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The ribosome is unique among Nature’s biosynthetic machines
in that the catalytic center is distinct from the substrate recognition
pocket. This separation of catalysis and substrate binding suggests
the ribosome may be uniquely well suited to manipulation for the
synthesis of novel polymers. Indeed, in 1971, Rich and Fahnestock
demonstrated that the protein biosynthetic machinery could syn-
thesize polymers containing a random mixture of ester and amide
linkages using mis-acylated hydroxy-Phe-tRNAPhe.1 With the
development of an efficient method for the chemoenzymatic
synthesis of aa-tRNAs,2 several groups then used misacylated
suppressor tRNAs or A/P-site substrates to test the ability of the
protein biosynthetic machinery to accept backbone analogues,
including R-hydroxy acids,3a-h N-methyl amino acids,3a-c,i,j R,R-
disubstituted amino acids,3c,k â-amino acids,3a,c,l-o and D-amino
acids.3a-c,p-t While many of these analogues could be incorporated
in response to a stop codon, the yields for incorporation generally
were low.3 Recently, we demonstrated that a sense codon reas-
signment strategy with a pure translation system allowed translation
of multiple, adjacent sense codons with synthetic acyl-tRNA
substrates.4 This approach and related approaches breaking codon
degeneracy5 open the possibility of using the protein biosynthetic
machinery for template encoded synthesis of novel backbone
polymers of defined length and composition with a pool of synthetic
acyl-tRNAs. The question, however, is whether the substrate
tolerance and, in particular, poor yields reported previously for
backbone analogues reflect use of a suppressor tRNA, which must
compete with endogenous release factors for translation of a stop
codon, processing by endogenous aa-tRNA synthetases or other
metabolic enzymes, such asD-aa-deacylase, or the intrinsic specific-
ity of the protein biosynthetic machinery. Here, as a further step
toward polymer synthesis with sense codon reassignment, we
determined the relative yields of peptides biosynthesized using a
series of backbone analogues at a sense codon in a pureE. coli
translation system (Figure 1). For efficient incorporation of any
analogue, the acyl-tRNAs must be able to bind to EF-Tu, be
delivered to the ribosome, and function well in both peptide bond
formation and translocation.

To isolate the effects of the protein biosynthetic machinery, a
series of backbone analogues based onL-Ala andL-Phe were scored
for their yield of synthesis of the tripeptide fMet-U-Glu using an
E. coli tRNAAsn-based tRNA adaptor for translation of a GUU (Val)
codon (termed tRNAGAC

AsnB, Figure 2). To compare with the prior
literature,R-hydroxy acids,N-alkyl amino acids,R,R-disubstituted
amino acids,â-amino acids, andD-amino acids were all tested
(Figure 2A). Because previous reports showed that Phe analogues
are incorporated with higher yields than Ala analogues,7 both Ala
and Phe variants of these analogues were included as controls for
the effect of the amino acid R-group. For these analogues, we used

a designedE. coli tRNAGAC
AsnB, which gave high yields in our

previous report (Figure 2B).4 The unnatural aa-tRNA substrates
were prepared as reported2 from aa-pdCpA and tRNA-CA, and the
aa-tRNA ligation products were confirmed by acid urea polyacryl-
amide gel electrophoresis (Figure S3, Supporting Information).
Natural E. coli aa-tRNAs were used at theN-terminus (fMet-
tRNAfMet) and C-terminus (3H-Glu-tRNAGlu). Importantly, all of
the components of the pure translation system used heresthe
ribosome, the six recombinant his-tagged protein factors, and the
tRNAssare fromE. coli,6 ruling out factor incompatibility as a
reason for low yields. Synthesis of a tripeptide made it possible to
confirm peptide yields and product identity by comigration with
authentic marker on analytical HPLC. Initially, peptide yields were
scored on the basis of the incorporation of3H-Glu into full-length
fMet-U-Glu. A 30 min translation reaction was terminated by the
addition of NaOH, and theN-formylated or hydroxy peptide
products were separated from free amino acids and other compo-
nents by passage through a Dowex cation exchange column.8 The
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Figure 1. Sense codon translation with amino acid backbone analogues.
The purified translation system4,6 is depicted incorporating unnatural
analogue (U) into tripeptide product fM-U-E.E. coli served as the source
of all components: initiation factors, IF1, IF2, and IF3; elongation factors,
EF-Tu, EF-Ts, and EF-G; ribosome and natural aa-tRNAs. SD is a Shine-
Dalgarno ribosome binding sequence.

Figure 2. Backbone analogue incorporation via a synthetic tRNAGAC
AsnB

adaptor at the sense codon GUU (Val). (A) Peptide yields for each analogue
as determined in triplicate on the basis of incorporation of3H-Glu (ND,
not detectable above background). The yields for1-11 were calculated
from the Dowex assay; the yields for12-14are from the HPLC assay. (B)
Natural E. coli tRNAAsn (black) and its synthetic counterpart tRNAGAC

AsnB

(blue). (C) Complete mRNA sequence and encoded natural translation
tripeptide product (blue). Epsilon is a translation enhancer sequence.6 SD
is a Shine-Dalgarno ribosome binding sequence.
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yields for acyl-tRNA analogues are reported relative to that for
Val-tRNAVal, a natural substrate that has been well characterized
in our purified translation system and verified to give high peptide
yields. Unacylated tRNAGAC

AsnB was used to define background
counts. The high-yielding amino acid “eU” (Figure 2A,9) was also
included for comparison to our previous report. All the translation
experiments were carried out in triplicate, and the standard
deviations were low (Figure S4, Supporting Information). The
product yields and identities for the peptide products corresponding
to 1, 2, 5, 7, 8, 9, 12, 13, and14 were verified on analytical HPLC
by comparison with authentic product prepared by solid-phase
peptide synthesis. Except for theâ- andD-amino acids as detailed
below, the peptide yields calculated from the HPLC comigration
assay were in agreement with those of the Dowex assay (Figure 3;
Figures S4 and S5, Supporting Information).

The picture of the substrate tolerance of the protein biosynthetic
machinery obtained here from translating a sense codon without
competitors is very similar to that from the suppressor tRNA and
other prior literature. The hydroxy acids andN-methyl amino acids
are incorporated with good yield, andR,R-disubstituted amino acids
are incorporated with poor yield, while theâ- andD-amino acids
are not detectable. Control translation reactions with two other
mRNA templates suggest that the results with these substrates are
representative and general (Figures S6 and S7, Supporting Informa-
tion), but further studies are underway to understand other factors
that influence analogue incorporation. Product characterization by
analytical HPLC shed light on previous conflicting reports about
â-amino acids3a,c,l-o and D-amino acids.3a-c,p-t Initial Dowex 3H
counts suggestedâ-Phe incorporated with 15% yield andD-Ala
with 37% yield (Figure S4). However, further analysis by HPLC
comigration with authentic product and related standards showed
no â-Phe andD-Ala product, but instead a major product of
unknown structure forâ-Phe and what appears to beL-Ala
incorporation based on co-migration with fMet-(L)-Ala-Glu for
D-Ala (Figure S5). A caveat is that the sensitivities of these
translation assays are only ca.g5% yield and so cannot rule out
that an analogue is just a very poor substrate. Encouragingly, Hecht
and co-workers recently showed that we may not be limited by the
natural substrate specificity of the ribosomal machinery, demon-
strating that mutation of the ribosome in the peptidyl transferase
center and helix 89 regions allowed incorporation ofD-amino
acids.3s

The rank ordering and product yields of the good substrates,
however, differ significantly from those observed with suppressor
tRNAs. With suppressor tRNAs, hydroxy acids generally gave
yields much lower than those for their amino acid counterparts in
vitro, with yields in the low 20% region.3a,d-g Here, with translation
of a sense codon in a purified system, the yields for hydroxy acids
are greatly improved, comparable to or greater than those for the
corresponding amino acids. The yields forN-methyl amino acids
are also improved, which is in agreement with recent results for

N-methyl amino acids.3i,j Interestingly, the yields for the Ala
analogues generally are higher than those for the Phe analogues,
in contrast to the higher yields for Phe analogues observed with
the yeast tRNACUA

Phe suppressor.7

These results further support the substrate plasticity of the protein
biosynthetic machinery. They confirm hydroxy acids andN-methyl
amino acids as immediate candidates for ribosomally encoded
synthesis of backbone polymers, and encouragingly show good
yields for these analogues with sense translation. Currently, we are
working toward ribosome-catalyzed synthesis ofN-alkyl amino acid
polymers. These results also speak to the role of the amino acid in
the aa-tRNA recognition process. The ranking order of good
substrates and Ala vs Phe analogues differs here with a tRNAGAC

AsnB

adaptor from that seen previously with a tRNACUA
Phe suppressor.

This observation provides further support for the intriguing pos-
sibility that analogue yields can be improved by tRNA paring and
that there is cross-talk between the amino acid and tRNA body/
anticodon in aa-tRNA decoding on the ribosome.9
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Figure 3. Analyzing of the translation products fM-A-E (93%) and fM-
âF-E (ND) by HPLC comigration with authentic standard. The elution
positions of the marker peptides (black) prepared by solid-phase peptide
synthesis are indicated above the chromatogram of3H-radiolabeled transla-
tion products (blue).
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