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The Selective Incorporation of Alkenes into
Proteins in Escherichia coli**

Zhiwen Zhang,*] Lei Wang,[*] Ansgar Brock, and
Peter G. Schultz*

The addition of amino acids with novel functional groups to
the genetic code of Escherichia coli should greatly enhance
our ability to study protein structure and function, as well as
generate proteins with novel properties. We recently showed
that the unnatural amino acids O-methyl-L-tyrosine and L-3-
(2-naphthyl)alanine can be site-specifically incorporated into
proteins in Escherichia coli with high efficiency and fidel-
ity.l 21 This result requires the addition of an orthogonal
tRNA —codon pair and aminoacyl-tRNA synthetase to the
translational machinery of the cell. The new synthetase (and
only this synthetase) aminoacylates the orthogonal tRNA
(and only this tRNA) with the unnatural amino acid only,
which is inserted into proteins in response to the amber
codon, TAG.P! We report here the site-specific incorporation
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of O-allyl-L-tyrosine (2) into proteins in E. coli. The alkene
functional group of this unnatural amino acid should provide
new chemical methods for the selective modification of
proteins.

Previously we generated an orthogonal tRNA —synthetase
pair, mutRNAY;, -TyrRS, in E. coli by modifying the
tRNAT"—TyrRS pair of Methanococcus jannaschii.™3 This
mutRNAY, is not aminoacylated by endogenous synthetases
in E. coli, and functions well in translation. The TyrRS does
not aminoacylate E. coli tRNAs,®l but aminoacylates the
mutRNAZ;, with tyrosine (1); the acylated mutRNAZ;,
inserts tyrosine in response to the amber nonsense codon. To
change the substrate specificity of the TyrRS so that it
aminoacylates the mutRNAE], with 2 and not with any
common amino acids, a mutant TyrRS library was generated

OH O/\/
H,N H,N
COOH COOH
1 2

and selected. Based on an analysis of the crystal structure of
the homologous TyrRS from Bacillus stearothermophilus,
five residues (Tyr32, Glu107, Asp 158, Ile 159, and Leu162) in
the active site of M. jannaschii TyrRS that are within 6.5 A of
the para position of the aryl ring of tyrosine were randomly
mutated.l" 8] This mutant library was first subjected to a
positive selection based on the suppression of an amber codon
introduced at a nonessential position (Asp112) in the
chloramphenicol acetyl transferase (CAT) gene. Cells trans-
formed with the mutant TyrRS libraries, the mutRNAZ;,
gene, and the amber mutant CAT gene were grown in minimal
media containing 1 mm 2 and 70 pgmL~!' chloramphenicol.
The survivors must encode a mutant TyrRS that amino-
acylates the mutRNAQ, with either 2 or endogenous amino
acids. To remove mutant synthetases with specificities for
endogenous amino acids, a negative selection was applied.
Three amber codons were introduced at nonessential posi-
tions (Gln2, Asp44, Gly65) in the toxic barnase gene.! Cells
expressing the mutant synthetase from the positive selection,
the mutRNAJ;, gene, and the amber mutant barnase gene
were grown in Luria —Bertani (LB) media in the absence of 2.
Cells encoding synthetases with specificities for any endoge-
nous amino acids will produce barnase and die. Only those
encoding a mutant synthetase with specificity for 2 can
survive.

After three rounds of positive selection alternating with two
rounds of negative selection, a clone was evolved whose
survival in chloramphenicol was dependent on the presence of
2 when the selected mutant TyrRS gene (AL-TyrRS) was
coexpressed with the Aspll2amber CAT gene and the
mutRNAJ, gene. Cells can survive in 120 pgmL~' chloram-
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phenicol in the presence of 2, and up to 10 ugmL!
chloramphenicol in the absence of 2. For comparison, E. coli
cells expressing the Aspll2amber CAT gene and the
mutRNAL], gene survive in 4 pgmL~"' chloramphenicol.!
This result suggests that the AL-TyrRS has higher activity for
2 than for natural amino acids. The evolved AL-TyrRS has the
following mutations: Glul07 —Ala107, Asp158 —Cys158,
and Ile 159 — Ala 159. The residues Tyr32 and Leu 162 remain
unchanged. The mutations of Glu107 —Ala107 and Ile 159

—Ala159 may enlarge the active site of the mutant synthetase
to accommodate the allyl group. The exact roles of these
mutations will be revealed by solving the crystal structure of
AL-TyrRS, which is underway.

To confirm that the observed phenotype is caused by the
site-specific incorporation of 2 by the mutRNAX!, — AL-
TyrRS pair, a mutant Z domain!'® !l protein was produced
and characterized. An amber codon was introduced at the
seventh position in the gene encoding the Z domain. A His,
tag was added to the C terminus of the Z domain to facilitate
protein purification by Ni**-affinity chromatography. As a
positive control, the wild type M. jannaschii TyrRS was
coexpressed with the mutRNAY',, which resulted in the
suppression of the amber codon with tyrosine and production
of full-length Z-domain protein (Figure 1). When AL-TyrRS
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Figure 1. A) Amino acid sequence of the Z domain. X indicates the
position for incorporation of 2 encoded by the amber nonsense codon;
B) SDS-PAGE analysis of the accumulation of Z domain under different
conditions. The far left lane is a molecular-weight marker. Expression
conditions are noted at the top of each lane. Proteins were purified by Ni*-
affinity chromatography and the gel was silver-stained.'”) AL-TyrRS =
O-allyl-L-tyrosine-specific mutant synthetase; wt =wild type.

was expressed together with the mutRNA®!, in the presence

of 2, full-length Z domain was also obtained. In the absence of
either the AL-TyrRS, the mutRNAZ!,, or 2, no full-length
Z domain was observed. These results show that full-length
mutant protein is produced only in the presence of the AL-
TyrRS, the mutRNA®;,, and 2. The yield of full-length
mutant Z domain containing 2 is 5.6 mg L~! in minimal media.
For comparison, the yield of Z-domain is 9.2 mgL~! when the
mutRNAY!, and wild-type M. jannaschii TyrRS are coex-
pressed.
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The mutant Z-domain protein expressed by the
mutRNAZ], — AL-TyrRS was analyzed by electrospray ion-
ization Fourier transform ion cyclotron resonance mass
spectrometry (FT-ICR MS). The experimental monoisotopic
mass of the intact protein was 7963.891 Da, which is within
1 ppm of the theoretical mass of 7963.889 Da. Another major
signal corresponds to the protein without the first methionine
moiety (Megperimenta = 7832.861 Da, Mryeoreiicas = 7832.849 Da).
The signal-to-noise ratio of more than 1500 observed in the
intact protein mass spectrum suggests a fidelity for the
incorporation of 2 of better than 99.8 %. This result clearly
demonstrates the site-specific incorporation of 2 in response
to the amber codon by the mutRNA, - AL-TyrRS, and that
other endogenous E. coli synthetases do not utilize 2 as a
substrate.

In summary, a useful nonnatural amino acid, O-allyl-L-
tyrosine, has been site-specifically incorporated into proteins
in vivo. The allyl group is versatile in organic transformations,
including metathesis,['®! Diels-Alder and 1,3-dipolar cyclo-
addition reactions.' Olefin metathesis has been used suc-
cessfully to cross-link amino acid derivatives!™ and cyclize
peptides.'® !l Recent progress in developing water-soluble
ruthenium catalysts!'®l should facilitate the application of this
reaction to the modification of proteins containing alkene
groups.['> 2l Moreover, the allyl side chain of this nonnatural
amino acid may confer new physical properties on proteins as
well.

Experimental Section

All chemicals were purchased from Aldrich. NMR spectroscopic data was
recorded using a Bruker AMX 400. Mass spectra of small molecules were
obtained from Scripps Center for Mass Spectrometry.

Synthesis of 2: O-allyl-L-tyrosine (2) was synthesized according to the
published procedures?!! with minor modifications. N-(ter-butoxycarbon-
yl)-L-tyrosine (2.95 g, 10 mmole) was dissolved in 80 mL of N,N-dimethyl-
formamide (DMF). The solution was cooled to 5°C and NaH (0.63 g,
26 mmole) was added. The reaction mixture was allowed to warm up to
10°C and stirred for an additional 2 h. Allyl bromide (1.33 g, 11 mmole)
was then added with stirring and the reaction mixture was warmed to room
temperature and stirred for an additional 4 h. Water was added and the
aqueous layer was extracted with ethyl acetate and CH,Cl,. The organic
layer was dried over anhydrous MgSO,. The organic solvent was removed
to afford a white solid, which was then refluxed in 4m HCIl in 1,4-dioxane
for 4 h. All solvent was evaporated to give the desired product as a white
solid (1.9 g, 86%); 'HNMR (CD;OD): 6=3.12 (m, 2H), 4.13 (t, /=
5.1Hz, 1H), 453 (d, J=4.6 Hz, 2H), 5.37 (q, /=174, 11.3, 10.6 Hz, 1H),
5.99 (m, 1H), 6.91 (d, J=8.4Hz, 2H), 712 ppm (d, J=8.4 Hz, 2H);P!
BCNMR (CD;0D): 6 =40.0, 69.5, 73.1, 115.8, 1174, 130.5, 131.5, 135.6,
158.4, 177.5 ppm; m/z (ESI, MH"): 222.19.

Selection for AL-TyrRS: The positive selection based on the suppression of
an amber codon in chloramphenicol acetyl transferase was carried out as
described.! For the negative selection, plasmid pLWJ17B3 was used to
express the mutRNAJ!, under the control of the /pp promoter and
rrnC terminator, and the barnase gene with three amber codons at GIn2,
Asp44, and Gly65 under arabinose induction. After positive selection,
pBK plasmids encoding mutant TyrRS were isolated and transformed into
E. coli DH10B competent cells harboring pLWJ17B3. Cells were grown in
LB media containing 0.2% arabinose, 50 pgmL~' kanamycin, and
35 ugmL~"' chloramphenicol. After 8 h, cells were pelleted, and pBK
plasmids were purified for further rounds of selection. After sequential
positive, negative, positive, negative, then positive selection, the candidate
pBK-ALRS encoding AL-TyrRS was identified and characterized using an
in vivo chloramphenicol acetyl transferase assay.!
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Protein expression, purification, and characterization: Plasmid pLEIZ was
used to express the Z-domain gene with an amber codon at the seventh
position under the control of a bacteriophage 75 promoter and ¢, termi-
nator, and the mutRNAJ;, gene under the control of the Ipp promoter and
rrnC terminator. The AL-TyrRS gene was encoded in plasmid pBK-ALRS
under the control of the constitutive E. coli GInRS promoter and
terminator. E. coli DH10B cells cotransformed with pLEIZ and pBK-
ALRS were grown in minimal media containing 1% glycerol and 0.3 mm
leucine (GMML media) with 25 pgmL~! kanamycin, 34 ugmL~! of
chloramphenicol, and 0.5 mM 2. When cells reach an optical density
(ODgy) value of 0.5, isopropyl-3-D-thiogalactopyranoside (IPTG; 1 mm)
was added to induce protein expression. After 4 h, cells were pelleted and
the protein was purified by Ni**-affinity chromatography according to the
manufacturer’s protocol under denaturing conditions (Quiagen, Valencia,
CA). Proteins were then desalted by using a PD-10 column (Amersham
Pharmacia, Piscataway, NJ) and eluted in water. The yield of protein was
measured by Bradford assay (BCA kit, Biorad, Hercules, CA). Aliquots of
protein were used for SDS-PAGE and mass spectroscopic analysis.
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Synthesis and Characterization of the Neutral \:ﬁs

“Digallene” Ar'GaGaAr’ and Its Reduction to
Na,Ar'GaGaAr’ (Ar' = 2,6-Dipp,CsH;, Dipp =
2,6-iPr,C H;)**

Ned J. Hardman, Robert J. Wright, Andrew D. Phillips,
and Philip P. Power*

The publication of the remarkable gallium compound
Na,Ar*GaGaAr* (1, Ar*=2,6-Trip,CsH;, Trip=2,4,6-
iPr;C¢H,) in 1997 resulted in much controversy owing to the
claim that it contained a Ga—Ga triple bond.[l Initially, the
triple bonding in this molecule was justified on the basis of a
short Ga—Ga distance (2.319(3) A) and the correspondence of
the putative [Ar*GaGaAr*]*~ ion to the neutral germanium
species Ar*GeGeAr*—a germanium —alkyne analogue. Al-
though the existence of Ga—Ga triple bonding has received
support from some calculations,>! others have questioned
this view on the basis of 1) the trans-bent structure of the C,,-
Ga-Ga-C,,, array which indicates lone pair character at the
gallium center,’-'11 2) the Na—aryl ringl®! and Na—Ga inter-
actions!"'! which shorten the Ga—Ga distance, and 3) the role
of the para-iPr groups on the flanking aryl rings which cause
Ga-Ga-C angular distortions that can strengthen the Ga—Ga
bond.l'l Force constant calculations have also pointed to a
relatively weak Ga—Ga interaction.l'> ¥ The publication of
the cluster species K,Ar*Ga,Ar*, which contains a Ga, ring
with no Ga—Ga triple bonding as part of an octahedral K,Ga,
core, has underlined the importance of the alkali metal for the
stability of 1.1 However, apart from this isolated report, all
arguments regarding the Ga—Ga bonding in 1 have been
grounded in calculations of various degrees of sophistica-
tion>' and the original experimentally determined structural
parameters.'l] In 1998 several experiments were suggested
whose object was the elucidation of the important factors
governing the nature of the Ga—Ga bond.™) Among these
were the investigation of the effects of changing or removing
the alkali metal ions and the isolation and characterization of
the neutral “digallene” species Ar*GaGaAr* which, should
contain a Ga-Ga double bond if the assumption of triple
bonding in 1 was correct. The former question has been partly
answered through the synthesis of K,Ar*Ga,Ar*. However,
no stable neutral Ga—Ga bonded dimers of the general
formula RGaGaR (R =organic or related group) have yet
been described. Calculations on a variety of model species,
including HGaGaH,['* ! 111 MeGaGaMe,”'!l and PhGa-
GaPh,["l as well as IR spectroscopy of HGaGaH in a frozen
matrix['> 2 point to weak Ga—Ga bonding. It is now shown
that the compound Ar'GaGaAr (2; Ar' =2,6-Dipp,CsH;,
Dipp =2,6-iPr,CsHj;), can be isolated and characterized with
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