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IN VIVO SITE-SEPECIFIC INCORPORATION 
OF N-ACETYL-GALACTOSAMINE AMINO 

ACIDS IN EUBACTERIA 

CROSS-REFERENCE TO RELATED 
APPLICATIONS 

[0001] This application claims priority to and bene?t of 
US. Provisional Patent Application Ser. No. 60/620,898, 
?led Oct. 20, 2004, the speci?cation of Which is incorporated 
herein in its entirety for all purposes. 

STATEMENT AS TO RIGHTS TO INVENTIONS 
MADE UNDER FEDERALLY SPONSORED 

RESEARCH AND DEVELOPMENT 

[0002] This invention Was made With government support 
under Grant No. GM44154 awarded by the National Insti 
tutes of Health. The Government may have certain rights to 
the invention. 

FIELD OF THE INVENTION 

[0003] The invention is in the ?eld of protein biochemistry. 
The invention relates to compositions and methods for mak 
ing and using orthogonal tRNAs, orthogonal aminoacyl 
tRNA synthetases, and pairs thereof, that incorporate unnatu 
ral amino acids into proteins, Where the unnatural amino acids 
comprise an N-acetylgalactosamine moiety and the resulting 
proteins are glycoproteins. The invention also relates to meth 
ods of producing proteins in cells using such pairs and related 
compositions. The invention is in the ?eld of glycopeptides, 
glycoproteins, and related mimetics, and methods for synthe 
sis of glycopeptides, glycoproteins, and related mimetics. 

BACKGROUND OF THE INVENTION 

[0004] Glycosylation is one of most prevalent posttransla 
tional modi?cations (PTMs) of proteins and plays an impor 
tant role in many biological processes. For example, the post 
translational modi?cation of proteins by glycosylation can 
affect protein folding and stability, modify the intrinsic activ 
ity of proteins, and modulate their interactions With other 
biomolecules. See, e.g., Varki,A. (1993) Glycobiology 3:97 
130; DWek (1996) Chem. Rev. 96:683-720; and Sears and 
Wong (1998) Cell Mol. Life Sci. 54:223-252. Natural glyco 
proteins are often present as a population of many different 
glycoforms, Which makes analysis of glycan structure and the 
study of glycosylation effects on protein structure and func 
tion dif?cult. Therefore, methods for the synthesis of natural 
and unnatural homogeneously glycosylated proteins Would 
be useful tools, e.g., for the systematic understanding of gly 
can function, and for the development of improved glycopro 
tein therapeutics. 
[0005] Considerable effort has focused on the methods for 
generation of glycoproteins, including chemical and enZy 
matic synthetic approaches, in vitro translation, and pathWay 
engineering. One previously knoWn approach for making 
proteins having desired glycosylation patterns makes use of 
glycosidases to convert a heterogeneous natural glycoprotein 
to a simple homogenous core, onto Which saccharides can 
then be grafted sequentially With glycosyltransferases. See, 
e.g., Witte, K., et al., (1997) J. Am. Chem. Soc. 119:2114 
21 18. A limitation of this approach is that the primary glyco 
sylation sites are predetermined by the cell line in Which the 
protein is expressed. Alternatively, a glycopeptide containing 
the desired glycan structure can be synthesiZed by solid phase 
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peptide synthesis. This glycopeptide can be coupled to other 
peptides or recombinant protein fragments to afford a larger 
glycoprotein by native chemical ligation (see, e.g., Shin,Y., et 
al., (1999) J. Am. Chem. Soc. 121:11684-11689) expressed 
protein ligation, (see, e.g., Tolbert, T. J. and Wong, C.-H. 
(2000) J. Am. Chem. Soc. 122:5421-5428), or With engi 
neered proteases. See, e.g., Witte, K., et al., (1998) J. Am. 
Chem. Soc. 120:1979-1989. Both native chemical ligation 
and expressed protein ligation are most effective With small 
proteins, and necessitate a cysteine residue at the N-terminus 
of the glycopeptide. When a protease is used to ligate peptides 
together, the ligation site is preferably placed far aWay from 
the glycosylation site for good coupling yields. See, e. g., 
Witte, K., et al., (1998) J. Am. Chem. Soc. 120: 1 979-1989. A 
third approach is to modify proteins With saccharides directly 
using chemical methods. Good selectivity can be achieved 
With haloacetamide saccharide derivatives, Which are 
coupled to the thiol group of cysteine, (see, e.g., Davis, N. J. 
and, Flitsch, S. L. (1991) Tetrahedron Lell. 32:6793-6796; 
and, Macmillan, D.; et al., (2002) Org Let! 4: 1467-1470), but 
this method can become problematic With proteins that have 
more than one cysteine residue. 
[0006] Accordingly, a need exists for improved methods 
for making glycoproteins having a desired glycosylation pat 
tern. The invention ful?lls this and other needs, as Will be 
apparent upon revieW of the folloWing disclosure. 

SUMMARY OF THE INVENTION 

[0007] The present invention provides methods and related 
compositions for the preparation of glycoproteins. In one 
aspect, the present invention provides orthogonal aminoacyl 
tRNA synthetases that preferentially aminoacylate an 
orthogonal tRNA (O-tRNA) With an unnatural amino acid 
bearing an N-acetylgalactosamine (GalNAc) moiety, such as 
N-acetylgalactosamine-ot-threonine or N-acetylgalac 
tosamine-ot-serine. In some embodiments, the orthogonal 
aminoacyl-tRNA synthetase (OiRS) is generated from a 
synthetase sequence originally obtained from Melhanococ 
cusjannaschii, for example, an amino acid sequence derived 
from a Wild-type Melhanococcus jannaschii tyrosyl-tRNA 
synthetase. Exemplary mutant M jannaschii Tyr-tRNA syn 
thetases (MjTyrRS) that can utiliZe GalNAc-containing 
unnatural amino acids include, but are not limited to, the 
polypeptide sequences provided in SEQ ID NO.: 1 through 4, 
as Well as conservative variations thereof. 

[0008] In some embodiments, the OiRS aminoacylates 
the O-tRNA With the unnatural amino acid With an ef?ciency 
that is at least 50% of the e?iciency observed for a translation 
system comprising the unnatural amino acid, the O-tRNA and 
an OiRS having an amino acid sequence of SEQ ID NOs: 1, 
2, 3, 4 or a conservative variant thereof. 
[0009] Also provided are nucleic acids that encode the 
O-RS polypeptides, for example, the nucleic acids of SEQ ID 
NOs: 6-9 encoding exemplary orthogonal tRNA synthetases 
of the present invention. Furthermore, vectors, for example 
expression vectors, carrying these DNA sequences are pro 
vided, as Well as cells comprising the vectors. 
[0010] In a related aspect, the present invention provides 
amino acid sequences for an orthogonal aminoacyl-tRNA 
synthetase (OiRS) having at least 70% sequence identity 
With M jannaschii Tyr-tRNA synthetase (SEQ ID NO:5), as 
determined using BLAST set to default parameters; the 
amino acid sequence include, but are not limited to, one or 
more amino acid substitutions (as compared to SEQ ID NO: 
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5) selected from the group consisting of Tyr32Phe, Tyr32Gln, 
Tyr3 2Ala, Tyr32Leu, Ala67Pro, Ala67Ser, Ala67Thr, 
His70Pro, His70Lys, Leu98Ile, Glu107Pro, Val149Ile, 
Gln155Ser, Asp158Val, Asp158Cys, Ile159Tyr, Leu162Arg, 
Gly163Cys, and Ala167Val. 
[0011] Other aspects of the invention include methods for 
synthesis of a glycoprotein by incorporating at a selected 
position into a protein an unnatural amino acid that comprises 
a saccharide moiety (e.g., a glycosyl-containing amino acid). 
A glycoprotein produced by the method is also a feature of the 
invention. The methods include, but are not limited to, the 
steps of (a) providing a translation system comprising i) an 
unnatural amino acidWith a GalNAc moiety; ii) a nucleic acid 
that comprises at least one selector codon and encodes the 
glycoprotein; iii) an orthogonal tRNA (O-tRNA) that recog 
niZes the selector codon; and, iv) an orthogonal aminoacyl 
tRNA synthetase that preferentially aminoacylates the 
O-tRNA With the unnatural amino acid; and (b) incorporating 
the glycosylated amino acid into the selected position in the 
protein during translation of the protein, Where the selected 
position in the protein corresponds to the position of the 
selector codon in the nucleic acid, thereby producing the 
protein. 
[0012] In some embodiments, the OiRS used in the 
method preferentially aminoacylates the O-tRNA With the 
unnatural amino acid With an ef?ciency that is at least 50% of 
the e?iciency observed for a translation system comprising 
the glycosylated amino acid, the O-tRNA and an OiRS 
comprising an amino acid sequence selected from SEQ ID 
NOs: 1, 2, 3, 4 and conservative variants thereof. 
[0013] Unnatural amino acids recogniZed by the syn 
thetases of the present invention include, but are not limited 
to, ot-GalNAc-L-threonine, ot-O-GalNAc-L-serine, [3-O 
GlcNAc-L-serine, C-glycosides and thio-glycosyl analogs of 
a glycosyl-containing amino acid (e.g., compositions in 
Which a carbon or a sulfur atom replaces the anomeric oxy 
gen), and/ or the like. The unnatural amino acids that can be 
used in the method also include N-acetylgalactosamine-ot 
threonine, 3 ,4, 6-triacetyl-N-acetylgalacto samine-ot-threo - 
nine, N-acetylgalactosamine-ot-serine and 3,4,6-triacetyl-N 
acetylgalactosamine-ot-serine. Optionally, the incorporating 
step is performed in vivo. 
[0014] In some embodiments, the translation system uses 
an OiRS derived from a Wild-type Melhanococcus jann 
aschii tyrosyl-tRNA synthetase. 
[0015] The orthogonal tRNA and orthogonal aminoacyl 
tRNA synthetase perform as an orthogonal pair (O-tRNA/ 
OiRS pair), Wherein the O-tRNA recogniZes the selector 
codon, and incorporates the unnatural amino acid (in this 
case, the glycosyl-containing amino acid) into the protein in 
response to the selector codon. Optionally, the O-tRNA 
employed in the methods comprises a mutRNACUATy’. 
[0016] Exemplary orthogonal aminoacyl-tRNA syn 
thetases for use in the incorporation of a galactosamine-con 
taining amino acid into a peptide sequence include, but are not 
limited to, the polypeptides provided in SEQ ID NOS: 1-4, as 
Well as conservative variations thereof, or is encoded by a 
polynucleotide comprising a polynucleotide sequence of any 
one of SEQ ID NOS.: 6-9 (or conservative variations thereof). 
Additional OiRS sequences of the present invention (e.g., 
that recogniZes one or more glucosamine-containing amino 
acids) include an amino acid sequence comprising any one of 
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SEQ ID NOS.: 11-13, or is encoded by a polynucleotide 
comprising a polynucleotide sequence of any one of SEQ ID 
NOS.: 14-16. 
[0017] The glycoprotein synthesis methods of the present 
invention can further involve contacting the saccharide moi 
ety of the unnatural amino acid (or of the nascent polypeptide 
containing the incorporated unnatural amino acid) With a 
glyco syltransferase, a sugar donor moiety, and other reactants 
required for glycosyltransferase activity for a su?icient time 
and under appropriate conditions to transfer a sugar from the 
sugar donor moiety to the saccharide moiety. The product of 
this reaction can, if desired, be contacted by one or more 
additional glyco syltransferases, together With the appropriate 
sugar donor moieties, to further extend the saccharide com 
ponent. 
[0018] In some embodiments of the methods, providing the 
translation system comprises providing a cell (e.g., a prokary 
otic cell, such as a E. coli cell) in Which the O-tRNA and the 
OiRS is expressed and/or functions. Providing the transla 
tion system can be achieved, e.g., by groWing the cell in 
groWth media, and may optionally include co-expressing a 
nucleic acid sequence encoding the OiRS and/or a nucleic 
acid encoding the O-tRNA in the cell. 
[0019] Optionally, providing the glycosylated amino acid 
involves converting a protected form of the unnatural amino 
acid (e.g., an acetylated version such as 3,4,6-triacetyl-N 
acetylglactosamine-ot-threonine) to the unprotected form 
(e.g., an N-acetylgalactosamine-ot-threonine). Deprotection 
of the unnatural amino acid, e. g., by nonspeci?c esterases in 
the cytosol of the cell (or other cellular-based translation 
system), preferably occurs prior to aminoacylating the 
O-tRNA and/or incorporating the unnatural amino acid into 
the protein. 
[0020] In certain embodiments, the method further com 
prises contacting the product of the glycosyltransferase reac 
tion With at least a second glycosyltransferase and a second 
sugar donor moiety. In one embodiment, the saccharide moi 
ety comprises a terminal GlcNAc, the sugar donor moiety is 
UDP-GlcNAc and the glycosyltransferase is a [31-4N-acetyl 
glucosaminyltransferase. In another embodiment, the saccha 
ride moiety comprises a terminal GlcNAc, the sugar donor 
moiety is UDP-Gal and the glycosyltransferase is a [31-4 
galactosyltransferase. In a further embodiment, the saccha 
ride moiety comprises a terminal GalNAc, the sugar donor is 
a UDP-GlcNAc and/or a UDP-Gal, and the glycosyltrans 
ferases include a ([31-6)N-acetylglucosaminyltransferase 
and/or a [31-3-galactosyltransferase, respectively. Various 
sugars can optionally be added to the saccharide portion of the 
unnatural amino acid by using an appropriate glycosyltrans 
ferase, including, but not limited to, e.g., a galactosyltrans 
ferase, a fucosyltransferase, a glucosyltransferase, an 
N-acetylgalactosaminyltransferase, an N-acetylglucosami 
nyltransferase, a glucuronyltransferase, a sialyltransferase, a 
mannosyltransferase, a glucuronic acid transferase, a galac 
turonic acid transferase, an oligo saccharyltransferase, and the 
like. 

[0021] In a further aspect, the present invention also pro 
vides translation systems for the preparation of glycopro 
teins. The translation systems of the present invention 
include, but are not limited to, an orthogonal tRNA (O-tRNA) 
that recogniZes at least one selector codon, and an orthogonal 
aminoacyl tRNA synthetase (OiRS) that preferentially ami 
noacylates the O-tRNA With an unnatural amino acid that 
comprises a saccharide moiety (e.g., an N-acetylgalac 
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tosamine moiety). One or more saccharide-containing 
unnatural amino acids are also provided, as either a protected 
or deprotected composition (e.g., a [3-O-GlcNAc-L-serine, a 
tri-acetyl-[3-O-GlcNAc-serine, an ot-O-GalNAc-L-threo 
nine, a tri-acetyl-0t-O-GalNAc-threonine, an ot-O-GalNAc 
serine, a triacetyl-ot-GalNAc-serine, the corresponding pro 
tected or unprotected thio-glycosyl analogs, and/or the like). 
In some embodiments, the OiRS used in the translation 
system is derived from a Wild-type Melhanococcus jann 
aschii tyrosyl-tRNA synthetase. In some embodiments, the 
translation system uses an O-tRNA that is an amber suppres 
sor tRNA. 

[0022] In some embodiments, the OiRS in the translation 
system aminoacylates the O-tRNA With the unnatural amino 
acid With an ef?ciency that is at least 50% of the e?iciency 
observed for a translation system that uses the unnatural 
amino acid, the same O-tRNA and an OiRS having an 
amino acid sequence of SEQ ID NOs: 1, 2, 3, 4 or a conser 
vative variant thereof. 

[0023] In embodiments targeted toWard the use of galac 
tosamine-containing unnatural amino acids, the OiRS 
employed in the translation system can include one or more 
amino acid sequences selected from the group consisting of 
SEQ ID NOS: 1-4 and conservative variations thereof (or is 
encoded by a polynucleotide comprising a polynucleotide 
sequence of any one of SEQ ID NOS: 6-9). In other embodi 
ments involving glucosamine-containing amino acid sub 
strates, the OiRS comprises an amino acid sequence com 
prising any one of SEQ ID NOs.: 11-13, or is encoded by a 
polynucleotide comprising a polynucleotide sequence of any 
one of SEQ ID NO.: 14-16. The translation system can further 
includes a polynucleotide that encodes a protein of interest, 
that polynucleotide comprising a selector codon that is rec 
ogniZed by the O-tRNA. In some embodiments, the transla 
tion system is a cell, such as an E. coli cell. The host cell can 
comprise the system components, including a polynucleotide 
encoding the OiRS (e.g., SEQ ID NOs: 6, 7, 8 or 9) and a 
polynucleotide encoding the O-tRNA. 
[0024] The present invention also provides glycosyl-con 
taining unnatural amino acids and O-tRNA molecules 
coupled to unnatural amino acids having a saccharide moiety, 
e.g., for use in the methods and translation systems and With 
the novel orthogonal tRNA synthetases of the present inven 
tion. The glycosyl-containing unnatural amino acids of the 
present invention include, but are not limited to, ot-GalNAc 
L-threonine, ot-O-GalNAc-L-serine, [3-O-GlcNAc-L-serine, 
protected versions of the glycosyl-containing amino acids, 
and thio-glycosyl analogs. 
[0025] Arti?cial (e. g., man-made, and not naturally occur 
ring) polypeptides and polynucleotides are also features of 
the invention. For example, an arti?cial polypeptide of the 
invention includes, e.g., (a) a polypeptide that comprises an 
amino acid sequence as shoWn in any one of SEQ ID NO.: 1-4 
and 11-13; (b) a polypeptide that comprises an amino acid 
sequence encoded by a polynucleotide sequence as shoWn in 
any one ofSEQ ID NO.: 6-9 and 14-16; (c) a polypeptide that 
is speci?cally immunoreactive With an antibody speci?c for a 
polypeptide of (a), or (b); and, (d) an amino acid sequence 
comprising a conservative variation of (a), (b), or (c). Anti 
bodies and antisera that are speci?cally immunoreactive With 
an arti?cial polypeptide of the invention are also provided. An 
arti?cial polynucleotide of the invention includes, e.g., (a) a 
polynucleotide comprising a nucleotide sequence as set forth 
in any one of SEQ ID NO.: 6-9 and 14-16; (b) a polynucle 
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otide that is complementary to or that encodes a polynucle 
otide sequence of (a); (c) a polynucleotide encoding a 
polypeptide that comprises an amino acid sequence as set 
forth in any one of SEQ ID NO.: 1-4 and 11-13, or a conser 
vative variation thereof; (d) a polynucleotide that encodes an 
arti?cial polypeptide; (e) a nucleic acid that hybridiZes to a 
polynucleotide of (a), (b), (c), or (d) under highly stringent 
conditions over substantially the entire length of the nucleic 
acid; (f) a polynucleotide that is at least 98% identical to a 
polynucleotide of (a), (b), (c), (d), or (e); and, (h) a polynucle 
otide comprising a conservative variation of (a), (b), (c), (d), 
(e), Or @ 

De?nitions 

[0026] Before describing the invention in detail, it is to be 
understood that this invention is not limited to particular 
devices 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 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 cell” includes a 
combination of tWo or more cells; reference to “bacteria” 
includes cultures of bacteria; reference to “a polypeptide” 
includes, as a practical matter, many copies of that polypep 
tide; and the like. 
[0027] Orthogonal: As used herein, the term “orthogonal” 
refers to a molecule, e.g., an orthogonal tRNA (O-tRNA) 
and/or an orthogonal aminoacyl-tRNA synthetase (OiRS), 
that functions With endogenous components of a cell With 
reduced ef?ciency as compared to a corresponding molecule 
that is endogenous to the cell or translation system, or that 
fails to function With endogenous components of the cell. In 
the context of tRNAs and aminoacyl-tRNA synthetases, 
orthogonal refers to an inability or reduced e?iciency, e.g., 
less than 20% e?iciency, less than 10% e?iciency, less than 
5% e?iciency, or less than 1% e?iciency, of an orthogonal 
tRNA to function With an endogenous tRNA synthetase com 
pared to an endogenous tRNA to function With the endog 
enous tRNA synthetase, or of an orthogonal aminoacyl-tRNA 
synthetase to function With an endogenous tRNA compared 
to an endogenous tRNA synthetase to function With the 
endogenous tRNA. The orthogonal molecule lacks a func 
tionally normal endogenous complementary molecule in the 
cell. For example, an orthogonal tRNA in a cell is aminoacy 
lated by any endogenous RS of the cell With reduced or even 
Zero e?iciency, When compared to aminoacylation of an 
endogenous tRNA by the endogenous RS. In another 
example, an orthogonal RS aminoacylates any endogenous 
tRNA a cell of interest With reduced or even Zero e?iciency, as 
compared to aminoacylation of the endogenous tRNA by an 
endogenous RS. A second orthogonal molecule can be intro 
duced into the cell that functions With the ?rst orthogonal 
molecule. For example, an orthogonal tRNA/ RS pair includes 
introduced complementary components that function 
together in the cell With an ef?ciency (e.g., 45% e?iciency, 
50% e?iciency, 60% ef?ciency, 70% ef?ciency, 75% e?i 
ciency, 80% ef?ciency, 90% e?iciency, 95% e?iciency, or 
99% or more ef?ciency) as compared to that of a control, e. g., 
a corresponding tRNA/RS endogenous pair, or an active 
orthogonal pair (e.g., a tyrosyl orthogonal tRNA/RS pair). 
[0028] Orthogonal tyrosyl-tRNA: As used herein, an 
orthogonal tyrosyl-tRNA (tyrosyl-O-tRNA) is a tRNA that is 
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orthogonal to a translation system of interest, Where the tRNA 
is: (1) identical or substantially similar to a naturally occur 
ring tyrosyl-tRNA, (2) derived from a naturally occurring 
tyrosyl-tRNA by natural or arti?cial mutagenesis, (3) derived 
by any process that takes a sequence of a Wild-type or mutant 
tyrosyl-tRNA sequence of (1) or (2) into account, (4) homolo 
gous to a Wild-type or mutant tyrosyl-tRNA; (5) homologous 
to any example tRNA that is designated as a substrate for a 
tyrosyl-tRNA synthetase in TABLE 3, or (6) a conservative 
variant of any example tRNA that is designated as a substrate 
for a tyrosyl-tRNA synthetase in TABLE 3. The tyrosyl 
tRNA can exist charged With an amino acid, or in an 
uncharged state. It is also to be understood that a “tyrosyl-O 
tRN ” optionally is charged (aminoacylated) by a cognate 
synthetase With an amino acid other than tyrosine, e.g., With 
an unnatural amino acid comprising an N-acetylgalac 
tosamine. Indeed, it Will be appreciated that a tyrosyl-O 
tRNA of the invention is advantageously used to insert essen 
tially any amino acid, Whether natural or arti?cial, into a 
groWing polypeptide, during translation, in response to a 
selector codon. 

[0029] Orthogonal tyrosyl amino acid synthetase: As used 
herein, an orthogonal tyro syl amino acid synthetase (tyro syl 
OiRS) is an enZyme that preferentially aminoacylates the 
tyrosyl-O-tRNA With an amino acid in a translation system of 
interest. The amino acid that the tyrosyl-OiRS loads onto 
the tyrosyl-O-tRNA can be any amino acid, Whether natural, 
unnatural or arti?cial, and is not limited herein. The syn 
thetase is optionally the same as or homologous to a naturally 
occurring tyrosyl amino acid synthetase, or the same as or 
homologous to a synthetase designated as an OiRS in 
TABLE 3. For example, the OiRS can be a conservative 
variant of a tyrosyl-OiRS of TABLE 3, and/or can be at least 
50%, 60%, 70%, 80%, 90%, 95%, 98%, 99% or more iden 
tical in sequence to an OiRS of TABLE 3. 

[0030] Cognate: The term “cognate” refers to components 
that function together, e.g., an orthogonal tRNA and an 
orthogonal aminoacyl-tRNA synthetase. The components 
can also be referred to as being complementary. 

[0031] Preferentially aminoacylates: As used herein in ref 
erence to orthogonal translation systems, an OiRS “prefer 
entially aminoacylates” a cognate O-tRNA When the OiRS 
charges the O-tRNA With an amino acid more e?iciently than 
it charges any endogenous tRNA in an expression system. 
That is, When the O-tRNA and any given endogenous tRNA 
are present in a translation system in approximately equal 
molar ratios, the OiRS Will charge the O-tRNA more fre 
quently than it Will charge the endogenous tRNA. Preferably, 
the relative ratio of O-tRNA charged by the OiRS to endog 
enous tRNA charged by the OiRS is high, preferably result 
ing in the OiRS charging the O-tRNA exclusively, or nearly 
exclusively, When the O-tRNA and endogenous tRNA are 
present in equal molar concentrations in the translation sys 
tem. The relative ratio betWeen O-tRNA and endogenous 
tRNA that is charged by the OiRS, When the O-tRNA and 
OiRS are present at equal molar concentrations, is greater 
than 1:1, preferably at least about 2:1, more preferably 5:1, 
still more preferably 10:1, yet more preferably 20:1, still 
more preferably 50:1, yet more preferably 75:1, still more 
preferably 95:1, 98:1, 99:1, 100:1, 500:1, 1,000:1, 5,000:1 or 
higher. 
[0032] The OiRS “preferentially aminoacylates an 
O-tRNA With an unnatural amino acid” When (a) the OiRS 
preferentially aminoacylates the O-tRNA compared to an 
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endogenous tRNA, and (b) Where that aminoacylation is spe 
ci?c for the unnatural amino acid, as compared to aminoacy 
lation of the O-tRNA by the OiRS With any natural amino 
acid. That is, When the unnatural and natural amino acids are 
present in equal molar amounts in a translation system com 
prising the OiRS and O-tRNA, the OiRS Will load the 
O-tRNA With the unnatural amino acid more frequently than 
With the natural amino acid. Preferably, the relative ratio of 
O-tRNA charged With the unnatural amino acid to O-tRNA 
charged With the natural amino acid is high. More preferably, 
OiRS charges the O-tRNA exclusively, or nearly exclu 
sively, With the unnatural amino acid. The relative ratio 
betWeen charging of the O-tRNA With the unnatural amino 
acid and charging of the O-tRNA With the natural amino acid, 
When both the natural and unnatural amino acids are present 
in the translation system in equal molar concentrations, is 
greater than 1 :1, preferably at least about 2: 1, more preferably 
5: 1, still more preferably 10: 1, yet more preferably 20: 1, still 
more preferably 50:1, yet more preferably 75:1, still more 
preferably 95:1, 98:1, 99:1, 100:1, 500:1, 1,000:1, 5,000:1 or 
higher. 
[0033] Selector codon: The term “selector codon” refers to 
codons recogniZed by the O-tRNA in the translation process 
and not recogniZed by an endogenous tRNA. The O-tRNA 
anticodon loop recogniZes the selector codon on the mRNA 
and incorporates its amino acid, e.g., an unnatural amino acid, 
such as a GalNAc amino acid, at this site in the polypeptide. 
Selector codons can include, e.g., nonsense codons, such as, 
stop codons, e.g., amber, ochre, and opal codons; four or more 
base codons; rare codons; codons derived from natural or 
unnatural base pairs and/or the like. 
[0034] Suppressor tRNA: A suppressor tRNA is a tRNA 
that alters the reading of a messenger RNA (mRNA) in a 
given translation system, e. g., by providing a mechanism for 
incorporating an amino acid into a polypeptide chain in 
response to a selector codon. For example, a suppressor tRNA 
can read through, e.g., a stop codon (e.g., an amber, ocher or 
opal codon), a four base codon, a rare codon, etc. 
[0035] Suppression activity: As used herein, the term “sup 
pression activity” refers, in general, to the ability of a tRNA 
(e.g., a suppressor tRNA) to alloW translational read-through 
of a codon (eg a selector codon that is an amber codon or a 
4-or-more base codon) that Would otherWise result in the 
termination of translation or mistranslation (e. g., frame-shift 
ing). Suppression activity of a suppressor tRNA can be 
expressed as a percentage of translational read-through activ 
ity observed compared to a second suppressor tRNA, or as 
compared to a control system, e.g., a control system lacking 
an OiRS. 

[0036] The present invention provides various means by 
Which suppression activity can be quantitated. Percent sup 
pression of a particular O-tRNA and OiRS against a selector 
codon (e.g., an amber codon) of interest refers to the percent 
age of activity of a given expressed test marker (e. g., LacZ), 
that includes a selector codon, in a nucleic acid encoding the 
expressed test marker, in a translation system of interest, 
Where the translation system of interest includes an OiRS 
and an O-tRNA, as compared to a positive control construct, 
Where the positive control lacks the O-tRNA, the OiRS and 
the selector codon. Thus, for example, if an active positive 
control marker construct that lacks a selector codon has an 
observed activity of X in a given translation system, in units 
relevant to the marker assay at issue, then percent suppression 
of a test construct comprising the selector codon is the per 
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centage of X that the test marker construct displays under 
essentially the same environmental conditions as the positive 
control marker Was expressed under, except that the test 
marker construct is expressed in a translation system that also 
includes the O-tRNA and the OiRS. Typically, the transla 
tion system expressing the test marker also includes an amino 
acid that is recognized by the OiRS and O-tRNA. Option 
ally, the percent suppression measurement can be re?ned by 
comparison of the test marker to a “background” or “nega 
tive” control marker construct, Which includes the same 
selector codon as the test marker, but in a system that does not 
include the O-tRNA, OiRS and/or relevant amino acid rec 
ognized by the O-tRNA and/or OiRS. This negative control 
is useful in normalizing percent suppression measurements to 
account for background signal effects from the marker in the 
translation system of interest. 
[0037] Suppression e?iciency can be determined by any of 
a number of assays knoWn in the art. For example, a [3-galac 
tosidase reporter assay can be used, e.g., a derivatived lacZ 
plasmid (Where the construct has a selector codon n the lacZ 
nucleic acid sequence) is introduced into cells from an appro 
priate organism (e. g., an organism Where the orthogonal com 
ponents can be used) along With plasmid comprising an 
O-tRNA of the invention. A cognate synthetase can also be 
introduced (either as a polypeptide or a polynucleotide that 
encodes the cognate synthetase When expressed). The cells 
are groWn in media to a desired density, e.g., to an OD600 of 
about 0.5, and [3-galactosidase assays are performed, e.g., 
using the BetaFluorTM [3-GalactosidaseAssay Kit (Novagen). 
Percent suppression can be calculated as the percentage of 
activity for a sample relative to a comparable control, e. g., the 
value observed from the derivatized lacZ construct, Where the 
construct has a corresponding sense codon at desired position 
rather than a selector codon. 

[0038] Translation system: The term “translation system” 
refers to the components that incorporate an amino acid into 
a groWing polypeptide chain (protein). Components of a 
translation system can include, e.g., ribosomes, tRNAs, syn 
thetases, mRNA and the like. The O-tRNA and/or the 
OiRSs of the invention can be added to or be part of an in 
vitro or in vivo translation system, e.g., in a non-eukaryotic 
cell, e.g., a bacterium (such as E. coli), or in a eukaryotic cell, 
e.g., a yeast cell, a mammalian cell, a plant cell, an algae cell, 
a fungus cell, an insect cell, and/or the like. In some embodi 
ments, a translation system can be in vitro, Where a cell 
extract is used in place of a host cell. 

[0039] Unnatural amino acid: As used herein, the term 
“unnatural amino acid” refers to any amino acid, modi?ed 
amino acid, and/or amino acid analogue, such as a GalNAc 
amino acid, that is not one of the 20 common naturally occur 
ring amino acids or seleno cysteine or pyrrolysine. 
[0040] Derived from: As used herein, the term “derived 
from” refers to a component that is isolated from or made 
using a speci?ed molecule or organism, or information from 
the speci?ed molecule or organism. For example, a polypep 
tide that is derived from a second polypeptide comprises an 
amino acid sequence that is identical or substantially similar 
to the amino acid sequence of the second polypeptide. In the 
case of polypeptides, the derived species can be obtained by, 
for example, naturally occurring mutagenesis, arti?cial 
directed mutagenesis or arti?cial random mutagenesis. The 
mutagenesis used to derive polypeptides can be intentionally 
directed or intentionally random. The mutagenesis of a 
polypepitde to create a different polypeptide derived from the 
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?rst can be a random event (e. g., caused by polymerase in? 
delity) and the identi?cation of the derived polypeptide can be 
serendipitous. Mutagenesis of a polypeptide typically entails 
manipulation of the polynucleotide that encodes the polypep 
tide. 
[0041] Positive selection or screening marker: As used 
herein, the term “positive selection or screening marker” 
refers to a marker that When present, e. g., expressed, activated 
or the like, results in identi?cation of a cell, Which comprise 
the trait, e.g., cells With the positive selection marker, from 
those Without the trait. 
[0042] Negative selection or screening marker: As used 
herein, the term “negative selection or screening marker” 
refers to a marker that, When present, e.g., expressed, acti 
vated, or the like, alloWs identi?cation of a cell that does not 
comprise a selected property or trait (e.g., as compared to a 
cell that does possess the property or trait). 
[0043] Reporter: As used herein, the term “reporter” refers 
to a component that can be used to identify and/ or select target 
components of a system of interest. For example, a reporter 
can include a protein, e.g., an enzyme, that confers antibiotic 
resistance or sensitivity (e.g., [3-lactamase, chloramphenicol 
acetyltransferase (CAT), and the like), a ?uorescent screening 
marker (e.g., green ?uorescent protein (e.g., (GFP), YFP, 
EGFP, RFP, etc.), a luminescent marker (e.g., a ?re?y 
luciferase protein), an a?inity based screening marker, or 
positive or negative selectable marker genes such as lacZ, 
[3-gal/lacZ ([3-galactosidase), ADH (alcohol dehydrogenase), 
his3, ura3, leu2, lys2, or the like. 
[0044] Eukaryote: As used herein, the term “eukaryote” 
refers to organisms belonging to the Kingdom Eucarya. 
Eukaryotes are generally distinguishable from prokaryotes 
by their typically multicellular organization (but not exclu 
sively multicellular, for example, yeast), the presence of a 
membrane-bound nucleus and other membrane-bound 
organelles, linear genetic material (i.e., linear chromosomes), 
the absence of operons, the presence of introns, message 
capping and poly-A mRNA, and other biochemical charac 
teristics, such as a distinguishing ribosomal structure. 
Eukaryotic organisms include, for example, animals (e.g., 
mammals, insects, reptiles, birds, etc.), ciliates, plants (e.g., 
monocots, dicots, algae, etc.), fungi, yeasts, ?agellates, 
microsporidia, protists, etc. 
[0045] Prokaryote: As used herein, the term “prokaryote” 
refers to organisms belonging to the Kingdom Monera (also 
termed Procarya). Prokaryotic organisms are generally dis 
tinguishable from eukaryotes by their unicellular organiza 
tion, asexual reproduction by budding or ?ssion, the lack of a 
membrane-bound nucleus or other membrane-bound 
organelles, a circular chromosome, the presence of operons, 
the absence of introns, message capping and poly-A mRNA, 
and other biochemical characteristics, such as a distinguish 
ing ribosomal structure. The Prokarya include subkingdoms 
Eubacteria and Archaea (sometimes termed “Archaebacte 
ria”). Cyanobacteria (the blue green algae) and mycoplasma 
are sometimes given separate classi?cations under the King 
dom Monera. 
[0046] Bacteria: As used herein, the terms “bacteria” and 
“eubacteria” refer to prokaryotic organisms that are distin 
guishable from Archaea. Similarly, Archaea refers to 
prokaryotes that are distinguishable from eubacteria. Eubac 
teria and Archaea can be distinguished by a number morpho 
logical and biochemical criteria. For example, differences in 
ribosomal RNA sequences, RNA polymerase structure, the 
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presence or absence ofintrons, antibiotic sensitivity, the pres 
ence or absence of cell Wall peptidoglycans and other cell 
Wall components, the branched versus unbranched structures 
of membrane lipids, and the presence/ ab sence of hi stones and 
histone-like proteins are used to assign an organism to Eubac 
teria or Archaea. 

[0047] Examples of Eubacteria include Escherichia coli, 
Thermus lhermophilus and Bacillus slearolhermophilus. 
Example of Archaea include Melhanococcus jannaschii 

Melhanosarcina mazei (Mm), Melhanobaclerium ther 
moaulolrophicum (Mt), Melhanococcus maripaludis, Metha 
nopyrus kandleri, Halobaclerium such as Haloferax volcanii 
and Halobaclerium species NRC-l, Archaeoglobusfulgidus 
(Af), Pyrococcusfuriosus (Pf), Pyrococcus horikoshii (Ph), 
Pyrobaculum aerophilum, Pyrococcus abyssi, Sulfolobus sol 
falaricus (Ss), Sulfolobus lokodaii, Aeuropyrum pernix (Ap), 
Thermoplasma acidophilum and Thermoplasma volcanium. 
[0048] Conservative variant: As used herein, the term “con 
servative variant,” in the context of a translation component, 
refers to a translation component, e. g., a conservative variant 
O-tRNA or a conservative variant OiRS, that functionally 
performs similar to a base component that the conservative 
variant is similar to, e.g., an O-tRNA or OiRS, having 
variations in the sequence as compared to a reference 
O-tRNA or OiRS. For example, an OiRS, or a conserva 

tive variant of that OiRS, Will aminoacylate a cognate 
O-tRNA With an unnatural amino acid, e.g., an amino acid 
comprising an N-acetylgalactosamine moiety. In this 
example, the OiRS and the conservative variant OiRS do 
not have the same amino acid sequences. The conservative 
variant can have, e.g., one variation, tWo variations, three 
variations, four variations, or ?ve or more variations in 
sequence, as long as the conservative variant is still comple 
mentary to the corresponding O-tRNA or OiRS. 

[0049] In some embodiments, a conservative variant 
OiRS comprises one or more conservative amino acid sub 
stitutions compared to the OiRS from Which it Was derived. 
In some embodiments, a conservative variant OiRS com 
prises one or more conservative amino acid substitutions 
compared to the OiRS from Which it Was derived, and 
furthermore, retains OiRS biological activity; for example, 
a conservative variant OiRS that retains at least 10% of the 
biological activity of the parent OiRS molecule from Which 
it Was derived, or alternatively, at least 20%, at least 30%, or 
at least 40%. In some preferred embodiments, the conserva 
tive variant OiRS retains at least 50% of the biological 
activity of the parent OiRS molecule from Which it Was 
derived. The conservative amino acid substitutions of a con 
servative variant OiRS can occur in any domain of the 
OiRS, including the amino acid binding pocket. 
[0050] Selection or screening agent: As used herein, the 
term “selection or screening agent” refers to an agent that, 
When present, alloWs for selection/ screening of certain com 
ponents from a population. For example, a selection or 
screening agent canbe, but is not limited to, e.g., a nutrient, an 
antibiotic, a Wavelength of light, an antibody, an expressed 
polynucleotide, or the like. The selection agent can be varied, 
e.g., by concentration, intensity, etc. 
[0051] In response to: As used herein, the term “in response 
to” refers to the process in Which a O-tRNA of the invention 
recogniZes a selector codon and mediates the incorporation 
the GalNAc amino acid, Which is coupled to the tRNA, into 
the groWing polypeptide chain. 
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[0052] Encode: As used herein, the term “encode” refers to 
any process Whereby the information in a polymeric macro 
molecule or sequence string is used to direct the production of 
a second molecule or sequence string that is different from the 
?rst molecule or sequence string. As used herein, the term is 
used broadly, and can have a variety of applications. In one 
aspect, the term “encode” describes the process of semi 
conservative DNA replication, Where one strand of a double 
stranded DNA molecule is used as a template to encode a 
neWly synthesiZed complementary sister strand by a DNA 
dependent DNA polymerase. 
[0053] In another aspect, the term “encode” refers to any 
process Whereby the information in one molecule is used to 
direct the production of a second molecule that has a different 
chemical nature from the ?rst molecule. For example, a DNA 
molecule can encode an RNA molecule (e.g., by the process 
of transcription incorporating a DNA-dependent RNA poly 
merase enZyme). Also, an RNA molecule can encode a 
polypeptide, as in the process of translation. When used to 
describe the process of translation, the term “encode” also 
extends to the triplet codon that encodes an amino acid. In 
some aspects, an RNA molecule can encode a DNA molecule, 
e.g., by the process of reverse transcription incorporating an 
RNA-dependent DNA polymerase. In another aspect, a DNA 
molecule can encode a polypeptide, Where it is understood 
that “encode” as used in that case incorporates both the pro 
cesses of transcription and translation. 
[0054] Saccharide moiety: As used herein, the terms “sac 
charide moiety” and “glycosyl moiety” refers to natural and 
unnatural sugar moieties (i.e., a non-naturally occurring sugar 
moiety, e.g., a sugar moiety that is modi?ed, e.g., at one or 
more hydroxyl or amino positions, e.g., dehydroxylated, 
deaminated, acetylated, esteri?ed, etc., e.g., 2-deoxyGal is an 
example of an unnatural sugar moiety). The term “carbohy 
drate” has the general formula (CH2O)n, and includes, but is 
not limited to, e. g., monosaccharides, disaccharides, oli 
gosaccharides and polysaccharides. Oligosaccharides are 
chains composed of saccharide units, Which are alternatively 
knoWn as sugars. Saccharide units can be arranged in any 
order and the linkage betWeen tWo saccharide units can occur 
in any of approximately ten different Ways. 
[0055] The folloWing glycosyl-related abbreviations are 
used herein: 

[0056] Ara:arabinosyl; 
[0057] Fru:fructosyl; 
[0058] Fuc:fucosyl; 
[0059] Gal:galactosyl; 
[0060] GalNAc:N-acetylgalactosaminyl; 
[0061] Glc:glucosyl; 
[0062] GlcNAc:N-acetylglucosaminyl; 
[0063] Man:mannosyl; and 
[0064] NeuAc:sialyl (typically N-acetylneuraminyl). 

[0065] Unless otherWise de?ned herein or beloW in the 
remainder of the speci?cation, all technical and scienti?c 
terms used herein have the same meaning as commonly 
understood by those of ordinary skill in the art to Which the 
invention belongs. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0066] FIG. 1 schematically illustrates the “charging” of 
Tyr-tRNACUA With the unnatural amino acid GalNAc-ot-threo 
nine 1 after removal of the acetyl groups of the per-acetylated 
precursor 2 (e.g., by nonspeci?c cytosolic esterases). The 
GalNAc-ot-threonine can then be site-speci?cally incorpo 
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rated in vivo into recombinant glycoproteins during biosyn 
thesis (e.g., in E. coli), by readthrough of nonsense amber 
codon UAG. 
[0067] FIG. 2 schematically depicts a synthetic approach to 
the preparation of peracetylated GalNAc-ot-threonine. 
[0068] FIGS. 3A-3C illustrate the expression of the myo 
globin 4TAG mutant gene With the evolved AH1 (FIG. 3A) 
and C10F (FIG. 3B) MjTyrRS, demonstrating the protein 
levels generated in the presence (+) versus absence (—) of the 
N-acetylgalactosamine-ot-O-threonine substrate. Mrprotein 
markers (kDa). FIG. 3C depicts high resolution ESI-TOF 
mass spectrum of myoglobin expressed With C10F and gly 
cosyl amino acid 2 shoWs peaks for GalNAc-ot-Thr incorpo 
ration (expected average MH+18448.8) and tyrosine incor 
poration (expected average MH+18431.2). Sample mixtures 
Were separated by reverse-phase chromatography. 
[0069] FIGS. 4A and 4B, illustrate binding of a GalNAc 
speci?c lectins J/icia J/ill0sa lectin (VV L) and Dolichos Bi?o 
rus lectin (DBL) to glycomyoglobin samples. A 10-fold and 
5 fold increase in ELLA signal, With VVL and DBL, respec 
tively, Was observed for myoglobin samples expressed With 
GalNAc-ot-Thr (+) versus those groWn in the absence (—) of 
the glycosyl amino acid. Control samples (“blank”) com 
posed of pNPP substrate Without any AP-St, depict back 
ground hydrolysis. 
[0070] FIG. 5A illustrates expression of the Gly4—>A 
mutant myoglobin (~18.5 kDa). Proteins Were puri?ed by 
Ni2+-a?inity chromatography and resolved by SDS-PAGE. 
The gel Was silver-stained. FIG. 5B illustrates MALDI-TOF 
analysis of the molecular Weight of the Gly4—>A mutant 
myoglobin. 
[0071] FIGS. 6A-6C illustrate characterization of the puri 
?ed mutant myoglobin containing a glycosylated amino acid. 
FIG. 6A illustrates binding of a GlcNAc-speci?c lectin, Ban 
deriraea simplicifolia II (BSII), to Wild-type myoglobin and 
glycomyoglobin. FIG. 6B illustrates on-blot galactosyltrans 
ferase labeling glycomyoglobin With UDP-[H3]galactose. 
FIG. 6C illustrates quantitative analysis of the galactosyl 
transferase reaction, Which Was carried out in solution, and 
the radiolabeled galactose Was normalized such that 1.0 cor 
responds to 100% transfer. 

DETAILED DESCRIPTION 

[0072] Posttranslational modi?cations of proteins regulate 
many biological processes, including metabolism, signal 
transduction, and gene expression. The synthetic challenges 
associated With generating homogeneous populations of 
selectively modi?ed proteins, hoWever, have hindered 
detailed studies of the effects of these modi?cations on pro 
tein structure and function. For example, glycosylation is one 
of the most common post-translational modi?cations of pro 
teins in eukaryotes and affects a Wide range of protein func 
tions from folding and secretion to biomolecular recognition 
and serum halflife. See, e.g., R. A. DWek, (1996) Chem. Rev. 
96:683. 
[0073] While there have been signi?cant advances in our 
understanding of the effects of glycosylation, the speci?c 
roles of oligosaccharide chains and the relationships betWeen 
their structures and functions are just beginning to be under 
stood. See, e.g., C. R. Ber‘tozzi, & L. L. Kiessling, (2001) 
Science 291:2357. The primary challenge is that glycopro 
teins are typically produced as a mixture of glycoforms, mak 
ing it dif?cult to isolate unique glycoforms from natural 
sources. A variety of methods have been developed to syn 
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thesize structurally de?ned glycoforms, but all impose severe 
restrictions on the size, quantity, and/or quality of the glyco 
protein produced. See, e.g., P. Sears, & C. H. Wong, (2001) 
Science 291:2344; M. Wacker et al., (2002) Science 298: 
1790; B. G. Davis, (2002) Chem. Rev. 102:579; and, H. C. 
Hang, & C. R. Bertozzi, (2001) Acc. Chem. Res. 34:727. 
[0074] The invention solves this and other problems, and 
provides glycoproteins and glycoprotein mimetics, and 
highly ef?cient novel methods for synthesis of glycoproteins 
having desired glycosylation patterns. The glycoproteins and 
glycoprotein mimetics of the invention have utility in produc 
ing homogeneous glycoforms of therapeutic glycoproteins 
and/or facilitating the studies on the structures and functions 
of glycosylated proteins. 
[0075] The solution provided by the present invention uses 
programmed, site-speci?c biosynthetic incorporation of 
unnatural amino acids containing N-acetylgalactosamine 
moieties into proteins using orthogonal translation compo 
nents. This strategy results in an expansion of the genetic code 
and adds N-acetylgalactosamine amino acids to the biologi 
cal translation repertoire. This approach is made feasible by 
the use of “orthogonal” tRNAs and corresponding novel 
“orthogonal” aminoacyl-tRNA synthetases to incorporate the 
unnatural amino acids directly to a groWing protein chain 
using the in vivo protein biosynthetic machinery of a host cell 
(e.g., a eubacterial Escherichia coli host cell). 
[0076] We report herein the evolution of novel orthogonal 
translation systems for the highly e?icient genetic incorpo 
ration of N-acetylgalactosamine (GalNAc) amino acids into 
proteins produced in eubacteria host cells (e.g., E. coli) in 
response to the amber nonsense codon, TAG. The novel com 
positions and methods described herein employ orthogonal 
tRNA (O-tRNA)/aminoacyl-tRNA synthetase (OiRS) sys 
tems, Where the orthogonal system uses components derived 
from Melhanococcusjanaschi i, and Where these components 
are used in a eubacterial host system for producing a protein 
of interest. The incorporation of N-acetylgalactosamine 
amino acids into the protein can be programmed to occur at 
any desired position by engineering the polynucleotide 
encoding the protein of interest to contain a selector codon 
that signals the incorporation of the N-acetylgalactosamine 
amino acid. 

Orthogonal tRNA/Aminoacyl-tRNA Synthetase Technology 
[0077] An understanding of the novel compositions and 
methods of the present invention is facilitated by an under 
standing of the activities associated With orthogonal tRNA 
and orthogonal aminoacyl-tRNA synthetase pairs. Discus 
sions of orthogonal tRNA and aminoacyl-tRNA synthetase 
technologies can be found, for example, in various sources, 
e.g., Wang et al., (2001), Science 292:498-500; Chin et al., 
(2002) Journal ofthe American Chemical Society 124:9026 
9027; Chin and Schultz, (2002), ChemBioChem 11:1 135 
1137; Chin, et al., (2002), PNAS United States ofAmerica 
99:11020-11024; and Wang and Schultz, (2002), Chem. 
C0mm., 1-10. See also, International Publications WO 2002/ 
086075, entitled “METHODS AND COMPOSITIONS FOR 
THE PRODUCTION OF ORTHOGONAL tRNAAMINOA 
CYL-tRNA SYNTHETASE PAIRS;” WO 2002/085923, 
entitled “IN VIVO INCORPORATION OF UNNATURAL 
AMINO ACIDS;” WO 2004/094593, entitled “EXPAND 
ING THE EUKARYOTIC GENETIC CODE;” WO 2005/ 
019415, ?led Jul. 7, 2004; WO 2005/007870, ?led Jul. 7, 
2004; and WO 2005/007624, ?led Jul. 7, 2004. Each ofthese 
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references and published patent applications is incorporated 
herein by reference in its entirety. 
[0078] In order to add additional reactive unnatural amino 
acids, such as GalNAc amino acids, to the genetic code, neW 
orthogonal pairs comprising an aminoacyl-tRNA synthetase 
and a suitable tRNA are needed that can function ef?ciently in 
the host translational machinery, but that are “orthogonal” to 
the translation system at issue, meaning that it functions 
independently of the synthetases and tRNAs endogenous to 
the translation system. Desired characteristics of the ortholo 
gous pair include tRNA that decode or recogniZe only a 
speci?c codon, e.g., a selector codon, that is not decoded by 
any endogenous tRNA, and aminoacyl-tRNA synthetases 
that preferentially aminoacylate (or “charge”) its cognate 
tRNA With only one speci?c unnatural amino acid. The 
O-tRNA is also not typically aminoacylated by endogenous 
synthetases. For example, in E. coli, an orthogonal pair Will 
include an aminoacyl-tRNA synthetase that does not cross 
react With any of the endogenous tRNA, e. g., Which there are 
40 in E. coli, and an orthogonal tRNA that is not aminoacy 
lated by any of the endogenous synthetases, e.g., of Which 
there are 21 in E. coli. 

[0079] The invention described herein provides orthogonal 
pairs for the genetic encoding and incorporation of GalNAc 
amino acids into proteins in a eubacteria, e.g., E. coli, Where 
the orthogonal components do not cross-react With endog 
enous E. coli components of the translational machinery of 
the host cell, but recogniZe the desired unnatural amino acid 
and incorporate it into proteins in response to the amber 
nonsense codon, TAG. The orthogonal components provided 
by the invention include orthogonal aminoacyl-tRNA syn 
thetases derived from Melhanococcus jannaschii tyrosyl 
tRNA-synthetase, and the mutant tyrosyl tRNACUA amber 
suppressor. In this system, the mutant aminoacyl-tRNA syn 
thetases aminoacylate the suppressor tRNA With, e.g., Gal 
NAc-ot-threonine, and not With any of the common tWenty 
amino acids. 
[0080] This invention provides compositions of and meth 
ods for identifying and producing additional orthogonal 
tRNA-aminoacyl-tRNA synthetase pairs, e.g., O-tRNA/Oi 
RS pairs that can be used to incorporate a GalNAc amino acid 
into a protein. An O-tRNA of the invention is capable of 
mediating incorporation of GalNAc amino acids into a pro 
tein that is encoded by a polynucleotide, Which comprises a 
selector codon that is recogniZed by the O-tRNA, e. g., in vivo. 
The anticodon loop of the O-tRNA recogniZes the selector 
codon on an mRNA and incorporates its amino acid, e.g., a 
GalNAc amino acid at this site in the polypeptide. An 
orthogonal aminoacyl-tRNA synthetase of the invention pref 
erentially aminoacylates (or charges) its O-tRNA With only 
one speci?c GalNAc amino acid. 
[0081] For example, as demonstrated herein, the amino 
acid GalNAc-ot-threonine Was incorporated selectively and 
e?iciently into a protein in a eubacterial cell (Escherichia 
coli; E. coli) in response to a selector codon, e.g., the TAG 
codon. The ability to incorporate a GalNAc amino acid site 
speci?cally into proteins can facilitate the study of proteins, 
as Well as enable the engineering of proteins With novel 
properties. 
Orthogonal tRNA/Orthogonal Aminoacryl-tRNA Syn 
thetases and Translation Systems 
[0082] Translation systems that are suitable for making 
proteins that include one or more unnatural amino acids are 
described in, for example, International Publication Numbers 
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WO 2002/086075, entitled “METHODS AND COMPOSI 
TION FOR THE PRODUCTION OF ORTHOGONAL 
tRNA-AMINOACYL-tRNA SYNTHETASE PAIRS;” WO 
2002/085923, entitled “IN VIVO INCORPORATION OF 
UNNATURAL AMINO ACIDS;” and WO 2004/094593, 
entitled “EXPANDING THE EUKARYOTIC GENETIC 
CODE;” WO 2005/019415, ?led Jul. 7, 2004; WO 2005/ 
007870, ?led Jul. 7, 2004 and WO 2005/007624, ?led Jul. 7, 
2004. Each of these applications is incorporated herein by 
reference in its entirety. Such translation systems generally 
comprise cells (Which can be non-eukaryotic cells such as E. 
coli, or eukaryotic cells such as yeast) that include an 
orthogonal tRNA (O-tRNA), an orthogonal aminoacyl tRNA 
synthetase (OiRS), and an unnatural amino acid (e.g., in the 
present invention, a GalNAc amino acid), Where the OiRS 
aminoacylates the O-tRNA With the GalNAc amino acid. An 
orthogonal pair of the invention includes an O-tRNA, e. g., a 
suppressor tRNA, a frameshift tRNA, or the like, and an 
OiRS. Individual components are also provided in the 
invention. 

[0083] The present invention provides novel orthogonal 
tRNA synthetases (OiRSs) for use in the generation of 
glycoproteins, e.g., using the methods, translation systems 
and/ or kits of the present invention. In addition to the OiRS, 
the methods translation systems and kits generally also 
include an orthogonal tRNA (e.g., a suppressor tRNA, a 
frameshift tRNA, or the like), and a glycosyl-containing 
unnatural amino acid, With Which the OiRS aminoacylates 
the O-tRNA. The development of multiple orthogonal tRNA/ 
synthetase pairs (an O-tRNA and an OiRS ) can alloW the 
simultaneous incorporation of multiple unnatural amino 
acids using different codons. Table 3 provides exemplary 
OiRS and O-tRNA sequences of the present invention. 

[0084] In general, When an orthogonal pair recogniZes a 
selector codon and loads an amino acid in response to the 
selector codon, the orthogonal pair is said to “suppress” the 
selector codon. That is, a selector codon that is not recogniZed 
by the translation system’s (e.g., the cell’s) endogenous 
machinery is not ordinarily translated, Which can result in 
blocking production of a polypeptide that Would otherWise be 
translated from the nucleic acid. An O-tRNA of the invention 
recogniZes a selector codon and includes at least about, e.g., 
a 45%, a 50%, a 60%, a 75%, a 80%, or a 90% or more 
suppression ef?ciency in the presence of a cognate synthetase 
in response to a selector codon as compared to the suppres 
sion e?iciency of an O-tRNA comprising or encoded by a 
polynucleotide sequence as set forth in the sequence listing 
herein. The OiRS aminoacylates the O-tRNA With an 
unnatural amino acid of interest, such as a GalNAc amino 
acid. The cell uses the O-tRNA/OiRS pair to incorporate the 
unnatural amino acid into a groWing polypeptide chain, e.g., 
via a nucleic acid that comprises a polynucleotide that 
encodes a polypeptide of interest, Where the polynucleotide 
comprises a selector codon that is recogniZed by the O-tRNA. 
In certain desirable aspects, the cell can include an additional 
O-tRNA/OiRS pair, Where the additional O-tRNA is loaded 
by the additional OiRS With a different unnatural amino 
acid. For example, one of the O-tRNAs can recogniZe a four 
base codon and the other can recogniZe a stop codon. Alter 
nately, multiple different stop codons or multiple different 
four base codons can speci?cally recogniZe different selector 
codons. 

[0085] In certain embodiments of the invention, a cell such 
as an E. coli cell that includes an orthogonal tRNA (O-tRNA), 
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an orthogonal aminoacyl-tRNA synthetase (OiRS), a Gal 
NAc amino acid and a nucleic acid that comprises a poly 
nucleotide that encodes a polypeptide of interest, Where the 
polynucleotide comprises the selector codon that is recog 
niZed by the O-tRNA. The translation system can also be a 
cell-free system, e.g., any of a variety of commercially avail 
able “in vitro” transcription/translation systems in combina 
tion With an O-tRNA/ORS pair and an unnatural amino acid 
as described herein. 

[0086] In one embodiment, the suppression ef?ciency of 
the OiRS and the O-tRNA together is about, e. g., 5 fold, 10 
fold, 15 fold, 20 fold, or 25 fold or more greater than the 
suppression ef?ciency of the O-tRNA lacking the OiRS. In 
one aspect, the suppression ef?ciency of the OiRS and the 
O-tRNA togetheris at least about, e.g., 35%, 40%, 45%, 50%, 
60%, 75%, 80%, or 90% or more of the suppression e?iciency 
of an orthogonal synthetase pair as set forth in the sequence 
listings herein. 
[0087] As noted, the invention optionally includes multiple 
O-tRNA/OiRS pairs in a cell or other translation system, 
Which alloWs incorporation of more than one unnatural amino 
acid, e.g., a GalNAc amino acid and another unnatural amino 
acid. For example, the cell can further include an additional 
different O-tRNA/OiRS pair and a second unnatural amino 
acid, Where this additional O-tRNA recognizes a second 
selector codon and this additional OiRS preferentially ami 
noacylates the O-tRNA With the second unnatural amino 
acid. For example, a cell that includes an O-tRNA/OiRS 
pair (Where the O-tRNA recognizes, e.g., an amber selector 
codon), can further comprise a second orthogonal pair, e.g., 
leucyl, lysyl, glutamyl, etc., (Where the second O-tRNA rec 
ogniZes a different selector codon, e.g., an opal codon, a 
four-base codon, or the like). Desirably, the different orthogo 
nal pairs are derived from different sources, Which can facili 
tate recognition of different selector codons. 
[0088] The O-tRNA and/or the OiRS can be naturally 
occurring or can be, e.g., derived by mutation of a naturally 
occurring tRNA and/or RS, e.g., by generating libraries of 
tRNAs and/ or libraries of RSs, from any of a variety of organ 
isms and/or by using any of a variety of available mutation 
strategies. For example, one strategy for producing an 
orthogonal tRNA/aminoacyl-tRNA synthetase pair involves 
importing a heterologous (to the host cell) tRNA/synthetase 
pair from, e.g., a source other than the host cell, or multiple 
sources, into the host cell. The properties of the heterologous 
synthetase candidate include, e.g., that it does not charge any 
host cell tRNA, and the properties of the heterologous tRNA 
candidate include, e.g., that it is not aminoacylated by any 
host cell synthetase. In addition, the heterologous tRNA is 
orthogonal to all host cell synthetases. 
[0089] A second strategy for generating an orthogonal pair 
involves generating mutant libraries from Which to screen 
and/ or select an O-tRNA or OiRS. These strategies can also 
be combined. 

[0090] Orthogonal tRNA (O-tRNA) 
[0091] An orthogonal tRNA (O-tRNA) of the invention 
desirably mediates incorporation of an unnatural amino acid, 
such as an unnatural amino acid that includes a saccharide 
moiety, e.g., a GalNAc amino acid, into a protein that is 
encoded by a polynucleotide that comprises a selector codon 
that is recogniZed by the O-tRNA, e.g., in vivo or in vitro. The 
O-tRNA that contains an anticodon sequence corresponding 
to a desired selector codon can only be aminoacylated by the 
corresponding OiRS, and not by endogenous synthetases. 
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In certain embodiments, an O-tRNA of the invention includes 
at least about, e.g., a 45%, a 50%, a 60%, a 75%, a 80%, or a 
90% or more suppression ef?ciency in the presence of a 
cognate synthetase in response to a selector codon as com 
pared to an O-tRNA comprising or encoded by a polynucle 
otide sequence as set forth in the O-tRNA sequences in the 
sequence listing herein. 
[0092] An example of an orthogonal tRNA that can be used 
in the methods, translation systems, and kits of the invention 
is SEQ ID NO.:17. In the tRNA molecule, thymine (T) is 
replace With uracil (U); hoWever, additional modi?cations to 
the bases can also be present. The invention also includes 
conservative variations of O-tRNA. For example, conserva 
tive variations of O-tRNA include those molecules that func 
tion like the O-tRNA of SEQ ID NO.: 17 and maintain the 
tRNA L-shaped structure, but do not have the same sequence 
(and are other than Wild type tRNA molecules). See also the 
section herein entitled “Nucleic acids and Polypeptides 
Sequence and Variants.” Methods for producing a recombi 
nant orthogonal tRNA (O-tRNA) are provided in Intema 
tional patent application WO 2002/086075, supra. 
[0093] Additional methods for producing a recombinant 
orthogonal tRNA can be found, e.g., in International patent 
applications WO 2002/086075, as Well as Forster et al. (2003) 
“Programming peptidomimetic synthetases by translating 
genetic codes designed de novo” Proc. Natl. Acad. Sci. USA 
100(11):6353-6357; and, Feng et al., (2003) “Expanding 
tRNA recognition of a tRNA synthetase by a single amino 
acid change”Pr0c. Natl. Acad. Sci. USA 100(10): 5676-5681. 
[0094] Suppression ef?ciency of a particular orthogonal 
translation system (or any component in that system such as 
an O-tRNA or an OiRS) can be determined by any of a 
number of assays knoWn in the art. For example, a [3-galac 
tosidase reporter assay can be used, e.g., a derivatiZed lacZ 
plasmid (Where the construct has a selector codon n the lacZ 
nucleic acid sequence) is introduced into cells from an appro 
priate organism (e.g., an organism Where the orthogonal com 
ponents can be used) along With plasmid comprising an 
O-tRNA of the invention. A cognate synthetase can also be 
introduced (either as a polypeptide or a polynucleotide that 
encodes the cognate synthetase When expressed). The cells 
are groWn in media to a desired density, e.g., to an OD600 of 
about 0.5, and [3-galactosidase assays are performed, e.g., 
using the BetaFluorTM [3-GalactosidaseAssay Kit (Novagen). 
Percent suppression can be calculated as the percentage of 
activity for a sample relative to a comparable control, e. g., the 
value ob served from the derivatiZed lacZ construct, Where the 
construct has a corresponding sense codon at desired position 
rather than a selector codon. 

[0095] Examples of O-tRNAs of the invention are set forth 
in the sequence listing herein. See also, the tables, examples 
and ?gures herein for sequences of exemplary O-tRNA and 
OiRS molecules. See also, the section entitled “Nucleic 
Acid and Polypeptide Sequence and Variants” herein. In an 
RNA molecule, such as an OiRS mRNA, or O-tRNA mol 
ecule, Thymine (T) is replace With Uracil (U) relative to a 
given sequence (or vice versa for a coding DNA), or comple 
ment thereof. Additional modi?cations to the bases can also 
be present. 
[0096] The invention also includes conservative variations 
of O-tRNAs corresponding to particular O-tRNAs herein. For 
example, conservative variations of O-tRNA include those 
molecules that function like the particular O-tRNAs from 
Which they Were derived, e. g., as in the sequence listing herein 
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and that maintain the tRNA L-shaped structure by virtue of 
appropriate self-complementarity, but that do not have a 
sequence identical to those, e.g., in the sequence listing, ?g 
ures or examples herein (and, desirably, are other than Wild 
type tRNA molecules). 
[0097] The composition comprising an O-tRNA can fur 
ther include an orthogonal aminoacyl-tRNA synthetase 
(0-RS), Where the OiRS preferentially aminoacylates the 
O-tRNA With an unnatural amino acid such as a GalNAc 

amino acid. In certain embodiments, a composition including 
an O-tRNA can further include a translation system (e.g., in 
vitro or in vivo). A nucleic acid that comprises a polynucle 
otide that encodes a polypeptide of interest, Where the poly 
nucleotide comprises a selector codon that is recogniZed by 
the O-tRNA, or a combination of one or more of these can 
also be present in the cell. 
[0098] Methods of producing an orthogonal tRNA 
(0-tRNA) are also a feature of the invention. An O-tRNA 
produced by the method is also a feature of the invention. In 
certain embodiments of the invention, the O-tRNAs can be 
produced by generating a library of mutants. The library of 
mutant tRNAs can be generated using various mutagenesis 
techniques knoWn in the art. For example, the mutant tRNAs 
can be generated by site-speci?c mutations, random point 
mutations, homologous recombination, DNA shuf?ing or 
other recursive mutagenesis methods, chimeric construction 
or any combination thereof. 

[0099] Additional mutations can be introduced at a speci?c 
position(s), e.g., at a nonconservative position(s), or at a con 
servative position, at a randomiZed position(s), or a combi 
nation of both in a desired loop or region of a tRNA, e.g., an 
anticodon loop, the acceptor stem, D arm or loop, variable 
loop, TPC arm or loop, other regions of the tRNA molecule, 
or a combination thereof. Typically, mutations in a tRNA 
include mutating the anticodon loop of each member of the 
library of mutant tRNAs to alloW recognition of a selector 
codon. The method can further include adding an additional 
sequence (CCA) to a terminus of the O-tRNA. Typically, an 
O-tRNA possesses an improvement of orthogonality for a 
desired organism compared to the starting material, e. g., the 
plurality of tRNA sequences, While preserving its a?inity 
toWards a desired RS. 

[0100] The methods optionally include analyZing the simi 
larity (and/or inferred homology) of sequences of tRNAs 
and/or aminoacyl-tRNA synthetases to determine potential 
candidates for an O-tRNA, OiRS and/or pairs thereof, that 
appear to be orthogonal for a speci?c organism. Computer 
programs knoWn in the art and described herein can be used 
for the analysis, e.g., BLAST and pileup programs can be 
used. In one example, to choose potential orthogonal trans 
lational components for use in E. coli, a synthetase and/or a 
tRNA is chosen that does not display close sequence similar 
ity to eubacterial organisms; 
[0101] Typically, an O-tRNA is obtained by subjecting to, 
e.g., negative selection, a population of cells of a ?rst species, 
Where the cells comprise a member of the plurality of poten 
tial O-tRNAs. The negative selection eliminates cells that 
comprise a member of the library of potential O-tRNAs that is 
aminoacylated by an aminoacyl-tRNA synthetase (RS) that is 
endogenous to the cell. This provides a pool of tRNAs that are 
orthogonal to the cell of the ?rst species. 
[0102] In certain embodiments, in the negative selection, a 
selector codon(s) is introduced into a polynucleotide that 
encodes a negative selection marker, e.g., an enZyme that 
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confers antibiotic resistance, e.g., [3-lactamase, an enZyme 
that confers a detectable product, e.g., [3-galactosidase, 
chloramphenicol acetyltransferase (CAT), e.g., a toxic prod 
uct, such as barnase, at a nonessential position (e.g., still 
producing a functional bamase), etc. Screening/selection is 
optionally done by groWing the population of cells in the 
presence of a selective agent (e.g., an antibiotic, such as 
ampicillin). In one embodiment, the concentration of the 
selection agent is varied. 
[0103] For example, to measure the activity of suppressor 
tRNAs, a selection system is used that is based on the in vivo 
suppression of selector codon, e.g., nonsense or frameshift 
mutations introduced into a polynucleotide that encodes a 
negative selection marker, e.g., a gene for [3-lactamase (bla). 
For example, polynucleotide variants, e.g., bla variants, With 
a selector codon at a certain position (e.g., A184), are con 
structed. Cells, e.g., bacteria, are transformed With these 
polynucleotides. In the case of an orthogonal tRNA, Which 
cannot be e?iciently charged by endogenous E. coli syn 
thetases, antibiotic resistance, e.g., ampicillin resistance, 
should be about or less than that for a bacteria transformed 
With no plasmid. If the tRNA is not orthogonal, or if a heter 
ologous synthetase capable of charging the tRNA is co-ex 
pressed in the system, a higher level of antibiotic, e.g., ampi 
cillin, resistance is be observed. Cells, e.g., bacteria, are 
chosen that are unable to groW on LB agar plates With anti 
biotic concentrations about equal to cells transformed With no 
plasmids. 
[0104] In the case of a toxic product (e.g., ribonuclease or 
barnase), When a member of the plurality of potential tRNAs 
is aminoacylated by endogenous host, e.g., Escherichia coli 
synthetases (i.e., it is not orthogonal to the host, e. g., Escheri 
chia c0li synthetases), the selector codon is suppressed and 
the toxic polynucleotide product produced leads to cell death. 
Cells harboring orthogonal tRNAs or non-functional tRNAs 
survive. 

[0105] In one embodiment, the pool of tRNAs that are 
orthogonal to a desired organism are then subjected to a 
positive selection in Which a selector codon is placed in a 
positive selection marker, e.g., encoded by a drug resistance 
gene, such a [3-lactamase gene. The positive selection is per 
formed on a cell comprising a polynucleotide encoding or 
comprising a member of the pool of tRNAs that are orthogo 
nal to the cell, a polynucleotide encoding a positive selection 
marker, and a polynucleotide encoding a cognate RS. In cer 
tain embodiments, the second population of cells comprises 
cells that Were not eliminated by the negative selection. The 
polynucleotides are expressed in the cell and the cell is groWn 
in the presence of a selection agent, e.g., ampicillin. tRNAs 
are then selected for their ability to be aminoacylated by the 
coexpressed cognate synthetase and to insert an amino acid in 
response to this selector codon. Typically, these cells shoW an 
enhancement in suppression ef?ciency compared to cells har 
boring non-functional tRNA(s), or tRNAs that cannot e?i 
ciently be recogniZed by the synthetase of interest. The cell 
harboring the non-functional tRNAs or tRNAs that are not 
e?iciently recogniZed by the synthetase of interest, are sen 
sitive to the antibiotic. Therefore, tRNAs that: (i) are not 
substrates for endogenous host, e.g., Escherichia coli, syn 
thetases; (ii) can be aminoacylated by the synthetase of inter 
est; and (iii) are functional in translation, survive both selec 
tions. 

[0106] Accordingly, the same marker can be either a posi 
tive or negative marker, depending on the context in Which it 
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is screened. That is, the marker is a positive marker if it is 
screened for, but a negative marker if screened against. 
[0107] The stringency of the selection, e.g., the positive 
selection, the negative selection or both the positive and nega 
tive selection, in the above described-methods, optionally 
includes varying the selection stringency. For example, 
because bamase is an extremely toxic protein, the stringency 
of the negative selection can be controlled by introducing 
different numbers of selector codons into the bamase gene 
and/ or by using an inducible promoter. In another example, 
the concentration of the selection or screening agent is varied 
(e.g., ampicillin concentration). In one aspect of the inven 
tion, the stringency is varied because the desired activity can 
be loW during early rounds. Thus, less stringent selection 
criteria are applied in early rounds and more stringent criteria 
are applied in later rounds of selection. In certain embodi 
ments, the negative selection, the positive selection or both 
the negative and positive selection can be repeated multiple 
times. Multiple different negative selection markers, positive 
selection markers or both negative and positive selection 
markers can be used. In certain embodiments, the positive and 
negative selection marker can be the same. 

[0108] Other types of selections/ screening can be used in 
the invention for producing orthogonal translational compo 
nents, e.g., an O-tRNA, an OiRS, and an O-tRNA/OiRS 
pair that loads an unnatural amino acid such as a GalNAc 
amino acid in response to a selector codon. For example, the 
negative selection marker, the positive selection marker or 
both the positive and negative selection markers can include a 
marker that ?uoresces or catalyZes a luminescent reaction in 
the presence of a suitable reactant. In another embodiment, a 
product of the marker is detected by ?uorescence-activated 
cell sorting (FACS) or by luminescence. Optionally, the 
marker includes an a?inity based screening marker. See also, 
Francisco, J. A., et al., (1993) Production and ?uorescence 
activated cell sorting of Escherichia coli expressing a func 
tional antibody fragment on the external surface. Proc Natl 
Acad Sci USA. 90:10444-8. 
[0109] Additional methods for producing a recombinant 
orthogonal tRNA can be found, e.g., in International Appli 
cation Publications WO 2002/086075, entitled “METHODS 
AND COMPOSITIONS FOR THE PRODUCTION OF 
ORTHOGONAL tRNA AMINOACYL-tRNA SYN 
THETASE PAIRS;” WO 2004/094593, entitled “EXPAND 
ING THE EUKARYOTIC GENETIC CODE;” and WO 
2005/019415, ?led Jul. 7, 2004. See also Forster et al., (2003) 
Programming peptidomimetic synthetases by translating 
genetic codes designed de novo PNAS 100(11):6353-6357; 
and, Feng et al., (2003), Expanding tRNA recognition of a 
tRNA synthetase by a single amino acid change, PNAS 100 
(10): 5676-5681. 
[0110] Orthogonal Aminoacyl-tRNA Synthetase (OiRS) 
[0111] An OiRS of the invention preferentially aminoa 
cylates an O-tRNA With an unnatural amino acid such as a 

GalNAc amino acid, for example, GalNAc-ot-threonine, in 
vitro or in vivo. An OiRS of the invention can be provided to 
the translation system, e.g., a cell, by a polypeptide that 
includes an OiRS and/or by a polynucleotide that encodes 
an OiRS or a portion thereof. For example, an example 
OiRS comprises an amino acid sequence as set forth in the 
sequence listing and examples herein, or a conservative varia 
tion thereof. In another example, an OiRS, or a portion 
thereof, is encoded by a polynucleotide sequence that 
encodes an amino acid comprising sequence in the sequence 
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listing or examples herein, or a complementary polynucle 
otide sequence thereof. See, e.g., the tables and examples 
herein for sequences of exemplary OiRS molecules. See 
also, the section entitled “Nucleic Acid and Polypeptide 
Sequence and Variants” herein. 
[0112] An OiRS of the present invention preferentially 
aminoacylates an O-tRNA With an unnatural amino acid that 
includes a saccharide moiety, either in vitro or in vivo. An 
OiRS of the invention can be provided to the translation 
system, e.g., a cell or an in vivo translation system, by a 
polypeptide that includes an OiRS and/or by a polynucle 
otide that encodes an OiRS (or a catalytic portion thereof). 
Amino acid sequences of exemplary orthogonal tRNA syn 
thetases for use in the glycoprotein synthesis methods of the 
present invention are set forth in SEQ ID NOS.: 1-4 and 
11-13. Alternatively, the OiRS, or a portion thereof, is 
encoded by polynucleotide comprising a polynucleotide 
sequence of any one of SEQ ID NO.: 6-9 and 14-16, or by 
other polynucleotide sequences that encodes an amino acid 
comprising SEQ ID NO.: 1-4 or 11-13, or a complementary 
polynucleotide sequence thereof. 
[0113] Methods for producing an OiRS are typically 
based on generating a pool of mutant synthetases from the 
framework of a Wild-type synthetase, and then selecting for 
mutated RSs based on their speci?city for one or more 
selected unnatural amino acids (e.g., glycosyl-containing 
amino acids). The OiRS (and the O-tRNA it recogniZes) can 
be naturally occurring or can be derived by mutation of a 
naturally occurring tRNA and/ or RS from a variety of organ 
isms, Which are described under sources and hosts. While the 
O-tRNA and OiRS can be derived from the same organism, 
in some embodiments, the O-tRNA is derived from a natu 
rally occurring or mutated naturally occurring tRNA from a 
?rst organism, and the OiRS is derived from naturally 
occurring or mutated naturally occurring RS from a second 
organism. 
[0114] Speci?cally, these methods include: (a) generating a 
library of tRNAs derived from at least one tRNA from a ?rst 
organism; (b) negatively selecting the library for tRNAs that 
are aminoacylated by an aminoacyl-tRNA synthetase (RS) 
from a second organism in the absence of a RS from the ?rst 
organism, thereby providing a pool of tRNAs; (c) selecting 
the pool of tRNAs for members that are aminoacylated by an 
introduced orthogonal RS (OiRS), thereby providing at 
least one recombinant O-tRNA. The recombinant O-tRNA 
recogniZes a selector codon and is not e?iciency recogniZed 
by the RS from the second organism and is preferentially 
aminoacylated by the OiRS. The method also includes: (d) 
generating a library of mutant RSs derived from at least one 
aminoacyl-tRNA synthetase (RS) from a third organism; (e) 
selecting the library of RSs for members that preferentially 
aminoacylate the recombinant O-tRNA in the presence of an 
unnatural amino acid and a natural amino acid, thereby pro 
viding a pool of active RSs; and, (f) negatively selecting the 
pool for active RSs that preferentially aminoacylate the at 
least one recombinant O-tRNA in the absence of the unnatu 
ral amino acid, thereby providing the speci?c O-tRNA/Oi 
RS pair, Where the speci?c O-tRNA/OiRS pair comprises at 
least one recombinant OiRS that is speci?c for the unnatural 
amino acid, e.g., an unnatural amino acid that includes a 
saccharide moiety, and the recombinant O-tRNA. 
[0115] One strategy for generating an orthogonal pair 
involves generating mutant libraries from Which to screen 
and/or select an O-tRNA or OiRS. A second strategy for 
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generating an orthogonal tRNA/synthetase pair involves 
importing a heterologous tRNA/synthetase pair, e.g., import 
ing a pair from another, e.g., source organism into the host 
cell. The properties of the heterologous synthetase candidate 
include, e. g., that it does not charge any host cell tRNA, and 
the properties of the heterologous tRNA candidate include, 
e.g., that it is not acylated by (e.g., is orthogonal to) a host cell 
synthetase. 
[0116] Methods to generate an orthogonal aminoacyl 
tRNA synthetase include mutating the synthetase (e. g., at the 
active site in the synthetase, at the editing mechanism site in 
the synthetase, at different sites by combining different 
domains of synthetases, or the like) and applying a selection 
process. Typically a strategy that is based on the combination 
of a positive and negative selection criteria is used. During a 
round of positive selection, suppression of the selector codon 
(Which has been introduced at a nonessential position(s) of a 
positive marker) alloWs cells to survive under positive selec 
tion pressure. Preferably, the selection steps are performed 
multiple times, e.g., at least tWo times, and, optionally, the 
concentration of the selection agent is varied. In the presence 
of both natural and unnatural amino acids, survivors thus 
encode active synthetases charging the orthogonal suppressor 
tRNA With either a natural or unnatural amino acid. In the 
absence of the unnatural amino acid (the negative selection), 
suppression of a selector codon, Which has this time been 
introduced at a nonessential position(s) of a negative marker, 
removes synthetases With natural amino acid speci?cities. 
Survivors of both negative and positive selection encode syn 
thetases that aminoacylate (charge) the orthogonal suppres 
sor tRNA With unnatural amino acids only. 

[0117] These synthetases can optionally be subjected to 
further mutagenesis, e.g., DNA shuf?ing, other recursive 
mutagenesis methods, and/or other mutagenesis techniques 
knoWn in the art. For example, the mutant RSs can be gener 
ated by site-speci?c mutations, random point mutations, 
homologous recombination, chimeric construction or the 
like. Chimeric libraries of RSs are also included in the inven 
tion. 

[0118] Additional details for producing OiRS, for alter 
ing the substrate speci?city of the synthetase, and other 
examples of OiRSs can be found in, for example, WO 
2002/086075. 

[0119] Methods for identifying an orthogonal aminoacyl 
tRNA synthetase (OiRS), e.g., an OiRS, for use With an 
O-tRNA, are a feature of the invention. For example, a 
method includes subjecting to selection, e.g., positive selec 
tion, a population of cells of a ?rst species, Where the cells 
individually comprise: l) a member of a plurality of aminoa 
cyl-tRNA synthetases (RSs), (e.g., the plurality of RSs can 
include mutant RSs, RSs derived from a species other than the 
?rst species or both mutant RSs and RSs derived from a 
species other than the ?rst species); 2) the orthogonal tRNA 
(O-tRNA) (e.g., from one or more species); and 3) a poly 
nucleotide that encodes an (e.g., positive) selection marker 
and comprises at least one selector codon. Cells are selected 
or screened for those that shoW an enhancement in suppres 
sion ef?ciency compared to cells lacking or With a reduced 
amount of the member of the plurality of RSs. Suppression 
ef?ciency can be measured by techniques knoWn in the art 
and as described herein. Cells having an enhancement in 
suppression ef?ciency comprise an active RS that aminoacy 
lates the O-tRNA. A level of aminoacylation (in vitro or in 
vivo) by the active RS of a ?rst set of tRNAs from the ?rst 
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species is compared to the level of aminoacylation (in vitro or 
in vivo) by the active RS of a second set of tRNAs from the 
second species. The level of aminoacylation can be deter 
mined by a detectable substance (e.g., a labeled amino acid or 
unnatural amino acid, e.g., a labeled GalNAc-ot-threonine). 
The active RS that more e?iciently aminoacylates the second 
set of tRNAs compared to the ?rst set of tRNAs is typically 
selected, thereby providing an e?icient (optimized) orthogo 
nal aminoacyl-tRNA synthetase for use With the O-tRNA. An 
OiRS, identi?ed by the method, is also a feature of the 
invention. 

[0120] Any ofa number ofassays can be used to determine 
aminoacylation. These assays can be performed in vitro or in 
vivo. For example, in vitro aminoacylation assays are 
described in, e.g., Hoben and S011 (1985) Methods Enzymol. 
l 13:55-59. Aminoacylation can also be determined by using 
a reporter along With orthogonal translation components and 
detecting the reporter in a cell expressing a polynucleotide 
comprising at least one selector codon that encodes a protein. 
See also, WO 2002/085923, entitled “IN VIVO INCORPO 
RATION OF UNNATURAL AMINO ACIDS;” and WO 
2004/094593, entitiled “EXPANDING THE EUKARYOTIC 
GENETIC CODE.” 

[0121] Identi?ed OiRS can be further manipulated to 
alter substrate speci?city of the synthetase, so that only a 
desired unnatural amino acid, e. g., a GalNAc amino acid, but 
not any of the common 20 amino acids, are charged to the 
O-tRNA. Methods to generate an orthogonal aminoacyl 
tRNA synthetase With a substrate speci?city for an unnatural 
amino acid include mutating the synthetase, e. g., at the active 
site in the synthetase, at the editing mechanism site in the 
synthetase, at different sites by combining different domains 
of synthetases, or the like, and applying a selection process. A 
strategy is used, Which is based on the combination of a 
positive selection folloWed by a negative selection. In the 
positive selection, suppression of the selector codon intro 
duced at a nonessential position(s) of a positive marker alloWs 
cells to survive under positive selection pressure. In the pres 
ence of both natural and unnatural amino acids, survivors thus 
encode active synthetases charging the orthogonal suppressor 
tRNA With either a natural or unnatural amino acid. In the 
negative selection, suppression of a selector codon intro 
duced at a nonessential position(s) of a negative marker 
removes synthetases With natural amino acid speci?cities. 
Survivors of the negative and positive selection encode syn 
thetases that aminoacylate (charge) the orthogonal suppres 
sor tRNA With unnatural amino acids only. These synthetases 
can then be subjected to further mutagenesis, e. g., DNA shuf 
?ing or other recursive mutagenesis methods. 
[0122] A library of mutant OiRSs can be generated using 
various mutagenesis techniques knoWn in the art. For 
example, the mutant RSs can be generated by site-speci?c 
mutations, random point mutations, homologous recombina 
tion, DNA shuf?ing or other recursive mutagenesis methods, 
chimeric construction or any combination thereof. For 
example, a library of mutant RSs canbe produced from tWo or 
more other, e.g., smaller, less diverse “sub-libraries.” Chi 
meric libraries of RSs are also included in the invention. It 
should be noted that libraries of tRNA synthetases from vari 
ous organism (e.g., microorganisms such as eubacteria or 
archaebacteria) such as libraries that comprise natural diver 
sity (see, e.g., US. Pat. No. 6,238,884 to Short et al; US. Pat. 
No. 5,756,316 to Schallenberger et al; US. Pat. No. 5,783, 
431 to Petersen et al; US. Pat. No. 5,824,485 to Thompson et 
























































































