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The unnatural amino acie-nitrophenylalanine (obN@Phe) is a (a) 1 23 4 (p
useful biochemical probe of protein structure and activit\Wwhen 100 kD2
introduced into proteins either chemically or by in vitro biosynthe- 60 kDa bt

sis3~® the pNQ-Phe group can guench the intrinsic fluorescence 50 kDa bt

of nearby tryptophan (Trp) residues. The ability to genetically 40KkDa
encode this amino acid in vivo would greatly facilitate the 30kDa g
generation of pN@Phe mutants for both biochemical and cellular

studies of protein structure and function. Previously, it was shown e

that unnatural amino acids can be site-specifically introduced into T Sp—
proteins in bacteria and yeast in response to unique triplet (nonsense 50 5000 TG 3000
and quadruplet (frameshift) codofig2 Here we use this methodol- S - Mass (m/z)

ogy to genetically encode pN&Phe in bacteria with high fidelity =~ Figure 1. (a) SDS-PAGE analysis of LYys"TAG Z-domain protein

- . : expressed under different conditions. Lane 1: molecular mass marker; lane
and efficiency. In addition, we illustrate the use of the phNehe/ 2: expression with WT M{TyrRS: lane 3: expression with mut\@heRS

Trp pair as a distgnce probe in a COHEd‘C_O” protein.. _ _ in the presence of pNEPhe; lane 4: expression with muth®heRS in
pNO,-Phe was incorporated into proteins Escherichia coli the absence of pNEPhe. The SDS-PAGE gel was stained with GelCode
by means of a unique amber suppressor tRNA (mUtgﬂﬂ Blue stain reagent. (b) MALDI-TOF analysis of pi®he incorporated

Z-domain protein: peak a can be assigned to the full length mutant Z
domain, peak b is assigned to the Z domain protein without the first Met,
peak c is the matrix adduct.

aminoacyl tRNA synthetase (MjTyrRS) pair derived from a
Methanococcus jannascHRNATY/TyrRS pair. The specificity of
MjTyrRS was altered so that the synthetase specifically charges
mutRN TVU’A with pNO,-Phe and no endogenous amino acid. A very high fidelity for the incorporation of the unnatural amino acid.
MjTyrRS library was constructed based on the crystal structure of Moreover, the MALDI-TOF spectrum shows two peaksvét =

a mutant MjTyrRS that selectively charges mut% with 7958 and 7828 (Figure 1b), which match the expected molecular
p-bromophenylalanin& The Set’?, Pra®8 Leut>®, and Glu?active weight for the pN@-Phe Z-domain mutanifz = 7958) and the

site mutations were preserved in this library, and random mutations molecular weight for this mutant protein with the loss of its first
were introduced at LE8 Lelfs, His™®, GIn%9 Hisl®, and Ty#6L methionine ((Vz = 7826)16

To identify a synthetase specific for pphd®he, alternating rounds Next, we examined the utility of pN&Phe as a distance probe

of positive selection (based on suppression of an amber stop codorthrough its ability to quench the intrinsic fluorescence of tryptophan
in the chloramphenicol acetyltransferase (CAT) gene in the presenceresidues in proteins. This Trp/pN®he fluorophore-quencher pair

of 1 mM unnatural amino acid) and negative selection (based on was incorporated into a model GCN4 leucine zipper protein, which
suppression of amber nonsense mutations in the toxic barnaseforms a parallel coiled-coil homodiméf8 The DNA binding
gene}* were carried out. After several rounds of positive and region of the GCN4 gene (67840 bp, bZIP), which does not
negative selection, a clone was evolved whose survival at high encode any tryptophans, was cloned from the yeast genome into
concentration of chloroamphenicol (126/mL) was dependent on  the protein expression vector pET-26b with an additional N-terminal
the presence of pNEPhe. These results suggest that the evolved Met and a C-terminus L&GIUS8 (encoding a Xho | restriction
synthetase has higher specificity for pNPhe than for endogenous  site) followed by a 6XHis tag (Scheme 1la). Site-directed muta-
amino acids. Sequencing revealed the following mutations in this

evolved synthetase compared to the wild-type MjTyrRS:32Fyt.eu, Scheme 1 o
GIL9—Ser, Asp%e—Pro, llg5%—Leu, Hig5—Asn, and Letf2—Glu. T Fasicresion 20 1 5

To test the ability of the evolved synthetase (mutN@eRS) (2) HN-MDPAALKRARNTEAARRSRARKLORMKQLEDKVEE
and mutRNAY), to selectively incorporate pN&Phe into pro- 7 Soiled Coil ——= "
teins, an amber stop codon was substituted at a permissive site LLSKNYHLENEVARLKKLVGELEHHHHHH-coH
(Lys") in the gene for the Z domain protein with a C-terminal
hexameric His tad® Cells transformed with mutN&PheRS, (b)  5-TTCCTATGACTCATCCAGTT

Tyr . ) AGGATACTGAGTAGGTCAAA-5'

MUIRNA;,, and the mutant.Z d‘.’”.‘a'” geng were gr‘_"’_V” in the (a) Sequence of the model GCN4 bZIP protein; mutation sites are
presence of 1 mM pN&Phe in minimal medium containing 1% jngicated in bold. (b) 20-mer bZIP duplex DNA binding site.

glycerol and 0.3 mM leucine (GMML medium). The mutant protein

was purified by Ni+ affinity column and subsequently analyzed genesis was then used to substitute amino acids at selected sites
by SDS-PAGE and MALDI-TOF (Figure 1). The yield of mutant  with either Trp or pNG@-Phe (TAG codon). The bZIP expression
Z-domain protein is 2 mg/L in the presence of pNRhe, but is vector as well as a plasmid containing both muthNheRS and
insignificant in the absence of pN@®he (Figure 1a), indicating a mutRNAJ:yJA were cotransformed int&. coli BL21(DE3) cells,
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between Trp and pN&Phe in the Trp/pN@Phe dimeric proteins
i were estimated to be 6, 15, 26, and 49 A for the?Zriprp?, Trplo,
& and Tr® mutants, respectively, based on the crystal structure of
7 v the wild-type bZIP dimet® Due to the larger spatial separation
v between Trp and pN&Phe, the presence of pN®hé2 bZIP
results in a smaller quenching efficiency (32%) for the?Trputant
compared to that for the T¥pmutant. The pN@Phe&? bZIP mutant
has minimal effect on the fluorescence quantum yield of either the
57 sy S Goan  aen Trp'® mutant or the Trf mutant. This result clearly shows that
Wavelength, nm the strength of the fluoropheirquencher interaction between Trp
and pNQ-Phe is related to the distance between these two moieties.
In conclusion, we have evolved a mutant MjTyrRS synthetase
to genetically encode-nitrophenylalanine (pN@Phe) inE. coli
with high fidelity and efficiency. The applicability of pN&Phe
as a biophysical probe was demonstrated using a model GCN4 bZIP
leucine zipper protein, in which pN&Phe quenched the fluores-
cence of Trp in a distance dependent fashion. Thus, the site-specific
incorporation of pN@Phe into proteins should be a useful tool to
study protein folding and conformational changes as well as
o4 @“;’mﬁ"h s 0 vﬁmengﬁ. e proteir?—_protein interactions. In a(_:idition, we are curren_tly explpring
Figure 2. Steady-state fluorescence spectra of tryptophan containing bZIP the utlllty_ of the_ PNQ-Phe m0|ety for .the production of im-
proteins with the Trp mutation introduced at residue (a)?3r(h) Tr?, munogenic proteins for vaccine production.
(c) Trpt® and (d) Tr@5 The spectra were recorded with 20 of bZIP
duplex DNA binding site in the absence (solid lines) and the presence  Acknowledgment. This work was supported by the Department
(broken lines) of 1Q«tM pNO,-Phé? bZIP mutant. of Energy (Grant No. ER46051).

which were then grown in the presence of 1 mM pN&he in
GMML minimal media. The 64 residue mutant bZIP proteins were
purified by NPt affinity column and characterized by SDS-PAGE
and MALDI-TOF analyses (see Supporting Information).

The coiled-coil region of bZIP consists of residues-36 with

the leucine heptad repeat at positions 29, 36, 43, and 50. A Trp (1) ggnfléé\ﬂzig%%ac, E. M.; Pinon, D. |; Miller, L. Bol. Pharmacol 2005
was substiltuted for Lys at a surfgce accessible site in the (2) Wang, W Liang, T. CBiochem. Biophys. Res. Commu:994 201,
noninteracting region of the coiled-coil; a 13/$0 pNO,-Phe mutant 3 %35—ﬁ40-, M. Hohsaka. T.- Ashizuka. Y. - Sisido. B1L.AM. Cherm. S
was also generated at this position. The fluorescence spectrum of () }irekarmt. 115 Hohsaka, T; Ashizuka, Y.; Sisido, B1.Am. Chem. Soc.
the Tr@2 bZIP mutant (1uM) was measured at 22C with 295 (4) Taki, M.; Hohsaka, T.; Murakami, H.; Taira, K.; Sisido, W1.Am. Chem.
nm excitation in 50 mM phosphate-buffered 300 mM saline solution S0¢.2002, 124, 14586-14590,

N p P - ; (5) Noren, C. J.; Anthony-Cahill, S. J.; Griffith, M. C.; Schultz, P.S&ience
(pH 8.0) with 20uM of the bZIP DNA recognition site (Scheme 1989 244, 182-188. _ N o
1b)!9 in both the absence and presence of stoichiometric amounts (©) 'Z"g(;‘f%a'sgjlésgé%“lka' Y.; Murakami, H.; Sisido, Mucleic Acids Res.
of the pNQ-Phé&2 mutant (Figure 2a). The observed fluorescence  (7) Wang, L.; Brock, A.; Herberich, B.; Schultz, P. Science2001, 292,
) . o 498-500.
mtens_lty_of the_ Trg? mutant was reducec_i by 47% in the presence (8) Chin. 3. W.: Cropp, T. A.: Anderson, J. C.: Mukherji, M. Zhang, Z. W.:
of stoichiometric pPN@-Phé?2 mutant protein. Because the substitu- Schultz, P. GScience2003 301, 964-967.

; H H i i i (9) Zhang, Z.; Alfonta, L.; Tian, F.; Bursulaya, B.; Uryu, S.; King, D. S.;
tions are made in a noninteracting region of the protein, there should Schults, P, GProc. Natl. Acad. Sci. U.S /2004 101 8832-8887.
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Supporting Information Available: Experimental details. This
material is available free of charge via the Internet at http://pubs.acs.org.
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