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Genetic introduction of a diketone-containing
amino acid into proteins
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Abstract—An orthogonal tRNA/aminoacyl-tRNA synthetase pair was evolved that makes possible the site-specific incorporation of
an unnatural amino acid bearing a b-diketone side chain into proteins in Escherichia coli with high translational efficiency and fidel-
ity. Proteins containing this unnatural amino acid can be efficiently and selectively modified with hydroxylamine derivatives of fluo-
rophores and other biophysical probes.
� 2006 Elsevier Ltd. All rights reserved.
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Recently, we showed that by adding a unique amber sup-
pressor tRNA (mutRNATyr

CUA)/aminoacyl-tRNA synthe-
tase (MjTyrRS) to the translational machinery of
Escherichia coli, unnatural amino acids can be incorpo-
rated into proteins in response to nonsense and frameshift
codons with high translational fidelity and efficiency.1–5

This approach has been used to genetically encode over
30 unnatural amino acids including glycosylated, photo-
reactive, metal binding, and heavy atom-containing ami-
no acids.6–8 In addition, a series of chemically reactive
amino acids with ketone-, azide-, and acetylene-contain-
ing side chains have been selectively incorporated into
proteins. These mutant proteins can be subsequently
modified by nonpeptidic molecules with useful biological
and/or physical properties (e.g., polyethylene glycol,
biotin, glycomimetics, fluorophores, cross-linking agents,
and cytotoxic molecules).9–13 Because of the unique reac-
tivity of these amino acid side chains, such bioconjuga-
tion reactions are highly selective. Herein, we extend
this methodology to the genetic incorporation of dike-
tone-containing amino acid 1 in E. coli. The b-diketone
group can react to form stable complexes with a number
of functional groups including alkoxyamines, hydrazides,
and primary amines.

Diketone 1 was synthesized from p-acetyl-LL-phenylala-
nine containing tert-butyloxycarbonyl (t-Boc) and
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methyl ester-protecting groups (Scheme 1). The second
carbonyl group was added using potassium tert-butox-
ide in the mixed solvent, 2:3 [v/v] methyl acetate/
THF.14 Removal of t-Boc group with TFA, followed
by alkaline hydrolysis, afforded the desired diketone-
containing unnatural amino acid 1 in an overall yield
of 40%.

We previously generated an amber suppressor tRNA/
aminoacyl-tRNA synthetase pair (mutRNA

Tyr
CUA-

MjTyrRS) derived from the tRNATyr/TyrRS pair of
Methanococcus jannaschii, which has been used to selec-
tively and efficiently incorporate a large number of
unnatural amino acids in E. coli in response to the
TAG codon.9,10,12,15 On the basis of a crystal structure
of the M. jannaschii TyrRS-tRNA(Tyr)-LL-tyrosine com-
plex,16 six residues (Tyr32, Leu65, Phe108, Gln109, Asp158,
and Leu162) in the tyrosine-binding site of M. jannaschii
Scheme 1. Reagents and conditions: (i) SOCl2, anhydrous MeOH, 1 h

at rt, 90%; (ii) t-(Boc)2O, Et3N, CH2Cl2, 2 h at rt, 85%; (iii) potassium

tert-butoxide, 40% methyl acetate in THF, 1 h at rt, 60%; (iv) TFA,

CH2Cl2, 5 h at rt, 92%; (v) NaOH, 30% H2O in MeOH, 6 h at rt,

followed by addition of aqueous concentrated HCl, >90%.

mailto:schultz@scripps.edu


a MTSVDNK7INKEQQNAFYEILHLPNLNEEQ
RDAFIQSLKDDPSQSANLLAEAKKLNDAQ
APKGSHHHHHH

b 1  2  3  4 

Figure 1. (a) The sequence of the Z-domain protein. The codon for

Lys7 was mutated to TAG in order to introduce amino acied 1. (b)

Gelcode Blue-stained SDS–PAGE analysis of Lys7! TAG7 Z-domain

protein expressed under different conditions. Lane 1: molecular mass

marker; lane 2: expression with wt MjTyrRS; lane 3: expression with

mutMjTyrRS in the presence of 1; lane 4: expression with mutMjTyr-

RS in the absence of 1. wt = wildtype.
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Figure 2. MALDI-TOF analysis of the mutant Z-domain protein

containing 1.18 The observed masses of intact mutant protein in its

protonated and acetylated forms are 7998 and 8040 Da, respectively.

The observed masses of mutant protein without the first methionine in

its protonated and acetylated forms are 7867 and 7909 Da, respective-

ly. All of these experimental data are in excellent agreement with

theoretically calculated values (see text for more detail).
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TyrRS were randomly mutated. The mutant MjTyrRS
(mutMjTyrRS) library (>109 clones) was then passed
through three rounds of positive selection in the pres-
ence of 1 mM unnatural amino acid 1 (based on the sup-
pression of an amber stop codon in the chloramphenicol
acetyl transferase (CAT) gene), alternated with two
rounds of negative selection in the absence of 1 (based
on the suppression of three amber stop codons intro-
duced into the toxic barnase gene).9 One clone emerged
whose survival in chloramphenicol was dependent on
the presence of 1; this mutant MjTyrRS supported cell
growth in 120 lg mL�1 chloramphenicol in the presence
of 1, and up to 10 lg mL�1 chloramphenicol in the ab-
sence of 1. This result suggests that the mutant synthe-
tase has higher specificity for 1 than for endogenous
amino acids. Sequencing revealed the following muta-
tions: Tyr32! Gly32, Asp158! Gly158, Phe65! Val65,
Phe108! Thr108, and Leu162! Ser162. The Tyr32 and
Asp158 mutations remove the two hydrogen bonds to
tyrosine in the wildtype (wt) synthetase, consistent with
the decreased activity of the enzyme toward its natural
substrate.

To confirm that the observed phenotype is caused
by the site-specific incorporation of 1 by the
mutRNA Tyr

CUA–mutMjTyrRS pair, an amber stop codon
was substituted at a permissive site (Lys7) in the gene
encoding the Z-domain protein17 fused to a C-termi-
nal hexameric His tag. Cells transformed with
mutRNA

Tyr
CUA, mutMjTyrRS, and the mutant Z-do-

main gene were grown in the presence or absence of
1 mM 1 in minimal medium containing 1% glycerol
and 0.3 mM leucine (GMML medium). The expres-
sion of the Lys7! TAG7 Z-domain protein by
mutMjTyrRS was induced by the addition of 1 mM
isopropyl-b-DD-thiogalactopyranoside (IPTG) and pro-
tein was purified by Ni2+ affinity chromatography.
Analysis by SDS–PAGE revealed that the expression
of mutant protein was strongly dependent on 1—the
yield of purified mutant protein was 1.6 mg/liter of
culture in the presence of 1, and insignificant in the
absence of 1 (Fig. 1), consistent with a high fidelity
for the incorporation of 1 into proteins by mutMjTyr-
RS. For comparison, the yield of the wt Z-domain
protein using wt MjTyrRS that charges only endoge-
nous tyrosine in response to the amber stop codon
was 3.0 mg/liter of culture under the identical condi-
tions. Additional evidence for the site-specific incorpora-
tion of 1 was obtained by matrix-assisted laser desorption/
ionization time-of-flight mass spectrometry (MALDI-
TOF MS).18 In addition to the observation of an experi-
mental average mass of 7997 Da (MTheoretical = 7997 Da)
for the intact mutant protein, a major peak corresponding
to the protein without the first methionine moiety
(MExperimental = 7866 Da, MTheoretical = 7866 Da) was also
detected (Fig. 2). The other two peaks (MExperimental =
8039 Da and MExperimental = 7908 Da) correspond to the
mutant proteins with or without the first methionine in
their acetylated forms (MTheoretical = 8039 Da and
MTheoretical = 7908 Da), respectively.19 These results con-
firm a high fidelity for the incorporation of 1 by

mutRNATyr
CUA/mutMjTyrRS pair.
The possibility of using the diketone moiety as a chem-
ical handle for the selective modification of protein with
exogenous agents was then tested by labeling diketone-
containing protein with a biotin hydroxylamine deriva-
tive (Fig. 3a, MW = 331.39, purchased from Molecular
Probes).9 The purified mutant and wt Z-domain proteins
(�0.1 mM) were treated with 1.0 mM biotin hydroxyl-
amine in PBS buffer (20 mM sodium phosphate,
150 mM NaCl) at pH 4.0 at 25 �C for 12 h. After dialysis
against distilled water to remove excess biotin hydroxyl-
amine, the proteins were analyzed by MALDI-TOF MS.
Experimental average masses of 8315 Da (MTheoretical =
8310 Da for biotin-labeled intact mutant protein),
8182 Da (MTheoretical = 8179 Da for biotin-labeled
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Figure 3. In vitro labeling of the mutant Z-domain protein containing

1 with hydroxylamine derivatives of (a) biotin and (b) Alexa Fluor 488.

(c) Gelcode Blue-stained SDS/PAGE analysis of wt and mutant

Z-domain proteins treated with Alexa Fluor 488 hydroxylamine. (d)

Fluorescence imaging of wt and mutant Z-domain proteins treated

with Alexa Fluor 488 hydroxylamine. wt = wildtype.
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mutant protein without the first methionine residue),
and 8225 Da (MTheoretical = 8221 Da for biotin-labeled
mutant protein without the first methionine residue in
its acetylated form) were found, confirming that biotin
hydroxylamine reacted with the mutant Z-domain pro-
teins in a molar ratio of 1:1. As expected, no labeling
products were detected for wt Z-domain protein, indi-
cating that the labeling reaction occurred only between
the hydroxylamine and the diketone group, but not
any existing functional groups in the wt protein. Based
on the integration ratio of the peaks in the MALDI-
TOF spectrum, the labeling efficiency was estimated to
be >85% (Fig. 4c).20
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Figure 4. MALDI-TOF analysis18 of doping experiments with com-

parable amounts of unlabeled diketone-containing Z-domain protein

and its corresponding labeled versions with either (a) biotin or (b)

Alexa Fluor 488, and of the diketone-containing Z-domain protein

labeled with (c) biotin and (d) Alexa Fluor 488.20
To demonstrate the generality of this approach, the
labeling of Z-domain protein with a fluorophore
hydroxylamine derivative was also carried out. The
purified mutant and wt Z-domain proteins
(�0.05 mM) were treated with 0.5 mM Alexa Fluor
488 hydroxylamine derivative (Fig. 3b, Molecular
Probes) in PBS buffer at pH 4.0 at 25 �C for 12 h
(Fig. 3b). After conjugation, proteins were dialyzed
against distilled water to remove excess fluorophore
and then analyzed by SDS–PAGE. The gel was first im-
aged with a Phosphoimager21 (Fig. 3d) and then stained
with Gelcode Blue (Fig. 3c). The band for mutant Z-do-
main shows a fluorescent signal, whereas no fluorescence
at the same position can be detected for either the wt Z-
domain or dye molecules alone, indicating that Alexa
Fluor 488 hydroxylamine derivative was selectively
coupled to the diketone group in the presence of the
other amino acid side chains in the protein. The labeled
protein was confirmed by MALDI-TOF MS
(MExperimental = 8678 Da and MTheoretical = 8668 Da
for the dye-labeled intact protein) to be the product
formed between one molecule of Alexa Fluor 488
hydroxylamine and one molecule of mutant Z-domain.
The labeling efficiency was >85% as estimated by
MALDI-TOF analysis (Fig. 4d).20

The present study demonstrates the site-specific incor-
poration of the b-diketone moiety into proteins in vivo
with high fidelity and good efficiency by means of an
amber suppressor tRNA/aminoacyl-tRNA synthetase
pair. The b-diketone can serve as a unique chemical
handle for the efficient and selective modification of
target proteins with a host of exogenous alkoxyamine
derivatives in vitro. Additionally, the b-diketone group
may be able to participate in carbon–carbon bond
forming Michael reactions.22,23 Moreover, an enamine
adduct stabilized by a six-membered intramolecular
hydrogen bond can be formed between the b-diketone
and a primary amine.24 Consistent with this observa-
tion, we found that, while an imine adduct formed be-
tween an aryl monoketone and butyl amine readily
undergoes hydrolysis at pH 4.0–10.4, the enamine de-
rived from the b-diketone is highly resilient toward
hydrolysis in the same pH range.25 Consequently, by
placing a diketone-containing unnatural amino acid
immediately adjacent to a lysine residue situated in a
favorable hydrophobic environment, one may be able
to form intermolecular or intramolecular protein
crosslinks.
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