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The incorporation of conformationally constrained amino acids
into peptides is a powerful approach for generating structurally
defined peptides as conformational probes and bioactive agents.!
Amino acids with the C, proton replaced with an alkyl group,?
N-alkyl amino acids, and 8-branched* amino acids have all been
used extensively in the design of conformationally restricted
peptides. The ability to site-specifically introduce constrained
amino acids into large polypeptide chains would provide a similar
opportunity to probe the flexibility, conformation, folding and
stability of proteins. To this end, we have examined the
competence of the Escherichia coli protein biosynthetic machinery
to incorporate a number of these unnatural amino acids into the
164 residue protein T4 lysozyme (T4L).

Both E. coli and rabbit reticulocyte in vitro protein synthesis
systems have been used to site-specifically incorporate unnatural
amino acids into proteins>S and peptides.”® In order to test the
ability of a variety of constrained amino acids (Figure 1) to
function in polypeptide elongation, aminoacylated suppressor
tRNAs were assayed for their ability to suppress the stop codon
5-UAG-3’ substituted in place of the alanine-specific codon 5’
GCU-3 at position 82 of the T4L structural gene.® Results are
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shown in the autoradiogram in Figure 2. The band at 18.7 kDa
inlane 1 is [*S]methionine-labeled intact wild-type T4L expressed
in vitro by plasmid pHSe54,97.TA 5*¢ pT4LA82am-directed
synthesis produced less than 2% full-length T4L when suppressor
tRNACya was omitted from the reaction mixture or when this
tRNA did not bear an amino acid (lanes 2 and 3, respectively).
These controls reveal the in vitro protein synthesis extract to be
free both of endogenous suppressor tRNAcyasand of synthetases
capable of aminoacylating the added suppressor tRNAcya.

L-Alanine was incorporated at position 82 of T4L with
reasonable efficiency (lane 4), producing about 26% as much
protein as the wild-type gene (lane 1). a-Aminoisobutyric acid
(AIBA) (3), cyclopropylglycine (9), and most L-a-methyl amino
acids were incorporated with efficiencies greater than or equal
to that of alanine: AIBA (3), 27% (lane 6); cyclopropylglycine
(9), 37% (lane 7); a-methyl-L-2-aminobutyric acid (L-isovaline)
(4), 53% (lane 11); a-methyl-L-leucine (7), 13% (lane 14); and
a-methyl-L-phenylalanine (13), 52% (lane 16). In contrast, the
D-a-methyl amino acids § (lane 12, 7%), 8 (lane 15, 1%), and 14
(lane 17, 3%) were incorporated poorly or not at all above
background levels. Suppressor tRNA charged with D-alanine
(2) functioned poorly in polypeptide elongation (<6.8% sup-
pression efficiency),? consistent with previous studies.’®6 «,a-
Diethylglycine (6) (lane 13, 2%) was a poor acceptor, whereas
the cyclic constrained analogues, cyclobutylglycine (10) (lane 8,
35%), cyclopentylglycine (11) (lane 9, 50%), and cyclohexyl-
glycine (12) (lane 10, 43%) integrated with good efficiencies.
However, when further steric bulk was added to the cyclopentyl
ring of 11 to give 2-aminoindan-2-carboxylic acid (15) or to the
cyclohexyl ring of 12 to give TEMPO derivative 18, suppression
was totally abolished (data not shown). The structurally bulky
L-tert-leucine (16) was incorporated very efficiently (lane 18,
76%), whereas its enantiomer 17 afforded little full length protein
(lane 19, 3.8%).

The above results clearly demonstrate that the protein bio-
synthetic machinery can accommodate a wide variety of con-
formationally constrained amino acids. The fact that AIBA (3)
isincorporated into T4L with the same efficiency as alanine shows
that the efficiency of biosynthetic peptide bond formation does
riot correspond to that of the nonenzymatic reaction. Somewhat
surprisingly, the C, methyl and cyclic a,a-disubstituted amino
acids were, in general, incorporated significantly more efficiently
than D-alanine. One explanation for this observation is that the
side chain of an L-amino acid may play a role in positioning the
a-amino group for the transacylation reaction. The D-amino
acid might therefore be expected to bind in a nonproductive
conformation, whereas the disubstituted amino acids, which retain
the requisite substituent, function in protein biosynthesis. There
appears to be a limit on the size of C, substituents that can be
incorporated into L-amino acids. For example, the a-ethyl-
substituted L-amino acids § and 6 are poorly incorporated into
T4L, whereas the cyclic amino acids 11 and 12 are efficiency
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Figure 1. Amino acids'>'"" tested for incorporation in response to the termination codon 5-UAG-3’ at position 82 in the structural gene of T4L.
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Figure 2. Autoradiogram of in vitro suppression reactions labeled with
[¥38]-L-methionine. Lane I showsexpression of wild-type T4L by plasmid
pHSe54,97.TA without tRNA¢ya; T4L synthesis in lanes 2-19 was
directed by plasmid pT4LA82am with 10-ug additions of aminoacyl
suppressor tRNAs bearing the following amino acids: lane 2, no added
suppressor; lane 3, 10-ug full-length unacyl suppressor; lane 4, 1; lane 5,
2:land 6, 3; lane 7, 9; lane 8, 10; lane 9, 11; lane 10, 12; lane 11, 4; lane
12, 5; lane 13, 6; lane 14, 7; lane 15, 8; lane 16, 13; lane 17, 14; lane 18,
16; lane 19, 17. Lane M contains a '*C-methylated molecular mass
standard set. The other major product of pT4LA82am-directed T4L
synthesis is truncated T4L, residues 1-81, which appears as a band near
the bottom of the gel.

incorporated. (3-Branching, however, appears to be readily
accommodated by the translational machinery since L-tert-leucine
was incorporated with the highest efficiency of any amino acid
assayed.'® The extent to which peptidyl transferase, elongation
factor, and context effects (either peptide or nucleotide sequence)

influence suppression efficiencies remains unknown. However,
AIBA (3) was incorporated with poor efficiency relative to
L-alanine at position 15 of ras protein,!! suggesting that context
effects will play an important role in determining relative
suppression efficiencies of amino acids at a given site.

The expansion of structural motifs that can be biosynthetically
incorporated into proteins to include a large number of confor-
mationally constrained amino acids significantly increases the
power of mutagenesis methods as probes of protein structure and
function and provides additional insights into the steric require-
ments of the translational machinery.
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