
A Genetically Encoded Fluorescent Probe in Mammalian Cells

Abhishek Chatterjee, Jiantao Guo†, Hyun Soo Lee‡, and Peter G. Schultz
Department of Chemistry and the Skaggs Institute for Chemical Biology, The Scripps Research
Institute, 10550 North Torrey Pines Road, La Jolla, CA 92037

Abstract
Fluorescent reporters are useful in vitro and in vivo probes of protein structure, function, and
localization. Here we report that the fluorescent amino acid, 3-(6-acetylnaphthalen-2-ylamino)-2-
aminopropanoic acid (Anap), can be site-specifically incorporated into proteins in mammalian
cells in response to the TAG codon with high efficiency using an orthogonal amber suppressor
tRNA/aminoacyl-tRNA synthetase (aaRS) pair. We further demonstrate that Anap can be used to
image the subcellular localization of proteins in live mammalian cells. The small size of Anap, its
environmentally sensitive fluorescence, and the ability to introduce Anap at specific sites in the
proteome by simple mutagenesis make it a unique and valuable tool in eu-karyotic cell-biology.

The ability to selectively label proteins with fluorescent probes has greatly facilitated the
study of protein structure and function both in vitro and in vivo. One widely used method
involves the fusion of a fluorescent protein to the target protein,1-3 however, this strategy is
generally limited to C- or N- terminal fusions. Furthermore, the large size of the fluorescent
protein tag (>20 kDa) can significantly perturb the structure or activity of the target
protein. 2,4 Other strategies, employing the attachment of a protein tag to the target, which
can be subsequently labeled with fluorescent probes (e.g., SNAP-tag5,6 and Halo-tag7), also
suffer from similar limitations. Various chemical and enzymatic strategies have also been
developed to selectively label short peptide tags or uniquely reactive unnatural amino acid
(UAA) residues in the target protein with small fluorescent probes. Examples include the
use of cell-permeable bis-arsenical dyes that bind a genetically encoded tetracysteine motif
in the target protein;1,8 bioorthogonal conjugation to uniquely reactive non-natural side
chains;9-11 enzymatic labeling of a target peptide-tag with fluorescent probes (e.g., biotin
ligase,12 sortase,13 formylglycine-generating enzyme,14 phosphopantetheinyl transferase,15

lipoic acid ligase,16 etc.). These methods, though very useful, can be limited by labeling
selectivity and efficiency, compatibility with living cells, and a limited number of
compatible labeling sites in a folded protein.

An alternative approach involves the co-translationally incorporation of a small unnatural
amino acid (UAA) with a fluorescent side chain directly into the target protein in a site-
specific manner. To this end, we have developed orthogonal tRNA/aminoacyl-tRNA
synthetase (aaRS) pairs that incorporate amino acids containing 5-hydroxycoumarin and
dansyl side chains in response to the amber nonsense codon in Escherichia coli and
Saccharomyces cerevisiae, respectively.17,18 Recently, a new fluorescent amino acid, 3-(6-
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acetylnaphthalen-2-ylamino)-2-aminopropanoic acid (Anap), was genetically encoded in
Saccharomyces cerevisiae.19 Anap is an amino acid derivative of 6-propionyl-2-(N,N-
dimethyl)aminonaphthalene (prodan), an environmentally sensitive fluorophore that is
widely used in biochemistry and cell biology.20-21 The absorption and emission maxima for
Anap in water are 360 nm and 490 nm, respectively; the extinction coefficient is 17,500
cm-1 M-1 and the quantum yield is 0.48 (determined in EtOH; excitation: 360 nm). Like
other prodan probes, the fluorescence of Anap undergoes a substantial shift in emission
maximum and intensity with changes in solvent polarity, e.g., upon transitioning from water
(490 nm) to EtOAc (420 nm, Figure 1). Here we report the development of an expression
system for the Anap-specific tRNA/aaRS pair in mammalian cells, enabling its site-specific
incorporation into proteins in these cells with excellent selectivity and efficiency by simple
mutagenesis. Furthermore, we show that the subcellular localization of proteins in
mammalian cells can be determined using site-specifically incorporated Anap as a
fluorescent reporter.

An Anap specific tRNACUA
EcLeu/aaRS (AnapRS) pair was evolved from E. coli leucyl-

tRNA/LeuRS using a series of positive and negative selections in S. cerevisiae.19 Since S.
cerevisiae and mammalian cells have similar tRNA identity elements,22 we anticipated that
the E. coli-derived tRNACUA

EcLeu/AnapRS pair would also be orthogonal and functional in
mammalian cells. To test this hypothesis, we constructed the suppression plasmid pAnap
(Figure 2A), encoding expression cassettes for the tRNACUA

EcLeu/AnapRS pair. The
transcription of mammalian tRNAs by RNA polymerase III depends on two conserved
intragenic transcriptional control elements known as the A and B box sequences.23 The
human H1 promoter, which has been previously shown to allow expression of tRNAs that
lack such transcriptional elements in mammalian cells,24 was used the express
tRNACUA

EcLeu. In addition, a poly(A) tail was added to the 3′ terminus of this tRNA to
enhance its transcription and maturation in mammalian cells. In order to further increase the
expression level of the tRNA, a gene cluster containing eight tandem repeats of the H1
promoter- tRNACUA

EcLeu gene was used. Finally, the Anapspecific aminoacyl-tRNA
synthetase (AnapRS) was expressed from a non-regulated CMV promoter.

To test the amber (TAG) suppression efficiency of this new pair in mammalian cells, the
reporter plasmid pEGFP (Figure 2A) was used, which encodes enhanced green fluorescent
protein (EGFP) with a TAG mutation at a permissive site (Tyr40TAG) and a C-terminal
hexa-histidine tag. When pAnap was transiently co-transfected into Human Embryonic
Kidney 293 (HEK293) or Chinese Hamster Ovary (CHO) cells along with pEGFP, efficient
EGFP expression was observed by fluorescence microscopy only in the presence of 0.5 mM
Anap, demonstrating that the tRNAC-UA

EcLeu/AnapRS pair is functional in mammalian cells
(Figure 2B). The lack of EGFP expression in the absence of Anap also confirms that this
pair is not cross-reactive to endogenous synthetases. The mutant EGFP was isolated using
Ni-NTA affinity chromatography with an isolated yield of ～1.2 mg/L (or per 1.2 × 109

adhesive CHO cells); for comparison, the yield of wild type EGFP in a similar experiment
was 6 mg/L. ESI-MS analysis of the purified mutant EGFP protein revealed a molecular
weight consistent with the incorporation Anap (Figure 2C). These observations demonstrate
that Anap can be selectively incorporated into proteins in mammalian cells in response to
the amber nonsense codon (TAG).

Next, we explored whether this genetically encoded Anap could be used as a fluorescent
reporter to probe the localization of a protein in mammalian cells. We first used Histone H3
as a target, since it reliably localizes in the nucleus, a phenotype that can be easily verified
using fluorescence microscopy. A reporter plasmid was constructed in which an amber
mutant of H3 (Thr59TAG) that introduces Anap in a flexible, solvent-exposed loop was
expressed from a CMV promoter. A C-terminal mCherry tag was also included to provide a
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control signal for comparison. Only when the in-frame TAG codon is suppressed by the
Anap-specific tRNACUA

EcLeu/AnapRS pair, will the full length protein be expressed with
both Anap and mCherry reporters. 16 hours after co-transfecting this reporter plasmid into
CHO cells with pAnap, the cells were washed with PBS, incubated in fresh media for 2
hours, and analyzed by fluorescence microscopy using both mCherry (540 nm excitation;
580-610 nm emission) and Anap (360 nm excitation; 470-510 nm emission). Anap
fluorescence was localized in the nucleus and overlapped well with the mCherry signal,
demonstrating the utility of Anap as a probe for protein localization (Supplementary Figure
S1, Figure 3). Expression of the tRNACUA

EcLeu/AnapRS alone in the presence of Anap (and
the absence of the amber mutant) was associated with minimal background fluorescence that
did not interfere with the detection (Supplementary Figure S1).

To test whether expression of tRNACUA
EcLeu/AnapRS has an effect on cell viability, CHO

cells were grown under a variety of different conditions (Supplementary Table 1): (1) CHO
cells were grown in the presence or absence of 0.5 mM Anap; (2) CHO cells were
transfected with tRNACUA

EcLeu/AnapRS and pHistone, and grown in the presence or
absence of 0.5 mM Anap; (3) CHO cells were transfected with wt mCherry and grown in the
absence of Anap; and (4) CHO cells were incubated with transfection reagent (Fugene HD)
and grown in the absence of Anap. Cells grown under these different conditions all showed
similar growth rates. Based on Trypan assay, the numbers of viable cells grown under
different conditions were similar and all higher than 90% of the population after 24 h of
cultivation (Supplementary Table 1).

To minimize the background from free Anap, we explored the possibility of using it at a
lower concentration that does not compromise the fidelity and efficiency of its incorporation
into target proteins. 10 μM Anap concentration in the media was found to be sufficient to
sustain robust expression of EGFP (Tyr40TAG) and the protein expressed under these
conditions was homogeneous and exhibited the correct mass (Supplementary Figure S2).
Using this optimized condition, we repeated the experiment with different mammalian cells
(HEK293, HeLa and CHO cells) and visualized H3 localization in the nucleus using laser
scanning confocal microscopy. In each case, Anap signal correlated well with the mCherry
signal and localized in the nucleus (Figure 3). To further demonstrate the utility of Anap as a
fluorescence probe of cellular localization, other reporter plasmids were constructed,
harboring amber mutants of proteins known to specifically localize in the endoplasmic
reticulum (Grp94; Ser127TAG and Leu7TAG) or Golgi (GalT1; Ser3TAG). These proteins
were again expressed from a CMV promoter with a C-terminal mCherry tag. The reporter
plasmids were co-transfected with pAnap in different mammalian cells (HEK293, CHO,
HeLa) in the presence of 10 μM Anap and fluorescence images were obtaines using laser
scanning confocal microscopy. In each case, appropriate localization of the protein was
observed using Anap fluorescence, as confirmed by a good correlation with the control
mCherry signal (Figure 4).

In addition to conventional fluorescence-microscopy, Anap fluorescence can also be
visualized by two-photon excitation (excitation, 730 nm, two-photon; emission, 420–500
nm, Supplementary Figure S3). Two-photon excitation of the Anap-mCherry double labeled
histone H3 revealed excellent overlap between Anap (excitation, 730 nm, two-photon;
emission, 420–500 nm) and mCherry (excitation, 543 nm; emission, 600–700 nm)
fluorescence in the nucleus (Supplementary Figure S3). The ability to probe Anap
fluorescence using conventional fluorescence microscopy as well as using two-photon
excitation, which provides deeper tissue penetration, efficient light detection, and reduced
phototoxicity,25 further enhances its utility as a fluorescent probe.
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By analyzing the localization of Anap-labeled proteins in various mammalian cells, we
demonstrate that the fluorescence of Anap is bright enough to be useful as a cellular probe.
Background fluorescence was low and did not interfere with the analyses. The small size of
Anap (MW = 273) is expected to minimally perturb protein structure, dynamics, function
and localization. Anap can be incorporated into virtually any site in a protein, provided that
it does not impair its folding or function. Finally, the intensity and emission maxima of
Anap are sensitive to its environment, making it a useful probe of biomolecular interactions
and conformational changes in proteins.19 These properties make Anap a unique and useful
fluorescent probe for investigating protein structure and function directly in living
mammalian cells.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.

Acknowledgments
We thank Virginia Seely for her assistance with manuscript preparation. This work is supported by NIH grant R01
GM062159 (P.G.S.). This is manuscript number 24071 of The Scripps Research Institute.

References
1. Giepmans BNG, Adams SR, Ellisman MH, Tsien RY. Science. 2006; 312:217–224. [PubMed:

16614209]

2. Tsien RY. Annu Rev Biochem. 1998; 67:509–544. [PubMed: 9759496]

3. Zhang J, Campbell RE, Ting AY, Tsien RY. Nat Rev Mol Cell Biol. 2002; 3:906–918. [PubMed:
12461557]

4. Stadler C, Rexhepaj E, Singan VR, Murphy RF, Pepperkok R, Uhlén M, Simpson JC, Lundberg E.
Nat Methods. 2013; 10:315–23. [PubMed: 23435261]

5. Hinner MJ, Johnsson K. Curr Opin Biotechnol. 2010; 21:766–76. [PubMed: 21030243]

6. Keppler A, Gendreizig S, Gronemeyer T, Pick H, Vogel H, Johnsson K. Nat Biotechnol. 2003;
21:86–89. [PubMed: 12469133]

7. Peterson SN, Kwon K. Curr Chem Genomics. 2012; 6:8–17. [PubMed: 23115610]

8. Griffin BA, Adams SR, Tsien RY. Science. 1998; 281:269–272. [PubMed: 9657724]

9. Lang K, Davis L, Wallace S, Mahesh M, Cox DJ, Blackman ML, Fox JM, Chin JW. J Am Chem
Soc. 2012; 134:10317–20. [PubMed: 22694658]

10. Lukinavičius G, Umezawa K, Olivier N, Honigmann A, Yang G, Plass T, Mueller V, Reymond L,
Corrêa IR Jr, Luo ZG, Schultz C, Lemke EA, Heppenstall P, Eggeling C, Manley S, Johnsson K.
Nat Chem. 2013; 5:132–9. [PubMed: 23344448]

11. Plass T, Milles S, Koehler C, Szymański J, Mueller R, Wiessler M, Schultz C, Lemke EA. Angew
Chem Int Ed Engl. 2012; 51:4166–70. [PubMed: 22473599]

12. Chen I, Howarth M, Lin W, Ting AY. Nat Methods. 2005; 2:99–104. [PubMed: 15782206]

13. Popp MW, Antos JM, Grotenbreg GM, Spooner E, Ploegh HL. Nat Chem Biol. 2007; 3:707–8.
[PubMed: 17891153]

14. Carrico IS, Carlson BL, Bertozzi CR. Nat Chem Biol. 2007; 3:321–322. [PubMed: 17450134]

15. Yin J, Liu F, Li X, Walsh CT. J Am Chem Soc. 2004; 126:7754–7755. [PubMed: 15212504]

16. Uttamapinant C, White KA, Baruah H, Thompson S, Fernández-Suárez M, Puthenveetil S, Ting
AY. Proc Natl Acad Sci U S A. 2010; 107:10914–9. [PubMed: 20534555]

17. Summerer D, Chen S, Wu N, Deiters A, Chin JW, Schultz PG. Proc Natl Acad Sci USA. 2006;
103:9785–9789. [PubMed: 16785423]

18. Wang J, Xie J, Schultz PG. J Am Chem Soc. 2006; 128:8738–8739. [PubMed: 16819861]

19. Lee HS, Guo J, Lemke EA, Dimla RD, Schultz PG. J Am Chem Soc. 2009; 131:12921–3.
[PubMed: 19702307]

Chatterjee et al. Page 4

J Am Chem Soc. Author manuscript; available in PMC 2014 August 28.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



20. Macgregor RB, Weber G. Nature. 1986; 319:70–73. [PubMed: 3941741]

21. Cohen BE, McAnaney TB, Park ES, Jan YN, Boxer SG, Jan LY. Science. 2002; 296:1700–1703.
[PubMed: 12040199]

22. Bonnefond L, Giege R, Rudinger-Thirion J. Biochimie. 2005; 87:873–883. [PubMed: 16164994]

23. Galli G, Hofstetter H, Birnstiel ML. Nature. 1981; 294:626–631. [PubMed: 7312050]

24. Chatterjee A, et al. Proc Natl Acad Sci U S A. 2013; 110:11803–8. [PubMed: 23818609]

25. Denk W, Strickler J, Webb W. Science. 1990; 248:73–76. [PubMed: 2321027]

Chatterjee et al. Page 5

J Am Chem Soc. Author manuscript; available in PMC 2014 August 28.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 1.
Structure and normalized absorption (purple) and fluorescence (Deep blue, in EtOAc; light
blue, in DMSO; Cyan, in water) spectra of Anap.
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Figure 2.
Evaluation of the activity of Anap specific tRNAC-UA

EcLeu/AnapRS in mammalian cells.
(A) The construction of pAnap and pEGFP plamids. Identities of different genetic elements
used in these constructs are shown. (B) Expression of EGFP-40-Anap in HEK293 cells in
the presence (left) and absence (right) of 0.5 mM Anap, achieved by co-transfection of
pAnap and pEGFP, analyzed by fluorescence microscopy. (B) ESI-MS analysis of purified
EGFP-40-Anap mutant. Expected molecular weight: 29773 Da; observed: 29775 Da.
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Figure 3.
Nuclear localization of Histone-H3 (Thr59-Anap)-mCherry (C-terminal) fusion protein in
HEK293 (panel A), HeLa (panel B) and CHO (panel C) cells, visualized using Anap (first
column, pseudo-colored in blue, superimposed with the bright field image) or mCherry
(second column, pseudo-colored in red, superimposed with the bright field image) as
fluorescent reporters by laser scanning confocal microscopy. A composite image of these is
shown in the third column. Scale bars, 10 μm.
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Figure 4.
Subcellular localization of endoplasmic reticulum (ER) and golgi-resident proteins in human
cell-lines visualized using Anap (first column, pseudo-colored in blue, superimposed with
the bright field image) or mCherry (second column, pseudo-colored in red, superimposed
with the bright field image) as fluorescent reporters by confocal microscopy: (A) ER-
resident Grp94 (Ser127-Anap)-mCherry (C-terminal) in HeLa cells. (B) ER-resident Grp94
(Leu7-Anap)-mCherry (C-terminal) in HeLa cells. (C) Golgi resident GalT1 (Ser3-Anap)-
mCherry (C-terminal) in HEK293 cells. Scale bars: 10 μm.
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