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Project Goals: Life is an anti-entropic phenomenon with two mutually reinforcing
characteristics—homochirality and stereospecific catalysis—that have resulted in the
exclusive presence of L-amino acids in proteins in the living world. Molecules from the
mirror kingdom, such as proteins with D-amino acids (D-AAs), will be more resistant to
existing biodegradation systems, and could provide new tools for biotechnology, classes of
pharmaceuticals, and pathways for producing recalcitrant carbon. By gradually rewiring
existing bio-machineries we aim to build a bridge to the space of mirror-imaged
biomolecules. Here we investigated translational mechanisms relevant to protein synthesis
with D-AAs, including tRNA amino acylation, EF-Tu binding of amino acyl-tRNAs, and
ribosome catalysis of peptidyl transfer. Our data demonstrate that affinity between EF-Tu
and amino acyl-tRNAs is critical to D-AA incorporation, and suggest that ribosome stalling
on D-AAs is due failure of a substrate-assisted mechanism.

D-amino acid (D-AA) containing peptides (DAACP) are widely present in bioactivities within
and secretions from microbes, fungi and amphibians®. In nature, these molecules are made
through non-ribosomal pathways, such as non-ribosomal peptide synthesis or post-translational
modifications such as epimerization. D-AA-containing proteins and peptides, mimicking the
concept of DAACP, have been shown to have prolonged half lives in serum and resistance
toward proteases without immunogenicity, desirable properties for pharmaceuticals. However,
current protein expression methods cannot be applied to explore this immense space of potential
compounds due to evolved barriers in translational machinery against incorporating D-AAs into
proteins.

We used a purified E. coli protein synthesis system? as a model system in which to study how to
best engineer translation machinery to tolerate D-AAs without interference of D-AA oxidase and
D-aminoacyl-tRNA deacylase. While exceptions exist, it is believed that mechanisms have
evolved to block the incorporation of D-amino acid at almost every step of protein synthesis.®
There are three major steps at which D-AAs are discriminated from L-AAs in core translation
machinery: aminoacylation of tRNAs by aminoacyl-tRNA synthetases (aaRSes), formation of
ternary complexes with EF-Tu-GTP and their delivery to the ribosome, and the ribosome’s own
catalysis of peptide bond formation.

We began by surveying the amino acylation specificity of all 20 aaRSes toward D-AA, and then
compared this against both chemical and ribozyme-catalyzed acylation methods. Next, we tested
the overall effect of EF-Tu’s binding to D- or L-AA-tRNAs, based on different tRNA backbones
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and anticodons.* Our data suggested that tRNA backbones with high affinity to EF-Tu could
improve the delivery of D-AA-tRNA to ribosome and hence D-AA incorporation.

It has long been argued if E. coli ribosome can catalyze peptide bond formation with D-AAs.
Recent studies indicate that D-AA containing peptides can be produced, but with greatly reduced
kinetics.® Our data agree with reports of single incorporations of D-AA in elongating peptide
chains but we have not observed measurable consecutive D-AA incorporations. However, in our
initial ribosome engineering experiments, we have found a few mutants in which D-AAs can be
incorporated with increased efficiency relative to L-AAs, although with lower overall peptide
synthesis activity. This leads us to hypothesize that L-AA incorporation involves a substrate-
assisted mechanism that is not available with D-AA®.
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