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ONE serious limitation facing protein engineers is the availability
of only 20 ‘proteinogenic’ amino acids encoded by natural
messenger RNA. The lack of structural diversity among these
amino acids restricts the mechanistic and structural issues that
can be addressed by site-directed mutagenesis. Here we describe
a new technology for incorporating non-standard amino acids into
polypeptides by ribosome-based translation. In this technology,
the genetic code is expanded through the creation of a 65th
codon-anticodon pair from unnatural nucleoside bases having
non-standard hydrogen-bonding patterns"*. This new codon-anti-
codon pair efficiently supports translation in vitro to yield peptides
containing a non-standard amino acid. The versatility of the ribo-
some as a synthetic tool offers new possibilities for protein
engineering, and compares favourably with another recently
described approach in which the genetic code is simply rearranged
to recruit stop codons to play a coding rote®,

To compare the alternative strategies of rearrangement and
expansion of the genetic code for increasing the range of amino
acids that can be incorporated into proteins by translation, two
mRNA molecules were prepared (Fig. 1). Both encode identical
hexadecapeptides that are preceded by identical consensus 5’
untranslated sequences'®. One, however, has the UAG nounsense
(stop) codon at position 9 as the signal for the incorporation
of the non-standard amino acid L-iodotyrosine, whereas the
other uses the novel non-standard (iso-C)AG codon (the 65th
codon) at this position (Fig. 2) for the same purpose. These
mRNA molecules were incubated separately with rabbit
reticulocyte  lysate  containing  L-[’H]leucine and L-
{**Smethionine. Ribosome-mediated peptide synthesis was
evaluated in the presence and absence of the corresponding
charged and uncharged transfer RNA molecules incorporating

FIG. 1 The mRNA molecules used to compare rearranging (A)
and expanding {B) the genetic code with the 85th codon as
alternative strategies for incorporating non-standard amino

either CUA or CU(iso-dG) as the anticodon, where iso-G is a
non-standard purine complementary to iso-C'"*'? (Fig. 2). Trans-
lation products were isolated by precipitation (Table 1) or
high-performance liquid chromatography (Table 2) and iden-
tified by comparison with autheatic standards'>.

A ‘suppression level' of 63% (Table 1) or 67% (Table 2} was
observed for read-through of a UAG nonsense codon in the
presence of a semi-synthetic suppressor tRNA incorporating the
CUA anticodon and charged with iodotyrosine. In contrast,
read-through of the (iso-C)AG codon was 90% (Table 1) or
91% (Table 2) in the presence of the corresponding non-standard
tRNACy(is-ac) charged with iodotyrosine.

The specificity of translation of the 65th codon is high. Neither
semi-synthetic suppressor tRNAcy, nor any natural tRNA
allowed reading of the (is0-C)AG codon, as shown by the
absence of detectable fuli-length product in translation mixtures
containing the non-standard mRNA in the absence of charged
tRNA U000, - When the ribosome encountered the (iso-C)AG
codon in the absence of charged tRNA(( i 0.90), the primary
outcome was continued translation following a frameshift'* that
skipped the iso-C base (Table 2). In contrast, attempted transia-
tion of a message containing the UAG nonsense codon in the
absence of its corresponding charged tRNA¢a resulted in
termination at this position, yielding a truncated peptide; there
was no detectable frameshifting.

The data in Tables 1 and 2 illustrate the promise of technology
that exploits non-standard nucleosides for expanding the genetic
lexicon. In addition, they provide a small but important scientific
insight suggesting how translation terminates, one of the least
understood parts of the translation process. Our results can be
explained most simply by the hypothesis that release factors'®
present in the translation mixture bind to the nonsense codon
UAG but ot to the 65th codon (iso-C)YAG (refs 16, 17). Further,
the absence of a complementary tRNA is evidently not sufficient
for proper termination of translation; apparently, release factors
must bind to prevent frameshifting. The relative rates of termina-
tion mediated by release factors and frameshifting control the
expression of many viral proteins'®, the expression of subunits
of DNA polymerase'?, and the natural reorganization of the
genetic code away from the ‘universal’ code (as for example in
mitochondria)®. The 65th codon offers a new experimental
strategy to analyse these systems.

From a technological standpoint, the binding of release factors
is also critical. Both the genetic code rearrangement and
expansion strategies suffer from an intrinsic disadvantage: the
low yields of cell-free translation. The presence of release factors
in translation mixtures and their requirement for correct termi-
nation create a further limitation. To obtain high yields of

4 5 & 7 B % 10 11 12 13 14 15 16 17 18
AUG GGU UUA UAU UUG GGC CUU UYU  UAG GGA CUC UAC CUR GGG CUG LUC UAR UGA
Giy Leu Tyr Leu Gly Lev Phe End
Gly Leu Tyr Leu Gly Leu Phe iTyr Gly Leu Tyr Leu Gly Leu Phe End
Gly Leu Tyr Leu Gly Leu Phe  Arg Asp Cys Thr End

acids into translated peptides. Shown are the transiation
products arising in the absence {a, octamer) and presence
(b, hexadecamer) of suppression, and {¢, a dodecamer) foliow- 8.
ing a frame shift and successful termination at the next stop -
codon {iTyr, t-3-iodotyrosine).
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3U LA UAU UUG GGC CUU UUY iCAG GGA CUC UAC CUA GGG CUG UUC URA UGH

; Leu Tyr Leu Gly Leu Phe End
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TABLE 1 tLabel in precipitated products of translation

34 38 Suppression

mRNA tRNA Charge (dpm) (d.p.m.) Leu:Met %)

1 UAG none — 112979 57673 30 —
134,557 67132
106,506 50,561

2 UAG CUA none 130,382 63814 3.0 —_
128061 64,307
120,183 59,128

3 UAG Cliiso-dG) none 115937 56437 30 —
126,651 61,518
106834 53890

4 UAG CUA ioda-Tyr 171,434 52732 49 63
219,950 - 65045
158,723 47,313

5 UAG Cii(iso-dG) iodo-Tyr 141,639 63821 33 10
123,592 54,144
123,500 57,346

& [(iso-C)AG none — 30,340 14,994 30 —
31871 15,405
30,670 15323

7 (is0-C}AG CUA none 32008 16,066 3.0 —
32465 15574
34,310 16,607

8 (iso-CIAG Cl{iso-dG) none 30986 14723 30 —
30159 14849
33115 16152

9 {is0-C)AG CUA iodo-Tyr 35644 17,363 3.0 —
29,756 14,181
31,143 15,705

10 (iso-C)AG CU(iso-dG) iodo-Tyr 235,233 60179 57 90
203033 52841
202,255 53,087

A tRNASY, (ref. 23) altered in sequence in the acceptor stem and anticodon loop regions and charged with jodotyrosine was prepared by ligating a
truncated tRNA lacking the 3'-terminal dinucteotide with a dCA dinucleotide 2(3') acylated with L-iodotyrosine; both of these were prepared by chemical
synthesis?*2%. This particular tRNA was chosen to make unlikely any proof reading by the ‘double sieve’ mechanism when charged with any non-standard
amino acid?®2%, Messages were prepared by ligation of RNA fragments in the presence of DNA splints. Details will be reported eisewhere (in preparation).
Reaction mixtures (10 pl) contained rabbit reticulocyte lysate (@ i), L-(3*S]methionine (18 1Ci, 29.7 Ci mmof™2), 113,45 Hlieucine (5 uCi, 19.8 Ci mmoal ™),
MRNA {2.0 tM}, 1-3-iodotyrosyl-tRNA {20 uM), and MgCl, {10 mM). The reaction was quenched with water (1 mi) in the presence of carrier peptides {10 put
of a 0.5 mM solution of each peptide in 77% formic acid), and the precipitated hydrophobic peptide products recovered by centrifugation. Peptides arising
from termination have a Leu:Met ratio of 3:1; those derived from complete translation to yield a 16-mer have a Leu:Met ratio of 6:1. The relative amount
of terminated and full-length peptides can therefore be caiculated from the Leu:Met ratio®3. The hydrophilic peptides resulting from frame shifting are
not recovered by this protocol; see Table 2 for their analysis. Codon and anticodon combinations are indicated. Values are from three trials. Counts per
minute (c.p.m.) have been converted into disintegrations per minute (d.p.m.) and corrected for background and quenching. Leu:Met ratios were obtained by
correcting for specific activities. Suppression efficiencies are obtained from the average suppression of separate runs derived from the ratio of
L-{3%s}methionine to L-{3H]leucine divided by the [295]:[3H] ratio obtained from the appropriate control. Data from controt experiments with radiolabelled
iodotyrosine are not shown. No evidence was found to suggest that the uncharged tRNA (2, 3, 7 and 8) was charged in the lysate during the course of the
translation experiment. This is probably because (1) the designed tRNA is structurally altered in the acceptor stem region**;{2) it contains no post-transcriptional
modifications; and {3) it is derived from an Escherichia coli sequence. The possibility that significant amounts of translation products arise from initiation
at positions other than the AUG start codon is ruled out by: (1) independent experiments measuring 385/125) ratios in control reactions (not shown; (2) the
absence of additional products containing tritium in the HPLC analysis; (3) the Leu:Met ratios of 3.0 seen in 1,2,3,6,7,8 and 9; were transtation being
initiated in frame at codons following the AUG, these ratios would require that a corresponding amount of the translation initiating at the AUG be terminated
before the stop codom; and (4) consistent ratios of 253 in data obtained by precipitation (Table 1), where randomly initiated peptides translated in one of
the other two reading frames would not precipitate, to those obtained by HPLC, where all peptides are, in principle, observabie (Tavle 2),
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FIG. 2 The 65th codon (incorporating the non-standard nucleoside iso-C)
and its complementary anticodon (incorporating iso-dG) altows the incorpor-
ation of non-standard amino acids into proteins synthesized by transiation.

NATURE - VOL 356 - 9 APRIL 1992




LETTERS TO NATURE

TABLE 2 HPLC analysis of the oligopeptides produced by translation

Full-fength Termination Frame shift
products (16-mer) products {8-mer) products {polar)
(RNA Charge g (dp.m.) % 355 (dp.m.) % 355 {d.p.m.) %
mRNA containing the UAG codon
i none — 799 4 20548 96 76 —_
2 CuA none 821 4 19201 96 29 —
3 CuUliso-dG) none 524 3 17844 97 73 —
4 CUA jodo-Tyr 15,747 87 7617 33 80 —
5 Cl{iso-dG) iodo-Tyr 1,725 9 18,153 a1 47 o
mRNA containing the (is0-C)AG codon

6 none — 1145 3 9195 25 25832 71
7 CUA none 967 4 4597 17 21,749 80
8 CUliso-dG} none 1.023 4 3,400 14 19,078 81
9 CuA iodo-Tyr 853 3 6,722 24 20,984 73
10 CUliso-dG) iodo-Tyr 17,754 91 1464 8 246 1

Aliquots obtained directly from incubation mixtures were diluted with carrier peptides and injected onto a Vydac C4 column equilibrated in 0.1% trifluoroacetic
acid in Hy0/CHLCN {3:1). Both hydrophobic and hydrophitic peptide, the latter arising from frameshifting, are quantified in this way. Gradient elution with
0.1% triflucroacetic acid in CH3CN {25-55% CHLCN in 60 min) resolved the 8- and 18-mer peaks, eluting at 30-45% CHyCN. The low read-through of the
UAG stop codon seen with non-standard tRNA is expected from the minor tautomeric form of iso-G {ref. 27).

translation products, release factors that bind UAG in competi-
tion with the semi-synthetic tRNA must be removed or inacti-
vated. However, this would require that UAG triplet stop signals
be removed to avoid continued translation after frameshifting.
Although it may be possible to fulfil both of these requirements
in vitro, they are essentially unattainable in vivo. Thus for the
rearrangement strategy, the low yields of protein obtained from
cell-free translation systems cannot be overcome simply by
moving the system into a living cell.

Our demonstration that a ribosome can efficiently translate a
65th codon is the first of three breakthroughs required for
incorporation of non-standard amino acids into proteins bio-
synthesized in vivo. The second is that plasmids containing a
third base pair must be copied and transcribed in vive with
reasonable fidelity; the base pair between diaminopyrimidine
and xanthosine® may be best suited in this regard. Given
faithful replication and transcription, a total of 216 codons
will be accessible as a result of the introduction of a third
base pair. The third and more demanding requirement is for
non-standard aminoacyl tRNA synthetases to be engineered
which specifically couple a non-standard amino acid to a non-
standard tRNA?"? =
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