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FE. colifEE T (RF) THLRF1. RF2, RFAR URRFIZE DML EER RO RIE (Yulth
(1998)J. Mol. Biol. 284, 579— 590 ; M RUAZSE) . mRNAL, #ILaF2#RELT
WANMMTTV) IEEAOTE/Eab o ORICEFERIE AR 22— L TOSD IMMTCV a6
OWITNDTH o, EYDdom A7 FREMICRURAFEN R T2 L4 D188 -U0
AT RRIEE . € TORE. BREFIF1.IF2. IF3.EF—Tu.EF—GRUEF—Ts®asLf,

mRNA I =7/ TUIRNA RF EMDdem  RTFRES
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BEREFIF1.IF2. IF3. EF—Tu.EF—GERUEF—Ts%a 5L,
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00000
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FREFNROMRNATORL EIZERLE:, BEITER SN - S HPI/BIZETH . £d. p. m. :
INVHS LASBELE23H. p. m., 2 TOFERIE . BIRE FIF1.IF2, IF3. EF-TURUEF-G
Faslfs,

mRNA s SN =TI/ T ILLRNA fdpm  FRRTFRE®D
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aG—tRNA(V}.E
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Process and Compositions for Peptide,
Protein and Peptidomimetic Synthesis

Background of the 1nvention

The recognilion und binding ol ligands regelules almost all biclogical
processes, such as immune recognilion, cell signaling amd  communicalion,
transeription and translatien, intracellular signaling. and catalysis, ie., envyme
reactions. There is a long-standing interest in the al to identify and svnthesize
natural or unnatural Bgand malecules which wel us agonists er which can agonize or
antagonize the activity of lipands such as hormenes, growth factors, and
neurotransmitters; which induce B-cell (antibody-mediated) or T-cell {eell-
mediated) immunity; which can catalyze chemical reactions; or which can repulate
pene expression at the level of transcription or translation. A large proportion of
such ligands are proteins, peptides, and peptidomimetics.

The traditional approach to lipand and drug discovery relies heavily on a
mixture of serendipity and hard work. Screening nawral products from animal and
plant tissucs, or the products of fermentation broths, or the random sereening of
archived synthetic molecules have been the most productive avenues for the
identification of new lead compoungs,

However, recent rends in the search for novel pharmacological agents have
focused on the preparation of cembinatorial libraries as potential sources of new
leads for drug discovery. Al the heart of this new {ield of "combinatorial chemistry”
is a coltection of differing molecules which can be prepared either non-
biosynthetically or biosynthetically and serecned for biological activity in a varicty
of formats. Through the use of nen-biosynthetic techniques, e g.. encoding, spatially
addressing  undfor  deconvolulion,  combinatorial  lbraries  of  peptides,
peptidamimetics and non-peptidc-bascd molccules can be synthesized by batch
processes and, importanily, the melecular identity of individual members of the
library can be ascerfained in a drag screening formar {e.g. Lam er al. {1993) Gene
137, 13-16; Dooley ef af (1994) Science 266, 2019-2022). While non-biosynthetic
libraries have the advantage of being unresiricted to bivlogical monomers (such as

natural amino acids and nucleoldes) and their derivatives, they have the

JP 2004-531225 A 2004.10.14
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disadvantage of hcing limited in the number of molecules that may be screened
within several weeks: usually 16° to 10° at most. which is tao fow molecules for
favering the identification of high alfinity ligands [or a target of interest (Roberls
(199%) Curr. Op. Chem. Biol 3, 268-273; Wilson ¢ ol (2001) PNAS 98, 3750-
3755). Biosynihetic librarics, however, often do not suffer from this limitaticn
becnuse there are exumples of such libruies that enable 10'° ditterent peptide, RNA
cr DNA oelecules to be sereened within seversl wogks {Roberts, supra). This is
achicved by retterative selection and amplificatian of individual biosynthetic library
members, often with associated mutagenesis steps {eg affinity maturation,
mulagenic PCR, or IINA shuffling (Roberis, supra)) in a process analogous o
Narwinian cvelution, somctimes termed direeted cvolution,

Many prior methods that allowed the isolation of proteins from partially or
fully randomized pools did so through an i vive slep. Methods of this sort include
monoclonal antibody technology (Milsiein, Sei. Amer. 243:66 (19800, and Schultz ef
ol J Cher. Engng. News 68:26 (1990)), phage display (Smith, Science 228:1315
(1983); Parmley and Smith, Gene 73:305 (1988): und MeCafferty e af, Narure
348:552 (1990)), peptide-lac reprassor fusions {Cull ar &f , PVAS 89:1865 (1992)),
and classical genetic selections. Each of these methods relies on a topological link
between the protein and the nucleic acid, since only nucleic acids can be replicated.
Thus, the informaton of the protein is retaned and can be recovered in readable,
nueleie acid form.

Allernalive protein selection technolegies are performed without in vive
steps. The stalled translation method, oflen wrmed ribosome display, is a technique
in which sclection is for some property of a nascent protein chain thar iz ssill
complexed with the ribosome and its mRNA (Kawasuki LS. Patent 5,658,754,
Tuerk and Gold, Science 249:505 {1990); Irvine ef o, J Mol Biof 222:735 (1591);
Karman et al, PNAS 79:1844-1848 (1982); Maltheakis er ol , PNAS 91:0622-5026
(19%4); Mattheakis e al, Merh Enzpmol 267:195 (1996); and Hanez and
Pluckthun, #NAS 94:4937 (1997)). The mRNA-protein fusion method or mRMNA
display (Nemcio et al. (1997) FEAS Leti. 414, 405-408; Yanagawa et al. UJS Tutent
6228994, Szostak et al. US Patents 6281344, 6261804, 6258558, 6214553, and
6207446; Roberts and Szemak (1997) PAAS 94, 12297-12302) covalenily couples

JP 2004-531225 A 2004.10.14
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the mRNA directly to its protein product via a DNA/puromyein linker. A method for
synthesizing “naked” mRNA-peplide fusions that i not compromised by the
presence of stop codons is to synthesize peptides in micelles in such a way that they
can dissociate [rom the Tibosomes and then rebind ta their specific mMRNAs (e g
proteins cunlaining streptavidin sequences will bind 1 biotinylated mENA; Doi and
Yanagawa {1999) FEBS Lexi. 437, 227-230).

“I'he prior art “natural” {L-} peptide library techniques, however, suffer from
a number of disadvanlages. Firsl, the libraries, which consist almost entirely of
chiral monomers (amino acids) lack the enantiomers of the chiral monomners. For
cxample, with L-peptide libraries, while the 20 naturally occurring amino acids
provide a wide range of steric, electronic and tunctional groups, the chirality of the
C.alpha carbon effectively limits the three-dimensional shape spuce which is
accessible by the prior art display technolagy. T.-peptide libravies also luck o
nunmber of common organic chemistry functional groups which may be helpful for
[orming non-covalent or covalent complexes with targels (e.g. alkene, alkyl urea,
alkyl halide, and kectone), and lack the cnormous additional shape diversity
achievable with  “unnatural” amino acids {either previously synthesized or
thearatical ), Margover, oy therapeutic agents, peptides with natral L-amino acids
arc aften less preferable than their nanatural enantiomers (D-peptides} or analogs
because L-peptides can be limited in use by poor pharmacokinetic profiles due 1o in
vive pracessing. For example, L-peptides can be rapidly degraded by proteases after
sdministration (o an animal, thus requiring a higher effective dose. Furthermore,
pharmaceutival peptides can elicit sirong immunogenic respunses in patents, forther
contributing to their rapid clearance and also causing inflammatory reactions that
may be toxic. One approach 10 preventing the degradation of the therapeutic peptide
has been to generate non-hydrelyzable peptide analogs such as retre-inverso analogs
{c.f., Sisto ¢t al 11.5. Patent 4,522,752}, retro-enantio analogs (c.f., Goissis ef al.
{1976) J Med Chem 19:1287-90); trans-olefin derivatives (c.t., Shue e af. (1987)
Terrahedron Letters 28:3225); and phosphonate denvatives {c.f, Loots er af, mn
FPeptides: Chemistry and Biology, (Escom Science Publishers, Leiden, 1988, p. 118).
However, in most instances the backbone of the peptide is altered in order to render

the peptidomimeric resistant to proteolysis.  In doing so, the resulting

JP 2004-531225 A 2004.10.14
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peptidomimetic can suffer from decreased bionctivity through loss of certain binding
eontacts belween the natural peptide backbone und target recepior, as well as
changes in the steric space relative 1o the peptide due to alteration in dihedral angles
and the like. Another problem is that almost all L-peptides do not cross biological
membranes readily because of their hydrophilicity. In vontrust, -peptides and
peptides containing other unnatural amino acids (peptidomimetics) such as N-methy]
amino acids have increased resistance to proteases, and the peptidomimetic drug
Cyclosporin A cail ¢ross imembranes and is orally available, in part because it
contains several N-methyl peptide linkages which arc more hydrophobic than
natural peptide linkages (Zawadzke and Berg (1992) J Am Chem Soc 114:4002;
Walsh ef af. (1992) 4 Biol. Chem. 267, 13115-13118). Unfortunately, chemically
synthesized {non-biosynthetic) peptidomimetic libraries, such us D-peplide libraries
{Lam er al., supra; Dooley et al, supra) suffcr the limitation of library size
discussed wbove, and miethodologicel tricks to overcome the size limit of
peptidomirnetic  libraries, such as mirmor-image  phage or ribosome  display
{Schumacher et al. {1990) Science 271, 1854-1857. Eckert et al. {1999) Cell 99,
103-115; Torster et al. PCT publication W097/35194, are limited by the omerous
requiremnent of chemically synthesizing an ¢enantiomeric arget.

Proteing, peptides and peptidomimetics arc currently synthesized in three
different ways, each with their ewn inherent limitations:

1 Synthetic peplide chemistry cun be used routinely (ot the synthesis in
high yield and purity of very diverse peptidomimetics of up 1o about 30 residues in
length (Eckert ef al., supra).

However, the method is inefficient or impractical for longer produers
because of inefficient coupling steps, purification problems, and lolding dilliculties.
There are also synthetic restrictions because of the necd for compatible protecling
groups for all of the reactive side chains in a desired product. Furthermore, synthetic
peplidomimetics  cannot  be  genetically encoded  for reiterative  selection,
amplification, and mutation {evolution), limiting the complexity of synthetic

peptidomimetic libraries 10 about 10° molecules, too few for optimal drug discavery.

JP 2004-531225 A 2004.10.14
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2. In vivo translation using living cells is widely used for the efficient
synthesis and posuranslational moditication of short or long protcins from a
genetically encoded patuml or recombinant DNA sequence.

However, synthasis may be inefficient if the gene product s toxi, and there
may be difficult purilication and refolding problams, particularly if the prolein is
expressed in inglusion bodies. Mosl importantly, the method soffers from the
inability to incorporate multiple unnatural amino acids selectively or confrol the
post-translation modification process (e.g.  protease-catalvsed processing  or
depradalion).

3. In vitro translation with crude cell extracts penerally overcomes the
toxicity problem (but docs not control posi-translational modifieations), may result
in easier purification and fokling, and allows the selective incomporation of a single
winatural aming acid per peotein vsing an artificial suppressor IRNA (Moren et al.
(1989) Science 244 182-188)

However, the incorporation of an unnatural amino acid by this approach
usually seflers from much lower yields than iz vive systems because it relies on
inherently inefficient suppressor tRNAs competing with termination fagiors,
Although over one hundred different unnatural amino acids have been incorporated
on an individual basis {e.g. Mendel ef o/, (1995) Auny, Rev. Biophys. Biomol. Stricct.
24, 435-402), this swatcgy has been restricted to selective incerporation of coly a
single unnamral amino acid per prorein at only one of the three termination
(nonsense) codons (the UAG codon) because of corpetition at amino acid {sense)
codons from natural amine acids catalysed by the IRNA charging and procfreading
activities of the twenty different aminoacyl 1RNA synthetases, and because an
attempt to usc a second temination codon {UGA) tailed due ro readthrough by the
ribosomne (Cload ef af, (1996) Chem. and Biod. 3, 1033-1038),

Many atempts to incorporate unnatural amine acids selectively al sense
codons in a peneralizable manner have also failed. For cxample, in the most
commonly used method for unnatural amino acid incorporation, where a high-
specific-activity, radivactive-isolope  derivative of a natural amine acid iy
incorporated by im vitro translation to synthesize a radiolabelled protein, it is well

known that the specific activity of the radicactive amine acid is always substantially
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reduced by competition for incotporation by the unlabelled version of the amino
acid present in the crude tranglalion syslem, despite withholding the unlgbelled
version from the added unlabelled amino acid pool. Analogous analog dilution
resulls are obtained by the Promega company using their commercially available kit
for incomporation of unother reporter group, biotin-labelled lysing {lilerature
accompanying Franseend™  nen-radicactive translation sysiems). Furthermare,
filtration of a crude translation extract to remove natural amino acids followed by
supplemenlation with all of the natural amino acids except lysine and
supplementation with a lysinc tRNA charged with an amine acid analog resulted in
incorporation of lysine analog w lvsine at 4 ratio of only 1:3 10 1:4 (Crowley er al.
(1993) Ceft 73, 1101-1115). While a low selectvity of amine acid analog
incerporation is sufficlent for cerain applications (Rothschild e of, US patent
5,643,722) it is clearly incompatible with many applications such az that requiring
the amplification and  characterization of genetically enceded  specific
peptidomimetic sequences. [I hus proved possible to incorporale two different
unnylural amino acids using two different frameshifting suppressar tRNAs (Hohsaka
ef @l (19993 JACS 121, 12194-12193), and many identical unnatural amino acids
have been incorporated using an inhibitor specific for Phe amimocacyltRNA
synthetase (Baldini of ! (1988) Rischem. 27, 7931-7958). Ilowever, both of these
methods are not generalizable in the mannet necessary for the incorporation of many
different unnatural amine acids inte a single peptidemimetic. In order 10 overcome
these restrictions inherent in crude and in wive translations, an elaborate strategy for
expansion of the genetic code based on orthogonal tRNAs and orthogonal unnatural
nueleie acid base pairs has been proposed, but development beyond a single in virro-
engineered termination codon (Bain er af (1992) Natwre 336, 337-539) has proved
10 be o challenging techaically (Serviee (2000) Science 289, 232-235).

We envisioned that this problem potentially may be salved by using a pure in
vifro translation system. Compelition between unnatural amino acids und natural
amine acids or termination factors could potentially be avoided by (he omission of
certain components such as ceifain amine acids. tRINAs, aminoacyl tRNA
synthetases andfor termination factozs, Unlonunately, the minimal reguirements for

mRMA-dependent polypeptide synthesis have been difficult to define because of the
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large number of macromeolgeules involved, Recenstitution of (ranslation from
purified componenis has heen achieved for A cofi, but the number of translation
factors reguired remains controversial.

The first purified translation system, constructed by the Weisshach
laboratory, efficiently translated four £ coli mRNAs with strong depencdlencies on
high salt-washecd ribosomes, Initiation factors (partial [F1 dependency), elongation
factor Tu (EF-Tull), and groups of aminoacyl-tRNA synthetases. and partial

dependencics on met-tRNA ™

tormylteansferase and elongation factor G (ET-G),
with no dependency an elongation factor I's (EF-T's) or termination factors (Kung ef
al. (1978) Arch. Biocham. and Biophys. 187, 457-463). Because of the difficulties in
maintaining so many purified corpenents and in removing trace contannnunts, the
search for additional general wanslatien factors was facilitaied by simplifying the

syslem Lo di- or tripeptide synthesis from IMetflRNA‘.'M"

und one or two clongator
aminoacyl-tRNAs, thereby avoiding the requirement for aminvacyl-{RNA-
synthesizing x::izymes {Weigsbach ef al. (1984) Biotechnigues 2, 16-22).

When a second group, led by Ganoza, exiended the latter simplified
approach o longer peptides nsing in witro-charged 10tal (RNA and release factors,
translation of bacteriophages MS2 and fl were found to be dependent on three
additional factors, termed EF-P, W and rescuc (Green et af. (1983) Rincherm.
Bivphys. Res. Com. 126, 792-798; Gunozu ef ol (1985) PNAS 32, 1648-1652). The
absence of these factors resulted in inneflicient processivity. For exumple, there wag
4 predominance of di-. tri-, tetra- and pentapeptide pausing or premature termination
products in hexapeptide synthesls reactions. A possibly related translation factor
termed deal/ W2 (several kD bipper than W) amd alse EF-P have been cloned, are
necessary for maximal growth, and are homelagous 1o enkaryotic initiation factors
{Aoki at al. (1991) Nucleic Acids Res. 19, 6215-6220; Aoki ef ol (1997) J. Biol.
Chem. 272, 32254-32259; Lu &t ol (1999} Imt. J. Bivckem. Cell Biol 31, 215-229).

in apparcnt conflict with the results of Ganoza, rwo othet groups have
reportad symhesis of shon peptides from amincacyl-tRINA subsirates using purified
components without the addition of EF-P, W, W2 or rescue, although these two
groups did not dircctly document the processivity of their systems or the purity of
their ribosomes (Stade et o, (1993) Nucleic Acids Res. 23, 2371-2380; Pavlov ¢t al.
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{1997) EMB(} .1 16, 4134-4141). If the discrepancy is real, one can only speculate
a5 1o the explanation. For example, because EF-P, W, and rescue can be purified
[rom ribosome preparations (Ganoza ef ol (1996} Binckemie 78. 51-61), it is
possible that the ribosomes used by the lalter 1wo groups, prepured by very different
procedures from that used by Ganeza’s group, were contamninated with EF-P, W,
W2 and/or rescug. This 15 problematic because contamination with EF-P, W, W2
andfor rescue likely implies conlamination with more abundant proteins, such as
aminoacyl-tRNA synthetases and termination factors, that could cause unwanied
reactions. Alternatively. CT-P, W, W2 and/or rescue may only be required for
efficient processivity in Ganoza’s system.

The ability to synthesize peptides ar prateing from a pure translation systemn
wilhout added CF-P, W (sometimes called W2) and rescuc is desirable, if possible,
because these proteins are nel well understood in terms of function, resulting in
difficultly in assaying their acrivities and therefore following the purification of
active protein. Furthermore, there is contraversy with respect 1o the actual size of W
(or W2) and whether W and W2 represent derivatives of the same proteins, and the
gene for rescue is yet to be cloned.

Summary of the Invention

The present invention is a simplified, highly-purified, processive translation
system that does nol require the addition of translation factors LF-P, W, W2 or
rescue. A new translation process offers new, potentially improved, routes lo all
peptides and proteins currently synthesized by alternative soutes. This process
overcomes the limitations inherent n methods 1, 2 and 3 described above for
protein, peptide and peptidomimetic synthesis,

In one prefered embodiment, the purificd system can be used for the
synthesis ol peplide or protein ligands or catalysts, such as insulin, growth hormone
or erythropoieting

In another prefecred embodiment, the purified system can e used for “pure
ribosome display” and “purc mRNA display” selection experiments, in contrast to
existing ribosome and mRNA display syslems which cely on crude cell extracts.
There are several advantages associated with performing peptide and protein display

in a pure system, such as an expected lack of post-translational modification of
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peptides, 2 lack of proteases which ofien cause protein degradation prohlems, and 2
lack of competition from contaminants in the selection sieps. Additional advantages
include:

(i) The absence of ribonncleases (demonstrated by measured long-term
stability of radiosctive mRMA in our pute E. coli system (results not shown)) avuids
preblems associated with mRNA degradation ebserved in varous crude systcms,
especially £ coli (Robers, supra); it is ohviansly imporetant thal the mRNA not be
degraded before it can be translated and selected.

(i) It is expected that the pure reconstiluted sysiem is rol contaminated by
translation termination factors. Tndecd, our system is stimulated by addition of
wermination factors. Workers using the moast popular crude display systems have
found it necessary 1o remeve stop codons rom mBNAs lo avoid tapid release of
nascent peptides before either selection or before fusion w the mRNA conjugate
before selection (both Fusion and sclection are slow processes). The removal of stop
codons usually requires special mutagenesis steps in the case of individual mRNAs,
and is more problemalic for natural mRMA tbraries or synthetic combinatorial
libraries where it is impossible to specifically mirate all stop codons. The problem
with step codons in libraries has been circumvented by either randomly generating
libraries of small subdomains of proteins (which lack full-length proteins, have
under-represented  carboxy-termunal  subdemains, encode many inappropriale
boundaries with respect to ability 1o fold correctly, and contain an abundance of
sequences rom unnatiral open reading [fames) or by selecting oul members of
random libraries that contain stop codons {thereby wasting a major portion of the
synthetic reaction and diversity; Cho er al. (2000} 1 Mol Biol 297, 309-319). In
the purified ribosume or purified mRNA display systems, the peplidyl-tRNA can
remain siably assoctated with the ribosome for more than a day (stability is
especially Tavored if, afier translation is complete, the temperature is lowered and/or
the salt concentration is increased (Schaftitzel et o (1999) J Immunol. Meihods
231, 119-133)): either (he ribosome slups elangaling al a sense endaon for which ne
IRNA is provided (thereby aveiding competition with termination factors
altogether), or it stops at a stop cedon, o it stops at the end of mRNAs lacking 2

stop codon. Thus, libraries of full-length rranslation produets from nateral mRNAs
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can he prepared with this invention, and such expression libraries can be either
directly subjected to in vitrp selection or they can be spacially addressed by
hybridizaion to a DNA microchip for genomic and proteomic studies.

{iiiy It is expeeted that the pure recanstituted system is not contaminated by
the tmPIMA system that degrades peptides synthesized from mRNAs lacking & stop
codon. Workers using the crude system have found it important to uy to inhibit this
tmRNA system {Hanes and Pluckthun {1697) PAAS 94, 4937-4942).

In another preferred embodiment, the invention enables the mENA-directed
synthesis of specific peptidomimetics {peplide anulogs) ;m u generalizable munner,
greatly increasing the diversity and length of pephidomimetics available. Possibililies
include existing peptidomimetic lgands and drugs (including non-ribosomally
bipsynthesized ligands, such as Cyclosporin A) and derivatives thergol

Tn another embodiment, the invention cnables the genctic cneoding ol
peptidomimetic  products for catalyst, ligand and drug discovery by in vitro
evolulion (e.g. by using pure ribosome display or pure mRNA display described
above). Specific synthesis of peptidomimetics is not possible in existing crude
ribosome and mRNA displav methodologics becausc natural amine acids compete
with unnatural amino acids for incorporation in crude translation systems.

The invention Taeilitates (he solativn of peplides and peplidemimetics with
desired propertics. In one embodiment, the method iz directed o identifying lgands
for a targer molecule. Exemplary target moleeules include peprides, nucleic acids,
carbohydrates and non-polymeric molecules, such as steroids, inositols, lipid soluble
vilamins, (erpenes, acelogenims, neurolransmillers, or 4 (rnsition state analog. Lna
prefered emhodiment, the target molecule is a protein. The pratein target can he, to
illustrate, a receptor, an enzyme, a DNA-binding protein or a protein complex, or a
portion or domain thereof which retains a seeeenable activity.

In preterred cmbodiments, the subject method is used to gencrate varicgated
pepulation of test peplides or peplidemimetics of at leagt 107 different sequences,
though more preferably at least 108 different sequences, and most preferably at least
1015 different sequences.

Yet another aspect of the invention relates to compounds, such as peptides

and pephidomimetics, dentitied by the subjeet method, and their uses. This also
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includes conjugates and derivatives ol such peplides und peptidomimetics (e.g.
conjugation to cationic peptide sequences that enable efficient transport across
membranes of attached peptide or peptidomimenc sequences (Moore and Roshash
(2001) Science 294, 184]1-1842),

Anuther aspect of the invention relates to kits for synthesis andfor evolutiva
of peptides or peptidomimetics.
Description of the Drawings

Fig, I: Cver-cxpression and purification of five his-tagged E. cofi translation
factorz from E. coif. After SDS-PAGE on 13% gels, samples were stained with
Coomassie Blue. U, uninduced tolal cells; 1, IFI'G-induced lotal cells; P, purited
protein eluted from N7 obeads; M, molecular weight marker proteins {vizes
indicated in kD).

Fig. 2: Schematic illustrating steps in ribosome-ditected peptide synthesis,
The lhree enzymatic reactions depicted by amows are instmtion (top), the first
elungation step (right), and subsequent translocation and elongation steps (botlom)
Peptide products can be released from the peptidvl-tRNAs by hase-catalyzed
hydrolysis for analysis. Products GDP and P; are not shown. T, exit sitg; P, pepidyl
site; A, aminoacyl site.

Fig. 3: Short mRNA templates. The DNA primer-template pair used to
synthesize the longest mENA is illustrated at the top. The predicted translation
products frem our puritied system are also shown (aminoacyl tRNAs for the 3°
terminal codons GAA (Glu} and UUC (Phe) wore not used). bK: biolin-labeled-
lysine. S-IF: Shine and Dalgamo ribosome binding site.

Fig. 4 Characlerization of oligopeplide synthesis rales lrom mRNA MTV in
a purified his-tagped lLeanslation sysrem.  MTV was weasired by TH-valine
incorporated into peptide products in translations containing IF 1H, IF2H, [F3H, EF-
TuH, EF-GH and 0.020 Aze/pl ribosomes.  Trivagles: translations were started by
mixing  premncubated  nitiation  components  with  preincubated  elongation
components.  Sguares: translations were stavted by transfering the translation mix
from 0°C to 37°C. Aliquots were lerminated with NaOH al the indicated times
beginning at | min. Peplide product d.p.m. was calcuiated by subtracting d.p.m.

obtained in aliquots terminated before 37°C incubation.  Individual data points from
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representative experiments are plolted, with variations estimaled to be less than
20%. A tangent line to the preincubation reaction curve is drawn to estimate the
steady state rate.

Fig. §: Translation factor dependencies in the purified translation system
with mRNA MTV. Light bars: ‘H-valine incorporated into peptide products (
measwre of fMTV) shows strong dependencies on [F2H, [F3H, EF-TuH and EF-GH
{IF1H was omittedi Irom these translalions; see Matenials and Methods), Dark bars:
¥ threonine incorperated inte (he same pruducts (a combined measure of MT and
fMTV). PFeptide synthesis in a 30 minute translation started by ransfer from 0°C o
37°C was caleulated by subtracting d.p.mn. obtained in a comtrol reaction lacking
mRNA {1.3% of maximal d.p.m.) from total d.p.m. The maximum concemration of
synthetic product obtained was (.12 pM forboth Tand V.

Fig. 6 HPLC analysis of products produced from the MTTV mRNA
template. The peptide products ol a dual-tabeled irmslation were first released from
the tRNAs with base and then mixed with unlabeled marker peptides. The mixture
was acidified, microcentrifuged to remove insoluble material, and microcentrituged
through a 10 kD filer before injection for analysis (see Materials and Methwds).
The clution positions of marker peptides are indicated above the chromatogram.
Filled circles: '*C-threonine total d.p.m. {pen circles: *H-valine total d.p.m. in the
same fractions. The umeunt of product synthesized was 2.1 pmol in 30 pl (70 nM).

Fig. 7: lmclusion of the epsilon segquence enhances the synthesis of
oligepeptide product in a purified translation system. Comparison between rates of
VT synthesis from mRNAs MVYT (circfes), serambled-epsiMV T {vquores) and
AepsiMVT (triangles). Dual-labeled translations containing IF1H, 1F2H, IF31], EF-
TuH and EF-GH were analysed as described in Fig. 5. The maximum concenteation
of oligopeptide synthesized in 30 minutes was 025 uM using 0.5 pM of each
amincacyl iIRNA.

Fig. §: Synthesis and selection of peptides contalning an unnatural amino
acid using the purified his-tapged translation syslem. Translalion mixes containing
biotin-labeled-3ys-IRNAY,  fmet-tRINAM™,  (ir-RNA™  and  “Hoval-tRNA,
substrates and cither mMRNA MTKV or MTV (sec Fig. 3 for translation products)

were incubated at 37°C for 30 minutes. The peptides and amino acids were released
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from the tRNAs and ribosomes with base, neutralized, and the mixtures incubated
with soft avidin heads to hind biotin-containing malecules. The beads were washed
four times lo 1emove unbictinylated malecules before enunting hound *H (dark
bars: a measure of products containing bivtin-labeled-lysine covalently linked to "H-
valing), The pooled washes were filtered, acidified, and passed theough a cation
cxchange coelumn to eount unbound ‘H (Jight bars: a measure of formylated peptide
products conlaining *H-valine without biglin-labeled-lysine or lysing). Bound and
unbound “H d.p.m. are plotted after subiracting, d pm_ obtined in 4 vonirol reaction
lacking mRNA (23% and 15% of maximal bound and unbound d.p.m., respectively).
When binlin-laheled-iys-lRNA:” is omitted from a trapslation of MRNA MTKY,
hinding af *I1 te the beads is not observed {not showny.

Fig. 9. Chemical hiotinylation of Cys-fRNA™*

Fig. 10. Purification of biotinyl-CystRNA™",

Biotinyl-Cys-tRNA  was
clectrophoresed as in Tig, 16 (see below], and the product purifed by cutting out the
appropriated band (i.e. the major band in lane 7 or 9) and elution at 4°C. Controls
including +/- charging of the tRNA with Cys, +/- biotinylavion (at either pH 6.0 or
6.9), und /- subsequent hydrolysis ul the aminoucyl hokage with Tris-HCI pH 8.8
(lanes 1-6,8,10) showed that biotinylation was specific to the Cys, and that Cys-
tRNA did not comigrate with biotinyl-Cys-tRNA.

Fig. 11. Incorpuration  of purified  biotinyl-Cys  into  tM-T-bC-V¥
peplidomimelic using the purified system. Translations conlained mMTCV, IRNAs
charged with fM, T, V, and either uncﬁa.rged, Cys-charged or purified biotinyl-Cys-
charged tRNA, with controls lacking mRNAs. Sclection was with Seft Avidin as in
Fig. 8. Incomplete binding of "H-peptide with biatinyl-Cys substrate was likely due
to the low affinity of Soft Avidin {an avidin derivatised 1o have a much higher Ky of
approximately 107M) for peptides containing 2 single biotin.

Fig, 12, Assay for incorporation of adjacent large unnalural amino acids into
[M-T-bC-bC-V pepliclorimetic. The experiment was carried out as in Fig, 11, Noie
binding by Soft Avidin was camplete for fv-T-bC-bC-¥ bt incomplete for fM-1-
bC-V, as expected for the much higher affinity for peptides containing more than

one biotin.
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Flg. 13, Assay of our pure wanslation svstem (“protein polymerase™) for
charging activily {measured by TCA previpitarion) with total tIRNA and a mixwre of
fifieen ditferent ""C-labelled amino acids (New England Nuclear). The added
synthelases consisted of a tRMA-free crude aminoacyl-tRNA synthetase eell cxiract,

Fig. 14. A generalizuble approach for the synthesis of aminoacyl-tRNAs
charged with umnatural amino acids specific for the codon(s) of cheice, The
elongator IRNA*™ A wimihesized in vifra (Fig, 16, lane 5) from our recombinant
IXNA clone prepared from synthetic oligodeoxyribonucleotides, contains substantial

base alicrations from the natural IRNA

sequence that are indicated by arrows.
The anticodon of the tRNA is indicated with large ictters. An aminag NVOC-
protected unnalural umino acid was chemically aminoscylated on pdCA (sce upper
righty and then ligated to the (RNA™M"" (preduced by run-ofl transeription of ok |
cut template) with T4 RNA ligase (Fig. 16, lane @). The approach is peneralizable
because no aminoacyl-tRNA-synthetase or natural tRNA was required.

Az

Fig. 15. Three anticedon muotanis of tRNA(N) termed, from left to right,
IRNAMYT) (RNAYM(S) (RNAYV) . The new anticodans of the (RNAs are
indicated with large letters above the codons that they reengnise. The genetic code
bas been redesigned so that the coduns now specify whichever amino acid (natural
or nananral} is chascn 10 he ligated ont each IRNAYA

Fig. 16: Acidfurca polyacrylamide gel cleetraphoresis (Varshney &f af. {1991)
J Dol Chem. 266, 24712-24718) of uncharged tRNAs (lanes 1. 3 and 35) and
amingacyl tRNA substrates (lanes 2, 4 and 6). In this gel system, the observed
mobility of the free RNA species {lanes |, 5 and 35) is retarded by aminoacylation
(lanes 2, 4} or by ligation of an aminoacylaied CA dinucleotide (lane 6).

Tig. 17. A generalizable approach for the selective incorporation of adjscent
a(y amino acids into peptidemimetics. The experiment was cartied out as in Figs. §
and 11, but without a selection step. Note that (RNA(NY is abbreviated here as
(RNA™® for Asn-bused.

Fig, 18: Pure ribosome display. This is the pure version of the erude in vitre
system {without living material) of Mattheakis ¢t af. (supra) that can be used for the
reiterative  synthesis and  selection (dwected evolution) of peptides and

peptidomimetics. The peptidomimelics need to be long encugh to traverse the
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approximately 100-Angstrom-long ribosome tunnel thal swrounds unreleased de
novo-gynthesized peplides in order (o be selected. Dissociation of the peptide flom
the mRMNA {and rihosame) can be prevented by amitling stop eodons, release factors
or certain aminoacyl-tRN As, and by using antibiotics that stall the ribosomes.

Fig. 19: Our spacer mRNAs and their encoded polypeplide products.

Fip. 20. Translation of spacer mRMAs of Fig. 19 using our purified system.
The ratios of elongator valine (*H-labelled) to initiator formylmethione (*°8-
labelled) incorporated mto peptide products was measured by analysis of TCA-
preeipitated products using a dual-labelled-d.p.m. counting program. The lincar plot
observed is that expected for high processivity.

Fig. 21. Pure mBNA display. This is a pure vemsion of the crude in virro
systern (without living material) of Nemoto e ol (supra) and Roberts and Szostak
{suprd) bascd on that of Mattheakis ef al. (Fig. 18) that differs in that the mRNAs
are conjugaled with puromycin (Pm) to enuble covalent fusion of the mRNAs to
their peptide or peptidomimetic products.  Thus, the mRNA-peptidumimetic [usion
may be purified from cther translation components before sclection, enabling very
short peptidomimetics to be displayed withoui masking by the ribosame ninnel.
Since the [usion reaction is slow, il is important to oniit release factors when using
mRNAs containing stop codons 1o prevent release factor-catalysed peptide release.
Typically, ribosomes are stailed by a deexynucleotide sequence conjupated ta the
mRNA. We ligaied mMTKV and mMTCV (Figs. 8 and 11) to pdaydCdCPm
(Trilink)  efficiently  using a  custom-synthesized  “spiim™  DNA
{TTTTTTTTTITAATICAAL, designed to hybridize to the ends of either mRNA and
also the pdAz;dCdCPm), and T4 DNA ligase, then gel-purified the conjugates for
use in fusion and selection experiments (Roberls and Sezostak (1997) PNAS U4,
12297-12302) where X in the figure is a readily sclectable amine acid such as C or
bC (Fig. 9) or bK (Fig. 22).

Fig. 22. Promega’s Transcend biotinyl-lysine tRNA™S (£ cofi; see Materials
and Methnds).
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Best Mode for Carrving Qut the Invention:

Detailed Description of the Invention
) Overview

The present invention relates to an iz vitro (tanslation system thal has been
reconsiituted from purified componentls to enable the specific incorporation of
multiple differen! patural and unnatural smino acid residues in a highly controlled
and peneralizable manner. Because of the remaval of unwanted competition from
certain wild-type amine acids and termination factors, the cfficient and specific
synthesis of genelically encoded small and long peptidomimetic molecules and
libraries is possible.

Thig invention was developed beeanse the long-felt need tor a biosynthetie
method capable of synthesizing genetically encoded peptidomimetics remained
unsolved, despite considerable effort over many vears by many workers skilled in
the art.

This invention was alse developed because of a long-felt need for
simplilied highly purified translation system that does not reguire the addition of
EF-P. W, W2 or rescue for efficient processivity. Bascd an the problems with
processivity of trauslation in the most highly pursified versiens of such systems in the
prior art and on the decades of research in the field without a <lear solution, there
appeared 1o be a low expectation of suceess.

(11} Definition of Terms

Tor convenience, certain terms employed in the specification. examples, and
appended claims are collected here.

By a “protein” is meant any two or marc naturally occurring amine acids,
joincd by onc or more peptidc bonds. “Protein” and “peptide” arc used
interchangeably herein,

The lerm “peptide” refers 1o an aligomer in which the monomers are natural
amino acids (alpha-amino acids) joined together through amide bonds. Peptides are
two Or more aming acid monomers long, but more often are between 5 w 10 amine
acid monomers long and can be even langer, ie up to 20 amino acids or more,
although peptides longer than 20 amino acids are more likely to be called

"polypeptides.” The term “protein” is weil known in the art and usually refers to a
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very large polypeptide, or set of assoeastad homologons or heterologous
polypeptides, that has some biological function. For purposes of the present
invention 1the terms ‘'peptide ‘“polypeptide,” and ‘“protsin” are largely
interchangeable, as all three types can be synthesized by the translation system, und
50 are collectively referred to as peptides.

By “peptidomimelic” is meant a peptide analoy comtaining one or more
unnatural amino acids (e.g. vnnatural side chains, unnatural chiralities, N-substituted
amino acids, or bela aming acids), unnatural topologies (e.g. cyelic or branche&) or
unnatural chemical derivatives (e.2. methylated or flerminally blocked), or any
molecule, other thai a peplide containing natural amine acids, that is synthesized by
& ribosome, including those products that Lave unnatural backbones and even those
wilh partially or rotally substituted amide (pepiide) bonds with ester, (hivester or
other linkages (Mendel, supra).

By the terms "amino acid residue” and "peptide residue” is meant an amino
acid or peptide melecule without the —OT of its carboxyl group (C-terminally
linked) or the proton of its amino group (N-terminally linked). In general the
abbreviations uscd herein for designating the amino acids and the proteetive groups
are based on recommendations of the IUPAC-IUDB Commission on Blochemical
Nomenclature (see Bivchemisiry (1972) 11:1726-1732). Amino acid residues m
peptides arc abbreviated as follows: Alaninc is Ala or A; Cysteine is Cys or €
Aspartic Acid is Asp or I; Glutamic Acid is Glu or E; Phenylulanine is Phe or F;
Glycine is Gly or (; Histidine is His ar H; Isoleucine is Tle or I; Lysine is Lys or K;
T eucine is l.eu or L; Mecthionine is Met or M; Asparagine is Asn or N, Praline is Pro
or P; Gluwamine is Gln or Q; Arginine is Arg or R; Serine is Ser ar §; Threonine is
“Ive or T; Valine is Val or V; Tryplophan is Trp or W; and Tyrosine is Tyr or Y,
Formylmethionine is abbreviated as et or fM. By the term “residue™ is meant 2
radical derived from the corrcsponding .alpha.-amino acid by ¢liminating the GH
portion of the curboxyl group and the H portion of the c-amine group. The tenm
"omino acid side chain" is that part of an aminu acid exclosive of the -
CHNH;)COOH portion, as defined hy K. D. Kopple, "Peptides and Amino Acids”,
W, A. Benjamin Ing,, New York and Amsterdam, 1966, pages 2 and 33; exampies of

such side chaims of (he common amino zcids are -CH,CH,SCH, (the side chain of
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methionine), -CHa(C1%)-CI1L:Cl: (the side chain of iscleucine), -CH:CH{CHy); (the
side chain of leucine) or - H (the side chain of glycine).

Tn certain embodiments, the amino acids used in the applicalion of this
invention are those naurally ocourring umine acids found in proteins. Particularly
suilable amino acid side chains include side chuing selecled (rom those of the
following 21 natural amino acids: alanine, arginine, asparagine, aspartic acid,
cysteine. glutamie acid, plutamine, plycine, histidine. isofcucine, loucine, lysine,
methioning, phenylalaning, proline, selenveysteing, serine, threoning, tryptophan,
tyrosine, and valine. [Iowever, the present invention specifically contemnplates the
use of analogs, derivatives and conpeners of any specific amino acid reterred to
herein. For example, the present invention contemplates (he use of radisactive amino
acid analogs. amino acid analogs wherein a side chain is lengthened or shortened
while still providing a carboxyl, amine or other reactive precursor functional group
for polymerization, as well as amine acid analogs having variant side chains (with
appreprate functional groups). For instance, the subject peptidomimetic can include
an amino acid analog as for example, f-cyanoalanine, canavanine, djenkolic acid,
norleucine,  3-phosphoserine,  homoserine,  dilivdroxyphenylalanine, 3-
brydroxytryptophan, 1-methylhistiding, 3-methylhistiding, allyl glycine (or its alkyne
derivative), Q-methyl-scrine, biotinyl-lysine, biotinyl-cysteine (or other biotin-
labelled amino acids) cyclohexylalanine, homoglutamare, D-alanine {or other -
amino acids), N-methvl glycine (or other N-methyl amino acids), epsilon-N-methyl-
lysine, and radioisotope derivatives of the 21 natural amino acids or unnatural amino
acids, Other gamrally of non-naturally occturing amino acids which arc suitable
brerein will be recognized by those skilled to the ant and wre included in the scope of
the present invenlion,

The term "chiral” refers to molecnles which have the propeny of non-
superimposability of the mirror image partner, while the term "achiral" refers to
molecules which are superimposable on their miror image parlner,

The tenn "sterenisomers” refers to compounds which have identical chemical
constitution, but differ with regard to the arrangemenl of the atoms or groups in
space. In particular, "enantiomers” refer lo lwo sterepisomers of a compound which

arc non-superimposable mirror images of one another. “Diastereomcrs”, on the
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other hand. refors (o stereoisomers with two or more centers of dissymmetry and
whosc molecules are not mirror images of anc another.  With respect 1o the
nomenclature ol a chiral center, terms 0" and "L" configuration are as defined by
the IUPAC Recommendations. As W the use of the terms, diasteréomer, racemate
and enantiomer will be nsed in their normal context to deseribe the stercochemisiey
of peplide preparations.

The terms "D-amine aeid” and "L-amine wcid" each denote an absolute
configurgiion by convention relative to  the possible  stereaisomers  of
glyceraldehyde.  Thus, all stereoisomers that are stercochemically related o -
plyceraldehyde are designated L-, and those related lo D-glyceraldehyde are
desipnated 1-, regardless of the dircetion of the rotation of plane of polarized light
by the given isomer. [n the case of threonine and iscleucine, there arc two
stereuchemical centers, je, the Co and the Cff atams. The p-threonine and D-
isoleucine employed hercin preferably have slereochemistries at both chiral sites
which are apposile (enantiomeric} to (he siereachemistry of the L-enantiomers of
thnse amino acids, eg, they arc complete mirror images.  Glycine is the anly
commaonly occurring achiral amino acid. The presence of achiral amino acid
residues such as glycine do not affect the designation of its chirality.

All chiral amine acids in protcin synthesized de nwove in nature, e.g.,
“naturally occurring” are L-amino acids,

A "D-enantiomer” or "13-pepride enantiomer” refers to a peptide compnsed of
p-amino acid residues, as opposed to L-amino acids,

The term “synthetic” refers to production by in vira chemical or enzymatic
synthesis,

By "DNA" is meant a sequence of two ar more covalently bonded, naturally
oceurring or modified deoxyribonucleatides.

By “RINA™ Is meant & sequence of two or more covalsully honded, nalurally
oceurring or mudifted ribonucleotides. Two examples of modificd RNAs included
within this term are phosphorathioate RNA, and “transfer RINA™ containing naturai

modified bases.
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By “transfer KNA™ or “IRNA" is meant any RNA molecule that can deliver
peptide or peplidomimetic precursors to the ribusome in 2 manner specified by
pactinl base-pairing to an mRNA.

By a “translation initiation sequence” 15 meunt any sequence which is
capable of providing a functional ribosome entry sile. In bacterdal systems, this
region 15 sometimes referred to as a rihosome-binding or Shine-Dalgarno sequence.

By “messenger RNA” or “mRNA” is meant any nucleic acid containing a
“translation initiation sequence™.

A “rcconstituted translation system™ refers to a rcaction mixture (a) capable
of performing iz vitre translation, e.g., mENA-dependent protein synthesis, and (b)
charactenized by having less than 10 percent of the conlaminaling proleins lound in
cell lysate translation systems or wheat germ extract translation systems, and more
preferably having less than 5 percemt or even less than | percent of such
contaminating proteins. In cerlain preferred embodiments, the subject reconstituted
translation systermn is generated by admixing recombinantly produced and/or purified
proteins,

Ry a “start codon” 15 meant three bases which signai the heginning of a
protein coding sequence. Generally, these bases are AUG (or ATG); however, any
other base (riplel capable of being utilized in this manner may be subsiituted.

Bv a “stop codon” is meant three hases which signat the end of a protein
coding sequence. Generally, these bases are UAG. UAA or UGA (where U may be
substimted by T}, however, any other base triplet capable of being utilized in this
manner may be substituted.

By a “"pause sequence” is meant a nucleic acid sequence which causes a
ribosome to slow or stop its rate of translation, such as a DNA sequence.

By a “peptide aceeptor” 18 meant any molecule capable of being added to the
carboxytterminus of a growing protein chain hy the catalyue activity of the
ribosomal peptidyl transferase function. Typically, such molecules contain (i) a
nucleolide or nuclestide-like moiety {for example, adenosine ar an adenosine analog
(dimethylation at the N-G amino position is acceplable)), (1i) an amino acid or amine
acid-like moiety (for example, any of the 20 D- or [.-aming acids or any amino acid

analog thercof (for cxample, 0-methyl tyrosine or any of the analogs deseribed by
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Ellman ef ol , Meth, Enzymael. 202:301, 1991), and (in) a linkage between {he two
(tor example, an ester, amide, or ketone linkage at the 3° position or, Jess preterably,
the 2' position); preferably, this linkage does not significantly penurb the pucker of
the ring from the natural ribonucleotide conformation. Pepride acceptors may also
pessess a nucleephite, which may be, without limitation, an amino group, a hydroxyl
group, or & sulfhydryl group. In addition, peprde acceptors may be composed of
aucleotide mimetics, amino acid minietics, or mimetics of the cambined nucleotide-
amine acid siructure,

By “highly selective incorporution @l each codon”, it is meant at least 80
percent selective incorporation of an ammn acid residue al a position in the peptide
or peptidomimetic corresponding to the codon, more preferably at least 90, 95 or
cven 98 percent selective incorporation.

By a peplide avceptor being positioned "at the 3' end” of a prolein coding
seguence 15 meant that the peptide acecptor molecule is positioned afier the final
codon of that protein coding sequence. This term includes, withaut limitation, a
peptide acceptor molecule thal is positioned precisely at the 3" end of the protein
coding sequence as well as one which is separated {rom the final codon by
intervening coding or non-coding sequence (for example, a scquence corresponding
10 a pausc sitc). This term also includes construcls in which coding or non-coding
sequences follow (thal i3, are 3' L} the peptide acceptor molecule, In addition, this
term encompasses, without limitation, a peptide acceptor molecule that is covalently
bonded (either directly or indirectly through imervening nucleic acid sequence) 1o
the protein ceding sequence, as well #s one that is joined ta the protein coding
sequence by some non-covalent means, for example, through hybridization using a
second mucleic acid sequence that binds at or near the 3" end of the protein coding
sequence and that itself' is bound to & peptide acceptor molecule.

By “covalently bonded" to a peplide acceptor is meant that the peptide
acceptor is joined to a “protein coding sequence” either directly through a covalent
bond or indirectly through another covalently bonded sequence (for example, DNA
corresponding (o a pausc sitc).

By “mRINA-display™ is meant any method for coupling, via covalant or non-

covalenl linkage(s), the peptide or peptulomimetic product from translation of a
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mRNA ta its cognate mRNA or eDNA or nucleolide sequence related to the pepride
or peptidomimetie product. A commenly used linkage confains puromycin.

By an "sltcred function” is meant any qualitative ar guantitative change in
the function of 4 molecule,

By "binding partrer,” as used herein, is meant any molecule which has a
specifie, covalent or non-covalent affinity for a portion of a desired mRNA-
peptide/peplidemimetic ribosomal complex or fusion. Examples of binding pariners
include, without limitation, members of antigen/antibody pairs, proiein/inhibitor
pairs, receptor/ligand pairs (for exampte cell surface receptot!ligand palirs, such as
hormone receplor/peptide hormone pairs), enzyme/substrate pairs (for example,
kinase/substrate pairs), lectin/carbohydrate pairs, olipomeric or heterooligomeric
protein aggregates, DNA binding protein/DNA hinding site pairs, RNA/protein
pairs. and nucleic acid duplexes. heteroduplexes, or lipated strands, as well as any
melecule which is capable of forming o or more covaleml ur nun-covalent bonds
(tor example, disulfide bonds) with any potrion of an RNA-protein fusion,

The term "ligend” refers 1o a molecule that is recognized by a particular
tarpet, such as a protein, ey, 8 receptor. Any agent bound by or reacting with a
target is called 2 “ligand," so the term encompasses the substrate of an enayme and
the reactants of a catafyzed reaction. The term "ligand” does not imply any particular
molecular size or other structural or compositional leature vther than that the
substance in question is capable of binding or otherwise interacting with a targel. A
“ligand" may serve either as the natural ligand to which the target binds or as a
Tunctional analog that may act as an agorist or antagenist.

The term "substrate" refers to a ligand of an enzyme which is catalytically
acted on and chemically converted by the enzvme o produci(s).

The term “"receptor” refers 1o a molecule thi has an allinity for a given
ligand,

The term "solid support" refers to a martcrial having a rigid or semi-rigid
surtace. Such materials will preferably take the form ol small beads, pellets, disks,
chips, dishes, muli-well plates, wafers or the like, althongh ather forms may be
used. In some embodiments, at least one surface of the material will be substantially

flet. The term "surface” refers to any, generally two-dimensional, siructure on a solid
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material and may have steps, ridges, kinks, terraces, and the like without ceasing to
be a surface.

As used hurein, by a “population” 13 mesnt more than one melecule (for
example, more than ong BNA, DNA, RNA-protein or RNA-peptidomimetic lasion
moelecule). Because the methads of the invention facilitate selections which bepin, il
desired, with large numbers of candidate molecules, a “population” according to the
invention preferably means at least 107 differznt sequences, though more preferably
at Tmast 1% different sequences, and most preforably at least 1013 different
5&qUERces.

The term "random peptide library” refers to a population of randem or semi-
ratidorn peptides, as well ag a population of fusion proteins contaning those candom
peptides {ac applicable). A similar meaning is given 1o the termt "random
peptidomimetse library", but with the understanding tha one or more residues of the
peptidomimetie are non-naturally oceurring amino acid-like moietics.

By "selecting” is meant substantially partitioning a molecule from other
molecules in a population. As used herein, a "selecting” step provides at least a 2-
fold, preferably, a 18-fold, more preferably, a 100-fold. and, most preferably, more
than 1000-fold enriclunent of a desired molecule relative to undesircd molecules in a
papulation following the selection sicp. As indicaled herein, a selectien step may be
repeated any number of tmes, and different types of selection steps may be
combined in 2 piven approach.

The phrases "individually selective manner® and "individually selective
binding", with respect lo binding of a test peptide or peptidomimetic with a target,
refers to binding specific for, and dependent on, the molecular identity of the target.

The language "difterential binding means”, as well as "affinity selection” and
“affinity ennichment”, refer 1o the separation of members of the peptide or
peptidomimetic display library based on the dilfering abilities of test peptides or
peptidomimetics on each of the display packages of the library to bind fo the target.
The difTerential binding of a target by molecules of the display can be used in the
affinity separation of molecules which specifically inferact with the target from
those which do not.  Examples of affinity selection means include affinity

chromatography, precipitation, fluorescence activated cell sorting, and plaque lifts,
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As deseribed below, the atfinity chromatography includes panning techniques using,
e.g., immobilized target proteins,

The term “reporter group” or "tag" tefers to an atom, campound, ot
biological molecule or complex that can be readily detected when attached to other
molecules wl exploited in chemical separation processes. A seporter group can be,
for example, a fluorescem or radicactive atom or a compound containing gne or
maore such atoms.

By “proofreading™ activity of an aminoacy] tRNA synthetase is meant the
hydrolytic catalytic activity of the enzyme that recogniscs and then removes non-
engnate amino acids (natural or unnatural) from the aminoacylated cognate IRNA
iscacceptors of the synthetlase.

(I} Exemplary Embodiments

In general, the inventive method consisis of an in vitro or jn gine transeription/
translation prolccol that generales peptides or peptidomimetics.  This is
aceumplished by synthesis and iz vitre or in sifu iranslation of an mRNA molecule
wilh one ar more tRNA molecules that are charged with naturally and/or non-
narurally oceurring amino acids or amino acid analogs. We have discavered that
bacterial translation can be reconstituted without added EF-P, W, W2, or rescue.

In general, a preferred minimal wanslation system includes the following
macromolecular components: ribosomes, mENA. aminoacyl tRNAs, and rranslation
factors ll-‘Zl—i, IF3H., EF-Tull and EF-GHL IF1H and EF-Ts are stimulatory, and are
often added. Additional alterations are detailed below.

The lack of availability of cioncs designed tor high-lcvel over-expression of
tagged initiation tactors has made the reproducible preparation of large quantities of
highly purified factors to reconstruct a puritied translation systern a ngor technical
challenge. Indecd, many studics have relied on gitts of key components. In order to
overeome this problem, we subcloned and overproduced all three £ coli initiation
factors wilh (His)s tags (termed his-tags) and tested the activity of ¢ach faclor tn a
purified translation system.

Subcloning, over-expression and purification of kis-tagged E. eoli
iranstation faciors. Tublished clones for the expression of E. cofi IF1, IF2 and TF3,

though useful in numerous initiation studies, are tor untagged factors that cannot be
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affinity purified, and, with one exception, are thermally inducible (Calogere of i
(1987) Moi (ren Gener 208, £3-9; Laalami er al (1991) S Mol Biof 220, 335-49: De
Eellis and Schwartz (1990) Nucleic Acids Res 18, 13115 Morcnsen er ol {1991)
Biochimie 73, 983-9, Brombach and Pon (1987) Mol Gen Genet 208, 94-100). An
important consideration for IF3 over-cxpression I3 the presence of the rare AUU
initiation cedon (Brombach and Pon {1987) Mo/ &ren Genes 208, 94-100). Initiation
coden pairing wilh fmel-IRNAF
(1999) J Mot Bial 290, §25-17), thereby wpabling 1F3-mediated feedback repression

is direclly proofread by IF3 (Mcinnel et al

of transfation of its avwn gene in viva (Bromhach and Pou (1987} Mo! Gen Genet
208, Y4-100). Lhus, to increase the expression levels and 1o simplify puritication of
all three iniliation factors, we replaced the initiation codans with an AUGICAC),
scquence by PCR, and subcloned the coding scquences into a pET-derived
expression plasmid {sec Materials and Methods)l. The resulting his-tagged clones
were non-oxic and overproduved the factors (lermed IF111, W2H and [F3H) at very
high levels 1o the soluble frachon of the lysate {Tig. 1, lanes 1,2,5,6,8,9), In
addition, £ cofi EF-Tu and EF-G with N-tarminal biss tags (termed EF-TuH and
LF-GH) were over-expressed using available clones {(Fig. 1, lanes 12,13,15,16,
(Hwang et ai. {1997} Arch Biochem Biophys 348, 157-62; Semenkov ef af. (1996)
Proc Nat! Adcad Sei U5 4 93, 12183-8)3. Gel analysis of the Ni**-purified initiation
and elongation lactors is also shown in ig. 1 (lanes 3.7, 100 14 and 17). IF2H,
IF3H, EF-TuH and EF-GH comigrated with sampies of Ihe authentic E. coli
proteins {data not shown), and IFtH had the cxpected clectrophoretic mability based
on comparison with molecular weight markers {Fig. 1, lanes 1-4). [F2-2, a shorter
form of IF2, was probably over-expressed wogether with 1F2H (Fig. 1, lane 6, but,
because its synthesis by internal translation initiation (Saccrdat er g2 {1992) .7 Mo!
Biol 225, 67-80) would nat incorporate a hisy tag, it did not copurify with IF2H (Fig.
1, lanc 7).

Dependencies af his-agged imitiation factors i ae initerion assay. The
activity and purity of the three initiation factors were measured by ribosome: fmet-
TRMA™ ApUpG (rinucleotide complex formation (Fig. 2, top ling), Dependencies
al the his-lagged iniliation factors in iniliation complex formation with the 3 x salt-

washed ribosomes were comparable to these repoerted for pative factors (Table 1;
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Kung e @, (1974) Arch Biochem Biophys 162, 378-84; Dubnoll und Maitra (1972)

Bio! Chem 247, 2876-83). The variation in IF3 dependence may result from
differcnt amounts of free 308 ribosomal subunits in the different 705 ribosome
preparations because IF3 does not strongly stimulate initiation complex furmation
when free 18 subumits are substituted for 703 ribosomes in the assay (Canonaco et
al. (1987} Brochimie 69, 957-61). Given that initiation factors tend to copurify with
ribosomes (Kung e af. (1974) Arch Biochem Biophys 162, 578-84). the results also
aitest 1o the purity of the ribosonies. Substitution of the AUG trinucleotide template
with tha MTTV mBMNA emplate (Fig. 3; described below) at a much lower
concentration (0.3 pM) enubles complex formation with equivalent yield (data not
shawn).

Dependencies of his-tagged Jactors in ripeptide synthesis. We next tested
whether initiation complexes were competent to undergo elongation in a purified
translation svstem using the components depicted i Fig. 2. The mRNA design we
selected (Pavlov ¢ . (1997) Biochimie 79, 415-22) comtains an optimal Shine-
Dalgamo sequence and an epsilon translational enhancer (Qlins and Rangwala
(1988) .7 Biol Chem 264, 16973-6). Owr design (Fig. 3) has the advantage of
encoding mRMNAs short enough to be synthesized directly from a single long
svithelic DNA template bybrdized to a standard 18-1mer oligodeoxyribonucleotide
without the necd for cloning (Milligan and Uhlenbeck (1989} Methods in
Enzymology 180, 51-62). Translations of the templates are completed when the
nhosomes Iranslocale 10 a codon for which there 1s ne supplied copnale sminoacyl
IRNA (Weissbach ef ¢l (1984) BinTechniques 2, 16-22).

As shown in Fig. 4, reconstitution of oligopeptide synthesiz with all of the
components shown in Fig. 2 using 3 x salt-washed ribosomes and the MTV mRNA
(Fig. 3) results in the synthcsis of MTV, as judged by the incorporation oll‘ *H.
labeled valine into the isolated peptide preducts. When the time course of synthesis
is hegun by combining a preincubated initiation mix with a preincubated elongation
facter mix (triangles in Fig. 4; see lepend), there is 4 rapid initial burst of product
synthesis within the first minutc and a slower Tatc of synthcsis at steady state.

Without the 10 minute preincubations (squarcs in Fig. 4; see legend), there is little
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product synthesis within the first minute, and synthesis is fairly linear with time (see
also Fig. 7).

Fig. 3 illuswates the dependence on each factor necessary lor ir vitro
translation (171 was omitted in this experiment). based on (he incorporation of "*C-
labgled threonine and *H-labeled valine into peptide products, The complete system
yielded pepride products with a threonine/valing {17/%) ratio of 1.0, as cxpected for
fMTV synthesis. Omission of any ene factor drantatically reduces fMTY synthesis
{Fig. 3), giving dependencies comparable to those reported for the native factors
(Robakis et . (1981) Proe Natl Acad Sci 05 A 78, 4261-4; Cenatiempo ef of
{1982) Arch Biochem Biophys 218, 372-8). The omission of translation facior EF-
GH switched translation from tripeptide synthesis to fMT dipeptide synthesis (Fiu.
3), consistent with the known primary role of EF-G in translocation.  Although
synthesis of dipeptides does not require addition of IF1 {Robakis e ¢l (1981) Proc
Nati Acad Sci U § 4 78, 4261-4), and although the inclusion of [FIH m our
ranslations does nol lead 0 a dramatic increase in overall yield, IFTH does
stimulate the rate of MTV synthesis 3.5 fold during (he first {ew minutes of
iranslations performed without preincubation {data not shown), censistent with
previcusly reported studies with native 171 {Robakis e¢f af. (1981) Proc Natl Acad
Sci U5 A 78, 4261-9). Thus, the teanstation results confinm and cxtend the findings
fram the initiation assay (Table 13 Additional vonirol (ranslations omitting other
macromolecular  components  of the  translation system give the expected
dependencies (see Materials and Methods). Ribosomes washed only once gave poor
factor dependencies in translation assays of the type illustrated in Yig. 5 (data not
shawn).

Terrapaptide synthesis. We nexl investigated the suitability of this system
for the synthesis of wetrapeptides to show that all steps of inltiation and ¢lungation
could ocour in a highly puificd systom. In contrast to tripeptide synthesis,
tetrapeptide synthesis is not possible without dissociation of deacylated tRNA trom
the exit site of the ribosome (Wilson and Noller (1998) Cell 92, 337-49). Using a
template ¢neoding the teteapeptide fMTTV (Fig. 3), synthesis of dual-labeled
products was assessed by reversed phase HPLC (Fig. 6). Radioactive peptide

products were identified based on their co-migration with chemically synthesized
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non-radicuctive standards.  The predeominant radioactive peak in the pepidyl
scparation range eoresponds to the fMTTV tetrapeptide (30-85% of the “C or 1
radioactivity in this range} with a T/V ratio close to that cxpected.  Two minor peaks
correspond 10 the pausing or premalure termination produsts [IMT and IMTT, with
no *I1 incorporated, ag expected. TMT and IMTT together conlain 12% of the HC
radiouctivily in the peptidyl range, equivalent to 20% of the combined products
PMTTV, IMTT and IMT en a moelar busls, The remaining two miner peaks (at 24
and 30 min) presumably correspond to derivatives of MTTV (g msihionms
oxidation products or unformylated peptide), other peptidyl productz andior non-
peplide radioactive conlaminants.  Thus, the purified his-tagged tetrapeptide

tranglation system is predominantly, but not completely, processive with yields of

‘ full-length tetrapeptide products equal to 0% of the peptide products. This detailed

analysis demonstrated much higher provessivity in absence of added EF-P. W and
rescue than ihat previouly reported (Ganoza et af (1983) Froe Natl Acod Sci U S A
42, 1648-52).

Turther examples of peplides synihesized efficiently by our in vime
rranslation system are shown in the Table 2. The synthesis of the expected 7-mer
full-length fMITTITY pepiide product was highly processive because a
predominance of premature termination products would have resulted in a much
higher T/V ratio than the measvred value of 6.4,

Effecrs of wpstrecant mRNA mutarions on eligopeptide syathesis.  An
unresolved question 1n wanslation initiation 1s the mfluence of the epsilon sequence
in a purified system. Therefore, the effect of scrambling or deleting epsiion was
determined using the mRNAs scramble-cpsiMVT and delta-epsivMVT (Fig, 3) and
template concentrations {1 pM) that are saiurating for mRNA MVT (data not
shawn) under condilions whers initiation should be rate-limiting (see Fig. 4). Fig. 7
shows that scrambling of the U-rich epsiton sequence resulis in deereased MVT
synthesis, and deletion of the sequence resulis in a five-fold decrease in the initial
rale of producl synthesis, Concentrations of mENA delta-epsiMVT up to 14 fold
higher failed ta substantially increase the yield af PMVT {data not shawn).

Incerporation and selecrion of an wnnateral sming aeid  Our tetrapeptide

synthesis format is directty amenable to many (ypes of initiatien and elengation
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assays, including the testing of unnatural amino acids for incorporation hy
ribosomes for mechanistic or sclectinn experiments.  For example, franslation of
mRNA mMTRY (Fig. 3) using the substrates "H-fmet-tRNA™, “C-thraRNAL™,
biolin-lubeled-lys-IRNAY (Promega) and *T-val-IRNA"™ vielded peplide praduct
conlaining  both biotin and *H-valine (PV-T-BK-V3, as judged by product
copurification with soft avidin beads (Promega) in 2 manner dependent on a lysine
codon m the mRNA and on biotm-labeled-lys-RINA™ (Fig, #). This cxperiment
demonstrates that the purified wanslation system 1 capable ol incorporating an
ensily selectable, large, unnatural amino acid.

Given that the K4 af the biolin-avidin interaction (1077° M) is ene of the
Towest known for any ligand bound non-covalently and monovalently 1o its taruer, it
is expected Lhal vur synthesized biotin-containing peptidomimetic has an affinity for
one of ity cognate tarpets (avidin) that is prealer thun the affinity of any natural
peptide of similar length for its cognate targer. Given that the identification of very
high aftinity ligands is most desirable in library serecning experiments, the potential
advantage of a ligand-sereening method (hat csn use unnaturat amine acids over a
method that can only use natural amino acids is illustrated by the above example of
our peptide containing biotinyl-lysine.

An analogous experiment to that of Fig. 8 has also been performed with
biolin)'l-Cys-lRNA""“, except that, in tlus case, the biotinyl-amimoacyl-IRNA species
used had been purified by alternative procedures. Pure RNAH isnacceptar
(Subriden RNA) was charged with Cys wsing a tRNA-firee erude synthetase exiract,
the resulting Cys-IRNA™® was chemically labelled with biotin (Fig. 9 by miner
modification of a published method (Ohtsuka ct al. (1997) Mucleic Acids Synp. 37,
1253-1263, l:'iulinyl—(.'y:.'fllle.‘\.c”i was gel-purified (Fig. 10), and then biotinyl-Cvs
(abbreviated b{) was incorporated into peptidomimetics and bound to Soll Avidin
(Figs. 1L and 12} The results in Fig. 12 suggest that our in vitrg system may he able
o incorporate specifically two adjacent large vonatural amine acids.

Cys

Importantly, the translation with uncharged IRNA™ in Fig. 11 gave no

incorporation of *H, demanstrating that the purified system lacked charging activity

and was specific for exogenous substrate. This has also been demonstrated tor

val

translations “seeded” with uncharged IRNA™ or uncharged tRKAY™ {not show), as
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expected for an amincacylMENA-synthetase-tfree pure system. Given that the
symtherases are amongst the mast abundam proteins of £ ¢off and that ribosome
preparations <an he used for their purification (Ganoza ef of (1996) Biockemie 74,
51-61), additional experiments were performed tw verity that our pure translation
systern lacked synthetase activity, Fig. 13 confirrued 1t our “protein polymerass”
lacked contaminating aminoacyl-tRINA synihetases.

Purification of peptide and peptidomimetic products. Several aliroative
methods {either non-denaturing or denaturing) standard in the art ae available for
the release of free peptides or peptidomimetics from peptidy[-tRNA, including, but
not limited to, chemical hvdrelysis with base (2.g. Figs. 4-8), enzymatic catalysis by
release Lactors (LTubke 3) or peplidyl-IBNA hydroluse enzyme (puritied and used as
in Karimi er of (1998) J Mol Biol 281, 241-252) and nugleophylic utiack by the
puromyein antibiotic or its derivatives (Fig. 21). Any of the numerous methods
(either non-denaturing or denaturing) standard in the am for peptide or protein
purification can be used for purification of peptide and pepiidomimelic products,
including, but net limited te, affinity purification using a solid suppost {e.g using
the interaction belween sofl avidin beads and biotin in Fips. 8 11 and 12),
chromatography (e.g vsing cation <xchange chromatography in Figs. 4 and 5, or
reversed phase HPLC in Fig, 6), or precipitation from solution (e.g. using TCA in
Fig 20}

Despile the hiph demonsirated purity of our translation system (Table 1, Figs.
1, 5, 11, and 13) and the apparent dispensability of EF-P, W and rescue for
processive ranslation, additional experiments were performed te rule om the
arguement that one or more of these factors contaminates the ribosomes (see
Background of the Tnvention). The published method for removing EF-P, W and
rescue from ribosomes (Green ef of. (1985) Biovkem. Bisphys. Res. Comm. 126,
792-798) is to pellet the ribosomes up to five timas with an ovarnight wash in high
salt (0.5 - 1 M) between each centrifugation (the more sall wushes, the higher the
purity of the ribosomes). Since our ribnsomes had been pelleted four times with
three high salt washes, our ribosomes should have a comparable purity to Ganoza's.
Wevertheless, a different batch of ribosomes was prepared thar incorporated an

additional {fourth) high salt wash {the same rotal number as {janoza’s most highly
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washed rihosomes), and, 1n addition, the final 1530 000 g centrifugation was split into
wvo sieps 1o remove easily pelleted material. In the fiest step. centrifugation was
performed at the maximum speed fur one minwte, and the resulting pellel was
discerded (this material was predominantly non-ribosomal based on a low
absorbance at 260 nm). In the sccond step, the ribosomes from the supernatant werc
pelicted by extended centiilugation, The purity of these 4 x washed ribosomss was
demonstriled 1o be very high based on strang dependenzies an anslation fuctors for
mitiation and wanslation {assayed as in Table 1 and Fig. 5). As an additional
control, all of our translation factors, which had previously been purified by Ni-
alfinity chromatography, were further purificd individually by an additicnat gel-
filtration chromatography step. The combination ot these 4 x washed ribnsomes and
MNifgel-purified factors was found 1o be active and processive in synthesis of peptides
as long as 101 amine acids (see Fig, 20 below), and the additional punficatien steps
do not significantly affeer our translations in comparison with the 3 x washed
tihosomes and Ni-purified factors, Lhese siudies confirm that our translation system
is not dependent on EF-T, W and rescus.

Other embadiments of the tnvention are versinns of aur simplitied porified
translation system lacking CF-P, W and rescue in which one or more of the
components have been substantially adjusted in concentration or even omitted
entirely. For exanple, 'EG 1s offenl omitted, resulting i only an approximately 23%
deercase it yield, and efticient translation occurs without IF1 (Table 2; Flg. 3).
Inclusion of our vther standard wanslaton inniation and elongalion factors, although
important [or efficiency under commonly wsed conditiens, 15 not essential for
product synthesis (Fig. 5). Indeed, efficient ranslation in model systems is possible
without any of the bacterial initintion fuctors {ie. IF1, [F2 and IF3) il they are
substituled by higher eoncentrations of cations (eg Mg® ar polyamines; Wagner ef
al (Y982 Eur. . Blochem, 122, 193-197).

Still further cmbodiments of the invention are versions of our simplified
purified lranslation system described in detatl above in which one orimore of other
purified macromnlecules and small molecules known to be involved in, or to
stimulate, translation have been added. These include, but should not be limited to.

celiular toral (RNA or fractions thereof, cellular total aminoaeyl-IRNA or fraciions
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thereof, synthetic charged or uncharged (RNAs, ane or more of the aminoacyl tRNA
synithetuses  for each of the twenty nmuwral amino  acids, Mer-tRNa,™®
formyltransterase (also called methionyl4RNA transformylase), N'-formyl THF
synthetase and T1II derivatives, elongation factor Ts (see Materials and methods),
relesse (welors (RF1, RYZ, AE3, and REEF or KF4), DNA templates and RNA
polymerases tor coupled transcription and translation, RNA helicases, chapetones
{Hardesty ¢t af {(1999) Cwrr Opin Struct Biol 9, 111-4), ribosomes purified by
different procedures (including separation into subunits) such as sucrose-densiiy-
gradient-centrifugation, cemponents of “pelymix buffer” including polvamines
{Jelenc and Kurlund (1979} PNAS 76, 3174-3174) and energy-related systems that
differ from ouwr pyruvate kinase system such as lhose with creatine kinasc,
myokinase andfor pyrophosphatase (Shimizu er ol (2001) M. Bictech. 19, 751-
755).  Addition ol, or substitution with, untugged or mutated versions of natural
components, such as aur recombinant untagged 1L, 1F2 and 1F3 (see Materials and
Mcthods) ar an FF-Tu derivative with improved incorpuration of umnalural amino
acids. or altered ribosomes is also possible in a pure translation systern.

For example, out simplified purified translation system, such as that of Figa.
and 11, is simulated by addition of bacterial relense factors (Tuble 3). The addition
of synthetases to our translations, such as thase for Thr and Vai, ragether with amino
acids Thr and Val and ATP, enabled gencration of, and regeneration of, the
respeclive aminoacyl-tRMNAs [rom the respective uncharged URNAs {not shown).
‘The addition of NDNA templale, NTPs and RNA polymerase enabled coupled
transcription and translation ([able 2). Addition ot othcr molccules, such as
polyethylene plycal, also proved stimulatory {(not shawn). Total amincacyl IRNA,
isolated from cells hy acid phenol extraction (Varshney ef af. (1991) /. Biol Chem
266, 24712-24718; see alse Fig. 16, lanc 2 Lelow), 1s also active in our purified
translations,  An alternative approach for substrate preparation is to charge
deacylated 1otal tRNA in vitre before translation (Green er of. (1985) Biochem.
Binphys, Res. Comm. 126, 792-798). The latter approach has the advantage of being
more readily suitable Jor the selective depletion or inactivation of certain tRNA

ispacceptors {e.g using isoacceptor-specific DNA oligos and RKAse 11 (Kanda e
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af. (1998) FEBS Letr 440, 273-270)} to allow incompotation of radiolabelled or
unnatural amino aclds charged on appropriste (RNAs,

Six months after our Provisional Patent Application, further evidence wus
published (Shimizu er al. (2001) Nar. forech. 19, 751-735; incorporated by
reference herein) for the dispensibility on LF-P, W mxl rescue in o purified
translation system. Their version of our system, in contrast to our preferred system,
contained aminoacyl-tRMA synthetases. Translation was reconstitwted efficiently
with recombinant versions of all of the well-characterized translation factors and
synthetases, without added EF-P, W, W2 and rescue. However, the ribosomes were
prepared by a differemt method trom Ganoza's and ours (using less salt washing),
wnd the dependencies on three of the twenty different syniheluses were incomplele,
raising the possibility of contamination by EF-P, W, W2 and rescuc, Nevertheless,
strong dependeucies on most ol the [actors were reported, as was cfficient synthesis
ol several proteins.

A stop codon was recruited o incarporate valing efficienty using a
¢hemically charged suppressor tRNA mutated to avoid synthetase recopnition, hut,
contrary Lo ¢laims in the publication, incomporation of an unnatural amine acid was
not tesied [Shimizu et af (2001) Nar Biorech. 19, 751-7335), Powentially, the
incorporation of an unnatural aminc acid by a suppressor tRNA in this version of
our systermn has (he advantuge that compelition with cerlain termination factars can
be circumvented by simply omitting them, However, like existing systems for
unnatural amino acid incorporation that usc erude cxtracts (sec Background of the
Invention). this sirategy is likely to be restricted to incorperation of a single type of
unnatural amine acid per proiein 4l anly one ¢l the three lermination codons {he
JAG eodon) hecause of competition from natural aming acids at sense codons
catatysed by the tRNA charging and proofreading activities of the twenty different
added aminoacyl tRNA synthetases, and because an attempl to use a second
termimation codon (UGA) failed due to rcadihrough by the ribagnome (Cload ef af
(1996) Cherr and Biol. 3, 1033-1038). Potentially. to allow incorporation of
multiple different unnatural amino acids in such a system, the suppressor anticodon
could be muiated 10 recognise certain scnse codons (by basc pairing), and

compelition at those codons potentially could be circumvented by omiuing the
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cognate natural amino acids and synthctases. However, for most of the twenty
synthetases, the anticodens of their cognate 1RMA isoacceptor substratcs are the
mest impottant recognition elements, so alierations in the anticodon of the
suppressor tRNA are likely to lead te unwanted synthetase recognilion {sumetimes
with un unprediclable specilicity of cross-recognition) and therefore proofreading
and/or charging with a natural amino scid [Giege er afl. (1998) Nucleic Acids Res.
26, 5017-5035). In addition, tRMA murations designed (o prevent synthetase
recognition may also decrease lhe efficiency of EF-Tu and/or ribosome recognition,
therchy deercasing the cfficicney of incorporation of the carried amine acid.
Because of these difticultes with syuthetase rceognition and alsa the difficulties
ussocialed with over-cxpressing as meny as twenty diffcrent synthetase proleins
(Swanz (2001) Nat. Biotech. 19, 732-733), we prelered u synthetase-free translation
system for our tests with unnatural amine acids,

We huve tested incorporation of scwversl unnarural amino acids using
chemically charged IRNAs. The first siep was to construct a synthetic elongator
tRNA lacking the terminal CA dinuclentide to allow chemical misacyvlation with an
unnatural amine acid in a peneralisable manner. Current technology relies on
artificial suppressor tRINAs that have been specially engineered (o prevent charging,
and prootfreading by any of the syntherases. In our pure system, our only concern
was the pessible effeets of an cxpected lack of TRNA base-madifying activities
hecause such modifications can be imponiant for function (Bjork er af. (1999) FEBY
Letr. 452, 47-51), and crude translation systems can modify synthetic IRNAs
(Claesson ef af. (19940) FEBY Lea 273, 173-6). As new Lest prototypes, we chose £
coli tRNA™® (Fig. 14; Ohashi ef al. (1976) Nucleic Acids Res. 3, 3369-3376) and
HNAM (discussed below; Picking ef al. (1991) Nuclvic Acidy Res. 19, 5749-5754).
The 5 terminal sequence of tRNA™™ was mutated for optimal transeription hy T7
RMA pelymerase, although alternative strategics to mutagenesis exist, such as the
use of M1 RNA or RNuse P 1o process synthetic unmodilied tRNA precursors
(Forster and Altman (1990) Science 249, 783-788). The anticodons of both tIRNAs
were also mutated to create several varlants with altered codon recognition

Asn

properties (three of our t(RNA™" mutants are shown in Fig, 15, with the amino acid

codons recognised by the tRNAs indicated in brackets). An unnatural amino acid,
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allylglycine (ali, sometimes alternatively abbreviated 2P), was amino-proteeted with
:m WVOC proup and ligated onto to the (RNAM(N) (Fig. 14) using T4 RNA ligasc
in a standard and generalizable strategy (see Materials and Melhods; Lhorsun er af.
(1988) Methods in Molecular Biology 77, 43-73; Steward and Chamberlin (1998)
Methuds in Melecular Biofogy 77, 3253-334) to give o species that migrated on a gel
with the expected mobility (Fig. 16, lane 6).

The amino group of the NVOCaGARNA™YN) was deprotected by
ultraviolet photolysis, and the aG-tRNA™Y(N) added to a pure wranslation reaction
containing mMTNV templatc. aG was successfully incorporated at the N codon to
allow downsweam “H-V incorporation, but pave a lower yicld than the mMTV
control translauon (Tig. 17), The lowsr yield was found 1o be predominuntly duc 1o
using insufficient aG-RNAMMN) to saturate the system. as duubling the aG-
IRNA™"(N) RNA concentration to | uM (double the comcentration ol euch mutural
aminoacyl IKNA in the translalion, assuming 100% yield of aG-tRNA*"(N) from
the transeription and ligation resctions} doubled the yield and incorporated the
analog with about 3% precessivity (based on incomoration of "C-T before the
analog, and HiiRY alter; result not shown). Translation of mMTNNY demonstrated
ingorporation of adjacent analogs, with the % processivity for incorporation of the
2™ analog similar to the first under these analap, substeate-limited conditions. Note
that the translations of mMTNY and mMTNNY with an uncharged tRNA having the
same struclure as the (RNAMYNY of Fig. 14, excepl ending with the normal
ubiguitous CCA 3" sequence (produced by run-off transcription of DstNI cut
template) gave no incorporation, demonstrating that the purified system lacked
charging activity fur this mutant KNA(N). and was specific for incorporation of
exogenous substrate at the N codon. As an additional control, uncharged
tRNAM(N) did not inhibit translation of mMTV (Fig. 17).

Having established that sense codons could be commerdeersd in a
generalisable manner for selective unnatural amino acid incorporation, the nexl slep
was to aptomise the efficiency of incorporation of ai and also other unnatural
amire acids, so the NVOC amino-protected forms of O-methylsering (mS) and
alanine were prepared (see Materials and Methods). Using higher concentrations {up

10 7 uM) of various tRNA™s (Figs. 14 and 15) chemically aminoacylated with aG,
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m8, or Ala, incarporation cfficiencics of greater than 90% of that obtained with Thr-
RNA™ were obtained (not shown}.

Lnterestingly, the unmeodifisd aG-IENAMYNY, which has a GUU substitation
in its anticodon in comparison with the published synthetic tRNA™ (Picking et af.
(1991) Nucieic Acids Res. 19, 3740-3754), was totally inactive in wanslations.
Hewever, chorging with Ala using o crude IRNA-free cell extract produced Ala-
RNA(N) that was incorporated efficiently. The gain of aciivily was probably nol
due to the difference in amino acid because aG worked well on t(RNA™(N), hut
more likely duc 10 the base-modifving activity of the crude extract. The results are
consistent with our hypothesis {above) that tRNA base moditications are crucial for
translation aclivity of certain (RNAs and (hat initia) sclection of an appropriatc
pretolype IRNALS 8 non-obvious process reguiring triul and emror. Another problem
is that ccreain ummodified aminoacyl t(RMAs are rendered tnactive by denawration
during standard purilication procedures (Harmngton ef al (1993) Binchemisiry 32,
7617-7622). Neveriheless, once a slahle aclive unmodified (RNA is identified. such
a5 our tIRNANY, the production of anticodon variants thal recognise ether codons
in a predictable manner is strraightforward (Fig. 13; sce belaw).

Table 4 shows u representzlive incorporation of five successive unnatural
aming acids (3G°s) within a 7-mer peptidomimetc product in & manner completely
dependent on added aG-tRMA™M(T) This improves upon the published record of
o successive unnaturals (Hohsaka ef al. (1999) JACS 121, 12194-12195), not only
in length, but more importamtly in generalizability and utility, Given encugh
different amino acid monemers, a library of random 7-mer peptidomimencs can
encode substantial peptidomimetic diversity. Using the four different unmodified
IKNMA™ variants shown in Figs. 14 and 13, chewnically aminoacyluted with mS lor
the T codon and aG for the N, 5, and V codons, full-length product was synthesized
bascd an incorporation of carboxy-terminal *H-E {Table 5). This provides evidence
fot incorporation of multiple and diflerent unnatural antino acids in a single product
The complete dependency on added mS established that m8 was indeed
incorporated, and that this T codon is specific for IRNA™YTY (i.e. nol misread by
the closely relaled anticodon variants IRNA*(N), IRNAMYS), and tRMNAM(V)

shown in Figs. 14 and 135).
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Our strategy of scnse codon replacement with unnatural aming acids is a
generalisable one and should therefore be extendable 1o all 61 sense codons. Given
Ihe significant redundaney in codon usage by nature (only 21 natural amino acids), it
should be possible 1o create an aminoaeyl tRNA library that can translate a single
mRMA into substantially mere than 21 ditterent amino acids. The three termination
codoms ame dispensible in our system, but potentially all could be translated with
suppressars, with potential readthrough problems (Cload ef @l {1996} Chen. and
Biol. 3, 1033-1038) overcome by omission ol the natural aminoacyl tRNA({s) that
arc respansible for readthrough. Effcetive replacement of the AUG initiation codon
and fMet initiator amino acid is subjecl to maintenance of a different set of
intennolccular contacts from elongation, hut it is also possible hased an known
alluwable substitntions in vivo and i vire (Picking ei al. (1991) Nucleic Acids Res.
19, 5749-5754; Wu and RajBhandary (1997} . Bivd Chem. 272, 1891-1893).

A. dn itro libaries

The directed evolution in viire of peptides or peptidomimetics from a
combinalorial library of peplide analogs expressed on ribosomes is a powerful
methnd for the rapid evolution of ligands or drog candidates that hind to any target
molecule of choice. An example of our “pure ribosome display™ (I'ig. 18), related to
riboseme display performed in erude extracts (Mattheakis and Dower (1995) PCT
WO 95/11922) consists of the follawing s1eps and variants thereoft

Construction of DNA library: a synthetic oligodeoxyribonucleotide
containing a randomized or partialty randotnized coding sequence is chemically
synthesized, hybridized w an oligodeoxyribonuclcotide comtaining an RMNA
polymerase promoter (e.g. a bacteriophage RNA polymerase), translation initiation
seguence and start codon, extended with DNA polymerase, ligated by DNA ligase o
a plasmid restriction fragment enceding an cpen reading frame {e.g. & ropetitive
spacer amino acid szquence such as our lenger sequences shown in Fig, 19), purified
on a gel, and quanlitated.

Step 1 (Fig. 18} The synthetic DNA library is transcribed with an RKA
polymerase into an mRNA library.

Step 2: The mRMNA library is twansiated into pepride analogs with our

purified ribosomes and translation factors and a reconstituted aminoacyl-tR™A pool
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containing 4 mixture of cerfain (but not alt) wild-type aminoacyl-tRNAs and
specially synthesized tRNAs charged with amino-acid analogs. Preferably, cach
mRNA codon is decoded by a unigue charged (RNA in the pool, so the sequence of
ihe mRNA defines a unique peptide analog scquence. For cxample, our spacer
sequences of Fig. 19, some of which are long enough to traverse the ribosome
wnnel, have been synihesized with good processivity {Fig. 20). Protein synthesis is
stopped (e.g. by reaching the end of a template lacking stop codons, or by aminting
release factors, or by reaching a codon for which there is ne supplied aminoacy)
tRNA (such as an Asn codon in the case of the longest products in Figs. 19 and 20),
or by stalling with an antibiotic,

Step 3t Ribosomes containdng the random peptide analogs are isolated by
centrifugation and then incubated with an immobilized targel, and unbound
ribosames are washed away. Bound ribosomes are dissociated (e.g. with EDTA),
and the released selected mRNA purified.

Step 4: cDNA synthesis and PCR amplification. Eror-prone PCR may be
uscd to introduce mutations.

Repetition of steps 1-4: These sclection and amplitication steps are
repedted one of more limes, as necessary (see below),

Step § {nul showny: Amplified DNA is eloned into a plasmid for analysis by
DNA  sequencing  to  deduee  the  struetures  of  selested  and  amplified
peptidomimertics. The identification of a scleeted consensus sequenee(s) is evidence
that sulficient rounds of reiterative selectivn and arnplification (steps 1-4) have been
employed and that ligands have been identified by the experiment. Further cycies
can be used to evolve ligands with higher affinities.

Modification of the method that enables a selection step in the absence of
ribosomes: The DNA template is modified to encode a peptide tag that, when
introduced into the peptide analog during protein synthesis. bas a high affinity for
mRNA or a molecule bound 1o the mRNA (e.g. a hybridized complementary DINA
primer covalently linked fo an antibody which has a high affinity for the peptide
tag). The pepride-mRNA could then be separated from ribosames before the
selection step. These approaches and other possible modifications have been
described (Mattheakis and Dawer, supra; Dol and Yanagawa (1999) FERS Let.
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457, 227-230). Alternatively, the mRNA could be 37-end-labelled with puromyein
s that it could be dirgetly linked o the peptide for “pure mRNA display™ {Fig. 21;
see beiow),

The Szostak er @l PCT publications WO00/047775 and  WO98/31700
(incorporuted by relerence herein) describe methods which ean he readily adapted in
the present invention in order to generate forms of the subject pepludes and
peptidomimetics which are covalently linked to the RNA molecule by which they
are encoded. That is, the present invention provides a protocel that gencrates
peptidomimetic covalently linked to the 3' ond of its own mRNA, ie., an RNA-
pepridomimetic fusion.

This is scoomplished by symbhiesis and in wire or in site translation of an
mBRMNA molecnle with & peptide aceeptor attached o its 3' end.  One preferred
peptide acceptor is puromyein, a nuclcoside analog that adds to the C-terminus of a
growing, peplide chain and lerminates innslaton. In one preferred design, & TINA
seyuence is included hetween the end of the message and the peptide acceptor which
is designed to cause the ribosome to pause at the end of the epen reading frame,
providing additional lime for the peptide acceptor (for example, puromycin) io
aceept the nascent peptide chain before hydrolvsis of the peptidyl-tRNA linkage
(Fig. 21).

If desired, the resulting RNA-peptidomimetic fusion allows repeared rounds
of selection and amplilication because the coding sequence information may be
rccovered by reverse dranscription and  amplification (for example, by PCR
amplification as well as any other amplificarion technigue, including RNA-based
amplification tevhnigues such as 3SR or TSA). The amplified nucleic acid may then
be transeribed, modified, and i vifrs or in sifu translated to generule mRNA-
peptidomimetic fusions for the next round of selection. The abality to cawy out
multiple rounds of selecticn and amplification enables the enrichment and isclation
of very rare molecuvles, e.g., one desired molecule out of a pool of 10% members.
Thiz in mrn allows the isolation of new or improved peptides and peptidomimetics
which specifically recognize virtually any target or which catalyze desired chemical

reactions.
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Accordingly, i one aspect, the invention feawires a method for selection of a
desited protein or peptidomimetic. involving the steps of (2) providing a population
of cundidate RNA molecules, each of which includes a translation imtiation
sequence and a start codeon operably linked to a candidate protein coding sequence
and each of which is operably loked 10 & peptide acceplor at the 3" end of the
candidate protein coding sequence: (b) i vitre o fn site translating the candidate
pratein ceding seqguences in the presence of natural and/or non-naturally accurring,
amino acids to produce a population of candidate RNA-peptidomimetic fusions; and
(c) selecting a desired RNA-peplidomimetic lusion, thereby selecling the desired
peptidomimetic.

in preferred embodiments of the ubove methods, the population of candidate
RINA molecules includes at lcast 16, preferably, at lcast 10°, more preferably. 101,
or gy many as 10" ditferent RNA molecules; importantly, the it wiro wanslation
reaction is preferrably carried oul in a reconstituted pwitied mixture, not a erude
ranslation sysiem; the selection slep invulves binding of the peplidomimetic to an
immobilized hbinding parincr or assaying for a functional activity of ihe
peptidomimetic.

In another related agpect, the invention [eatures kits for carrying out any of
the selection metheds described herein,

In a tinal aspect, the invention features a microchip that includes an array of
immobilized peptidomimetivs of the preseur invention.

B. Tuarget Molecules

The target molecule can be vittually any molccule for which interaction with
a peptide or peptidomimetic of the present invention may be useful. In certain
embodiments, the target molecule is a biopolymer, such as a iucleic acid (DNA or
RINA), a protein, a lipid, a carbohydrate or the like.

In choosing a pelypeptide screening target, factors which can be considered
include solubility, peptide chain  length, requirement of  post-translational
modifications, or addition of co-factors, and/or moenomeric or olipometic natre of
pretein(s} upon which the target is based, In gengral, 1t will be desirable that the
polypeptide target be soluble, parially purified or pure, and inunobilized on a solid

support by methods standard in the art.
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Accordingly, the present invention contemplates screening twgets which
correspond to (e.g. include) such domain structores as: SH2 domains; SH3 domains;
ankyrin-like repeats; WL040 motits; Kunitz-type inhibitor domains; growth factor-
like domains such as BGF-like domains; Kringle domains, fibronectin finger-like
domaing; heparin-binding domaing; death domains; TRAF domains; plecksirin
homelogy (PH) domains: ITAMSs; catalytic domains such as kinase domains,
phosphatase domains; phospholipase domains; puanine nucleotide exchange factor
(GEDY domaing: and hydrolase domains (such as protease domains); or DNA
binding domains such as leucine zippers, zine fingers and helix-loop-helix motifs.

Where ihe protein ol inieresl is @ transmembrang protein, the screening target
can he derived from a soluble extraccllular or cytoplasmic domain. To illustrate, (the
screening target can correspend to the extraceiivlar domain of a guanylyl eyelase, a
cylokine receptor, a tyrosine kinase receptor, or a serine/threonine kinuse receptor.
In other embodiments, the sereching target can correspend to a soluble porlion of a
G-protein coupled receptor (GCR) which retains ligand binding activity. For
example, as described above, certain of the extracellular loops between the
transmembrane portions of the GCRs have been shown to retain ligand binding
activity even when provided free in solutien. In still other cmbodiments, the
sureening target can be reconstituted in u liptd bilayer, such as u lipusome or other
vesicle {sce, for cxample, Kalva Kolanu ef f. (1990 Bistechnigues 11:248; and The
Huang U.S. Patents 4,937,735 and 4,708,933) and the lipid/proicin combination
uscd as the screening target,

Mercly for purposes of ilastration, the following prolein targets are
described for use in the subjeci method.

In one embodiment, potential therapeutic targets are receptors from the new
receptor family. In women in the 1.5.A., brcast cancer is the most common cancer
and is enly second 1o lung cancer in the numbger of cancer deaths. A prime breast
cancer larget is newerbB-2/HER-Z, a 185 kD) irans-membrane phosphoglycoprotein
tyrosine kinuse (Shih er af (1981) Namre 290:261)  Amplificaion or gver
expression of the mew oncogenc occurs in about 30% of breast and ovarian
adenocarcinomas, a finding that correlates with a poor responss to primary therapy

(Skumon e e, (1987) Science 235:177; and Haves ef al. (1993) dnaods of Oncology
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4:807).  Transfection of NI 3T3 cells with the neu oncogene results in
transformation (Shit er al., supra), and introduction of an activated nen oncogene
into mice tesulls in the ransformalion ol the entire mammary epithelium (Muller ef
of. (1988} Cedl 54:103) or the stehustic appearance of mammary lurmors {Bouchard
e al (1989Y Cell 37.031).

Evidence is uccumulating (hal breust vancer may be inhibited by melccules
that bind Lo new ur a ligand of rew, sieh a5 members of the herezulin family (Holmes
«f ol 1992 Nature 256:1205). MADs and their radinlabelled conjupates that bind o
the extracellular domain of peu retard the growth of breast cancer cells in culture
and in nude mice without the sclection of neu-negative cell clones (DeSantes et ol
(1992) Cancer Res. 32:1916; and Drebin er all (1986) PNAS 83:9129), Such Mabs
and their derivatives, such as the recombinant humanised MAb, Hereeptin, that is
used in the clinic for advanced breast cancer treatment (Colomer er af. (2001)
Cancer Investigation 19, 46-56), may alter the neu signal transduetion pathway and
atfeer tumor growth in scveral different ways. They may (i) over stimulate new,
thereby causing differentiation (Bacus er of (1992) Cemecer Res 52:23580), (if)
prevent homo- or hetero-dimerization of neu, thereby inactivating neu (Caraway ef
al. (1994) Cell 78:3), (1ii) cause cellular internalization and dewn regulation of neu
{Tagliabue ef ol (1991) Jfmr J Caencer 47:93), (iv) deliver conjugated cytotoxic
radionuclides or toxins to the cell surface or cytoplasm, or {v) prevent binding of &
ligand to ncu.

The peptidomimetics which can be derived by the present invention can be
usetul for inhibiting the biologival function of new by, for example, competitively
disrupting the binding of neu with its ligand or other protein, or preventing allosteric
activation of an enzymatic activity associated with neu. Alternatively, they may be
usetul as npenists causing ever stimulation or down-rsgulation of neu,

Vel another polential largel is Interleukin-§ (IL-8). 1[.-8 is a chemoatiractant
and activator of neutrophils, and has been implicated in a wide range of acute and
chronic inflammatory diseases (Murphy (1994) Anme Kev. fmmunol 12:593-633).
[Human IT-8 is a 72-amino-acid-long palypeptide produced by monncytes,
fibroblasts, keratinocytes and endothelial cells upon induction by factors such as

mor necrosis factor, interleukin-l, and lipopolysacchandes (Murplyy, supra).
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Certain analogs of IL-8 act as IL.-8 antagonists ir vitro by inhibiting neutrophil
activation {chemotaxis, exocyrosis and respiratory burst). suggesting that anti-IL-8
agenls may have therapeutic potenual for inflammatory diseases (Moser e al.
(1993) J. Biol. Chem. 268: 7125-7128).

The monomeric [L-8 peptide forms dimers i vitre with a Ky of 200M
(Paolini- et af (1994) J fmamnology 153 2704, and  Bunows ef of (1994)
Binchenustry 33:12741-12745), so it is possible that the monomer and/or the dimer
are active f2z wivo., Mutants that cannot dimerize are active in functional assays in
viro (Rajarathnam ef al (1994) Science 264:90). Inlerestingly, NMR and X-ray
determination of the three-dimensional stencture of the 10-8 dimer (Clore et al
(1990) Binchemistry 29:1689-169¢, and Baldwin e al. (1991) PNAS §8:302)
revealed that it resembled the peptide-binding grovve of MHC ¢lass [ and 11 proteins
(Biorkman & of. (1987 Najure 329:306), so 1 is conceivable (hat IL-8 dimers may
be able to bind to in virro-sclected peptide or pepridomimeric sequences in a marner
similar to the MHC malecules.  Therefore, ihe IL-8 dimer, in addition o the
Monomer, 1s an altraclive lrgel.

in the case of the TT.-B pathway, an alienative larget from IL-8 is a
functional fragment of the IL-8 receptor. Lven small fragments of the human and
rabbit IL-8 Type 1 receptor of 39 and 44 amino acids, respectively, are functional in
11-8 binding assays (Gayle e/ of (1993) .J Biol Chem 268:7283-7289). Thos,
members of the largest teceptor family. the seven transmembrane raceptors, are
potential targets.

The cellular proto-oncogene c-myc is involved in cell proliferation and
transtormation but is also implicated in the induction of programmed cell death
(apoplosis). The c-Myc protein is a transeripional aclivator with a carboxyl-lerminal
hasic region‘helix-loop-helix  (HL.HYleucine zpper (1.7) domain. It forms
heterodimers with the HLH/LZ protein Max and transactivates gene cxpression after
binding DNA E-bux elements. The protein Max is the obligatory pariner of c-Mye
(or many its binlogical functinns analyzed o date.  For instance, Myc must
heterodimerize with Max to bind DN A and perform its oncogenic activity.

According to the present invention, the subject method can be used to derive

peptides and peptidomimeties which can inhibit formation of complexes berween
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Mye and other proteins such as Max, and/ar which ean inhibit the binding of a Myc
complex fo a myc-responsive element in a gene. The total synthems of Mye-Max
and Max-Max dimecra are deseribed by Canne e of {1999) J Am Chem Soc
117:2998-3007.

The total synthesis of TGP has buen described by Weo ef ol (1989)
Progein Eng 3:29-37, and provides another possible targer molecule,

Yet another target which can derived for use in the subject method is
fbronectin, 4 pglycoprotein involved in cell adhesion. tissue organization and wound
healing, The total synthesis of fibronectin modules is described by, for example,
Williams er af. (1994) S Am Chem Sec 116:10797-10798.

It has been previousiy shown that the expression of human
immunodeficiency virus type | (HIV-1) major gag protein, p24, is persistent on the
surface of HIV-1-infected cells (Nishino e ¢l (1992) Fueccine 1(:677-683). The
total synthesis of a C-terminal 190 amino acid fragment of p24 is described by
Mascagni ef al. (1990} Terrahedron Lett 31:4637-4640, and that portion of the p24
protein can be vsed 10 generate a screening target.

Likewise, the HIV protease hus been synthesized by 1otal chemical synthetic
means (Kent er of PCT Publication W093/200098) and provides a unigue target fur
developing inhibitars of the catalytic activity as well as inhibitors of protein-protein
interaclions involving the prolease.

While many ol the targets illustrated above may be prepured by chemical
synthesis, this is by no means a requirement or even a prefercnce. An advanlage of
our invention Is that any other method may be used to prepare a partially purified nr
pure targel, such 4s purification [iem its biclogical source, biosvnthesis, or
recombinant DNA-based expression,

MATERIALS AND METHODS

Counstruction of plasmids for the over-expression of his-tagged and uniagged
E. coli IF} IF3 grd 1F3 proteing. £ coli inilialon Bactor coding sequences, each
containing  an inzertion of six histidines immedtately  after the  N-terminal
methionine, were synthesized by PCR from published plasmids and sub-cloned inte
a veelor derived from pET24a (Novagen). Plasmid pXR2(1 containing the naiive

11 sequence encoded by an artificial sequence of E. coli-preferred codons (instead
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of infd codons) was kindly supplied by R. Spurio and C. Gualerei (Calogero et ai.
{1987) Mol Gen Gener 208, 63-9) and sub-cloned to give pAFIH. Plasmid pSL4
contgining the mative 1F2 sequence enceded by #y/8 was kindly supplied by S
Laalum and M. Grunberg-Manage (Laalami ef af. {1991) J Mol Bief 220, 335-49)
and sub-cloned to give pAF2H. Plasmid pDDI containing the native TF2 sequence
encoded by ffC was kindly supplied by N, Brot and 1. Schwartz (De Bellis and
Schwarty. (1990) Nucleic Acids Res 18, 1311} and sub-cloned 1o give pAF3H. The
sequences of the three subelones, characterized by a combination af restrigtion
digests and sequence amalyses, begin (lipation sites underlined} with
TATACA/TATG{CAC), before the sccond amine acid; the final amino acid is
followed by the  scquence  TAAG/AATTCGAGOTCCGTCGAM2  bp
deletion/AGATCC, and the remainder of the sequence is from pET24a. Analegons
methods were also used w clone and over-express unlagged versions o-fIFI, 112 and
IF3.

(hver-expression and purification of £ colt trenslation factor proreins.

Plasmid pHTA7 (in £ coli BL2IDE3)) encoding his-agged "E coli b

-1,

containing a his, sequence inserled between the first two codons of Tuft, and

plasmid pHTS, containing a hiss sequence inserted between the first two codons of

Tsf was kindly supplied by Y.-W. IIwang and D. Miller (see Hwang er ol (1997)
Arch Biochem Biophys 348, 157-62).  Tlasmud pRSET/EF-G(INS) (n £ coli
BLZ1(DE3) cells Toéether viith the pLysS plasmid) encoding his-tageed E. cofi EF-
G {(EF-GH), conlaining an N-terminal extension of abowt 30 amine acids including
hisg, was kindly supplied by A. Savelsbergh and W. Wintermeyer (Semenkov ef af.
(1996) Proc Narl Acad Sci LS 4 93, 12183-8). Expression of our three his-tagged
initiation factor subclones (in £ coli BL21(DE3)pLysS: Novagen) and the three
supplied clones was induced with ['IG. All the factors were expressed
predaminantly in the soluble ceilular fractions and purified by step chition from Ni-
NTA agarose columns using standard protecols (Qlagen), except that 18 pM GDP
was included up 1o the last dialysis step for EF-TuH. All factors were diulysed
apainst buffer A {10 mM Tris-HCL pH 7.4, | mM MpClL, | mM DTT). Precipitated
IF3H wus recovered by redissolving in 5M urea {Hershey er al (1977} Arch
Binchem Biaphys 182, 626-38), diluted and then dialysed against buffer A
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containing 100 mM NMH,Cl.  In contrast o the extensive proteolytic degradation
observed by others during the over-cxpressinn and purification of native [F2
(Mottensen ef af. (1991) Biockimie 73, 983-9). rccomhinant TF2I1 was not
proteolytically labile. Pure £ coli release factors (RFs} RTF1, RF2, RF3, and RRF,
wert prepured as deseribed (Yu er of. (1998).J Mol Bisl 284, 579-590). All factors
were stored at -B0°C. They were thawed many (imes without loss of activity, except
for EF-TuH, which was stored at 4°C. aller thawing and used within a fow weeks.

Purification of E. coli ribosomes (Kung et al (1971) Arch Biechem Biophys
162, 578-843. SOLR™ cells (Stratagens) prown ta mid-log phase were resuspended
in buffer B (650 mM KOAe, 14 mM Mg(OAc), 10 mM Tris-HOAc, | mM D1§, pH
7.9, senicated, and centriluged at 10 000 g. The supernatant was centrifuged at 30
G000 g, and the resulting supernatanl was then cenlrifuged at 150 000 g The
ribosome pellet was washed by string in buller B containing IM NHCl at 4°C
ovemnight and then repelleting ar 150 000 g The washing was repeated twice more
o give 3 x washed ribosomes which were resuspended in bufter C (10 mM
Mg(OAc]z, 1 mi Tris-HCl pH 7.4, | mM DTT) and stored at -80°C.

Symrhesis of mENAs. mRNAs were transcribed (Milligan and Uhlenbeck
{1989)  Metheds  in Enapmelogy 180,  51-62)  frem  syathetic
ligodeaxyribomcleotides (Rescarch Genelics) and purified by get electrophoresis
{Forster and Symons {1987) Celf 49, 211-20). Because the templates are relatively
long, extended deprowerion times were necessary (12 hy following the synthesis of
the blocked oligonuclzotides 10 ¢nable optimal wranscription.

Prepararion of amineacpl IRNAs. Pure £ coll (RNA iscacceptors were ftom
Subriden RNA. Hach iscacceptor was prepared by the manufactwer from £ endi
total tRNA (Plenum} using three column chromatography steps.  The first
fractionation used BD cellulose, the sceond, VEAFE Sepladex at pIT 7, and the third,
DEAE Sephadex at pH 3 or Sepharose. Natural aminoaey] IRNAS were preparad
[rom these isoacceplors as Follows, High specific activity “H-fmetaRNA™' (24
400 dp.m./pmal in Table 13 and lew specific activity *H- or 8- fmet-iRNA™" (a
few hundred d.p.m./pmel; used for all other studies) were prepared as described
(Robakis er al. (3981} Proc Natl dead Sei U5 4 78, 4261-4) using MetRS, met-
tRNA™ formyliransterase and N -metheny] THF (synthesized using N''-formyl
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THF syntherase. *C-the-tRNA™ (510 d.p.m/pmol) and "H-val-tRNA "™ (21 00D
d.p.mJ/pmol in Figs. 3-7; 28 00U dpan/pmel in Figs, 4 and &) were aminoacylared
as described {Robakis ef af (1981} Proc Nar! Acad Sci TF S A 78, 42G1-4) with
ThsRS, ValRS or, for the lower specific activity val-(RNA. a IRNA-free preparation
of total E. vodi synthelases partially purified from an 150 000 ¢ supernatanl by step
elution with §.3% KCI from DEAE Sepharose (see Kung et of (1973) S Biod Chem
250, 1556-62).

Biotin-labeled-lys-tIRNAY (Transcend™ 1RNA; Fip. 22) was purchased
from Promega. This material was prepared by the manutacturcr from E. coli total
IRNA by charging with lysine using a crude preparation of toal synthetases,
enriching for lys-tRNAYS by ion exchange chromatogrmphy, sl chemical coupling
0 biotn via an wncharged, E3-cacbon-lang spascr.

WVOC-amino protected sminoacyl tRNAs were prepared, stored and used by
methods standard in the art {detailed in Thorsen ef af. (1988) Methods in Malecuior
FBioloyy 77, 43-73; Steward and Chmnberlin (1998) Merthods in Molecular Bivlogy
77, 325-334). Bricfly, pdCpA was chemically synthesised from adeossine and a
deoxycytidine derivative. The various unwatural amino acids were purchased in
unprotected formm from standard suppliers (e.g. Sigma, Aldrich, Fluka, Bachem and
Novabiochem). Chir most commonly used NVOC-amino acids, such as aC, mS and
Ala, lacked reactive amino acid side chains requiring chemical protection, so they
were synthesized direcily (rom the unprowcered aming acids by amine protection
with NVOC-C1. All suitably protected amino acids, including those with additional
side-chain protections synthcsized by the standard methods, were activated by
cyanomethyl ester synthesis and then coupled 1o pdCpA. The resulting NVOC-
protected aminoacylated pdCpA compounds (and also their conjugates with RNAs)
wete stable when stored 1n an agquecns solution with a pH of approximately 5 in the
dark at —80°C. NVOC-protected aminoacylated pdCpA compounds were ligated by
T4 RNA ligase o varivus IRNA derivalives lacking the terminal CA dinucleotide,
and cnnjugates were purified and stored (see above). The resulting NVGC-prateeted
aminoacyl tRNAs were deprotected by UV-iradiation immediately prior to use in

ranslations.
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Assay af kis-fagged L coli irensiation facior proteins.  Initiation facror
assays (Kung et al. (1974) Avch Rinchem Biophys 162, 57§-84) used custom-
synthesized ApUplG RNA template (TriLink Biotcchnologies). A mixture
contuining 0.95 uM 1F1H, 0.15 pM IF2H, 0.78 M IF3IL 3 x washed ribosomes at
0.029 Azgp/ul (33 nM cstimated to be active in translation; see below), 0.29 uM *H-
fmet-tRNA ™. 150 uM AUGC and 0.4 mM GTP in 50 mM Tris-HCI aH 7.4, 100
mh NHYCL, 5 mM Me(OAc); and 2 mM DTT was incubated at 37°C for 10 min.
After dilution, the mixiure was rapidly filtered through nitreccllulose 10 separale
initiation complex-bound fmettRNA; ™" from unbound specics. Reactions that
lacked template were uscd as controls for non-specific binding (29% of maximal
d.p.m. for Table I; 9% of maximal d.p.m. using higher (saturating’ concentrations of
ribosomes that bound 70% of *H-fmet-IRNAMY), Because of the high affinity of
EF-Tu [or BF-Ts, CE-Ts activity assays were perlormed (Weissbach and Pestka
(1977) Molecwdar Mechanisms of Protein Biosymilosis, Academic Press, New York,
NIy with EF-TuH, indicating a eopurification level of about 2%, BEF-Tull activity
wns measured by GODP binding (Weissbach and Pestka (1977} Molecular
Mechanisms of Protein Biosynrhesis, Academic Press, New York, NY'), and L¥-GH
activity was measured by a ribosome-dependent GTPase assay (Weissbach and
Pestka (1977) Molecular Mechanisms of Pretein Biospnthesis, Acadewic Press, New
Yark, NY).

Transtarions.  The componens of wanslation mixes were adapted from
published work (Robakis er af (1981) Proc Narl Aead 5¢i U 5 A 78, 4261-4;
Cenatiempa ef al. (1982) Arch Bivchem Riophys 218, 572-8), 5 x Promix buller was
prepared from a sclution containing 180 mM Tris-HOAc (pH 7.5}, 50 mM sodium
3.3-dimethyl-glutarate (pH 6.0), 180 mM KH.OAc, 10 mM DTT, 140 mM
patassium - phosphecnolpyruvate (pH  6.6), 125 mM KOAc¢ and 4 mM
spermidine<3HC] by adjusting il to pH 6.8 with NaOH. As a representative
example, the mixture in the ranslation of the MTTV mRNA template (Fig. 6, 30 ul
total volume} included | x premix buffer, 9.5 mM Mg(OAch, | mM GTF, 14 ng/ul
pyruvate kinase, 4.3% PREG 8000, .95 puM IF1H, 0.15 pb TF2H, 0.78 uM tFIH,
3.1 uM EF-TuH, 0.88 uM EF-GH, 3 x washed ribosomes at 0.029 Azgy/ul (33 nM
estimated 1o be gotive in translation; see Fig. 43, 0.29 pM *H-finersRNA™, .58
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WM HCthr-IRNAL™, .29 pM *H-val-ARNA,™, and 1 tM mRNA. This mixture
was incubated at 37°C for 50 min., although some translations were as short as |
min. (Fiz. 4). The set up lor sume anslations also included preincubations at 37°C
for 10 min. of an initistion mix (GTP, FIH, TF2H, [F3LL ribosomes, '[I-fmet-
tRNA™ and mRNA) and an clongation factor mix (GTP, EF-TuH, EF-GH, -“C-
IT-tRNAL™ and PHoval-lRNA™ (Fip, 47

For HPLEC analysis (Flg. 6), peptides and amino acids were released from
tRNAs by addition of IM NaOH (6 ul) and incubation at 37°C for 20 min.
Unlabeled marker peptides (Rescarch Genetics) were then added {18 pl with a
combined peptide concentration of 10 pgful in Hy0N, the solution was acidified with
placial acetic acid (5 pl). microcentritfuged. and the supcrnatant was thon
microcentriluged through o Microvou 10 ullrafilteation devies {10 kD cut-off;
Amicon). A portion of the filrate (20 ul) was loaded onto a C18 reversed phase
colunm (Vydac) and eluted with a 0 to 31.5% H,O/MeCN gradient containing §.1%
TEA al 1 mlmin. wilh detection by absorbance al 229 nM and seintillation counting
of 42-drop fractions using a dual-labeled d.p.n. program {Packard).

For analysis of the fMTV and fMVT syntheses. formylated peprides and
formyl methionine were separated from unformylated amino acids by base
hydrolysis, acidificadon, and cation-exchange chromatography on mini-columns
{Peacock er . {1984) Froc Nar! Acad Sef (15 4 81, 6009-13).

Comrol pansigriony,  Additional wanslations were performed 10 assess the
dependence on components other than the translation factors, Omission of *IT-[met-
RNA™ or "C-thr-IRNA;™ abolishes £MTV synthesis fiom mRNA MTV, based
on incorporation of ‘H-val into product. In the experiment omitting '‘C-thr-
IRNA:™, addition of uncharged (RNA;™M dees nol reconstitute measurable M1V
synthesis, demonstrabing a lack of TheRS activity under translation conditions, as
expected for a purified system (as a further control, addition of uncharged thi-
tRNAS™ was not inhibitory to MV syathesis) Omission of *Flval-IRNAY
abolishes IMVT synthesis rom mRNA MVT (Fig. 4), bused on incorparation of
“C-the-tRNA3"™ into product. The T7V ratios in the mRNA MVT and mRNA mMV
(Fig. 3) produsts are about 1.0 and O, respectively, as expected. Omining ribosomes

gives the lowest background radioactivity measurements, and translations lacking

JP 2004-531225 A 2004.10.14



L T e T e T e T e T e T e T e T T e T e T s O s O s O e TR s T e O e, T s T e, O e, T e, O e T e TR e O e, IO e T e T s R |

(94)

WO DZIGSNY3 POT/US0202344
50

mRNA do oot accumulate formylaled peptide products with time. Omitting rabbit
muscle pyruvate kinase (the protein {Jelene and Kurland (1979) Froc Ne#f Acad Sci
U N 4 76, 3174-8) lrom Sigma migrates as & single major band on SDS-PAGLY)
decreases the yield of product by 50%. The standard concentration of Ma®' (9.3
§  mM) is optimal, bur tanskation can oceur efficiently at higher and lower

concentrations.
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Table 1

Factor dependencies for initiation complex tormation.

Tnitiation complex®

Initiation factor Ilis-tagged”  Native (unger et Native uimort ana

omitied Muitray?
None 100 100 100
IF1 48 81 36
IF2 0 4 7
Ir3 7 17 48

¥ % Maximul binding of *il-labeled fimet-tRNA" o ribosomes in the presence of
GTI.
* Perfurmed with purified his-lagged initiation factors, ApUpG temptate and § mM
Mg?* (scc Materials and Methods). The maximunr concentration of fmet-IRNA™
specificaily bound into initiation complexcs was 19 nM.

" Performed with purified native initiation factors, poly(L:G) (3:1) template and 10
mM Mg

* Performed with puriticd native initiation factors, ApUpG template and 5 mM

-+

Mg™.
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Table 2

(96)

POT/US0202344

Measurement of processivity of synthesis of @ 7-mer peptide.  Peptide praduct
5 dpm from 5.1 pl coupled transeriptionftranslations containing translation factors

IF2, [F3, EF-Tu and EF-G are converted o pmoles,

Peplide encaded by e The *H-Val
10 Thrval
mRMA template (penal) (pmol)
expecled
et TheThe The The ThrVal ™ 048 77707 7T
M™etTheVal 0.06 G.U6
15 MetVal 0008 06.07

ECTheH-Val

measured
o 1
.11 0
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Tahle 3
s Stimulation of pure translation system by pure X coif release factors (RFs) RF1,

20

RE2, R¥F3, and RRF (Yu er al. (1998)./ Mol Fiel. 284, 579-390); see Materials and
Methods). mRNAs either lacked a stop cedon (mMTTV) or encoded 2 step codon
(MMTCViyag) dirsctly following the fomrth amine acid codon. Product dpm
radicactive disintergrations per minute of tritiated valine incorperated lnto peptide
products. All translations contained translation factors [F1, 1¥2, [K3, EVF-Tu, EF-G
and EF-Ts.

mMRENA __ Supplied aminoacyl tRINAs RFs  Praducrdpm  Pepride product
mM1TTY ™MT, ¥ - 4597 TV
aMTTY M.T. v + 7187 MTTV
mMTCVya  MTCY - 2676 iMTCV
WMMTCVgae MOV v 866 MY

JP 2004-531225 A 2004.10.14
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Table 4

(98)

POT/US0202344

Ineorporation of five sucecssive unnatral aming acids into a peptidomimetic
product. Allylglycine is abbreviated as aG,; its stracture is thown in Fig. 14. The
artificial t(RNA™" charged with a(; is termed aG-tRNA(T) because it recognises 2T’
codon (Fig. 15). Tolal d.p.m.: total I dpm. eluted fram mini-column (see
Matcrials and Metheds). All translations contained translation facters [F1, [F2, 1F3,

EF-Tu, EF-G and EF-Ts.

Peptidomimetic

M-aG-2G-2G-aGc-

none (background

none (background

mBRNA Supplicd amincacyl-tRNAs Total dpm
product
mMITTTTY v ali-thJA(TLY 2721
aG-Vv
mMTTTTTV M, T, v 7683 MTTITTV
mMTTTTTV ™, v H1é
dpm)
- M, v L3
dpm)
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Table 3

(99) JP 2004-531225 A 2004.10.14

POT/US0202344

Incorporation of two different types of unnatural amine acids o a peplidominmetic
product, O-methyt serine is abbreviated as mS, Four arlificial aminoacyl IRNAs
were uscd: MS-RNA(T), aG-IRNANY), aG4RNA(S), and aG-1RNA(Y). with the
respective mRNA codons recognised by each arlificinl IRNA given in parentheses.
The highly labelled *H-amino acid was E. Tetal dpm.: total *H d.p.m. eluted from
mini-column, Al translations conained tmnslation factors IF1, 1F2, IF3, EF-Tu,

Peptidomimetic

M-mS-aG-aG-

none (background)

none (background)

and FF-(3.

MRNA Supplied aminoacvl-1RNAs Toral dpm

product

mMTNSVE 1ML mS-IRNA(T), aG-tRNA(N}, 2353

uli-E
aGi-IRNA(S), ati-IRNA(Y), E

mMTNSVE M, aG-ARNA(N), 899
AG-ARW AL, aG-TRMA(V), 1

- M, m§-tRNA[T), aG-TRNA(N}, 1033

AGARNA(S), ali-tRNA(V), E

mMTTV ™ T, vV FI00 AMTTY
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Claims:

W

A reconstiluted celb-free franslation system comprising (nmslation [hetors
end tRNA zpecies capable of translating exogeneously added mRNA(s) with
highly selective incorporation al each coden to form u peptide product, or a
peptidomimetic product when the system includes one or more of the tRNA
apecies charged with a uon-naturally occurring amino acid or aming acid
analog,

The translation system of claim 1 for generating a peptide product, which
preparation is substuntally lee of the translation factors EF-P, W, W2 or
rescue.

The translation system of claim | for gencrating a peptidominetic pruduct,
including one or more of the tRNA specics charged with a non-naturally
sccuring amine acid or amino #eid analog that is incorporated into the
backbone of the peptidomimetic product.

The translation system of claim 2 for generatmg a peptidormnimetic preduct,
which preparation is substantially free of the translation factors FF-P, W, W2
ST [CSEUE.

The translation system of claim 2, wherein the amino avid analog is selected
from the group consisting of B-cyanoalanine, canavanine, dienkolic acid,
norleucing, 3-phosphoserine, homtoserine, dihydroxyphenylalanine,  5-
hydroxytryptophan, 1-methylhistidine, 3-methylhistidine, allyl glycine (or ils
alkvne derivative), O-methyl-sering, biotinyl-lysine, bistinyl-cysteine (or
other biotin-labelled amino acids) cyclohexylalanine, homoplutamate, D-
alanine (or other D-amino acids), N-melhyl glycine {or other N-methyl
amino acids), epsilon-M-methyl-lysine, and radicisotope derivatives of the 21
natural amino acids or unnatural amina acids

The translation system of claim 1, further including one or more
exogeneously added mRMNA species,

JP 2004-531225 A 2004.10.14
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A cell-free uanslation systemy comprising translation factors and tRNA

speeies capable of translaring exogeneously added mRNA(s) to form a

peptidomimetic praduct, which preparation

{0 lacks one or more active wild-type amino acyl (RNAs and ability to
synthesize said wild-type amino acvl IRNA,

(b inchides at least one exogenowy amino acyl tRNA charged with an
non-natural amino acid species or amine acid analog, replacing suid
inactive IRNA species.

The translation system of claim 7, including a plurality of different mRNA

species.

A kit comprizing: (a3} components of the translation system of ¢laim 1, which
can be admixed 10 form the reconstitmied cell-free transiation systemn capahle
of Iranslating exogeneously wdded RNA to form a peptide or
peptidomimetic;, (b) instructions associated there with,

A kit comprising: (1) components ot the twanslation sysiem of claim 7, which
can be admixed (o farm the cell-lree translution system capable of translating
exogencously added RNA to form a peptidomimetic; (b} instruciions
assucialed there with.

A method for generating a pepiide ov peptidomimetic comprising:

(a) providing a cell-free rranslation system of claim 1;

(b contacting the translation system with cac or more exogenenus
mRNA species;

() isalating and/or identifying peptide or peplidomimenic products of the
transiation sysiem.

‘[he method of claim 11, wherein one or mere of the tRINA species of the
translation sysiem is charged with a non-naturally occurring amine acid or
amine acid analog that is incorporated into the backbone of a peptidomimertie
product.
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The method ol claim 11, wherein the method is carried out on a library of at
least 100 different RNA speeies, and peptide or peptidemimetic preoducts are
identified or isolated from the translation system based on calalytic or
binding activity.

The method of claim 11, wherein the mRWA is generated by in vitro
transcription in the translation system.

The methed of claim L1, wherein the peptide or pepridominctie products are
formed as a covalent adduct of the exogenceus mENA by which said
products are encoded.

The method of claim 11, wherein the translation system is contacted with &
library of diffurent exogencous mENA species 10 pgenernis variegated
pepulation of peptides or peplidomimetics products of at least 103 ditferent
SCUENCes.

‘The method ef claim 16, wherein at least 10% different sequences are
produced.

A peptide or peptidomimetic identified or synthesize by the method of claim
11

A mcthod for gencrating a peptidomimetic comprising:

{ay praviding a cell-free translation system of claim 7;

{b) contacling the Iranslalion systern with one or moere exogenecous
mENA species;

fey  isolaing andfor identifying  peptidomimetic  products  of the
translation system.

A methed for conducting a drug discovery busingss, comprising:

{a) by the method of claim 11, identifying peptide or peptidemimetic
products of the translation system having a desired biological
activity;

JP 2004-531225 A 2004.10.14
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(b}

{c)

@)

(103)
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validating the biological activity of the peptide or peptidomimetic
produets identified in step (0) by Turther in vitro or in vivo assay,
condueting therapeutic profiling of products validated in step (b), or
further analops thereal, lor efficacy and Loxicity in animals; and
Tormulating a pharmacewtical preparation including one or mare
products identificd in step (¢) as having sn acceprable therapeutic
profile,

‘The method of claim 20, lnchuling an addivonal step of establishing a

distribution system for distributing the pharmaccutical preparation for sale,

and may optionally include establishing a sales proup for marketing the

pharmaczutical preparation,

A method for conducting a drug discovery business, comprising:

(a)

(b}

(©)

(d).

by the method of claim L1, demifying peptide or peptidomimetic
products of the (ranslation system having a desired biological
activity;

validating the biologieal activity of the pepride or peptidomimenic
products identified in step (a) by further in vilre or in vivo assay;
{optionally} conduering therapeutic prafiling of products validated in
slep (b), of further analogy thereol, ler efficacy and toxdeity in
animals; and

Yeensing, to a third parly, the ripghts for Gumher drug development ot
validated producs.
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tIF1

IF3

IF2

—AUG

-~

EF-G EF-Tu

Fig. 2
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