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Genetic code expansion for unnatural amino acid mutagenesis
has, until recently, been limited to cell culture. We demonstrate
the site-specific incorporation of unnatural amino acids into
proteins in Drosophila melanogaster at different developmental
stages, in specific tissues and in a subset of cells within a
tissue. This approach provides a foundation for probing and
controlling processes in this established metazoan model
organism with a new level of molecular precision.

Genetic code expansion, using orthogonal amber suppressor
aminoacyl-tRNA synthetase/tRNA.y, pairs'? has facilitated the
site-specific incorporation of unnatural amino acids into proteins
in Escherichia coli, yeast, cultured animal cells and, most recently,
Caenorhabditis elegans"?*; this has allowed new insights into the
structure and function of proteins, their complexes and their post-
translational regulation'. The incorporation of photoresponsive amino
acids into proteins in living cells has allowed the control of enzymatic
activity, molecular interactions and protein transport with light and
has provided insights into the kinetics of signaling®-*, whereas the
incorporation of photocrosslinking amino acids has allowed the map-
ping of weak and transient protein interactions in cells'. Addressing
the challenges of achieving genetic code expansion in whole animals
will allow the extension of these strategies to the study of processes,
including embryonic development, tissue morphogenesis, tumor
biology and neuronal plasticity, at the organism level.

The fruit fly D. melanogaster is perhaps the most established
metazoan model organism®. It has a short generation time and
an extensively characterized and sequenced genome, and there
are established tools for creating transgenic flies and controlling
transgene expression’~. The early D. melanogaster embryo is ideally
suited to the use of photoresponsive amino acids or amino acids
for imaging applications, and amber suppressor tRNAs have been
generated by mutation of D. melanogaster tRNAs, leading to amber
suppression in the fly'*'2

The pyrrolysyl-tRNA synthetase (PyIRS)/tRNA(y, pairs from
Methanosarcina species including M. barkeri and M. mazei can be
used to incorporate a range of unnatural amino acids, including
Ne-(tert-butyloxycarbonyl)-L-lysine (1), Ne-5-norbornene-2-
yloxy-carbonyl-L-lysine (2) and N6-[(2-propynyloxy)carbonyl]-1-
lysine (3)"**** (Fig. 1a). The PyIRS/tRNA_, pair has been rapidly
evolved in E. coli to recognize a wide range of useful new amino
acids'®". PylRS variants evolved in E. coli can be transplanted into
eukaryotic cells*'*'?, making it especially attractive to develop this pair
for incorporating unnatural amino acids in animals®*. Here we dem-
onstrate the site-specific incorporation of unnatural amino acids in
D. melanogaster (Supplementary Results, Supplementary Fig. 1).

We cloned M. mazei PyIRS under the transcriptional control
of an upstream activating sequence (UAS) recognized by GAL4
(ref. 8) (Supplementary Methods, Fig. 1b). We expressed M. mazei
tRNA, (MmtRNA,), encoded by PylT (AE008384.1; 1729220 to

1729280) using an extragenic Pol III promoter that normally drives
expression of U6 spliceosomal RNA?, a strategy that has been suc-
cessful for expressing PylIT in eukaryotic cells****2. To report on
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Figure 1] Site-specific incorporation and labeling of unnatural amino
acids in D. melanogaster Dmel cells using an orthogonal MmPyIRS/
tRNA_, pair. (a) Unnatural amino acid and tetrazine probes used in
this study. (b) Constructs used in the present study. MT, metallothionein
promoter; GAL4, a yeast transcription factor; HA, hemagglutinin tag;
R-Luc, Renilla luciferase; F-Luc, firefly luciferase; UAS, a GAL4-responsive
upstream activating sequence; TAG, amber stop codon; U6-PyIT, the U6
promoter followed by a copy of the PyIT gene encoding MmtRNA 4.

(c) Relative luciferase activity detected in cell extracts from

transfected Dmel cells. The data show the mean of three trials £ s.d.

(d) Immunoprecipitation (IP) with anti-GFP from Dmel cells transfected
with the indicated constructs and MT-GAL4 and incubated in the
presence of the indicated amino acid. The fluorescence scan detects
labeling with 4. The full gel is in Supplementary Figure 4.

'Medical Research Council Laboratory of Molecular Biology, Cambridge, UK. ?These authors contributed equally to this work.

*e-mail: chin@mrc-Imb.cam.ac.uk

748 NATURE CHEMICAL BIOLOGY | VOL 8 | SEPTEMBER 2012 | www.nature.com/naturechemicalbiology


http://www.nature.com/doifinder/10.1038/nchembio.1043
http://www.nature.com/nchembio/journal/v8/n9/compound/nchembio.1043_comp1.html
http://www.nature.com/nchembio/journal/v8/n9/compound/nchembio.1043_comp2.html
http://www.nature.com/nchembio/journal/v8/n9/compound/nchembio.1043_comp3.html
http://www.nature.com/naturechemicalbiology/

© 2012 Nature America, Inc. All rights reserved.

&

NATURE CHEMICAL BIOLOGY boI: 10.1038/NCHEMBIO.1043

0.0040
0.0035
0.0030 4
0.0025
0.0020
0.0015

Relative luciferase activity

0.0010
0.0005 -

04
- + - + 1

PylIT-Rep-L Triple-Rep-L
nos-vpl16-Gal4

b nos-vp16-GAL4 nos-vp16-GAL4, Triple-Rep-F

Figure 2 | Site-specific incorporation of unnatural amino acids in

D. melanogaster embryos. (a) Dual luciferase activity detected in
embryonic extracts of the indicated genotype. The data show the mean
of three trials £ s.d. (b) Embryos of the indicated genotype were stained
as indicated. Scale bars, 20 um. The a-b line indicated was used for
quantification in Supplementary Figure 7.

unnatural amino acid incorporation, we created two independent
reporter systems (Fig. 1b): a dual luciferase reporter and a fluores-
cent protein fusion reporter, each under control of a UAS.

To demonstrate that the MmPyIRS/tRNA, pair is expressed,
orthogonal to endogenous synthetases and tRNAs, and func-
tions with the D. melanogaster translational machinery to direct
the incorporation of unnatural amino acids in response to the
amber codon, we performed experiments in a D. melanogaster
cell line (Dmel).

Cells were transfected with plasmids encoding GAL4 under the
control of a metallothionein promoter (MT-GAL4)%, PylRS and
PylT-Rep-L (Fig. 1b). We induced GAL4 expression by the addition
of Cu?". In the presence of amino acid 1 (10 mM; a substrate for the
PyIRS/tRNA ., pair)’, we observed a dual luciferase signal that was
at least 50-fold greater than that observed in control experiments in
which amino acid 1 or PylIRS was omitted (Fig. 1c). We observed
the same amino acid dependence with Triple-Rep-L (Fig. 1b) and
demonstrated that amino acids 1, 2 and 3 can be incorporated
(Supplementary Fig. 2).

To provide independent confirmation of both the unnatural
amino acid incorporation observed with the MmPylIRS/tRNA .,
pair and the orthogonality of MmtRNA,, we used a fluorescent
protein fusion reporter. Dmel cells were transfected with MT-GAL4
and Triple-Rep-F (Fig. 1b), and GAL4 expression was induced by
the addition of Cu*". We observed GFP expression in both the pres-
ence and absence of 1, 2 and 3. However, mCherry fluorescence
was observed only in the presence of the unnatural amino acids
(Supplementary Fig. 3). Western blotting using an antibody against

BRIEF COMMUNICATION

the C-terminal hemagglutinin (HA) tag of the reporter (anti-HA)
or against GFP (anti-GFP) detected the 60-kDa GFP-mCherry-HA
fusion protein in the presence, but not absence, of the unnatural
amino acid 1 (Fig. 1d and Supplementary Figs. 3 and 4). Similarly,
we detected full-length GFP-mCherry-HA protein in the presence
but not the absence of 2, which we have previously site-specifically
incorporated into proteins in E. coli and mammalian cells using
the MmPyIRS/tRNAy, pair’® (Fig. 1d and Supplementary Fig. 3).
GFP-2-mCherry-HA was specifically labeled with a tetrazine fluo-
rophore 4 in a bio-orthogonal inverse electron demand Diels-Alder
reaction (Fig. 1d and Supplementary Fig. 5a)". Control experi-
ments demonstrate that GFP-1-mCherry-HA is not labeled with 4,
confirming the specificity of the bio-orthogonal labeling reaction
for amino acid 2. Additional labeling experiments (Supplementary
Fig. 5a—c) confirmed that MmPyIRS does not appreciably direct the
incorporation of 2 in response to sense codons. MS confirmed the
incorporation of the unnatural amino acids 1, 2 and 3 at the geneti-
cally encoded site (Supplementary Fig. 6) and provided further
evidence that the unnatural amino acids are not incorporated at
sense codons. The data demonstrate that the MmPylRS/tRNA,
pair is orthogonal to the synthetases and tRNAs in flies and that
the pair functions with the fly translational machinery to direct
the incorporation of the unnatural amino acids at a genetically
encoded site.

We next generated multiple transgenic lines harboring
MmPyIRS/tRNA_y, and either Triple-Rep-L or Triple-Rep-F
(Fig. 1b) by P element insertion. As PylRS and the reporter gene
are under the control of an UAS, they will not be expressed effi-
ciently in these lines*®. To produce a functional system for the
incorporation of unnatural amino acids into proteins in flies,
we crossed transgenic flies bearing Triple-Rep-L, PylT-Rep-L or
Triple-Rep-F with flies bearing a female germline-specific GAL4
driver, nos-vp16-GAL4 (ref. 24). The resulting transgenic flies
were fed for 48 h with or without amino acid 1, and their embryos
were collected over 6 h. The dual luciferase signal from embryos
(Fig. 2a) was dependent on both the presence of the synthetase
and the addition of the unnatural amino acid 1. We detected GFP-
mCherry-HA by immunostaining and western blotting (Fig. 2b
and Supplementary Fig. 7) in transgenic embryos bearing Triple-
Rep-F and nos-vp16-GAL4 whose mothers were fed unnatural
amino acids (including 3, a known substrate for PyIRS';
Supplementary Fig. 7d). These data demonstrated the incor-
poration of 1 and 3 in response to the amber codon in embryos.
Unnatural amino acid incorporation in embryos increased as a
function of amino acid concentration and synthetase or tRNA
gene copy number (Supplementary Fig. 8a,b).

Dual luciferase activity measured in ovaries, dissected from
Triple-Rep-L/nos-vpl6-GAL4 (an ovary-specific driver in adult
flies) or PylT-Rep-L/nos-vpl6-GAL4 flies, was dependent on the
addition of amino acid 1 and PylRS (Supplementary Fig. 8c). To
demonstrate the tissue-specific incorporation of unnatural amino
acids, we dissected fly ovaries from the remnants of the fly body in
Triple-Rep-F/nos-vp16-GALA4 flies (Fig. 3a). Although we detected
free GFP in the ovary samples with and without amino acid, we
only detected full-length GFP-mCherry-HA in ovaries when flies
were fed 1. We detected neither GFP nor GFP-mCherry-HA in the
fly body. Taken together, these data demonstrate that the incorpo-
ration of the unnatural amino acid at a specific site in a protein
expressed in a specific tissue of interest can be achieved using spe-
cific GAL4 drivers. Using an actin-GAL4 driver (Act5CGAL4),
we demonstrated that 1 can be incorporated in the fly body and
established that feeding flies 1 has no measurable effect on hatch-
ing rate or the fraction of Act5CGAL4/Triple-Rep-F flies produced
from heterozygous parents, suggesting that unnatural amino acid
incorporation has little effect on viability (Supplementary Fig. 9).
Feeding flies unnatural amino acids for a whole life cycle only
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Figure 3 | Tissue-specific and subtissue-specific incorporation of
unnatural amino acids in D. melanogaster ovaries. (a) Top, anti-red
fluorescent protein (anti-RFP) immunoprecipitation from nos-vp16-GAL4/
Triple-Rep-F extracts from dissected ovaries or the rest of the female body.
Bottom, detecting actin and GFP in lysate, different actin variants are
detected in the body and ovary. Full gels are in Supplementary Figure 4.
(b) Amino acid 1is specifically incorporated in mosaic clones generated

in the ovary follicular epithelium using an actin-flipout-GAL4 strategy in
Triple-Rep-F females. Ovaries were stained with anti-GFP and anti-HA,

and cross-section images were obtained by confocal microscopy. The
anti-HA and anti-GFP signals were quantified along lines that traverse the
boundary between GFP-positive and GFP-negative clones (Supplementary
Fig.10). In the presence of the amino acid, there is a statistically significant
correlation between the anti-HA and anti-GFP signal (P = 8.12 x 107%°),
whereas in the absence of the amino acid there is no significant correlation
(P = 0.36; Pearson correlation analysis implemented in MATLAB).

increases the amount of unnatural amino acid-containing protein
1.5- to 2-fold over feeding for 2 d (Supplementary Fig. 9).

To direct unnatural amino acid incorporation in a subset of
cells within a tissue, we generated flies containing the heat shock-
inducible actin-flipout-GAL4 system?® and Triple-Rep-F. In ovaries
dissected from flies fed amino acid 1 and subjected to limited heat
shock, we detected full-length GFP-mCherry-HA in a mosaic pat-
tern that matched the pattern of GFP expression. When fly food was
not supplemented with amino acid 1, the amount of anti-HA stain-
ing remained equal to background and did not correlate with the
GFP levels detected in cells (Fig. 3b and Supplementary Fig. 10).
These data demonstrate unnatural amino acid incorporation in a
subset of cells within a tissue in flies.

In conclusion, we have demonstrated that the MmPyIRS/tRNA;,
pair is orthogonal to the synthetases and tRNAs found in flies and
can be used to direct the incorporation of several unnatural amino
acids into proteins in fly cells, fly embryos and adult flies. We have
demonstrated the modular combination of the unnatural amino
acid incorporation system with several gene expression methods
widely used in fly research and the site-specific incorporation of
unnatural amino acids into specific proteins expressed at different
developmental stages, within specific tissues and in subsets of cells
within a tissue. As the MmPyIRS/tRNA;, pair and its synthetically
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evolved derivatives can be used to incorporate a growing list of
useful unnatural amino acids, these experiments provide a founda-
tion for probing and controlling biological processes in flies with
molecular precision.
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