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ABSTRACT. Recently, it has been shown that an amber suppressor tRNA/aminoacyl-tRNA synthetase pair
derived from the tyrosyl-tRNA synthetaselMEthanococcus jannasclian be used to genetically encode
unnatural amino acids in response to the amber nonsense codon, TAG. However, we have been unable to
modify this pair to decode either the opal nhonsense codon, TGA, or the four-base codon, AGGA, limiting
us to a 21 amino acid code. To overcome this limitation, we have adapted a leucyl-tRNA synthetase from
Methanobacterium thermoautotrophicuand leucyl tRNA derived frontHalobacterium sp. NRC-as an
orthogonal tRNA-synthetase pair iEscherichia colito decode amber (TAG), opal (TGA), and four-base
(AGGA) codons. To improve the efficiency and selectivity of the suppressor tRNA, extensive mutagenesis
was performed on the anticodon loop and acceptor stem. The two most significant criteria required for an
efficient amber orthogonal suppressor tRNA are a CU(X)XXXAA anticodon loop and the lack of
noncanonical or mismatched base pairs in the stem regions. These changes afford only weak suppression
of TGA and AGGA. However, this information together with an analysis of sequence similarity of multiple
native archaeal tRNA sequences led to efficient, orthogonal suppressors of opal codons and the four-base
codon, AGGA. Ultimately, it should be possible to use these additional orthogonal pairs to genetically
incorporate multiple unnatural amino acids into proteins.

A great deal of effort has focused on the cotranslational quantities of protein because of the stoichiometric nature of
incorporation of unnatural amino acids into proteins. Early the process. A catalytio vizo method could overcome these
work demonstrated that the translational machinery of limitations and would also permit the study of proteins
Escherichia coliwould accommodate amino acids similar containing unnatural amino acids in living cells.

in structure to the common 2@) This work was furthfr To add additional synthetic amino acids to the genetic code
extended by relaxing the specificity of endogenéiioli* in vivo, it is necessary to generate a 21st orthogonal pair of
synthetases so that they activate unnatural amino acids agynihetase and tRNA that can function efficiently in the
well as their cognate natural amino acid. Moreover, it Was (ang|ational machinery. The synthetase must not cross-react

shown that mutations in editing domains could also be used, ;i any of the endogenous tRNAs (40 coli), and the
to extend the substrate scope of the endogenous synthetas, ’

X L . Grthogonal tRNA must not be aminoacylated by any of the
(2. H_owever, these strategies are limited t(_) recoding the ndogenous synthetases (21n col). The tRNA must
genetic code rather than expanding the genetic code and lea

. . ecode only a specific new codon that is not decoded by
to varying degrees of substitution of one of the common 20 any endogenous tRNA, and the synthetase must charge its
amino acids with an unnatural amino acid. :

Later it h that wural ami i d b tRNA with only a specific unnatural amino acid. We have
_Later, 1t was shown that unnatural amino acids could be successfully generated an orthogonal tRNA-synthetase pair
site-specifically incorporated into proteims vitro by the

ddit £ chemicall . lated orth | b from tyrosyl-tRNA synthetase dflethanococcus jannaschii
addiion ot chémically aminoacylated orthogonal amber . satisfies these requirements. This system has been used
suppressor tRNAs to am vitro transcription/translation

reaction 8—6). Itis clear from these studies that the ribosome fo Incorporate a series of unnatural amino acids including
and translatién factors are compatible with a large number keto amino acids1), pho.to_crosshr.lkmg amino aC|d$,(9), .
of unnatural amino acids, even those with unusual structures and heayy atom containing amino acids selectively into
' ) X . _“'proteins in response to the TAG codon.
Unfortunately, the chemical aminoacylation of tRNAs is ] )
nyl (10), aspartyl {1), and tyrosyl {2, 13) systems derived
T Support was provided by NIH Grant GM62159. J.C.A. is a NSF  from Saccharomyces carsiaetRNAs and synthetases have
Pre-doctoral Fellow. This is manuscript 15571-CH of the Scripps peen described for the potential incorporation of unnatural
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L Abbreviations: Af, Ap, Hh, Mj, Mt, Pf, Ph, and EcArchaeoglobus  glutaminyl (13) and tyrosyl (4) synthetase have been
fulgidus Aeuropyrum pernixHalobacterium sp. NRC; Methanococ- described for use i8. cereisiae TheE. colityrosyl system

cus jannaschjiMethanobacterium thermoautotrophicuRyrococcus  can glso function in mammalian cells and has been used for
furiosus Pyrococcus horikoshandEscherichia colirespectively; LRS,

leucyl-tRNA synthetasebla, gene forS-lactamasejacz, gene for the incorporation of 3-iodm-tyrosin.ein vivo (15). All of
B-galactosidase. these systems have made exclusive use of the amber stop
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codon. To expand the genetic code beyond 21 amino acids,coli by electroporation. Sequence analysis was performed
other orthogonal pairs and unique codons must be identified.using the Genetics Computer Group, Inc. (GCG) software.
A critical requirement of any orthogonal pair is a codon The sequences of all p[asmids were confirmed by restriction
that is unique within the genetic code and that will not cross- Mapping and sequencing.
react with noncognate tRNAs. In addition to the amber stop ~ Cloning of tRNA Synthetase Gen&enomic DNA was
codon (TAG), the opal nonsense codon (TGA) is one such €ither purchased from ATCC or was prepared from a cell
candidate. A genetic code in which TAG and TGA encoded Pellet purchased from ATCC. Genomic DNA was extracted
unnatural amino acids could encode 22 amino acids while Using the DNeasy kit (Qiagen). Synthetase genes were
preserving the ochre nonsense codon, UAA, which is the amplified from genomic DNA by PCR and then subcloned
most abundant termination signal. The suppression of opalinto the Ncd and eitherEcaRI, Kpnl, or Puull sites of
codons is robusin zizo but has not been frequently used Plasmid pKQ. More details on the cloning of these genes
for the incorporation of unnatural amino acids vitro can be found in the Supporting Information. Plasmid pKQ
because of high background readthrough of TGA codons contains the ribosome binding site, multiple cloning site, and
(16). Another possible codon involves unnatural base pairs. "B terminator from plasmid pBAD-Myc/HisA (Invitrogen)
Unnatural amino acids have been incorporated in responseinder control of a constitutive glutamine promoter. The
to novel codons containing the unnatural base-C)AG plasmid also contains a ColE1 origin of replication and a
(17) or pyridin-2-one {8) using anin uitro translation kanamycin resistance gene for plasmid maintenance.
system. Adaptation of unnatural base pairs for the incorpora- Constructions of Reporter Plasmigilactamase reporter
tion of unnatural amino acids into proteiimszizo, however, ~ plasmids were constructed from plasmid pACKO-Bla. This
would require the faithful replication and transcription of Plasmid was constructed with a p15a origin, a chlorampheni-
unnatural base pairs in DNA and RNA9). Another codon col resistance gene, and unique sites for insertion of a gene
that might be used to encode additional amino acids are four-for f-lactamase and a tRNA under control of the strong,
and five-base codons. Using a library of tRNAs with constitutivelpp promoter. Site A184 of thg-lactamase gene
randomized anticodon loops coupled with a selection schemeWwas changed to TAG, AGGA, or TGA by an overlap PCR
we recently identified several highly efficient and noncross- Strategy, and the genes were subcloned intoAa#i and

reactive four- and five-base codons, including AGGA, Xmd sites of pACKO-Bla to give plasmids pACKO-
UAGA, CCCU, and UAGA g0, 21). A184TAG, pACKO-A184AGGA, and pACKO-A184TGA.

Regardless of the codon chosen, it is necessary to generate Constructions of tRNA. Plasmid&enes for |nd|V|duaI.
additional orthogonal tRNA-synthetase pairs that can trans-tRNA_S and for tRNA I|brar|¢s were constructed by.extensmn
late these codons with high fidelity and good efficiency. reactions and s_ubploned Into “.EE(RI and Pst sites of
Because the tRNA anticodon loop is a major identity element PACKO-Bla derivatives. Al libraries represented at least 10-
for recognition by most synthetases, one must identify a fold more members than the theoretical size of the library
synthetase that does not recognize these identity elementd® ensure high coverage.

to generate suppressor tRNAs for these unusual codons. The Méasurement of Suppression Efficienéyseries of LB
leucyl-, seryl-, and alanyl-tRNA synthetasesfcoli are ~ 2dar plates were prepared with 2§/mL kanamycin, 29/

well-known to tolerate extensive substitutions in the anti- ML chleramphenicol, and concentrations of ampicillin be-

codon loop 22—24). We thought it likely that some tween 5 and 100@g/mL. Synthetase and tRNA plasmids

homologous archaeal or eukaryotic synthetases might havevere cotransformed and plated at densities below 100 cells

similar properties. We now report that derivatives of a leucyl- PE" Plate. Suppression efficiency was reported as the highest
tRNA synthetase frorMethanobacterium thermoautotrophi- concentration at which cells survived to form colonies among
cum and leucyl tRNAs derived fronHalobacterium sp. & S€ries of plates for which the next highest and lowest
NRC-1act as orthogonal tRNA-synthetase pairs for the amber COncentrations would be within 20% of the reported value.
codon inE. coli. Moreover, information gained in these Selection of Libraries and Characterization of Selectants.

studies, together with multiple sequence alignments of native All tRNA libraries were subjected to ampicillin selection,
archaeal tRNA sequences, allowed us to design efficient and the surviving colonies were isolated and sequenced by

orthogonal suppressor tRNAs of opal codons and a four- the method described previousBQj. Briefly, libraries were

base codon. AGGA. spread on LB plates containing 2&/mL kanamycin and
’ chloramphenicol for plasmid maintenance and varying
MATERIALS AND METHODS concentrations of ampicillin for selection. After 24 h of

growth, the plates were scraped, and the cells were diluted

Strains, Plasmids, and Material8ll in »izo manipulations slightly and then spread again on ampicillin plates. After
were carried out irE. coli strain TOP10 (Invitrogen) in LB colonies appeared, plates were again scraped and plated at
media at 37°C. Halobacterium sp. NRC-fvas purchased dilute cell densities on a range of plates with different
from the American Type Culture Collection (ATCC). PCR ampicillin concentrations. Selectants were isolated, se-
was carried out according to standard protocols with a quenced, and then confirmed by retransformation into cells
mixture of Tag(Promega) an@fu (Stratagene) polymerases. containing synthetase-expressing plasmids.
Oligonucleotides were synthesized by Genosys, Operon, or (-Galactosidase Reporter AssayBhe full-lengthlacZ
the UCSF Biomolecular Resource Center. For oligonucle- gene of plasmid pBAD-Myc/His/lacZ (Invitrogen) was
otides containing degenerate bases, the phosphoramiditeamplified by PCR and subcloned into plasmid pLASC to
were premixed to avoid bias. Standard protocols were obtain plasmid pLASC-lacZ. This pSC101-derived plasmid
employed for subcloning with restriction enzymes (NEB) and expressesacZ gene under the control of dpp promoter
T4 DNA ligase (NEB). Plasmids were introduced irffo and has an ampicillin resistance gene for plasmid mainte-
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nance. Derivatives of this plasmid were constructed wherein amber suppressor geseipD a tRNA efficiently charged
Leu-25 of the peptide VVLQRRDWEN décZ was replaced by E. coliseryl tRNA synthetase, is expressed from pACKO-
by TAG, TGA, or AGGA codons, or sense codons for A184TAG (which encodes the A184TAG variant bla),
tyrosine, serine, or leucine. The appropriate pLASC-lacZ-, host bacteria survive at an ampicillin concentration of 1000
pACKO-Bla-, and pKQ-derived plasmids were cotrans- ug/mL. In contrast, in the case of an orthogonal tRNA, which
formed and grown to an Qfg of 0.5.3-galactosidase assays cannot be efficiently charged by endogendtiscoli syn-
were performed in quadruplicate using the BetaF[gi@a- thetases, ampicillin resistance should be less than 5 ug/mL.
lactosidase Assay Kit (Novagen). Percent suppression wasConversely, if the tRNA is not orthogonal, or if a heterolo-
calculated as the percentage of activity for a sample relative gous synthetase capable of charging the tRNA is coexpressed
to the value observed from the pLASC-lacZ construct with in the system, a higher level of ampicillin resistance should
the corresponding sense codon at position 25. Cells contain-be observed.
ing pLASC-lacZ plasmids with sense codons at position 25 The genes for the five potential orthogonal amber sup-
were also assayed by 2-nitropheifiyb-galactopyranoside  pressor tRNAs were integrated into pACKO-A184TAG.
assays47), and activity was calculated in Miller units. coli hosts expressing the HhL4-derived suppressor, desig-
Purification of Synthetase ProteinSynthetase genes nated HL(TAG)1, could survive to only Ag/mL ampicillin,
were cloned in frame with the C-terminal myc/his tag of the MjL2- and PhL2-derived suppressors taug/mL, and
pBAD-Myc/HisA (Invitrogen). Protein purification was the PfL5- and AfL3-derived suppressors to 2@/mL
performed with the Qiaexpressionist kit (Qiagen) by the ampicillin. Therefore, all five suppressor tRNAs are either
manufacturer's protocol under native conditions. Protein weak suppressor tRNAs or are inefficiently chargedkby
concentrations were measured by the BCA Protein Assaycoli aminoacyl-tRNA synthetases.

Kit (Pierce) and analyzed by SB$AGE. Cloning of Archaeal Leucyl-tRNA SynthetasBecause
In Vitro Aminoacylation Assay#\minoacylation assays of the high homology of the archaeal leucyl-tRNAs, we
were performed by methods described previou28) {(n 20 anticipated that the archeal leucyl-tRNA synthetases might

uL reactions containing 50 mM Tris-Cl, pH 7.5, 30 mM KCI, have similar tRNA recognition properties. Therefore, both
20 mM MgCh, 3 mM glutathione, 0.1 mg/mL BSA, 10 mM  species-specific and cross-species combinations of archeal
ATP, 1 uM (79 Ci/mmol) BH] leucine (Amersham), 750 leucyl-tRNAs and synthetases were examined to find an
nM synthetase, and 0O, 2, 10, or 40/ crude total tRNA. optimal pair for use irE. coli. The leucyl-tRNA synthetases
Crude totalE. coli tRNA was purchased from Roche, and from A. fulgidus (AfLRS), Aeropyrum pernix(ApLRS),
halobacterial tRNA was extracted from cultures Hélo- Halobacterium sp. NRC{HhLRS),M. jannaschii(MjLRS),
bacterium sp. NRC-With the RNA/DNA Extraction Kit M. thermoautotrophicuniMtLRS), andP. horikoshi(PhL-

(Qiagen). RS) were chosen as initial candidates because of the
availability of the genome sequences and commercial avail-
RESULTS ability of the organisms. The genes for these synthetases were

cloned under the control of a constitutive glutamine promoter

on the high copy plasmid, pKQ, which was constructed from

pBR322 and contains a kanamycin resistance genelelite
I_gene fromE. coli (ECLRS) was also cloned as a negative

control. Synthetase expression plasmids and reporter con-
structs were cotransformed and assayed for activity by
synthet:?\ses. The sequences were choserl to broadly represeﬁ asrlr?:g”:;oi?;?r%?%nthg:;—?ﬁlﬁ szu)bgPesgs?)I:?Frzal\ll' Afh:L(rTe_K(ér)tir
the family of archaeal leucyl-tRNAs angumcluded tRNA gave the largest enhancement in suppression efficiency upon
of Archaeoglobus fulgidugAfL3), tRNA,™ of Halobacte-  ¢otransformation with synthetase-expressing plasmids, but
rium sp. NRC-IHhL4), tRNA;* of M. jannaschii(MjL2), the PhL2- and AfL3-derived tRNAs also show a suppression
tRNA:® of Pyrococcus furiosugPfL5), and tRNA® of enhancement. The MjL2- and PfL5-derived suppressor
Pyrococcus horikoshiiPhL2) (see Figure 1C for sequences). tRNAs survive to the same concentrations of ampicillin
In all cases, the anticodon was changed to CUA, and CCA regardless of whether the archaeal synthetase is present and
was added to the’ 3erminus if the sequence was not present were not pursued further. From all 35 combinations of
in the source gene to obtain an amber suppressor tRNA. synthetase and reporter plasmids, the highest levels of

To measure the activity of suppressor tRNAs, a selection ampicillin resistance result when the synthetases, MtLRS or
system was developed based on itheivo suppression of  MjLRS, are expressed with the HhL4-derived suppressor
nonsense or frameshift mutations introduced into the genetRNA. The AfLRS construct gives slightly lower levels of
for -lactamaselfla). Reporter genes fdrla variants with resistance, and all other synthetases give no increase in
TAG, AGGA, and TGA at position A184 (a permissive site suppression efficiency over background levels. With M]LRS
(10)) were constructed in plasmid pACKO-Bla, a medium or MtLRS, cells expressing HL(TAG)1 survive to 3/
copy plasmid derived from pACYC184. Bacteria transformed mL ampicillin, but only 5ug/mL with theE. coli synthetase
with these reporter constructs are unable to grow on LB agaror plasmid lacking the synthetase. Cells expressing AfLRS
plates with ampicillin concentrations greater thangdmL, can survive to 2mg/mL ampicillin when coexpressed with
only slightly higher than the value (2g/mL ampicillin) HL(TAG)1. From thesdn vivo suppression screens, three
observed for bacteria transformed with no plasmids. Plasmidssynthetases (MtLRS, M|LRS, and AfLRS) were identified
derived from pACKO-Bla can also express tRNA genes as candidates for an orthogonal pair with the HhL4-derived
under the control of a strorigp promoter. When the robust amber suppressor tRNA, HL(TAG)1.

Identification of Orthogonal tRNA®revious studies2Q)
have shown that halobacterial tRNAs are inefficiently
charged by th&. colileucyl-tRNA synthetase. The similarity
between the halobacterial and the other archaeal leucy
tRNAs (see Figure 1C) led us to believe that tRNAs from
other archaeans might also be orthogonal to Ehecoli
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Mycobacterium tuberculosis Steptomyces coalicolor
Deinococcus radiodurans

Thermus thermophilus

}j’-‘asmodium falciparum
Cyanidium ca.fdam.lm‘ Bacillus subtilis

Escherichia colf
Neisseria meningifidis

Methanobact

Fsaudomonas Seruginasa —
Rickettsia prowazekii Escherichia C-.l

Sulflobus tokodai

rivim NRC-1

Dictyostelium discoideumn

Aaropyrum pemix

Encaphalitczoon cunfcull

Homo sapiens

Caencrhabditis elegans Leishmania major

Caenorhabditis elegans

. Neurospora crassa
SHCIJhHNJ!JI}’CES carevisiag
Schizosaccharomyces pombe Homo sapiens

GCGGGEEUGCCEGAGECUBECCA CEEACT CGEUGCOEUAGEECUGE

i[ife AL B
AfL3 GCGEEGGUUGCCGAGT . . GECCARMGECGCUGGAUL CAGUCCCGL TUCGAGGEUUCGAAUCCCUCCOCCCGCACCA

con GCGEEEEUUGCOGAGCCUGGCCARAGGCGC-GGACT CC-GUCCCET vur'nr«*mruca:;ﬁcccc-cccccscacﬁ;
Ficure 1: Leucyl tRNAs and synthetases. Archaeal sequences are labeled in green, prokaryotic in red, and eukaryotic in blue. (A) ClustalW
analysis of aminoacyl-tRNA synthetases reveals the halobacterial synthetase to be unusual in its homology to prokaryotic rather than archaeal
and eukaryotic synthetases. (B) Halobacterial tRNAs all share high homology to other archaeal tRNAs. Dendrograms were generated using
the program PhyloDraw. (C) Multiple sequence alignment of the family of archaeal leucyl tRNAs examined as potential orthogonal suppressors.
Sequences examined as potential amber suppressors by changing the anticodon (in blue) to CUA are shown in bold as is the consensus
sequence. The highly conserved positions G37 and A73 are highlighted in red.

In Vitro Charging AssaysAn in vivo suppression screen  was 100-fold more efficient at chargirtg coli crude total
can distinguish active and inactive aminoacyl-tRNA syn- tRNA than halobacterial tRNA. Therefore, MtLRS and
thetases, but it cannot distinguish an orthogonal synthetaseAfLRS are good candidates for orthogonal aminoacyl-tRNA
from one that cross-reacts wikh colitRNA. To determine synthetases with respect & coli tRNA, but M|LRS is
the permissiveness of AfLRS, MjLRS, and MtLRS fBr not. Since MtLRS showed a higher level of suppression with
coli tRNA, the synthetases were overexpressed, purified, andHL(TAG)1 in vivo than did AfLRS, the MtLRS/HL(TAG)1
then subjected tm vitro aminoacylation assays to measure pair was carried forward as a potential new orthogonal pair
their ability to chargeE. coli tRNA. AfLRS, MjLRS, and for use inE. coli.
MtLRS were purified from an arabinose promoter overex-  Optimization of the tRNA Anticodon Loophe robust
pression system by Ni-NTA affinity chromatography in endogenous amber suppressapDconfers survival to 1000
yields of 14, 8, and 3 mg/L, respectively vitro aminoa- ug/mL ampicillin when expressed from pACKO-A184TAG.
cylation assays were performed with tritium-labeled leucine In contrast, cells expressing the MtLRS/HL(TAG)1 pair
and eitherE. coli or Halobacterium NRC-liotal tRNA survive to only 35ug/mL ampicillin, which corresponds to
(Figure 3). On the basis of the charging of AM crude a 2.9% suppression efficiency as determined figxgalac-
total tRNA, MtLRS and AfLRS charge halobacterial tRNA tosidase assays (Table 1). We therefore sought to improve
54- and 21-fold more efficiently tharE. coli tRNA, the activity of the system. Previous experiments on frame-
respectively. The MjLRS enzyme, however, shows only a shift, missense, and nonsense suppression revealed that A37
6-fold preference for halobacterial tRNA. TBecolienzyme was a highly conserved feature in robust suppressor tRNAs
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rounds of selection, then plated on a series of plates with
increasing ampicillin concentration in the third round of
selection. At the highest concentration of ampicillin for which
growth was observed (5Q@/mL), the only clone found had
an anticodon loop with the sequence CUCUAAA, corre-
sponding to a simple G37A mutation (Table 1). When

Suppressor tRNA:

Halobacterium sp. NRC-1

M. jannaschii

40 cotransformed with pKQ-MtLRS, this clone could survive
| 35 to 500ug/mL ampicillin. In the absence of the synthetase,
Synthetase: | 30 it survived to only 25xg/mL ampicillin. Under similar
M. thermoautotrophicum 8 | 25 conditions, cells containing the wild-typk!. jannaschii
M. jannaschii | 20 tyrosyl orthogonal amber suppressor tRNA survive to 350
P horikoshit N ug/mL ampicillin in the presence of the cognate synthetase
i ;’”;:”” L s and to 60ug/mL ampicillin without the synthetase.
Halobacterium sp. NRC-1 L xmLO Randomization of Leucyl Acceptor SteAlthough the

activity of the HhL4-derived amber tRNA was significantly
improved with the G37A mutation, the suppression level in
Ficure 2: Identification of a leucyl orthogonal pair. The suppres- the absence of the synthetase increased from 5 togABL
sion efficiency of seven synthetases expressed with five Orth°gona|ampicillin To overcome the undesired increase in back-
amber suppressor reporter constructs as measured ugifigca d ' . f th hL4-derived
tamase amber suppression assay. ground suppression, a mutant of the HhL4-derived tRNA
was sought that would not cross react withcoli aminoacyl-
tRNA synthetases. Almost all &. coli synthetases recognize

Ampicillin

__ 4000 bases within the acceptor stem of their cognate tRNAs.
S 3500 Therefore, we anticipated that mutations within this region
§ 3000 / of the tRNA might eliminate interactions between the
3 orthogonal tRNA and the cross-reactive synthetase. A library
8 2500 . : ) .
o in which the three terminal base pairs of the acceptor stem
§ 2000 // and the discriminator base were randomized (positien3 1
@ 1500 V . and 70-73, the randomized region is outlined in Figure 4A)
2 1000 was constructed from the HL(TAG)2 mutant tRNA and
2 50 subcloned into pACKO-A184TAG.
T : : . To identify members of this tRNA library that retained
0 10 20 30 40 50 activity but were even poorer substrates for endogenous
tRNA Concentration (uM) synthetases, a selection strategy was adopted from previous
B 6000 work on theM. jannaschiisystem 80). To isolate a pool of
- / mutant tRNAs that had comparable activity to the G37A
2 5000 mutant of the HhL4-derived tRNA, the tRNA library in
_% /o/ which the acceptor stem was randomized was cotransformed
§ 4000 with pKQ-MtLRS and subjected to two rounds of positive
é 3000 selection at 50@g/mL ampicillin. Six clones surviving the
(% positive selection were sequenced, and all were unique and
3 2000 conserved the discriminator base, A73 (Figure 4). In all cases,
z / P the stem positions had standard Wats@rick base pairs.
g " £ ; To identify members of the pool of active clones that would
0 ‘ not be charged by endogenous aminoacyl-tRNA synthetases,
0 10 20 30 40 50 the surviving tRNA-expressing plasmids were transferred into
tRNA Concentration (uM) cells containing a barnase reporter plasmid, pSCB2. This

FiGurRe 3. Aminoacylationin vitro by archaeal leucyl-tRNA  plasmid contains the gene for the RNase, barnase, with two

zy?thet_asedsb A) _Charglintg of crude t%"i‘['l ha'_Obagte&TRgRNA TAG codons at permissive positions 2 and 44, under control
etermined Dy aminoacylation assays wi eucine by .
(W), MILRS (®), MILRS (a), ECLRS #), and no synthetaselj. of the arabinose promoter, as well as the genesftacta-

(B) Charging of crude totaE. coli tRNA. mase. Any tRNA that is aminoacylated by an endogenous
E. coli synthetase will result in suppression of the nonsense
. L codons and cell death. The cells were plated on LB plates
(20). HhL4 has_a G atposition 37; ther(_efore, substitution qf containing 25«g/mL chloramphenicol, 52g/mL ampicillin
G37 to A might be expected to improve suppression {3 maintain the plasmids, and 0.2% arabinose to induce
efficiency. To examine this and other possible anticodon loop expression of the barnase gene. Sixteen survivors were
mutants, a library was constructed in which the seven sequenced, and three unique sequences were identified. All
positions of the anticodon loop (positions-328, see Figure  three clones had reversed the 3:70 base pair from G:C to
4A) in HhL4 were replaced with degenerate bases and C:G. Of these, mutant HL(TAG)3 gave the highest level of
subcloned into pACKO-A184TAG. The library of tRNAs  suppression in the presence of MtLRS (Ga§mL ampi-
was cotransformed with pKQ-MtLRS and subjected to cillin) and only survived to 7.5g/mL ampicillin without
ampicillin selection initially at 35(g/mL ampicillin for two the synthetase. These values correspond to 33.2% suppression
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Table 1: Suppression Efficiency of Mutant Orthogonal tRNAs
Reporter Plasmid Miller Units

pLASC-lacZ(Leu) 210 = 2
pLASC-lacZ(Ser) 200 = 5
pLASC-lacZ(Tyr) 192 = 7
pLASC-lacZ(TAG) 1 + 1
pLASC-lacZ(AGGA) 2 + 1
pLASC-lacZ(TGA) 1 + 1

Percent Suppression?

Suppressor tRNA with pKQ with synthetase |Sequence
GCGAGGGTAGCCAAGCTCGGCCAACGGCGACGGACTCTAGATCCGTTC
HL(TAG)1 04 + 01% | 29 = 0.8% [TCGTAGGAGTTCGAGGGTTCGAATCCCTTCCCTCGCACCA

GCGAGGGTAGCCAAGCTCGGCCAACGGCGACGGACTCTAAATCCGTTC

HL(TAG)2 03 =+ 01% | 96 =+ 0.4% |[TCGTAGGAGTTCGAGGGTTCGAATCCCTTCCCTCGCACCA
CCCAGGGTAGCCAAGCTCGGCCAACGGCGACGGACTCTAAATCCGTTC
HL(TAG)3 15 + 1.2% | 332 =+ 4.4% |TCGTAGGAGTTCGAGGGTTCGAATCCCTTCCCTGGGACCA

GCGAGGGTAGCCAAGCTCGGCCAACGGCGACGGACTTCCTAATCCGTT

HL(AGGA)1 04 == 01% 46 =+ 2.1% |[CTCGTAGGAGTTCGAGGGTTCGAATCCCTTCCCTCGCACCA
GCGAGGGTAGCCAAGCTCGGCCAACGGCGACGGACTTCCTAATCCGTT
HL(AGGA)2 07 += 0.3% 149 + 6.1% |CTCGTAGGAGTTCGAGGGTTCGAATCCCTCCCCTCGCACCA

GCGGGGGTTGCCGAGCCTGGCCAAAGGCGCCGGACTTCCTAATCCGGT
HL(AGGA)3 74 = 04% 355 + 1.4% [CCCGTAGGGGTTCCGGGGTTCAAATCCCCGCCCCCGCACCA
GCGGGGGTTGCCGAGCCTGGCCAAAGGCGCCGGACTTCAAATCCGGTC

HL(TGA)1 47 + 15% | 60.8 + 7.0% |CCGTAGGGGTTCCGGGGTTCAAATCCCCGCCCCCGCACCA
CCGGCGGTAGTTCAGCAGGGCAGAACGGCGGACTCTAAATCCGCATGG
J170 02 + 01% | 185 + 4.8% |CGCTGGTTCAAATCCGGCCCGCCGGACCA
GGAGAGATGCCGGAGCGGCTGAACGGACCGGTCTCTAAAACCGGAGTA
SupD 428 = 71% ND GGGGCAACTCTACCGGGGGTTCAAATCCCCCTCTCTCCGCCA
GGAGAGATGCCGGAGCGGCTGAACGGACCGGTCTTCCTAAACCGGAGT
Ser2AGGA 252 + 01% ND AGGGGCAACTCTACCGGGGGTTCAAATCCCCCTCTCTCCGCCA

a f-Galactosidase activity was determined for tRNA reporter plasmids derived from pACKO-Bla cotransformed with the appropriate pLASC-
lacZ mutant and either a synthetase-expressing plasmid or a plasmid with no synthetase. Activity is reported as the percentage of activity observed
relative to the value observed from the pLASC-lacZ construct with a leucyl (wild-type), seryl, or tyrosyl sense codon at position 25. In each case,
the codon at position 25 d¢écZ is designated in parenthes€s17, theM. jannaschiityrosyl amber suppressor tRNA with improved orthogonality
(30) was expressed in plasmid pACKO-A184TAG in the presence of pLASC-lacZ(TAG) and either pKQ or pBK-JYRS.

in the presence of MtLRS and 1.5% in the absence of thein the absence of a suppressor tRNA. Therefore, the clone
synthetase as determined Bygalactosidase amber suppres- identified, HL(AGGA)1, is a weak suppressor of AGGA
sion assays (see Table 1). By comparison, the muéant  codons.
jannaschiisuppressor tRNA, J17, gives values of 18.5 and  During these experiments, serendipitous mutants capable
0.2% with and without th&l. jannaschiityrosine synthetase,  of surviving up to 300ug/mL ampicillin were identified.
respectively. These mutants were no longer orthogonal, and all had
Identification of AGGA Suppressor§o expand the list ~ multiple point mutations relative to the parent sequence. All
of codons that can be used for unnatural amino acid of the clones contained the substitution T65C. This mutation
mutagenesis, we attempted to generate a tRNA that couldcorrects the G:U mismatch present in the @ loop stem,
efficiently suppress a four-base codon. Previous studiessuggesting that this G:U base pair might be detrimental to
indicated that the four-base codon AGGA can be efficiently suppressor activity. We therefore decided to randomize this
suppressed irE. coli, and tRNAs with eight nucleotide base; a library was made in which the 49:65 base pair was
anticodon loops were the most efficient suppressors of randomized in HL(AGGA)1. The library was subcloned
AGGA codons 20). A -lactamase reporter plasmid analo- into pACKO-A184AGGA and then cotransformed with
gous to the TAG reporter was constructed but with A184 pKQ-MtLRS. Of the 16 library members, the most efficient
replaced by AGGA instead of TAG. Normal translation in suppressor, HL(AGGA)2, was identified by ampicillin selec-
the absence of a1 frameshift suppressor tRNA should tion. This clone contained a T65C mutation and could survive
result in missense errors downstream of position 184 andto 125xg/mL ampicillin. Nevertheless, this level of activity
premature truncation of the protein. A library of tRNAs was far lower than that observed for the corresponding amber
derived from the HhL4 tRNA was constructed in which the suppressors. Consequently, alternative strategies were con-
seven nucleotide anticodon loop was replaced with eight sidered.
random nucleotides. The library was subcloned into pACKO-  Mutations in the D-loop have been previously implicated
A184AGGA, cotransformed with pKQ-MtLRS, and then in frameshift suppressior8y), and we next hypothesized
subjected to ampicillin selection. At the highest concentration that such mutations might improve the suppression efficiency
of ampicillin at which growth was observed, #§/mL, only of the AGGA suppressor. Libraries wherein the 13 nucle-
one clone, HL(AGGA)1, was found. This clone had the otides of the D-loop (positions 31, see Figure 4) were
anticodon loop sequence CUUCCUAA. As was the case with replaced with 11 or 13 random nucleotides were prepared
the bla A184TAG reporter plasmid, cells transformed with in pACKO-A184AGGA. Although a great deal of sequence
pACKO-A184AGGA can survive to only Bg/mL ampicillin diversity was observed among the survivors at the highest
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FicurRe 5: Consensus-derived frameshift suppressor. A consensus
B sequence is obtained by multiple sequence alignment of all known
archaeal leucyl tRNAs, and the anticodon loop is changed to
Active acceptor stem mutants: UCUCCUAA. The variations observed for tRNAs identified by
selection are shown in boxes. The most active mutations are shown
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S OIS Sl I IR 1Ae 10% of a mixture of the other three bases. The library was
subcloned into pACKO-A184AGGA. Sequencing of 24
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= per clone was 5.9, and these mutations were randomly
A A —I3] distributed throughout the tRNA sequence. After cotrans-
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T A c e P formation with pKQ-MtLRS and selection on ampicillin
c e c G c G plates, several clones survived to 3g9mL ampicillin and

— . were found to be the original sequence with the 27:42 and
FiGURE 4. Optimization of suppressor tRNAs. (A) Regions of the  49:65 pase pairs changed to the canonical base pairs T27:

halobacterial orthogonal tRNA subjected to mutagenesis in an effort . . . .
to improve the efficiency or selectivity of TAG and AGGA Ad2, G27:C42, or C27:GA2 and GA7:C65 or CA7:G65

suppressor tRNAs. (B) Active mutant TAG suppressors identified (Figure 5). The most efficient suppressor, designated HL-
by positive selection conserve A73. Less cross-reactive mutants(AGGA)3, can survive to 30Q«g/mL ampicillin in the
identifieq byadouble-s.ieve selection. strategy conserve a.C3ZG70presence of pKQ-MtLRS but to only 3@g/mL in the
base pair. The most active and selective suppressor tRNA is shownghsence of the synthetase, which correspond to 35.5 and 7.4%
with double boxes. suppression, respectively, as determinegigalactosidase
concentrations of ampicillin (126g/mL), no mutants were ~ assays (Table 1).
observed with increased activity relative to the parent tRNA.  Identification of Opal Suppressor tRNA3o further
Consensus-Dered AGGA Suppressor tRNi.examining expand the list of codons, we sought opal suppressors derived
the sequence of the HhL4-derived tRNA, there was no from HhL4. A reporter plasmid, pACKO-A184TGA, was
obvious explanation for the poor activity of this suppressor. constructed in which the A184 position gflactamase was
Rather than mutate HL(AGGA)2 further, we pursued an changed to TGA. Thibla A184TGA reporter plasmid can
alternative approach. The archaeal leucyl-tRNAs are highly survive to 1Qug/mL ampicillin without any suppressor tRNA
similar, varying from each other usually by only a few base present, whereas the TAG and AGGA reporters could survive
substitutions (Figure 1C). The entire family would be well- to only 5ug/mL. In the case of opal suppression, there is
represented by a library derived from a consensus sequencéackground read-through that leads to the production of a
with many random mutations throughout. The consensussmall amount of protein even in the absence of a suppression
sequence was compiled with the GCG prognaiteup, and system. Nevertheless, this level is quite small. To identify
those positions considered degenerate by the program wereuppressors, a library in which the anticodon loop (positions
changed to the most frequent base at those positions. The81-38) of HhL4 was replaced with seven degenerate
anticodon loop was changed to CUUCCUAA since this nucleotides was prepared in pACKO-A184TGA. When
sequence was already shown to be the optimal sequence focotransformed with pKQ-MtLRS, no members of this library
an AGGA suppressor derived from HhL4. The final sequence could survive on ampicillin plates at 5@/mL. Instead of
used as the consensus sequence is shown in Figure 5. AdhL4, a library was prepared in which the eight nucleotide
library was synthesized by overlap extension of oligonucle- anticodon loop was randomized with seven nucleotides in
otides in which each site of the tRNA gene was synthesized HL(AGGA)3, the most robust AGGA suppressor identified
as a doped mixture of 90% of the consensus sequence androm the consensus sequence. At the highest concentrations
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of ampicillin at which growth was observed (3(@/mL) the cloning of the gene for this enzyme has not been reported,
only one clone, designated HL(TGA)1, with the sequence the sequenced genome of a closely related arch&tso;
CUUCAAA was found. The clone can survive to 3aQ/ bacterium sp. NRC;lis available. A multiple sequence

mL ampicillin when coexpressed with pKQ-MtLRS but can alignment of leucyl-tRNA synthetases from many phyla
survive to only 30ug/mL without the synthetase plasmid, including archaeal, prokaryotic, and eukaryotic sequences
which corresponds to 60.8% suppression as determined by(Figure 1A) shows that the halophilic enzyme is unusual
B-galactosidase assays (Table 1). Apparently, the beneficialamong the family of archaeal synthetases, having greater
effects of using the consensus sequence are not limited tohomology to the prokaryotic branch than the eukaryotic or

frameshift suppression. archaeal branches. Unlike the synthetases, all archaeal leucyl
tRNAs are highly homologous and share absolutely con-
DISCUSSION served features such as A73, G37, and a 12 nucleotide

o ) variable loop with two unpaired bases (Figure 1B). The

Identification of New Orthogonal Pair©ne approachto  conservation of these positive recognition elements led us
construct orthogonal tRNA-synthetase pairs is to adapt to believe that tRNA recognition by the other archaeal leucyl-
eukaryotic or archaeal synthetases and tRNAs for ug in  tRNAs would be similar to recognition by the halobacterial
coli. Several yeast synthetases, notably glutamine, asparticsynthetase. Consequently, these synthetases might be useful
acid, arginine, and tyrosine, have been shown not to inthe construction of orthogonal tRNA-synthetase pairs when
recognizeE. coli tRNA and might therefore be useful for  combined with suppressor tRNAs derived from archaeal
the construction of orthogonal tRNA-synthetase pairs. Un- |eucyl-tRNAs.
fortunately, many eukaryotic synthetases express poorly or - Because archaeal leucyl-tRNAs and synthetases are highly
have low specific activity irE. coli. Eukaryotic synthetases,  nomologous to one another, both species-specific and cross-
particularly the mammalian enzymes, are often organized species combinations could potentially function as efficient
into large complexes3(), and the low activity often observed  orthogonal tRNA-synthetase pairs. Therefore, each of the five
may b_e related to the inability to form these complexes in potential orthogonal tRNAs (AfL3, HhL4, MjL2, PfL5, and
E. col. PhL2) was examined in the presence of each of the six

The success of thl. jannaschiityrosyl orthogonal pair ~ separate archaeal synthetases (AfLRS, ApLRS, HhLRS,
(36) suggested that archaebacteria may in general be a good/jLRS, MtLRS, and PhLRS) for the ability to suppress
source of orthogonal pairs. Early work on the halophile A184TAG in bla. All five orthogonal tRNAs afforded a
Halobacterium cutirebrun(29) indicated that almost all the  higher level of amber suppression in the absence of an
tRNAs of this archaean (notably leucine, arginine, tyrosine, archaeal synthetase than is observed when no amber sup-
serine, histidine, and proline) cannot be chargedbygoli pressor tRNA is present in the cell. All five suppressors are,
aminoacyl-tRNA synthetases. Indeed, archaeal tRNA syn- therefore, expressed, processed, and functionally charged to
thetases are more similar to their eukaryotic than prokaryotic some degree by an endogen@&.oli synthetase. Neverthe-
counterparts in terms of homology and tRNA recognition less, only three of the five tRNAs (PhL2, AfL3, and HhL4)
elements. Unlike their eukaryotic counterparts, however, gave a higher level of suppression when a foreign synthetase
there is currently no evidence for their higher order assembly (either MjLRS, MtLRS, or AfLRS) was coexpressed with
into structured multimers3(7, 38). Moreover, since most  the tRNA than was observed with no synthetase. It is
archaea are thermophiles, active synthetases from archaeanknown why the MjL2 and PfL5 suppressors fail to give
can be expressed in good yieldsincoliand can be readily  an enhancement in suppression when coexpressed with a
purified in active form. Because of extensive sequencing cognate or noncognate archaeal synthetase. These tRNAs
efforts, at least 16 archaeal genome sequences are currentlynay be expressed as functional suppressor tRNAS toli
available, which together with the lack of introns in the but are unable to be charged because of incompatibility with
genome, greatly facilitate the PCR amplification of the both cognate and noncognate synthetases. In the case of
archaeal synthetase genes. For all of the above reasons, ouvijL2, the suppressor is derived from the natural substrate
attention has focused on the archaea as a source foffor MjLRS, so it seems unlikely that the tRNA would not
orthogonal pairs. be charged, when other tRNAs are efficiently charged by

Another design issue in the construction of orthogonal MJLRS. Another explanation might be that the tRNAs are
tRNA-synthetase pairs is the ability of the aminoacyl-tRNA efficiently charged but are incompatible with tie coli
synthetase to recognize mutants of the cognate tRNA with translational machinery, but this is not consistent with the
altered anticodon loops (i.e., nonsense or missense suppredact that some suppression is observed when no archaeal
sors). Aminoacyl-tRNA synthetases frequently use the an- synthetase is present. A third possibility is that MjL2 and
ticodon loop as a major positive identity element, and PfL5 are efficiently charged with leucine but are deacylated
mutations in this region of the tRNA frequently result in in an editing process by an endogenduscoli synthetase.
impaired synthetase recognition. The leucyl-tRNA syn- Inany case, itis clear that not all archaeal leucyl isoacceptors
thetases frequently lack strong anticodon recognition ele- are equivalent in their ability to function as orthogonal amber
ments, and a leucyl orthogonal tRNA-synthetase pair might suppressors ii. coli.
therefore be able to decode a variety of codons, including Only three of the six leucyl-tRNA synthetases (MjLRS,
amber, opal, and four-base codons. Of the archaeal leucyl-MtLRS, and AfLRS) cloned from archaea gave a higher level
tRNA synthetases, only the enzyme frétaloferaxyolcanii of suppression when combined with any of the five orthogo-
has been thoroughly investigate?b)]. The synthetase does nal tRNAs. In the case of HhLRS, the synthetase does not
not recognize bases in the anticodon loop; instead, a highlyyield protein when overexpressed. Most likely, PhLRS and
conserved pattern of mismatches within the variable loop is ApLRS do not express functional protein E coli either,
the primary recognition element for the synthetase. Although but it is also possible that the proteins are not active at 37
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°C or do not recognize any of the orthogonal tRNAs tested. of the anticodon loop are replaced with degenerate bases and
There was no evidence that some tRNAs are preferredthen subjected to positive ampicillin selection in the presence
substrates for a specific synthetase. Indeed, although a tRNAof the cognate synthetase (J. C. Anderson, P. G. Schultz,
from M. jannaschiiwas one of the five orthogonal tRNAs and M. Pastrnak, unpublished results). In both cases, the
examined, the halobacterium-derived suppressor was theanticodon loop sequence CUCUAAA afforded the highest
preferred substrate for MjLRS. All three functional tRNAs suppression efficiency corresponding to 6- and 5-fold
gave the highest level of suppression when charged byenhancements in the concentration of ampicillin at which
MILRS or MJLRS, and to a lesser degree with AfLRS. growth is observed for the glutamine and aspartate systems,
Although on the whole the archaeal leucyl synthetases respectively. In at least three other systems, tRNAs with the
have similar tRNA recognition properties, it is clear fram anticodon loop sequence CUCUAAA have emerged as the
vitro charging experiments that there are some differencesmost efficient amber suppressors. The anticodon loop
in their recognition of tRNA. The charging of crude toEl sequence CUUCCUAA was found to be the most efficient
coli tRNA by AfLRS and MtLRS is only 5- and 13-fold  sequence for a leucyl AGGA suppressor. Selection experi-
higher, respectively, than the background reaction observedments on tRNAs with randomized anticodon loop&ircoli
with no synthetase, whereas MjLRS is able to chadtgeoli tRNAS® similarly converged on the anticodon loop se-
tRNA 50-fold over background. Such differences in tRNA quence CUUCCUAA for AGGA suppressio(), and the
recognition among highly homologous synthetases wassequence CUUCAAA also emerged as the most efficient
unanticipated but not without precede8). Since aminoa-  anticodon loop sequence for a leucyl opal suppressor. These
cyl-tRNA synthetases have evolved only to be orthogonal results suggest that the preferred anticodon loop sequence
to the noncognate tRNAs present in their own host’s is determined by interactions with endogenous translational
cytoplasm, it is perhaps not surprising that subtle variations machinery rather than the particular preferences of the
in sequence or chemical modification can lead to mischarging aminoacyl-tRNA synthetases. Indeed, the anticodon loop may
in foreign systems. require sequence-specific modifications to function optimally
Improving the Actbity of Orthogonal Suppressor tRNAs. (43, 44). Alternatively, Yarus 45) has suggested that the
To date, we have successfully identified and characterizedentire anticodon stem and loop (positions—28 of the
three orthogonal tRNA-synthetase pairs: the yeast glutaminetRNA) together function as an extended anticodon that
(10), yeast aspartatel{), and archaeal tyrosine pair39j. interacts with ribosome as a module. The entire sequence of
Of these systems, only the tyrosine system gives levels ofthis region may help to define the identity of the anticodon
amber suppression comparable to the levels observed forfor proper decoding.
strong native amber suppressors such as supD or supF. When All three codons examined in this study were most
expressed with a the high-copylactamase reporter pBLAM  efficiently suppressed by tRNAs with the sequence
(the reporter plasmid for this study was a medium-copy CU(X)XXXAA in the anticodon loop. Although this con-
plasmid) in the presence of their cognate synthetase, cellssensus sequence is preferred for TAG, TGA, and AGGA
containing the original glutamine, aspartate, and tyrosine codons, other sequences may be preferable for other four-
orthogonal amber suppressor tRNAs can survive to 140, 60,and five-base codons. In previous studi@§)( the most
and 1220 ug/mL ampicillin, respectivelyll, 39). The efficient suppressor tRNAs had bases at positions 32, 33,
tyrosine system is also the only system that has thus far beer87, and 38, which differed from the consensus sequence.
successfully modified to specifically incorporate an unnatural For example, the most efficient suppressors of the codon
amino acidin vivo in response to the amber codon. A high CUAG had an anticodon loop with the sequence CGCTAG-
level of suppression may be critical to the successful GA, deviating at both U33 and A37. In addition, some
modification of the amino acid specificity of synthetases synthetases employ position 37 as a strong positive deter-
using a double-sieve selection strateg)§)( For suppression  minant for recognition, in which case a CU(X)XXXAA
systems with low activity, it is often difficult to distinguish  anticodon loop sequence may prove to be nonoptimal.
active and inactive synthetases in selection experiments Optimization of the anticodon loop sequence as described
because of their similarity in phenotype. A high level of above was sufficient to provide an efficient amber suppressor
suppression is required for the production of protein contain- tRNA for the leucine system. Optimization of the anticodon
ing unnatural amino acids. Therefore, a great deal of attentionloop of the AGGA frameshift suppressors derived from HhL4
has been paid to those features of orthogonal tRNAs thatalso afforded a viable tRNA. However, the suppression
give rise to robust suppression. efficiency (4.6%) of this tRNA, HL(AGGA)1, is far lower
Previous work on frameshift and amber suppressida.in  than that measured for the suppression of amber codons by
coli clearly indicates that positions 31, 32, 37, and 38 of the HL(TAG)2. Indeed, this suppressor permitted survival at only
tRNA anticodon loop have profound effects on suppression 75ug/mL ampicillin, significantly less than the seryl AGGA
efficiency @3, 40—42). The presence of G37 in all the suppressor (Ser2AGGA) identified previousBOQ), which
archaeal leucyl tRNAs led us to believe that a substitution can survive to 275 ug/mL ampicillin when expressed in
at this position might lead to a higher suppression efficiency. plasmid pACKO-A184AGGA. In general, the best AGGA
Indeed, randomization of the anticodon loop showed that the suppressors are less active than the best amber suppressors
most efficient suppressors have the anticodon loop CUC- (21), but there appears to be something particular to HhL4
UAAA. Although the tRNA was toxic, the G37A mutant that hinders its ability to act as a frameshift suppressor. The
also emerged through selection with thd jannaschii only feature obviously different from robust four-base
tyrosine system30) as the most potent suppressor thus far suppressors previously identified@) is the presence of a
observed for this system. Similar selection experiments with very large D loop in HhL4. Most suppressors have nine
the yeast-derived glutamine and aspartate orthogonal pairsucleotides in the D loop and four base pairs in the stem.
have been performed in which libraries of positions-33 HhL4 has only three base pairs in the stem and 13 bases in
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the loop. Moreover, previous studies have shown the D loop any processing or modification adaptations particular to a
to play a role in frameshift suppressiodlj. Not only did specific tRNA would be lost to thé. coli translational
we see no increase in activity upon randomization of the D apparatus. These variations may even be deleterious to
loop, there was also a great deal of sequence variation amonguppression efficiency, particularly when these variations are
the most active suppressors. mismatched bases in stem regions. Suppressor tRNAs derived

The serendipitous appearance of mutations in the G49:from the consensus sequence preserve only those features
U65 base pair of the four-base suppressor tRNAs suggestedhat are broadly shared by the entire family and eliminate
that noncanonical base pairing in the stem regions of tRNAs potentially deleterious variations. Therefore, suppressor tR-
has a deleterious effect on suppression efficiency. This NAs derived from the consensus sequence may in general
hypothesis was further supported by a randomization andlead to higher suppression efficiencies.
selection experiment on the acceptor stem of the HhL4-  Although optimization of the anticodon loop and elimina-
derived amber suppressor. The three terminal base pairs ofion of mispairing gave modest to large increases in sup-
the acceptor stem were simultaneously randomized. Thispression efficiency, these modifications were not sufficient
library of tRNAs would therefore contain all combinations to provide robust AGGA and opal suppressor tRNAs. Only
of mismatched and WatseiCrick base pairs. In fact, 98.4% the consensus-derived suppressors had activities comparable
of the theoretical members of this library should have at leastto the tRNA® derived suppressors described previously
one mismatched base pair. Nevertheless, in the nine activg21). A comparison of the consensus-derived sequences for
acceptor stem mutants outlined in Figure 4, all positions are HL(AGGA)3 and HL(AGGA)2 reveal that there are 14 base
occupied by WatsonCrick base pairs. Similarly, the D,  substitutions, but neither sequence has mispairs. It is not
TyC, anticodon, and acceptor stems of the yeast glutamineobvious which of these 14 substitutions account for the
amber suppressor tRNA have been individually randomized improved activity. Perhaps by using the consensus sequence
and subjected to positive selection (J. C. Anderson and P.of the entire family of tRNAs, those bases that are specific
G. Schultz, unpublished results). In all surviving clones, to any particular tRNA and may be detrimental to activity
every position in these stem regions was occupied by aare identified and eliminated. With only this one example,
Watsonr-Crick pair. In the parent tRNA, the 6:67 base pair it is unclear whether the identification of this sequence is
is U:G. Mutation of this base pair to U:A results in a doubling simply serendipitous or represents a generally applicable
of the concentration of ampicillin at which cells can grow. strategy. We plan to test this strategy in the design of
Also, when subjected to positive selection, the only mutations additional orthogonal pairs.
that emerged from random mutagenesis of the leucyl Improving the Selectity of Orthogonal Suppressor tRNAs.
consensus-derived frameshift suppressor appeared at mistnfortunately, improvements in the activity of these sup-
paired sites. Others have also noted that mispairing in stempressor tRNAs also brought about an undesirable increase
regions adversely affects suppression efficien&s; 48). It in the level of suppression observed in the absence of
may be that tRNAs with mispaired bases are not readily synthetase. The origindll. jannaschiityrosine orthogonal
folded into the correct cloverleaf structure and therefore are suppressor tRNA was partially charged by & coli
not readily processed and modified9. A quantitative  synthetase, but the reaction was eliminated by mutagenesis
analysis of the ratio of charged to uncharged species and of(30). A double sieve selection was able to identify mutants
the ratio of fully processed to unprocessed tRNA present in of the wild-type tRNA with excellent orthogonality, but there
the cell would greatly enhance our understanding of the was also a significant loss of overall activity. Ideally,
mechanisms by which these poorly suppressing tRNAs aremutations could be introduced into the tRNA that would
impaired. eliminate the cross-reactivity witk. coli synthetases but

An analysis of multiple sequence alignments of many preserve high levels of suppression efficiency. Since ami-
families of tRNAs reveal multiple examples of conserved noacyl-tRNA synthetases frequently recognize positions
non-Watsonr-Crick pairings. For example, a G3:U70 base within the acceptor stem and discriminator base of tRNAs
pair is a conserved positive determinant for recognition by (50), it is likely that anE. coli synthetase that charges the
E. coli alanyl-tRNA synthetase5(Q). If the element is a  orthogonal tRNA would have a positive recognition element
conserved positive determinant for recognition, then it may in this region. If this determinant could be changed without
prove difficult to construct robust suppressor tRNAs for the destroying recognition by the foreign synthetase, activity
cognate synthetase. Most often, however, the mispairingcould be preserved while eliminating the background reac-
present in native sequences is only found in specific tion. When this strategy was applied to the HhL4-derived
isoacceptors. These and other variations from the consensuamber suppressor, such mutants were indeed found. Several
sequence of the family of tRNAs present in individual mutants preserved or even improved suppression efficiency
isoacceptors may be present as a result of subtle, specieswhen coexpressed with MtLRS but had nearly background
specific adaptations in positive or negative synthetase levels of amber suppression (7.5 vs 5 ug/mL ampicillin) in
recognition, optimal processing and modification, or interac- the absence of the synthetase. These mutants had reversed
tions with elongation factors. Alternatively, these variations the third base pair from G:C to C:G, and an inspection of
may simply be the result of neutral evolutionary drift. the recognition elements known for variol&s coli syn-

When transferred to another species, these variations arghetases suggests the identity of thecoli synthetase that
unlikely to offer to the new host’s translational machinery had cross-reacted with the HhL4-derived suppressor. Both
any advantages they conferred to the source organism.GInRS and LysRS dE. coliconserve G3:C70 and frequently
Furthermore, for cross-species pairs, the synthetase iscross-react with amber suppressor tRNAX)( Because
unlikely to recognize any species-specific identity elements LysRS also conserves A73, this is the more likely candidate
present in the tRNA. Only those recognition elements for the cross-reactiv&. coli synthetase51, 52). Perhaps
common to the entire family are likely to be useful. Similarly, this strategy is a general solution to the problem of improving
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