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The protein synthesis machinery can be used to incorporate A HO OH: Ry =
unnatural amino acids into peptidegqroteins? and molecular N Ay :
libraries (see ref 4 for reviews). These studies indicate that the </NI:/) \©\ k@
ribosome displays a broad ability to utilize residues beyond the 20 #9710 OCH? ocna.
naturally occurring amino acids. Chemically misacylated tRNA O LNH OH 12 Lpuromycin b, D-puromycin
fragments and tRNAs have provided one route to probe the stereo- R
and regiospecificity of isolated ribosontesnd intact translation = \©\ l\©\
systemg6 This approach has expanded our understanding of the CHy CHs
range of residues incorporated by the ribosdrktawever, entry 2a, L-4-Me)-Phe-PANS  2b, D-(4-Me)-Phe-PANS
of both3- andp-amino acids has proved challengiftg25Analysis )
of these residues would deepen our understanding of the stereo- EHs &,
and regiochemical constraints of ribosome-mediated peptide bond 3a, L-Ala-PANS 3b, D-Ala-PANS
formation. B HoCoy-CH

Here, we have used a series of synthetic puromycin analogues </N SN Re=
to measure the activity of both+ andp-amino acids in an intact HO N : :
eukaryotic translation system. Puromycin is a small-molecule mimic ° \©\CH3 CH,
of aminoacyl-tRNA (aa-tRNA), and acts as a universal translation Oy NH OH 2¢, L-B-(4-Me)-Phe-PANS 3¢, L-B-Ala-PANS
inhibitor by entering the ribosomal A site and participating in HzNJ
peptide bond formation with the nascent peptidyl cdRuromycin R

and puromycin analogues have been very useful in exploring the Figure 1. Puromycin analogues with (A} andp-a-amino acid side chains
activity of nucleophiles { OH vs —NH, vs —SH) in peptide bond ~ @nd (B)L-f-amino acid side chains.
formation and the structural requirements for inhibition of transla-

. . . . L-puromycin
tion.? Unlike aa-tRNA, puromycin is able to enter the ribosome 5

12 3 4 5 L] 7 g 9 10

independently, does not induce EF-GT Pase activity? and does % oy
not require soluble translation factors for functiduromycin and ettt b el
related compounds therefore provide a direct means to address D-puromycin

ribosome-mediated peptide bond formation in the context of a fully
competent translation extract.
We synthesized a series of puromycin derivatives (Figure 1) that

differ in the (1) amino acid moiety, (2) amino acid stereochemistry, 8 ) . o o
and (3) number of carbon units in the amino acid backbone. We B 100] saa e §Puemen  Buromicin Analog )

.. . . . 5 ..l I e . 1a, L-puromycin 18
then measured the activity of each compound (Figure 2) in a high 3 0| \ \ 1b, D-puromycin 280
dynamic-range |6y potency assay using the rabbit reticulocyte 2 60 \ 2a, L-(4-Me)-Phe-PANS 10
protein synthesis systeth.The naturally occurring compound, 5 40 . s 2b, O-(4-Me)}-Phe-PANS 2400
L-puromycin (a), inhibits globin MRNA translation with an Kg E 20{ ‘\\_ I Zc,L-5-(4-Me)}-Phe-PANS 600
of 1.8u4M (Figure 2). Surprisinglyp-puromycin (Lb) also inhibited T e oo
translation giving an 1 of 280 uM (Figure 2), a difference of 1ot 10t 10t 10t 0t 10 36 L-a-Ala-PANS 1700
150-fold. [puromyein] (nh)

We reasoned that stereoselectivity should be a function of the Figure 2. 1Cso determination for puromycin and puromycin analogues;
side-chain size and geometry. To test this, we constructed com-_?’c“ (A) Tricine-SDS-PAGE analysis o?JS]Met-globin translation reactions

L . . in the presence of-puromycin (&) and p-puromycin (b): Lane 1, no
pounds where the puromycin side chain was altered to bear elthertemplate; lane 2, globin alone; lanes B0, concentrations from 50 nM to

a bulky (- or o-4-methyl-phenylalanine2a and 2b), or a small 10 mM for 1a and from 100 nM to 20 mM forlb. (B) Percent globin
substituent (- or p-alanine;3a and 3b). Compound2a inhibits translation relative to the globin only control ferpuromycin @a) and
translation better than puromycin itself &= 1.04M; Figure 2C) p-puromycin @b). (C) ICso values for puromycin analoguds—3c.

and is the most potent compound we constructed. G+a@nino over a broad range and is primarily dictated by the size and
acid variant 2b) shows much lower activity (16 = 2400uM), is geometry of the pendant side chain. Within thamino acid series
~9-fold lower tharp-puromycin (b), and is 2400-fold less potent  (1a, 2a, and 3a), marked variation is also seen based solely on
than theL-isomer. The alanine analogues {RCHz) show only side chain identity. Larger, hydrophobic side chains provide
3-fold selectivity for theL- versusp- isomers 8a vs 3b; Figure improved function, consistent with previous observati¥n$.In

2C). These observations argue that ribosomal stereoselectivity fallsthe p-amino acid series, the 4-O-methyltyrosine derivatie) (
8090 = J. AM. CHEM. SOC. 2003, 125, 8090—8091 10.1021/ja034817e CCC: $25.00 © 2003 American Chemical Society
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Figure 3. Carboxypeptidase Y (CPY) analysis of protejpuromycin
productst! TCA precipitation of fS]Met-protein (Ras) from translation
reactions after CPY treatment containing (A) Ras ontpuromycin (a)
at 2 M, and p-puromycin (b) at 500uM and (B) Ras onlyL-(4-Me)-
Phe-PANS 2a) at 1uM, b-(4-Me)-Phe-PANSZb) at 1500uM, andL--
(4-Me)-Phe-PANS Zc) at 1000uM. Data represent the meai standard
error for at least three independent experiments.

functions the best overall, and ha8-fold better activity than the
naturalL-alanine variant3a).

We next examined puromycin derivatives beaygihgmino acids.
S-Amino acids have been previously incorporated at low levels
using nonsense suppression technid@i&dn our experiments, both
L-3-(4-Me)-Phe-PANS Zc) andL-S-Ala-PANS @c) were able to
fully inhibit translation (IGo = 600 and 170Q«M, respectively).

Finally, we wished to confirm that our puromycin analogues
participated in peptide bond formation within the ribosome.
Incorporation of puromycin blocks the C terminus, rendering the
protein carboxypeptidase resistérevious work in our laboratory
demonstrated that covalent puromycin incorporation is most ef-
ficient near the 1G value!* Consistent with this observation, protein
synthesis performed in the presence of our puromycin derivatives
near the 1G, resulted in a 12- to 16-fold increase in carboxypep-
tidase Y (CPY)-resistant protein compared with the no-drug control
(Figure 3, A and B). All derivatives also produce truncated protein
fragments, consistent with entry and attachment both internally and
at the end of the template (Supporting Information, FigurelS1).

The structural basis for stereoselectivity in rabbit ribosomes

cannot be addressed presently, as there are no high-resolution

structures available. However, modelimgpuromycin (b) into the
active site of thedaloarcula marismortub0S subuni is consistent
with the idea that steric effects play a role in chiral discrimination.
In the atomic resolution structure, U2620 (U25B5coli) is the
closest nucleotide to the-side chain (see model in Supporting
Information). Also, while many of the ribosome active-site nucle-

that are incapable of synthesizing proteins can produce markedly
different result$?11.14The data here provide one metric of the chiral
and regiospecificity of mammalian ribosomes. We are hopeful that
this approach, along with other information such as the ability to
optimize tRNA affinity for elongation factor Tu (EF-TH)(EF1A

in eukaryotes), will facilitate the incorporation of desirable but
recalcitrant unnatural residues into peptides and proteins.
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