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Abstract: Combinatorial libraries of nonbiological polymers and drug-like peptides could in principle be
synthesized from unnatural amino acids by exploiting the broad substrate specificity of the ribosome. The
ribosomal synthesis of such libraries would allow rare functional molecules to be identified using technologies
developed for the in vitro selection of peptides and proteins. Here, we use a reconstituted E. colitranslation
system to simultaneously reassign 35 of the 61 sense codons to 12 unnatural amino acid analogues. This
reprogrammed genetic code was used to direct the synthesis of a single peptide containing 10 different
unnatural amino acids. This system is compatible with mRNA-display, enabling the synthesis of unnatural
peptide libraries of 10 unique members for the in vitro selection of functional unnatural molecules. We
also show that the chemical space sampled by these libraries can be expanded using mutant aminoacyl-
tRNA synthetases for the incorporation of additional unnatural amino acids or by the specific posttranslational
chemical derivitization of reactive groups with small molecules. This system represents a first step toward
a platform for the synthesis by enzymatic tRNA aminoacylation and ribosomal translation of cyclic peptides
comprised of unnatural amino acids that are similar to the nonribosomal peptides.

Introduction to 10 unique sequencésThis approach will require rewriting

| the genetic code for the simultaneous translation of multiple
unnatural amino acids and is contingent on the ability of the
ribosome to accept a large number of analogues for the synthesis
of libraries with good chemical diversity. However, methods

thesized nonribosomally by enormous multi-subunit complexes fOr manipulating the genetic code have already been developed
and employed to demonstrate that the ribosome is able to

comprised of catalytic modules dedicated to the ordered addition

and modification of each residue. The success of NRPs as smalfcorporate a large number of diverse side-chain analogues and

molecule therapeutics has been attributed to the fact that theyill tolerate at least a few backbone modifications.

typically contain nonproteinogenic amino acid analogues with ~ The most common approach to translating unnatural amino
modified side-chains and backbones that expand the limited @Cids is to expand the genetic code by utilizing the amber
chemical diversity of proteinogenic amino acids and can increaseNonsense (stop) codon for incorporation of an unnatural 21st
protease resistance and membrane permeability. Additionally, amino acid. The unnatural amino acid is chemically estefified

the structures of NRPs are frequently constrained by macrocy-t0 @an amber suppressor-tRNA, and incorporated in otherwise
clization and side-chain heterocyclization, which reduces con- Natural proteins opposite amber (UAG) codons using in vitro

formational entropy allowing for specific high affinity target ~ translation systems derived from cellular extraet3.This
binding as well as contributing to protease resistance and @PProach has been widely used to demonstrate that the ribosome

membrane permeability. will translate chemically diverse amino acid analogues, including
Several groups have proposed adapting in vitro bacterial bulky side-chain groups and modified main-chains, such as
translation for the coded ribosomal synthesis of drug-like P-Penzoylt-Phe, (aminooxy)acetic acid, amétmethyl amino
peptides composed of nonproteinogenic or unnatural amino acidst*~** Schultz and co-workers have also engineered or-
acids3-6 Because the synthesis of these compounds is codedthogonal pairs of suppressor-tRNAs and mutant aminoacyl-
for by mRNA, it will be possible to select functional molecules tRNA-synthetases (AARSs) for the in vivo incorporation of
using in vitro selection technologies developed for the selection

The nonribosomal peptides (NRPs) are a class of microbia
natural products that includes several valuable small molecule
therapeutics, such as the antibiotics penicillin and vancomycin,
and the immunosuppressant cyclosporit?ANRPs are syn-

(7) Frankel, A.; Li, S.; Starck, S. R.; Roberts, R. @urr. Opin. Struct. Biol.

of peptides and proteins from complex mRNA libraries of up 2003 13, 506-512.
(8) Heckler, T. G.; Chang, L. H.; Zama, Y.; Naka, T.; Chorghade, M. S.; Hecht,
(1) Walsh, C. T.Science2004 303 1805-1810. S. M. Biochemistryl984 23, 1468-1473.
(2) Sieber, S. A.; Marahiel, M. AJ. Bacteriol.2003 185, 7036-7043. (9) Noren, C. J.; Anthony-Cahill, S. J.; Griffith, M. C.; Schultz, P.&ience
(3) Forster, A. C.; Tan, Z.; Nalam, M. N.; Lin, H.; Qu, H.; Cornish, V. W.; 1989 244, 182—-188.
Blacklow, S. C.Proc. Natl. Acad. Sci. U.S.£2003 100, 6353-6357. (10) Bain, J. D.; Glabe, C. G.; Dix, T. A.; Chamberlin, A. R.; Diala, E.JS.
(4) Merryman, C.; Green, RChem. Biol.2004 11, 575-582. Am. Chem. Socl989 111, 8013-8014.
(5) Frankel, A.; Millward, S. W.; Roberts, R. WChem. Biol2003 10, 1043~ (11) Hohsaka, T.; Kajihara, D.; Ashizuka, Y.; Murakami, H.; Sisido,JMMAm.
1050. Chem. Soc1999 121, 34—40.
(6) Bjorklund, M.; Koivunen, E.Lett. Drug Des. Discoery 2004 1, 163— (12) Ellman, J. A.; Mendel, D.; Schultz, P. Gciencel992 255 197—200.
167. (13) Eisenhauer, B. M.; Hecht, S. NBiochemistry2002 41, 11472-11478.
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unnatural amino acids in response to a nonsense cddén. extracts, reconstituted systems offer complete control of the
Nonsense suppression approaches are limited, however, to theomponents that are critical for the manipulation of the genetic
simultaneous incorporation of only two different unnatural code, that is, tRNA, AARSs, amino acids, and release factors.
amino acids, because there are only three nonsense codons, antherefore, multiple sense codons can be simultaneously reas-
one must be reserved for proper translation termination. To signed to unnatural amino acids by simply reconfiguring the
circumvent this limitation, several groups have expanded the components of the translation system. For example, by omitting
genetic code beyond the 64 three-residue codons by developingamino acids and AARSs and providing three different chemi-
four- or even five-residue codons or three-residue codons with cally charged tRNAs, Forster et al. used a reconstituted
novel base pair¥-21 translation system to simultaneously reassign three sense codons
An alternative to expanding the genetic code is to reassign to unnatural amino acids.
sense codons to unnatural amino acids. In vivo, sense codons Ultimately, we envision using the PURE reconstitukedoli
have been reassigned during recombinant protein expression byranslation systef and an expanded genetic code to synthesize
forcing bacterial expression hosts that are metabolically inca- chemically diverse libraries of NRP-like molecules in a fully
pable of synthesizing a particular amino acid to use a chemically enzymatic ribosome-based system. To explore the feasibility
similar amino acid analogue provided in the culture még#ié of using AARS:Ss for the in situ aminoacylation of tRNAs with
Sense codon reassignment with backbone modified analogueginnatural amino acids, followed by ribosomal synthesis of
has also been demonstrated in vitro using chemically chargedunnatural peptides, our initial efforts have focused on 12
tRNAs. For example, Frankel et al. used chemically charged unnatural amino acid analogues that are known AARS sub-
tRNAs to reassign a Val and an Ala codonNemethyl-Phe strates. Here, we simultaneously translate 10 of the 12 analogues
and demonstrated the synthesis of protease resistantNpoly- and show that this system is compatible with the synthesis of
methyl-Phe peptidesTan et al. used sense codon reassignment puromycin-mediated molecular fusions between the unnatural
and chemically charged tRNASs to test the translation of several peptide and its mRNA for the in vitro selection of drug-like
different backbone analogues of Phe and Ala and found thatmolecules by mRNA-displa$® Finally, we show that the
the N-methyl ando-hydroxy analogues of these amino acids chemical diversity of these peptides can be expanded by
are efficiently incorporated at a single codon in a tripepttde.  reconfiguring the system with mutant AARSs or by the specific
An alternative approach to the chemical charging of unnatural posttranslational chemical ligation of small molecules to one
amino acids is to chemically transform the natural amino acids of the unnatural side-chains.
after they have been enzymatically charged onto tRNA. For
example, Phe-tRNA*® has been chemically deamininated to
a-hydroxy-Phe-tRNA"for the ribosomal synthesis of the Phe- Amino Acids. Natural amino acids,-azetidine-2-carboxylic acid
polyester’ Using a similar approach, Merryman and Green (Pa). 2-fluoroi-phenylalanine (g, pL-7-azatryptophan (W, oL-f-
chemically methylated the amino groups of the 20 canonical (1:2:4-trazol-3-yl-alanine) (b}, oL-4-thiaisoleucine @, oL-f-hydroxy-

. . . . norvaline (), S(2-aminoethyl)e-cysteine (K), L-canavanine (g,
amino acids while attached to their cognate tRNA, and : : :
. . ! L-allylglycine , andL-p-iodo phenylalanine ff were purchased
demonstrated translation dfmethyl peptided. oy (L) P peny @ P

from Sigma. 55,5 -Trifluoroleucine (L), 3-fluoro--tyrosine (Y), and
Recently, reconstituted translation systems have been as+-threof-hydroxy aspartic acid (§ were purchased from Lancaster,
sembled from highly purified. coliribosomes and tRNA plus  Fluka, and ICN, respectivelyL-2-Amino-hex-5-ynoic acid (M was
recombinant translation factors and AAR22%These purified kindly provided by J. Link and D. Tirrell. All amino acids were
systems are capable of translating entire proteins with yields dissolved in water at 1, 10, or 40 mM, and the pH was adjusted to

: ; 7.0-7.5 with KOH and filtered. Isotopically labeled amino acf8s-
comparable to S30 translation extracts. However, unlike crude : .
P Met (2600 dpm/fmol) andH-His (84 dpm/fmol) were from Perkin-

Materials and Methods

) ] ) Elmer.
a4 \5/\(/)%@, L.+ Brock, A Herberich, B.; Schultz, P. Science00%, 292, 498~ Translation Factors, Enzymes, and Ribosome$2CR primers and
(15) g\lué\loozilégslgog_rfggo; A.; King, D.; Schultz, P. G.Am. Chem. plasmids for the expression of hexa-histidine tagged IF1, IF2, IF3, EF-
oc. . _ _

(16) Anderson, J. C.; Wu, N.; Santoro, S. W.; Lakshman, V.; King, D. S.; Tu, EF-G, EF-Ts, RF1, RF3, RRF’, MT',:’ MetRS, GI,URS’ PheR,S‘
Schultz, P. GProc. Natl. Acad. Sci. U.S./2004 101, 7566-7571. AspRS, SerRS, and ThrRS are described in the Supporting Information.

(17) _H;)hsz%li)ai ZO qsir(])iélélfi'lggfaira’ H.; Murakami, H.; Sisido, Bibchem- Expression plasmids for ArgRS, GInRS, lleRS, LeuRS, TrpRS, AsnRS,
istry ) . . .

(18) Magliery, T. J.; Anderson, J. C.: Schultz, P. &Mol. Biol. 2001, 307, HisRS, and ProR8 were from T. Ueda, and TyrRS (Supporting
755-7609. Information) and LysRS were from P. Schimmel. The PheRS

(19) ;Ooohf%aé& eﬁ%%iélika’ Y.; Murakami, H.; Sisido, Mucleic Acids Res.  Ala294Gly mutant was generated from the wild-type expression plasmid
(20) Bain, J. D.: Switzer, C.: Chamberlin, A. R.; Benner, S.Nature 1992 using the quick-change mutagenesis kit (Stratagene) and a pair of

356, 537-539. mutagenic primers. To construct the Asp345Ala mutant of LeuRS, the

(21) Hirao, I.; Ohtsuki, T.; Fujiwara, T.; Mitsui, T.; Yokogawa, T.; Okuni, T.; ; :
Nakayama, H.: Takio, K.. Yabuki, T.: Kigawa. T.: Kodama. K.. Nishikawa, LeuRS gene was excised from pET21a viitid and Xhd and moved

K.; Yokoyama, SNat. Biotechnol2002 20, 177-182. to the pET24a backbone, which lacBral sites. The Asp345Ala
(22) Hortin, G.; Boime, |Methods Enzymoll983 96, 777—784. mutation was created by PCR amplification of thgd/Dral fragment
(23) g\{gs.on, M. J.; Hatfield, D. L Biochim. Biophys. Actd984 781, 205~ using a mutagenic forward primer spanning &g site and a reverse
(24) Link, A. J.; Mock, M. L.; Tirrell, D. A.Curr. Opin. Biotechnol2003 14, primer spanning théral site, which were used to reintroduce the
(25) %?J:Es?gN Minks, C.; Alefelder, S.; Wenger, W.; Dong, F.; Moroder, L.; mutan.t fragment into .the parental pETZf‘ra-LeuRS construct. The
Huber, R.FASEB 11999 13, 41-51. T r "7 plasmid for the expression of tRNA-nucleotidyltransferase as a fusion
(26) Tan, Z. P.; Forster, A. C.; Blacklow, S. C.; Cornish, V. 3 Am. Chem. with maltose binding protein was constructed by U. RajBahndary and
Soc.2004 126 12752-12753. provided by C. Merryman. The expression, purification, and storage

(27) Fahnestock, S.; Rich, Aciencel971, 173 340-343.
(28) Shimizu, Y.; Inoue, A.; Tomari, Y.; Suzuki, T.; Yokogawa, T.; Nishikawa,

K.; Ueda, T.Nat. Biotechnol2001, 19, 751—755. (30) Roberts, R. W.; Szostak, J. Wroc. Natl. Acad. Sci. U.S.A997, 94,
(29) Forster, A. C.; Weissbach, H.; Blacklow, S.&hal. Biochem2001, 297, 12297-12302.
60-70. (31) Steer, B. A.; Schimmel, BBiochemistryl999 38, 4965-4971.
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of all factors and enzymes followed a previously described protbcol A o o o o
with the following modifications: cells were lysed with B-PER reagent . HaM._ ! - HaN Hzmvl\__ HaN._
(Pierce) and purified using a batch procedure with Ni-NTA resin T on on o o
(Qiagen) as suggested by the manufacturer. Enzyme concentrations wer: HO ™ ‘}C_o / J
determined from the UV absorbance at 280 nm and extinction & y b b
coefficients calculated from amino acid compositions. MetRS required 2 nd (
storage in buffer containing 50% glycerol -a20 °C. . N,
Ribosomes were prepared at@ from E. coli strain A19. The cells HNT N
from a 3 Llog-phase culture were harvested by centrifugation at §000 Da Ma Ra Ka
for 30 min and washed in 300 mL of buffer A (10 mM Tris-HCI pH 5 5 ; ;
7.5, 10 mM Mg(OAc), 100 mM NHCI, 0.25 mM EDTA, 7 mM wn. L . | an H

B-ME). The pelleted cells were resuspended in 25 mL of B-PER cell Ty Tom T o ~ oH oM

lysis solution (Pierce) supplemented with 4 mM Mg(OA&)00 mM -

NH4CI, 0.25 mM EDTA, 7 mMgB-ME, and 20Qug/mL lysozyme. The

S30 fraction was completely clarified by three successive 30 min spins

at 30 00@. Ribosomes were isolated from the approximately 20 mL T, L, I P,

of S30 fraction by layering 5 mL aliquots onto 7 mL of 30% sucrose

in buffer B (10 mM Tris-HCI pH 7.5, 10 mM Mg(OAg) 500 mM ﬁ

NH,CI, 7 mM 5-ME) and pelleting for 18 h at 100 0§Gn a Beckman MM o HaNe o e L

SWA40Ti swinging bucket rotor. This salt washing procedure was )

repeated two more times by resuspending ribosomes in buffer B and ,:<_\ i = \f'\

pelleting through the 30% sucrose solution. Following the third salt o

wash, the ribosome pellets were resuspended in buffer C (10 mM Tris- _< U

HCI pH 7.5, 10 mM Mg(OAc), 60 mM NH,CI, 0.5 mM EDTA, 3

mM B-ME), aliquoted for storage, and flash frozen in liquid nitrogen. Y, H, W, Fa
tRNA Labeling and AARS Assay.Total E. colitRNA was labeled

according to the method of Wolfson and Uhlenii8akith several B Second Position

modifications. The labeling reaction (104.) contained 20 mM Tris . U Cc A G

pH 8.7, 20 mM MgC}, 50uM sodium pyrophosphate /M total tRNA U

(Roche), and 660 nM-*?P]JATP (227 uCi) and 34 ng/mLE. coli u S g

tRNA nucleotidyl transferase. The reaction was incubated 4C3or Stop G

2 h and quenched by the addition of 40 of 100 units/mL yeast c uilgd

inorganic pyrophosphatase (Sigma). After 2 min at°87 CTP was .5_3 C R c éf

added to a final concentration of 4:8M. The solution was phenol: 'g g %

chloroform extracted and the tRNA purified from the aqueous layer o ulg

on a NAP-5 column (Amersham Biosciences) eluted with water. A B A C | =

YM-10 centricon (Millipore) was used to concentrate the labeled tRNA, ic = A g

and residual ¢-3?PJATP was removed by two exchanges into water. G

The final tRNA labeling yield was 5@Ci. 0 u
Each AARS assay (10L) contained 40 mM HEPES-KOH pH 7.4, G ﬁ

45 mM KCI, 25 mM MgC}, 3.4 mM BME, 6 mM ATP, 0.02 units/ G

mL yeast inorganic pyrophosphatase, 246[a-32PJtRNA (0.67uCi), ] ]

BSA (0.09 mg/mL), 2 mM of the appropriate amino acid and AARS Figure 1. Unnatural amino acids known to be translatablg_. (A) The

(2.1uM ASpRS, 220 nM PheRS, 1.2 HisRS, 280 nM lleRS, 1.07 ?tructurles are cqlo)red red ((p(?lar negatll)ve), blue((polar IpOSIIt'Nﬁ)"p)urplij
) ’ . ! i nonpolar aromatic), green (polar neutral), orange (nonpolar aliphatic), an

MM LysRS, 11.5 nM LeuRsS, 910 nM MetRS, 230 nM ProRS, 550 nM black (unique reactivity) according to side-chain properties at physiological

ArgRS, 240 nM ThrRS, 92 nM TrpRS, and 290 nM TyrRS). After 5 i The imidazole side-chain of His has K4qof ~6.0 and is typically

min, a 1uL aliquot was removed and added to an ice-cold_4olution considered polar positive; however, becausehBis a [, of ~3.3, it is

of nuclease P1 (0.066 unit) in 200 mM NaOAc pH 5.0. The classified as nonpolar aromatic. (B) The universal genetic code is shown

quenched reactions were incubated for 20 min at ambient temperature With the sense codons reassigned to 12 unnatural amino acids shaded

The solutions were spotted on a 10 cm PEl-cellulose TLC plate (Sigma, according to symbols and coloring in (A).

pre-run with distilled water), developed with 85:10:5 water:saturated L . . . .
transcription reaction®. The desired transcript was purified by denatur-

boric acid:acetic acid, dried, and exposed overnight to a phosphorimager; i - > .
screen. TLC spots were quantified using a phosporimager, and N9 preparative polyacrylamide gel electrophoresis. For mRNA-display,

background was accounted for by subtracting a spot of equal size from purified mRNA was photochemically ligated at 3§6 nm for _15 min to
a blank TLC lane. a synthetic linker possessing & fasoralen and a'3uromycin [3-

psoralend AGCCGGUGdAs-(spacerQdA-rCrC-puromycin-3(Glen
Research), the italicized sequence correspondé-tieeghoxy nucleo-
sides]3
4 PURE Translation System.The PURE translation system was as
previously described with slight modificatiéh. Freshly prepared

Plasmid DNA was prepared from ampicillin resistant transformants and Stigda;d polkl/lmix bufféF W?]S Suﬁ plemen(tjed Witq 2 me AITP’ 3 mM
used as the template in PCR reactions with primers that correspond toC TP, 10 mM creatine phosphate, and a¥ 10-formyl-5,6,7,8-
the T7 RNA polymerase promoter and terminator sequences. PCRtetrahydrof‘ollc acid. Translation reactions (pdl) contained final
products were purified using the QIAquik PCR purification kit (Qiagen) concentrations of 0.2M MTF, 1.04M IF1, 0.3uM IF2, 0.7uM IF3,
and used as the template for standard T7 RNA polymerase in vitro

mRNA Templates. DNA templates for the in vitro transcription of
mRNAs that code for the peptides in Table 1 and Figure 4 were
constructed by ligating complementary oligonucleotides with the
appropriate overhangs into pET12b (Novagen), which had been opene
with Ndd and BarHI or Ndd and Psil (Supporting Information).

(33) Milligan, J. F.; Uhlenbeck, O. QVlethods Enzymol1989 180, 51-62.

(34) Kurz, M.; Gu, K.; Lohse, P. ANucleic Acids Re200Q 28, E83.

(32) Wolfson, A. D.; Uhlenbeck, O. @Qroc. Natl. Acad. Sci. U.S.2002 99, (35) Jelenc, P. C.; Kurland, C. ®roc. Natl. Acad. Sci. U.S.A979 76, 3174~
5965-5970. 3178.
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% conversion

MHFSW-FLAG Calc.=1730.8
B. 1729.4

ATP ode sevssntos ane #0080 000,00 **vane

AA-AMP an S, Se-Te 9 "0 - s == - HaN
OH
D-AMP F=
AMP ﬂ“ﬂ“ﬂ”ﬂﬂm”
17I0U 1BIU'U

(Origin) T 1
Figure 2. TLC AARS assay. The histogram plot indicates the percent of 1600 1900
total tRNA converted to aminoacyl-tRNA after 5 min as measured by TLC miz
analysis of the AARS reaction for natural amino acids (red bars), analogues
(green bars), and a negative control lacking amino acid (blue bars). Below, MHF_,SW-FLAG Calc.=1748.7
three TLC lanes are shown for each AARS reaction containing the natural
amino acid (left), the analogue (middle), or the negative control lacking 1748.0
amino acid (right). Percent conversion, the ratio of aminoacyl-tRNA (AA- o
AMP) to total tRNA (AA-AMP+AMP), is calculated from the integration OH
of background corrected TLC spots. It should be noted that the observed F =
percent tRNA converted reflects the use of tdalcoli tRNA rather than a .
a single in vitro transcribed tRNA, which can be almost completely
aminoacylated? ' i ' '

1600 1700 1800 1900

3.2uM EF-Tu, 0.6uM EF-Ts, 0.5uM EF-G, 0.3uM RF1, 0.4uM m/z
RF3, 0.1uM RRF, 0.5uM ribosomes, and 0.05 A, unitsjxL total Figure 3. Unnatural amino acid peptide incorporation assay. (A) The
tRNA. In addition, the reactions contained only the amino acids (0.4 Peptide yields from four translation reactions were used to determine that
mM unless specified otherwise in figure legends) and AARSsy(M1 Fa is_ efficiently translated into peptides. The control translation reactions
MetRS, 0.2:M LeuRS, 0.6:M GIURS, 0.2:M ProRS, 1.:M GInRS, lacking mRNA or Phe (F) or its analogue jJFwere compared to the

: reactions containing F or.F(B) MALDI-TOF MS analysis of the peptide
1.0 uM HisRS, 0.3uM PheRS, 1.2«M TrpRS, 0.2uM SerRS, 0.2 products from translation reactions containing F qr d®nfirmed the

uM lleRS, 0.4uM ThrRS, 0.6uM AsnRS, 0.6uM AspRS, 0.5uM incorporation of the analogue. Calc. is the calculated average mass for the
TyrRS, 0.5uM LysRS, 0.4 uM ArgRS) necessary to translate each singly charged species, [M H] 1.

peptide. The reactions were assembled on ice and started by addition
of MRNA to 1.0uM followed by incubation fo 1 h at 37°C. Peptides analysis of the mRNA-fused peptide, the puromycin-peptide moiety
were isotopically labeled by including either Q& **S-Met plus 20 was liberated from the mRNA by digestion with nuclease P1 and

#M Met, or 0.5uM °H-His. purified for mass analysis by nickel affinity and C18 reverse phase
Peptide Translation Assay Translated peptides were purified from  micro-chromatography, as described above.
50 uL reactions using prewashed FLAG M2 agarose (Sigma) or Ni- Posttranslational Chemical Derivization of Peptides.Reactions

NTA agarose (Qiagen). Following two buffer washes (50 mM Tris- (10uL) contained 100 nM peptide, 0.1 M Tris pH 8.0, 0.5 mM CuSO
HCI, 300 mM NaCl, pH 8.0), the peptides were eluted from both 1 mM tris(triazolyl)amin€” 1 mM TCEP, and 1 mM either AZT
matrixes with 0.2% TFA, and the peptide yield was determined by (Sigma) orp-p-glucopyranosyl azide (Sigma) in an aqueous solution
liquid scintillation counting and the specific activity #5-Met or*H- with 10% DMSO. Afte 1 h atambient temperature, 0.5% TFA (50
His. For mass analysis, peptides were concentrated and desalted by:L) was added to quench, and the peptide products were purified using
reverse phase micro-chromatography using C18 zip tips (Millipore) Zip-Tips and analyzed by MALDI-TOF MS as described above.

and eluted with a 50% acetonitrile, 0.1% TFA solution saturated with

the matrixa-cyano-4-hydroxycinnamic acid. Mass measurements were Results

made using an Applied Biosystems Voyager MALDI-TOF with delayed . . . .
extraction operated in the positive mode and externally calibrated with . Se_lgcnon of Unnatur_al Am_lno Acids. A Ilte_rature survey
angiotensin |1 (1046.54 da), ACTH fragment-189 (2465.20 da), and identified unnatura_l amino acid substrates (Figure _1) for 12 of
the insulin B chain (3494.65 da) standards (Sigma). the 20 AARSSs that in most cases were known to be incorporated

mRNA-Display. Peptide-mRNA fusions were produced by translat- INt0 proteins by thé. colitranslation machiner$?38Therefore,

ing MRNA photochemically ligated to the puromycin linker in 0.5 mL by exploiting the natural substrate promiscuity of the AARSs,
translation reactions configured with either natural or unnatural amino this set of side-chain analogues could be used to test the ability
acids. Following the translation reaction, the KCI and Mg(QAc) of a reconstituted translation system to simultaneously incor-
concentrations were adjusted to 550 and 50 mM to facilitate fusion
formation, and incubated an additional 15 min at room temperature. (36) Liu, R.; Barrick, J. E.; Szostak, J. W.; Roberts, R. Méthods Enzymol.
The mRNA-puromycin-peptide fusions were detected by separation on 37) %/f/)gr? 33\'2@%59?- R Hilaraf. R.: Fokin. /. V.- Sharpless. K. B.- Finn
10—20% SDS-PAGE gradient gels (Biorad) and autoradiography and M. G.g,l Am. Chem. SBQOga 125 3192-3193. pless, 8. 5. '
were purified by oligo(dT) affinity chromatography. For MALDI-TOF  (38) Lea, P. J.; Fowden, [Phytochemistry1973 12, 1903-1916.
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A natural M(H),-KFYIDPMWRLTHKHRL residues in the aquachelins, a class of marine sideropftbres.
" P,, the four-membered-ring proline analogue, constrains back-
bone geometry, but increases local flexibility by increasing
rotational clearance (relative to Pro) with the side-chains of

neighboring residues in the polypeptide ch&ifr,, Y, and Ly
I are fluorinated amino acid analogues that are more hydrophobic

analog M(H),-K.F.Y_I.D.P.MWR L T HKHR.L,

aa—a a a 'a~a’' 8

ptide /
n
2 o 8

(=]

than the natural amino acids from which they are derived and
have a propensity for self-associatitf” In fact, the replace-
ment of multiple Leu residues withglin the core of the GCN4
nomRNA natural  analog leucine zipper increases thermal and chemical stabflfgnally,

the alkyne side-chain of Mprovides a functional group with a
unigue reactivity that is orthogonal to those in biological
polymers?”

Testing Unnatural Amino Acids with AARSs. The 12
unnatural amino acids selected from the literature were verified
to be substrates foE. coli AARSs using a highly sensitive
aminoacylation assay developed by Wolfson and UhlenBgck.

3000 3500 4000 This assay does not depend on isotopically labeled amino acids
iz for detection, but instead uses tRNA terminal nucleotidyl
transferase to specifically exchange thide3minal adenosine
3343.1 nucleotide of tRNA for §32P]-AMP. Following aminoacylation,
analog Calc.=3343.6 the labeled tRNA is digested with nuclease P1 and the liberated
33205 | 33011 aminoacyl-f32P]-AMP is detected by TLC and autoradiogra-
phy. Analysis of the unnatural amino acids selected from the
literature revealed that 11 of the 12 analogues were aminocylated
. b | : , onto totalE. coli tRNA by purified E. coli AARSs (Figure 2).
3000 3500 4000 The formation of Q-[a3?P]-AMP could not be detected by this
mz TLC system, presumably because its side-chain causes it to have
Figure 4. (A) The amino acid sequences and yields of the peptides resulting the sameR: as AMP or ATP. Indeed D-AMP is more difficult
from translation of the 23 amino acid mRNA with either 12 natural amino to separate from AMP than other AA-AMPs (Figure 2).

acids (0.15 mM) or 10 unnatural amino acids,(Ry Fa and s, 0.15mM; = However, the ability of @ to serve as a substrate for AspRS
Da Wa, and T, 0.2 mM; Y, 0.4 mM; |, 0.8 mM; Ly, 2.0 mM) plus His ified usi tlv d | d MALDI-TOE AARS
(0.15 mM) and Met (4«M). (B) MALDI-TOF analysis of the natural peptide was vermed using a recently develope -

(top) and the analogue peptide (bottom). The basis for the minor peaks assay (M. Hartman, unpublished results).
ObsleerTdrir\;vtef;ehatlgaltﬂguer;gn?gﬁpfﬁ);nlr::gg:- I';tcéwgalbesr,timsoid (;)fnTtLlfir Testing Translation of Unnatural Amino Acids. A peptide
vn\;i(tJhe'(IE:(?:alc.333é9.6)yand t¥1e use of contamina’:t)ing Trp by HisRS (Calc. tranSIatlon assay was used to tESt. whether  the un.natural
= 3392.6). aminoacyl-tRNAs are (1) properly delivered to the A-site of
the ribosome by EF-Tu, (2) efficient peptidyl acceptors in the
A-site, and (3) efficient peptidyl-donors in the P-site. The assay
porate multiple unnatural amino acids. Translation of this set \yas designed to direct the incorporation of each unnatural amino
with the requisite AARSs and total tRNA effectively reassigns acid by a single test codon placed between an initiator AUG
35 of the 61 sense codons (Figure 1). Like the 20 proteinogenic and an affinity tag in one of five mMRNA templates (Figure 3
amino acids, this set contains hydrophobic, polar, and positively and Table 1). In addition to assessing peptide yields as a measure
and negatively charged side-chains. However, the properties ofof translation efficiency, incorporation of the unnatural amino
several of these unnatural amino acids are significantly different acids was verified by MALDI-TOF mass spectrometry. Both
from the natural amino acids that they replace. For instance,components of this ana|ysis’ product y|e|d and mass, are

Mols Pe|
50 uL

p

(=]

B . 3124.4 natural Calc.=3124.6

the [Ka of the oxyguanidino group . ~ 7.0) of Riis about  important for assessing the overall fidelity and processivity of
five units lower than the guanidino group of Argp~ 12.0), the system and confirming the incorporation of the unnatural
|nd|Cat|ng that the Slde-ChaII’I OfaRN"l |On|ze W|th|n the amino acids |n the translated pept|de products_

physiological pH rang& Conversely, unlike the imidazole side-  peptides were purified from the translation reactions on the

chain of His (fKa~ 6.0), which ionizes within the physiological  pasis of the C-terminal FLAG or Higag, and the yield was
pH range, the 1,2,4-triazole Kp ~ 3.3) of Hy is predicted to  determined by scintillation counting 8fS-Met @H-His was

be completely deprotonated at physiological 94 The Trp used for analysis of ilcontaining peptides). The incorporation
analogue, W is more soluble and has a red-shifted fluorescence

maximum relative to Trp, a property that has been exploited (43

Anderson, R. D.; Zhou, J.; Hecht, S. Nl. Am. Chem. SoQ002 124,
9674-9675.

)
for FRET studies of protein folding and protease cleavage (44) Barbeau, K.; Rue, E. L.; Bruland, K. W.; Butler, Mature 2001, 413,
incd2,43 i i ; ; ; 409-413.
studies’ Da is one of the invariant Fe(III) coordmatlng (45) Zagari, A.; Nemethy, G.; Scheraga, H. Biopolymers199Q 30, 951—
959.
(39) Boyar, A.; Marsh, R. EJ. Am. Chem. S0d.982 104, 1995-1998. (46) Gough, C. A.; Pearlman, D. A.; Kollman, B. Chem. Phys1993 99,
(40) Burke, L. A.; Elguero, J.; Leroy, G.; Sana, Nl. Am. Chem. Sod.976 9103-9110.
98, 1685-1690. (47) Bilgicer, B.; Xing, X.; Kumar, K.J. Am. Chem. So@001, 123 11815~
(41) Soumillion, P.; Fastrez, Protein Eng.1998 11, 213-217. 11816.
)

(42) De Filippis, V.; De Boni, S.; De Dea, E.; Dalzoppo, D.; Grandi, C.; Fontana, (48) Tang, Y.; Ghirlanda, G.; Vaidehi, N.; Kua, J.; Mainz, D. T.; Goddard, I.
A. Protein Sci.2004 13, 1489-14502. W.; DeGrado, W. F.; Tirrell, D. ABiochemistry2001, 40, 2790-2796.

J. AM. CHEM. SOC. = VOL. 127, NO. 33, 2005 11731



ARTICLES Josephson et al.

Table 1. MALDI-TOF MS Analysis of Unnatural Amino Acid

| i & $
ncorporation «06\ \0@
peptide % yield? calc. miz (85;‘?* & ‘\Y:Qo éz:)c\ & \\v&o\t}o
MLEPQDYKDDDDK 100 1640.7 1640.6 Pl i i ol il
ML EPQDYKDDDDK 100 1694.7 1694.9
MLEP,QDYKDDDDK 88 1626.7 1626.8 150 1 2 3 4. EHE 86 i
MHFSWDYKDDDDK 100 1730.8 1729.4 S "
MHF.SWDYKDDDDK 95 1748.7 1748.0 L B B g e PoPidermRNA
MHFSW,DYKDDDDK 100 1731.7 1731.5 S0 = |
MH,FSWDYKDDDDK 92 1731.7 1731.0
MITNPDYKDDDDK 100 1598.7 1597.9 37—
MI,TNPDYKDDDDK 95 1616.7 1615.8 25 e
MIT .NPDYKDDDDK 100 1612.7 1611.4 20— —
MDYKMHHHHHH 100 1538.7 1538.1 F)
MaDYKM HHHHHH 100 1494.7 1493.8 15=—
MD,YKMHHHHHH 93 1554.7 1555.0 10—
MDY KMHHHHHH 84 1556.7 1556.5 TR a— peptide
MDYK MHHHHHH 100 1556.7 1556.3
MTINRDYKDDDDK 100 1557.7 1557.9
MTINR.DYKDDDDK 100 1559.7 1560.0 - iz =i
natural analog
2The percent yield of the analogue containing peptides relative to the Figure 5. mRNA-display of natural and unnatural peptides—20%
respective natural peptide. gradient SDS-PAGE analysis of translation reactions and oligo(dT) purified

peptide-mRNA fusions.

efficiency of each analogue was evaluated by comparing the
yields of four translation reactions, a control reaction lacking 4, legend). Comparison of the peptide yields from &0
mRNA and three mRNA programmed reactions with different translation reactions containing all natural amino acids (15.9
combinations of amino acids. For example, in addition to the pmol) or 10 unnatural amino acids plus His and Met (5.9 pmols)
no mMRNA control, the three reactions used to analyze F indicated that the unnatural peptide is translated with about 37%
incorporation were a positive control containing all natural of the efficiency of the natural peptide (Figure 4). MALDI-
amino acids, a negative control lacking Phe, and a test reactionTOF analysis of the peptide products from the translation
containing K (Figure 3). The peptide yield from the reaction reaction containing natural amino acids revealed a single peak
containing i was compared to those of the positive control, with the predicted molecular weight for the 23-residue peptide.
which provides a benchmark for efficient translation, and to The same analysis of the products from the translation reaction
the negative control, which establishes the background level of containing 10 amino acid analogues revealed a major peak
misincorporation at a particular codon. corresponding to the fully substituted analogue peptide and

In general, the positive control translation reactions containing several minor peaks. Possible explanations for these minor peaks
a complete complement of the natural amino acids required to include the presence of contaminating natural amino acids, or
translate a given template yielded 25 pmol of peptide from a incomplete aminoacyl-tRNA synthetase specificity (Figure 4,
50 uL reaction. Comparable yields84%) were observed for  legend); nevertheless, the fidelity of translation with multiple
translation reactions containing a single unnatural amino acid, analogues is clearly sufficient for successful in vitro selection
suggesting that all 12 analogues were efficiently incorporated experiments.
into peptides (Figure 3 and Table 1). The subsequent mass mMRNA-Display of Natural and Unnatural Peptides in the
analysis of the affinity purified peptide products confirmed the PURE System.The in vitro selection of ribosomally synthesized
fidelity of the translation system and revealed that each of the peptides requires a physical link between the peptide (pheno-
selected unnatural amino acids was faithfully incorporated type) and the mRNA that codes for its synthesis (genotype).
(Figure 3B and Table 1). Additionally, mass analysis revealed The mRNA-display approach uses the peptidyl-accepting an-
that the M, containing peptide was properly formylated and that tibiotic puromycin, chemically appended to theo8the mRNA,
Ma was incorporated opposite the initiator AUG as well as to provide a covalent link between the nascent peptide and its

within the open reading frame. Therefore -MRNAMet is g coding mRNA prior to release from the ribosodfeBecause

substrate for methionyl-tRNA transformylase (MTF) and its most mRNA-display experiments have been done with eukary-

dedicated initiation factor (IF2). otic translation extracts, it was important to establish that the
Unnatural Peptide Translation. The ability of the recon- reconstituted bacterial PURE translation system and the transla-

figured PURE translation system to simultaneously incorporate tion of unnatural peptides are compatible with the formation of
multiple unnatural amino acids was tested using an mRNA that puromycin-linked fusions. For this purpose, we modified our
coded for a 23-residue peptide with an N-terminalgtigsg) and 23 amino acid test MRNA with a synthetic oligonucleotide linker
at least one codon for each of the 12 unnatural amino acids inending with a 3puromycin. Examination of the fusions between
Figure 1. This template was translated with either all natural this mMRNA and peptides translated with natural or unnatural
amino acids or 10 of the 12 unnatural amino acids in Figure 1 amino acids revealed that in both cases about 35% of the
(His and3°S-Met/Met were included in place oftind M, to translated peptide was coupled to its mRNA (Figure 5, lanes 3
allow epitope purification and detection of peptide products, and 6). As expected, no peptide was detected in control reactions
respectively). The final concentration of the unnatural amino lacking mRNA (Figure 5, lane 1), and no mRNA-peptide fusion
acid analogues was adjusted to minimize the incorporation of was detected in translations programmed with mRNA lacking
natural amino acids that contaminate some of the componentsthe 3 puromycin (Figure 5, lanes 2 and 5). The mRNA-peptide
of the translation system or the analogues at low levels (Figure fusions can be purified from the translation reaction on the basis
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. ML,EPQ-FLAG Calc.=1624.7
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n e e .

; 5 1624.8 o
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peptide-(B) -/ 2-OMe HN OH
i 1646.2 Lb=
Muclease P1 @ = puromycin |
| / 1658.7
B. MHHHHHHKFYIDPMWRLTHKHR-@ -PO,H, Calc.=3542.0
35424 1400 1600 1800 2000 2200
m/z
3588.0
MHF,SW-FLAG Calc.=1856.8
deusiehios T = 1 O
3000 3500 4000 1858.0 HaN OH
miz Fb=

MHHHHHHK,F,Y,I,D,PQMW,R,L,T,HK,HR,-@ -PO,H, Calc.=3707.0

1811.0 || 1880.2
3707.0 |
1 — T 4 A - T 1
3689.1 /3?22-3 1400 1600 1800 2000 2200
m/z
— T " Figure 7. Additional analogues incorporated with mutant AARSs. MALDI-
3000 3500 4000

TOF spectra are shown for the incorporation of allylglycing, (L2 mM)
andp-iodo-Phe (l, 0.8 mM) using mutant LeuRS and PheRS into FLAG-
m/z tagged test peptides. In both cases, the desired peptide is the major product.

Figure 6. MALDI-TOF analysis of the mRNA-displayed peptide. (A) A There are two additional products from the reaction reconfigured with LeuRS
schematic diagram detailing the interaction between the puromycin linker Asp345Ala. Based on their molecular weights, one of these may be the
and the mRNA is shown. The last three codons of the mRNA open reading sodium adduct of the desired product (Cafc1646.7), and the second is
frame (His, Arg, Leu) form a stable duplex with a complementar@®ie likely to represent incorporation of Met rather thap (Calc. = 1658.7)
sequence in the puromycin linker. This@Me stretch is preceded by a  due to the promiscuity of the editing-inactivated LeuRShe additional
psoralen (ps) that intercalates in the mRNA and is predicted to covalently peaks observed in the spectra of theéntaining peptide may be the sodium
cross-link (shown in green) to the uracil (U) in the stop codon upon adduct of the desired product (Cake. 1878.8) and the incorporation of
photoactivation. The mass analysis of the mRNA-displayed peptide below p-bromo-Phe (Calc= 1809.8), which presumably enters the translation
showed that the final Leu codon is not decoded by the ribosome presumablyreaction as an impurity ip-iodo-Phe.

due to the proximity of the covalent psoralen cross-link. (B) The peptide-

puromycin moiety from oligo(dT) purified mRNA fusions with natural (top) Although these results were encouraging, it was important
or unnatural (bottom) peptides was liberated by nuclease P1 and analyzedt ifv th fth tide f th tid RNA fusi
by MALDI-TOF. The spectra indicate that both natural and unnatural o verify the mass of the peptide from the peptide-m usions

peptides lack the C-terminal Leu or,land are linked to puromycin,  to ensure that it was composed of the desired natural or unnatural
indicating that they are properly displayed on mRNA in the PURE system. amino acids and that it was full-length. In particular, if the

The basis for the minor peaks observed is unknown. However, based on;,qrhoration of an amino acid analogue is sufficiently slow,
their molecular weights, the minor peak observed in the all natural amino

acid translation reaction may result from the use of Trp by HisRS (Calc. then the puromycin fusion reaction might occur prematurely,
3591.0). The minor peaks in the analogue translation may result from the giving rise to truncated peptide-mRNA fusions that may not be
incomplete substitution of Phe, lle, or Tyr with, [, or Y, (Calc.= 3689.0) resolved by gel electrophoresis. Therefore, the peptide-puro-
and the use of Pby ThrRS (Cale= 3723.0). mycin moiety of the oligo(dT) purified peptide-mRNA fusions

of a poly(dA) stretch in the puromycin linker (Figure 5, lanes Was liberated by extensive digestion with nuclease P1, purified
4 and 7). Oligo(dT) purification from 50Q.L translation and concentrated by nickel affinity chromatography, and de-
reactions containing natural or unnatural amino acids yielded salted by C18 micro-chromatography for mass analysis. In both
~28 pmol of mRNA-peptide fusion. The reason the yield of cases, fusions made by translation with natural or unnatural
mRNA-peptide fusions is reduceel0-fold as compared to the ~ amino acids, the displayed peptides contained the expected
free Ni-purified peptides is that the puromycin reaction limits amino acids and unnatural analogues. However, the peptides
each translating ribosome to a single turnover. The complexity Were only 22 amino acids long and lacked the C-terminal Leu
of mRNA-displayed libraries is limited by the amount of Or La residue (Figure 6). This presumably results from the
mRNA-peptide fusion that can be synthesized in translation inability of the ribosome to decode this codon, which is
reactions of practical volumes. Assuming linear scalability, our immediately followed by the 'Spsoralen used to covalently
observed yield of mMRNA-peptide fusion from a 5@0 reaction photo-cross-link the linker to the mRNA. Surprisingly, the
predicts that a 10 mL PURE translation reaction would yield ribosome is able to read through the mRNACMe duplex to
about 560 pmol of fusion, or an unnatural peptide library of translate through the two previous codons (His and Arg).
approximately 18" unique members. However, because the  Expanding Analogue Diversity with Mutant AARSSs.
highest yields in the PURE system were realized wiifold Several engineering or selection-based approaches have been
more ribosomes than used in this experiment, it may be possibledeveloped to relax or alter the substrate specificity of AARSs
to increase the library size by a further factor of at least 5.  for the translation of unnatural amino acids that are excluded

J. AM. CHEM. SOC. = VOL. 127, NO. 33, 2005 11733



ARTICLES Josephson et al.

A

Ho 9 W
H\n’N H“HFSV\F—FLAG on HTN H—HFSW—FLAG
o] N o
) g - 1914.0
o + 7% —» HO@W
(1708.7) (205.2) jrasaves
OH
(1913.9) I =
1600 1800 2000
B m/z
. o]
Ho N
N jcl: N HFSW-FLAG
/N'
o) N’
H B
H_N _ it z
Tcl: N—HFSW-FLAG + HN)LN'Q\’OS ) . .\‘N_ﬁN 1973.8
0PN —ub J OH
/ / )w) HN N
/ " -y vy L
1708.7 W | ' '
(1708.7) (267.2) (19759) 160 1800 2000
miz

Figure 8. Expanding chemical diversity by posttranslational derivatization. Copper(l) catalyze@]8ycloaddition between the alkyne ofNhcorporated
at the N-terminus of a peptide and glucopyranosyl azide (A) or AZT (B).

by the natural translation machinery. For example, the mutation for posttranslational chemical modification. This strategy was
of Ala294 to Gly in the Phe binding pocket &. coli PheRS recently combined with mRNA-display to select for peptide-
relaxes the specificity of the enzyme, allowing numerous para- drug conjugates between 10-residue peptides of natural amino
substituted Phe analogues to be charged onto fRNa&nd acids and penicillin, that displayed 100-fold higher activity than
incorporated into proteir.In another example, a mutation that  free penicillin® This approach can also be adapted to libraries
inactivates the editing domain of LeuR®$yreatly expands the  built from unnatural amino acids by exploiting the orthogonal
range of substrates that can be incorporated into proteins byreactivity of the terminal alkyne in the side-chain of,Mhich
tRNALeu 51,52 can be specifically ligated with azide-containing small molecules
To demonstrate that the chemical diversity of the unnatural by copper(l)-catalyzed [3- 2] cycloaddition3”:5> To demon-
amino acids translated in the PURE translation system can bestrate this principle the azide derivatives of the nucleoside
expanded using mutant AARSS, we reconfigured two translation thymidine and the sugar glucose, AZT and glucopyranosyl azide,
reactions with PheRS Ala294Gly or LeuRS Asp345Ala. As respectively, were posttranslationally appended to the terminal
expected, the system was now capable of faithfully incorporating alkyne of the M side-chain at the N-terminus of a peptide. The
p-iodo-Phe () and allylglycine (L) into peptide products  expected thymidine and glucopyranosyl ligated products were
(Figure 7). Not only does this demonstrate that mutant Phe anddetected by MALDI-TOF MS (Figure 8). Similar, agueous
Leu AARSs can be used for the incorporation of an aryl-iodide derivitization reactions catalyzed by Pd(Il) and Cu(l) are also
(Fp) and a terminal alkene @), but it also validates the use of available for the allylglycine (above) amazido-Phe (unpub-
mutant AARSs to expand the chemical diversity of our peptide lished results) side-chains incorporated with mutant LeuRS and
libraries. In fact, Schultz and co-workers have selected mutant PheRS$
AARSs that enable the incorporation of over 30 chemically
useful unnatural amino acid analogues, including photocleavable
amino acids, fluorescent and glycosylated side-chains, chemical As a step toward the development of a system for the
groups with unique and photocaged reactivity, and groups thatrihosomal synthesis and in vitro selection of novel NRP-like
can be photo-cross-linked both in vitro and in vivo. molecules, we have adapted the PURE reconstituted translation
Expanding Analogue Diversity by Posttranslational Chemi- system for the simultaneous translation of 10 unnatural amino
cal Derivatization. An additional approach to expanding the acid analogues and demonstrated the potential of this system
chemical diversity of products of the PURE translation system to synthesize libraries of peptide-mRNA fusions with up t*10
is to incorporate unnatural amino acids with unique reactivity members. Moreover, the chemical diversity of these peptide
libraries can be further expanded by the use of mutant AARSs
or by the specific posttranslational derivatization of a reactive

(50) yz%glnna, R. S.; Martinis, S. Al. Am. Chem. So002, 124, 7286~ side-chain group with useful small molecules. We are currently
(51) Tang, Y.; Tirrell, D. A.Biochemistry2002 41, 10635-10645.
(52) Lincecum, T. L., Jr.; Tukalo, M.; Yaremchuk, A.; Mursinna, R. S.; Williams, (54) Li, S.; Roberts, R. WChem. Biol.2003 10, 233-239.

A. M.; Sproat, B. S.; Van Den Eynde, W.; Link, A.; Van Calenbergh, S.;  (55) Lin, H.; Walsh, C. TJ. Am. Chem. SoQ004 126, 13998-14003.

Grotli, M.; Martinis, S. A.; Cusack, SMol. Cells2003 11, 951-963. (56) Kanan, M. W.; Rozenman, M. M.; Sakurai, K.; Snyder, T. M,; Liu, D. R.
(53) Wang, L.; Schultz, P. GAngew. Chem., Int. EQ004 44, 34—66. Nature 2004 431, 545-549.

Discussion

(49) Kirshenbaum, K.; Carrico, I. S.; Tirrell, D. &£ZhemBioCher2002 3, 235~
237
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extending both of these approaches by using additional mutantthe size of the libraries created by these systems has thus far
AARSSs and by incorporating several unnatural amino acids with not exceeded FQbut theoretically could approach %0
orthogonal reactivities for the derivativization of multiple amino By combining chemically diverse building blocks compatible
acid side-chains with different small molecules. We have also with translation with strategies for expanding the genetic code,
begun extensively screening amino acid analogues with modifiedwe hope to create highly modified peptide libraries of high
side-chains and backbones that have not previously been testedomplexity. For example, the theoretical complexity of a 10-
in translation. Last, we are testing different strategies for the residue library translated using an expanded genetic code with
posttranslational macrocylization of our unnatural peptides to 30 amino acid analogues-sl0's. As currently configured, our
make our linear unnatural peptides more similar to NRPs.  system can synthesize %(peptide-mRNA fusion molecules.
Typical small molecule libraries created using combinatorial While complete coverage of ¥0sequences may not be possible
chemistry and screened by high-throughput robots generally dowith our system, the chemical space sampled by #0these
not exceed~10° molecules. As the members of these libraries sequences dwarfs traditional small molecule libraries and is
are intended to be orally bioavailable, they are typically less comparable to that sampled by chemical translation systems.
than 500 Da and are designed to include many different chemical
groups, including those not found in biology. Recently, “chemi-  Acknowledgment. We thank Takuya Ueda, Paul Schimmel,
cal translation” systems have been described that are capablénd Chuck Merryman for expression plasmids, David Tirell and
of synthesizing small molecule and peptide libraries comprised Jamie Link for amino acid analogues, and Chuck Merryman
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