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Chapter 6

Breaking the Degeneracy of the Leucine Codons in Escherichia coli
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Abstract

Previously we have shown that combination of yPheRS (T415G) and the mutant
ytRNAP™, a4 enables incorporation of 2Nal in response to UUU (Phe) codons. However,
this method has two limitations. First, the yPheRS (T415G) activates Trp, which leads to
Trp misincorporation. Second, 2Nal was incorporated at UUC codons as well as UUU
codons, due to the relaxed codon recognition of the AAA anticodon in ytRNA™aa. In
order to enhance the selectivity of yPheRS, we performed high-throughput screening of a
yPheRS library. The screen revealed a yPheRS variant (yPheRS_naph) with 6-fold higher
relative activity toward 2Nal (vs. Trp) in ATP-PPi exchange assays. To enhance codon
selectivity, we explored degenerate leucine codons instead of phenylalanine degenerate
codons. Combined use of ytRNA™ containing the CAA anticodon, which recognizes
only the UUG (Leu) codon, and yPheRS_naph allowed incorporation of 2Nal into murine
dihydrofolate reductase in response to six UUG codons with 50% fidelity, but not to other

Leu codon sites.

Introduction

An expanded set of genetically encoded amino acids has allowed design of
proteins with novel chemical, physical, or biological properties. Several methods have
been developed to introduce nonnatural amino acids into recombinant proteins at
programmed sites in vivo. First, residue-specific incorporation involves the global
replacement of a particular natural amino acid with a nonnatural analog in target
proteins.”™*? The strength of this technique lies in efficient protein translation and multi-

site incorporation of a nonnatural amino acid, because sense codons are re-assigned for a
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nonnatural amino acid. However, its application could be restricted due to the exclusion

of one natural amino acid for protein translation and lack of site-specificity. Second,
single-site-specific incorporation involves utility of a heterologous orthogonal aminoacyl-
tRNA synthetase/tRNA pair and suppression of either a stop codon or a frameshift
codon.’®% Access to all 20 natural amino acids and site-specificity of the technique
allows the incorporation of a nonnatural amino acid at a single site in a target protein with
minimal perturbation of the native protein structure and function. However, application of
the method is limited to the insertion of a nonnatural amino acid at only one or two
positions in a target protein, due to moderate suppression efficiency.

Although residue-specific incorporation and single-site-specific incorporation

2127 one can envision other circumstances

have been used for many different applications,
in which a nonnatural amino acid needs to be inserted at multiple positions in the
presence of all twenty natural amino acids. For example, by introducing a nonnatural
amino acid only at permissive sites in a target protein, the protein may be equipped with
multiple reaction sites or probes with minimal loss of its native properties. Multiple-
site-specific incorporation in vivo was realized in our lab by breaking the degeneracy of
the Phe codons.”® The combined use of a mutant yeast phenylalanyl-tRNA synthetase
(yPheRS (T415G)) and mutant yeast phenylalanyl-tRNA containing modified AAA
anticodon (YtRNAP™sa4) that favors UUU Phe codons over UUC Phe codons, achieved
efficient incorporation of 2Nal into mDHFR at five Phe sites encoded as UUU. Although
the method successfully demonstrated the concept of breaking the degeneracy of the

genetic code, its application has been restricted by two limitations.

First, the rationally designed yPheRS (T415G) efficiently activated a natural
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amino acid, Trp, due to the enlarged binding pocket generated by the T415G mutation.*®

The relaxed substrate specificity of yPheRS (T415G) showed several drawbacks. Cell
growth rate decreased, likely due to misincorporation of Trp at Phe sites in essential
proteins. Leaky expression of target protein even under uninduced conditions was
prominent, perhaps due to the impaired repressor proteins. Furthermore, misincorporation
of Trp as well as 2Nal was observed at Phe residues encoded as UUU codons, which
prevented high fidelity incorporation of 2Nal at programmed sites. These drawbacks
prompted us to pursue more selective yPheRS variants. Previously we reported that an
other rationally designed yPheRS (T415A) showed 10-fold higher activity toward pBrF
than Trp. However, yPheRS (T415A) did not exhibit enhanced selectivity toward pBrF
against Phe.’® Therefore, we need to explore different approaches to obtain highly
selective yPheRS variants. Aminoacyl-tRNA synthetases are known to be readily
evolvable. Schultz and co-workers have developed powerful screening methods to
change the substrate specificity of tyrosyl-tRNA synthetase (mjTyrRS) derived from
Methanococcus jannaschii toward nonnatural amino acids.***®%%° Recently our lab
reported a novel screening method to adapt E. coli methionyl-tRNA synthetase to a
reactive methionine analog, azidonorleucine.” However, until now there have been no
reports about evolving eukaryotic aminoacyl-tRNA synthetases to change their substrate
specificity toward a nonnatural amino acid. In this report, we describe the high-
throughput screening of a yPheRS library to obtain yPheRS variants of which substrate
specificity is changed to a nonnatural amino acid, 2Nal.

Second, 2Nal was misincorporated at the unwanted sites (UUC codon) as well as

programmed sites (UUU codon) due to relaxed codon recognition of the AAA anticodon



150
of thNAPheAAA. Misincorporation of a nonnatural amino acid at unwanted sites might

cause perturbation or loss of native properties of the target protein.”**® According to
Crick’s wobble rules proposed in 1966, the base A in the first position of the anticodon
recognizes only the base U in the third position of the codon. Therefore, the AAA
anticodon was expected to recognize only UUU, not UUC codons. The discrepancy
between the experimental result and Crick’s wobble rule may be explained by the

expanded wobble rule proposed by Lim and Curran in 2001.3 The expanded wobble rule

32-39 40-43

is based on new experimental finding and stereochemical modeling of codon-
anticodon interactions. The expanded wobble rule indicates that A in the first position of
the anticodon can recognize all four bases in the third position of the codon, though its
affinity to C is lower than that to U.

Due to the poor discrimination of UUU codon froms UUC by the AAA anticodon
of ytRNA™ we explored breaking the degeneracy of leucine (Leu) codons. Several
considerations recommend degenerate Leu codons. First, Leu is encoded as six codons:
UUA, UUG, CUA, CUG, CUU, and CUC. Discrimination of UUG from CUN (N =
AJ/U/G/C) codons should be highly efficient due to discrimination at the first position in
codon. Second, our existing yeast orthogonal pair should be readily adapted to the
incorporation of Phe analogs in response to UUG codons. In practical terms,
generalization of the concept of breaking the degeneracy of the genetic code is limited by
the availability of orthogonal pairs. Third, the modified CAA anticodon would more
efficiently discriminate UUG from UUA. According to the expanded wobble rules, C in

the first position of the anticodon recognizes only G in the third position of the codon. In

this report, we show that an engineered ytRNA™™ containing a modified CAA anticodon
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(CAA) can completely discriminate UUG from the remaining five Leu codons, and

achieve incorporation of 2Nal at multiple programmed sites in recombinant proteins.

Materials and Method

Materials. Unless otherwise noted, reagents were obtained from commercial suppliers
and were used without further purification. 2Nal was purchased from Chem-Impex
(Wood Dale, IL). Restriction enzymes were obtained from New England Biolabs
(Beverly, MA). Quikchange mutagenesis Kkits were purchased from Stratagene (La Jolla,
CA). Nickel-nitrilotriacetic acid affinity columns and plasmid pREP4 were obtained from
Qiagen (Valencia, CA). DNA primers were obtained from Integrated DNA Technologies
(Coralville, 1A) and Operon Technologies (Huntsville, AL). Sequences of the DNA

primers used in this research are listed in Appendix C.

Preparation of E. coli hosts. Preparation of the Phe/Trp double auxotrophic strain
(AFW) and the Phe/Trp/Lys triple auxotrophic strain (AFWK) was described
previously.®® A Phe/Leu double auxotrophic strain, MPC390 (leuB6(Am), PheA18::Tn10),
was obtained from the E. coli Genetic Stock Center (CGSC) at Yale University. A Phe
auxotrophic derivative of DH10B (Stratagene) E. coli strain was prepared by chemical

mutagenesis** and designated DHF.

Plasmid Construction for Reporter Gene Expression. The GFPyy gene was
amplified from pGFPuv (Clontech, Palo Alto, CA) using two primers (GFP1 and GFP2)

containing a Pstl restriction site. The amplified GFPuv gene was inserted into pQE9
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(Qiagen) at the Pstl site to generate pQE9_GFPyy. Since GFPyy has excitation maxima

at 475 and 395 nm,” it was mutated into an EGFP variant (GFP3)* with excitation
maximum at 488 nm suitable for FACS analysis. A series of PCR mutagenesis reactions
were performed at four residues (F64L, S65T, S99F and T153M) using three pairs of
complementary primers (F64LS65T_f/F64LS65T r; S99F f/S99F r;
T153M _f/T153M r). The GFP3 gene expression cassette was inserted into
pQE16_mDHFR_yPheRS (T415G)?® between the Aatll and Nhel restriction sites to
generate pQE9 GFP3_yPheRS (T415G). GFP3 has twelve Phe residues, of which seven
are encoded as UUC. A GFP variant (GFP6) was prepared by replacing all UUC Phe
codons and one CUG Leu codon (at position 64) with UUU codons via gene fragment re-
assembly using sixteen primers (Primer 1-16). The GFP6 expression cassette was
removed by restriction digestion with the Aatll and Nhel, and inserted into
pQE9_GFP3 _yPheRS (T415G) between the Aatll and Nhel sites to yield
PQE9 GFP6_yPheRS (T415G). In order to introduce an extra copy of the lacl gene into
PQE9 GFP6_yPheRS (T415G), the lacl gene expression cassette was amplified from
pPREP4 (Qiagen) with two primers (lacl_Aflll_f and lacl_Sacll_r). Aflll and Sacll
restriction sites were introduced into pQE9_GFP6_yPheRS (T415G) by PCR reactions
with two primers (pQE_AflIl_f and pQE_Sacll_r). The amplified lacl gene expression
cassette was inserted into pQE9_GFP6_yPheRS (T415G) between the Aflll and Sacll
sites to generate pQE9 GFP6 lacl yPheRS (T415G). A GFP variant (GFP3_WC)
containing 12 Phe residues encoded as only UUC codons were generated by the gene
fragment reassembly method*® using twelve primers (Primer 1, 16, 17-26). The

GFP3_WC gene expression cassette was ligated into pQE9_GFP6_lacl_yPheRS (T415)



153
between the Aatll and Nhel sites to yield pQE9_GFP3_WC_lacl_yPheRS (T415G).

Information of the marker proteins used in this work is summarized in Appendix B.

Construction of yPheRS Library. Four residues (N412, T415, S418 and S437) in the
active site of yPheRS were saturated by two step PCR mutagenesis. First, NNK (N =
AJUIGIC; K = G/U) degenerate codons were introduced into the 437" position in the o-
subunit of yPheRS by PCR mutagenesis with two complementary primers (437_f and
437 _r) using pQE9_GFP6_lacl_yPheRS (T415G) as a template. The PCR product was

digested by Dpnl for 1 hr at 37 °C and transformed into XL-1 blue (Stratagene)

competent cells. The plasmids isolated from the culture of transformants were used as a
template for the second PCR mutagenesis with one pair of complementary primers
(412_415 418 f and 412_415 418 r) to saturate the 412", 415™ and 418™ positions in

the a-subunit of yPheRS. The PCR product was digested by Dpnl for 1 hr at 37 °C and

desalted on a spin column. The eluted plasmids were transformed into ElectroTen-Blue
electro-competent cells (Stratagene) according to the manufacturer’s protocol, and
plasmids were isolated from the culture of pooled transformants. The plasmid fragments
encoding yPheRS were removed by digestion with Nsil and Bglll restriction enzymes and
ligated to the large fragments of pQE9 GFP6 lacl yPheRS (T415G) obtained by
digestion with Nsil and Bglll. The ligated plasmids were desalted and transformed into
ElectroTen-Blue electro-competent cells to generate six million transformants. The
yPheRS library plasmids (P_yFS _20) were isolated from the culture of pooled

transformants.
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Construction of Expression Library. pREP4 ytRNA_AAA, prepared previously,?

was transformed into DHF electro-competent cells to generate DHF_AAA cells. The
P_yFS 20 library was transformed into DHF_AAA electro-competent cells to generate
the yPheRS expression library (L_01) consisting of ten million transformants. The
transformants were transferred to 0.5 L 2xYT media with 200 pg/mL ampicillin and 35
ug/mL kanamycin. When ODgg reached 1.0, glycerol stocks were prepared and kept in a

-80 °C freezer.

Screening of yPheRS Library. A half mL of glycerol stock of the expression library
was inoculated into 100 mL of M9 minimal medium supplemented with glucose, thiamin,
MgSQ,, CaCl,, 20 amino acids (at 25 mg/L), antibiotics (35 pg/mL of kanamycin and
200 pg/mL of ampicillin). When the culture reached an ODgqg 0f 0.6-0.8, cells were spun
down, washed twice with ice-cold 0.9% NaCl, and shifted to expression medium
supplemented with 18 amino acids (at 25 mg/L), and the indicated concentrations of Phe,
Trp and 2Nal. Expression of GFP was induced by addition of 1 mM IPTG. After 3 hrs, 1
mL of the culture (based on OD of 1.0) was collected and washed twice with 0.5 mL of
PBS (pH 7.4). 300 uL of cells were diluted with 3 mL of distilled water, and then
subjected to cell sorting using a MoFlo cell sorter (DakoCytomation, Ft. Collins, CO).
The excitation and emission wavelengths were 488 and 525 nm, respectively. The library
was subjected to both positive and negative screening (Figure 3). FACS gates were set
based upon FSC/SSC and FL. In order to enrich active yPheRS variants, 5x10* weakly
fluorescent cells were collected by positive screening in the first round. The screened

cells were incubated in 2xYT medium containing 200 ug/mL of ampicillin and 35 pug/mL
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of kanamycin. When ODyggo reached 1.0, glycerol stocks of the cells were prepared. 0.1

mL of the glycerol stocks was inoculated into 20 mL of M9 minimal medium containing
20 amino acids. In order to enrich selective yPheRS variants, the top 1% of highly-
fluorescent cells were collected. One more negative screening was applied to enrich the
population in bright cells. The positive and negative screening steps were repeated.
Finally, one more positive screening was performed, and the collected cells were spread
onto a 2xYT agar plate containing 35 pug/mL of kanamycin and 200 ug/mL of ampicillin.
After overnight incubation at 37 °C, ten single colonies were isolated and subjected to

characterization.

Characterization of the Isolated Clones. The ten single colonies were transferred to
0.5 L 2xYT media with 200 pg/mL ampicillin and 35 ug/mL kanamycin. When ODggo
reached 1.0, glycerol stocks were prepared and kept in a -80 °C freezer. 200 uL of each
glycerol stock was inoculated into minimal medium and incubated until ODggo reached
0.6. The cultures were washed twice with 0.9% NaCl solution, and resuspended with 20
mL of minimal medium supplemented with 18 amino acids, 50 uM Trp, and 5 uM Phe.
The resuspended cells were divided into two fractions, and transferred into two flasks. 3
mM 2Nal was supplemented into one of them. GFP6 was expressed by addition of 1 mM
IPTG. After 3 hrs, 1 mL of the culture was collected, and washed twice with 0.5 mL of
PBS (pH 7.4). 100 uL of cells were diluted with 3 mL of distilled water. Fluorescence
intensities of the cells were analyzed by a MoFlo cell sorter. At least 20,000 events were
collected in each measurement. Data were analyzed with Summit software

(DakoCytomation). One positive clone showing weakly fluorescence with 2Nal and
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highly fluorescence without 2Nal was subjected to further characterization. The plasmid

isolated from the positive clone was subjected to DNA sequencing, which revealed that a
yPheRS variant contained four mutations (N412G, T415G, S418C, and S437F). The
yPheRS variant and the plasmid encoding it were designated yPheRS naph and

PQE9 GFP6 lacl_yPheRS naph, respectively.

Amino Acid Activation Assay. pQE32-yPheRS (T415G) was prepared previously.™
The plasmid fragment encoding yPheRS was removed from
pPQE9_GFP6_lacl_yPheRS_naph by digestion with Nsil and Bglll, and then ligated with
a large fragment of pQE32-yPheRS (T415G) generated by digestion with Nsil and Bglll
to yield pQE32-yPheRS_naph. Expression and purification of yPheRS variants were
described previously.*® The kinetics of activation of amino acids by yPheRS (T415G) and
yPheRS _naph were determined by the amino acid-dependent adenosine triphosphate
(ATP)-[*?P]-pyrophosphate (PP;) exchange assay. The assay buffer included 50 mM N-(2-
hydroxethyl) piperazine-N'-(2-ethanesulfonic acid) (potassium-HEPES) (pH=7.6), 20
mM MgCl,, 1 mM dithiothreitol (DTT), 2 mM ATP, and 2 mM [**P]- PP;. The amino acid
concentration varied from 100 nM to 10 mM and the enzyme concentration varied from

100 nM to 800 nM. Detail procedures of the assay were described previously.*®

Construction of Plasmids and Expression Hosts for Incorporation of 2Nal at Phe
Codons. The gene fragment containing four mutations in the binding pocket of
yPheRS naph was excised by Nsil and Bglll digestion of

PQE9 GFP6 lacl_yPheRS naph and inserted into pQE16 _mDHFR_yPheRS (T415G)
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and pQE9 GFP3 WC lacl_yPheRS (T415G) between the Nsil and Bglll sites to

generate pQE16 _mDHFR_yPheRS naph and pQE9 GFP3 WC lacl_yPheRS naph,
respectively. Both pQE16 mDHFR_yPheRS (T415G) and pQE16 _mDHFR_yPheRS
naph were co-transformed with pREP4_ytRNA™™ AAA into AFW competent cells to
generate AFW [pQE16 _mDHFR_yPheRS (T415G)/pREP4_thNAPhe_AAA] and AFW
[PQE16_mDHFR_yPheRS naph/pREP4_ytRNA™® AAA], respectively. In order to
express intact MDHFR, pQE16 (Qiagen) and pREP4 plasmids were co-transformed into
AFW  competent cells to generate AFW [PQE16/pREP4]. Both
PQE9 GFP6 lacl yPheRS naph and pQE9 GFP3 WC lacl_yPheRS naph were
transformed into DHF_AAA electrocompetent cells to construct DHF
[pQE9_GFP6_IacI_yPheRS_naph/pREP4_thNAPhe_AAA] and DHF
[pQE9_GFP3_WC_IacI_yPheRS_naph/pREP4_thNAPhe_AAA], respectively. In order
to determine Phe codon occupancy by various amino acids, the AGA (Arg) codon in the
second position of GFP6 was mutated to either a UUU or a UUC (Phe) codon by PCR
mutagenesis. The PCR reactions were conducted with two pairs of complementary
primers (2F_UUU_f/2F_UUU r; 2F _UUC f/2F_UUC r) using
pPQE9 GFP6 lacl yPheRS naph as a template to generate pQE9 GFP6
(2FUUU) lacl_yPheRS naph and pQE9 GFP6  (2FUUC) lacl_yPheRS naph,
respectively. Removal of a lac promoter and a lac operator, and replacement of a weak
ribosome binding site with a stronger one in the upstream of a-subunit of yPheRS gene
were performed by two QuickChange mutagenesis reactions using two pairs of
complementary primers (R_lacP_f/R_lacP_r and

Ins_SD_A Del_lacO_f/Ins_SD_A _Del _lacO _r) using (2FUUU)_lacl_yPheRS_naph and
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pPQE9 GFP6 (2FUUC) lacl_yPheRS naph as templates to generate pQE9 GFP6

(2FUUU) lacl_SD_yPheRS naph and pQE9 GFP6 (2FUUC) lacl_SD_yPheRS naph.
Both pQE9 GFP6 (2FUUU) lacl_SD_yPheRS naph and pQE9 GFP6
(2FUUC)_lacl_SD_yPheRS_naph were transformed into DHF_AAA electrocompetent
cells to construct DHF [PQE9_GFP6
(2FUUU)_IacI_SD_yPheRS_naph/pREP4_thNAPhe_AAA] and DHF [pQE9 GFP6

(2FUUC)_lacl_SD_yPheRS_naph/pREP4_ytRNA™ AAA].

Residue- and Site-Specific Incorporation of 2Nal into Recombinant Proteins. The
AAA anticodon of thNAPheAAA was mutated into GAA by PCR mutagenesis with one
pair of primers (ytRNA-GAA_f/ytRNA-GAA r) using pREP4_ytRNA_AAA as a
template. The resulting pREP4_ytRNA_GAA plasmid contained the ytRNA™™saa gene.
Both pQE9_GFP6 (2FUUU)_lacl_SD_yPheRS_naph and pREP4_ytRNA™™ GAA were
co-transformed into DHF competent cells to generate DHF [pQE9 GFP6
(2FUUU) _lacl_SD_yPheRS_naph/pREP4 ytRNA™ GAA]. pREP4 ytRNA_ UG was
prepared previously.’® The yPheRS naph gene fragment excised by Nsil and Bglll
digestion of pQE9 GFP6 lacl SD_yPheRS naph was inserted into pQE16 mDHFR
(38Am)_yPheRS (T415G) between the Nsil and Bglll sites to generate pQE16_mDHFR
(38Am)_SD_yPheRS naph. An AAG (Lys) codon was changed to a UAG codon at
position 158 of GFP6 sequence in pQE9_GFP6_lacl_yPheRS naph by PCR mutagenesis
with one pair of complementary primers (K158 UAG f/K158 UAG r) to vyield
PQE9_GFP6 (158Am) _lacl_SD_yPheRS naph. Both pQE16_mDHFR

(38Am)_yPheRS naph and pQE9 GFP6 (158Am) lacl SD yPheRS naph were co-
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transformed with pREP4 ytRNA™™ UG into AFWK and DHF competent cells to

construct AFKW [pQE16_mDHFR (38Am)_yPheRS_naph/pREP4_ytRNA™™ UG] and
DHF [PQE9_GFP6 (158Am)_lacl_SD_yPheRS_naph/pREP4_ytRNA™™ UG],

respectively.

Construction of Plasmids and Expression Hosts for Incorporation of 2Nal at Leu
Codons. The AAA anticodon of ytRNA™™ s Was mutated to CAA by PCR mutagenesis
with primers ytRNA-CAA_f and ytRNA-CAA_r using pREP4_ytRNA™™ AAA as a
template to yield pREP4_ytRNA™™ CAA. The expression cassette of mDHFR was
excised from pQE16 (Qiagen) by digestion with Aatll and Nhel and inserted into
pQE9_GFP6_lacl_yPheRS_naph between the Aatll and Nhel sites to generate
pQE16_mDHFR_lacl_yPheRS naph. In order to increase the number of Leu residues
encoded as UUG, UUC and UUU (Phe) codons in position 38 and 95 of mDHFR were
changed to UUG by PCR mutagenesis reactions with two complementary pairs of
primers using pQE16 _mDHFR lacl_yPheRS naph as a template to generate
pQE16_mDHFR2 lacl yPheRS naph. PCR mutagenesis reaction was performed to
mutate UUG to UUA at position 100 of mDHFR2 with two complementary primers
(L100_UUA_f/L100 UUA r) to yield pQE16_mDHFR2 (L00UUA) lacl_yPheRS naph.
Either pQE16_mDHFR2 lacl_yPheRS naph or pQE16_mDHFR2
(100UUA) lacl_yPheRS_naph was co-transformed with YtRNA™™caa into MPC390
competent cells to yield MP
[PQE16_mDHFR2_lacl_yPheRS_naph/pREP4 ytRNA™™ CAA] or [pQE16_mDHFR2

(1OOUUA)_IacI_yPheRS_naph/pREP4_thNAPhe_CAA], respectively. In order to
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express intact mMDHFR, pQE16 (Qiagen) and pREP4 were co-transformed into MPC390

competent cells to generate MP [pQEL16/pREP4]. In order to generate GFP with C-
terminal hexa-histidine tag (GFP3C), a Pstl restriction site was added to pQE70 (Qiagen)
using two complementary primers (Pstl_70_f/Pstl_70_r) to yield pQE70*. The coding
sequence for GFP3 was excised by Pstl digestion from pQE9_GFP3_yPheRS (T415G)
and inserted into pQE70* at the Pstl site to generate pQE70*_GFP3C. Expression
cassette of GFP3C isolated from pQE70* GFP3C was inserted into
PQE9 GFP3 lacl_yPheRS naph to yield pQE70* GFP3C lacl_yPheRS naph. Lys 158
in GFP3C was mutated to Leu (encoded as UUG) by PCR mutagenesis with two
complementary primers (K158 UUG_f/K158 UUG 1) using
pQE70* GFP3C lacl yPheRS naph as a template to vyield pQE70* GFP3C
(158UUG) lacl_yPheRS naph. Both  pQE70* GFP3C lacl_yPheRS naph  and
pQE70* GFP3C  (158UUG) lacl _yPheRS naph  were  co-transformed  with
PREP4 ytRNA™™ CAA into MPC390 competent cells to construct MP
[PQE70* GFP3C_lacl_yPheRS_naph/pREP4_ytRNA™™ CAA] and MP

[PQE70* GFP3C (158UUG)_lacl_yPheRS naph/ pREP4 ytRNA™™ CAA], respectively.

Expression of mMDHFR Variants and GFP Variants in Vivo. Both AFW and AFWK
expression strains co-transformed with pQE plasmid variants and pREP4 plasmid
variants were grown in M9 minimal medium supplemented with 0.4 wt % glucose, 35
mg/L thiamin, ImM MgSO,, 1mM CaCl,, 20 amino acids (at 25 mg/L), 35 mg/L
kanamycin, and 200 mg/L ampicillin. The overnight cultures of expression strains were

diluted 20-fold in fresh M9 minimal medium and incubated at 37 °C. When cells reached
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OD of 0.8 - 1.0, cells were spun down and washed twice with cold 0.9% NaCl. The

cultures were resuspended in fresh M9 minimal medium supplemented with 18 amino
acids (25 pg/mL), and the indicated concentrations of Phe, Trp, and 2Nal. After 10 min
incubation, 1 mM of isopropyl-4D-thiogalactopyranoside (IPTG) was added to induce
expression of GFP at 30 °C. After 4 hours, cells were harvested and either kept at -80 °C

or subjected to fluorescence measurement according to the procedures described earlier
(see Characterization of the Isolated Clones). Whole cell lysates were analyzed by SDS-
PAGE. Due to slow growth of DHF and MPC390 expression hosts co-transformed with
pQE plasmid variants and pREP4 plasmid variants, transformants were grown in 2xYT
medium to prepare glycerol stocks first. Then glycerol stocks were inoculated into
minimal medium supplemented with 20 amino acids (at 25 mg/L) and incubated

overnight at 37 °C. The remaining steps were similar to those for AF and AFWK

expression hosts.

Quantitative Analysis of Codon Occupancy. Quantitative analysis of codon occupancy
was performed by either N-terminal protein sequencing or LC-MS analysis of tryptic
digests. The GFP6 (2UUU) and GFP6 (UUC) variants were expressed in minimal
medium and purified by Ni-NTA affinity chromatography according to the
manufacturer’s protocol (Qiagen) under denaturing conditions. The purified GFP variants
were subjected to N-terminal protein sequencing using a 492 cL.C Procise protein micro-
sequencer (Applied Biosystems, Foster City, CA). Occupancy of Phe codons in mDHFR
and Leu codons in GFP was determined by LC-MS analysis. mMDHFR expressed in

minimal medium were subjected to purification via Ni-NTA affinity chromatography
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according to the manufacturer’s protocol (Qiagen) under denaturing conditions. After

purification, expression levels of GFP and mDHFR were determined by UV absorbance
at 280 nm using a calculated extinction coefficient of 20,010 cm™ M™ and 24, 750 cm™
M™, respectively. The purified proteins were concentrated by ultrafiltration (Millipore).
10 puL of the concentrate was diluted into 90 uL of 75 mM (NH,4),COs solution and then 1
uL of modified trypsin (Promega, 0.2 ng/uL) was added. Reaction was carried out for 2-4
hrs at 37 °C and quenched by addition of 13 uL of 5% trifluoroacetic acid (TFA) solution.
The solution was then directly subjected to LC-MS analysis conducted on a LCT Premier
XE MICROMASS MS system (MS Technologies, Montgomery Village, MD) with
Acquity UPLCTM system (Waters, Milford, MA). Tryptic digests were separated by
Acquity BEH300 C18 column (1.7 um, 300 A, 2.1 x 50mm) using a gradient of 5-95% of
solvent B (90% of acetonitrile/10% of 0.1% formic acid solution) and solvent A (2% of
acetonitrile/98% of 0.1% formic acid solution) in 10 min. The column eluent was

transferred to the electrospray source and mass spectra were recorded.

Results and Discussion

Misincorporation of Trp into Recombinant Proteins in Response to UUU Codons.
MDHFR was expressed in AFW [PQE16_mDHFR_yPheRS
(T415G)/pREP4_ytRNAP™ AAA] expression hosts in minimal medium supplemented
with 18 amino acids (MM18_FW), 2.5 uM Phe, 3 mM Trp. Occupancy of the UUU
codon sites was determined by LC-MS analysis of tryptic digests of mDHFR expressed
with or without 3 mM 2Nal. We focused on Peptide 1 (residues 140-144; LFyuuVTR),

which contains a Phe residue at position 141 as UUU. LC-MS analysis of Peptide 1
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variants indicated that 10% of position 141 was occupied by Trp (Figure 1b). Trp

misincorporation at UUU site can be explained by the relaxed substrate specificity of
yPheRS (T415G). yPheRS (T415G) showed 2-fold higher kc./Ky, for Trp than for 2Nal in

ATP-PPi exchange assays (Table 1).

Construction of yPheRS Library. In order to enhance the specificity of yPheRS with
respect to 2Nal, we explored high-throughput screening of a yPheRS library. On the basis
of the crystal structure of the homologous PheRS (tPheRS) from Thermus thermophilus*’
and sequence alignment between tPheRS and yPheRS, four residues (N412, S418, T415,
and S437) within 7 A of the para position of the phenyl ring of Phe bound to yPheRS
were subjected to saturation mutagenesis (Figure 2). PCR mutagenesis generated 6x10°
yPheRS transformants (see Materials and Methods), a population somewhat larger than
the theoretical library size (10°). By transforming yPheRS library plasmids into DHF
expression hosts, 1x10’ transformants were obtained and pooled to construct the yPheRS

expression library.

High-throughput Screening of yPheRS Library. Screening of the yPheRS library
entailed both positive and negative screenings to obtain active and selective yPheRS
variants, respectively. Active synthetases would allow incorporation of either 2Nal or
natural amino acids at non-permissive sites of GFP6, where amino acids other than Phe
would lead to reduction in the fluorescence of cells. Our preliminary study showed that
misincorporation of 2Nal at 12 Phe sites of GFP6 resulted in more than 20-fold reduction

in fluorescence of cells, likely due to the perturbed folded structure of GFP6 (data not
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shown). For positive screening, the yPheRS library was induced with 1 mM IPTG to

express GFP6 in minimal medium supplemented with 3 mM 2Nal. The fluorescence
histogram of yPheRS library cells expressing GFP6 was obtained by flow cytometry. The
gate in the fluorescence channel was set to collect 1% of cells for which fluorescence was
slightly above background. The 5x10° cells collected were regrown in 2xYT medium and
subjected to negative screening to enrich cells containing selective yPheRS variants. The
negative screening was based on the fact that synthetases selective for 2Nal should not
misincorporate any natural amino acid at Phe sites in GFP6 but E. coli endogenous Phe
orthogonal pair will incorporate Phe at the Phe sites. The resulting GFP6 would retain full
intensity of fluorescence. For negative screening, GFP6 was expressed in minimal
medium in the absence of 2Nal. The top 1% of cells in the fluorescence channel was
collected to obtain 5x10° cells. The collected cells were regrown in 2xYT medium and
entered a next round of screening. After two rounds of positive and negative screening,
one more positive screening was carried out to enrich active yPheRS variants toward
2Nal. A portion of the collected cells were spread on agar plates containing suitable

antibiotics and ten colonies were subjected to further characterization.

Characterization of the Selective yPheRS Variant. One out of ten clones showed the
fluorescence characteristics expected of a selective yPheRS variant. The other clones
were false positives that have two peaks coincidently overlapped with the gates for
sorting in the histogram of fluorescence. In the absence of 2Nal, cells expressing GFP6
retained full intensity of fluorescence (Figure 4a). However, in the presence of 2Nal, cells

expressing GFP6 showed substantially reduced intensity of fluorescence (Figure 4b).
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Similar trends were observed in the visual comparison of fluorescence of cell pellets

(Figure 4c). The plasmid DNA coding the selective yPheRS variant was isolated from the
culture of the clone and subjected to further analysis. DNA sequencing analysis of the
plasmid showed that there were mutations of all four positions (N412G, T415G, S418C,
and S437F) in the binding pocket of yPheRS. The isolated yPheRS variant was

designated yPheRS_naph .

Amino Acid Activation Analysis by yPheRS_naph. Activation of Phe, Trp and 2Nal
by both yPheRS (T415G) and yPheRS naph were examined in vitro. The Kkinetic
parameters are listed in Table 1. yPheRS (T415G) showed 2-fold lower activity toward
2Nal than Trp. However, the yPheRS_naph showed 6-fold higher activity toward 2Nal
than Trp, which translates into 12-fold enhanced selectivity toward 2Nal (vs. Trp)
compared to yPheRS (T415G). The yPheRS naph also showed 17-fold higher activity
toward 2Nal than Phe, while yPheRS (T415G) showed 8.4-fold higher activity.
Previously we reported that rationally designed yPheRS (T415A) showed 10-fold higher
activity toward pBrF than Trp. However, the activation of Phe by yPheRS (T415A) was
comparable to that of pBrF. Therefore, yPheRS naph is the first yPheRS variant that
efficiently discriminates a nonnatural amino acid from all twenty natural amino acids.
The poor binding of Phe and Trp by yPheRS _naph may be understood by loss of
favorable interactions between the aromatic rings of the substrate and active-site residues
of the synthetase. In a crystal structure of tPheRS,*’ the side chain of Phe 258 (which
corresponds to Asn 412 in yPheRS) makes direct contact with the phenyl ring of the

substrate. Since the interaction makes the substrate recognition highly specific and very
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favorable energetically, we can readily assume that N412G mutation in yPheRS would

lead to poor binding of aromatic amino acid by the PheRS. However, the S418C mutation
may not be critical to substrate specificity for 2Nal, because the yPheRS variant
containing only three mutations (N412G, T415G and S437F) showed activity toward
2Nal similar to that of yPheRS naph in ATP-PPi exchange assays. Analysis of
fluorescence changes upon incorporation of 2Nal revealed that omission of the S437F
mutation leads to a loss of activity toward 2Nal (data not shown). Therefore, S437F

mutation was thought to play a key role in discriminating 2Nal from both Phe and Trp.

Elimination of Trp Misincorporation at UUU Codons by yPheRS naph in Vivo.
AFW [pQE16_mDHFR_yPheRS_naph/pREP4 ytRNA™™ AAA] cells were induced to
express mMDHFR in MM18_ FW medium supplemented with 2.5 uM Phe, 50 uM Trp and
3 mM 2Nal. Peptide 1 (residues 140-144; LFyuuVTR), one of the tryptic fragments of
purified MDHFR, contains a Phe residue encoded as UUU. Occupancy of the UUU site in
Peptide 1 was investigated by LC-MS analysis. The results revealed that use of
yPheRS_naph completely eliminated misincorporation of Trp at the UUU site (Figure 1c),
while yPheRS (T415G) allowed misincorporation of Trp at the UUU site (Figure 1b).
Similar results were obtained by N-terminal sequencing of purified intact GFP6 (2UUU).
DHF [pQE9_GFP6_lacl_yPheRS_naph/pREP4 ytRNA™™ AAA] cells were induced to
express GFP6 (2UUU) in MM18_FW medium supplemented with 50 uM Trp and 3 mM
2Nal. 80% and 20% of the UUU codon at the 2" position of GFP6 (UUU) were decoded

as 2Nal and Phe, respectively; but Trp was not detected at this position (Table 2).
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Residue- and Single-Site-Specific Incorporation of 2Nal in Vivo. With an appropriate

tRNA, the selective yPheRS naph variant can be used for residue- and single-site-
specific incorporation of 2Nal into proteins. In order to realize residue-specific
incorporation of 2Nal, DHF [PQE9_GFP6
(2UUU)_lacl_yPheRS_naph/pREP4_ytRNAP™ GAA] expression hosts were induced to
express GFP6 (2UUU) in MM18_FW medium supplemented with 50 uM Trp and 3 mM
2Nal. N-terminal sequencing of the purified GFP6 (2UUU) showed that 92% of position
2 was occupied by 2Nal (Table 2), slightly higher than the 80% occupancy achieved by
multiple-site-specific incorporation. The enhanced 2Nal incorporation may be a
consequence of the known 12-fold higher aminoacylation rate for YtRNAP™caa by
yPheRS as compared to YtRNAP™aaa.*® Single-site-specific incorporation of 2Nal into
mDHFR_38Am was achieved by AFWK
[PQE16_mDHFR_yPheRS naph/pREP4_ytRNA™ UG] in miminal medium
supplemented with 25 ug/mL 17 amino acids (MM17_FWK), 50 uM Phe, 50 uM Trp, 50
uM Lys, and 3 mM 2Nal. MALDI-MS analysis of tryptic digests of mDHFR_38Am
revealed that 2Nal was dominant at the amber site. Neither Trp nor Phe was detected,

confirming the high selectivity of yPheRS_naph toward 2Nal.

Single-Site-Specific Incorporation of 2Nal into GFP in Vivo. Single-site-specific
incorporation of 2Nal into GFP6 was investigated to determine whether a correctly folded
fluorescent protein can be obtained upon the addition of a nonnatural amino acid. An
AAG (Lys) codon was changed to an amber codon in position 158 in GFP6, which is

known to be permissive to replacement of Lys with other natural amino acids or to
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circular permutation.* DHF [PQE9_GFP6

(158Am)_lacl_yPheRS_naph/pREP4_ytRNAP™ UG] cells were used to express GFP6
(158Am) in MM17_FWK medium supplemented with 50 uM Phe, 50 uM Trp, 50 uM
Lys, and 3 mM 2Nal. The fluorescence of cells expressing full length of GFP6 (158Am)
was 280-fold higher than that in uninduced conditions, which clearly indicated that 2Nal

can be inserted into GFP6 without substantial reduction of fluorescence.

Misincorporation of 2Nal at Unwanted Sites (UUC Codons) in Vivo. Site-specific
incorporation involves introduction of a nonnatural amino acid into a target protein only
at programmed sites. Introduction of a nonnatural amino acid at unwanted site will
diminish its advantages over the residue-specific incorporation method. Although AFW
[PQE16_mDHFR_yPheRS (T415G)/pREP4 ytRNA™™ AAA] realized incorporation of
2Nal at programmed UUU codons in mDHFR (Figure 1c), misincorporation of 2Nal at
UUC codons was also observed (Figure 1f). Similar results were observed in two GFP
variants, GFP6 (2UUU) and GFP6 (2UUC), expressed in DHF [pQE9 GFP6
(2UUC)_IacI_yPheRS_naph/pREP4_thNAPhe_AAA] and [PQES_GFP6
(2UUU)_Iacl_yPheRS/pREP4_thNAPhe_AAA], respectively. Supplementation of 2.5
uM; 5 uM Phe into expression medium lowered 2Nal misincorporation at the unwanted
sites (UUC codons) from 34% to 20%; 6%. However, the incorporation level of 2Nal at
the programmed sites (UUU codons) also decreased from 80% to 62%; 47% (Figure 6).
Incorporation of 2Nal at UUC sites in GFP6 (ca. 20%) with supplementation of 2.5 uM
Phe is higher than that in mDHFR (ca. 10%) (Figure 1f), which might be explained by

more stable characteristics of GFP6 containing 2Nal as compared to mDHFR. Even 6%
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of misincorporation of 2Nal at unwanted sites in a target protein could be unfavorable for

the target protein to retain its native properties. As a test case, 2Nal misincorporation into
GFP6_WC, which contains 12 unwanted sites, led to 10-fold reduction in the
fluorescence of cells (Figure 8).

We reasoned that misincorporation of 2Nal at UUC codon resulted from
recognition of UUC codons by the AAA anticodon of ytRNA™aaa. According to Crick’s
wobble rule proposed in 1966, A in the first position of the anticodon can recognize
only U in the third position of the codon. Therefore, UUC codon should not be
recognized by the AAA anticodon. The discrepancy between the experimental results and
Crick’s wobble rule may be explained by the expanded wobble rule proposed by Lim and
Curran in 2001.%* According to the expanded wobble rule, A in the first position of the
anticodon can recognize all four bases in the third position in codon. The base A in the
first position of the anticodon favors bases in the order U > C > G > A, consistent with

the codon-biased incorporation of 2Nal observed in this work.

Breaking the Degeneracy of the Leucine Codons. According to the expanded wobble
rules, C in the first position of the anticodon will recognize only G in the third position of
the codon. Therefore, we hypothesized that ytRNA™™caa (containing the modified CAA
anticodon) would selectively recognize UUG codons. In order to test this hypothesis,
mDHFR was expressed in MP
[PQE16_mDHFR2_lacl_yPheRS_naph/pREP4 ytRNA™ CAA] cells. mDHFR contains
twenty Leu codons, of which are six UUG, two UUA and twelve CUN (N = A/T/G/C).

The expression level of mMDHFR was 2.9 mg/L. Occupancy of each Leu codon by various
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amino acids was determined by LC-MS analysis of tryptic digests of mDHFR expressed

with and without 2Nal. We focused on four peptides. Peptide 3 (residues 165-180;
LcuulcucPEYPGVLcucSEVQEEK) contains three Leu residues, encoded as CUU and
CUC codons. Peptide 4 (residues 54-61; QNLcucVIMGR) contains a Leu residue,
encoded as a CUG codon. Peptide 5 (residues 62-70; LcuulEQPELyucASK) contains two
Leu residues, encoded as CUU and UUG codons. Peptide 6 (residues 99-105;
SLuyucDDALyuaR) contains two Leu residues, encoded as UUG and UUA codons. 2Nal
was not detected at any CUN codon in Peptide 3 and 4 (Figure 8a-d). However, 50% of
UUG codons in Peptide 5 and 6 were occupied by 2Nal (Figure 8e-h). In order to
determine UUA codon occupancy by 2Nal, Peptide 6yua Was tested. Peptide 6yua is the
same as Peptide 6 except both Leu residues are encoded as UUA codons. Since the
Peptide 6yua Vvariant containing 2Nal was not detected, we conclude that 2Nal

incorporation is highly specific to the UUG codon.

UUG Codon-Specific Incorporation of 2Nal. Previously we showed that
misincorporation of 2Nal at unwanted UUC codons in GFP6_WC led to 10-fold
reduction in fluorescence of cells, even though there are no UUU codons in GFP6_WC.
Similar to GFP6_WC, we prepared GFP3 containing twenty three Leu codons, of which
are no UUG, four UUA and nineteen CUN (N = A/T/G/C). In order to investigate effect
of misincorporation of 2Nal at unwanted sites (Leu codons other than UUG), GFP3 was
expressed in E. coli strain MP
[PQE9_GFP3 lacl_yPheRS naph/pREP4_ytRNAP™ CAA]. The fluorescence intensities

of cells expressing GFP3 without 2Nal or with 2Nal were compared (Figure 7c and d).
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There was no detectable difference in the fluorescence of cells prepared under these two

conditions, confirming the absence of misincorporation of 2Nal at Leu codons other than

UuUG

Minimal Perturbation of Native Properties of GFP upon Incorporation of 2Nal.
Ideally introduction of a nonnatural amino acid should impart new properties to a target
protein with minimal or no perturbation of native properties. As a test case, we chose
fluorescence change of GFP variant upon 2Nal incorporation to evaluate perturbation of
GFP structure. A UUG codon, an incorporation site for 2Nal, was introduced at the 158"
position of GFP3 to generate GFP3 (158UUG) variant. GFP3 (158UUG) variant was
expressed in minimal medium supplemented with 17 amino acids (25 pg/mL), 50 uM
Phe, 50 uM Trp, 1.25 uM Leu, and indicated concentration of 2Nal. There was no
significant differences in fluorescence histograms of cells expressing GFP3 (158UUG) in
the absence and presence of 2Nal, which meant that GFP3 (158UUG) retained its folded

structure even upon 2Nal incorporation at the 158" position.

Conclusions

In this chapter, we have shown that the substrate specificity of yPheRS was
altered to selectively recognize a nonnatural amino acid, 2Nal. As far as we know, this is
the first report of high-throughput screening of a eukaryotic aminoacyl-tRNA synthetase
library to obtain synthetase variants selective toward nonnatural amino acids. Use of the
selective yPheRS _naph variant resulted in elimination of misincorporation of Trp at UUU

codons, which was detected previously in experiments with yPheRS (T415G). Combined
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use of yPheRS_naph and thNAPheCUA_UG realized high fidelity (ca. 98%) incorporation

of 2Nal into proteins in response to an amber codon.

Misincorporation of 2Nal at unwanted sites resulting from the relaxed codon
recognition of the AAA anticodon of ytRNA™™ has been overcome by use of the more
codon selective YtRNA™™can. The CAA anticodon of YtRNA™™can completely
discriminates UUU codons from other five Leu codons. When both yPheRS_naph and
ytRNAP™ . Were overexpressed in E. coli expression hosts, 50% of UUG codon sites
were occupied by 2Nal, but no other Leu codon sites were occupied by 2Nal. Combined
use of yPheRS_naph and the codon selective ytRNA™caa has realized multiple-site-
specific incorporation of 2Nal into proteins. We are working to improve the level of

incorporation of 2Nal at programmed UUG sites
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Figure 1: LC-MS chromatogram of tryptic digests of mDHFR. Peptide 1 (residues 140-

144; LFyuuVTR) contains a Phe residue encoded as UUU. Peptide 2 (residues 63-70;
TWFyucSIPEK) contains a Phe residue encoded as UUC codon. Peptide 1 variants
containing Phe, Trp, and 2Nal were designated 1F, 1W, and 1Z, respectively. Peptide 2
variants containing Phe and 2Nal were designated 2F and 2Z, respectively. These
peptides were separated by LC and detected by MS. Unmodified mDHFR was
synthesized in a Phe/Trp auxotrophic expression host (a and d) in 2xYT media. Modified
mDHFRs were synthesized in a Phe/Trp auxotrophic expression host outfitted with
thNAPheAAA and yPheRS (T415G) (b and e) or yPheRS naph (c and f). The minimal
expression media were supplemented with 18 amino acids (25 ug/mL), 2.5 uM Phe, 3

mM Trp, and 3 mM 2Nal.



178

T415

2N

N412

S437

Figure 2: Phe substrate (red) and four residues (blue) within 7 A of the para-position of
the phenyl ring of the substrate inside the binding pocket of a homology model of
yPheRS. These four residues were subjected to mutagenesis to generate a yPheRS library.

The homology model of yPheRS was prepared by P. M. Kekenes-Huskey at Caltech.
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Figure 3: A screening scheme for yPheRS library. GFP6 in yPheRS expression library E.
coli cells outfitted with ytRNA"™aaa and yPheRS library was expressed in the presence
of 2Nal (a). Weakly fluorescent cells that contain active yPheRS variants were enriched
by FACS (b). GFP6 in the collected cells was expressed in the absence of 2Nal (c).
Highly fluorescent cells that contain selective yPheRS variants were enriched by FACS
(d). After two rounds of screening, ten colonies were isolated from the enriched cells and

characterized (e).
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Figure 4: Fluorescence intensities of cells containing GFP6 expressed in minimal
medium without 2Nal (a); with 2Nal (b). Visual comparison of fluorescence of cells

containing GFP6 expressed in the absence of 2Nal (c left); in the presence of 2Nal (c

right).
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Figure 5: Fluorescence intensities of cells under uninduced conditions (a); cells
expressing full length GFP6 (158Am) in the presence of 2Nal (b). The DHF E. coli
strains were outfitted with thNAPhGCUA_UG and yPheRS naph. The expression media

were supplemented with 18 amino acids (25 png/mL), 50 uM Phe, 50 uM Trp, and 3 mM

2Nal.
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Figure 6: UUC and UUU codon occupancy by Phe and 2Nal. Both GFP6 (2UUC) and
GFP6 (2UUU) were expressed in DHF expression hosts outfitted with yPheRS naph and
ytRNA™ a4 in minimal medium supplemented with 18 amino acids (25 pug/mL), 50 uM
Trp, 3 mM 2Nal, and 0; 2.5 uM; 5.0 uM Phe. The UUC (a) and UUU (b) codon

occupancy by Phe and 2Nal were determined by N-terminal sequencing.
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Figure 7: Fluorescence intensities of cells expressing GFP variants. GFP3_WC was
expressed in DHF expression hosts outfitted with yPheRS naph and ytRNA™©aaa in
minimal medium supplemented with 18 amino acids, 5.0 uM Phe, 50 uM Trp, and no
2Nal (a); 3 mM 2Nal (b). GFP3 was expressed in MPC390 expression hosts outfitted
with yPheRS_naph and ytRNA™ a4 in minimal medium supplemented with 17 amino

acids, 1.25 uM Leu, 5.0 uM Phe, 50 uM Trp, and no 2Nal (c); 3 mM 2Nal (d).
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Figure 8: LC-MS chromatogram of tryptic digests of mDHFR. Peptide 3 (residues 165-
180; LcuulcucPEYPGVLcucSEVQEEK) contains three Leu residues encoded as CUU
and CUC codons. Peptide 4 (residues 54-61; QNLcucVIMGR) contains a Leu residue
encoded as CUG codon. Peptide 5 (residues 62-70; LcuulEQPELyucASK) contains two
Leu residues encoded as CUU and UUG codons. Peptide 6 (residues 99-105;
SLuucDDALyuaR) contains two Leu residues encoded as UUG and UUA codons.
Peptide 6yua is the same as Peptide 6 except both Leu residues are encoded as UUA
codon. Peptide 3; 4; 5; 6; 6yua Vvariants containing Leu and 2Nal were designated 3L and
3Z; 4L and 4Z; 5L and 5Z; 6L and 6Z; 6yual and 6yuaZ, respectively. These peptides
were separated by LC and detected by MS. Unmodified mDHFR was synthesized in the
absence of 2Nal in a Phe/Leu auxotrophic expression host (a, c, €, and g) in 2xYT media.
Modified mDHFRs were synthesized in a Phe/Leu auxotrophic expression host outfitted
with ytRNAP..a and yPheRS_naph (b, d, f, h and i). The expression minimal media
were supplemented with 17 amino acids (25 pug/mL), 1.25 uM Leu, 50 uM Phe, 50 uM

Trp, and 3 mM 2Nal. No 3Z, 4Z, or 6yyaZ was detected by LC-MS analysis.
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Figure 9: Fluorescence intensities of cells containing GFP3 (158UUG) expressed in
minimal medium supplemented with 17 amino acids (25 pug/mL), 1.25 uM Leu, 5.0 uM
Phe, and 50 uM Trp without 2Nal (a); with 3 mM 2Nal (b). MPC390 expression hosts

were outfitted with yPheRS_naph and ytRNA™™caa.



187

Table 1:

yPheRS_naph

Kinetic parameters for ATP-PPi exchange by yPheRS (T415G) and

AT Enzyme K (uM) Keat (5°) KealKim (M5) KoK (rel)
Phe  T415G6 5514 0202£011 3,500 1,100 P
Trp  T415G  283+16  0153+0003  63200+34600 18
ONal T415G  7.03+014  0208+004 29,500 + 5,800 8.4°
Phe  naph  11,00042700 0.0095+0.0021  0.855 + 0.007 b
Trp naph  1,400+600  00035+0.0009  2.52+0.44 2.9
oNal  naph  2,000£700 003040018  14.54+422 17°

®Relative to keat/Kr, for Phe by yPheRS (T415G).

" Relative to kea/Km for Phe by yPheRS_naph.
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Table 2: Occupancy of UUU and UAG codons by various amino acids

Codon VIRNA Occupancy of codon (%)°

2Nal Phe Lys
UuuU? YIRNAP™®\an 80 20 ND*
Uuu YIRNA™ G an 92 8 ND
UAG? ytRNAPca Ue 98 ND 2

# The second position in the amino acid sequence of GFP6.

UUU and UAG codon occupancy was determined by N-terminal protein sequencing and
LC-MS analysis, respectively.

“ Not detected.

 The 38™ position in the amino acid sequence of MDHFR_38Am.



