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ABSTRACT p-Carboxymethyl-L-phenylala-
nine (pCMF), a phosphotyrosine (pTyr) mimetic
that is resistant to protein tyrosine phosphatase
hydrolysis, was cotranslationally incorporated
into proteins in Escherichia coli using an or-
thogonal amber suppressor tRNA/aminoacyl-
tRNA synthetase (aaRS) pair. The pCMF-specific
aaRS was identified from a large library of Meth-
anococcus jannaschii tyrosyl-tRNA synthetase
active-site mutants by a combination of positive
and negative genetic selections. When pCMF was
substituted for Tyr701 in human signal trans-
ducer and activator of transcription-1 (STAT1), a
constitutively active mutant was obtained that
dimerizes and binds a DNA oligonucleotide du-
plex that contains the M67 site recognized by
Tyr701-phosphorylated STAT1. Genetic incorpo-
ration of pCMF into proteins should provide a
new tool for the preparation of stable analogues
of a wide array of phosphoproteins involved in
signal transduction pathways, as well as the de-
velopment of peptide-based, cellularly ex-
pressed inhibitors of pTyr binding proteins.

P rotein phosphorylation, principally
on serine, threonine, or tyrosine resi-
dues, plays a critical role in virtually

all cellular signal transduction pathways.
The dynamic interconversion of phosphory-
lated and dephosphorylated isoforms of a
protein (1, 2), however, can complicate both
biochemical and cellular studies of the
roles of individual phosphorylation sites.
Consequently, the replacement of phospho-
tyrosine (pTyr) in phosphoproteins with an
analogue that retains functional activity but
is resistant to hydrolysis by protein tyrosine
phosphatases (PTPs) would facilitate func-
tional studies of protein phosphorylation.
One broadly used, stable analogue of pTyr
is 4-phosphonomethyl-L-phenylalanine
(Pmp), in which the phosphoryl ester oxy-
gen atom is replaced by a methylene group
(3) (Figure 1, panel a). For example, Cole and
coworkers used expressed protein ligation
to substitute Pmp for pTyr residues in the
pTyr phosphatases SHP-1 (4) and SHP-2 (5,
6) to determine the function of individual
phosphorylation sites. This method, which
relies on solid-phase peptide synthesis to
introduce Pmp into the peptide fragment for
subsequent ligation, is principally limited
to amino acid substitutions at the N- or
C-terminal regions of proteins (7, 8). Re-
cently, we developed methodology that al-
lows the incorporation of unnatural amino
acids into proteins at sites specified by non-
sense or frameshift codons in Escherichia
coli, yeast, and mammalian cells (9–13).

Here we report the generation and use of
an orthogonal amber-suppressor transfer
RNA (tRNA)/aminoacyl-tRNA synthetase
(aaRS) pair that allows the selective incorpo-
ration of the non-hydrolyzable pTyr mi-
metic, p-carboxymethyl-L-phenylalanine
(pCMF, 3; Figure 1, panel a), at any desired
site in proteins in E. coli.

We initially attempted to genetically en-
code Pmp in E. coli, but unfortunately this
unnatural amino acid has poor bioavail-
ability, which results in very low cytoplas-
mic concentrations of Pmp and compli-
cates its in vivo incorporation into proteins.
However, studies of cell-permeable pep-
tide inhibitors of SH2 domains found that
a group of carboxy-based analogues with
improved cellular permeability (14) could
be functionally substituted for pTyr. For ex-
ample, pCMF 3 (Figure 1, panel a) was used
to mimic pTyr in a pentapeptide-based in-
hibitor of the interaction between the Src
SH3–SH2 domain and phosphorylated epi-
dermal growth factor receptor, albeit with a
significant decrease in potency (15). Similar
results were seen in the design of a cell-
permeable inhibitor to the growth factor
receptor-bound 2 (Grb2) SH2 domain (16).
Molecular modeling (16) and X-ray crystallo-
graphic analyses (17) show that the side
chain of pCMF (–CH2COO�) has good spa-
tial overlap with two of the pTyr phosphate
oxygen atoms that interact with positively
charged arginine residues in SH2 domains
(18, 19). In addition, carboxylic acids have
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also been used to mimic other phosphory-
lated amino acids; for example, glutamic
acid was substituted for Ser389 in the tu-
mor suppressor protein p53 to afford an ef-
fective mimic of activated, phosphorylated
p53 (20). We therefore focused our efforts
on the genetic incorporation of pCMF into
proteins in E. coli.

pCMF was synthesized in four steps from
2-((4-bromomethyl)phenyl)acetic acid (see
Supporting Information). Its cellular bio-
availability was then tested by a method
(21, 22) in which E. coli DH10B cells were
grown to saturation in minimal media
supplemented with 1.0 mM pCMF, and the
harvested cells were washed, lysed, and
analyzed by LC/MS. A signal corresponding

to �100 �M of pCMF in the cytoplasm was
found; for comparison, the cellular concen-
trations of tyrosine, tryptophan, and phenyl-
alanine were 800, 200, and 300 �M, re-
spectively (21). Previous experiments have
shown that D-amino acids are not incorpo-
rated by the ribosome; therefore the racemic
amino acid was used in these studies
(21–29).

Next, an orthogonal tRNA/aaRS pair was
evolved that selectively incorporates pCMF
into proteins in E. coli. This pair was gener-
ated from an M. jannaschii amber-sup-
pressor tyrosyl tRNA(MjtRNACUA

Tyr )/tyrosyl-
tRNA synthetase (MjTyrRS) pair by a directed
evolution strategy previously used for the in-
corporation of a variety of other unnatural

amino acids in E. coli (9, 22). A library of
MjTyrRS active-site mutants encoded in
plasmid pBK-lib-2 was generated in which
six residues (Tyr32, Leu65, Phe108, Gln109,
Asp158, and Leu162) within 6.5 Å of the ty-
rosine substrate were randomized based
on the structure of the MjTyrRS–tRNATyr–L-
tyrosine complex (Figure 1, panel b) (30).
The library was constructed by overlap ex-
tension polymerase chain reaction (31) us-
ing synthetic degenerate oligonucleotide
primers to introduce mutations, where the
intended mutation residues were encoded
by the degenerate codon NNK (N � A�T�C
�G, K � T�G).

This library was then passed through
rounds of alternating positive and negative
selections (9, 22). The positive selection is
based on resistance to chloramphenicol,
which is conferred by suppression of an am-
ber mutation at a permissive site in the
chloramphenicol acetyl transferase gene in
the presence of 1 mM unnatural amino acid
and MjTyrRS (9). The negative selection uti-
lizes the toxic barnase gene with amber mu-
tations at permissive sites and is carried
out in the absence of the unnatural amino
acid. Cells containing MjTyrRS variants that
acylate the orthogonal MjtRNACUA

Tyr with
pCMF survive the positive selection, where-
as cells containing MjTyrRS variants that ac-
ylate MjtRNACUA

Tyr with endogenous amino ac-
ids express barnase and die. After five
rounds of selection (positive, negative, posi-
tive, negative, and positive), 26 clones were
isolated that survive on 120 �g mL–1 chlor-
amphenicol in the presence of 1 mM pCMF
but die on 20 �g mL–1 chloramphenicol in
the absence of pCMF. DNA sequencing re-
vealed five unique mutants (Table 1) with
pCMFRS#1 and pCMFRS#2 each occurring
11 times. In most of the mutants, Tyr32 and
Asp158 were both mutated to smaller resi-
dues, which should expand the active site to
accommodate the larger side chain of pCMF.
These mutations also remove the hydrogen
bonds in the wild-type enzyme to the phe-
nolic hydroxy group of bound tyrosine, lead-
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Figure 1. Evolution of MjTyrRS variants for the selective incorporation of pCMF into proteins.
a) Structure of pTyr, Pmp, and pCMF. b) A library of MjTyrRS active-site mutants was generated
by randomizing six residues (in yellow) in the tyrosine binding site. Residues for randomization
were selected on the basis of observed contacts between MjTyrRS and tyrosine in the crystal
structure of MjTyrRS–tRNATyr–L-tyrosine complex (30).

TABLE 1. The 26 selected pCMF-specific MjTyrRS mutants represent
five unique mutantsa

WT MjTyrRS Frequency Tyr32 Leu65 Phe108 Gln109 Asp158 Leu162

pCMFRS#1 11 clones Ser Ala Lys His Gly Lys
pCMFRS#2 11 clones Ser Ala Ala Gln Gly Lys
pCMFRS#3 2 clones Ala Ser Arg Asn Ser His
pCMFRS#4 1 clone Ser Ala Asn Tyr Gly Lys
pCMFRS#5 1 clone Ala Arg Gln Gly Lys Ala

aBoth the mutant sequences and the frequencies of each MjTyrRS mutant are given.
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ing to a loss of affinity for the natural sub-
strate. In addition, Phe108 and Leu162 were
mutated to basic amino acids at a high fre-
quency in the selected mutants; these resi-
dues likely form a salt bridge with the car-
boxylate moiety of pCMF.

The fidelity and efficiency of pCMF incor-
poration into proteins by the pCMFRS#1/
MjtRNACUA

Tyr pair was further verified by

expressing a Z-domain protein (with a C-
terminal His6 tag), whose gene contains a
Lys7 ¡ TAG mutation (Figure 2, panel a).
When the pCMFRS#1/MjtRNACUA

Tyr pair is
used to suppress the amber codon in the
presence of 1 mM pCMF, full-length
Z-domain protein is produced as indicated
by SDS-PAGE analysis (Figure 2, panel b,
lane 3). The yield of mutant protein was
1.2 mg from 1 L of minimal media. In the ab-
sence of pCMF, no Z-domain protein was de-
tectable by silver staining (Figure 2, panel b,
lane 2), indicating that pCMF is incorporated
only in response to the amber codon.
MALDI–TOFMS analysis of the purified
Z-domain mutant gave two peaks (see Sup-
porting Information), corresponding to the
intact mutant Z-domain protein (Mexperimental

� 7966 Da, Mtheoretical � 7966 Da) and the
mutant Z-domain protein without the first

methionine moiety (Mexperimental � 7833
Da, Mtheoretical � 7834 Da). The pCMF-
dependent expression of amber-mutant
Z-domain protein and corresponding mass
spectral analysis confirm a high fidelity for
the incorporation of pCMF but not tyrosine or
other endogenous amino acids by this
method.

To test the ability of pCMF to mimic pTyr
in a naturally phosphorylated protein, a frag-
ment (132–712) of human signal trans-
ducer and activator of transcription-1
(STAT1) (which is expressed in E. coli in a
stable form) was used as a model system
(32). STAT1 has a DNA-binding domain
(residues 317–488) and an internal SH2
domain (residues 576–683) (Figure 3,
panel a). Phosphorylation of STAT1 on
Tyr701 leads to homodimerization, and the
resulting dimer binds tightly to DNA that
contains M67 sites (33). To selectively sub-
stitute pCMF for pTyr701 in STAT1, the
codon encoding Tyr701 was mutated to
TAG and then suppressed with the evolved
pCMFRS#1/MjtRNACUA

Tyr pair in the presence
of 1 mM pCMF in E. coli. The Tyr701 pCMF
mutant of STAT1 was expressed and puri-
fied to homogeneity by ammonium sulfate
precipitation, anion-exchange chromatogra-
phy, and size-exclusion chromatography to
afford 2.9 mg of protein from 1 L of minimal
media (Figure 3, panel b). A 21-bp DNA oli-
gonucleotide duplex that contains an M67
site was then radiolabeled using [�-32P]ATP
and T4 polynucleotide kinase (PNK) (Figure 3,
panel c) and used to determine the binding
affinity of pCMF-containing STAT1. As indi-
cated by an electrophoretic mobility shift as-
say (EMSA) on a native 4–20% Novex Tris–
borate–EDTA (TBE) gel (Figure 3, panel d),
the DNA duplex was bound by the Tyr701
pCMF mutant of STAT1 with a Kapp of 21 nM.
For comparison, the Kapp of pTyr701 STAT1
is reported to be 1 nM (34), and the lower
limit for detection of DNA complexes with
wild-type STAT1 was with 125 nM protein
(see Supporting Information). These results
indicate that the Tyr701 pCMF mutant of
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Figure 2. Verification of the fidelity and effi-
ciency of pCMF incorporation into proteins in
response to the amber codon by the evolved
pCMFRS#1/MjtRNACUA

Tyr pair. a) Amino acid se-
quence of the mutant Z-domain protein whose
gene contains a Lys7 ¡ TAG mutation. b)
Analysis of the mutant Z-domain protein by
SDS-PAGE and silver staining. Proteins were
purified by Ni2� affinity chromatography.
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Figure 3. EMSAs show that the Tyr701 ¡ pCMF mutant of STAT1 binds M67-containing DNA du-
plex. a) Schematic diagram showing the domains of human STAT1. b) SDS-PAGE analysis of the
expressed and purified Tyr701 pCMF mutant of STAT1 fragment (132–712). The proteins were
stained by GelCode blue staining reagent (Pierce). c) Sequence of the 21-bp DNA oligonucleotide
duplex used in this study. The M67 site is underlined in the top strand. The DNA is labeled with
32P by T4 PNK. d) EMSA showing that the Tyr701 pCMF mutant of STAT1 binds the M67-cont-
aining DNA duplex. The DNA concentration was fixed at 0.3 nM and titrated in a 12.5 �L volume
against a standard protein dilution series. The products were resolved on a native 4–20% Novex
TBE gel (Invitrogen).

476 VOL.2 NO.7 • 474–478 • 2007 www.acschemicalbiology.orgXIE ET AL.



STAT1 dimerizes and binds the M67-
containing DNA duplex in a similar fashion
to Tyr701-phosphorylated STAT1. Thus
pCMF can serve as a functional mimic of
pTyr when incorporated site-specifically into
proteins. However, the absolute affinity of
binding interactions involving pCMF will
likely depend on the specific context in
which it is used.

In conclusion, an orthogonal MjtRNACUA
Tyr /

MjTyrRS pair was evolved that allows the se-
lective incorporation of pCMF, a mimetic of
pTyr, into proteins in response to an amber
codon in E. coli with high fidelity and effi-
ciency. When pCMF was substituted for pTyr
in STAT1, the resulting protein dimerized
and bound DNA in a similar manner to
Tyr701-phosphorylated STAT1 protein. Be-
cause pCMF is resistant to hydrolysis by
PTPs, it should prove a useful tool for the
generation of stable analogues of selectively
phosphorylated proteins and peptides.

METHODS
Expression and Purification of the Tyr701 pCMF

Mutant STAT1. The human STAT1 gene in plasmid
pXC101 was a gift from Xiaomin Chen at the Uni-
versity of Texas M.D. Anderson Cancer Center. The
Tyr701 ¡ TAG mutation was introduced by
QuikChange mutagenesis (Stratagene) according
to the manufacturer’s protocol. The STAT1 frag-
ment (132–712) with the Tyr701 ¡ TAG mutation
was inserted into the SpeI and BglII sites of plas-
mid pLEI (35) to afford plasmid pSTAT701TAG,
which encodes the Tyr701 ¡ TAG mutant of STAT1
under the control of a bacteriophage T5 promoter
and t0 terminator, the MjtRNACUA

Tyr gene under the
control of the lpp promoter and rrnC terminator, a
chloramphenicol resistance marker, and a p15a
origin. Plasmid pBK-pCMFRS#1 encodes the pCMF-
specific MjTyrRS mutant under the control of the
constitutive E. coli GlnRS promoter and terminator.
E. coli BL21 (DE3) competent cells were cotrans-
formed with pSTAT701TAG and pBK-pCMFRS#1 and
were grown in 500 mL of minimal media contain-
ing 1% glycerol and 0.3 mM leucine (GMML me-
dium) with 50 �g mL–1 kanamycin, 34 �g mL–1

chloramphenicol, and 1.0 mM pCMF at 37 °C.
When the OD600 reached 0.5, the culture was
transferred to a 25 °C shaker and isopropyl-�-D-
thiogalactopyranoside was added to a final con-
centration of 0.4 mM to induce protein expression.
Cells were grown for an additional 16 h at 25 °C,
pelleted by centrifugation (8 min; 4 °C, 8000g),
and resuspended in 10 mL of ice cold extraction
buffer [20 mM HEPES·HCl, pH 7.6, 0.1 M KCl, 10%
glycerol, 1 mM EDTA, 10 mM MnCl2, 20 mM DTT,

and tablets of Complete (protease inhibitor cock-
tail tablets, Roche Applied Science, 1 tablet for
50 mL of solution)]. The cells were lysed by sonica-
tion and pelleted again (45 min; 4 °C, 27,500g).
The supernatant was isolated and polyethyleni-
mine was added (0.1% final; Sigma). The solu-
tion was gently mixed and then centrifuged for
15 min at 15,000g. The soluble STAT1 mutant in
the supernatant was precipitated with saturated
ammonium sulfate solution (Sigma) in two steps
(0–35%, 35–55% saturation) as described for the
purification of wild-type STAT1 (34). The 35–55%
pellet was redissolved in 3 mL of buffer (20 mM
Tris·HCl, pH 9.0, 20 mM NaCl, 0.5 mM EDTA, 2 mM
DTT, Roche Complete protease inhibitor cocktail
tablet) and dialyzed against the same buffer. The
sample was then applied to an anion-exchange
column (Mono Q HR 10/10 column, Amersham
Biosciences) previously equilibrated with buffer A
(20 mM Tris·HCl, 2 mM DTT, pH 9.0). The proteins
were eluted with a linear gradient of 0–0.3 M
NaCl. Peak fractions were analyzed by SDS-PAGE
on an 8% PAGE gel. Fractions from a major peak
that eluted at 0.18 M NaCl were pooled together
and subjected to gel filtration (Superdex 200 HR
10/30 column, Amersham Biosciences). Proteins
were eluted with 20 mM Tris·HCl, 100 mM NaCl,
2 mM DTT, pH 8.0. The final purified Tyr701 pCMF
STAT1 (132–712) mutant was pooled and dialyzed
against 10 mM Tris·HCl, 25 mM NaCl, 2 mM DTT,
pH 8.0. The purified protein was concentrated to
�20 mg mL–1 using a Microcon YM-3 centrifugal
filter device (3000 MWCO; Millipore), quick frozen
on dry ice, and stored at �70 °C. The concentra-
tion of protein was measured by Bradford assay
(BCA kit, Biorad).

32P Labeling of M67 Duplex. Two complemen-
tary M67-site-containing oligonucleotides with the
following sequences (M67 site underlined) were
PAGE-purified: JX178, 5=-TCCACAGTTTCCCGTAAAT-
GC-3=; JX179, 3=-AGGTGTCAAAGGGCATTTACG-5=.
JX178 was dissolved at a concentration of 4 �M in
annealing buffer (5 mM Tris·HCl, 50 mM KCl, 10 mM
MgCl2, pH 8.0), and 10 pmol of this oligonucleo-
tide was 32P-labeled with T4 PNK (50 pmol of
[�-32P]ATP, 20 U of T4 PNK from New England Bio-
labs, Ipswich, MA). The T4 PNK was inactivated for
20 min at 65 °C. Labeled JX178 was mixed at 1:2 ra-
tio with JX179 and annealed (94 °C for 1 min fol-
lowed by cooling slowly to RT). Free [�-32P]ATP was
removed by a Qiagen Nucleotide Removal kit. La-
beled oligonucleotides were stored at 4 °C.

EMSA. Radiolabeled DNA (at a concentration of
0.3 nM) was mixed with the indicated amount of
the Tyr701 pCMF mutant STAT1 (132–712) in a
12.5 �L reaction volume that contained 50 ng of
dIdC and 2.5 �g of bovine serum albumin (Boe-
hringer Mannheim) in DNA binding buffer (20 mM
HEPES·HCl, 4% Ficoll, 40 mM KCl, 10 mM CaCl2,
10 mM MgCl2, 1 mM DTT, pH 8.0) (34). The reac-
tion mixture was incubated at RT for 30 min and
then resolved on a 4–20% Novex TBE gel (Invitro-
gen), which had been pre-run for 2 h at �20 V cm–1

at 4 °C. Electrophoresis was continued for 48 min
at 4 °C. After samples were loaded, electrophore-
sis was performed for an additional 48 min at 4 °C.
The gel was exposed to a Molecular Dynamics

PhosphorImager phosphor screen and subse-
quently scanned on a Storm 860 instrument. Inten-
sities of bands corresponding to free and protein-
bound duplex DNA were determined by using the
ImageQuant software. To calculate KD, the amount
of protein-bound oligonucleotide was expressed
as a percentage of the total amount of oligonucle-
otide present in the reaction and plotted against
the concentration of protein in the reaction. Thus,
obtained data points were fitted with a 4-para-
meter logistic function, and Kapp was then calcu-
lated as the protein concentration at which 50% of
oligonucleotide was in the protein-bound state.
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