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ABSTRACT: Recently, it has been shown that an amber suppressor tRNA/aminoacyl-tRNA synthetase pair
derived from the tyrosyl-tRNA synthetase ofMethanococcus jannaschiican 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 nonsense 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 thermoautotrophicumand leucyl tRNA derived fromHalobacterium sp. NRC-1as an
orthogonal tRNA-synthetase pair inEscherichia 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
incorporation of unnatural amino acids into proteins. Early
work demonstrated that the translational machinery of
Escherichia coliwould accommodate amino acids similar
in structure to the common 20 (1). This work was further
extended by relaxing the specificity of endogenousE. coli1

synthetases so that they activate unnatural amino acids as
well as their cognate natural amino acid. Moreover, it was
shown that mutations in editing domains could also be used
to extend the substrate scope of the endogenous synthetase
(2). However, these strategies are limited to recoding the
genetic code rather than expanding the genetic code and lead
to varying degrees of substitution of one of the common 20
amino acids with an unnatural amino acid.

Later, it was shown that unnatural amino acids could be
site-specifically incorporated into proteinsin Vitro by the
addition of chemically aminoacylated orthogonal amber
suppressor tRNAs to anin Vitro transcription/translation
reaction (3-6). It is clear from these studies that the ribosome
and translation factors are compatible with a large number
of unnatural amino acids, even those with unusual structures.
Unfortunately, the chemical aminoacylation of tRNAs is
difficult, and this method can only produce microgram-scale

quantities of protein because of the stoichiometric nature of
the process. A catalyticin ViVo method could overcome these
limitations and would also permit the study of proteins
containing unnatural amino acids in living cells.

To add additional synthetic amino acids to the genetic code
in ViVo, it is necessary to generate a 21st orthogonal pair of
synthetase and tRNA that can function efficiently in the
translational machinery. The synthetase must not cross-react
with any of the endogenous tRNAs (40 inE. coli), and the
orthogonal tRNA must not be aminoacylated by any of the
endogenous synthetases (21 inE. coli). The tRNA must
decode only a specific new codon that is not decoded by
any endogenous tRNA, and the synthetase must charge its
tRNA with only a specific unnatural amino acid. We have
successfully generated an orthogonal tRNA-synthetase pair
from tyrosyl-tRNA synthetase ofMethanococcus jannaschii
that satisfies these requirements. This system has been used
to incorporate a series of unnatural amino acids including
keto amino acids (7), photocrosslinking amino acids (8, 9),
and heavy atom containing amino acids selectively into
proteins in response to the TAG codon.

Several other orthogonal pairs have been reported. Glutami-
nyl (10), aspartyl (11), and tyrosyl (12, 13) systems derived
from Saccharomyces cereVisiaetRNAs and synthetases have
been described for the potential incorporation of unnatural
amino acids inE. coli. Systems derived from theE. coli
glutaminyl (13) and tyrosyl (14) synthetase have been
described for use inS. cereVisiae. TheE. coli tyrosyl system
can also function in mammalian cells and has been used for
the incorporation of 3-iodo-L-tyrosine in ViVo (15). All of
these systems have made exclusive use of the amber stop
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codon. To expand the genetic code beyond 21 amino acids,
other orthogonal pairs and unique codons must be identified.

A critical requirement of any orthogonal pair is a codon
that is unique within the genetic code and that will not cross-
react with noncognate tRNAs. In addition to the amber stop
codon (TAG), the opal nonsense codon (TGA) is one such
candidate. A genetic code in which TAG and TGA encoded
unnatural amino acids could encode 22 amino acids while
preserving the ochre nonsense codon, UAA, which is the
most abundant termination signal. The suppression of opal
codons is robustin ViVo but has not been frequently used
for the incorporation of unnatural amino acidsin Vitro
because of high background readthrough of TGA codons
(16). Another possible codon involves unnatural base pairs.
Unnatural amino acids have been incorporated in response
to novel codons containing the unnatural base (iso-dC)AG
(17) or pyridin-2-one (18) using an in Vitro translation
system. Adaptation of unnatural base pairs for the incorpora-
tion of unnatural amino acids into proteinsin ViVo, however,
would require the faithful replication and transcription of
unnatural base pairs in DNA and RNA (19). Another codon
that might be used to encode additional amino acids are four-
and five-base codons. Using a library of tRNAs with
randomized anticodon loops coupled with a selection scheme,
we recently identified several highly efficient and noncross-
reactive four- and five-base codons, including AGGA,
UAGA, CCCU, and UAGA (20, 21).

Regardless of the codon chosen, it is necessary to generate
additional orthogonal tRNA-synthetase pairs that can trans-
late these codons with high fidelity and good efficiency.
Because the tRNA anticodon loop is a major identity element
for recognition by most synthetases, one must identify a
synthetase that does not recognize these identity elements
to generate suppressor tRNAs for these unusual codons. The
leucyl-, seryl-, and alanyl-tRNA synthetases ofE. coli are
well-known to tolerate extensive substitutions in the anti-
codon loop (22-24). We thought it likely that some
homologous archaeal or eukaryotic synthetases might have
similar properties. We now report that derivatives of a leucyl-
tRNA synthetase fromMethanobacterium thermoautotrophi-
cum and leucyl tRNAs derived fromHalobacterium sp.
NRC-1act as orthogonal tRNA-synthetase pairs for the amber
codon in E. coli. Moreover, information gained in these
studies, together with multiple sequence alignments of native
archaeal tRNA sequences, allowed us to design efficient
orthogonal suppressor tRNAs of opal codons and a four-
base codon, AGGA.

MATERIALS AND METHODS

Strains, Plasmids, and Materials.All in ViVo manipulations
were carried out inE. coli strain TOP10 (Invitrogen) in LB
media at 37°C. Halobacterium sp. NRC-1was purchased
from the American Type Culture Collection (ATCC). PCR
was carried out according to standard protocols with a
mixture ofTaq(Promega) andPfu (Stratagene) polymerases.
Oligonucleotides were synthesized by Genosys, Operon, or
the UCSF Biomolecular Resource Center. For oligonucle-
otides containing degenerate bases, the phosphoramidites
were premixed to avoid bias. Standard protocols were
employed for subcloning with restriction enzymes (NEB) and
T4 DNA ligase (NEB). Plasmids were introduced intoE.

coli by electroporation. Sequence analysis was performed
using the Genetics Computer Group, Inc. (GCG) software.
The sequences of all plasmids were confirmed by restriction
mapping and sequencing.

Cloning of tRNA Synthetase Genes.Genomic DNA was
either purchased from ATCC or was prepared from a cell
pellet purchased from ATCC. Genomic DNA was extracted
using the DNeasy kit (Qiagen). Synthetase genes were
amplified from genomic DNA by PCR and then subcloned
into the NcoI and eitherEcoRI, KpnI, or PVuII sites of
plasmid pKQ. More details on the cloning of these genes
can be found in the Supporting Information. Plasmid pKQ
contains the ribosome binding site, multiple cloning site, and
rrnB terminator from plasmid pBAD-Myc/HisA (Invitrogen)
under control of a constitutive glutamine promoter. The
plasmid also contains a ColE1 origin of replication and a
kanamycin resistance gene for plasmid maintenance.

Constructions of Reporter Plasmids.â-lactamase reporter
plasmids were constructed from plasmid pACKO-Bla. This
plasmid was constructed with a p15a origin, a chlorampheni-
col resistance gene, and unique sites for insertion of a gene
for â-lactamase and a tRNA under control of the strong,
constitutivelpp promoter. Site A184 of theâ-lactamase gene
was changed to TAG, AGGA, or TGA by an overlap PCR
strategy, and the genes were subcloned into theAatII and
XmaI sites of pACKO-Bla to give plasmids pACKO-
A184TAG, pACKO-A184AGGA, and pACKO-A184TGA.

Constructions of tRNA Plasmids.Genes for individual
tRNAs and for tRNA libraries were constructed by extension
reactions and subcloned into theEcoRI and PstI sites of
pACKO-Bla derivatives. All libraries represented at least 10-
fold more members than the theoretical size of the library
to ensure high coverage.

Measurement of Suppression Efficiency.A series of LB
agar plates were prepared with 25µg/mL kanamycin, 25µg/
mL chloramphenicol, and concentrations of ampicillin be-
tween 5 and 1000µg/mL. Synthetase and tRNA plasmids
were cotransformed and plated at densities below 100 cells
per plate. Suppression efficiency was reported as the highest
concentration at which cells survived to form colonies among
a series of plates for which the next highest and lowest
concentrations would be within 20% of the reported value.

Selection of Libraries and Characterization of Selectants.
All tRNA libraries were subjected to ampicillin selection,
and the surviving colonies were isolated and sequenced by
the method described previously (20). Briefly, libraries were
spread on LB plates containing 25µg/mL kanamycin and
chloramphenicol for plasmid maintenance and varying
concentrations of ampicillin for selection. After 24 h of
growth, the plates were scraped, and the cells were diluted
slightly and then spread again on ampicillin plates. After
colonies appeared, plates were again scraped and plated at
dilute cell densities on a range of plates with different
ampicillin concentrations. Selectants were isolated, se-
quenced, and then confirmed by retransformation into cells
containing synthetase-expressing plasmids.

â-Galactosidase Reporter Assays.The full-length lacZ
gene of plasmid pBAD-Myc/His/lacZ (Invitrogen) was
amplified by PCR and subcloned into plasmid pLASC to
obtain plasmid pLASC-lacZ. This pSC101-derived plasmid
expresseslacZ gene under the control of anlpp promoter
and has an ampicillin resistance gene for plasmid mainte-
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nance. Derivatives of this plasmid were constructed wherein
Leu-25 of the peptide VVLQRRDWEN oflacZwas replaced
by TAG, TGA, or AGGA codons, or sense codons for
tyrosine, serine, or leucine. The appropriate pLASC-lacZ-,
pACKO-Bla-, and pKQ-derived plasmids were cotrans-
formed and grown to an OD600 of 0.5.â-galactosidase assays
were performed in quadruplicate using the BetaFluorâ-Ga-
lactosidase Assay Kit (Novagen). Percent suppression was
calculated as the percentage of activity for a sample relative
to the value observed from the pLASC-lacZ construct with
the corresponding sense codon at position 25. Cells contain-
ing pLASC-lacZ plasmids with sense codons at position 25
were also assayed by 2-nitrophenyl-â-D-galactopyranoside
assays (27), and activity was calculated in Miller units.

Purification of Synthetase Proteins.Synthetase genes
were cloned in frame with the C-terminal myc/his tag of
pBAD-Myc/HisA (Invitrogen). Protein purification was
performed with the Qiaexpressionist kit (Qiagen) by the
manufacturer’s protocol under native conditions. Protein
concentrations were measured by the BCA Protein Assay
Kit (Pierce) and analyzed by SDS-PAGE.

In Vitro Aminoacylation Assays.Aminoacylation assays
were performed by methods described previously (28) in 20
µL reactions containing 50 mM Tris-Cl, pH 7.5, 30 mM KCl,
20 mM MgCl2, 3 mM glutathione, 0.1 mg/mL BSA, 10 mM
ATP, 1 µM (79 Ci/mmol) [3H] leucine (Amersham), 750
nM synthetase, and 0, 2, 10, or 40µM crude total tRNA.
Crude totalE. coli tRNA was purchased from Roche, and
halobacterial tRNA was extracted from cultures ofHalo-
bacterium sp. NRC-1with the RNA/DNA Extraction Kit
(Qiagen).

RESULTS

Identification of Orthogonal tRNAs.Previous studies (29)
have shown that halobacterial tRNAs are inefficiently
charged by theE. coli leucyl-tRNA synthetase. The similarity
between the halobacterial and the other archaeal leucyl-
tRNAs (see Figure 1C) led us to believe that tRNAs from
other archaeans might also be orthogonal to theE. coli
synthetases. The sequences were chosen to broadly represent
the family of archaeal leucyl-tRNAs and included tRNA3

Leu

of Archaeoglobus fulgidus(AfL3), tRNA4
Leu of Halobacte-

rium sp. NRC-1(HhL4), tRNA2
Leu of M. jannaschii(MjL2),

tRNA5
Leu of Pyrococcus furiosus(PfL5), and tRNA2

Leu of
Pyrococcus horikoshi(PhL2) (see Figure 1C for sequences).
In all cases, the anticodon was changed to CUA, and CCA
was added to the 3′ terminus if the sequence was not present
in the source gene to obtain an amber suppressor tRNA.

To measure the activity of suppressor tRNAs, a selection
system was developed based on thein ViVo suppression of
nonsense or frameshift mutations introduced into the gene
for â-lactamase (bla). Reporter genes forbla variants with
TAG, AGGA, and TGA at position A184 (a permissive site
(10)) were constructed in plasmid pACKO-Bla, a medium
copy plasmid derived from pACYC184. Bacteria transformed
with these reporter constructs are unable to grow on LB agar
plates with ampicillin concentrations greater than 5µg/mL,
only slightly higher than the value (2µg/mL ampicillin)
observed for bacteria transformed with no plasmids. Plasmids
derived from pACKO-Bla can also express tRNA genes
under the control of a stronglpp promoter. When the robust

amber suppressor genesupD, a tRNA efficiently charged
by E. coli seryl tRNA synthetase, is expressed from pACKO-
A184TAG (which encodes the A184TAG variant ofbla),
host bacteria survive at an ampicillin concentration of 1000
µg/mL. In contrast, in the case of an orthogonal tRNA, which
cannot be efficiently charged by endogenousE. coli syn-
thetases, ampicillin resistance should be less than 5 ug/mL.
Conversely, if the tRNA is not orthogonal, or if a heterolo-
gous synthetase capable of charging the tRNA is coexpressed
in the system, a higher level of ampicillin resistance should
be observed.

The genes for the five potential orthogonal amber sup-
pressor tRNAs were integrated into pACKO-A184TAG.E.
coli hosts expressing the HhL4-derived suppressor, desig-
nated HL(TAG)1, could survive to only 5µg/mL ampicillin,
the MjL2- and PhL2-derived suppressors to 7µg/mL, and
the PfL5- and AfL3-derived suppressors to 20µg/mL
ampicillin. Therefore, all five suppressor tRNAs are either
weak suppressor tRNAs or are inefficiently charged byE.
coli aminoacyl-tRNA synthetases.

Cloning of Archaeal Leucyl-tRNA Synthetases.Because
of the high homology of the archaeal leucyl-tRNAs, we
anticipated that the archeal leucyl-tRNA synthetases might
have similar tRNA recognition properties. Therefore, both
species-specific and cross-species combinations of archeal
leucyl-tRNAs and synthetases were examined to find an
optimal pair for use inE. coli. The leucyl-tRNA synthetases
from A. fulgidus (AfLRS), Aeropyrum pernix(ApLRS),
Halobacterium sp. NRC-1(HhLRS),M. jannaschii(MjLRS),
M. thermoautotrophicum(MtLRS), andP. horikoshi(PhL-
RS) were chosen as initial candidates because of the
availability of the genome sequences and commercial avail-
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 gene. TheleuS
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
ampicillin selection (Figure 2). In general, the reporter
plasmid containing the HhL4 suppressor tRNA, HL(TAG)1,
gave the largest enhancement in suppression efficiency upon
cotransformation with synthetase-expressing plasmids, but
the PhL2- and AfL3-derived tRNAs also show a suppression
enhancement. The MjL2- and PfL5-derived suppressor
tRNAs survive to the same concentrations of ampicillin
regardless of whether the archaeal synthetase is present and
were not pursued further. From all 35 combinations of
synthetase and reporter plasmids, the highest levels of
ampicillin resistance result when the synthetases, MtLRS or
MjLRS, are expressed with the HhL4-derived suppressor
tRNA. The AfLRS construct gives slightly lower levels of
resistance, and all other synthetases give no increase in
suppression efficiency over background levels. With MjLRS
or MtLRS, cells expressing HL(TAG)1 survive to 35µg/
mL ampicillin, but only 5µg/mL with theE. coli synthetase
or plasmid lacking the synthetase. Cells expressing AfLRS
can survive to 25µg/mL ampicillin when coexpressed with
HL(TAG)1. From thesein ViVo suppression screens, three
synthetases (MtLRS, MjLRS, and AfLRS) were identified
as candidates for an orthogonal pair with the HhL4-derived
amber suppressor tRNA, HL(TAG)1.
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In Vitro Charging Assays.An in ViVo suppression screen
can distinguish active and inactive aminoacyl-tRNA syn-
thetases, but it cannot distinguish an orthogonal synthetase
from one that cross-reacts withE. coli tRNA. To determine
the permissiveness of AfLRS, MjLRS, and MtLRS forE.
coli tRNA, the synthetases were overexpressed, purified, and
then subjected toin Vitro aminoacylation assays to measure
their ability to chargeE. coli tRNA. AfLRS, MjLRS, and
MtLRS were purified from an arabinose promoter overex-
pression system by Ni-NTA affinity chromatography in
yields of 14, 8, and 3 mg/L, respectively.In Vitro aminoa-
cylation assays were performed with tritium-labeled leucine
and eitherE. coli or Halobacterium NRC-1total tRNA
(Figure 3). On the basis of the charging of 10µM crude
total tRNA, MtLRS and AfLRS charge halobacterial tRNA
54- and 21-fold more efficiently thanE. coli tRNA,
respectively. The MjLRS enzyme, however, shows only a
6-fold preference for halobacterial tRNA. TheE. coli enzyme

was 100-fold more efficient at chargingE. coli crude total
tRNA than halobacterial tRNA. Therefore, MtLRS and
AfLRS are good candidates for orthogonal aminoacyl-tRNA
synthetases with respect toE. coli tRNA, but MjLRS is
not. Since MtLRS showed a higher level of suppression with
HL(TAG)1 in ViVo than did AfLRS, the MtLRS/HL(TAG)1
pair was carried forward as a potential new orthogonal pair
for use inE. coli.

Optimization of the tRNA Anticodon Loop.The robust
endogenous amber suppressorsupDconfers survival to 1000
µg/mL ampicillin when expressed from pACKO-A184TAG.
In contrast, cells expressing the MtLRS/HL(TAG)1 pair
survive to only 35µg/mL ampicillin, which corresponds to
a 2.9% suppression efficiency as determined fromâ-galac-
tosidase assays (Table 1). We therefore sought to improve
the activity of the system. Previous experiments on frame-
shift, missense, and nonsense suppression revealed that A37
was a highly conserved feature in robust suppressor tRNAs

FIGURE 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.
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(20). HhL4 has a G atposition 37; therefore, substitution of
G37 to A might be expected to improve suppression
efficiency. To examine this and other possible anticodon loop
mutants, a library was constructed in which the seven
positions of the anticodon loop (positions 32-38, see Figure
4A) in HhL4 were replaced with degenerate bases and
subcloned into pACKO-A184TAG. The library of tRNAs
was cotransformed with pKQ-MtLRS and subjected to
ampicillin selection initially at 35µg/mL ampicillin for two

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 (500µg/mL), the only clone found had
an anticodon loop with the sequence CUCUAAA, corre-
sponding to a simple G37A mutation (Table 1). When
cotransformed with pKQ-MtLRS, this clone could survive
to 500µg/mL ampicillin. In the absence of the synthetase,
it survived to only 25µg/mL ampicillin. Under similar
conditions, cells containing the wild-typeM. jannaschii
tyrosyl orthogonal amber suppressor tRNA survive to 350
µg/mL ampicillin in the presence of the cognate synthetase
and to 60µg/mL ampicillin without the synthetase.

Randomization of Leucyl Acceptor Stem. Although the
activity of the HhL4-derived amber tRNA was significantly
improved with the G37A mutation, the suppression level in
the absence of the synthetase increased from 5 to 25µg/mL
ampicillin. To overcome the undesired increase in back-
ground suppression, a mutant of the HhL4-derived tRNA
was sought that would not cross react withE. coli aminoacyl-
tRNA synthetases. Almost all ofE. coli synthetases recognize
bases within the acceptor stem of their cognate tRNAs.
Therefore, we anticipated that mutations within this region
of the tRNA might eliminate interactions between the
orthogonal tRNA and the cross-reactive synthetase. A library
in which the three terminal base pairs of the acceptor stem
and the discriminator base were randomized (positions 1-3
and 70-73, the randomized region is outlined in Figure 4A)
was constructed from the HL(TAG)2 mutant tRNA and
subcloned into pACKO-A184TAG.

To identify members of this tRNA library that retained
activity but were even poorer substrates for endogenous
synthetases, a selection strategy was adopted from previous
work on theM. jannaschiisystem (30). To isolate a pool of
mutant tRNAs that had comparable activity to the G37A
mutant of the HhL4-derived tRNA, the tRNA library in
which the acceptor stem was randomized was cotransformed
with pKQ-MtLRS and subjected to two rounds of positive
selection at 500µg/mL ampicillin. Six clones surviving the
positive selection were sequenced, and all were unique and
conserved the discriminator base, A73 (Figure 4). In all cases,
the stem positions had standard Watson-Crick base pairs.
To identify members of the pool of active clones that would
not be charged by endogenous aminoacyl-tRNA synthetases,
the surviving tRNA-expressing plasmids were transferred into
cells containing a barnase reporter plasmid, pSCB2. This
plasmid contains the gene for the RNase, barnase, with two
TAG codons at permissive positions 2 and 44, under control
of the arabinose promoter, as well as the gene forâ-lacta-
mase. Any tRNA that is aminoacylated by an endogenous
E. coli synthetase will result in suppression of the nonsense
codons and cell death. The cells were plated on LB plates
containing 25µg/mL chloramphenicol, 50µg/mL ampicillin
to maintain the plasmids, and 0.2% arabinose to induce
expression of the barnase gene. Sixteen survivors were
sequenced, and three unique sequences were identified. All
three clones had reversed the 3:70 base pair from G:C to
C:G. Of these, mutant HL(TAG)3 gave the highest level of
suppression in the presence of MtLRS (600µg/mL ampi-
cillin) and only survived to 7.5µg/mL ampicillin without
the synthetase. These values correspond to 33.2% suppression

FIGURE 2: Identification of a leucyl orthogonal pair. The suppres-
sion efficiency of seven synthetases expressed with five orthogonal
amber suppressor reporter constructs as measured using aâ-lac-
tamase amber suppression assay.

FIGURE 3: Aminoacylation in Vitro by archaeal leucyl-tRNA
synthetases. (A) Charging of crude total halobacterial tRNA
determined by aminoacylation assays with [3H] leucine by AfLRS
(9), MjLRS (b), MtLRS (2), EcLRS ((), and no synthetase (0).
(B) Charging of crude totalE. coli tRNA.
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in the presence of MtLRS and 1.5% in the absence of the
synthetase as determined byâ-galactosidase amber suppres-
sion assays (see Table 1). By comparison, the mutantM.
jannaschiisuppressor tRNA, J17, gives values of 18.5 and
0.2% with and without theM. jannaschiityrosine synthetase,
respectively.

Identification of AGGA Suppressors.To expand the list
of codons that can be used for unnatural amino acid
mutagenesis, we attempted to generate a tRNA that could
efficiently suppress a four-base codon. Previous studies
indicated that the four-base codon AGGA can be efficiently
suppressed inE. coli, and tRNAs with eight nucleotide
anticodon loops were the most efficient suppressors of
AGGA codons (20). A â-lactamase reporter plasmid analo-
gous to the TAG reporter was constructed but with A184
replaced by AGGA instead of TAG. Normal translation in
the absence of a+1 frameshift suppressor tRNA should
result in missense errors downstream of position 184 and
premature truncation of the protein. A library of tRNAs
derived from the HhL4 tRNA was constructed in which the
seven nucleotide anticodon loop was replaced with eight
random nucleotides. The library was subcloned into pACKO-
A184AGGA, cotransformed with pKQ-MtLRS, and then
subjected to ampicillin selection. At the highest concentration
of ampicillin at which growth was observed, 75µg/mL, only
one clone, HL(AGGA)1, was found. This clone had the
anticodon loop sequence CUUCCUAA. As was the case with
the bla A184TAG reporter plasmid, cells transformed with
pACKO-A184AGGA can survive to only 5µg/mL ampicillin

in the absence of a suppressor tRNA. Therefore, the clone
identified, HL(AGGA)1, is a weak suppressor of AGGA
codons.

During these experiments, serendipitous mutants capable
of surviving up to 300µg/mL ampicillin were identified.
These mutants were no longer orthogonal, and all had
multiple point mutations relative to the parent sequence. All
of the clones contained the substitution T65C. This mutation
corrects the G:U mismatch present in the TψC loop stem,
suggesting that this G:U base pair might be detrimental to
suppressor activity. We therefore decided to randomize this
base; a library was made in which the 49:65 base pair was
randomized in HL(AGGA)1. The library was subcloned
into pACKO-A184AGGA and then cotransformed with
pKQ-MtLRS. Of the 16 library members, the most efficient
suppressor, HL(AGGA)2, was identified by ampicillin selec-
tion. This clone contained a T65C mutation and could survive
to 125µg/mL ampicillin. Nevertheless, this level of activity
was far lower than that observed for the corresponding amber
suppressors. Consequently, alternative strategies were con-
sidered.

Mutations in the D-loop have been previously implicated
in frameshift suppression (31), and we next hypothesized
that such mutations might improve the suppression efficiency
of the AGGA suppressor. Libraries wherein the 13 nucle-
otides of the D-loop (positions 14-21, see Figure 4) were
replaced with 11 or 13 random nucleotides were prepared
in pACKO-A184AGGA. Although a great deal of sequence
diversity was observed among the survivors at the highest

Table 1: Suppression Efficiency of Mutant Orthogonal tRNAs

a â-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 oflacZ is designated in parentheses.b J17, 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.
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concentrations of ampicillin (125µg/mL), no mutants were
observed with increased activity relative to the parent tRNA.

Consensus-DeriVed AGGA Suppressor tRNA.In examining
the sequence of the HhL4-derived tRNA, there was no
obvious explanation for the poor activity of this suppressor.
Rather than mutate HL(AGGA)2 further, we pursued an
alternative approach. The archaeal leucyl-tRNAs are highly
similar, varying from each other usually by only a few base
substitutions (Figure 1C). The entire family would be well-
represented by a library derived from a consensus sequence
with many random mutations throughout. The consensus
sequence was compiled with the GCG programpileup, and
those positions considered degenerate by the program were
changed to the most frequent base at those positions. The
anticodon loop was changed to CUUCCUAA since this
sequence was already shown to be the optimal sequence for
an AGGA suppressor derived from HhL4. The final sequence
used as the consensus sequence is shown in Figure 5. A
library was synthesized by overlap extension of oligonucle-
otides in which each site of the tRNA gene was synthesized
as a doped mixture of 90% of the consensus sequence and

10% of a mixture of the other three bases. The library was
subcloned into pACKO-A184AGGA. Sequencing of 24
naı̈ve clones revealed that the average number of mutations
per clone was 5.9, and these mutations were randomly
distributed throughout the tRNA sequence. After cotrans-
formation with pKQ-MtLRS and selection on ampicillin
plates, several clones survived to 300µg/mL ampicillin and
were found to be the original sequence with the 27:42 and
49:65 base pairs changed to the canonical base pairs T27:
A42, G27:C42, or C27:G42 and G47:C65 or C47:G65
(Figure 5). The most efficient suppressor, designated HL-
(AGGA)3, can survive to 300µg/mL ampicillin in the
presence of pKQ-MtLRS but to only 30µg/mL in the
absence of the synthetase, which correspond to 35.5 and 7.4%
suppression, respectively, as determined byâ-galactosidase
assays (Table 1).

Identification of Opal Suppressor tRNAs.To further
expand the list of codons, we sought opal suppressors derived
from HhL4. A reporter plasmid, pACKO-A184TGA, was
constructed in which the A184 position ofâ-lactamase was
changed to TGA. Thisbla A184TGA reporter plasmid can
survive to 10µg/mL ampicillin without any suppressor tRNA
present, whereas the TAG and AGGA reporters could survive
to only 5 µg/mL. In the case of opal suppression, there is
background read-through that leads to the production of a
small amount of protein even in the absence of a suppression
system. Nevertheless, this level is quite small. To identify
suppressors, a library in which the anticodon loop (positions
31-38) of HhL4 was replaced with seven degenerate
nucleotides was prepared in pACKO-A184TGA. When
cotransformed with pKQ-MtLRS, no members of this library
could survive on ampicillin plates at 50µg/mL. Instead of
HhL4, a library was prepared in which the eight nucleotide
anticodon loop was randomized with seven nucleotides in
HL(AGGA)3, the most robust AGGA suppressor identified
from the consensus sequence. At the highest concentrations

FIGURE 4: Optimization of suppressor tRNAs. (A) Regions of the
halobacterial orthogonal tRNA subjected to mutagenesis in an effort
to improve the efficiency or selectivity of TAG and AGGA
suppressor tRNAs. (B) Active mutant TAG suppressors identified
by positive selection conserve A73. Less cross-reactive mutants
identified by a double-sieve selection strategy conserve a C3:G70
base pair. The most active and selective suppressor tRNA is shown
with double boxes.

FIGURE 5: Consensus-derived frameshift suppressor. A consensus
sequence is obtained by multiple sequence alignment of all known
archaeal leucyl tRNAs, and the anticodon loop is changed to
UCUCCUAA. The variations observed for tRNAs identified by
selection are shown in boxes. The most active mutations are shown
with double boxes.
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of ampicillin at which growth was observed (300µg/mL)
only one clone, designated HL(TGA)1, with the sequence
CUUCAAA was found. The clone can survive to 350µg/
mL ampicillin when coexpressed with pKQ-MtLRS but can
survive to only 30µg/mL without the synthetase plasmid,
which corresponds to 60.8% suppression as determined by
â-galactosidase assays (Table 1). Apparently, the beneficial
effects of using the consensus sequence are not limited to
frameshift suppression.

DISCUSSION

Identification of New Orthogonal Pairs. One approach to
construct orthogonal tRNA-synthetase pairs is to adapt
eukaryotic or archaeal synthetases and tRNAs for use inE.
coli. Several yeast synthetases, notably glutamine, aspartic
acid, arginine, and tyrosine, have been shown not to
recognizeE. coli tRNA and might therefore be useful for
the construction of orthogonal tRNA-synthetase pairs. Un-
fortunately, many eukaryotic synthetases express poorly or
have low specific activity inE. coli. Eukaryotic synthetases,
particularly the mammalian enzymes, are often organized
into large complexes (35), and the low activity often observed
may be related to the inability to form these complexes in
E. coli.

The success of theM. jannaschiityrosyl orthogonal pair
(36) suggested that archaebacteria may in general be a good
source of orthogonal pairs. Early work on the halophile
Halobacterium cutirebrum(29) indicated that almost all the
tRNAs of this archaean (notably leucine, arginine, tyrosine,
serine, histidine, and proline) cannot be charged byE. coli
aminoacyl-tRNA synthetases. Indeed, archaeal tRNA syn-
thetases are more similar to their eukaryotic than prokaryotic
counterparts in terms of homology and tRNA recognition
elements. Unlike their eukaryotic counterparts, however,
there is currently no evidence for their higher order assembly
into structured multimers (37, 38). Moreover, since most
archaea are thermophiles, active synthetases from archaea
can be expressed in good yields inE. coli and can be readily
purified in active form. Because of extensive sequencing
efforts, at least 16 archaeal genome sequences are currently
available, which together with the lack of introns in the
genome, greatly facilitate the PCR amplification of the
archaeal synthetase genes. For all of the above reasons, our
attention has focused on the archaea as a source for
orthogonal pairs.

Another design issue in the construction of orthogonal
tRNA-synthetase pairs is the ability of the aminoacyl-tRNA
synthetase to recognize mutants of the cognate tRNA with
altered anticodon loops (i.e., nonsense or missense suppres-
sors). Aminoacyl-tRNA synthetases frequently use the an-
ticodon loop as a major positive identity element, and
mutations in this region of the tRNA frequently result in
impaired synthetase recognition. The leucyl-tRNA syn-
thetases frequently lack strong anticodon recognition ele-
ments, and a leucyl orthogonal tRNA-synthetase pair might
therefore be able to decode a variety of codons, including
amber, opal, and four-base codons. Of the archaeal leucyl-
tRNA synthetases, only the enzyme fromHaloferaxVolcanii
has been thoroughly investigated (25). The synthetase does
not recognize bases in the anticodon loop; instead, a highly
conserved pattern of mismatches within the variable loop is
the primary recognition element for the synthetase. Although

the cloning of the gene for this enzyme has not been reported,
the sequenced genome of a closely related archaean,Halo-
bacterium sp. NRC-1, is available. A multiple sequence
alignment of leucyl-tRNA synthetases from many phyla
including archaeal, prokaryotic, and eukaryotic sequences
(Figure 1A) shows that the halophilic enzyme is unusual
among the family of archaeal synthetases, having greater
homology to the prokaryotic branch than the eukaryotic or
archaeal branches. Unlike the synthetases, all archaeal leucyl
tRNAs are highly homologous and share absolutely con-
served features such as A73, G37, and a 12 nucleotide
variable loop with two unpaired bases (Figure 1B). The
conservation of these positive recognition elements led us
to believe that tRNA recognition by the other archaeal leucyl-
tRNAs would be similar to recognition by the halobacterial
synthetase. Consequently, these synthetases might be useful
in the construction of orthogonal tRNA-synthetase pairs when
combined with suppressor tRNAs derived from archaeal
leucyl-tRNAs.

Because archaeal leucyl-tRNAs and synthetases are highly
homologous to one another, both species-specific and cross-
species combinations could potentially function as efficient
orthogonal tRNA-synthetase pairs. Therefore, each of the five
potential orthogonal tRNAs (AfL3, HhL4, MjL2, PfL5, and
PhL2) was examined in the presence of each of the six
separate archaeal synthetases (AfLRS, ApLRS, HhLRS,
MjLRS, MtLRS, and PhLRS) for the ability to suppress
A184TAG in bla. All five orthogonal tRNAs afforded a
higher level of amber suppression in the absence of an
archaeal synthetase than is observed when no amber sup-
pressor tRNA is present in the cell. All five suppressors are,
therefore, expressed, processed, and functionally charged to
some degree by an endogenousE. coli synthetase. Neverthe-
less, only three of the five tRNAs (PhL2, AfL3, and HhL4)
gave a higher level of suppression when a foreign synthetase
(either MjLRS, MtLRS, or AfLRS) was coexpressed with
the tRNA than was observed with no synthetase. It is
unknown why the MjL2 and PfL5 suppressors fail to give
an enhancement in suppression when coexpressed with a
cognate or noncognate archaeal synthetase. These tRNAs
may be expressed as functional suppressor tRNAs inE. coli
but are unable to be charged because of incompatibility with
both cognate and noncognate synthetases. In the case of
MjL2, the suppressor is derived from the natural substrate
for MjLRS, so it seems unlikely that the tRNA would not
be charged, when other tRNAs are efficiently charged by
MjLRS. Another explanation might be that the tRNAs are
efficiently charged but are incompatible with theE. coli
translational machinery, but this is not consistent with the
fact that some suppression is observed when no archaeal
synthetase is present. A third possibility is that MjL2 and
PfL5 are efficiently charged with leucine but are deacylated
in an editing process by an endogenousE. coli synthetase.
In any case, it is clear that not all archaeal leucyl isoacceptors
are equivalent in their ability to function as orthogonal amber
suppressors inE. coli.

Only three of the six leucyl-tRNA synthetases (MjLRS,
MtLRS, and AfLRS) cloned from archaea gave a higher level
of suppression when combined with any of the five orthogo-
nal tRNAs. In the case of HhLRS, the synthetase does not
yield protein when overexpressed. Most likely, PhLRS and
ApLRS do not express functional protein inE. coli either,
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.
There was no evidence that some tRNAs are preferred
substrates for a specific synthetase. Indeed, although a tRNA
from M. jannaschiiwas one of the five orthogonal tRNAs
examined, the halobacterium-derived suppressor was the
preferred substrate for MjLRS. All three functional tRNAs
gave the highest level of suppression when charged by
MtLRS or MjLRS, and to a lesser degree with AfLRS.

Although on the whole the archaeal leucyl synthetases
have similar tRNA recognition properties, it is clear fromin
Vitro charging experiments that there are some differences
in their recognition of tRNA. The charging of crude totalE.
coli tRNA by AfLRS and MtLRS is only 5- and 13-fold
higher, respectively, than the background reaction observed
with no synthetase, whereas MjLRS is able to chargeE. coli
tRNA 50-fold over background. Such differences in tRNA
recognition among highly homologous synthetases was
unanticipated but not without precedent (29). Since aminoa-
cyl-tRNA synthetases have evolved only to be orthogonal
to the noncognate tRNAs present in their own host’s
cytoplasm, it is perhaps not surprising that subtle variations
in sequence or chemical modification can lead to mischarging
in foreign systems.

ImproVing the ActiVity of Orthogonal Suppressor tRNAs.
To date, we have successfully identified and characterized
three orthogonal tRNA-synthetase pairs: the yeast glutamine
(10), yeast aspartate (11), and archaeal tyrosine pairs (39).
Of these systems, only the tyrosine system gives levels of
amber suppression comparable to the levels observed for
strong native amber suppressors such as supD or supF. When
expressed with a the high-copyâ-lactamase reporter pBLAM
(the reporter plasmid for this study was a medium-copy
plasmid) in the presence of their cognate synthetase, cells
containing the original glutamine, aspartate, and tyrosine
orthogonal amber suppressor tRNAs can survive to 140, 60,
and 1220 ug/mL ampicillin, respectively (11, 39). The
tyrosine system is also the only system that has thus far been
successfully modified to specifically incorporate an unnatural
amino acidin ViVo in response to the amber codon. A high
level of suppression may be critical to the successful
modification of the amino acid specificity of synthetases
using a double-sieve selection strategy (10). For suppression
systems with low activity, it is often difficult to distinguish
active and inactive synthetases in selection experiments
because of their similarity in phenotype. A high level of
suppression is required for the production of protein contain-
ing unnatural amino acids. Therefore, a great deal of attention
has been paid to those features of orthogonal tRNAs that
give rise to robust suppression.

Previous work on frameshift and amber suppression inE.
coli clearly indicates that positions 31, 32, 37, and 38 of the
tRNA anticodon loop have profound effects on suppression
efficiency (23, 40-42). The presence of G37 in all the
archaeal leucyl tRNAs led us to believe that a substitution
at this position might lead to a higher suppression efficiency.
Indeed, randomization of the anticodon loop showed that the
most efficient suppressors have the anticodon loop CUC-
UAAA. Although the tRNA was toxic, the G37A mutant
also emerged through selection with theM. jannaschii
tyrosine system (30) as the most potent suppressor thus far
observed for this system. Similar selection experiments with
the yeast-derived glutamine and aspartate orthogonal pairs
have been performed in which libraries of positions 32-38

of the anticodon loop are replaced with degenerate bases and
then subjected to positive ampicillin selection in the presence
of the cognate synthetase (J. C. Anderson, P. G. Schultz,
and M. Pastrnak, unpublished results). In both cases, the
anticodon loop sequence CUCUAAA afforded the highest
suppression efficiency corresponding to 6- and 5-fold
enhancements in the concentration of ampicillin at which
growth is observed for the glutamine and aspartate systems,
respectively. In at least three other systems, tRNAs with the
anticodon loop sequence CUCUAAA have emerged as the
most efficient amber suppressors. The anticodon loop
sequence CUUCCUAA was found to be the most efficient
sequence for a leucyl AGGA suppressor. Selection experi-
ments on tRNAs with randomized anticodon loops inE. coli
tRNA2

Ser similarly converged on the anticodon loop se-
quence CUUCCUAA for AGGA suppression (20), and the
sequence CUUCAAA also emerged as the most efficient
anticodon loop sequence for a leucyl opal suppressor. These
results suggest that the preferred anticodon loop sequence
is determined by interactions with endogenous translational
machinery rather than the particular preferences of the
aminoacyl-tRNA synthetases. Indeed, the anticodon loop may
require sequence-specific modifications to function optimally
(43, 44). Alternatively, Yarus (45) has suggested that the
entire anticodon stem and loop (positions 27-43 of the
tRNA) together function as an extended anticodon that
interacts with ribosome as a module. The entire sequence of
this region may help to define the identity of the anticodon
for proper decoding.

All three codons examined in this study were most
efficiently suppressed by tRNAs with the sequence
CU(X)XXXAA in the anticodon loop. Although this con-
sensus sequence is preferred for TAG, TGA, and AGGA
codons, other sequences may be preferable for other four-
and five-base codons. In previous studies (20), the most
efficient suppressor tRNAs had bases at positions 32, 33,
37, and 38, which differed from the consensus sequence.
For example, the most efficient suppressors of the codon
CUAG had an anticodon loop with the sequence CGCTAG-
GA, deviating at both U33 and A37. In addition, some
synthetases employ position 37 as a strong positive deter-
minant for recognition, in which case a CU(X)XXXAA
anticodon loop sequence may prove to be nonoptimal.

Optimization of the anticodon loop sequence as described
above was sufficient to provide an efficient amber suppressor
tRNA for the leucine system. Optimization of the anticodon
loop of the AGGA frameshift suppressors derived from HhL4
also afforded a viable tRNA. However, the suppression
efficiency (4.6%) of this tRNA, HL(AGGA)1, is far lower
than that measured for the suppression of amber codons by
HL(TAG)2. Indeed, this suppressor permitted survival at only
75µg/mL ampicillin, significantly less than the seryl AGGA
suppressor (Ser2AGGA) identified previously (20), which
can survive to 275 ug/mL ampicillin when expressed in
plasmid pACKO-A184AGGA. In general, the best AGGA
suppressors are less active than the best amber suppressors
(21), but there appears to be something particular to HhL4
that hinders its ability to act as a frameshift suppressor. The
only feature obviously different from robust four-base
suppressors previously identified (46) is the presence of a
very large D loop in HhL4. Most suppressors have nine
nucleotides in the D loop and four base pairs in the stem.
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
to play a role in frameshift suppression (31). Not only did
we see no increase in activity upon randomization of the D
loop, there was also a great deal of sequence variation among
the most active suppressors.

The serendipitous appearance of mutations in the G49:
U65 base pair of the four-base suppressor tRNAs suggested
that noncanonical base pairing in the stem regions of tRNAs
has a deleterious effect on suppression efficiency. This
hypothesis was further supported by a randomization and
selection experiment on the acceptor stem of the HhL4-
derived amber suppressor. The three terminal base pairs of
the acceptor stem were simultaneously randomized. This
library of tRNAs would therefore contain all combinations
of mismatched and Watson-Crick base pairs. In fact, 98.4%
of the theoretical members of this library should have at least
one mismatched base pair. Nevertheless, in the nine active
acceptor stem mutants outlined in Figure 4, all positions are
occupied by Watson-Crick base pairs. Similarly, the D,
TψC, anticodon, and acceptor stems of the yeast glutamine
amber suppressor tRNA have been individually randomized
and subjected to positive selection (J. C. Anderson and P.
G. Schultz, unpublished results). In all surviving clones,
every position in these stem regions was occupied by a
Watson-Crick pair. In the parent tRNA, the 6:67 base pair
is U:G. Mutation of this base pair to U:A results in a doubling
of the concentration of ampicillin at which cells can grow.
Also, when subjected to positive selection, the only mutations
that emerged from random mutagenesis of the leucyl
consensus-derived frameshift suppressor appeared at mis-
paired sites. Others have also noted that mispairing in stem
regions adversely affects suppression efficiency (47, 48). It
may be that tRNAs with mispaired bases are not readily
folded into the correct cloverleaf structure and therefore are
not readily processed and modified (49). A quantitative
analysis of the ratio of charged to uncharged species and of
the ratio of fully processed to unprocessed tRNA present in
the cell would greatly enhance our understanding of the
mechanisms by which these poorly suppressing tRNAs are
impaired.

An analysis of multiple sequence alignments of many
families of tRNAs reveal multiple examples of conserved
non-Watson-Crick pairings. For example, a G3:U70 base
pair is a conserved positive determinant for recognition by
E. coli alanyl-tRNA synthetase (50). If the element is a
conserved positive determinant for recognition, then it may
prove difficult to construct robust suppressor tRNAs for the
cognate synthetase. Most often, however, the mispairing
present in native sequences is only found in specific
isoacceptors. These and other variations from the consensus
sequence of the family of tRNAs present in individual
isoacceptors may be present as a result of subtle, species-
specific adaptations in positive or negative synthetase
recognition, optimal processing and modification, or interac-
tions with elongation factors. Alternatively, these variations
may simply be the result of neutral evolutionary drift.

When transferred to another species, these variations are
unlikely to offer to the new host’s translational machinery
any advantages they conferred to the source organism.
Furthermore, for cross-species pairs, the synthetase is
unlikely to recognize any species-specific identity elements
present in the tRNA. Only those recognition elements
common to the entire family are likely to be useful. Similarly,

any processing or modification adaptations particular to a
specific tRNA would be lost to theE. coli translational
apparatus. These variations may even be deleterious to
suppression efficiency, particularly when these variations are
mismatched bases in stem regions. Suppressor tRNAs derived
from the consensus sequence preserve only those features
that are broadly shared by the entire family and eliminate
potentially deleterious variations. Therefore, suppressor tR-
NAs derived from the consensus sequence may in general
lead to higher suppression efficiencies.

Although optimization of the anticodon loop and elimina-
tion of mispairing gave modest to large increases in sup-
pression efficiency, these modifications were not sufficient
to provide robust AGGA and opal suppressor tRNAs. Only
the consensus-derived suppressors had activities comparable
to the tRNA2

Ser-derived suppressors described previously
(21). A comparison of the consensus-derived sequences for
HL(AGGA)3 and HL(AGGA)2 reveal that there are 14 base
substitutions, but neither sequence has mispairs. It is not
obvious which of these 14 substitutions account for the
improved activity. Perhaps by using the consensus sequence
of the entire family of tRNAs, those bases that are specific
to any particular tRNA and may be detrimental to activity
are identified and eliminated. With only this one example,
it is unclear whether the identification of this sequence is
simply serendipitous or represents a generally applicable
strategy. We plan to test this strategy in the design of
additional orthogonal pairs.

ImproVing the SelectiVity of Orthogonal Suppressor tRNAs.
Unfortunately, improvements in the activity of these sup-
pressor tRNAs also brought about an undesirable increase
in the level of suppression observed in the absence of
synthetase. The originalM. jannaschiityrosine orthogonal
suppressor tRNA was partially charged by anE. coli
synthetase, but the reaction was eliminated by mutagenesis
(30). A double sieve selection was able to identify mutants
of the wild-type tRNA with excellent orthogonality, but there
was also a significant loss of overall activity. Ideally,
mutations could be introduced into the tRNA that would
eliminate the cross-reactivity withE. coli synthetases but
preserve high levels of suppression efficiency. Since ami-
noacyl-tRNA synthetases frequently recognize positions
within the acceptor stem and discriminator base of tRNAs
(50), it is likely that anE. coli synthetase that charges the
orthogonal tRNA would have a positive recognition element
in this region. If this determinant could be changed without
destroying recognition by the foreign synthetase, activity
could be preserved while eliminating the background reac-
tion. When this strategy was applied to the HhL4-derived
amber suppressor, such mutants were indeed found. Several
mutants preserved or even improved suppression efficiency
when coexpressed with MtLRS but had nearly background
levels of amber suppression (7.5 vs 5 ug/mL ampicillin) in
the absence of the synthetase. These mutants had reversed
the third base pair from G:C to C:G, and an inspection of
the recognition elements known for variousE. coli syn-
thetases suggests the identity of theE. coli synthetase that
had cross-reacted with the HhL4-derived suppressor. Both
GlnRS and LysRS ofE. coli conserve G3:C70 and frequently
cross-react with amber suppressor tRNAs (23). Because
LysRS also conserves A73, this is the more likely candidate
for the cross-reactiveE. coli synthetase (51, 52). Perhaps
this strategy is a general solution to the problem of improving
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the specificity of cross-reactive orthogonal tRNAs since most
E. coli aminoacyl-tRNA synthetases contain positive deter-
minants within the acceptor stem.

CONCLUSION

We have shown that the leucyl-tRNA synthetase from the
archaeanM. thermoautotrophicumand mutants of a halo-
bacterial tRNA function as an orthogonal pair inE. coli.
Mutagenesis experiments showed that the two most signifi-
cant criteria that lead to efficient orthogonal amber suppressor
tRNAs are a CU(X)XXXAA anticodon loop and the lack of
noncanonical or mismatched base pairs in the stem regions.
From these selections we have identified efficient amber,
four-base, and opal orthogonal suppressor tRNAs. We have
also devised a consensus strategy to rationally design efficient
orthogonal tRNAs. We are currently carrying out experiments
to change the amino acid specificity of the archaeal syn-
thetase, as well as examining the generality of our consensus
suppressor strategy with archaeal glutamate and lysine
orthogonal pairs. Ultimately, it should be possible to combine
this leucyl-orthogonal pair with theM. jannaschiipair to
site-specifically incorporate two unique unnatural amino
acids simultaneously into proteinsin ViVo.
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