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couplings observed between the phosphorus and C-3 (Vc-P = 3.7 
Hz) and C-2 (27C-P = 9.5 Hz). 

Incubation of CPEP with CPEP phosphonomutase13 resulted 
in the formation of PPA which was identified by comparison with 
an authentic sample. The reaction was also followed by 31P NMR 
which showed appearance and increase of only one signal as
signable to the phosphorus in phosphinopyruvate (Sp 19.1) with 
the accompanied decrease of the signal due to CPEP.14 Thus 
CPEP phosphonomutase is considered to catalyze an intramo
lecular rearrangement of CPEP to form the C-P bond of phos
phinopyruvate (step 5b in Scheme I). Unlike the reaction cata
lyzed by PEP mutase, the concomitant decarboxylation probably 
drives the accumulation of the C-P compound. On the basis of 
these experimental results, the step 5 proved to consist of two 
reactions 5a (transesterification) and 5b (rearrangement and 
decarboxylation), and the blocked sites of NP71 and NP213 turned 
out to be (5a) and (5b) in Scheme I, respectively. 
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(13) The reaction mixture (10 mL) containing 50 mM MES buffer (pH 
6.5), 2 mM MnCl2, 10 mM CPEP, and 10 units of CPEP phosphonomutase 
was incubated at 30 0C for 3 h. The product was purified by DEAE Sephadex 
A-25 and Sephadex G-10 column chromatographies. 

(14) The reaction was carried out as described in ref 13, and the reaction 
mixture was analyzed after ultrafiltration by 31P NMR after 1, 2, and 3 h of 
incubation. 
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Despite the enormous significance of site-specific mutagenesis 
in protein research, this technique suffers from the major limitation 
that substitutions are confined to the 20 primary amino acids 
normally present in proteins. As a result, the introduction of 
chemically unique residues into proteins is not possible with this 
approach. In spite of the development of strategies for circum
venting this limitation,1 a truly general method of site-specific 
protein modification would almost certainly require intervention 
during translation, in order to avoid the innate chemical selectivity 
problems associated with posttranslational modification. In this 
paper, a potential means of incorporating non-natural amino acids 
at specified sites during protein biosynthesis is described. 

Biosynthetic incorporation of a non-natural amino acid has been 
achieved during normal translation with an appropriate "mis-
acylated tRNA",2 but that procedure results in the insertion of 
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the amino acid at multiple sites—in competition with the cognate 
amino acid—because both the acylated tRNA and the wild-type 
tRNA compete for the same codon. The same would be true for 
all other codons except the three termination codons (UAG, UGA, 
and UAA), for which there are no corresponding tRNAs. Because 
these codons normally terminate translation, point mutations that 
insert any of them at an inappropriate site in a vital gene lead 
to nonfunctional products and cellular death.3 In these instances, 
"read-through"—random insertion of an amino acid—cannot 
effectively compete with termination, and truncated protein is the 
major translated product. However, in some mutants, suppressor 
tRNAs have arisen that specifically recognize the misplaced 
termination codon (i.e., a nonsense suppression site) and thereby 
increase the amount of functional protein that is produced. This 
theme has evolved even further in an Escherichia coli strain that 
actually produces a UGA suppressor tRNA that incorporates a 
non-natural amino acid, selenocysteine, into formate de
hydrogenase during translation.4 Development of an analogous 
synthetic version of this theme could be accomplished by con
struction of a "chemically misacylated" nonsense suppressor tRNA 
employing methods developed by the Hecht group.5 The addition 
of this acylated tRNA to a translation system containing a gene 
with a nonsense suppression site would result in the incorporation 
of the non-natural amino acid at the corresponding site in the 
protein. This strategy has recently been reported by the Schultz 
group, who employed a chemically misacylated yeast nonsense 
suppressor tRNA, prepared by anticodon loop replacement, to 
incorporate several phenylalanine analogues into /3-lactamase.6 

We have independently assessed a similar strategy to incorporate 
the non-natural amino acid iodotyrosine into a polypeptide. A 
relatively simple target, a 16-residue polypeptide, was initially 
chosen in order to quantitatively and unambiguously assess sup
pression efficiency, read-through, and site-specificity for this 
process. Accordingly, we prepared an acylated tRNA 125I-
Tyr-tRNA°rjA-dCA7 without base hypermodifications8 to avoid 
the need for laborious isolation from a cellular source as previously 
performed5,6 and with it have demonstrated high suppression 
efficiency with no detectable read-through, as well as unequivocal 
site-specificity of incorporation of the non-natural amino acid 
[125I]-tyrosine. The construction of 1 2 5I-TyMRNAg^dCA was 
accomplished by (1) chemical synthesis of a 2'(3')-0-acylated 
dinucleotide,9 (2) run-off transcription of tRNAc{jA-C0H,'° an<* 
(3) enzymatic coupling of these fragments. Acylation of the 
protected dinucleotide with tyrosine11 was achieved in high yield, 
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(8) tRNA hypermodification is an enzymatic process whereby specific 
nucleotides along the tRNA sequence are structurally modified posttran-
scriptionally. 

(9) The synthesis of the acylated dinucleotide is based upon prior work 
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(10) The tRNAc!5A-CoH w a s prepared by simple run-off transcription 
from a synthetic linear DNA template featuring a double-stranded promoter 
region and a long 5'-overhang corresponding to the transcribed sequence [(a) 
Francklyn, C; Schimmel, P. R. Nature 1989, 337, 478-481. (b) Milligan, 
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Figure 1. Amino acid sequence determination of the 16-residue poly
peptide product from in vitro translation with rabbit reticulocyte lysate. 
Position 1 corresponds to the amino terminus (methionine), and position 
9 corresponds to the suppression site (suppressed by 
125I-Tyr-tRNA°rjA-dCA) of the polypeptide. All values are reported in 
dpm and have been corrected for incomplete PTH-derivatization and 
hydrolysis, in addition to cycle losses that occur during sequencing. 
Values are not corrected for background. 

followed by deprotection9b and reverse-phase HPLC purification 
to give the fully deprotected acylated dinucleotide in 54% overall 
yield. The preparation of Tyr-tRNA^A-dCA was completed by 
T4 RNA ligase-mediated coupling of 20 molar equiv of the 
acylated dinucleotide with tRNAcrJA-CoH-2'5d Radiolabeling of 
Tyr-tRNAg&A-dCA with carrier-free Na[125I] followed by 
chromatographic purification gave 125I-Tyr-tRNAc$A-dCA.12 

Introduction of the radiolabel was conducted subsequent to T4 
RNA ligation to minimize the number of steps that required the 
handling of radioactive material; however, other misacylated 
tRNAs have been prepared directly from the non-natural amino 
acid itself.9 

The translation experiment13 was conducted with this synthetic 
acylated tRNA and an appropriately designed mRNA containing 
a UAG termination codon at position 9, transcribed from a 
synthetic gene. Two polypeptides can be translated from this 
mRNA, either an 8-mer or a 16-mer (refer to Figure 1 abscissa), 
depending upon whether or not suppression occurs. Nonradio-
labeled polypeptide standards of the 8- and 16-mer, synthesized 
by standard solid phase methods,14 were added as carriers following 
termination of the translation reaction. Isolation was facilitated 
by the hydrophobic nature of both products and was accomplished 
quantitatively by extraction of the rabbit reticulocyte lysate with 
CH3CN/CHCI3 (1:1). After isolation, the extracts were frac
tionated by reverse-phase HPLC and radioisotope levels detected 
by scintillation counting. The results of this experiment clearly 
show that the non-natural amino acid iodotyrosine12 has been 
efficiently incorporated exclusively at the designated position. 
Total suppression was calculated from the relative levels of 
[35S]-methionine contained in the 8- and 16-mer polypeptide 
products (586 and 248 dpm, respectively) to give a value of 30% 
suppression efficiency. Furthermore, read-through is insignificant 

(11) Hudson, D. J. Org. Chem. 1988, 53, 617-624. 
(12) The reaction was carried out under conditions to minimize nucleotide 

substitution (Scherberg, N. H.; Seo, H.; Hynes, R. J. Biol. Chem. 1978, 253, 
1773-1779). 

(13) A typical reaction (10 ̂ L) contained commercially available rabbit 
reticulocyte lysate (8 tiL), L-[35S]-methionine (1 11L, 100 MCi), mRNA (0.5 
Mg in 0.5 iiL of H2O), 125I-Tyr-tRNAggA-dCA (5 Mg), and H2O (0.5 pL). 
The mixture was incubated for 1 h at 30 °C followed by addition of 1.0 M 
sodium hydroxide/hydrogen peroxide (0.5 mL) and warming to 37 °C for 10 
min. 

(14) Dryland, A.; Sheppard, R. C. J. Chem. Soc, Perkin Trans. 1 1986, 
125-137. 

Table I. Suppression Efficiency and Controls 

decays per minute" (dpm) 

8-mer 

experiment* [35S]-Met [125I]-Tyr 
125I-Tyr-tRNAg|5A-dCA 586 
control 1' 836 
control 2C 863 
control 3C 815 

16-mer 

[35S]-MeI [125I]-Tyr 

248 2120 
26 
37 
23 

" Counts per min have been converted into decays per min (dpm) and are 
corrected for background. Dashes (—) indicate no dpm above background 
levels. 6In vitro rabbit reticulocyte lysate translation experiments were 
carried out as described in ref 13. Crude polypeptides were injected onto a 
Vydac C-4 column equilibrated in 0.1% TFA in H20/CH3CN (1:1). Gra
dient elution with 0.1% TFA in CH3CN (50-100% CH3CN in 30 min) 
resolved the 8- and 16-mer peaks eluting at 60-80% CH3CN. 'Controls 
were conducted in the absence of added 125I-Tyr-tRNA°J5A-dCA but were 
supplemented as follows: Control (1) buffer alone, control (2) 0.5 Mg of 
nonacylated tRNA, and control (3) 0.5 Mg of nonacylated tRNA plus 100 
MCi carrier-free [125I]-tyrosine. 

at this level of suppression, although small amounts of the 16-mer 
(3-4%) are produced by read-through in the absence of added 
125I-Tyr-tRNAg{5A-dCA (controls, Table I). 

Finally, in order to rigorously demonstrate the site-specificity 
of this process, the HPLC-purified 16-mer was sequenced by 
standard gas-phase analysis. Phenylthiohydantoin (PTH) de
rivatives were identified by reverse-phase HPLC followed by 
detection of both [35S]-methionine and [125I]-tyrosine through 
scintillation counting of the individual fractions (Figure 1). Only 
position 9, the expected site of suppression, contained 125I above 
background levels, unequivocally establishing that [125I]-tyrosine 
is incorporated exclusively at that position. These studies are 
currently being expanded to include the incorporation of a variety 
of other amino acids, the introduction of several different residues 
into the same protein, and an in vivo translation system. 
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The 1,2-diol unit is one of the most ubiquitous functional groups 
in nature, and consequently a wealth of methods leading to its 
synthesis have been developed. Foremost in this arsenal are the 
catalytic osmylation of olefins,1 ring opening of epoxides,2 and 
reduction or alkylation of a-hydroxy/alkoxy carbonyls.3 Common 
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