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Proline is unique among the natural amino acids in the similar
propensity of its peptide bond to be in the cis or trans conforméation.
This attribute affects many processes, including the rate at which
proteins folck their structures,and their activities.Other aliphatic
amino acids can serve as mimics for proline residues téths

peptide bonds. In contrast, chemical synthesis is needed to create

surrogates focis-prolyl peptide bond&.>-7

An effective surrogate for ais-peptide bond must meet certain
criteria. The surrogate must be similar in size to proline, so as not
to disturb secondary and tertiary interactions within the folded

protein. The surrogate must be able to accommodate adjacent

residues, which could be important in protein structure and function.
Finally, it is desirable if the surrogate is accessible via a facile
synthetic route and amenable to solid-phase peptide synthesis.

We reasoned that 1,5-disubstituted[1,2,3]triazoles could meet all
of these criteria. In particular, we noted that an Xaa-1,5-triazole-
Ala module is a remarkable isostere of an XasPro dipeptide,
retaining its stereochemistry and number of non-hydrogen atoms
and maintaining similar hybridization (Scheme 1). A regioisomer,
1,4-disubstituted triazoles, had been incorporated into small
peptides,® and a simple 1,5-disubstituted triazole induced peptoid
oligomers to adopt a turl. The synthesis and use of 1,5-
disubstituted triazoles asis-peptide bond mimics are, however,
unknown. Likewise, neither 1,5- nor 1,4-disubstituted triazoles has
been incorporated into a protein. Herein, we report on the attainment
of these goals.

To synthesize the triazole, we employed Huisgen’s 1,3-dipolar
cycloaddition reactio®! Catalysis of this reaction by Cu(l) is known
to yield exclusively a 1,4-disubstituted triazéfehut we required

the 1,5-disubstituted regioisomer. There are reports of regioselective

formation of 1,5-disubstituted triazoles being mediated by métals
or stereoelectronic effect§, but only under harsh conditions.
Recently, Ru(ll) catalysts had been shown to yield exclusively the
1,5-disubstituted triazole in a mild reacti&tthough this methodol-
ogy had never been applied to substrates containing amino acids

As a model protein, we chose bovine pancreatic ribonuclease
(RNase A; 124 residues), which has been the object of much
seminal work in protein chemistff.In the native protein, residues
Gly112-Asn113-Pro114-Tyrl15 form a Type VIb reverse turn
(Scheme 1), in which the Asn113-Prol14 peptide is in the cis
conformation. We targeted that dipeptide segment for replacement
with 1,5-triazole-Ala surrogates.

The chemoselectivity of the 1,3-dipolar cycloaddition enables a
convergent synthetic route to the requisite triazole (Table 1). The
synthesis of the azido acids was achieved by Cu(ll)-catalyzed diazo
transfer of commercially available amino acidsfollowed by
protection of the carboxyl functionality with &butyl or benzyl
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Table 1. Ru(ll)-Catalyzed 1,3-Dipolar Cycloaddition of Various
Amino Alkynes and Azido Acids

N,
4 mol% N
o )R\ J\WOPGZ Cp*RuCI(COD) R>j\;N'
1~ + Nj —_—)
N o 16 h HN o
PG, OPG,

yield
entry R PG; PG, solvent temp triazole (%)
1 HQE Boc tBu (1) toluene rt 9 45
2 CH,CONH(Trt) (4) Boc tBu(l) dioxane 60C 10 62
3 CH,CONHy(Trt) (4) Boc Bn@) dioxane 60C 11 55
4 CHz(5) Boc tBu(l) toluene rt 12 67
5 CHPh @) Boc tBu(l) toluene rt 13 90
6 CH(CHs)2(7) Boc tBu(l) toluene rt 14 92
7 CH(CH)2 (8) Fmoc tBu (1) toluene rt 15 91

group to givel or 2, respectively. The route to the amino alkynes
was also general, starting from the Weinreb amide of an amino
acid, and followed by reduction to the aldehyde and conversion to
the alkyne with the BestmantOhira reagen® to give 3—8.1°

The scope of the Ru(ll)-mediated cycloaddition with these
a-amino acid derivatives is shown in Table 1. The cycloadditions
were effected by the catalyst Cp*RuCIl(COD), which had been
reported to be effective for the cycloaddition of secondary aZtles.
For substrates with a diverse set of proteinogenic functionalities,
the reaction afforded the desired regioisom@rsl5 under mild
conditions and in moderate-to-high yield. No 1,4-disubstituted
regioisomers were detected by the comparison of NMR spectra to
those of analogous 1,4-disubstituted triazoles synthesized by Cu-
()-mediated cycloadditio®? Toluene was used as the solvent,
unless the substrate was found to be insoluble (entries 2 and 3).
Benzyl protection of the carboxyl group of the azido substrate was
necessary for orthogonal deprotection relative to the acid-sensitive

10.1021/ja075865s CCC: $37.00 © 2007 American Chemical Society
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Table 2. Properties of RNase A Variants

Tm kcallKM
residues 113-114 origin? (ccy (10" M~ts7Y)e

Asn—Pro (16) bovine pancreas 644 0.1 5.7
Asn-1,5-triazole-Alal7) semisynthesis 604 0.2 5.0
Asn-1,4-triazole-Ala18) semisynthesis 543 0.1 6.1
Ala—Pro (19 Escherichia coli 61.2+ 0.2 4.5
Ala-1,5-triazole-Ala20)  semisynthesis 60.& 0.2 4.2
Ala-1,4-triazole-Ala2l)  semisynthesis 544 0.2 5.6

aAll variants exceptl6 contain an N-terminal methionine residue.

bValues were determined by CD spectroscopy in 50 mM sodium phosphate

buffer (pH 8.0) containing NaCl (25 mM) and protein (6.5.0 mg/mL).
¢Values were determined at 26 in 0.10 M MES-NaOH buffer (pH 6.0)
containing NaCl (0.10 M). Experimental error wad.0%.

trityl group on the asparagine side chain (entry 3). It is noteworthy
that this chemistry is compatible with Boc- and Fmoc-protecting

group strategies (entries 6 and 7), both of which are common in
solid-phase peptide synthesis. Moreover, subjecting the resulting

triazoles to the conditions of peptide synthesis (e.g., 20% v/v
piperidine in DMF) produced no epimerization detectable by NMR
spectroscopy.

Next, we used expressed protein ligafibto replace Asn113-
Pro114 of RNase A with Asn-1,5-triazole-Ala. To probe the

generality of our approach, we also replaced the analogous turn in

the N113A variant of RNase A with Ala-1,5-triazole-Ala. In
addition, we incorporated Asn-1,4-triazole-Ala and Ala-1,4-triazole-
Ala into RNase A. To do so, the four triazole surrogates were
incorporated into peptides corresponding to residuesi?d by
solid-phase peptide synthesis. RNase A fragmen®4l with a
C-terminal thioester was produced with recombinant DNA meth-
ods®22 After ligation of the two fragments, the semisynthetic

enzymes were folded and purified, and their properties were

compared to those of the analogous biosynthetic enzymes.
Enzymatic catalysis can report on protein tertiary structtirel
of the semisynthetic proteins retained full catalytic activity (Table

2). The maintenance of native secondary structure was likewise

supported by circular dichroism spectroscépyhe 1,5-triazole
variantsl7 and20 haveT,, values comparable to those of the wild-
type enzyme 16) and its N113A variantX9), respectively. The
slight decrease in thE, value of the 1,5-triazole variants could be
due to relief of the constraint imposed upon thelihedral angle
by the pyrrolidine ring of Pro114. The 1,5-regioisomets énd
20) are superior to the 1,4-regioisomefs@nd21) in mimicking
the cis-prolyl bond, as indicated by the lowdr, values for the
latter pair.

The triazole-Ala surrogates eliminate an uncertainty in protein
design. The trans/cis ratio of an XaRro peptide bond depends
on the nature of Xaa. The high&, value of wild-type RNase A
compared to its N114A variant is likely due in part to the greater
propensity of Asa-Pro than Ala-Pro peptide bonds to assume a
cis conformatior?® In contrast, thél,, values of the semisynthetic

proteins are independent of the Xaa residue. This distinction arises

because cistrans isomerization is not a factor with the two Xaa-
triazole-Ala surrogates.
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Supporting Information Available: Procedures for the preparation
of all novel compounds and related analytical data, including a crystal
structure of triazolel2. This material is available free of charge via
the Internet at http://pubs.acs.org.
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