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SELECTION OF PROTEINS USING RNA-PROTEIN 
FUSIONS 

0001. This application is a continuation-in-part of co 
pending application, Szostak et al., U.S. Ser. No. 09/007, 
005, filed Jan. 14, 1998, which claims benefit from provi 
sional applications, Szostak et al., U.S. Ser. No. 60/064,491, 
filed Nov. 6, 1997, now abandoned, and U.S. Ser. No. 
60/035,963, filed Jan. 21, 1997, now abandoned. 
0002 The invention was made with government support 
under grant F32 GM17776-01 and F32 GM17776-02. The 
government has certain rights in the invention. 

BACKGROUND OF THE INVENTION 

0003. This invention relates to protein selection methods. 
0004 Methods currently exist for the isolation of RNA 
and DNA molecules based on their functions. For example; 
experiments of Ellington and Szostak (Nature 346:818 
(1990); and Nature 355:850 (1992)) and Tuerk and Gold 
(Science 249:505 (1990); and J. Mol. Biol 222:739 (1991)) 
have demonstrated that very rare (i.e., less than 1 in 10") 
nucleic acid molecules with desired properties may be 
isolated out of complex pools of molecules by repeated 
rounds of Selection and amplification. These methods offer 
advantages over traditional genetic Selections in that (i) very 
large candidate pools may be screened (>10'), (ii) host 
viability and in Vivo conditions are not concerns, and (iii) 
Selections may be carried out even if an in Vivo genetic 
Screen does not exist. The power of in vitro Selection has 
been demonstrated in defining novel RNA and DNA 
Sequences with very specific protein binding functions (see, 
for example, Tuerk and Gold, Science 249:505 (1990); 
Irvine et al., J. Mol. Biol 222:739 (1991); Oliphant et al., 
Mol. Cell Biol. 9:2944 (1989); Blackwell et al., Science 
250: 1104 (1990); Pollock and Treisman, Nuc. Acids Res. 
18:6197 (1990); Thiesen and Bach, Nuc. Acids Res. 18:3203 
(1990); Bartel et al., Cell 57:529 (1991); Stormo and 
Yoshioka, Proc. Natl. Acad. Sci. USA 88:5699 (1991); and 
Bocket al., Nature 355:564 (1992)), small molecule binding 
functions (Ellington and Szostak, Nature 346:818 (1990); 
Ellington and Szostak, Nature 355:850 (1992)), and catalytic 
functions (Green et al., Nature 347:406 (1990); Robertson 
and Joyce, Nature 344:467 (1990); Beaudry and Joyce, 
Science 257:635 (1992); Bartel and Szostak, Science 
261:1411 (1993); Lorsch and Szostak, Nature 371:31-36 
(1994); Cuenoud and Szostak, Nature 375:611-614 (1995); 
Chapman and Szostak, Chemistry and Biology 2:325-333 
(1995); and Lohse and Szostak, Nature 381:442-444 
(1996)). A similar scheme for the selection and amplification 
of proteins has not been demonstrated. 

SUMMARY OF THE INVENTION 

0005 The purpose of the present invention is to allow the 
principles of in Vitro Selection and in Vitro evolution to be 
applied to proteins. The invention facilitates the isolation of 
proteins with desired properties from large pools of partially 
or completely random amino acid Sequences. In addition, the 
invention Solves the problem of recovering and amplifying 
the protein Sequence information by covalently attaching the 
mRNA coding Sequence to the protein molecule. 
0006. In general, the inventive method consists of an in 
Vitro or in Situ transcription/translation protocol that gener 
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ates protein covalently linked to the 3' end of its own 
mRNA, i.e., an RNA-protein fusion. This is accomplished 
by synthesis and in vitro or in situ translation of an mRNA 
molecule with a peptide acceptor attached to its 3' end. One 
preferred peptide acceptor is puromycin, a nucleoside ana 
log that adds to the C-terminus of a growing peptide chain 
and terminates translation. In one preferred design, a DNA 
Sequence is included between the end of the message and the 
peptide acceptor which is designed to cause the ribosome to 
pause at the end of the open reading frame, providing 
additional time for the peptide acceptor (for example, puro 
mycin) to accept the nascent peptide chain before hydrolysis 
of the peptidyl-tRNA linkage. 

0007) If desired, the resulting RNA-protein fusion allows 
repeated rounds of Selection and amplification because the 
protein Sequence information may be recovered by reverse 
transcription and amplification (for example, by PCR ampli 
fication as well as any other amplification technique, includ 
ing RNA-based amplification techniques such as 3SR or 
TSA). The amplified nucleic acid may then be transcribed, 
modified, and in Vitro or in Situ translated to generate 
mRNA-protein fusions for the next round of selection. The 
ability to carry out multiple rounds of Selection and ampli 
fication enables the enrichment and isolation of very rare 
molecules, e.g., one desired molecule out of a pool of 10' 
members. This in turn allows the isolation of new or 
improved proteins which specifically recognize virtually any 
target or which catalyze desired chemical reactions. 

0008 Accordingly, in a first aspect, the invention features 
a method for Selection of a desired protein, involving the 
Steps of: (a) providing a population of candidate RNA 
molecules, each of which includes a translation initiation 
Sequence and a start codon operably linked to a candidate 
protein coding Sequence and each of which is operably 
linked to a peptide acceptor at the 3' end of the candidate 
protein coding sequence; (b) in Vitro or in Situ translating the 
candidate protein coding Sequences to produce a population 
of candidate RNA-protein fusions; and (c) Selecting a 
desired RNA-protein fusion, thereby selecting the desired 
protein. 

0009. In a related aspect, the invention features a method 
for selection of a DNA molecule which encodes a desired 
protein, involving the Steps of: (a) providing a population of 
candidate RNA molecules, each of which includes a trans 
lation initiation Sequence and a start codon operably linked 
to a candidate protein coding Sequence and each of which is 
operably linked to a peptide acceptor at the 3' end of the 
candidate protein coding sequence; (b) in vitro or in Situ 
translating the candidate protein coding Sequences to pro 
duce a population of candidate RNA-protein fusions; (c) 
Selecting a desired RNA-protein fusion; and (d) generating 
from the RNA portion of the fusion a DNA molecule which 
encodes the desired protein. 

0010. In another related aspect, the invention features a 
method for Selection of a protein having an altered function 
relative to a reference protein, involving the Steps of: (a) 
producing a population of candidate RNA molecules from a 
population of DNA templates, the candidate DNA templates 
each having a candidate protein coding Sequence which 
differs from the reference protein coding Sequence, the RNA 
molecules each comprising a translation initiation Sequence 
and a start codon operably linked to the candidate protein 
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coding Sequence and each being operably linked to a peptide 
acceptor at the 3' end; (b) in vitro or in Situ translating the 
candidate protein coding Sequences to produce a population 
of candidate RNA-protein fusions; and (c) Selecting an 
RNA-protein fusion having an altered function, thereby 
Selecting the protein having the altered function. 

0011. In yet another related aspect, the invention features 
a method for selection of a DNA molecule which encodes a 
protein having an altered function relative to a reference 
protein, involving the steps of: (a) producing a population of 
candidate RNA molecules from a population of candidate 
DNA templates, the candidate DNA templates each having 
a candidate protein coding Sequence which differs from the 
reference protein coding Sequence, the RNA molecules each 
comprising a translation initiation Sequence and a start 
codon operably linked to the candidate protein coding 
Sequence and each being operably linked to a peptide 
acceptor at the 3' end; (b) in vitro or in Situ translating the 
candidate protein coding Sequences to produce a population 
of RNA-protein fusions; (c) selecting an RNA-protein 
fusion having an altered function; and (d) generating from 
the RNA portion of the fusion a DNA molecule which 
encodes the protein having the altered function. 

0012. In yet another related aspect, the invention features 
a method for selection of a desired RNA, involving the steps 
of: (a) providing a population of candidate RNA molecules, 
each of which includes a translation initiation Sequence and 
a start codon operably linked to a candidate protein coding 
Sequence and each of which is operably linked to a peptide 
acceptor at the 3' end of the candidate protein coding 
Sequence; (b) in vitro or in Situ translating the candidate 
protein coding Sequences to produce a population of candi 
date RNA-protein fusions; and (c) selecting a desired RNA 
protein fusion, thereby selecting the desired RNA. 

0013 In preferred embodiments of the above methods, 
the peptide acceptor is puromycin; each of the candidate 
RNA molecules further includes a pause Sequence or further 
includes a DNA or DNA analog sequence covalently bonded 
to the 3' end of the RNA; the population of candidate RNA 
molecules includes at least 10, preferably, at least 10", 
more preferably, at least 10", 10', or 10", and, most 
preferably, at least 10' different RNA molecules; the in 
Vitro translation reaction is carried out in a lysate prepared 
from a eukaryotic cell or portion thereof (and is, for 
example, carried out in a reticulocyte lysate or wheat germ 
lysate); the in vitro translation reaction is carried out in an 
extract prepared from a prokaryotic cell (for example, E. 
coli) or portion thereof; the Selection step involves binding 
of the desired protein to an immobilized binding partner; the 
Selection Step involves assaying for a functional activity of 
the desired protein; the DNA molecule is amplified; the 
method further involves repeating the Steps of the above 
Selection methods, the method further involves transcribing 
an RNA molecule from the DNA molecule and repeating 
Steps (a) through (d); following the in vitro translating step, 
the method further involves an incubation Step carried out in 
the presence of 50-100 mM Mg"; and the RNA-protein 
fusion further includes a nucleic acid or nucleic acid analog 
Sequence positioned proximal to the peptide acceptor which 
increases flexibility. 

0.014. In other related aspects, the invention features an 
RNA-protein fusion selected by any of the methods of the 
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invention; a ribonucleic acid covalently bonded though an 
amide bond to an amino acid Sequence, the amino acid 
Sequence being encoded by the ribonucleic acid; and a 
ribonucleic acid which includes a translation initiation 
Sequence and a start codon operably linked to a candidate 
protein coding Sequence, the ribonucleic acid being operably 
linked to a peptide acceptor (for example, puromycin) at the 
3' end of the candidate protein coding Sequence. 
0015. In a second aspect, the invention features a method 
for selection of a desired protein or desired RNA through 
enrichment of a Sequence pool. This method involves the 
Steps of: (a) providing a population of candidate RNA 
molecules, each of which includes a translation initiation 
Sequence and a start codon operably linked to a candidate 
protein coding Sequence and each of which is operably 
linked to a peptide acceptor at the 3' end of the candidate 
protein coding sequence; (b) in vitro or in Situ translating the 
candidate protein coding Sequences to produce a population 
of candidate RNA-protein fusions; (c) contacting the popu 
lation of RNA-protein fusions with a binding partner Spe 
cific for either the RNA portion or the protein portion of the 
RNA-protein fusion under conditions which substantially 
Separate the binding partner-RNA-protein fusion complexes 
from unbound members of the population; (d) releasing the 
bound RNA-protein fusions from the complexes; and (e) 
contacting the population of RNA-protein fusions from Step 
(d) with a binding partner specific for the protein portion of 
the desired RNA-protein fusion under conditions which 
Substantially separate the binding partner-RNA-protein 
fusion complex from unbound members of Said population, 
thereby selecting the desired protein and the desired RNA. 
0016. In preferred embodiments, the method further 
involves repeating steps (a) through (e). In addition, for 
these repeated Steps, the same or different binding partners 
may be used, in any order, for Selective enrichment of the 
desired RNA-protein fusion. In another preferred embodi 
ment, step (d) involves the use of a binding partner (for 
example, a monoclonal antibody) specific for the protein 
portion of the desired fusion. This step is preferably carried 
out following reverse transcription of the RNA portion of the 
fusion to generate a DNA which encodes the desired protein. 
If desired, this DNA may be isolated and/or PCR amplified. 
This enrichment technique may be used to Select a desired 
protein or may be used to Select a protein having an altered 
function relative to a reference protein. 
0017. In other preferred embodiments of the enrichment 
methods, the peptide acceptor is puromycin; each of the 
candidate RNA molecules further includes a pause Sequence 
or further includes a DNA or DNA analog sequence 
covalently bonded to the 3' end of the RNA; the population 
of candidate RNA molecules includes at least 10, prefer 
ably, at least 10", more preferably, at least 10", 10°, or 
10", and, most preferably, at least 10" different RNA 
molecules, the in Vitro translation reaction is carried out in 
a lysate prepared from a eukaryotic cell or portion thereof 
(and is, for example, carried out in a reticulocyte lysate or 
wheat germ lysate); the in vitro translation reaction is carried 
out in an extract prepared from a prokaryotic cell or portion 
thereof (for example, E. coli); the DNA molecule is ampli 
fied; at least one of the binding partners is immobilized on 
a Solid Support, following the in vitro translating Step, the 
method further involves an incubation Step carried out in the 
presence of 50-100 mM Mg"; and the RNA-protein fusion 
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further includes a nucleic acid or nucleic acid analog 
Sequence positioned proximal to the peptide acceptor which 
increases flexibility. 
0.018. In a related aspect, the invention features methods 
for producing libraries (for example, protein, DNA, or 
RNA-fusion libraries) or methods for selecting desired mol 
ecules (for example, protein, DNA, or RNA molecules or 
molecules having a particular function or altered function) 
which involve a step of post-translational incubation in the 
presence of high Salt (including, without limitation, high Salt 
which includes a monovalent cation, such as K, NH, or 
Na", a divalent cation, such as Mg", or a combination 
thereof). This incubation may be carried out at approxi 
mately room temperature or approximately -20° C. and 
preferred Salt concentrations of between approximately 125 
mM-1.5 M (more preferably, between approximately 300 
mM-600 mM) for monovalent cations and between approxi 
mately 25 mM-200 mM for divalent cations. 
0019. In another related aspect, the invention features kits 
for carrying out any of the Selection methods described 
herein. 

0020. In a third and final aspect, the invention features a 
microchip that includes an array of immobilized single 
Stranded nucleic acids, the nucleic acids being hybridized to 
RNA-protein fusions. Preferably, the protein component of 
the RNA-protein fusion is encoded by the RNA. 
0021 AS used herein, by a “population” is meant more 
than one molecule (for example, more than one RNA, DNA, 
or RNA-protein fusion molecule). Because the methods of 
the invention facilitate Selections which begin, if desired, 
with large numbers of candidate molecules, a “population” 
according to the invention preferably means more than 10” 
molecules, more preferably, more than 10", 10', or 10' 
molecules, and, most preferably, more than 10" molecules. 
0022. 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, prefer 
ably, a 30-fold, more preferably, a 100-fold, and, most 
preferably, a 1000-fold enrichment of a desired molecule 
relative to undesired molecules in a population following the 
Selection Step. AS indicated herein, a Selection Step may be 
repeated any number of times, and different types of Selec 
tion Steps may be combined in a given approach. 
0023. By a “protein' is meant any two or more naturally 
occurring or modified amino acids joined by one or more 
peptide bonds. “Protein’ and “peptide' are used inter 
changeably herein. 
0024. By “RNA' is meant a sequence of two or more 
covalently bonded, naturally occurring or modified ribo 
nucleotides. One example of a modified RNA included 
within this term is phosphorothioate RNA. 
0.025 By a “translation initiation sequence” is meant any 
Sequence which is capable of providing a functional ribo 
Some entry Site. In bacterial Systems, this region is Some 
times referred to as a Shine-Dalgarno Sequence. 

0026. By a “start codon” is meant three bases which 
Signal the beginning of a protein coding Sequence. Gener 
ally, these bases are AUG (or ATG); however, any other base 
triplet capable of being utilized in this manner may be 
Substituted. 
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0027. By “covalently bonded” to a peptide acceptor is 
meant that the peptide acceptor is joined to a “protein coding 
Sequence” either directly through a covalent bond or indi 
rectly through another covalently bonded sequence (for 
example, DNA corresponding to a pause site). 
0028 By a “peptide acceptor” is meant any molecule 
capable of being added to the C-terminus of a growing 
protein chain by the catalytic activity of the ribosomal 
peptidyltransferase function. Typically, Such molecules con 
tain (i) a nucleotide or nucleotide-like moiety (for example, 
adenosine or an adenosine analog (di-methylation at the N-6 
amino position is acceptable)), (ii) an amino acid or amino 
acid-like moiety (for example, any of the 20 D- or L-amino 
acids or any amino acid analog thereof (for example, O-me 
thyl tyrosine or any of the analogs described by Ellman et 
al., Meth. Enzymol. 202:301, 1991), and (iii) a linkage 
between the two (for example, an ester, amide, or ketone 
linkage at the 3' position or, less preferably, the 2' position); 
preferably, this linkage does not significantly perturb the 
pucker of the ring from the natural ribonucleotide confor 
mation. Peptide acceptorS may also possess a nucleophile, 
which may be, without limitation, an amino group, a 
hydroxyl group, or a Sulfhydryl group. In addition, peptide 
acceptors may be composed of nucleotide mimetics, amino 
acid mimetics, or mimetics of the combined nucleotide 
amino acid structure. 

0029. By a peptide acceptor being positioned “at the 3' 
end of a protein coding Sequence is meant that the peptide 
acceptor molecule is positioned after the final codon of that 
protein coding Sequence. This term includes, without limi 
tation, a peptide acceptor molecule that is positioned pre 
cisely at the 3' end of the protein coding Sequence as well as 
one which is separated from the final codon by intervening 
coding or non-coding Sequence (for example, a sequence 
corresponding to a pause site). This term also includes 
constructs in which coding or non-coding Sequences follow 
(that is, are 3' to) the peptide acceptor molecule. In addition, 
this term encompasses, without limitation, a peptide accep 
tor molecule that is covalently bonded (either directly or 
indirectly through intervening nucleic acid sequence) to the 
protein coding Sequence, as well as one that is joined to the 
protein coding Sequence by Some non-covalent means, for 
example, through hybridization using a Second nucleic acid 
Sequence that binds at or near the 3' end of the protein coding 
Sequence and that itself is bound to a peptide acceptor 
molecule. 

0030) By an “altered function” is meant any qualitative or 
quantitative change in the function of a molecule. 
0031. By a “pause sequence” is meant a nucleic acid 
Sequence which causes a ribosome to slow or Stop its rate of 
translation. 

0032. By “binding partner,” as used herein, is meant any 
molecule which has a specific, covalent or non-covalent 
affinity for a portion of a desired RNA-protein fusion. 
Examples of binding partners include, without limitation, 
members of antigen/antibody pairs, protein/inhibitor pairs, 
receptor/ligand pairs (for example cell Surface recepto 
raigand pairs, Such as hormone receptor/peptide hormone 
pairs), enzyme/Substrate pairs (for example, kinase/Substrate 
pairs), lectin/carbohydrate pairs, oligomeric or beterooligo 
meric protein aggregates, DNA binding protein/DNA bind 
ing Site pairs, RNA/protein pairs, and nucleic acid duplexes 
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heteroduplexes, or ligated Strands, as well as any molecule 
which is capable of forming one or more covalent or 
non-covalent bonds (for example, disulfide bonds) with any 
portion of an RNA-protein fusion. Binding partners include, 
without limitation, any of the “selection motifs' presented in 
FIG. 2. 

0033. By a “solid support” is meant, without limitation, 
any column (or column material), bead, test tube, microtiter 
dish, Solid particle (for example, agarose or Sepharose), 
microchip. (for example, Silicon, Silicon-glass, or gold chip), 
or membrane (for example, the membrane of a liposome or 
vesicle) to which an affinity complex may be bound, either 
directly or indirectly (for example, through other binding 
partner intermediates Such as other antibodies or Protein A), 
or in which an affinity complex may be embedded (for 
example, through a receptor or channel). 
0034. By “high salt” is meant having a concentration of 
a monovalent cation of at least 200 mM, and, preferably, at 
least 500 mM or even 1 M, and/or a concentration of a 
divalent or higher valence cation of at least 25 mM, pref 
erably, at least 50 mM, and, most preferably, at least 100 
mM. 

0035. The presently claimed invention provides a number 
of Significant advantages. To begin with, it is the first 
example of this type of Scheme for the Selection and ampli 
fication of proteins. This technique overcomes the impasse 
created by the need to recover nucleotide Sequences corre 
sponding to desired, isolated proteins (since only nucleic 
acids can be replicated). In particular, many prior methods 
that allowed the isolation of proteins from partially or fully 
randomized pools did So through an in Vivo Step. Methods 
of this sort include monoclonal antibody technology (Mil 
stein, Sci. Amer. 243:66 (1980); and Schultz et al., J. Chem. 
Enging. News 68:26 (1990)), phage display (Smith, Science 
228:1315 (1985); Parmley and Smith, Gene 73:305 (1988); 
and McCafferty et al., Nature 348:552 (1990)), peptide-lac 
repressor fusions (Cull et al., Proc. Natl. Acad. Sci. USA 
89:1865 (1992)), and classical genetic selections. Unlike the 
present technique, each of these methods relies on a topo 
logical link between the protein and the nucleic acid So that 
the information of the protein is retained and can be recov 
ered in readable, nucleic acid form. 
0036). In addition, the present invention provides advan 
tages over the Stalled translation method (Tuerk and Gold, 
Science 249:505 (1990); Irvine et al., J. Mol. Biol 222:739 
(1991); Korman et al., Proc. Natl. Acad. Sci. USA 79:1844 
1848 (1982); Mattheakis et al., Proc. Natl. Acad. Sci. USA 
91:9022-9026 (1994); Mattheakis et al., Meth. Enzymol. 
267:195 (1996); and Hanes and Pluckthun, Proc. Natl. Acad. 
Sci. USA94:4937 (1997)), a technique in which selection is 
for Some property of a nascent protein chain that is still 
complexed with the ribosome and its mRNA. Unlike the 
Stalled translation technique, the present method does not 
rely on maintaining the integrity of an mRNA: ribosome: 
nascent chain ternary complex, a complex that is very fragile 
and is therefore limiting with respect to the types of Selec 
tions which are technically feasible. 
0037. The present method also provides advantages over 
the branched Synthesis approach proposed by Brenner and 
Lerner (Proc. Natl. Acad. Sci. USA 89:5381-5383 (1992)), 
in which DNA-peptide fusions are generated, and genetic 
information is theoretically recovered following one round 
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of Selection. Unlike the branched Synthesis approach, the 
present method does not require the regeneration of a 
peptide from the DNA portion of a fusion (which, in the 
branched Synthesis approach, is generally accomplished by 
individual rounds of chemical Synthesis). Accordingly, the 
present method allows for repeated rounds of Selection using 
populations of candidate molecules. In addition, unlike the 
branched Synthesis technique, which is generally limited to 
the Selection of fairly short Sequences, the present method is 
applicable to the Selection of protein molecules of consid 
erable length. 

0038. In yet another advantage, the present selection and 
directed evolution technique can make use of very large and 
complex libraries of candidate Sequences. In contrast, exist 
ing protein Selection methods which rely on an in Vivo Step 
are typically limited to relatively small libraries of some 
what limited complexity. This advantage is particularly 
important when Selecting functional protein Sequences con 
sidering, for example, that 10" possible sequences exist for 
a peptide of only 10 amino acids in length. In classical 
genetic techniques, lac repressor fusion approaches, and 
phage display methods, maximum complexities generally 
fall orders of magnitude below 10" members. Large library 
Size also provides an advantage for directed evolution appli 
cations, in that Sequence Space can be explored to a greater 
depth around any given Starting Sequence. 

0.039 The present technique also differs from prior 
approaches in that the Selection Step is context-independent. 
In many other Selection Schemes, the context in which, for 
example, an expressed protein is present can profoundly 
influence the nature of the library generated. For example, 
an expressed protein may not be properly expressed in a 
particular System or may not be properly displayed (for 
example, on the Surface of a phage particle). Alternatively, 
the expression of a protein may actually interfere with one 
or more critical Steps in a Selection cycle, e.g., phage 
Viability or infectivity, or lac repressor binding. These prob 
lems can result in the loSS of functional molecules or in 
limitations on the nature of the Selection procedures that 
may be applied. 

0040 Finally, the present method is advantageous 
because it provides control over the repertoire of proteins 
that may be tested. In certain techniques (for example, 
antibody Selection), there exists little or no control over the 
nature of the starting pool. In yet other techniques (for 
example, lac fusions and phage display), the candidate pool 
must be expressed in the context of a fusion protein. In 
contrast, RNA-protein fusion constructs provide control 
over the nature of the candidate pools available for Screen 
ing. In addition, the candidate pool size has the potential to 
be as high as RNA or DNA pools (~10" members), limited 
only by the size of the in vitro translation reaction per 
formed. And the makeup of the candidate pool depends 
completely on experimental design; random regions may be 
Screened in isolation or within the context of a desired fusion 
protein, and most if not all possible Sequences may be 
expressed in candidate pools of RNA-protein fusions. 

0041. Other features and advantages of the invention will 
be apparent from the following detailed description, and 
from the claims. 
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DETAILED DESCRIPTION 

0042. The drawings will first briefly be described. 

BRIEF DESCRIPTION OF THE DRAWINGS 

0043 FIGS. 1A-1C are schematic representations of 
steps involved in the production of RNA-protein fusions. 
FIG. 1A illustrates a sample DNA construct for generation 
of an RNA portion of a fusion. FIG. 1B illustrates the 
generation of an RNA/puromycin conjugate. And FIG. 1C 
illustrates the generation of an RNA-protein fusion. 
0044 FIG. 2 is a schematic representation of a general 
ized Selection protocol according to the invention. 
004.5 FIG. 3 is a schematic representation of a synthesis 
protocol for minimal translation templates containing 3' 
puromycin. Step (A) shows the addition of protective groups 
to the reactive functional groups on puromycin (5'-OH and 
NH); as modified, these groups are Suitably protected for 
use in phosphoramidite based oligonucleotide Synthesis. The 
protected puromycin was attached to aminohexyl controlled 
pore glass (CPG) through the 2'OH group using the Standard 
protocol for attachment of DNA through its 3'OH (Gait, 
Oligonucleotide Synthesis, A Practical Approach, The Prac 
tical Approach Series (IRL Press, Oxford, 1984)). In step 
(B), a minimal translation template (termed “43-P"), which 
contained 43 nucleotides, was Synthesized using Standard 
RNA and DNA chemistry (Millipore, Bedford, Mass.), 
deprotected using NH-OH and TBAF, and gel purified. The 
template contained 13 bases of RNA at the 5' end followed 
by 29 bases of DNA attached to the 3' puromycin at its 5' 
OH. The RNA sequence contained (i) a Shine-Dalgamo 
consensus Sequence complementary to five bases of 16S 
rRNA (Stormo et al., Nucleic Acids Research 10:2971-2996 
(1982); Shine and Dalgarno, Proc. Natl. Acad. Sci. USA 
71:1342-1346 (1974); and Steitz and Jakes, Proc. Natl. 
Acad. Sci. USA 72:4734-4738 (1975)), (ii) a five base 
spacer, and (iii) a single AUG start codon. The DNA 
sequence was dA,dCdCP, where “P” is puromycin. 
0.046 FIG. 4 is a schematic representation of a preferred 
method for the preparation of protected CPG-linked puro 
mycin. 
0047 FIG. 5 is a schematic representation showing pos 
Sible modes of methionine incorporation into a template of 
the invention. As shown in reaction (A), the template binds 
the ribosome, allowing formation of the 70S initiation 
complex. Fmet tRNA binds to the Psite and is base paired 
to the template. The puromycin at the 3' end of the template 
enters the A Site in an intramolecular fashion and forms an 
amide linkage to N-formyl methionine via the peptidyl 
transferase center, thereby deacylating the tRNA. Phenol/ 
chloroform extraction of the reaction yields the template 
with methionine covalently attached. Shown in reaction (B) 
is an undesired intermolecular reaction of the template with 
puromycin containing oligonucleotides. AS before, the mini 
mal template stimulates formation of the 70S ribosome 
containing frmet tRNA bound to the Psite. This is followed 
by entry of a Second template in trans to give a covalently 
attached methionine. 

0.048 FIGS. 6A-6H are photographs showing the incor 
poration of S methionine (Smet) into translation tem 
plates. FIG. 6A demonstrates magnesium (Mg) depen 
dence of the reaction. FIG. 6B demonstrates base stability of 
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the product; the change in mobility shown in this figure 
corresponds to a loss of the 5' RNA sequence of 43-P (also 
termed “Met template”) to produce the DNA-puromycin 
portion, termed 30-P. The retention of the label following 
base treatment was consistent with the formation of a 
peptide bond between S methionine and the 3' puromycin 
of the template. FIG. 6C demonstrates the inhibition of 
product formation in the presence of peptidyl transferase 
inhibitors. FIG. 6D demonstrates the dependence of S 
methionine incorporation on a template coding Sequence. 
FIG. 6E demonstrates DNA template length dependence of 
S methionine incorporation. FIG. 6F illustrates cis versus 

trans product formation using templates 43-P and 25-P. FIG. 
6G illustrates cis verSuS trans product formation using 
templates 43-P and 13-P. FIG. 6H illustrates cis versus trans 
product formation using templates 43-P and 30-P in a 
reticulocyte lysate System. 

0049 FIGS. 7A-7C are schematic illustrations of con 
Structs for testing peptide fusion formation and Selection. 
FIG. 7A shows LP77 (“ligated-product,”“77” nucleotides 
long) (also termed, “short myc template”) (SEQID NO: 1). 
This Sequence contains the c-myc monoclonal antibody 
epitope tag EQKLISEEDL (SEQ ID NO: 2) (Evan et al., 
Mol. Cell Biol. 5:3610-3616 (1985)) flanked by a 5" start 
codon and a 3" linker. The 5' region contains a bacterial 
Shine-Dalgarno sequence identical to that of 43-P. The 
coding Sequence was optimized for translation in bacterial 
systems. In particular, the 5' UTRs of 43-P and LP77 
contained a Shine-Dalgarno sequence complementary to 
five bases of 16S rRNA (Steitz and Jakes, Proc. Natl. Acad. 
Sci. USA 72:4734-4738 (1975)) and spaced similarly to 
ribosomal protein sequences (Stormo et al, Nucleic Acids 
Res. 10:2971-2996 (1982)). FIG.7B shows LP154 (ligated 
product, 154 nucleotides long) (also termed “long myc 
template”) (SEQID NO:3). This sequence contains the code 
for generation of the peptide used to isolate the c-myc 
antibody. The 5' end contains. a truncated version of the 
TMV upstream sequence (designated “TE). This 5' UTR 
contained a 22 nucleotide sequence derived from the TMV 
5' UTR encompassing two ACAAAUUAC direct repeats 
(Gallie et al., Nucl. Acids Res. 16:883 (1988)). FIG. 7C 
shows Pool #1 (SEQ ID NO: 4), an exemplary sequence to 
be used for peptide Selection. The final Seven amino acids 
from the original myc peptide were included in the template 
to serve as the 3' constant region required for PCR ampli 
fication of the template. This Sequence is known not to be 
part of the antibody binding epitope. 
0050 FIG. 8 is a photograph demonstrating the synthesis 
of RNA-protein fusions using templates 43-P, LP77, and 
LP154, and reticulocyte (“Retic”) and wheat germ 
(“Wheat”) translation systems. The left half of the figure 
illustrates S methionine incorporation in each of the three 
templates. The right half of the figure illustrates the resulting 
products after RNase A treatment of each of the three 
templates to remove the RNA coding region; shown are S 
methionine-labeled DNA-protein fusions. The DNA portion 
of each was identical to the oligo 30-P. Thus, differences in 
mobility were proportional to the length of the coding 
regions, consistent with the existence of proteins of different 
length in each case. 
0051 FIG. 9 is a photograph demonstrating protease 
sensitivity of an RNA-protein fusion synthesized from 
LP154 and analyzed by denaturing polyacrylamide gel elec 
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trophoresis. Lane 1 contains P labeled 30-P. Lanes 2-4, 
5-7, and 8-10 contain the S labeled translation templates 
recovered from reticulocyte lysate reactions either without 
treatment, with RNase A treatment, or with RNase A and 
proteinase K treatment, respectively. 

0.052 FIG. 10 is a photograph showing the results of 
immunoprecipitation reactions using in vitro translated 33 
amino acid myc-epitope protein. Lanes 1 and 2 show the 
translation products of the myc epitope protein and B-globin 
templates, respectively. Lanes 3-5 show the results of immu 
noprecipitation of the myc-epitope peptide using a c-myc 
monoclonal antibody and PBS, DB, and PBSTDS wash 
buffers, respectively. Lanes 6-8 show the same immunopre 
cipitation reactions, but using the B-globin translation prod 
uct. 

0.053 FIG. 11 is a photograph demonstrating immuno 
precipitation of an RNA-protein fusion from an in vitro 
translation reaction. The picomoles of template used in the 
reaction are indicated. Lanes 1-4 show RNA124 (the RNA 
portion of fusion LP154), and lanes 5-7 show RNA-protein 
fusion LP154. After immunoprecipitation using a c-myc 
monoclonal antibody and protein G Sepharose, the Samples 
were treated with RNase A and T4 polynucleotide kinase, 
then loaded on a denaturing urea polyacrylamide gel to 
Visualize the fusion. In lanes 1-4, with Samples containing 
either no template or only the RNA portion of the long myc 
template (RNA124), no fusion was seen. In lanes 5-7, bands 
corresponding to the fusion were clearly visualized. The 
position of Plabeled 30-P is indicated, and the amount of 
input template is indicated at the top of the figure. 
0.054 FIG. 12 is a graph showing a quantitation of fusion 
material obtained from an in Vitro translation reaction. The 
intensity of the fusion bands shown in lanes 5-7 of FIG. 11 
and the 30-Pband (isolated in a parallel fashion on dT.s, not 
shown) were quantitated on phosphorimager plates and 
plotted as a function of input LP154 concentration. Recov 
ered modified 30-P (left y axis) was linearly proportional to 
input template (X axis), whereas linker-peptide fusion (right 
y axis) was constant. From this analysis, it was calculated 
that ~10' fusions were formed per ml of translation reaction 
Sample. 

0.055 FIG. 13 is a schematic representation of thiopropyl 
Sepharose and dTs agarose, and the ability of these Sub 
strates to interact with the RNA-protein fusions of the 
invention. 

0056 FIG. 14 is a photograph showing the results of 
Sequential isolation of fusions of the invention. Lane 1 
contains P labeled 30-P. Lanes 2 and 3 show LP154 
isolated from translation reactions and treated with RNase 
A. In lane 2, LP154 was isolated Sequentially, using thio 
propyl Sepharose followed by dTs agarose. Lane 3 shows 
isolation using only dTs agarose. The results indicated that 
the product contained a free thiol, likely the penultimate 
cysteine in the myc epitope coding Sequence. 

0057 FIGS. 15A and 15B are photographs showing the 
formation of fusion products using B-globin templates as 
assayed by SDS-tricine-PAGE (polyacrylamide gel electro 
phoresis). FIG. 15A shows incorporation of S using either 
no template (lane 1), a Syn-?3-globin template (lanes 2-4), or 
an LP-B-globin template (lanes 5-7). FIG. 15B (lanes 
labeled as in FIG. 15A) shows S-labeled material isolated 
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by oligonucleotide affinity chromatography. No material 
was isolated in the absence of a 30-P tail (lanes 2-4). 
0.058 FIGS. 16A-16C are diagrams and photographs 
illustrating enrichment of myc dsDNA versus pool dsDNA 
by in vitro selection. FIG. 16A is a schematic of the 
Selection protocol. Four mixtures of the myc and pool 
templates were translated in vitro and isolated on dTs 
agarose followed by TP Sepbarose to purify the template 
fusions from unmodified templates. The mRNA-peptide 
fusions were then reverse transcribed to SuppreSS any Sec 
ondary or tertiary Structure present in the templates. Aliquots 
of each mixture were removed both before (FIG. 16B) and 
after (FIG.16C) affinity selection, amplified by PCR in the 
presence of a labeled primer, and digested with a restriction 
enzyme that cleaved only the myc DNA. The input mixtures 
of templates were pure myc (lane 1), or a 1:20, 1:200, or 
1:2000 myc:pool (lanes 2-4). The unselected material devi 
ated from the input ratios due to preferential translation and 
reverse transcription of the myc template. The enrichment of 
the myc template during the Selective Step was calculated 
from the change in the pool:myc ratio before and after 
Selection. 

0059 FIG. 17 is a photograph illustrating the translation 
of myc RNA templates. The following linkers were used: 
lanes 1-4, dA.d CdCP; lanes 5-8, dAzrCrCP; and lanes 
9-12, dACCCodAdCdCP. In each lane, the concentration 
of RNA template was 600 nM, and S-Met was used for 
labeling. Reaction conditions were as follows: lanes 1, 5, 
and 9,30° C. for 1 hour; lanes 2, 6, and 10, 30° C. for 2 hours 
3, 7, and 11, 30° C. for 1 hour, -20° C. for 16 hours; and 
lanes 4, 8, and 12, 30° C. for 1 hour, -20° C. for 16 hours 
with 50 mM Mg". In this Figure, “A” represents free 
peptide, and “B” represent mRNA-peptide fusion. 
0060 FIG. 18 is a photograph illustrating the translation 
of myc RNA templates labeled with 'P. The linker utilized 
was dACCoCodAdCdCP. Translation was performed at 
30° C. for 90 minutes, and incubations were carried out at 
-20° C. for 2 days without additional Mg". The concen 
trations of mRNA templates were 400 nM (lane 3), 200 nM 
(lane 4), 100 nM (lane 5), and 100 nM (lane 6). Lane 1 
shows mRNA-peptide fusion labeled with S-Met. Lane 2 
shows mRNA labeled with .P. In lane 6, the reaction was 
carried out in the presence of 0.5 mM cap analog. 
0061 FIG. 19 is a photograph illustrating the translation 
of myc RNA template using lysate obtained from Ambion 
(lane 1), Novagen (lane 2), and Amersham (lane 3). The 
linker utilized was dA,dCdCP. The concentration of the 
template was 600 nM, and S-Met was used for labeling. 
Translations were performed at 30° C. for 1 hour, and 
incubations were carried out at -20° C. overnight in the 
presence of 50 mM Mg". 
0062 FIG.20 is a graph illustrating enrichment of RNA 
peptide fusions bound by anti-myc monoclonal antibody 
9E10 during six rounds of in vitro selection. 
0063 FIG. 21 is a graph showing competition assays 
with Synthetic myc peptides. 
0064 FIG. 22 is a schematic representation illustrating 
the amino acid Sequences of 12 Selected peptides from a 
random 27-mer library. 
0065 FIG. 23 is a photograph illustrating the effect of 
linker length on fusion formation. In this figure, Myc 
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templates containing linkers N=13, 19, 25, 30, 35, 40, 45, 
or 50 nucleotides long (dAozdCdCP) were assayed for 
fusion formation by SDS-PAGE. The flexible linker F (dA 
C9)dAdCdCP) is also shown. Translations were performed 
with 600 nM template at 30° C. for 90 minutes, followed by 
addition of 50 mM Mg" and incubation at -20° C. for two 
days. 

0.066 FIG. 24 is a photograph illustrating co-translation 
of myc and PPase mRNA. In this figure, 200 nM of PPase 
RNA (RNA716) and/or 50 nM myc RNA (RNA152) con 
taining the flexible linker F (dAC9dAdCdCP) were 
translated with SI-Met. Mg (75 mM) was added, fol 
lowed by incubation at -20° C. No bands were observed 
from cross-products (myc templates fusion to WPPase pro 
tein). 
0067. Described herein is a general method for the selec 
tion of proteins with desired functions using fusions in 
which these proteins are covalently linked to their own 
messenger RNAS. These RNA-protein fusions are synthe 
sized by in vitro or in situ translation of mRNA pools 
containing a peptide acceptor attached to their 3' ends (FIG. 
1B). In one preferred embodiment, after readthrough of the 
open reading frame of the message, the ribosome pauses 
when it reaches the designed pause site, and the acceptor 
moiety occupies the ribosomal A Site and accepts the nascent 
peptide chain from the peptidyl-tRNA in the P site to 
generate the RNA-protein fusion (FIG. 1C). The covalent 
link between the protein and the RNA (in the form of an 
amide bond between the 3' end of the mRNA and the 
C-terminus of the protein which it encodes) allows the 
genetic information in the protein to be recovered and 
amplified (e.g., by PCR) following selection by reverse 
transcription of the RNA. Once the fusion is generated, 
Selection or enrichment is carried out based on the properties 
of the mRNA-protein fusion, or, alternatively, reverse tran 
Scription may be carried out using the mRNA template while 
it is attached to the protein to avoid any effect of the 
single-stranded RNA on the selection. When the mRNA 
protein construct is used, Selected fusions may be tested to 
determine which moiety (the protein, the RNA, or both) 
provides the desired function. 

0068. In one preferred embodiment, puromycin (which 
resembles tyrosyladenosine) acts as the acceptor to attach 
the growing peptide to its mRNA. Puromycin is an antibiotic 
that acts by terminating peptide elongation. As a mimetic of 
aminoacyl-tRNA, it acts as a universal inhibitor of protein 
Synthesis by binding the A Site, accepting the growing 
peptide chain, and falling off the ribosome (at a Kd=10"M) 
(Traut and Monro, J. Mol. Biol. 10:63 (1964); Smith et al., 
J. Mol. Biol. 13:617 (1965)). One of the most attractive 
features of puromycin is the fact that it forms a Stable amide 
bond to the growing-peptide chain, thus allowing for more 
Stable fusions than potential acceptors that form unstable 
ester linkages. In particular, the peptidyl-puromycin mol 
ecule contains a stable amide linkage between the peptide 
and the O-methyl tyrosine portion of the puromycin. The 
O-methyl tyrosine is in turn linked by a stable amide bond 
to the 3'-amino group of the modified adenosine portion of 
puromycin. 

0069. Other possible choices for acceptors include 
tRNA-like structures at the 3' end of the mRNA, as well as 
other compounds that act in a manner Similar to puromycin. 
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Such compounds include, without limitation, any compound 
which possesses an amino acid linked to an adenine or an 
adenine-like compound, Such as the amino acid nucleotides, 
phenylalanyl-adenosine (A-Phe), tyrosyladenosine (A-Tyr), 
and alanyl adenosine (A-Ala), as well as amide-linked 
Structures, Such as phenylalanyl 3' deoxy 3' amino adenos 
ine, alanyl 3' deoxy 3 amino adenosine, and tyrosyl 3' deoxy 
3' amino adenosine; in any of these compounds, any of the 
naturally-occurring L-amino acids or their analogs may be 
utilized. In addition, a combined tRNA-like 3' structure 
puromycin conjugate may also be used in the invention. 
0070 Shown in FIG. 2 is a preferred selection scheme 
according to the invention. The Steps involved in this 
Selection are generally carried out as follows. 
0071 Step 1. Preparation of the DNA template. As a step 
toward generating the RNA-protein fusions of the invention, 
the RNA portion of the fusion is synthesized. This may be 
accomplished by direct chemical RNA Synthesis or, more 
commonly, is accomplished by transcribing an appropriate 
double-stranded DNA template. 
0072 Such DNA templates may be created by any stan 
dard technique (including any technique of recombinant 
DNA technology, chemical Synthesis, or both). In principle, 
any method that allows production of one or more templates 
containing a known, random, randomized, or mutagenized 
Sequence may be used for this purpose. In one particular 
approach, an oligonucleotide (for example, containing ran 
dom bases) is synthesized and is amplified (for example, by 
PCR) prior to transcription. Chemical synthesis may also be 
used to produce a random cassette which is then inserted into 
the middle of a known protein coding sequence (See, for 
example, chapter 8.2, AuSubel et al., Current Protocols in 
Molecular Biology, John Wiley & Sons and Greene Pub 
lishing Company, 1994). This latter approach produces a 
high density of mutations around a specific Site of interest in 
the protein. 

0073. An alternative to total randomization of a DNA 
template Sequence is partial randomization, and a pool 
Synthesized in this way is generally referred to as a "doped' 
pool. An example of this technique, performed on an RNA 
Sequence, is described, for example, by Ekland et al. (Nucl. 
Acids Research 23:3231 (1995)). Partial randomization may 
be performed chemically by biasing the Synthesis reactions 
Such that each base addition reaction mixture contains an 
excess of one base and Small amounts of each of the others, 
by careful control of the base concentrations, a desired 
mutation frequency may be achieved by this approach. 
Partially randomized pools may also be generated using 
error prone PCR techniques, for example, as described in 
Beaudry and Joyce (Science 257:635 (1992)) and Bartel and 
Szostak (Science 261:1411 (1993)). 
0074) Numerous methods are also available for generat 
ing a DNA construct beginning with a known Sequence and 
then creating a mutagenized DNA pool. Examples of Such 
techniques are described in Ausubel et al. (Supra chapter 8); 
Sambrook et al. (Molecular Cloning: A Laboratory Manual, 
chapter 15, Cold Spring Harbor Press, New York, 2" ed. 
(1989); Cadwell et al. (PCR Methods and Applications 2:28 
(1992)); Tsang et al. (Meth. Enzymol. 267:410 (1996)); 
Reidhaar-Olsen et al. (Meth. Enzymol. 208:564 (1991)); and 
Ekland and Bartel (Nucl. Acids. Res. 23:3231 (1995)). 
Random Sequences may also be generated by the."shuffling” 
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technique outlined in Stemmer (Nature 370: 389 (1994)). 
Finally, a set of two or more homologous genes can be 
recombined in vitro to generate a starting library (Crameri et 
al. Nature 391:288-291 (1998)). 
0075 ORFs may be constructed from random sequences 
in a variety of ways depending on the codons chosen. Stop 
codons in the open reading frame are preferably avoided. 
Totally random sequence libraries may be used (NNN 
coding) but contain a proportion of stop codons (3/64=4.7% 
per codon) that may be unacceptably high for all but the 
Shortest libraries. Such libraries also contain rarely used 
codons that can Sometimes result in poor translation. 
NNG/C codons provide a slightly reduced stop frequency 
(%2=3.1% per codon) while providing access to the best 
codons for all 20 amino acids for mammalian translation 
systems. NNG/C codons are less optimal when applied in 
bacterial translation Systems where the best codons end in A 
or T in 7 cases (AEGKRTV). Several solutions exist that 
provide for very low stop codon frequency (~1.0%), with 
amino acid content Similar to globular proteins using three 
different nucleotide mixtures, NNN codons (LaBean and 
Kauffinan, Protein Science 2:1249-1254 (1993)) (and refer 
ences therein). Finally, an almost infinite variety of Semi 
rational design Strategies may be employed to pattern librar 
ies according to amino acid type. For example, hydrophobic 
(h) or polar (p) amino acids can be chosen using NTN or 
NAN codons respectively (Beasley and Hecht, J. Biol. 
Chem. 272:2031-2034 (1997)). These can be patterned to 
give preference to C-helix (phpphhpp . . . ) or B-sheet 
(phphph . . . ) formation. 
0.076 ORFs constructed from synthetic sequences may 
also contain Stop codons resulting from insertions or dele 
tions in the synthetic DNA. These defects may have negative 
consequences due to alterations of the translation reading 
frame. Examination of a number of pools and Synthetic 
genes constructed from Synthetic oligonucleotides indicates 
that insertions and deletions occur with a frequency of 
-0.6% per position, or 1.8% per codon. The precise fre 
quency of these occurrences is variable, and is thought to 
depend on the source and length of the synthetic DNA. In 
particular, longer Sequences show a higher frequency of 
insertions and deletions (Haas et al., Current Biology 6:315 
324 (1996)). A simple solution to reducing frame shifts 
within the ORF is to work with relatively short segments of 
synthetic DNA (80 nucleotides or less) that can be purified 
to homogeneity. Longer ORFs can then be generated by 
restriction and ligation of Several Shorter Sequences. 

0.077 To optimize a selection scheme of the invention, 
the Sequences and structures at the 5' and 3' ends of a 
template may also be altered. Preferably, this is carried out 
in two Separate Selections, each involving the insertion of 
random domains into the template proximal to the appro 
priate end, followed by Selection. These Selections may 
Serve (i) to maximize the amount of fusion made (and thus 
to maximize the complexity of a library) or (ii) to provide 
optimized translation Sequences. Further, the method may be 
generally applicable, combined with mutagenic PCR, to the 
optimization of translation templates both in the coding and 
non-coding regions. 

0078 Step 2. Generation of RNA. As noted above, the 
RNA portion of an RNA-protein fusion may be chemically 
Synthesized using Standard techniques of oligonucleotide 
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Synthesis. Alternatively, and particularly if longer RNA 
Sequences are utilized, the RNA portion is generated by in 
vitro transcription of a DNA template. In one preferred 
approach, T7 polymerase is used to enzymatically generate 
the RNA strand. Transcription is generally performed in the 
same volume as the PCR reaction (PCR DNA derived from 
a 100 ul reaction is used for 100 ul of transcription). This 
RNA can be generated with a 5' cap if desired using a large 
molar excess of m7GpppG to GTP in the transcription 
reaction (Gray and Hentze, EMBO J. 13:3882-3891 (1994)). 
Other appropriate RNA polymerases for this use include, 
without limitation, the SP6, T3 and E. coli RNA poly 
merases (described, for example, in Ausubel et al. (Supra, 
chapter 3). In addition, the synthesized RNA may be, in 
whole or in part, modified RNA. In one particular example, 
phosphorothioate RNA may be produced (for example, by 
T7 transcription) using modified ribonucleotides and stan 
dard techniques. Such modified RNA provides the advan 
tage of being nuclease stable. Full length RNA samples are 
then purified from transcription reactions as previously 
described using urea PAGE followed by desalting on NAP 
25 (Pharmacia) (Roberts and Szostak, Proc. Natl. Acad. Sci. 
USA 94:12297-12302 (1997)). 
0079 Step 3. Ligation of Puromycin to the Template. 
Next, puromycin (or any other appropriate peptide acceptor) 
is covalently bonded to the template Sequence. This Step 
may be accomplished using T4 RNA ligase to attach the 
puromycin directly to the RNA sequence, or preferably the 
puromycin may be attached by way of a DNA “splint” using 
T4 DNA ligase or any other enzyme which is capable of 
joining together two nucleotide Sequences (see FIG. 1B) 
(See also, for example, Ausubel et al., Supra, chapter 3, 
sections 14 and 15), tRNA synthetases may also be used to 
attach puromycin-like compounds to RNA. For example, 
phenylalanyl tRNA synthetase linkS phenylalanine to phe 
nylalanyl-tRNA molecules containing a 3' amino group, 
generating RNA molecules with puromycin-like 3' ends 
(Fraser and Rich, Proc. Natl. Acad. Sci. USA 70:2671 
(1973)). Other peptide acceptors which may be used include, 
without limitation, any compound which possesses an amino 
acid linked to an adenine or an adenine-like compound, Such 
as the amino acid nucleotides, phenylalanyl-adenosine 
(A-Phe), tyrosyl adenosine (A-Tyr), and alanyl adenosine 
(A-Ala), as well as amide-linked structures, Such as pheny 
lalanyl 3' deoxy 3' amino adenosine, alanyl 3' deoxy 3 
amino adenosine, and tyrosyl 3' deoxy 3' amino adenosine; 
in any of these compounds, any of the naturally-occurring 
L-amino acids or their analogs may be utilized. A number of 
peptide acceptors are described, for example, in Krayevsky 
and Kukhanova, ProgreSS in Nucleic Acids Research and 
Molecular Biology 23:1 (1979). 
0080 Step 4. Generation and Recovery of RNA-Protein 
Fusions. To generate RNA-protein fusions, any in vitro or in 
Situ translation System may be utilized. AS shown below, 
eukaryotic Systems are preferred, and two particularly pre 
ferred Systems include the wheat germ and reticulocyte 
lysate Systems. In principle, however, any translation System 
which allows formation of an RNA-protein fusion and 
which does not significantly degrade the RNA portion of the 
fusion is useful in the invention. In addition, to reduce RNA 
degradation in any of these Systems, degradation-blocking 
antisense oligonucleotides may be included in the translation 
reaction mixture, Such oligonucleotides Specifically hybrid 
ize to and cover sequences within the RNA portion of the 
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molecule that trigger degradation (see, for example, Hanes 
and Pluckthun, Proc. Natl. Acad. Sci USA94:4937 (1997)). 
0081. As noted above, any number of eukaryotic trans 
lation Systems are available for use in the invention. These 
include, without limitation, lysates from yeast, ascites, 
tumor cells (Leibowitz et al., Meth. Enzymol. 194:536 
(1991)), and Xenopus oocyte eggs. Useful in vitro translation 
Systems from bacterial Systems include, without limitation, 
those described in Zubay (Ann. Rev. Genet. 7:267 (1973)); 
Chen and Zubay (Meth. Enzymol. 101:44 (1983)); and 
Ellman (Meth. Enzymol. 202:301 (1991)). 
0082 In addition, translation reactions may be carried out 
in situ. In one particular example, translation may be carried 
out by injecting mRNA into Xenopus eggs using Standard 
techniques. 
0.083. Once generated, RNA-protein fusions may be 
recovered from the translation reaction mixture by any 
Standard technique of protein or RNA purification. Typi 
cally, protein purification techniques are utilized. AS shown 
below, for example, purification of a fusion may be facili 
tated by the use of Suitable chromatographic reagents Such 
as dTs agarose or thiopropyl Sepharose. Purification, how 
ever, may also or alternatively involve purification based 
upon the RNA portion of the fusion; techniques for such 
purification are described, for example in Ausubel et al. 
(Supra, chapter 4). 
0084 Step 5. Selection of the Desired RNA-Protein 
Fusion. Selection of a desired RNA-protein fusion may be 
accomplished by any means available to Selectively partition 
or isolate a desired fusion from a population of candidate 
fusions. Examples of isolation techniques include, without 
limitation, Selective binding, for example, to a binding 
partner which is directly or indirectly immobilized on a 
column, bead, membrane, or other Solid Support, and immu 
noprecipitation using an antibody Specific for the protein 
moiety of the fusion. The first of these techniques makes use 
of an immobilized Selection motif which can consist of any 
type of molecule to which binding is possible. A list of 
possible selection motif molecules is presented in FIG. 2. 
Selection may also be based upon the use of Substrate 
molecules attached to an affinity label (for example, Sub 
Strate-biotin) which react with a candidate molecule, or upon 
any other type of interaction with a fusion molecule. In 
addition, proteins may be Selected based upon their catalytic 
activity in a manner analogous to that described by Bartel 
and Szostak for the isolation of RNA enzymes (supra); 
according to that particular technique, desired molecules are 
Selected based upon their ability to link a target molecule to 
themselves, and the functional molecules are then isolated 
based upon the presence of that target. Selection Schemes for 
isolating novel or improved catalytic proteins using this 
Same approach or any other functional Selection are enabled 
by the present invention. 
0085. In addition, as described herein, selection of a 
desired RNA-protein fusion (or its DNA copy) may be 
facilitated by enrichment for that fusion in a pool of candi 
date molecules. To carry out Such an optional enrichment, a 
population of candidate RNA-protein fusions is contacted 
with a binding partner (for example, one of the binding 
partners described above) which is specific for either the 
RNA portion or the protein portion of the fusion, under 
conditions which Substantially Separate the binding partner 
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fusion complex from unbound members in the Sample. This 
Step may be repeated, and the technique preferably includes 
at least two Sequential enrichment Steps, one in which the 
fusions are Selected using a binding partner Specific for the 
RNA portion and another in which the fusions are selected 
using a binding partner Specific for the protein portion. In 
addition, if enrichment Steps targeting the Same portion of 
the fusion (for example, the protein portion) are repeated, 
different binding partners are preferably utilized. In one 
particular example described herein, a population of mol 
ecules is enriched for desired fusions by first using a binding 
partner specific for the RNA portion of the fusion and then, 
in two Sequential Steps, using two different binding partners, 
both of which are specific for the protein portion of the 
fusion. Again, these complexes may be separated from 
Sample components by any Standard Separation technique 
including, without limitation, column affinity chromatogra 
phy, centrifugation, or immunoprecipitation. 

0086 Moreover, elution of an RNA-protein fusion from 
an enrichment (or Selection) complex may be accomplished 
by a number of approaches. For example, as described 
herein, one may utilize a denaturing or non-specific chemi 
cal elution Step to isolate a desired RNA-protein fusion. 
Such a step facilitates the release of complex components 
from each other or from an associated Solid Support in a 
relatively non-specific manner by breaking non-covalent 
bonds between the components and/or between the compo 
nents and the Solid Support. AS described herein, one exem 
plary denaturing or non-Specific chemical elution reagent is 
4% HOAc/HO. Other exemplary denaturing or non-specific 
chemical elution reagents include guanidine, urea, high Salt, 
detergent, or any other means by which non-covalent 
adducts may generally be removed. Alternatively, one may 
utilize a specific chemical elution approach, in which a 
chemical is exploited that causes the Specific release of a 
fusion molecule. In one particular example, if the linker arm 
of a desired fusion protein contains one or more disulfide 
bonds, bound fusion aptamerS may be eluted by the addition, 
for example, of DTT, resulting in the reduction of the 
disulfide bond and release of the bound target. 
0087 Alternatively, elution may be accomplished by 
Specifically disrupting affinity complexes; Such techniques 
Selectively release complex components by the addition of 
an excess of one member of the complex. For example, in an 
ATP-binding selection, elution is performed by the addition 
of excess ATP to the incubation mixture. Finally, one may 
carry out a Step of enzymatic elution. By this approach, a 
bound molecule itself or an exogenously added protease (or 
other appropriate hydrolytic enzyme) cleaves and releases 
either the target or the enzyme. In one particular example, a 
protease target Site may be included in either of the complex 
components, and the bound molecules eluted by addition of 
the protease. Alternately, in a catalytic Selection, elution may 
be used as a Selection Step for isolating molecules capable of 
releasing (for example, cleaving) themselves from a Solid 
Support. 

0088 Step 6. Generation of a DNA Copy of the RNA 
Sequence using Reverse Transcriptase. If desired, a DNA 
copy of a Selected RNA fusion Sequence is readily available 
by reverse transcribing that RNA sequence using any stan 
dard technique (for example, using SuperScript reverse tran 
Scriptase). This step may be carried out prior to the Selection 
or enrichment step (for example, as described in FIG. 16), 
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or following that Step. Alternatively, the reverse transcrip 
tion process may be carried out prior to the isolation of the 
fusion from the in vitro or in Situ translation mixture. 

0089 Next, the DNA template is amplified, either as a 
partial or full-length double-Stranded Sequence. Preferably, 
in this Step, full-length DNA templates are generated, using 
appropriate oligonucleotides and PCR amplification. 
0090 These steps, and the reagents and techniques for 
carrying out these Steps, are now described in detail using 
particular examples. These examples are provided for the 
purpose of illustrating the invention, and should not be 
construed as limiting. 

Generation of Templates for RNA-Protein Fusions 
0091. As shown in FIGS. 1A and 2, the selection scheme 
of the present invention preferably makes use of double 
stranded DNA templates which include a number of design 
elements. The first of these elements is a promoter to be used 
in conjunction with a desired RNA polymerase for mRNA 
synthesis. As shown in FIG. 1A and described herein, the T7 
promoter is preferred, although any promoter capable of 
directing synthesis from a linear double-stranded DNA may 
be used. 

0092. The second element of the template shown in FIG. 
1A is termed the 5' untranslated region (or 5' UTR) and 
corresponds to the RNA upstream of the translation Start site. 
Shown in FIG. 1A is a preferred 5' UTR (termed “TE”) 
which is a deletion mutant of the Tobacco Mosaic Virus 5' 
untranslated region and, in particular, corresponds to the 
bases directly 5' of the TMV translation start; the sequence 
of this UTR is as follows: rCrGrGrArCrArArrJ rarCrU 
rArUrU rUrArCrArArU rUrArCra (with the first 3 G 
nucleotides being inserted to augment transcription) (SEQ 
ID NO: 5). Any other appropriate 5' UTR may be utilized 
(see, for example, Kozak, Microbiol. Rev. 47: 1 (1983); and 
Jobling et al., Nature 325:622 (1987)). 
0093. The third element shown in FIG. 1A is the trans 
lation start Site. In general, this is an AUG codon. However, 
there are examples where codons other than AUG are 
utilized in naturally-occurring coding Sequences, and these 
codons may also be used in the Selection Scheme of the 
invention. The precise Sequence context Surrounding this 
codon influences the efficiency of translation (Kozak, 
Microbiological Reviews 47.1-45 (1983); and Kozak, J. 
Biol. Chem. 266:19867-19870 (1991)). The sequence 
5'RNNAUGR provides a good start context for most 
Sequences, with a preference for A as the first purine (-3), 
and G as the second (+4) (Kozak, Microbiological Reviews 
47:1-45 (1983); and Kozak, J. Mol. Biol. 196:947-950 
(1987)). 
0094) The fourth element in FIG. 1A is the open reading 
frame of the protein (termed ORF), which encodes the 
protein Sequence. This open reading frame may encode any 
naturally-occurring, random, randomized, mutagenized, or 
totally Synthetic protein Sequence. The most important fea 
ture of the ORF and adjacent 3' constant region is that 
neither contain Stop codons. The presence of Stop codons 
would allow premature termination of the protein Synthesis, 
preventing fusion formation. 
0.095 The fifth element shown in FIG. 1A is the 3' 
constant region. This Sequence facilitates PCR amplification 
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of the pool Sequences and ligation of the puromycin-con 
taining oligonucleotide to the mRNA. If desired, this region 
may also include a pause site, a Sequence which causes the 
ribosome to pause and thereby allows additional time for an 
acceptor moiety (for example, puromycin) to accept a 
nascent peptide chain from the peptidyl-tRNA, this pause 
Site is discussed in more detail below. 

0096. To develop the present methodology, RNA-protein 
fusions were initially generated using highly simplified 
mRNA templates containing 1-2 codons. This approach was 
taken for two reasons. First, templates of this size could 
readily be made by chemical Synthesis. And, Second, a Small 
open reading frame allowed critical features of the reaction, 
including efficiency of linkage, end heterogeneity, template 
dependence, and accuracy of translation, to be readily 
assayed. 
0097. Design of Construct. Abasic construct was used for 
generating test RNA-protein fusions. The molecule con 
sisted of a mRNA containing a Shine-Dalgarno (SD) 
Sequence for translation initiation which contained a 3 base 
deletion of the SD sequence from ribosomal protein L1 and 
which was complementary to 5 bases of 16S rRNA (i.e., 
rGrGrArGrGrArCrGrArA) (SEQID NO: 6) (Stormo et al., 
Nucleic Acids Research 10:2971-2996 (1982); Shine and 
Dalgarno, Proc. Natl. Acad. Sci. USA 71:1342-1346 (1974); 
and Steitz and Jakes, Proc. Natl. Acad. Sci. USA 72:4734 
4738 (1975)), (ii) an AUG start codon, (iii) a DNA linker to 
act as a pause site (i.e., 5'-(dA),), (iv) dCdC-3', and (v) a 3' 
puromycin (P). The poly dA sequence was chosen because 
it was known to template tRNA poorly in the Asite (Morgan 
et al., J. Mol. Biol. 26:477-497 (1967); Ricker and Kaji, 
Nucleic Acid Research 19:6573-6578 (1991)) and was 
designed to act as a good pause Site. The length of the oligo 
dA linker was chosen to span the -60-70 A distance between 
the decoding site and the peptidyl transfer center of the 
ribosome. The dCdCP mimicked the CCA end of a tRNA 
and was designed to facilitate binding of the puromycin to 
the A site of the ribosome. 

0.098 Chemical Synthesis of Minimal Template 43-P. To 
synthesize construct 43-P(shown in FIG.3), puromycin was 
first attached to a Solid Support in Such a way that it would 
be compatible with Standard phosphoramidite oligonucle 
otide synthesis chemistry. The synthesis protocol for this 
oligo is outlined schematically in FIG.3 and is described in 
more detail below. To attach puromycin to a controlled pore 
glass (CPG) Solid Support, the amino group was protected 
with a trifluoroacetyl group as described in Applied BioSys 
tems User Bulletin #49 for DNA synthesizer model 380 
(1988). Next, protection of the 5’ OH was carried out using 
a standard DMT-Cl approach (Gait, Oligonucleotide Syn 
thesis a practical approach.The Practical Approach Series 
(IRL Press, Oxford, 1984)), and attachment to aminohexyl 
CPG through the 2' OH was effected in exactly the same 
fashion as the 3' OH would be used for attachment of a 
deoxynucleoside (see FIG.3 and Gait, supra, p. 47). The 5' 
DMTCPG-linked protected puromycin was then suitable 
for chain extension with phosphoramidite monomers. The 
synthesis of the oligo proceeded in the 3'->5' direction in the 
order: (i) 3' puromycin, (ii) pdCpdC, (iii) -27 units of dA as 
a linker, (iv) AUG, and (v) the Shine-Dalgarno Sequence. 
The sequence of the 43-P construct is shown below. 
0099 Synthesis of CPG Puromycin. The synthesis of 
protected CPG puromycin followed the general path used 
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for deoxynucleosides as previously outlined (Gait, Oligo 
nucleotide Synthesis, A Practical Approach, The Practical 
Approach Series (IRL Press, Oxford, 1984)). Major depar 
tures included the Selection of an appropriate N blocking 
group, attachment at the puromycin 2 OH to the Solid 
Support, and the linkage reaction to the Solid Support. In the 
case of the latter, the reaction was carried out at very low 
concentrations of activated nucleotide as this material was 
Significantly more precious than the Solid Support. The 
resulting yield (~20 umol/g Support) was quite Satisfactory 
considering the dilute reaction conditions. 
0100 Synthesis of N-Trifluoroacetyl Puromycin. 267 mg 
(0.490 mmol) Puromycin HCl was first converted to the 
free base form by dissolving in water, adding pH 11 car 
bonate buffer, and extracting (3x) into chloroform. The 
organic phase was evaporated to dryness and weighed (242 
mg, 0.513 mmol). The free base was then dissolved in 11 ml 
dry pyridine and 11 ml dry acetonitrile, and 139 ul (2.0 
mmol) triethylamine (TEA; Fluka) and 139 ul (1.0 mmol) of 
trifluoroacetic anhydride (TFAA; Fluka) were added with 
stirring. TFAA was then added to the turbid solution in 20 ul 
aliquots until none of the Starting material remained, as 
assayed by thin layer chromatography (tle) (93.7, Chloro 
form/MeOH) (a total of 280 ul). The reaction was allowed 
to proceed for one hour. At this point, two bands were 
revealed by thin layer chromatography, both of higher 
mobility than the starting material. Workup of the reaction 
with NHOH and water reduced the product to a single band. 
Silica chromatography (93.7 Chloroform/MeOH) yielded 
293 mg (0.515 mmol) of the product, N-TFA-Pur. The 
product of this reaction is shown schematically in FIG. 4. 
0101 Synthesis of N-Trifluoroacetyl 5'-DMT Puromycin. 
The product from the above reaction was aliquoted and 
coevaporated 2x with dry pyridine to remove water. Mul 
tiple tubes were prepared to test multiple reaction condi 
tions. In a Small scale reaction, 27.4 mg (48.2 umoles) 
N-TFA-Pur was dissolved in 480 ul of pyridine containing 
0.05 eq of DMAP and 1.4 eq TEA. To this mixture, 20.6 mg 
of di-methoxy trityl chloride (60 umol) was added, and the 
reaction was allowed to proceed to completion with Stirring. 
The reaction was Stopped by addition of an equal Volume of 
water (approximately 500 ul) to the solution. Because this 
reaction appeared Successful, a large Scale version was 
performed. In particular, 262 mg (0.467 mmol) N-TFA-Pur 
was dissolved in 2.4 ml pyridine followed by addition of 1.4 
eq of TEA, 0.05 eq of DMAP, and 1.2 eq of di-methoxy trityl 
chloride (Sigma). After approximately two hours, an addi 
tional 50 mg (0.3 eq) dimethoxytrityl Cl (DMT*Cl) was 
added, and the reaction was allowed to proceed for 20 
additional minutes. The reaction was stopped by the addition 
of 3 ml of water and coevaporated 3x with CHCN. The 
reaction was purified by 95:5 Chloroform/MeOH on a 100 
ml Silica (dry) 2 mm diameter column. Due to incomplete 
purification, a Second identical column was run with 
97.5:2.5 Chloroform/MeOH. The total yield was 325 mg or 
0.373 mmol (or a yield of 72%). The product of this reaction 
is shown schematically in FIG. 4. 
0102) Synthesis of N-Trifluoroacetyl, 5'-DMT, 2" Succi 
nyl Puromycin. In a Small Scale reaction, 32 mg (37 umol) 
of the product Synthesized above was combined with 1.2 eq 
of DMAP dissolved in 350 ul of pyridine. To this solution, 
1.2 equivalents of Succinic anhydride was added in 44 ul of 
dry CHCN and allowed to stir overnight. Thin layer chro 
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matography revealed little of the Starting material remain 
ing. In a large Scale reaction, 292 mg (336 umol) of the 
previous product was combined with 1.2 eq DMAP in 3 ml 
of pyridine. To this, 403 ul of 1M succinic anhydride (Fluka) 
in dry CHCN was added, and the mixture was allowed to 
Stir overnight. Thin layer chromatography again revealed 
little of the Starting material remaining. The two reactions 
were combined, and an additional 0.2 eq of DMAP and 
Succinate were added. The product was coevaporated with 
toluene 1x and dried to a yellow foam in high vacuum. 
CHCl was added (20 ml), and this solution was extracted 
twice with 15 ml of 10% ice cold citric acid and then twice 
with pure water. The product was dried, redissolved in 2 ml 
of CHCl, and precipitated by addition of 50 ml of hexane 
with Stirring. The product was then Vortexed and centrifuged 
at 600 rpm for 10 minutes in the clinical centrifuge. The 
majority of the eluent was drawn off, and the rest of the 
product was dried, first at low vacuum, then at high vacuum 
in a dessicator. The yield of this reaction was approximately 
260 umol for a stepwise yield of ~70%. 
0103) Synthesis of N-Trifluoroacetyl 5'-DMT, 2' Succi 
nyl, CPG Puromycin. The product from the previous step 
was next dissolved with 1 ml of dioxane (Fluka) followed by 
0.2 ml dioxane/0.2 ml pyridine. To this solution, 40 mg of 
p-nitrophenol (Fluka) and 140 mg of dicyclohexylcarbodi 
imide (DCC, Sigma) was added, and the reaction was 
allowed to proceed for 2 hours. The insoluble cyclohexyl 
urea produced by the reaction was removed by centrifuga 
tion, and the product solution was added to 5 g of amino 
hexyl controlled pore glass (CPG) suspended in 22 ml of dry 
DMF and stirred overnight. The resin was then washed with 
DMF, methanol, and ether, and dried. The resulting resin 
was assayed as containing 22.6 umol of trityl per g, well 
within the acceptable range for this type of Support. The 
Support was then capped by incubation with 15 ml of 
pyridine, 1 ml of acetic anhydride, and 60 mg of DMAP for 
30 minutes. The resulting column material produced a 
negative (no color) ninhydrin test, in contrast to the results 
obtained before blocking in which the material produced a 
dark blue color reaction. The product of this reaction is 
shown schematically in FIG. 4. Alternatively, puromycin 
CPG may be obtained commercially (Trilink). 
0104 Synthesis of mRNA-Puromycin Conjugate. As dis 
cussed above, a puromycin tethered oligo may be used in 
either of two ways to generate a mRNA-puromycin conju 
gate which acts as a translation template. For extremely 
Short open reading frames, the puromycin oligo is typically 
extended chemically with RNA or DNA monomers to create 
a totally Synthetic template. When longer open reading 
frames are desired, the RNA or DNA oligo is generally 
ligated to the 3' end of an mRNA using a DNA splint and T4 
DNA ligase as described by Moore and Sharp (Science 
256:992 (1992)). 

In Vitro Translational and Testing of RNA-Protein 
Fusion 

0105 The templates generated above were translated in 
Vitro using both bacterial and eukaryotic in vitro translation 
Systems as follows. 

0106. In Vitro Translation of Minimal Templates. 43-P 
and related RNA-puromycin conjugates were added to Sev 
eral different in vitro translation Systems including: (i) the 
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S30system derived from E. coli MRE600 (Zubay, Ann. Rev. 
Genet. 7:267 (1973); Collins, Gene 6:29 (1979); Chen and 
Zubay, Methods Enzymol, 101:44 (1983); Pratt, in Tran 
Scription and Translation: A Practical Approach, B. D. 
Hammes, S.J. Higgins, Eds. (IRL Press, Oxford, 1984) pp. 
179-209; and Ellman et al., Methods Enzymol. 202:301 
(1991)) prepared as described by Ellman et. al. (Methods 
Enzymol. 202:301 (1991)); (ii) the ribosomal fraction 
derived from the same Strain, prepared as described by 
Kudlicki et al. (Anal. Chem. 206:389 (1992)); and (iii) the 
S30 system derived from E. coli BL21, prepared as 
described by Lesley et al. (J. Biol. Chem. 266:2632 (1991)). 
In each case, the premix used was that of Lesley et al. (J. 
Biol. Chem. 266:2632 (1991)), and the incubations were 30 
minutes in duration. 

0107 Testing the Nature of the Fusion. The 43-Ptemplate 
was first tested using S30 translation extracts from E. coli. 
FIG. 5 (Reaction “A”) demonstrates the desired intramo 
lecular (cis) reaction wherein 43-P binds the ribosome and 
acts as a template for and an acceptor of fMet at the same 
time. The incorporation of S-methionine and its position in 
the template was first tested, and the results are shown in 
FIGS. 6A and 6B. After extraction of the in vitro translation 
reaction mixture with phenol/chloroform and analysis of the 
products by SDS-PAGE, an S labeled band appeared with 
the same mobility as the 43-P template. The amount of this 
material synthesized was dependent upon the Mg" concen 
tration (FIG. 6A). The optimum Mg" concentration 
appeared to be between 9 and 18 mM, which was similar to 
the optimum for translation in this system (Zubay, Ann. Rev. 
Genet. 7:267 (1973); Collins, Gene 6:29 (i979); Chen and 
Zubay, Methods Enzymol, 101:44 (1983); Pratt, in Tran 
Scription and Translation: A Practical Approach, B. D. 
Hammes, S.J. Higgins, Eds. (IRL Press, Oxford, 1984) pp. 
179-209; Ellman et al., Methods Enzymol. 202:301 (1991); 
Kudlicki et al., Anal. Chem. 206:389 (1992); and Lesley et 
al., J. Biol. Chem. 266:2632 (1991)). Furthermore, the 
incorporated label was stable to treatment with NHOH 
(FIG. 6B), indicating that the label was located on the 3' half 
of the molecule (the base-stable DNA portion) and was 
attached by a base-stable linkage, as expected for an amide 
bond between puromycin and fMet. 
0108 Ribosome and Template Dependence. To demon 
Strate that the reaction observed above occurred on the 
ribosome, the effects of specific inhibitors of the peptidyl 
transferase function of the ribosome were tested (FIG. 6C), 
and the effect of changing the Sequence coding for methion 
ine was examined (FIG. 6D). FIG. 6C demonstrates clearly 
that the reaction was Strongly inhibited by the peptidyl 
transferase inhibitors, Virginiamycin, gougerotin, and 
chloramphenicol (Monro and Vazquez, J. Mol. Biol. 28:161 
165 (1967); and Vazquez and Monro, Biochemica et Bio 
physical Acta 142:155-173 (1967)). FIG. 6D demonstrates 
that changing a single base in the template from A to C 
abolished incorporation of S methionine at 9 mM Mg", 
and greatly decreased it at 18 mM (consistent with the fact 
that high levels of Mg" allow misreading of the message). 
These experiments demonstrated that the reaction occurred 
on the ribosome in a template dependent fashion. 
0109 Linker Length. Also tested was the dependence of 
the reaction on the length of the linker (FIG. 6E). The 
original template was designed So that the linker Spanned the 
distance from the decoding site (occupied by the AUG of the 
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template) to the acceptor Site (occupied by the puromycin 
moiety), a distance which was approximately the same 
length as the distance between the anticodon loop and the 
acceptor stem in a tRNA, or about 60-70 A. The first linker 
tested was 30 nucleotides in length, based upon a minimum 
of 3.4. A per base (2102 A). In the range between 30 and 21 
nucleotides (n=27-18; length 2102-71A), little change was 
Seen in the efficiency of the reaction. Accordingly, linker 
length may be varied. While a linker of between 21 and 30 
nucleotides represents a preferred length, linkers shorter 
than 80 nucleotides and, preferably, shorter than 45 nucle 
otides may also be utilized in the invention. 
0110 Intramolecular vs. Intermolecular Reactions. 
Finally, we tested whether the reaction occurred in an 
intramolecular fashion (FIG. 5, Reaction “A”) as desired or 
intermolecularly (FIG. 5, Reaction “B”). This was tested by 
adding oligonucleotides with 3' puromycin but no ribosome 
binding sequence (i.e., templates 25-P, 13-P, and 30-P) to the 
translation reactions containing the 43-P template (FIGS. 
6F, 6G, and 6H). If the reaction occurred by an intermo 
lecular mechanism, the shorter oligos would also be labeled. 
As demonstrated in FIGS. 6F-H, there was little incorpora 
tion of S methionine in the three shorter oligos, indicating 
that the reaction occurred primarily in an intramolecular 
fashion. The sequences of 25-P (SEQ ID NO: 10), 13-P 
(SEQ ID NO: 9), and 30-P (SEQ ID NO: 8) are shown 
below. 

0111 Reticulocyte Lysate. FIG. 6H demonstrates that 
S-Methionine may be incorporated in the 43-P template 

using a rabbit reticulocyte lysate (see below) for in vitro 
translation, in addition to the E. coli lysates used above. This 
reaction occurred primarily in an intramolecular mechanism, 
as desired. 

Synthesis and Testing of Fusions Containing a 
C-MYC Epitope Tag 

0112 Exemplary fusions were also generated which con 
tained, within the protein portion, the epitope tag for the 
c-myc monoclonal antibody 9E10 (Evan et al., Mol. Cell 
Biol. 5:3610 (1985)). 
0113 Design of Templates. Three initial epitope tag 
templates (i.e., LP77, LP154, and Pool #1) were designed 
and are shown in FIGS. 7A-C. The first two templates 
contained the c-myc epitope tag Sequence EQKLISEEDL 
(SEQ ID NO: 2), and the third template was the design used 
in the synthesis of a random selection pool. LP77 encoded 
a 12 amino acid Sequence, with the codons optimized for 
bacterial translation. LP154 and its derivatives contained a 
33 amino acid mRNA sequence in which the codons were 
optimized for eukaryotic translation. The encoded amino 
acid sequence of MAEEQKLISEEDLLRKRREQKLKH 
KLEQLRNSCA (SEQ ID NO: 7) corresponded to the origi 
nal peptide used to isolate the 9E10 antibody. Pool#1 
contained 27 codons of NNG/C (to generate random pep 
tides) followed by a sequence corresponding to the last 
Seven amino acids of the myc peptide (which were not part 
of the myc epitope sequence). These sequences are shown 
below. 

0114 Reticulocyte vs. Wheat Germ. In Vitro Translation 
Systems. The 43-P, LP77, and LP154 templates were tested 
in both rabbit reticulocyte and wheat germ extract (Promega, 
Boehringer Mannheim) translation systems (FIG. 8). Trans 
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lations were performed at 30° C. for 60 minutes. Templates 
were isolated using dTs agarose at 4 C. Templates were 
eluted from the agarose using 15 mM NaOH, 1 mM EDTA, 
neutralized with NaOAc/HOAc buffer, immediately ethanol 
precipitated (2.5-3 vol); washed (with 100% ethanol), and 
dried on a speedvac concentrator. FIG. 8 shows that S 
methionine was incorporated into all three templates, in both 
the wheat germ and reticulocyte Systems. LeSS degradation 
of the template was observed in the fusion reactions from the 
reticulocyte System and, accordingly, this System is pre 
ferred for the generation of RNA-protein fusions. In addi 
tion, in general, eukaryotic Systems are preferred over 
bacterial Systems. Because eukaryotic cells tend to contain 
lower levels of nucleases, mRNA lifetimes are generally 
10-100 times longer in these cells than in bacterial cells. In 
experiments using one particular E. coli translation System, 
generation of fusions was not observed using a template 
encoding the c-myc epitope, labeling the template in various 
places demonstrated that this was likely due to degradation 
of both the RNA and DNA portions of the template. 
0115) To examine the peptide portion of these fusions, 
Samples were treated with RNase to remove the coding 
Sequences. Following this treatment, the 43-P product ran 
with almost identical mobility to the Plabeled 30-Poligo, 
consistent with a very Small peptide (perhaps only methion 
ine) added to 30-P. For LP77, removal of the coding 
Sequence produced a product with lower mobility than the 
30-Poligo, consistent with the notion that a 12 amino acid 
peptide was added to the puromycin. Finally, for LP154, 
removal of the coding Sequence produced a product of yet 
lower mobility, consistent with a 33 amino acid Sequence 
attached to the 30-P oligo. No oligo was seen in the 
RNase-treated LP154 reticulocyte lane due to a loading 
error. In FIG. 9, the mobility of this product was shown to 
be the Same as the product generated in the wheat germ 
extract. In Sum, these results. indicated that RNase resistant 
products were added to the ends of the 30-Poligos, that the 
sizes of the products were proportional to the length of the 
coding Sequences, and that the products were quite homo 
geneous in size. In addition, although both Systems produced 
Similar fusion products, the reticulocyte System appeared 
Superior due to higher template Stability. 

0116 Sensitivity to RNase A and Proteinase K. In FIG. 
9, sensitivity to RNase A and proteinase K were tested using 
the LP 154 fusion. As shown in lanes 2-4, incorporation of 
S methionine was demonstrated for the LP154 template. 

When this product was treated with RNase A, the mobility 
of the fusion decreased, but was still Significantly higher 
than the P labeled 30-P oligonucleotide, consistent with 
the addition of a 33 amino acid peptide to the 3' end. When 
this material was also treated with proteinase K, the S 
Signal completely disappeared, again consistent with the 
notion that the label was present in a peptide at the 3' end of 
the 30-P fragment. Similar results have been obtained in 
equivalent experiments using the 43-P and LP77 fusions. 
0117 To confirm that the template labeling by S Met 
was a consequence of translation, and more specifically 
resulted from the peptidyl transferase activity of the ribo 
Some, the effect of various inhibitors on the labeling reaction 
was examined. The Specific inhibitors of eukaryotic peptidyl 
transferase, anisomycin, gougerotin, and SparSomycin 
(Vazquez, Inhibitors of Protein Biosynthesis (Springer-Ver 
lag, New York), pp. 312 (1979)), as well as the translocation 
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inhibitors cycloheximide and emetine (Vazquez, Inhibitors 
of Protein BioSynthesis (Springer-Verlag, New York), pp. 
312 (1979)) all decreased RNA-peptide fusion formation by 
~95% using the long myc template and a reticulocyte lysate 
translation extract. 

0118. Immunoprecipitation Experiments. In an experi 
ment designed to illustrate the efficacy of immunoprecipi 
tating an mRNA-peptide fusion, an attempt was made to 
immunoprecipitate a free c-myc peptide generated by in 
vitro translation. FIG. 10 shows the results of these experi 
ments assayed on an SDS PAGE peptide gel. Lanes 1 and 2 
show the labeled material from translation reactions con 
taining either RNA124 (the RNA portion of LP154) or 
P-globin mRNA. Lanes 3-8 show the immunoprecipitation 
of these reaction Samples using the c-myc monoclonal 
antibody 9E10, under several different buffer conditions 
(described below). Lanes 3-5 show that the peptide derived 
from RNA124 was effectively immunoprecipitated, with the 
best case being lane 4 where ~83% of the total TCA 
precipitable counts were isolated. Lanes 6-8 show little of 
the B-globin protein, indicating a purification of >100 fold. 
These results indicated that the peptide coded for by 
RNA124 (and by LP154) can be quantitatively isolated by 
this immunoprecipitation protocol. 

0119) Immunoprecipitation of the Fusion. We next tested 
the ability to immunoprecipitate a chimeric RNA-peptide 
product, using an LP154 translation reaction and the c-myc 
monoclonal antibody 9E10 (FIG. 11). The translation prod 
ucts from a reticulocyte reaction were isolated by immuno 
precipitation (as described herein) and treated with 1 lug of 
RNase A at room temperature for 30 minutes to remove the 
coding sequence. This generated a 5’ OH, which was 'P 
labeled with T4 polynucleotide kinase and assayed by dena 
turing PAGE. FIG. 11 demonstrates that a product with a 
mobility similar to that seen for the fusion of the c-myc 
epitope with 30-P generated by RNase treatment of the 
LP154 fusion (see above) was isolated, but no correspond 
ing product was made when only the RNA portion of the 
template (RNA124) was translated. In FIG. 12, the quantity 
of fusion protein isolated was determined and was plotted 
against the amount of unmodified 30-P (not shown in this 
figure). Quantitation of the ratio of unmodified linker to 
linker-myc peptide fusion shows that 0.2-0.7% of the input 
message was converted to fusion product. A higher fraction 
of the input RNA was converted to fusion product in the 
presence of a higher ribosome/template ratio; over the range 
of input mRNA concentrations that were tested, approxi 
mately 0.8-1.0x10' fusion molecules were made per ml of 
translation extract. 

0120 In addition, our results indicated that the peptides 
attached to the RNA species were encoded by that mRNA, 
i.e. the nascent peptide was not transferred to the puromycin 
of Some other mRNA. No indication of cross-transfer was 
seen when a linker (30-P) was coincubated with the long 
myc template in translation extracts in ratioS as high as 20:1, 
nor did the presence of free linker Significantly decrease the 
amount of long myc fusion produced. Similarly, co-transla 
tion of the short and long templates, 43-P and LP154, 
produced only the fusion products Seen when the templates 
were translated alone, and no products of intermediate 
mobility were observed, as would be expected for fusion of 
the short template with the long myc peptide. Both of these 
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results Suggested that fusion formation occurred primarily 
between a nascent peptide and mRNA bound to the same 
ribosome. 

0121 Sequential Isolation. As a further confirmation of 
the nature of the in vitro translated LP154 template product, 
we examined the behavior of this product on two different 
types of chromatography media. Thiopropyl (TP) Sepharose 
allows the isolation of a product containing a free cysteine 
(for example, the LP154 product which has a cysteine 
residue adjacent to the C terminus) (FIG. 13). Similarly, 
dT, agarose allows the isolation of templates containing a 
poly dA sequence (for example, 30-P) (FIG. 13). FIG. 14 
demonstrates that Sequential isolation on TP Sepharose fol 
lowed by dTs agarose produced the same product as iso 
lation on dTs agarose alone. The fact that the in vitro 
translation product contained both a poly-A tract and a free 
thiol Strongly indicated that the translation product was the 
desired RNA-peptide fusion. 
0122) The above results are consistent with the ability to 
synthesize mRNA-peptide fusions and to recover them 
intact from in vitro translation extracts. The peptide portions 
of fusions So Synthesized appeared to have the intended 
Sequences as demonstrated by immunoprecipitation and 
isolation using appropriate chromatographic techniques. 
According to the results presented above, the reactions are 
intramolecular and occur in a template dependent fashion. 
Finally, even with a template modification of less than 1%, 
the present System facilitates Selections based on candidate 
complexities of about 10" molecules. 
0123 C-Myc Epitope Recovery Selection. To select addi 
tional c-myc epitopes, a large library of translation templates 
(for example, 10" members) is generated containing a 
randomized region (see FIG. 7C and below). This library is 
used to generate ~10'°-10' fusions (as described herein) 
which are treated with the anti-c-myc antibody (for example, 
by immunoprecipitation or using an antibody immobilized 
on a column or other Solid Support) to enrich for c-myc 
encoding templates in repeated rounds of in vitro Selection. 
0.124. Models for Fusion Formation. Without being 
bound to a particular theory, we propose a model for the 
mechanism of fusion formation in which translation initiates 
normally and elongation proceeds to the end of the open 
reading frame. When the ribosome reaches the DNA portion 
of the template, translation Stalls. At this point, the complex 
can partition between two fates: dissociation of the nascent 
peptide, or transfer of the nascent peptide to the puromycin 
at the 3'-end of the template. The efficiency of the transfer 
reaction is likely to be controlled by a number of factors that 
influence the Stability of the Stalled translation complex and 
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the entry of the 3'-puromycin residue into the A site of the 
peptidyl transferase center. After the transfer reaction, the 
mRNA-peptide fusion likely remains complexed with the 
ribosome Since the known release factors cannot hydrolyze 
the stable amide linkage between the RNA and peptide 
domains. 

0125 Both the classical model for elongation (Watson, 
Bull. Soc. Chim. Biol. 46:1399 (1964)) and the intermediate 
states model (Moazed and Noller, Nature 342:142 (1989)) 
require that the A Site be empty for puromycin entry into the 
peptidyl transferase center. For the puromycin to enter the 
empty A Site, the linker must either loop around the outside 
of the ribosome or pass directly from the decoding site 
through the ASite to the peptidyl transferase center. The data 
described herein do not clearly distinguish between these 
alternatives because the shortest linker tested (21 nts) is still 
long enough to pass around the outside of the ribosome. In 
some models of ribosome structure (Frank et al., Nature 
376:441 (1995)), the mRNA is threaded through a channel 
that extends on either Side of the decoding Site, in which case 
unthreading of the linker from the channel would be 
required to allow the puromycin to reach the peptidyl 
transferase center through the A Site. 
0.126 Transfer of the nascent peptide to the puromycin 
appeared to be slow relative to the elongation proceSS as 
demonstrated by the homogeneity and length of the peptide 
attached to the linker. If the puromycin competed effectively 
with aminoacyl tRNAS during elongation, the linker-peptide 
fusions present in the fusion products would be expected to 
be heterogeneous in size. Furthermore, the ribosome did not 
appear to read into the linker region as indicated by the 
similarity in gel mobilities between the Met-template fusion 
and the unmodified linker. dAs should code for (lysine), 
which would certainly decrease the mobility of the linker. 
The slow rate of unthreading of the mRNA may explain the 
slow rate of fusion formation relative to the rate of translo 
cation. Preliminary results Suggest that the amount of fusion 
product formed increases markedly following extended 
post-translation incubation at low temperature, perhaps 
because of the increased time available for transfer of the 
nascent peptide to the puromycin. 

Detailed Materials and Method 

0127 Described below are detailed materials and meth 
ods relating to the in vitro translation and testing of RNA 
protein fusions, including fusions having a myc epitope tag. 
0128 Sequences. A number of oligonucleotides were 
used above for the generation of RNA-protein fusions. 
These oligonucleotides have the following Sequences. 

NAME SEQUENCE 

30-P 5 'AAA AAA AAA AAA AAA AAA AAA AAA AAA CCP (SEQ ID NO: 8) 

13-P 5 'AAA AAA AAA ACC P (SEQ ID NO: 9) 

25-P 5 'CGC GGT TTT TAT TTT TTT TTT TCC P (SEQ ID NO : 10) 

43-P 5'rgrgra rGrGrA rCrgrA rarArU rCAA AAA AAA AAA AAA AAA AAA (SEQ ID NO : 11) 
AAA AAA ACC P 
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-continued 

NAME SEQUENCE 

43-P CUG. 5'rgrgra rGrGrA rcrgra rarCrU rCAA AAA AAA AAA AAA (SEQ ID NO: 12) 
AAA AAA AAA AAA ACC P 

4 O-P 5'rgrgra rGrGrA rcrgra rarCrU rCAA AAA AAA AAA AAA AAA AAA (SEQ ID NO: 13) 
AAA ACC P 

37-P 5'rgrgra rGrGrA rcrgra rarCrU rCAA AAA AAA AAA AAA AAA AAA (SEQ ID NO: 14) 
ACC P 

34-P 5'rgrgra rGrGrA rcrgra rarCrU rCAA AAA AAA AAA AAA AAA ACC (SEQ ID NO: 15) 
P 

31-P 5'rgrgra rGrGrA rcrgra rarCrU rCAA AAA AAA AAA AAA ACC P (SEQ ID NO: 16) 

LP77 5'rgrgrg rarGrG rArCrg rarArA rurGrG rArArC rArGrA rArArC rUrGrA (SEQ ID NO: 1) 
rUrCrU rCrUrG rarar G rarar G rarCrC rJrGrA rarC AAA AAA AAA AAA AAA 
AAA AAA AAA AAA CCP 

LP154 5'rgrgrg rarCrA rArurU rArCrU rArurU rUrArC rArAru rurArC rA (SEQ ID NO: 3) 
rArrC rGrCrU rGrAirA rGrAirA rCrArG rairara rCrUrG AirUrC rrCrU rGrArA. 
rGrArA rGrArC rCrUrG rCrUrG rCrGirl rairara rCrGirl rCrGirl rGrAirA rCrArG 
rCrUrG rairara rCrArC rarar A. rCrUrG rGrArA rCrArG rCrUrG rCrGru rairarC 
rUrCrU rJrGrC rGrCrU AAA AAA AAA AAA AAA AAA AAA AAA AAA CCP 

LP160 5' 5"rgrgrg rarCrA rArurU rArCrU rArurU rUrArC rArAru rUrArC rA (SEQ ID NO: 17) 
rArrC rrrS 
rNNS rRNS 
rNNS rRNS 
rUrGrC 

0129. All oligonucleotides are listed in the 5' to 3’ direc 
tion. Ribonucleotide bases are indicated by lower case “r” 
prior to the nucleotide designation; P is puromycin; rN 
indicates equal amounts of ra, rG, rC, and ru; rS indicates 
equal amounts of rC and rC; and all other base designations 
indicate DNA oligonucleotides. 

0130 Chemicals. Puromycin HCl, long chain alkylamine 
controlled pore glass, gougerotin, chloramphenicol, Virgin 
iarnycin, DMAP, dimethyltrityl chloride, and acetic anhy 
dride were obtained from Sigma Chemical (St. Louis, Mo.). 
Pyridine, dimethylformamide, toluene, Succinic anhydride, 
and para-nitrophenol were obtained from Fluka Chemical 
(Ronkonkoma, N.Y.). Beta-globin mRNA was obtained 
from Novagen (Madison, Wis.). TMV RNA was obtained 
from Boehringer Mannheim (Indianapolis, Ind.). 
0131 Enzymmes. Proteinase K was obtained from 
Promega (Madison, Wis.). DNase-free RNAase was either 
produced by the protocol of Sambrook et al. (Supra) or 
purchased from Boehringer Mannheim. T7 polymerase was 
made by the published protocol of Grodberg and Dunn (J. 
Bacteriol. 170:1245 (1988)) with the modifications of 
Zawadzki and Gross (Nucl. Acids Res. 19:1948 (1991)). T4 
DNA ligase was obtained from New England Biolabs (Bev 
erly, Mass.). 
0132) Quantitation of Radiolabel Incorporation. For 
radioactive gels bands, the amount of radiolabel (S or 'P) 
present in each band was determined by quantitation either 
on a Betagen 603 blot analyzer (Betagen, Waltham, Mass.) 
or using phosphorimager plates (Molecular Dynamics, 
Sunnyvale, Calif.). For liquid and Solid Samples, the amount 
of radiolabel (S or P) present was determined by scin 
tillation counting (Beckman, Columbia, Md.). 

rNNS rRNS rRNS rRNS rRNS rRNS rRNS rRNS rRNS 
rNNS rRNS rRNS rRNS rRNS rRNS rRNS rRNS rRNS 
rNNS rRNS rRNS rRNS rCrArG rCrUrG rCrGrU AirArC rUrCrU 

rGrCrU AAA AAA AAA AAA AAA AAA AAA AAA AAA CCP 

0.133 Gel Images. Images of gels were obtained by 
autoradiography (using Kodak XAR film) or using phos 
phorimager plates (Molecular Dynamics). 
0134) Synthesis of CPG Puromycin. Detailed protocols 
for synthesis of CPG-puromycin are outlined above. 
0.135 Enzymatic Reactions. In general, the preparation of 
nucleic acids for kinase, transcription, PCR, and translation 
reactions using E. coli extracts was the same. Each prepara 
tive protocol began with extraction using an equal Volume of 
1:1 phenol/chloroform, followed by centrifugation and iso 
lation of the aqueous phase. Sodium acetate (pH 5.2) and 
spermidine were added to a final concentration of 300 mM 
and 1 mM respectively, and the sample was precipitated by 
addition of 3 volumes of 100% ethanol and incubation at 
-70° C. for 20 minutes. Samples were centrifuged at >12, 
000 g, the Supernatant was removed, and the pellets were 
washed with an excess of 95% ethanol, at 0°C. The resulting 
pellets were then dried under vacuum and resuspended. 
0.136 Oligonucleotides. All synthetic DNA and RNA was 
Synthesized on a Millipore Expedite Synthesizer using Stan 
dard chemistry for each as Supplied from the manufacturer 
(Milligen, Bedford, Mass.). Oligonucleotides containing 3' 
puromycin were Synthesized using CPG puromycin columns 
packed with 30-50 mg of solid support (-20 umole puro 
mycin/gram). Oligonucleotides containing a 3' biotin were 
synthesized using 1 umole bioteg CPG columns from Glen 
Research (Sterling, Va.). Oligonucleotides containing a 5' 
biotin were Synthesized by addition of bioteg phosphora 
midite (Glen Research) as the 5' base. Oligonucleotides to be 
ligated to the 3' ends of RNA molecules were either chemi 
cally phosphorylated at the 5' end (using chemical phospho 
rylation reagent from Glen Research) prior to deprotection 
or enzymatically phosphorylated using ATP and T4 poly 



US 2004/0253612 A1 

nucleotide kinase (New England Biolabs) after deprotection. 
Samples containing only DNA (and 3' puromycin or 3' 
biotin) were deprotected by addition of 25% NHOH fol 
lowed by incubation for 12 hours at 55 C. Samples 
containing RNA monomers (e.g., 43-P) were deprotected by 
addition of ethanol (25% (v/v)) to the NHOH solution and 
incubation for 12 hours at 55 C. The 2'OH was deprotected 
using 1M TBAF in THF (Sigma) for 48 hours at room 
temperature. TBAF was removed using a NAP-25 Sephadex 
column (Pharmacia, Piscataway, N.J.). 
0.137 If desired, to test for the presence of 3' hydroxyl 
groups, the puromycin oligonucleotide may be radiolabeled 
at the 5' end using T4 polynucleotide kinase and then used 
as a primer for extension with terminal deoxynucleotidyl 
transferase. The presence of the primary amine in the 
puromycin may be assayed by reaction with amine deriva 
tizing reagents such as NHS-LC-biotin (Pierce). Oligonucle 
otides, such as 30-P, show a detectable mobility shift by 
denaturing PAGE upon reaction, indicating quantitative 
reaction with the reagent. Oligonucleotides lacking puromy 
cin do not react with NHS-LC-biotin and show no change in 
mobility. 

0138. Deprotected DNA and RNA samples were then 
purified using denaturing PAGE, followed by either Soaking 
or electro-eluting from the gel using an Elutrap (Schleicher 
and Schuell, Keene, N.H.) and desalting using either a 
NAP-25 Sephadex column or ethanol precipitation as 
described above. 

0139 Myc DNA construction. Two DNA templates con 
taining the c-myc epitope tag were constructed. The first 
template was made from a combination of the oligonucle 
otides 64.27 (5'-GTT CAG GTCTTCTTGAGAGAT CAG 
TTT CTG TTC CAT TTC GTC CTC CCTATA GTG. AGT 

CGTATTA-3) (SEQ ID NO: 18) and 18.109 (5'-TAATAC 
GAC TCA CTATAG-3) (SEQ ID NO:... 19). Transcription 
using this template produced RNA 47.1 which coded for the 
peptide MEQKLISEEDLN (SEQ ID NO: 20). Ligation of 
RNA 47.1 to 30-P yielded LP77 shown in FIG. 7A. 

0140. The second template was made first as a single 
oligonucleotide 99 bases in length, having the designation 
RWR 99.6 and the sequence 5'AGC GCA AGA GTT ACG 
CAG CTG TTC CAGTTT GTGTTT CAG CTGTTCACG 
ACG TTT ACG CAG CAG GTC TTC TTC AGA GAT 

CAGTTT CTG TTC TTC AGC CAT-3' (SEQ ID NO: 21). 
Double Stranded transcription templates containing this 
sequence were constructed by PCR with the oligos RWR 
21.103 (5'-AGC GCA AGA GTT ACG CAG CTG-3) (SEQ 
ID NO: 22) and RWR 63.26 (5'TAATAC GAC TCA CTA 
TAGGGA CAATTACTATTTACAATTACAATG GCT 
GAAGAA CAGAAACTG-3") (SEQID NO. 23) according 
to published protocols (Ausubel et al., Supra, chapter 15). 
Transcription using this template produced an RNA referred 
to as RNA124 which coded for the peptide MAEEQKLI 
SEEDLLRKRREQLKHKLEQLRNSCA (SEQ ID NO: 24). 
This peptide contained the Sequence used to raise mono 
clonal antibody 9E10 when conjugated to a carrier protein 
(Oncogene Science Technical Bulletin). RNA124 was 124 
nucleotides in length, and ligation of RNA124 to 30-P 
produced LP154 shown in FIG. 7B. The sequence of RNA 
124 is as follows (SEQ ID NO:32): 
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5'-rgrgrg rarCrA rArurU rArCrU rArurU rUrArC 

rAirAir rr ArC rarar UrC rGrCrU rGrArA rGrAirA. 

rCrArG rarar A. rCrUrG AirUrC rrCrU rGrAirA. 

rGrArA rGrArC rCrUrG rCrUrG rCrGirl rairar A. 

rCrGirl rCrGru rGrAirA rCrArG rCrUrG rarar A. 

rCrArC rarar A. rCrUrG rGrArA rCrArG rCrUrG 

rCrgrU rArArC rUrCrU rUrGrCrgrCrU-3' 

0141 Randomized Pool Construction. The randomized 
pool was constructed as a single oligonucleotide 130 bases 
in length denoted RWR130.1. Beginning at the 3' end, the 
sequence was 3' CCCTGTTAATGATAAATGTTAATGT 
TAC (NNS), GTC GAC GCATTGAGA TAC CGA-5 
(SEQ ID NO: 25). N denotes a random position, and this 
Sequence was generated according to the Standard Synthe 
sizer protocol. S denotes an equal mix of dG and dC bases. 
PCR was performed with the oligonucleotides 42.108 (5'- 
TAATAC GAC TCA CTATAGGGA CAATTACTATTT 

ACAATT ACA) (SEQ ID NO: 26) and 21.103 (5'-AGC 
GCA AGA GTT ACG CAG CTG) (SEQ ID NO: 27). 
Transcription off this template produced an RNA denoted 
pool 130.1. Ligation of pool 130.1 to 30-P yielded Pool #1 
(also referred to as LP160) shown in FIG. 7C. 
0142. Seven cycles of PCR were performed according to 
published protocols (Ausubel et al., Supra) with the follow 
ing exceptions: (i) the starting concentration of RWR130.1 
was 30 nanomolar, (ii) each primer was used at a concen 
tration of 1.5uM, (iii) the dNTP concentration was 400 uM 
for each base, and (iv) the Taq polymerase (Boehringer 
Mannheim) was used at 5 units per 100 ul. The double 
Stranded product was purified on non-denaturing PAGE and 
isolated by electroelution. The amount of DNA was deter 
mined both by UV absorbance at 260 nm and ethidium 
bromide fluorescence comparison with known Standards. 
0.143 Enzymatic Synthesis of RNA. Transcription reac 
tions from double stranded PCR DNA and synthetic oligo 
nucleotides were performed as described previously (Milli 
gan and Uhlenbeck, Meth. Enzymol. 180:51 (1989)). Full 
length RNA was purified by denaturing PAGE, electro 
eluted, and desalted as described above. The pool RNA 
concentration was estimated using an extinction coefficient 
of 1300 O.D./82 mole; RNA124, 1250 O.D.?umole; RNA 
47.1, 480 O.D./umole. Transcription from the double 
stranded pool DNA produced -90 nanomoles of pool RNA. 
0144. Enzymatic Synthesis of RNA-Puromycin Conju 
gates. Ligation of the myc and pool messenger RNA 
Sequences to the puromycin containing oligonucleotide was 
performed using a DNA splint, termed 19.35 (5'-TTTTTT 
TTT TAG CGC AAG A) (SEQ ID NO: 28) using a proce 
dure analogous to that described by Moore and Sharp 
(Science 250:992 (1992)). The reaction consisted of mRNA, 
splint, and puromycin oligonucleotide (30-P, dA27dCdCP) 
in a mole ratio of 0.8:0.9:1.0 and 1-2.5 units of DNA ligase 
per picomole of pool mRNA. Reactions were conducted for 
one hour at room temperature. For the construction of the 
pool RNA fusions, the mRNA concentration was -6.6 
tumolar. Following ligation, the RNA-puromycin conjugate 
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was prepared as described above for enzymatic reactions. 
The precipitate was resuspended, and full length fusions 
were purified on denaturing PAGE and isolated by electro 
elution as described above. The pool RNA concentration 
was estimated using an extinction coefficient of 1650 O.D./ 
tumole and the myc template 1600 O.D./umole. In this way, 
2.5 nanomoles of conjugate were generated. 
0145 Preparation of dT. Streptavidin Agarose, dTs 
containing a 3' biotin (Synthesized on bioteg phosphoramid 
ite columns (Glen Research)) and desalted on a NAP-25 
column (Pharmacia) was incubated at 1-10 uM or even 1-20 
uM with a slurry of streptavidin agarose (50% agarose by 
volume, Pierce, Rockford, Ill.) for 1 hour at room tempera 
ture in TE (10 mM Tris Chloride pH 8.2, 1 mM EDTA) and 
washed. The binding capacity of the agarose was then 
estimated optically by the disappearance of biotin-dT.s from 
solution and/or by titration of the resin with known amounts 
of complementary oligonucleotide. 

0146 Translation Reactions using E. coli Derived 
Extracts and Ribosomes. In general, translation reactions 
were performed with purchased kits (for example, E. coli 
S30 Extract for Linear Templates, Promega, Madison, Wis.). 
However, E. coli MRE600 (obtained from the ATCC, Rock 
ville, Md.) was also used to generate S30 extracts prepared 
according to published protocols (for example, Ellman et al., 
Meth. Enzymol. 202:301 (1991)), as well as a ribosomal 
fraction prepared as described by Kudlicki et al. (Anal. 
Biochem.206:389 (1992)). The standard reaction was per 
formed in a 50.1 volume with 20-40 uCi of S methionine 
as a marker. The reaction mixture consisted of 30% extract 
V/v,9-18 mM MgCl, 40% premix minus methionine 
(Promega) V/V, and 5 uM of template (e.g., 43-P). For 
coincubation experiments, the oligos 13-P and 25-P were 
added at a concentration of 5 uM. For experiments using 
ribosomes, 3 ul of ribosome Solution was added per reaction 
in place of the lysate. All reactions were incubated at 37 C. 
for 30 minutes. Templates were purified as described above 
under enzymatic reactions. 
0147 Wheat GermTranslation Reactions. The translation 
reactions in FIG. 8 were performed using purchased kits 
lacking methionine (Promega), according to the manufac 
turer's recommendations. Template concentrations were 4 
uM for 43-P and 0.8 uM for LP77 and LP154. Reactions 
were performed at 25° C. with 30 uCi S methionine in a 
total volume of 25 ul. 
0148 Reticulocyte Translation Reactions. Translation 
reactions were performed either with purchased kits 
(Novagen, Madison, Wis.) or using extract prepared accord 
ing to published protocols (Jackson and Hunt, Meth. Enzy 
mol. 96:50 (1983)). Reticulocyte-rich blood was obtained 
from Pel-Freez Biologicals (Rogers, Ak.). In both cases, the 
reaction conditions were those recommended for use with 
Red Nova Lysate (Novagen). Reactions consisted of 100 
mM KC1, 0.5 mM MgOAc, 2 mM DTT, 20 mM HEPES pH 
7.6, 8 mM creatine phosphate, 25 uM in each amino acid 
(with the exception of methionine if S Met was used), and 
40% v/v of lysate. Incubation was at 30° C. for 1 hour. 
Template concentrations depended on the experiment but 
generally ranged from 50 nM to 1 uM with the exception of 
43-P (FIG. 6H) which was 4 uM. 
014.9 For generation of the randomized pool, 10 ml of 
translation reaction was performed at a template concentra 
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tion of -0.1 uM (1.25 nanomoles of template). In addition, 
'P labeled template was included in the reaction to allow 

determination of the amount of material present at each Step 
of the purification and Selection procedure. After translation 
at 30° C. for one hour, the reaction was cooled on ice for 
30-60 minutes. 

0150. Isolation of Fusion with dT. Streptavidin Agarose 
or Oligo dT Cellulose. After incubation, the translation 
reaction was diluted approximately 150 fold into isolation 
buffer (1.0 M NaCl, 0.1 M Tris chloride pH 8.2, 10 mM 
EDTA, and either 1 mM DTT or 0.2% Triton X-100) 
containing greater than a 10x molar excess of dTs-biotin 
Streptavidin agarose whose dTs concentration was ~10 uM 
(volume of slurry equal or greater than the volume of lysate) 
or oligo dT cellulose (Pharmacia), and incubated with agi 
tation at 4 C. for one hour. The agarose was then removed 
from the mixture either by filtration (Millipore ultrafree MC 
filters) or centrifugation and washed with cold isolation 
buffer 2-4 times. The template was then liberated from the 
dTs Streptavidin agarose by repeated washing with 50-100 
ul aliquots of 15 mM NaOH, 1 mM EDTA at 4°C., or pure 
water at room temperature. The eluent was immediately 
neutralized in 3M NaOAc pH 5.2, 10 mM spermidine, and 
was ethanol precipitated or used directly for the next Step of 
purification. For the pool reaction, the total radioactivity 
recovered indicated approximately 50-70% of the input 
template was recovered. 

0151. Isolation of Fusion with Thiopropyl Sepharose. 
Fusions containing cysteine can be purified using thiopropyl 
sepharose 6B as in FIG. 13 (Pharmacia). In the experiments 
described herein, isolation was either carried out directly 
from the translation reaction or following initial isolation of 
the fusion (e.g., with Streptavidin agarose). For Samples 
purified directly, a ratio of 1:10 (v/v) lysate to Sepharose was 
used. For the pool, 0.5 ml of Sepharose slurry was used to 
isolate all of the fusion material from 5 ml of reaction 
mixture. Samples were diluted into a 50:50 (v/v) slurry of 
thiopropyl Sepharose in 1XTE 8.2 (10 mM Tris-Cl, 1 mM 
EDTA, pH 8.2) containing DNase free RNase (Boehringer 
Mannheim) and incubated with rotation for 1-2 hours at 4 
C. to allow complete reaction. The excess liquid was 
removed, and the Sepharose was washed repeatedly with 
isolation buffer containing 20 mM DTT and recovered by 
centrifugation or filtration. The fusions were eluted from the 
Sepharose using a solution of 25-30 mM dithiothreitol 
(DTT) in 10 mM Tris chloride pH 8.2, 1 mM EDTA. The 
fusion was then concentrated by a combination of evapora 
tion under high Vacuum, ethanol precipitation as described 
above, and, if desired, analyzed by SDS-Tricine-PAGE. For 
the pool reaction, the total radioactivity recovered indicated 
approximately 1% of the template was converted to fusion. 

0152 For certain applications, dTs was added to this 
eluate and rotated for 1 hour at 4 C. The agarose was rinsed 
three times with cold isolation buffer, isolated via filtration, 
and the bound material eluted as above. Carrier tRNA was 
added, and the fusion product was ethanol precipitated. The 
sample was resuspended in TE pH 8.2 containing DNase 
free RNase A to remove the RNA portion of the template. 
0153. Immunoprecipitation Reactions. Immunoprecipita 
tions of peptides from translation reactions (FIG. 10) were 
performed by mixing 4 ul of reticulocyte translation reac 
tion, 2 ul normal mouse Sera, and 20 ul Protein G+Aagarose 
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(Calbiochem, La Jolla, Calif.) with 200 ul of either PBS (58 
mM NaHPO, 17 mM NaH2PO, 68 mM NaCl), dilution 
buffer (10 mM Tris chloride pH 8.2, 140 mM NaCl, 1% v/v 
Triton X-100), or PBSTDS (PBS+1% Triton X-100, 0.5% 
deoxycholate 0.1% SDS). Samples were then rotated for one 
hour at 4 C., followed by centrifugation at 2500 rpm for 15 
minutes. The eluent was removed, and 10 ul of c-myc 
monoclonal antibody 9E10 (Calbiochem, La Jolla, Calif.) 
and 15 ul of Protein G+Aagarose was added and rotated for 
2 hours at 4 C. Samples were then washed with two 1 ml 
volumes of either PBS, dilution buffer, or PBSTDS. 40 ul of 
gel loading buffer (Calbiochem Product Bulletin) was added 
to the mixture, and 20 ul was loaded on a denaturing PAGE 
as described by Schagger and von Jagow (Anal. Biochem. 
166:368 (1987)). 
0154 Immunoprecipitations of fusions (as shown in FIG. 
11) were performed by mixing 8 ul of reticulocyte transla 
tion reaction with 300 ul of dilution buffer (10 mM Tris 
chloride pH 8.2, 140 mM NaCl, 1% v/v Triton X-100), 15 
All protein G Sepharose (Sigma), and 10 ul (1 lug) c-myc 
antibody 9E10 (Calbiochem), followed by rotation for sev 
eral hours at 4 C. After isolation, Samples were washed, 
treated with DNase free RNase A, labeled with polynucle 
otide kinase and Pgamma ATP, and separated by dena 
turing urea PAGE (FIG. 11). 
0155 Reverse Transcription of Fusion Pool. Reverse 
transcription reactions were performed according to the 
manufacturers recommendation for SuperScript II, except 
that the template, water, and primer were incubated at 70° C. 
for only two minutes (Gibco BRL, Grand Island, N.Y.). To 
monitor extension, 50 uCi alpha PdCTP was included in 
Some reactions, in other reactions, reverse transcription was 
monitored using 5'Plabeled primers which were prepared 
using 'P CATP (New England Nuclear, Boston, Mass.) and 
T4 polynucleotide kinase (New England Biolabs, Beverly, 
Mass.). 
0156 Preparation of Protein G and Antibody Sepharose. 
Two aliquots of 50 ul Protein Gsepharose slurry (50% solid 
by volume) (Sigma) were washed with dilution buffer (10 
mM Tris chloride pH 8.2, 140 mM NaCl, 0.025% NaNa, 1% 
v/v Triton X-100) and isolated by centrifugation. The first 
aliquot was reserved for use as a precolumn prior to the 
Selection matrix. After resuspension of the Second aliquot in 
dilution buffer, 40 tug of c-myc AB-1 monoclonal antibody 
(Oncogene Science) was added, and the reaction incubated 
overnight at 4 C. with rotation. The antibody Sepharose was 
then purified by centrifugation for 15 minutes at 1500-2500 
rpm in a microcentrifuge and washed 1-2 times with dilution 
buffer. 

O157 Selection. After isolation of the fusion and comple 
mentary Strand Synthesis, the entire reverse transcriptase 
reaction was used directly in the Selection process. Two 
protocols are outlined here. For round one, the reverse 
transcriptase reaction was added directly to the antibody 
Sepharose prepared as described above and incubated 2 
hours. For Subsequent rounds, the reaction is incubated ~2 
hours with washed protein G Sepharose prior to the antibody 
column to decrease the number of binders that interact with 
protein G rather than the immobilized antibody. 
0158 To elute the pool from the matrix, several 
approaches may be taken. The first is washing the Selection 
matrix with 4% acetic acid. This procedure liberates the 
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peptide from the matrix. Alternatively, a more Stringent 
washing (e.g., using urea or another denaturant) may be used 
instead or in addition to the acetic acid approach. 

0159 PCR of Selected Fusions. Selected molecules are 
amplified by PCR using Standard protocols (for example, 
Fitzwater and Polisky, Meth. Enzymol. 267:275 (1996); and 
Conrad et al., Meth. Enzymol. 267:336 (1996)), as described 
above for construction of the pool. Performing PCR controls 
at this Step may be desirable to assure that the amplified pool 
results from the selection performed. Primer purity is of 
central importance. The pairs should be amplified in the 
absence of input template, as contamination with pool 
Sequences or control constructs can occur. New primers 
should be synthesized if contamination is found. The iso 
lated fusions should also be subjected to PCR prior to the RT 
Step to assure that they are not contaminated with cDNA. 
Finally, the number of cycles needed for PCR reactions 
before and after Selection should be compared. Large num 
bers of cycles needed to amplify a given sequence (>25-30 
rounds of PCR) may indicate failure of the RT reaction or 
problems with primer pairs. 

Synthesis and Testing of Beta-Globin Fusions 

0160 To synthesize a B-globin fusion construct, B-globin 
cDNA was generated from 2.5 ug globin mRNA by reverse 
transcription with 200 pmoles of primer 18.155 (5' GTG 
GTATTT GTG AGC CAG) (SEQ ID NO: 29) and Super 
Script reverse transcriptase (Gibco BRL) according to the 
manufacturer's protocol. The primer Sequence was comple 
mentary to the 18 nucleotides of B-globin 5" of the stop 
codon. To add a T7 promoter, 20 ul of the reverse transcrip 
tion reaction was removed and subjected to 6 cycles of PCR 
with primers 18.155 and 40.54(5'TAATAC GACTCACTA 
TAGGGA CAC TTG CTTTTGACA CAA C) (SEQ ID 
NO: 30). The resulting “syn-B-globin” mRNA was then 
generated by T7 runoff transcription according to Milligan 
and Uhlenbeck (Methods Enzymol. 180:51 (1989)), and the 
RNA gel purified, electroeluted, and desalted as described 
herein. “LP-3-globin' was then generated from the syn-B- 
globin construct by ligation of that construct to 30-Paccord 
ing to the method of and Sharp (Science 256:992 (1992)) 
using primer 20.262 (5'TTTTTTTTTT GTG GTATTTG) 
(SEQ ID NO: 31) as the splint. The product of the ligation 
reaction was then gel purified, electroeluted, and desalted as 
above. The concentration of the final product was deter 
mined by absorbance at 260 nm. 

0.161 These f-globin templates were then translated in 
vitro as described in Table 1 in a total volume of 25 ul each. 
Mg" was added from a 25 mM stock solution. All reactions 
were incubated at 30° C. for one hour and placed at -20° C. 
overnight. dTs precipitable CPM’s were then determined 
twice using 6 ul of lysate and averaged minus background. 

TABLE 1. 

Translation Reactions with Beta-Globin Templates 

Mg2+ SS Met TCA CPM dT, CPM 
Reaction Template (mM) (ul) (2 ul) (6 ul) 

1. 1.0 2.0 (20 uCi) 3312 O 
2 2.5 lug 0.5 2.0 (20 uCi) 33860 36 

syn-f-globin 
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TABLE 1-continued 

Translation Reactions with Beta-Globin Templates 

Mg?" SS Met TCA CPM dT, CPM 
Reaction Template (mM) (ul) (2 ul) (6 ul) 

3 2.5 lug 1.0 2.0 (20 uCi) 22470 82 
syn-f-globin 

4 2.5 lug 2.0 2.0 (20 uCi) 15696 86 
syn-f-globin 

5 2.5 lug 0.5 2.0 (20 uCi) 32712 218 
LP-3-globin 

6 2.5 lug 1.0 2.0 (20 uCi) 24226 402 
LP-3-globin 

7 2.5 lug 2.0 2.0 (20 uCi) 15074 270 
LP-3-globin 

0162 To prepare the samples for gel analysis, 6 ul of each 
translation reaction was mixed with 1000 ul of Isolation 
Buffer (1 M NaCl, 100 mM Tris.C1 pH 8.2, 10 mM EDTA, 
0.1 mM DTT), 1 ul RNase A (DNase Free, Boehringer 
Mannheim), and 20 ul of 20 uM dT.s streptavidin agarose. 
Samples were incubated at 4 C. for one hour with rotation. 
Excess Isolation Buffer was removed, and the samples were 
added to a Millipore MC filter to remove any remaining 
Isolation Buffer. Samples were then washed four times with 
50 ul of HO, and twice with 50 ul of 15 mM NaOH, 1 mM 
EDTA. The sample (300 ul) was neutralized with 100 ul TE 
pH 6.8 (10 mM Tris. Cl, 1 mM EDTA), 1 ul of 1 mg/ml 
RNase A (as above) was added, and the samples were 
incubated at 37° C. 10 ul of 2xSDS loading buffer (125 mM 
Tris.Cl pH 6.8, 2% SDS, 2% B-mercaptoethanol 20% glyc 
erol, 0.001% bromphenol blue) was then added, and the 
Sample was lyophilized to dryness and resuspended in 20 ul 
H2O and 1% B-mercaptoethanol. Samples were then loaded 
onto a peptide resolving gel as described by Schagger and 
von Jagow (Analytical Biochemistry 166:368 (1987)) and 
Visualized by autoradiography. 
0163 The results of these experiments are shown in 
FIGS. 15A and 15B. As indicated in FIG. 1A, S-me 
thionine was incorporated into the protein portion of the 
Syn-?3-globin and LP-?3-globin fusions. The protein was 
heterogeneous, but one strong band exhibited the mobility 
expected for f3-globin mRNA. Also, as shown in FIG. 15B, 
after dTs isolation and RNase A digestion, no S-labeled 
material remained in the syn-ul-globin lanes (FIG. 15B, 
lanes 2-4). In contrast, in the LP-3-globin lanes, a homoge 
neously sized S-labeled product was observed. 
0164. These results indicated that, as above, a fusion 
product was isolated by oligonucleotide affinity chromatog 
raphy only when the template contained a 3' puromycin. 
This was confirmed by scintillation counting (see Table 1). 
The material obtained is expected to contain the 30-P linker 
fused to some portion of B-globin. The fusion product 
appeared quite homogeneous in size as judged by gel 
analysis. However, since the product exhibited a mobility 
very similar to natural B-globin (FIGS. 15A and 15B, 
control lanes), it was difficult to determine the precise length 
of the protein portion of the fusion product. 

Further Optimization of RNA-Protein Fusion 
Formation 

0165 Certain factors have been found to further increase 
the efficiency of formation of RNA-peptide fusions. Fusion 
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formation, i.e., the transfer of the nascent peptide chain from 
its tRNA to the puromycin moiety at the 3' end of the 
rnRNA, is a slow reaction that follows the initial, relatively 
rapid translation of the open reading frame to generate the 
nascent peptide. The extent of fusion formation may be 
Substantially enhanced by a post-translational incubation in 
elevated Mg" conditions (preferably, in a range of 50-100 
mM) and/or by the use of a more flexible linker between the 
mRNA and the puromycin moiety. In addition, long incu 
bations (12-48 hours) at low temperatures (preferably, -20° 
C.) also result in increased yields of fusions with less mRNA 
degradation than that which occurs during incubation at 30 
C. By combining these factors, up to 40% of the input 
mRNA may be converted to mRNA-peptide fusion products, 
as shown below. 

0166 Synthesis of mRNA-Puromycin Conjugates. In 
these optimization experiments, puromycin-containing 
linker oligonucleotides were ligated to the 3' ends of 
mRNAS using bacteriophage T4DNA ligase in the presence 
of complementary DNA splints, generally as described 
above. Since T4 DNA ligase prefers precise base-pairing 
near the ligation junction and run-off transcription products 
with T7, T3, or SP6 RNA polymerase are often heteroge 
neous at their 3' ends (Nucleic Acids Research 15:8783 
(1987)), only those RNAS containing the correct 3'-terminal 
nucleotide were efficiently ligated. When a standard DNA 
Splint was used, approximately 40% of runoff transcription 
products were ligated to the puromycin oligo. The amount of 
ligation product was increased by using excess RNA, but 
was not increased using excess puromycin oligonucleotide. 
Without being bound to a particular theory, it appeared that 
the limiting factor for ligation was the amount of RNA 
which was fully complementary to the corresponding region 
of the DNA splint. 
0167] To allow ligation of those transcripts ending with 
an extra non-templated nucleotide at the 3' terminus (termed 
"N+1 products”), a mixture of the standard DNA splint with 
a new DNA splint containing an additional random base at 
the ligation junction was used. The ligation efficiency 
increased to more than 70% for an exemplary myc RNA 
template (that is, RNA124) in the presence of such a mixed 
DNA splint. 

0168 In addition to this modified DNA splint approach, 
the efficiency of mRNA-puromycin conjugate formation 
was also further optimized by taking into account the 
following three factors. First, mRNAs were preferably 
designed or utilized which lacked 3'-termini having any 
Significant, stable secondary structure that would interfere 
With annealing to a splint oligonucleotide. In addition, 
because a high concentration of Salt sometimes caused 
failure of the ligation reaction, thorough desalting of the 
oligonucleotides using NAP-25 columns was preferably 
included as a step in the procedure. Finally, because the 
ligation reaction was relatively rapid and was generally 
complete within 40 minutes at room temperature, signifi 
cantly longer incubation periods were not generally utilized 
and often resulted in unnecessary degradation of the RNA. 
0169. Using the above conditions, mRNA-puromycin 
conjugates were synthesized as follows. Ligation of the myc 
RNA sequence (RNA124) to the puromycin-containing oli 
gonucleotide was performed using either a standard DNA 
splint (e.g., 5'-TTTTTTTTTTAGCGCAAGA) (SEQ ID 
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NO:32) or a splint containing a random base (N) at the 
ligation junction (e.g., 5'-TTTTTTTTTTNAGCGCAAGA) 
(SEQ ID NO: 33). The reactions consisted of mRNA, the 
DNA splint, and the puromycin oligonucleotide in a molar 
ratio of 1.0:1.5-2.0:1.0. An alternative molar ratio of 
1.0:1.2:1.4 may also be utilized. A mixture of these com 
ponents was first heated at 94 C. for 1 minute and then 
cooled on ice for 15 minutes. Ligation reactions were 
performed for one hour at room temperature in 50 mM 
Tris-HCl (pH 7.5), 10 mM MgCl, 10 mM DTT, 1 mM ATP, 
25 ug/ml BSA, 15 uM puromycin oligo, 15 uM mRNA, 
22.5-30 uM DNA splint, RNasin inhibitor (Promega) at 1 
U?ul, and 1.6-2.5 units of T4 DNA ligase per picomole of 
puromycin oligo. Following incubation, EDTA was added to 
a final concentration of 30 mM, and the reaction mixtures 
were extracted with phenol/chloroform. Full length conju 
gates were purified by denaturing PAGE, isolated by elec 
troelution, and desalted. 

0170 General Reticulocyte Translation Conditions. In 
addition to improving the synthesis of the mRNA-puromy 
cin conjugate, translation reactions were also further opti 
mized as follows. Reactions were performed in rabbit reticu 
locyte lysates from different commercial Sources (Novagen, 
Madison, Wis.; Amersham, Arlington Heights, Ill., Boe 
hiringer Mannheim, Indianapolis, Ind., Ambion, Austin, 
Tex.; and Promega, Madison, Wis.). A typical reaction 
mixture (25ul final volume) consisted of 20 mM HEPES pH 
7.6, 2 mM DTT, 8 mM creatine phosphate, 100 mM KCl, 
0.75 mM Mg(OAc), 1 mM ATP, 0.2 mM GTP 25uM of 
each amino acid (0.7 uM methionine if S-Met was used), 
RNasin at 1. U?ul, and 60% (v/v) lysate. The final concen 
tration of template was in the range of 50 nM to 800 nM. For 
each incubation, all components except lysate were mixed 
carefully on ice, and the frozen lysate was thawed immedi 
ately before use. After addition of lysate, the reaction 
mixture was mixed thoroughly by gentle pipetting and 
incubated at 30° C. to start translation. The optimal concen 
trations of Mi" and K" varied within the ranges of 0.25 
mM-2 mM and 75 mM-200 mM, respectively, for different 
mRNAS and was preferably determined in preliminary 
experiments. Particularly for poorly translated mRNAS, the 
concentrations of hemin, creatine phosphate, tRNA, and 
amino acids were also Sometimes optimized. Potassium 
chloride was generally preferred over potassium acetate for 
fusion reactions, but a mixture of KCl and KOAc Sometimes 
produced better results. 

0171 After translation at 30° C. for 30 to 90 minutes, the 
reaction was cooled on ice for 40 minutes, and Mg" or K" 
were added. The final concentration of Mg" added at this 
step was also optimized for different mRNA templates, but 
was generally in the range of 50 mM to 100 mM (with 50 
mM being preferably used for pools of mixed templates). 
0172 The amount of added K" was generally in the range 
of 125 mM-1.5 M. For a M reaction, the resulting mixture 
was preferably incubated at -20° C. for 16 to 48 hours, but 
could be incubated for as little as 12 hours. If K'or Mg"/K" 
were added, the mixture was incubated at room temperature 
for one hour. 

0173 To visualize the labeled fusion products, 2 ul of the 
reaction mixture was mixed with 4 ul loading buffer, and the 
mixture was heated at 75 C. for 3 minutes. The resulting 
mixture was then loaded onto a 6% glycine SDS-polyacry 
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lamide gel (for P-labeled templates) or an 8% tricine 
SDS-polyacrylamide gel (for S-Met-labeled templates). 
AS an alternative to this approach, the fusion products may 
also be isolated using dT. Streptavidin agarose or thiopro 
pyl Sepharose (or both), generally as described herein. 
0174) To remove the RNA portion of the RNA-linket 
puromycin-peptide conjugate for Subsequent analysis by 
SDS-PAGE, an appropriate amount of EDTA was added 
after post-translational incubation, and the reaction mixture 
was desalted using a microcon-10 (or microcon-30) column. 
2 ul of the resulting mixture (approximately 25 ul total) was 
mixed with 18 ul of RNTase H buffer (30 mM Tris-HCl, pH 
7.8, 30 mM (NH)SO, 8 mM MgCl, 1.5 mM R-mercap 
toethanol, and an appropriate amount of complementary 
DNA splint), and the mixture was incubated at 4 C. for 45 
minutes. RNase H was then added, and digestion was 
performed at 37 C. for 20 minutes. 
0175 Quality of Puromycin Oligo. The quality of the 
puromycin oligonucleotide was also important for the effi 
cient generation of fusion products. The coupling of 
5'-DMT, 2-succinyl, N-trifluoroacetyl puromycin with CPG 
was not as efficient as the coupling of the Standard nucle 
otides. AS Such, the coupling reaction was carefully moni 
tored to avoid the formation of CPG with too low a con 
centration of coupled puromycin, and unreacted amino 
groups on the CPG were fully quenched to avoid Subsequent 
Synthesis of oligonucleotides lacking a 3'-terminal puromy 
cin. It was also important to avoid the use of CPG containing 
very fine mesh particles, as these were capable of causing 
problems with valve clogging during Subsequent automated 
oligonucleotide Synthesis Steps. 
0176). In addition, the synthesized puromycin oligo was 
preferably tested before large Scale use to ensure the pres 
ence of puromycin at the 3' end. In our experiments, no 
fusion was detected if puromycin was Substituted with a 
deoxyadenosine containing a primary amino group at the 3' 
end. To test for the presence of 3' hydroxyl groups (i.e., the 
undesired Synthesis of oligos lacking a 3'-thermal puromy 
cin), the puromycin oligo may first be radiolabeled (e.g., by 
5'-phosphorylation) and then used as a primer for extension 
with terminal deoxynucleotidyl transferase. In the presence 
of a 3'-terminal puromycin moiety, no extension product 
should be observed. 

0177 Time Course of Translation and Post-Translational 
Incubation. The translation reaction was relatively rapid and 
was generally completed within 25 minutes at 30° C. The 
fusion reaction, however, was slower. When a Standard 
linker (dAdCdCP) was used at 30° C., fusion synthesis 
reached its maximum level in an additional 45 minutes. The 
post-translational incubation could be carried out at lower 
temperatures, for example, room temperature, O C., or -20 
C. Less degradation of the mRNA template was observed at 
-20 C., and the best fusion results were obtained after 
incubation at -20° C. for 2 days. 
0.178 The Effect of Mg" or K Concentration. A high 
concentration of Mg" or K" in the post-translational incu 
bation greatly Stimulated fusion formation. For example, for 
the myc RNA template described above, a 3-4 fold stimu 
lation of fusion formation was observed using a Standard 
linker (dAdCdCP) in the presence of 50 mM Mg" during 
the 16 hour incubation at -20° C. (FIG. 17, compare lanes 
3 and 4). Efficient fusion formation was also observed using 
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a post-translational incubation in the presence of a 50-100 
mM Mg" concentration when the reactions were carried out 
at room temperature for 30-45 minutes. Similarly, addition 
of 250-500 mM K" increased fusion formation by greater 
than 7 fold relative to the no added K' control. Optimum K' 
concentrations were generally between 300 mM and 600 
mM (500 mM for pools). Post-translational addition of 
NHCl also increased fusion formation. The choice of OAc 
vs. Cl as the anion did not have a profound effect on fusion 
formation. 

0179 Linker Length and Sequence. The dependence of 
the fusion reaction on the length of the linker was also 
examined. In the range between 21 and 30 nucleotides 
(n=18-27), little change was seen in the efficiency of the 
fusion reaction (as described above). Similar results were 
obtained for linkers of 19 and 30 nucleotides, and greatest 
fusion formation was observed for linkers of 25 nucleotides 
(FIG. 23). Shorter linkers (e.g., 13 or 16 nucleotides in 
length) and longer linkers (e.g., linkers greater than 40 
nucleotides in length) resulted in much lower fusion forma 
tion. In addition, although particular linkers of greater length 
(that is, of 45 nucleotides and 54 nucleotides) also resulted 
in Somewhat lower fusion efficiences, it remains likely that 
yet longer linkers may also be used to optimize the efficiency 
of the fusion reaction. 

0180. With respect to linker sequence, Substitution of 
deoxyribonucleotide residues near the 3' end with ribonucle 
otide residues did not significantly change the fusion effi 
ciency. The dCdCP (or rCrCP) sequence at the 3' end of the 
linker was, however, important to fusion formation. Substi 
tution of dCdCP with dUdUP reduced the efficiency of 
fusion formation significantly. 

0181 Linker Flexibility. The dependence of the fusion 
reaction on the flexibility of the linker was also tested. In 
these experiments, it was determined that the fusion effi 
ciency was low if the rigidity of the linker was increased by 
annealing with a complementary oligonucleotide near the 3' 
end. Similarly, when a more flexible linker (for example, 
dACCCodAdCdCP, where Co represents 
HO(CH2CH2O)PO) was used, the fusion efficiency was 
Significantly improved. Compared to the Standard linker 
(dAdCdCP), use of the more flexible linker 
(dACCCodAdCdCP) improved the fusion efficiency for 
RNA124 more than 4-fold (FIG. 17, compare lanes 1 and 9). 
In addition, in contrast to the template with the Standard 
linker whose post-translation fusion proceeded poorly in the 
absence of a high concentration of Mg (FIG. 17, lane 3 
and. 4), the template With the flexible linker did not require 
elevated Mg" to produce a good yield of fusion product in 
an extended post-translational incubation at -20° C. (FIG. 
17, compare lanes 11 and 12). This linker, therefore, was 
very useful if post-translational additions of high concen 
trations of Mg" were not desired. In addition, the flexible 
linker also produced optimal fusion yields in the presence of 
elevated M". 

0182 Quantitation of Fusion Efficiency. Fusion effi 
ciency may be expressed as either the fraction of translated 
peptide converted to fusion product, or the fraction of input 
template converted to fusion product. To determine the 
fraction of translated peptide converted to fusion product, 
S-Met labeling of the translated peptide was utilized. In 

these experiments, when a dAid CdCP or dAzrCrCP linker 
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was used, about 3.5% of the translated peptide was fused to 
its mRNA after a 1 hour translation incubation at 30° C. This 
value increased to 12% after overnight incubation at -20°C. 
When the post-translational incubation was carried out in the 
presence of a high concentration of Mg", more than 50% of 
the translated peptide was fused to the template. 
0183 For a template with a flexible linker, approximately 
25% of the translated peptide was fused to the template after 
1 hour of translation at 30° C. This value increased to over 
50% after overnight incubation at -20° C. and to more than 
75% if the post-translational incubation was performed in 
the presence of 50 nM Mg". 
0184. To determine the percentage of the input template 
converted to fusion product, the translations were performed 
using P-labeled mRNA-linker template. When the flexible 
linker was used and post-translational incubation was per 
formed at -20° C. without addition of Mg", about 20%, 
40%, 40%, 35%, and 20% of the input template was 
converted to mRNA-peptide fusion when the concentration 
of the input RNA template was 800, 400, 200, 100, and 50 
nM, respectively (FIG. 18). Similar results were obtained 
when the post-translational incubation was performed in the 
presence of 50 mM Mg". The best results were achieved 
using lysates obtained from Novagen, Amersham, or 
Ambion (FIG. 19). 
0185. The mobility differences between mRNAs and 
mRNA-peptide fusions as measured by SDS-PAGE may be 
very Small if the mRNA template is long. In Such cases, the 
template may be labeled at the 5' end of the linker with 'P 
(for example, using PyATP and T4 polynucleotide kinase 
prior to ligation of the mRNA-puromycin conjugate). The 
long RNA portion may then be digested with RNase H in the 
presence of a complementary DNA splint after translation/ 
incubation, and the fusion efficiency determined by quanti 
tation of the ratio of unmodified linker to linker-peptide 
fusion. Compared to RNase A digestion, which produces 
3'-P and 5'-OH, this approach has the advantage that the P 
at the 5' end of the linker is not removed. 

0186 For RNase H treatment, EDTA was added after 
post-translational incubation to disrupt ribosomes, and the 
reaction mixture was desalted using a microcon-10 (or 
microcon-30) column. 2 ul of the resulting mixture was 
combined with 18 ul of RNase H buffer (30 mM Tris-HCl, 
pH7.8, 30 mM (NH)SO, 8 mM MgCl, 1.5 mM f-mer 
captoethanol, and an excess of complementary DNA splint) 
and incubated at 4 C. for 45 minutes. RNase H was then 
added, and digestion was performed at 37 C. for 20 
minutes. 

0187 Intramolecular vs. Intermolecular Fusion During 
Post-Translational Incubation. In addition to the above 
experiments, we tested whether the fusion reaction that 
occurred at -20° C. in the presence of Mg" was intra- or 
intermolecular in nature. Free linker (dAdCdCP or 
dACCCodAdCdCP, where Co is 
-O(CH2CH2O)PO) was coincubated with a template 
containing a DNA linker, but without puromycin at the 3' 
end, under the translation and post-translational incubation 
conditions described above. In these experiments, no detect 
able amount (that is less than 2% of the normal level) of 
S-Met was incorporated into linker-peptide product, Sug 

gesting that post-translational fusion occurred primarily 
between the nascent peptide and the mRNA bound to the 
Same ribosome. 
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0188 In additional experiments, co-incubations were car 
ried out with templates and puromycin oligonucleotides 
whose fusion products and cross-products (templates fused 
to the wrong protein) could be separated by electrophoresis. 
No croSS-product formation was observed for any template 
and linker combination examined. In these experiments, 
fusion cross-products could form via two different trans 
mechanisms: (1) reaction of free templates or linkers with 
the peptide in a peptide-mRNA-ribosome complex or (2) 
reaction of the template of one complex with the peptide in 
another. One particular example of testing the latter possi 
bility is shown in FIG. 24. There, the lambda protein 
phosphatase (WPPase) template, which Synthesizes a protein 
221 amino acids long, was coincubated with the myc tem 
plate, which generates a 33 amino acid peptide. By them 
Selves, both templates demonstrate fusion formation after 
post-translation incubation. When mixed together, only the 
individual fusion products were observed. No cross-prod 
ucts resulting from fusion of the PPase protein with the 
myc template were seen. Similar experiments showed no 
cross-product formation with Several different combina 
tions: the myc template + the Single codon template, a 20:1 
ratio of the Standard linker + the myc template, and the 
flexible linker + the myc template. These experiments 
argued Strongly against both possible mechanisms of trans 
fusion formation. 

0189 The effect of linker length on fusion formation was 
also consistent with an in cis mechanism. Reduction of the 
linker length from 19 to 13 nucleotides resulted in an abrupt 
decrease in the amount of fusion product expected if the 
chain could no longer reach the peptidyl transferase center 
from the decoding site (FIG. 23). However, this effect could 
also be due to occlusion of the puromycin within the 
ribosome if the trans mechanism dominated (e.g., if ribo 
Some-bound templates formed fusion via a trans mecha 
nism). The decrease in fusion formation with longer linkers 
again argues against this type of reaction, as no decrease 
should be seen for the trans reaction once the puromycin is 
free of the ribosome. 

0190. Optimization Results. As illustrated above, by 
using the flexible linker and/or performing the post-transla 
tional incubation in the presence of a high concentration of 
Mg", fusion efficiencies were increased to approximately 
40% of input mRNA. These results indicated that as many 
as 10' molecules of mRNA-peptide fusion could be gen 
erated per ml of in vitro translation reaction mix, producing 
pools of mRNA-peptide fusions of very high complexity for 
use in in vitro Selection experiments. 

Selective Enrichment of RNA-Protein Fusions 

0191) We have demonstrated the feasibility of using 
RNA-peptide fusions in Selection and evolution experiments 
by enriching a particular RNA-peptide fusion from a com 
plex pool of random Sequence fusions on the basis of the 
encoded peptide. In particular, we prepared a Series of 
mixtures in which a small quantity of known Sequence (in 
this case, the long myc template, LP154) was combined with 
Some amount of random sequence pool (that is, LP160). 
These mixtures were translated, and the RNA-peptide fusion 
products Selected by oligonucleotide and disulfide affinity 
chromatography as described herein. The myc-template 
fusions were Selectively immunoprecipitated with anti-myc 
monoclonal antibody (FIG. 16A). To measure the enrich 
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ment obtained in this Selective Step, aliquots of the mixture 
of cDNA/mRNA-peptide fusions from before and after the 
immunoprecipitation were amplified by PCR in the presence 
of a radiolabeled primer. The amplified DNA was digested 
with a restriction endonuclease that cut the myc template 
sequence but not the pool (FIGS. 16B and 16C). Quanti 
tation of the ratio of cut and uncut DNA indicated that the 
myc sequence was enriched by 20-40 fold relative to the 
random library by immunoprecipitation. 

0.192 These experiments were carried out as follows. 

0193 Translation Reactions. Translation reactions were 
performed generally as described above. Specifically, reac 
tions were performed at 30° C. for one hour according to the 
manufacturer's specifications (Novagen) and frozen over 
night at -20°C. Two versions of six samples were made, one 
containing S methionine and one containing cold methion 
ine added to a final concentration of 52 uM. Reactions 1-6 
contained the amounts of templates described in Table 2. All 
numbers in Table 2 represent picomoles of template per 25 
All reaction mixture. 

TABLE 2 

Template Ratios Used in Doped Selection 

Reaction LP154 LP160 

1. 
2 5 
3 1. 2O 
4 O1 2O 
5 O.O1 2O 
6 2O 

0194 Preparation of dT. Streptavidin Agarose. Strepta 
vidin agarose (Pierce) was washed three times with TE 8.2 
(10 mM Tris.Cl pH 8.2, 1 mM EDTA) and resuspended as 
a 1:1 (v/v) slurry in TE 8.2.3' biotinyl Ts synthesized using 
Bioteg CPG (Glen Researched) was then added to the 
desired final concentration (generally 10 or 20 uM), and 
incubation was carried out with agitation for 1 hour. The 
dT. Streptavidin agarose was then washed three times with 
TE 8.2 and stored at 4 C. until use. 

0.195 Purification of Templates from Translation Reac 
tions. To purify templates from translation reactions, 25 ul of 
each reaction was removed and added to 7.5 ml of Isolation 
Buffer (1 M NaCl, 100 mM Tris.C1 pH 8.2, 10 mM EDTA, 
0.1 mM DTT) and 125 ul of 20 um dTs streptavidin 
agarose. This Solution was incubated at 4 C. for one hour 
with rotation. The tubes were centrifuged and the eluent 
removed. One ml of Isolation Buffer was added, the slurry 
was resuspended, and the mixtures were transferred to 1.5 
microcentrifuge tubes. The Samples were then washed four 
times with 1 ml aliquots of ice cold Isolation Buffer. Hot and 
cold Samples from identical reactions were then combined in 
a Millpore MC filter unit and were eluted from the dTs 
agarose by washing with volumes of 100 ul HO, 0.1 mM 
DTT, and 2 volumes of 15 mM NaOH, 1 mM EDTA (4° C.) 
followed by neutralization. 

0196) To this eluent was added 40 ul of a 50% slurry of 
washed thiopropyl Sepharose (Pharmacia), and incubation 
was carried out at 4 C. with rotation for 1 hour. The samples 
were then washed with three 1 ml volumes of TE 8.2 and the 
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eluent removed. One ul of 1 M DTT was added to the solid 
(total volume approximately 20-30 ul), and the sample was 
incubated for Several hours, removed, and washed four times 
with 20 ul H2O (total volume 90 ul). The eluent contained 
2.5 mM thiopyridone as judged by UV absorbance. 50 ul of 
this Sample was ethanol precipitated by adding 6 til 3 M 
NaOAc pH 5.2, 10 mM spermine, 1 ul glycogen (10 mg/ml, 
Boehringer Mannheim), and 170 ul 100% EtOH, incubating 
for 30 minutes at -70 C., and centrifuging for 30 minutes 
at 13,000 rpm in a microcentrifuge. 

0.197 Reverse Transcriptase Reactions. Reverse tran 
Scription reactions were performed on both the ethanol 
precipitated and the thiopyridone eluent Samples as follows. 
For the ethanol precipitated Samples, 30 ul of resuspended 
template, HO to 48 ul, and 200 picomoles of primer 21.103 
(SEQ ID NO: 22) were annealed at 70° C. for 5 minutes and 
cooled on ice. To this sample, 16 ul of first strand buffer (250 
mM Tris. Cl pH 8.3, 375 mM KCl, and 15 mM MgCl; 
available from Gibco BRL, Grand Island, N.Y.), 8 ul 100 
mM DTT, and 4 ul 10 mMNTP were added and equilibrated 
at 42°C., and 4 ul Superscript II reverse transcriptase (Gibco 
BRL, Grand Island, N.Y.) was added. HO (13 ul) was added 
to the TP Sepharose eluent (35 ul), and reactions were 
performed as above. After incubation for one hour, like 
numbered samples were combined (total volume 160 ul). 10 
All of sample was reserved for the PCR of each unselected 
Sample, and 150 ul of Sample was reserved for immunopre 
cipitation. 

0198 Immunoprecipitation. To carry out immunoprecipi 
tations, 170 ul of reverse transcription reaction was added to 
1 ml of Dilution Buffer (10 mM Tris.Cl, pH 8.2, 140 mM 
NaCl, 1% v/v Triton X-100) and 20 ul of Protein G/A 
conjugate (Calbiochem, La Jolla, Calif.), and precleared by 
incubation at 4 C. with rotation for 1 hour. The eluent was 
removed, and 20 ul G/A conjugate and 20 ul of monoclonal 
antibody (2 ug, 12 picomoles) were added, and the sample 
incubated with rotation for two hours at 4 C. The conjugate 
was precipitated by microcentrifugation at 2500 rpm for 5 
minutes, the eluent removed, and the conjugate washed three 
times with 1 ml aliquots of ice cold Dilution Buffer. The 
sample was then washed with 1 ml ice cold 10 mM Tris. Cl, 
pH 8.2, 100 mM NaCl. The bound fragments were removed 
using 3 volumes of frozen 4% HOAc, and the samples were 
lyophilized to dryneSS. 

0199 PCR of Selected and Unselected Samples. PCR 
reactions were carried out by adding 20 ul of concentrated 
NHOH to 10 ul of the unselected material and the entirety 
of the Selected material and incubating for 5 minutes each at 
55° C., 70° C., and 90° C. to destroy any RNA present in the 
Sample. The Samples were then evaporated to dryneSS using 
a speedvac. 200 ul of PCR mixture (1 uM primers 21.103 
and 42.108, 200 uM dNTP in PCR buffer plus Mg (Boe 
hiringer Mannheim), and 2 ul of Taq polymerase (Boehringer 
Mannheim)) were added to each sample. 16 cycles of PCR 
were performed on unselected Sample number 2, and 19 
cycles were performed on all other Samples. 

0200 Samples were then amplified in the presence of 
5P-labeled primer 21.103 according to Table 3, and puri 
fied twice individually using Wizard direct PCR purification 
kits (Promega) to remove all primer and shorter fragments. 
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TABLE 3 

Amplification of Selected and Unselected PCR Samples 

Sample Type Volume Cycles 

1. unselected 20 it 5 
2 unselected 5 u 4 
3 unselected 20 it 5 
4 unselected 20 it 5 
5 unselected 20 it 5 
6 unselected 20 it 5 
1. selected 20 it 5 
2 selected 5 u 4 
3 selected 20 it 5 
4 selected 20 it 7 
5 selected 20 it 7 
6 selected 20 it 7 

0201 Restriction Digests. 'P labeled DNA prepared 
from each of the above PCR reaction was added in equal 
amounts (by cpm of Sample) to restriction digest reactions 
according to Table 4. The total Volume of each reaction was 
25ul. 0.5ul of AlwnI (5 units, New England and Biolabs) 
was added to each reaction. Samples were incubated at 37 
C. for 1 hour, and the enzyme was heat inactivated by a 20 
minute incubation at 65° C. The samples re then mixed with 
10 ul denaturing loading buffer (1 ml ultrapure formamide 
(USB), 20 ul 0.5 M EDTA, and 20 ul 1 M NaOH), heated 
to 90° C. for 1 minute, cooled, and loaded onto a 12% 
denaturing polyacrylamide gel containing 8M urea follow 
ing electrophoresis, the gel was fixed with 10% (v/v) HOAc, 
10% (v/v) MeOH, H.O. 

TABLE 4 

Restriction Digest Conditions WIAlwn 

Volume DNA 
Sample Type added to reaction Total volume 

1. unselected 20 ul 25 ul 
2 unselected 4 till 25 ul 
3 unselected 20 ul 25 ul 
4 unselected 20 ul 25 ul 
5 unselected 4 till 25 ul 
6 unselected 20 ul 25 ul 
1. selected 20 ul 25 ul 
2 selected 8 ul 25 ul 
3 selected 12 ul 25 ul 
4 selected 12 ul 25 ul 
5 selected 20 ul 25 ul 
6 selected 20 ul 25 ul 

0202 Quantitation of Digest. The amount of myc versus 
pool DNA present in a Sample was quantitated using a 
phosphorimager (Molecular Dynamics). The amount of 
material present in each band was determined as the inte 
grated Volume of identical rectangles drawn around the gel 
bands. The total cpm present in each band was calculated as 
the Volume minus the background. Three values of back 
ground were used: (1) an average of identical Squares 
outside the area where counts occurred on the gel; (2) the 
cpm present in the unselected pool lane where the myc band 
should appear (no band appears at this position on the gel); 
and (3) a normalized value that reproduced the closest value 
to the 10-fold template increments between unselected 
lanes. Lanes 2, 3, and 4 of FIGS. 16B and 16C demonstrate 
enrichment of the target versus the pool Sequence. The 
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demonstrable enrichment in lane 3 (unselected/selected) 
yielded the largest values (17,43, and 27 fold using methods 
1-3, respectively) due to the optimization of the Signal to 
noise ratio for this Sample. These results are Summarized in 
Table 5. 

TABLE 5 

Enrichment of Mye Template VS. Pool 

Method Lane 2 (20) Lane 3 (200) Lane 4 (2000) 

1. 7.0 16.6 5.7 
2 10.4 43 39 
3 8.7 27 10.2 

0203. In a second set of experiments, these same PCR 
products were purified once using Wizard direct PCR puri 
fication kits, and digests were quantitated by method (2) 
above. In these experiments, Similar results were obtained; 
enrichments of 10.7, 38, and 12 fold, respectively, were 
measured for Samples equivalent to those in lanes 2, 3, and 
4 above. 

In Vitro Selection from a Large RNA-Peptide 
Fusion Library 

0204. In another experiment demonstrating selection of 
desired fusion molecules from large libraries, a repertoire of 
2x10" randomized RNA-peptide fusions was generated 
using a modification of the method described above. A DNA 
library was generated that contained 27 randomized codons 
based on the synthesis scheme 5'-(NNS)-3' (where N 
represents equimolar A, G, C and T, and S either G or C). 
Each NNS codon was a mixture of 32 triplets that included 
codons for all 20 natural amino acids. The randomized 
region was flanked by two primer binding Sites for reverse 
transcription and PCR, as well as Sequences encoding the T7 
promoter and an initiation site for translation. RNA, Syn 
thesized by in vitro transcription, was modified by template 
directed ligation to an oligonucleotide linker containing 
puromycin on its 3' terminus, dA,dCdC-P. 
0205 Purified ligated RNA was in vitro translated in 
rabbit reticulocyte extract to generate RNA-protein fusions 
as follows: a 123-mer DNA PP.01 (5-AGCTTTTGGTGC 
TTGTGC ATC (SNN)27 CTC CTC GCC CTT GCT CAC 
CAT-3", N=A, G, C, T; S=C, G) (SEQ ID NO. 34) was 
Synthesized and purified on a 6% denaturing polyacrylamide 
gel. 1 nmol of the purified DNA (6x10" molecules) was 
amplified by 3 rounds of PCR (94. C., 1 minute; 65° C., 1 
minute; 72 C., 2 minutes) using 1 uM primers P1F (5'-AGC 
TTTTGG TGCTTGTGC ATC-3) (SEQ ID NO:35) and 
PT7 (5'-TAA TAC GAC TCA CTATAG GGA CAATTA 
CTATTTACAATTACAATG GTGAGC AAG GGC GAG 

GAG-3) (SEQ ID NO:36) in a total volume of 5 ml (50 mM 
KC1, 10 mM Tris-HCl pH 9.0, 0.1% Triton X-100, 2.5 mM 
MgCl, 0.25 mM dNTPs, 500 Units Promega Taq Poly 
merase). After precipitation, the DNA was redissolved in 
100 ul TE (10 mM Tris-HCl pH 7.6, 1 mM EDTA pH 8.0). 
DNA (60 ul) was transcribed into RNA in a reaction (1 ml) 
using the MegashortScript In vitro Transcription kit from 
Ambion. The reaction was extracted twice with phenol/ 
CHCl and excess NTPs were removed by purification on a 
NAP-25 column (Pharmacia). The puromycin containing 
linker 30-P (5'-dAdCdCP) was synthesized as described 
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herein and added to the 3'-end of the RNA library by 
template-directed ligation. RNA (25 nmol) were incubated 
with equimolar amounts of linker and splint (5'-TTTTTT 
TTTTNA GCTTTT GGT GCTTG 3') (SEQ ID NO:37) in 
a reaction (1.5 ml) containing T4 DNA ligase buffer 
(Promega) and 1200 Units T4DNA ligase (Promega). After 
incubation at room temperature for 4 hours, ligated RNA 
was separated from unligated RNA on a 6% denaturing 
polyacrylamide gel, eluted from the gel, and redissolved 
(200 ul ddHO). To generate mRNA-peptide fusion mol 
ecules, ligated RNA (1.25 nmol) was translated in a total 
volume of 7.5 ml using the Rabbit Reticulocyte IVTkit from 
Ambion in the presence of 3.7 uCi S-methionine. After 
incubation (30 minutes at 30° C), the reaction was brought 
to a final concentration of 530 mM KCl and 150 mM MgCl 
and incubated for a further 1 hour at room temperature. 
Fusion formation was enhanced about 10-fold by this addi 
tion of 530 mM KCl and 150 mM MgCl, after the translation 
reaction was completed. 
0206. Using this improved method, about 10" purified 
fusion molecules per ml were obtained. RNA-peptide 
fusions were purified from the crude translation reaction by 
oligonucleotide affinity chromatography, and the RNA por 
tion of the joint molecules was reverse transcribed prior to 
the Selection Step using RNase H-free reverse transcriptase 
as follows. Translated fusion products were incubated with 
dT cellulose (Pharmacia) in incubation buffer (100 mM 
Tris-HCl pH 8.0, 10 mM EDTA pH 8.0, 1 M NaCl and 
0.25% Triton X-100; 1 hour at 4 C.). The cellulose was 
isolated by... filtration and washed with incubation buffer, 
followed by elution of the fusion products with ddHO. The 
RNA was reverse transcribed (25 mM Tris-HCl pH 8.3, 75 
mM KC1, 3 mM MgCl, 10 mM DTT, and 0.5 mM dNTPs 
with 2 Units of Superscript II Reverse Transcriptase (Gibco 
BRL)) using a 5-fold excess of Splint as primer. 
0207 To explore the power of the RNA-protein fusion 
Selection technology, the library was used to Select peptides 
that bound to a c-myc monoclonal antibody using immuno 
precipitation as the Selection tool. Five rounds of repeated 
Selection and amplification resulted in increased binding of 
the population of fusion molecules to the anti-myc mono 
clonal antibody 9E10 (Evan et al., Mol. Cell Biol. 5:3610 
(1985)). Less than 1% of the library applied to the selection 
step was recovered by elution in each of the first three 
rounds of selection; however, about 10% of the library 
bound to the antibody and was eluted in the fourth selection 
round. The proportion of binding molecules increased to 
34% in the fifth round of selection. This result agreed well 
with the percentage of a wild type c-myc fusion construct 
that bound to the anti-myc antibody under these conditions 
(35%). In the sixth round of selection, no further enrichment 
was observed, and fusion molecules from the fifth and sixth 
rounds were used for characterization and Sequence deter 
mination of the Selected peptides. 
0208 To carry out these experiments, the starting library 
of 2x10" molecules was incubated with a 12-fold excess of 
the c-myc binding antibody 9E10 (Chemicon) in selection 
buffer (1xPBS, 0.1% BSA, 0.05% Tween) for 1 hour at 4 
C. The peptide fusion-antibody complexes were precipi 
tated by adding protein A-Sepharose. After additional 
incubation for 1 hour at 4 C., the Sepharose was isolated by 
filtration, and the flow through (FT) was collected. The 
Sepharose was washed with five volumes of selection buffer 
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(W1-W5) to remove non-specific binders and binding pep 
tides were eluted with four volumes of 15 mM acetic acid 
(E1-E4). The cDNA portion of the eluted fusion molecules 
was amplified by PCR, and the resulting DNA was used to 
generate an enriched population of fusion products, which 
was Submitted to further rounds of selection. In order to 
remove peptides with affinity for protein A-Sepharose from 
the pool, a pre-Selection on protein A-Sepharose was 
introduced in the Second round of Selection. The progreSS of 
the Selection was monitored by determining the percentage 
of S-labeled RNA-peptide fusion that was eluted from the 
immunoprecipitate with acetic acid. These results are shown 
in FIG. 20. 

0209 The pool of selected peptides was demonstrated to 
Specifically bind the anti-myc antibody used for Selection. 
Binding experiments with round 6 unfused peptides showed 
Similar binding to the antibody compared to fused peptide, 
indicating that the nucleic acid portion of the fusion mol 
ecules was not needed for binding (data not shown). 
0210 Fusion products from the sixth round of selection 
were evaluated under three different imununopreciptation 
conditions, as follows: (1) without the anti-myc antibody, (2) 
with the anti-integrin monoclonal antibody ASC-3 which is 
of the same isotype, but does not bind the myc epitope, and 
(3) with the anti-myc antibody 9E10. Experiments were 
carried out by incubating S-labeled RNA-peptide fusion 
products from the sixth round of selection (0.2 pmol) in 
selection buffer (1xPBS, 0.1% BSA, 0.05% Tween) for 1 
hour at 4 C. either with anti-myc monoclonal Antibody 
9E10 (100 pmol), with anti-integrin B4 monoclonal antibody 
ASC-3 (100 pmol; Chemicon), or without antibody. Peptide 
fusion-antibody complexes were precipitated with Protein 
A-Sepharose. After Washing the Sepharose with five Volumes 
of selection buffer, bound species were eluted by the addi 
tion of 15 mM acetic acid. 

0211 No significant binding could be detected in the 
control experiment without antibody, showing that the 
Selected peptides did not bind nonspecifically to protein 
A-agarose. In addition, no binding to the anti-integrin 
monoclonal antibody was observed, indicating that the 
Selected peptides were specific for the anti-myc antibody. A 
competition experiment with Synthetic myc peptide was 
performed to determine whether the Selected peptide fusion 
molecules interacted with the antigen-binding Site of the 
anti-myc antibody 9E10. When S-labeled fusion mol 
ecules from the sixth round of selection were incubated with 
anti-myc monoclonal antibody and increasing amounts of 
unlabeled myc peptide, the percentage of binding molecules 
decreased. These results are shown in FIG. 21. In this figure, 
0.2 pmol S-labeled RNA-peptide fusion products from the 
sixth round of selection were incubated with 100 pmol 
anti-myc monoclonal antibody 9E10 in the presence of 0, 
0.2, 1, 2, or 10 nmol synthetic myc peptide (Calbiochem). 
The peptide fusion-antibody complexes were precipitated 
by addition of protein A-Sepharose. The values represent 
the average percentage of fusion molecules that bound to the 
antibody and could be eluted with 15 mM acetic acid 
determined in triplicate binding reactions. The competition 
data demonstrated that the majority of the isolated fusion 
molecules were Specific for the myc binding Site. 

0212 Sequence analysis of 116 individual clones derived 
from the fifth and sixth rounds of selection identified one 
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Sequence that occurred twice and contained the wild type 
c-myc epitope EQKLISEEDL (SEQ ID NO: 2). A third 
sequence was almost identical to the other two, but showed 
two point mutations at the nucleotide level, one of which 
caused a mutation from Ile to Val in the conserved myc 
epitope region. All Sequences contained a consensus motif, 
X(Q.E)XLISEXX(L.M) (SEQ ID NO:38), which was very 
Similar to the c-myc epitope. The core region of four amino 
acids, LISE, was most highly conserved. FIG.22 illustrates 
the amino acid Sequences of 12 Selected peptides isolated 
from the random 27-mer library. At the top of the figure, the 
amino acid Sequence of the c-myc epitope is shown. Of the 
Sequences shown, only the regions containing the consensus 
motif are included. Residues within the peptides that match 
the consensus have been highlighted. Clone R6-63 con 
tained the wild type myc epitope. Consensus residues (>50% 
frequency at a given position) appear at the bottom of the 
figure. 

0213 Taking into consideration that the conserved motif 
contained one amino acid that was coded for by the defined 
5' primer region, we calculated that the known 10 amino 
epitope c-myc epitope was represented only about 60 times 
in the starting pool of 2x10" molecules. The observed 
enrichment of the wild type epitope in five rounds of 
Selection corresponded well with an enrichment factor of 
>200 per selection round, a factor which was confirmed in 
a separate Series of experiments. 
0214) Immunoprecipitation assays performed on the 
twelve selected sequences shown in FIG. 22 confirmed 
specific binding of the library-derived RNA-peptide fusions 
to the antigen-binding site of the anti-myc monoclonal 
antibody. AS RNA-peptide fusions, all twelve Sequences 
bound to the anti-myc antibody and exhibited no binding to 
protein A-Sepharose. Competitive binding for the anti-myc 
antibody was also compared using S-labeled fusion prod 
ucts (derived from the twelve sequences) and unlabeled 
Synthetic myc peptide. Under the conditions used, labeled 
wild type myc fusion bound at 9% in the presence of 
unlabeled myc peptide, and the percentage of binding varied 
between 0.4% and 12% for the twelve sequences tested. 
These data indicated that the Sequences bound the myc 
antibody with an affinity similar to that of the wild type myc 
fusion. 

Purification of Arm Motif Peptides and Fusions 
with Immobilizied RNA 

0215 RNA binding sites for the -boxBR (Cilley and 
Williamson, RNA3:57-67 (1997)), BIV-TAR (Puglisi et al., 
Science 270:1200-1203 (1995)), and HIV-RRE (Battiste et 
al., Science 273:1547-1551 (1997)) were synthesized con 
taining a 3' biotin moiety using Standard phosphoramidite 
chemistry. The synthetic RNA samples were deprotected, 
desalted, and gel purified as described herein. The 3' bioti 
nyl-RNA sites were then immobilized by mixing a concen 
trated stock of the RNA with a 50% v/v slurry of Immu 
noPure streptavidin agarose (Pierce) in 1xTE 8.2 at a final 
RNA concentration of 5 mM for one hour (25° C) with 
Shaking. Two translation reactions were performed contain 
ing (1) the template coding for the IN peptide fragment or 
(2) globin mRNA (Novagen) as a control. Aliquots (50 ul of 
a 50% slurry V/v) of each immobilized RNA were washed 
and resuspended in 500 ul in binding buffer (100 mM KCl, 
1 mM MgCl, 10 mM Hepes. KOH pH 7.5, 0.5 mM EDTA, 
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0.01% NP-40, 1 mM DTT, 50 ug/ml yeast tRNA). Binding 
reactions were performed by adding 15 ul of the translation 
reaction containing either the N peptide or globin templates 
to tubes containing one of the three immobilized binding 
Sites followed by incubation at room temperature for one 
hour. The beads were precipitated by centrifugation, washed 
2x with 100 ul of binding buffer. RNase A(DNase free, 1 ul, 
1 mg/ml) (Boehringer Mannheim) was added and incubated 
for one hour at 37 C. to liberate bound molecules. The 
Supernatant was removed and mixed with 30 ul of SDS 
loading buffer and analyzed by SDS.Tricine PAGE. The 
Same protocol was used for isolation of N peptide fusions, 
with the exception that 35 mM MgCl, was added after the 
translation reaction followed by incubation at room tem 
perature for one hour to promote fusion formation. 
0216) The results of these experiments demonstrated that 
the N peptide retained its normal binding Specificity both 
when Synthesized in vitro and when generated as an RNA 
peptide fusion with its own mRNA. This result was of 
critical importance. The attachment of a long nucleic acid 
Sequence to the C terminus of a peptide or protein (i.e., 
fusion formation) has the potential to disrupt the polypeptide 
function relative to the unfused Sequence. Arginine rich 
motif (ARM) peptides represent a stringent functional test of 
the fusion System due to their relatively high nonspecific 
nucleic acid binding properties. The fact that the N peptide 
mRNA fusion (prior to cDNA synthesis) retained the func 
tion of the free peptide indicates that Specificity is main 
tained even when there is a likelihood of forming eitherself 
or non-specific complexes. 

Use of Protein Selection Systems 

0217. The selection systems of the present invention have 
commercial applications in any area where protein technol 
ogy is used to Solve therapeutic, diagnostic, or industrial 
problems. This Selection technology is useful for improving 
or altering existing proteins as well as for isolating new 
proteins with desired functions. These proteins may be 
naturally-occurring Sequences, may be altered forms of 
naturally-occurring Sequences, or may be partly or fully 
Synthetic Sequences. In addition, these methods may also be 
used to isolate or identify useful nucleic acid or Small 
molecule targets. 
0218 Isolation of Novel Binding Reagents. In one par 
ticular application, the RNA-protein fusion technology 
described herein is useful for the isolation of proteins with 
Specific binding (for example, ligand binding) properties. 
Proteins exhibiting highly Specific binding interactions may 
be used as non-antibody recognition reagents, allowing 
RNA-protein fusion technology to circumvent traditional 
monoclonal antibody technology. Antibody-type reagents 
isolated by this method may be used in any area where 
traditional antibodies are utilized, including diagnostic and 
therapeutic applications. 

0219) Improvement of Human Antibodies. The present 
invention may also be used to improve human or humanized 
antibodies for the treatment of any of a number of diseases. 
In this application, antibody libraries are developed and are 
Screened in vitro, eliminating the need for techniqueS Such 
as cell-fusion or phage display. In one important application, 
the invention is useful for improving Single chain antibody 
libraries (Ward et al., Nature 341:544 (1989); and Goulot et 
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al., J. Mol. Biol. 213:617 (1990)). For this application, the 
variable region may be constructed either from a human 
Source (to minimize possible adverse immune reactions of 
the recipient) or may contain a totally randomized cassette 
(to maximize the complexity of the library). To screen for 
improved antibody molecules, a pool of candidate molecules 
are tested for binding to a target molecule (for example, an 
antigen immobilized as shown in FIG. 2). Higher levels of 
Stringency are then applied to the binding Step as the 
Selection progresses from one round to the next. To increase 
Stringency, conditions Such as number of wash Steps, con 
centration of exceSS competitor, buffer conditions, length of 
binding reaction time, and choice of immobilization matrix 
are altered. 

0220 Single chain antibodies may be used either directly 
for therapy or indirectly for the design of Standard antibod 
ies. Such antibodies have a number of potential applications, 
including the isolation of anti-autoimmune antibodies, 
immune Suppression, and in the development of vaccines for 
viral diseases such as AIDS. 

0221) Isolation of New Catalysts. The present invention 
may also be used to Select new catalytic proteins. In Vitro 
Selection and evolution has been used previously for the 
isolation of novel catalytic RNAS and DNAS, and, in the 
present invention, is used for the isolation of novel protein 
enzymes. In one particular example of this approach, a 
catalyst may be isolated indirectly by Selecting for binding 
to a chemical analog of the catalyst's transition State. In 
another particular example, direct isolation may be carried 
out by selecting for covalent bond formation with a substrate 
(for example, using a Substrate linked to an affinity tag) or 
by cleavage (for example, by Selecting for the ability to 
break a Specific bond and thereby liberate catalytic members 
of a library from a Solid Support). 
0222. This approach to the isolation of new catalysts has 
at least two important advantages over catalytic antibody 
technology (reviewed in Schultz et al., J. Chem. Enging. 
News 68:26 (1990)). First, in catalytic antibody technology, 
the initial pool is generally limited to the immunoglobulin 
fold; in contrast, the starting library of RNA-protein fusions 
may be either completely random or may consist, without 
limitation, of variants of known enzymatic structures or 
protein Scaffolds. In addition, the isolation of catalytic 
antibodies generally relies on an initial Selection for binding 
to transition State reaction analogs followed by laborious 
Screening for active antibodies, again, in contrast, direct 
Selection for catalysis is possible using an RNA-protein 
fusion library approach, as previously demonstrated using 
RNA libraries. In an alternative approach to isolating protein 
enzymes, the transition-State-analog and direct Selection 
approaches may be combined. 

0223) Enzymes obtained by this method are highly valu 
able. For example, there currently exists a pressing need for 
novel and effective industrial catalysts that allow improved 
chemical processes to be developed. A major advantage of 
the invention is that Selections may be carried out in arbi 
trary conditions and are not limited, for example, to in vivo 
conditions. The invention therefore facilitates the isolation 
of novel enzymes or improved variants of existing enzymes 
that can carry out highly specific transformations (and 
thereby minimize the formation of undesired byproducts) 
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while functioning in predetermined environments, for 
example, environments of elevated temperature, pressure, or 
Solvent concentration. 

0224. An In Vitro Interaction Trap. The RNA-protein 
fusion technology is also useful for Screening cDNA librar 
ies and cloning new genes on the basis of protein-protein 
interactions. By this method, a cDNA library is generated 
from a desired Source (for example, by the method of 
Ausubel et al., Supra, chapter 5). To each of the candidate 
cDNAS, a peptide acceptor (for example, as a puromycin 
tail) is ligated (for example, using the techniques described 
above for the generation of LP77, LP154, and LP160). 
RNA-protein fusions are then generated as described herein, 
and the ability of these fusions (or improved versions of the 
fusions) to interact with particular molecules is then tested 
as described above. If desired, stop codons and 3' UTR 
regions may be avoided in this process by either (i) adding 
Suppressor tRNA to allow readthrough of the Stop regions, 
(ii) removing the release factor from the translation reaction 
by immunoprecipitation, (iii) a combination of (i) and (ii), or 
(iv) removal of the stop codons and 3' UTR from the DNA 
Sequences. 

0225. The fact that the interaction step takes place in vitro 
allows careful control of the reaction Stringency, using 
nonspecific competitor, temperature, and ionic conditions. 
Alteration of normal small molecules with non-hydrolyzable 
analogs (e.g., ATP vs. ATPgS) provides for selections that 
discriminate between different conformers of the same mol 
ecule. This approach is useful for both the cloning and 
functional identification of many proteins since the RNA 
Sequence of the Selected binding partner is covalently 
attached and may therefore be readily isolated. In addition, 
the technique is useful for identifying functions and inter 
actions of the ~50-100,000 human genes, whose sequences 
are currently being determined by the Human Genome 
project. 

Use of RNA-Protein Fusions in a Microchip 
Format 

0226 “DNA chips' consist of spatially defined arrays of 
immobilized oligonucleotides or cloned fragments of cDNA 
or genomic DNA, and have applications Such as rapid 
Sequencing and transcript profiling. By annealing a mixture 
of RNA-protein fusions (for example, generated from a 
cellular DNA or RNA pool), to such a DNA chip, it is 
possible to generate a “protein display chip, in which each 

SEQUENCE LISTING 

<160> NUMBER OF SEQ ID NOS: 38 

<210> SEQ ID NO 1 
&2 11s LENGTH 76 
&212> TYPE RNA 
<213> ORGANISM: Artificial Sequence 
&22O > FEATURE 

<223> OTHER INFORMATION: Translation template 

<400 SEQUENCE: 1 
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Spot corresponding to one immobilized Sequence is capable 
of annealing to its corresponding RNA sequence in the pool 
of RNA-protein fusions. By this approach, the correspond 
ing protein is immobilized in a Spatially defined manner 
because of its linkage to its own mRNA, and chips contain 
ing Sets of DNA sequences display the corresponding Set of 
proteins. Alternatively, peptide fragments of these proteins 
may be displayed if the fusion library is generated from 
smaller fragments of cDNAS or genomic DNAS. 

0227 Such ordered displays of proteins and peptides 
have many uses. For example, they represent powerful tools 
for the identification of previously unknown protein-protein 
interactions. In one Specific format, a probe protein is 
detectably labeled (for example, with a fluorescent dye), and 
the labeled protein is incubated with a protein display chip. 
By this approach, the identity of proteins that are able to bind 
the probe protein are determined from the location of the 
spots on the chip that become labeled due to binding of the 
probe. Another application is the rapid determination of 
proteins that are chemically modified through the action of 
modifying enzymes (for example, protein kinases, acyl 
transferases, and methyl transferases). By incubating the 
protein display chip with the enzyme of interest and a 
radioactively labeled substrate, followed by washing and 
autoradiography, the location and hence the identity of those 
proteins that are Substrates for the modifying enzyme may 
be readily determined. In addition, the use of this approach 
with ordered displays of small peptides allows the further 
localization of Such modification sites. 

0228 Protein display technology may be carried out 
using arrays of nucleic acids (including RNA, but preferably 
DNA) immobilized on any appropriate Solid Support. Exem 
plary Solid Supports may be made of materials Such as glass 
(e.g., glass plates), Silicon or silicon-glass (e.g., microchips), 
or gold (e.g., gold plates). Methods for attaching nucleic 
acids to precise regions on Such Solid Surfaces, e.g., photo 
lithographic methods, are well known in the art, and may be 
used to generate Solid Supports (such as DNA chips) for use 
in the invention. Exemplary methods for this purpose 
include, without limitation, Schena et al., Science 270:467 
470 (1995); Kozalet al., Nature Medicine 2:753-759 (1996); 
Cheng et al., Nucleic Acids Research 24:380-385 (1996); 
Lipshutz et al., BioTechniques 19:442-447 (1995); Pease et 
al., Proc. Natl. Acad. Sci. USA91:5022-5026 (1994); Fodor 
et al., Nature 364:555-556 (1993); Pirrung et al., U.S. Pat. 
No. 5,143,854; and Fodor et al., WO 92/10092. 

gggaggacga aaluggalacag aaaculgaucu Cugaagaaga CCugaacaala aaaaaaaaaa 60 
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-continued 

aaaaaaaaaa aaaac 76 

<210> SEQ ID NO 2 
&2 11s LENGTH 10 
&212> TYPE PRT 
<213> ORGANISM: Homo sapiens 

<400 SEQUENCE: 2 

Glu Gln Lys Lieu. Ile Ser Glu Glu Asp Lieu 
1 5 10 

<210> SEQ ID NO 3 
&2 11s LENGTH 153 
&212> TYPE RNA 
<213> ORGANISM: Artificial Sequence 
&220s FEATURE 

<223> OTHER INFORMATION: Translation template 

<400 SEQUENCE: 3 

gggacalaulua Cuauuulacaa uulacaauggC ugaagaacag aaaculgaucu Cugaagaaga 60 

CCugclugcgu aaacgucgug aac agculgaa acacaaacug galacagougC guaiacuculug 120 

cgcuaaaaaa aaaaaaaaaa aaaaaaaaaa acc 153 

<210> SEQ ID NO 4 
&2 11s LENGTH 34 
&212> TYPE PRT 

<213> ORGANISM: Artificial Sequence 
&220s FEATURE 

<223> OTHER INFORMATION: Random peptide 
&220s FEATURE 
<221 NAME/KEY: WARIANT 
<222> LOCATION: (1) . . . (27) 
<223> OTHER INFORMATION: Xaa is any amino acid. 
&220s FEATURE 
<221 NAME/KEY: WARIANT 
<222> LOCATION: (1) . . . (34) 
<223> OTHER INFORMATION: Xaa = Any Amino Acid 

<400 SEQUENCE: 4 

Xala Xala Xala Xala Xala Xala Xala Xala Xala Xala Xala Xala Xala Xala Xala Xala 
1 5 10 15 

Xaa Xala Xala Xala Xala Xala Xala Xala Xala Xala Xala Glin Lieu Arg Asn. Ser 
2O 25 30 

Cys Ala 

<210 SEQ ID NO 5 
&2 11s LENGTH 25 
&212> TYPE RNA 
<213> ORGANISM: Tobacco Mosaic Wirus 

<400 SEQUENCE: 5 

ggga caaulua Cuauuulacaa uuaca 25 

<210> SEQ ID NO 6 
&2 11s LENGTH 10 
&212> TYPE RNA 
<213> ORGANISM: Escherichia coli 

<400 SEQUENCE: 6 

ggaggacgaa 10 
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-continued 

<210 SEQ ID NO 7 
&2 11s LENGTH 34 
&212> TYPE PRT 
<213> ORGANISM: Homo sapiens 

<400 SEQUENCE: 7 

Met Ala Glu Glu Gln Lys Lieu. Ile Ser Glu Glu Asp Leu Lieu Arg Lys 
1 5 10 15 

Arg Arg Glu Glin Lys Lieu Lys His Lys Lieu Glu Gln Leu Arg Asn. Ser 
2O 25 30 

Cys Ala 

<210 SEQ ID NO 8 
&2 11s LENGTH 29 
&212> TYPE DNA 

<213> ORGANISM: Artificial Sequence 
&220s FEATURE 

<223> OTHER INFORMATION: Translation template 

<400 SEQUENCE: 8 

aaaaaaaaaa aaaaaaaaaa aaaaaaac C. 29 

<210 SEQ ID NO 9 
<211& LENGTH: 12 
&212> TYPE DNA 

<213> ORGANISM: Artificial Sequence 
&220s FEATURE 

<223> OTHER INFORMATION: Translation template 

<400 SEQUENCE: 9 

aaaaaaaaaa. C. C. 12 

<210> SEQ ID NO 10 
<211& LENGTH 24 
&212> TYPE DNA 
<213> ORGANISM: Artificial Sequence 
&220s FEATURE 

<223> OTHER INFORMATION: Translation template 

<400 SEQUENCE: 10 

cgcggitttitt attitttittitt titcc 24 

<210> SEQ ID NO 11 
<211& LENGTH 42 
&212> TYPE RNA 
<213> ORGANISM: Artificial Sequence 
&220s FEATURE 

<223> OTHER INFORMATION: Translation template 

<400 SEQUENCE: 11 

ggaggacgaa augaaaaaaa aaaaaaaaaa aaaaaaaaaa cc 42 

<210> SEQ ID NO 12 
<211& LENGTH 42 
&212> TYPE RNA 
<213> ORGANISM: Artificial Sequence 
&220s FEATURE 

<223> OTHER INFORMATION: Translation template 

<400 SEQUENCE: 12 

ggaggacgaa clugaaaaaaa aaaaaaaaaa aaaaaaaaaa cc 42 
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-continued 

<210> SEQ ID NO 13 
<211& LENGTH 42 
&212> TYPE RNA 
<213> ORGANISM: Artificial Sequence 
&220s FEATURE 

<223> OTHER INFORMATION: Translation template 

<400 SEQUENCE: 13 

ggaggacgaa augaaaaaaa aaaaaaaaaa aaaaaaaaaa cc 42 

<210> SEQ ID NO 14 
&2 11s LENGTH 36 
&212> TYPE RNA 

<213> ORGANISM: Artificial Sequence 
&220s FEATURE 

<223> OTHER INFORMATION: Translation template 

<400 SEQUENCE: 14 

ggaggacgaa clugaaaaaaa aaaaaaaaaa aaaacc 36 

<210 SEQ ID NO 15 
&2 11s LENGTH 33 
&212> TYPE RNA 

<213> ORGANISM: Artificial Sequence 
&220s FEATURE 

<223> OTHER INFORMATION: Translation template 

<400 SEQUENCE: 15 

ggaggacgaa clugaaaaaaa aaaaaaaaaa acc 33 

<210> SEQ ID NO 16 
&2 11s LENGTH 30 
&212> TYPE RNA 
<213> ORGANISM: Artificial Sequence 
&220s FEATURE 

<223> OTHER INFORMATION: Translation template 

<400 SEQUENCE: 16 

ggaggacgaa clugaaaaaaa aaaaaaaacc 30 

<210 SEQ ID NO 17 
&2 11s LENGTH 159 
&212> TYPE RNA 
<213> ORGANISM: Artificial Sequence 
&220s FEATURE 

<223> OTHER INFORMATION: Translation template 
&220s FEATURE 
<221 NAME/KEY: misc feature 
<222> LOCATION: (1) . . . (289) 
<223> OTHER INFORMATION: n = A, T, C or G 

<400 SEQUENCE: 17 

ggga caaulua Cuauuulacaa uulacaaugnin snnsninsnins innsninsninsin nsninsninsnin 60 

snnsninsnins ninsninsninsin nsninsninsnin snnsninsnins innsninsninsc agcugoguaia 120 

cucuug cqcu aaaaaaaaaa aaaaaaaaaa aaaaaaacc 1.59 

<210> SEQ ID NO 18 
&2 11s LENGTH 64 
&212> TYPE DNA 
<213> ORGANISM: Homo sapiens 

<400 SEQUENCE: 18 

gttcaggtot tottgagaga toagtttctg titccatttcg toctoccitat agtgagtcgt 60 
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-continued 

atta 64 

<210 SEQ ID NO 19 
&2 11s LENGTH 18 
&212> TYPE DNA 
<213> ORGANISM: Homo sapiens 

<400 SEQUENCE: 19 

taatacgact cactatag 18 

<210> SEQ ID NO 20 
<211& LENGTH: 12 
&212> TYPE PRT 
<213> ORGANISM: Homo sapiens 

<400 SEQUENCE: 20 

Met Glu Gln Lys Lieu. Ile Ser Glu Glu Asp Lieu. Asn 
1 5 10 

<210> SEQ ID NO 21 
&2 11s LENGTH 99 
&212> TYPE DNA 
<213> ORGANISM: Homo sapiens 

<400 SEQUENCE: 21 

agcgcaa.gag ttacgcagct gttcCagttt gtgtttcago togttcacgac gtttacgcag 60 

caggtottct tcagagatca gtttctgttc titcag coat 99 

<210> SEQ ID NO 22 
<211& LENGTH 21 
&212> TYPE DNA 
<213> ORGANISM: Homo sapiens 

<400 SEQUENCE: 22 

agc.gcaa.gag ttacgcagot g 21 

<210> SEQ ID NO 23 
&2 11s LENGTH 63 
&212> TYPE DNA 

<213> ORGANISM: Homo sapiens 

<400 SEQUENCE: 23 

taatacgact cactataggg acaattacta tttacaatta caatggctga agaacagaaa 60 

citg 63 

<210> SEQ ID NO 24 
&2 11s LENGTH 33 
&212> TYPE PRT 

<213> ORGANISM: Homo sapiens 

<400 SEQUENCE: 24 

Met Ala Glu Glu Gln Lys Lieu. Ile Ser Glu Glu Asp Leu Lieu Arg Lys 
1 5 10 15 

Arg Arg Glu Glin Leu Lys His Lys Lieu Glu Glin Leu Arg Asn. Ser Cys 
2O 25 30 

Ala 

<210> SEQ ID NO 25 
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<400 

32 

-continued 

LENGTH 127 
TYPE DNA 

ORGANISM: Artificial Sequence 
FEATURE: 

OTHER INFORMATION: Primers for RNA pool 
FEATURE: 

OTHER INFORMATION: n = a, t, c, or g. s = g or c. 

SEQUENCE: 25 

ccct gttaat gataaatgtt aatgttacnn snnsninsnins innsninsninsin nsninsninsnin 

SSSIS ISSSI. SSSI. SSSIs nnsnnsgtog acgcattgag 

ataccga 

<400 

SEQ ID NO 26 
LENGTH 42 
TYPE DNA 

ORGANISM: Artificial Sequence 
FEATURE: 

OTHER INFORMATION: Primers for RNA pool 

SEQUENCE: 26 

taatacgact cactataggg acaattacta tttacaatta ca 

<400 

SEQ ID NO 27 
LENGTH 21 
TYPE DNA 

ORGANISM: Artificial Sequence 
FEATURE: 

OTHER INFORMATION: Primers for RNA pool 

SEQUENCE: 27 

agc.gcaa.gag ttacgcagot g 

<400 

SEQ ID NO 28 
LENGTH 19 
TYPE DNA 

ORGANISM: Artificial Sequence 
FEATURE: 

OTHER INFORMATION: DNA splint 

SEQUENCE: 28 

tttitttittitt agc.gcaaga 

<400 

SEQ ID NO 29 
LENGTH 18 
TYPE DNA 

ORGANISM: Homo sapiens 

SEQUENCE: 29 

gtgg tatttg tdagccag 

<400 

SEQ ID NO 30 
LENGTH 40 
TYPE DNA 

ORGANISM: Phage T7 

SEQUENCE: 30 

taatacgact cactataggg acacttgctt ttgacacaac 

SEQ ID NO 31 
LENGTH 2.0 
TYPE DNA 

60 

120 

127 

42 

21 

19 

18 

40 
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-continued 

<213> ORGANISM: Artificial Sequence 
&220s FEATURE 

<223> OTHER INFORMATION: DNA splint 

<400 SEQUENCE: 31 

tttitttittitt gtgg tatttg 

<210> SEQ ID NO 32 
<211& LENGTH 124 
&212> TYPE RNA 
<213> ORGANISM: Homo sapiens 

<400 SEQUENCE: 32 

gggacalaulua Cuauuulacaa uulacaauggC ugaagaacag aaaculgaucu Cugaagaaga 

CCugclugcgu aaacgucgug aac agculgaa acacaaacug galacagougC guaiacuculug 

cgcu 

<210 SEQ ID NO 33 
&2 11s LENGTH 2.0 
&212> TYPE DNA 
<213> ORGANISM: Artificial Sequence 
&220s FEATURE 

<223> OTHER INFORMATION: DNA splint 
&220s FEATURE 

<223> OTHER INFORMATION: n = a, t, c, or g. 

<400> SEQUENCE: 33 

tttitttittitt nag.cgcaaga 

<210> SEQ ID NO 34 
<211& LENGTH: 123 
&212> TYPE DNA 
<213> ORGANISM: Homo sapiens 
&220s FEATURE 

<223> OTHER INFORMATION: n = a, g, t, or c. s = c or g. 

<400 SEQUENCE: 34 

agcttittggit gcttgttgcat c snnsninsnin snnsninsnins innsninsninsin nsninsninsnin 

snnsninsnins ninsninsninsin nsninsninsnin snnsninsnins ninctcctic go cottgct cac 

cat 

<210 SEQ ID NO 35 
<211& LENGTH 21 
&212> TYPE DNA 
<213> ORGANISM: Homo sapiens 

<400 SEQUENCE: 35 

agcttittggit gcttgttgcat c 

<210 SEQ ID NO 36 
&2 11s LENGTH 63 
&212> TYPE DNA 
<213> ORGANISM: Homo sapiens 

<400 SEQUENCE: 36 

taatacgact cactataggg acaattacta tttacaatta caatggtgag caagggc gag 

gag 

<210 SEQ ID NO 37 

20 

60 

120 

124 

20 

60 

120 

123 

21 

60 

63 

Dec. 16, 2004 
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-continued 

&2 11s LENGTH 26 
&212> TYPE DNA 
<213> ORGANISM: Artificial Sequence 
&220s FEATURE 

<223> OTHER INFORMATION: DNA splint 
&220s FEATURE 

<223> OTHER INFORMATION: n = a, t, c, or g. 

<400 SEQUENCE: 37 

tttitttittitt nagcttittgg tacttg 

<210 SEQ ID NO 38 
&2 11s LENGTH 10 
&212> TYPE PRT 
<213> ORGANISM: Artificial Sequence 
&220s FEATURE 
<223> OTHER INFORMATION: Consensus my c epitope 
&220s FEATURE 

26 

<223> OTHER INFORMATION: Xaa at 2 is Glin or Glu; Xaa at 10 is Leu or 
Met; Xaa in all other positions can be any amino acid. 

<400 SEQUENCE: 38 

Xaa Xala Xala Lieu. Ile Ser Glu Xala Xala Xala 
1 5 10 

1. A method for producing a protein library, comprising 
the Steps of: 

a) providing a population of RNA molecules, each of 
which comprises a translation initiation Sequence and a 
Start codon operably linked to a protein coding 
Sequence and each of which is operably linked to a 
peptide acceptor at the 3' end of Said protein coding 
Sequence, 

b) in vitro translating Said protein coding sequences to 
produce a population of RNA-protein fusions, and 

c) further incubating said population of RNA-protein 
fusions under high Salt conditions, thereby producing a 
protein library. 

2-23. (Canceled) 
24. A molecule comprising a nucleic acid portion and a 

protein portion covalently bound to Said nucleic acid portion 
through a Substance having a chemical Structure of a mem 
ber Selected from the group consisting of puromycin, 3'-N- 
aminoacylpuromycin aminonucleoside, and 3'-N-aminoacy 
ladenosine aminonucleoside, wherein Said nucleic acid 
portion comprises a polymer of nucleoside, and Said protein 
portion is encoded by Said nucleic acid portion. 

25. The molecule according to claim 24, wherein a 
3'-terminal end of the nucleic acid portion and a C-terminal 
end of the protein portion are bonded with a covalent bond. 

26. The molecule according to claim 24 or 25, wherein a 
3'-terminal end of the nucleic acid portion covalently bonded 
to a C-terminal end of the protein portion is puromycin. 

27. The molecule according to claim 24, wherein the 
nucleic acid portion comprises a gene composed of RNA, 
and a Suppressor tRNAbonded to the gene through a Spacer. 

28. The molecule according to claim 24, wherein the 
nucleic acid portion comprises a gene composed of RNA, 
and a spacer composed of DNA and RNA. 

29. The molecule according to claim 24, wherein the 
nucleic acid portion comprises a gene composed of RNA, 
and a spacer composed of DNA and polyethylene glycol. 

30. The molecule according to claim 24 or 25, wherein a 
3'-terminal end of the nucleic acid portion covalently bonded 
to a C-terminal end of the protein portion is a Substance 
having the ability to bind to the C-terminal of a synthesized 
protein when protein Synthesis is carried out in a cell-free 
protein Synthesis System. 

31. The molecule according to claim 24 or 25, wherein a 
3' terminal end of the nucleic acid portion covalently bonded 
to a C-terminal end of the protein portion is 3'-N-aminoa 
cylpuromycin aminonucleoside or 3'-N-aminoacyladenosine 
aminonucleoside. 

32. The molecule according to claim 25, wherein the 
covalent bond is formed by a cell-free protein synthesis 
System. 

33. A method for constructing the molecule as defined in 
claim 28, which comprises (a) preparing a DNA containing 
a gene which has no termination codon, (b) transcribing the 
prepared DNA into RNA, (c) bonding a chimeric spacer 
composed of DNA and RNA to a 3'-terminal end of the 
obtained RNA, (d) bonding, to a 3'-terminal end of the 
obtained bonded product, a nucleoside or a Substance having 
a chemical Structure analogous to that of a nucleoside, which 
can be covalently bound to an amino acid or a Substrate 
having a chemical Structure analogous to that of an amino 
acid, and (e) performing protein Synthesis in a cell-free 
protein Synthesis System using the obtained bonded product 
as mRNA to bond a nucleic acid portion containing the gene 
to a translation product of the gene, thereby constructing the 
molecule. 

34. A method for constructing the molecule as defined in 
claim 29, which comprises (a) preparing a DNA containing 
a gene which has no termination codon, (b) transcribing the 
prepared DNA into RNA, (c) bonding a chimeric spacer 
composed of DNA and polyethylene glycol to a 3'-terminal 
end of the obtained RNA, (d) bonding, to a 3'-terminal end 
of the obtained bonded product, a nucleoside or a Substance 
having a chemical Structure analogous to that of a nucleo 
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Side, which can be covalently bound to an amino acid or a 
Substance having a chemical Structure analogous to that of 
an amino acid, and (e) performing protein Synthesis in a 
cell-free protein Synthesis System using the obtained bonded 
product as mRNA to bond a nucleic acid portion containing 
the gene to a translation product of the gene, thereby 
constructing the molecule. 

35. The construction method according to claim 33 or 34, 
wherein the nucleoside or the Substance having the chemical 
Structure analogous to that of the nucleoside is puromycin. 

36. A method for protein evolution simulation, which 
comprises a construction Step for constructing molecules 
from a DNA containing a gene by the construction method 
as defined in any one of claims 33 and 34, a Selection Step 
for Selecting the molecules obtained in the construction Step, 
a mutation introduction Step for introducing a mutation into 
a gene portion of a molecule Selected in the Selection Step, 
and an amplification Step for amplifying the gene portion 
obtained in the mutation introduction Step, thereby Simulat 
ing protein evolution. 

37. A method for assaying protein/protein or protein/ 
nucleic acid intermolecular action, which comprises a con 
Struction Step for constructing molecules by the construction 
method of any one as defined in claims 33 and 34, and an 
assay Step for examining intermolecular action of the mol 
ecules obtained in the construction Step with another protein 
or nucleic acid, thereby assaying protein/protein or protein/ 
nucleic acid intermolecular action. 

38. The method for protein evolution simulation accord 
ing to claim 36, wherein the construction Step, the Selection 
Step, the mutation introduction Step and the amplification 
step are repeatedly performed by providing the DNA 
obtained in the amplification Step to the construction Step. 

39. The method for protein evolution simulation accord 
ing to claim 36, wherein the Selection Step is conducted 
using a target Substance which is bound to a Solid-State 
Surface. 

40. A molecule comprising a nucleic acid portion and a 
protein portion covalently bound to Said nucleic acid portion 
through a Substance having a chemical Structure of a mem 
ber Selected from the group consisting of puromycin, an 
analog of puromycin, and 3'-N-aminoacyladenosine amino 
nucleoside, wherein Said nucleic acid portion comprises 
nucleotides, and Said protein portion is encoded by Said 
nucleic acid portion. 

41. The molecule of claim 40, wherein said protein 
portion comprises two or more amino acids joined by one or 
more peptide bonds. 

42. A method for constructing the molecule as defined in 
claim 40, said method comprising (a) preparing a DNA 
containing a protein coding sequence; (b) transcribing the 
DNA into RNA; (c) covalently bonding to the 3' end of the 
protein coding Sequence of the transcribed RNA a chemical 
Structure Selected from the group consisting of puromycin, 
a puromycin analog, and 3'-N-aminoacyladenosine amino 
nucleoside; and (d) translating the RNA in a cell-free protein 
Synthesis System, thereby constructing the molecule of claim 
40. 
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43. The method of claim 42, wherein step (a) comprises 
synthesizing a DNA primer and a DNA template, and 
amplifying said DNA template using said DNA primer via 
polymerase chain reaction. 

44. The method of claim 42, wherein said cell-free protein 
Synthesis System in Step (d) is a wheat germ system or a 
reticulocyte System. 

45. A method for in vitro selection and evolution, wherein 
Said method comprises the Steps of 

(a) constructing a first plurality of molecules, wherein 
each molecule is a molecule according to 40; 

(b) selecting one or more molecules from said first 
plurality, thereby obtaining one or more first Selected 
molecules, 

(c) using the nucleic acid portion of the one or more first 
Selected molecules to mutagenically construct a Second 
plurality of molecules, wherein each molecule is a 
molecule according to claim 40. 

46. The method according to claim 45, further comprising 
the additional Step of Selecting one or more molecules from 
Said Second plurality, thereby obtaining one or more Second 
Selected molecules, wherein the nucleic acid and protein 
portions of Said one or more Second Selected molecules 
differ from the nucleic acid and protein portions of Said one 
or more first Selected molecule. 

47. The method according to claim 45, wherein said 
Selecting StepS comprises contacting Said first plurality of 
molecules with a target molecule or immobilized Selection 
motif. 

48. The method according to claim 46, wherein said 
Selecting StepS are carried out by contacting Said first and 
Second plurality of molecules with a target molecule or 
immobilized selection motif. 

49. The method according to any of claims 45-48, wherein 
Step (c) comprises amplification via mutagenic PCR 

50. A method for assaying protein/protein or protein/ 
nucleic acid interaction, which comprises the steps of (a) 
constructing a molecule according to claim 40, and (b) 
determining whether Said molecule interacts with another 
protein or nucleic acid, thereby assaying protein/protein or 
protein/nucleic acid interaction. 

51. The method of claim 50, wherein step (b) is carried out 
by combining the molecule according to claim 40 with an 
antibody, and determining whether said antibody binds to 
the protein portion of Said molecule. 

52. The method according to any of claims 50 and 51, 
wherein said step (b) comprises an immunoprecipitation 
reaction. 

53. The method according to claim 52, wherein said 
immunoprecipitation reaction is carried out with a c-myc 
antibody. 


