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Two-Tier Screening Platform for Directed Evolution of
Aminoacyl–tRNA Synthetases with Enhanced Stop Codon
Suppression Efficiency
Andrew E. Owens, Katherine T. Grasso, Christine A. Ziegler, and Rudi Fasan*[a]
Genetic code expansion through amber stop codon suppression provides a powerful tool for introducing non-proteinogenic functionalities into proteins for a broad range of applications. However, ribosomal incorporation of noncanonical
amino acids (ncAAs) by means of engineered aminoacyl–tRNA
synthetases (aaRSs) often proceeds with significantly reduced
efficiency compared to sense codon translation. Here, we
report the implementation of a versatile platform for the development of engineered aaRSs with enhanced efficiency in mediating ncAA incorporation by amber stop codon suppression.
This system integrates a white/blue colony screen with a platebased colorimetric assay, thereby combining high-throughput
capabilities with reliable and quantitative measurement of
aaRS-dependent ncAA incorporation efficiency. This two-tier

functional screening system was successfully applied to obtain
a pyrrolysyl–tRNA synthetase (PylRS) variant (CrtK-RS(4.1)) with
significantly improved efficiency (+
+250–370 %) for mediating
the incorporation of Ne-crotonyl-lysine and other lysine analogues of relevance for the study of protein post-translational
modifications into a target protein. Interestingly, the beneficial
mutations accumulated by CrtK-RS(4.1) were found to localize
within the noncatalytic N-terminal domain of the enzyme and
could be transferred to another PylRS variant, improving the
ability of the variant to incorporate its corresponding ncAA
substrate. This work introduces an efficient platform for the improvement of aaRSs that could be readily extended to other
members of this enzyme family and/or other target ncAAs.

Introduction
Methods for genetic code expansion provide valuable strategies for introducing non-proteinogenic functionalities into recombinant proteins.[1] A particularly versatile approach in this
context is the amber stop codon suppression methodology,
which relies upon the use of an engineered aminoacyl–tRNA
synthetase (aaRS)/tRNACUA pair for reassigning an amber stop
codon (TAG) with a desired noncanonical amino acid (ncAA).[1a]
This methodology has enabled the site-selective incorporation
of ncAAs for a variety of applications, including protein conjugation and imaging,[2] controlling and modulating protein/
enzyme function,[3] and generating post-translationally modified proteins,[4] among others.[5] Pyrrolysyl-tRNA synthetases
(PylRSs) from Methanosarcina species[6] represent a particularly
attractive choice for genetic code expansion, in large part due
to the orthogonal reactivity of PylRSs and cognate tRNAPyl molecules in both bacterial (Escherichia coli) and eukaryotic cells.[7]
Initially identified for their ability to incorporate pyrrolysine in
response to in-frame UAG codons,[6] PylRSs were found to be
able to recognize a number of (pyrro)lysine derivatives.[4b, 8]
A well-known challenge associated with the use of amber
stop codon suppression is the competition between the ribo[a] A. E. Owens, K. T. Grasso, C. A. Ziegler, Prof. R. Fasan
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somal incorporation of the target ncAA with termination of
translation in response to the stop codon. As a result, the
ncAA incorporation efficiency of orthogonal aaRSs, in particular
by those derived from PylRSs, is often reduced compared to
sense codon translation, resulting in moderate expression
yields for the target ncAA-containing protein. Over the past
years, several strategies have been investigated to address this
limitation, which include optimization of the promoters and
copy numbers of aaRS and/or tRNA genes,[9] engineering of
the tRNA molecule,[10] removal/manipulation of components of
the translational machinery (e.g., EF-Tu, RF1),[11] optimization of
sequence contexts,[12] and genome-wide engineering of the
host cell.[13] These methods have proven effective toward improving the yield of ncAA-containing proteins, but they are
not specifically aimed at improving the properties of the
aaRSs. In fact, whereas major efforts have focused on altering
the substrate specificity of aaRSs—a goal typically achieved
through powerful selection-based methods[1a]—far fewer studies have been directed at improving the intrinsic properties of
these enzymes as part of a stop codon suppressor system.
Recently, Matsuura and co-workers reported a liposome-based
in vitro evolution method for this purpose.[14] In spite of the
high-throughput capability of this system, the Methanosarcina
mazei PylRS variants isolated according this method showed
either parent-like or only slightly improved (+
+70 %) in vivo incorporation efficiency compared to the parent enzyme, which
further highlighted the challenge of developing aaRSs with inherently improved in vivo activity for ncAA mutagenesis.
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Here, we report the development of a versatile platform
useful for the engineering of aaRSs with enhanced efficiency
for mediating ncAA incorporation through amber stop codon
suppression. This strategy was applied to evolve variants of
Methanosarcina sp. PylRSs with significantly improved efficiency toward the incorporation of Ne-crotonyl-lysine (CrtK) and
other lysine analogues relevant to the investigation of protein
post-translational modifications into a target protein. These
studies also demonstrate the value of targeting noncatalytic
regions of PylRS enzymes to improve their activity in the context of unnatural mutagenesis by amber stop codon suppression.

Results and Discussion
Two-tier functional screening platform for aaRS evolution
Selection-based methods have provided a valuable and widely
adopted strategy for aaRS engineering.[1a] These methods rely
on coupling amber stop codon suppression to cell survival and
death, as resulting from the expression of an antibiotic resistance marker (e.g., chloramphenicol acetyl transferase) in the
presence of a target ncAA and from the expression of a toxic
protein (e.g., barnase) in the absence of the ncAA, respectively.
Coupled with active site mutagenesis, this approach has
proven highly effective for isolating aaRS variants with altered
substrate specificity and orthogonal reactivity over natural
amino acids, but various factors make it suboptimal for evolving aaRSs with improved ncAA incorporation efficiency. Among
these factors is the difficulty of tuning stringency during the
selection process without triggering survival mechanisms unrelated to the desired activity,[15] which can lead to a high frequency of false positives.[16] In addition, the use of an antibiotic
resistance marker as a reporter of ncAA incorporation implies
that cell survival ensues when the essential enzyme is produced in sufficient amounts to generate antibiotic resistance,
hampering the selection of aaRS variants with further improved incorporation efficiency. In this regard, the use of re-

porter proteins such as green fluorescent protein (GFP) can
provide a more reliable and quantitative means for monitoring
aaRS-mediated ncAA incorporation,[17] but this approach has
found application mainly in the screening of small collections
of aaRS variants,[17–19] with a notable exception.[11d]
Based on these considerations, we aimed to implement a
two-tier screening platform that could combine medium-/
high-throughput capability with a quantitative readout of
ncAA incorporation in a streamlined manner. As outlined in
Figure 1, this system was designed to comprise an initial phenotypic screen based on a LacZ reporter gene containing two
amber stop codons (TAG). Efficient suppression of both stop
codons results in a functional b-galactosidase enzyme, whose
expression can be detected based on a standard white/blue
colony assay in the presence of the chromogenic substrate XGal (Figure 1, step A). This step offers high-throughput capability (typically, up to ten- to 50 000-member libraries), while uncoupling the phenotypic readout (blue/white colony) from cell
survival. It also permits a first qualitative assessment of ncAA
incorporation based on the blue color intensity of the colony.
Positive colonies (blue) identified in this first-tier screen are
then arrayed on multiwell plates, in which the levels of ncAAcontaining galactosidase are measured in a quantitative
manner by using a soluble, chromogenic substrate (para-nitrophenol-galactose or PNP-Gal; Figure 1, step B). As both experiments share the same reporter enzyme, transfer of the hits
from the tier 1 screen to the tier 2 screen is both rapid and
technically straightforward. Promising variants emerging from
the tier 2 screen can be subjected to another round of directed
evolution (Figure 1, step C) and/or evaluated by using a secondary functional assay (Figure 1, step D) in which the incorporation efficiency of the evolved aaRS is measured by using a
yellow fluorescent protein (YFP) reporter protein containing an
amber stop (TAG) codon at a permissive site. The orthogonal
reactivity of the evolved aaRS enzyme toward the desired
ncAA over the natural amino acids can be assessed by comparing b-galactosidase activity (Tier-2 screen) or YFP expression
(secondary assay) in the presence and absence of the ncAA. A

Figure 1. Schematic overview of the two-tier screening system for aaRS evolution. A) A library of engineered aaRS variants is first subjected to a phenotypic
screen by using E. coli cells containing a LacZ(2xTAG) gene. aaRS-mediated amber stop codon suppression with the target ncAA leads to the expression of
a functional b-galactosidase enzyme and processing of X-gal substrate. B) Positive clones (blue colonies) are then evaluated in a plate-based b-galactosidase
activity assay with PNP-Gal, enabling quantification of ncAA suppression efficiency. C) Improved aaRSs are subjected to another round of directed evolution
or, alternatively, D) evaluated for improved ncAA suppression efficiency by using the YFP(TAG) reporter protein.
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dual vector system, in which one plasmid directs the expression of the reporter protein (b-galactosidase or YFP), and a
second plasmid encodes for the aaRS/tRNA pair, facilitates the
transfer of the aaRS-encoding plasmid from the tier 2 screen to
the YFP-based functional assay. Of note, the LacZ gene was
previously used as a reporter for amber stop codon suppression,[20] but it has never been applied to guide the engineering
of aaRS enzymes.

Directed evolution of crotonyl-lysyl-tRNA synthetase

then arrayed and rescreened in a 96-well plate format. Upon
cell lysis, b-galactosidase activity was quantified in a colorimetric assay with para-nitrophenol-galactose, with the absorbance
intensity thus providing a quantitative measure of the efficiency of CrtK suppression by action of the CrtK-RS mutant (Figure 2 B). Upon rescreening, five improved CrtK-RS variants were
identified from the initial Lib-G1 library, as evidenced by the
1.5- to 2.5-fold higher b-galactosidase activity measured in the
assay compared to the parent enzyme (Figure 2 C). Among
them, the most promising variant, G1.1, was determined to
contain a single mutation at position 36 (Table 1).

A previously reported Methanosarcina barkeri PylRS variant
(CrtK-RS)[4e] capable of recognizing crotonyl lysine (CrtK, Figure 2 A) was selected as the target aaRS for validating the

Figure 2. Hit evaluation in second-tier functional assay. A) Chemical structure
of crotonyl lysine (CrtK). B) b-Galactosidase activity of top 90 hits (blue colonies) from first-generation aaRS library (G1), as determined by a PNP-Gal hydrolysis assay in a 96-well plate. C) b-Galactosidase activity of best-performing aaRS variants from the library based on rescreening (n = 3). For (B) and
(C), the absorbance values are normalized to that of cells expressing the
parent enzyme (CrtK-RS).

system outlined above. Lysine crotonylation is a rare form of
protein post-translational modification (PTM),[21] and CrtK-RS
has proven useful for the preparation and functional investigation of histone proteins bearing this PTM at selected positions.[22] Random mutagenesis was applied as the evolutionary
tool in order to identity mutations that could enhance PylRSmediated ncAA incorporation while having minimal impact on
the substrate recognition properties and selectivity of the
enzyme. The latter result was anticipated, given that amino
acid residues in direct contact with the substrate represent
only a small fraction (< 3 %) of the entire amino acid sequence
of PylRS.
Accordingly, an initial random mutagenesis library of CrtK-RS
variants (Lib-G1; & 104 members) was generated by using
error-prone PCR under conditions that yielded an estimated
mutational rate of 2.4 nucleotide mutations per gene. The
enzyme library was expressed in E. coli TOP10F’ cells containing a low-copy-number plasmid encoding the LacZ alpha fragment with two amber stop codons within the N-terminal
region. Upon growth on lysogeny broth (LB) agar medium supplemented with CrtK and X-gal, recombinant colonies expressing functional b-galactosidase as a result of CrtK incorporation
were readily identified as blue colonies ( & 20 % of plated library). Based on color intensity, about 90 positive hits were
ChemBioChem 2017, 18, 1109 – 1116
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Table 1. Amino acid mutations in evolved aaRS enzymes.
Position

8

13

36

45

121

253

355

CrtK-RS
G1.1
G2.1
G3.1
G4.1

V

T

H

S

I

I

E

I
I
I

I
V
V
V
V

L

R
R

V
V

T

Following a similar strategy, a second-generation random
mutagenesis library (Lib-G2) was prepared and screened by
using G1.1 as the parent enzyme. This process yielded a further
improved PylRS variant, G2.1 (Figure S1 B in the Supporting
Information), which carries two mutations (T13I and I253V) in
addition to the preexisting I36V substitution (Table 1). Starting
from G2.1, a third round of random mutagenesis and screening
led to identification of CrtK-RS variant G3.1 (Figure S1 D), which
contains an additional mutation at position 121 (S121R). At this
point, a recombination library (Lib-G4) was prepared by shuffling the genes corresponding to G3.1 and to the 4–5 best performing variants identified after each round of directed evolution. Screening of this library resulted in the identification of
four CrtK-RS variants with increased suppression efficiency
compared to G3.1 based on the b-galactosidase assay (Figure S1 F). Among them, the most promising variant (G4.1) was
named CrtK-RS(4.1) and selected for further analysis.
Functional analysis and location of mutations in CrtK-RS(4.1)
Sequence analysis revealed that CrtK-RS(4.1) contains a total of
six amino acid substitutions, namely V8E, T13I, I36V, H45L,
S121R, and I355T. Three of these mutations were shared with
G3.1 (Table 1), whereas the V8E mutation could be traced back
to one of the improved variants isolated after the third round
of directed evolution (G3.3; Table S2). The beneficial effect of
each of these mutations was evident from side-by-side comparison of related variants identified throughout the process
and with respect to their relative ncAA incorporation efficiency,
as measured by the b-galactosidase assay (Figure 2 and Figure S1). For example, whereas two mutations were accumulated during the transition from G1.1 to G2.1, the functional importance of each of them became apparent from comparison
of b-galactosidase activity observed with G2.5 compared to
G2.1 (T13I mutation) and with G2.1 compared to G2.3 (I253V
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mutation; Figure S1). Interestingly, during the DNA shuffling
step (G3.1!G4.1), the T13 mutation was maintained, whereas
the comparatively less important I253V mutation was not.
In contrast to the aforementioned mutations, the H45L and
I355T substitutions were not present in the original pool of
genes used for recombination and thus were most likely introduced during assembly and/or amplification of the shuffled
DNA library. To examine the functional importance of these
unexpected mutations, reversion variants were generated in
which each of these substitutions was removed from CrtKRS(4.1). Analysis of these CrtK-RS variants confirmed that both
mutations provide a beneficial, albeit relatively modest, activity
improvement (+
+20 %; Figure S2). Based on the analyses outlined above, we concluded that all of the mutations accumulated in the best-performing variant, CrtK-RS(4.1), contribute to
its improved activity for CrtK incorporation through amber
stop codon suppression in bacterial cells.
Mb PylRS is a 47.5 KDa class II aminoacyl-tRNA synthetase
comprising an N-terminal domain (residues 1–194) and a C-terminal domain (residues 210–419) connected through a linker
region (16 residues).[23] The C-terminal domain encompasses
the catalytic site involved in the activation of pyrrolysine as an
aminoacyl-AMP adduct and its subsequent conjugation to the
tRNA molecule. The N-terminal domain was previously determined to be important for tRNA binding[24] and essential for in
vivo activity.[23] In light of this information, it is particularly
interesting to note that the largest majority of the beneficial
mutations (10/13 = 77 %), accumulated in CrtK-RS(4.1) and
identified throughout the course of the directed evolution experiment (Tables 1 and S2), was localized within the N-terminal,
noncatalytic domain of the enzyme. The only exception was
I355T, which resides within the C-terminal catalytic domain but
at a rather distant location with respect to the bound substrate
( & 12–15 a), as derived by inspection of the homologous C-terminal domain of M. mazei PylRS (Figure S3).[25] The relative contribution of this particular mutation to the improved properties
of CrtK-RS(4.1) is, however, modest compared to the other mutations (Figure S2). Thus, whereas prior PylRS engineering efforts have largely relied on mutating the active site of these
enzymes,[7b] our results indicate that there are significant opportunities to enhance the amber stop codon efficiency of
these enzymes through mutation of their noncatalytic N-terminal domain. Although the mechanisms of the beneficial mutations within this region are currently unclear, the native function of this domain suggests that they might be related to improving the interaction of the enzymes with their cognate
tRNA molecules and/or other cellular components.

Figure 3. Suppression efficiency of evolved aaRS variants. Side-by-side comparison of CrtK incorporation efficiency for the best-performing aaRS from
each round of directed evolution, as determined by A) b-galactosidase activity assay, and B) using YFP(TAG) as reporter protein. Background activity/fluorescence for cells grown in the absence of CrtK is shown. Values are normalized to those of the parent enzyme (CrtK-RS). Mean values and standard
errors were obtained from three independent cell cultures.

sive improvement in the expression levels of YFP(CrtK) was observed in the presence of the evolved aaRS enzymes, a trend
consistent with that obtained with b-galactosidase as the reporter protein (Figure 3 A). Based on the YFP reporter protein,
CrtK-RS(4.1) showed a 250 % higher CrtK incorporation efficiency compared to the initial enzyme. In addition, minimal levels
of background expression were observed in both assays with
cells grown in the absence of CrtK (Figure 3 A and B), indicating that all evolved CrtK-RS variants maintained high specificity
toward the ncAA over the pool of natural amino acids. This
result was consistent with the observation that all of the beneficial mutations accumulated in these variants were located in
positions remote from the enzyme active site. To confirm the
selective incorporation of CrtK, YFP expressed in the presence
of CrtK-RS(4.1) was purified by Ni-NTA affinity chromatography
and characterized by SDS-PAGE and LC-MS (Figure 4). The observed mass of this protein was found to match the expected
one, thus confirming efficient and specific incorporation of
CrtK.

Improved CrtK incorporation efficiency

Improved efficiency for incorporation of other Ne-acylated
lysine analogues

In E. coli cultures grown in flasks, CrtK-RS(4.1) was determined
to exhibit a 370 % improvement in CrtK incorporation efficiency based on the b-galactosidase assay (Figure 3 A). To further
assess the enhanced performance of the evolved PylRS variants
toward mediating the ribosomal incorporation of CrtK into
a protein of interest, a YFP variant containing an N-terminal
amber stop codon was used. As shown in Figure 3 B, progres-

In addition to Ne-crotonyl-lysine and Ne-acetyl-lysine (AcK),
other Ne-acylated forms of lysine have been identified as a
result of post-translational modification events in eukaryotic
organisms, including Ne-propionyl (PrK) and Ne-butyryl lysine
(BuK).[26] As these modified lysine analogues are poorly recognized by wild-type PylRS,[4f, 22] PylRS variants have been engineered to incorporate these analogues into proteins with vary-
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hanced properties of the evolved CrtK-RS variant were mostly
confined to lysine analogues that contain a side-chain acyl
group of similar length to that of CrtK.

Transferability of activity-enhancing mutations to other Mb
PylS variants

Figure 4. CrtK incorporation in YFP. A) SDS-PAGE gel of CrtK-containing YFP
(28 kDa) after purification from E. coli in the presence CrtK-RS(4.1) and CrtK
(lane 1). No background expression is observed in the absence of the ncAA
(lane 2). B) ESI-MS spectra of purified CrtK-containing YFP.

ing degrees of substrate specificity.[22] In the interest of examining whether the improved properties of CrtK-RS(4.1) extended
to other lysine analogues beyond CrtK, the incorporation of
BuK, PrK, and AcK in the presence of the evolved aaRS was investigated (Figure 5 A). These experiments showed CrtK-RS(4.1)
was able to provide improved expression yields for BuK-containing YFP (+
+220 %) as well as for the PrK-containing counterpart, which could not be obtained by using the parent CrtK-RS
enzyme. Negligible levels of AcK-containing YFP were obtained
with both CrtK-RS and CrtK-RS(4.1), indicating that the en-

Our finding that the beneficial mutations carried by CrtKRS(4.1) were clustered within the N-terminal domain of the
enzyme further suggested that they could be potentially transferred to other Mb PylRS variants. Indeed, Mb PylRS variants
evolved for recognition of different lysine derivatives typically
differ from each other by amino acid substitutions localized
only within the substrate binding pocket. To examine this
point, the six mutations identified in CrtK-RS(4.1) were introduced into a Mb PylRS variant (AynK-RS) previously reported
for the incorporation of the alkyne-containing ncAA Ne-[(2-propynyloxy)carbonyl]-l-lysine (AynK).[27] To our delight, a 2.2-fold
improvement in expression levels for the model YFP protein
was observed in the presence of the modified AynK-RS
enzyme, AynK-RS(4.1), compared to AynK-RS under identical
experimental conditions (Figure 5 B). Also, in this case, the improvement in incorporation efficiency for the corresponding
ncAA did not come at the expense of specificity, as indicated
by the comparably low levels of background fluorescence
measured upon protein expression in the absence of AynK.

Conclusion

Figure 5. Incorporation efficiency with alternative lysine analogues. A) Fluorescence response corresponding to expression of YFP(TAG) reporter protein
in the presence of CrtK-RS(G4.1) or CrtK-RS, and various Ne-acylated lysine
analogues. Reported values indicate fluorescence signal after background
subtraction. B) Fluorescence response corresponding to expression of
YFP(TAG) reporter protein in the presence and in the absence of AynK using
cells containing AynK-RS or AynK-RS(G4.1). Values are normalized to that of
AynK-RS. Mean values and standard errors were obtained from three independent cell cultures.
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In conclusion, this work introduced and validated an efficient
platform for the directed evolution and improvement of aaRS
enzymes. Particularly advantageous features are the combination of high-throughput capability, as enabled by the phenotypic white/blue colony screen, with a quantitative readout of
ncAA incorporation from a tandem functional assay. As such,
this system provides a valuable complement to established
selection-based methods for the discovery and improvement
of orthogonal aaRS/tRNA pairs for genetic code expansion. By
using the present approach, an improved PylRS variant was
obtained for the incorporation of crotonyl-lysine and other Nacylated lysine analogues associated with human PTMs into
a protein of interest. This evolved aaRS is expected to contribute a valuable and versatile tool for the production of proteins
modified site-selectively with crotonyl, propionyl, or butyryl
lysine, thus facilitating efforts toward elucidating the functional
roles of these forms of PTMs.
Finally, these studies provide a first-time demonstration of
the value of mutating the N-terminal, noncatalytic domain of
PylRS enzymes to enhance their amber stop codon suppression efficiency in vivo. Importantly, these mutations did not
affect the specificity of the aaRS and could be transferred to
another Mb PylRS variant, leading to a significant improvement
in suppression efficiency for its corresponding ncAA. These
findings are expected to aid future efforts in PylRS engineering
and suggest that domain engineering strategies[28] could be
useful for the evolution of this class of enzymes.
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Experimental Section
Plasmid construction: Custom-made oligonucleotides were purchased from IDT DNA Technologies, and their sequences are reported in Table S1. The vector encoding the LacZ(2xTAG) gene
(pZS13_LacZ_2x_Stop) was derived from the low-copy-number
plasmid pZS13 (Expressys), which contains a pSC101 origin of replication and an ampicillin marker (bla). pZS13_LacZ_2x_Stop was
prepared by PCR amplification of the LacZ alpha gene by using primers LacZ2X_F and LacZ2X_R, followed by cloning of the resulting
PCR product into the NcoI/XbaI cassette of pZS13. This process
placed the LacZ(2xTAG) gene, which contains a TAG codon, in
place of Met3 and Ser7, under an IPTG-inducible promoter (PA1lacO1). The preparation of the plasmid encoding for the YFP(TAG) protein (pET22_YFP_1X_Stop) was described previously.[5e] The CrtK–
RS/tRNA pair was encoded by a modified form of the pEVOL[9a]
vector—pEVOL(1x)—which contains a p15A origin of replication
and chloramphenicol marker (cat). In this plasmid, one copy of the
aaRS gene is under an arabinose-inducible (araBAD) promoter,
whereas the tRNA gene is under a constitutive proK promoter. For
library generation, the CrtK-RS gene was amplified by using primers CrtK_F and CrtK_R and inserted into the BglII and SalI cassette of the pEVOL(1x) vector. The ligation product was transformed into DH5a cells and plated on LB agar plates supplemented with chloramphenicol (34 mg mL@1). AynK-RS G4.1 was generated by swapping the N-terminal domain of AynK-RS with that of
G4.1, followed by introduction of the I355T mutation. The N-terminal domain of G4.1 was amplified with primers SOE_G4.1F and
SOE_G4.1R and fused to the C-terminal region of the AynK-RS
gene (amplified with primers SOE_AynKF and SOE_AynKR) by sequential overlap extension (SOE). With the SOE product as a template, mutation I355T was inserted by a second SOE reaction using
gene fragments generated with primers SOE_G4.1F/SOE_I355TR
and SOE_I355TF/SOE_AynKR. With CrtK-RS(4.1) as a template, CrtKRS(4.1)-T355I was generated by SOE using gene fragments generated from amplification of SOE_G4.1F/ SOE_T355I_R and SOE_T355I_
F/SOE_G4.1_R. CrtK-RS(4.1)-L45H was generated in the same way
by using CrtK-RS(4.1) as a template and the gene products of SOE_
G4.1F/SOE_L45H R and SOE_L45H_F/ SOE_G4.1_R in a SOE reaction. All plasmids and library clone sequences were confirmed by
DNA sequencing.
Library preparation: The CrtK gene was mutagenized by errorprone PCR using Taq polymerase (NEB), oligonucleotides CrtK_F
and CrtK_R as primers, and the plasmid encoding for CrtK-RS, G1.1,
or G1.2 as template. The PCR reaction was performed by using a
standard reaction mixture supplemented with dTTP (1.0 mm), dCTP
(1.0 mm), MgCl2 (3.5 mm) and MnCl2 (0.2 mm). This error-prone PCR
protocol was previously reported to provide minimal bias in nucleotide misincorporation.[29] The PCR product was amplified according to the method: 2 min at 95 8C (1 cycle); 30 s at 95 8C, 30 s
at 60 8C, 1 min 30 s at 72 8C (20 cycles). The resulting PCR product
(1.2 Kbp) was ligated into the BglII and SalI cassette of the
pEVOL(1x) vector. The average error rate for the library was determined by sequencing ten randomly chosen recombinant colonies.
The DNA shuffling library was generated by first pooling the PCR
products from each top preforming aaRS variant (G1.1–G3.5) by
using primers ePCR_F and ePCR_R and Taq polymerase (NEB). The
genes were mixed in equal amounts to reach a final DNA concentration was 1 mg mL@1. The DNA was digested with DNase I (NEB)
for 4 min at room temperature in the presence of MnCl2 (10 mm)
and immediately purified by agarose gel electrophoresis. DNA fragments between 10–100 bp were collected and reassembled by
using Taq polymerase according to the method: 2 min at 95 8C (1
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cycle); 30 s at 95 8C, 30 s at 60 8C, 1 min at 72 8C (45 cycles). The resulting 1.2 kbp product was ligated into the BglII and SalI cassette
of the pEVOL(1x) vector, transformed into DH5a cells and plated
on LB agar plates supplemented with chloramphenicol
(34 mg mL@1).
Library screening: For library screening, each plasmid library was
co-transformed with pZS13_LacZ_2x_Stop in TOP10F’ cells and
plated on LB agar plates supplemented with ampicillin
(100 mg mL@1), chloramphenicol (34 mg mL@1), arabinose (0.06 %),
IPTG (1 mm), X-Gal (20 mg mL@1), and CrtK (2 mm). After incubation
for 18 h at 37 8C, blue colonies were selected from the plates and
regrown to saturation (overnight) in a master 96-deep-well plate
containing LB medium (1 mL per well), supplemented with ampicillin (100 mg mL@1) and chloramphenicol (34 mg mL@1). A replicate
plate with M9 medium (1 mL per well) containing ampicillin
(100 mg mL@1) and chloramphenicol (34 mg mL@1) was generated
from the master plate and grown to an OD600 of 0.5–0.6, followed
by addition of arabinose (0.06 %) and CrtK (2 mm). After 1 h at
37 8C, the wells were induced with IPTG (1 mm) and grown for 18 h
at 27 8C. Cells were recovered by centrifugation at 4300 g in a
swinging plate rotor, and decanted pellets were frozen at @80 8C.
The cell pellets were then resuspended in lysis buffer (50 mm
potassium phosphate, 150 mm NaCl, 10 mm MgCl2, 0.8 mg mL@1
DNase, and 0.8 mg mL@1 lysozyme, pH 7.5) and incubated at 37 8C
for 1 h and 15 min. Insoluble cellular debris was pelleted by centrifugation at 4300 g at 4 8C. The clarified lysate (130 mL) was transferred to a 96-well microtiter plate, and para-nitrophenol-galactose
in Kpi buffer (20 mL of a 37.5 mm solution; final concentration of
5 mm) was added, followed by incubation at 37 8C in an orbital
shaker (120 rpm) for 20 min. Absorbance at 420 nm was monitored
by using a Tecan Infinity 1000 plate reader. Positive hits identified
at this stage were rescreened in triplicate according to the same
procedure as described above. Plasmids encoding the most promising aaRS variants were then isolated from the master plate by
plasmid extraction from overnight culture, followed by digestion
with EcoRI and separation of the pEVOL(1x)-based plasmid from digested pZS13_LacZ_2x_Stop plasmid by gel electrophoresis. The
purified pEVOL(1x)-based plasmids were re-transformed into DH5a
cells, and transformant cells were selected on LB agar plates containing chloramphenicol (34 mg mL@1). Mutations in the aaRS gene
were identified by DNA sequencing.
YFP assay: The plasmid encoding YFP(TAG) and the pEVOL(1x)based vector encoding the desired aaRS were co-transformed in
BL21(DE3) cells and grown to saturation in LB medium supplemented with ampicillin (100 mg mL@1) and chloramphenicol
(34 mg mL@1). Overnight cultures were used to inoculate M9
medium (1 mL per well), supplemented with ampicillin
(100 mg mL@1) and chloramphenicol (34 mg mL@1), in a 96-deep-well
plate and were then allowed to reach an OD600 of 0.5–0.6. Cultures
were then induced with arabinose (0.06 %), ncAA (2 mm) was
added, and cultures were grown at 37 8C for 1 h. Cultures were
then induced with IPTG (1 mm) and grown for 18 h at 27 8C. Control cultures were prepared in a similar manner but without ncAA
addition. Fluorescence measurements were obtained from cell cultures (150 mL) by using a Tecan Infinity 1000 plate reader (lex =
514 nm, lem = 527 nm). Mean values and errors were obtained
from three independent experiments.
b-Galactosidase assay: The plasmid encoding pZS13_LacZ_2x_
Stop and the pEVOL(1x)-based vector encoding the desired aaRS
were co-transformed in TOP10F’ cells and grown to saturation in
LB medium supplemented with ampicillin (100 mg mL@1) and
chloramphenicol (34 mg mL@1). Overnight cultures were used to in-
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oculate M9 medium (5 mL) supplemented with ampicillin
(100 mg mL@1) and chloramphenicol (34 mg mL@1), and cultures were
allowed to reach an OD600 of 0.5–0.6. Cultures were then induced
with arabinose (0.06 %), CrtK (2 mm) was added, and the cultures
were grown at 37 8C for 1 h. Cultures were then induced with IPTG
(1 mm) and grown for 18 h at 27 8C. Control cultures were prepared in a similar manner but without addition of CrtK. Cells were
recovered by centrifugation at 4300 g. The cells were then resuspended in lysis buffer (50 mm potassium phosphate, 150 mm NaCl,
10 mm MgCl2, 0.8 mg mL@1 DNase, and 0.8 mg mL@1 lysozyme,
pH 7.5) and incubated at 37 8C for 1 h and 15 min. Insoluble cellular debris was pelleted by centrifugation at 4300 g. The clarified
lysate (130 mL) was transferred to a 96-well microtiter plate, and
para-nitrophenol-galactose in Kpi buffer (20 mL of a 37.5 mm solution; final concentration 5 mm) was added, followed by incubation
at 37 8C in an orbital shaker (120 rpm) for 20 min. Absorbance at
420 nm was monitored by using a Tecan Infinity 1000 plate reader.
Mean values and errors were obtained from three independent experiments.

[3]

[4]

[5]

Protein expression and isolation: BL21(DE3) cells were transformed with the plasmid pET22_YFP_1X_Stop and pEVOL(1x) plasmids and grown in LB medium with ampicillin (100 mg mL@1) and
chloramphenicol (34 mg mL@1) overnight. YFP(CrtK) expression was
carried out in M9 medium (250 mL) as described above. Cells were
harvested by centrifugation at 4300 g, and cell pellets were resuspended in imidazole-Tris buffer (10 mL; 40 mm Tris·HCl, 150 mm
NaCl, 20 mm imidazole, pH 7.5) and purified by Ni-NTA chromatography (Qiagen) as per the manufacturer’s instructions. After elution
from the Ni-NTA column, the protein was concentrated and the
buffer exchanged with potassium phosphate buffer (50 mm potassium phosphate, 150 mm NaCl, pH 7.5). The purified protein was
analyzed by LC-(ESI)-MS using a ThermoFisher Accela HPLC coupled to a ThermoFisher ESI-IT Velos Mass Spectrometer.
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