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Recent work from the Leigh lab, published in Science,1 describes 
the design, synthesis and operation of an artificial small-molecule 
capable of synthesizing peptides in a sequence-specific manner. 
The design of this artificial molecular machine was, in the author’s 
own words, “inspired by the ribosome”;2 with several elements 
analogous to ribosomal protein synthesis (Fig. 1). The tRNA’s of 
conventional translation are substituted by amino acids attached 
to a track (or axle) by weak phenolic ester linkages. The sequence 
and spacing of the axle-tethered amino acids enables sequence 
specific peptide synthesis (analogous to the mRNA template in 
nature). Using copper ions to direct the process, attachment of 
the artificial molecular machine to the axle is mediated by a mac-
rocycle—a large nanometer-sized molecular ring that straddles 
the axle and moves along its axis in a manner reminiscent of the 
ribosome subunits clamping to and moving along the mRNA 
strand. Attached to the ring is a reactive arm (a cysteine deriva-
tive bearing a trityl (Trt)-protected thiol group) which detaches 
the amino acids from the axle, passing them to the elongation site 
(a tert-butoxycarbonyl carbamate (Boc)—protected amine at the 
end of a glycylglycine residue), where the resulting peptide oligo-
mer is synthesized in a single specific sequence, through native 
chemical elongation.3

The synthesis reaction is initiated by acid-catalyzed cleavage 
of the Boc and trityl protecting groups; activating the molecular 
machine, which then operates at 60°C under microwave heating 
in the presence of a reducing agent (which cleaves any disulphide 
bonds formed through thiol oxidation). Once the thiolate resi-
due of the catalytic cysteine group is deprotected, it undergoes 
a transacylation reaction with the first amino acid phenolic ester 
that blocks the ring as it slides along the axle. The subsequently 
formed phenylalanine thioester then transfers the amino acid to 
the glycylglycine amine group. This sequence simultaneously 
transfers the amino acid to the end of the growing peptide and 
regenerates the catalytic thiolate group, ready for cleavage and 
transfer of further amino acids. Once the covalent bond linking 
the amino acid to the axle is broken, the macrocycle is free to 
move further along the axle until it reaches the next amino acid 
in the sequence, and the entire process is repeated. When the last 
amino acid on the axle is cleaved the macrocycle detaches with 
the newly formed, full length peptide attached. Unlike ribosomal 
translation, the artificial molecular machine synthesizes the pep-
tide in the opposite direction i.e., from the C- to the N-terminus.

Proof that the process works was obtained using a combina-
tion of HPLC (which showed that none of the starting material 
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remained), 1H NMR and mass spectrometry—which identified 
the completely deacylated thread (or axle) and the macrocycle 
bearing the synthesized hexapeptide (Piv)AlaLeuPheGlyGlyCys 
[Piv,COC(CH

3
)

3
]. The peptide sequence was confirmed by tan-

dem mass spectrometry (MS/MS).
Although only about one-tenth the size of nature’s ribosomes,4 

Leighs’s peptide synthesizer is capable of producing peptides in a 
scale of tens of milligrams (corresponding to parallel synthesis by 
~108 molecular machines). However, taking ~12 h to make each 
peptide bond, the synthetic system remains a “primitive analog of 
the ribosome”2 which is capable of synthesizing ~15 to 20 amide 
bonds per second. Furthermore, the rotaxane destroys the code 
it reads, and can produce only relatively short peptide strands. 
Nonetheless, the current study provides a valuable proof of con-
cept; a first generation prototype which is likely to be improved 
upon. One suggested upgrade is to replace the preloaded axle 
with amino acid binding sites (as opposed to the amino acids 
themselves). Using this approach, once the amino acids have 
been picked in the first round, the axle could reload (by binding 
fresh amino acids from the bathing solution), thereby reversing 
the loss of sequence information on the strand.

Leigh’s rotaxane is the latest in a growing list of artificial 
molecular machines inspired by biology and with diverse func-
tions and applications, including information storage,5 tar-
geted drug delivery,6 mechanical work7 and even the ability to 
switch “on” and “off” catalytic activity.8 Such naturally inspired 

Figure 1. Schematic representation of the synthetic ribosome; illus-
trating the macrocycle with attached reactive arm and the axle with 
attached amino acids.
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molecular machines represent a new and exciting branch of bio-
molecular engineering—in the words of Leigh himself “that’s 
how biology does it, so why can’t we?”2
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