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Abstract

The rare AGG codon in Escherichia coli has been reassigned to code non-canonical amino acids

using the  pair. When Nε-alloc-lysine was used as a PylRS substrate, close to

quantitative occupancy of Nε-alloc-lysine at an AGG codon site was achieved in minimal medium.
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Pioneered by Schultz and others, using orthogonal aminoacyl-tRNA synthetase (aaRS)-

suppressor tRNA pairs for the delivery of unique amino acids at nonsense and four-base

codons have allowed the incorporation of more than 100 non-canonical amino acids

(ncAAs) into proteins in living cells of Escherichia coli, Saccharomyces cerevisiae,

Caenorhabditis elegans, Drosophila melanogaster, and mammals.1 These ncAAs consist of

diverse unique functionalities that can be applied for both basic studies and biotechnological

development. Several broadly used orthogonal pairs have been constructed for this purpose,

including one derived from the Methanocaldococcus jannaschii tyrosyl-tRNA synthetase

(TyrRS)-tRNATyr pair for use in E. coli, two derived from the E. coli TyrRS-tRNATyr and

leucyl-tRNA synthetase-tRNALeu pairs for use in eukaryotic cells, and the naturally existing

pyrrolysyl-tRNA synthetase (PylRS)-tRNAPyl pair for use in both bacterial and eukaryotic

cells.1e, 2 All four aaRS-tRNA pairs are primarily used for reassigning the amber UAG

codon and two have been extended to reassign the opal UGA, ochre UAA, and four-base

AGGA codons.3 Using all four codons to code ncAAs typically suffers low ncAA

incorporation yields. For three nonsense codons, suppressor tRNAs have to compete against

release factors (RFs) for their recognition during translation; for the four-base AGGA codon,

two endogenous arginyl-tRNAPyl variants,  and ,

recognize the first three nucleotides and potentially lead to misreading during translation. To

improve amber suppression efficiency, cells with an orthogonal ribosome, a truncated

ribosome with slow RF1 binding, and RF1 knockout have been engineered.4 In these cells,

the fact that translation inclines to stop at amber codon still remains. Previously we reported

that the PylRS-tRNAPyl pair could be reprogrammed for reassigning three nonsense
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codons.5 Here, we wish to show that the same pair can be engineered to reassign the rare

AGG codon almost quantitatively to code ncAAs, resolving the low ncAA incorporation

efficiency issue that is typically observed in codon reassignment experiments.

Flexible tRNA anticodon recognition of PylRS was previously reported.6 By simply

mutating the anticodon of tRNAPyl, we showed that the pair could be successfully

reprogrammed to reassign opal and ochre codons for coding ncAAs such as Nε-(t-

butyloxycarbonyl)-lysine (BocK), Nε-(allyloxycarbonyl)-lysine (AllocK), and Nε-(t-

propargyloxycarbonyl)-lysine (ProK) (Scheme 1).5 However, when we attempted to use the

same strategy to reassign a four-base AGGA codon at the 134th amino acid site of a

sequence-optimized superfolder green fluorescent protein (sfGFP) gene, a full-length protein

with Arg134 was predominantly produced, indicating strong frameshift suppression from

endogenous arginyl-tRNAArg. The presence of 5 mM BocK in the growth medium did not

lead to a significant level of BocK incorporation at the AGGA codon site.6c However, when

a different GFP strain, GFPUV with no sequence optimization and an AGGA mutation at its

149th amino acid site was used for a similar test, GFPUV with BocK149 was successfully

produced in cells that expressed the  pair and were grown in the presence

of BocK (Figure 1A). The molecular weight of the purified protein determined by

electrospray ionization mass spectrometry (ESI-MS) agreed well with its theoretical value

(Figure 1B). In the absence of BocK, only a minimal amount of full-length GFPUV could be

detected, indicating a very low basal level of frameshift suppression from endogenous

arginyl-tRNAArg. To investigate effects of arginine on the AGGA suppression, we prepared

an arginine-dropout auto-induction (AI) medium (see supplementary information for recipe)

and used it to test BocK incorporation efficiencies at AGGA in the presence of different

concentrations of arginine. As shown in Figure 1A, adding 0.1 mM arginine in the medium

improved the expression yield of GFPUV, but the yield continued to drop when more

arginine was provided. We suspect that the expression increase in the presence of 0.1 mM

arginine was due to the relief of translation restriction at regular arginine codons and the

decrease with further addition of arginine was caused by increasing misreading of the first

three nucleotides of AGGA by endogenous arginyl-tRNAArg. These data strongly suggest

that misreading at the first three nucleotides of AGGA is a competing process during the

translational reassignment of AGGA to code a ncAA.

Our AGGA suppression results with GFPUV prompted us to investigate the AGGA codon

reassignment in sfGFP further. Since the sfGFP gene was codon-optimized, a potentially

fast translation rate of its mRNA transcript might have favoured frameshift suppression at

AGGA from arginyl-tRNAArg. To inquire this possibility, codons of five residues at the

immediate N-terminal side of the 134th position of sfGFP were mutated to relatively rarely

used codons. However, growing cells harbouring this gene, PylRS, and  still led

to the predominant production of sfGFP with Arg134 both in the absence and in the

presence of BocK in LB medium (Figure 2). Using low temperature and GMML (M9

minimal medium with 1% glycerol and 0.3 mM leucine) for slow translation afforded

similar results. At the current stage, we are still puzzled by conflicting AGGA suppression

results for GFPUV and sfGFP. We suggest precautions when using the AGGA codon to code

ncAAs. Although this further study did not unveil underlying reasons for frameshift
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suppression at AGGA from arginyl-tRNAArg, a close examination of the ESI-MS spectrum

of sfGFP produced in the presence of BocK revealed two small peaks that did match

theoretic molecular weights of sfGFP with BocK134 (Figure 2C). Therefore, 

was indeed able to deliver BocK at the AGGA mutation site but could not efficiently

compete against endogenous arginyl-tRNAArg for binding to this particular site.

Since ribosome is a catalytic machinery for translating three-nucleotide codons, its binding

to  may be disfavoured, making  potentially

disadvantageous in competing against arginyl-tRNAArg for binding to AGGA. Deleting the

first nucleotide from the anticodon of  to form  will presumably

improve its binding to ribosome. This new tRNAPyl mutant may be well charged by PylRS

and efficiently compete against arginyl-tRNAArg in the recognition of the rare AGG codon,

leading to its reassignment to code ncAAs. To examine this potential, a plasmid pET-AGG-

GFPUV149AGG that carried genes coding PylRS, , and GFPUV with a single

AGG codon at its 149th position was constructed. In this plasmid, PylRS and

GFPUV149AGG are under control of an IPTG-inducible T7 promoter and  is

under control of a constitutive lpp promoter. Growing E. coli BL21(DE3) cells transformed

with pET-AGG-GFPUV149AGG in 2×YT medium expressed GFPUV with Arg149 (Figure

3A). Providing 10 mM BocK in the medium led to the synthesis of two GFPUV variants, one

with Arg149 and the other with BocK149 (Figure 3B). Integrating ESI-MS peaks of two

variants indicated that GFPUV with BocK149 was roughly 24% of total GFPUV variants

compared to 15% when 5 mM BocK was provided in the medium (Supplementary Figure 1).

Therefore PylRS is active toward  that does competitively recognize AGG during

translation. Since 2×YT medium has a high concentration of arginine that promotes the

reading of the AGG codon by endogenous arginyl-tRNAArg, we shifted to GMML to do

further test. Growing E. coli BL21(DE3) cells transformed with pET-AGG-

GFPUV149AGG in GMML led to a dominant production of GFPUV with BocK149 (Figure

3C). Among the total GFPUV variants, GFPUV with BocK149 accounts for 80%. To further

increase the incorporation of BocK at the AGG codon site, an argW antisense RNA was

coexpressed in E. coli BL21(DE3) cells that were transformed with pET-AGG-

GFPUV149AGG. ArgW codes . Expression of its antisense RNA potentially

reduces the recognition of AGG by endogenous . Shown in Figure 3D,

coexpressing argW antisense RNA did increase the proportion of GFPUV with BocK149 in

totally expressed GFPUV variants to 83% but was not significantly better than in cells with

no argW antisense RNA expressed.

In experiments described in the previous paragraph, both IPTG and BocK were added into

the medium at the same time to induce protein expression. Since PylRS was under control of

an IPTG-inducible promoter, it surely took some time for PylRS to be expressed and achieve

steady activity to charge  with BocK after induction. During this time, some

GFPUV with Arg149 had already been expressed since its expression was also induced by

IPTG. One way to reduce this undesired expression of GFPUV with Arg149 is to achieve a
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stable level of  before GFPUV expression is initiated. A separate plasmid

pEVOL-AGG was constructed for this purpose. This plasmid contains genes coding PylRS

under control of an arabinose-regulated pBAD promoter and  under control of a

constitutive proK promoter. The E. coli BL21-AI strain was chosen for the following protein

expression studies due to the fact that this stain allows T7 RNA polymerase and a target

gene to be expressed separately. E. coli BL21-AI has a T7 RNA polymerase gene under

control of an arabinose-regulated pBAD promoter in its chromosome. As such, in this strain,

T7 RNA polymerase can be expressed to a stable level by the addition of arabinose before

IPTG is provided to induce expression of a target protein. Since AGG codon reassignment

may potentially affect the translation of T7 RNA polymerase itself, stably expressed T7

RNA polymerase before the induction with IPTG and BocK will provide enough functional

enzyme for expressing a target protein. E. coli BL21-AI cells were co-transformed with

pEVOL-AGG and pET-AGG-GFPUV149AGG. A single transformant was then used to

express GFPUV. Cells were grown in GMML to OD 0.5. arabinose, BocK, and IPTG were

added sequentially in 60 min apart to induce the expression of GFPUV. ESI-MS analysis of

purified GFPUV indicated a predominant GFPUV variant with BocK149 that accounted for

89% of total expressed GFPUV that had an expression level of 30 mg/L (Figure 4A). This

represents a significant increase from 80% that was observed in the previous study with

BL21(DE3) transformed with pET-AGG-GFPUV134AGG. We also tested another two

PylRS substrates, AllocK and ProK. For AllocK, 92% of total expressed GFPUV with an

expression level of 36 mg/L was the variant with AllocK149 (Figure 4B). This high

incorporation efficiency at AGG is probably due to AllocK as a better substrate of PylRS

than BocK. For ProK, a significant proportion of GFPUV with Arg149 (32%) was in the

finally expressed GFPUV that had an expression level of 33 mg/L, indicating ProK is

probably a weaker substrate of PylRS than BocK (Figure 4C). The GFPUV expression level

in the absence of a ncAA was 24 mg/L. We also tested the toxic effects of the AGG

reassignment. E. coli BL21-AI cells co-transformed with pEVOL-AGG and pET-AGG-

GFPUV149AGG were grown with or without 10 mM ProK and induced with the addition of

arabinose and IPTG. Cells in media with BocK grew faster than those in media without the

addition of BocK, indicating a very low toxicity of the AGG reassignment to cells

(Supplementary Figure 2). A faster growth pattern for cells in the presence of BocK might

be due to that BocK could be metabolized to provide nutrients for cell growth. We also

investigated the global incorporation of a ncAA at proteins whose genes naturally have

AGG codons. Lysates of cells grown in the presence of 10 mM ProK were labelled with 3-

azido-7-hydroxyl-coumarin using the copper-catalyzed click reaction. There were only a few

proteins which could be fluorescently labelled (Supplementary Figure 3). This is not a

surprise given that AGG is a rare codon and arginine has important structural roles in protein

folding. When ProK replaces arginine, it may likely causes a protein not properly folded and

then cleared out in cells. Since we previously observed strong arginine incorporation at the

AGGA mutation site of the 134th amino acid position of sfGFP, we also tested whether a

similar observation is associated with an AGG mutation at this site. A plasmid pET-AGG-

sfGFP134AGG was constructed by swapping the GFPUV gene in pET-AGG-

GFPUV149AGG with the sequence-optimized sfGFP gene with an AGG codon at its 134th

amino acid position. This plasmid together with pEVOL-AGG was used to transform E. coli
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BL21-AI cells. A single transformant was then employed to produce sfGFP by following the

same procedure for the production of GFPUV. BocK was used in this investigation. As

presented in Figure 4D, sfGFP with BocK134 was the major sfGFP variant and accounted

for 70% of total expressed sfGFP. Therefore,  is competitive in recognizing

this site. The low incorporation of BocK at the AGGA mutation of the same site by

 must be due to the weak binding of  to ribosome, though we do not

fully understand how arginyl-tRNAPyl could induce so strong frameshift suppression at an

AGGA mutation site.

ProK has a terminal alkyne. Its genetic incorporation followed by click labelling with azides

have been used for site-selective protein labelling. This strategy was also applied to label

GFPUV that was expressed in the conditions shown in Figure 4C. GFPUV expressed in the

presence of ProK could be selectively labelled with a fluorescein azide (Figure 5).7

However, a same labelling reaction was not able to label GFPUV that was expressed in the

absence of ProK. The labelling data and the ESI-MS analysis shown in Figure 4C

collectively support the genetic incorporation of ProK at the AGG codon site.

In summary, we have shown that the rare AGG codon can be reassigned to code ncAAs

using the  pair. When AllocK was used as a PylRS substrate, close to

quantitative occupancy at the AGG codon was achieved in minimal medium. The other two

PylRS substrates, BocK and ProK were also successfully incorporated at the AGG codon

with high efficiencies. So far, PylRS and its engineered mutants have been shown to

recognize close to more than 90 ncAAs.1i, 2d, 8 These ncAAs can be potentially incorporated

at the AGG codon with varying efficiencies depending on their activities toward

corresponding enzymes. Since AGG is a sense codon, the reported approach resolves the

typical low ncAA incorporation issue that has been pegged to the ncAA mutagenesis and

therefore allow bulk preparation of proteins with site-selectively incorporated ncAAs for

applications such as therapeutic protein production. One unresolved obstacle of the current

method is the production of a protein mixture with either a ncAA or an arginine at a

designated AGG site. However, a ncAA such as ProK can be easily modified such as with

polyethylene glycol. The modified protein can then be separated from the arginine version.

Church et al. recently reported an E. coli cell strain in which RF1 was removed and all 321

TAG codons in the E. coli genome were replaced with TAA codons.9 The same technique

can be applied to construct an E. coli cell strain that has all AGG codons replaced with other

arginine codons and  removed. This new cell strain will allow the exclusive

incorporation of a ncAA at an AGG codon site. A cell strain that has both TAG and AGG

reassigned can also be potentially constructed for the easy production of proteins with two

different ncAAs.3a, 10

Experimental Section

Details of plasmid construction, protein expression, ESI-MS analysis, and protein labelling

are presented in the supplementary materials.
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Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
(A) Effects of arginine on the AGGA suppression. E. coli BL21(DE3) cells coding PylRS,

, and GFPUV with an AGGA mutation at the 149 position and under control of an

inducible T7 promoter were grown in AI medium supplemented with varying concentrations

of arginine and BocK. Protein expression was induced by the addition of 0.5 mM IPTG. (B)

The ESI-MS spectrum of purified GFPUV with BocK149. Theoretical molecular weights of

full-length protein and full-length protein without Met1 are 27824 Da and 27955 Da,

respectively.
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Figure 2.
(A) Frameshift suppression at AGGA of sequence-optimized (opt) and sequence-

unoptimized (unopt) sfGFP genes. E. coli BL21(DE3) cells coding PylRS, , and a

sfGFP gene (opt or unopt) with an AGGA mutation at the 134th position and under control

of an inducible T7 promoter were used for the test. Protein expression was induced with the

addition of 0.5 mM IPTG. (B) The ESI-MS spectrum of sfGFP expressed in E. coli

BL21(DE3) cells that coded PylRS, , and sequence-optimized sfGFP with an

AGGA mutation at the 134th position and were grown at 37 °C in LB. Theoretic molecular

weights are 27867 Da for sfGFP with Arg134 and 27735 Da for sfGFP with Arg134 but

without Met1. (C) The ESI-MS spectrum of sfGFP expressed in E. coli BL21(DE3) cells

that coded PylRS, , and sequence-unoptimized sfGFP with an AGGA mutation at

the 134th position and were grown at 37 °C in LB with 5 mM BocK. Theoretic molecular

weights are 27940 Da for sfGFP with BocK134 and 27809 Da for sfGFP with BocK134 but

without Met1.
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Figure 3.
ESI-MS spectra of GFPUV variants expressed in different conditions. (A) E. coli

BL21(DE3) cells with pET-AGG-GFPUV149AGG were grown in 2×YT medium and

induced with the addition of 0.5 mM IPTG. (B) E. coli BL21(DE3) cells with pET-AGG-

GFPUV149AGG were grown in 2×YT medium and induced with the addition of 0.5 mM

IPTG and 10 mM BocK. (C) E. coli BL21(DE3) cells with pET-AGG-GFPUV149AGG

were grown in GMML and induced with the addition of 0.5 mM IPTG and 10 mM BocK.

(D) E. coli BL21(DE3) cells co-transformed with pET-AGG-GFPUV149AGG and another
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plasmid containing an argW antisense RNA gene were grown in GMML and induced with

the addition of 0.5 mM IPTG and 10 mM BocK.
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Figure 4.
ESI-MS spectra of GFPUV and sfGFP variants expressed in different conditions. For A–C,

E. coli BL21-AI cells transformed with pEVOL-AGG and pET-AGG-GFPUV149AGG

were grown in GMML to OD 0.5. 0.2% arabinose, 10 mM ncAA (BocK for A, AllocK for

B, and ProK for C), and 0.5 mM IPTG was provided in a sequential order with 1 h apart to

induce the expression of GFPUV. For D, E. coli BL21-AI cells were transformed with

pEVOL-AGG and pET-AGG-sfGFP134AGG. The expression condition of sfGFP was as
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same as in A. Theoretic molecular weights are 27867 Da for sfGFP with Arg134, 27940 Da

for sfGFP with BocK134, and 27809 Da for sfGFP with BocK134 but without Met1.
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Figure 5.
Labelling of GFPUV that were expressed in the absence and in the presence of ProK. Cells

and expression conditions were as same as shown in Figure 4C except that GFPUV shown in

the second lane was produced in the absence of ProK. To label GFPUV, Two purified

GFPUV samples (1mg/mL) was incubated with 100 µM CuSO4, 1 mM NiCl, 0.5 mM

tris[(1-benzyl-1H-1,2,3-triazol-4-yl)methyl]amine, and 2.5 mM FlAz, followed by 5 mM

sodium ascorbate, RT for 3 h.
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Scheme 1.
Three ncAAs used in the study.
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