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ABSTRACT: A method is presented for the incorporation of nonnatural amino acids into proteins during in 
vitro cell-free translation. A combination of chemical synthesis and run-off transcription was employed 
to prepare a semisynthetic, nonhypermodified tRNAG’y nonsense suppressor acylated with L-3- [ *2sI]iodo- 
tyrosine. The presence of this synthetic tRNA during in vitro translation of mRNA containing a nonsense 
suppression site (e.g., a UAG termination codon) results in the incorporation of the nonnatural amino acid 
L-3-iodotyrosine into the polypeptide exclusively at  the position corresponding to that site. Incorporation 
of the nonnatural amino acid ~ - 3 4  1251]iodotyr~~ine into the model polypeptide was assessed by quantitative 
and unambiguous determination of suppression efficiency, read-through, and site specificity of incorporation. 
Minor modifications of the method employed in this initial experiment also allow the rapid analysis of 
unlabeled acylated tRNA analogues. Under optimum conditions, the unlabeled amino acid L-3-iodotyrosine 
was found to be incorporated with a suppression efficiency of 65%. Other nonnatural residues, including 
N-methylphenylalanine, D-phenylalanine, and phenyllactic acid, were tested in the assay under these same 
conditions. Suppression efficiencies for this series ranged from 0 to 72% depending on the structure of the 
residue incorporated. Several other aspects of this methodology, such as tRNA structure and context effects, 
are briefly discussed. 

Site-specific mutagenesis is one of the most important ex- 
perimental tools available for protein research, but the 
methodology suffers from the limitation that amino acid 
substitutions are restricted to the 20 primary amino acids. This 
drawback precludes the direct site-specific introduction of 
“designer” amino acids (e.g., detection, catalytic, linking, or 
cleaving residues) that could modify the function or activity 
of a protein in a novel way. One method to circumvent this 
problem has been to modify a specific residue in a protein 
posttranslationally. The exceptionally high degree of che- 
moselectivity required to modify a protein in this manner has 
limited the scope of this approach, although a few notable 
successes exist, as exemplified by work of Kaiser and co- 
workers (Hilvert et al., 1988). It seems likely, however, that 
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a truly general method would reuuire intervention during 
protei; biosynthesis, i.e., during translation, if the innate se- 
lectivity problems associated with posttranslational chemical 
modification are to be avoided. 

Methods to manipulate protein structure during biosynthesis 
have centered around incorporation of residues via an ex- 
ogenous source of a “misacylated” tRNA or tRNA analogue, 
which have been prepared by various combinations of chemical 
and enzymatic methods. One of the earliest experiments in 
this area was the insertion of alanine at a cysteine codon by 
conversion of cysteinyl-tRNACp to alanyl-tRNACp through 
reductive desulfhydration with Raney nickel (Chapeville et 
al., 1962). This experiment was the first direct test of the 
“adaptor hypothesis” (Crick, 1958) and clearly established that 
recognition of each aminoacyl-tRNA by the ribosome is not 
dependent upon the amino acid itself, but rather upon struc- 
tural elements of the tRNA to which it is attached, specifically 
the anticodon. Thus, a reasonable strategy for the introduction 
of nonnatural residues into proteins can be envisioned whereby 
a tRNA acylated with the desired residue is introduced into 
a protein expression system. 

One successful approach for the formation of aminoacyl- 
tRNAs comes from the many reports from Hecht and co- 
workers, who have pioneered the area of “chemically mis- 
acylated” tRNAs (Pezzuto & Hecht, 1980; Heckler et al., 
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1984b, 1988; Payne et al., 1987; Roesser et al., 1989). 
Preparation of these misacylated tRNAs is accomplished by 
T4 RNA ligase mediated coupling of N-protected 2’(3’)-0- 
aminoacylated pCpA derivatives with tRNAs lacking the 
3’-terminal cytidine and adenosine moieties, resulting in 
acylated tRNAs capable of dipeptide formation (Hecht et al., 
1978; Heckler et a!., 1983, 1984a; Roesser et al., 1986). 
Further innovations lead to the development of methods for 
preparation of charged tRNAs with a free amino group (Payne 
et al., 1987), thus allowing normal function in the ribosomal 
A site and biosynthetic incorporation of an amino acid into 
a protein. In one such example (Baldini et al., 1988), tRNAPbc 
misacylated with ~-4’-[3-(trifluoromethyl)-3H-diazirin-3- 
yllphenylalanine was introduced into an in vitro expression 
system, resulting in the incorporation of this nonnatural amino 
acid into the translation product. However, insertion of the 
nonnatural residue occurred at all phenylalanine sites along 
the mRNA employed in this experiment-in competition with 
phenylalanine itself-which presents a problem if the desired 
goal is to site-specifically incorporate a nonnatural residue into 
a protein. 

Such a competition would occur for all codons except the 
three termination codons (UAG, UGA, and UAA), for which 
there are normally no corresponding tRNAs. Thus, a con- 
ceptually simple solution to the problem of nonselective in- 
corporation (Le., at multiple sites) would be to provide the 
translation system with aminoacylated nonsense suppressor 
tRNAs capable of introducing any residue specifically at a 
nonsense mutation site (e&, a UAG termination codon). This 
strategy is in fact a known biological mechanism, observed in 
Escherichia coli, by which selenocysteine is incorporated 
site-specifically during biosynthesis of formate dehydrogenase 
(Leinfelder et al., 1988; Soll, 1988). Recently, an analogous 
synthetic version of this theme was independently reported by 
us (Bain et al., 1989) and by Schultz and co-workers (Noren 
et al., 1989).’ Our approach relied upon a combination of 
chemical synthesis and run-off transcription to prepare a 
semisynthetic, unhypermodified tRNAG’y nonsense suppressor 
acylated with ~-3-[~~~I]iodotyrosine, ~-3-[~~~I]iodotyrosyI- 
tRN@br,-dCA.* The presence of this synthetic tRNA during 
in vitro translation of mRNA containing a nonsense sup- 
pression site (Le., a UAG termination codon) results in the 
incorporation of the nonnatural residue ~ - 3 4  12sI]iodotyrosine 
into the polypeptide exclusively at the position corresponding 
to that site. The site specificity of incorporation was unam- 
biguously demonstrated by careful analysis of the translation 
product, which was purified and sequenced. In addition, 
suppression due to the synthetic tRNA was quantified in re- 
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I This idea was apparently first suggested six years ago by Shih and 
Bayley (1985), on the basis of earlier extensive work by the Hecht group 
(Hecht et al., 1978; Pezzuto & Hecht, 1980; Heckler et al., 1983, 
1984a,b, 1988; Roesser et al., 1986, 1989; Payne et a]., 1987). 

Abbreviations: BD-cellulose, benzoylated diethylaminoethyl- 
cellulose; BOP, benzotriazol-l-yloxytris(dimethylamino)ph~phonium 
hexafluorophosphate; DMF, N,N-dimethylformamide; DMSO, dimethyl 
sulfoxide; EDTA, ethylenediaminetetraacetic acid; equiv, equivalent; 
Fmoc, (9-fluorenylmethoxy)carbonyl; Na+/Hepes, sodium 4-(2- 
hydroxyethy1)-1-piperazineethanesulfonate; HOBT, l-hydroxybenzo- 
triazole; PTH, phenylthiohydantoin; RT, room temperature; TBAF, 
tetrabutylammonium fluoride; TFA, trifluoroacetic acid; THF, tetra- 
hydrofuran; THP, tetrahydropyran; TIPDSCI2, 1,1,3,3-tetraisopropyl- 
disiloxane; TMSCI, trimethylsilyl chloride; Tris, tris(hydroxymethy1)- 
aminomethane; tRNAgtA-CoH, tRNA in vitro suppressor run-off tran- 
script, based upon E. coli tRNAG’’’), which is missing the 3’-terminal 
cytidine and adenosine moieties; L-3- [‘251]iodotyrosyl-tRNAg~A-dCA, 
semisynthetic tRNA containing a deoxycytidine residue coupled to an 
adenosine moiety on the 3’ terminus and acylated with ~-3- [ ’~~I] iodo-  
tyrosine. 

lation to read-through-suppression by endogenous amino- 
acyl-tRNAs during in vitro translation-verifying that the 
observed suppression was due entirely to the added synthetic 
suppressor. 

The in vitro expression of a model polypeptide allowed the 
rigorous and unambiguous characterization of the translation 
product. This choice, as an initial biosynthetic target, avoided 
the possible problems associated with quantification of sup- 
pression efficiency through the often tedious analysis from 
catalytic activity of enzymatic end products (Schimmel, 1989, 
1990). Herein, we report a detailed analysis of this initial 
experiment and present a novel rapid assay method to effi- 
ciently examine a large array of acylated tRNA analogues. 
Additionally, a comparison of amber, ochre, and opal sup- 
pressors is presented, along with a discussion of termination 
attenuation due to context effects. 

EXPERIMENTAL PROCEDURES 
Materials. The following biological products and reagents 

were employed: calf intestinal alkaline phosphatase and in- 
organic pyrophosphatase (Boehringer Mannhiem Biochemi- 
cals); RNasin (Promega Biotech); T4 polynucleotide kinase 
and T4 RNA ligase (New England Biolabs); T4 DNA ligase 
(Bethesda Research Laboratories); T7 RNA polymerase (New 
England Biolabs or United States Biochemicals); and re- 
striction endonucleases EcoRI, EcoRV, HindIII, NcoI, PstI, 
and XhoI (Bethesda Research Laboratories, Boehringer 
Mannhiem Biochemicals, or New England Biolabs). Plasmids 
used were either pIBI30 (International Biotechnologies In- 
stitute) or Bluescript M13’ KS (Stratagene). E. coli TB-1 
cells were a generous gift from Dr. M. Cumsky (UC Irvine). 
Benzoylated diethylaminoethylcellulose and Poly-Prep 2-mL 
disposable polypropylene columns (73 1- 1550, Bio-Rad), 
Sephadex G-25 Select-D columns (5301-730608/725608, 5 
Prim-3 Prime, Inc.), rabbit reticulocyte lysate (N.90, Am- 
ersham), and Geneclean (BIO 101, Inc.) were purchased from 
the manufacturers indicated. 

Special care was taken whenever handling oligoribo- 
nucleotides due to the ubiquitous nature of RNA-destroying 
enzymes (Usman et al., 1987). Strictly aseptic techniques were 
used. All solutions were pretreated by the addition of 10% 
diethyl pyrocarbonate (v/v in absolute EtOH to a final con- 
centration of 1%) for 24 h at room temperature and then 
sterilized by autoclaving at 125 OC and 18 psi for at least 30 
min. Solutions for column chromatography were preserved 
by the addition of NaN, (0.001% final concentration) to 
preclude bacterial contamination. All glassware was treated 
with diethyl pyrocarbonate for at least 4 h and subsequently 
autoclaved; alternatively, glassware was heated to 250 OC for 
a minimum of 4 h. Glass pipets and minicolumns were sili- 
conized with Sigmacote (Sigma) prior to sterilization. 

The following chemical reagents were purchased: benzo- 
triazol- l -yloxytris(dimethylamino)phosphonium hexafluoro- 
phosphate (Advanced ChemTech), sodium 4-(2-hydroxy- 
ethyl)-1-piperazineethanesulfonate (Calbiochem-Behring), 
tris(hydroxymethy1)aminomethane (Sigma), iV(9-fluorenyl- 
methoxy)carbonyl-protected residues for peptide synthesis 
(Milligen/Biosearch or Bachem), trifluoroacetic acid (Pierce 
Chemical Co.), nucleotides, coupling, and oxidation reagents 
for oligonucleotide synthesis (Milligen/Biosearch), nucleotide 
triphosphates (Pharmacia), and P1-5’-(7-methyl)guanosine- 
P3-5’-guanosine triphosphate, dilithium salt (Boehringer 
Mannhiem Biochemicals). Carrier-free Na lZsI (-2500 
Ci/mmol) was obtained from ICN Biomedicals, Inc., and 
~-[~~S]methionine (>800 Ci/mmol) and ~-[3,4,5-~H]leucine 
(143 Ci/mmol) were purchased from New England Nuclear 
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Research Products. Carrier-free ~-3-[~~~I]iodotyrosine was 
prepared by the method of Hadi et al. (1977). 

General Methods. High-Performance Liquid Chromatog- 
raphy. HPLC was performed on a Waters system consisting 
of two 6000A pumps and U6K injector, a reversed-phase 
Vydac C-4 preparative column (5-pm packing, 10-mm i.d. X 
250-mm length), an in-line Applied Biosystems 1000s diode 
array detector, and a LKB 21 12 Redirac Fraction Collector. 

Oligonucleotide Synthesis and Purification. Oligo- 
nucleotides were synthesized on either a Milligen/Biosearch 
8700 or an Applied Biosystems 380A synthesizer by use of 
2-cyanoethyl phosphoramidite chemistry (Tanimura et al., 
1988). Synthesis was carried out by 0. Bates and K. Burke 
from the Protein/Nucleic Acid Analysis Lab (UC Irvine), B. 
Meeker from the Department of Molecular Biology (UC Ir- 
vine), or M. Lyttle (Milligen/Biosearch). Oligodeoxyribo- 
nucleotides (two to three A260 units of each) for gene con- 
struction were purified by electrophoresis through a 20% 
acrylamide/7 M urea gel, visualized by UV shadowing, and 
excised. The oligodeoxyribonucleotides were eluted twice from 
excised gel with 10 mM Tris.HC1, pH 8.0/300 mM NaCl/l 
mM EDTA/l% phenol, at 37 OC for 6 h. The eluents were 
combined, and the DNA was EtOH-precipitated, washed with 
cold 70% EtOH, dried, and resuspended in distilled H20. 

Chemical Peptide Synthesis and Purification. Peptide 
synthesis was performed on a semiautomatic low-pressure 
continuoues flow peptide synthesizer (Dryland & Sheppard, 
1986) consisting of a Zenith Data Systems computer, a Fluid 
Metering Inc. RP-Sy- 1 CSC low-pressure continuous pump 
fitted with a R47a low-flow kit, Altex pneumatically activated 
valves, and an Altex ultraviolet spectrophotometer detecting 
at 366 nm, with N-(9-fluorenylmethoxy)carbonyl-protected 
residues (Carpino & Han, 1972; Chang & Meienhofer, 1978) 
and a polyamide-Kieselguhr solid support (Atherton et al., 
1981). A 50-min synthesis cycle was employed, with a 5-min 
20% piperidine/DMF treatment, 10-min DMF wash, 25-min 
acylation, and 10-min wash. The appropriate N-(9-  
fluoreny1methoxy)carbonyl residue (3 molar equiv) was ac- 
tivated just prior to use with benzotriazol-l-yloxytris(di- 
methy1amino)phosphonium hexafluorophosphate/ 1 -hydroxy- 
benzotriazole dissolved in a 0.2 M N-methylmorpholine in 
DMF (Hudson, 1988) and delivered before the initiation of 
each cycle with a 1 .O-mL disposable polypropylene syringe. 
Stepwise coupling yields were qualitatively analyzed by 
treatment of a few gains of resin with a 50-pL stock test 
solution (1 0 mg of picryl sulfonic acid dissolved in 1 mL of 
N-methylpyrrolidone) followed by heating to 50 OC for 1 min. 
The resin was washed with MeOH, dried in vacuo, placed in 
an appropriately sized test tube, and the peptide was deblocked 
and cleaved from the resin by adding a 5% C2H5SCH3/TFA 
solution; the solution was allowed to stand with occasional 
mixing for 1.5-2 h. The supernatant was decanted and then 
diluted with Et20, yielding the TFA salt of the peptide as a 
white precipitate. The precipitate was washed twice with Et20 
and then dissolved in 77% formic acid. The solution was 
injected (1-2 mg of peptide) onto a Vydac C-4 column 
equilibrated in 0.1% TFA in H20/CH,CN (1:l). Gradient 
elution with 0.1% TFA in CH3CN (3540% CH3CN in 50 
min) followed by ultraviolet detection at 214, 230, 260, and 
280 nm resolved peptide peaks eluting at 40-45% CH3CN. 
Isolated peaks were collected, pooled after several injections, 
and concentrated by lyophilization to a white fluffy powder. 
Purity was checked by thin-layer chromatography, performed 
on 0.25-mm E. Merck precoated silica gel plates (60 FZs4) and 
eluted with EtOAc/CHCl, (1:4). 
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Residue Analysis. Samples (10% of peptide fraction from 
reverse-phase chromatography) were hydrolyzed in 6 N HCl 
for 22 h, dried, and derivatized by use of EtOH/Et,N/ 
H20/phenyl isothiocyanate (7:l:l:l) for 15 min at room 
temperature. The PTH derivatives were analyzed by re- 
verse-phase HPLC on a Hewlett-Packard Model 1090 chro- 
matograph (Heinrikson et al., 1987). Analysis was carried 
out by K. Burke from the Protein/Nucleic Acid Analysis Lab 
(UC Irvine). 

Residue Sequence Determination. Sequence analysis was 
performed by use of either an Applied Biosystems 470A 
gas-phase or 477A pulsed-liquid sequencer. PTH derivatives 
(from the 470A) were identified by reverse-phase HPLC with 
a Hewlett-Packard Model 1084B chromatograph equipped 
with an Altex Ultrasphere ODS column (4.6 X 250 mm). The 
aqueous phase was 7.5 mM sodium phosphate, pH 5.5, and 
the PTH residues were eluted with a gradient of MeOH/ 
CH3CN in 17:3 ratio (v/v). The flow rate was 1.65 mL/min. 
Sequence determination was carried out by S. Disper from the 
Protein/Nucleic Acid Analysis Lab (UC Irvine). 

Representative Preparation of Chemically Misacylated 
tRNAs. Construction of Unlabeled L-3-Iodotyrosyl-tRNA- 
$jA-dCA. Synthesis of ~-3-iodotyrosyl-tRNAg#~-dCA was 
accomplished by ligation (Baldini et al., 1988; Heckler et al., 
1984a) of tRNAggA-CoH (200 p g )  with 105 pg of 5 ’ 4 -  
phosphoryl-2’-deoxycytidylyl( 3’4’)- [ 2’( 3’)-0-(~-3-iodo- 
tyrosy1)adenosineJ (Bain et al., 1991b) in a 400-pL reaction 
containing 55 mM Na+/Hepes, pH 7.5/15 mM MgC12/250 
pM ATP/8 pg of bovine serum albumin/lO% DMSO, with 
150 units of T4 RNA ligase. The mixture was incubated for 
10 min at 37 OC and the reaction terminated by addition of 
100 pL of a 250 mM NaOAc, pH 4.5/5 M NaCl/SO mM 
MgC12 buffer, followed by extraction once with phenol/ 
CHC13/isoamyl alcohol (25:24:1), once with CHC13/isoamyl 
alcohol (24:1), and precipitation with 2.5 volumes of EtOH. 
The precipitate was dissolved in 10 mM NaOAc, pH 4.5/1 
mM EDTA/100 mM NaCl(50 pL) and filtered through a 
Sephadex G-25 Select D column equilibrated with the same 
buffer. The initial isotope peak was immediately absorbed onto 
a BD-cellulose column (2 X 0.5 cm) that had been equilibrated 
at 4 OC with 50 mM NaOAc, pH 4.5/10 mM MgC12/1.0 M 
NaCl. Unreacted tRNk@A-Co, was removed by eluting the 
column with 10 mL of the buffer. The column was then eluted 
with the buffer containing 25% EtOH to elute L-3-iodo- 
tyrosyl-tRNAgg,-dCA (Heckler et al., 1984a). The appro- 
priate fractions were combined, and the tRNA EtOH-pre- 
cipitated (2.5 volumes), washed with 70% EtOH, suspended 
in H20, lyophilized, and stored under argon at -20 “C as a 
fluffy white powder. The amber suppressors L-tyrosyl- 
tRNA$’,-dCA, N-methyl-L-phenylalanyl-tRNA$jA-dCA, 
D-phenylalanyl-tRNAg$,-dCA, and L-phenyllactyl-tRNA- 
ggA-dCA, in addition to the ochre suppressor L-3-iodo- 
tyrosyl-tRNAER,-dCA and opal suppressor L-3-iodotyrosyl- 
tRNA$gA-dCA, were produced in an analogous fashion (Bain 
et al., 1991b). 

Preparation of Chemically Misacylated L-3- [ 12511 Iodo- 
tyrosyl-tRNAz#A-dcA. Synthesis of L-tyrosyl-tRNAz#A-dCA 
was accomplished as described above with 5’-O-phosphoryl- 
2’-deoxycytidylyl(3’-5’)- [ 2’( 3’)-O-(~-tyrosyl)adenosine]. 
Radioiodination (Scherberg et al., 1978) of the ligation product 
(1 0 pL) was accomplished by suspension in 70 mM sodium 
phosphate, pH 7.5, buffer (300 pL) containing 1.2 mCi of 
carrier-free Na ‘=I. ChloramineT (2 pL of a 35 mM solution 
in H20) was added and the mixture maintained at room 
temperature for 5 min, followed by addition of sodium bisulfite 
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( 5  pL of a 0.1 M solution in HzO) and NaCl(33 pL of a 3 
M solution in HzO) and precipitation with 2.5 volumes of 
EtOH. The precipitate was dissolved in 10 mM NaOAc, pH 
4.5/1 mM EDTA/100 mM NaCl (50 pL) and filtered 
through a Sephadex G-25 Select D column equilibrated with 
the same buffer. The initial isotope peak was immediately 
absorbed onto a BD-cellulose column (2 X 0.5 cm) that had 
been equilibrated at 4 OC with 50 mM NaOAc, pH 4.5/10 

removed by eluting the column with 10 mL of the buffer. The 
column was then eluted with the buffer containing 25% EtOH 
to effect elution of ~ - 3 - [  ‘ZSI]iodotyrosyl-tRNA~~A-dCA 
(Heckler et al., 1984a). The appropriate fractions were 
combined and the tRNA EtOH-precipitated (2.5 volumes), 
washed with 70% EtOH, suspended in HzO, lyophilized, and 
stored under argon at -20 OC as a fluffy white powder. 

Preparation of mRNA for Polypeptides. Method A: 5’- 
Capped mRNA. Four synthetic oligodeoxyribonucleotides 
were used to construct an insert containing the mRNA 
template. Synthesis and purification of the mRNA template 
was essentially the same as previously described for the 
tRNAg8A-CoH template (Bain et a]., 1991b). A vector was 
prepared by digestion of plasmid M 13+ KS with EcoRI and 
HindTII. Plasmids were screened for the insert with NcoI 
(engineered into the insert)/HindIII restriction analysis. 
Template DNA was linearized by XhoI digestion of the 
plasmid. Capped mRNA transcripts (Contreras et al., 1982; 
Konarska et al., 1984) were produced by use of the linearized 
template (2 pg) in a 20-pL reaction containing 40 mM 
TrisOHCl, pH 8.0/20 mM MgCl2/5 mM dithiotbreitol/l pg 
of bovine serum albumin/5 mM P1-5’-(?-methyl)guanosine- 
P3-5’-guanosine triphosphate, dilithium salt/ 1 mM NTP each, 
with 20 units each of RNasin and T7 I$NA polymerase. The 
misture was incubated for 1 h at 37 OC followed by addition 
of EDTA (10 pL of a 100 mM stock in H20), extracted once 
with phenol/CHC13/isoamyl alcohol’ (25:24:1), once with 
CHCl,/isoamyl alcohol (24: l),  and precipitated with 2.5 
volumes of EtOH to yield 2.9 pg of transcript. Homogeneity 
of the product was confirmed by electrophoresis in a 1.5% 
agarose gel. 

Method B Uncapped mRNA. Synthesis, purification, and 
screening for the mRNA template was essentially the same 
as described above for 5‘-capped mRNA. A vector was pre- 
pared by digestion of plasmid M13+ KS with EcoRI and 
HindIII. Plasmids were screened for the insert with NcoI 
(engineered into the insert)/HindIII restriction analysis. A 
500-base-pair DNA template was produced from digestion of 
the plasmid with PuuII, which was isolated by electrophoresis 
in a 1.5% agarose gel and elution using Geneclean to yield the 
purified vector. The RNA transcript was produced in a 
500-pL reaction containing 40 mM Tris-HCI, pH 8.1/20 mM 
MgClz/ 1 mM spermidine15 mM dithiothreitol/25 pg of bo- 
vine serum albumin/5 mM NTP each, with 2 units of inor- 
ganic pyrophosphatase and 12 000 units of T7 RNA polym- 
erase (Francklyn 8c Schimmel, 1989; Milligan et al., 1987). 
The mixture was incubated for 4 h at 37 OC followed by 
addition of EDTA (10 pL of a 100 mM aqueous solution), 
extracted once with phenol/CHCl,/isoamyl alcohol (25:241), 
once with CHCl,/isoamyl alcohol (24:1), and precipitated with 
2.5 volumes of EtOH to yield 720 pg of transcript. Homo- 
geneity of the product was confirmed by electrophoresis in a 
1.5% agarose gel. 

Protein Synthesis. Method A: Quantitative Evaluation of 
L-3- [ lZ51] lodotyrosyl-tRNA~B,-dCA. Translation with rabbit 
reticulocyte lysate was performed as directed by the manu- 

mM MgC12/1.0 M NaCl. Unreacted tRNAt$A-CoH was 

Bain et al. 

facturer’s instructions (Amersham). Magnesium and potas- 
sium ion concentrations contained within the lysate were found 
to yield efficient translation, and no modifications were re- 
quired. Optimal mRNA concentration was determined as per 
instructions. A typical reaction (10 pL) contained lysate (8 
pL), ~-[~%]methioNne (100 pCi), 5’-capped mRNA (1.0 pM), 
and L-3-[12sI]iodotyrosyl-tRN~~A-dCA (2.0 pM). The 
mixture was incubated for 1 h at 30 OC followed by addition 
of 1.0 M sodium hydroxide/hydrogen peroxide (0.5 mL) and 
warming to 37 OC for 10 min. Synthetically prepared poly- 
peptide standards (see Chemical Peptide Synthesis and Pu- 
rification), corresponding to the expected 8-mer and 16-mer 
products from the translation, were added (10 pL of a 0.5 mM 
solution in 77% formic acid), followed by addition of HzO (200 
pL) and extraction (3 X 250 pL) with CH3CN/CHC13 (1:l). 
The organic layers were combined, concentrated in vacuo, 
suspended in 77% formic acid (100 pL), and immediately 
injected onto HPLC, as described in Materials and Methods, 
followed by radioisotopic detection by scintillation counting. 

Method B: Rapid Screening of Unlabeled Nonnatural 
Residues. Translations containing unlabeled nonnatural 
residues with rabbit reticulocyte lysate were performed with 
a slightly modified procedure from manufacturer’s instructions 
(Amersham). Magnesium ion and mRNA concentrations 
were determined as per instructions. A typical reaction (10 
pL) contained lysate (9 pL), ~-[~~S]methionine (15 pCi), 
~-[3,4,5-~H]leucine ( 5  pCi), uncapped mRNA (2.0 pM), 
chemically misacylated tRNA (20 pM). The mixture was 
incubated for 1 h at 30 OC followed by addition of synthetically 
prepared polypeptide standards (see Chemical Peptide Syn- 
thesis and Purification), corresponding to the expected 8-mer 
and 16-mer products from the translation (10 pL of a 0.5 mM 
solution in 77% formic acid). The solution was immediately 
quenched with HzO (1.0 mL), and the resulting precipitate 
was centrifuged, and the solvent was decanted. A cycle of 
resuspension in 77% formic acid (10 pL) followed by precip- 
itation with HzO (1 .O mL) was repeated twice. The resulting 
precipitate was dissolved in 77% formic acid (100 pL) followed 
by radioisotope detection by scintillation counting or injection 
onto HPLC, as described in Materials and Methods. 

RESULTS AND DISCUSSION 
The biosynthetic production of modified proteins containing 

nonnatural residues would require (1) a specifically amino- 
acylated suppressor tRNA, (2) an appropriately designed 
mRNA containing a nonsense mutation site, (3) a translation 
system, and (4) a method for introduction of the exogenous 
tRNA and mRNA components. Additionally, a translation 
experiment was designed to allow the quantitative and unam- 
biguous determination of suppression efficiency, read-through, 
and site specificity of incorporation. Also, the ability to rapidly 
analyze a large array of labeled or unlabeled acylated tRNA 
analogues was desired. 

Preparation of Chemically Misacylated L-3- [ lZs4 Iodo- 
tyrosyl-tRNAt$,-dCA. In a previous report (Bain et al., 
1989), ~-3-[~~~I]iodotyrosine was chosen as our first attempt 
at site-specific incorporation of this nonnatural residue during 
biosynthesis of a polypeptide. This particular residue was 
chosen for two reasons. First, previous attempts to incorporate 
either monoiodotyrosine or diiodotyrosine biosynthetically into 
proteins via in vitro rabbit reticulocyte lysate have failed when 
these residues are introduced into the system as the free acids 
(Scherberg et al., 1978). Secondly, this radiolabeled residue 
is easily synthesized with a specific activity within detectable 
levels for cell-free translation with rabbit reticulocyte lysate 
(Hadi et al., 1977). 
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Scheme I: Synthesis" of Acylated Dinucleotide 9 
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7: R' =2CIPh, e= H, H=THP, F- ' L8: R' = 2CIPh. Ff = N-Fmoc-tyrosine, d = THP, d = Fmoc '6% R' = d = H, Ff(d) = H, tydne 

"Synthesis was carried out as follows: (a) (i) 2'-deoxycytidine monohydrochloride, TMSCl4.1 equiv, pyridine, RT, 2 h; (ii) FmocCl 1.1 equiv, RT, 
3 h; (b) 2, (2-ClPhO),P(O)Cl 1.0 equiv, pyridine, 0 OC-RT, 1 h; (c) (i) adenosine, TIPDSC12 1.1 equiv, DMF/pyridine ( I : ] ) ,  RT, 1 h; (ii) TMSCI 
2 equiv, RT, 1 h; (iii) FmocCl 1.1 equiv, RT, 3 h; (d) (i) 4, 2,3-dihydropyran, p-toluenesulfonic acid 0.33 equiv, 3-A molecular sieves, dioxane, RT, 
1.5 h; (ii) TBAF 0.8 M, THF/pyridine/HzO (8:1:1), RT, 1.5 h; (e) (i) 3, (2-ClPhO)P(O)(HOBT)z 1.1 equiv, THF, RT, 30 min; (ii) 6 1.3 equiv, 
N-methylimidazole 0.6 equiv, RT, 30 min; (f) 7, N-Fmoc-O-tert-butyltyrosine 3.0 equiv, N-methylimidazole 1.5 equiv, BOP 3.0 equiv, HOBT 3.0 
equiv, DMF, RT, 30 min; (8) (i) 8, 1,1,3,3-tetramethylguanidine 0.38 M, 4-nitrobenzaldoxime 0.33 M, CH3CN, RT, 3 h; (ii) 80% formic acid, 0 OC, 
30 min. 

Chemical synthesis of the requisite aminoacyl dinucleotide 
(9)  is based upon prior work developed by Chliidek and co- 
workers (Hagen et al., 1988; Happ et al., 1987; Scalfi-Happ 
et al., 1987). However, 2'-deoxycytidine is employed rather 
than cytidine, resulting in the synthesis of a dinucleotide 
RNA/DNA hybrid (Scheme 1)-the details of which are 
reported elsewhere (Bain et al., 1991b). The decision to em- 
ploy a dinucleotide RNA/DNA hybrid in the construction of 
requisite nonsense suppressor leads to several advantages over 
a total RNA analogue in terms of synthetic simplicity and 
product stability, while maintaining compatibility with T4 
RNA ligase (Snopek et al., 1976,; Sugino et al., 1977) and 
other enzymes involved in the biosynthesis of polypeptides 
(ChlBdek & Sprinzl, 1985; Khan & Roe, 1988). Accordingly, 
construction of the desired dinucleotide RNA/DNA hybrid 
was accomplished by condensation of the key intermediates 
N4- [ (9-fluorenylmethoxy)carbonyl] -5'-0- [bis( 2-chloro- 
phenyl)phosphoryl]-2'-deoxycytidine (3) and N6-[(9- 
fluorenylmethoxy)carbonyl] -2'-0-(tetrahydropyrany1)- 
adenosine (6) with the hydroxybenzotriazolyl phosphotriester 
method of Happ et al. (1987). 

Acylation of the protected dinucleotide with N49- 
fluorenylmethoxy)carbonyl-O-tert-butyl-L-tyrosine, activated 
just prior to use with benzotriazol-1-yloxytris(dimethy1- 
amino) phosphonium hexafluorophosphate/ 1 -hydroxybenzo- 
triazole dissolved in a 0.2 M N-methylmorpholine in DMF 
(Hudson, 1988), was achieved in high yield. A two-step de- 
protection scheme developed by Chliidek (Happ et al., 1987), 
followed by reverse-phase HPLC using gradient elution with 
CH$N (0-40% CH3CN in 30 min) in 5 mM ammonium 
formate (pH 4.5) gave the fully deprotected acylated di- 
nucleotide in 54% yield. This procedure represents an im- 
provement over previous methods, which give a diacylated 
product requiring extra deprotection and purification steps 
(Baldini et al., 1988; Heckler et al., 1984a; Noren et al., 1989). 

The final component to be synthesized was the 3'-truncated 
tRNA tRNAE$A-CoH (IO), prepared from a synthetic linear 
DNA template (Francklyn & Schimmel, 1989) featuring a 
double-stranded promoter region and a long 5' overhang 
corresponding to the transcribed sequence (Scheme 11). 
Run-off transcription of this template gives the expected 74- 

Scheme 11: Synthetic DNA Template" 

Polymerase Pmmoter Site 
T"alp4bnLIe@m 
pppoGGAGA--, 

S-TMTACGACTCACTATAGO' 
3'-ATTATGCTGAGTGATATCCCTClTATCGAGTCAACCATCTCGTGCT@ 

l7 RNA Polymerase 

C-OH 
U 

G - C  
G o C  
G - C  
A * U  
G - C  
A * U  

U 

A .  u 
c. u 
C * G  

U A  
U A  
C U A  

10 

Synthetic DNA template for run-off transcription of 3'druncated 
tRNA tRNAg8A-COH (10). The tRNA&-CoH template yields a 74- 
base run-off transcript containing the altered anticodon as indicated by 
underline. This template features a double-stranded promoter region 
and a long 5' overhang corresponding to the transcribed sequence. 

nucleotide product with a sequence corresponding to E. coli 
tRNAG'y3 (Roberts & Carbon, 1975) except (1) the transcript 
contains no hypermodified bases, (2) the 3' terminus lacks the 
normal cytidine and adenosine residues, and (3) the anticodon 
loop contains a CUA anticodon for suppression of amber 
nonsense suppression sites. Milligram quantities of this 
transcript are obtained in a single reaction and can be purified 
to single-nucleotide resolution on a 20% polyacrylamide 
preparative gel (Sampson & Uhlenbeck, 1988). 

The T4 RNA ligase mediated coupling of 5'-0- 
phosphoryl-2'-deoxycytidylyl( 3'4')- [ 2'( 3')-0-(4-hydroxy- 
phenylalanyl)adenosine] (9) with tRNAggA-CoH (IO) to yield 



5416 Biochemistry, Vol. 30, No. 22, 1991 Bain et al. 
EcoRI Nco I Hind I I I 

5’ AATTC ACC ATG GGT TTA TAT TTG GGC CTT TTT TAG GGA CTC TAC CTA GGG CTG TTC TAATGA 3’ 

3’ G TGG TAC CCA AAT ATAAAC CCG GAAAAA ATC CCT GAG ATG GAT CCC GAC AAGATT ACT TCGA 5’ a 
5’  AUG GGU UUA UAU UUG GGC CUU UUU UAa GGA CUC UAC CUA GGG CUG UUC UAAUGA 3’ 

Plet Gly Leu T y r  Leu Gly Leu Phe Stop Gly Leu Tyr  Leu Gly Leu Phe StopStop 

Met*-Gly-Leu-Tyr-Leu-Gly-Leu-Phe Met*-Gly-Leu-Tyr-Leu-Gly-Leu-Phe-l -Tyr*- 

Gly-Leu-Tyr-Leu-Gly-Leu-Phe 

Termination Product Suppression Product 
FIGURE 1 : Termination and suppression products obtained from translation of mRNA. The mRNA template contains a 60-base leader sequence 
between the transcription start site and the initiation codon and a SO-base 3’-untranslated region for efficient interaction with the ribosome. 
The initiation codon is immediately flanked by a consensus sequence for optimum translation. In addition, a NcoI site was designed into the 
insert to facilitate screening of recombinants. Translation of the mRNA can yield either a termination (8-mer polypeptide) or ~-3-iodo- 
tyrosyl-tRNA~~,-dCA-suppresed (ldmer) product. Sequences for both polypeptides are as indicated in the figure, with position 9 corresponding 
to the amber site (Le., the position where the nonnatural amino acid L-3-iodotyrosine is inserted in the suppression product). 

tyrosyl-tRNA:t,dCA was carried out as described by Baldini 
et al. (1988) exept that the length of incubation was extended 
from 6 to 10 min to maximize the coupling yield. In addition, 
greater yields of the desired acylated tRNA were realized when 
the ligation was conducted in the presence of a large excess 
of the dinucleotide 9 (20 molar equiv). Following incubation, 
the excess dinucleotide is easily separated from the acylated 
tRNA by selective precipitation of tyrosyl-tRNAE$,-dCA 
with 70% EtOH at -20 OC. Further purification of the crude 
precipitate was accomplished by CHC13/phenol extraction, 
which removed the T4 RNA ligase. The partially purified 
L-tyrosyl-tRNAg$,-dCA was then radioiodinated with car- 
rier-free Na 1251 under conditions that minimize radiolabeling 
of the tRNA (Scherberg et al., 1978). Final purification of 
~-3-[’~~I]iodotyrosyI-tRNA~~~-dCA was accomplished by 
sequential elution through Sephadex G-25 and BD-cellulose 
(Heckler, 1984). Analysis of this purified product showed that 
0.11 mCi of lZ5I was incorporated into 9.6 r g  of tyrosyl- 
tRNA:$,-dCA, which resulted in a specific activity for L- 
3-[1251]iodotyrosyl-tRNAg~A-dCA of 293 Ci/mmol. 

Quantitative Evaluation of Read-Through, ~-3-[’~~1]- 
Iodotyrosyl-tRNA:BA-dCA Suppression Efficiency, and 
Site-Specificity of Incorporation into a Novel Synthetic Po- 
lypeptide during Biosynthetic Translation. A direct method 
for the determination of suppression efficiency, read-through, 
and site specificity of incorporation was desired for the initial 
translation experiment. Accordingly, biosynthesis was con- 
ducted with a cell-free rabbit reticulocyte lysate translation 
system to facilitate introduction of the exogenous acylated 
tRNA and mRNA. An appropriately designed mRNA con- 
taining a nonsense suppression site at position 9 was transcribed 
from a synthetic gene (Figure 1). Two possible polypeptides 
can be translated from this mRNA: an 8-mer and 16-mer. 
The 8-mer is the expected termination product, and the 16-mer 
would be produced if suppression of the nonsense site at 

position 9 were to occur. It should be noted that the poly- 
peptide sequences were designed with amino acids mainly 
possessing hydrophobic side chains, allowing facile isolation 
of the expected translation products from rabbit reticulocyte 
lysate by simple extraction with organic solvents. 

The DNA template for the mRNA was designed to expedite 
the preparation of the template and transcription of an ap- 
propriate RNA message. The DNA template for the mRNA 
contained a consensus sequence flanking the initiation codon 
for efficient translation of the RNA message (Kozak, 1984). 
The insert for the template was constructed from four synthetic 
oligodeoxyribonucleotides that were cloned into an appro- 
priately prepared Bluescript M13+ KS plasmid (Figure 1). 
Overproduction of the plasmid in TB- 1 cells followed by pu- 
rification, screening for recombinants by NcoI digestion (a 
unqiue restriction site was engineered into the gene to facilitate 
screening), and linearization of the plasmid by digestion with 
XhoI resulted in a linear DNA template with a 60-base leader 
sequence between the transcription start site and the initiation 
codon and a 50-base 3’-untranslated region. 5‘-Capped 
mRNA transcripts were produced as previously described 
(Contreras et al., 1982; Konarska et al., 1984). 

The translation experiment was conducted in the resence 
of ~-[~~S]methionine and ~-3-[’~I]iodotyr0~yl-tRNA~~,-dCA 
(Figure 1). Following cessation of the translation reaction, 
nonradiolabeled polypeptide standards of the 8- and 16-mer 
were added as carriers to facilitate partitioning of the poly- 
peptide products into the organic layer during extraction with 
CH3CN/CHC13 (1:l). The extracts were evaporated to 
dryness, dissolved in 77% formic acid, and then fractionated 
by reverse-phase HPLC. Following isolation of the translation 
products, total suppression (i.e., that due to both read-through 
and nonsense suppression) was calculated from the relative 
levels of ~- [~~S]meth ionine  contained in the 8- and 16-mer 
polypeptide products (586 and 248 dpm, respectively) to give 
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reaction. The observed results for the control experiments all 
closely correlate with one another within detectable levels, 
indicating that enzymatic acylation of tRNAga,-dCA does 
not occur nor does ~-3-['~~I]iodotyrosine act as a substrate for 
the synthetases. 

The final question to be addressed was the site specificity 
of L-3- ['251]iodotyrosine incorporation during translation of 
the RNA message. Site-specific incorporation of L-3- [1251]- 
iodotyrosine at the position of the UAG codon (position 9) was 
directly verified by sequencing of the 16-mer by Edman 
degradation and radiolabel detection of the resultant amino 
acid PTH derivatives for both ~-[~~S]methionine and L-3- 
['Z51]iodotyrosine. The results clearly show that position 1 
contained 35S, position 9 contained lZsI, and all other positions 
had no activity above background levels. This result confirms 
unequivocally that L-3- ['251]iodotyrosine is incorporated ex- 
clusively at the position of the UGA codon. 

Development of a Rapid Assay Method for Determining 
Suppression Efficiencies. The experiments described above 
demonstrate that this strategy for incorporation of nonnatural 
amino acids into peptides is a workable one. A number of 
questions remained, however: How general is the process? 
Can it be made significantly more efficient? Are there specific, 
identifiable structural features of the aminoacyl-tRNA that 
affect the efficiency of incorporation? In order to answer these 
questions, the procedure was tested with several other non- 
natural residues and tRNA modifications. Thus, rather than 
moving immediately to site-directed mutagenesis in enzymes, 
we opted to develop a rapid assay system to test these ques- 
tions. 

A simple method for determining suppression efficiency of 
synthetic acylated suppressors without requiring synthesis of 
radiolabeled nonnatural residues would be highly desirable. 
The translation system employed for characterization of L- 
3- [ 1251]iodotyrosyl-tRNAg~A-dCA was also designed to pro- 
vide suppression efficiencies in subsequent studies without the 
need to radiolabel each nonnatural residue to be tested. In 
order to do so, translation in the rabbit reticulocyte lysate is 
conducted as it was in the initial experiments except that 
unlabeled acylated tRNA is added, in conjunction with L- 
[35S]methionine and ~ - [~H] leuc ine .~  As before, the termi- 
nation product is an 8-mer polypeptide, while the suppression 
product is ldmer, depending upon whether or not suppression 
occurs. Suppression efficiencies can then be determined simply 
by measuring the ratio of radiolabeled ~-[~'S]methionine to 
~-[~H]leucine: since the 8-mer contains three leucines and the 
16-mer contains six, 0% suppression results in an 3H:35S ratio 
of 3:l (corrected for specific activities), while 100% suppression 
would give a 6:l ratio (Figure 1). Intermediate levels can thus 
be determined by simple interpolation. As the most rigorously 
studied example to date, ~-3-iodotyrosyl-tRNAgt,-dCA was 
employed to calibrate the assay and to act as a reference for 
comparison to all other acylated tRNA analogues. The lysates 
for individual translation experiments were each incubated for 
1 h at 30 OC followed by addition of synthetically prepared 
polypeptide standards (Hudson, 1988), corresponding to the 
expected 8-mer and 16-mer products from the translation (10 
pL of a 0.5 mM solution in 77% formic acid). The solution 
was immediately quenched with HzO (1 .O mL), yielding a 
precipitate (i.e., the translation products) that was separated 

Table I 
decays per minute (dpm)' 
8-mer 16-mer 

experiment* 35s 1751 35s 1251 

~-3-['~~]iodotyrosyl- 586 - 248 2120 

control l e  836 - 26 - 
control ZC 863 - 31 - 
control 3c 815 - 23 - 

tRNA$B,-dCA 

'Counts per minute have been converted into decays per minute 
(dpm) and are corrected for background. Dashes indicate no decays 
per minute above background levels. *In vitro rabbit reticulocyte ly- 
sate translation experiments were carried out as described in the text. 
Crude polypeptides were injected onto a Vydac C-4 column equilibra- 
ted in 0.1% TFA in H20/CH3CN ( ] : I ) .  Gradient elution with 0.1% 
TFA in CH3CN (35-50% CH$N in 50 min) resolved the 8- and 16- 
mer eluting at 40-45% CH,CN. cControls were conducted in the ab- 
sence of added ~-3-[~~~I]iodotyrosyI-tRNA~~~-dCA but were supple- 
mented as follows: control 1 ,  buffer alone; control 2, 0.5 pg of non- 
acylated tRNA; control 3, 0.5 wg of nonacylated tRNA plus 100 pCi 
of carrier-free ~-3-[~~~I]iodotyrosine.  

a value of 30% suppression efficiency at the nonsense sup- 
pression site (Table I). 

Suppression efficiency was further assessed by analyzing 
the ~-3-['~~I]iodotyrosine to ~-[~~S]methionine ratio in the 
16-mer polypeptide to determine if read-through had con- 
tributed significantly to the isolated mass of the suppression 
product. Contamination of the 16-mer at positon 9 by amino 
acids other than the desired nonnatural residue would be 
represented by an L-3- ['251]iodotyrosine to ~-[~~S]methionine 
ratio other than 1:l (after correction for specific activity 
differences). Specific activities of the radioisotopes were 34 
and 293 Ci/mmol for ~- [~~S]meth ionine  and ~-3- [ '~~I] iodo-  
tyrosine, respectively, to yield a ratio of 8.62. The observed 
~-3-['~~I]iodotyrosine (21 20 dpm) to ~-[~~S]methionine (248 
dpm) ratio for the 16-mer suppression product was 8.54, which 
is identical with the value found in the lysate within the ex- 
perimental error. This result clearly shows that insignificant 
amounts of read-through occur in the presence of the synthetic 
nonsense suppressor ~-3-['~~I]iodotyrosyI-tRNA~~~-dCA. It 
was vitally important to quantify suppression with respect to 
this last calculation since preliminary experiments conducted 
by our lab (results not shown) demonstrated that read-through 
could account for as much as half of the suppression observed 
when minimal tRNA concentrations are employed (<10.0 

The translation reaction containing ~-3-['~~I]iodotyrosy1- 
tRNAgt,-dCA was conducted in parallel with several controls 
(Table I) to fully assess the suppression efficiency of the 
nonsense site by the chemically misacylated tRNA. The 
amount of read-through that would occur in the absence of 
exogenous tRNA was determined in control 1, which was 
conducted with only added mRNA and  methionine. 
Thus, any 16-mer produced is due to suppression at the non- 
sense site with endogenous aminoacyl-tRNAs. In control 2, 
the addition of nonacylated tRNAga,-dCA to the lysate was 
employed to rule out the possibility of enzymatic reacylation 
of the tRNA that is liberated after delivery of ~-3-['*~1]- 
iodotyrosine to the ribosome. Finally, in control 3, confir- 
mation that ~-3-['~'I]iodotyrosine does not act as a substrate 
for any of the endogenous synthetases was obtained by the 
addition of only nonacylated tRN@BA-dCA and carrier-free 
~-3-['~~I]iodotyrosine to the lysate. If ~-3-['~~I]iodotyrosine 
were to act as a substrate for one of the synthetases, the 
resulting acylated tRNA could be utilized as a substrate for 
protein biosynthesis under the conditions of the translation 

m. 

These ratios are derived from probabilities of incorporation; at the 
level of isotopic enrichment of the methionine and leucine (1 pCi/mM 
corresponds approximately to one radiolabeled atom in 107-108) it is very 
unlikely that any single peptide has more than one radiolabeled atom. 
Thus, averaged over all peptides produced, the 16-mer is twice as likely 
to contain tritium as the &mer. 
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Table I1 
[3H] ["SI average 96 

entrv raoid assav conditions' in dum in dum suuuressionb .. 
1 with no added tRNA 245 341 112541 0 

suppressor 257113 124209 .. 
221475 104964 

suporessor 239 183 108719 
2 with nonacylated tRNA 218 512 101 633 0 

.. 
3 1.0 pM mRNA; 20.0 pM 

tRNA; 2.5 mM Mg 

2.0 pM mRNA; 20.0 pM 
tRNA; 2.5 mM Mg 

2.0 pM mRNA; 40.0 pM 
tRNA; 5.0 mM Mg 

2.0 pM mRNA; 40.0 pM 
tRNA: 7.5 mM MP 

4 

5 

6 

263931 
318494 
289 748 
323916 
394733 
408 057 
413049 
439 126 
442 234 
429 OS3 
595 052 
592 576 

126 282 
115732 26 
109463 
121 317 
146142 25 
151 214 
157 837 
157 603 32 
154911 
152 003 
171 115 59 
174 593 - 

545630 163 127 
7 2.0 uM mRNA: 40.0 UM 529517 149781 65 

tRNA; 10.0 mM Mg ' 613 814 172063 
557 504 159 337 

tRNA; 15.0 mM Mg 493 060 155 748 
523 222 159 650 

8 2.0 pM mRNA; 40.0 fiM 480 323 147 983 51 

~~ 

'A typical reaction (10 pL) contained lysate (9 pL), ~-["S]methionine 
(15 pCi), and ~-[3,4,5-~H]leucine (5 pCi). The concentrations of mRNA, 
~-3-[ '*' l ] iodotyrosyl-tRN~~~-dCA, and magnesium ion are as indicated. 
*Values given are an average of three trials. Counts per minute have been 
converted into decays per minute (dpm) and are corrected for background 
and quenching for each individual trial prior to averaging. Average sup 
pression values of individual trials were derived from the ratio of L-[~%]- 
methionine to ~-[~H]leucine divided by the 3H:35S ratio obtained from entry 
2. L-3-Iodotyrosine was employed as an internal standard in each assay to 
normalize interassay variances. 

from lysate components by centrifugation. Again, the strategy 
to produce translation products that are hydrophobic in 
nature-which allows facile isolation from the lysate by ex- 
traction with organic solvents-also permits their isolation to 
be accomplished by a repeated cycle of resuspension in 77% 
formic acid (1 0 pL) followed by precipitation with H 2 0  (1 .O 
mL). After isolation, ~-['~S]methionine and ~-[~H]leucine 
radioisotope levels were detected by scintillation counting and 
the suppression efficiencies were determined after correction 
for background counts, quenching, and specific activities. 

optimization of Conditions. Translation conditions were 
first optimized with the unlabeled acylated tRNA suppressor 
~-3-iodotyrosyl-tRNA~8,-dCA by varying the concentrations 
of mRNA, suppressor, and magnesium ion present during 
translation (Table 11). As before, controls (entries 1 and 2) 
were conducted in parallel with the translation experiment 
containing the unlabeled acylated suppressor. The first control 
(entry 1) was employed to determine the observed 3H:35S ratio 
when translation of the mRNA is conducted in the absence 
of any suppressor tRNAs and thus is representative of the 
radiolabel ratio that would be expected for the 8-mer termi- 
nation product only. Analogous with the initial experiments, 
a second control experiment (entry 2) contained nonacylated 
tRNA:b,-dCA. As observed before with the experiments 
conducted with ~-3-['~~I]iodotyrosine, identical results were 
obtained from controls within the experimental error (f5%). 

Another issue to be addressed is the reliability of observed 
3H:35S ratios to act as an indirect reporter of suppression 
efficiency for the unlabeled acylated tRNA. Thus, a trans- 
lation experiment was conducted with the unlabeled acylated 
tRNA suppressor ~-3-iodotyrosyl-tRNA:$,-dCA (entry 3) 
under the same reaction conditions previously employed for 
the analogous labeled acylated suppressor. The suppression 
efficiency (26%) derived from the 3H:3SS ratio was indistin- 
guishable from the value obtained in the initial experiments 

I odotyrosi ny 1 -tRNA Amber Suppression 

20 
0 5 10 15 

Mg Ion conc. (mM) 
FIGURE 2: Magnesium ion concentration dependence upon suppression 
efficiency. Translation with rabbit reticulocyte lysate and deter- 
mination of suppression efficiencies were performed as described in 
Table I1 legend. Error bars indicate an estimated uncertainty of &5% 
for each of the averaged suppression values. 

with ~-3-['~~I]iodotyrosyl-tRNA~~~-dCA (30%) within ex- 
periment error ( *5%).  With this result in hand, further re- 
finements of the optimum conditions for suppression efficiency 
could be determined. 

The optimum mRNA and tRNA concentrations (entry 4) 
specific to the rapid assay conditions were determined in order 
to maximize both the suppression efficiency of L-3-iodo- 
tyrosyl-tRNA:g,-dCA and the relative amount of translation 
product produced. Optimization of mRNA concentration 
(based upon total ~-[~~S]methionine incorporated into isolated 
translation products) revealed that the maximum amount of 
translation product occurs at 2.0 pM mRNA. Analogous 
optimization of ~-3-icdotyrosyl-tRN@#,-dCA revealed that 
both low (<10.0 pM) and high (>lOO.O pM) concentrations 
of the acylated suppressor significantly reduced the amount 
of translation product produced (on the basis of total L- 
[3H]leucine incorporated into isolated translation products). 
It was interesting to find that concentrations of the acylated 
tRNA greater than 100 pM actually inhibited the total amount 
of translation product, on the basis of incorporation of both 
3SS and 3H. This reduction may be due to competitive in- 
hibition of the endogenous aminoacyl-tRNA by the nonsense 
suppressor at the ribosomal binding sites. Nevertheless, ef- 
ficient production of translation products could be achieved 
with intermediate concentrations (10.0-100.0 pM) of acylated 
suppressor added to the lysates, with 20.0 pM suppressor being 
optimal. Overall, a significant increase (31%) in the relative 
amount of translation product produced could be achieved 
under optimum mRNA and suppressor tRNA concentrations 
(entry 4). However, the average suppression efficiency was 
unchanged under these optimized conditions when compared 
to the original conditions (entry 3) employed in the initial 
experiments. 

Magnesium ion levels also proved to have a significant effect 
upon suppression efficiency of ~-3-iodotyrosyl-tRNAgB,-dCA 
(Table 11, entries 4-8, and Figure 2). On the basis of L- 
[35S]methionine incorporation, the relative amount of trans- 
lation product (both 8-mer and 16-mer) produced gradually 
rose from its lowest level when no exogenous magnesium ion 
was added (entry 3; 2.5 mM Mg ion is the concentration in 
the lysate supplied by the vendor) to its highest when the 
magnesium ion concentration was at 7.5 mM (entry 6). A 
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similar trend was found when magnesium ion concentration 
was compared to the suppression efficiency of ~-3-iodo- 
tyrosyl-tRNAg$A-dCA in the assay (Figure 2), except opti- 
mum suppression efficiency (65%; entry 7) was obtained at 
a slightly higher magnesium ion concentration (10.0 mM). 
The effect that magnesium ion concentration exerts upon the 
observed nonsense suppression levels may be due to a con- 
formational change in the unhypermodified tRNA induced 
by the ion (Hall, et a]., 1989). A similar magnesium ion 
dependence was found for an unhypermodified tRNAb amber 
suppressor also employed for introduction of nonnatural res- 
idues into proteins (Noren et al., 1990). 

Incorporation of Other Nonnatural Amino Acids. As stated 
previously, one major difference between the rapid assay and 
the methodology employed in the initial experiments with 
radiolabeled ~ - 3 - [  ‘2SI]iodotyrosine is that suppression values 
are calculated indirectly in the rapid assay. A comparison of 
the suppression efficiencies derived from these two different 
methodologies demonstrated that the rapid assay did in fact 
yield valid results for iodotyrosine. Further evidence to support 
the validity of the rapid assay method was obtained from 
additional experiments conducted with N-methylphenylalanine 
and D-phenylalanine. Accordingly, suppression experiments 
with these residues were repeated under conditions identical 
with those in the first rapid assay experiments (2.0 pM 
mRNA; 40.0 pM tRNA; 10.0 mM magnesium). Following 
incubation of the lysates, polypeptide standards (appropriate 
for the particular nonnatural residue being employed) were 
added and the lysates separated into two fractions. The first 
fraction was evaluated as before by direct scintillation counting 
and determination of suppression efficiencies derived from the 
3H:3SS ratios. The other fraction was applied directly to a 
reverse-phase column and fractionated by HPLC. The ra- 
dioisotope levels of 8- and 16-mer translation products, after 
isolation of the two fractions by HPLC, were detected by 
scintillation counting. Suppression values were obtained by 
direct comparison of 35S found in the two translation products. 
For both N-methylphenylalanine and Dphenylalanine, as well 
as an iodotyrosine control, both the normal rapid assay method 
and this direct analysis of the isolated HPLC fractions gave 
identical results within experimental error. Both methods show 
that N-methylphenylalanine is incorporated with a suppression 
efficiency of approximately 70% while Dphenylalanine is not 
incorporated. It is not yet clear whether the incorporation of 
N-methylated residues or the failure to incorporate a Damino 
acid will prove to be general, but both cases merit further 
study. 

This methodology was also applied in an attempt to intro- 
duce an ester linkage in place of the normal amide bond at 
position 9. Thus, phenyllactyl-tRNAgEA-dCA was prepared 
and tested in the rapid assay. The translation efficiency was 
found to be 46% despite the substitution of a hydroxyl group 
for the normal a-amino moiety. Analysis of the translation 
products was complicated by the relative difficulty of syn- 
thesizing a polypeptide standard containing an ester linkage 
along the polyamide backbone. However, this particular ex- 
periment afforded an alternative method of verifying the site 
of incorporation of the ester residue: since the predicted 
suppression product contains a unique ester linkage (Figure 
3), selective hydrolysis of the relatively labile ester group should 
result in cleavage at position 9, yielding two 8-mer polypeptide 
products. The N-terminal cleavage product would contain all 
the 35S after hydrolysis. Accordingly, the lysate was frac- 
tionated by reverse-phase HPLC following cessation of the 
translation reaction. On the basis of  methionine levels, 

Biochemistry, Vol. 30, No. 22, 1991 5419 

0.67 M K O H l O  ’C I 
Alknline Hydrotyah Roducl 
W E l ~ t u  On HPLC Wllh  &mer Met-Gly-Leu-Tyr-Leu-Gly-Leu yo , H 
Polyp@& StMdUd 

0 
FIGURE 3: Verification that phenyllactic acid is site-specifically in- 
coyrated into a 16-mer suppression product. On the basis of detection 
of S radiolabel, alkaline hydrolysis of the HPLC-purified suppression 
product was quantitatively converted to the expected cleavage product, 
which coelutes on HPLC with an 8-mer polypeptide standard. Crude 
polypeptides were injected onto a Vydac C-4 column equilibrated in 
0.1% TFA in H20/CH3CN (1:l). Gradient elution with 0.1% TFA 
in CH$N (35-SOSlo CH$N in 50 min) resolved the 8- and 16-mer 
peaks eluting at 40-45% CH3CN. 

two fractions were isolated that contained significant amounts 
of the radiolabel. The slower eluting peak (the suspected 
suppression product) was isolated, followed by alkaline hy- 
drolysis (Fahnestock et al., 1970; Fahnestock & Rich, 1971) 
and fractionation by reverse-phase HPLC. Scintillation 
counting of the resulting fraction revealed that all the 3sS 
radiolabel now coeluted with a polypeptide whose sequence 
was that of the expected N-terminal cleavage product. 

Comparison of Amber, Opal, and Ochre Suppressors. All 
of the studies thus far carried out with nonsense suppressors 
to incorporate nonnatural residues into proteins, whether 
conducted by us (Bain et a]., 1989, 1990a,b) or the Schultz 
group (Noren et al., 1989, 1990), have utilized an amber 
(UAG) suppression site and the corresponding nonsense amber 
suppressor tRNA. Minor modification of the assay compo- 
nents (the mRNA and suppressor tRNA) enabled the effi- 
ciencies of other suppressors (UGA = opal and UAA = ochre) 
to be determined. Interestingly, the opal suppressor was found 
to give the highest level of suppression for incorporation of 
L-3-iodotyrosine (81%) while the ochre suppressor gave the 
lowest level (48%), compared with 63% for the amber sup- 
pressor determined in side-by-side rapid assays. It was also 
verified that suppression of each nonsense site is specific for 
the corresponding aminoacyl-tRNA; e.g., an amber site with 
an opal suppressor gives no incorporation. 

Reducing the Effectiveness of the Normal Termination 
Process as a Potential Means of Increasing Suppression 
Efficiency. Suppression efficiency is a vital issue since low 
levels of suppression would lead to only small amounts of the 
desired product. Since the observed suppression efficiency is 
a function not only of the rate of suppression itself but also 
of the effectiveness of normal termination, one way to increase 
overall efficiency would be to disrupt termination at the 
nonsense site. The rabbit reticulocyte lysate system was chosen 
in part because it offers a potential means of doing so. Re- 
leasing factors for termination in this translation system seem 
to recognize a codon tetramer instead of the normal triplet 
codon associated with termination in prokaryotic systems 
(Caskey, 1980; Freifelder, 1987). Substitution of different 
bases in the 3/-position of the tetramer had no adverse effect 
on recognition but did affect the efficiency of the termination 
process. Thus, it appears that the 3’4erminal base is not part 
of the recognition process but confers an element of stability 
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to the mRNA/releasing factor complex that results in efficient 
termination. The nonsense suppression site in our initial ex- 
periments contained the tetramer W G  (Figure l ) ,  which 
is one of the four (UAGG. UAGA, UAAA, UGAA) effec- 
tive termination tetramers (Caskey, 1980; Freifelder, 1987). 
The W G  tetramer was employed so that in the absence of 
suppression translation would result in efficient termination 
at position 9 rather than reading through the nonsense site to 
produce a 16-mer lacking the nonnatural amino acid. How- 
ever, by preparing a mRNA in which the codons correlating 
to positions 10 and 11 of the polypeptide are reversed, a tet- 
ramer containing the sequence W C  (a sequence not nor- 
mally associated with efficient termination for in vitro 
translations) is the result. As predicted, this change resulted 
in an increase in suppression efficiency, although not a dra- 
matic one, from 63 to 75%. It is unclear whether the results 
of this experiment can be attributed directly to the change in 
the tetramer or are due, all or in part, to longer range context 
effects. Further investigation is warranted to more clearly 
understand and apply this method of termination attenuation. 

CONCLUSIONS 
Several important and novel facets of site-specific incor- 

poration of nonnatural residues into proteins during in vitro 
translation are presented here. It is known that during in vitro 
translation "read-through" (i.e., suppression by endogenous 
aminoacyl-tRNAs during in vitro translation) does occur and 
can account for almost half of the total suppression during 
protein synthesis when suppression levels fall below 10-1 5%. 
However, by maintaining an excess of acylated suppressor 
tRNA during the translation reactions, not only are lower 
suppression levels (5-1 0%) avoided but, more importantly, 
read-through does not contribute significantly to total sup- 
pression. Additionally, we have introduced a rapid and ef- 
ficient method-along with a validation of this assay 
system-for examining the process of site-specific incorpora- 
tion of nonnatural residues during protein biosynthesis. The 
suppression efficiencies of ~-3-iodotyrosyl-tRNAg~,-dCA, 
N-methyl-L-phenylalanyl-tRNA:a,-dCA, D-phenylalanyl- 
tRNAg(I;,-dCA, and L-phenyllactyl-tRNAgb,-dCA were all 
evaluated in cell-free translation reactions with varying results 
(suppression efficiency varied from 72% for N-methyl+- 
phenylalanine to 0% for Dphenylalanine). Further validation 
of the rapid assay method for analysis of suppression levels 
was conducted with these four acylated suppressors by direct 
analysis of HPLC-purified 8- and 16-mer translation products. 
Suppression levels derived by direct analysis of the purified 
polypeptides were indistinguishable from values obtained in- 
directly by the rapid assay method. Additional translation 
experiments were conducted with amber (UAG), opal (UGA), 
and ochre (UAA) suppressors acylated with L-3-iodotyrosine. 
All three acylated suppressor gave reasonably good suppression 
levels, ranging from 82% for the opal suppressor to 48% for 
the ochre suppressor. And finally, a translation experiment 
with ~-3-iodotyrosyl-tRNA$~~-dCA was conducted with the 
less efficient termination tetramer W C .  Comparison be- 
tween the suppression levels of an mRNA containing W C  
and the tetramer employed in the initial experiments ( W G )  
demonstrated the ability to increase suppression efficiency by 
termination attenuation. 

We have recently applied this rapid assay method to a 
systematic survey of the structural requirements for biosyn- 
thetic incorporation of nonnatural residues into our model 
polypeptide system for a series of 12 semisynthetic acylated 
suppressor tRNAs (Bain et al., 1991a). In addition, this 
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method has recently been employed to compare several new 
methods for the preparation of semisynthetic suppressor 
tRNAs (Bain et al., 1991b). However, broad applicability of 
these procedures will require advances in two important areas. 
First, a simplified in vitro method needs to be developed to 
reduce the number of laborious chemical or enzymatic steps. 
Second, the desire to produce larger amounts of translation 
product will ultimately require in vivo protein expression. In 
an ongoing effort to expand the versatility of this process, we 
are currently expanding our research to address these two 
issues. 
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ABSTRACT: In this work we report the synthesis of a radioactive, photolabile oligodeoxyribonucleotide probe 
and its exploitation in identifying 50s ribosomal subunit components neighboring its target site in 2 3 s  rRNA. 
The probe is complementary to 2 3 s  rRNA nucleotides 2497-2505, a single-stranded sequence that has been 
shown to fall within the peptidyltransferase center of Escherichia coli ribosomes [Cooperman, B. S., 
Weitzmann, C. J., & Fernandez, C. L. (1990) in The Ribosome: Structure, Function, & Euolution (Hill, 
W .  E.,  Dahlberg, A., Garrett, R. A., Moore, P. B., Schlesinger, D., & Warner, J. R., Eds.) pp 491-501, 
American Society of Microbiology, Washington]. On photolysis in the presence of 50s ribosomes, it 
site-specifically incorporates into protein L3 (identified by both SDS-PAGE and immunological methods) 
and into three separate 2 3 s  rRNA regions: specifically, nucleotides 2454; 2501, 2502, 2505, 2506; and 
2583, 2584, These results provide clear evidence that G-2505 in 2 3 s  rRNA is within 24 A (the distance 
between G-2505 and the photogenerated nitrene) of protein L3 and of each of the nucleotides mentioned 
above and are of obvious importance in the construction of detailed three-dimensional models of ribosomal 
structure. The approach we present is general and can be applied to determining ribosomal components 
neighboring regions of rRNA that are susceptible to binding by complementary oligodeoxyribonucleotides, 
both in intact 3 0 s  and 50s subunits and in subunits a t  various stages of reconstitution. 

Bogdanov and his co-workers (Skripkin et al., 1979; Mankin 
et al., 1981) first introduced the notion of using oligodeoxy- 
ribonucleotides that are complementary to rRNA sequences 
to probe the structure of rRNA, both of the native molecule 

and within ribosomal subunits. More recently, Hill and his 
co-workers (1990) have demonstrated that single-stranded 
regions of rRNA can form stable complexes with their com- 
plementary oligodeoxyribonucleotides, as evidenced both by 
filter-binding assays using a 32P-labeled probe and by the 
demonstration that treatment of the complex with RNase H 
cleaves rRNA at the appropriate position. They have exploited 
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