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We report a new vector, pEVOL, for the incorporation of unnatural amino
acids into proteins in Escherichia coli using evolved Methanocaldococcus
jannaschii aminoacyl-tRNA synthetase(s) (aaRS)/suppressor tRNA pairs.
This new system affords higher yields of mutant proteins through the use
of both constitutive and inducible promoters to drive the transcription of
two copies of the M. jannaschii aaRS gene. Yields were further increased by
coupling the dual-aaRS promoter system with a newly optimized supopt
in a single-vector construct. The optimized suppressor
pressor tRNACUA
opt
tRNACUA afforded increased plasmid stability compared with previously
reported vectors for unnatural amino acid mutagenesis. To demonstrate the
utility of this new system, we introduced 14 mutant aaRS into pEVOL and
compared their ability to insert unnatural amino acids in response to three
independent amber nonsense codons in sperm whale myoglobin or green
fluorescent protein. When cultured in rich media in shake flasks, pEVOL
was capable of producing more than 100 mg/L mutant GroEL protein.
The versatility, increased yields, and increased stability of the pEVOL
vector will further facilitate the expression of proteins with unnatural amino
acids.
© 2009 Elsevier Ltd. All rights reserved.
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Introduction
The ability to genetically encode unnatural amino
acids directly in living cells in response to nonsense
or frameshift codons allows one to manipulate the
*Corresponding author. E-mail address:
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Abbreviations used: aaRS, aminoacyl-tRNA synthetase
(s); aaRS/tRNACUA, aminoacyl-tRNA synthetase/
suppressor tRNA; IR, infrared; GFP, green fluorescent
protein; Myo, sperm whale myoglobin; pAcF, p-acetylphenylalanine; OD600, optical density at 600 nm; pAzF,
p-azidophenylalanine; pBpF, p-benzoylphenylalanine;
pPrF, p-propargyloxyphenylalanine; PLA, p-hydroxy-Lphenyllactic acid; pIF, p-iodophenyla-lanine; pCNF,
p-cyanophenylalanine; pCmF, p-carboxylmethylphenylalanine; NapA, 3-(2-naphthyl)alanine; pBoF,
p-boronophenylalanine; oNiF, o-nitrophenylalanine;
HQA, (8-hydroxy-quinolin-3-yl)alanine; BipyA, (2,2'bipyridin-5-yl)alanine; CouA, (7-hydroxycou-marin-4-yl)
ethylglycine; EF-Tu, elongation factor Tu; rcf, relative
centrifugal force.

physiochemical, biological, and pharmacological
properties of proteins with exquisite control over
structure. This approach has a number of potential
advantages over other “chemical mutagenesis”
methods such as the use of chemically aminoacylated tRNAs, solid-phase peptide synthesis, native
chemical ligation, or intein-based semisynthetic
methods.1–5 In particular, this method can be used
to modify proteins directly in living cells, is
applicable to virtually any protein expressed in
prokaryotic or eukaryotic organisms, affords excellent yields of mutant protein in general, and allows a
large number of chemically distinct amino acids to
be introduced site specifically by simple mutagenesis. Unnatural amino acids have been selectively
incorporated into proteins recombinantly expressed
in Escherichia coli,6 Saccharomyces cerevisiae,7 Pichia
pastoris,8 and mammalian cells9–11 by reassigning
amber nonsense (TAG) or frameshift codons to
encode the desired unnatural amino acid. Orthogonal aminoacyl-tRNA synthetase/suppressor tRNA
(aaRS/tRNACUA) pairs are used to selectively
incorporate the unnatural amino acid. These orthogonal aaRS aminoacylate their cognate tRNAs,
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but not any of the host organism's endogenous
tRNAs; similarly, the orthogonal tRNA is not
aminoacylated by any endogenous aaRS. This lack
of crossreactivity ensures that the unnatural amino
acid is incorporated with high fidelity only in
response to the nonsense or frameshift codon12 and
that no endogenous amino acid is encoded in
response to these codons. To alter the specificity of
an aaRS in order to aminoacylate its cognate tRNA
with only the desired unnatural amino acid (and
no endogenous amino acid), we subjected mutant
libraries centered on the amino acid binding pocket to
rounds of positive and negative selections based on
suppression of the amber codon at permissive sites in
essential or lethal gene products, respectively.13
The genetic incorporation of unnatural amino
acids into proteins in E. coli in this manner has been
carried out using orthogonal pairs derived from
Methanosarcina mazei,14 Pyrococcus horikoshii,10 and
other archaeal systems, but has been most practiced
using Methanocaldococcus jannaschii tyrosyl-RS/
Tyr
tRNACUA derived pairs.15,16 This system has been
exploited to incorporate more than 30 unnatural
amino acids, including metal ion binding, 17
fluorescent,18 photocrosslinking, and photocaged19
amino acids; amino acids containing NMR, 20,21
infrared (IR),22 and crystallographic23 probes; and
amino acids with orthogonal chemical reactivity,24
among others. Although high yields (up to 1 g/L in
high-density fermentation) of proteins can be
generated by these methods, there remain context
effects25,26 and varied efficiencies for the incorporation of unnatural amino acids by specific aaRS that
can result in variable yields of some mutant
proteins. Some systems also rely on minimal
media to exclude the incorporation of endogenous
amino acids by the unnatural aaRS and lack stability
under some growth conditions.
It has previously been reported by Cellitti et al.
that inducible control of aaRS allows an increased
expression of mutant proteins containing unnatural
amino acids.21 Moreover, we have recently identified specific mutations in the M. jannaschii suppressor tRNA that afford an increased expression of
mutant proteins in E. coli. In an effort to both
standardize the expression system used for unnatural amino acid mutagenesis and achieve increased
yields of mutant proteins, the pEVOL system, which
uses an inducible and constitutive aaRS system with
a single copy of the novel tRNA, was created. This
system was optimized by analyzing the effects of
tRNA copy number, aaRS induction parameters,
and expression temperature on yields. In a 0.5-L
shake flask expression of the chaperonin protein
GroEL, pEVOL afforded N 100 mg/L mutant protein
in either DH10B or BL21 E. coli. Furthermore, 14
unnatural aaRS previously evolved from the M.
jannaschii tyrosyl-RS were inserted into the pEVOL
system and compared in terms of their efficiency to
incorporate unnatural amino acids in response to an
amber nonsense codon at three distinct sites in green
fluorescent protein (GFP) or sperm whale myoglobin (Myo).
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Results
General construction of pEVOL
The pEVOL series of plasmids was constructed
based on previous studies that showed an increased
Tyr
expression of the orthogonal aaRS/tRNACUA
pair
was effective in decreasing protein truncation and in
increasing overall yields of mutant proteins.21,27 A
plasmid with a mid-copy-number to low-copynumber p15A origin27,28 was chosen to encode the
Tyr
pair. This origin allows target genes
aaRS/tRNACUA
of interest to be harbored in compatible colE1 or
pBR322 expression plasmids. To allow a rapid
assessment of protein yields in order to optimize
the expression system, we inserted the gene for GFP
with a Tyr151TAG mutation under the control of the
T7 promoter in a pET101 vector (pET-GFPY151X). In
this case, fluorescence is observed only when the
TAG codon acts as a sense codon for the aminoacylated suppressor tRNACUA and not as a stop
codon to afford GFP truncated at 150 amino acids.
The yield of GFPY151X is, in general, significantly
lower than those of other mutant proteins containing unnatural amino acids, providing a good system
for vector optimization. Fluorescence intensities
were measured in the presence or in the absence of
unnatural amino acid to ensure that full-length
fluorescent GFP was a consequence of unnatural
amino acid incorporation. Selective incorporation of
the p-acetylphenylalanine (pAcF) amino acid by
pAcF-RS was further confirmed by mass spectrometry (vide infra). T7 RNA polymerase, which drives
GFP transcription in pET101, was expressed from a
DE3 λ prophage under an isopropyl β-D-1-thiogalactopyranoside (IPTG)-inducible lacI promoter in
BL21(DE3). The relative efficiency of unnatural
amino acid incorporation was measured by comparing the fluorescence of E. coli cells transformed
with pEVOL-aaRS/pET-GFPY151X to that of wildtype GFP (pEVOL-aaRS/pET-GFPWT) and normalized to culture density, as described in Materials and
Methods. To assess variations in expression yields
arising from the site of mutation or the nature of the
target protein, we also suppressed three independent nonsense mutations in the Myo gene (MyoS4X,
MyoF107X, and MyoY152X) under the control of the T7
promoter in pET101. A 6×His tag was fused to the Cterminus of myoglobin and is only present when the
TAG codon is suppressed by an unnatural amino
acid, allowing for affinity purification of the mutant
myoglobin.
Optimization of tRNA and aaRS copy number
To test whether constitutive or inducible expression of the aaRS increases mutant protein yields, we
inserted a modified glnS′ (constitutive) 27,29 or
araBAD (arabinose-inducible) promoter30 5′ of the
aaRS gene (Fig. 1a). The aaRS specific for pAcF
(pAcF-RS) was chosen as a model due to its high
fidelity and widespread use.31 The initial pEVOL
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Fig. 1. DNA constructs and tRNA sequences in pEVOL. (a) The aaRS gene (orange) was placed under the control of the
araBAD promoter and the rrnB terminator (maroon) derived from pBAD (top line) or between the glnS′ promoter and the
opt
glnS T terminator (maroon) (bottom line). (b) tRNATyr
CUA or tRNACUA (green) was placed under the control of the proK
promoter (prom; maroon) and the proK terminator (term; maroon) as a monocistronic, bicistronic, or tricistronic cluster
(no bicistronic version was created for tRNATyr
CUA). Endogenous E. coli valU-valX or ileT-alaT linker sequences are indicated
Tyr
by blue lines. (c) Cloverleaf depiction of tRNAopt
CUA (left) and tRNACUA (right) showing the mutated anticodon (blue) and
the optimized T-stem sequence (red). (d) The final pEVOL construct combines both promoters (maroon), a monocistronic
tRNAopt
CUA (tRNA; green), a p15A origin of replication (p15A; orange), the chloramphenicol acetyltransferase marker
(CmR; maroon), and the araC repressor gene (araC; green).

plasmid (pEVOL-a) encoding the pAcF-RS gene
downstream of the glnS′ promoter produced low
yields of mutant protein when cotransformed with
pET-GFPY151X into BL21(DE3) cells (Fig. 2a). Substitution of the glnS′ promoter and terminator with the
inducible araBAD promoter and rrnB terminator
(pEVOL-b) resulted in increased GFPY151X mutant
protein expression, but yields were still only
approximately 5–10% of those of wild-type GFP
(pET-GFPWT) based on relative GFP fluorescence.
Both constructs also yielded small amounts of
mutant myoglobin, as evidenced by faint bands on
a Coomassie-stained SDS-PAGE gel (Fig. 2d).
Recently, Cellitti et al. used a dual glnS′/araBAD
promoter system in their pSUPAR3 construct, with
good success.21 Therefore, a similar construct, which
employs both the araBAD promoter and the glnS′
promoter (pEVOL-c), was created (Fig. 1d). Cotransformation of the dual-promoter construct with pETGFPY151X yielded roughly 20% GFPY151X mutant
protein relative to GFPWT based on fluorescence.
Use of both promoters may increase yields by
creating a basal level of aaRS for aminoacylation of
the suppressor tRNA at the start of induction and
increased levels of the aaRS, as needed over the
course of protein expression.
Next, the effects of single or multiple copies of the
Tyr
gene on mutant protein yields were detertRNACUA
mined with the pEVOL system. Previous work from
Tyr
genes arour laboratory showed that tRNACUA

ranged in polycistronic constructs separated by
endogenous E. coli linker sequences (valU-valX or
ileT-alaT) can be effective at increasing the efficiency
of unnatural amino acid incorporation27 (Fig. 1b).
Polycistronic suppressor tRNACUA cassettes have
also increased protein yields in yeast and mammalian cells.13 Furthermore, the proK promoter was
shown to be highly successful at driving the
transcription of monocistronic and polycistronic
Tyr
constructs.27 However, integration of
tRNACUA
Tyr
one, two, or three copies of the suppressor tRNACUA
in pEVOL (pEVOL-c, pEVOL-d, and pEVOL-e,
respectively) did not appear to significantly increase
the yield of the mutant GFPY151X (Fig. 2a). Similarly,
little change was observed in the yield of all three
Tyr
copy
myoglobin mutants by altering tRNACUA
number (Fig. 2d).
Effects of tRNA and aaRS mutations
Directed evolution experiments that have focused
Tyr
recently identified a
on the T-stem of tRNACUA
opt
) that increased
modified suppressor (tRNACUA
unnatural amino acid incorporation efficiency
with several aaRS (Fig. 1c).32 To test whether this
optimized tRNA would increase protein expression
opt
downin the pEVOL system, we inserted tRNACUA
stream of the proK promoter as a monocistronic
or tricistronic cluster in an identical fashion to
Tyr
opt
. Both one and three copies of tRNACUA
in
tRNACUA
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Fig. 2. pET-GFPY151X and pET-Myo expressions with pEVOL constructs. (a) Constructs containing one, two, or
opt
three copies of tRNATyr
CUA (Tyr) or tRNACUA (opt) and the pAcF-RS under the control of glnS′ (glnS'), araBAD (araB),
or both (dual) were analyzed for their ability to suppress an amber mutant at position 151 in GFP in the presence
(blue) or in the absence (red) of 1 mM pAcF. In one constructs, pAcF-RS was replaced by the wild-type tyrosyl-RS
(Tyr), as indicated. Residue 286 (Res 286) was left as wild-type Asp (D) or mutated to Arg (R), as indicated.
Fluorescence was expressed as a percentage of pEVOL-aaRS cotransformed with a wild-type pET-GFPWT. Error bars,
SD (n = 3). (b) The pBK expression system (pBK-pAcF/pLeiGY151X) was expressed under identical conditions in the
presence (blue) and in the absence (no fluorescence) of 1 mM pAcF and compared with wild-type GFP from pBKaaRS/pLeiGWT. Error bars, SD (n = 3). (c) The pSUP expression system (pSUP-pAcF/pET-GFPY151X) was expressed
under identical conditions and compared with wild-type GFP from pSUP-aaRS/pET-GFPWT. Error bars, SD (n = 4).
(d) Three nonsense mutants were independently suppressed in Myo (MyoS4X, top; MyoF107X, middle; MyoY152X,
bottom) using the pEVOL constructs listed above the gels. The Tyr-RS construct was only expressed with MyoS4X.
Gels show affinity-purified 6×His-tagged myoglobin from 10 ml of BL21(DE3) cultures analyzed with a denaturing
SDS-PAGE gel and stained with Coomassie brilliant blue. For comparison, the final lane in the top gel shows wildtype protein yields from pEVOL-aaRS/pET-MyoWT.

pEVOL (pEVOL-f and pEVOL-g, respectively) increased the yield of the GFPY151X mutant to
approximately 50% of the level of GFPWT based
on relative fluorescence intensities (Fig. 2a). The
opt
also improved the yields of all
tricistronic tRNACUA
three myoglobin mutants (Fig. 2d). To test the novel
tRNA with a different aaRS, we inserted the wildtype Tyr-RS into the pEVOL-f construct to create
pEVOL-Tyr and assayed it with pET-GFPY151X and
pET-MyoS4X. The yield of the GFPY151X mutant was
approximately 75% that of GFPWT with Tyr-RS
based on relative fluorescence. Protein yields from
pEVOL-Tyr/pET-MyoS4X were similarly high (Fig.
2d), suggesting that this system may be generally
useful (vide infra).
The amino acid mutation D286R had been
previously shown by Kobayashi et al. to increase
Tyr
anticodon (CUA) recognition by the M.
tRNACUA
jannaschii tyrosyl-RS.33 This mutation was also
demonstrated in our laboratory to be advantageous
with p-benzoylphenylalanyl-RS.27 To evaluate the
effects of D286R on the pEVOL system, we introduced this mutation into the pAcF-RS gene in the

opt
pEVOL construct containing one copy of tRNACUA
(pEVOL). Although the yield of the GFPY151X
mutant was not significantly different from that
opt
of pEVOL harboring the monocistronic tRNACUA
pEVOL-pAcF lacking D286R (pEVOL-f; Fig. 2a),
protein yields were increased among all three
myoglobin mutants and were comparable to yields
obtained with pEVOL harboring three copies of
opt
(Fig. 2d).
tRNACUA

Comparison of pEVOL with other expression
systems
To compare the pEVOL system to previously
developed unnatural amino acid incorporation
systems, we inserted the pAcF-RS gene into two
previously reported vectors, pBK31 and pSUP,27 and
used them to incorporate pAcF into GFPY151X. The
pBK vector harbors one copy of the pAcF-RS gene
under the native glnS promoter. For expresTyr
gene
sion experiments, one copy of the tRNACUA
(under the lpp promoter) is encoded along with
GFPY151X in an orthogonal pLei expression plasmid
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(pLeiGY151X).34 The pSUP vector encodes one copy
of the pAcF-RS gene (under a modified glnS′
promoter 27 ) and two tricistonic clusters of the
Tyr
gene under the proK promoter. pBK-pAcF
tRNACUA
was cotransformed with pLeiGY151X or pLeiGWT into
DH10B E. coli, and pSUP-pAcF was cotransformed
with pET-GFPY151X or pET-GFPWT into BL21(DE3)
E. coli. The pBK-pAcF/pLeiGY151X and pSUP-pAcF/
pET-GFOY151X systems afforded approximately 5%
and 20% the yields of mutant GFPY151X relative to
GFPWT, respectively, based on fluorescence intensities (Fig. 2b and c). This is consistent with previous
reports suggesting that pSUP increases the efficiency
of unnatural amino acid incorporation compared
with pBK.27 The pEVOL vector further increased
yields to roughly 250% that of the previously
optimized pSUP.
Effects of pEVOL on E. coli growth rates
Tyr
Overexpression of M. jannaschii tRNACUA
(with
strong promoters such as proK) exhibits a slowed
opt
growth phenotype in E. coli, whereas tRNACUA
appears to have a significantly lower effect on
growth rates. To assess these effects on distinct
E. coli strains that might be used for protein expression, we transformed E. coli DH10B or BL21 with
Tyr
pEVOL containing a single copy of tRNACUA
opt
(pEVOL-c) or a single copy of tRNACUA (pEVOL).
Single colonies were picked, and growth in 2×YT
media was monitored by optical density at 600 nm
(OD600) (Fig. 3). Growth rates of pEVOL-c or pEVOL
were compared to a control construct created by
inserting a region of DNA lacking a tRNA coding
region between the proK promoter and the proK
terminator. The specific growth rates (μ) for controls
in DH10B and BL21 were 0.63 h− 1 and 0.76 h− 1,
respectively (see Materials and Methods for details).
Transformation with pEVOL-c decreased the specific growth rate by 28.6% in DH10B (μ = 0.45 h− 1)
and by 43.2% in BL21 (μ = 0.43 h− 1). Use of pEVOL
slightly improved the growth rate in DH10B
(μ = 0.48 h− 1) (Fig. 3a), but increased the growth
rate in BL21 (μ = 0.72 h− 1), to near-wild-type growth
rates (Fig. 3b). Increasing the copy number of either
tRNA increased toxicity in both strains (data
not shown) and resulted in unstable plasmids
that were susceptible to a spontaneous loss of
portions of the tRNA region. For this reason, the
final pEVOL construct (Fig. 1d) encoded only one
opt
copy of tRNACUA.

Optimization of mutant protein expression
conditions
The pEVOL/pET system in BL21(DE3) E. coli
allows independent transcriptional regulation of
the target gene of interest (IPTG) and the aaRS
(araBAD). The effects of the degree, timing, and
temperature of the induction of these genes on
mutant protein yields were therefore assessed
using pEVOL-pAcF/pET-GFPY151X cotransformed
in BL21(DE3) E. coli. Cells were grown to

Fig. 3. Growth curves of (a) DH10B or (b) BL21(DE3) E.
coli transformed with pEVOL constructs. Constructs
harbored a single copy of tRNATyr
CUA (Tyr), a single copy
of tRNAopt
CUA (opt), or a random DNA sequence with no
tRNA (control) between the proK promoter and the proK
terminator. Cultures were grown at 37 °C for 8 h in 2×YT
media supplemented with chloramphenicol and monitored by absorbance at 600 nm. Relative cell densities are
indicated for 200-μl cultures and are an average of four
independent cultures.

OD600 = 0.5–0.7, induced with arabinose (0.0002–
2%) or IPTG (0.01–100 mM), and grown for 12–14 h
at 30 °C. Induction with 0.02% arabinose and 1 mM
IPTG yielded maximal mutant protein based on
fluorescence (just over 50% compared with pETGFPWT induced with 1 mM IPTG) (Fig. 4a). The
yield of GFPY151X dropped sharply when less than
0.02% arabinose was used, consistent with the
autocatalytic (or all-or-nothing) mechanism of
arabinose induction. 35 Other concentrations of
inducers were less effective.
To test whether it was necessary to induce
araBAD-aaRS prior to induction of the T7 polymerase, we independently varied arabinose and IPTG
from early induction (OD600 = 0.2) to mid induction
(OD600 = 0.7) or late induction (OD600 = 1.4). The
unnatural amino acid pAcF (1 mM) was added at
the time of arabinose induction. Maximal GFPY151X
yields (N 50% of pET-GFPWT, which was induced at
OD600 = 0.7) were observed when both araBADpAcF-RS and T7 polymerase were simultaneously
induced in late growth phase (OD600 = 1.4) at 30 °C
(Fig. 4b, left). Induction of araBAD-aaRS prior to
induction of the T7 polymerase was marginally less
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Fig. 4. Optimization of induction parameters. (a) BL21(DE3) cotransformed with pEVOL-pAcF/pET-GFPY151X was
grown to OD600 = 0.6–0.8 and simultaneously induced with arabinose (Arab) and IPTG. Arabinose concentration was
varied from 0.0002% to 2% or none, and IPTG concentration was varied from 0.01 mM to 100 mM or none.
Fluorescence is shown relative to pEVOL-aaRS/pET-GFPWT induced with 1 mM IPTG. Error bars, SD (n = 3). (b)
Induction order was varied by inducing B21(DE3) (pEVOL-pAcF/pET-GFPY151X) with either 0.02% arabinose or 1 mM
IPTG at an OD600 of 0.2, 0.7, or 1.4. Cells were induced in the presence (+ pAcF) or in the absence (−pAcF) of 1 mM
pAcF amino acid. Fluorescence is shown relative to pEVOL-aaRS/pET-GFPWT induced at an OD600 of 0.7. Error bars,
SD (n = 4). (c) The effects of temperature on amber suppression were assayed by expressing pEVOL-pAcF/pETGFPY151X (pAcF) or pEVOL-aaRS/pET-GFPWT (WT) at 23 °C, 30 °C, or 37 °C. The scale represents relative fluorescence. Error bars, SD (n = 3).

effective; however, T7 polymerase induction prior
to induction of araBAD-aaRS significantly decreased GFPY151X yields to below 20% of those of
pET-GFPWT. Similar experiments in the absence of
pAcF confirmed that these results are a consequence of unnatural amino acid incorporation (Fig.
4b, right).
To assess whether temperature has an effect on the
efficiency of unnatural amino acid incorporation, we
transformed BL21(DE3) E. coli with pEVOL-pAcF/
pET-GFPY151X or pEVOL-aaRS/pET-GFPWT and
grew them for 12–14 h at 23 °C, 30 °C, or 37 °C.
Induction was carried out as discussed above, and
incorporation of pAcF was measured at each
temperature. Although overall maximal yields
were observed at 30 °C based on fluorescence, the
yield of mutant GFPY151X was roughly 50% that of
GFPWT, regardless of temperature (Fig. 4c). This
indicates that unnatural amino acid incorporation
with pEVOL has little dependence on temperature
over this range and may be adaptable to a wide
variety of protein expression protocols.

Expression of a model protein (GroEL) under
optimized conditions
To demonstrate the utility of this optimized system
in larger-scale (0.5 L) expression experiments, we
compared pEVOL-pAcF with pSUP-pAcF and pBKpAcF for its ability to insert the pAcF unnatural
amino acid in response to a TAG codon at position 129
in the E. coli chaperonin protein GroEL (GroELE129X).
To express GroELE129X with pEVOL or pSUP, we
used the IPTG-inducible pTrc plasmid to harbor the
GroELE129X gene.36 To allow compatibility with the
pBK plasmid, we used the pBADJY vector (encoding
Tyr
gene, as described by Zhang et al.6 and
the tRNACUA
31
Wang et al. ) to encode GroELE129X. Plasmids were
cotransformed into BL21 or DH10B E. coli, and
protein expression was carried out at 37 °C for 10 h
or 20 h using optimized induction parameters.
Examination of crude cell lysate by SDS-PAGE
showed that production of the mutant GroELE129X
with pBK was more efficient in DH10B E. coli,
whereas expression with pSUP was better in BL21
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Fig. 5. Expression of GroELE129X with different unnatural amino acid incorporation systems. Protein from 0.5 L
of culture was expressed, purified by anion exchange, and
analyzed by SDS-PAGE gel, as described in Materials and
Methods. Lanes 2 and 3 correspond to expression with the
previously reported pBK/pBADJY or pSUP/pTrc plasmids, respectively. Lane 4 corresponds to expression with
the pEVOL/pTrc plasmid described here. Lanes 5 and 6
are wild-type GroEL (GroELWT) expressed from the pTrc
or pBAD plasmids, respectively. Lanes 2 and 6 correspond
to expression in DH10B E. coli. Lanes 3, 4, and 5
correspond to expression in BL21 E. coli, as described in
Supplementary Fig. 2.

E. coli (Supplementary Fig. 2). However, pEVOL
showed similarly high levels of mutant protein
expression regardless of E. coli strain, indicating that
this system allows for greater versatility in E. coli
expression strains than existing methods. Purification
of GroELE129X from 0.5-L cultures yielded 58 mg of
purified full-length protein with pEVOL-pAcF, 24 mg
of purified full-length protein with pSUP-pAcF, and
1.4 mg of purified full-length protein with pBK-pAcF
(Fig. 5). For comparison, pTrc99a-GroELWT yielded
72 mg of full-length GroEL, and pBAD-GroELWT
yielded 26 mg of full-length GroEL. These trends in
protein yields are very similar to the results found in
pET-GFPY151X assay (Fig. 2). Mass spectrometry
analysis of the GroELE129X protein confirmed unambiguous incorporation of the pAcF unnatural amino
acid using the pBK, pSUP, or pEVOL system
(Supplementary Fig. 3).
Application of pEVOL to other unnatural amino
acids
To simplify the use of aaRS mutants that incorporate more than 30 unnatural amino acids into
bacteria, we modified the pEVOL backbone to
include NdeI-PstI and BglII-SalI unique restriction
sites that are compatible with the M. jannaschii aaRS
gene. Alternatively, an overlap polymerase chain
reaction (PCR) method was devised for one-step
subcloning using BglII and PstI (see Materials and
Methods for details). aaRS specific for p-azidophenylalanine (pAzF; azide, “click” chemistry, photocrosslinker, IR probe),37 p-benzoylphenylalanine
(pBpF; photocrosslinker),19 p-propargyloxyphenyalanine (pPrF; alkyne, “click” chemistry),38 p-hydroxyL-phenyllactic acid (PLA; backbone ester, traceless
tag),39 p-iodophenylalanine (pIF; heavy atom),23
p-cyanophenylalanine (pCNF; IR probe),22 p-carbo-
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xymethylphenylalanine (pCmF; stable phosphotyrosine mimic),40 L-3-(2-naphthyl)alanine (NapA;
structural probe),41 p-boronophenylalanine (pBoF
unique boronate reactivity),24 o-nitrophenylalanine
(oNiF; backbone photolysis),42 (8-hydroxyquinolin-3yl)alanine (HQA; metal ion binder),17 (2,2′-bipyridin5-yl)alanine (BipyA; metal ion binder),43 tyrosine
(wild type), and (7-hydroxycoumarin-4-yl)ethylglycine (CouA; fluorophore)18 were inserted into the
opt
pEVOL vector harboring one copy of tRNACUA.
Constructs were tested for their ability to insert
these unnatural amino acids in response to three
independent amber mutations in the GFP gene
(GFPK3X, GFPY151X, and GFPD133X) encoded in
pET101 (Fig. 6a). The position of the TAG codon
was varied to eliminate context effects associated
with the site of amber suppression. Protein expression was performed in the presence or in the
absence of cognate amino acid (1 mM, except for
0.2 mM pBpF) to demonstrate the fidelity of
unnatural amino acid incorporation with various
aaRS. Suppression with the unnatural amino acid
pBpF was determined to be optimal at 0.2 mM,
presumably due to slight toxicity at 1 mM.
Unnatural amino acids were incorporated into
different sites in GFP with varied efficiencies, which
in general, depended on the site of incorporation
more than on the nature of the amino acid (Fig. 6a).
Although it is clear that the protein context will
affect the incorporation of specific unnatural amino
acids differently, these results suggest that additional factors influence the efficiency of unnatural
amino acid incorporation, such as the mRNA
context of the UAG codon.26 Absolute rules for
these phenomena in E. coli are yet to be deciphered;
for this reason, we typically test multiple candidate
sites for incorporation efficiency with any given
unnatural amino acid. Of the aaRS tested in pEVOL,
pEVOL-Tyr (wild-type tyrosyl-RS) demonstrated
the highest efficiency of amino acid incorporation
with an average yield (based on fluorescence) of
greater than 50% that of GFPWT across the three GFP
mutants (Fig. 6a). pEVOL-pAzF, pEVOL-pAcF,
pEVOL-pIF, pEVOL-pCNF, and pEVOL-NapA
were also highly efficient at unnatural amino acid
incorporation, with an average yield of greater than
35% relative to GFPWT for all three mutants when
expressed in the presence of their cognate unnatural
amino acid. All aaRS, except for PLA-RS, afforded
an average fluorescence of 10% when expressed in the
presence of unnatural amino acid. Due to the labile
ester backbone of PLA, incorporation of this residue
at certain positions may make it more susceptible to
hydrolysis and subsequent loss of GFP fluorescence,
as previously described.39 This is likely the reason
that pEVOL-PLA/pET-GFPY151X failed to yield more
than 3% of the fluorescence of GFPWT (Fig. 6a).
pEVOL-CouA could not be assayed by GFP fluorescence in this assay due to interference from the
coumarin fluorophore; therefore, it was tested using
the myoglobin assay described below (Fig. 6b).
Several aaRS (pAzF, PLA, pIF, pCNF, pCmF, oNiF,
HQA, and pAcF) also led to background suppres-
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Fig. 6. Unnatural amino acid incorporation as a function of aaRS. (a) Thirteen unnatural aaRS (described in the text)
and wild-type tyrosyl-RS (Tyr) were tested for their ability to suppress three amber mutations in GFP [GFPK3X (GFP 3X),
GFPY151X (GFP 151X), or GFPD133X (GFP 133X)]. Experiments were carried out in 2×YT-rich media in the presence (+) or in
the absence (−) of cognate amino acid. Fluorescence is shown relative to pEVOL-aaRS/pET-GFPWT. CouA-RS was not
assayed due to interference from the coumarin fluorophore. Error bars, SD (n = 3 for +pAcF; n = 2 for − pAcF). (b) Myo with
an amber mutant at position F107 (MyoF107X) was suppressed using pEVOL, with the aaRS listed above the gels. Protein
expression was carried out in the presence (+; top) or in the absence (−; bottom) of cognate amino acid. CouA-RS, which
was not present in (a), was assayed by myoglobin expression. Gels show affinity-purified 6×His-tagged myoglobin from
10 ml of BL21(DE3) cultures analyzed by denaturing SDS-PAGE gel and stained with Coomassie brilliant blue. For
comparison, the final lane in the top gel shows wild-type protein yields from pEVOL-aaRS/pET-MyoWT. MyoF107X
expressions with pAzF are derived from a separate experiment.

sion of the GFPY151X amber mutant based on
fluorescence intensity when expressed in the absence of their cognate unnatural amino acid in 2×YT
(rich) media. This is typically not observed in
GMML (glycerol minimal medium + leucine), as
described in the primary references for the evolution
of these aaRS.17,19,22,23,31,37,39,40 Background incorporation of this nature is typically caused by
aminoacylation of the suppressor tRNACUA by the
evolved aaRS with an endogenous amino acid
(usually Phe or Tyr) in rich media in the absence
of its cognate unnatural amino acid. This background incorporation is typically suppressed by the
addition of cognate unnatural amino acid to the
expression media. Therefore, to assess the degree of
background misaminoacylation occurring in the
presence of the cognate unnatural amino acid
when expressed in rich media using the pEVOL
system, we expressed MyoF107X in 2×YT media with
all pEVOL-aaRS constructs and analyzed them with
mass spectrometry (Fig. 6b). Again, full-length
myoglobin was detected for some aaRS when the
cognate amino acid was withheld from the media, as
determined by SDS-PAGE analysis (Fig. 6b, bot-

tom). For those aaRS that exhibited this background
suppression activity in the absence of the unnatural
amino acid (pAzF, pBpF, PLA, pIF, pCNF, pCmF,
oNiF, HQA, and pAcF) and for CouA-RS, affinitypurified MyoF107X expressed in the presence of
unnatural amino acid was analyzed by liquid
chromatography mass spectrometry–electrospray
ionization mass spectrometry. aaRS specific for
pBpF, PLA, pIF, pCNF, pCmF, pAcF, and CouA
produced MyoF107X mutants with masses corresponding to the exclusive incorporation of their
cognate unnatural amino acid (Supplementary Fig.
3a–f, i, j). No other mass corresponding to one of the
native 20 amino acids at position 107 of myoglobin
was found by this liquid chromatography mass
spectrometry–electrospray ionization method,
which is sensitive enough to detect contaminant
protein masses as low as 8% of the total protein. The
aaRS specific for oNiF, HQA, and pAzF showed
some background (25% tyrosine, 30% phenylalanine, and 14% tyrosine/p-aminophenylalanine incorporation into the TAG codon, respectively) in
myoglobin expressions carried out in rich media
(see Supplementary Fig. 3g, h, k). This background
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incorporation had previously been observed with
oNiF-RS,42 but was not observed for HQA-RS or
pAzF-RS in minimal media. For the isolated case
of pAzF, the mass spectra peaks identified as tyrosine background are likely the result of the
metabolic conversion of the pAzF amino acid to
p-aminophenylalanine.44,45 These results may indicate that a reevolution of these aaRS is warranted
or may indicate the continued use of minimal
media for their expression.

Discussion
In an effort to optimize and standardize a bacterial
expression system for the incorporation of unnatural
amino acids into proteins, we have consolidated 14
aaRS/tRNACUA pairs into a single highly adaptable
vector system, pEVOL. Because overexpression of
foreign aaRS and amber suppressor tRNAs in E. coli
can be toxic due to their interactions with the
endogenous translation machinery [e.g., elongation
factor Tu (EF-Tu) or ribosomal components] and the
suppression of native TAG codons (which represent
approximately 7% of native stop codons in E. coli),
an inducible araBAD-aaRS gene was used to overexpress the aaRS. An additional copy of the aaRS
gene under the glnS′ promoter was found to further
increase protein yields and may aid in creating a
basal level of aaRS that is available to the cell at the
start of induction. An inducible system for the
opt
was not required, since
transcription of tRNACUA
bacteria expressing this suppressor tRNA exhibited normal growth rates. Although the cause of
tRNACUA toxicity is not entirely known, evolution
opt
was focused on the
of the optimized tRNACUA
T-stem, which interacts with EF-Tu. Details of the
opt
, as well as of evolved
evolution of tRNACUA
suppressor tRNAs specific for each unnatural
amino acid, are described elsewhere.32
The efficiency of unnatural amino acid incorporation clearly depends on the site and the nature of the
protein, as demonstrated in the expression of
MyoS4X, MyoF107X, and MyoY152X (Fig. 2d) or
GFPK3X, GFPY151X, and GFPD133X mutants with the
pEVOL system (Fig. 6a). In addition to the effects of
local protein structure on amino acid incorporation
efficiency, mRNA context effects (which are thought
to be, in large part, a result of competition between
release factor 1 and the suppressor tRNACUA25,26)
likely play a significant role in the efficiency of
unnatural amino acid incorporation at any given
site. It should be noted that previous experiments
incorporating unnatural amino acids with pSUP,
pBK, and pSUPAR3 vectors have afforded yields of
mutant proteins up to ∼90% of the yield of wildtype protein.27 However, since protein and nucleic
acid context plays such an important role in
determining yields, it is not easy to directly compare
expression experiments from different sites or
different proteins. Therefore, to optimize amber
suppression with the pEVOL system, we intentionally chose GFP and myoglobin mutants that
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afforded less than 50% of wild-type protein. Indeed,
yield improvements with the pEVOL series of
plasmids were relatively consistent across myoglobin mutants, as determined by SDS-PAGE analysis,
and were roughly 250% greater than the previously
developed pSUP system, ranging from roughly 35%
to 50% of wild-type protein for most mutant
aminoacyl-tRNA synthetase/tRNA pairs.
The pEVOL vector is optimized for the general
incorporation of all unnatural amino acids that use
mutant M. jannaschii tyrosyl-RS. We have attempted
to increase the overall yields of mutant protein
through expression in rich media under conditions
where aminoacylation of tRNACUA by the unnatural
amino acid may be limiting. In doing so, we have
identified a number of aaRS/tRNACUA pairs (e.g.,
oNiF and HQA) with suboptimal catalytic efficiencies and fidelities that can lead to diminished yields
and decreased fidelities, which vary with the site of
incorporation. Background incorporation by these
aaRS/tRNACUA pairs in rich media can likely be
reduced by further evolution of these aaRS (e.g.,
increased stringency of the negative selection
improved active-site libraries guided by X-ray
structures of mutant aaRS,33,46–48 or selection in rich
media) or by increasing amino acid concentration.21
Alternatively, decreased fidelity can be minimized by
the use of minimal media49; however, this generally
results in decreased yields of mutant proteins.
Additional modifications to the expression system
may also lead to general increases in the yields of
mutant proteins or to improvements in the yields of
specific mutants. For example, dipeptides have been
used to increase the solubility and cytoplasmic
concentrations of some unnatural amino acids such
as pBpF and may warrant exploration with other
unnatural amino acids.50 Increased amino acid concentrations in the media may improve yields with
some unnatural amino acids, but can be a challenge
for amino acids that are not commercially available.
Generally, we have found that 1 mM unnatural amino
acid in the growth media is sufficient. Modifications to
the host strain, such as mutation of EF-Tu and
peptidyl transferase or decreased expression of release
factor 1 levels, are also expected to increase the yields
of mutant proteins. The use of orthogonal ribosomes
would be expected to decrease any associated toxic
effect of such mutations.51
Amber suppression with pEVOL is not restricted
to the pET101 vector or to BL21(DE3) E. coli, nor are
the conditions reported here necessarily optimal for
all proteins. However, these conditions represent
good starting points for expression trials. Trends
from these experiments demonstrate that the efficiency of this incorporation system has little
dependence on temperature or on the growth
phase at which protein expression is induced, but
requires induction of the aaRS prior to or simultaneous with target gene induction. GroELE129X
expression with pTrc99a shows that pEVOL works
well for larger-scale protein expression and with
other expression vectors and E. coli strains. These
results suggest that this new system will be com-
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patible with a wide range of protein expression
protocols and should afford improved yields of
mutant proteins containing unnatural amino acids.
Furthermore, by consolidating all of the mutant
aaRS into a single expression system, we have been
able to compare 14 unnatural aaRS under identical
conditions. This will benefit future applications by
allowing greater predictability and reproducibility
for the incorporation of distinct nonnatural amino
acids. Moreover, future improvements in methodology can easily be incorporated into these vectors
and compared directly to the pEVOL system with
these GFP and myoglobin mutants. Current work is
aimed at placing the more than 30 unnatural aaRS
derived from M. jannaschii tyrosyl-RS into the
pEVOL system. Pairs from other organisms such
as Methanosarcina mazei and Methanosarcina barkeri
are also being tested with this new system.

Materials and Methods
Top10 or DH10B E. coli (Invitrogen) was used for
cloning and amplifying plasmids. DNA was isolated from
E. coli using the PureLink Quick Plasmid Miniprep Kit
(Invitrogen). Platinum pfx DNA polymerase (Invitrogen)
was used for PCR. Restriction enzymes were purchased
from New England Biolabs, BL21(DE3) Star E. coli was
obtained from Invitrogen, and antibiotics were purchased
from Sigma-Aldrich or Fisher. The working antibiotic
concentrations were as follows: chloramphenicol, 50 μg/
ml; ampicillin, 100 μg/ml; tetracycline, 25 μg/ml; kanamycin, 50 μg/ml. All cultures were grown in 2×YT (Difco)
media. All assay plates were black clear-bottom
200 μl × 96-well assay plates (Costar). Constructed plasmids were confirmed by sequencing. Primers were
synthesized by Integrated DNA Technology (San Diego),
and their sequences are listed in Supplementary Table 1.
Unnatural amino acids were obtained or synthesized from
the sources or schemes indicated in their primary
publications. Plasmid maps were constructed using
Vector NTI Advance 11 (Invitrogen).
Construction of the pEVOL series of vectors
The p15A origin, chloramphenicol acetyltransferase
(CmR) gene, proK promoter and terminator, and araC
gene were derived from pSUPAR321 or its predecessor
pSUP.27 To create the glnS′-pAcF-RS version of pEVOL,
we PCR amplified pSUPAR3-pAcF-RS (from B. Geierstanger) with the primers glnSF and glnSR to exclude the
araBAD-aaRS-rrnB and araC coding regions. The primers
introduced an AatII restriction site to which the ends of the
vector were ligated back together to create pEVOL-a. To
create the araBAD-aaRS-rrnB version of pEVOL-b, we PCR
amplified pSUPAR3 with the primers PstI-proK F and
NdeI-araBAD R to exclude the glnS′-aaRS coding region.
The pAcF-RS gene was separately amplified with the
primers aaRS F (NdeI) 2 and aaRS F (PstI) FIX from pBKpAcF.31 Both PCR products were digested with PstI and
NdeI and ligated to create pEVOL-b.
Suppressor tRNA regions for pEVOL-c, pEVOL-d, and
pEVOL-e were constructed as follows. The tricistronic
tRNATyr
CUA gene cluster was derived from pSUPAR3 and
is further described by Ryu and Schultz.27 A bicistronic
tRNATyr
CUA cluster was serendipitously achieved by
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spontaneous homologous recombination of the tricistronic gene sequence during cloning. The monocistronic
tRNATyr
CUA was PCR amplified from a pSUPAR construct
harboring one copy of tRNATyr
CUA (from B. Geierstanger).
All tRNA regions were PCR amplified with the primers
tRNA_1_F and tRNA_3_R, digested with XhoI and
ApaLI, and ligated into the similarly digested vector
backbone to create pEVOL-c, pEVOL-d, and pEVOL-e.
To create the tricistronic tRNAopt
CUA gene cluster in
pEVOL-g, we followed the protocol of Ryu and Schultz,
using the primers tRNA_1_F and tRNA_1_R (set 1); tRNA
_2_F New and tRNA_2_R (set 2); and tRNA_3_F New and
tRNA_3_R (set 3), to insert the valU-valX and ileT-alaT
27
linker sequences between three copies of tRNAopt
The
CUA.
end product was reamplified with the primers tRNA_1_F
and tRNA_3_R, digested with XhoI and ApaLI, and
ligated into the similarly digested vector backbone. The
monocistronic tRNAopt
CUA gene, including part of the proK
promoter (to the ApaLI site) and the proK terminator (to
the XhoI site), was synthesized by DNA 2.0 (Menlo Park,
CA), PCR amplified with the primers tRNA_1_F and
tRNA_3_R, digested with XhoI and ApaLI, and ligated
into the similarly digested vector to create pEVOL-f.
To create the dual glnS′/araBAD version of pEVOL, we
used a modified method from Cellitti et al.21 The pAcF-RS
gene was PCR amplified from pBK-pAcF6 with the
primers aaRS NcoI F and aaRS SalI R, digested with
NcoI and SalI, and ligated into a pBAD vector (Invitrogen)
to create pBAD-pAcF. The region corresponding to
araBAD-aaRS-rrnB was PCR amplified from pBAD-pAcF
with the primers aaRS pBADF and aaRS pBad R. Primer
aaRS pBADF extended from the BamHI site in the araBAD
promoter to the start of the aaRS gene and was used to
insert a BglII site just 5′ of the aaRS. The PCR product was
digested with BamHI and SacI, and ligated into the
similarly digested pSUPAR3 (already harboring another
pAcF-RS gene under the glnS′ promoter). From this
construct, the tRNA region could be modified using the
aforementioned ApaLI and XhoI sites. Future subcloning
of the aaRS gene to both the glnS′ region and the araBAD
region of pEVOL could use the unique NdeI-PstI and BglIISalI sites and did not need to be cloned into pBAD first.
An overlap PCR method was devised to insert two
copies of any evolved M. jannaschii tyrosyl-RS into
pEVOL. Briefly, the aaRS was PCR amplified in two
separate amplifications with the primers aaRS pBAD F–
aaRS1 R (copy 1) and aaRS2 F–aaRS2 R (copy 2). The DNA
region corresponding to the rrnB terminator and the glnS′
promoter was PCR amplified from pSUPAR3 or pEVOL
with the primers rrnB F and rrnB R (rrnB region). The rrnB
region was individually ligated to copies 1 and 2 by
overlap PCR with the primers aaRS pBAD F–rrnB R
(overlap 1) and rrnB F–aaRS2 R (overlap 2), respectively.
Overlap PCR products were then ligated by another
overlap PCR with the primers BglII dia and PCR4,
digested with BglII and PstI, and ligated into the similarly
digested pEVOL plasmid. All intermediate steps were
purified by agarose gel separation to prevent the
carryover of parent vectors or unwanted products. To
add the D286R mutation to both copies of the aaRS, we
replaced aaRS1 R and aaRS2 R with the primers aaRS1
D-R R and aaRS2 D-R R, respectively.
Construction of pET vectors
GFP(uv) was derived from pLeiG, as described by
Wang et al.34 Mutant GFPK3X was created by PCR with the
primers GFP K3 F and GFP R. Mutant GFPD133X was
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created by overlap PCR with the primers GFP D133 F–
GFP R (set 1) and GFP D133 R–GFP F (set 2). The GFPY151X
mutant was a standard clone in the Schultz laboratory.
Myo with a C-terminal 6×His tag was derived from
pBAD/JYAMB-4TAG-Myo.18 Myoglobin mutant MyoS4X
was a standard clone in the Schultz laboratory. Mutant
MyoF107X was created by overlap PCR with the primers
Myo F107 F–Myo R (set 1) and Myo F107 R–Myo F (set 2).
Mutant MyoY152X was created by PCR with the primers
Myo Y152 R and Myo F. All GFP and Myo mutants or
wild-type GFP or Myo were amplified by the primer GFP
F–GFP R or Myo F–Myo R, respectively, and was “TOPOcloned” into pET101D following protocols from the
Champion pET Directional TOPO Expression Kit (cat no
K100-01; Invitrogen).
GFP expression protocol
pEVOL constructs with varied promoters or tRNA
regions (pEVOL-a–pEVOL-g, pEVOL-Tyr, or pEVOL), or
varied aaRS genes were cotransformed with pET101-GFP
mutants into BL21(DE3) Star E. coli. As a control, pET101GFPWT was similarly cotransformed into BL21(DE3) with
pEVOL-aaRS, so cultures could be grown under identical
conditions. A pET101 vector encoding a GFP gene inserted
backwards (nonfunctional) was cotransformed into BL21
(DE3) with pEVOL to serve as background control. A
single colony from each cotransformation was grown
overnight at 37 °C in 1 ml of 2×YT media in a 2 ml × 96-well
block supplemented with ampicillin and chloramphenicol. Overnight cultures were diluted to an OD600 of 0.2
(1 ml of culture in 96-well blocks) and grown for
approximately 1.5 h to OD600 = 0.6–0.8 before induction.
Cultures were split into 5 × 180 μl in 96-well assay plates
and induced by adding a 10% culture volume (20 μl) of
2×YT media containing 10 mM unnatural amino acid
(unless no unnatural amino acid is indicated), 0.2%
arabinose, and 10 mM IPTG. Growth was continued at
30 °C for 14–16 h before the cultures were cooled to room
temperature for 30 min. GFP fluorescence was measured
in 96-well assay plates with a SpectraMAX GeminiEM
plate reader (Molecular Devices), with excitation at
395 nm, emission at 510 nm, and cutoff at 495 nm.
Fluorescence readings from each well were normalized to
OD600 by reading at 600 nm with a SpectraMAX 250 plate
reader (Molecular Devices). Background fluorescence
(measured from pET101 encoding a nonfunctional GFP)
was subtracted from the readings, and fluorescence was
reported as a percentage of pEVOL-aaRS/pET-GFPWT.
Myoglobin expression protocol
Transformation and protein expression were carried out
similarly to GFP expression experiments. As control,
pET101-MyoWT was cotransformed into BL21(DE3) with
pEVOL-aaRS, so cultures could be grown under identical
conditions. Single colonies from pEVOL/pET-Myo
cotransformations were grown overnight at 37 °C to
saturation in 5 ml of 2×YT media in 14-ml Falcon tubes
(Fisher) supplemented with ampicillin and chloramphenicol. Overnight cultures were diluted to an OD600 of 0.2
(20 ml of culture in 50-ml Corning tubes) and grown for
approximately 1.5 h to OD600 = 0.6–0.8 before induction.
Cultures were split into 2 × 9 ml in 14-ml Falcon tubes and
induced by adding a 10% culture volume (1 ml) of 2×YT
media containing 10 mM unnatural amino acid (1 ml of
2×YT media lacking unnatural amino acid was added to
one of the 9-ml cultures), 0.2% arabinose, and 10 mM

IPTG. After expression for 14–16 h at 37 °C, 10-ml
cultures were pelleted at 6000 relative centrifugal force
(rcf) and frozen at −80 °C. Pellets were thawed and
lysed for 30 min with Bugbuster (Novagen) supplemented with ethylenediaminetetraacetic-acid-free Complete
protease inhibitor cocktail (Roche), 0.5 mg/ml lysozyme
(Sigma), and 2.5 U/ml benzonase (Novagen). Lysates
were centrifuged at 35,000 rcf, and myoglobin (with a
6×His at the C-terminus) was purified with a Ni-NTA
spin column (Qiagen). Columns were washed twice with
600 μl of native wash buffer [50 mM NaH2PO4, 300 mM
NaCl, and 20 mM imidazole (pH 8.0)] and eluted twice
with 50 μl of native elution buffer (wash buffer plus
230 mM imidazole). Eluted samples were analyzed on a
Tris–Gly SDS-PAGE gel (Invitrogen) and stained with
Coomassie brilliant blue. Unnatural amino acid incorporation was confirmed by mass spectrometry and is
listed in Supplementary Fig. 3.
Expression of pBK-pAcF/pLeiGY151X and
pSUP-pAcF/pET-GFPY151X
pBK-pAcF had been previously described by Wang et
al.,31 and pLei had been previously described by Wang et
34
al. To create pLeiGY151X and pLeiGWT, we PCR amplified
GFPY151X or GFPWT, respectively, with the primers GFP F
NdeI and GFP R SacI, digested with NdeI and SacI, and
ligated into the similarly digested pLei vector. pBK-pAcF
was cotransformed with pLeiGY151X or pLeiGWT into
DH10B E. coli. pSUP-pAcF had been previously described
by Ryu and Schultz.27 The vector was cotransformed with
pET-GFPY151X or pET-GFPWT into BL21(DE3) for expression
experiments. Protein expression for both pSUP and pBK
was carried out as described in the GFP expression protocol,
except that arabinose was withheld from the media.
E. coli DH10B and BL21(DE3) growth curves
pEVOL-pAcF with one copy of tRNAopt
CUA, or pEVOLpAcF with one copy of tRNATyr
CUA was transformed into
DH10B or BL21(DE3) E. coli. As a control, a 400-bp region
of DNA was PCR amplified from a noncoding region of
pET101 (randomly chosen) by the PCR primers ApaLI F
and XhoI R, digested with ApaLI and XhoI, and ligated
into the corresponding sites in pEVOL between the proK
promoter and the proK terminator. One colony from each
transformation was grown overnight to saturation in 2×YT
media supplemented with 50 μg/ml chloramphenicol.
Cultures were diluted to an OD600 of 0.05 and aliquoted
into 96-well assay plates in quadruplicate. Plates were
grown in a SpectraMAX 250 plate reader (Molecular
Devices) and read (at 600 nm) every 3 min with mixing at
37 °C for 8 h. Specific growth rates (μ) were determined
when the cells appeared to be in maximum growth
(OD600 = 0.2–0.7 for 200 μl of culture). Rates were calculated by the time it took for cells to go from OD1 set to 0.2 to
OD2 set to 0.7, using the following formula (t in hours):


OD1
ln
OD2
A=
t2 t1
Optimization of induction parameters
pEVOL-pAcF/pET-GFPY151X or pEVOL-pAcF/pETGFPWT cotransformed in BL21(DE3) E. coli was used for
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all induction assays. A starter culture was picked from a
single colony and grown overnight to saturation at 37 °C
in 2×YT media supplemented with chloramphenicol and
ampicillin. Cultures were diluted to an OD600 of 0.2 and
grown to OD600 = 0.5–0.7 before being aliquoted in triplicate into 96-well assay plates with varied concentrations
of inducers (0.0002–2% arabinose or 0.01–100 mM IPTG or
none) and pAcF amino acid, where necessary. Each
condition was replicated in three wells. Growth was
continued for 14–16 h at 30 °C, and fluorescence was
assayed as described above.
To assay induction order, we diluted starter cultures to an
OD600 of 0.05, and 180 μl was aliquoted into 96-well assays
plates in quadruplicate for each condition. Cells were grown
at 30 °C with shaking in a SpectraMAX 250 plate reader and
monitored at 600 nm. A factor of 3.95 (after blanking) was
determined for the conversion of the absorbance at 600 nm
for a 180 μl culture in an assay plate into a standard 1-cm
OD600. Cultures were induced as described with 20 μl of
2×YT media. After the final induction, the cultures were
moved to a 30 °C shaking incubator for 14–16 h, and GFP
fluorescence was reported as described above.
The effect of temperature was assayed by diluting
starter cultures to an OD600 of 0.15 and growing them
to an OD600 of 0.4. Cultures were then split and either
cooled to 25 °C, cooled to 30 °C, or kept at 37 °C in
separate shaking incubators. Growth was continued until
OD600 = 0.6–0.8, inducers and pAcF amino acid were
added as previously described, and expression continued
for 14–16 h at the indicated temperatures. GFP fluorescence was reported as described above.

antibiotics and grown overnight to saturation at 37 °C.
Overnight cultures were diluted to an OD600 of 0.1 in
500 ml of 2×YT media supplemented with appropriate
antibiotics in 2-L nonbaffled shake flasks. Cultures were
grown for approximately 3 h at 37 °C (2.5 h for pBADGroELWT or pTrc99a-GroELWT) to an OD600 of 1.0 before
induction by addition of 10 ml of 2×YT media containing
50 mM pAcF amino acid (except for GroELWT expressions,
where 10 ml of 2×YT media without pAcF was added),
0.5 ml of 20% arabinose (except for pTrc99-GroELWT
culture), and 0.5 ml of 1 M IPTG (only cultures with
pTrc99a plasmids). After the cells had been shaken at
250 rpm for 14 h at 37 °C, they were pelleted at 6000 rcf.
Samples were maintained at 4 °C throughout purification.
The supernatant was removed, and the pellets were
resuspended in 10 ml of breaking buffer [50 mM Tris
(pH 7.4) and 1 mM DTT] and lysed with a Micro Fluidizer
(Micro Fluidics Corp.). Lysates were cleared by centrifugation at 100,000 rcf and loaded onto a 150-ml FFQ anionexchange column (Pharmacia) equilibrated with breaking
buffer. The column was washed with 3 column volumes of
0.2 M NaCl in breaking buffer and eluted with a gradient
to 0.5 M NaCl in breaking buffer over 12 column volumes
using an Atka purifier (Pharmacia). Fractions that
contained GroEL were identified by Coomassie-stained
SDS-PAGE, pooled, and quantified by a bicinchoninic acid
assay (Pierce) with bovine serum albumin standard and
shown in Fig. 5. Protein masses demonstrating incorporation of pAcF are listed in Supplementary Fig. 3.

Expression of GroEL

For GFP expression, single colonies from distinct
pEVOL-aaRS cotransformed with pET-GFP mutants
were picked into 1 ml of 2×YT media supplemented
with chloramphenicol and ampicillin in a 2-ml 96-well
block (Nunc). pEVOL/pET-GFPWT and pEVOL/pETblank were also included as controls. Cultures were
grown to saturation overnight at 37 °C, and OD600 was
measured by removing 200 μl of culture onto a 96-well
assay plate and reading with a SpectraMAX 250 plate
reader. OD600 was converted into a 1-cm OD600 using the
aforementioned 3.95 conversion factor. Cultures were
diluted evenly to an OD600 of 0.25 in a 2-ml 96-well block,
and growth continued at 37 °C. After 2 h, 180 μl of culture
was aliquoted into 3 × 96-well assay plates containing
appropriate unnatural amino acids and inducers (as noted
in previous GFP expressions) or 2 × 96-well assay plates
lacking any unnatural amino acid but containing inducers.
Growth was continued at 30 °C for 14–16 h, and GFP
fluorescence was reported as described above.

All GroEL constructs were obtained from Eli Chapman.
BL21 E. coli used for the expression of GroEL did not have
a DE3 prophage. pBK-pAcF was cotransformed with
pBADJY-GroELE129X into BL21 or DH10B E. coli and
cultured with kanamycin and tetracycline. pBAD-GroELWT or pTrc99a-GroELWT was individually transformed
into DH10B or BL21 and grown with ampicillin. pTrc99aGroELE129X could not be cotransformed with pEVOL or
pSUP for unknown reasons; therefore, pTrc99a-GroEL E129X
was transformed into BL21 or DH10B E. coli, then a single
colony was picked for each, cultured with ampicillin, and
made competent. Competent DH10B or BL21 E. coli
harboring pTrc99a-GroELE129X was transformed with
pEVOL-pAcF or pSUP-pAcF and cultured with chloramphenicol and ampicillin. Single colonies for pBK-pAcF/
pBADJY-GroELE129X, pSUP-pAcF/pTrc99a-GroELE129X,
pEVOL-pAcF/pTrc99a-GroELE129X, pTrc99a-GroELWT, or
pBAD-GroELWT in DH10B or BL21 E. coli (10 total) were
picked into 5 ml of 2×YT media, and test expressions were
carried out identically to myoglobin expressions, except
that no protein was purified. Crude cell lysates were
analyzed after 10 h and 20 h as follows: 7 μl of culture
was diluted with 23 μl of water and 15 μl of SDS loading
buffer and boiled for 10 min, and 10 μl of the crude cell
lysate was run on an SDS-PAGE gel and stained with
Coomassie brilliant blue (Supplementary Fig. 2). Protein
yields did not appear significantly different between 10 h
and 20 h of expression.
For 0.5-L expression experiments, pBK-pAcF/pBADJYGroELE129X and pBAD-GroELWT were transformed into
DH10B, and pSUP-pAcF/pTrc99a-GroELE129X, pEVOLpAcF/pTrc99a-GroELE129X, and pTrc99a-GroELWT were
transformed into BL21. Single colonies were picked into
30 ml of 2×YT media supplemented with appropriate

Expression of pEVOL with multiple aaRS
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