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OVEREXPRESSION OF AMINOACYL-TRNA
SYNTHETASES FOR EFFICIENT
PRODUCTION OF ENGINEERED PROTEINS
CONTAINING AMINO ACID ANALOGUES

CROSS-REFERENCE TO RELATED
APPLICATIONS

[0001] This application is a continuation of U.S. patent
application Ser. No. 11/671,378, filed Feb. 5, 2007, which is
a continuation of allowed U.S. patent application Ser. No.
10/612,713, filed Jul. 1, 2003, which is a continuation of U.S.
patent application Ser. No. 09/767,515, filed Jan. 23, 2001,
(now U.S. Pat. No. 6,586,207), which application claims the
benefit under 35 U.S.C. § 119(e) of U.S. Provisional Appli-
cationNo. 60/207,627, filed May 26, 2000, where these appli-
cations are incorporated herein by reference in their entire-
ties.

STATEMENT OF GOVERNMENT INTEREST

[0002] This invention was made with Government support
under NSF Grant Nos. NSF DMR-9996048 and US Army
Research Grant DAAG55-98-1-0518. The Government has
certain rights in this invention.

[0003] Throughout this application various publications
are referenced. The disclosures of these publications in their
entireties are hereby incorporated by reference into this appli-
cation in order to more fully describe the state of the art to
which this invention pertains.

STATEMENT REGARDING SEQUENCE
LISTING

[0004] The Sequence Listing associated with this applica-
tion is provided in text format in lieu of a paper copy, and is
hereby incorporated by reference into the specification. The
name of the text file containing the Sequence Listing is
110197__402C3_SEQUENCE_LISTING.txt. The text file is
16 KB, was created on May 2, 2007, and is being submitted
electronically via EFS-Web, concurrent with the filing of the
specification.

BACKGROUND OF THE INVENTION

[0005] 1. Field of the Invention

[0006] The present invention relates to novel compositions
and methods, for incorporating amino acid analogues into
proteins in vivo, by overexpression of aminoacyl-tRNA syn-
thetases.

[0007] 2. Description of the Related Art

[0008] Expanding the scope of biological polymerizations
to include non-natural monomers is an area of growing inter-
est, with important theoretical and practical consequences.
An early and critically important example of such studies was
the demonstration that “dideoxy” nucleotide monomers can
serve as substrates for DNA polymerases. Advances in DNA
sequencing (F. Sanger, S. Nicklen, A. R. Coulson, Proc. Natl.
Acad. Sci. USA 1977, 74, 5463-5467), DNA base pairing
models (M. J. Lutz, S. A. Benner, S. Hein, G. Breipohl, E.
Uhlmann, J. Am. Chem. Soc. 1997, 119, 3177-3178; J. C.
Morales, E. T. Kool, Nature Struct. Biol. 1998, 5, 950-954),
materials synthesis (W. H. Park, R. W. Lenz, S. Goodwin,
Macromolecules 1998, 31, 1480-1486;Y. Doi, S. Kitamura,
H. Abe, Macromolecules 1995, 28, 4822-4828), and cell sur-
face engineering (K. J. Yarema, L. K. Mahal, R. E. Bruehl, E.
C. Rodriguez, C. R. Bertozzi, J. Biol. Chem. 1998, 273,
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31168-31179; L. K. Mahal, K. J. Yarema, C. R. Bertozzi,
Science 1997,276,1125-1128; Saxon, E. and Bertozzi, C. R.
Science 2000, 287, 2007-2010) have resulted from the recog-
nition of non-natural monomers by the enzymes that control
these polymerizations.

[0009] Recent investigations have shown the incorporation
of modified or completely “synthetic” bases into nucleic
acids (Matray, T. J.; Kool, E. T. Nature 1999, 399, 704; Kool,
E. T. Biopolymers 1998, 48, 3; Morales, J. C.; Kool, E. T.
Nature Struct. Biol. 1998, 5, 950; Guckian, K. M.; Kool, E. T.;
Angew. Chem. Int. Ed. Eng. 1998, 36, 2825; Liu, D. Y.;
Moran, S.; Kool, E. T. Chem. Biol. 1997, 4, 919; Moran, S.;
Ren,R.X.F.; Kool, E. T. Proc. Natl. Acad. Sci. USA 1997, 94,
10506; Moran, S. et al. J. Am. Chem. Soc. 1997, 119, 2056,
Benner, S. A. et al. Pure Appl. Chem. 1998, 70, 263; Lutz, M.
J.; Horlacher J.; Benner, S. A. Bioorg. Med. Chem. Lett. 1998,
8, 1149; Lutz, M. J.; Held, H. A.; Hottiger, M.; Hubscher, U.;
Benner, S. A. Nuc. Acids Res. 1996, 24, 1308; Horlacher, J. et
al. Proc. Natl. Acad. Sci. USA 1995, 92, 6329; Switzer, C.Y.;
Moroney, S. E.; Benner, S. A. Biochemistry 1993, 32, 10489;
Lutz, M. I.; Horlacher, J.; Benner, S. A. Bioorg. Med. Chem.
Lett. 1998, 8, 499; Switzer, C.; Moroney, S. E.; Benner, S. A.
J. Am. Chem. Soc. 1989, 111, 8322; Piccirilli, J. A.; Krauch,
T.; Moroney, S. E.; Benner, S. A. Nature 1990,343, 33), while
materials researchers have exploited the broad substrate
range of the poly(p-hydroxyalkanoate) (PHA) synthases to
prepare novel poly(f-hydroxyalkanoate)s (PHAs) with
unusual physical properties (Kim, Y. B.; Rhee, Y. H.; Lenz, R.
W. Polym. J. 1997, 29, 894; Hazer, B.; Lenz, R. W.; Fuller, R.
C. Polymer 1996,37,5951; Lenz, R. W.; Kim, Y. B.; Fuller, R.
C. FEMS Microbiol. Rev. 1992, 103, 207; Park, W. H.; Lenz,
R. W.; Goodwin, S. Macromolecules 1998, 31, 1480; Ballis-
treri, A. et al. Macromolecules 1995, 28, 3664, Doi, Y.; Kita-
mura, S.; Abe, H. Macromolecules 1995, 28, 4822).

[0010] Novel polymeric materials with unusual physical
and/or chemical properties are also useful in polymer chem-
istry. The last several decades have shown many advances in
synthetic polymer chemistry that provide the polymer chem-
ist with increasing control over the structure of macromol-
ecules (Szwarc, M. Nature 1956, 178, 1168-1169 Szwarc, M.
Nature 1956, 178, 1168-1169; Faust, R.; Kennedy, J. P.
Polym. Bull. 1986, 15, 317-323; Schrock, R. R. Acc. Chem.
Res. 1990, 23, 158-165; Corradini, P. Macromol. Symp. 1995,
89, 1-11; Brintzinger, H. H.; Fischer, D.; Mulhaupt, R.;
Rieger, B.; Waymouth, R. M. Angew. Chem. Int. Ed. Engl.
1995,34,1143-1170; Dias, E. L.; SonBinh, T. N.; Grubbs, R.
H.J Am. Chem. Soc. 1997, 119, 3887-3897; Chiefari, J. et al.
Macromolecules 1998, 31, 5559-5562). However, none of
these methods have provided the level of control that is the
basis of the exquisite catalytic, informational, and signal
transduction capabilities of proteins and nucleic acids (Ibba,
M.; Soll, D. Science 1999, 286, 1893-1897). There remains a
need for control over protein synthesis to design and produce
artificial proteins having advantageous properties.

[0011] For this reason, the design and synthesis of artificial
proteins that exhibit novel and potentially useful structural
properties have been investigated. Harnessing the molecular
weight and sequence control provided by in vivo synthesis
would permit control of folding, functional group placement,
and self-assembly at the angstrom length scale. Proteins that
have been produced by in vivo methods exhibit predictable
chain-folded lamellar architectures (Krejchi, M. T.; Atkins, E.
D. T.; Waddon, A. J.; Fournier, M. J.; Mason, T. L.; Tirrell, D.
A.Science 1994,265, 1427-1432; Parkhe, A. D.; Fournier, M.
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J.; Mason, T. L.; Tirrell, D. A. Macromolecules 1993, 26(24),
6691-6693; McGrath, K. P.; Fournier, M. J.; Mason, T. L.;
Tirrell, D. A.J. Am. Chem. Soc. 1992,114,727-733; Creel, H.
S.; Fournier, M. I.; Mason, T. L.; Tirrell, D. A. Macromol-
ecules 1991, 24, 1213-1214), unique smectic liquid-crystal-
line structures with precise layer spacings (Yu, S. M.; Conti-
cello, V.; Zhang, G.; Kayser, C.; Fournier, M. J.; Mason, T. L.;
Tirrell, D. A. Nature 1997, 389, 187-190), and controlled
reversible gelation (Petka, W. A.; Hardin, J. L.; McGrath, K.
P.; Wirtz, D.; Tirrell, D. A. Science 1998, 281, 389-392). The
demonstrated ability of these protein polymers to form
unique macromolecular architectures will be of importance
for engineering materials with interesting liquid-crystalline,
crystalline, surface, electronic, and optical properties.
[0012] Novel chemical and physical properties that can be
engineered into protein polymers may be expanded by the
precise placement of amino acid analogues. Efforts to incor-
porate novel amino acids into proteins in vivo have relied on
the ability of the translational apparatus to recognize amino
acid analogues that differ in structure and functionality from
the natural amino acids. The in vivo incorporation of amino
acid analogues into proteins is controlled most stringently by
the aminoacyl-tRNA synthetases (AARS), the class of
enzymes that safeguards the fidelity of amino acid incorpo-
ration into proteins (FIG. 1). The DNA message is translated
into an amino acid sequence via the pairing of the codon of the
messenger RNA (mRNA) with the complementary anticodon
of the aminoacyl-tRNA. Aminoacyl-tRNA synthetases con-
trol the fidelity of amino acid attachment to the tRNA. The
discriminatory power of the aminoacyl-tRNA synthetase
places severe limits on the set of amino acid structures that
can be exploited in the engineering of natural and artificial
proteins in vivo.

[0013] Several strategies for circumventing the specificity
of the synthetases have been explored. Introduction of amino
acid analogues can be achieved relatively simply via solid-
phase peptide synthesis (Merrifield, R. B. Pure & Appl.
Chem. 1978, 50, 643-653). While this method circumvents all
biosynthetic machinery, the multistep procedure is limited to
synthesis of peptides less than or equal to approximately 50
amino acids in length, and is therefore not suitable for pro-
ducing protein materials of longer amino acid sequences.
[0014] Chemical aminoacylation methods, introduced by
Hecht and coworkers (Hecht, S. M. Acc. Chem. Res. 1992, 25,
545; Heckler, T. G.; Roesser, J. R.; Xu, C.; Chang, P.; Hecht,
S. M. Biochemistry 1988, 27, 7254; Hecht, S. M.; Alford, B.
L.; Kuroda,Y.; Kitano, S. J. Biol. Chem. 1978,253,4517) and
exploited by Schultz, Chamberlin, Dougherty and others
(Cornish, V. W.; Mendel, D.; Schultz, P. G. Angew. Chem. Int.
Ed. Engl. 1995, 34, 621; Robertson, S. A.; Ellman, J. A;
Schultz, P. G. J. Am. Chem. Soc. 1991, 113, 2722; Noren, C.
J.; Anthony-Cahill, S. J.; Griffith, M. C.; Schultz, P. G. Sci-
ence 1989, 244, 182; Bain, I. D.; Glabe, C. G.; Dix, T. A.;
Chamberlin, A. R. J. Am. Chem. Soc. 1989, 111, 8013; Bain,
J.D.etal. Nature 1992,356, 537, Gallivan, I. P.; Lester, H. A ;
Dougherty, D. A. Chem. Biol. 1997, 4, 740; Turcatti, et al. J.
Biol. Chem. 1996, 271, 19991; Nowak, M. W. et al. Science,
1995, 268, 439; Saks, M. E. et al. J. Biol. Chem. 1996, 271,
23169; Hohsaka, T. et al. J. Am. Chem. Soc. 1999, 121, 34),
avoid the synthetases altogether, but provide low protein
yields.

[0015] Alteration of the synthetase activities of the cell is
also possible, either through mutagenesis or through intro-
duction of heterologous synthetases (Ibba, M.; Hennecke, H.
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FEBS Lett. 1995, 364, 272; Liu, D. R.; Maghery, T. J.; Past-
mak, M.; Schultz, P. G. Proc. Natl. Acad. Sci. US4, 1997, 94,
10092; Furter, R. Protein Sci. 1998, 7, 419; Ohno, S. etal., J.
Biochem. 1998, 124, 1065; Liu, D. R.; Schultz, P. G. Proc.
Natl. Acad. Sci. 1999, 96, 4780; Wang, L..; Magliery, T. I.; Liu,
D.R.;Schultz, P. G. J. Am. Chem. Soc. 2000, 122, 5010-5011;
Pastrnak, M.; Magliery, T. J.; Schultz, P. G. Helv. Chim. Acta
2000, 83, 2277-2286).

[0016] In some instances, the ability of the wild-type syn-
thetases to accept amino acid analogues has been exploited.
For example, wild-type synthetases have been shown to acti-
vate and charge substrates other than the canonical, proteino-
genic amino acids (Cowie, D. B.; Cohen, G. N. Biochim.
Biophys. Acta. 1957, 26, 252; Richmond, M. H. Bacteriol
Rev. 1962, 26, 398; Horton, G.; Boime, 1. Methods Enzymol.
1983, 96, 777, Wilson, M. 1.; Hatfield, D. L. Biochim. Bio-
phys. Acta 1984, 781, 205). This approach offers important
advantages with respect to synthetic efficiency, in that neither
chemical acylation of tRNA nor cell-free translation is
required. The simplicity of the in vivo approach, its relatively
high synthetic efficiency, and its capacity for multisite sub-
stitution, make it the method of choice for production of
protein materials whenever possible.

[0017] The capacity of the wild-type translational appara-
tus has been previously demonstrated to utilize amino acid
analogues bearing fluorinated (Richmond, M. H. J. Mol. Biol.
1963, 6, 284; Fenster, E. D.; Anker, H. S. Biochemistry 1969,
8, 268; Yoshikawa, E.; Fournier, M. J.; Mason, T. L.; Tirrell,
D. A. Macromolecules 1994, 27, 5471), unsaturated (Van
Hest, J. C. M.; Tirrell, D. A. FEBS Lett. 1998, 428, 68;
Deming, T. J.; Fournier, M. J.; Mason, T. L.; Tirrell, D. A. J.
Macromol. Sci—Pure Appl. Chem. 1997, A34, 2134), elec-
troactive (Kothakota, S.; Mason, T. L.; Tirrell, D. A
Fournier, M. J. J. Am. Chem. Soc. 1995, 117, 536), and other
useful side chain functions. The chemistries of the above
functional groups are distinct from the chemistries of the
amine, hydroxyl, thiol, and carboxylic acid functional groups
characteristic of proteins; this makes their incorporation par-
ticularly attractive for targeted chemical modification of pro-
teins.

[0018] For example, alkene functionality introduced into
artificial proteins via dehydroproline can be quantitatively
modified via bromination and hydroxylation (Deming, T. J.;
Foumier, M. J.; Mason, T. L.; Tirrell, D. A. J. Macromol. Sci.
Pure Appl. Chem. 1997, A34, 2143-2150). Alkene function-
ality, introduced by incorporation of other amino acid ana-
logues, should be useful for chemical modification of proteins
by olefin metathesis (Clark, T. D.; Kobayashi, K.; Ghadiri, M.
R. Chem. Eur. J. 1999, 5, 782-792; Blackwell, H. E.; Grubbs,
R. H. Angew. Chem. Int. Ed. Engl. 1998, 37, 3281-3284),
palladium-catalyzed coupling (Amatore, C.; Jutand, A. J
Organomet. Chem. 1999, 576, 255-277; Tsuji, J. Palladium
Reagents and Catalysts: Innovations in Organic Synthesis,
John Wiley and Sons: New York, 1995; Schoenberg, A.;
Heck, R. F. J. Org. Chem. 1974, 39, 3327-3331), and other
chemistries (Trost, B. M.; Fleming, 1., Eds. Comprehensive
Organic Synthesis; Pergamon Press: Oxford, 1991). The
incorporation of fluorinated functional groups into proteins
has imparted to protein films the low surface energy charac-
teristic of fluoropolymers; contact angles of hexadecane on
fluorinated protein polymers (70°) are much higher than,
those on unfluorinated controls (17°) (Yoshikawa, E.;
Fournier, M. J.; Mason, T. L.; Tirrell, D. A. Macromolecules
1994, 27, 5471-5475).
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[0019] Methionine (1) (FIG. 1) is a possible target for sub-
stitution by amino acid analogues, with its hydrophobicity
and polarizability, make it an important amino acid for regu-
lating protein structure and protein-protein recognition pro-
cesses (1. Yuan, A. M. Weljie, H. J. Vogel, Biochemistry 1998,
37,3187-3195; H. L. Schenck, G. P. Dado, S. H. Gellman, J.
Am. Chem. Soc. 1996, 118, 12487-12494; Maier, K. L.; Lenz,
A. G., Beck-Speier, 1.; Costabel, U. Methods Enzymol. 1995,
251, 455-461). Replacement of methionine by its analogues
may therefore permit purposeful manipulation of these prop-
erties.

[0020] Several analogues of methionine (1), specifically
selenomethionine, telluromethionine, norleucine, trifluo-
romethionine and ethionine (Hendrickson, W. A.; Horton, J.
R.; Lemaster, D. M. EMBQO J. 1990, 9, 1665; Boles, ]. O. et al.
Nature Struct. Biol. 1994, 1, 283; Cowie, D.B.; Cohen, G.N.;
Bolton, E. T.; de Robichon-Szulmajster, H. Biochim. Bio-
phys. Acta 1959, 34,39; Duewel, H.; Daub, E.; Robinson, R.;
Honek, J. F. Biochemistry 1997,36,3404; Budisa, N.; Steipe,
B.; Demange, P.; Eckerskom, C.; Kellerman, J.; Huber, R.
Eur. J. Biochem. 1995, 230, 788), have been shown to exhibit
translational activity in bacterial hosts. Incorporation of sele-
nomethionine in place of methionine has long been known to
facilitate protein structure determination by x-ray crystallog-
raphy (Wei, Y.; Hendrickson, W. A.; Crouch, R. I.; Satow, Y.
Science 1990, 249,1398-1405).

[0021] However, only a limited number of amino acid ana-
logues have been shown to conclusively exhibit translational
activity in vivo, and the range of chemical functionality
accessible via this route remains modest. These circum-
stances dictate a need for a systematic search for new amino
acid analogues and strategies that will allow the engineering
of proteins with novel chemical and physical properties.

BRIEF SUMMARY OF THE INVENTION

[0022] The present invention seeks to overcome these and
other disadvantages in the prior art by providing a novel
method for incorporating amino acid analogues into polypep-
tides of interest in vivo by expanding the scope of amino acid
analogues that are incorporated and increasing protein yields.
Preferably, the production of modified polypeptides can be in
a host-vector system in which a natural amino acid in the
wild-type polypeptide is replaced with a selected amino acid
analogue by overexpressing an aminoacyl-tRNA synthetase
corresponding to the natural amino acid so replaced.

[0023] In addition, the present invention provides novel
host-vector systems. The host-vector system produces an
aminoacyl-tRNA synthetase in an amount in excess of the
level of a naturally occurring aminoacyl-tRNA synthetase.
The system also produces a polypeptide of interest in an
amount in excess of the level produced by a naturally occur-
ring gene encoding the polypeptide of interest.

[0024] Nucleic acids encoding the expression vectors,
hosts, and methods of integrating a desired amino acid ana-
logue into target polypeptides are also provided.

[0025] The invention further provides purified dihydro-
folate reductase polypeptides, produced by the methods of the
invention, in which the methionine residues have been
replaced with homopropargylglycine (2-amino-hexynoic
acid), homoallylglycine (2-amino-hexenoic acid), cis-croty-
Iglycine (cis-2-amino-4-hexenoic acid), trans-crotylglycine
(trans-2-amino-4-hexenoic acid), norleucine, 6,6,6-trifluoro-
2-amino hexanoic acid, 2-amino-heptanoic acid, norvaline,
o-allylserine, 2-butynylglycine, allylglycine or propargylgly-
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cine. The formation of the modified polypeptides demon-
strate the ease and efficiency of the methods of the invention
for incorporating amino acid analogues such as, methionine
analogues, into proteins such as, dihydrofolate reductase.
[0026] Using the methods of the invention, it is possible to
produce entirely new polypeptides containing amino acid
analogues having unusual properties.

BRIEF DESCRIPTION OF THE SEVERAL
VIEWS OF THE DRAWING(S)

[0027] FIG. 1 depicts a schematic diagram of in vivo pro-
tein synthesis.
[0028] FIG. 2 depicts a set of methionine analogues (2-13),

as described in Example 1, infra.

[0029] FIG. 3 illustrates the SDS-PAGE analysis of
mDHFR synthesis by E. coli strain CAG18491/pREP4/
pQELS, as described in Example I, infra. Cultures were
supplemented with methionine or with one of the analogues
2-9, as indicated. Each lane is identified in terms of the time
of analysis subsequent to addition of the inducer IPTG.
mDHFR is visualized by staining with Coomassie Brilliant
Blue. The target protein can be detected only in cultures
supplemented with methionine or with analogues 2, 3, or 9,
respectively.

[0030] FIG. 4 shows the determination of the occupancy of
the initiator site in: a). mDHFR, b). mDHFR-E (alkene) and
¢). mDHFR-Y(alkyne), as described in Example I, infra.
Chromatograms are shown for analysis of the N-terminal
residue in each of the three proteins, as determined via Edman
degradation. The signals corresponding to methionine, 2 and
3 elute at 12.3, 14.3 and 11.0 min, respectively. The strong
signal at 13.8 min is due to piperidylphenylthiourea, a by-
product of the analysis. Signals assigned to 2 and 3 were
verified by analysis of authentic samples of the analogues.
[0031] FIG. 5 depicts the activation of methionine and
methionine analogues by MetRS (Methionyl tRNA syn-
thetase), as described in Example I, infra. The amount of PP,
exchanged in 20 minutes is shown for methionine (1) and for
methionine analogues 2-13. The background (14) is given for
a reaction mixture lacking both enzyme and amino acid.
[0032] FIG. 6 illustrates the electron density maps (colored
surfaces) and negative isopotential surfaces (meshes) for
methionine (a) and for analogues 2, 3 and 5(b-d, respec-
tively), as described in Example I, infra. The electron density
maps indicate electron-rich (red) and electron-poor (blue)
regions of each molecule. For simplicity, the amino acid form
is shown; this avoids representation of the highly extended
isopotential surface of the carboxylate anion of the zwitterion
and facilitates comparison of side-chain electronic structure.
[0033] FIG. 7 shows the SDS-PAGE analysis of mDHFR
synthesis by E. coli strains B834(DE3)/pQE15/pREP4 (des-
ignated pQE15) and B834(DE3)/pQE15-MRS/pREP4 (des-
ignated pQE15-MRS), as described, in Example 11, infra.
Cultures (M9+19AA) were supplemented with nothing
(-Met), methionine (Met) or trans-crotylglycine (60 mg/I.)
(Tcg), as indicated.

[0034] FIG. 8 depicts the SDS-PAGE analysis of DHFR
synthesis by E. coli strains CAG18491/pQE15/pREP4 and
CAG18491/pQE15-MRS/pREP4, as described in Example
11, infra. Cultures (M9+19A A) were supplemented with noth-
ing (-Met), methionine (+Met), or 2-butynylglycine (60
mg/L) (+2bg), as indicated.

[0035] FIG. 9 shows the SDS-PAGE analysis of mDHFR
synthesis by E. coli strains CAG18491/pQE15/pREP4 (the
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left panel in each pair, pQE15) and CAG18491/pQE15-MRS/
pREP4 (the right panel in each pair, pQE15-MRS), as
described in Example 11, infra. Cultures (M9+19AA) were
supplemented with the analogues 4, 6, 7, 8, 10, 12, and 13 at
500 mg/1, as indicated. Negative (-Met) and positive (+Met)
controls of CAG18491/pQE15-MRS/pREP4 cultures are
also shown for comparison

[0036] FIG. 10 is a table detailing kinetic parameters for
methionine analogues in the ATP-PP, exchange reaction and
analogue’s ability to support protein biosynthesis in cultures
of a conventional bacterial host supplemented with the ana-
logues, as described in Example II, infra.

[0037] FIG. 11 illustrates the activation rates of methionine
by whole cell lysates, as described in Example I1, infra. Maxi-
mum ATP-PP, exchange velocities, measured at a saturating
concentration of methionine (750 uM), are shown for whole
cell lysates of B834(DE3)/pQE15/pREP4 (solid) and of B834
(DE3)/pQE15-MRS/pREP4 (striped). Rates were measured
for (a) cell lysates obtained from cultures prior to protein
expression, (b) cell lysates obtained from cultures supple-
mented with methionine during protein expression, and (c)
cell lysates obtained from cultures supplemented with trans-
crotylglycine during protein expression.

[0038] FIG. 12 shows the Proton NMR spectra (599.69
MHz) of (a) mDHFR, (b) Tcg, (c and d) mDHFR-Tecg, as
described in Example I, infra. Samples were dissolved at
concentrations of approximately 10 mg/ml in D,O containing
2% d-formic-d-acid and spectra were collected at 25° C.
overnight.

[0039] FIG. 13 depicts the N-terminal sequencing results
indicating occupancy of the initiator site in mDHFR-Tcg, as
described in Example 11, infra. Chromatograms are shown for
(a) the N-terminal residue of mDHEFR, (b) Tcg control, and (¢)
the N-terminal residue of mDHFR-Tcg, as determined via
Edman degradation.

[0040] FIG. 14 depicts the N-terminal sequencing results
indicating occupancy of the initiator site in mDHFR-bg, as
described in Example 11, infra. Chromatograms are shown for
(a) the N-terminal residue of mDHFR, (b) 2bg control, and (¢)
the N-terminal residue of mDHFR-2bg, as determined via
Edman degradation.

[0041] FIG. 15 is a table of the kinetic parameters for
methionine analogues in the ATP-PP, exchange reaction and
protein yields for bacterial cultures supplemented with the
analogues, as described in Example II1, infra.

[0042] FIG. 16 shows the comparison of the kinetic param-
eters for methionine analogues in the ATP-PP, exchange reac-
tion and relative protein yields from conventional bacterial
host cultures supplemented with the analogues, as described
in Example 111, infra.

[0043] FIG. 17 depicts the Western blot analysis of protein
synthesis by bacterial expression hosts CAG18491/pQE15/
pREP4 (pQE15) and CAGI18491/pQE15-MRS/pREP4
(MRS). Bacterial cultures were supplemented with methion-
ine, 2, 3 or 9, as described in Example I1I, infra.

[0044] FIG. 18 illustrates the activation (a) and aminoacy-
lation (b) steps of amino acid attachment to tRNA, as
described in Example III, infra.

[0045] FIG. 19 depicts the sequence of pQE15-MRS (SEQ
IDNO.: 1).
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[0046] FIG. 20 depicts the sequence of pQE15-W305F
(SEQID NO.: 2).

DETAILED DESCRIPTION OF THE INVENTION

[0047] As used in this application, the following words or
phrases have the meanings specified.

DEFINITIONS

[0048] As used herein, a polypeptide refers to a peptide or
protein having natural amino acids.

[0049] As used herein, modified polypeptides are polypep-
tides having amino acid analogues incorporated into their
amino acid sequence.

[0050] As used herein, a “natural amino acid” is one of the
20 naturally occurring amino acids, namely glycine, alanine,
valine, leucine, isoleucine, serine, threonine, aspartic acid,
glutamic acid, asparagine, glutamine, lysine, arginine, cys-
teine, methionine, phenylalanine, tyrosine, tryptophan, histi-
dine and proline.

[0051] As used herein, the term “amino acid analogue”
refers to a compound that has a structure analogue to a natural
amino acid but mimics the structure and/or reactivity of a
natural amino acid. This includes all amino acids but the
natural 20 amino acids are referred to as amino acid analogues
even if they are naturally present (e.g., hydroxyproline).
[0052] As used herein, the term “peptide” refers to a class
of compounds composed of amino acids chemically bound
together with amide linkages (CONH). Peptide as used herein
includes oligomers of amino acids and small and large pep-
tides, including polypeptides.

[0053] Asusedherein, “polypeptides” embrace all peptides
and those polypeptides generally defined as proteins and also
those that are glycosylated, e.g., glycoproteins.

Methods of the Invention

[0054] The present invention is based on the discovery that
incorporation of amino acid analogues into polypeptides can
be improved in cells that overexpress aminoacyl-tRNA syn-
thetases that recognize amino acid analogues as substrates.
“Improvement” is defined as either increasing the scope of
amino acid analogues (i.e., kinds of amino acid analogues)
that are incorporated or by increasing the yield of the modi-
fied polypeptide. Overexpression of the aminoacyl-tRNA
synthetase increases the level of aminoacyl-tRNA synthetase
activity in the cell. The increased activity leads to an
increased rate of incorporation of amino acid analogues into
the growing peptide, thus the increased rate of synthesis of the
polypeptides, thereby increasing the quantity of polypeptides
containing amino acid analogues, i.e., modified polypeptides,
produced.

[0055] In general, the methods of the invention comprises
introducing into a host cell, a vector having nucleic acids
encoding an aminoacyl-tRNA synthetase, and nucleic acids
encoding a polypeptide of interest to produce a host-vector
system. The nucleic acids, encoding the aminoacyl-tRNA
synthetase, and the nucleic acids encoding the polypeptide of
interest, may be located in the same or different vectors. The
vectors include expression control elements which direct the
production of the aminoacyl-tRNA synthetase, and the
polypeptide of interest. The expression control elements (i.e.,
regulatory sequences) can include inducible promotors, con-
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stitutive promoters, secretion signals, enhancers, transcrip-
tion terminators, and other transcriptional regulatory ele-
ments.

[0056] Inthe host-vector system, the production of an ami-
noacyl-tRNA synthetase can be controlled by a vector which
comprises expression control elements that direct the produc-
tion of the aminoacyl-tRNA synthetase. Preferably, the pro-
duction of aminoacyl-tRNA synthetase is in an amount in
excess of the level of naturally occurring aminoacyl-tRNA
synthetase, such that the activity of the aminoacyl-tRNA syn-
thetase is greater than naturally occurring levels.

[0057] In the host-vector system, the production of a
polypeptide of interest can be controlled by a vector which
comprises expression control elements for producing the
polypeptide of interest. Preferably, the polypeptide of interest
so produced is in an amount in excess of the level produced by
a naturally occurring gene encoding the polypeptide of inter-
est.

[0058] The host-vector system can be constitutively over-
expressing the aminoacyl-tRNA synthetase and induced to
overexpress the polypeptide of interest by contacting the
host-vector system with an inducer, such as isopropyl-p-D-
thiogalactopyranoside (IPTG). The host-vector system can
also be induced to overexpress the aminoacyl-tRNA syn-
thetase and/or the protein of interest by contacting the host-
vector system with an inducer, such as IPTG. Other inducers
include stimulation by an external stimulation such as heat
shock.

[0059] Using the methods of the invention, any natural
amino acid can be selected for replacement by an amino acid
analogue in the polypeptide of interest. An amino acid ana-
logue is preferably an analogue of the natural amino acid to be
replaced. To replace a selected natural amino acid with an
amino acid analogue in a polypeptide of interest, an appro-
priate corresponding aminoacyl-tRNA synthetase must be
selected. For example, if an amino acid analogue will replace
a methionine residue, then preferably a methionyl tRNA syn-
thetase is selected.

[0060] The host-vector system is grown in media lacking
the natural amino acid and supplemented with an amino acid
analogue, thereby producing a modified polypeptide that has
incorporated at least one amino acid analogue. This method is
superior to existing methods as it improves the efficiency of
incorporation of amino acid analogues into polypeptides of
interest and increases the quantity of modified polypeptides
so produced.

[0061] In anembodiment of the invention, where the host-
vector system is an auxotrophic system, the host-vector sys-
tem is initially grown in media which includes all essential
amino acids, induced to express the polypeptide of interest,
and subsequently after induction, is grown in media lacking
the natural amino acid and supplemented with an amino acid
analogue, thereby producing a modified polypeptide that has
incorporated at least one amino acid analogue.

[0062] For example, the method of the invention can be
practiced by: (1) growing the host-vector system under suit-
able conditions having the natural amino acid and under
conditions such that the host-vector system overexpresses the
aminoacyl-tRNA synthetase; (2) collecting and washing cells
to remove presence of the natural amino acid; (3) resuspend-
ing the cells in media medium which lacks the natural amino
acid and has an amino acid analogue; (4) inducing the expres-
sion of the polypeptide of interest; (5) growing the cells in a
medium which lacks the natural amino acid and has an amino
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acid analogue under conditions such that the host-vector sys-
tem overexpresses the aminoacyl-tRNA synthetase and the
polypeptide molecule of interest; and (6) isolating the modi-
fied polypeptide of interest.

[0063] Inan embodiment of the invention, the polypeptide
of interest is dihydrofolate reductase, the natural amino acid
is methionine, the aminoacyl-tRNA synthetase is methionyl
tRNA synthetase, and the amino acid analogues of methion-
ine are 6,6,6-trifluvoromethionine, homoallylglycine,
homoproparglycine, norvaline, norleucine, cis-crotylglycine,
trans-crotylglycine, 2-aminoheptanoic acid, 2-butynylgly-
cine, allylglycine, azidoalanine and azidohomoalanine.

Polypeptides of Interest

[0064] In accordance with the invention, the polypeptides
may be from any source whether natural, synthetic, semi-
synthetic, or recombinant. These include hormones, enzymes
and protein fibers. Of these proteins, well-known examples
are insulin, interferons, growth hormones, serum albumin and
epidermal growth factor.

[0065] The polypeptides of interest can be those which
wild-type cells cannot naturally produce. In view of the diver-
sity of the modified polypeptides that can be produced using
the methods of the invention, it is preferable that the polypep-
tide of interest be different from those produced by wild type
cells.

Natural Amino Acids

[0066] Natural amino acids are amino acid residues that
will be replaced in a polypeptide of interest by a desired
amino acid analogue using the methods of the invention.
[0067] Amino acids constituting a natural amino acid resi-
due may be selected from the 20 natural amino acids, namely
glycine, alanine, valine, leucine, isoleucine, serine, threo-
nine, aspartic acid, glutamic acid, asparagine, glutamine,
lysine, arginine, cysteine, methionine, phenylalanine,
tyrosine, tryptophan, histidine and proline, that constitute the
amino acid sequence of a polypeptide of interest.
Aminoacyl-tRNA synthetases

[0068] Aminoacyl-tRNA synthetases can be from any
source whether natural, synthetic, semi-synthetic or recom-
binant (mutated or genetically engineered). Accordingly, the
aminoacyl-tRNA synthetases can be from any eukaryotic or
prokaryotic cell. Aminoacyl-tRNA synthetases can have
originated from the same or different cell as the host cell.
Types of aminoacyl-tRNA synthetases can include but are not
limited to glycine, alanine, valine, leucine, isoleucine, serine,
threonine, aspartic acid, glutamic acid, asparagine,
glutamine, lysine, arginine, cysteine, methionine, phenylala-
nine, tyrosine, tryptophan, histidine and proline t-RNA syn-
thetases. In accordance with the invention, selection of an
appropriate aminoacyl-tRNA synthetase depends on the
natural amino acid so selected to be replaced by an amino acid
analogue. For example, if an amino acid analogue will replace
methionine, then a methionyl tRNA synthetase is used.
[0069] It may be possible to use genetically engineered
aminoacyl-tRNA synthetases that recognize amino acid ana-
logues and are able to facilitate the incorporation of that
amino acid analogue into a polypeptide. For example,
hydroxy acids can be incorporated to form an ester linkage in
place of an amide linkage of polypeptides.

[0070] Aminoacyl-tRNA synthetases can be mutated or
genetically engineered to enhance properties of the enzyme to
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facilitate the incorporation of the amino acid analogues into
polypeptides of interest. For example, the editing function of
the aminoacyl-tRNA synthetases can be eliminated.

[0071] Nucleic acid sequences encoding the appropriate
aminoacyl-tRNA synthetase are used in the methods of the
invention.

Amino Acid Analogues

[0072] The amino acid analogues incorporated into
polypeptides using the methods of this invention are different
from the twenty naturally occurring counterparts in their side
chain functionality. The amino acid analogue can be a close
analogue of one of the twenty natural amino acids, or it can
introduce a completely new functionality and chemistry. The
amino acid analogue can replace an existing amino acid in a
protein (substitution).

[0073] There may be a variety of amino acid analogues that
can be added to a medium according to the present invention.
Suitable amino acid analogues include, but are not limited to,
molecules having fluorinated, electroactive, conjugated,
azido, carbonyl, alkyl and unsaturated side chain functional-
ities. The following are representative examples of amino
acid analogues:

[0074] Amino acid analogues which are modifications of
natural amino acids in the side chain functionality, such that
the imino groups or divalent non-carbon atoms such as oxy-
gen or sulfur of the side chain of the natural amino acids have
been substituted by methylene groups, or, alternatively,
amino groups, hydroxyl groups or thiol groups have been
substituted by methyl groups, olefin, or azido groups, so as to
eliminate their ability to form hydrogen bonds, or to enhance
their hydrophobic properties (e.g., methionine to norleucine).

[0075] Amino acid analogues which are modifications of
natural amino acids in the side chain functionality, such that
the methylene groups of the side chain of the natural amino
acids have been substituted by imino groups or divalent non-
carbon atoms or, alternatively, methyl groups have been sub-
stituted by amino groups, hydroxyl groups or thiol groups, so
as to add ability to form hydrogen bonds or to reduce their
hydrophobic properties (e.g., leucine to 2-aminoethylcys-
teine, or isolecine to o-methylthreonine).

[0076] Amino acid analogues which are modifications of
natural amino acids in the side chain functionality, such that a
methylene group or methyl groups have been added to the
side chain of the natural amino acids to enhance their hydro-
phobic properties (e.g., Leucine to gamma-Methylleucine,
Valine to beta-Methylvaline (t-Leucine)).

[0077] Amino acid analogues which are modifications of
natural amino acids in the side chain functionality, such that
methylene groups or methyl groups of the side chain of the
natural amino acids have been removed to reduce their hydro-
phobic properties (e.g., Isoleucine to Norvaline).

[0078] Amino acid analogues which are modifications of
natural amino acids in the side chain functionality, such that
the amino groups, hydroxyl groups or thiol groups of the side
chain ofthe natural amino acids have been removed or methy-
lated to eliminate their ability to form hydrogen bonds (e.g.,
Threonine to o-methylthreonine or Lysine to Norleucine).
[0079] Optical isomers of the side chains of natural amino
acids (e.g., Isoleucine to Alloisoleucine);

[0080] Amino acid analogues which are modifications of
natural amino acids in the side chain functionality, such that
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the substituent groups have been introduced as side chains to
the natural amino acids (e.g., Asparagine to beta-fluoroaspar-
agine).

[0081] Amino acid analogues which are modifications of
natural amino acids where the atoms of aromatic side chains
of the natural amino acids have been replaced to change the
hydrophobic properties, electrical charge, fluorescent spec-
trum or reactivity (e.g., Phenylalanine to Pyridylalanine,
Tyrosine to p-Aminophenylalanine).

[0082] Amino acid analogues which are modifications of
natural amino acids where the rings of aromatic side chains of
the natural amino acids have been expanded or opened so as
to change hydrophobic properties, electrical charge, fluores-
cent spectrum or reactivity (e.g., Phenylalanine to Naphthy-
lalanine, Phenylalanine to Pyrenylalanine).

[0083] Amino acid analogues which are modifications of
the natural amino acids in which the side chains of the natural
amino acids have been oxidized or reduced so as to add or
remove double bonds (e.g., Alanine to Dehydroalanine, Iso-
leucine to Beta-methylenenorvaline).

[0084] Amino acid analogues which are modifications of
proline in which the five-membered ring of proline has been
opened or, additionally, substituent groups have been intro-
duced (e.g., Proline to N-methylalanine).

[0085] Amino acid analogues which are modifications of
natural amino acids in the side chain functionality, in which
the second substituent group has been introduced at the alpha-
position (e.g., Lysine to alpha-difluoromethyllysine).

[0086] Amino acid analogues which are combinations of
one or more alterations, as described supra (e.g., Tyrosine to
p-Methoxy-m-hydroxyphenylalanine).

[0087] Amino acid analogues which differ in chemical
structures from natural amino acids but can serve as sub-
strates for aminoacyl-tRNA synthetase by assuming a con-
formation analogous to natural amino acids when bound to
this enzyme (e.g., Isoleucine to Furanomycin).

[0088] Types of amino acid analogues of methionine are
6,6,6-trifluoromethionine, homoallylglycine, homoproparg-
lycine, norvaline, norleucine, cis-crotylglycine, trans-croty-
Iglycine, 2-aminoheptanoic acid, 2-butynylglycine, allylgly-
cine, azidoalanine and azidohomoalanine.

Vectors

[0089] In accordance with the methods of the invention,
suitable expression vectors which may be used include, but
are not limited to, viral particles, baculovirus, phage, plas-
mids, phagemids, cosmids, phosmids, bacterial artificial
chromosomes, viral DNA (e.g., vaccinia, adenovirus, foul
pox virus, pseudorabies and derivatives of SV40), P1-based
artificial chromosomes, yeast plasmids, yeast artificial chro-
mosomes, and any other vectors specific for specific hosts of
interest (such as bacillus, aspergillus, yeast, etc.). Such vec-
tors can be chromosomal, nonchromosomal or synthetic
DNA sequences.

[0090] Large numbers of suitable vectors are known to
those of skill in the art, and are commercially available. The
following vectors are provided by way of example; Bacterial:
pQE70, pQEGO, pQE-9, pQE1S (Qiagen, Valencia, Calif.),
psiX174, pBluescript SK, pBluescript KS, (Stratagene, La
Jolla, Calif.); pTRC99a, pKK223-3, pKK233-3, pDR540,
pRIT2T (Pharmacia, Uppsala, Sweden); Eukaryotic: pWL-
NEO, pXT1, pSG (Stratagene, La Jolla, Calif.) pSVK3,
pBPV, PMSG, pSVLSV40 (Pharmacia, Uppsala, Sweden).
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[0091] A preferred vector for expression may be an autono-
mously replicating vector comprising a replicon that directs
the replication of the nucleic acids within the appropriate host
cell. The preferred vectors also include an expression control
element, such as a promoter sequence, which enables tran-
scription of the inserted sequences and can be used for regu-
lating the expression (e.g., transcription and/or translation) of
an operably linked sequence in an appropriate host cell such
as Escherichia coli. Methods for generating vectors are well
known in the art, for example, see Maniatis, T., et al., 1989
Molecular Cloning, A Laboratory Manual, Cold Spring Har-
bor Laboratory, Cold Spring Harbor, N.Y., incorporated by
reference herein.

[0092] Expression control elements are known in the art
and include, but are not limited to, inducible promoters, con-
stitutive promoters, secretion signals, enhancers, transcrip-
tion terminators, and other transcriptional regulatory ele-
ments. Other expression control elements that are involved in
translation are known in the art, and include the Shine-Dal-
gamo sequence, and initiation and termination codons. The
preferred vector also includes at least one selectable marker
gene that encodes a gene product that confers drug resistance,
such as resistance to ampicillin or tetracycline. The vector
also comprises multiple endonuclease restriction sites that
enable convenient insertion of exogenous DNA sequences.

[0093] The preferred vectors for generating polypeptides of
interest are those compatible to prokaryotic host cells.
Prokaryotic cell expression vectors are well known in the art
and are available from several commercial sources. For
example, a pQE vector (e.g., pQE15, available from Qiagen
Corp., Valencia, Calif.) may be used to express polypeptides
of interest, containing natural amino acids and modified
polypeptides, including those containing amino acid ana-
logues, in bacterial host cells.

[0094] The nucleic acids derived from a microorganism(s)
may be inserted into the vector by a variety of procedures. In
general, the nucleic acids can be inserted into an appropriate
restriction endonuclease site(s) by procedures known in the
art. Such procedures and others are deemed to be within the
scope of those skilled in the art.

[0095] The nucleic acid sequence encoding the aminoacyl-
tRNA synthetase or polypeptide of interest in the expression
vector may be operatively linked to an appropriate expression
control sequence(s) (promoter) to direct mRNA synthesis.
Bacterial promoters include lacl, lacZ, T3, T7, gpt, lambda
Px, P; and trp. Eukaryotic promoters include CMV immedi-
ate early, HSV thymidine kinase, early and late SV40, LTRs
from retrovirus, and mouse metallothionein-I.

[0096] Selection of the appropriate vector and its correla-
tive promoter is well within the level of ordinary skill in the
art. The expression vector may also contain a ribosome bind-
ing site for translation initiation and a transcription termina-
tor. The vector may also include appropriate sequences for
amplifying expression. Promoter regions can be selected
from any desired gene using CAT (chloramphenicol trans-
ferase) vectors or other vectors with selectable markers.
Chemical or temperature sensitive promoters can be used for
inducing the expression of either the aminoacyl-tRNA syn-
thetase or the target protein.

[0097] In addition, the expression vectors preferably con-
tain one or more selectable marker genes to provide a pheno-
typic trait for selection of transformed host cells, such as
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dihydrofolate reductase or neomycin resistance for eukary-
otic cell culture, or tetracycline or ampicillin resistance in E.
coli.

Inducers

[0098] In accordance with the methods of the invention
when the expression control element is an inducible promo-
tor, the promoter may be induced by an external stimulus,
such as by adding a compound (e.g., IPTG) or by heat shock-
ing to initiate the expression of the gene.

Level of Expression

[0099] Inaccordance with the methods of the invention, the
production of the aminoacyl-tRNA synthetase and/or the
polypeptide of interest is preferably in an amount in excess of
the level (any increase that is meaningful or confers a benefit)
produced by a naturally occurring gene encoding the aminoa-
cyl-tRNA synthetase and/or the polypeptide of interest.
[0100] The increase in the level of aminoacyl-tRNA syn-
thetase and/or the polypeptide of interest can be measured by
monitoring an increase in protein expression by gel electro-
phoresis, western blot analysis, or other relevant methods of
protein detection (Maniatis, T., et al., 1989 Molecular Clon-
ing, A Laboratory Manual, Cold Spring Harbor Laboratory,
Cold Spring Harbor, N.Y.).

[0101] The increase in the level of aminoacyl-tRNA syn-
thetase can also be determined by measuring the ATP-PP,
exchange activity (Mellot, P.; Mechulam, Y.; LeCorre, D.;
Blanquet, S.; Fayat, G.J. Mol. Biol. 1989, 208,429; Blanquet,
S.; Fayat, G.; Waller, I.-P. Fur. J. Biochem. 1974, 44, 343;
Ghosh, G.; Pelka, H.; Schulman, L. H. Biochemistry 1990,
29, 2220) of cell lysates.

Fusion Genes

[0102] In accordance with the methods of the invention, a
fusion gene includes a sequence encoding a polypeptide of
the invention operatively fused (e.g., linked) to a non-related
sequence such as, for example, a tag sequence to facilitate
isolation and/or purification of the expressed gene product
(Kroll, D.J.,etal., 1993 DNA Cell Biol 12:441-53). The pQE
expression vectors used in this invention express proteins
fused to a poly-Histidine tag that facilitates isolation and/or
purification of the expressed gene.

Host Cells

[0103] In accordance with the methods of the invention,
types of host cells include, but are not limited to, bacterial
cells, such as E. coli, Streptomyces, Salmonella typhimurium;
fungal cells, such as yeast; insect cells such as Drosophila S2
and Spodoptera Sf9; animal cells such as CHO, COS or
Bowes melanoma; adenoviruses; plant cells, etc. The selec-
tion of an appropriate host is deemed to be within the scope of
those skilled in the art from the teachings herein.

[0104] A preferred embodiment of a host cell is an aux-
otroph. Auxotrophs depend upon the external environment to
supply certain amino acids, for example, a methionine aux-
otroph depends on methionine in the growth medium for its
survival. The choice of auxotroph is dependent on the amino
acid that is selected to be replaced by an amino acid analogue
in the target protein (e.g., if methionine is selected, then a
methionine auxotroph is employed, if phenylalanine is
selected, then a phenylalanine auxotroph is employed).
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[0105] Suitable auxotrophs include, but are not limited to
CAG18491, B834(DE3), AD494, DL41, and ML304d.
[0106] Host cells may be either wild type cells or transfor-
mants. The term “transformants” as used herein including
products of transformation, transfection and transduction.
Preferably, the polypeptides of interest to be produced by the
cells according to the present invention are those which wild-
type cells cannot produce. Thus, it is preferable that the cells
to be used in the present invention be transformants.

Host-Vector Systems

[0107] The invention further discloses a host-vector system
comprising a vector or vectors having nucleic acids encoding
the aminoacyl-tRNA synthetase and polypeptide of interest.
[0108] The host-vector system is used to produce the
polypeptides of interest. The host cell can be either prokary-
otic or eukaryotic. Examples of suitable prokaryotic host cells
include bacterial strains from genera such as Escherichia,
Bacillus, Pseudomonas, Streptococcus, and Streptomyces.
Examples of suitable eukaryotic host cells include a yeast
cell, a plant cell, or an animal cell, such as a mammalian cell.
[0109] Introduction of the vectors of the present invention
into an appropriate cell host is accomplished by well known
methods that typically depend on the type of vector used and
host system employed. For transformation of prokaryotic
host cells, electroporation and salt treatment methods are
typically employed, see for example, Cohen et al., 1972 Proc
Acad Sci USA 69:2110; Maniatis, T., et al., 1989 Molecular
Cloning, A Laboratory Manual, Cold Spring Harbor Labora-
tory, Cold Spring Harbor, N.Y. Transformation of vertebrate
cells with vectors by electroporation, cationic lipid or salt
treatment methods, is typically employed, see, for example,
Graham et al, 1973 Virol 52:456; Wigleretal., 1979 Proc Natl
Acad Sci USA 76:1373-76.

[0110] Successfully transformed host cells, i.e., cells that
contain a vector of the present invention, are identified by
well-known techniques. For example, cells resulting from the
introduction of a vector of the present invention are selected
and cloned to produce single colonies. Cells from those colo-
nies are harvested, lysed and their nucleic acid content exam-
ined for the presence of the vector using a method such as that
described by Southern, J Mol Biol (1975) 98:503, or Berent et
al., Biotech (1985) 3:208, or the proteins produced from the
cell are assayed via a biochemical assay or immunological
method such as Western blotting.

[0111] The methods of the invention in which the cloned
gene is expressed in a suitable host cell are preferred if longer
polypeptides, higher yield, or a controlled degree of amino
acid analogue incorporation is desired. For example, a suit-
able host cell is introduced with an expression vector having
the nucleotide sequence encoding the polypeptide of interest.
The host cell is then cultured under conditions that permit in
vivo production of the desired polypeptide, wherein one or
more naturally occurring amino acids in the desired polypep-
tide are replaced with the amino acid analogues and deriva-
tives.

[0112] A preferred embodiment provides a host-vector sys-
tem comprising the pQE15 (Qiagen, Santa Clara, Calif.) vec-
tor having a sequence encoding the aminoacyl-tRNA syn-
thetase and target polypeptide of the invention, which is
introduced along with the pREP4 (Qiagen) vector into an
appropriate auxotrophic host cell such as F. coli methionine
auxotroph CAG18491 strain, which is useful, for example,
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for producing a polypeptide where a selected natural amino
acid is replaced with an amino acid analogue.

[0113] An embodiment of the host cells of the present
invention are Escherichia coli and transformants thereof, and
an example of the protein to be produced is dihydrofolate
reductase.

Media

[0114] Suitable media for growing the host-vector systems
of the invention are well known in the art, for example, see
Sambrook etal., Molecular Cloning (1989), supra. In general,
a suitable media contains all the essential nutrients for the
growth of the host-vector system. The media can be supple-
mented with antibiotics that are selected for host-vector sys-
tem.

[0115] The media may contain all 20 natural amino acids or
lack a selected natural amino acid. The media may also con-
tain an amino acid analogue in place of a selected natural
amino acid.

Potential Uses of Modified Polypeptides

[0116] According to the present invention, it is now pos-
sible to create entirely new modified polypeptides, in which
amino acid analogues, as well as the 20 natural amino acids
are used as constituents.

[0117] Modified polypeptides can be used to prepare func-
tional drugs, antagonistic drugs or inhibitory agents. Also,
using non-natural amino acids in protein engineering expands
the potential designs of polypeptides. Since such modified
polypeptides are not natural, they may be less susceptible to
proteolytic enzymes generally present in cells.

[0118] Introduction of amino acid analogues in polypep-
tides may produce modified polypeptides having a variety of
side chains having highly active chemical functional groups.
The reactivity of the various types of the functional groups
introduced can be exploited to control protein structure and
function. For example, polypeptides or proteins may be pro-
duced that have undergone site-specific phosphorylation,
methylation or addition of sugar chains. It may be possible to
produce modified polypeptides as derivatives analogous to
specified proteins by the introduction of amino acid ana-
logues having functional groups to form crosslinks so that
cellular components which interact with the specified pro-
teins in the cells can be detected. Modified polypeptides with
incorporated fluorescent amino acid residues are useful to
trace metabolic pathways in organisms or to elucidate mecha-
nisms of biological actions. It is possible to produce modified
polypeptides having amino acid analogues which differ in
acid dissociation constant from natural amino acids, so as to
control properties of the polypeptides that depend on the
acidity in aqueous solutions.

[0119] Itis possible to introduce amino acid analogues into
polypeptides that will self-assemble so as to mimic viruses
(e.g., coat proteins), muscle fibers (e.g., actin and myosin) or
chromatin (e.g., histones) so as to create supra-molecular
structures having specified functions. Additionally, the supra-
molecular structures can be further modified in a biological
system to create other supra-molecular structures having
specified functions.

[0120] It may be possible to add amino acid analogues
according to the methods of the invention to artificial feeds for
silk worms that can synthesize silk with the amino acid ana-
logues. Further, it may be possible to produce protein fibers
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with optical properties from modified polypeptides into
which amino acid analogues have been incorporated. In this
regard, modified polypeptides with amino acid analogues
having functional groups to form crosslinkages can produce
supra-molecular structures with silk as supporting construc-
tion. Crosslinkages of the modified polypeptides can then
produce new proteinaceous structures. Into the structures thus
produced, non-natural fluorescent amino acids can be intro-
duced, e.g., to make biochips for photoenergy transduction.

Advantages of the Invention

[0121] The invention introduces a unique strategy that can
be widely applied to incorporate amino acid analogues to
substitute for any of the selected natural amino acid residues
in polypeptides of interest. A greater range of amino acid
analogues can be employed for protein synthesis. In addition,
modified polypeptides produced using the methods of this
invention can be produced in higher yields and with high
levels of replacement of natural amino acids.

[0122] The method of this invention changes the building
blocks of protein synthesis, leaving the “blueprint” encoding
the proteins unchanged. The invention, therefore, permits a
rapid and predictable approach to protein design and pro-
duces modified polypeptides with significantly increased
yields and expansion of amino acid analogues that can serve
as substrates for polypeptide synthesis.

[0123] This method ofthis inventionis generally applicable
to a large range of proteins, enzymes, and peptides, and is not
limited by the size or structure of the proteins or polypeptides.
Incorporation of amino acid analogues with different func-
tionalities, such as double bonds, can be utilized for further
chemical derivatization of the polypeptide of interest. Fur-
thermore, the feasibility of incorporating amino acid ana-
logues using in vivo methods should allow the manipulation
of enzymes, signaling molecules, protein ligands, and may
prove to be of broad utility in the engineering of more versa-
tile biological assemblies.

[0124] The following examples are presented to illustrate
the present invention and to assist one of ordinary skill in
making and using the same. The examples are not intended in
any way to otherwise limit the scope of the invention.

EXAMPLE I

[0125] This example demonstrates the selectivity of
methionyl t-RNA synthetase for methionine analogues and
the efficient incorporation of unsaturated methionine ana-
logues into proteins in vivo.

Synthesis of Amino Acid Analogues

[0126] Each of the analogues 2-7 and 11 (FIG. 2) was
prepared by alkylation of diethyl acetamidomalonate with the
appropriate alkyl tosylate followed by decarboxylation and
deprotection of the amine function. This section provides
information on general synthetic procedures and a detailed
protocol for preparation of 2. Similar methods were used to
prepare 3-7 and 11. Analogues 8, 9, 12, and 13 are available
commercially (Sigma-Aldrich, St. Louis, Mo.). Analogue 10
was prepared as described by Blackwell et al. (H. E. Black-
well, R. H. Grubbs, Angew. Chem. 1998, 110, 3469-3472,
Angew. Chem. Int. Ed. 1998, 37, 3281-3284.).

[0127] General Procedures.

[0128] Glassware was dried at 150° C. and cooled under
nitrogen prior to use. Tetrahydrofuran (THF) was freshly
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distilled from Na/benzophenone. N,N-Dimethylformamide
(DMF) was distilled and stored over BaO. Pyridine (99.8%,
anhydrous, Aldrich) and other reagents and solvents were
used as received. "H NMR spectra were recorded on Bruker
AC 200 and AMX 500 spectrometers and >*C NMR spectra
were recorded on a Bruker DPX 300 spectrometer. Column
chromatography was performed with silica gel 60, 230-400
mesh (EM Science); silica 60-F254 (Riedel-de Haén) was
used for thin layer chromatography.

DL-2-amino-5-hexenoic acid (2)

[0129] (Drinkwater, D. J.; Smith, P: W. G. J. Chem. Soc. C
1971, 1305; Baldwin, J. E.; Hulme, C.; Schofield, C. I. J.
Chem. Res. (S) 1992, 173).

3-Buten-1-o0l 4-methylbenzene sulfonate

[0130] A solution of 3 g (42 mmol) 3-buten-1-ol in 10 mL
dry pyridine was cooled in an ice bath. Tosyl chloride (7.9 g,
42 mmol), was added. After stirring for 3 h the mixture was
poured into 30 mL of an ice/concentrated HCI 4/1 v/v solu-
tion, extracted with 60 mL diethyl ether and dried overnight in
the freezer over MgSO,,. The mixture was filtered and the
ether evaporated to yield 7.22 g (76%) of 3-buten-1-ol 4-me-
thylbenzene sulfonate as a yellow oil. "H NMR (CDCl,): &
2.39-2.53 (m, 2H, J=6.5 and 6.9 Hz, CH,—CH—CH,; and s,
3H, CH;—Ar), 4.08 (t, J=6.5 Hz, 2H, CH,080,), 5.09-5.15
(m, 2H, J,~104, J=16.6, I.,,=3.1 Hz, CH,—CH=CH,),
5.57-582 (m, 1H, 1,~104, J.=16.6, J=6.9 Hz, CH,—
CH—CH,), 7.38 and 7.72 (d, 4H, J=8.6 Hz, Ar).

Acetylamino-3-butenyl propanedioic acid diethyl
ester

[0131] Diethyl acetamidomalonate, 1.56 g (6.9 mmol), was
dissolved at room temperature under N, in 10 mL dry THF.
Potassium tert-butoxide (0.80 g, 7 mmol), was added under
vigorous stirring. The mixture was heated for 2 h at 60° C.
3-Buten-1-0l 4-methylbenzenesulfonate (1.5 g, 6.9 mmol)
was added, and the mixture was heated under reflux for 2
days. The THF was removed, the residue was quenched with
10 mLL 1 M HCI, and the crude product was extracted with
ethyl acetate (25 mL). The ethyl acetate solution was washed
twice with 25 ml water, dried over MgSO,, filtered and
concentrated. The crude product was purified by column
chromatography (eluent cyclohexane/ethyl acetate 2/1 v/v) to
yield 0.82 g (44%) of acetylamino-3-butenyl-propanedioic
acid diethyl ester. 'H NMR (CDCl,): 8 1.28 (t, 6H, I=7.2 Hz,
CH,—CH,), 1.78-2.0 (m, 2H, J=8.3, 6.5 Hz, CH,—CH—
CH,—CH,), 2.08 (s, 3H, CONH—CH,), 2.45 (m, 2H, J=8.3
Hz, CH,—CH—CH,—CH,), 4.25 (q, 4H, J=7.2 Hz, CH;—
CH,), 4.90-5.09 (m, 2H, J =104, J.=16.6, I.,,=3.2 Hz,
CH,—CH—CH,), 5.61-5.90 (m, 1H, J =104, J.=16.6,
J=6.5 Hz, CH,—CH—CH,), 6.78 (s, 1H, CONH—CH,).

DL-2-amino-5-hexenoic acid

[0132] The diethyl ester obtained as described above was
hydrolyzed to the dicarboxylate by heating under reflux for 4
hin25mL 10 wt % NaOH. The solution was neutralized with
6 M HCI and the solvent was evaporated. The diacid was
extracted with 25 mL of methanol. Following solvent evapo-
ration, 20 mL. 1M HCI was added and the solution was
refluxed for 3 h. The solvent was evaporated and the product
was taken up in 10 mL. methanol. Propylene oxide (5 mL.) was
added and the mixture was stirred overnight at room tempera-
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ture. The precipitate was filtered and dried, yielding DL-2-
amino-5-hexenoic acid (0.47 g, 63%). The product was
recrystallized from EtOH/H,O 2/1 v/v (0.28 g, 60%). The 'H
NMR data were in agreement with those of reference 16
(Hatanaka, S. I.; Furukawa, J.; Aoki, T.; Akatsuka, H.;
Nagasawa, E. Mycoscience, 1994,35,391). "HNMR (D,0):
8 1.78-2.0 (m, 2H, J=6.4, 6.6 Hz, CH,—CH—CH,—CH,),
2.08-2.20 (m, 2H, J=6.1, 6.4 Hz, CH,—CH—CH,—CH,),
3.75 (t, 1H, J=6.1 Hz, H,N—CH-—COOH), 4.90-5.12 (m,
2H,J,~10.5,1,=16.7,1,,,=3.3 Hz, CH,—CH—CH,), 5.61-
5.90 (m, 1H, J~10.5,J,~16.7, I=6.6 Hz, CH,—CH—CH,).
3C NMR (D,0): 8 28.9 (CH,—CH—CH,—CH,), 29.9
(CH,—CH—CH,—CH,), 544 (H,N—CH—COOH),
116.3 (CH,—CH—CH,), 137.3 (CH,—CH—CH,), 174.8
(COOH).

Determination of Translational Activity

[0133] Buffers and media were prepared according to stan-
dard protocols (Sambrook, J.; Fritsch, E. F.; Maniatis, T.
Molecular Cloning: A Laboratory Manual, 2nd Ed. Cold
Spring Harbor Laboratory Press, Cold Spring Harbor, N.Y.
1989; Ausubel, F. M.; Brent, K.; Kingston, K. E.; Moore, D.
D.; Scidman, I. G.; Smith, J. A.; Struhl, K. Current Protocols
in Molecular Biology, John Wiley & Sons, NY 1995). The E.
coli methionine auxotroph CAG18491 (A", rph-1,
metE3079.:Tnl10) (obtained from the Yale E. coli Genetic
Stock Center), was transformed with plasmids pREP4 and
pQELS (Qiagen, Valencia, Calif.), to obtain the expression
host CAG18491/pQE15/pREP4.

Protein Expression (5 mL Scale).

[0134] M9AA medium (50 mL) supplemented with 1 mM
MgSO,, 0.2 wt % glucose, 1 mg/L. thiamine chloride and the
antibiotics ampicillin (200 mg/IL) and kanamycin (25 mg/L)
was inoculated with 2 ml. of an overnight culture of
CAG18491/pQE15/pREP4. When the turbidity of the culture
reached an optical density at 600 nm (ODg,,) of 0.8, a
medium shift was performed. The cells were sedimented for
10 min at 3030 g at 4° C., the supernatant was removed, and
the cell pellet was washed twice with 20 mL. of M9 medium.
Cells were resuspended in 50 mL of the MOAA medium
described above, without methionine. Test tubes containing 5
ml aliquots of the resulting culture were prepared, and were
supplemented with 200 ul. 1 mg/ml (0.27 mM) L-methion-
ine (1) (positive control), DL-2-amino-5-hexenoic acid (2)
(0.31 mM), DL-homopropargylglycine(3) (0.31 mM), cis- or
trans-DL-2-amino-4-hexenoic acid (4 or 5) (0.31 mM), DL-6,
6,6-trifluoro-2-amino hexanoic acid (6) (0.22 mM), DL-2-
aminoheptanoic acid (7) (0.28 mM), L-norvaline (8) (0.34
mM) or L-norleucine (9). (0.31 mM), respectively. A culture
lacking methionine (or any analogue) served as the negative
control. Protein expression was induced by addition of iso-
propyl-p-D-thiogalactopyranoside (IPTG) to a final concen-
tration of 0.4 mM. Samples were taken every hour for 4 h, the
ODg,, was measured, and the samples were sedimented.
After the supernatant was decanted, the cell pellets were
resuspended, in 20 pl. distilled H,O.

[0135] Protein expression was monitored by SDS poly-
acrylamide gel electrophoresis (12% acrylamide running gel,
12 mA, 14 h), using a normalized ODy, of 0.2 per sample.
[0136] Protein Expression (1 L Scale)

[0137] Similar procedures were used for preparation and
isolation of mDHFR from media supplemented with 1,2 or 3.
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The example presented is for medium supplemented with 3.
MYAA medium (100 mL) supplemented with 1 mM MgSO,,
0.2 wt % glucose, 1 mg/L. thiamine chloride and the antibi-
otics ampicillin (200 mg/L.) and kanamycin (25 mg/L.) was
inoculated with E. coli strain CAG18491/pQE15/pREP4 and
grown overnight at 37° C. This culture was used to inoculate
900 m[. M9AA medium supplemented as described. The
cells were grown to an OD,, of 0.94 and the medium shift
was performed as described for the small scale experiments,
followed by addition of 40 mL of 1 mg/ml. DL-homoprop-
argylglycine (3). IPTG (0.4 mM) was added, and samples
were taken at 1 hour intervals. ODy,, was measured, the
samples were sedimented and decanted, and the cell pellets
were resuspended in 20 pL distilled H,O. Protein expression
was monitored by SDS polyacrylamide gel electrophoresis
(12% acrylamide running gel, 12 mA, 15 h).

[0138] Protein Purification

[0139] Approximately 4.5 h after induction, cells were
sedimented (9,800 g, 10 min, 4° C.) and the supernatant was
removed. The pellet was placed in the freezer overnight. The
cells were thawed for 30 min at 37° C., 30 mL of buffer (6 M
guanidine-HCl, 0.1 M NaH,PO,, 0.01 M Tris, pH 8) was
added and the mixture was shaken at room temperature for 1
h. The cell debris was sedimented (15,300 g, 20 min, 4° C.)
and the supernatant was subjected to immobilized metal
affinity chromatography (Ni-NTA resin) according to the pro-
cedure described by Qiagen (The Qiagen Expressionist, Puri-
fication Procedure 7, 1992, 45). The supernatant was loaded
on 10 mL of resin which was then washed with 50 mL of
guanidine buffer followed by 25 mL ofurea buffer (8 M urea,
0.1 M NaH,PO, and 0.01 M Tris, pH 8). Similar urea buffers
were used for three successive 25 ml. washes at pH values of
6.3, 5.9 and 4.5, respectively. Target protein was obtained in
washes at pH 5.9 and 4.5. These washes were combined and
dialyzed (Spectra/Por membrane 1, MWCO=6-8 kDa)
against running distilled water for 4 days, followed by batch-
wise dialysis against doubly distilled water for one day. The
dialysate was lyophilized to yield 70 mg of modified mDHFR
(mDHFR-Y). A similar procedure using medium supple-
mented with 2 yielded 8 mg of mDHFR-E. A control experi-
ment in 2xYT medium afforded 60 mg of mDHFR. Amino
acid analyses, electrospray mass spectrometry and N-termi-
nal protein sequencing was performed on the mDHFR iso-
lated.

[0140] Enzyme Purification and Activation Assays

[0141] The fully active, truncated form of methionyl tRNA
synthetase (MetRS) was purified from overnight cultures of
IM101 cells carrying the plasmid pGG3. (The plasmid, which
encodes the tryptic fragment of MetRS, Ghosh, G.; Brunie,
S.; Schulman, L. H. J. Biol. Chem. 1991, 266, 17136-17141).
The enzyme was purified by size exclusion chromotography
as previously described (Mellot, P.; Mechulam, Y.; LeCorre,
D.; Blanquet, S.; Fayat, G. J. Mol. Biol. 1989, 208, 429).
Activation of methionine analogues by MetRS was assayed
via the amino-acid-dependent ATP-PP, exchange reaction,
also as previously described (Mellot, P.; Mechulam, Y.;
LeCorre, D.; Blanquet, S.; Fayat, G. J. Mol. Biol. 1989, 208,
429; Blanquet, S.; Fayat, G.; Waller, I.-P. Eur. J. Biochem.
1974, 44, 343; Ghosh, G.; Pelka, H.; Schulman, L. H. Bio-
chemistry 1990, 29, 2220). The assay, which measures the
32P.radiolabeled ATP formed by the enzyme-catalyzed
exchange of **P-pyrophosphate (PP,) into ATP, was con-
ducted in 150 pl of reaction bufter (pH 7.6, 20 mM imidazole;
0.1 mM EDTA, 10 mM f-mercaptoethanol, 7 mM MgCl,, 2
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mM ATP, 0.1 mg/ml BSA, and 2 mM PP, (in the form of
sodium pyrophosphate with a specific activity of approxi-
mately 0.18 TBg/mole)). Assays to determine if the methion-
ine analogues 2-13 are recognized by MetRS were conducted
in solutions 75 nM in enzyme and 5 mM in the [-isomer of the
analogue with a reaction time of 20 minutes. Kinetic param-
eters for analogue 5 were obtained with an enzyme concen-
tration of' 75 nM and analogue concentrations of 100 uM to 10
mM. Parameters for methionine were obtained by using con-
centrations ranging from 10 uM to 1 mM. K,, values for
methionine matched those previously reported (Ghosh, G.;
Pelka, H.; Schulman, L. H.; Brunie, S. Biochemistry 1991, 30,
9569), though the measured k _,, was somewhat lower than the
literature value. Aliquots of 20 pl were removed from the
reaction mixture at various time points and were quenched in
0.5 ml of a solution comprising 200 mM PP,, 7% w/v HCIO,,
and 3% w/v activated charcoal. The charcoal was rinsed twice
with 0.5 mL of'a 10 mM PP,, 0.5% HCIO, solution and was
then resuspended in 0.5 mL of this solution and counted via
liquid scintillation methods. Kinetic constants were calcu-
lated by nonlinear regression analysis.

[0142] Computation

[0143] Single-point energy ab initio calculations (Hartree-
Fock model, 6-31 G* basis set) (Hehre, W. J.; Ditchfield, R.;
Pople, I. A. J. Chem. Phys. 1972, 56, 2257; Hariharan, P. C.;
Pople, J. A. Chem. Phys. Lett. 1972, 66,217; Francl, M. M. et
al. J. Chem. Phys. 1982, 77, 3654) were performed for
methionine and for analogues 2, 3 and 5 with fully extended
side chains. Electron density maps are shown as surfaces of
electron density 0.08 electrons/au’. Isopotential plots are rep-
resented as surfaces where the energy of interaction between
the amino acid and a point positive charge is equal to —10
kcal/mole. Calculations were performed by using the pro-
gram MacSpartan (Wavefunction, Inc., Irvine, Calif., USA).

Results and Discussion

[0144] Methionine Analogues

[0145] Methionine analogues 2-13 were investigated with
respect to their capacity to support protein synthesis in £. coli
cells depleted of methionine. Norvaline (8) and norleucine
(9), allylgycine (12), and propargylglycine (13) are commer-
cially available. Analogues 2-7 and 11 were prepared by
alkylation of diethyl acetamidomalonate with the corre-
sponding tosylates via standard procedures, and the remain-
ing analogues were prepared as described supra. In the cases
of the cis- and trans-crotylglycines (4 and 5) the tosylates
were prepared in situ, and because of fast exchange of the
tosyl group with chloride ion, mixtures of the chloride and the
tosylate were obtained. Hydrolysis of the malonate and con-
version to the amino acid had to be performed under mild
acidic conditions for analogues 2, 4 and 5; treatment with 6
NHCI, or reflux in 1 NHCI for more than 5 h led to HCI
addition to the double bond. In all cases the analogues were
obtained as racemates and were used as such.

[0146] Protein Expression

[0147] E. coli strain CAG18491/pQE15/pREP4, which
produces the test protein mDHFR upon induction with IPTG,
was used as the expression host. The parent strain CAG18491
is dependent on methionine for growth, owing to insertion of
transposon Tn10 into the metE gene, which is essential for the
final step in the endogenous synthesis of methionine. Cultures
were grown in minimal medium supplemented with methion-
ine until a cell density corresponding to OD,, 0.8-1.0 was
reached. Cells were sedimented, washed and resuspended in
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minimal medium without methionine. Aliquots of the culture
were then supplemented with one of the analogues 2-13.
Protein synthesis was induced with IPTG and cell growth and
protein expression were followed over a 4 h period. Expres-
sion results are presented in FIG. 3, and show clearly that
analogues 2 and 3 exhibit translational activity sufficient to
allow protein synthesis in the absence of methionine. Ana-
logues 4-8 and 12-13 are not active in the assay reported here,
while the known translational activity of norleucine (9) was
confirmed. CAG18491/pQE15/pREP4 cultures did not grow
in minimal media in which methionine was replaced by 2 and
3, at the time of inoculation.

[0148] Analysis of Protein Structure

[0149] The extent of replacement of methionine by ana-
logues 2 and 3 was determined by an amino acid analysis,
N-terminal sequencing, and (for 2) *H nuclear magnetic reso-
nance spectroscopy (Table 1). Proteins containing 2 and 3
were designated mDHFR-E (alkene) and mDHFR-Y
(alkyne), respectively.

TABLE 1

PROTEINYIELD AND EXTENT OF
METHIONINE REPLACEMENT

Replacement (%)
Yield Amino Acid

Protein (mg)* Analysis Sequencing 'H NMR

mDHFR-E 8 86 92 77

mDHFR-Y 70 100 88 Not
determined

*Yield of purified protein obtained from 1 L of CAG18491/pQE15/pREP4
culture grown to OD g = 0.94 prior to induction by addition of IPTG. The
yield of mDHFR obtained from control cultures supplemented with methion-
ine was approximately 70 mg/L.

[0150] mDHFR-E.

[0151] Amino acid analysis of mDHFR-E showed a
methionine content of 0.5 mol % vs. the value of 3.8 mol %
expected for mDHFR. Although 2 appears to be unstable
under the conditions used to hydrolyze the protein for amino
acid analysis, assumption that the decrement in methionine
content is due to replacement by 2 affords an estimate of 86%
substitution by the analogue. This estimate is consistent with
the results of N-terminal sequencing of mDHFR-E (FIG. 4),
which indicates 92% occupancy of the initiator site by 2. In
the chromatograms shown in FIG. 4, the signal due to
methionine appears at a retention time of 12.3 min, while that
from 2 elutes at 14.3 min. The retention time of the signal
arising from 2 was verified by analysis of an authentic sample
of the analogue. Retention of the N-terminal residue in
mDHFR was expected on the basis of the known correlation
between the extent of methionine excision from E. coli pro-
teins and the identity of the penultimate amino acid residue
(Hirel, P. H.; Schmitter, J. M.; Dessen, P.; Fayat, G.; Blanquet,
S. Proc. Natl. Acad. Sci. USA 1989, 86, 8247). Finally, direct
evidence for incorporation of the alkene function of 2 was
obtained from ‘H NMR spectroscopy. The vinyl CH reso-
nance of 2 appears at a chemical shift of 5.7 ppm in the
spectrum of mDHFR-E, and can be integrated to yield an
estimate of 77% replacement of methionine by the unsatur-
ated analogue. A yield of 8 mg of mDHFR-E was obtained
from a 1 L culture of CAG18491/pQE15/pREP4 grown in
MYAA medium supplemented with 2, compared with 70 mg
obtained from a similar experiment in medium supplemented
with methionine.
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[0152] mDHFR-Y.
[0153] Methionine could not be detected via amino acid

analysis of mDHFR-Y, suggesting quantitative replacement
of' methionine by the alkyne analogue 3. N-terminal sequenc-
ing (FIG. 4) indicated 88% occupancy of the initiator site by
3. 'H NMR analysis of mDHFR-Y was consistent with near-
quantitative replacement of methionine, as the thiomethyl
resonance at 2.05 ppm—which is prominent in the spectrum
of mDHFR—could not be detected. New signals at 2.2-2.3
ppm—which are not observed in the spectrum of mDHFR
and which correspond to signals due to the [3- and e-protons of
3—appeared in the spectrum of mDHFR-Y, but were not
integrated carefully owing to overlap with neighboring reso-
nances. The yield of mDHFR-Y obtained from M9AA
medium supplemented with 3 was essentially identical to that
of mDHFR isolated from media supplemented with methion-
ine.

[0154]

[0155] The relative rates of activation of methionine and
methionine analogues 2-13 by MetRS were estimated by the
ATP-PP, exchange assay. The results shown in FIG. 5 illus-
trate the amount of PP, exchanged at a reaction time of 20
minutes under standard assay conditions (see Experimental
Section). Methionine (1) is activated most efficiently by the
enzyme, causing exchange of 9 nmoles of PP, over the time
course of the reaction. Analogues 2 and 3 cause exchange of
PP, at rates similar to that of norleucine (9), while the remain-
ing analogues 4, 6-8, and 12-13 cause exchange of PP, at
levels no higher than background (FIG. 5, lane 14). The
background (lane 14) is given for a reaction mixture lacking
both the enzyme and the amino acid. Although analogues 5
and 11 effect very slow exchange of PP,, the activation rate is
apparently too low to support protein synthesis at a level that
is detectable in the in vivo assays. Kinetic parameters were
determined for methionine and 5 as outlined in the Experi-
mental Section. Comparison of the k_,/K,, values obtained
for methionine (0.54 s> uM™) and 5 (1.1x107* s~! uM™)
show that 5 is activated 4700-fold less efficiently than
methionine by MetRS. Comparison of the k_,/K,, values
obtained for methionine (0.54 s~ uM ™) and 11 (3.9x107>s7*
uM™!) show that 11 is activated 13825-fold less efficiently
than methionine by MetRS.

Enzyme Assays

Discussion

[0156] A bacterial host strain (designated CAG18491/
pQE15/pREP4) suitable for testing the translational activity
of methionine analogues 2-8 and 10-13 was prepared by
transformation of E. coli strain CAG18491, a methionine
auxotroph, with the repressor plasmid pREP4 and the expres-
sion plasmid pQE1S5. pQE15 encodes mouse dihydrofolate
reductase (mDHFR) under control of a bacteriophage TS5
promoter, and appends to mDHFR an N-terminal hexahisti-
dine sequence that facilitates purification of the protein by
immobilized metal affinity chromatography. mDHFR con-
tains eight methionine residues, each a potential site for sub-
stitution by analogues 2-8 and 10-13. The translational activ-
ity of each analogue was assayed on the basis of'its capacity
to support synthesis of mDHFR in cultures of CAG18491/
pQE15/pREP4 that had been depleted of methionine. In those
instances in which the test protein was detected by gel elec-
trophoresis (i.e., for 2 and 3), the modified mDHFR was
purified and analyzed to determine the extent of methionine
replacement by the analogue.
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[0157] The results of the in vivo assays illustrated in FIG. 3
show clearly that homoallylglycine (2) and homopropargylg-
lycine (3) serve effectively as methionine surrogates in bac-
terial protein synthesis. In contrast, analogues 4-8 and 10-13
do not support measurable levels of protein synthesis in bac-
terial cultures depleted of methionine. It is highly unlikely
that recognition by the elongation factors of the ribosome or
transport into the cell are the limiting factors for incorporation
of these analogues. The ribosome is remarkably permissive
toward amino acid analogues with widely varying chemical
functionality, as has been demonstrated by the numerous
analogues incorporated into proteins in in vitro translation
experiments (Cornish, V. W.; Mendel, D.; Schultz, P. G.
Angew. Chem. Int. Ed. Engl. 1995,34, 621; Robertson, S. A.;
Ellman, J. A.; Schultz, P. G. J. Am. Chem. Soc. 1991, 113,
2722; Noren, C. I.; Anthony-Cahill, S. I.; Griffith, M. C.;
Schultz, P. G. Science 1989, 244, 182; Bain, J. D.; Glabe, C.
G.; Dix, T. A.; Chamberlin, A. R. J. Am. Chem. Soc. 1989,
111, 8013; Bain, . D. et al. Nature 1992, 356, 537, Gallivan,
J.P; Lester, H. A.; Dougherty, D. A. Chem. Biol. 1997, 4, 740;
Turcatti, et al. J. Biol. Chem. 1996,271,19991; Nowak, M. W.
etal. Science, 1995, 268,439, Saks, M. E. etal. J. Biol. Chem.
1996, 271, 23169; Hohsaka, T. et al. J. Am. Chem. Soc. 1999,
121, 34).

[0158] Transport of several analogues into the cell is indi-
cated by a number of literature reports. Analogue 4 is an
antagonist for methionine, inhibiting the growth of E. coli
cells (Skinner, C. G.; Edelson, J.; Shive, W. J. Am. Chem. Soc.
1961, 83, 2281); 5 has been incorporated into proteins in E.
coli cells with appropriately engineered MetRS activity; and
8 replaces leucine in human hemoglobin expressed in E. coli
(Apostol, I.; Levine, I.; Lippincott, J.; Leach, I.; Hess, E.;
Glascock, C. B.; Weickert, M. J.; Blackmore, R. J Biol.
Chem. 1997, 272, 28980). Although there is no similar evi-
dence reported for analogues 6 and 7, the fact that trifluo-
romethionine and ethionine are incorporated into proteins
expressed in E. coli (Hendrickson, W. A.; Horton, J. R.;
Lemaster, D. M. EMBO J. 1990, 9, 1665; Boles, J. O. et al.
Nature Struct. Biol. 1994, 1, 283; Cowie, D.B.; Cohen, G.N.;
Bolton, E. T.; de Robichon-Szulmajster, H. Biochem. Bio-
phys. Acta 1959, 34,39; Duewel, H.; Daub, E.; Robinson, R ;
Honek, J. F. Biochemistry 1997, 36, 3404; Budisa, N.; Steipe,
B.; Demange, P.; Eckerskorn, C.; Kellerman, J.; Huber, R.
Eur. J. Biochem. 1995, 230, 788) suggests that neither the
trifluoromethyl group nor the longer side chain will inhibit
transport of analogues 6 and 7 into E. coli cells.

[0159] The results of the in vitro enzyme assays shown in
FIG. 5 are consistent with the in vivo results, as the analogues
that support the highest rates of PP, exchange also support
protein synthesis in the absence of methionine. Although the
in vitro results indicate that 5 and 11 are recognized by
MetRS, comparison of the k_,/K,, values of methionine and
5 and 11 demonstrate that 5 is activated 4700-fold and 11
13825-fold less efficiently than methionine; thus it is not
surprising that neither 5 or 11 support measurable protein
synthesis in the in vivo experiments. Consideration of the in
vivo and in vitro results, along with the reports cited earlier,
suggests that transport is not limiting and that analogue incor-
poration is controlled by the MetRS.

[0160] Although the crystal structure of an active tryptic
fragment of the E. coli MetRS (complexed with ATP) has
been reported (Brunie, S.; Zelwer, C.; Risler, J. L. J. Mol.
Biol. 1990, 216, 411; Mechulam, Y.; Schmitt, E.; Maveyraud,
L.; Zelwer, C.; Nureki, O.; Yokoyama, S.; Konno, M.; Blan-



US 2008/0160609 Al

quet, S. J. Mol. Biol. 1999, 294, 1287-1297), the correspond-
ing structure with bound methionine is not yet available.
Inferences concerning the mechanism of methionine (or ana-
logue) recognition by MetRS have heretofore been made
indirectly, on the basis of sequence comparison and site-
directed mutagenesis (Ghosh, G.; Pelka, H.; Schulman, .. H.;
Brunie, S. Biochemistry 1991, 30, 9569; Fourmy, D.; Mechu-
lam, Y.; Brunie, S.; Blanquet, S.; Fayat, G. FEBS Lett. 1991,
292,259, Kim, H.Y.; Ghosh, G.; Schulman, L. H.; Brunie, S.;
Jakubowski, H. Proc. Natl. Acad. Sci. USA 1993, 90, 11553).
[0161] FIG. 6 compares the equipotential surfaces calcu-
lated for methionine and for analogues 2, 3 and 5. That 2
might serve as a substrate for the methionyl-tRNA synthetase
is not surprising, given the similar geometries accessible to 1
and 2, the availability of w-electrons near the side-chain ter-
minus of 2, and the known translational activity of norleucine
(9); the saturated analogue of 2. The high translational activ-
ity observed for 3, (i.e., near-quantitative replacement of
methionine without loss of protein yield), was not antici-
pated, since the colinearity of side-chain carbons 4-6 imposes
on 3 a geometry substantially different from that of methion-
ine. However, the electron density associated with the triple
bond of 3 is positioned similarly to that of the thioether of the
natural substrate, despite the differences in side-chain geom-
etry. Furthermore, given the important roles assigned to resi-
dues Phel97 and Trp305 in the E. coli methionyl-tRNA syn-
thetase (Ghosh, G.; Pelka, H.; Schulman, L. H.; Brunie, S.
Biochemistry 1991, 30, 9569; Fourmy, D.; Mechulam, Y.;
Brunie, S.; Blanquet, S.; Fayat, G. FEBS Lett. 1991,292,259;
Kim, H. Y.; Ghosh, G.; Schulman, L. H.; Brunie, S.;
Jakubowski, H. Proc. Natl. Acad. Sci. USA 1993, 90, 11553),
alkynyl C—H/m contacts (Steiner, T.; Starikov, E. B.; Amado,
A. M.; Teixeira-Dias, 1. J. C. J Chem. Soc. Perk. Trans. 2,
1995, 7, 1321) and the polarizability of the unsaturated side
chain may also play significant roles in recognition of 3 by the
enzyme. FIG. 6 also compares the geometries of 1 and 5, the
latter an analogue neither recognized efficiently by the
MetRS in vitro nor translationally active in vivo. Although the
geometries of 1 and 5 appear similar in the representation
shown, the fixed planarity of the C,-C, bond may preclude the
side-chain conformation required for efficient recognition of
5 by MetRS. Appropriate engineering of the MetRS activities
of E. coli imparts translational activity to 5.

[0162] Inconclusion, a set of twelve methionine analogues
was assayed for translational activity in Escherichia coli.
Norvaline and norleucine, which are commercially available,
were assayed along with homoallylglycine (2), homopropar-
gylglycine (3), cis-crotylglycine (4), trans-crotylglycine (5),
6,6,6-trifluoro-2-aminohexanoic acid (6) and 2-aminohep-
tanoic acid (7) and 2-butynylglycine (11), each of which was
prepared by alkylation of diethyl acetamidomalonate with the
appropriate tosylate, followed by hydrolysis. The other ana-
logues were commercially available or prepared as described
supra. The E. coli methionine auxotroph CAG18491, trans-
formed with plasmids pREP4 and pQE15, was used as the
expression host, and translational activity was assayed by
determination of the capacity of the analogue to support syn-
thesis of the test protein dihydrofolate reductase (mDHFR) in
the absence of added methionine.

[0163] Theimportance of amino acid side chain length was
illustrated by the fact that neither norvaline (8) nor 7 showed
translational activity, in contrast to norleucine (9), which does
support protein synthesis under the assay conditions. The
internal alkene functions of 4 and 5 prevented incorporation
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of these analogues into test protein, and the fluorinated ana-
logue 6 and 10-13 yielded no evidence of translational activ-
ity. The terminally unsaturated compounds 2 and 3, however,
proved to be excellent methionine surrogates: "H NMR spec-
troscopy, amino acid analysis and N-terminal sequencing
indicated ca 85% substitution of methionine by 2, while 3
showed 90-100% replacement. Both analogues also function
efficiently in the initiation step of protein synthesis, as shown
by their near-quantitative occupancy of the N-terminal amino
acid site in mDHFR. Enzyme kinetics assays were conducted
to determine the rate of activation of each of the methionine
analogues by methionyl tRNA synthetase (MetRS); results of
the in vitro assays corroborate the in vivo incorporation
results, suggesting that success or failure of analogue incor-
poration in vivo is controlled by MetRS.

EXAMPLE 1II

[0164] This example demonstrates the expansion of the
scope of methionine analogues for incorporation into proteins
in vivo by altering the methionyl-tRNA synthetase activity of
a bacterial expression host.

[0165] The relative rates of activation of methionine and
methionine analogues 2-13 (FIG. 2) by MetRS were charac-
terized in vitro by the ATP-PP, exchange assay. The fully
active, truncated form of MetRS was purified from overnight
cultures of JM101 cells carrying the plasmid pGG3. The
enzyme was purified by size exclusion chromotography as
previously described (P. Mellot, Y. Mechulam, D. LeCorre, S.
Blanquet, G. Fayat, J. Mol. Biol. 1989, 208, 429-443). Acti-
vation of methionine analogues by MetRS was assayed at 25°
C. via the amino acid-dependent ATP-PP, exchange reaction,
also as described in Example I (G. Ghosh, H. Pelka, L. H.
Schulman, Biochemistry 1990, 29, 2220-2225). Assays to
determine if the methionine analogues 2-13 were recognized
by MetRS were conducted in solutions 75 nM in enzyme and
5 mM in the L-isomer of the analogue with a reaction time of
20 minutes. Kinetic parameters for analogue 5 were obtained
with an enzyme concentration of 50 nM and analogue con-
centrations of 100 uM to 10 mM. Kinetic parameters for
analogue 11 were determined using an enzyme concentration
of'50 nM and analogue concentrations ranging from 750 uM
to 20 mM. Kinetic parameters for analogues 4, 7, 8, and 12
were obtained with an enzyme concentration of 50 or 75 nM
and analogue concentrations ranging from 5 to 70 mM.
Parameters for methionine were obtained by using concen-
trations ranging from 10 pM to 1 mM. K, values for methion-
ine were similar to those previously reported (24+2 uM),
though the measured k_,, was somewhat lower than the lit-
erature value (13.5 s7%) (H. Y. Kim, G. Ghosh, L. H. Schul-
man, S. Brunie, H. Jakubowski, Proc. Natl. Acad. Sci. USA
1993, 90, 11553-11557). Kinetic constants were calculated
by nonlinear regression analysis.

[0166] FIG. 5 demonstrates that analogues 2 and 3 are
activated by MetRS, as anticipated on the basis of the in vivo
experiments (as described in Example I, infra; J. C. M. van
Hest, D. A. Tirrell, FEBS Lett. 1998, 428, 68-70), although
they cause exchange of PP, at rates several-fold lower than
methionine. Analogue 4 does not cause measurable exchange
of PP, by MetRS in vitro, which was expected since neither 4
nor 5 were indicated to be translationally active in vivo.
[0167] Analogues 5 and 11, however, were activated by
MetRS, causing slow exchange of PP, under the assay condi-
tions used herein. Table 2 shows the k_,/K,, values obtained
for methionine, 2, 3, 5, 9, and 11. Given that k_ /K, for 5 is
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4700-fold and that for 11 is 13825-fold lower than that for
methionine (as described in Example I, infra), it is not sur-
prising that neither 5 or 11 support measurable protein syn-
thesis within the time frame of the in vivo experiments.

[0168] These results suggest that increasing the MetRS
activity of the expression host might allow efficient protein
synthesis in cultures supplemented with 5 or 11. This strategy
was not employed previously for incorporating amino acid
analogues into proteins in vivo, but reports of in vivo misa-
cylation of tRNA substrates by overexpressed aminoacyl-
tRNA synthetase supported the viability of the approach (S.
Li, N. V. Kumar, U. Varshney, U. L. RajBhandary, J. Biol.
Chem. 1996, 271, 1022-1028; J. M. Sherman, M. J. Rogers,
D. Soll, Nuc. Acids. Res. 1992, 20, 2847-2852; U. Varshney,
U. L. RajBhandary, J. Bacteriol. 1992, 174, 7819-7826; R.
Swanson, P. Hoben, M. Sumner-Smith, H. Uemura, L. Wat-
son, D. Soll, Science 1988, 242, 1548-1551).

TABLE 2

Kear/Ka VALUES OBTAINED FOR
METHIONINE, 2,3, 5,9, AND 11

Protein
Analogue K., (uM) Keat 571 koK 571 MY Yield, mg/L
1 2432 13.3£0.2 547 x 107 35
3 2415170 2.60=03 1.08 x 1073 35
9 4120 £900  2.15+0.6 522x 107 20
2 4555 £200 1.35+0.1 2.96x 107 10
5 15,675 £250 1.82x0.6 1.16 x 107 0
11 38,650 £2000 1.51+0.5 391 x 107 0

[0169]

[0170] A bacterial host capable of overexpressing MetRS
was produced by transforming E. coli strains B834(DE3)
(Novagen, Inc., Madison, Wis., USA), a methionine aux-
otroph, with repressor plasmid pREP4 and expression plas-
mid pQE15-MRS (FIG. 19) (SEQ ID NO.: 1). A gene encod-
ing a mutant MetRS was removed from plasmid
pBSM547W305F (D. Fourmy, Y. Mechulam, S. Brunie, S.
Blanquet, G. Fayat, FEBS Lett. 1991, 292, 259-263) by treat-
ment with restriction enzymes Sac I and Kpn I. The Sac /Kpn
1 fragment (2450 bp) was ligated into the cloning vector
pUC19-Nhelink, which was constructed to permit the cohe-
sive-ends of the mutant MetRS gene to be changed to Nhe 1.
The MetRS gene with Nhe I cohesive ends was then ligated
into the unique Nhe I site of the plasmid pQE15 (Qiagen, Inc.,
Santa Clarita, Calif., USA) to yield plasmid pQE15-W305F
(FIG. 20) (SEQ ID NO.: 2). Transformation of pQE15-
W305F (SEQ ID NO.: 2) into a recA positive cell strain
resulted in genetic recombination of the mutant MetRS gene
with the chromosomal copy of the wild-type MetRS gene,
yielding plasmid pQE15-MRS (SEQ ID NO.: 1).

[0171] Expression plasmid pQE15-MRS (SEQ ID NO.: 1)
and repressor plasmid pREP4 were transformed into the
expression host B834(DE3) to yield B834(DE3)/pQE15-
MRS/pREP4. Plasmid DNA from all B834(DE3)/pQE15-
MRS/pREP4 cultures used for protein expression experi-
ments was sequenced to confirm that it encoded wild-type
MetRS. The expression plasmid pQE15-MRS (SEQ ID NO.:
1) encodes MetRS under control of the E. coli promoter metG
pl (Genbank accession number X55791) (F. Dardel, M. Pan-
vert, G. Fayat, Mol. Gen. Genet. 1990, 223, 121-133) as well
as the target protein murine dihydrofolate reductase
(mDHFR) under control of a bacteriophage TS promoter. The

Generation of Host-Vector System
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expression plasmid also encodes an N-terminal hexahistidine
sequence formDHFR which permits purification of the target
protein by immobilized metal chelate affinity chromatogra-
phy (The Qiagen Expressionist, 1992, p. 45). Furthermore,
mDHFR contains 8 methionine residues which can be
replaced by methionine analogues. A control bacterial host,
which produces only mDHFR and normal cellular levels of
MetRS, was prepared by transforming B834(DE3) with
pREP4 and pQE1S.

[0172] Similarly, a bacterial host capable of overexpressing
MetRS was produced by transforming E. coli strains
CAG18491 (Novagen, Inc., Madison, Wis., USA), amethion-
ine auxotroph, with repressor plasmid pREP4 and expression
plasmid pQE15-MRS, as described for the B834(DE3) strain.
A control bacterial host, which produces only mDHFR and
normal cellular levels of MetRS, was prepared by transform-
ing CAG18491 with pREP4 and pQE15.

[0173] Methionine analogues 2-13 were tested for transla-
tional activity in both bacterial hosts. Methionine analogues
were synthesized via alkylation of diethylacetamidoma-
lonate, as previously described (As described in Example I,
infra; J. C. M. van Hest, D. A. Tirrell, FEBS Lett. 1998, 428,
68-70). Cultures of B834(DE3)/pQE15-MRS/pREP4 or
B834(DE3)/pQE15/pREP4 or CAGI18491/pQE15-MRS/
pREP4 or CAG18491/pQE15/pREP4 in MOAA media were
grown to an optical density of 0.90, and the cells were sedi-
mented by centrifugation. The MOAA medium was prepared
by supplementing sterile M9 medium with 60 mg/ml of each
of'the amino acids, 1 mM MgSO,, 0.2 wt % glucose, 1 mg/ml
thiamine chloride, and 1 mg/ml calcium chloride. The anti-
biotics ampicillin and kanamycin were added at concentra-
tions of 200 mg/1 and 35 mg/l, respectively.

[0174] Cells were washed three times with M9 salts and
resuspended to an optical density of 0.90 in M9 test media
containing 19 amino acids plus 1) neither methionine nor
analogue (negative control); 2) methionine (60 mg/liter, posi-
tive control); or 3) an analogue of interest (60 mg/liter). To
test the effect of increasing the level of supplementation of the
analogues, a set of experiments was also conducted in which
the medium was supplemented with 500 mg/liter of methion-
ine or the amino acid analogue. Expression of mDHFR was
induced by addition of 0.4 mM isopropyl -D-thiogalactopy-
ranoside (IPTG), and protein synthesis was monitored after
4.5 hours. Expression of mDHFR was monitored by SDS-
polyacrylamide gel electrophoresis (SDS-PAGE); accumula-
tion of target protein was taken as evidence for translational
activity of the methionine analogue.

[0175] For cultures supplemented with amino acids at 60
mg/liter, the target protein was not observed in the negative
control culture of B834(DE3)/pQE15/pREP4, CAG18491/
pQE15/pREP4 or in cultures supplemented with Ceg (4),
6,6,6-trifluoro-2-aminohexanoic acid (6), 2-aminoheptanoic
acid (7), norvaline (8) o-allylserine (10), allylgylcine (12) or
propargylglycine (13). In contrast, mDHFR was detected in
both bacterial host cultures supplemented with methionine
(1), Hag (2), Hpg (3), and norleucine (9), as indicated by the
appearance of a protein band at the position expected for
mDHFR in SDS-PAGE.

[0176] For the negative control cultures and for cultures
supplemented with Tcg, however, the behavior of the bacte-
rial hosts differed, as shown in FIG. 7. mDHFR was not
detected in the B834(DE3)/pQE15/pREP4 culture supple-
mented with Tcg, while strong induction of mDHFR was
observed for B834(DE3)/pQE15-MRS/pREP4 under the
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same conditions. Even the unsupplemented control culture of
B834(DE3)/pQE15-MRS/pREP4  shows evidence of
mDHFR synthesis, suggesting that introduction of pQE15-
MRS (SEQ ID NO.: 1) does indeed increase the rate of
activation of methionine in the modified host.

[0177] B834(DE3)/pQE15-MRS/pREP4  cells, which
overexpress MetRS, have sufficient MetRS activity to syn-
thesize measurable levels of protein from the very low intra-
cellular levels of methionine in the negative control culture.
Interestingly, aminoacyl-tRNA synthetase overexpression is
induced by amino acid starvation in some gram-positive bac-
teria, presumably to permit continued protein synthesis (D.
Luo, J. Leautey, M. Grunberg-Manago, H. Putzer, J. Bacte-
riol. 1997, 179, 2472-2478). B834(DE3)/pQE15/pREP4 cul-
tures, which lack the increased MetRS activity, do not show
background expression of protein in negative control cul-
tures.

[0178] Similar results were observed for the CAG18491/
pQE15/pREP4 and CAG18491/pQE15-MRS/pREP4 cul-
tures supplemented with 11 (FIG. 8). While mDHFR was not
detected in the CAG18491/pQE15/pREP4 cultures supple-
mented with 11, strong induction of mDHFR was observed
for CAG18491/pQE15-MRS/pREP4 under the same condi-
tions. The unsupplemented control culture of CAG18491/
pQE15-MRS/pREP4 showed little evidence of mDHFR syn-
thesis, which may be due to lower levels of MetRS activity in
these cell strains versus that in the B 834(DE3)/pQE15-MRS/
pREP4.

[0179] For cultures supplemented with amino acids at 500
mg/liter, however, the target protein mDHFR could be
observed for certain amino acid analogues only in cultures of
cellular hosts containing the MetRS (FIG. 9). FIG. 9 demon-
strates that the modified bacterial hosts CAG18491/pQE15-
MRS/pREP4 are able to produce the target protein in cultures
supplemented with 500 mg/liter of 4, 7, 8, and 12. Quantita-
tive characterization of the kinetic parameters of these ana-
logues demonstrates that although the analogues do not sup-
port measurable levels of PP, exchange after 20 minutes, they
are activated by the MetRS in vitro (FIG. 10). Due to the very
slow rate of activation supported by these analogues, increas-
ing the concentration of the analogues in the medium must be
combined with introduction of pQE15-MRS (SEQIDNO.: 1)
into the bacterial host in order to raise the rate of activation of
these analogues sufficiently to permit protein biosynthesis.
[0180] To confirm the supposition that the MetRS activity
of a cellular host is increased by the introduction of pQE15-
MRS, direct measurement of the MetRS activities of whole
cell lysates was conducted. B834(DE3)/pQE15-MRS/pREP4
exhibits a V,, . for methionine activation approximately
30-fold higher than that observed for the control host B834
(DE3)/pQE15/pREP4 (FIG. 11). Similarly, CAG18491/
pQE15-MRS/pREP4 exhibits a V,, . for methionine activa-
tion approximately 50-fold higher than that observed for the
control host CAG18491/pQE15/pREP4. ATP-PP, exchange
assays were conducted using the methods as described supra.
A 50-pl aliquot of whole cell lysate with a normalized ODg,
of'20 was prepared by one freeze-thaw cycle and added to the
assay mixture to yield a final volume of 150 pl. A saturating
concentration of methionine (750 uM) was used to determine
the maximum exchange velocity for each cell lysate.

[0181] These results show clearly that increasing the
MetRS activity of the host is necessary and sufficient to
observe translational activity of 4, 5, 7, 8, 11, and 12 under
convenient conditions in vivo. Protein yields (mDHFR-Tcg)
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of approximately 8.5 mg/liter were observed for B§34(DE3)/
pQE15-MRS/pREP4 cultures supplemented with Tcg, com-
pared with yields of approximately 35 mg/liter for both B§34
(DE3)/pQE15-MRS/pREP4 and B834(DE3)/pQE15/pREP4
cultures supplemented with methionine. Amino acid analysis
of protein containing Tcg shows a decrease in methionine
content to 0.3 mol % from the expected value 0f3.8 mol %. It
was not possibleto detect Tcg directly by amino acid analysis,
owing to instability of the analogue under the analysis con-
ditions. If depletion of methionine is assumed to result from
replacement by Tcg, the observed analysis corresponds to an
overall extent of incorporation of the analogue of 91+2%.
Amino acid analysis of mDHFR containing the other ana-
logues (4, 7, 8, 11, and 12), showed 92-98% replacement of
methionine.

[0182] A direct assessment of the extent of incorporation of
Tcg into mDHFR was provided by NMR spectroscopy. Pro-
ton NMR spectra were recorded using a Varian Inova NMR
spectrometer with proton acquisition at 599.69 MHz. Spectra
were recorded at 25° C. overnight. A simple presaturation
pulse was used for water suppression. Comparisons of the
600 MHz proton NMR spectra (FIG. 12) of mDHFR, Tecg,
and mDHFR-Tcg indicate the appearance, in the mDHFR-
Teg spectrum (FIG. 12¢), of the Tcg vinylene protons at
8=5.35 (y-CH) and 6=5.60-5.70 (y-CH). The resonances at
8=5.35 and 8=5.70 occur at the same chemical shift values as
in free Tcg and are clearly due to incorporation of Tcg into
mDHFR. That the resonance at §5.60 arises from the y-CH
vinylene proton of Tcg is suggested by the fact that the inte-
grated intensity of the resonance at §=5.35 equals the sum of
the integrations of the resonances at 8=5.60 and 8=5.70. This
assignment is confirmed by ID TOCSY (Total Correlation
Spectroscopy) experiments which indicate that the protons at
both =5.60 and 8=5.70 are members of the same spin system
(and therefore the same amino acid) as those at 8=5.35. More
importantly, the 1D TOCSY experiments also show that the
protons at 8=5.35 (and therefore those at 8=5.60 and 8=5.70)
are associated with the spin system of the entire Tcg side
chain (1D TOCSY spectra were recorded on a Varian Inova
NMR spectrometer with proton acquisition at 599.69 MHz).

[0183] A 1D TOCSY pulse sequence (D. Uhrin, P. N. Bar-
low, J. Magn. Reson. 1997, 126, 248-255) with selective
irradiation of the resonance at 6=5.35 (E. Kupce, J. Boyd, 1.
D. Campbell, J. Magn. Reson. Ser. B. 1995, 106, 300-303)
was used to identify which protons belonged to the spin
system of the 8=5.35 resonance. The selectivity of the pulse is
demonstrated in a separate, simple 1D experiment in which
the selective pulse was applied alone; no other resonances
were observed in the spectrum under these conditions. Obser-
vation after a mixing time of 60 ms, however, showed the
protons at 8=5.60 and 6=5.70, indicating that, those protons
are members of the same spin system (and therefore the same
amino acid residue) as those corresponding to the resonance
at 8=5.35. The a-carbon and side chain - and e-carbon
protons were also observed at chemical shift values charac-
teristic of the free amino acid 8=4.3 (a-CH), 2.5 (-CH2), and
1.6 (0-CH3)). Integration of the spectrum suggests that 5 of
the 8 methionine positions (occupied by Tcg) are represented
by the resonance at §=5.60; these protons must reside in a
magnetically-distinct environment from the protons at 5=5.
70. These results unequivocally demonstrate the translational
activity of Tcgin the host strain outfitted with elevated MetRS
activity. Integration of the NMR spectrum indicates 90£6%
replacement of methionine.
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[0184] Retention of the N-terminal (initiator) methionine
in mDHFR was expected on the basis of the identity of the
penultimate amino acid (P. H. Hirel, J. M. Schmitter, P. Des-
sen, G. Fayat, S. Blanquet, Proc. Natl. Acad. Sci. USA 1989,
86, 8247-8251), so N-terminal sequencing provided a third
means of assessing the extent of replacement of methionine
by analogues 4, 5, 7, 8, 11, and 12. Because the analogues
were not degraded under the analysis conditions, they could
be detected directly. Comparison of chromatograms of the
N-terminal residues of mDHFR and mDHFR-Tcg (FIG. 13)
demonstrate that the methionine that normally occupies the
initiator position of mDHFR (FIG. 13a) was nearly com-
pletely replaced with Teg (FIG. 135) in mDHFR-Teg (FIG.
13¢). The signal corresponding to methionine eluted at 13.8
min while that corresponding to Tcg eluted at 16.0 min. The
large peaks (pptu) which elute at approximately 15.4 min
correspond to piperidylphenylthiourea, a product of the
analysis resulting from the buffer, and the small peak (diet) at
19.4 min corresponds to diethylphthalate, an internal stan-
dard. These results clearly indicate the incorporation of Tcg at
the initiator site of mDHFR-Tcg and corroborate the NMR
results. Integration of the peak areas corresponding to Tcg
and to methionine indicates 96+2% incorporation of the ana-
logue at the initiator position. Similar analysis of mDHFR-
2bg (2-butynylglycine) by N-terminal sequencing indicates
98+2% replacement of methionine (FIG. 14). Analysis of
mDHFR containing analogues 8 and 12 shows replacement of
methionine by these analogues at levels of 85-90%.

[0185] The incorporation of 4, 5, 7, 8, 11, and 12 into
proteins in vivo constitutes the first example of broadening
the amino acid substrate range of the E. coli translational
apparatus via overproduction of MetRS in a bacterial host.
The utilization of 4, 5,7, 8, 11, and 12 in all stages of protein
synthesis (including initiation) indicates the appropriateness
of targeting the aminoacyl-tRNA synthetase in studies aimed
atin vivo incorporation of amino acid analogues into proteins.
Transport into the cell, recognition by methionyl-tRNA
formylase, and recognition by the elongation factors and the
ribosome are less likely to be limiting factors.

[0186] These results indicate that this simple strategy of
overexpression of aminoacyl-tRNA synthetase may be used
to modify proteins by incorporation of amino acid analogues
that are poor substrates for aminoacyl-tRNA synthetase and
that would be essentially inactive in conventional expression
hosts.

[0187] Overexpression of mutant forms of the aminoacyl-
tRNA synthetase prepared via site-directed mutagenesis or
directed evolution (F. H. Arnold, J. C. Moore, Adv. Biochem.
Eng. Biotech. 1997, 58, 1-14; F. H. Arnold, Chem. Eng. Sci.
1996, 51, 5091-5102) should provide additional strategies for
incorporating amino acid analogues into proteins in vivo.
[0188] The results reported here also suggest new opportu-
nities for macromolecular synthesis via protein engineering.
The versatile chemistry of unsaturated functional groups (B.
M. Trost, 1. Fleming, Comprehensive Organic Synthesis, Per-
gamom Press, Oxford, 1991) can be used to control protein
structure and function through chemical derivatization, an
especially intriguing possibility in this case given the impor-
tant role of methionine in protein-protein recognition pro-
cesses. For example, ruthenium-catalyzed olefin metathesis
(D.M. Lynn, B. Mohr, R. H. Grubbs, J. Am. Chem. Soc. 1998,
120, 1027-1028; E. L. Dias, T. N. SonBinh, R. H. Grubbs, J.
Am. Chem. Soc. 1997, 119, 3887-3897) of homoallylglycine
(T. D. Clark, M. R. Ghadiri, J. Am. Chem. Soc. 1995, 117,
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12364-12365) and o-allylserine (H. E. Blackwell, R. H.
Grubbs, Angew. Chem. 1998, 110, 3469-3472; Angew. Chem.
Int. Ed. 1998, 37, 3281-3284) side chains has been used to
produce covalently-modified peptide structures of various
kinds. The incorporation of Tcg may be singularly useful in
this regard as the internal olefin is active in aqueous-phase
ring closing metathesis reactions, whereas terminally-unsat-
urated groups (such as those previously used to replace
methionine in vivo) are not (T. A. Kirkland, D. M. Lynn, R. H.
Grubbs, J. Org. Chem. 1998, 63, 9904-9909).

EXAMPLE III

[0189] This example demonstrates that activation of
methionine analogues in vitro correlates well with the ability
of these analogues to support protein synthesis in vivo, sub-
stantiating the critical role of aminoacyl-tRNA synthetase in
controlling the incorporation of amino acid analogues into

proteins.
[0190] Reagents
[0191] Each of the analogues 2-7 and 11 (FIG. 2) was

prepared by alkylation of diethyl acetamidomalonate with the
appropriate tosylate followed by decarboxylation and depro-
tection of the amine function (as described in Example I).
Methionine and analogues 8,9, 12 and 13 were obtained from
Sigma (St. Louis, Mo.). Radiolabeled sodium pyrophosphate
was purchased from NEN Life Science Products, Inc., and
isopropyl-f-D-thiogalactopyranoside was obtained from
Calbiochem. The RGS-His antibody and anti-mouse IgG
horseradish peroxidase conjugate used for Western blotting
procedures were obtained from Qiagen and Amersham Life
Sciences, respectively. All other reagents used during protein
biosynthesis and purification and for activation assays were
commercially available from Sigma, Aldrich, and Qiagen,
and were used as received.

[0192] In Vitro Activation Assays

[0193] The fully active, truncated form of MetRS was puri-
fied from overnight cultures of E. coli IM101 cells carrying
the plasmid pGG3 (Kim, H.Y.; Ghosh, G.; Schulman, L.. H.;
Brunie, S.; Jakubowski, H. Proc. Natl. Acad. Sci. USA 1993,
90, 11553-11557), by using size exclusion methods previ-
ously reported (Mellot, P.; Mechulam, Y.; LeCorre, D.; Blan-
quet, S.; Fayat, G. J. Mol. Biol. 1989, 208, 429-443). Purified
enzyme solutions (in 10 mM phosphate, pH 6.7, 10 mM
(O-mercaptoethanol) were concentrated to at least 3 uM prior
to their storage in 40% glycerol at —20° C. Concentrations of
enzyme stocks were determined by the Bradford method,
using samples of MetRS quantified by amino acid analysis as
standards.

[0194] Activation of methionine analogues by MetRS was
assayed via the amino acid-dependent ATP-PP, exchange
reaction at room temperature, also as previously described
(Mellot, P.; Mechulam, Y.; LeCorre, D.; Blanquet, S.; Fayat,
G. J. Mol. Biol. 1989, 208, 429-443; Ghosh, G.; Pelka, H.;
Schulman, L. D. Biockemistry 1990, 29, 2220-2225). The
assay, which measures the 3*P-radiolabeled ATP formed by
the enzyme-catalyzed exchange of **P-pyrophosphate (PP,)
into ATP, was conducted in 150 pl of reaction bufter (pH 7.6,
20 mM imidazole, 0.1 mM EDTA, 10 mM p-mercaptoetha-
nol, 7mM MgCl,, 2 mM ATP, 0.1 mg/ml BSA, and 2 mM PP,
(in the form of sodium pyrophosphate with a specific activity
of approximately 0.5 TBg/mole)).

[0195] Kinetic parameters for methionine analogues 2,3, 5,
9 and 11 were obtained with an enzyme concentration of 75
nM and analogue concentrations of 100 uM to 20 mM.
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Parameters for methionine were obtained by using methion-
ine concentrations ranging from 10 pM to 1 Mm. Aliquots (20
ul) were removed from the reaction mixture at various time
points and quenched in 0.5 ml of a solution comprising 200
mM PP,, 7% w/v HCIO,, and 3% w/v activated charcoal. The
charcoal was rinsed twice, with 0.5 mL ofa 10mM PP, 0.5%
HCIO, solution and then resuspended in 0.5 mL of this solu-
tion and counted via liquid scintillation methods. Kinetic
constants were calculated by a nonlinear regression fit of the
data to the Michaelis-Menten model.

[0196] In Vivo Incorporation of Amino Acid Analogues
[0197] Buffers and media were prepared according to stan-
dard protocols (Ausubel, F. M.; Brent, R.; Kingston, R. E.;
Moore, D. D.; Seidman, J. G.; Smith, J. A.; Struhl, K., Eds.
Current Protocols in Molecular Biology; John Wiley and
Sons: New York, 1998). The E. coli methionine auxotroph
CAG18491 (A7, rph-1, metE3079.:Tnl10) was transformed
with plasmids pQE1S5 and pREP4 (Qiagen), to obtain the
expression host CAG18491/pQE15/pREP4. The auxotroph
was transformed with the plasmids pQE15-MRS (SEQ ID
NO.: 1) and pREP4 to obtain the modified bacterial expres-
sion host CAG18491/pQE15-MRS/pREP4. Both bacterial
expression hosts produce the target protein mDHFR under
control of a bacteriophage T5 promoter; the modified host
also expresses extra copies of the MetRS gene under control
of'the constitutive metG p1 promoter (Dardel, F.; Panvert, M.;
Fayat, G. Mol. Gen. Genet. 1990, 223, 121.133).

Protein Expression (1 Liter Scale).

[0198] Similar procedures were used for preparation and
isolation of mDHFR from media supplemented with the
L-isomers of 1, 2, 3, or 9. M9AA medium (100 mL) supple-
mented with 1 mM MgSO, 0.2 wt % glucose, 1 mg/L. thia-
mine chloride and the antibiotics ampicillin (200 mg/L) and
kanamycin (35 mg/L) was inoculated with the appropriate E.
coli strain (CAG18491/pQE15/pREP4 or CAG18491/
pQE15-MRS/pREP4) and grown overnight at 37° C. This
culture was used to inoculate 900 mL. MOA A medium supple-
mented as described. The cells were grown to an optical
density at 600 nm (ODgy,) of approximately 0.9 and a
medium shift was performed. The cells were sedimented for
10 min at 3030 g at 4° C., the supernatant was removed, and
the cell pellet was washed twice with 600 mL of M9 medium.
Cells were resuspended in 1000 mL. of the MOAA medium
described above, without methionine, and supplemented with
20 mg/l. of the L-isomer of either 1, 2, 3, or 9. Protein
synthesis was induced by addition of isopropyl-p-D-thioga-
lactopyranoside (IPTG) to a final concentration of 0.4 mM.
Samples (1 mL) were collected after 4.5 hours, the OD,
measured, and cells resuspended with distilled water to yield
anormalized ODg,, of 20. Protein expression was monitored
by SDS polyacrylamide gel electrophoresis (12% acrylamide
running gel); accumulation of mDHFR could be observed at
an apparent molar mass of approximately 28 kDa after Coo-
massie staining.

[0199] Protein Purification.

[0200] Approximately 4.5 h after induction, cells were
sedimented (9,800 g, 10 min, 4° C.) and the supernatant was
removed. The pellet was placed in the freezer overnight. The
cells were thawed for 30 min at 37° C., 30 mL of buffer (6 M
guanidine-HCl, 0.1 M NaH,PO,, 0.01 M Tris, pH 8) was
added and the mixture was shaken at room temperature for 1
h. The cell debris was sedimented (15,300 g, 20 min, 4° C.)
and the supernatant was subjected to immobilized metal
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affinity chromatography (Ni-NTA resin) according to the pro-
cedure described by Qiagen (The Qiagen Expressionist;
Qiagen; Valencia, Calif., 2000). The supernatant was loaded
on 10 mL of resin which was then washed with 50 mL of
guanidine buffer followed by 25 mL ofurea buffer (8 M urea,
0.1 M NaH,PO, and 0.01 M Tris, pH 8). Similar urea buffers
were used for three successive 25 ml. washes at pH values of
6.3, 5.9 and 4.5, respectively. Target protein was obtained in
washes at pH 5.9 and 4.5. These washes were combined and
dialyzed (Spectra/Por membrane 1, MWCO=6-8 kDa) by
batchwise dialysis against doubly distilled water for 4 days
with at least 12 total changes of water. The dialysate was
lyophilized to a purified powder of mDHFR. Experiments in
MOYAA medium afford approximately 30 mg of mDHFR for
each of the bacterial expression hosts, while a control experi-
ment in 2xYT medium afforded approximately 60 mg of
mDHFR. Protein yields are reported as mg protein obtained
per liter of bacterial culture; approximately 5-6 g of wet cells
are obtained per liter of culture regardless of the identity of
the analogue used to supplement the medium.

[0201] Protein Expression (5 mL Scale).

[0202] MOYAA medium (50 mL) supplemented with 1 mM
MgSO,, 0.2 wt % glucose, 1 mg/L. thiamine chloride and the
antibiotics ampicillin (200 mg/IL) and kanamycin (35 mg/L)
was inoculated with 5 mL of an overnight culture of the
appropriate bacterial expression host. When the turbidity of
the culture reached an OD,, of 0.8, a medium shift was
performed. The cells were sedimented for 10 min at 3030 g at
4° C., the supernatant was removed, and the cell pellet was
washed twice with 25 mL of M9 medium. Cells were resus-
pended in 50 mL of the MOAA medium described above,
without methionine. Test tubes containing 5 mL aliquots of
the resulting culture were prepared, and were supplemented
with 10 pL. of 10 mg/mL L-methionine (1) (positive control),
L-homoallylglycine (2), L-homopropargylglycine (3), or
L-norleucine (9), respectively. A culture lacking methionine
(or any analogue) served as the negative control. Protein
expression was induced by addition of IPTG to a final con-
centration of 0.4 mM. After 4 h, the OD,, was measured, and
the samples were sedimented. After the supernatant was
decanted, the cell pellets were resuspended in distilled water
to yield a normalized OD of 20.

[0203] Protein expression was monitored by SDS poly-
acrylamide gel electrophoresis (12% acrylamide running
gel), followed by Western blotting. After transfer to a nitro-
cellulose membrane, Western blots were developed by treat-
ment with a primary RGS-His antibody, followed by treat-
ment with a secondary anti-mouse IgG conjugated to
horseradish peroxidase to provide detection by chemilumi-
nescence. Films were checked to ensure that band intensity
was not saturated. Levels of protein synthesis were estimated
by the intensity of the band on the gel, as determined using a
Pharmacia Ultrascan XL laser densitometer and analysis by
Pharmacia GelScan XL software. The accumulation of target
protein is taken as evidence for incorporation of the amino
acid analogue, as 2,3, 5, 9 and 11 have been shown to replace
methionine, even in modified bacterial hosts, at levels of
92-98% (van Hest, J. C. M.; Tirrell, D. A. FEBS Lett. 1998,
428, 68-70; as described in Example I, infra; Budisa, N.;
Steipe, B.; Demange, P.; Eckerskorn, C.; Kellermann, I.;
Huber, R. Eur. J. Biochem. 1995, 230, 788-796).
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Results and Discussion

[0204] Studies with methionine analogues 2-13 (as
described in Example 1, infra), demonstrated that 2 and 3 can
be incorporated into proteins with extents of substitution up to
98%. The incorporation of 9 had been previously reported
(Budisa, N.; Steipe, B.; Demange, P.; Eckerskorn, C.; Keller-
mann, J.; Huber, R. Eur. J. Biochem. 1995, 230, 788-796). In
contrast, 4-8 and 10-13 do not support protein synthesis in the
absence of methionine in a conventional bacterial expression
host; investigation of the activation of the analogues by
methionyl-tRNA synthetase (MetRS) indicated that 4-8 and
10-13 are not efficiently activated by the enzyme.

[0205] Overproduction of MetRS in the bacterial host,
however, permits incorporation of 4, 5,7, 8, 11 and 12, which
show very slow exchange of PP, in in vitro activation assays
(Example I1, infra). These results indicate that the aminoacyl-
tRNA synthetase are appropriate targets for studies aimed at
the incorporation of amino acid analogues into proteins in
vivo. The results also suggest that neither transport into the
cell nor recognition by the elongation factors or the ribosome
limits the incorporation of these amino acid analogues into
proteins in vivo.

[0206] In this example, the in vitro activation of 2-13 by
MetRS was characterized in order to determine the roles of
the synthetase in controlling analogue incorporation and pro-
tein yield in media supplemented with amino acid analogues.
Furthermore, the analogues 2 and 3, which replace methion-
ine in vivo, may be useful for chemical modification of pro-
teins by olefin metathesis (Clark, T. D.; Kobayashi, K.; Gha-
diri, M. R. Chem. Eur. J. 1999, 5, 782-792; Blackwell, H. E.;
Grubbs, R. H. Angew. Chem. Int. Ed. Engl. 1998, 37, 3281-
3284), palladium-catalyzed coupling (Amatore, C.; Jutand,
A.J. Organomet. Chem. 1999, 576, 255-277; Tsuji, J. Palla-
dium Reagents and Catalysts: Innovations in Organic Syn-
thesis; John Wiley and Sons: New York, 1995; Schoenberg,
A.;Heck,R.F.J. Org. Chem. 1974,39,3327-3331), and other
chemistries (Trost, B. M.; Fleming, 1., Eds. Comprehensive
Organic Synthesis; Pergamon Press: Oxford, 1991).

[0207] The attachment of an amino acid to its cognate
tRNA proceeds in two steps (FIG. 18). Activation, the first
step, involves the enzyme-catalyzed formation of an aminoa-
cyl adenylate (designated aa~AMP in FIG. 18) and can be
examined by monitoring the rate of exchange of radiolabeled
pyrophosphate (*P pp,) into ATP (Fersht, A. Structure and
Mechanism in Protein Science; W. H. Freeman and Company:
New York, 1999). Aminoacylation, the second step, can be
evaluated by monitoring the amount of radiolabeled amino
acid attached to tRNA in the presence of the enzyme. Because
initial recognition of an amino acid by its aminoacyl-tRNA
synthetase is perhaps the most critical step in the incorpora-
tion of amino acid analogues into proteins in vivo. Thus, the
focus has been on the in vitro activation of methionine ana-
logues by MetRS was evaluated and the results compared to
those obtained in studies of in vivo incorporation.

[0208] Therates ofactivation of 2-13 by MetRS were deter-
mined by the ATP-PP, exchange assay, and were found to
correlate well with the results of the in vivo studies; analogues
2-5,7-9, 11 and 12 (those which had been shown to support
protein synthesis) exhibited measurable exchange of PP, (Ex-
amples I and II, infra). The kinetic parameters k_,, and K,
were determined for each of these analogues; the results for
analogues 2, 3, 5, 9 and 11 are summarized in FIG. 15. The
measured K,, for methionine matched previously reported
values (Kim, H. Y.; Ghosh, G.; Schulman, L. H.; Brunie, S.;
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Jakubowski, H. Proc. Natl. Acad. Sci. USA 1993, 90,11553-
11557). The value determined fork_,, was slightly lower than
the literature value. Comparison of the k_,/K,, values for
each of the analogues with that for methionine showed that
these analogues were 500-fold to 13825-fold poorer sub-
strates for MetRS than methionine.

[0209] FIG. 15 also demonstrates that methionine ana-
logues that are activated up to 2000-fold more slowly by
MetRS than methionine can support protein synthesis in a
conventional bacterial host in the absence of methionine.
(Poorer substrates, such as 5, require modification of the
MetRS activity of the bacterial host in order to support protein
synthesis (Example I1, infra). These results are comparable to
those reported previously for the activation and in vivo incor-
poration of phenylalanine analogues (Gabius, H. J.; von der
Haar, F.; Cramer, F. Biochemistry 1983, 22, 2331-2339;
Kothakota, S.; Mason, T. L.; Tirrell, D. A.; Fournier, M. J. J.
Am. Chem. Soc. 1995, 117, 536-537; Ibba, M.; Kast, P;
Hennecke, H. Biochemistry 1994,33, 7107-7112). Compari-
sons for other amino acids have been limited by a lack of in
vitro activation data. The data suggested that amino acid
analogues can support protein synthesis in vivo even with
surprisingly inefficient activation of the amino acid by its
aminoacyl-tRNA synthetase. Activation of methionine ana-
logues by MetRS governs their ability to support protein
synthesis in vivo.

[0210] Based on these results, it seemed likely that the
kinetics of analogue activation would limit the rate and yield
of protein synthesis in bacterial cultures supplemented with
methionine analogues that are poor substrates for MetRS.
This correlation was investigated by comparing the kinetic
constants for analogue activation by MetRS with the yield of
the target protein murine dihydrofolate reductase (mDHFR)
obtained from 1-liter cultures of the bacterial host
CAG18491/pQE15/pREP4.

[0211] The CAG18491/pQE15/pREP4 bacterial host was
produced by transforming the E. coli methionine auxotroph
CAG18491 with the expression plasmid pQE1S and the
repressor plasmid pREP4. The expression plasmid pQE15
encodes mDHFR under control of a bacteriophage TS5 pro-
moter and an N-terminal hexahistidine sequence that permits
purification of the target protein by immobilized metal che-
late affinity chromatography (The Qiagen Expressionist;
Qiagen; Valencia, Calif., 2000).

[0212] The kinetic constants for analogue activation and
the corresponding protein yields are listed in FIG. 15 and
shown in FIG. 16. Analogues with the highestk_,/K,, values
also support the highest levels of protein synthesis; the pro-
tein yields scale remarkably well with k /K, at least for the
poorer substrates. Analogue 3 supported protein synthesis
with yields equivalent to those obtained with methionine,
despite the fact that 3 is a 500-fold poorer substrate for MetRS
than methionine.

[0213] Bacterial cultures supplemented with 9 (1050-fold
lower k_,/K,,) produce 57% as much mDHFR as cultures
supplemented with methionine, and cultures supplemented
with 2 (1850-fold lower k_,/K ) produce 28% of the control
yield of protein. Bacterial cultures supplemented with 5
(4700-fold lowerk,_,/K,,) and 11 (13825-fold lower k /K )
did not support measurable levels of protein synthesis in this
expression host; however, bacterial hosts exhibiting approxi-
mately 30-fold higher MetRS activity produce 23% as much
mDHFR in cultures supplemented with 5 as cultures supple-
mented with methionine (Example II, infra).
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[0214] These results demonstrate that the rate of methion-
ine analogue activation in vitro does indeed correlate with
protein yield in vivo. The results suggest that the kinetics of
activation can play a critical role in controlling the rate of
protein synthesis in methionine-depleted cultures supple-
mented with analogues that are poor substrates for MetRS.
[0215] Protein yields obtained from bacterial cultures
supplemented with methionine analogues might be improved
by increasing the MetRS activity of the bacterial host. To test
this, the yields of protein prepared were compared in the
conventional bacterial expression host, CAG18491/pQE15/
pREP4, to those obtained from a modified host, CAG18491/
pQE15-MRS/pREP4.

[0216] The modified CAGI18491/pQE15-MRS/pREP4
host was prepared-by transforming £. coli strain CAG18491
with the expression plasmid pQE15-MRS (SEQ ID NO.: 1)
(Example II, infra) and the repressor plasmid pREP4. The
expression plasmid pQE15-MRS (SEQ ID NO.: 1) encodes
MetRS under control of the E. coli promoter metG pl (Gen-
bank accession number X55791) (Dardel, F.; Panvert, M.;
Fayat, G. Mol. Gen. Genet. 1990,223,121-133)as well asthe
target protein mDHFR. The MetRS activity of the bacterial
hosts was determined as previously described (Example 11,
infra), with the modified host exhibiting 50-fold higher
MetRS activity than the conventional strain.

[0217] Protein synthesis was monitored for S-ml cultures of
these hosts supplemented with methionine or analogues 2, 3,
or 9. Western blot analyses of protein synthesis are shown in
FIG. 17. Although very low levels of protein synthesis were
observed for negative control cultures of CAG18491/pQE15-
MRS/pREP4, amino acid analyses, N-terminal sequencing,
and NMR analyses of proteins produced in cultures of the
modified host supplemented with 5 and 11 (the poorest of the
substrates) still showed 90-96% replacement of methionine
by 5 and 11 (Example II, infra). Thus, the level of protein
synthesis shown in FIG. 17 resulted from the incorporation of
the analogue and was not due to incorporation of residual
methionine.

[0218] For cultures supplemented with methionine or 3, the
modified host, CAG18491/pQE15-MRS/pREP4, does not
exhibit higher levels of protein synthesis than the conven-
tional host CAG18491/pQE15/pREP4. Analysis by laser den-
sitometry confirmed these results, and revealed approxi-
mately equal accumulation of target protein for both strains;
identical results have been obtained for large-scale expres-
sions and purification of mDHFR. Activation of the analogue
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by MetRS does not appear to limit protein synthesis in cul-
tures supplemented with 3. For cultures supplemented with 2
or 9, however, the modified bacterial host exhibits signifi-
cantly increased levels of protein synthesis in comparison
with the conventional host. Laser densitometry analysis indi-
cates that the level of protein synthesis in the modified host is
increased approximately 1.5-fold over that in the conven-
tional host for cultures supplemented with 2, and approxi-
mately 1.4-fold for cultures supplemented with 9. Activation
of'these analogues by MetRS appears to limit protein synthe-
sis in the conventional host, such that increasing the MetRS
activity of the host is sufficient to restore high levels of protein
synthesis. Preliminary results indicated that the yield of
mDHFR obtained from large-scale cultures of CAG18491/
pQE15-MRS/pREP4 supplemented with 2 or 9 are increased
to approximately 35 mg/L. (from 10 mg/L obtained from
cultures of CAG18491/pQE 15/pREP4 (FIG. 15)).

[0219] The results indicate that overexpression of MetRS
can improve protein yields for cultures supplemented with
methionine analogues that are poor substrates for MetRS, and
provide an attractive general method for efficient production
of chemically novel protein materials in vivo.

[0220] Quantitative assessment of the kinetics of activation
by MetRS have indicated that even very poor substrates for
the synthetase can be utilized by the protein synthesis
machinery of a bacterial expression host. The correlation,
shown herein, between the in vitro and in vivo results indi-
cates the important role of the aminoacyl-tRNA synthetase
and suggests that site-directed mutagenesis and/or directed
evolution of this class of enzymes may be used to increase
further the number of amino acid analogues that can be incor-
porated into proteins in vivo.

[0221] These results also indicate that the kinetics of acti-
vation of methionine analogues by MetRS in vitro correlate
with the level of protein synthesis supported by the analogues
in vivo. The activity of the MetRS in the bacterial host can be
manipulated, by overexpression of the MetRS, to improve the
yields of proteins containing methionine analogues that are
poor substrates for the MetRS. Overexpression of aminoacyl-
tRNA synthetase used to improve yields of proteins contain-
ing other amino acid analogues, as well as proteins rich in
particular natural amino acids. Manipulation of the aminoa-
cyl-tRNA synthetase activities of a bacterial host broadens
the scope of protein engineering, by permitting production of
natural and artificial proteins, with novel chemical and physi-
cal properties.

SEQUENCE LISTING

<160> NUMBER OF SEQ ID NOS: 2

<210> SEQ ID NO 1

<211> LENGTH: 6501

<212> TYPE: DNA

<213> ORGANISM: Artificial Sequence
<220> FEATURE:

<223> OTHER INFORMATION: PpQEI5-MRS

<400> SEQUENCE: 1

ctcgagaaat cataaaaaat ttatttgett tgtgagegga taacaattat aatagattca 60

attgtgagcg gataacaatt tcacacagaa ttcattaaag aggagaaatt aactatgaga 120
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-continued
ggatcgcate accatcacca tcacggatcce ggcatcatgg ttcgaccatt gaactcgatce 180
gtegeegtgt cccaaaatat ggggattgge aagaacggag acctaccctg gectecgete 240
aggaacgagt tcaagtactt ccaaagaatg accacaacct cttcagtgga aggtaaacag 300
aatctggtga ttatgggtag gaaaacctgg ttctccatte ctgagaagaa tcgaccttta 360
aaggacagaa ttaatatagt tctcagtaga gaactcaaag aaccaccacyg aggagctcat 420
tttcttgcca aaagtttgga tgatgectta agacttattyg aacaaccgga attggcaagt 480
aaagtagaca tggtttggat agtcggaggc agttctgttt accaggaagce catgaatcaa 540
ccaggccace ttagactett tgtgacaagg atcatgcagg aatttgaaag tgacacgttt 600
ttcccagaaa ttgatttggg gaaatataaa cttctceccag aatacccagyg cgtectcetet 660
gaggtccagyg aggaaaaagg catcaagtat aagtttgaag tctacgagaa gaaaggttgg 720
aagatcttaa gcttaattag ctgagettgg actcctgttyg atagatccag taatgaccte 780
agaactccat ctggatttgt tcagaacgcet cggttgcege cgggegtttt ttattggtga 840
gaatccaage tagctctaga gacgtccgge cggagetcca cegeggtgge ggecgcetceta 900
gagtcactta cttaacattt tcccatttgg tactatctaa ccccttttca ctattaagaa 960

gtaatgccta ctatgactca agtcgcgaag aaaattctgg tgacgtgecgce actgccgtac 1020
gctaacggcet caatccacct cggccatatg ctggagcaca tccaggctga tgtetgggtce 1080
cgttaccagce gaatgcgegg ccacgaggtce aacttcatct gecgccgacga tgcccacggt 1140
acaccgatca tgctgaaagc tcagcagctt ggtatcaccce cggagcagat gattggcgaa 1200
atgagtcagg agcatcagac tgatttcgca ggctttaaca tcagctatga caactatcac 1260
tcgacgcaca gcgaagagaa ccgccagttg tcagaactta tctactcteg cctgaaagaa 1320
aacggtttta ttaaaaaccg caccatctct cagctgtacg atccggaaaa aggcatgttce 1380
ctgccggace gttttgtgaa aggcacctgce ccgaaatgta aatccccgga tcaatacggce 1440
gataactgeyg aagtctgcgg cgcgacctac agcccgactg aactgatcga gecgaaatcg 1500
gtggtttetyg gegectacgce ggtaatgegt gattctgaac acttcttett tgatctgecce 1560
tctttcageg aaatgttgca ggcatggacce cgcagcggtg cgttgcagga gcaggtggca 1620
aataaaatgc aggagtggtt tgaatctggc ctgcaacagt gggatatctc ccgcgacgcece 1680
ccttactteg gttttgaaat tccgaacgcg ccgggcaaat atttctacgt ctggetggac 1740
gcaccgattg gctacatggg ttcectttcaag aatctgtgeg acaagcgcegg cgacagcegta 1800
agcttcgatg aatactggaa gaaagactcc accgccgagce tgtaccactt catcggtaaa 1860
gatattgttt acttccacag cctgttctgg cctgccatge tggaaggcag caacttecge 1920
aagccgtcecca acctgtttgt tcatggctat gtgacggtga acggcgcaaa gatgtccaag 1980
tctegeggeca ccectttattaa agccagcacce tggctgaatce attttgacge agacagcectg 2040
cgttactact acactgcgaa actctcttcg cgcattgatg atatcgatct caacctggaa 2100
gatttcgtte agcgtgtgaa tgccgatatc gttaacaaag tggttaacct ggcctccegt 2160
aatgcgggcet ttatcaacaa gegttttgac ggegtgcetgg caagcgaact ggctgacccg 2220
cagttgtaca aaaccttcac tgatgccgct gaagtgattg gtgaagcgtg ggaaagccgt 2280
gaatttggta aagccgtgcg cgaaatcatg gcgctggctg atctggctaa ccgctatgte 2340

gatgaacagg ctcegtgggt ggtggcgaaa caggaaggee gcegatgecga cctgecaggea 2400
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-continued

atttgctcaa tgggcatcaa cctgtteccge gtgectgatga cttacctgaa gecggtactg 2460
ccgaaactga ccgagcgtgce agaagcattc ctcaatacgg aactgacctg ggatggtatce 2520
cagcaaccgce tgctgggcca caaagtgaat ccgttcaagg cgctgtataa ccgcatcgat 2580
atgaggcagg ttgaagcact ggtggaagcc tctaaatgag aagtaaaagc cgctgccgceg 2640
ccggtaactg geccgctgge agatgatccg attcaggaaa ccatcacctt tgacgactte 2700
gctaaagttg acctgcgcegt ggegctgatt gaaaacgcag agtttgttga aggttctgac 2760
aaactgctgce gectgacgcet ggatctegge ggtgaaaaac gcaatgtctt cteccggtatt 2820
cgttctgett acccggatcce gcaggcactg attggtcegtce acaccattat ggtggctaac 2880
ctggcaccac gtaaaatgcg cttcggtatce tctgaaggca tggtgatgge tgccggtect 2940
ggcgggaaag atattttcct gctaagcccg gatgceggtg ctaaaccggg tcatcaggtyg 3000
aaataatccc ccttcaaggce gcectgcatcga cagecttttg ctttataaat tcectaaagtt 3060
gttttcttge gattttgtct ctectctaacce cgcataaata ctggtagcat ctgcattcaa 3120
ctggataaaa ttacagggat gcagaatgag acactttatc tatcaggacg aaaaatcaca 3180
taaattcagg gcagttgagc aacagggaaa cgagttgcat atcagttggg gaaaagttgg 3240
caccaaaggc aaagccagat aaaaagtttt tcagatgcetyg cggcagcegge aaaagcggag 3300
ccegaccteg agggggggcce cggtacceegg ceggacgtet ctagagcetag cttggegaga 3360
ttttcaggag ctaaggaagc taaaatggag aaaaaaatca ctggatatac caccgttgat 3420
atatcccaat ggcatcgtaa agaacatttt gaggcatttc agtcagttgc tcaatgtacc 3480
tataaccaga ccgttcagcect ggatattacg gcctttttaa agaccgtaaa gaaaaataag 3540
cacaagtttt atccggcctt tattcacatt cttgccecgece tgatgaatge tcatccggaa 3600
tttcegtatgg caatgaaaga cggtgagctg gtgatatggg atagtgttca cccttgttac 3660
accgttttece atgagcaaac tgaaacgttt tcatcgctcect ggagtgaata ccacgacgat 3720
ttccggcagt ttctacacat atattcgcaa gatgtggegt gttacggtga aaacctggcece 3780
tatttcecta aagggtttat tgagaatatg tttttcecgtet cagccaatce ctgggtgagt 3840
ttcaccagtt ttgatttaaa cgtggccaat atggacaact tcttcgccce cgttttcacce 3900
atgggcaaat attatacgca aggcgacaag gtgctgatgce cgctggcgat tcaggttcat 3960
catgccgtcect gtgatggett ccatgtcgge agaatgctta atgaattaca acagtactgce 4020
gatgagtggc agggcggggce gtaatttttt taaggcagtt attggtgccc ttaaacgect 4080
ggggtaatga ctctctagct tgaggcatca aataaaacga aaggctcagt cgaaagactg 4140
ggcctttegt tttatctgtt gtttgteggt gaacgctcte ctgagtagga caaatccgec 4200
gctctagage tgcctecgege gttteggtga tgacggtgaa aacctctgac acatgcaget 4260
cceggagacyg gtcacagett gtectgtaage ggatgcceggyg agcagacaag cccgtcaggg 4320
cgegtecageg ggtgttggeg ggtgtegggg cgcagccatg acccagtcac gtagcgatag 4380
cggagtgtat actggcttaa ctatgcggca tcagagcaga ttgtactgag agtgcaccat 4440
atgcggtgtg aaataccgca cagatgcgta aggagaaaat accgcatcag gcgctcttcece 4500
gcttectege tcactgacte gctgegeteg gtcectgtegge tgcggcgagce ggtatcaget 4560
cactcaaagg cggtaatacg gttatccaca gaatcagggg ataacgcagyg aaagaacatg 4620

tgagcaaaag gccagcaaaa ggccaggaac cgtaaaaagg ccgcgttget ggegttttte 4680
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cataggctee gccccectga cgagcatcac aaaaatcgac gctcaagtca gaggtggcga 4740
aacccgacag gactataaag ataccaggcg tttecccectg gaagctccect cgtgegetcet 4800
cctgttecga cectgecget taccggatac ctgtceccgect ttctecectte gggaagegtg 4860
gcgetttete aatgctcacg ctgtaggtat ctcagttcgg tgtaggtegt tcegcectccaag 4920
ctgggcetgtg tgcacgaacc ccccgttcag cccgaccegcet gegcecttate cggtaactat 4980
cgtcttgagt ccaacccggt aagacacgac ttatcgccac tggcagcagce cactggtaac 5040
aggattagca gagcgaggta tgtaggcggt gctacagagt tcttgaagtg gtggcctaac 5100
tacggctaca ctagaaggac agtatttggt atctgcgcectc tgctgaagcce agttacctte 5160
ggaaaaagag ttggtagctc ttgatccggce aaacaaacca ccgctggtag cggtggtttt 5220
tttgtttgca agcagcagat tacgcgcaga aaaaaaggat ctcaagaaga tcctttgatce 5280
ttttctacgg ggtctgacge tcagtggaac gaaaactcac gttaagggat tttggtcatg 5340
agattatcaa aaaggatctt cacctagatc cttttaaatt aaaaatgaag ttttaaatca 5400
atctaaagta tatatgagta aacttggtct gacagttacc aatgcttaat cagtgaggca 5460
cctatctcag cgatctgtet atttcecgttca tccatagetg cctgactcee cgtegtgtag 5520
ataactacga tacgggaggg cttaccatct ggccccagtg ctgcaatgat accgcgagac 5580
ccacgetcac cggcteccaga tttatcagca ataaaccage cagecggaag ggccgagcege 5640
agaagtggtc ctgcaacttt atccgcectce atccagtceta ttaattgttg ccgggaagcet 5700
agagtaagta gttcgccagt taatagtttg cgcaacgttg ttgccattgce tacaggcatc 5760
gtggtgtcac gctecgtegtt tggtatgget tcattcaget ccggtteccca acgatcaagg 5820
cgagttacat gatcccccat gttgtgcaaa aaagcggtta gectccttegg tectecgatce 5880
gttgtcagaa gtaagttggc cgcagtgtta tcactcatgg ttatggcagc actgcataat 5940
tctecttactg tcatgccate cgtaagatge ttttectgtga ctggtgagta ctcaaccaag 6000
tcattctgag aatagtgtat gcggcgaccg agttgctett gecccggcegte aatacgggat 6060
aataccgcgce cacatagcag aactttaaaa gtgctcatca ttggaaaacg ttcttegggg 6120
cgaaaactct caaggatctt accgctgttg agatccagtt cgatgtaacc cactcgtgca 6180
cccaactgat cttcagcatc ttttactttc accagcgttt ctgggtgagce aaaaacagga 6240
aggcaaaatg ccgcaaaaaa gggaataagg gcgacacgga aatgttgaat actcatacte 6300
ttccttttte aatattattg aagcatttat cagggttatt gtctcatgag cggatacata 6360
tttgaatgta tttagaaaaa taaacaaata ggggttccgce gcacatttcce ccgaaaagtg 6420
ccacctgacg tctaagaaac cattattatc atgacattaa cctataaaaa taggcgtatc 6480
acgaggccct ttcegtctteca ¢ 6501
<210> SEQ ID NO 2

<211> LENGTH: 6501

<212> TYPE: DNA

<213> ORGANISM: Artificial Sequence

<220> FEATURE:

<223> OTHER INFORMATION: pQEI5-W305F

<400> SEQUENCE: 2

ctcgagaaat cataaaaaat ttatttgett tgtgagcgga taacaattat aatagattca 60

attgtgagcg gataacaatt tcacacagaa ttcattaaag aggagaaatt aactatgaga 120
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ggatcgcate accatcacca tcacggatcce ggcatcatgg ttcgaccatt gaactcgatce 180
gtegeegtgt cccaaaatat ggggattgge aagaacggag acctaccctg gectecgete 240
aggaacgagt tcaagtactt ccaaagaatg accacaacct cttcagtgga aggtaaacag 300
aatctggtga ttatgggtag gaaaacctgg ttctccatte ctgagaagaa tcgaccttta 360
aaggacagaa ttaatatagt tctcagtaga gaactcaaag aaccaccacyg aggagctcat 420
tttcttgcca aaagtttgga tgatgectta agacttattyg aacaaccgga attggcaagt 480
aaagtagaca tggtttggat agtcggaggc agttctgttt accaggaagce catgaatcaa 540
ccaggccace ttagactett tgtgacaagg atcatgcagg aatttgaaag tgacacgttt 600
ttcccagaaa ttgatttggg gaaatataaa cttctceccag aatacccagyg cgtectcetet 660
gaggtccagyg aggaaaaagg catcaagtat aagtttgaag tctacgagaa gaaaggttgg 720
aagatcttaa gcttaattag ctgagettgg actcctgttyg atagatccag taatgaccte 780
agaactccat ctggatttgt tcagaacgcet cggttgcege cgggegtttt ttattggtga 840
gaatccaage tagctctaga gacgtccgge cggagetcca cegeggtgge ggecgcetceta 900
gagtcactta cttaacattt tcccatttgg tactatctaa ccccttttca ctattaagaa 960

gtaatgccta ctatgactca agtcgcgaag aaaattctgg tgacgtgecgce actgccgtac 1020
gctaacggcet caatccacct cggccatatg ctggagcaca tccaggctga tgtetgggtce 1080
cgttaccagce gaatgcgegg ccacgaggtce aacttcatct gecgccgacga tgcccacggt 1140
acaccgatca tgctgaaagc tcagcagctt ggtatcaccce cggagcagat gattggcgaa 1200
atgagtcagg agcatcagac tgatttcgca ggctttaaca tcagctatga caactatcac 1260
tcgacgcaca gcgaagagaa ccgccagttg tcagaactta tctactcteg cctgaaagaa 1320
aacggtttta ttaaaaaccg caccatctct cagctgtacg atccggaaaa aggcatgttce 1380
ctgccggace gttttgtgaa aggcacctgce ccgaaatgta aatccccgga tcaatacggce 1440
gataactgeyg aagtctgcgg cgcgacctac agcccgactg aactgatcga gecgaaatcg 1500
gtggtttetyg gegectacgce ggtaatgegt gattctgaac acttcttett tgatctgecce 1560
tctttcageg aaatgttgca ggcatggacce cgcagcggtg cgttgcagga gcaggtggca 1620
aataaaatgc aggagtggtt tgaatctggc ctgcaacagt gggatatctc ccgcgacgcece 1680
ccttactteg gttttgaaat tccgaacgcg ccgggcaaat atttctacgt ctggetggac 1740
gcaccgattg gctacatggg ttcectttcaag aatctgtgeg acaagcgcegg cgacagcegta 1800
agcttcgatg aatactggaa gaaagactcc accgccgagce tgtaccactt catcggtaaa 1860
gatattgttt acttccacag cctgttcttce cctgccatge tggaaggcag caactteccge 1920
aagccgtcecca acctgtttgt tcatggctat gtgacggtga acggcgcaaa gatgtccaag 1980
tctegeggeca ccectttattaa agccagcacce tggctgaatce attttgacge agacagcectg 2040
cgttactact acactgcgaa actctcttcg cgcattgatg atatcgatct caacctggaa 2100
gatttcgtte agcgtgtgaa tgccgatatc gttaacaaag tggttaacct ggcctccegt 2160
aatgcgggcet ttatcaacaa gegttttgac ggegtgcetgg caagcgaact ggctgacccg 2220
cagttgtaca aaaccttcac tgatgccgct gaagtgattg gtgaagcgtg ggaaagccgt 2280
gaatttggta aagccgtgcg cgaaatcatg gcgctggctg atctggctaa ccgctatgte 2340

gatgaacagg ctcegtgggt ggtggcgaaa caggaaggee gcegatgecga cctgecaggea 2400
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atttgctcaa tgggcatcaa cctgtteccge gtgectgatga cttacctgaa gecggtactg 2460
ccgaaactga ccgagcgtgce agaagcattc ctcaatacgg aactgacctg ggatggtatce 2520
cagcaaccgce tgctgggcca caaagtgaat ccgttcaagg cgctgtataa ccgcatcgat 2580
atgaggcagg ttgaagcact ggtggaagcc tctaaatgag aagtaaaagc cgctgccgceg 2640
ccggtaactg geccgctgge agatgatccg attcaggaaa ccatcacctt tgacgactte 2700
gctaaagttg acctgcgcegt ggegctgatt gaaaacgcag agtttgttga aggttctgac 2760
aaactgctgce gectgacgcet ggatctegge ggtgaaaaac gcaatgtctt cteccggtatt 2820
cgttctgett acccggatcce gcaggcactg attggtcegtce acaccattat ggtggctaac 2880
ctggcaccac gtaaaatgcg cttcggtatce tctgaaggca tggtgatgge tgccggtect 2940
ggcgggaaag atattttcct gctaagcccg gatgceggtg ctaaaccggg tcatcaggtyg 3000
aaataatccc ccttcaaggce gcectgcatcga cagecttttg ctttataaat tcectaaagtt 3060
gttttcttge gattttgtct ctectctaacce cgcataaata ctggtagcat ctgcattcaa 3120
ctggataaaa ttacagggat gcagaatgag acactttatc tatcaggacg aaaaatcaca 3180
taaattcagg gcagttgagc aacagggaaa cgagttgcat atcagttggg gaaaagttgg 3240
caccaaaggc aaagccagat aaaaagtttt tcagatgcetyg cggcagcegge aaaagcggag 3300
ccegaccteg agggggggcce cggtacceegg ceggacgtet ctagagcetag cttggegaga 3360
ttttcaggag ctaaggaagc taaaatggag aaaaaaatca ctggatatac caccgttgat 3420
atatcccaat ggcatcgtaa agaacatttt gaggcatttc agtcagttgc tcaatgtacc 3480
tataaccaga ccgttcagcect ggatattacg gcctttttaa agaccgtaaa gaaaaataag 3540
cacaagtttt atccggcctt tattcacatt cttgccecgece tgatgaatge tcatccggaa 3600
tttcegtatgg caatgaaaga cggtgagctg gtgatatggg atagtgttca cccttgttac 3660
accgttttece atgagcaaac tgaaacgttt tcatcgctcect ggagtgaata ccacgacgat 3720
ttccggcagt ttctacacat atattcgcaa gatgtggegt gttacggtga aaacctggcece 3780
tatttcecta aagggtttat tgagaatatg tttttcecgtet cagccaatce ctgggtgagt 3840
ttcaccagtt ttgatttaaa cgtggccaat atggacaact tcttcgccce cgttttcacce 3900
atgggcaaat attatacgca aggcgacaag gtgctgatgce cgctggcgat tcaggttcat 3960
catgccgtcect gtgatggett ccatgtcgge agaatgctta atgaattaca acagtactgce 4020
gatgagtggc agggcggggce gtaatttttt taaggcagtt attggtgccc ttaaacgect 4080
ggggtaatga ctctctagct tgaggcatca aataaaacga aaggctcagt cgaaagactg 4140
ggcctttegt tttatctgtt gtttgteggt gaacgctcte ctgagtagga caaatccgec 4200
gctctagage tgcctecgege gttteggtga tgacggtgaa aacctctgac acatgcaget 4260
cceggagacyg gtcacagett gtectgtaage ggatgcceggyg agcagacaag cccgtcaggg 4320
cgegtecageg ggtgttggeg ggtgtegggg cgcagccatg acccagtcac gtagcgatag 4380
cggagtgtat actggcttaa ctatgcggca tcagagcaga ttgtactgag agtgcaccat 4440
atgcggtgtg aaataccgca cagatgcgta aggagaaaat accgcatcag gcgctcttcece 4500
gcttectege tcactgacte gctgegeteg gtcectgtegge tgcggcgagce ggtatcaget 4560
cactcaaagg cggtaatacg gttatccaca gaatcagggg ataacgcagyg aaagaacatg 4620

tgagcaaaag gccagcaaaa ggccaggaac cgtaaaaagg ccgcgttget ggegttttte 4680
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cataggctee gccccectga cgagcatcac aaaaatcgac gctcaagtca gaggtggcga 4740
aacccgacag gactataaag ataccaggcg tttecccectg gaagctccect cgtgegetcet 4800
cctgttecga cectgecget taccggatac ctgtceccgect ttctecectte gggaagegtg 4860
gcgetttete aatgctcacg ctgtaggtat ctcagttcgg tgtaggtegt tcegcectccaag 4920
ctgggcetgtg tgcacgaacc ccccgttcag cccgaccegcet gegcecttate cggtaactat 4980
cgtcttgagt ccaacccggt aagacacgac ttatcgccac tggcagcagce cactggtaac 5040
aggattagca gagcgaggta tgtaggcggt gctacagagt tcttgaagtg gtggcctaac 5100
tacggctaca ctagaaggac agtatttggt atctgcgcectc tgctgaagcce agttacctte 5160
ggaaaaagag ttggtagctc ttgatccggce aaacaaacca ccgctggtag cggtggtttt 5220
tttgtttgca agcagcagat tacgcgcaga aaaaaaggat ctcaagaaga tcctttgatce 5280
ttttctacgg ggtctgacge tcagtggaac gaaaactcac gttaagggat tttggtcatg 5340
agattatcaa aaaggatctt cacctagatc cttttaaatt aaaaatgaag ttttaaatca 5400
atctaaagta tatatgagta aacttggtct gacagttacc aatgcttaat cagtgaggca 5460
cctatctcag cgatctgtet atttcecgttca tccatagetg cctgactcee cgtegtgtag 5520
ataactacga tacgggaggg cttaccatct ggccccagtg ctgcaatgat accgcgagac 5580
ccacgetcac cggcteccaga tttatcagca ataaaccage cagecggaag ggccgagcege 5640
agaagtggtc ctgcaacttt atccgcectce atccagtceta ttaattgttg ccgggaagcet 5700
agagtaagta gttcgccagt taatagtttg cgcaacgttg ttgccattgce tacaggcatc 5760
gtggtgtcac gctecgtegtt tggtatgget tcattcaget ccggtteccca acgatcaagg 5820
cgagttacat gatcccccat gttgtgcaaa aaagcggtta gectccttegg tectecgatce 5880
gttgtcagaa gtaagttggc cgcagtgtta tcactcatgg ttatggcagc actgcataat 5940
tctecttactg tcatgccate cgtaagatge ttttectgtga ctggtgagta ctcaaccaag 6000
tcattctgag aatagtgtat gcggcgaccg agttgctett gecccggcegte aatacgggat 6060
aataccgcgce cacatagcag aactttaaaa gtgctcatca ttggaaaacg ttcttegggg 6120
cgaaaactct caaggatctt accgctgttg agatccagtt cgatgtaacc cactcgtgca 6180
cccaactgat cttcagcatc ttttactttc accagcgttt ctgggtgagce aaaaacagga 6240
aggcaaaatg ccgcaaaaaa gggaataagg gcgacacgga aatgttgaat actcatacte 6300
ttccttttte aatattattg aagcatttat cagggttatt gtctcatgag cggatacata 6360
tttgaatgta tttagaaaaa taaacaaata ggggttccgce gcacatttcce ccgaaaagtg 6420
ccacctgacg tctaagaaac cattattatc atgacattaa cctataaaaa taggcgtatc 6480
acgaggccct ttcegtctteca ¢ 6501
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1.-26. (canceled)

27. A host cell comprising an aminoacyl-tRNA synthetase
modified by site-directed mutagenesis and/or directed evolu-
tion to enhance properties of the synthetase to facilitate the
incorporation of an amino acid analogue into a polypeptide of
interest.

28. The host cell of claim 27, wherein the synthetase modi-
fication results in improved kinetics of activation of the ana-
logue by the synthetase.

29. The host cell of claim 28, wherein the kinetics of
activation are improved by providing a Km for the amino acid
analogue that is lower than the Km for the corresponding
natural amino acid.

30. A host cell comprising an aminoacyl-tRNA synthetase,
wherein said synthetase has a Kcat for the amino acid ana-
logue that is higher than the Kcat for the corresponding natu-
ral amino acid.

31. A host cell comprising an aminoacyl-tRNA synthetase,
wherein said synthetase incorporates an amino acid analogue
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into a polypeptide of interest with at least 77% efficiency as
compared to incorporation of the corresponding natural
amino acid.

32. The host cell of claim 31, wherein said efficiency of
incorporation is at least 85%, at least 86%, at least 88%, at
least 90%, at least 92%, or at least 90-100%.

33. A host cell comprising a first vector having a first
polynucleotide sequence encoding an aminoacyl-tRNA syn-
thetase; a second vector having a second polynucleotide
sequence encoding a polypeptide; and the polypeptide having
incorporated therein an amino acid analogue; wherein the
first and second vectors may be the same or different, and
wherein the amino acid analogue is incorporated into the
polypeptide with an efficiency of incorporation of at least
77% as compared to the incorporation of a corresponding
natural amino acid.

34. The host cell of claim 33 wherein the efficiency of
incorporation is at least 90£6% or at least 90-100%.

35. The host of claim 34 wherein the efficiency of incor-
poration is at least 85%, 86%, 87%, 85-90%, 91+2%, 96+2%,
98+2%, 90-96%, or 92-98%.

36. The host cell of claim 33 wherein the aminoacyl-tRNA
synthetase is from a eukaryotic cell or a prokaryotic cell.

37. The host cell of claim 33 wherein the aminoacyl-tRNA
synthetase is natural, synthetic, semi-synthetic or recombi-
nant.

38. The host cell of claim 37 wherein the recombinant
aminoacyl-tRNA synthetase is mutated or genetically engi-
neered.

39. The host cell of claim 38 wherein the aminoacyl-tRNA
synthetase recognizes the amino acid analogue and is able to
facilitate the incorporation of the amino acid analogue into
the polypeptide.

40. The host cell of claim 33 wherein the amino acid
analogue differs from the corresponding natural amino acid
by having fluorinated, electroactive, conjugated, azido, car-
bonyl, alkyl, modifications of the natural amino acid in the
side chain functionality, or modifications of the natural amino
acid.

41. The host cell of claim 40 wherein the amino acid
analogues is selected from the group consisting of 6,6,6-
trifluoromethionine, homoallyglycine, homoproparglycine,
norvaline, norleucine, cis-crotylglycine, trans-crotylglycine,
2-aminoheptanoic acid, 2-butynylglycine, allylglycine, azi-
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doalanine, = 2-aminoethylcysteine,  o-methylthreonine,
gamma-methylleucine, beta-methylvaline, alloisoleucine,
beta-fluoroasparagine, pyridylalanine, p-aminophenylala-
nine, dehydroalanine, beta-methylenenorvaline, N-methyla-
lanine, alpha-difluoromethyllysine, p-methoxy-m-hydrox-
yphenylalanine, furanomycin, azidohomoalanine,
o-allylserine, and propargylglycine, selenomethionine, tel-
luromethionine, ethionine, naphthylalanine, and natural
amino acids with sides chains containing divalent non-carbon
atoms, double bonds, methylene, methyl, olefin, or alkene.

42. The host cell of claim 33 wherein the polypeptide is
natural, synthetic, semi-synthetic or recombinant.

43. The host cell of claim 33 wherein the polypeptide is a
hormone, an enzyme, or a protein fiber.

44. The host cell of claim 43 wherein the polypeptide is an
interferon, a growth factor, a serum albumin, or an epidermal
growth factor.

45. The host cell of claim 44 wherein the viral DNA is
vaccinia, adenovirus, foul pox virus, pseudorabies, or a
derivative of SV40.

46. The host cell of claim 33 wherein the first and second
vector comprises at least one expression element.

47. The host cell of claim 46, wherein at least one expres-
sion element is selected from the group consisting of pro-
moter sequence, secretion signal, enhancer sequence, tran-
scription terminator, Shine-Dalgarno sequence, initiator
codon, and termination codon.

48. The host cell of claim 33 wherein host cell is prokary-
otic or eukaryotic.

49. The host cell of claim 48 wherein the prokaryotic host
cell is a bacterial cell.

50. The host cell of claim 49 wherein the bacterial cell is a
strain of Escherichia, Bacillus, Pseudomonas, Streptococcus,
or Streptomyces.

51. The host cell of claim 48 wherein the eukaryotic host
cellis ayeastcell, an insect cell, a plant cell, or an animal cell.

52. The host cell of claim 51 wherein the animal cell is a
mammalian cell.

53. The host cell of claim 52 wherein the mammalian cell
is CHO, COS or Bowes melanoma.

54. The host cell of claim 33 wherein the host cell is an
auxotroph.



