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ABSTRACT

The universal genetic code links the 20 naturally occurring amino acids to the 61 sense codons. Previously, the UAG amber stop
codon (a nonsense codon) has been used as a blank in the code to insert natural and unnatural amino acids via nonsense
suppression. We have developed a selection methodology to investigate whether the unnatural amino acid biocytin could be
incorporated into an mRNA display library at sense codons. In these experiments we probed a single randomized NNN codon
with a library of 16 orthogonal, biocytin-acylated tRNAs. In vitro selection for efficient incorporation of the unnatural amino
acid resulted in templates containing the GUA codon at the randomized position. This sense suppression occurs via Watson-
Crick pairing with similar efficiency to UAG-mediated nonsense suppression. These experiments suggest that sense codon
suppression is a viable means to expand the chemical and functional diversity of the genetic code.
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INTRODUCTION

The universal genetic code comprises of a degenerate set of
61 sense codons that can be translated into polypeptides
containing the natural 20 amino acids. In translation, fidel-
ity is ensured primarily through tRNA recognition events,
during both aminoacylation and codon:anticodon pairing
(Giege et al. 1998; Ibba and Soll 1999; Ogle et al. 2002). The
aminoacyl-tRNA is therefore a key player in the execution
of the genetic code, tethering nucleic acid and amino acid
information together in a single bipartite molecule. Corre-
spondingly, efforts to expand the genetic code and incor-
porate unnatural amino acids into proteins have converged
on re-engineering the biochemistry surrounding tRNAs. To
date, these efforts have been focused on altering or using the
specificity of aminoacyl-tRNA synthetases to charge un-
natural amino acids onto tRNAs and generating novel
codon:anticodon interactions that result in frameshift or
nonsense suppression (Dougherty 2000; Hohsaka and Si-
sido 2002; Wang and Schultz 2002). The majority of work
has explored insertion of unnatural residues in response to
an amber nonsense codon where incorporation of the un-
natural residue competes with translation release factors
(Nakamura et al. 2000). Surprisingly, little work has been
done to explore genetic code expansion by sense codon
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suppression (Hohsaka et al. 1994; Forster et al. 2001), where
incorporation of the unnatural residue would compete with
the endogenous pool of aminoacyl-tRNAs.

In principle, some sense codons should be more easily
suppressed than others because of a variety of factors that
are difficult to predict a priori, including (1) the concen-
tration of competing aminoacyl-tRNAs; (2) binding to
elongation factors and the ribosome (LaRiviere et al. 2001);
and (3) base-pairing strength. The ability to suppress sense
codons efficiently would enable the facile expansion and
potential rewriting of the genetic code with unnatural
amino acids and holds great potential promise in creating
original polymers and chemically diverse display libraries.

Recent work in our laboratory has demonstrated that the
unnatural residue biocytin (biotinyl-lysine, a biotin coupled
via an amide linkage to the e-amino group of lysine) can be
incorporated into mRNA display libraries using the THG73
amber suppressor tRNA (Saks et al. 1996) chemically-acyl-
ated with the unnatural amino acid (Li et al. 2002). In
mRNA display, mRNA molecules are covalently attached to
the peptide or protein they encode using a natural transla-
tion system (Roberts and Szostak 1997; Roberts 1999). Our
selection experiments demonstrated that mRNA display
could be used to select mRNA templates capable of effi-
ciently incorporating an unnatural amino acid, namely
those mRNAs that contain a UAG codon complementary to
the anticodon in THG73 (Li et al. 2002). There, biocytin
was chosen as the unnatural amino acid because of its facile
selection on a streptavidin-linked matrix.

We reasoned that a similar mRNA display-based strategy
could be used to probe which of 16 GNN sense codons
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could be efficiently suppressed from a pool of A
competing aminoacyl-tRNAs. In vitro selec-

plates containing the GUA codon at the ran-
domized position out of 64 possible sequences.
This sense suppression is comparable with
UAG-mediated nonsense suppression, sug-
gesting that sense codons can be used to ex-
pand the chemical and functional diversity of
the genetic code for a multitude of in vitro
applications.

RESULTS AND DISCUSSION

Sense suppression selection

We have developed a selection methodology to
examine whether the unnatural amino acid
biocytin could be incorporated into an mRNA
display library at sense codons. In these experi-
ments, we probed a single randomized NNN
codon with a library of 16 orthogonal, biocy- g
tin-acylated tRNAs (Heckler et al. 1984; Rob-
ertson et al. 1991; Li et al. 2002), each contain-
ing an anticodon that can recognize one of 16
corresponding GNN codons via Watson-Crick
base-pairing (Fig. 1A). To perform the in vitro
selection, the template library and the tRNA
pool were added to a commercially-available
rabbit reticulocyte lysate (Novagen, Inc.) for
translation (Jackson and Hunt 1983) to gener-
ate mRNA—peptide fusions (Fig. 1B) (Roberts
and Szostak 1997). The mRNA—peptide fusion
population contains a mixture of templates,
some of which bear natural peptides and oth-
ers that bear biocytin. The population of mol-
ecules that bears biocytin can be purified spe-
cifically on streptavidin-agarose. Our selection
protocol, therefore, effectively contains two se-
lective steps: (1) a competition during transla-
tion for incorporation of the unnatural residue
over the endogenous pool of aminoacyl-tRNAs (Fig. 1B)
and (2) a selection caused by purification using streptavi-
din-agarose. The affinity purification provides a quantita-
tive means to measure the percentage of all mRNA—peptide
fusions that have incorporated biocytin. We predicted that
the randomized triplet sequence would be enriched for a
subset of the GNN codons after a number of selection
rounds.

A total of four rounds of selection were performed on the
template library. In each successive round the increase in
streptavidin binding was dependent on the presence of the
biocytin~tRNA™Y® pool (Fig. 2A). Even in round 0, a small
but measurable amount of fusion binds streptavidin-aga-
rose over the no-tRNA control. We controlled the strin-
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FIGURE 1. Selection scheme for sense suppression. (A) Translation reactions in rabbit
reticulocyte lysate contain a template library and exogenous, orthogonal tRNAs. The
amber suppressor THG73 was mutated at the anticodon position to Watson-Crick base
pair to all 16 GNN codons. The pool of 16 tRNAs were then acylated in one batch with
the unnatural amino acid biocytin. (B) Incorporation of the unnatural amino acid into
an mRNA-peptide fusion is a competition between the endogenous tRNA population
charged with natural amino acids (aa) and the exogenous tRNA pool charged with
biocytin (B). The sequence present in the peptide is then encoded in the covalently-
attached mRNA through its 3" puromycin (P), allowing the sequence information in
the protein to be read and recovered via the attached RNA. Selecting for streptavidin
binding through biocytin incorporation after several rounds enriches the template
library at the randomized position for GNN codons.

gency of the selection with the amount of exogenous tRNAs
added to the translation reaction. In rounds 0, 1, 2, and 4,
4.0 g of the biocytin—tRNA™® pool was used, and selec-
tion on streptavidin produced a steady increase in the in-
corporation of biocytin into the library. In round 3, the
stringency was increased by using only 1.0 pg of acylated
tRNA. This resulted in an overall decrease in the amount of
biocytin-bearing product made. The benefit of this high
stringency step can be seen in comparing rounds 2 and 4,
as a roughly threefold increase in streptavidin binding is
observed.

Incorporation of biocytin should compete with the en-
dogenous pool of aminoacyl-tRNAs. Likewise, the percent
of the fusion that contains biocytin should depend on the
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FIGURE 2. Tterative selection rounds result in the enrichment of sense suppression by or-
thogonal tRNAs. (A) The binding of [**S]Met-labeled mRNA—peptide fusions to streptavidin-
agarose for rounds 0—4 were measured by scintillation counting. Negative controls indicate the
percent of mMRNA—peptide fusions bound to immobilized streptavidin without any exogenous
tRNAs added for each round during translation. The addition of 4.0 pg of the biocytin—
tRNANNC pool to the translation reaction for each round is also shown. For a higher stringency
selection in round 3, only 1.0 pg of the biocytin—tRNANYC pool was added. (B) Dose-response
curve of the biocytin—tRNA™Y pool on the translation of round 3 clones. Values for A and
B are expressed as the percent of [**S]Met-labeled mRNA—peptide fusions bound to immo-

tRNA*C is roughly equivalent to the
background level of suppression (<0.2%)
observed for biocytin-acylated THG73 on
the same template (data not shown). Both
the A:C and A:G pairings support GUA
suppression to a lesser extent than the ca-
nonical A:U interaction consistent with a
loss of one hydrogen bond in the misread
wobble position (Parker 1989; Lim and
Curran 2001).

Sense suppression is
tRNA-dependent

We sought to compare the efficiency of
biocytin incorporation at our selected
GUA codon with UAG-based nonsense
suppression, as well as to two other ar-
bitrarily chosen GNN type codons. To

bilized streptavidin.

concentration of biocytin—tRNA used in the experiment. To
test the biocytin~tRNA™ pool dose-response on transla-
tion, the template library from round 3 was used to generate
mRNA—peptide fusions (Fig. 2B). These results reveal that
modest amounts of aminoacyl-tRNAs (e.g., 4.0 pg) are suf-
ficient to drive incorporation and that lower tRNA concen-
trations (e.g., 1.0 pg) likely provide increased selection
stringency, consistent with our observations during the se-
lection experiment.

Sequence analysis of the round 4 clones reveals a clear
enrichment for GUA, a valine codon, at the randomized
position (Fig. 3A) and no other changes to the template
sequence (data not shown). Codons that occurred only
once in the round-4 pool include GCG alanine, GGG gly-
cine, GAA glutamic acid, CAC histidine, and AUA isoleu-
cine. This observation implies that GUA codons are pref-
erentially recognized by one of the 16 tRNAs in our mixture
during translation. We wished to address which of the 16
tRNAs is responsible for inserting biocytin in response to
GUA codons. In principle, the GUA codon could be rec-
ognized by standard Watson-Crick pairing, via wobble in-
teraction (Crick 1966) or via noncanonical pairing. To test
this, we probed a discrete GUA template based on the se-
lected mRNA-peptide fusion with four different biocytin-
acylated tRNAs, each of which contained a different base in
the wobble position (anticodon = UAC, CAC, AAC, or
GAC in Fig. 4). These sense suppression experiments allow
us to compare codon:anticodon recognition from orthogo-
nal sets of tRNAs. Incorporation results demonstrate that
Watson-Crick recognition is by far the most efficient of the
possible pairing schemes (Fig. 3B). The codon:anticodon
wobble pairing of A:A proves unfavorable for GUA sup-
pression, which is in accordance with Crick’s wobble rules
(Crick 1966). The level of GUA suppression by biocytin—
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do this, we synthesized four discrete

templates based on our library sequence
containing (1) the GUA valine codon (above); (2) the GCG
alanine codon; (3) the GCU alanine codon; and (4) the
UAG nonsense codon. We then probed each of these tem-
plates with a complementary biocytin-acylated THG73 vari-
ant (Fig. 4A). This analysis indicates that the efficiency of
GUA-mediated sense suppression is similar to UAG-medi-
ated nonsense suppression. This result is striking given that

A

16x AUGUCAUAUGUACUGAUCUUCACCAAGUGCCGCUGGCCCCACCAGAACAAA
1x AUGUCAUAUGAACUGAUCUUCACCAAGUGCCGCUGGCCCCACCAGAACAAA
1x AUGUCAUAUGCGCUGAUCUUCACCAAGUGCCGCUGGCCCCACCAGAACAAA
1x AUGUCAUAUGGGCUGAUCUUCACCAAGUGCCGCUGGCCCCACCAGAACAAA
1x AUGUCAUAUAUACUGAUCUUCACCAAGUGCCGCUGGCCCCACCAGAACAAA
1x AUGUCAUAUCACCUGAUCUUCACCAAGUGCCGCUGGCCCCACCAGAACAAA
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FIGURE 3. (A) Sequences of the template library (21 clones) after
four rounds of selection on streptavidin-agarose. (B) Incorporation of
biocytin via canonical and noncanonical base-pair interactions at
GUA codons. Approximately 30 pmole of template with a fixed GUA
codon was translated in the presence of 2.0 pg biocytin-acylated
tRNAs containing the anticodon NAC, where the first position N is
either U, C, A, or G. Values are expressed as the percent of [>*S]Met-
labeled mRNA—peptide fusions bound to immobilized streptavidin.
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FIGURE 4. (A) Sense and nonsense suppression comparisons were performed in translation reactions of commercial rabbit reticulocyte lysate
containing ~30 pmole of each template with fixed codons as indicated. The percent of [**S]Met-labeled mRNA—peptide fusions bound to
immobilized streptavidin with or without translation reactions containing 2.0 pg of the indicated biocytin-acylated tRNA are shown. The binding
results in which the translation lysate was bound to ethanolamine-Sepharose in batch mode to reduce endogenous tRNA concentrations before
the suppression reaction is denoted by a single asterisk (*). The double asterisk (**) shows binding results from the same translation lysate
supplemented with 0.5 pg calf liver tRNA. (B) The tRNA dependence of translation reactions as measured by the fold change in total mRNA-
peptide fusion on the addition of 1.5 pg calf liver tRNA is used to assess the level of tRNA depletion of our in-house rabbit reticulocyte lysate
preparation by column chromatography using ethanolamine-Sepharose. These values are calculated by dividing total [**S]-labeled mRNA-peptide
fusions translated with supplemented calf liver tRNA by those fusions translated without supplementation. The broken line at 1.0 indicates no
change in total mRNA-peptide fusion formation on the addition of calf liver tRNA. (C) The mRNA—peptide fusions described in B were then
bound to streptavidin-agarose to determine the level of biocytin incorporation at the indicated template codons and expressed as the percent of

[**S]Met-labeled mRNA-peptide fusions bound to immobilized streptavidin.

the sense suppression is competing with a natural tRNA
pool present in the lysate. (Here, calf liver tRNA is supple-
mented in the lysate to give efficient translation on many
different templates [Jackson and Hunt 1983].) It should be
noted that a fraction of rabbit reticulocyte lysate tRNA does
survive micrococcal nuclease treatment in our own lysate
preparations; data not shown.) The GCG and GCU alanine
codons show reduced incorporation relative to the GUA
valine codon that we have selected. Nonetheless, the sub-
stantial incorporation present in even these codons con-
tends generally that supplanting natural codon pairing may
not be as difficult as assumed previously.

Our experiments raise the issue of why GUA codons are
efficiently competed by exogenous tRNA. Lack of compe-
tition at GUA codons may result from low gene-dosage of
this particular valine tRNA. The number of tRNA genes
encoding UAC anticodons in rabbit and cow is unknown,
but in the closely-related human, only one of the 157 tRNA
genes recognizes GUA via Watson-Crick pairing, whereas
11 genes code for tRNAs that recognize the GCU alanine
codon (Marck and Grosjean 2002). Correspondingly, sense
suppression of GCU codons by biocytin—tRNA*““ (Fig. 4A)

resulted in a threefold lower level of biocytin incorporation
as compared to GUA suppression. Sense suppression of
GCG, an alanine codon with one complementary human
tRNA gene and one occurrence in the round 4 pool, gave a
fivefold lower signal than GUA-based suppression. Whereas
GUA codons can be recognized only via canonical Watson-
Crick pairing, GCG and GCU codons can both be recog-
nized canonically and via wobble interactions (Lim and
Curran 2001), making them less likely to serve as blanks in
the genetic code in commercial rabbit reticulocyte lysate.
The GUA codon has one of the lowest uses of the form
GNN in higher eukaryotes and correspondingly a low abun-
dance of its isoacceptor tRNAs (Ikemura and Ozeki 1983;
Kanaya et al. 2001), which is our primary assertion for why
it is selected for sense suppression. If this is true, then re-
ducing the overall tRNA concentration should increase sup-
pression at all sense codons. Previously, Jackson and co-
workers developed a protocol using ethanolamine-Sepha-
rose to specifically deplete tRNAs from a translation extract
(Jackson et al. 2001). We subjected commercial rabbit re-
ticulocyte lysate to ethanolamine-Sepharose to create a ly-
sate whose endogenous tRNA population has been partially
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depleted, and then assayed GUA suppression by biocytin—
tRNAYAC (Fig. 4A). In the commercially available lysate,
lowering the endogenous tRNA concentration produces a
modest increase in GUA suppression (Fig. 4A). This result
indicates that an optimal concentration or balance of en-
dogenous tRNAs to the sense suppressor likely exists. Ly-
sates totally lacking tRNA will not support translation
(Jackson et al. 2001), whereas lysates that contain large
quantities of endogenous tRNA will require high concen-
trations of suppressor to incorporate an unnatural amino
acid. In line with this hypothesis, adding back calf liver
tRNA to 20 pg/mL (a lower concentration than the un-
treated, commercial lysate concentration of 60 ug/mL; Jack-
son and Hunt 1983) results in improved sense suppression
approaching 50% (Fig. 4A). Other calf liver tRNA concen-
trations were tested (data not shown), resulting in a titra-
tion curve optimized at the value shown. Therefore, it ap-
pears that partially removing the complex endogenous
tRNA population can tip the balance in favor of sense sup-
pression by orthogonal tRNAs. It is then likely that a more
stringent elimination of competing tRNAs could allow for
replacement of all the natural amino acids, enabling syn-
thesis of trillion-member unnatural mRNA display libraries.

In an effort to determine the impact of endogenous tRNA
depletion in translation reactions on sense codon suppres-
sion, we passed our in-house rabbit reticulocyte lysate (pre-
pared as described in Materials and Methods) over an etha-
nolamine-Sepharose column (Jackson et al. 2001). The level
of endogenous tRNA depletion is assessed by the fold
change in total mRNA—peptide fusion (i.e., [*°S]-labeled
material eluted from dT,s-cellulose) on the addition of 1.5
pg calf liver tRNA (Fig. 4B). Before passing lysate through
the ethanolamine-Sepharose column, translation appears to
be independent of calf liver tRNA for GUA and UAG tem-
plates, and in the cases for GCG and GCU templates, the
amount of mRNA—peptide fusion formed is actually inhib-
ited by added tRNA. This inhibitory effect is reduced on
pre-incubation (5-20 min) of the calf liver tRNA in the
translation reaction before adding templates (data not
shown), suggesting that the calf liver tRNA is in large part
deacylated and that GCG and GCU isoacceptor tRNAs from
this pool exert a larger effect than those for GUA because of
differences in concentrations. Once passed through the
ethanolamine-Sepharose column, the translation lysate ex-
hibits a tRNA-dependence to form mRNA—peptide fusions
for all templates tested (Fig. 4B), thereby demonstrating the
efficiency with which the chromatographic step removes
endogenous tRNAs. It should be noted that we did not
observe a complete elimination of endogenous tRNAs,
which suggests that the background counts measured by
Jackson and coworkers for tRNA-dependent lysate without
tRNA supplementation (Jackson et al. 2001) can still sup-
port efficient translation of mRNA—peptide fusions.

We next measured biocytin incorporation at sense and
nonsense codons to compare rabbit reticulocyte lysate be-
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fore and after ethanolamine-Sepharose treatment to remove
tRNA. Before removal of tRNAs from our in-house lysate,
the four templates give biocytin incorporation levels (Fig.
4C) similar to those seen in the commercial lysate (Fig. 4A).
Suppression of the GCG and GCU codons, however, jumps
dramatically when tRNA is removed from the in-house ly-
sate preparation lacking tRNA, and is comparable with sup-
pression at GUA and UAG codons (Fig. 4C). Interestingly,
the levels of suppression do not change significantly for
GUA and UAG templates on endogenous tRNA depletion.
Suppression at the amber and GUA codons appears to be
independent of tRNA depletion. This observation is in line
with our conclusion that the GUA codon was selected for
biocytin incorporation because its isoacceptor tRNA con-
centrations in the lysate (both commercial and in-house
preparations) are very low. The marked improvement that
we observe at GCG and GCU codons represents a clear
demonstration that removing endogenous and competing
tRNAs produces blanks in the genetic code for sense sup-
pression at a variety of sense codons.

Closing remarks

In focusing on the GNN quadrant of the universal genetic
code, we were able to design a selection experiment using
mRNA display to identify sense codons that could be effi-
ciently suppressed. Although the suppressor tRNA THG73
has been used to incorporate both natural and unnatural
amino acids (Dougherty 2000; Saks et al. 1996), the ability
of biocytin to be selected on streptavidin-linked matrices
underscores its utility in the iterative selections and direct
measurements for sense suppression. This general strategy
should allow us to identify codons in the other three quad-
rants (UNN, CNN, and ANN codons) that can be easily
suppressed in the rabbit reticulocyte translation system.
Our results show that sense suppression efficiency depends
on the concentration of both the endogenous tRNA pool
and the suppressor tRNA used. The elimination of compet-
ing tRNAs from the translation lysate, as demonstrated by
ethanolamine-Sepharose chromatography, creates readily
suppressible sense codons—synthetic blanks in the genetic
code that permit high-efficiency insertion of unnatural
amino acids into mRNA display libraries. We would predict
that easily suppressed sense codons should depend on the
translation system or organism used, and that suppression
efficiency would be inversely proportional to codon usage
and tRNA abundance (Ikemura and Ozeki 1983; Hohsaka
et al. 1994; Tsai and Curran 1998; Navarro and Thuriaux
2000). Translation systems that are partially or totally re-
constituted (Forster et al. 2001; Shimizu et al. 2001), where
tRNA concentrations (Jackson et al. 2001) or synthetase
activity can be controlled (Tao and Schimmel 2000), should
therefore provide useful platforms for rewriting large blocks
of the universal code, and enable the creation of trillion-
member unnatural display libraries.
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MATERIALS AND METHODS

Preparation of biocytin-acylated tRNAs

The pUCI19-based plasmid (a gift from Dennis Dougherty, Cali-
fornia Institute of Technology) harboring the gene for THG73 was
mutated at the tRNA anticodon position by QuikChange (Strata-
gene) with 16 appropriate sets of primers (self-complementary
pairs 42 bp in length). Resulting clones were verified by DNA
sequencing before synthesizing individual tRNAs by in vitro tran-
scription with T7 polymerase from Fok I-linearized plasmids.
Transcribed tRNAs were then gel-purified and desalted by ethanol
precipitation.

Purified tRNAs were ligated to a molar excess of NVOC-pro-
tected biocytin-dCA with T4 RNA ligase (New England Biolabs) as
described previously (Li et al. 2002). Reaction mixtures were ex-
tracted in an equal volume of phenol:CHCl;:isoamyl alcohol (25:
21:1, pH 5.0), and precipitated with 2.5 volumes ethanol (—20°C).
After drying, the pellets were resuspended in 1.0 mM sodium
acetate, pH 5.2, and adjusted to 1.0 mg/mL for each acylated
tRNA. Before adding to translation reactions, biocytin—tRNAs
were deprotected by a xenon lamp outfitted with a 315-nm cut-off
filter for 5 min to remove the NVOC group.

Generation of mRNA-peptide fusions

The synthetic DNA template 5'-GGACAATTAC TATTTACAAC
CACCATGTCA TATNNNCTGA TCTTCACCAA GTGCCGC
TGG CCC-3' (where N is T, C, A, or G) was PCR-amplified with
synthetic primers T7-E (5'-AGTGAATTCTAATACGACTCACTA
TAGGGACAATTACTATTTACAACCACCATG-3') and 3P (5'-[2'
O-methyl U] [2' O-methyl U] TGTTCTGGTGGGGCCAGCG
GCACTTGGT-3’). Discrete templates (i.e., DNA without the ran-
domized codon, NNN) were also amplified in a similar fashion. The
PCR product was transcribed by T7 polymerase to generate mRNA
that was subsequently ligated with T4 DNA ligase (New England
Biolabs) to a flexible DNA linker containing puromycin, pF30P (5'-
dA,,[Cy]5dAdCACP that was 5'-phosphorylated by phophorylation
reagent II, Glen Research; C, = triethylene glycol phosphate, and P =
CPG-puromycin, Glen Research) with a DNA splint (5'-
T,sGTTCTGGTGGGGCCA-3") as described previously (Li et al.
2002). After ligation, the fusion template was gel-purified and de-
salted by ethanol precipitation. The purified fusion template was
translated in rabbit reticulocyte lysate (Novagen, Inc.) using standard
conditions (30°C for 60 min). mRNA—peptide fusion formation was
stimulated by the addition of MgCl, and KCI to 50 mM and 0.6 M,
respectively, before overnight incubation at —20°C.

Selection via sense suppression

The mRNA-peptide fusions were initially isolated from translation
reactions by dT,-cellulose binding in 5 mL isolation buffer (1M
NaCl, 100 mM Tris-HCI pH 8.0, 0.2% Triton X-100) at 4°C for 45
min, washed in 700 pL isolation buffer seven times at 4°C, and
eluted in water (ambient temperature). Purified mRNA—peptide
fusions were concentrated via ethanol precipitation in the presence
of 30 pg linear acrylamide (Ambion) and reverse transcribed by
Superscript II RNase H™ reverse transcriptase (Invitrogen) per
manufacturer’s instructions before binding to streptavidin-agarose

(Pierce) in 1.0 mL 50 mM sodium phosphate pH 7.0 at 4°C for 1
h. Bound material was washed in 700 pL 50 mM sodium phos-
phate pH 8.0, 100 mM NaCl, 0.1% SDS five times. PCR amplifi-
cation of the bound fusions with primers T7-E and 3P created
products used for cloning with the TOPO Clone kit (Invitrogen)
to sequence the library pool, and for transcribing mRNA for the
next selection round.

Chromatographic depletion of endogenous tRNAs

Ethanolamine-Sepharose resin was prepared from epoxy-activated
Sepharose 6B (Sigma) as described previously (Jackson et al.
2001). This resin was used to deplete endogenous tRNA in com-
mercial and in-house preparations of rabbit reticulocyte lysate.
All procedures were performed at 4°C unless otherwise specified.
For tRNA depletion in commercial translation lysate 100 uL of a
50% ethanolamine-Sepharose slurry in buffer A (25 mM KCl, 10
mM NaCl, 1.1 mM MgCl,, 0.1 mM EDTA, 10 mM HEPES-KOH,
pH 7.2) with additional 50 mM KCI and 0.25 mM MgCl, was
incubated for 45 min with rabbit reticulocyte lysate (Novagen,
Inc.) before brief centrifugation at 1500g to clarify the desired
supernatant.

In-house preparations of rabbit reticulocyte lysate were pre-
pared as described previously (Jackson and Hunt 1983). Briefly, 10
mL of completely clarified rabbit reticulocyte lysate was incubated
for 30 min at ambient temperature with 0.2 mL 1.0 mM hemin
(Sigma) in 85% ethylene glycol, 0.1 mL 5 mg/mL creatine kinase
solution (50% vol/vol aqueous glycerol; Boehringer Mannheim),
0.1 mL 0.1 M CaCl,, and 0.1 mL micrococcal nuclease (15,000
U/mL; Boehringer Mannheim). The reaction was then quenched
by the addition of 0.1 mL 0.2 M EGTA-KOH, pH 7.5, and placing
the solution on ice. Salts were added to a concentration of 50 mM
KCI and 0.25 mM MgCl,, and then 2 mL of this material was
passed over an ethanolamine-Sepharose column (0.5-mL bed vol-
ume; 0.4-cm inner diameter X 10-cm height) pre-equilibrated in 5
mL buffer A with additional 50 mM KCI and 0.25 mM MgCl,
(Jackson et al. 2001). The first 0.5-mL fraction of lysate that passed
through the column was discarded and the subsequent 4 X 0.5-mL
fractions were pooled and saved in 250 pL aliquots. Rabbit reticu-
locyte lysates depleted of endogenous tRNA were either used im-
mediately for translation reactions or snap-frozen in an ethanol-

dry ice bath and stored at —80°C.
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