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Summary

Expanding the eukaryotic genetic code to include un-
natural amino acids with novel properties would pro-
vide powerful tools for manipulating protein function in
eukaryotic cells. Toward this goal, a general approach
with potential for isolating aminoacyl-tRNA synthe-
tases that incorporate unnatural amino acids with high
fidelity into proteins in Saccharomyces cerevisiae is
described. The method is based on activation of GAL4-
responsive HIS3, URA3, or lacZ reporter genes by sup-
pression of amber codons in GAL4. The optimization
of GAL4 reporters is described, and the positive and
negative selection of active Escherichia coli tyrosyl-
tRNA synthetase (EcTyrRS)/tRNA(y, is demonstrated.
Importantly, both selections can be performed on a
single cell and with a range of stringencies. This
method will facilitate the isolation of a range of
aminoacyl-tRNA synthetase (aaRS)/tRNA, activities
from large libraries of mutant synthetases.

Introduction

The recent addition of unnatural amino acids to the ge-
netic code of Escherichia coli (E. coli) provides a power-
ful new approach for analyzing and manipulating protein
structure and function both in vitro [1, 2] and in vivo [3].
Amino acids with photoaffinity labels, heavy atoms, keto
and olefinic groups, and chromophores have been incor-
porated into proteins in E. coli with an efficiency and
fidelity rivaling that of the common twenty amino acids
[1-6]. However, currently these methods for incorpora-
tion of unnatural amino acids can only be applied in E.
coli. The extension of this methodology to eukaryotic
cells would provide powerful tools for analyzing and
controlling processes in these cells at the molecular
level.

Unnatural amino acids have been introduced pre-
viously into the nicotinic acetylcholine receptor in Xeno-
pus oocytes [7] by microinjection of a chemically mis-
acylated Tetrahymena thermophila tRNA [8] and the
relevant mRNA. This has allowed detailed biophysical
studies of the receptor in oocytes by the introduction
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of amino acids containing side chains with unique physi-
cal or chemical properties [9]. Unfortunately, this meth-
odology is limited to proteins in cells that can be microin-
jected, and because the tRNA is chemically acylated in
vitro and cannot be reacylated, the yields of protein are
very low. This, in turn, necessitates sensitive techniques
to assay protein function.

We, and others [10-12], are interested in using geneti-
cally encoded aminoacyl-tRNA synthetase/tRNA pairs
for the incorporation of unnatural amino acids into pro-
teins in eukaryotic cells in response to an amber codon.
This would have significant technical and practical ad-
vantages, since tRNAs would be reacylated with the
unnatural amino acid by their cognate synthetases, lead-
ing to large amounts of mutant protein. Moreover, genet-
ically encoded aminoacyl-tRNA synthetases and tRNAs
are, in principle, heritable, allowing the unnatural amino
acid to be incorporated into proteins through many cell
divisions without exponential dilution.

The steps necessary to add new amino acids to the
genetic code of E. coli have been described [13, 14], and
similar principles are likely to be useful for expanding
the genetic code of eukaryotes. In the first step, an
orthogonal aminoacyl-tRNA synthetase (aaRS)/tRNAgya
pair is identified. This pair must function with the host
cell’s translational machinery, but the aaRS must not
charge any endogenous tRNAs with an amino acid, and
the tRNAgy, must not be aminoacylated by any endoge-
nous synthetases [15]. In a second step, those aaRS/
tRNA pairs that are capable of using only the unnatural
amino acid are selected from a library of mutant aaRSs.
In E. coli, the selection of unnatural amino acid utilizing
variants of MjTyrRS was carried out using two-step
“double sieve” selections [13]. A comparable selection
method is required in eukaryotic cells.

Saccharomyces cerevisiae (S. cerevisiae) was chosen
as the eukaryotic host organism, as it is unicellular and
has a rapid generation time, as well as relatively well-
characterized genetics [16]. Moreover, since the transla-
tional machinery of eukaryotes is well conserved [17-
19], it is likely that aaRSs genes for the incorporation of
unnatural amino acids discovered in S. cerevisiae can
be “cut and pasted” into higher eukaryotic organisms
and used in partnership with cognate tRNAs [12, 20] to
incorporate unnatural amino acids. The expansion of
the genetic code of S. cerevisiae is therefore a gateway
to expanding the genetic code of complex multicellular
eukaryotic organisms [21]. Unfortunately, the tyrosyl
pair derived from Methanococcus jannaschii TyrRS
(MjTyrRS)/tRNA [22], which we have previously used to
expand the genetic code of E. coli, is not orthogonal in
eukaryotic organisms [23], and a new orthogonal pair is
required to expand the eukaryotic genetic code. Several
potential orthogonal pairs have been described in S.
cerevisiae [11, 24-26]. Schimmel and coworkers have
shown that the E. coli tyrosyl-tRNA synthetase
(EcTyrRS)/tRNAcy, pair suppresses amber codons in S.
cerevisiae with tyrosine. They have also shown that E.
coli tRNAgy, is not charged by endogenous aminoacyl
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Figure 1. A General Positive and Negative Selection Scheme for Expanding the Genetic Code of S. cerevisiae

(A) A schematic of the first generation (top) and second generation (below) GAL4 reporters (the properties of which are shown in Figures 2
and 3, respectively). The first generation reporter contains the DNA binding domain of GAL4 (1-147, shown in blue) linked by the sequence
SRSNQTSLYKKAGX (shown in white) to the GAL4 activation domain (768-881, shown in red), where X is the amino acid inserted in response
to an amber codon. Second-generation GAL4 reporters are derived from full-length GAL4 (1-881) and contain amber codons at positions in
the DNA binding domain. Activated transcription of genes (described in [B]) is driven by amber suppression of TAG codons in GAL 4 by an

active aminoacyl tRNA synthetase (aaRS)/tRNA pair.

(B) The genes in the yeast cell line Mav203 whose transcription is activated by GAL4; all genes are genomically integrated in the same cell line.
(C) Two-micrometer plasmids that encode (left) the Ec TyrRS and cognate suppressor tRNA¢y, and (right) the GAL4 amber mutants used in

data presented in Figure 3 and beyond.

(D) A schematic of the phenotypes expected with active and inactive orthogonal aaRS/tRNA pairs on the selective media indicated.

tRNA synthetases in the yeast cytosol [24, 25] (Figure
2). In addition, numerous groups [18, 26, 27] have shown
that EcTyrRS does not charge yeast tRNA in vitro. Thus,
the EcTyrRS/tRNAg,, pair is a likely candidate for an
orthogonal pair in S. cerevisiae as well as in higher eu-
karyotes [20].

To broaden the substrate specificity of ECTyrRS in E.
coli, Nishimura and coworkers screened an error-prone
PCR-generated library of mutants of EcTyrRS and dis-
covered a mutant with an improved ability to incorporate
3-azatyrosine [28]. However, this amino acid is incorpo-

rated throughout the proteome of E. coli, and the evolved
enzyme still prefers tyrosine as a substrate. Yokoyama
and coworkers screened a small collection of designed
active site variants of EcTyrRS in an in vitro translation
system and discovered an EcTyrRS variant that utilizes
3-iodotyrosine more effectively than tyrosine [29]. In
contrast to the enzymes we have evolved in E. coli [1,
2, 6, 30], this enzyme still incorporates tyrosine in the
absence of the unnatural amino acid [29]. Recently, Yo-
koyama and coworkers have also demonstrated that this
EcTyrRS mutant functions with a tRNA¢y, from Bacillus
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stearothermophilus to suppress amber codons in mam-
malian cells [12].

A critical requirement is that any amino acid added
to the eukaryotic genetic code be incorporated with a
fidelity similar to that of the common twenty amino acids.
To accomplish this, we have pursued a general, in vivo
selection method for the discovery of ECTyrRS/tRNAgya
variants that function in S. cerevisiae to incorporate un-
natural amino acids but none of the common amino
acids in response to the amber codon TAG. A major
advantage of a selection is that enzymes that selectively
incorporate unnatural amino acids can be rapidly se-
lected and enriched from libraries of 108 EcTyrRS active
site variants, 6-7 orders of magnitude more diversity
than has been screened in vitro [29]. This increase in
diversity vastly increases the likelihood of isolating
EcTyrRS variants for the incorporation of a diverse range
of useful functionality with very high fidelity [22].

To extend the selection approach to S. cerevisiae, we
took advantage of the transcriptional activator protein,
GALA4 [31-34] (Figure 1). The N-terminal 147 amino acids
of this 881 amino acid protein form a DNA binding do-
main (DBD) that binds DNA sequence specifically [35,
36]. The DBD is linked by an intervening protein se-
quence to a C-terminal 113 amino acid activation do-
main (AD) that can activate transcription when bound
to DNA [37, 38]. We envisioned that by placing amber
codons toward the N-terminal DBD of a single polypep-
tide that contained both the N-terminal DBD of GAL4
and its C-terminal AD, it should be possible to link amber
suppression by the EcTyrRS/tRNA., pair to transcrip-
tional activation by GAL4 (Figure 1A). By the choice of
appropriate GAL4-activated reporter genes, it should be
possible to perform both positive and negative selec-
tions on synthetase or suppressor tRNA activity (Figure
1B). While many reporter genes based on complement-
ing the amino acid auxotrophy of a cell can be used for
positive selections (eg., URA3, LEU2, HIS3, LYS2), the
HIS3 gene is particularly attractive, as the activity of
the protein it encodes (imidazole glycerol phosphate
dehydratase) can be modulated in a dose-dependent
manner by addition of 3-aminotriazole (3-AT) [39]. In S.
cerevisiae, fewer genes have been used for negative
selections. One of several negative selections [40-43]
that has been successfully used is the URA3/5-flurooro-
tic acid (5-FOA) negative selection [44] system de-
scribed in the “reverse two-hybrid” system developed
by Vidal and coworkers [42, 43]. In the reverse two-
hybrid system, a genomically integrated URAS3 reporter
is placed under a tightly controlled promoter that con-
tains GAL4 DNA binding sites. When two proteins that

-Leu, -Trp

Figure 2. The EcTyrRS- and tRNAys-Depen-
dent Phenotypes of First-Generation GAL4
Reporters on Selective Media

DB-AD is a fusion between the GAL4 DNA
binding domain and activation domain. DB-
TAG-AD has a TAG codon replacing a tyro-
sine codon in the synthetic linker between
DB and AD (as described in the legend to
Figure 1). A5 is an inactive version of ECTyrRS
in which five residues in the active site (de-
tailed in Experimental Procedures) have been
mutated to alanine.

interact are produced as fusions to the GAL4 DBD and
GAL4 AD, they reconstitute the activity of GAL4 and
activate transcription of URA3. In the presence of
5-FOA, the URA3 gene product converts 5-FOA to a
toxic product, killing the cell [44]. This selection has
been used to select for proteins that disrupt a protein-
protein interaction and for mutations that disrupt a pro-
tein-protein interaction. A variant for screening small
molecule inhibitors of protein-protein interactions has
also been described [45].

We now demonstrate that the appropriate choice of
amber codons in full-length GAL4 allows efficient posi-
tive selections for active EcTyrRS variants using either
HIS3 or URA3 GAL4-activated reporters to complement
histidine or uracil auxotrophy in yeast cells. Moreover,
the URAS reporter can be used in negative selections
for inactive EcTyrRS variants in the presence of 5-FOA.
In addition, colorometric assays using lacZ can be used
to read out aminoacyl-tRNA synthetase activity in yeast
cells.

Results and Discussion

The EcTyrRS gene was expressed under the control of
the constitutive ADH1 promoter, and the E. coli tyrosyl
tRNA;y» gene was expressed from the same high-copy
yeast plasmid (pEcTyrRS/tRNACUA, Figure 1C). Upon
cotransformation of pEcTyrRS/tRNACUA and a low-
copy reporter that contains a single amber mutation
between the DNA binding domain and activation domain
of a chimeric GAL4 construct (GAL4 DB-TAG-AD, Figure
1A, top) into MaVv203, cells grew on selective media
lacking histidine and containing 10-20 mM 3-AT (Figure
2). When MaVv203 cells were transformed with the same
GAL4 construct and either an inactive synthetase mu-
tant (A5) or a construct lacking the EctRNA¢y, gene, no
growth was observed on 10 mM 3-AT (Figure 2). These
experiments establish that EcTyrRS can be constitu-
tively expressed in a functional form from the ADH1
promoter, that there is minimal endogenous amber sup-
pression in MaV203, and that there is little charging of
EctRNAy, by yeast synthetases in this system [24, 25].
Since EcTyrRS does not charge S. cerevisiae tRNA [18,
26, 27], these experiments confirm that EcTyrRS/
EctRNAy, are an orthogonal pair in S. cerevisiae.
While the first-generation GAL4 chimera was able to
activate transcription of the weak HIS3 reporter, it was
unable to activate transcription of the URA3 reporter
in Mav203 sufficiently to allow significant growth on
concentrations of 3-AT greater than 20 mM or on —Ura
plates (Figure 2). For the purposes of selection of
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Figure 3. The EcTyrRS- and tRNAy,-Dependent Phenotypes of Second-Generation GAL4 Reporters on the Selective Media Indicated

A schematic of GAL4 is shown at the top of the figure. The DNA binding domain is indicated in blue, and the major and cryptic activation
domains are red. The DNA binding domain mutants are indicated (left), and the growth of MaV203 transformed with active or inactive EcTyrRS

and cognate tRNA on positive and negative selective media is shown.

EcTyrRS variants, a second-generation GAL4 construct
was made. This GAL4 reporter was designed to be more
active, have a greater dynamic range, and avoid the
accumulation of revertants. To increase the activity of
the GAL4 reporters, full-length GAL4 was used (which
has a transcriptional activiation activity twice that of a
DBD-AD fusion [37]) under the control of a strong ADH1
promoter, and a high-copy 2 um plasmid (with a copy
number 10-30 times that of the centromeric plasmid of
the initial GAL4 chimera) was used. An increase in both
the copy number of the plasmid and the activity of the
protein it encodes should extend the dynamic range of
the reporters. Amber mutations were targeted to the
region of the GAL4 gene that encodes amino acid resi-
dues 2 and 147 (Figure 3). This region is sufficient for
sequence-specific DNA binding [35] and lies to the 5’
side of the first cryptic activation domain in the GAL4
gene [37], such that the truncated products produced
in the absence of amber suppression are not anticipated
to activate transcription. We were guided in our choice

of amino acid codons to mutate by previous saturation
mutagenesis selections on GAL4 [46], as well as the
X-ray structures of the N-terminal DNA binding domain
of GAL4 [47, 48] and the NMR structure of its dimeriza-
tion region [49].

Full-length GAL4 was cloned into a small pUC-based
vectorto allow the rapid construction of ten single amber
mutants (at the codons for amino acids L3, 113, T44,
F68, R110, V114, T121, 1127, S131, and T145) by site-
directed mutageneisis. GAL 4 and the resulting amber
mutants were then subcloned into a 2 pum yeast vector
under the control of the full-length ADH1 promoter to
create pGADGAL4 and a series of amber mutants de-
noted pGADGAL4 (xxTAG) (Figure 1C), where xx denotes
the amino acid codon in the GAL4 gene that was mu-
tated to the amber codon. Each GAL4 mutant was
cotransformed with either EcTyrRS/tRNA,, or A5/
tRNAy. into MaV203 cells, converting transformants to
leucine and tryptophan protrophy. pGADGAL4 itself
transformed with very low efficiency (<1072 times that
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of the GAL4 amber mutants) and is presumably deleteri-
ous to MaV203 cells at such high copy; no such effect
was observed with the amber mutants of GAL4.

The phenotypes of MaV203 cells containing GAL4 re-
porters, in the presence of tRNAg, and an active or
inactive synthetase, were assayed on —Ura plates and
0.1% 5-FOA plates (Figure 3A). Five GAL4 mutants
(L3TAG, N3TAG, T44TAG, F68TAG, and S131TAG) grew
on —Ura plates and failed to grow on 0.1% 5-FOA in
the presence of either a wild-type or inactive EcTyrRS.
In these amber mutants, endogenous suppression is
apparently sufficient to push the EcTyrRS/tRNAgys-
mediated suppression beyond the dynamic range of
the URAS3 reporter in MaV203. Five GAL4 single amber
mutants (R110TAG, V114TAG, T121TAG, I127TAG, and
T145TAG) grew in the absence of uracil and in the pres-
ence of EcTyrRS/tRNAg,, (but not A5/tRNAcy) and
showed the reverse phenotype on 5-FOA. These mu-
tants show EcTyrRS-dependent phenotypes that fall
within the dynamic range of the URAS3 reporter in
MaV203. The cleanest EcTyrRS-dependent phenotype
on both —Ura and 0.1% 5-FOA was observed with the
R110 TAG mutant of GAL4. However, this mutant
showed some blue color in X-GAL assays when co-
transformed with A5 (see Supplemental Data at http://
www.chembiol.com/cgi/content/full/10/6/511/DC1). To
further improve the dynamic range, we made a series
of six double amber mutants of GAL4 containing R110
TAG (Figure 3B) (L3TAG, R110TAG; I13TAG, R110TAG;
T44TAG, R110TAG; R110TAG, T121TAG; R110TAG,
1127TAG; and R110TAG, T145TAG). Four of these double
mutants (I13TAG, R110TAG; R110TAG, T121TAG;
R110TAG, 1127TAG and T145TAG, R110TAG) were un-
able to grow in the absence of uracil and grew on 0.1%
5-FOA. These double mutants have activities outside
(below) the dynamic range of the plate assays. Two
of the double mutants (L3TAG, R110TAG and T44TAG,
R110TAG) grew in the presence of wild-type EcTyrRS/
tRNAgys but not with A5/tRNAg, on —Ura plates; these
mutants also showed the expected reciprocal pheno-
types on 5-FOA. PGADGAL4(T44TAG, R110TAG), the
more active of these two GAL4 mutants, was selected
for a more detailed characterization (Figure 4). MavV203
containing pGADGAL4(T44TAG, R110TAG)/pEcTyrRS/
tRNACUA was blue on X-GAL, but the corresponding
strain containing pA5/tRNACUA was not. Similarly,
MaV203 containing pGADGAL4(T44TAG, R110TAG) and
pPEcTyrRS/tRNACUA grew robustly on plates with 3-AT
concentrations up to 75 mM and on —Ura plates, but the
corresponding strain containing pA5/tRNACUA failed to
grow on 10 mM 3AT or in the absence of uracil. Taken
together, these observations suggest that the EcTyrRS-

0.150

0.175

EcYRS A5

Figure 4. pGADGAL4(T44TAG, R110TAG) with

and without EcTyrRS Spans the Dynamic
Range of the Reporters in Mav203

dependent phenotypes of PGADGAL4(T44TAG, R110TAG)
span the dynamic range of the URA3, HIS3, and lacZ
reporters in MaV203. Due to the toxicity of the wild-type
GAL4 expression construct, we were unable to compare
the activity of the mutant proteins to that of the wild-
type. However, previous experiments by Schimmel and
coworkers suggest that the protein yield may be de-
creased somewhat by amber suppression [25]. Several
factors may contribute to decreased protein yields in
gene expression using amber suppression, including
competition of translational release factor with tRNAs
containing amber anticodons for binding to the mRNA
termination codons [50], and nonsense-mediated mRNA
decay [19]. Nonetheless, the efficiency of amber sup-
pression in yeast appears to be sufficient to produce
good yields of protein [25].

It was of interest to determine the transcriptional acti-
vation activity of GAL4 mutants in which T44 or R110
were substituted with amino acids other than tyrosine,
since the ability to substitute varied amino acids with-
out altering the activity of GAL4 is likely to be a key
to selection of mutant aminoacyl-tRNA synthetases
that can incorporate unnatural amino acids into pro-
teins. A series of five mutants of residue T44 in GAL4
(T44Y, T44W, T44F, T44D, and T44K) were constructed
in pGADGAL4(R110TAG), since pGADGAL4 is itself
toxic. A similar series of mutants at position R110 in
GAL4 (R110Y, R110W, R110F, R110D, and R110K) in
pGADGAL4(T44TAG) was constructed. These mutants
are biased toward the large hydrophobic amino acid
side chains that we are interested in incorporating into
proteins, but also contain a positively and negatively
charged residue as a stringent test of permissiveness.
Each mutant was cotransformed with pEcTyrRS/tRNA-
CUA into MaV203 cells and Leu™ Trp™* isolates assayed
for lacZ production by ortho-nitrophenyl-3-D-galacto-
pyranoside (ONPG) hydrolysis (Figure 5). The variation
in activity between cells containing GAL4 with different
amino acids substituted for either T44 or R110 was less
than 3-fold in all cases. This minimal variability demon-
strates the permissiveness of these sites to amino acid
substitution without altering the transcriptional activity
of GAL4. As expected from the growth of the single
amber mutants assayed on selective media, mutants of
T44 made in the GAL4(R110TAG) background lead to
slower rates of ONPG hydrolysis than mutants of R110
made in the GAL4(T44TAG) background. We cannot rule
out that the incorporation of unnatural amino acids at
both T44 and R110 would not affect the activity of GAL4.

Model enrichment studies were performed to examine
the ability of the system to select an active synthetase
from a large excess of inactive synthetases (Table 1A;
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(A), T44; (B), R110. ONPG hydrolysis units are as defined in Experimental Procedures. “GAL4” is MaV203 transformed with pCL1 and was
offscale: 600 ONPG hydrolysis units; “none” is MaV203 transformed with plasmids encoding the GAL4 DBD and GAL4 AD separately.

Figure 6). This selection models the ability to select
active synthetases from a library of variants in the pres-
ence of an unnatural amino acid. MaVv203 cells con-
taining GAL4(T44, R110) and EcTyrRS/tRNAc,, were
mixed with a 10- to 10%-fold excess of cells containing
GAL4(T44TAG, R110TAG) and A5/tRNA., as judged by
both ODg, and the fraction of colonies that turned blue
when cells were plated on nonselective —Leu, —Trp
media and assayed by X-GAL overlay. Those cells able
to survive on 50 mM 3-AT or in the absence of uracil were
selected. The ratio of cells surviving on 3-AT or —Ura that
were blue in the X-GAL assay to those that were white,
when compared to the same ratio in the absence of
selection, clearly demonstrates that the positive
selections can enrich active synthetases from inactive
synthetases by a factor greater than 10° (Table 1A). Mea-
surement of accurate enrichments for starting ratios
greater than 1:10° was not possible, because single col-
onies could not be counted when more than 10° cells
were plated.

After a positive selection in the presence of unnatural
amino acid, the selected cells will contain synthetases
able to use natural amino acids and, perhaps more
rarely, able to use an added unnatural amino acid. To
isolate those synthetases capable of using only the un-
natural amino acid, cells encoding synthetases that use

natural amino acids must be deleted from the selected
clones. This can be accomplished with a negative selec-
tion in which the unnatural amino acid is withheld and
those synthetases that function with a natural amino
acid are removed. A model negative selection was per-
formed in an analogous manner to the model positive
selection. EcTyrRS/tRNA¢y, was mixed with a 10- to 10°-
fold excess of A5/tRNAgy,, and selection was performed
on 0.1% 5-FOA. The ratio of cells surviving on 0.1%
5-FOA that were white in the X-GAL assay to those
that were blue, compared to the same ratio under non-
selective conditions (Table 1B), makes it clear that the
negative selections can enrich inactive synthetases from
active synthetases by a factor of at least 0.6 x 10%
Measurement of accurate enrichments for starting ratios
greater than 1:10* was not possible, because isolated
single colonies could not be counted when more than
10° cells were plated.

Significance

We have developed a general approach that allows
both positive selection of active aaRSs and negative
selection of aaRSs that recognize natural amino acids.
By varying the stringencies of the selection, it should
be possible to isolate a variety of synthetase activities.

Table 1. Model Selections

A. Model Selections for Functional EcTyrRS

Starting Ratio, ECYRS:A5% 1:10 1:10? 1:10° 1:10* 1:10°

Cell dilution 10° 10° 102 108 10 108 1 10°
—Leu,Trp (#blue®) 1360 (81) 1262 (0) >10° (1) 1774 (0) >10 (-) 1092 (0) >10% (-) 1472 (0)
—Ura (#blue®) 152 (152) 9(9) 8 (8) 0() 5(5) 0() 16 (14) 0()
—His + 50 mM 3AT (#blue®) 135 (135) 7(7) 0() 0() 33 0() 10 (10) 0()
Enrichment factor >10 >10? >10° >10* >10°

B. Model Selections for Nonfunctional EcTyrRS

StartingRatio, A5:EcYRS? 1:10 1:10? 1:10° 1:10*

Cell dilution 10% 102 102 102 10

—Leu,Trp (#white®) 353 (22) 1401 (31) 1336 (2) 1375 (0) >10*

0.1% 5-FOA (#white®) 16 (16) 41 (41) 4 (4) 0() 2(2)

Enrichment factor >10 >45 >600 > 0.67 x 10*

2Determined by ODgg.
°On X-GAL.
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Application of this method to a model selection using
variants of EcTyrRS showed enrichments of greater
than 10° in a single round of positive selection and
greater than 0.6 X 10* in a single round of negative
selection. These observations suggest that this method
will provide rapid access to orthogonal aminoacyl-
tRNA synthetases that function to site specifically in-
corporate unnatural amino acids with a diversity of
side chains into proteins in S. cerevisiae. Moreover, it
is likely that enzymes evolved in S. cerevisiae can be
used in higher eukaryotes.

Experimental Procedures

Vector Construction

The E. coli tyrosyl tRNAg» gene was amplified by PCR using the
primers tRNA5'-GGGGGGACCGGTAAGCTTCCCGATAAGGGAGCA
GGCCAGTAAAAAGCATTACCCCGTGGTGGGTTCCCGA and tRNA3'-
GGCGGCGCTAGCGGGAAGTTCAGGGACTTTTGAAAAAAATGGTG
GTGGGGGAAGGAT from pESCSU3URA (a gift from Thomas J. Mag-
liery). This and all other PCR reactions were performed using the
Expand PCR kit from Roche according to the manufacturer’s in-
structions. After restriction endonuclease digestion with Nhel and
Agel, this tRNA gene was inserted between the same sites in the 2
wm vector pESCTrp (Stratagene) to yield ptRNACUA. The full-length
ADH1 promoter was amplified by PCR from pDBLeu (Invitrogen)
with the primers PADHf, IGGGGGGACCGGTCGGGATCGAAGAAAT
GATGGTAAATGAAATAGGAAATC AAGG and pADHr, GGGGGG
GAATTCAGTTGATTGTATGCTTGGTATAGCTTGAAATATTGTGCA
GAAAAAGAAAC and digested with Agel and EcoRI. EcTyrRS was
amplified with the primers pESCTrp1, TCATAACGAGAATTCATGGC
AAGCAGTAACTTG and pESCTrp2, TTACTACGTGCGGCCGCTTAT
TTCCAGCAAATCAGAC. The EcTyrRS PCR product were digested
with EcoRI and Notl. ptRNACUA was then digested with Agel and
Notl. A triple ligation of these three DNAs yielded pEcTyrRS/
tRNACUA. Plasmid pA5/tRNACUA, in which amino acid residues
37,126, 182, 183, and 186 in the active site are mutated to alanine,
was created by overlap PCR using the oligonucleotides F37Afwd,
CCGATCGCGCTCGCTTGCGGCTTCGATC; N126Afwd, ATCGCGG
CGAACGCCTATGACTGGTTC; 182,183,186A, GTTGCAGGGTTATG
CCGCCGCCTGTGCGAACAAACAGTAC and their reverse comple-
ments, as well as the flanking oligonucleotides 4783, GCCGCT
TTGCTATCAAGTATAAATAG; 3256, CAAGCCGACAACCTTGATTGG
and pEcTyrRS/tRNACUA as a template. The PCR product was di-
gested with EcoRI and Notl and ligated into the large fragment of
pEcTyrRS/tRNACUA released upon digestion with the same en-
zymes.

To construct 1%t generation DB-AD reporters, the GAL4 DNA bind-
ing domain was PCR amplified from pGADT7 (Clontech) using the
forward primer pADfwd: GGGGACAAGTTTGTACAAAAAAGCAGG
CTACGCCAATTTTAATCAAAGTGGGAATATTGC or pADfwd(TAG) G
GGGACAAGTTTGTACAAAAAAGCAGGCTAGGCCAATTTTAAT

-Leu, -Trp, -His, + 50 mM 3-AT

Figure 6. Selection of Active EcTyrRS Clones

MaV203 containing a 1:10 mixture of pEcT-
yrRS-tRNACUA:pA5-tRNACUA were plated
at a 10° dilution on —Leu, —Trp plates (left)
or —Leu, —Trp, —His + 50 mM 3-AT and pro-
cessed using X-GAL overlay as described in
Experimental Procedures.

CAAAGTGGGAATATTGC and ADrev: GGGGACCACTTTGTACAA
GAAAGCTGGGTTACTCTTTTTTTGGGTTTGGTGGGGTATC. These
PCR products were cloned into the vector pDEST3-2 (invitrogen)
using the Clonase procedure, according to the manufacturer’s in-
structions, yielding pDB-AD and pDB-(TAG)-AD.

To construct PGADGAL4 and variants, the GAL4 gene was ampli-
fied from pCL1 (Clontech) by PCR using the primers ADH1428-1429,
AAGCTATACCAAGCATACAATC and GAL4C, ACAAGGCCTTGC
TAGCTTACTCTTTTTTTGGGTTTGGTGGGGTATCTTC. This frag-
ment was cloned into the vector pCR2.1 TOPO (Invitrogen) ac-
cording to the manufacturer’s instructions. A clone containing the
GAL4 gene (pCR2.1 TOPOGALA4) was digested with Hindlll, and the
2.7 kb GAL4 fragment was gel purified and ligated to the large
fragment of pGADT7 that had been digested with Hindlll, treated
with calf intestinal phosphotase, and gel purified. Variants of the
GAL4 gene were created by Quikchange reactions (Stratagene) car-
ried out according to the manufacturer’s instructions on pCR2.1
TOPO GAL4 using primers listed in the Supplemental Data (http://
www.chembiol.com/cgi/content/full/10/6/511/DC1). GAL4 mutants
were cloned into pGADT7 in the same manner as the wild-type GAL4
gene. All final constructs were confirmed by DNA sequencing.

Yeast Media and Manipulations

S. cerevisiae strain MaVv203 (Invitrogen) is MATq; leu2-3,112; trp1-
109; his3A200; ade2-101; cyh2F; cyh1®; GAL4A; gal80A; GAL1::lacZ;
HIS3yasca - HIS3@LYS2; SPAL10yasca::URA3. Yeast media were
purchased from Clontech, 5-FOA and X-GAL were from Invitrogen,
and 3-AT was from BIO 101. YPER (yeast protein extraction reagent)
and ONPG were purchased from Pierce Chemicals. Plasmid trans-
formations were performed by the PEG/Lithium actetate method
[16], and transformants were selected on the appropriate synthetic
complete dropout media.

To test the phenotypes conferred by various plasmid combina-
tions on MaV203, yeast colonies from synthetic complete dropout
plates of each transformation were resuspended in 15 pl of sterile
water and streaked on the selective media of interest. Each pheno-
type was confirmed with at least five independent colonies.

X-GAL assays were performed by the agarose overlay method
[51]. Briefly, colonies or cell patches were lysed on agar plates by
several additions of neat chlorofom. After chloroform evaporation,
1% agarose containing 0.25 g/l of X-GAL and buffered with 0.1 M
Na,PO, (pH 7.0) was applied to the plate surface. Once the agarose
was set, plates were incubated at 37°C for 12 hr.

For ONPG assays, 1 ml of SD —Leu, —Trp in a 96-well block was
inoculated with a single colony and incubated at 30°C with shaking.
The ODg, of 100 pl of cells and several dilutions of cells were
recorded in parallel in a 96-well microtiter plate. Cells (100 pl) were
mixed with 100 pl of YPER:ONPG (1Xx PBS, 50% v/v YPER, 20
mM MgCl,, 0.25% v/v B-mercaptoethanol, and 3 mM ONPG) and
incubated with shaking at 37°C. Upon color development, cells were
pelleted by centrifugation, the supernatant was transferred to a
clean 96-well microtiter plate [51] (Nunclon, catalog no. 167008),
and the Ay, was recorded. All data shown are the mean of trials
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from at least four independent clones, and the error bars shown
represent the standard deviation. ONPG hydrolysis was calculated
using the equation B-galactosidase units = 1000 - A,y/(V.t.ODgg),
where V is the volume of cells in milliliters, t is the time of incubation
in minutes [51]. One B-galactosidase unit corresponds to the hydro-
lysis of 1 umol of ONPG per min per cell [51]. Spectrophotometric
readings were performed on a SPECTRAmax190 plate reader.

Model Selections

Positive Selections

Two overnight cultures were grown in SD —Leu, —Trp. One con-
tained MaV203 harboring pEcTyrRS/tRNACUA and pGADGAL4(T44,
R110TAG), and the other pA5-tRNACUA and pGADGAL4(T44,
R110TAG). These cells were harvested by centrifugation and resus-
pended in 0.9% NaCl by vortexing. The two cell solutions were then
diluted to identical ODggs. MaV203 harboring pEcTyrRS/tRNACUA
and pGADGAL4(T44,R110TAG) were serially diluted over 7 orders
of magnitude and each dilution was then mixed 1:1 vol:vol with
undiluted MaV203 harboring pA5/tRNACUA and pGADGAL4(T44,
R110TAG) to afford defined ratios of cells containing active and
inactive tyrosyl-tRNA synthetase. For each ratio, a second serial
dilution was performed in which the concentration of cells was
decreased but the ratio of cells harboring pEcTyrRS/tRNACUA and
pGADGAL4(T44,R110TAG) to cells harboring pA5/tRNACUA and
pPGADGAL4(T44,R110TAG) was maintained. These dilutions were
plated on SD —Leu, —Trp; SD —Leu, —Trp,—Ura; and SD —Leu, —Trp,
—His + 50 mM 3-AT. After 60 hr, the number of colonies on each
plate was counted using an Eagle Eye CCD camera (Stratagene),
and the phenotype of survivors was confirmed with a X-GAL
B-galactosidase assay. Cells from several individual blue or white
colonies were isolated and grown to saturation in SD —Leu, —Trp
and the plasmid DNA isolated by standard methods. The identity
of the EcTyrRS variant was confirmed by DNA sequencing.
Negative Selection

The model negative selection was performed in an analogous man-
ner to the positive selection, except that MaV203 harboring pA5/
tRNACUA and pGADGAL4(T44,R110TAG) were serially diluted and
mixed with a fixed density of MaV203 harboring pEcTyrRS/tRNACUA
and pGADGAL4(T44,R110TAG). Cells were plated on SD —Leu, —Trp +
0.1% 5-FOA, the number of colonies was counted after 48 hr, and
the plates were processed as described above.
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