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ABSTRACT 

The invention provides a method of incorporating nonstand 
ard amino acids into a protein by utilizing a modi?ed 
arninoacyl-tRNA synthetase to charge the nonstandard 
amino acid to a modi?ed tRNA, which forms strict Watson 
Crick base-pairing With a codon that normally forrns Wobble 
base-pairing With natural tRNAs. 
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METHODS OF INCORPORATING AMINO ACID 
ANALOGS INTO PROTEINS 

REFERENCE TO RELATED APPLICATION 

[0001] This application claims the bene?t of the ?ling date 
of US. Provisional Application 60/571,810, ?led on May 
17, 2004, the entire content of Which is incorporated herein 
by reference. 

STATEMENT OF GOVERNMENT SUPPORT 

[0002] This invention Was made With federal government 
support under grant number GM62523 aWarded by the NIH, 
and under NSF DMR-0080065 aWarded by the NSF. The 
United States government has certain rights in the invention. 

BACKGROUND OF THE INVENTION 

[0003] Protein engineering is a poWerful tool for modi? 
cation of the structural catalytic and binding properties of 
natural proteins and for the de novo design of arti?cial 
proteins. Protein engineering relies on an ef?cient recogni 
tion mechanism for incorporating mutant amino acids in the 
desired protein sequences. Though this process has been 
very useful for designing neW macromolecules With precise 
control of composition and architecture, a major limitation 
is that the mutagenesis is restricted to the 20 naturally 
occurring amino acids. HoWever, it is becoming increasingly 
clear that incorporation of unnatural amino acids can extend 
the scope and impact of protein engineering methods. Thus, 
for many applications of designed macromolecules, it Would 
be desirable to develop methods for incorporating amino 
acids that have novel chemical functionality not possessed 
by the 20 amino acids commonly found in naturally occur 
ring proteins. That is, ideally, one Would like to tailor 
changes in a protein (the siZe, acidity, nucleophilicity, hydro 
gen-bonding or hydrophobic properties, etc. of amino acids) 
to ful?ll a speci?c structural or functional property of 
interest. The ability to incorporate such amino acid analogs 
into proteins Would greatly expand our ability to rationally 
and systematically manipulate the structures of proteins, 
both to probe protein function and create proteins With neW 
properties. For example, the ability to synthesiZe large 
quantities of proteins containing heavy atoms Would facili 
tate protein structure determination, and the ability to site 
speci?cally substitute ?uorophores or photo-cleavable 
groups into proteins in living cells Would provide poWerful 
tools for studying protein functions in vivo. One might also 
be able to enhance the properties of proteins by providing 
building blocks With neW functional groups, such as an 
amino acid containing a keto-group. 

[0004] Incorporation of novel amino acids in macromol 
ecules has been successful to an extent. Biosynthetic assimi 
lation of non-canonical amino acids into proteins has been 
achieved largely by exploiting the capacity of the Wild type 
synthesis apparatus to utiliZe analogs of naturally occurring 
amino acids (Budisa 1995, Eur. J. Biochem 230: 788-796; 
Deming 1997, J Macromol. Sci. Pure Appl. Chem A34; 
2143-2150; DueWel 1997, Biochemistry 36: 3404-3416; van 
Hest and Tirrell 1998, FEBS Lett 428(1-2): 68-70; Sharma 
et al., 2000, FEBS Lett 467(1): 37-40). Nevertheless, the 
number of amino acids shoWn conclusively to exhibit trans 
lational activity in vivo is small, and the chemical function 
ality that has been accessed by this method remains modest. 
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In designing macromolecules With desired properties, this 
poses a limitation since such designs may require incorpo 
ration of complex analogs that differ signi?cantly from the 
natural substrates in terms of both siZe and chemical prop 
erties and hence, are unable to circumvent the speci?city of 
the synthetases. Thus, there is a need to develop a method to 
further expand the range of unnatural amino acids that can 
be incorporated. 

[0005] In recent years, several laboratories have pursued 
an expansion in the number of genetically encoded amino 
acids, by using either a nonsense suppressor or a frame-shift 
suppressor tRNA to incorporate non-canonical amino acids 
into proteins in response to amber or four-base codons, 
respectively (Bain et al.,J. Am. Chem. Soc. 111: 8013, 1989; 
Noren et al., Science 244: 182, 1989; Furter, Protein Sci. 
7:419, 1998; Wang et al.,Proc. Natl. Acad. Sci. USA, 100: 
56, 2003; Hohsaka et al., FEBS Lett. 344: 171: 1994; KoWal 
and Oliver, Nucleic Acids Res. 25: 4685, 1997). Such 
methods insert non-canonical amino acids at codon positions 
that Will normally terminate Wild-type peptide synthesis 
(eg a stop codon or a frame-shift mutation). These methods 
have Worked Well for single-site insertion of novel amino 
acids. HoWever, their utility in multisite incorporation is 
limited by modest (20-60%) suppression ef?ciencies 
(Anderson et al.,J. Am. Chem. Soc. 124: 9674, 2002; Bain 
et al., Nature 356: 537, 1992; Hohsaka et al., Nucleic Acids 
Res. 29: 3646, 2001). This is so partially because too high a 
stop codon suppression ef?ciency Will interfere With the 
normal translation termination of some non-targeted pro 
teins in the organism. On the other hand, a loW suppression 
ef?ciency Will likely be insuf?cient to suppress more than 
one nonsense or frame-shift mutation sites in the target 
protein, such that it becomes more and more difficult or 
impractical to synthesiZe a full-length target protein incor 
porating more and more non-canonical amino acids. 

[0006] Ef?cient multisite incorporation has been accom 
plished by replacement of natural amino acids in aux 
otrophic Escherichia coli strains, and by using aminoacyl 
tRNA synthetases With relaxed substrate speci?city or 
attenuated editing activity (Wilson and Hat?eld, Biochim. 
Biophys. Acta 781: 205, 1984; Kast and Hennecke, J. Mol. 
Biol. 222: 99, 1991; Ibba et al., Biochemistry 33: 7107, 
1994; Sharma et al., FEBS Lett. 467: 37, 2000; Tang and 
Tirrell, Biochemistry 41: 10635, 2002; Datta et al., J. Am. 
Chem. Soc. 124: 5652, 2002; Doring et al., Science 292: 501, 
2001). Although this method provides ef?cient incorporation 
of analogues at multiple sites, it suffers from the limitation 
that the novel amino acid must “share” codons With one of 
the natural amino acids. Thus for any given codon position 
Where both natural and novel amino acids can be inserted, 
other than a probability of incorporation, there is relatively 
little control over Which amino acid Will end up being 
inserted. This may be undesirable, since for an engineered 
enZyme or protein, non-canonical amino acid incorporation 
at an unintended site may unexpectedly compromise the 
function of the protein, While missing incorporating the 
non-canonical amino acid at the designed site Will fail to 
achieve the design goal. 

[0007] The invention provides a neW technique for the 
incorporation of non-standard/non-canonical amino acids 
into proteins that is based on breaking the degeneracy of the 
genetic code. 
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SUMMARY OF THE INVENTION 

[0008] The present invention provides compositions of 
components used in protein biosynthetic machinery, Which 
include orthogonal tRNA/aminoacyl-tRNA synthetase 
(AARS) pairs and the individual components of the pairs. 
Methods for generating and selecting orthogonal tRNAs, 
orthogonal aminoacyl-tRNA synthetases, and pairs thereof 
that can use an unnatural amino acid are also provided. 
Compositions of the invention include novel orthogonal 
tRNA/aminoacyl-tRNA synthetase pairs. The novel 
orthogonal pairs can be use to incorporate an unnatural 
amino acid in a polypeptide in vitro and in vivo. Other 
embodiments of the invention include selecting orthogonal 
pa1rs. 

[0009] Compositions of the present invention include an 
orthogonal aminoacyl-tRNA synthetase (O-RS), Where the 
O-RS preferentially aminoacylates an orthogonal tRNA 
(O-tRNA) With an unnatural amino acid, optionally, in vivo. 
In one embodiment, the invention provides a nucleic acid 
encoding an O-RS, or a complementary nucleic acid 
sequence thereof. In another embodiment, the O-RS has 
improved or enhanced enZymatic properties, e.g., the Km is 
higher or loWer, the kcat, is higher or loWer, the value of 
kcm/Km is higher or loWer or the like, for the unnatural amino 
acid compared to a naturally occurring amino acid, e.g., one 
of the 20 knoWn amino acids. 

[0010] Thus one aspect of the invention relates to a 
polynucleotide encoding a modi?ed tRNA of a tRNA for a 
natural amino acid, Wherein the natural amino acid is 
encoded by one or more Wobble degenerate codon(s), the 
modi?ed tRNA comprises a modi?ed anticodon sequence 
that forms Watson-Crick base-pairing With one of the 
Wobble degenerate codon(s). Preferably, the modi?ed tRNA 
is not or only inef?ciently charged by an endogenous ami 
noacyl-tRNA synthetase (AARS) for the natural amino acid. 

[0011] In certain embodiments, the modi?ed tRNA inter 
acts With the Wobble degenerate codon With an af?nity at 37° 
C. of at least about 1.0 kcal/mole, or 1.5 kcal/mole, or even 
2.0 kcal/mole more favorably than the interaction betWeen 
its unmodi?ed version and the Wobble degenerate codon. 

[0012] In certain embodiments, the modi?ed tRNA can be 
ef?ciently charged to carry an analog of the natural amino 
acid (eg the unnatural amino acid). 

[0013] In certain embodiments, the unnatural amino acid 
is a derivative of at least one of the 20 natural amino acids, 
With one or more functional groups not present in natural 
amino acids. 

[0014] In certain embodiments, the functional group is 
selected from the group consisting of: bromo-, iodo-, ethy 
nyl-, cyano-, aZido-, acetyl, aryl ketone, a photolabile group, 
a ?uorescent group, and a heavy metal. 

[0015] In certain embodiments, the unnatural amino acid 
is any one of those described herein or knoWn in the art, such 
as any one in FIGS. 29, 30, and 31 of Us. 2003/0108885 
A1 (entire content incorporated herein by reference). 
[0016] In certain embodiments, the amino acid analog is a 
derivative of Phe, such as NaI. 

[0017] In certain embodiments, the amino acid analog is a 
derivative of Trp, such as 6-bromo-L-tryptophan, 6-chloro 
L-tryptophan, or BenZothienyl-L-alanine (Sulfur instead of 
Nitrogen in tryptophan). 
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[0018] In certain embodiments, the modi?ed tRNA, When 
charged With the unnatural amino acid, can be incorporated 
by a translation system into a polypeptide comprising the 
Wobble degenerate codon. 

[0019] In certain embodiments, the modi?ed AARS With 
relaXed substrate speci?city charges the modi?ed tRNA With 
the unnatural amino acid. 

[0020] In certain embodiments, the speci?city constant 
(kcat/KM) for activation of the unnatural amino acid by the 
modi?ed AARS is at least 5-fold larger than that for the 
natural amino acid. 

[0021] In certain embodiments, the tRNA is tRNAPhe, the 
degenerate codon is UUU, and the analog is L-3-(2-naph 
thyl)alanine (NaI). 
[0022] In certain embodiments, the modi?ed tRNA further 
comprises a mutation at the fourth, eXtended anticodon site 
for increase translational ef?ciency. 

[0023] In certain embodiments, the modi?ed tRNA is 
charged by the endogenous AARS at a rate no more than 1% 
of that of the tRNA. 

[0024] Another aspect of the invention relates to a modi 
?ed tRNA encoded by any one of the subject polynucle 
otides, such as those described above. 

[0025] Another aspect of the invention relates to a method 
for incorporating an unnatural amino acid into a target 
protein at one or more speci?ed positions, the method 
comprising: (1) providing to a translation system a ?rst 
polynucleotide of the subject invention or a subject modi?ed 
tRNA; (2) providing to the translation system a second 
polynucleotide encoding a modi?ed AARS With relaXed 
substrate speci?city, or the modi?ed AARS, Wherein the 
modi?ed AARS is capable of charging the modi?ed tRNA 
With the unnatural amino acid; (3) providing to the transla 
tion system the unnatural amino acid; (4) providing a 
template polynucleotide encoding the target protein, 
Wherein the codon on the template polynucleotide for the 
speci?ed position(s) only forms Watson-Crick base-pairing 
With the modi?ed tRNA; and, (5) alloWing translation of the 
template polynucleotide to proceed, thereby incorporating 
the unnatural amino acid into the target protein at the 
speci?ed position(s), Wherein steps (1)-(4) are effectuated in 
any order. 

[0026] In certain embodiments, the translation system is 
an in vitro translation system, such as Wheat Germ Lysate 
based IVT system, an E. coli system for coupled in vitro 
transcription/translation; or a rabbit reticulocyte lysate 
based IVT system. 

[0027] In certain embodiments, the translation system is a 
cell. 

[0028] In certain embodiments, step (3) is effectuated by 
contacting the cell With a solution containing the unnatural 
amino acid. 

[0029] In certain embodiments, the unnatural amino acid 
is an analog of the natural amino acid. 

[0030] In certain embodiments, the unnatural amino acid 
is an analog of at least one amino acid different from the 
natural amino acid. 
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[0031] In certain embodiments, the unnatural amino acid 
is not an analog of any natural amino acids. 

[0032] In certain embodiments, the unnatural amino acid 
comprises a side-chain R group selected from: alkyl-, aryl-, 
acyl-, keto-, aZido-, hydroXyl-, hydrazine, cyano-, halo-, 
hydraZide, alkenyl, alkynl, ether, thiol, seleno-, sulfonyl-, 
borate, boronate, phospho, phosphono, phosphine, hetero 
cyclic, enone, imine, aldehyde, ester, thioacid, hydroXy 
lamine, amino group, or the like or any combination thereof. 

[0033] In certain embodiments, the unnatural amino acid 
comprises a photoactivatable cross-linker, or is a spin 
labeled amino acid, ?uorescent amino acid, a metal-binding 
amino acid, a metal-containing amino acid, a radioactive 
amino acid, an amino acid With novel functional group(s), an 
amino acid that covalently or noncovalently interacts With 
other molecules, a photocaged and/or photoisomeriZable 
amino acid, an amino acids comprising biotin or a biotin 
analog, a glycosylated amino acid comprising a sugar 
substituted serine, a carbohydrate-modi?ed amino acid, a 
keto-containing amino acid, an amino acid comprising poly 
ethylene glycol or polyether, heavy atom-substituted amino 
acid, a chemically cleavable and/or photocleavable amino 
acid, an amino acids With an elongated side-chain as com 
pared to natural amino acids (e.g., polyethers or long chain 
hydrocarbons, e. g., greater than about 5 or greater than about 
10 carbons), a carbon-linked sugar-containing amino acid, a 
redoX-active amino acid, an amino thioacid-containing 
amino acid, or an amino acid comprising one or more toXic 
moiety. 

[0034] In certain embodiments, the unnatural amino acid 
is represented by Formula II or III: 

Formula II 

Formula III 
R R' 

HZN cozn 

[0035] 
[0036] Z comprises —OH, —NH2, —SH, —NH— 

R‘, or S—R‘; 

[0037] X and Y, Which may be the same or different, 
comprise S or O, and 

[0038] R and R‘, Which may be the same or different, 
are selected from: alkyl-, aryl-, acyl-, keto-, aZido-, 
hydroXyl-, hydraZine, cyano-, halo-, hydraZide, alk 
enyl, alkynl, ether, thiol, seleno-, sulfonyl-, borate, 
boronate, phospho, phosphono, phosphine, hetero 
cyclic, enone, imine, aldehyde, ester, thioacid, 
hydrogen, hydroXylamine, amino group, or the like 
or any combination thereof; 

Wherein 

[0039] or is selected from: ot-hydroXy acids, ot-thio 
acids ot-aminothiocarboXylates (e.g., With side 
chains corresponding to the 20 natural amino acids 
or unnatural side chains). 
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[0040] In certain embodiments, the unnatural amino acid 
is L, D, or ot-ot-disubstituted amino acid selected from 
D-glutamate, D-alanine, D-methyl-O-tyrosine, or aminobu 
tyric acid. 

[0041] In certain embodiments, the unnatural amino acid 
comprises a functional group selected from: bromo-, iodo-, 
ethynyl-, cyano-, aZido-, acetyl, aryl ketone, photolabile, 
?uorescent, or heavy metal group. 

[0042] In certain embodiments, the unnatural amino acid 
is a cyclic amino acid selected from: a 3-, 4-, 6-, 7-, 8-, and 
9-membered ring proline analog; a [3 or y amino acid 
selected from substituted [3-alanine or y-amino butyric acid. 

[0043] In certain embodiments, the unnatural amino acid 
is a Tyrosine analog selected from: a para-substituted 
tyrosine, an ortho-substituted tyrosine, a meta-substituted 
tyrosine, Wherein the substituted tyrosine comprises an 
acetyl group, a benZoyl group, an amino group, a hydraZine, 
an hydroXyamine, a thiol group, a carboXy group, an iso 
propyl group, a methyl group, a C6-C20 straight chain or 
branched hydrocarbon, a saturated or unsaturated hydrocar 
bon, an O-methyl group, a polyether group, a nitro group, or 
multiply substituted aryl rings; a Glutamine analog selected 
from: ot-hydroXy derivatives, [3-substituted derivatives, 
cyclic derivatives, or amide-substituted glutamine deriva 
tives; a Phenylalanine analog selected from: meta-substi 
tuted phenylalanines, Wherein the substituent comprises a 
hydroXy group, a methoXy group, a methyl group, an allyl 
group, an acetyl group, or the like. 

[0044] In certain embodiments, the unnatural amino acid 
is an O-methyl-L-tyrosine, an L-3-(2-naphthyl)alanine, a 
3-methyl-phenylalanine, an O-4-allyl-L-tyrosine, a 4-pro 
pyl-L-tyrosine, a tri-O-acetyl-GlcNAcB-serine, an L-Dopa, 
a ?uorinated phenylalanine, an isopropyl-L-phenylalanine, a 
p-aZido-L-phenylalanine, a p-acyl-L-phenylalanine, a 
p-benZoyl-L-phenylalanine, an L-phosphoserine, a 
phosphonoserine, a phosphonotyrosine, a p-iodo-phenylala 
nine, a p-bromophenylalanine, a p-amino-L-phenylalanine, 
or an isopropyl-L-phenylalanine. 

[0045] In certain embodiments, the unnatural amino acid 
modi?es one or more biological properties of a protein into 
Which it is incorporated, the biological properties compris 
ing: toXicity, biodistribution, solubility, thermal stability, 
hydrolytic stability, oXidative stability, resistance to enZy 
matic degradation, facility of puri?cation and processing, 
structural properties, spectroscopic properties, chemical 
and/or photochemical properties, catalytic activity, redoX 
potential, half-life, ability to react With other molecules 
either covalently or noncovalently. 

[0046] In certain embodiments, the modi?ed tRNA can be 
charged to carry the unnatural amino acid by the modi?ed 
AARS With relaXed substrate speci?city. 

[0047] In certain embodiments, the speci?city constant 
(kcat/KM) for activation of the unnatural amino acid by the 
modi?ed AARS is at least 5-fold larger than that for the 
natural amino acid. 

[0048] In certain embodiments, the modi?ed tRNA is 
charged by an endogenous AARS at a rate no more than 1% 
of that of its cognate tRNA. 
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[0049] In certain embodiments, the unnatural amino acid 
is provided by introducing additional nucleic acid con 
struct(s) into the translation system, Wherein the additional 
nucleic acid construct(s) encode one or more proteins 
required for biosynthesis of the unnatural amino acid. 

[0050] In certain embodiments, at least one of the addi 
tional nucleic acid construct(s) is operably linked to and 
subject to the control of an inducible promoter. 

[0051] In certain embodiments, the ?rst and the second 
polynucleotides are present on the same molecule. 

[0052] In certain embodiments, the ?rst and second poly 
nucleotides are encoded by a plasmid or plasmids. 

[0053] In certain embodiments, the plasmid or plasmids 
have a selectable marker. 

[0054] In certain embodiments, the selectable marker is an 
antibiotic resistance gene. 

[0055] In certain embodiments, the ?rst polynucleotide 
further comprises a ?rst promoter sequence controlling the 
expression of the modi?ed tRNA. 

[0056] In certain embodiments, the ?rst promoter is an 
inducible promoter. 

[0057] In certain embodiments, the second polynucleotide 
further comprises a second promoter sequence controlling 
the eXpression of the modi?ed AARS. 

[0058] In certain embodiments, the cell is auXotrophic for 
the natural amino acid encoded at the speci?ed position. 

[0059] In certain embodiments, the translation system 
lacks endogenous tRNA that forms Watson-Crick base 
pairing With the codon at the speci?ed position. 

[0060] In certain embodiments, the translation system is a 
cell, and the method further comprises disabling one or more 
genes encoding any endogenous tRNA that forms Watson 
Crick base-pairing With the codon at the speci?ed posi 
tion(s). 
[0061] In certain embodiments, the translation system is a 
cell, and the method further comprises inhibiting one or 
more endogenous AARS that charges tRNAs that form 
Watson-Crick base-pairing With the codon. 

[0062] In certain embodiments, the cell is a bacterial cell., 
such as an E. Coli cell. 

[0063] In certain embodiments, the cell is an insect cell. 

[0064] In certain embodiments, the cell is a mammalian 
cell. 

[0065] In certain embodiments, the cell is a fungal cell, 
such as a yeast cell. 

[0066] In certain embodiments, the modi?ed tRNA and/or 
the modi?ed AARS are derived from a organism different 
from that of the cell. 

[0067] In certain embodiments, the method further com 
prises verifying the incorporation of the analog. For 
eXample, the incorporation of the analog can be veri?ed by 
mass spectrometry. 

[0068] In certain embodiments, the analog is incorporated 
into the position at an ef?ciency of at least about 50%. 
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[0069] Another aspect of the invention provides a trans 
lation system comprising the polynucleotide of the subject 
invention. 

[0070] In certain embodiments, the translation system 
further comprises a second polynucleotide encoding a modi 
?ed AARS With relaXed substrate speci?city, or the modi?ed 
AARS, Wherein the modi?ed AARS is capable of charging 
the modi?ed tRNA With an unnatural amino acid. 

[0071] In certain embodiments, the translation system 
comprises more than tWo different subject polynucleotides, 
each of the polynucleotides capable of carrying a different 
unnatural amino acid. 

[0072] 
cell. 

[0073] In certain embodiments, the modi?ed tRNA is from 
an organism different from that of the cell. 

[0074] In certain embodiments, the modi?ed tRNA is from 
a yeast, and the cell is an E. coli bacterium. 

[0075] In certain embodiments, the modi?ed AARS and 
the tRNA are from the same organism, and the organism is 
different from that of the cell. 

[0076] In certain embodiments, the modi?ed AARS and 
the tRNA are from a yeast, and the cell is an E. coli 
bacterium. 

In certain embodiments, the translation system is a 

[0077] In certain embodiments, the eXpression and/or 
function of an endogenous tRNA homologous to the tRNA 
is impaired or abolished. 

[0078] In certain embodiments, the eXpression of the 
endogenous tRNA is impaired/abolished by inhibiting the 
function of the endogenous tRNA’s cognate AARS, thereby 
impairing/abolishing the charging of the endogenous tRNA. 

[0079] In certain embodiments, the eXpression of the 
endogenous tRNA is abolished by deleting the gene encod 
ing the endogenous tRNA. 

[0080] Another aspect of the invention provides a vector 
comprising the subject polynucleotides. 

[0081] In certain embodiments, the polynucleotide is oper 
ably linked to, and under the transcription control of a 
promoter. 

[0082] In certain embodiments, the promoter is an induc 
ible promoter. 

[0083] In certain embodiments, the vector is an expression 
vector suitable for eXpressing the polynucleotide in a 
eukaryotic and/or a prokaryotic cell. 

[0084] Another aspect of the invention provides a method 
for PEGylating a polypeptide, comprising: (1) incorporating 
one or more unnatural amino acid(s) at speci?ed position(s) 
of the polypeptide using any of the suitable subject methods, 
Wherein the unnatural amino acid(s) serves as site-speci?c 
PEGylations sites; (2) PEGylating the polypeptide. 

[0085] In certain embodiments, the unnatural amino acid 
does not contain primary amine or thiol side-chain group. 

[0086] In certain embodiments, the unnatural amino acid 
is linked to PEG moieties through a triaZole linkage. 
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[0087] In certain embodiments, the triaZole linkage is 
formed by copper-mediated Huisgen [3+2] cycloaddition of 
an aZide and an alkyne. 

[0088] In certain embodiments, the aZide group is pro 
vided by para-aZidophenylalanine, and the alkyne group is 
provided by an alkyne derivatiZed PEG reagent. 

[0089] In certain embodiments, the polypeptide, When 
PEGylated, has one or more of: longer half life, sustained or 
enhanced biological activity, is homogeneously modi?ed, 
increased potency and stability and/or decreased immuno 
genicity, consistency in biological activities from lot to lot. 

[0090] Another aspect of the invention provides a PEGy 
lated polypeptide produced by any of the subject methods. 

[0091] Another aspect of the invention provides a method 
for enhancing half-life of a cytokine or a groWth factor, 
comprising incorporating one or more unnatural amino 
acid(s) at speci?ed position(s) of the polypeptide using any 
of the suitable subject methods, Wherein the unnatural amino 
acid(s) reduces binding af?nity of the cytokine or groWth 
factor to its receptor in endosomes, thereby increasing the 
half-life of the cytokine or groWth factor. 

[0092] In certain embodiments, the unnatural amino acid 
changes protonation states betWeen cell-surface and endo 
somal pH. 

[0093] Another aspect of the invention provides a cytokine 
or a growth factor produced by the suitable subject methods. 

[0094] Another aspect of the invention provides a method 
for glycosylating a polypeptide, comprising: (1) incorporat 
ing one or more unnatural amino acid(s) at speci?ed posi 
tion(s) of the polypeptide using any of the suitable subject 
methods, Wherein the unnatural amino acid(s) serves as 
site-speci?c glycosylation site; (2) contacting the polypep 
tide With a saccharide moiety to form a covalent bond that 
attaches the saccharide moiety to the unnatural amino acid 
of the protein. 

[0095] In certain embodiments, the unnatural amino acid 
comprises a ?rst reactive group; and the saccharide moiety 
comprises a second reactive group, Wherein the ?rst reactive 
group reacts With the second reactive group in 

[0096] In certain embodiments, the ?rst reactive group is 
an electrophilic or nucleophilic moiety, and the second 
reactive group is a nucleophilic or electrophilic moiety, 
respectively. 

[0097] In certain embodiments, the electrophilic moiety is 
a carbonyl group, a sulfonyl group, an aldehyde group, a 
ketone group, a hindered ester group, a thioester group, a 
stable imine group, an epoXide group, or an aZiridine group. 

[0098] In certain embodiments, the nucleophilc moiety 
includes: an aliphatic or aromatic amine, ethylenediamine, 
—NR1-NH2 (hydraZide), —NR1(C=O)NR2NH2 (semi 
carbaZide), —NR1(C=S)NR2NH2 (thiosemicarbaZide), 
—(C=O)NR1NH2 (carbonylhydraZide), 
—(C=S)NR1NH2 (thiocarbonylhydraZide), 
—(SO2)NR1NH2 (sulfonylhydraZide), 
—NR1NR2(C=O)NR3NH2 (carbaZide), 
NR1NR2(C=S)NR3NH2 (thiocarbaZide), —O—NH2 
(hydroXylamine), Where each R1, R2, and R3 is indepen 
dently H, or alkyl having 1-6 carbons. 
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[0099] In certain embodiments, the saccharide moiety 
includes a single carbohydrate moiety, or tWo or more 
carbohydrate moieties. 

[0100] In certain embodiments, the method further com 
prises contacting the saccharide moiety With one or more 
glycosyl transferase(s), a sugar donor moiety, and other 
reactants required for glycosyl transferase activity for a 
suf?cient time and under appropriate conditions to transfer 
a sugar from the sugar donor moiety to the saccharide 
moiety. 

[0101] In certain embodiments, the glycosyl transferase(s) 
comprises one or more of: a [31-4N-acetylglucosaminyl 
transferase, an (x1,3-fucosyl transferase, an (x1,2-fucosyl 
transferase, an a 1,4-fucosyl transferase, a [31-4-galactosyl 
transferase, or a sialyl transferase. 

[0102] In certain embodiments, the saccharide moiety 
comprises a terminal GlcNAc, the sugar donor moiety is 
UDP-Gal, and the glycosyl transferase is a [3-1,4-galactosyl 
transferase. 

[0103] In certain embodiments, the saccharide moiety 
comprises a terminal GlcNAc, the sugar donor moiety is 
UDP-GlcNAc and the glycosyl transferase is a [31-4N 
acetylglucosaminyl transferase. 

[0104] In certain embodiments, the ?rst and second reac 
tive groups produce a reaction product comprising an oXime, 
an amide, a hydraZone, a reduced hydraZone, a carbohydra 
Zone, a thiocarbohydraZone, a sufonylhydraZone, a semicar 
baZone, or a thiosemicarbaZone. 

[0105] In certain embodiments, the polypeptide is a thera 
peutic, diagnostic, or other protein selected from: Alpha-i 
antitrypsin, Angiostatin, Antihemolytic factor, antibodies, 
Apolipoprotein, Apoprotein, Atrial natriuretic factor, Atrial 
natriuretic polypeptide, Atrial peptides, C-X-C chemokines 
(e.g., T39765, NAP-2, ENA-78, Gro-a, Gro-b, Gro-c, IP-10, 
GCP-2, NAP-4, SDF-1, PF4, MIG), Calcitonin, CC 
chemokines (e.g., Monocyte chemoattractant protein-1, 
Monocyte chemoattractant protein-2, Monocyte chemoat 
tractant protein-3, Monocyte in?ammatory protein-1 alpha, 
Monocyte in?ammatory protein-1beta, RANTES, I309, 
R83915, R91733, HCC1, T58847, D31065, T64262), CD40 
ligand, C-kit Ligand, Collagen, Colony stimulating factor 
(CSF), Complement factor 5a, Complement inhibitor, 
Complement receptor 1, cytokines, (e.g., epithelial Neutro 
phil Activating Peptide-78, GROot/MGSA, GROB, GROY, 
MIP-1ot, MIP-16, MCP-1), Epidermal GroWth Factor 
(EGF), Erythropoietin, Exfoliating toXins A and B, Factor 
IX, Factor VII, Factor VIII, Factor X, Fibroblast GroWth 
Factor (FGF), Fibrinogen, Fibronectin, G-CSF, GM-CSF, 
Glucocerebrosidase, Gonadotropin, groWth factors, Hedge 
hog proteins (e.g., Sonic, Indian, Desert), Hemoglobin, 
Hepatocyte GroWth Factor (HGF), Hirudin, Human serum 
albumin, Insulin, Insulin-like GroWth Factor (IGF), inter 
ferons (e.g., IFN-ot, IFN-B, IFN-y), interleukins (e.g., IL-1, 
IL-2, IL-3, IL-4, IL-5, IL-6, IL-7, IL-8, IL-9, IL-10, IL-11, 
IL-12, etc.), Keratinocyte GroWth Factor (KGF), Lactofer 
rin, leukemia inhibitory factor, Luciferase, Neurturin, Neu 
trophil inhibitory factor (NIF), oncostatin M, Osteogenic 
protein, Parathyroid hormone, PD-ECSF, PDGF, peptide 
hormones (e.g., Human GroWth Hormone), Pleiotropin, 
Protein A, Protein G, Pyrogenic eXotoXins A, B, and C, 
RelaXin, Renin, SCF, Soluble complement receptor I, 
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Soluble I-CAM 1, Soluble interleukin receptors (IL-1, 2, 3, 
4, 5, 6, 7, 9, 10, 11, 12, 13, 14, 15), Soluble TNF receptor, 
Somatomedin, Somatostatin, Somatotropin, Streptokinase, 
Superantigens, i.e., Staphylococcal enterotoxins (SEA, SEB, 
SEC1, SEC2, SEC3, SED, SEE), Superoxide dismutase 
(SOD), Toxic shock syndrome toxin (TSST-1), Thymosin 
alpha 1, Tissue plasminogen activator, Tumor necrosis factor 
beta (TNF beta), Tumor necrosis factor receptor (TNFR), 
Tumor necrosis factor-alpha (TNF alpha), Vascular Endot 
helial GroWth Factor (VEGEF), Urokinase; a transcriptional 
modulator that modulates cell groWth, differentiation, or 
regulation, Wherein the transcriptional modulator is from 
prokaryotes, viruses, or eukaryotes, including fungi, plants, 
yeasts, insects, and animals, including mammals; expression 
activator selected from cytokines, in?ammatory molecules, 
groWth factors, their receptors, oncogene products, interleu 
kins (e.g., IL-1, IL-2, IL-8, etc.), interferons, FGF, IGF-I, 
IGF-II, FGF, PDGF, TNF, TGF-ot, TGF-B, EGF, KGF, 
SCF/c-Kit, CD40UCD40, VLA-4NCAM-1, ICAM-1/LFA 
1, and hyalurin/CD44; signal transduction molecules and 
corresponding oncogene products, e.g., Mos, Ras, Raf, and 
Met; transcriptional activators and suppressors, e.g., p53, 
Tat, Fos, Myc, Jun, Myb, Rel; steroid hormone receptors 
selected from receptors for estrogen, progesterone, testoster 
one, aldosterone, LDL, or corticosterone; or an enZyme 
selected from: amidases, amino acid racemases, acylases, 
dehalogenases, dioxygenases, diarylpropane peroxidases, 
epimerases, epoxide hydrolases, esterases, isomerases, 
kinases, glucose isomerases, glycosidases, glycosyl trans 
ferases, haloperoxidases, monooxygenases (e.g., p450s), 
lipases, lignin peroxidases, nitrile hydratases, nitrilases, pro 
teases, phosphatases, subtilisins, transaminase, or nucleases. 

[0106] Another aspect of the invention provides a glyco 
sylated polypeptide produced by any of the suitable subject 
methods. 

[0107] Another aspect of the invention provides a method 
for generating an immunoconjugate comprising an antibody 
(or functional fragment/derivative thereof) and one or more 
therapeutic moieties, the method comprising: (1) incorpo 
rating one or more unnatural amino acid(s) at speci?ed 
position(s) of the antibody using any of the suitable subject 
methods; (2) contacting the antibody With the one or more 
therapeutic moieties to form a conjugate that attaches the 
one or more therapeutic moieties to the unnatural amino 
acid(s) of the antibody. 

[0108] In certain embodiments, the therapeutic moieties 
are different. 

[0109] In certain embodiments, the therapeutic moieties 
are conjugated to the same unnatural amino acids. 

[0110] In certain embodiments, the therapeutic moieties 
are conjugated to different unnatural amino acids. 

[0111] In certain embodiments, the therapeutic moieties 
are cleavable under one or more conditions selected from: 

mild or Weak acidic conditions (e.g., about pH 4-6, prefer 
ably about pHS), reductive environment (e.g., the presence 
of a reducing agent), divalent cations, or (optionally) heat. 

[0112] Another aspect of the invention provides an immu 
noconjugate produced by any of the suitable subject meth 
ods. 
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[0113] Another aspect of the invention provides a method 
for immobiliZing one or more polypeptide(s) to an array, the 
method comprising: (1) incorporating one or more unnatural 
amino acid(s) at speci?ed position(s) of the polypeptide(s) 
using any of the suitable methods; (2) contacting the 
polypeptide(s) With a solid support to conjugate the polypep 
tide(s) through the unnatural amino acid(s). 

[0114] In certain embodiments, the one or more polypep 
tides are attached to the solid support in a consistent orien 
tation. 

[0115] In certain embodiments, the active site(s) of each 
polypeptide(s) are accessible to potentially interacting mol 
ecules. 

[0116] Another aspect of the invention provides a 
polypeptide array produced by any of the suitable subject 
methods. 

[0117] All embodiments described above and those in 
other parts of the speci?cation are contemplated to be able 
to freely combine With one or more other embodiments, 
even for those embodiments described under separate 
aspects of the invention, unless such combinations are 
speci?cally excluded or Would contradict the general prin 
ciples and/or teachings of the instant speci?cation. 

BRIEF DESCRIPTION OF THE FIGURES 

[0118] FIG. 1 shoWs a schematic diagram for multiple 
site-speci?c incorporation of unnatural amino acid into the 
UUU codon. 

[0119] FIG. 2 shoWs the incorporation (or lack thereof) of 
NaI in place of Phe in several tryptic fragments of mDHFR, 
in response to the UUU codon. These data unambiguously 
establish that NaI incorporation is codon-biased to UUU. 

[0120] FIG. 3 shoWs a schematic diagram for multiple 
site-speci?c incorporation of unnatural amino acid into the 
UUG codon. 

[0121] FIG. 4 demonstrates the replacement of Leu by 
NaI as detected in MALDI mass spectra of tryptic fragments 
of MDHFR. 

[0122] FIG. 5 shoWs the effect of AZL on replacement of 
Leu by NaI as evaluated by MALDI mass spectra of tryptic 
fragments of mDHFR. 

DETAILED DESCRIPTION OF THE 
INVENTION 

[0123] I. OvervieW 

[0124] Proteins are at the crossroads of virtually every 
biological process, from photosynthesis and vision to signal 
transduction and the immune response. These complex 
functions result from a polyamide based polymer consisting 
of tWenty relatively simple building blocks arranged in a 
de?ned primary sequence. 

[0125] The present invention includes methods and com 
position for use in the site-speci?c incorporation of unnatu 
ral amino acids directly into proteins in vivo. Importantly, 
the unnatural amino acid is added to the genetic repertoire, 
rather than substituting for one of the common 20 amino 
acids. The present invention provides methods for generat 
ing, methods for identifying and compositions comprising 
the components used by the biosynthetic machinery to 
incorporate an unnatural amino acid into a protein. 
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[0126] The present invention, e.g., allows the site 
selective insertion of one or more unnatural amino acids at 

any desired position of any protein, (ii) is applicable to both 
prokaryotic and eukaryotic cells, (iii) enables in vivo studies 
of mutant proteins in addition to the generation of large 
quantities of puri?ed mutant proteins, and (iv) is adaptable 
to incorporate any of a large variety of unnatural amino 
acids, into proteins in vivo. Thus, in a speci?c polypeptide 
sequence a number of different site-selective insertions of 
unnatural amino acids is possible. Such insertions are 
optionally all of the same type (e.g., multiple examples of 
one type of unnatural amino acid inserted at multiple points 
in a polypeptide) or are optionally of diverse types (e.g., 
different unnatural amino acid types are inserted at multiple 
points in a polypeptide). 

[0127] The invention provides methods and reagents for 
incorporating amino acid analogs into a target protein. The 
modi?ed target proteins thus produced are useful for dis 
covery of potentially useful therapeutic molecules, bioma 
terials, and other proteins of interest. Such proteins also are 
useful for functional and structural studies of proteins as 
Well as for biochemical study of the translation system. 

[0128] One aspect of the invention provides a polynucle 
otide encoding a modi?ed tRNA based on a Wild-type tRNA 
for a natural amino acid. 

[0129] In certain embodiments, the natural amino acid is 
encoded by tWo or more genetic codes (thus encoded by 
degenerate genetic codes). In most, if not all cases, this 
includes 18 of the 20 natural amino acids, except Met and 
Trp. In these circumstances, to recogniZe all the degenerate 
genetic codes for the natural amino acid, the anticodon loop 
of the Wild-type tRNA(s) relies on both Wobble base-pairing 
and pure Watson-Crick base-pairing. The subject modi?ed 
tRNA contains at least one modi?cation in its anticodon 
loop, such that the modi?ed anticodon loop noW forms 
Watson-Crick base-pairing to one of the degenerate genetic 
codes, Which the tRNApreviously bind only through Wobble 
base-pairing (see Example I beloW). 
[0130] Since Watson-Crick base pairing is invariably 
stronger and more stable than Wobble base pairing, the 
subject modi?ed tRNA Will preferentially bind to a previous 
Wobble base-pairing genetic code (noW through Watson 
Crick base-pairing), over a previous Watson-Crick base 
pairing (noW through Wobble base-pairing). Thus an analog 
may be incorporated at the subject codon, if the modi?ed 
tRNA is charged With an analog of a natural amino acid, 
Which may or may not be the same as the natural amino acid 
encoded by the codon in question. 

[0131] For example, in Example II beloW, some Phe in 
mouse DHFR (mDHFR) are encoded by UUC codons, some 
others by UUU codons. The Wild-type E. coli tRNA for Phe 
has a GAA anticodon sequence, and thus binds the UUC 
codons through Watson-Crick base-pairing, and binds the 
UUU codons through Wobble base-pairing. Thus in E. coli, 
a modi?ed tRNA, such as a yeast tRNA for Phe may have 
a modi?ed anticodon sequence of AAA, so that it noW 
preferentially binds to the previously “disfavored” UUU 
codons. When such a modi?ed Phe tRNA is charged With 
NaI, it competes With the Wild-type Phe tRNA charged With 
Phe for the UUU codon. But since the modi?ed tRNA binds 
UUU through the stronger Watson-Crick base-pairing, NaI 
(rather than Phe) Will be preferentially, if not exclusively, 
inserted in the UUU codons. 
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[0132] In fact, the anticodon sequence of the modi?ed 
tRNA may be changed in such a Way that it noW recogniZes 
a codon for a different natural amino acid. For example, in 
Example III, the Phe tRNA anticodon sequence is changed 
from GAA to CAA, Which is capable of Watson-Crick 
base-pairing With a Leu (rather than a Phe) codon UUG. 
Such a modi?ed Phe tRNA can noW incorporate NaI into 
certain Leu codons. 

[0133] Thus in certain embodiments, if it is desirable to 
incorporate certain amino acid analogs at codons for Met or 
Trp, a tRNA for a natural amino acid (e.g., a Met tRNA, a 
Trp tRNA, or even a Phe tRNA, etc.) may be modi?ed to 
recogniZe the Met or Trp codon. Under this type of unique 
situation, both the modi?ed tRNA and the natural tRNA 
compete to bind the same (single) genetic code through 
Watson-Crick base-pairing. Some but not all such codons 
Will accept their natural amino acids, While others may 
accept amino acid analogs carried by the modi?ed tRNA. 
Other factors, such as the abundance of the natural amino 
acid vs. that of the analog, may affect the ?nal outcome. 

[0134] This also applies to other situations Where a modi 
?ed tRNA competes With Wild-type tRNA for any natural 
amino acids. Such modi?ed tRNAs are Within the scope of 
the instant invention. 

[0135] In certain preferred embodiments, the modi?ed 
tRNA is not charged or only inef?ciently charged by an 
endogenous aminoacyl-tRNA synthetase (AARS) for any 
natural amino acid, such that the modi?ed tRNA largely (if 
not exclusively) carries an amino acid analog, but not a 
natural amino acid. Although a subject modi?ed tRNA may 
still be useful if it can be charged by the endogenous AARS 
With a natural amino acid. 

[0136] In certain embodiments, the modi?ed tRNA 
charged With an amino acid analog has such an overall shape 
and siZe that the analog-tRNA is a ribosomally acceptable 
complex, that is, the tRNA-analog complex can be accepted 
by the prokaryotic or eukaryotic ribosomes in an in vivo or 
in vitro translation system. 

[0137] In certain embodiments, the modi?ed tRNA can be 
ef?ciently charged to carry an analog of a natural amino 
acid. The amino acid analog may be a derivative of at least 
one of the 20 natural amino acids, With one or more 
functional groups not present in natural amino acids. For 
example, the functional group may be selected from the 
group consisting of: bromo-, iodo-, ethynyl-, cyano-, aZido-, 
acetyl, aryl ketone, a photolabile group, a ?uorescent group, 
and a heavy metal. 

[0138] In one embodiment, the amino acid analog is a 
derivative of Phe, such as NaI. 

[0139] In certain embodiments, the modi?ed tRNA can be 
charged to carry the analog by a modi?ed AARS With 
relaxed substrate speci?city. 

[0140] Preferably, the modi?ed AARS speci?cally or pref 
erentially charges the analog to the modi?ed tRNA over any 
natural amino acid. In a preferred embodiment, the speci 
?city constant for activation of the analog by the modi?ed 
AARS (de?ned as kcat/KM) is at least about 2-fold larger 
than that for the natural amino acid, preferably about 3-fold, 
4-fold, 5-fold or more than that for the natural amino acid. 
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[0141] In a preferred embodiment, the tRNA is tRNAPhe, 
the degenerate codon is UUU, and the analog is L-3-(2 
naphthyl)alanine (NaI). 
[0142] In certain embodiments, the modi?ed tRNA further 
comprises a mutation at the fourth, extended anticodon site 
for increase translational efficiency. 

[0143] In certain embodiments, the modi?ed tRNA is 
charged by the endogenous AARS at a rate no more than 
about 50%, 30%, 20%, 10%, 5%, 2%, or 1% of that of the 
tRNA. 

[0144] Another aspect of the invention provides a modi 
?ed tRNA encoded by any one of the subject polynucle 
otides. 

[0145] Another aspect of the invention provides a method 
for incorporating an amino acid analog into a target protein 
at one or more speci?ed positions, the method comprising: 
(1) providing to an environment a ?rst subject polynucle 
otide for a modi?ed tRNA, or a subject modi?ed tRNA; (2) 
providing to the environment a second subject polynucle 
otide encoding a modi?ed AARS With relaxed substrate 
speci?city, or the modi?ed AARS, Wherein the modi?ed 
AARS is capable of charging the modi?ed tRNA With the 
analog; (3) providing to the environment the analog; (4) 
providing a template polynucleotide encoding the target 
protein, Wherein the codon on the template polynucleotide 
for the speci?ed position only forms Watson-Crick base 
pairing With the modi?ed tRNA; and, (5) allowing transla 
tion of the template polynucleotide to proceed, thereby 
incorporating the analog into the target protein at the speci 
?ed position, Wherein steps (1)-(4) are effectuated in any 
order. 

[0146] In certain embodiments, the methods of the inven 
tion involve introducing into an environment (e.g., a cell or 
an in vitro translation system (IVT)) a ?rst nucleic acid 
encoding an orthogonal/modi?ed tRNA molecule that is not 
charged efficiently by an endogenous aminoacyl-tRNA syn 
thetase in the cell/in vitro translation system (IVT), or the 
orthogonal/modi?ed tRNA itself. The orthogonal/modi?ed 
tRNA molecule has an anticodon complementary to a degen 
erate codon sequence, Which is one of a plurality of codon 
sequences encoding a naturally occurring amino acid. Such 
a codon is said to be degenerate. According to the methods 
of this embodiment of the invention, a second nucleic acid 
encoding an orthogonal/modi?ed aminoacyl tRNA syn 
thetase (AARS) is also introduced into the cell/IVT. The 
orthogonal/modi?ed AARS is capable of charging the 
orthogonal/modi?ed tRNAWith a chosen amino acid analog. 
The amino acid analog can then be provided to the cell so 
that it can be incorporated into one or more proteins Within 
the cell or IVT. 

[0147] Thus in certain embodiments, the environment is 
an in vitro translation system. For example, suitable IVT 
systems include the Wheat Germ Lysate-based PROTEIN 
script-PROTM, Ambion’s E. coli system for coupled in vitro 
transcription/translation; or the rabbit reticulocyte lysate 
based Retic Lysate IVTTM Kit from Ambion). Optionally, the 
in vitro translation system can be selectively depleted of one 
or more natural AARSs (by, for example, immunodepletion 
using immobiliZed antibodies against natural AARS) and/or 
natural amino acids so that enhanced incorporation of the 
analog can be achieved. Alternatively, nucleic acids encod 
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ing the re-designed AARSs may be supplied in place of 
recombinantly produced AARSs. The in vitro translation 
system is also supplied With the analogs to be incorporated 
into mature protein products. 

[0148] In other embodiments, the environment is a cell. A 
variety of cells (or lysates thereof suitable for IVT) can be 
used in the methods of the invention, including, for example, 
a bacterial cell, a fungal cell, an insect cell, and a mamma 
lian cell (eg a human cell or a non-human mammal cell). 
In one embodiment, the cell is an E. coli cell. 

[0149] In certain embodiments, the amino acid analog can 
be provided by directly contacting the cell or IVT With the 
analog, for example, by applying a solution of the analog to 
the cell in culture, or by directly adding the analog to the 
IVT. The analog can also be provided by introducing one or 
more additional nucleic acid construct(s) into the cell/IVT, 
Wherein the additional nucleic acid construct(s) encodes one 
or more amino acid analog synthesis proteins that are 
necessary for synthesis of the desired analog. 

[0150] In certain embodiments, the additional nucleic acid 
construct(s) has an inducible promoter sequence that can 
induce expression of the one or more synthesis proteins. 

[0151] The methods of this embodiment of the invention 
further involve introducing a template nucleic acid construct 
into the cell/IVT, the template encoding a protein, Wherein 
the nucleic acid construct contains at least one degenerate 
codon sequence. 

[0152] The nucleic acids introduced into the cell/IVT can 
be introduced as one construct or as a plurality of constructs. 

In certain embodiments, the various nucleic acids are 
included in the same construct. For example, the nucleic 
acids can be introduced in any suitable vectors capable of 
expressing the encoded tRNA and/or proteins in the cell/ 
IVT. In one embodiment, the ?rst and second nucleic acid 
sequences are provided in one or more plasmids. In another 
embodiment, the vector or vectors used are viral vectors, 
including, for example, adenoviral and lentiviral vectors. 
The sequences can be introduced With an appropriate pro 
moter sequence for the cell/IVT, or multiple sequences that 
can be inducible for controlling the expression of the 
sequences. 

[0153] In certain embodiments, the plasmid or plasmids 
containing the subject polynucleotides have one or more 
selectable markers, such as antibiotic resistance genes. 

[0154] In certain embodiments, the ?rst polynucleotide 
further comprises a ?rst promoter sequence controlling the 
expression of the modi?ed tRNA. The ?rst promoter is an 
inducible promoter. 

[0155] In certain embodiments, the second polynucleotide 
further comprises a second promoter sequence controlling 
the expression of the modi?ed AARS. 

[0156] In certain embodiments, the cell is auxotrophic for 
the amino acid naturally encoded by the degenerate codon. 

[0157] In certain embodiments, the cell is auxotrophic for 
the natural amino acid encoded at the speci?ed position. 

[0158] In certain embodiments, the environment lacks 
endogenous tRNA that forms Watson-Crick base-pairing 
With the codon at the speci?ed position. 
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[0159] When the cell has a tRNA that has an anticodon 
perfectly complementary to the degenerate codon, the meth 
ods can include a step of disabling the gene encoding such 
an endogenous tRNA. 

[0160] Alternatively, the environment is a cell, and the 
method further comprises inhibiting one or more endog 
enous AARS that charges tRNAs that form Watson-Crick 
base-pairing With the codon. 

[0161] In certain embodiments, the orthogonal tRNA and 
orthogonal aminoacyl tRNA-synthetase can be derived from 
an organism from a different species than that of the cell/the 
IVT. For example, a yeast tRNA and a yeast AARS may be 
used With an E. coli cell. 

[0162] In certain embodiments, the method further com 
prises verifying the incorporation of the analog by, for 
example, mass spectrometry. 

[0163] In certain embodiments, the method incorporates 
the analog into the position at an ef?ciency of at least about 
50%, or 60%, 70%, 80%, 90%, 95%, 99% or nearly 100%. 

[0164] II. De?nitions 

[0165] Before describing the present invention in detail, it 
is to be understood that this invention is not limited to 
particular compositions or biological systems, Which can, of 
course, vary. It is also to be understood that the terminology 
used herein is for the purpose of describing particular 
illustrative embodiments only, and is not intended to be 
limiting. As used in this speci?cation and the appended 
claims, the singular forms “a,”“an,” and “the” include plural 
referents unless the content clearly dictates otherWise. Thus, 
for example, reference to “a molecule” optionally includes 
a combination of tWo or more such molecules, and the like. 

[0166] Unless speci?cally de?ned beloW, the terms used in 
this speci?cation generally have their ordinary meanings in 
the art, Within the general context of this invention and in the 
speci?c context Where each term is used. Certain terms are 
discussed beloW or elseWhere in the speci?cation, to provide 
additional guidance to the practitioner in describing the 
compositions and methods of the invention and hoW to make 
and use them. The scope an meaning of any use of a term 
Will be apparent from the speci?c context in Which the term 
is used. 

[0167] “About” and “approximately” shall generally mean 
an acceptable degree of error for the quantity measured 
given the nature or precision of the measurements. Typical, 
exemplary degrees of error are Within 20 percent (%), 
preferably Within 10%, and more preferably Within 5% of a 
given value or range of values. Alternatively, and particu 
larly in biological systems, the terms “about” and “approxi 
mately” may mean values that are Within an order of 
magnitude, preferably Within 5-fold and more preferably 
Within 2-fold of a given value. Numerical quantities given 
herein are approximate unless stated otherWise, meaning 
that the term “about” or “approximately” can be inferred 
When not expressly stated. 

[0168] “Amino acid analog, non-canonical amino acid,” 
or “non-standard amino acid,” used interchangeably, is 
meant to include all amino acid-like compounds that are 
similar in structure and/or overall shape to one or more of 
the tWenty L-amino acids commonly found in naturally 
occurring proteins (Ala or A, Cys or C, Asp or D, Glu or E, 
Phe or F, Gly or G, His or H, He or I, Lys or K, Leu or L, 
Met or M, Asn or N, Pro or P, Gln or Q, Arg or R, Ser or S, 
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Thr or T, Val or V, Trp or W, Tyr or Y, as de?ned and listed 
in WIPO Standard ST.25 (1998), Appendix 2, Table 3). 
Amino acid analog can also be natural amino acids With 
modi?ed side chains or backbones. Preferably, these analogs 
usually are not “substrates” for the amino acyl tRNA syn 
thethases (AARSs) because of the normally high speci?city 
of the AARSs. Although occasionally, certain analogs With 
structures/shapes suf?ciently close to those of natural amino 
acids may be erroneously incorporated into proteins by 
AARSs, especially modi?ed AARSs With relaxed substrate 
speci?city. In a preferred embodiment, the analogs share 
backbone structures, and/or even the most side chain struc 
tures of one or more natural amino acids, With the only 
difference(s) being containing one or more modi?ed groups 
in the molecule. Such modi?cation may include, Without 
limitation, substitution of an atom (such as N) for a related 
atom (such as S), addition of a group (such as methyl, or 
hydroxyl group, etc.) or an atom (such as C1 or Br, etc.), 
deletion of a group (supra), substitution of a covalent bond 
(single bond for double bond, etc.), or combinations thereof. 
Amino acid analogs may include ot-hydroxy acids, and 
[3-amino acids, and can also be referred to as “modi?ed 
amino acids,” or “unnatural AARS substrates.” 

[0169] The amino acid analogs may either be naturally 
occurring or unnaturally occurring (e.g. synthesiZed). As 
Will be appreciated by those in the art, any structure for 
Which a set of rotamers is knoWn or can be generated can be 
used as an amino acid analog. The side chains may be in 
either the (R) or the (S) con?guration (or D- or L-con?gu 
ration). In a preferred embodiment, the amino acids are in 
the (S) or L-con?guration. 

[0170] Preferably, the overall shape and siZe of the amino 
acid analogs are such that, upon being charged to (natural or 
re-designed) tRNAs by (natural or re-designed) AARS, the 
analog-tRNA is a ribosomally accepted complex, i.e., the 
tRNA-analog complex can be accepted by the prokaryotic or 
eukaryotic ribosomes in an in vivo or in vitro translation 
system. 

[0171] “Achor residues” are residue positions in AARS 
that maintain critical interactions betWeen the AARS and the 
natural amino acid backbone. 

[0172] “Backbone,” or “template” includes the backbone 
atoms and any ?xed side chains (such as the anchor residue 
side chains) of the protein (e.g., AARS). For calculation 
purposes, the backbone of an analog is treated as part of the 
AARS backbone. 

[0173] “Protein backbone structure” or grammatical 
equivalents herein is meant the three dimensional coordi 
nates that de?ne the three dimensional structure of a par 
ticular protein. The structures Which comprise a protein 
backbone structure (of a naturally occurring protein) are the 
nitrogen, the carbonyl carbon, the ot-carbon, and the carbo 
nyl oxygen, along With the direction of the vector from the 
ot-carbon to the [3-carbon. 

[0174] The protein backbone structure Which is input into 
the computer can either include the coordinates for both the 
backbone and the amino acid side chains, or just the back 
bone, ie with the coordinates for the amino acid side chains 
removed. If the former is done, the side chain atoms of each 
amino acid of the protein structure may be “stripped” or 
removed from the structure of a protein, as is knoWn in the 
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art, leaving only the coordinates for the “backbone” atoms 
(the nitrogen, carbonyl carbon and oxygen, and the ot-car 
bon, and the hydrogens attached to the nitrogen and ot-car 

bon). 
[0175] Optionally, the protein backbone structure may be 
altered prior to the analysis outlined beloW. In this embodi 
ment, the representation of the starting protein backbone 
structure is reduced to a description of the spatial arrange 
ment of its secondary structural elements. The relative 
positions of the secondary structural elements are de?ned by 
a set of parameters called supersecondary structure param 
eters. These parameters are assigned values that can be 
systematically or randomly varied to alter the arrangement 
of the secondary structure elements to introduce explicit 
backbone ?exibility. The atomic coordinates of the back 
bone are then changed to re?ect the altered supersecondary 
structural parameters, and these neW coordinates are input 
into the system for use in the subsequent protein design 
automation. For details, see US. Pat. No. 6,269,312, the 
entire content incorporated herein by reference. 

[0176] “Conformational energy” refers generally to the 
energy associated With a particular “conformation”, or three 
dimensional structure, of a macromolecule, such as the 
energy associated With the conformation of a particular 
protein. Interactions that tend to stabiliZe a protein have 
energies that are represented as negative energy values, 
Whereas interactions that destabiliZe a protein have positive 
energy values. Thus, the conformational energy for any 
stable protein is quantitatively represented by a negative 
conformational energy value. Generally, the conformational 
energy for a particular protein Will be related to that pro 
tein’s stability. In particular, molecules that have a loWer 
(i.e., more negative) conformational energy are typically 
more stable, e.g., at higher temperatures (i.e., they have 
greater “thermal stability”). Accordingly, the conformational 
energy of a protein may also be referred to as the “stabili 
Zation energy.” 

[0177] Typically, the conformational energy is calculated 
using an energy “force-?eld” that calculates or estimates the 
energy contribution from various interactions Which depend 
upon the conformation of a molecule. The force-?eld is 
comprised of terms that include the conformational energy 
of the alpha-carbon backbone, side chain—backbone inter 
actions, and side chain—side chain interactions. Typically, 
interactions With the backbone or side chain include terms 
for bond rotation, bond torsion, and bond length. The 
backbone-side chain and side chain-side chain interactions 
include van der Waals interactions, hydrogen-bonding, elec 
trostatics and solvation terms. Electrostatic interactions may 
include coulombic interactions, dipole interactions and 
quadrapole interactions). Other similar terms may also be 
included. Force-?elds that may be used to determine the 
conformational energy for a polymer are Well knoWn in the 
art and include the CHARMM (see, Brooks et al, J. Comp. 
Chem. 1983,4:187-217; MacKerell et al., in The Encyclo 
pedia of Computational Chemistry, Vol. 1:271-277, John 
Wiley & Sons, Chichester, 1998), AMBER (see, Cornell et 
al., J. Amer. Chem. Soc. 1995, 117:5179; Woods et al., J. 
Phys. Chem. 1995, 99:3832-3846; Weiner et al., J. Comp. 
Chem. 1986, 7:230; and Weiner et al., J. Amer. Chem. Soc. 
1984, 106:765) and DREIDING (Mayo et al., J. Phys. 
Chem. 1990, 94-:8897) force-?elds, to name but a feW. 
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[0178] In a preferred implementation, the hydrogen bond 
ing and electrostatics terms are as described in Dahiyat & 
Mayo, Science 1997 278:82). The force ?eld can also be 
described to include atomic conformational terms (bond 
angles, bond lengths, torsions), as in other references. See 
e.g., Nielsen J E, Andersen K V, Honig B, Hooft R W W, 
Klebe G, Vriend G, & Wade R C, “Improving macromo 
lecular electrostatics calculations,” Protein Engineering, 12: 
657662(1999); Stikoff D, Lockhart D J, Sharp KA & Honig 
B, “Calculation of electrostatic effects at the amino-terminus 
of an alpha-helix,” Biophys. J., 67: 2251-2260 (1994); 
Hendscb Z S, Tidor B, “Do salt bridges stabiliZe proteins—a 
continuum electrostatic analysis,” Protein Science, 3: 211 
226 (1994); Schneider J P, Lear J D, DeGrado W F, “A 
designed buried salt bridge in a heterodimeric coil,” J. Am. 
Chem. Soc., 119: 5742-5743 (1997); Sidelar C V, Hendsch 
Z S, Tidor B, “Effects of salt bridges on protein structure and 
design,” Protein Science, 7: 1898-1914 (1998). Solvation 
terms could also be included. See e.g., Jackson S E, Moracci 
M, elMastry N, Johnson C M, Fersht A R, “Effect of 
Cavity-Creating Mutations in the Hydrophobic Core of 
Chymotrypsin Inhibitor 2,” Biochemistry, 32: 11259-11269 
(1993); Eisenberg, D & McLachlan AD, “Solvation Energy 
in Protein Folding and Binding,” Nature, 319: 199-203 
(1986); Street A G & Mayo S L, “PairWise Calculation of 
Protein Solvent-Accessible Surface Areas,” Folding & 
Design, 3: 253-258 (1998); Eisenberg D & Wesson L, 
“Atomic solvation parameters applied to molecular dynam 
ics of proteins in solution,” Protein Science, 1: 227-235 
(1992); Gordon & Mayo, supra. 

[0179] “Coupled residues” are residues in a molecule that 
interact, through any mechanism. The interaction betWeen 
the tWo residues is therefore referred to as a “coupling 
interaction.” Coupled residues generally contribute to poly 
mer ?tness through the coupling interaction. Typically, the 
coupling interaction is a physical or chemical interaction, 
such as an electrostatic interaction, a van der Waals inter 
action, a hydrogen bonding interaction, or a combination 
thereof. As a result of the coupling interaction, changing the 
identity of either residue Will affect the “?tness” of the 
molecule, particularly if the change disrupts the coupling 
interaction betWeen the tWo residues. Coupling interaction 
may also be described by a distance parameter betWeen 
residues in a molecule. If the residues are Within a certain 
cutoff distance, they are considered interacting. 

[0180] “Fitness” is used to denote the level or degree to 
Which a particular property or a particular combination of 
properties for a molecule, e.g., a protein, are optimiZed. In 
certain embodiments of the invention, the ?tness of a protein 
is preferably determined by properties Which a user Wishes 
to improve. Thus, for example, the ?tness of a protein may 
refer to the protein’s thermal stability, catalytic activity, 
binding af?nity, solubility (e.g., in aqueous or organic sol 
vent), and the like. Other examples of ?tness properties 
include enantioselectivity, activity toWards unnatural sub 
strates, and alternative catalytic mechanisms. Coupling 
interactions can be modeled as a Way of evaluating or 
predicting ?tness (stability). Fitness can be determined or 
evaluated experimentally or theoretically, e.g. computation 
ally. 

[0181] Preferably, the ?tness is quantitated so that each 
molecule, e.g., each amino acid Will have a particular 
“?tness value”. For example, the ?tness of a protein may be 
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the rate at Which the protein catalyzes a particular chemical 
reaction, or the protein’s binding af?nity for a ligand. In a 
particularly preferred embodiment, the ?tness of a protein 
refers to the conformational energy of the polymer and is 
calculated, e.g., using any method knoWn in the art. See, eg 
Brooks B. R., Bruccoleri R E, Olafson, B D, States D J, 
SWaminathan S & Karplus M, “CHARMM: A Program for 
Macromolecular Energy, Minimization, and Dynamics Cal 
culations,” J. Comp. Chem., 4: 187-217 (1983); Mayo S L, 
Olafson B D & Goddard W A G, “DREIDING: A Generic 
Force Field for Molecular Simulations,” J. Phys. Chem., 94: 
8897-8909 (1990); Pabo C 0 & Suchanek E G, “Computer 
Aided Model-Building Strategies for Protein Design,” Bio 
chemistry, 25: 5987-5991 (1986), LaZar G A, Desjarlais J R 
& Handel T M, “De Novo Design of the Hydrophobic Core 
of Ubiquitin,” Protein Science, 6: 1167-1178 (1997); Lee C 
& Levitt M, “Accurate Prediction of the Stability and 
Activity Effects of Site Directed Mutagenesis on a Protein 
Core,” Nature, 352: 448-451 (1991); Colombo G & MerZ K 
M, “Stability and Activity of Mesophilic Subtilisin E and Its 
Thermophilic Homolog: Insights from Molecular Dynamics 
Simulations,” J. Am. Chem. Soc., 121: 6895-6903 (1999); 
Weiner S J, Kollman P A, Case D A, Singh U C, Ghio C, 
Alagona G, Profeta S J, Weiner P, “A neW force ?eld for 
molecular mechanical simulation of nucleic acids and pro 
teins,” J. Am. Chem. Soc., 106: 765-784 (1984). Generally, 
the ?tness of a protein is quantitated so that the ?tness value 
increases as the property or combination of properties is 
optimiZed. For example, in embodiments Where the thermal 
stability of a protein is to be optimiZed (conformational 
energy is preferably decreased), the ?tness value may be the 
negative conformationl energy; i.e., F=—E. 

[0182] The “?tness contribution” of a protein residue 
refers to the level or extent f(ia) to Which the residue i8, 
having an identity a, contributes to the total ?tness of the 
protein. Thus, for example, if changing or mutating a 
particular amino acid residue Will greatly decrease the 
protein’s ?tness, that residue is said to have a high ?tness 
contribution to the polymer. By contrast, typically some 
residues ia in a protein may have a variety of possible 
identities a Without affecting the protein’s ?tness. Such 
residues, therefore have a loW contribution to the protein 
?tness. 

[0183] “Dead-end elimination” (DEE) is a deterministic 
search algorithm that seeks to systematically eliminate bad 
rotamers and combinations of rotamers until a single solu 
tion remains. For example, amino acid residues can be 
modeled as rotamers that interact With a ?xed backbone. The 
theoretical basis for DEE provides that, if the DEE search 
converges, the solution is the global minimum energy con 
formation (GMEC) With no uncertainty (Desmet et al., 
1992). 
[0184] Dead end elimination is based on the folloWing 
concept. Consider tWo rotamers, ir and it, at residue i, and 
the set of all other rotamer con?gurations {S} at all residues 
excluding i (of Which rotamer jS is a member). If the pairWise 
energy contributed betWeen iI and jS is higher than the 
pairWise energy betWeen it and j5 for all {S}, then rotamer 
ir cannot exist in the global minimum energy conformation, 
and can be eliminated. This notion is expressed mathemati 
cally by the inequality. 
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N N (Equation A) 

Eur) + 2 Eur. 1;) > Evy) + 2 Eu}. MS} 
j¢i 

[0185] If this expression is true, the single rotamer ir can 
be eliminated (Desmet et al., 1992). 

[0186] In this form, Equation A is not computationally 
tractable because, to make an elimination, it is required that 
the entire sequence (rotamer) space be enumerated. To 
simplify the problem, bounds implied by Equation A can be 
utiliZed: 

N N (Equation B) 

Eur) + Z mom. 1;) > E01) + Z mamm. MS} 
#z 

[0187] Using an analogous argument, Equation B can be 
extended to the elimination of pairs of rotamers inconsistent 
With the GMEC. This is done by determining that a pair of 
rotamers ir at residue i and jS at residue j, alWays contribute 
higher energies than rotamers and jV With all possible 
rotamer combinations Similar to Equation B, the strict 
bound of this statement is given by: 

N (Equation C) 
50,. 19+ 2 minmdir, I'm/<1) > 

1m‘, j 

[0188] Where e is the combined energies for rotamer 
pairs 

€(1-1>Js)=E (iI)+E (IQ'I'E (iv/Is (Equation D), 
and 

€(i17jS7 kt)=E(in 
[0189] This leads to the doubles elimination of the pair of 
rotamers iI and js, but does not eliminate the individual 
rotamers completely as either could exist independently in 
the GMEC. The doubles elimination step reduces the num 
ber of possible pairs (reduces S) that need to be evaluated in 
the right-hand side of Equation 6, alloWing more rotamers to 
be individually eliminated. 

(Equation 

[0190] The singles and doubles criteria presented by Des 
met et al. fail to discover special conditions that lead to the 
determination of more dead-ending rotamers For instance, it 
is possible that the energy contribution of rotamer it is 
alWays loWer than iI Without the maximum of it being beloW 
the minimum of ir. To address this problem, Goldstein 1994 
presented a modi?cation of the criteria that determines if the 
energy pro?les of tWo rotamers cross. If they do not, the 
higher energy rotamer can be determined to be dead-ending. 
The doubles calculation signi?cantly more computational 
time than the singles calculation. To accelerate the process, 
other computational methods have been developed to predict 
the doubles calculations that Will be the most productive 



US 2005/0287639 A1 

(Gordon & Mayo, 1998). These kinds of modi?cations, 
collectively referred to as fast doubles, signi?cantly 
improved the speed and effectiveness of DEE. 

[0191] Several other modi?cations also enhance DEE. 
Rotamers from multiple residues can be combined into 
so-called super-rotamers to prompt further eliminations 
(Desmet et al., 1994; Goldstein, 1994). This has the advan 
tage of eliminating multiple rotamers in a single step. In 
addition, it has been shoWn that “splitting” the conforma 
tional space betWeen rotamers improves the ef?ciency of 
DEE (Pierce et al., 2000). Splitting handles the folloWing 
special case. Consider rotamer ir. If a rotamer it1 contributes 
a loWer energy than iI for a portion of the conformational 
space, and a rotamer it2 has a loWer energy than iI for the 
remaining fraction, then iI can be eliminated. This case 
Would not be detected by the less sensitive Desmet or 
Goldstein criteria. In the preferred implementations of the 
invention as described herein, all of the described enhance 
ments to DEE Were used. 

[0192] For further discussion of these methods see, Gold 
stein, R. F. (1994), Ef?cient rotamer elimination applied to 
protein side-chains and related spin glasses, Biophysical 
Journal 66, 1335-1340; Desmet, J., De Maeyer, M., HaZes, 
B. & Lasters, I. (1992), The dead-end elimination theorem 
and its use in protein side-chain positioning. Nature 356, 
539-542; Desmet, J., De Macyer, M. & Lasters, I. (1994), In 
The Protein Folding Problem and Tertiary Structure Pre 
diction (Jr., K. M. & Grand, S. L., eds.), pp. 307-337 
(Birkhauser, Boston); De Maeyer, M., Desmet, J. & Lasters, 
I. (1997), All in one: a highly detailed rotamer library 
improves both accuracy and speed in the modeling of side 
chains by dead-end elimination, Folding & Design 2, 53-66, 
Gordon, D. B. & Mayo, S. L. (1998), Radical performance 
enhancements for combinatorial optimiZation algorithms 
based on the dead-end elimination theorem, Journal of 
Computational Chemistry 19, 1505-1514; Pierce, N. A., 
Spriet, J. A., Desmet, 1., Mayo, S. L., (2000), Conforma 
tional splitting: A more poWerful criterion for dead-end 
elimination; Journal of Computational Chemistry 21, 999 
1009. 

[0193] “Expression system” means a host cell and com 
patible vector under suitable conditions, eg for the expres 
sion of a protein coded for by foreign DNA carried by the 
vector and introduced to the host cell. Common expression 
systems include E. coli host cells and plasmid vectors, insect 
host cells such as Sf9, HiS or S2 cells and Baculovirus 
vectors, Drosophila cells (Schneider cells) and expression 
systems, and mammalian host cells and vectors. 

[0194] “Host cell” means any cell of any organism that is 
selected, modi?ed, transformed, groWn or used or manipu 
lated in any Way for the production of a substance by the 
cell. For example, a host cell may be one that is manipulated 
to express a particular gene, a DNA or RNA sequence, a 
protein or an enZyme. Host cells may be cultured in vitro or 
one or more cells in a non-human animal (e.g., a transgenic 
animal or a transiently transfected animal). 

[0195] The methods of the invention may include steps of 
comparing sequences to each other, including Wild-type 
sequence to one or more mutants. Such comparisons typi 
cally comprise alignments of polymer sequences, e. g., using 
sequence alignment programs and/or algorithms that are 
Well knoWn in the art (for example, BLAST, FASTA and 
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MEGALIGN, to name a feW). The skilled artisan can readily 
appreciate that, in such alignments, Where a mutation con 
tains a residue insertion or deletion, the sequence alignment 
Will introduce a “gap” (typically represented by a dash, “—”, 
or “A”) in the polymer sequence not containing the inserted 
or deleted residue. 

[0196] “Homologous”, in all its grammatical forms and 
spelling variations, refers to the relationship betWeen tWo 
molecules (e.g. proteins, tRNAs, nucleic acids) that possess 
a “common evolutionary origin”, including proteins from 
superfamilies in the same species of organism, as Well as 
homologous proteins from different species of organism. 
Such proteins (and their encoding nucleic acids) have 
sequence and/or structural homology, as re?ected by their 
sequence similarity, Whether in terms of percent identity or 
by the presence of speci?c residues or motifs and conserved 
positions. Homologous molecules frequently also share 
similar or even identical functions. 

[0197] The term “sequence similarity”, in all its gram 
matical forms, refers to the degree of identity or correspon 
dence betWeen nucleic acid or amino acid sequences that 
may or may not share a common evolutionary origin (see, 
Reeck et al., supra). HoWever, in common usage and in the 
instant application, the term “homologous”, When modi?ed 
With an adverb such as “highly”, may refer to sequence 
similarity and may or may not relate to a common evolu 
tionary origin. 

[0198] A nucleic acid molecule is “hybridizable” to 
another nucleic acid molecule, such as a cDNA, genomic 
DNA, or RNA, When a single stranded form of the nucleic 
acid molecule can anneal to the other nucleic acid molecule 
under the appropriate conditions of temperature and solution 
ionic strength (see Sambrook et al., Molecular Cloning: A 
Laboratory Manual, Second Edition (1989) Cold Spring 
Harbor Laboratory Press, Cold Spring Harbor, NY). The 
conditions of temperature and ionic strength determine the 
“stringency” of the hybridiZation. For preliminary screening 
for homologous nucleic acids, loW stringency hybridiZation 
conditions, corresponding to a Trn (melting temperature) of 
55° C., can be used, e.g., 5><SSC, 0.1% SDS, 0.25% milk, 
and no formamide; or 30% formamide, 5><SSC, 0.5% SDS). 
Moderate stringency hybridiZation conditions correspond to 
a higher Tm, e.g., 40% formamide, with 5x or 6><SSC. High 
stringency hybridiZation conditions correspond to the high 
est Tm, e.g., 50% formamide, 5x or 6><SSC. SSC is a 0.15M 
NaCl, 0.015M Na-citrate. HybridiZation requires that the 
tWo nucleic acids contain complementary sequences, 
although depending on the stringency of the hybridiZation, 
mismatches betWeen bases are possible. The appropriate 
stringency for hybridiZing nucleic acids depends on the 
length of the nucleic acids and the degree of complemen 
tation, variables Well knoWn in the art. The greater the 
degree of similarity or homology betWeen tWo nucleotide 
sequences, the greater the value of Trn for hybrids of nucleic 
acids having those sequences. The relative stability (corre 
sponding to higher Tm) of nucleic acid hybridiZations 
decreases in the folloWing order: RNA:RNA, DNA:RNA, 
DNA:DNA. For hybrids of greater than 100 nucleotides in 
length, equations for calculating Trn have been derived (see 
Sambrook et al., supra, 9.50-9.51). For hybridiZation With 
shorter nucleic acids, i.e., oligonucleotides, the position of 
mismatches becomes more important, and the length of the 
oligonucleotide determines its speci?city (see Sambrook et 
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al., supra, 11.7-11.8). A minimum length for a hybridiZable 
nucleic acid is at least about 10 nucleotides; preferably at 
least about 15 nucleotides; and more preferably the length is 
at least about 20 nucleotides. 

[0199] Unless speci?ed, the term “standard hybridiZation 
conditions” refers to a Trn of about 55° C., and utiliZes 
conditions as set forth above. In a preferred embodiment, the 
Trn is 60° C.; in a more preferred embodiment, the Trn is 65° 
C. In a speci?c embodiment, “high stringency” refers to 
hybridiZation and/or Washing conditions at 68° C. in 0.2>< 
SSC, at 42° C. in 50% formamide, 4><SSC, or under con 
ditions that afford levels of hybridiZation equivalent to those 
observed under either of these tWo conditions. 

[0200] Suitable hybridiZation conditions for oligonucle 
otides (e.g., for oligonucleotide probes or primers) are 
typically someWhat different than for full-length nucleic 
acids (e.g., full-length cDNA), because of the oligonucle 
otides’ loWer melting temperature. Because the melting 
temperature of oligonucleotides Will depend on the length of 
the oligonucleotide sequences involved, suitable hybridiZa 
tion temperatures Will vary depending upon the oligoncucle 
otide molecules used. Exemplary temperatures may be 37° 
C. (for 14-base oligonucleotides), 48° C. (for 17-base oli 
goncucleotides), 55° C. (for 20-base oligonucleotides) and 
60° C. (for 23-base oligonucleotides). Exemplary suitable 
hybridiZation conditions for oligonucleotides include Wash 
ing in 6><SSC/0.05% sodium pyrophosphate, or other con 
ditions that afford equivalent levels of hybridiZation. 

[0201] “Polypeptide, peptide” or “protein” are used 
interchangably to describe a chain of amino acids that are 
linked together by chemical bonds called “peptide bonds.” A 
protein or polypeptide, including an enZyme, may be a 
“native” or “Wild-type”, meaning that it occurs in nature; or 
it may be a “mutant”, “variant” or “modi?ed”, meaning that 
it has been made, altered, derived, or is in some Way 
different or changed from a native protein or from another 
mutant. 

[0202] “Rotamer” is de?ned as a set of possible conform 
ers for each amino acid or analog side chain. See Ponder, et 
al., Acad. Press Inc. (London) Ltd. pp. 775-791 (1987); 
Dunbrack, et al., Struc. Biol. 1(5):334-340 (1994); Desmet, 
et al., Nature 356:539-542 (1992). A “rotamer library” is a 
collection of a set of possible/alloWable rotametic confor 
mations for a given set of amino acids or analogs. There are 
tWo general types of rotamer libraries: “backbone depen 
dent” and “backbone independent.” A backbone dependent 
rotamer library alloWs different rotamers depending on the 
position of the residue in the backbone; thus for example, 
certain leucine rotamers are alloWed if the position is Within 
an 0t helix, and different leucine rotamers are alloWed if the 
position is not in an ot-helix. A backbone independent 
rotamer library utiliZes all rotamers of an amino acid at 
every position. In general, a backbone independent library is 
preferred in the consideration of core residues, since ?ex 
ibility in the core is important. HoWever, backbone inde 
pendent libraries are computationally more expensive, and 
thus for surface and boundary positions, a backbone depen 
dent library is preferred. HoWever, either type of library can 
be used at any position. 

[0203] “Variable residue position” herein is meant an 
amino acid position of the protein to be designed that is not 
?xed in the design method as a speci?c residue or rotamer, 
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generally the Wild-type residue or rotamer. It should be 
noted that even if a position is chosen as a variable position, 
it is possible that the methods of the invention Will optimiZe 
the sequence in such a Way as to select the Wild type residue 
at the variable position. This generally occurs more fre 
quently for core residues, and less regularly for surface 
residues. In addition, it is possible to ?x residues as non-Wild 
type amino acids as Well. “Fixed residue position” means 
that the residue identi?ed in the three dimensional structure 
as being in a set conformation. In some embodiments, a 
?xed position is left in its original conformation (Which may 
or may not correlate to a speci?c rotamer of the rotamer 
library being used). Alternatively, residues may be ?xed as 
a non-Wild type residue depending on design needs; for 
example, When knoWn site-directed mutagenesis techniques 
have shoWn that a particular residue is desirable (for 
example, to eliminate a proteolytic site or alter the substrate 
speci?city of an AARS), the residue may be ?xed as a 
particular amino acid. Residues Which can be ?xed include, 
but are not limited to, structurally or biologically functional 
residues. For example, the anchor residues. 

[0204] In certain embodiments, a ?xed position may be 
“?oated”; the amino acid or analog at that position is ?xed, 
but different rotamers of that amino acid or analog are tested. 
In this embodiment, the variable residues may be at least 
one, or anyWhere from 0.1% to 99.9% of the total number 
of residues. Thus, for example, it may be possible to change 
only a feW (or one) residues, or most of the residues, With all 
possibilities in betWeen. 

[0205] As used herein, the term “orthogonal” refers to a 
molecule (e.g., an orthogonal tRNA (O-tRNA) and/or an 
orthogonal aminoacyl tRNA synthetase (O-RS)) that is used 
With reduced ef?ciency (as compared to Wild-type or endog 
enous) by a system of interest (e.g., a translational system, 
e.g., a cell). Orthogonal refers to the inability or reduced 
ef?ciency, e.g., less than 20% ef?cient, less than 10% 
ef?cient, less than 5% efficient, or e.g., less than 1% ef?cient, 
of an orthogonal tRNA and/or orthogonal RS to function in 
the translation system of interest. For example, an orthogo 
nal tRNA in a translation system of interest aminoacylates 
any endogenous RS of a translation system of interest With 
reduced or even Zero ef?ciency, When compared to aminoa 
cylation of an endogenous tRNA by the endogenous RS. In 
another example, an orthogonal RS aminoacylates any 
endogenous tRNA in the translation system of interest With 
reduced or even Zero ef?ciency, as compared to aminoacy 
lation of the endogenous tRNA by an endogenous RS. 
“Improvement in orthogonality” refers to enhanced orthogo 
nality compared to a starting material or a naturally occur 
ring tRNA or RS. 

[0206] “Wobble degenerate codon” refers to a codon 
encoding a natural amino acid, Which codon, When present 
in mRNA, is recogniZed by a natural tRNA anticodon 
through at least one non-Watson-Crick, or Wobble base 
pairing (e.g., A-C or G-U base-pairing). Watson-Crick base 
pairing refers to either the G-C or A-U (RNA or DNA/RNA 
hybrid) or A-T (DNA) base-pairing. When used in the 
context of mRNA codon-tRNA anticodon base-pairing, Wat 
son-Crick base-pairing means all codon-anticodon base 
pairings are mediated through either G-C or A-U. 
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[0207] As used herein, proteins and/or protein sequences 
are “homologous” When they are derived, naturally or arti 
?cially, from a common ancestral protein or protein 
sequence. Similarly, nucleic acids and/or nucleic acid 
sequences are homologous When they are derived, naturally 
or arti?cially, from a common ancestral nucleic acid or 
nucleic acid sequence. For example, any naturally occurring 
nucleic acid can be modi?ed by any available mutagenesis 
method to include one or more selector codon. When 
expressed, this mutageniZed nucleic acid encodes a polypep 
tide comprising one or more unnatural amino acid. The 
mutation process can, of course, additionally alter one or 
more standard codon, thereby changing one or more stan 
dard amino acid in the resulting mutant protein as Well. 
Homology is generally inferred from sequence similarity 
betWeen tWo or more nucleic acids or proteins (or sequences 
thereof). The precise percentage of similarity betWeen 
sequences that is useful in establishing homology varies 
With the nucleic acid and protein at issue, but as little as 25% 
sequence similarity is routinely used to establish homology. 
Higher levels of sequence similarity, e.g., 30%, 40%, 50%, 
60%, 70%, 80%, 90%, 95% or 99% or more can also be used 
to establish homology. Methods for determining sequence 
similarity percentages (e.g., BLASTP and BLASTN using 
default parameters) are described herein and are generally 
available. 

[0208] The term “preferentially aminoacylates” refers to 
an ef?ciency, e.g., about 20%, about 30%, about 40%, about 
50%, about 60%, about 70%, about 75%, about 85%, about 
90%, about 95%, about 99% or more ef?cient, at Which an 
O-RS aminoacylates an 0tRNA With an unnatural amino 
acid compared to a naturally occurring tRNA or starting 
material used to generate the O-tRNA. The unnatural amino 
acid is then incorporated into a groWing polypeptide chain 
With high ?delity, e.g., at greater than about 20%, 30%, 40%, 
50%, 60%, 75%, 80%, 90%, 95%, or greater than about 99% 
ef?ciency for a given codon. 

[0209] The term “complementary” refers to components 
of an orthogonal pair, O-tRNA and O-RS that can function 
together, e.g., the O-RS aminoacylates the O-tRNA. 

[0210] The term “derived from” refers to a component that 
is isolated from an organism or isolated and modi?ed, or 
generated, e.g., chemically synthesiZed, using information 
of the component from the organism. 

[0211] The term “translation system” refers to the com 
ponents necessary to incorporate a naturally occurring or 
unnatural amino acid into a groWing polypeptide chain 
(protein). For example, components can include ribosomes, 
tRNA(s), synthetas(es), mRNA and the like. The compo 
nents of the present invention can be added to a translation 
system, in vivo or in vitro. An in vivo translation system may 
be a cell (eukaryotic or prokaryotic cell). An in vitro 
translation system may be a cell-free system, such as recon 
stituted one With components from different organisms 
(puri?ed or recombinantly produced). 
[0212] The term “inactive RS” refers to a synthetase that 
have been mutated so that it no longer can aminoacylate its 
cognate tRNA With an amino acid. 

[0213] The term “selection agent” refers to an agent that 
When present alloWs for a selection of certain components 
from a population, e.g., an antibiotic, Wavelength of light, an 
antibody, a nutrient or the like. The selection agent can be 
varied, e.g., such as concentration, intensity, etc. 

[0214] The term “positive selection marker” refers to a 
marker than When present, e.g., expressed, activated or the 
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like, results in identi?cation of an organism With the positive 
selection marker from those Without the positive selection 
marker. 

[0215] The term “negative selection marker” refers to a 
marker than When present, e.g., expressed, activated or the 
like, alloWs identi?cation of an organism that does not 
possess the desired property (e.g., as compared to an organ 
ism Which does possess the desired property). 

[0216] The term “reporter” refers to a component that can 
be used to select components described in the present 
invention. For example, a reporter can include a green 
?uorescent protein, a ?re?y luciferase protein, or genes such 
as [3-gal/lacZ ([3-galactosidase), Adh (alcohol dehydroge 
nase) or the like. 

[0217] The term “not ef?ciently recogniZed” refers to an 
ef?ciency, e.g., less than about 10%, less than about 5%, or 
less than about 1%, at Which a RS from one organism 
aminoacylates O-tRNA. 

[0218] The term “eukaryote” refers to organisms belong 
ing to the phylogenetic domain Eucarya such as animals 
(e.g., mammals, insects, reptiles, birds, etc.), ciliates, plants, 
fungi (e.g., yeasts, etc.), ?agellates, microsporidia, protists, 
etc. Additionally, the term “prokaryote” refers to non-eu 
karyotic organisms belonging to the Eubacteria (e.g., 
Escherichia coli, T hermus thermophilus, etc.) and Archaea 
(e.g., Methanococcus jannaschii, Methanobacterium ther 
moautotrophicum, Halobacterium such as Haloferax volca 
nii and Halobacterium species NRC-1, A. fulgidus, R ?ri 
osus, R horikoshii, A. pernix, etc.) phylogenetic domains. 

[0219] III. The Genetic Code, Host Cells, and the Degen 
erate Codons 

[0220] The standard genetic code most cells use is listed 
beloW. 

The Genetic Code 
Middle 

First U C A G Last 

U Phe Ser Tyr Cys U 

Phe Ser Tyr Cys C 

Leu Ser Stop Stop A 

(Ochre) (Umber) 

Leu Ser Stop Trp G 

(Amber) 

C Leu Pro His Arg U 

Leu Pro His Arg C 

Leu Pro Gln Arg A 

Leu Pro Gln Arg G 

A Ile Thr Asn Ser U 

Ile Thr Asn Ser C 

Ile Thr Lys Arg A 

Met Thr Lys Arg G 










































































