((1-benzyl-1H-1,2,3-triazol-4-yl)methyl)amine (tri-
azole ligand), and 25 um 3-azido-7-hydroxycoumarin.®! The
cells were treated overnight at room temperature in the dark
and then washed before visualization.

Individual cells were examined by confocal microscopy
and flow cytometry. Microscopy observations using differ-
ential interference contrast (DIC) delineated the cells, and
GFP fluorescence confirmed that the mitochondria had the
proper morphology (Figure 2a). Images of coumarin fluores-
cence were acquired with identical acquisition settings for
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Figure 2. Fluorescence labeling of proteins in MEF-mitoGFP. a) Imag-
ing of MEF-mitoGFP cells pulse-labeled in media containing T mm
Hpg (top), 1 mm Met (middle), and 1 mm Hpg + 50 um cyclo-
heximide (bottom). The differential interference contrast (DIC) images
are shown in the first column. Each set of images was obtained with
identical conditions to capture either GFP (second column) or
coumarin (third column) fluorescence. The insets for the coumarin
fluorescence represent the sum of four scans. The final overlay
contains the superposition of the GFP (green) and coumarin (red)
images. Scale bars represent 10 um. b) Mean fluorescence of cells
obtained from flow cytometry. Each column represents three samples
with 10000 events collected for each sample. Error bars represent one
standard deviation.
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cells labeled either with Hpg or with Met (Figure 2a, third
column). Bright coumarin fluorescence was observed only for
cells exposed to Hpg during the pulse. As a control, one of two
inhibitors of protein synthesis, cycloheximide or anisomycin,
was added to the medium 30 minutes prior to pulse-labeling
with 1 mm Hpg. Cells labeled in this medium exhibited levels
of coumarin fluorescence comparable to the background
levels observed for Met-labeled cells (Figure 2a, bottom
panels). The inhibitor control samples maintained low levels
of fluorescence even when imaged by taking a sum of four
coumarin scans (Figure 2 a, inset). Flow cytometry was used
to quantitate the fluorescence enhancement; cells treated
with 1 mMm Hpg were characterized by mean fluorescence that
was 18-fold higher than that of cells pulse-labeled with Met
(Figure 2b). Addition of cycloheximide or anisomycin to cells
prior to addition of 1 mM Hpg reduced the mean fluorescence
to the level observed for the Met control. Both microscopy
and flow cytometry indicate that fluorescence labeling is
highly selective for newly synthesized proteins that contain
Hpg.

Understanding the dependence of the observed fluores-
cence on Hpg concentration and on the Hpg/Met ratio should
be useful for applications in which one wishes to control the
extent of labeling. The optimal Hpg concentration was
established by flow cytometry. The mean fluorescence
increased twofold when the Hpg concentration was raised
from 0.1 to 0.5 mMm. There was no further enhancement in the
range 0.5 to 2.0 mm Hpg, although there was some variability
in the fluorescence levels at 0.5 mMm. To ensure consistent
fluorescence labeling, we used 1 mm Hpg for pulse-labeling.
Reducing the Hpg/Met ratio in the medium from 1000:1 to
100:1 caused a decrease in the mean fluorescence (Figure 3a).
Previous invitro studies have shown that the specificity
constant k., /K, is reduced approximately 500-fold for Hpg
relative to Met (for activation by the methionyl-tRNA
synthetase derived from E. coli)."” In accord with those
studies, we find that coumarin fluorescence could be dis-
cerned by confocal microscopy when the Hpg/Met ratio was
500:1, but not at a ratio of 100:1.

To define the temporal resolution of the method, we
examined pulse lengths ranging from 15 minutes to 6 hours.
Flow cytometry showed that a 15-minute pulse with no chase
yielded a fivefold enhancement in the mean fluorescence
relative to Met controls. The mean fluorescence increased as
the pulse length was extended to 4 hours but did not increase
further at 6 hours.

The concentration of the CuSO, catalyst was varied from
50 to 200 um (Figure 2b). The mean fluorescence at 50 pm
CuSO, was comparable to that of cells treated only with Met.
The mean fluorescence increased as the copper concentration
was increased in this range. Copper concentrations of 250
500 pm resulted in only modest further enhancement of the
fluorescence intensity.

The imaging strategy described here can be extended
easily to a wide variety of cell types (Figure 4). Newly
synthesized proteins in both transfected (MEF-mitoGFP,
CHO-0sGFP) and nontransfected (MCF-10A, HUVEC) cells
can be visualized when the cells are pulse-labeled with Hpg.
The method works well on different cell types (fibroblasts,
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a 900 7 structures (Figure 4). When HeLa and HEK293T cells were
800 - stained with an antinucleolar antibody, the areas of brightest
coumarin fluorescence co-localized with the antibody
7007 (Figure 5). Nucleoli, sites of ribosomal biogenesis, are pro-
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g ing in HeLa and HEK293T cells. Nucleoli are clearly visible in the DIC
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o L= . . ‘ cell.™®! They exchange proteins rapidly; dynamic analysis of
50 75 100 125 150 175 200 HeLa nucleoli indicated that proteomic changes are observed
CuS0, Concentration / pm in less than two hours.'"¥! Furthermore, a recent proteomics
Figure 3. Flow cytometric analysis of pulse-labeling and dye-labeling Stl}dy of HEK2.93 cells identified n.ucleolin a.nd nucleophos-
conditions. a) Fluorescence of cells pulse-labeled with various Hpg/ min (B23), major nucleolar proteins, as being Syn_thesmed
Met ratios. All Hpg-treated samples contained 1 mm Hpg, and the during a two-hour pulse with azidohomoalanine.”" Evi-
1009 Met sample contained 1 mm Met. Mean fluorescence was dence that there is rapid nucleolar assembly and protein
determined by flow cytometry. The same acquisition settings were turnover is consistent with our observation that a subset of

used for all samples in the corresponding coumarin images . The scale
bar represents 10 um. b) Mean fluorescence of cells treated with

i (6]
various concentrations of CuSO,. Each column represents three flow- hour window. ) ) ) . )
cytometry samples with 10000 events collected for each sample. Error Noncanonical amino acid tagging offers a facile means of
bars represent one standard deviation. labeling newly synthesized proteins in mammalian cells. Since

labeling is determined solely by the timing (and in principle
by the location) of the Hpg pulse, it is possible to visualize
MEF-mitoGFP proteins of unknown sequence, structure, or function. We
L : : suggest that this method will be useful for elucidating
complex processes involving spatially localized protein trans-
lation, for example, the hypothesis that synaptic plasticity is
modulated by translation localized in dendrites.'”? Moreover,
MCF-10A other noncanonical amino acids can be metabolically incor-
porated and modified by the azide-alkyne or Staudinger
ligations.”*¥ Multicolor analysis should be possible by using
multiple dyes to visualize subsets of the proteome expressed
during sequential pulses.

newly synthesized proteins localize in nucleoli during a four-

Figure 4. Coumarin labeling of newly synthesized proteins in a wide Received: May 26, 2006
variety of cell types. The scale bar represents 10 pm. Revised: August 1, 2006
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endothelial and epithelial cells) and on cells derived from
numerous species (human, mouse, monkey, hamster).

In many of the cell types examined here, the most intense | Keywords: alkynes - azides - fluorescent probes -
coumarin fluorescence appeared to be localized in nucleolar  protein modifications - proteomics

7526 www.angewandte.de © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Angew. Chem. 2006, 118, 75247527


http://www.angewandte.de

[1] a) M. Hamdan, P. Righetti, Proteomics Today: Protein Assess-
ment and Biomarkers Using Mass Spectrometry, 2D Electro-
phoresis, and Microarray Technology, Wiley, Hoboken, 2005;
b) D. E. Warnock, E. Fahy, S. W. Taylor, Mass Spectrom. Rev.
2004, 23, 259.

[2] K. E. Beatty, F. Xie, Q. Wang, D. A. Tirrell, . Am. Chem. Soc.
2005, 127, 14150.

[3] a) R.Y. Tsien, Annu. Rev. Biochem. 1998, 67, 509; b) B. A.

Griffin, S.R. Adams, R.Y. Tsien, Science 1998, 281, 269;

¢)B.N.G. Giepmans, S.R. Adams, M.H. Ellisman, R.Y.

Tsien, Science 2006, 312, 217.

a) S. W. Botchway, 1. Barba, R. Jordan, R. Harmston, P. M.

Haggie, S. P. William, A. M. Fulton, A. W. Parker, K. M. Brindle,

Biochem. J. 2005, 390, 787; b) A.J. Link, M. L. Mock, D. A.

Tirrell, Curr. Opin. Biotechnol. 2003, 14, 603; c) L. Wang, P. G.

Schultz, Angew. Chem. 2005, 117, 34; Angew. Chem. Int. Ed.

2005, 44, 34; d) N. Budisa, Angew. Chem. 2004, 116, 6586;

Angew. Chem. Int. Ed. 2004, 43, 6426; e) T. L. Hendrickson, V.

de Crecy-Lagard, P. Schimmel, Annu. Rev. Biochem. 2004, 73,

147.

D. C. Dieterich, A.J. Link, J. Graumann, D. A. Tirrell, E. M.

Schuman, Proc. Natl. Acad. Sci. USA 2006, 103, 9482.

[6] a)J. A. Prescher, C. R. Bertozzi, Nat. Chem. Biol. 2005, 1, 13;
b) P. F. van Swieten, M. A. Leeuwenburgh, B. M. Kessler, H. S.
Overkleeft, Org. Biomol. Chem. 2005, 3, 20; c) A. J. Link, D. A.
Tirrell, J. Am. Chem. Soc. 2003, 125,11164;d) A. E. Speers, B. F.
Cravatt, Chem. Biol. 2004, 11, 535.

[7] a) G. A. Lemieux, C. L. de Graffenried, C. R. Bertozzi, J. Am.
Chem. Soc. 2003, 125, 4708; b) M. L. Tsao, F. Tian, P. G. Schultz,
ChemBioChem 2005, 6, 2147; c) A. Deiters, P. G. Schultz,
Bioorg. Med. Chem. Lett. 2005, 15, 1521.

[8] Q. Wang, T. R. Chan, R. Hilgraf, V. V. Fokin, K. B. Sharpless,
M. G. Finn, J. Am. Chem. Soc. 2003, 125, 3192.

[9] a) V. V. Rostovtsev, L. G. Green, V. V. Fokin, K. B. Sharpless,
Angew. Chem. 2002, 114, 2708; Angew. Chem. Int. Ed. 2002, 41,
2596;b) C. W. Tornoe, C. Christensen, M. Meldal, J. Org. Chem.
2002, 67, 3057; c) N. J. Agard, J. A. Prescher, C. R. Bertozzi, J.
Am. Chem. Soc. 2004, 126, 15046.

[10] a) J. C. M. van Hest, K. L. Kiick, D. A. Tirrell, J. Am. Chem. Soc.
2000, 7122, 1282; b) K. L. Kiick, R. Weberskirch, D. A. Tirrell,
FEBS Lett. 2001, 502, 25.

[11] K. Sivakumar, F. Xie, B. M. Cash, S. Long, H. N. Barnhill, Q.
Wang, Org. Lett. 2004, 6, 4603.

[12] H. C. Chen, A. Chomyn, D. C. Chan, J. Biol. Chem. 2005, 280,
26185.

[13] a) W.S. Vincent, Int. Rev. Cytol. 1955, 4, 269; b) M. Birnstiel,
Annu. Rev. Plant Physiol. 1967, 18, 25.

[14] a) R.D. Phair, T. Misteli, Nature 2000, 404, 604; b)J.S.
Andersen, Y. W. Lam, A. K. L. Leung, S.-E. Ong, C. E. Lyon,
A. I Lamond, M. Mann, Nature 2005, 433, 77.

[15] Azidohomoalanine (Aha), like Hpg, is a methionine surrogate.
The rates of activation of Aha and Hpg by the E. coli methionyl-
tRNA synthetase are nearly identical (see Ref. [18]). Polyacryl-
amide gel electrophoresis reveals no significant differences in
the patterns of protein synthesis in mammalian cells treated with
methionine or with Aha (see Ref. [5]).

[16] a) O. V. Zatsepina, O. A. Dudnic, Y. S. Chentsov, M. Thiry, H.
Spring, M. F. Trendelenburg, Exp. Cell Res. 1997, 233, 155;b) F.
Yu, P. Feigelson, Proc. Natl. Acad. Sci. USA 1972, 69, 2833.

[17] O. Steward, E. M. Schuman, Neuron 2003, 40, 347.

[18] K. L. Kiick, E. Saxon, D. A. Tirrell, C. R. Bertozzi, Proc. Natl.
Acad. Sci. USA 2002, 99, 19.

[4

[}

5

—

Angew. Chem. 2006, 118, 7524 -7527 © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

Angewandte
Chemie

www.angewandte.de 7527


http://www.angewandte.de

