
8012 / . Am. Chem. Soc. 1989, 111, 8012-8013 

Hydrogen maleate (3) and hydrogen phthalate (4) anions are 
the paradigms of a symmetric hydrogen bond.1 Yet previous 
studies4 were carried out in crystal or in nonpolar solvents. This 
is the first study of hydrogen-bond structure in aqueous solution. 
The internal hydrogen bond of 3 and 4 is still present even in 
aqueous solution, as judged from the large difference between first 
and second ptfas.7 We suggest that the asymmetry that we find 
is caused by the disordered aqueous environment,8 and this pos­
sibility is currently under investigation. 
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Since the first discovery of natural phosphonate, 2-amino-
ethylphosphonic acid,1'2 the very unique C-P bond formation 
mechanism has attracted considerable interests in the past three 
decades; all the attempts, however, were so far unsuccessful to 
verify the enzymatic formation of the plausible intermediate 
phosphonopyruvate from phosphoenolpyruvate (PEP). 

Recently Seidel,3 Bowman,4 Takada,5 and our group6 have 
reported the purification of PEP phosphomutase from Tetrah-
ymena or from Streptomyces hygroscopicus. Although this en­
zyme is verified to be responsible for the C-P bond formation, 
only the reverse reaction, i.e., transformation of phosphonopyruvate 
to PEP, has been shown to occur due to the enzymatic reaction 
equilibrium which is far in favor of the formation of PEP.3,4,6 We 
report herein another example of the C-P bond formation, i.e., 
the transformation of a newly isolated compound, carboxy­
phosphonoenoipyruvate (CPEP) to phosphinopyruvate, catalyzed 
by a new enzyme carboxyphosphonoenoipyruvate (CPEP) 
phosphonomutase.7 

During the biosynthetic studies of a tripeptide herbicide bia-
laphos (BA),8 which is produced by Streptomyces hygroscopicus 
SF-1293, we have shown that the first natural phosphinate, 
phosphinopyruvate (PPA),9 was formed by condensation between 

(1) Horiguchi, M.; Kandatsu, M. Nature 1959, 184, 901. 
(2) For review of C-P compounds: Hori, T.; Horiguchi, M.; Hayashi, A. 

Biochemistry of Natural C-P Compounds; Japanese Association for Research 
on the Biosynthesis of C-P Compounds, Maruzen: Kyoto, Japan, 1984. 

(3) Seidel, H. M.; Freeman, S.; Seto, H.; Knowles, J. R. Nature 1988, 335, 
457. 

(4) Bowman, E.; McQueney, M.; Barry, R. J.; Dunaway-Mariano, D. / . 
Am. Chem. Soc. 1988, 110, 5575. 

(5) Takada, T.; Horiguchi, M. Biochim. Biophys. Acta 1988, 964, 113. 
(6) Hidaka, T.; Mori, M.; Imai, S.; Hara, O.; Nagaoka, K.; Seto, H. / . 

Antibiot. 1989, « , 4 9 1 . 
(7) Preparation of mutant NP71 and purification of carboxy­

phosphonoenoipyruvate phosphonomutase; Hidaka, T.; Imai, S.; Hara, O.; 
Anzai, H.; Nagaoka, K.; Seto, H. submitted for publication. 

(8) (a) Structure of BA: Ogawa, Y.; Tsuruoka, T.; Inouye, S.; Niida, T. 
Sci. Reports Meiji Seiko Kaisha 1973, 13, 42. (b) Biosynthesis of BA: 
Shimotohno, K.; Seto, H.; Otake, N.; Imai, S.; Murakami, T. J. Antibiot. 
1988, 41, 1057 and references cited therein. 

Scheme I. The Proposed Mechanism of C-P Bond Formation (Step 
5) in Bialaphos Biosynthesis" 
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PEP and phosphonoformate (PF)10 as illustrated in Scheme I. 
Involvement of the latter substrate in this reaction named step 
5 was clarified by its accumulation in a deficient mutant NP213 
obtained by NTG treatment.10 Consideration of this reaction 
mechanism strongly suggested the involvement of a hitherto un­
known biosynthetic intermediate with a carboxylated phosphonate 
ester (CPEP in Scheme I). This plausible mechanism, however, 
remained unanswered due to the failure to obtain any blocked 
mutants, which will accumulate the suggested intermediate, by 
conventional methods. 

Very recently we have succeeded in preparation of a desirable 
new deficient mutant NP717 by the use of a new gene replacement 
technique, in vitro derived mutation.'' Although this organism 
could not catalyze the step 5 reaction, it was complementary to 
NP213. Cosynthesis experiments between these two mutants 
suggested the accumulation of an unknown intermediate of BA 
biosynthesis in NP213 and the presence of a new enzyme cata­
lyzing C-P bond formation in the cells of NP71. This intermediate 
was exhausted upon starvation. 

The new enzyme named CPEP phosphonomutase was purified 
by conventional methods about 200-fold in four steps to give a 
homologous protein by SDS-PAGE to be a monomer of 32 000.7 

With the purified enzyme in hand, it became possible to isolate 
the substrate of CPEP phosphonomutase from the fermentation 
broth of the mutant NP213. CPEP was purified from the broth 
filtrate12 (1.2 L) by treatments with active carbon, Dowex 1 (Cl"), 
Diaion HP-20, DEAE Sephadex A-25 (Cl-), and finally by 
Sephadex G-IO column chromatography to give a pure sample 
(1 mg). CPEP was obtained as white amorphous powder [mp 
220 0 O ; 6p -1.65 ppm, IR (KBr) 1585, 1411 cm"1. Anal. 
(C4H2O7PNa3^H2O) H, Na; C calcd, 16.12; found 16.73, P calcd, 
10.39; found, 9.90]. Its 1H NMR spectrum (D2O) showed only 
two broad singlets at 5.20 and 5.54 ppm and was very similar to 
that of PEP. The structural similarity between CPEP and PEP 
was also confirmed by the 13C NMR signals of CPEP at 171.1 
(C-I, COOH), 149.7 (C-2, O—C=), and 104.2 ppm (C-3, 
CH2=). However, an additional resonance was observed at 177.4 
ppm (C-4, P-COOH, doublet, 7C_P = 240.6 Hz). Thus, CPEP 
is determined to be a P-carboxylated derivative of PEP (Scheme 
I). The proposed structure was supported by the long range 
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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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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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