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Expanding the Genetic Code of
Escherichia coli with Phosphoserine
Hee-Sung Park,1*† Michael J. Hohn,1* Takuya Umehara,1 Li-Tao Guo,1 Edith M. Osborne,2‡
Jack Benner,2 Christopher J. Noren,2§ Jesse Rinehart,3,4§ Dieter Söll1,5§

O-Phosphoserine (Sep), the most abundant phosphoamino acid in the eukaryotic
phosphoproteome, is not encoded in the genetic code, but synthesized posttranslationally.
Here, we present an engineered system for specific cotranslational Sep incorporation (directed
by UAG) into any desired position in a protein by an Escherichia coli strain that harbors a
Sep-accepting transfer RNA (tRNASep), its cognate Sep–tRNA synthetase (SepRS), and an
engineered EF-Tu (EF-Sep). Expanding the genetic code rested on reengineering EF-Tu to relax
its quality-control function and permit Sep-tRNASep binding. To test our system, we synthesized
the activated form of human mitogen-activated ERK activating kinase 1 (MEK1) with either one
or two Sep residues cotranslationally inserted in their canonical positions (Sep218, Sep222).
This system has general utility in protein engineering, molecular biology, and disease research.

O-Phosphoserine (Sep) was identified 80
years ago as a constituent of phospho-
proteins from egg yolk (1). Since then,

the extent and importance of the eukaryotic phos-
phoproteome has been realized and has provided
insight into large interconnected networks of
kinases and phosphatases (2). Protein kinases
represent one of the largest eukaryotic gene fam-
ilies, composing nearly 2% of all human genes
(3). Sep is the most abundant phosphoamino
acid; based on an analysis of >2000 HeLa cell
phosphoproteins, the relative abundance of Sep is
7.3 and 48 times higher than that of phospho-
threonine and phosphotyrosine, respectively (2).
A major research limitation is the inability to
biosynthesize these phosphoproteins for detailed
studies of their enzyme or substrate properties.

The discovery of Sep–tRNA synthetase
(SepRS), a unique aminoacyl–tRNA synthetase
devoted to Sep-tRNACys formation in methano-
genic archaea, provided an opportunity to de-
velop our Sep-insertion strategy. The natural role
of SepRS is the formation of Sep-tRNACys,
which is then converted to Cys-tRNACys by the
enzyme SepCysS in the presence of a sulfur
donor (4) (Fig. 1A). Given the high specificity of
SepRS for Sep and for tRNACys and our
knowledge of the identity elements in this tRNA
(5), and based on our understanding of the
structure of this enzyme and its catalytic site (6, 7),
we devised a system to incorporate Sep into

proteins directed by the UAG (amber) codon. For
this, we chose Methanocaldococcus jannaschii
(Mj) tRNACys and the mesophilic Methanococ-
cus maripaludis (Mmp) SepRS as the orthogonal
pair [reviewed in (8)] for the synthesis of phos-
phoserylated amber suppressor tRNA.

We first designed tRNASep (Fig. 1B), an am-
ber suppressor tRNA derived from Mj tRNACys

by two mutations in the anticodon, and an ad-
ditional C20U change that improves amino-

acylation by SepRS (5). In vitro aminoacylation
by Mmp SepRS showed (Fig. 1C) that the an-
ticodon change lowered (to about 40%) the
ability of tRNASep to be aminoacylated when
compared to tRNACys. In agreement with earlier
data (5), totalEscherichia coli tRNA could not be
acylated with Sep (Fig. 1C). On the basis of these
in vitro data,Mj tRNASep andMmp SepRS appear
to be an orthogonal pair.

Efficient and selective addition of Sep to the
E. coli genetic repertoire requires exclusive in-
teraction of SepRSwith tRNASep for Sep-tRNASep

formation without interfering in the host transla-
tion system, as well as a sufficient intracellular
concentration of Sep. Because E. coli has a Sep-
compatible transporter (9), Sep (2 mM) was
added to the LB growth medium, and the endog-
enous serB gene encoding phosphoserine phos-
phatase was deleted in the E. coli test strain
without affecting growth. To assess whether the
Mj tRNASep–Mmp SepRS pair is functional and
orthogonal in E. coli in vivo, we performed a
suppression assay that used a gene encoding
chloramphenicol acetyltransferase (CAT) with a
UAG stop codon at the permissive position 112
(wild-type amino acid: Asp) to produce the CAT
enzyme. Cell survival was measured in the pres-
ence of Sep and varying amounts of chloram-
phenicol (Cm) where the different half-maximal
inhibitory concentration (IC50) values and the
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formation in M. maripaludis. ATP, adenosine 5′-triphosphate; AMP, adenosine 5′-monophosphate; PPi,
inorganic pyrophosphate; PLP, pyridoxal phosphate. (B) Cloverleaf structure of tRNASep. Arrows indicate
the three nucleotide changes compared to M. jannaschii tRNACys. (C) Acylation with Sep of M. jannaschii
tRNACys and tRNASep catalyzed by M. maripaludis SepRS. Total E. coli tRNA (▼), or tRNA from E. coli
strains expressing theM. jannaschii tRNACys (●) or the tRNASep (○) gene was acylated byM. maripaludis
SepRS with [14C]Sep (0.1 mM) in the presence of ATP (10 mM).
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tRNASep-dependent CATsynthesis correlate with
suppression efficiency (Fig. 2).When only tRNASep

was expressed (Fig. 2, column B), Cm resistance
increased about 3.3-fold over background (Fig. 2,
column A). Thus, tRNASep can be aminoacyl-
ated to a certain degree by an unknown E. coli
aminoacyl–tRNA synthetase (we later found
that Gln is being incorporated at the amber stop
codon). In contrast, simultaneous expression of
tRNASep and SepRS did not provide Cm re-
sistance (Fig. 2, column C). This may indicate
that SepRS can outcompete any endogenous
aminoacyl–tRNAsynthetase and formSep-tRNASep;
however, this aminoacyl-tRNA is neither deliv-
ered to the ribosome nor accommodated on it.
Providing additional EF-Tu did not improve the
result (Fig. 2, columnD).Coexpression of tRNASep,
SepRS, and SepCysS should result in forma-
tion of Sep-tRNASep and subsequent SepCysS-
mediated conversion to Cys-tRNASep (4). Indeed,
a 2.3-fold increase in Cm resistance was observed

(Fig. 2, column E). This further supports the no-
tion that although Sep-tRNASep is synthesized, it
cannot be used properly by the E. coli protein bio-
synthesis machinery. By contrast, coexpression of
tRNASep and Mmp CysRS generated a 12.3-fold
increase in Cm resistance (Fig 2, column F), dem-
onstrating that Cys-tRNASep can be readily used
for amber codon suppression in the CAT gene.

Given that EF-Tu is a component of quality
control in protein synthesis (10), it is plausible
that Sep-tRNASep may be rejected by EF-Tu.
Chemically synthesized Sep-tRNAGln was a
poor substrate for in vitro protein synthesis (11).
tRNAs carrying negatively charged amino acids
are bound poorly by EF-Tu (12), and molecular
dynamics simulations suggested that Sep-tRNACys

may not be bound by EF-Tu (13). We tested this
assumption in EF-Tu–mediated Sep-tRNA hy-
drolysis protection experiments (14). Although
EF-Tu protected [35S]Cys-tRNACys from deacyl-
ation at pH 8.2 (fig. S1), [14C]Sep-tRNACys was

significantly deacylated irrespective of the pres-
ence of EF-Tu (Fig. 3B and fig. S1). Thus, insuf-
ficient binding of Sep-tRNASep to EF-Tu may
explain the lack of Sep insertion into protein.

This observation required the generation of
EF-Tuvariants able to productively bindSep-tRNA.
We were encouraged by reports that EF-Tu var-
iants allow binding of tRNAs charged with cer-
tain unusual amino acids (15, 16). Guided by the
structure of the E. coli EF-Tu:Phe-tRNAPhe com-
plex (17), we selected six residues (His67, Asp216,
Glu217, Phe219, Thr229, and Asn274) in the amino
acid binding pocket of EF-Tu (Fig. 3A) for com-
plete randomization in order to generate EF-Tu
variants that bind Sep-tRNA.Variants that permitted
SepRS and tRNASep-dependent Sep incorpora-
tion were selected in vivo (see SOM). One clone,
designated EF-Sep (amino acid variants shown in
Fig. 3A), led to a 10-fold increase in Cm resist-
ance (Fig. 2, column H), whereas the combina-
tion of SepRS and EF-Sep without tRNASep was
not active in the CAT suppression assay (Fig. 2,
column G). Thus, it appeared that EF-Sep did
bind Sep-tRNASep, a conclusion that was con-
firmed in the hydrolysis protection assay (Fig.
3B). This assay also shows that EF-Sep still
retained some ability to bind Cys-tRNA (fig. S1).

To prove that the observed suppression is due
to Sep incorporation, we expressed myoglobin
with an amber codon in the Asp127 position (fig.
S2A). The expected full-length protein was syn-
thesized only when EF-Sep, SepRS, and tRNASep

were coexpressed (fig. S2A).Mass spectrometry–
time-of-flight (MS-TOF) and MS/MS analysis
showed that Sep is present at the position spec-
ified by UAG in both the intact and trypsin-
digested proteins (Fig. S2, B and C).

Final validation of our strategy was the syn-
thesis of a Sep-containing human protein MEK1
(mitogen-activated ERK activating kinase 1). This
key eukaryotic enzyme of the mitogen-activated

Fig. 2. In vivo synthesis
of chloramphenicol acetyl-
transferase (measured by
IC50 value) by tRNASep-
dependent read-through of
an amber mutation in the
CAT gene. tRNASep was co-
expressed in the E. coli
Top10DserB strain with the
proteins indicated in the fig-
ure (SepRS, M. maripaludis
CysRS, SepCysS, EF-Sep,
EF-Tu). Selection was car-
ried out on LB agar plates
containing 2 mM Sep and
various concentrations of
chloramphenicol. Errorbars
indicate SEM.
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that would allow the six highlighted amino acid residues to change to any
of the 20 canonical amino acids. The six mutations in our final EF-Sep are
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Deacylation of Sep-tRNACys was measured by acid precipitability. Error
bars indicate SEM. Abbreviations for the amino acid residues are as
follows: D, Asp; E, Glu; F, Phe; G, Gly; H, His; N, Asn; R, Arg; S, Ser; T, Thr;
W, Trp; and Y, Tyr.
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signaling cascade is crucial for cell proliferation,
development, differentiation, cell cycle progres-
sion, and oncogenesis (18). Activation of MEK1
requires posttranslational phosphorylation of Ser218

and Ser222 byMEKactivating kinases (e.g., Raf-1,
MEKK, or MOS). Substitution of both Ser resi-
dueswithGlu yields a constitutively active enzyme,
albeit with lower activity (19). We generated a
clone encoding a MEK1 fusion protein [with the
maltose binding protein (MBP) at the N terminus
and a His6 tag at the C terminus] in which Ser222

was changed to Glu, and the Ser218 codon was
replaced by UAG to encode Sep. After expres-
sion in the presence of SepRS, tRNASep, and
EF-Sep, 25 mg of full-lengthMBP-MEK1(Sep218,
Glu222) was isolated from 1 liter of culture. The
presence of Sep in MBP-MEK1(Sep218,Glu222)
protein was demonstrated by its ability to phos-
phorylate ERK2, which then phosphorylates mye-
lin basic protein. MBP-MEK1(Sep218,Glu222)
had a 2500-fold higher specific activity than
MBP-MEK1(Ser218,Ser222) and a 70-fold higher
specific activity than the constitutively active

MBP-MEK1(Glu218,Glu222) (Fig. 4A). MS/MS
analysis confirmed the incorporation of Sep at
position 218 (Fig. 4B). To determine if ourE. coli
expression system would allow the simultaneous
insertion of two Sep residues into the protein, we
changed the Ser codons in positions 218 and 222
to UAG. As expected, the expression efficiency
ofMBP-MEK1(Sep218,Sep222) was markedly re-
duced compared to that of wild-typeMBP-MEK1
(only about 1 mg of full-length proteinwas obtained
from 1 liter of culture). The presence of Sep at both
active-site positions of MEK1 was tested by
Western blot analysis with a monoclonal antibody
specific to phosphorylation at these two residues
(Fig 4C). Only MBP-MEK1(Sep218,Sep222), and
to aweaker extentMBP-MEK1(Sep218,Ser222), were
detected in this experiment, whereas neither MBP-
MEK1(Ser218,Ser222), MBP-MEK(Sep218,Glu222),
orMBP-MEK(Glu218,Glu222) was recognized by
the antibody. This demonstrates that the addition
of SepRS, tRNASep, and EF-Sep endows E. coli
with the ability to read UAG as a phosphoserine
codon.

Our work underscores the key role of EF-Tu
in quality control of protein synthesis by ensuring
facile delivery of the correct cognate aminoacyl-
tRNA to the ribosome (10, 20). Generating an
orthogonal aminoacyl–tRNA synthetase:tRNA
pair was insufficient to genetically encode Sep.
Expansion of the genetic code to include Sep
depended critically on reengineering of EF-Tu to
bind Sep-tRNASep. This situation is precisely
paralleled in the naturally evolved genetic encod-
ing system for selenocysteine, which requires a
specialized elongation factor [SelB in prokaryotes,
and EFSec in eukaryotes; reviewed in (21)]. In-
spired careful manipulation of components of the
protein-synthesizing system will allow further ex-
pansion of the genetic code without sacrificing
organismal fitness.

Orthogonal aminoacyl–tRNA synthetase:tRNA
pairs (in our case, SepRS:tRNASep) are critical
elements for genetic code expansion, whether
produced by evolutionary processes and found in
nature [e.g., pyrrolysyl–tRNA synthetase:tRNAPyl

(22)] or designed in the laboratory by synthetic
biologists [reviewed in (8)]. The tRNA of choice
is typically an amber suppressor tRNA; however,
a general limitation in product yield is associated
with recoding the new amino acid by a stop co-
don (e.g., UAG), because peptide chain elonga-
tion by the designed aminoacylated suppressor
tRNA competes with chain termination by the
release factor (e.g., RF1). Yet this impediment
may soon be removed by the advent of E. coli
expression strains with genome-wide UAG co-
don reassignments and an RF1 deletion (23, 24).

The ability to generate physiologically rele-
vant active kinases and stoichiometrically phos-
phorylated protein domains could reveal new
types of kinase inhibitors for drug development,
allow systematic dissection of phosphorylation-
dependent protein-protein interactions, and expose
new structure-function relationships (18, 25, 26).
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a C-terminal His6 tag. Residues Ser

218 and Ser222,
which are targets to phosphorylation by MEK1

activators, were mutated to either Glu218/Glu222 or Sep218/Glu222 to produce active MEK1 variants.
Various amounts of MBP-MEK1-His6 with active-site residues Ser218/Ser222 (▼), Glu218/Glu222 (●), or
Sep218/Glu222 (○) were used to phosphorylate inactive ERK2 in vitro. ERK2 activity was then measured in a
radiometric assay using g-[32P]ATP and myelin basic protein (MyBP) as substrates. Error bars indicate SEM.
(B) MS/MS spectrum confirming the presence of Sep218 in MBP-MEK1(Sep218/Ser222). m/z, mass-to-charge
ratio. (C) MBP-MEK1-His6 variants with genetically encoded active-site residues Sep218/Sep222 (lane 1),
Ser218/Ser222 (lane 2), Sep218/Ser222 (lane 3), Sep218/Glu222 (lane 4), and Glu218/Glu222 (lane 5) were
produced in E. coli and partially purified by Ni2+ affinity chromatography. Proteins were separated by
SDS–polyacrylamide gel electrophoresis and either stained with Coomassie (top) or transferred to a nylon
membrane and detected with monoclonal antibodies specific for the phosphorylated active site of human
MEK (center) or the MBP tag (bottom). Purchased activated glutathione S-transferase (GST)–MEK was used
as a control (lane 6). Dark and light arrowheads indicate the positions of MBP-MEK1-His6 and GST-MEK1,
respectively. The strong bands (~70 kD size) are probable truncation products caused by termination at UAG.
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Exome Sequencing of Head and Neck
Squamous Cell Carcinoma Reveals
Inactivating Mutations in NOTCH1
Nishant Agrawal,1,2*† Mitchell J. Frederick,3* Curtis R. Pickering,3* Chetan Bettegowda,2,4*
Kyle Chang,5 Ryan J. Li,1 Carole Fakhry,1 Tong-Xin Xie,3 Jiexin Zhang,6 Jing Wang,6

Nianxiang Zhang,6 Adel K. El-Naggar,7 Samar A. Jasser,3 John N. Weinstein,6 Lisa Treviño,5

Jennifer A. Drummond,5 Donna M. Muzny,5 Yuanqing Wu,5 Laura D. Wood,8 Ralph H. Hruban,8

William H. Westra,8 Wayne M. Koch,1 Joseph A. Califano,1,9 Richard A. Gibbs,5,9

David Sidransky,1 Bert Vogelstein,2 Victor E. Velculescu,2† Nickolas Papadopoulos,2

David A. Wheeler,5 Kenneth W. Kinzler,2† Jeffrey N. Myers3†

Head and neck squamous cell carcinoma (HNSCC) is the sixth most common cancer worldwide.
To explore the genetic origins of this cancer, we used whole-exome sequencing and gene copy
number analyses to study 32 primary tumors. Tumors from patients with a history of tobacco use
had more mutations than did tumors from patients who did not use tobacco, and tumors that were
negative for human papillomavirus (HPV) had more mutations than did HPV-positive tumors.
Six of the genes that were mutated in multiple tumors were assessed in up to 88 additional
HNSCCs. In addition to previously described mutations in TP53, CDKN2A, PIK3CA, and HRAS, we
identified mutations in FBXW7 and NOTCH1. Nearly 40% of the 28 mutations identified in NOTCH1
were predicted to truncate the gene product, suggesting that NOTCH1 may function as a tumor
suppressor gene rather than an oncogene in this tumor type.

More than half a million new cases of
head and neck squamous cell carcino-
ma (HNSCC) will occur in 2011, in-

cluding 50,000 cases in the United States, making
it the sixth most common cancer in the world
(1–3). HNSCC and its treatment can result in
cosmetic deformity and functional impairment of
vital functions, including breathing, swallowing,
speech, phonation, taste, hearing, and smell.
These cancers are frequently lethal, with a five-
year survival of only ~50% (4). HNSCCs, like all
solid tumors, are thought to be initiated and to
progress through a series of genetic alterations.
Indeed, several cellular signaling pathways are
dysregulated in this tumor type through genetic
and epigenetic alterations, such as those involv-
ing TP53 and CDK2NA (4). HNSCCs also ex-
hibit many chromosomal abnormalities, including
amplifications of region 11q13, which contains
the cyclin D1 gene, and region 7p11, which en-
codes epidermal growth factor receptor (EGFR)
(5). Tobacco use and excessive alcohol consump-
tion are major risk factors for HNSCC in the
United States (6).More recently, human papilloma-

virus (HPV) has emerged as an additional risk
factor for the development of cancers of the oro-
pharynx (7). Patients with HPV-associated cancers
have an improved overall and disease-specific
survival, suggesting that these tumors have dis-
tinct biological features (8).

To gain a comprehensive view of the genetic
alterations underlying HNSCC, we sequenced
~18,000 protein-encoding genes in tumors from
32 patients. Thirty of the 32 patients had not been
treated with chemotherapy or radiation before
their tumor biopsy, so the spectrum of changes
we observed largely reflects those of tumors in
their naturally occurring state. Tumor samples
were carefully selected or microdissected in order
to achieve a neoplastic cellularity of >60%.
DNAwas purified from these tumors as well as
matched nonneoplastic tissue and used to gen-
erate libraries suitable for massively parallel se-
quencing. After capture of the coding sequences
with a SureSelect (Agilent, Santa Clara, California)
or CCDS (NimbleGen,Madison,Wisconsin) En-
richment System, theDNAwas sequenced by using
an Illumina (San Diego, California) GAIIx/HiSEq

(17 tumors) or SOLiD (Carlsbad,California)V3/V4
(15 tumors) instruments. The average coverage of
each base in the targeted regions was 77-fold and
44-fold for the Illumina and SOLiD instruments,
and 92.6% and 90% of targeted bases were rep-
resented by at least 10 reads in these platforms,
respectively (table S1).

Using stringent criteria for analysis of these
data (9), we identified 911 candidate somatic mu-
tations in 725 genes among the 32 tumors. To
ensure that our algorithms for identifying muta-
tions were reliable, we evaluated the candidate
mutations by Sanger sequencing or by 454 se-
quencing and confirmed 609 of them (67%) (table
S2). One hundred and fifty-two (17%) mutations
did not confirm, and 150 (16%) mutations could
not be tested because of an unusually high GC
content, difficulty in the design of unique primers,
or other unknown factors preventing specific
amplification and sequencing of the locus. The
range of confirmed mutations per tumor was 2 to
78, with a mean and SD of 19 T 16.5 mutations
per tumor (table S1).

There were obvious differences in the genetic
landscapes of HPV-associated and HPV-negative
HNSCCs. First, far fewer genes weremutated per
tumor in the HPV-associated tumors as compared
with those tumors not epidemiologically related
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