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Abstract: Efficiencies of the incorporation of various nonnatural amino acids carrying aromatic side groups
into streptavidin were examined. The aromatic amino acids were linked to a mixed dinucleotide, pdCpA, and
the resulting aminoacyl pdCpAs were coupled with tRi¢Ag —CA) to afford chemically aminoacylated
tRNAcccas. Mutant streptavidin mRNA containing a CGGG 4 base codon at the Tyr83 site was prepared
and added to agscherichia colin vitro translation system with the aminoacyl tRNéca The expression of

the full-length mutant streptavidins was confirmed by a Western blot analysis, and their biotin binding activity
was examined by a dot blot analysis. The Western blot analysis indicated that the efficiencies of the incorporation
were higher for aromatic groups with straight configurations than those with widely expanded or bend
configurations. The incorporation efficiencies were also examined in a rabbit reticulocyte lysate. In the latter
system, the efficiencies were markedly improved for nonnatural amino acids with large side groups such as
pyrene and anthraquinone.

Site-specific incorporation of nonnatural amino acids into sharply on the side groups. For instare®enzoylphenylalanine
proteins through in vitro protein biosynthesizing systems is has been successfully incorporated into T4 LysoZymed
becoming an important technique for structafienction analysis cytochromeb2* in good yield, whereas the incorporation of the
and for artificial functionalization of proteirisBy incorporating amino acid carrying oxyltetramethylpyrroline was unsuccessful.
nonnatural amino acids into proteins, we can introduce a variety In this study we have explored a relationship between the
of specialty functions depending on the side groups of the amino structure and incorporation efficiency of nonnatural amino acids
acids. Particularly, nonnatural amino acids carrying various carrying 19 different side groups in tHe. coli and rabbit
aromatic groups may serve as fluorescent probes for the analysigeticulocyte in vitro systems.
of microenvironment of proteins and as electron donors and  Since the amino acid selectivity is mainly governed by the
acceptors for building up pathways for electron transfers in amino acid adaptability of the ribosomal systénamd the
proteins? For this technique to be used widely in the field of = adaptability depends on the structure of ribosomes, the different
protein engineering, however, it is essential to know what type riposomal systems are expected to show different amino acid
of nonnatural amino acids will be successfully incorporated and selectivity. And the results will be useful for designing proteins
what type will be rejected in th&scherichia coliand other  incorporated with nonnatural amino acids carrying large side
protein biosynthesizing systems. The nonnatural amino acidsgroups with specialty functions.
that have been examined so far were restricted to those carrying apgther important step for the incorporation of nonnatural

rather small side groups, and the incorporation efficiencies of 5ming acids is the assignments of codons to the amino acids.
the nonnatural amino acids with large aromatic groups have post of the workers have been using nonsense codons for this
not been studied extensively. From a few examples reported SOpurpose. But the number of nonsense codons that can be
far, however,. it is suggested that the efficiency may glepend assigned to nonnatural amino acids is limited to be less than
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Figure 1. Structure of aromatic nonnatural amino acids examined in this study.

fully suppressed the frameshift mutation in a mRNA and phenylazophenylalanifiavere synthesized fromp-nitrophenylalanine.
produced mutant proteins containing the nonnatural amino acids.Of the above 19 amino acids;2-anthrylalanine;.-2-pyrenylalanine,

In the case of nitrophenylalanine, the suppression efficiency wasand L-3,5-'d|n|trophenylalan|ne were neyvly synthesized |n_th|s v_vork.
about 209 The frameshift strategy using the four-base codon ~ 1he details of the syntheses of the first wo are described in the
anticodon pairs will be much more advantageous than the SUPPOIting InformationoL-3,5-Dinitrophenylalanine was synthesized
nonsense codon strategy because of the possible extension tfrom 3,5-dinitrobenzyl chloride and diethyl acetamidomalonate and

. . - o gelectively deacetylated with acylase. The detail will be published
incorporate two or more different nonnatural amino acids into gisewhere.

single proteins. In this study, we have used another four-base  yent DNA Polymerase, T7 RNA polymerase, and Prestained Protein
codon-anticodon pair, CGGG-CCCG, because of its higher marker were purchased from New England Biolabs (Beverly, MA).
efficiency than the AGGU-ACCU pair. T4 RNA ligase was from Takara Shuzo (Kyoto, Japdh)coli S-30
Streptavidin was selected as a target protein, since its structureextract, Rabbit Reticulocyte Lysate Systems, and ProtoBlot II AP
and function have been characterized extensively, and its activity System for the Western blot analysis were from Promega (Madison,
can be easily evaluated by using biotinylated enzymes or WI): Plasmid encoding streptavidin was from R&D Systems. Europe
biotinylated fluorophores. In this paper, we evaluated incorpora- (APingdon, U.K.). Immun-Blot PVDF Membrane was from Bio-Rad
tion efficiencies of nonnatural amino acids with various aromatic (Hercules, CA). RNase Inhibitor was from Wako Chemicals (Osaka,

id listed in Fi 1.Th ti . id Japan). T7-Tag Antibody was from Novagen (Madison, WI). Biotin-
Slde groups as listed in Figure 1. 1he aromatic amino aclds WereyIated alkaliphosphatase was from Zymed Laboratories (San Francisco,
of the L-form except forpL-anthraquinonylalanine andLt-

) ) CA). Nitrocellulose membrane was from Toyo Roshi (Tokyo, Japan).
azatryptophan. They were incorporated at the Tyr83 site of other biochemicals were from Sigma.

streptavidin by using a CGGG-CCCG codeanticodon pair. Synthesis of Aminoacyl tRNA.The syntheses of aminoacy! pdCpAs
The incorporation efficiencies were evaluated from the Western and tRNA(-CA)s are described in the Supporting Information. The
blotting of the reaction mixture of the in vitro system. ligation reaction was carried out in a mixture that contained 1 nmol of
tRNA(-CA), 20 nmol of aminoacyl pdCpA in DMSO, 1 mM ATP, 15

Materials and Methods (7) (@) Kuragaki, M.; Sisido, MJ. Phys. Chem1996 100, 16019~

16025. (b) Egusa, S.; Sisido, M.; Imanishi, Bull. Chem. Soc. Jpri986

59, 3175-3178. Sisido, M.Macromoleculesl989 22, 4367-4372. (c)
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azatryptophan, andkynurenine were purchased from Sigma (St. Louis,
MO). Boc+.-p-benzoylphenylalanine was from Bachem (Switzerland).
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L-1-pyrenylalanin€ L-2-pyrenylalanine, and-3-(9-ethylcarbazolyl)- Sasaki, H.; Kimura, S.; Imanishi, YAmino Acids1994 7, 311-316. (f)
alaniné® were synthesized from the corresponding arylaldehydes and Matsubara, T.; Shinohara, H.; Sisido, Macromoleculed997, 30, 2651~

acetylglycine. L-2-Anthrylalanine, L-3,5-dinitrophenylalaninepL-2-
anthraquinonylalaning, and L-ferrocenylalanin® were synthesized

from the corresponding arylmethyl halides and diethyl acetamidoma-

lonate.L-9-Carbazolylalanirné was synthesized from carbazole and 2,3-
dibromopropanoic acid.-p-Dimethylaminophenylalanifeand L-p-

2656. (g) Kira, M.; Sisido, M.Chem. Lett.1997 89-90. (h) L-9-
Carbazolylalanine was synthesized accroding to the private communication
from Professor Norikazu Nishino of Kyushu Institute of Technology. (i)
Sisido, M.; Tanaka, R.; Inai, Y.; Imanishi, YJ. Am. Chem. Sod989

111, 6790-6796. (j) Goodman, M.; Kossoy, Al. Am. Chem. So0d.966

88, 5010-5015.



36 J. Am. Chem. Soc., Vol. 121, No. 1, 1999 Hohsaka et al.

mM MgCl,, 3.3 mM DTT, 20ug/mL of BSA, and 60 units of T4 RNA A

ligase in a 4uL of 55 mM Hepes-Na (pH 7.5). The mixture was @
incubated at £C for 2 h, then diluted with 1 vol of prechilled 0.6 M
potassium acetate (pH 4.5). The solution was extracted with phenol/
chloroform and chloroform, then the aminoacyl tRNA was precipitated
with 3 vol of ethanol. The pellet was dissolved inut of prechilled

1 mM potassium acetate (pH 4.5), and immediately the solution was

added to the reaction mixture of the in vitro translation. The purity of Gece
) . ' 5 —— AAC AAC CGGG CGU AAU—— ¥
the tRNA was confirmed by a 10% PAGE Wi M urea. Asn Asn Xaa Arg Asn
In Vitro Protein Biosynthesis of Mutant Streptavidins and 8‘3

Evaluation of the Incorporation Efficiency. The preparation of MRNA
was described in the Supporting Information. In vitro translation was B.

carried out in a 1L of a reaction mixture containing 55 mM Hepes @
KOH (pH 7.5), 210 mM potassium glutamate, 6.9 mM ammonium
acetate, 9 mM magnesium acetate, 1.7 mM DTT, 1.2 mM ATP, 0.28
mM GTP, 26 mM phosphoenolpyruvate, 1 mM spermidine, 1.9% poly-
(ethylene glycol)-8000, 3ag/mL folinic acid, 0.1 mM each of amino
acids except arginine, 0.01 mM arginine, 26 of MRNA, 0.1 nmol

. . - GCC
_of anl;lrtloscytl ;R;IéAf arzac(i)&l__ of E. coli S30 extract. The mixture was 5 AAC AAC CGG GCG UAA U 3
incubated a or min. Asn Asn Arg Ser Stop
Each of 1ulL of the reaction mixture was mixed with 18 of 50 8‘3

mM Tris-HCI (pH 6.8), 4% SDS, 2% 2-mercaptoethanol, 12% glycerol, ) ) ) ]
and 0.01% bromophenol blue. The resulting solution was incubated at Figure 2. Nucleotide and amino acid sequence of the mutated region
95°C for 5 min, then L of the solution was applied to a 15% SDS-  Of streptavidin. (A) In the presence of aminoacyl tRé6&g the CGGG
polyacrylamide gel electrophoresis. After electroblotting to a PVDF four-base codon is read by the tRNA. (B) In the absence of the
membrane, the membrane was incubated £G3#r 30 min with 1% tRNAcccg the codon is read as the CGG three-base codon and the
BSA in TBST (20 mM Tris-HCI (pH 7.5), 150 mM NaCl, and 0.19%  Protein synthesis stops at the UAA stop codon.

Tween20), then with 1/10 000 diluted T7-Tag Antibody in TBST. After

washing with TBST for 5 min three times, the membrane was incubated Was directly added into 100L of 0.5 nM fluorescein biotin in TBS.
with 1/5000 diluted alkaliphosphatase-labeled anti-mouse 1gG in TBST. The solution was incubated for 5 min at 26 before each measure-
The membrane was washed three times with TBST for 5 min, once ment.

with TBS (20 mM Tris-HCI (pH 7.5) and 150 mM NacCl), then soaked

in NBT/BCIP solution at 37C for 30 min. Results and Discussion

For quantitative evaluation of the incorporation efficiency, the . ‘o : )
reaction mixture of wild-type streptavidin was serially diluted with the Expression of Mutant Streptavidins. The synthetic strepta

translation mixture without mRNA, and the resulting 12 samples were vidin gene was inserted to. T7 tag se.qu.ence under the.clontrol
applied to the SDS-PAGE (16 16 cm, 22 lanes) together with the of T7 promoter. The N-.termlnal T7 tag is introduced for efﬂuenF
mutant streptavidins. The band intensity of the Western blot was franslation in thee. coli system and for easy detection by anti
evaluated by using the public domain NIH Image program (developed 17 tag monoclonal antibody. At the C-terminal, histidine
at the U. S. National Institutes of Health and available on the Internet hexamer was attached for the purification of the protein. Since
at http://rsb.info.nih.gov/nih-image/) on Macintosh. Incorporation ef- only the full-length protein that carries the terminal histidine
ficiency of each nonnatural amino acid was expressed as a valuehexamer binds to the NINTA column, the truncated peptide

obtained from the calibration curve. The eight separete Western blot that failed to incorporate the nonnatural amino acid can be
analyses were made, and the efficiencies were determined by at leastemoved by this procedure.

four assays. o _ The mutation was introduced at the Tyr83 site. The resulting
In a rabbit reticulocyte system, the reaction mixture containetl 7 sequence is shown in Figure 2. In the presence of the frameshift
of nuclease-treated rabbit reticulocyte lysate, dgoof mRNA, and suppressor tRN&ccg, CGGG will be recognized as a four-
0-;Smn“(’:' %"Zig do;ta;ne;gc}oearc:%sn(:_);cegt fggl'_"'n; ';‘fg% th?]‘z ?l;f:‘:_fn base codon and translated to the nonnatural amino acid, then
was ncu n. #l- VOU ! the downstream sequence is translated correctly. On the other

mixture was mixed with 1L of 100 mM Tris-HCI (pH 6.8), 8% . . .
SDS, 4% 2-mercaptoethanol, 24% glycerol, and 0.02% bromophenol "@Nd: in the absence of the tRNecG CGGG is recognized

blue, then 4uL of the solution was applied to a 15% SDS-PAGE, @S @ three-base codon by Arg-tRiés and the next GCG is
followed by the Western blotting. translated to Ala, then a UAA stop codqn appears. As the res_ult,
Biotin Binding Assay. The binding activity of the mutant strepta- on!y and e}’ery full-length protein pontalns the nonnatural amino
vidin was evaluated by a dot blot analysis using biotinylated alkali- acid, provided that the tRNécca is not aminoacylated enzy-
phosphatase. The concentrations of the mutant streptavidins B the Matically with other amino acids during the in vitro protein
coli in vitro translation mixture were obtained from the incorporation biosynthesis. One of the advantages of the frameshift strategy
efficiencies determined by the Western blot, and 5 ng of each is that serious competition with the releasing factor that is
streptavidin was spotted onto a nitrocellulose membrane by using a encountered in the amber suppression strategy can be avoided.
min, the membrane was incubated at°&7 with 3% gelatin/TBS for a PCR reaction, and the mRNA was prepared by T7 RNA

30 min and then with 1/500 diluted biotinylated alkaliphosphatase in lvmer The pr W nalvz naturin v-
1% gelatin/TBS for 30 min. After washing for 5 min with TBST three polymerase. The product was analyzed by a denaturing poly

times and once with TBS, the membrane was soaked in NBT/BCIP (8) (a) Hecht, S. M.; Alford, B. L.; Kuroda, Y.; Kitano, S. Biol. Chem.
solution at 37°C for 30 min, then washed with water and dried. 1978 253 4517-4520. (b) Heckler, T. G.; Zama, Y.; Naka, T.; Hecht, S.

- M. J. Biol. Chem1983 258 4492-4495. (c) Heckler, T. G.; Chang, L.-
Fluorescence polarization was measured on a BEACON 2000 systemH.; Zama, Y.; Naka, T.. Chorghade, M. S.: Hecht, S.Bibchemistryl 984

(PanVera Corp., Madison, W) equipped with the filters of 490 nm for 53" 1 465"1473. (d) Heckler, T. G.; Chang, L.-H.; Zama, Y.; Naka, T.;
excitation and 520 nm for emission. One microliter portion of 1/10 Chorghade, M. S.; Hecht, S. Metrahedror984 40, 87—94. (e) Lodder,
diluted wild-type streptavidin in thE. coliin vitro translation mixture M.; Golovine, S.; Hecht, S. MJ. Org. Chem1997, 62, 778-779.
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Figure 3. Western blot of the reaction mixture of tle coliin vitro
translation. The band at 19 kDa is a streptavidin monomer: lane 1,
wild-type mRNA; lane 2, mRNA containing CGGW nitrophenyla-
lanyl tRNAAccg; lane 3, mRNA containing CGG& nitrophenylalanyl
tRNAcccg lane 4, mRNA containing CGGG- nitrophenylalanyl
tRNAGccg lane 5, mRNA containing CGGA+ nitrophenylalanyl
tRNAuccg, lane 6, mRNA containing AGGUt nitrophenylalanyl
tRNAAccu. Lane M contained prestained molecular weight marker.

acrylamide gel electrophoresis, which showed two bands
corresponding to a mRNA terminated at the T7 terminator and
that terminated at the’' 2nd of the template. The latter will
contain the same sequence as the former except for the extr
78 bases after the T7 terminator.

The preparation of aminoacyl tRNA was accomplished by
the chemical misacylation method originally developed by Hecht
and co-worker§.At first, the template of the tRNAccu(-CA)
under T7 promoter was synthesized from two oligonucleotides
and then cloned into pUC18. The template of tRIMAG(-CA)
was generated from that of tRMacu(-CA) by site-directed
mutagenesis. For transcription, the coding region of the plasmid
was amplified by the PCR reaction using M13 primer and 3
terminal primer that defines the 8rminal of the tRNA to be
lacking a CA dinucleotide. The T7 transcription reaction yielded
about 3 mg of the tRNA(-CA) in 1 mL of the reaction mixture
after purification with ion-exchange chromatography.

Aminoacyl tRNA was obtained by the coupling of the tRNA-
(-CA) with aminoacyl pdCpA catalyzed by T4 RNA ligase.
Denaturing polyacrylamide gel electrophoresis showed that
about a half of the tRNA(-CA) was linked with the aminoacyl
pdCpA irrespective of the type of amino acid. Degradation of
aminoacyl pdCpA under the condition of the ligation was
followed by HPLC analysis for four typical amino acids, i.e.,
pL-anthraquinonylalaninel -ferrocenylalanineL-2-naphthyl-

J. Am. Chem. Soc., Vol. 121, No. 1, 199

that the aminoacyl tRNAs charged with different amino acids
have been produced by about the same amount and they show
similar lifetimes in agueous media.

Protein synthesis was carried out Eh coli S30 in vitro
translation system. Amino acids excluding arginine were added
at the concentration of 0.1 mM. The concentration of arginine
was 0.01 mM. The amount of aminoacyl tRNA was 0.1 nmol
per 10uL of a reaction mixture for all amino acids examined.
The reaction mixture was incubated at 37 for 60 min, then
the mixture was applied to SDS 15% polyacrylamide gel
electrophoresis, followed by the transfer to a PVDF membrane.
Streptavidins were detected by using anti T7-tag monoclonal
antibody and alkaliphosphatase-labeled anti-Mouse 1gG. The
amount of wild-type streptavidin was estimated from the
measurement of fluorescence polarization. The reaction mixture
of the in vitro translation was added to a solution of biotinylated
fluorescein (5x 10719 M). The amount of streptavidin was
determined from a turning point of the fluorescence polarization.
It was 10ug per 1 mL of the reaction mixture.

Figure 3 shows the results of the Western blotting of the
frameshift suppression of AGGU and CGGN four-base codons
inserted at the Tyr83 site by thenitrophenyl tRNAsccu and
tRNANCCG, respectively. The slower migrating band at 19 kDa

acorresponds to a full-length streptavidin, and the faster migrating

band corresponds to a truncated peptide of 9 kDa that is formed
when the three of four nucleotide is read by the internal Arg-
tRNA. The frameshift suppression of the CGGN codons gave
higher yields of the mutant streptavidin than the suppression of
the AGGU codon. Since, the CGGG codon gave the highest
yield in the CGGN codons, the following experiments were
carried out by using the CGGG four-base codon.

Incorporation Efficiencies of Various Nonnatural Amino
Acids in the E. coli In Vitro System. Figure 4 shows results
of the Western blotting of the expressions of the mutant
streptavidins in the presence of the aminoacyl tRNAs carrying
various nonnatural amino acids. In the absence of the tRNA
and in the presence of nonaminoacylated tRNA, a negligible
amount of full-length streptavidin was synthesized and truncated
peptide of 9 kDa was formed, instead. These results show that
the in vitro translation system cannot suppress the frameshift
mutation unless an aminoacylated tRNA carrying the four-base
anticodon is present and that the tR&&G cannot be recog-
nized by any aminoacyl tRNA synthetases.

The Western blotting indicates that the incorporation ef-

alanine, and-p-nitrophenylalanine. The degradation took place, ficiency markedly depends on the structure of amino acids. On
but the rate was not dependent on the type of the amino acids;one hand, some aromatic nonnatural amino acids, including
about 20% afte2 h and 50% after 10 h. These results suggest those with large side groups such as 2-anthrylalanine and

M wtl 234567 8910111213141516 171819 2021
325
25.0
165 & RETTOm—— TR . ——
6.5 i -

Figure 4. Western blot of the reaction mixture of tie coliin vitro translation containing tRNéccas charged with various nonnatural amino
acids: lane wt, wild-type mRNA; lane 1, 1-naphthylalanine; lane 2, 2-naphthylalanine; lpAgifhenylalanine; lane 4, 2-anthrylalanine; lane 5,
9-anthrylalanine; lane 6, 9-phenanthrylalanine; lane 7, 1-pyrenylalanine; lane 8, 2-pyrenylalanine; |pmétr@phenylalanine; lane 10,
3,5-dinitrophenylalanine; lane 1p;dimethylaminophenylalanine; lane 12, 9-carbazolylalanine; lane 13, 3-(9-ethylcarbazolyl)alanine; lane 14,
azatryptophan; lane 15, kynurenine; lane fishenylazophenylalanine; lane 1¥pbenzoylphenylalanine; lane 18, 2-anthraquinonylalanine; lane
19, ferrocenylalanine; lane 20, no tRNA; lane 21, nonacylated tRNA. Lane M contained prestained molecular weight marker.
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1-napAla (1)

2-napAla (2) 1 2 k| 4 5 ]
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phonAla (6) [ND
1-pyrAla (7) [ 7 H L] (1] 11 12
2-pyrAla (8)
ntrPhe (9) . . .
dnpAla (10)
dmaPhe (11)
cbzAla (12) 13 14 15 6
EtcbzAla (13)
azaTrp (14) - .
Kyn (15) [ .
azoAla (16) 7
bzoPhe (17) [§
angAla (18) . . AL .. .
terala (19) [ND . ' . . Figure 7. Dot blot analysis of wild-type and mutant streptavidins in

the reaction mixture of th&. coli in vitro translation A 5 ng sample

0 20 40 60 80 of each streptavidin was applied. The intensity of each dot reflects the
Incorporation Efficiency (%) biotin binding activity of the streptavidin. Spot 1 contained the wild-
Figure 5. Incorporation efficiencies in thE. coli in vitro translation type streptavidin, and spots—26 contained mutant streptavidins

by tRNAcccas charged with various aromatic nonnatural amino acids containing nonnatural amino acids: 2, 1-naphthylalanine; 3, 2-naph-
at Tyr 83 site of streptavidin. The incorporation efficiencies are thylalanine; 4,p-biphenylalanine; 5, 2-anthrylalanine; 6, 1-pyrenyl-
determined as described in the text. Data are meaem of at least ~ @lanine; 7, 2-pyrenylalanine; @-nitrophenylalanine; 9, 3,5-dinitro-

four assays. ND indicates less than 2% efficiency. phenylalanine; 1@-dimethylaminophenylalanine; 11, 3-(9-ethylcarbazolyl)-
alanine; 12, azatryptophan; 13, kynurenine; fiéphenylazophenyl-
COOH alanine; 15p-benzoylphenylalanine; 16, 2-anthraquinonylalanine.
H2N M I 2 3 4

XA 125
B0 = e

Figure 6. Hypothetical model for the adaptability of nonnatural amino
acids to theE. _coli ribos_ome. The nonnatural amino a_cids_carrying 6.5
benzene rings in the region A are allowed. Those carrying rings in the o~
region B may also be allowed. Those carrying benzene rings in the
region X are rejected. Figure 8. Western blot of the reaction mixture of the rabbit reticulocyte
in vitro translation: lane 1, wild-type mRNA,; lane 2, in the presence
2-pyrenylalanine, are efficiently incorporated. On the other hand, of nitrophenylalanyl tRNA&ccg lane 3, in the presence of nonacylated
9-phenanthrylalanine and ferrocenylalanine are absolutely re-tRNAcccg lane 4, in the absence of tRNA. Lane M contained
jected. prestained molecular weight marker.
The suppression efficiency was quantitatively evaluated by
comparing the band intensities of mutant streptavidins in the  Since the amounts and the lifetimes of the aminoacyl tRNAs
Western blotting with the intensities of the serially diluted wild- are about the same for all amino acids, the sharp amino acid
type streptavidin. Since the detection depends on the bindingdependence of the incorporation efficiency may be governed
of the antibody to the N-terminal T7 tag, possible denaturation by the adaptability of thee. coli ribosome to each type of
or partial unfolding of the mutants will not influence the results. nonnatural amino acid. We have reported previously the
The results are summarized in Figure 5. inhibitory effects of puromycin analogues carrying various
The most efficient suppression was observed in the case ofnonnatural amino acids instead GFmethyl tyrosine. The
2-naphthylalanine (72%). In contrast, 1-naphthylalanine was efficiency of the inhibition by the puromycin analogues and
incorporated in a 30% efficiency. Similarly, 2-anthrylalanine the efficiency of the incorporation in Figure 5 show a good
(45%) and 2-pyrenylalanine (10%) were more effectively correlation for almost all the nonnatural amino acids tested. The
incorporated than 9-anthrylalanine (less than 2%) and 1-pyre- parallel relationship suggests that a selection of the nonnatural
nylalanine (3%), respectively. In the case of carbazole side amino acids is occurring at the ribosomal A-site.
groups, 3-(9-ethylcarbazolyl)alanine showed a little higher A close inspection of the amino acid selectivity in Figure 5
efficiency than 9-carbazolylalanine. These differences suggestsuggests a hypothesis for the allowed and excluded regions of
that the protein biosynthesizing system discriminates nonnaturalthe aromatic groups af-arylalanine-type amino acids by the
amino acids not by their sizes or hydrophobicities but by their E. coli ribosome (Figure 6). Since-biphenylalanine and
shapes of the side groups. It appears that amino acids with2-naphthylalanine are almost freely accepted by the ribosome,
linearly expanded aromatic groups such as 2-naphthylalanine,the regions indicated as A must be allowed by the ribosome.
p-biphenylalanine, 2-anthrylalaningy-benzoylphenylalanine,  Indeed, 2-pyrenylalanine is incorporated moderately despite the
andp-phenylazophenylalanine are favored. On the other hand, large side group. One of the benzene rings of 1-naphthylalanine
those with rather widely expanded or bend aromatic groups suchindicated as X is less favored by the ribosome. A similar
as 9-anthrylalanine, 9-phenanthrylalanine, and 9-carbazolyl- tendency is observed in the comparison of 1- and 2-pyrenyl-
alanine are strongly rejected. It should be noted that the alanine. The rejection of 9-phenanthrylalanine is also explained
efficiencies of 2-anthraquinonylalanine and azatryptophan in- in terms of the excluded benzene ring X. The benzene ring
crease ifL-amino acids are used instead of the racemic ones, indicated by B may belong to an allowed region because it is
since only the.-form is expected to be incorporated. allowed both in 2-anthrylalanine andprbenzoylphenylalanine.
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Figure 9. Western blot of the reaction mixture of the rabbit reticulocyte in vitro translation containing aminoacylctii$§A carrying various
nonnatural amino acids: lane wt, wild-type mRNA; lane 1, 1-naphthylalanine; lane 2, 2-naphthylalanine; [abel3nylalanine; lane 4,
2-anthrylalanine; lane 5, 9-anthrylalanine; lane 6, 9-phenanthrylalanine; lane 7, 1-pyrenylalanine; lane 8, 2-pyrenylalanipeni@opt®nylalanine;

lane 10, 3,5-dinitrophenylalanine; lane pidimethylaminophenylalanine; lane 12, 9-carbazolylalanine; lane 13, 3-(9-ethylcarbazolyl)alanine; lane
14, azatryptophan; lane 15, kynurenine; lane gphenylazophenylalanine; lane 1Fpbenzoylphenylalanine; lane 18, 2-anthraquinonylalanine;
lane 19, ferrocenylalanine.

The information on the allowed and excluded rings will serve ;4R

for designing new nonnatural amino acids that can be incor-  bphala)

porated in the in vitro system. s &) [
Activities of Mutant Streptavidins Carrying Various Phmala @ |ND
Nonnatural Amino Acids at the Tyr83 Site. The biotin binding A

activities of the mutant streptavidins were evaluated by dot blot d:;fl:i 1((9];
analysis using biotinylated alkaliphosphatase. The concentrations amaehe (11)
of the mutant streptavidins in the in vitro translation mixture <48 E}g;
were obtained from the efficiencies in Figure 5, and 5 ng of a9
each streptavidin was applied to the dot blot analysis. As shown 09
in Figure 7, the incorporation of small amino acids such as  bzPhe?

naphthylalanines ang-nitrophenylalanine did not affect the ‘o &= : ( . ' .
binding activity very much. However, the incorporation of large o 20 £ 60 80 100
aromatic groups such as anthryl and pyrenyl groups reduced

the binding activity. Although the Tyr83 site is far from the Incorporation Efficiency (%)

biotin binding site, the introduction of large amino acids would Figure 10. Incorporation efficiencies in rabbit reticulocyte in vitro
influence the structure of the binding site and reduce the binding translation by tRN&ccas charged with various aromatic nonnatural
activity. amino acids at the Tyr 83 site of streptavidin. ND indicates less than
Incorporation Efficiencies of Various Nonnatural Amino 10% efficiency.
Acids in the Rabbit Reticulocyte Lysate Systemlncorporation
efficiencies were also examined in rabbit reticulocyte lysate to ;::::: g;
explore the toleration in the eukariote protein biosynthetic  ypan@)
system. As shown in Figure 8, the full-length streptavidin was  z-antala)
synthesized only in the presence of tRdlZc aminoacylated L-pyrala (7)
with nitrophenylalanine, indicating that the nonnatural amino ziff;‘,fifﬁi
acid was incorporated into the protein under direction of the ;. 41 a0
four-base codon in the rabbit reticulocyte system as well as in  amarne an
theE. coli system. The Western blotting in Figure 9 shows that Etcbzala 13)
various aromatic nonnatural amino acids are incorporated into “‘”‘;':8‘2
streptavidin in the reticulocyte lysate system. It must be noted amAy,a(lZ)
that 9-anthrylalanine, 9-phenanthrylalanine, 9-carbazolylalanine,  bzophe a7
and ferrocenylalanine could be incorporated neither in the rabbit  anqaiaas) #
system nor in thé. coli system. 0 1 2 3 4 5
The efficiencies quantitatively evaluated from the Western Efficiency(rabbit) / Efficiency (E.coli)
blotting were summarized in Figure 10. The comparisons
between 1- and 2-naphthylalanine, 2- and 9-anthrylalanine, 1-
and 2-pyrenylalanine, and 3-(9-ethylcarbazolyl)alanine and
9-carbazolylalanine suggest that nonnatural amino acids withis seen that the amino acids with large side groups such as
linearly expanded aromatic groups are more favorable than thosepyrene, dinitrobenzene, and anthraquinone are incorporated in
with widely expanded or bend aromatic groups as has beenthe rabbit system more efficiently than in tke coli system.
observed in theE. coli system. The parallel amino acid This suggests that the molecular recognition of the rabbit
dependence in the two in vitro systems suggests that theribosomal A-site is less tight than thatBf coli and the former
ribosome of rabbit reticulocyte recognizes the nonnatural amino system is more appropriate for preparing proteins incorporated
acids in the same manner as thatEofcoli. Presumably, the  with nonnatural amino acids carrying relatively large side
structures of the A-sites of the two types of ribosomes are well groups.
preserved. The efficient incorporation of the aromatic nonnatural amino
A detailed comparison of the incorporation efficiencies in acids described in this paper will open a way to investigate
the two systems, however, discloses a subtle but importantfluorescence analyses, photoinduced electron transfers, photo-
difference. The ratios of the incorporation efficiencies in the energy transfers, and other specialty functions on the protein
rabbit system to those in the coli are shown in Figure 11. It  framework.

Figure 11. Ratios of the incorporation efficiencies of nonnatural amino
acids in rabbit reticulocyte system to those in thecoli system.
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