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-Novel discovery tools to rapidly identify compounds affecting migration of aggressive cells 

Oct 2017 

The Sidera team has benefited greatly from attracting an advisor through AVX that has refined their R&D 

plan and is helping them raise angel funding. They are still very interested in additional advisors, and 

attracting a business lead.   This detail from the team: 

“Over the past year, Sidera Medicine has advanced its primary program (undisclosed target) with more successful 

experiments that validate its proprietary approach of identifying targets and lead compounds for aggressive 

cancers, and developed a business plan towards filing for an IND within two years. 

Specifically, new experiments show definite proof that Sidera’s discovery platform is able to separate a 

heterogeneous group of cancer cells into two phenotypes; (1) primarily proliferative cells, and (2) cancer stem cells 

that a are slow-cycling, less differentiated, invasive, and also drug resistant. This provides a powerful capability to 

develop targeted therapies against cancer stem cells and synergistic therapies that target both phenotypes. 

The Sidera team has also gathered more experimental data in support of its two lead compounds as promising 

development candidates against aggressive glioblastoma. In vitro experiments with patient derived glioblastoma 

cells and normal human brain cells (astrocytes) show that the compounds effectively block the migration of 

glioblastoma cells in a dose-dependent manner, while not affecting normal human brain cells (i.e., migration of 

these cells is not blocked by the compounds). Furthermore, the ongoing POC in vivo studies in mice xenografted 

with human glioblastoma demonstrate inhibition of tumor growth after systemic daily administration of low doses 

of the lead compounds. During this process, no adverse physiological or neurological effects were observed in the 

animals. Currently, the POC in vivo studies are continuing to quantify inhibition of glioblastoma invasion in brain 

tissue, and to investigate the effect of the lead compounds on overall survival. 

In preliminary experiments to expand the targeted indications, the compounds have also been tested on 

metastatic melanoma, showing effective inhibition of melanoma-cell migration in vitro. 

To formalize a strategy to meet Sidera’s near-term goals, a detailed business and financial plan was developed with 

the help of Sidera’s current acting CEO Nolan Sigal. Specifically, the plan addresses the needs for building a 

company that can advance Sidera’s primary program towards filing for an IND within the next two years, and 

develop a robust pipeline with more indications and more druggable targets of cancer stem cells.” 

 

Feb 2017 

Sidera brings together leading experts and institutions (Yale, Johns Hopkins, Mayo) forming a 

multidisciplinary team to take on the challenge of identification of novel small molecules using a 

proprietary technology with glioblastoma as an initial indication with more to follow. The team has met 

with several VCs and strategic corporates to gain consensus driven feedback on the data set they need 

to drive the next round of funding discussions. The proof of concept in rodent models is currently 

underway. 



The team is currently searching for a CEO as one founder, Dr. Onur Kilic, works full-time on driving a 

development and funding plan. Dr Kilic plans to join the company full-time shaping the scientific 

strategy. Collectively, the founding team has several decades of deep expertise across synthetic biology, 

medicinal chemistry, clinical oncology, and material science which led to the ongoing collaborative 

research focusing on challenging aggressive cancers such as glioblastoma. The specific focus has been on 

the most invasive cell types which resemble stem cells. They have explored the migratory pattern of the 

cells and created a micro-patterned lab-on-a-chip solution which differentiates for the most aggressive 

cell types. 

The team felt currently available technology to understand the cell migration was inadequate and built a 

patented technology to mimic what is going on in vivo. They have demonstrated the prognostic 

capability of the platform by assessing fast migrating cells which lead to a clinically poor outcome. The 

molecular studies to single out and identify molecular signatures indicate the cells behave somewhat 

like stem cells and are not as responsive to chemo drugs. These learnings have directed the 

identification of small molecules that target the underlying pathway. 

The second key to the company’s technology is the ability to create custom phosphorylated proteins to 

activate human kinases drug targets in E.Coli. The genetic control switches have been patented and 

drives the discovery engine. This is a very challenging technique. Through traditional small molecule 

screening candidates are identified, however by leveraging Sidara’s migration platform technology they 

can uniquely select the best candidates to advance. This has allowed for previously challenging or nearly 

impossible drug targets in the signaling pathway to be selected. 

The team is well positioned with Dr. Quinones-Hinojosa, the Chair of Neurosurgery at Mayo Clinic to 

develop and select the best delivery mechanism to cross the blood brain barrier once the leading drug 

candidate is selected. 

In summary, the team has advanced nearly a decade of basic research into a translational strategy that 

has the potential to address the unmet needs of the most aggressive cancers. 
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Abstract

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 phosphoproteins from 

egg yolk (1). Since then, the extent and importance of the eukaryotic phosphoproteome 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 families, 

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 

§To whom correspondence should be addressed. dieter.soll@yale.edu (D.S.); noren@neb.com (C.J.N.); jesse. rinehart@yale.edu 
(J.R.).
*These authors contributed equally to this work.
†Present address: Department of Chemistry, Korea Advanced Institute of Science and Technology, Daejeon 305-701, Korea.
‡Present address: Department of Chemistry, Angelo State University, San Angelo, TX 76909, USA.

Supporting Online Material
www.sciencemag.org/cgi/content/full/333/6046/1151/DC1
Materials and Methods
Figs. S1 and S2
Table S1
References (27–37)

HHS Public Access
Author manuscript
Science. Author manuscript; available in PMC 2017 August 08.

Published in final edited form as:
Science. 2011 August 26; 333(6046): 1151–1154. doi:10.1126/science.1207203.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



7.3 and 48 times higher than that of phosphothreonine 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 methanogenic archaea, provided an opportunity to 

develop 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 Methanococcus 
maripaludis (Mmp) SepRS as the orthogonal pair [reviewed in (8)] for the synthesis of 

phosphoserylated amber suppressor tRNA.

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

by two mutations in the anticodon, and an additional C20U change that improves 

aminoacylation by SepRS (5). In vitro aminoacylation by Mmp SepRS showed (Fig. 1C) 

that the anticodon change lowered (to about 40%) the ability of tRNASep to be 

aminoacylated when compared to tRNACys. In agreement with earlier data (5), total 

Escherichia coli tRNA could not be acylated with Sep (Fig. 1C). On the basis of these in 

vitro data, Mj tRNASep and Mmp SepRS appear to be an orthogonal pair.

Efficient and selective addition of Sep to the E. coli genetic repertoire requires exclusive 

interaction of SepRS with tRNASep for Sep-tRNASep formation without interfering in the 

host translation 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 endogenous serB gene encoding phosphoserine phosphatase 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 presence of Sep and varying amounts of chloramphenicol (Cm) 

where the different half-maximal inhibitory concentration (IC50) values and the 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 aminoacylated 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 resistance (Fig. 2, column C). This may indicate that SepRS can outcompete 

any endogenous aminoacyl–tRNA synthetase and form Sep-tRNASep; however, this 

aminoacyl-tRNA is neither delivered to the ribosome nor accommodated on it. Providing 

additional EF-Tu did not improve the result (Fig. 2, column D). Coexpression of tRNASep, 

SepRS, and SepCysS should result in formation of Sep-tRNASep and subsequent SepCysS-

mediated conversion to Cys-tRNASep (4). Indeed, a 2.3-fold increase in Cm resistance was 
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observed (Fig. 2, column E). This further supports the notion that although Sep-tRNASep is 

synthesized, it cannot be used properly by the E. coli protein biosynthesis machinery. By 

contrast, coexpression of tRNASep and Mmp CysRS generated a 12.3-fold increase in Cm 

resistance (Fig 2, column F), demonstrating 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 hydrolysis protection experiments (14). Although EF-Tu protected 

[35S]Cys-tRNACys from deacylation at pH 8.2 (fig. S1), [14C]Sep-tRNACys was significantly 

deacylated irrespective of the presence of EF-Tu (Fig. 3B and fig. S1). Thus, insufficient 

binding of Sep-tRNASep to EF-Tu may explain the lack of Sep insertion into protein.

This observation required the generation of EF-Tu variants able to productively bind Sep-

tRNA. We were encouraged by reports that EF-Tu variants allow binding of tRNAs charged 

with certain unusual amino acids (15, 16). Guided by the structure of the E. coli EF-Tu:Phe-

tRNAPhe complex (17), we selected six residues (His67, Asp216, Glu217, Phe219, Thr229, and 

Asn274) in the amino acid binding pocket of EF-Tu (Fig. 3A) for complete randomization in 

order to generate EF-Tu variants that bind Sep-tRNA. Variants that permitted SepRS and 

tRNASep-dependent Sep incorporation 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 

resistance (Fig. 2, column H), whereas the combination 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 confirmed 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 

synthesized 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 specified by UAG in both the intact and trypsin-digested proteins (Fig. S2, B 

and C).

Final validation of our strategy was the synthesis of a Sep-containing human protein MEK1 

(mitogen-activated ERK activating kinase 1). This key eukaryotic enzyme of the mitogen-

activated signaling cascade is crucial for cell proliferation, development, differentiation, cell 

cycle progression, and oncogenesis (18). Activation of MEK1 requires posttranslational 

phosphorylation of Ser218 and Ser222 by MEK activating kinases (e.g., Raf-1, MEKK, or 

MOS). Substitution of both Ser residues with Glu 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 
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Sep. After expression in the presence of SepRS, tRNASep, and EF-Sep, 25 μg of full-length 

MBP-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 phosphorylate ERK2, 

which then phosphorylates myelin 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 our E. 
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 of MBP-MEK1(Sep218,Sep222) was markedly reduced compared to 

that of wild-type MBP-MEK1 (only about 1 μg of full-length protein was 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 a weaker extent MBP-

MEK1(Sep218,Ser222), were detected in this experiment, whereas neither MBP-

MEK1(Ser218,Ser222), MBP-MEK(Sep218,Glu222), or MBP-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 encoding system for selenocysteine, which requires a specialized 

elongation factor [SelB in prokaryotes, and EFSec in eukaryotes; reviewed in (21)]. Inspired 

careful manipulation of components of the protein-synthesizing system will allow further 

expansion 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 codon (e.g., UAG), because peptide chain elongation 

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 codon reassignments and an RF1 deletion (23, 

24).

The ability to generate physiologically relevant active kinases and stoichiometrically 

phosphorylated 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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Fig. 1. 
Design of tRNASep and its aminoacylation by M. maripaludis SepRS. (A) Pathway of Cys-

tRNACys 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 the M. jannaschii tRNACys (●) or the tRNASep (○) gene was acylated by M. 
maripaludis SepRS with [14C]Sep (0.1 mM) in the presence of ATP (10 mM).
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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 Top10ΔserB strain with the proteins indicated in the figure (SepRS, 

M. maripaludis CysRS, SepCysS, EF-Sep, EF-Tu). Selection was carried out on LB agar 

plates containing 2 mM Sep and various concentrations of chloramphenicol. Error bars 

indicate SEM.
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Fig. 3. 
Design of EF-Sep. (A) Model of the amino acid binding pocket of E. coli EF-Tu bound to 

Phe-tRNA (based on Protein Data Bank structure 1OB2). To accommodate Sep-tRNA, an E. 
coli tufB library was constructed 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 

indicated by an arrow. (B) EF-Sep protects Sep-tRNACys from deacylation. M. jannaschii 
[14C]Sep-tRNACys was incubated at pH 8.2 and at room temperature in the presence or 

absence of wild-type EF-Tu or EF-Sep. 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.

Park et al. Page 8

Science. Author manuscript; available in PMC 2017 August 08.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Fig. 4. 
Properties of E. coli–produced Sep-containing human MEK1. (A) Kinase activity assay. 

MEK1 was produced in E. coli as a fusion protein with an N-terminal maltose-binding 

protein (MBP) tag and a C-terminal His6 tag. Residues Ser218 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 γ-[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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Abstract

We describe the construction and characterization of a genomically recoded organism (GRO). We 

replaced all known UAG stop codons in Escherichia coli MG1655 with synonymous UAA codons, 

which permitted the deletion of release factor 1 and reassignment of UAG translation function. 

This GRO exhibited improved properties for incorporation of nonstandard amino acids that expand 

the chemical diversity of proteins in vivo. The GRO also exhibited increased resistance to T7 

bacteriophage, demonstrating that new genetic codes could enable increased viral resistance.
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The conservation of the genetic code permits organisms to share beneficial traits through 

horizontal gene transfer (1) and enables the accurate expression of heterologous genes in 

nonnative organisms (2). However, the common genetic code also allows viruses to hijack 

host translation machinery (3) and compromise cell viability. Additionally, genetically 

modified organisms (GMOs) can release functional DNA into the environment (4). Virus 

resistance (5) and biosafety (6) are among today’s major unsolved problems in 

biotechnology, and no general strategy exists to create genetically isolated or virus-resistant 

organisms. Furthermore, biotechnology has been limited by the 20 amino acids of the 

canonical genetic code, which use all 64 possible triplet codons, limiting efforts to expand 

the chemical properties of proteins by means of nonstandard amino acids (NSAAs) (7, 8).

Changing the genetic code could solve these challenges and reveal new principles that 

explain how genetic information is conserved, encoded, and exchanged (fig. S1). We 

propose that genomically recoded organisms (GROs, whose codons have been reassigned to 

create an alternate genetic code) would be genetically isolated from natural organisms and 

viruses, as horizontally transferred genes would be mistranslated, producing nonfunctional 

proteins. Furthermore, GROs could provide dedicated codons to improve the purity and 

yield of NSAA-containing proteins, enabling robust and sustained incorporation of more 

than 20 amino acids as part of the genetic code.

We constructed a GRO in which all instances of the UAG codon have been removed, 

permitting the deletion of release factor 1 (RF1; terminates translation at UAG and UAA) 

and, hence, eliminating translational termination at UAG codons. This GRO allows us to 

reintroduce UAG codons, along with orthogonal translation machinery [i.e., aminoacyl–

tRNA synthetases (aaRSs) and tRNAs] (7, 9), to permit efficient and site-specific 

incorporation of NSAAs into proteins (Fig. 1). That is, UAG has been transformed from a 

nonsense codon (terminates translation) to a sense codon (incorporates amino acid of 

choice), provided the appropriate translation machinery is present. We selected UAG as our 

first target for genome-wide codon reassignment because UAG is the rarest codon in 

Escherichia coli MG1655 (321 known instances), prior studies (7, 10) demonstrated the 

feasibility of amino acid incorporation at UAG, and a rich collection of translation 

machinery capable of incorporating NSAAs has been developed for UAG (7).

We used an in vivo genome-editing approach (11), which is more efficient than de novo 

genome synthesis at exploring new genotypic landscapes and overcoming genome design 

flaws. Although a single lethal mutation can prevent transplantation of a synthetic genome 

(12), our approach allowed us to harness genetic diversity and evolution to overcome any 

potential deleterious mutations at a cost considerably less than de novo genome synthesis 

(supplementary text section B, “Time and cost”). In prior work, we used multiplex 

automated genome engineering [MAGE (13)] to remove all known UAG codons in groups 

of 10 across 32 E. coli strains (11), and conjugative assembly genome engineering [CAGE 

(11)] to consolidate these codon changes in groups of ~80 across four strains. In this work, 

we overcome technical hurdles (supplementary text) to complete the assembly of the GRO 

and describe the biological properties derived from its altered genetic code.
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The GRO [C321.ΔA, named for 321 UAG→UAA conversions and deletion of prfA (encodes 

RF1, Table 1)] and its RF1+ precursor (C321) exhibit normal prototrophy and morphology 

(fig. S2), with 60% increased doubling time compared with E. coli MG1655 (table S1). 

Genome sequencing [GenBank accession CP006698] confirmed that all 321 known UAGs 

were removed from its genome and that 355 additional mutations were acquired during 

construction (10−8 mutations per base pair per doubling over ~7340 doublings; fig. S3 and 

tables S2 to S4). Although maintaining the E. coli MG1655 genotype was not a primary goal 

of this work, future applications requiring increased genome stability could exploit 

reversible switching of mutS function (14) to reduce off-target mutagenesis. CAGE 

improved the fitness of several strains in the C321 lineage (fig. S3), implicating off-target 

mutations in the reduced fitness.

C321.ΔA exhibited improved performance compared with previous strategies for UAG 

codon reassignment (15, 16), permitting the complete reassignment of UAG from a stop 

codon to a sense codon capable of incorporating NSAAs into proteins. One previous strategy 

used a variant of release factor 2 (RF2) that exhibits enhanced UAA termination (16) and 

weak UAG termination (17). The second strategy substituted a UAA stop codon in each of 

the seven essential genes naturally terminating with UAG (table S5) and reduced ribosome 

toxicity by efficiently incorporating amino acids at the remaining 314 UAGs (15). For 

comparative purposes, we used MAGE to create strains C0.B*.ΔA::S [expresses enhanced 

RF2 variant (16)], C7.ΔA::S (UAG changed to UAA in seven essential genes), and 

C13.ΔA::S [UAG changed to UAA in seven essential genes plus six nonessential genes 

(table S5)] (Table 1). C refers to the number of codon changes, while A and B refer to prfA 
(RF1) and prfB (RF2) manipulations, respectively. In contrast to previous work (15), we 

deleted RF1 in these strains without introducing a UAG suppressor, perhaps because near-

cognate suppression is increased in E. coli MG1655 (18). Nevertheless, these strains 

exhibited a strong selective pressure to acquire UAG suppressor mutations (see below).

To assess the fitness effects of RF1 removal and UAG reassignment, we measured the 

doubling time and maximum cell density of each strain (table S1 and fig. S4). We found that 

C321 was the only strain for which RF1 removal and UAG reassignment was not deleterious 

(Fig. 2). Because we did not modify RF2 to enhance UAA termination (16), this confirms 

that RF1 is essential only for UAG translational termination and not for UAA termination or 

other essential cellular functions. By contrast, RF1 removal significantly impaired fitness for 

C0.B*.ΔA::S, and codon reassignment exacerbated this effect (Fig. 2 and fig. S5), probably 

because NSAA incorporation outcompeted the weak UAG termination activity (17) exerted 

by the RF2 variant (16). C7.ΔA::S and C13.ΔA::S also exhibited strongly impaired fitness, 

likely due to more than 300 nonessential UAG codons stalling translation in the absence of 

RF1-mediated translation at UAG codons (15); accordingly, p-acetylphenylalanine (pAcF) 

incorporation partially alleviated this effect (Fig. 2). However, not all NSAAs improved 

fitness in partially recoded strains; phosphoserine (Sep) impairs fitness in similar strains 

(19), perhaps by causing proteome-scale misfolding. Together, these results indicate that 

only the complete removal of all instances of the UAG codon overcomes these deleterious 

effects; therefore, it may be the only scalable strategy for sustained NSAA translation and 

for complete reassignment of additional codons.
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We tested the capacity of our recoded strains to efficiently incorporate NSAAs [pAcF, p-

azidophenylalanine (pAzF), or 2-naphthalalanine (NapA)] into green fluorescent protein 

(GFP) variants containing zero, one, or three UAG codons (Fig. 3 and fig. S6). In the 

presence of NSAAs, the RF1+ strains efficiently read through variants containing three 

UAGs, demonstrating that the episomal pEVOL translation system, which expresses an 

aaRS and tRNA that incorporate a NSAA at UAG codons (9), is extremely active and 

strongly outcompetes RF1. In the absence of NSAAs, the RF1− strains exhibited detectable 

amounts of near-cognate suppression (18) of a single UAG. C321.ΔA::S exhibited strong 

expression of UAG-containing GFP variants only in the presence of the correct NSAA, 

whereas C7.ΔA::S and C13.ΔA::S displayed read-through of all three UAG codons even in 

the absence of NSAAs, suggesting efficient incorporation of natural amino acids at native 

UAGs (17). Mass spectrometry indicated that C13.ΔA::S incorporated Gln, Lys, and Tyr at 

UAG codons. DNA sequencing in C7.ΔA::S and C13.ΔA::S revealed UAG suppressor 

mutations in glnV, providing direct genetic evidence of Gln suppression observed by 

Western blot (Fig. 3A) and mass spectrometry (table S13). C0.B*.ΔA::S displayed truncated 

GFP variants corresponding with UAG termination in the absence of RF1 (17) (Fig. 3A).

We directly investigated the impact of pAcF and Sep incorporation on the proteomes (Fig. 

3B) (20) of our panel of strains (Table 1) using mass spectrometry (tables S6 to S12). No 

Sep-containing peptides were observed for EcNR2, illustrating that RF1 removal is 

necessary for NSAA incorporation by the episomal phosphoserine system (21), which is an 

inefficient orthogonal translation machinery (19) (Fig. 3C and table S10). By contrast, we 

observed NSAA-containing peptides in unrecoded (C0.B*.ΔA::S) and partially recoded 

(C13.ΔA::S) strains, and not the GRO (C321.ΔA::S), which lacks UAGs in its genome (Fig. 

3, B and C, fig. S7, and tables S6 to S12). Such undesired incorporation of NSAAs (or 

natural amino acids) likely underlies the fitness impairments observed for C0.B*.ΔA::S, 

C7.ΔA::S, and C13.ΔA::S. In contrast to the other RF1−strains, C321.ΔA::S demonstrated 

equivalent fitness to its RF1+ precursor (Fig. 2) and efficiently expressed all GFP variants 

without incorporating NSAAs at unintended sites (Figs. 2 and 3 and fig. S6). Therefore, 

complete UAG removal is the only strategy that provides a devoted codon for plug-and-play 

NSAA incorporation without impairing fitness (Figs. 2 and 3).

To determine whether this GRO can obstruct viral infection, we challenged RF1− strains 

with bacteriophages T4 and T7. Viruses rely on their host to express proteins necessary for 

propagation. Because hosts with altered genetic codes would mistranslate viral proteins (3), 

recoding may provide a general mechanism for resistance to all natural viruses. Given that 

UAG codons occur rarely and only at the end of genes, we did not expect UAG reassignment 

to result in broad phage resistance. Although the absence of RF1 did not appear to affect T4 

(19 of 277 stop codons are UAG), it significantly enhanced resistance to T7 (6 of 60 stop 

codons are UAG) (Fig. 4).

RF1− hosts produced significantly smaller T7 plaques independent of host doubling time 

(Fig. 4A and fig. S8). The only exception was C0.B*.ΔA::S, which produced statistically 

equivalent plaque sizes regardless of whether RF1 was present (Fig. 4A and table S14). 

Consistent with the observation that the modified RF2 variant could weakly terminate UAG 
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[(17) and herein], our results suggest that C0.B*.ΔA::S terminates UAG codons well enough 

to support normal T7 infection.

Given that plaque area and phage fitness (doublings per hour) do not always correlate, we 

confirmed that T7 infection is inhibited in RF1− hosts by comparing T7 fitness and lysis 

time in C321 versus C321.ΔA (Fig. 4B). Phage fitness (doublings per hour) is perhaps the 

most relevant measure for assessing phage resistance because it indicates how quickly a log-

phase phage infection expands (22). We found that T7 fitness was significantly impaired in 

strains lacking RF1 (P = 0.002), and kinetic lysis curves (fig. S9) confirmed that lysis was 

significantly delayed in the absence of RF1 (P < 0.0001, Fig. 4B). Meanwhile, one-step 

growth curves (fig. S10) indicated that burst size (average number of phages produced per 

lysed cell) in RF1− hosts was also reduced by 59% (±9%), and phage packaging was 

delayed by 30% (±2%) (table S15). We hypothesize that ribosome stalling at the gene 6 (T7 

exonuclease) UAG explains the T7 fitness defect in RF1− hosts, whereas T4 may not possess 

a UAG-terminating essential gene with a similar sensitivity (supplementary text). Abolishing 

the function of additional codons could block the translation of viral proteins and prevent 

infections entirely.

Using multiplex genome editing, we removed all instances of the UAG codon and 

reassigned its function in the genome of a living cell. The resulting GRO possesses a 

devoted UAG sense codon for robust NSAA incorporation that is suitable for industrial 

protein production. GROs also establish the basis for genetic isolation and virus resistance, 

and additional recoding will help fully realize these goals—additional triplets could be 

reassigned, unnatural nucleotides could be used to produce new codons (23), and individual 

triplet codons could be split into several unique quadruplets (8, 24) that each encode their 

own NSAA. In an accompanying study (25), we show that 12 additional triplet codons may 

be amenable to removal and eventual reassignment in E. coli. However, codon usage rules 

are not fully understood, and recoded genome designs are likely to contain unknown lethal 

elements. Thus, it will be necessary to sample vast genetic landscapes, efficiently assess 

phenotypes arising from individual changes and their combinations, and rapidly iterate 

designs to change the genetic code at the genome level.

 Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. Engineering a GRO with a reassigned UAG codon
Wild-type E. coli MG1655 has 321 known UAG codons that are decoded as translation stops 

by RF1 (for UAG and UAA). (1) Remove codons: converted all known UAG codons to 

UAA, relieving dependence on RF1 for termination. (2) Eliminate natural codon function: 

abolished UAG translational termination by deleting RF1, creating a blank codon. (3) 

Expand the genetic code: introduced an orthogonal aminoacyl–tRNA synthetase (aaRS) and 

tRNA to reassign UAG as a dedicated sense codon capable of incorporating nonstandard 

amino acids (NSAAs) with new chemical properties.
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Fig. 2. Effects of UAG reassignment at natural UAG codons
Ratios of maximum cell densities (horizontal axis) and doubling times (vertical axis) were 

determined for RF1+ strains versus their corresponding RF1− strains (n = 3) in the presence 

or absence of UAG suppression. Symbol color specifies genotype: UAA is the number of 

UAG→UAA mutations, and RF2 is “WT” (wild type) or “sup” [RF2 variant that can 

compensate for RF1 deletion (16)]. Symbol shape specifies NSAA expression: aaRS 

(aminoacyl–tRNA synthetase) is “none” (genes for UAG reassignment were absent), “−” 

[pEVOL-pAcF (9) is present but not induced, so only the constitutive aaRS and tRNA are 

expressed], or “+” (pEVOL-pAcF is fully induced using L-arabinose), and pAcF is “−” 

(excluded) or “+” (supplemented). Strains that do not rely on RF1 are expected to have a 

RF1+/RF1− ratio at (1,1). RF1− strains exhibiting slower growth are below the horizontal 

gray line, and RF1− strains exhibiting lower maximum cell density are to the right of the 

vertical gray line. The doubling-time error bars are too small to visualize.
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Fig. 3. NSAA incorporation in GROs
(A) Western blots demonstrate that C0.B*.ΔA::S terminates at UAG in the absence of RF1 

and that C7.ΔA::S and C13.ΔA::S have acquired natural suppressors that allow strong 

NSAA-independent read-through of three UAG codons. When pAcF was omitted, one UAG 

reduced the production of full-length GFP, and three UAGs reduced production to 

undetectable levels for all strains except C7.ΔA::S and C13.ΔA::S, demonstrating that 

undesired near-cognate suppression (18) is weak for most strains even when RF1 is 

inactivated. However, all strains show efficient translation through three UAG codons when 

pAcF is incorporated. Western blots were probed with an antibody to GFP that recognizes an 

N-terminal epitope. UAA is the number of UAG→UAA mutations; RF2 is “WT” (wild type) 

or “sup” [RF2 variant that can compensate for RF1 deletion (16)]; RF1 is “WT” (wild type) 

or “S” (ΔprfA::specR). “GFP” is full-length GFP; “trunc” is truncated GFP from UAG 

termination and is enriched in the insoluble fraction; “ns” indicates a nonspecific band. (B) 

Venn diagram representing NSAA-containing peptides detected by mass spectrometry in 

C0.B*.ΔA::S when UAG was reassigned to incorporate p-acetylphenylalanine (pAcF, red) or 

phosphoserine (Sep, blue). No NSAA-containing peptides were identified in C321.ΔA::S. 

Asterisk (*) indicates coding DNA sequence possessing two tandem UAG codons. (C) 

Extracted ion chromatograms are shown for UAG suppression of the SpeG peptide to 

investigate Sep incorporation in natural proteins. Peptides containing Sep were only 

observed in C0.B*.ΔA::S, C7.ΔA::S, and C13.ΔA::S, as Sep incorporation was below the 

detection limit in EcNR2 (RF1+), and speG was recoded in C321.ΔA::S.
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Fig. 4. Bacteriophage T7 infection is attenuated in GROs lacking RF1
RF1 (prfA) status is denoted by symbol shape: (■) wt prfA (WT); (★) ΔprfA::specR 

(ΔA::S); ( ) ΔprfA::tolC (ΔA::T); and (×) a clean deletion of prfA (ΔA). (A) RF1 status 

affects plaque area (Kruskal-Wallis one-way analysis of variance, P < 0.001), but strain 

doubling time does not (Pearson correlation, P = 0.49). Plaque areas (mm2) were calculated 

with ImageJ, and means ± 95% confidence intervals are reported (n > 12 for each strain). In 

the absence of RF1, all strains except C0.B*.ΔA::S yielded significantly smaller plaques, 

indicating that the RF2 variant (16) can terminate UAG adequately to maintain T7 fitness. A 

statistical summary can be found in table S14. (B) T7 fitness (doublings/hour) (22) is 

impaired (P = 0.002) and mean lysis time (min) is increased (P < 0.0001) in C321.ΔA 

compared to C321. Significance was assessed for each metric by using an unpaired t test 

with Welch’s correction.
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Table 1

Recoded strains and their genotypes.

Strain* Essential codons changed† Total codons changed‡ Previously essential codon 
functions manipulated§

Expected (obs.) UAG 
translation function||

EcNR2 0 0 None Stop

C0.B¶ 0 0 prfB# Stop

C0.B¶.ΔA::S 0 0 prfB,# ΔprfA::specR None (stop¶)

C7 7 7 None Stop

C7.ΔA::S 7 7 ΔprfA::specR None (sup)

C13 7 13 None Stop

C13.ΔA::S 7 13 ΔprfA::specR None (sup)

C321 7 321 None Stop

C321.ΔA::S 7 321 ΔprfA::specR None (nc)

C321.ΔA::T 7 321 ΔprfA::tolC None (nc)

C321.ΔA 7 321 ΔprfA None (nc)

*
All strains are based on EcNR2 {E. coli MG1655 Δ(ybhB-bioAB)::[λcI857 N(cro-ea59)::tetR-bla] ΔmutS::cat}, which is mismatch repair 

deficient (ΔmutS) to achieve high-frequency allelic replacement; C0 and C321 strains are ΔmutS::zeoR; C7 and C13 strains are ΔmutS::tolC; C7, 
C13, and C321 strains have the endogenous tolC deleted, making it available for use as a selectable marker. Spectinomycin resistance (S) or tolC 
(T) were used to delete prfA (A). Bacterial genetic nomenclature describing these strains includes:: (insertion) and Δ (deletion).

†
Out of a total of 7.

‡
Out of a total of 321.

§
prfA encodes RF1, terminating UAG and UAA; prfB encodes RF2, terminating UGA and UAA; prfB# is an RF2 variant (T246A, A293E, and 

removed frameshift) exhibiting enhanced UAA termination (16) and weak UAG termination (17).

||
Observed translation function: Stop, expected UAG termination; stop¶, weak UAG termination from RF2 variant; sup, strong selection for UAG 

suppressor mutations; nc, weak near-cognate suppression (i.e., reduced expression compared to C7.ΔA::S and C13.ΔA::S) in the absence of all 
other UAG translation function.
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Biochemical investigation of protein phosphorylation events is limited by inefficient

production of the phosphorylated and non-phosphorylated forms of full-length proteins.

Here using a genomically recoded strain of E. coli with a flexible UAG codon we produce

site-specific serine- or phosphoserine-containing proteins, with purities approaching 90%,

from a single recombinant DNA. Specifically, we synthesize human MEK1 kinase with two

serines or two phosphoserines, from one DNA template, and demonstrate programmable

kinase activity. Programmable protein phosphorylation is poised to help reveal the structural

and functional information encoded in the phosphoproteome.
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P
rotein phosphorylation modulates most cellular functions
and is controlled by networks of kinases and phosphatases
that add or remove phosphate groups at precisely defined

positions. Large-scale phosphoproteomics efforts have mapped
phosphorylation sites on the majority of human proteins1,2.
Our knowledge of the phosphoproteome has outpaced our
understanding of which protein kinases phosphorylate these
important sites. Nature has evolved elaborate mechanisms to
ensure proper kinase/substrate pairings3. Recombinant
phosphoprotein synthesis is impeded by the fact that most of
these pairs are unknown. We recently described a solution to this
problem using Escherichia coli strains engineered to incorporate
genetically encoded phosphoserine (Sep) into recombinant
proteins by employing an orthogonal translation system
(SepOTS)4. The SepOTS uses a Sep aminoacyl-tRNA synthetase
(SepRS) to charge Sep onto a UAG-decoding tRNASep and an
engineered elongation factor Tu (EF-Sep) that delivers
Sep–tRNASep to the ribosome4. The SepOTS can direct
phosphoserine incorporation into physiologically relevant
positions within proteins without any knowledge of upstream
kinases and thus provides a simplified platform for
phosphoprotein synthesis.

The first described iteration of the SepOTS consisted of two
plasmids housing genes for SepRS, EF-Sep and one gene copy of
tRNASep (here referred to as SepOTSa)4. SepOTSa was functional
in a standard BL21 E. coli strain, but inefficiently encoded Sep at
UAG amber codons due to competition with release factor
one (RF1). This barrier has long been recognized in the field of
non-standard amino-acid (NSAA) incorporation and has
compromised the yield and purity of NSAA-containing
proteins. We recently demonstrated that recoding5 the native
TAG sites terminating seven essential genes in the E. coli genome
to TAA enabled RF1 deletion and enhanced Sep incorporation6.
This partially recoded cell (EcAR7.DA) enhanced UAG
read-through, but exhibited severe growth impairment and
suppression with natural amino acids. The deletion of RF1
causes ribosome stalling on the non-recoded, UAG-containing
mRNAs, and protein instability from proteome-wide UAG
read-through is elevated in the presence of the SepOTS6,7

(Fig. 1a). We found that Sep incorporation at UAG sites was
enhanced in EcAR7.DA, but we quantified natural amino-acid
incorporation accounting for as much as 60% of UAG decoding7,
indicating that further advances in strain and SepOTS
engineering were required. We recently introduced the first
genomically recoded organism (C321.DA) where all 321 TAG
sites in the genome were reassigned to TAA8. This strain not
only tolerated the deletion of RF1 but also eliminated all
RF1-knockout-associated growth defects observed in partially
recoded strains. Furthermore, C321.DA exhibited muted UAG
read-through by natural aminoacyl-tRNAs that compete with
NSAA incorporation via OTSs8 (Fig. 1a). The properties of
C321.DA suggested that this strain would provide the ideal setting
for Sep incorporation, offering a completely open and assignable
UAG codon in a background that does not suffer from the low
purity and compromised fitness observed in other RF1-knockout
strains6,7.

Here we demonstrate the utility of genomically recoded
E. coli to produce phosphoproteins via site-specific incorporation
of Sep with an enhanced version of the SepOTS. We take
advantage of the flexible UAG codon to genetically
program recombinant human MEK1 kinase activity, and
we characterize our platform based on phosphoprotein yield,
purity and positional bias. Overall, we conclude that our
expression system enables robust expression of diverse phospho-
proteins for potential biochemical and phosphoproteomic
applications.

Results
Recoding E. coli permits increased phosphoprotein purity. We
aimed to leverage the enhanced properties of C321.DA to further
improve the SepOTS and to generate recombinant phospho-
proteins with higher yield and purity. To evaluate SepOTS
variants, we utilized an established green fluorescent protein
(GFP) reporter in which position 17 is permissive to a glutamate-
to-Sep substitution6. We recently used this reporter and
quantitative mass spectrometry to show that using five tRNASep

gene copies in our SepOTS plasmid (here within referred to as
SepOTSm) increases the yield and purity of phosphoproteins
produced in EcAR7.DA7. Our analysis showed that Sep
incorporation reached only 40% and UAG read-through by
native aminoacyl-tRNAs accounted for 60% of the UAG
decoding7. To efficiently compare and track this phenomenon
across different strains, we adopted a Phos-tag gel shift assay9 in
which phosphoserine-containing proteins are separated from
non-phosphorylated proteins and can be quantified on the same
western blot10–12. The gel shift assays showed that increasing
tRNASep gene copy number from one to five raised Sep
incorporation at one UAG in EcAR7.DA from 40 to 60% and
was generally in good agreement with our previous studies7

(Fig. 1b, Supplementary Fig. 1). As a first step, we moved these
two SepOTS variants into C321.DA. SepOTSa showed increased
Sep incorporation to over 80% in C321.DA compared with only
40% in EcAR7.DA (Fig. 1b). This was the first clear indication
that the C321.DA background significantly enhanced the ability
of SepOTSa to encode Sep at higher purity. Interestingly, there
was little difference in phospho-GFP purity using the SepOTSm
with 5 tRNASep gene copies and suggested that simple tRNA gene
copy number manipulation would not be sufficient to further
enhance SepOTS performance in C321.DA.

Modifying SepOTS to enhance phosphoserine incorporation.
The properties of C321.DA, in particular the increased fitness and
reduction of strong UAG read-through observed in partially
recoded strains7,8 that directly competes with Sep insertion,
inspired us to perform a more extensive assessment of SepOTS
variants in the C321.DA background. To accomplish this, we
assembled combinations of known and novel SepOTS
components and compared the total phospho-GFP synthesis
and purity in C321.DA. We used the enhanced SepRS9 and
EF-Sep21 variants and multiple gene copies of tRNASep known
separately to increase SepOTS performance7,13. We also
introduced a new tRNASep variant containing a G37A
substitution (tRNASep-A37) known to improve UAG read-
through in other natural suppressor tRNAs14. We hypothesized
that this tRNASep mutation would enhance Sep decoding by
stabilizing anticodon base stacking in the ribosome15. We
compared relative phospho-GFP expression for 12 different
SepOTS combinations (renamed SepOTSb–SepOTSn for
simplicity) to the original two-plasmid system SepOTSa (ref. 4)
(Fig. 1c). The most dramatic increase was observed using
SepOTSl, which contained enhanced SepRS9, EF-Sep21 and
four gene copies of tRNASep-A37 and yielded approximately
ninefold elevation in GFP expression compared with SepOTSa.
However, the variants containing SepRS9 and EF-Sep21 did not
always outperform the original SepOTSa in the combinations
tested. We did not observe a consistent correlation between
increased tRNA gene copy number and increased phospho-GFP
production, but observed that four gene copies of tRNASep-A37

performed better than five gene copies of tRNASep. This suggests
that the G37A mutation increased the performance of the
tRNASep synergistically with a tRNA gene copy number effect.
Northern blot analysis of these cells confirmed that tRNASep

levels generally correlate with gene copy number for all SepOTS
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variants (Supplementary Fig. 2). Although we cannot fully explain
the fluctuations in the expression patterns, we speculate that
perhaps tRNA gene copy number may alter tRNA base
modifications and contribute to the patterns observed. When
we examined the purity of phospho-GFP with gel shift we
observed that most of the SepOTS variants produce consistently
higher phosphoprotein purity in C321.DA than the variants
tested in the partially recoded EcAR7.DA (Fig. 1b,c). We noted
that the increased protein yield from twofold with SepOTSe to
ninefold with SepOTSl did not compromise the purity of Sep
insertion at UAG since both OTS systems achieved purities
between 80 and 90% in the C321.DA strain (Fig. 1c).

Flexible codon for incorporation of serine or phosphoserine.
The flexibility of amber codon amino-acid assignment in

C321.DA presents the possibility of synthesizing proteins
encoding either Ser or Sep at desired positions within the
recombinant protein (Supplementary Fig. 3a). Taking advantage
of this synthetic flexibility, we employed a known amber
suppressor tRNA SupD to incorporate Ser at UAG codons16.
We envision this modularity having important practical
applications for the incorporation of either Sep or Ser at amber
codons in large synthetic gene libraries, obviating the need for
separate DNA pools encoding Sep and Ser. To test amber codon
flexibility in an enzyme, we used beta-lactamase (Bla) since its
catalytic site requires Ser at position 68 to produce ampicillin-
resistant cells17. A Bla variant replacing S68 with a TAG codon
(S68TAG Bla) was then created. C321.DA cells transformed with
SupD and S68TAG Bla plasmids were resistant to ampicillin and
confirmed that the amber codon could be used to encode serine
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(b) Phospho-GFP expression using two SepOTS variants (two-plasmid system including SepRS, EF-Sep and 1� tRNASep denoted SepOTSa and
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(Supplementary Fig. 3b). C321.DA transformed with SepOTSl
and S68TAG Bla plasmids to encode Sep at the amber codon
yielded expression of inactive Bla and no cell growth in the
presence of ampicillin (Supplementary Fig. 3b). This experiment
also validates the stability of Sep incorporation at position 68 in
the Bla protein, since robust in vivo Sep dephosphorylation to Ser
would have produced an active Bla enzyme. These results show
that the amber codon in C321.DA can be used to create an active
and inactive enzyme from the same gene. Furthermore, this
demonstrates that the phosphorylation state and function of a
protein can be programmed by simply employing different
translation machinery for the amber codon.

Programmable active kinase production. We next wanted to use
our enhanced SepOTS systems and the flexible UAG to control
phosphoserine-related function in a physiologically relevant
mammalian protein containing more than one phosphoserine.
Mitogen-activated protein kinase kinase 1 (MEK1) directly
controls a broad range of cell cycle functions, is implicated in
oncogenesis18, and like many kinases19–22 is widely believed to
require phosphorylation at two sites for activity. To measure
the robustness of our experimental systems we synthesized
MEK1 with genetically encoded Sep at positions 218 and 222
(MEK1-SPSP) in its activation segment. We first used SepOTSm
(refs 7,23) to compare MEK1-SPSP expression levels in BL21
RF1þ , EcAR7.DA and C321.DA. MEK1-SPSP expression in BL21
RF1þ was undetectable due to RF1 activity, whereas both
EcAR7.DA and C321.DA RF1-deficient backgrounds easily
produced detectible levels of MEK1-SPSP (Supplementary
Fig. 4). C321.DA has a growth curve with a steep log phase and
final OD600 closer to wild-type cells8 and consistently
outperforms the poor growth characteristics of EcAR7.DA6

(Supplementary Fig. 5). This substantial boost in fitness, and
the enhanced SepOTS performance in the C321.DA strain,
rendered it the optimal strain for MEK1-SPSP expression.

To further investigate MEK1 synthesis we used the highest
performing SepOTS variant, SepOTSl, and found expression of
MEK1-SPSP was twofold higher (B2 mg per l culture) than with
SepOTSm (B1 mg per l culture, Fig. 2a). In parallel, we used
SupD in C321.DA with the same MEK1 gene (TAGs at 218 and
222) to produce inactive MEK1 containing Ser at positions 218
and 222 (Fig. 2a). MEK1-SPSP production was confirmed with a
commercially available phosphospecific antibody for positions
218 and 222 (Fig. 2a) and further characterized by examining
singly phosphorylated forms of MEK1 (MEK1-SPS and
MEK1-SSP) by Phos-tag gel shift (Supplementary Fig. 6a).
These studies confirmed the synthesis of singly and doubly
phosphorylated MEK1 but revealed that the MEK1 phospho-
specific antibody could readily detect both MEK1-SPSP and
MEK1-SSP, but not MEK1-SPS. We also analysed the MEK1-SS,
SSP and SPSP variants by mass spectrometry and verified Sep
incorporation (Supplementary Fig. 6b and Supplementary
Table 1). Despite our best efforts, we were unable to directly
observe the doubly phosphorylated peptide likely due to poor
ionization. To overcome this problem, we treated MEK1-SPSP

with calf intestinal alkaline phosphatase to dephosphorylate the
protein. Calf intestinal alkaline phosphatase-treated MEK1-SPSP

produced a peptide containing two serine residues at the S218
and S222 positions (absent in untreated MEK1-SPSP sample),
confirming that Sep was originally inserted at both positions
within the protein. We next used our established data analysis
techniques to identify natural amino acids incorporated at the
two different UAG sites in the MEK1 activation loop7

(Supplementary Table 1). These non-phosphorylated MEK1
peptides explain a portion of the unshifted bands detected in

our Phos-tag analysis and, consistent with our previous studies7,8,
demonstrate that near-cognate suppression of the amber codon
can lead to natural amino-acid incorporations that interfere with
SepOTS activity and phosphoprotein purity.

A side-by-side comparison of MEK1 production showed that
SepOTSm and SepOTSl yielded B12% and B30% phosphory-
lated MEK1-SPSP, respectively (Fig. 2a). While SepOTSl
increased the yield of MEK1-SPSP as predicted by the GFP
reporter studies, the yield of phosphorylated MEK1 was lower
than phospho-GFP. This could be due to instability of
phosphorylated MEK or context-specific effects of UAG suppres-
sion in the MEK activation segment. To examine protein
stability we conducted time course expression studies that
showed higher MEK1-SPSP phosphoprotein yield with shorter
expression times (Supplementary Fig. 6c). We assessed positional
effects of Sep incorporation or stability using several singly and
doubly phosphorylated forms of GFP (Supplementary Fig. 6d).
The differences in phosphoserine incorporation between the
GFP variants led us to conclude that UAG context and
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phosphoprotein stability are both contributing factors to the
overall purity of recombinant phosphoproteins.

To demonstrate the utility of the flexible UAG codon in
synthesizing active mammalian kinases, we carried out MEK1
in vitro phosphorylation assays. MEK1-SPSP produced robust
in vitro ERK2 phosphorylation while non-phosphorylated MEK1
(produced with SupD in C321.DA) was completely inactive
(Fig. 2b). This demonstrates that the activity of a protein kinase
can be programmed by simply using different translational
machinery for the UAG codon in C321.DA cells. We envision
that this flexibility could be leveraged in experiments with large
panels or arrays of recombinant enzymes designed to explore the
phosphoproteome at greater depth.

Discussion
These results clearly demonstrate that the physiological properties
of protein phosphorylation can be controlled by a programmable
genetic code. The flexible UAG codon in C321.DA can be
manipulated with different OTS systems to produce proteins
encoding either Sep or Ser at amber codons. We show that
C321.DA is an optimal host for phosphoprotein expression with
SepOTSe and SepOTSl spanning a ninefold expression range
without compromising purity. These systems provide a platform
to reveal the functional consequences of serine phosphorylation.
As a proof of principle, we reproduced the phosphorylation
events underlying the MEK1 activity switch that controls a
human signalling cascade. Our programmable UAG can be used
to model other important kinase regulatory switches to enable
applications such as kinase substrate discovery and screens for
novel kinase inhibitors. More broadly, different pairs of natural
suppressor tRNAs and OTSs could be introduced into C321.DA
to explore more types of post-translational modification24.
Certainly, exploring the function of protein phosphorylation in
more enzymatic classes and across different species should now
be possible. We recently showed that our C321.DA-based
phosphoserine systems can be used for in vitro protein
synthesis platforms, which may further extend the experimental
landscape25. Guided by the large number of physiological
protein phosphorylation sites2, systematic investigations into
the structure and function of any phosphoproteome could be
within reach.

Methods
Transformations and strain storage. All E. coli strains used in this study were
made chemically competent using a standard RbCl2 method. EcAR7.DA was
co-transformed with E17TAG GFP in the modified pCR-Blunt II-TOPO vector
with the signified SepOTS version. C321.DA was co-transformed with PCRT7 NT
Topo tetR pLtetO plasmid containing S2TAG, E17TAG, Q157TAG, S2TAG/
E17TAG, E17TAG/Q157TAG GFP, maltose binding protein-MEK1 (MBP-MEK1)
(S218TAG/S222), MBP-MEK1 (S218/S222TAG) or MBP-MEK1 (S218TAG/
S222TAG) cassettes with the designated SepOTS. BL21 RF1þ was co-transformed
with MBP-MEK1 and the signified SepOTS. All strains were stored as frozen
glycerol stocks and restreaked on selective Luria–Bertani (LB) agar plates before
protein expression. Strains harbouring the following plasmids were grown with the
indicated antibiotic concentrations: E17TAG GFP in the modified pCR-Blunt II-
TOPO plasmids, 25mg per ml Zeocin (Zeo); all pCRT7 NT Topo tetR pLtetO
plasmids, 100 mg per ml ampicillin (Amp); SupD and all SepOTS plasmids, 25 mg
per ml kanamycin (Kan) with the exception of the two plasmid SepOTSa which
requires 6 mg per ml tetracycline (Tet) and 25 mg per ml Kan; b-lactamase S68TAG
plasmid, 10 mg per ml chloramphenicol (Cam) or 100mg per ml Amp, as indicated.
All cultures were started from a freshly streaked glycerol stock on LB agar plates
with the appropriate combination of antibiotics and 0.08% glucose. Detailed
information about strain and plasmid generation can be found in the
Supplementary Methods. All primer sequences can be found in Supplementary
Table 2. Sequences of tRNA-related synthesized genes can be found in
Supplementary Table 3.

GFP variant protein expression. E. coli strains were streaked from � 80 �C frozen
glycerol stocks on LB agar selective plates and grown B20 (BL21-based strains),
B24 (C321.DA-based strains), or B48 h (EcAR7.DA-based strains) at 30 �C. Five

colonies were inoculated in 5 ml of LB media supplemented with appropriate
antibiotic and 0.08% glucose. Precultures were grown B16 h at 30 �C shaking at
230 r.p.m. Cells were diluted to OD600 of 0.15 a.u. in 20 ml of LB with antibiotics,
0.08% glucose, 2 mM O-phospho-L-serine (Sep), and protein expression was
induced with 1 mM isopropyl b-D-1-thiogalactopyranoside and 100 ng per ml
anhydrotetracycline. Protein was expressed for 20 h at 30 �C shaking at 230 r.p.m.
unless otherwise noted. An equivalent number of cells as 1 ml of OD600 2.5 a.u. was
collected and spun down at 4,000g for 5 min at 4 �C. Media was aspirated and dry
cell pellets were stored at � 80 �C. Transformation and retention of the correct
SepOTS variant (including tRNA gene copy number) were confirmed by PCR from
frozen cell pellets. Cells were resuspended in 40 ml bacterial lysis buffer (50 mM
Tris/HCl (pH 7.4), 150 mM NaCl, 1 mM dithiothreitol (DTT), 50 mM NaF, 1 mM
NaVO4 and 5% glycerol) supplemented with cOmplete mini-EDTA-Free protease
inhibitor cocktail tablets (Roche) and 1� BugBuster detergent (Novagen), and
kept on ice for 10 min. Samples were then spun down at 21,000g for 7 min at 4 �C
and the supernatant (lysate) was transferred to a new tube and stored at � 80 �C.

For western analysis, equal volumes of each sample were diluted in 1�
Laemmli buffer (Bio-Rad). Samples were run on a 15-well 4–15% acrylamide gels
(Bio-Rad) or on a handcast 15-well 12% acrylamide gel containing 100 mM Phos-
tag Acrylamide (Waco Pure Chemical Industries, Inc., AAL-107). Transferred
polyvinylidene difluoride (PVDF) membranes were blotted with 1:2,500 Anti-His
(6xHis Epitope TAG, PA1-983B, Thermo Fisher Scientific), followed by 1:10,000
DAR–HRP (Peroxidase-conjugated AffiniPure Donkey Anti-Rabbit IgG,
711-035-152, Jackson ImmunoResearch). Signal was detected by enhanced
chemiluminescence (Bio-Rad) imaged on a ChemiDoc XRSþCCD camera
(Bio-Rad). Densitometry was performed using the Bio-Rad Image Lab software.
Three biological replicates (starting from glycerol stocks) were performed for both
the total expression and phospho-shifted westerns. Uncropped western blot images
corresponding to text and Supplementary Figures are included in Supplementary
Figs 7–12.

MBP-MEK1 recombinant protein expression and purification. The 5-ml
precultures were inoculated with 5–20 colonies and grown overnight to confluency
in LB media containing 0.08% glucose and antibiotics. The precultures were diluted
to OD600 0.15 a.u. in 100 ml LB media containing 0.08% glucose, antibiotics and
2 mM Sep, and were incubated at 30 �C, 230 r.p.m. for B3 h to an OD600 of 0.8 a.u.
Protein expression was then induced with 100 ng per ml anhydrotetracycline and
1 mM isopropyl b-D-1-thiogalactopyranoside, and cultures were grown at 20 �C,
230 r.p.m. for B20–22 h unless otherwise noted. An equivalent number of cells as
1 ml of OD600 2.5 a.u. was collected and spun down at 4,000g for 5 min at 4 �C. The
remaining cells were collected at 4,000g, 20 min, 4 �C. Pellets were resuspended in
B30 ml of the used LB media and transferred to 50-ml centrifuge tubes and
centrifuged under the same conditions again. All media was decanted, and pellets
were stored at � 80 �C.

The 1-ml OD600 2.5 a.u. cell pellets were resuspended in 40 ml bacterial lysis
buffer (with protease inhibitors and detergent, as for E17TAG GFP expression
above) and kept on ice for 10 min. Samples were then spun down at 21,000g for
7 min at 4 �C and the supernatant (lysate) was transferred to a new tube and stored
at � 80 �C.

For western analysis, equal volumes of OD600 normalized lysates were diluted in
1� Laemmli buffer (Bio-Rad). Samples were run on a 15-well 4–15% acrylamide
gels (Bio-Rad) or on a handcast 10-well 7.5% acrylamide gel containing 25 mM
Phos-tag Acrylamide. Transferred PVDF membranes were blotted with either
1:2,500 anti-His (6xHis Epitope TAG, PA1-983B, Thermo Fisher Scientific) for
total MEK1 or 1:1,000 Anti-MEK-SPSP (Phospho-MEK1/2 (Ser217/221), 9154, Cell
Signaling Technology), followed by 1:10,000 DAR–HRP. Signal was detected by
enhanced chemiluminescence (Bio-Rad) imaged on a ChemiDoc XRSþCCD
camera. Densitometry was performed using the Bio-Rad Image Lab software.

Samples for MBP-MEK1 (S218TAG/S222TAG) in C321.DA harbouring either
the SepOTSl or SupD plasmids expression time course were expressed as described
above, with exception that after induction 1-ml aliquots were removed at denoted
time points and spun down at 4,000g for 5 min at 4 �C. All media was decanted,
and pellets were stored at � 80 �C. For western analysis samples were lysed in 80 ml
of 2� Laemmli buffer and ran on a handcast 15-well 7.5% acrylamide gel
containing 25mM Phos-tag Acrylamide. Membranes were blotted with Anti-His as
described above.

Cell pellets for purification were thawed in a 37 �C water bath forB20 s and
then put on ice. The pellets were resuspended in 5 ml of bacterial lysis buffer for
sonication (50 mM Tris/HCl (pH 7.4), 500 mM NaCl, 0.5 mM EDTA, 0.5 mM
EGTA, 1 mM DTT, 1 mg per ml lysozyme, 50 mM NaF, 1 mM NaVO4, 10%
glycerol and complete mini-EDTA-Free protease inhibitor cocktail tablets) and
incubated on ice for 30 min, followed by sonication. The lysates were centrifuged at
22,000g, 15 min, 4 �C and the clarified lysate was transferred to a 15-ml tube, and
centrifuged under the same conditions again to remove all remaining insoluble
material. The 200 ml bed volumes of Ni-NTA agarose resin (Qiagen Valencia, CA)
were transferred to Pierce spin columns (Thermo Scientific Waltham, MA) and
resin was equilibrated with 5 ml of Ni-NTA equilibration buffer (50 mM Tris/HCl
(pH 7.4), 500 mM NaCl, 0.5 mM EDTA, 0.5 mM EGTA, 1 mM DTT, 50 mM NaF,
1 mM NaVO4 and 10% glycerol). The clarified lysate was loaded onto the column
via syringe then the column was washed with 10 ml of Ni-NTA wash buffer
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(50 mM Tris/HCl (pH 7.4), 500 mM NaCl, 0.5 mM EDTA, 0.5 mM EGTA, 1 mM
DTT, 50 mM NaF, 1 mM NaVO4, 10% glycerol and 20 mM imidazole). Protein was
eluted using Ni-NTA elution buffer (50 mM Tris/HCl (pH 7.4), 500 mM NaCl,
0.5 mM EDTA, 0.5 mM EGTA, 1 mM DTT, 50 mM NaF, 1 mM NaVO4, 10%
glycerol and 250 mM imidazole) and 400 ml elutions were collected in a clean
Eppendorf tubes. Each fraction was assessed by SDS–polyacrylamide gel
electrophoresis (SDS–PAGE).

The eluates were pooled, concentrated and buffer exchanged into the protein
storage buffer (50 mM Tris/HCl (pH 7.4), 150 mM NaCl, 1 mM DTT and 20%
glycerol) using a 0.5-ml Amicon Ultra centrifugal filter (Millipore Billerica, MA)
and the protein was stored at � 20 �C. The protein concentration was estimated
by UV280 and by comparing known quantities of BSA standards on an
SDS–PAGE gel.

K54R ERK2 was expressed and purified as described for MEK1 above.

MEK1-SPSP kinase activity assay. Kinase activity of purified MBP-MEK1
(S218/S222 or SP218/SP222) was evaluated by measuring ERK2 phosphorylation.
In all, 1.0-mM MBP-MEK1 variants were pre-incubated in kinase activity buffer
(50 mM Tris/HCl (pH 7.4), 150 mM NaCl, 1 mM DTT, 20% glycerol, 10 mM
MgCl2 and 1 mM ATP) at 30 �C for 5 min, then 2.5 mM ERK2 substrate was added
to the reaction and further incubated at 30 �C. A 7.5 ml volume of the reaction was
removed at 1, 10 and 30 min time points and quenched with 7.5 ml of 2� Laemmli
sample buffer (Bio-Rad), then heated to 55 �C for 5 min. A negative control was
run with only ERK2 substrate for 30 min and quenched in the same manner as
kinase-containing samples. The quenched reactions were run on 15-well 4–15%
acrylamide SDS–PAGE gels and transferred to a PVDF membrane. Each mem-
brane was cut between the 50–75-kDa protein markers and the bottom portion of
the membrane was blotted with 1:1,000 anti-Phos-Erk antibody (Phospho p44/42
MAPK (Erk1/2) (Thr 202/Tyr204), 9101, Cell Signaling Technology) and the top
portion of the membrane was blotted with 1:2,500 Anti-His antibody (6xHis
Epitope TAG, PA1-983B, Thermo Fisher Scientific) for total MBP-MEK1, followed
by 1:10,000 DAR–HRP. Signal was detected by enhanced chemiluminescence
(Bio-rad) imaged on a ChemiDoc XRSþCCD camera. The kinase activity assay
was run in triplicate using the same purified preparation of MBP-MEK1 kinase and
K54R ERK2.
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SUMMARY

Glioblastoma multiforme is a heterogeneous and
infiltrative cancer with dismal prognosis. Studying
the migratory behavior of tumor-derived cell popula-
tions can be informative, but it places a high premium
on the precision of in vitromethods and the relevance
of in vivo conditions. In particular, the analysis of 2D
cell migration may not reflect invasion into 3D extra-
cellular matrices in vivo. Here, we describe a method
that allows time-resolved studies of primary cell
migration with single-cell resolution on a fibrillar sur-
face that closely mimics in vivo 3D migration. We
used this platform to screen 14 patient-derived glio-
blastoma samples. We observed that the migratory
phenotype of a subset of cells in response to
platelet-derived growth factor was highly predictive
of tumor location and recurrence in the clinic. There-
fore, migratory phenotypic classifiers analyzed at the
single-cell level in a patient-specific way can provide
high diagnostic and prognostic value for invasive
cancers.
INTRODUCTION

Aggressive cancers, such as glioblastomamultiforme (GBM), are

of particular interest due to the heterogeneous nature of individ-

ual tumors (Snuderl et al., 2011; Szerlip et al., 2012) and high

recurrence following surgical resection (Filippini et al., 2008;

McGirt et al., 2009; Chaichana et al., 2013, 2014). Genomic

and proteomic profiling can provide a wealth of information

about tumor samples, including cancer-specific mutations and

clinically relevant subclasses (Verhaak et al., 2010). However,

these cell population-based analyses ignore the diversity of indi-

vidual cells that can predetermine the aggressiveness of a given

tumor. High-throughput genomic and proteomic single-cell ana-
2616 Cell Reports 15, 2616–2624, June 21, 2016 ª 2016 The Author(
This is an open access article under the CC BY-NC-ND license (http://
lyses of multiple samples are not within reach of clinical applica-

tions (Kalisky et al., 2011; Meier et al., 2013). Furthermore,

aggressive cell migration can be a product of multiple and

distinct combinations of genetic alterations and would benefit

from a complementary analysis of phenotypic properties at the

individual cell level. As with many other cancers, individual

GBM cells can spread from the primary tumor bulk, avoid detec-

tion, and form secondary tumor foci (Sahai, 2007). Growth fac-

tors, e.g., platelet-derived growth factor (PDGF), have emerged

as enhancers of malignant potential in GBM, because they affect

cell migration and proliferation (Fomchenko and Holland, 2007;

Shih andHolland, 2006). Various components of the extracellular

matrix (ECM), such as laminin, have also been implicated inmod-

ulation of cell migration (Friedl andWolf, 2010; Petrie et al., 2009;

Wirtz et al., 2011; Anton et al., 1999; Porcionatto, 2006). Direc-

tional cell migration can be guided by a variety of mechanical

cues presented by ECM structures ranging in size from nanome-

ters to microns (Kim et al., 2009a, 2012; Park et al., 2016). There-

fore, a challenge is to develop an experimental platform that will

model the mechano-chemical cellular milieu yet remain simple

and accessible to allow practical, high-throughput use. In this

study, we demonstrate that single-cell-resolution phenotypic

screening holds great promise in prognostic analysis of glioblas-

toma samples. We found that the clinical outcome of GBM tu-

mors strongly correlated with the response to two environmental

inputs: the nanotopography and the growth factor PDGF. The

ability to observe this responsiveness at the single-cell level

and thus examine different cell subpopulations was critical for

the success of this phenotypic analysis, revealing correlations

with such critical prognostic tumor characteristics as time of

recurrence after resection.

RESULTS

Construction and Application of a Phenotypic-
Screening Platform
To create 1D fibrillar surfaces that mimic nanometer-scale

features of the 3D ECM microenvironment, we fabricated
s).
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Figure 1. Phenotypic Screening of Heterogeneous Cell Populations Recapitulates the Microenvironment of Migrating Cells

(A) Cells with heterogeneous phenotypes are isolated from a patient’s tumor (MRI of tumor for sample GBM 612).

(B) The cells are seeded on a platform that has amulti-well structure, allowing testing ofmultiple conditions, and is an on-glass technology, allowing direct imaging

of migration and morphology with single-cell resolution.

(C) Images show that GBM 612 cells migrating on the platform have similar morphology and migration speed compared to GBM 612 cells migrating in ex vivo

human brain tissue and 3D Matrigel. In comparison, cells migrating on flat surfaces are not polarized and have reduced migration speeds compared to the other

cases (see Supplemental Information) (scale bars, 25 mm; duration between each frame, 1 hr).

(D) ROCK inhibitor (Y-27632) affects migration of GBM 612 cells on tissue-mimetic substrates and flat surfaces (n = 30 cells, mean + SEM, ***p < 0.0001, *paired

against control group, #paired against 3 mM group, Kruskal-Wallis one-way ANOVA on ranks, Dunn’s method).

(E) The platform provides important information on the migration response of heterogeneous cell populations. GBM 612 samples show a subpopulation of cells

whose migration is fast and stable over time.
topographic patterns consisting of regular, parallel ridges (Fig-

ures 1A, 1B, and S1A–S1C) similar in size to those found in the

brain tissue ECM (Kim et al., 2009b; Bellail et al., 2004; Ottani

et al., 2001). We explored how well cell migration on the quasi-

3D, fibrillar topography approximated cell migration in a true

3D ECM environment. We compared the morphology, direction-

ality, and speed of GBM 612 cells on our platform and cells

migrating in distinct 3D settings: Matrigel matrix and organotypic

human brain slice cultures (Figure 1C). We found that cell

morphology on fibrillar, but not flat, surfaces mirrored the char-

acteristic cell shapes found in 3D environments. Cell morphology

in collagen 3Dmatrices was similar to that observed in our tissue

mimetic platform (Huang et al., 2016). Furthermore, in contrast to

2D surfaces, migration speed was enhanced to levels similar to

those observed in 3D settings (Figure 1C), displaying essentially

1D migration patterns. We replicated the same observations us-
ing other patient-derived cell lines (GBM 318 and GBM 276) (Fig-

ures S1B, S1D, and S1J). Consistent with a tendency of mobile

cells to align parallel to oriented topographic structures (Friedl

and Wolf, 2010), the direction of cell migration was strongly

biased along the axis of the ridge pattern (Figures S1D and

S1J; Movies S1, S2, and S3). Compared to smooth surfaces,

cells cultured on the platform showed increased cell area and

spindle shape factor (Figures S1E, S1H, and S1I), and their

migration was enhanced based on the three metrics scored:

average speed, alignment, and persistence (Figures S1F, S1G,

S1K, and S1L). These results suggested a high degree of similar-

ity between our platform and the true 3D microenvironments,

possibly due to similar molecular mechanisms observed in cells

migrating on 1D fibrillar surfaces and 3D matrices but distinct

from those observed in cells cultured on 2D surfaces (Doyle

et al., 2009). To test the similarity between 1D fibrillar surfaces
Cell Reports 15, 2616–2624, June 21, 2016 2617



and 3D microenvironments, we analyzed the effect of the Rho-

associated protein kinase (ROCK) inhibitor Y-27632 on the

migration of GBM 612 cells (Figure 1D). We found that

Y-27632 inhibited migration on fibrillar surfaces but not on flat

surfaces, suggesting that myosin II plays a role in migration on

the fibrillar surfaces, similar to findings in vivo (Beadle et al.,

2008). We replicated these experiments with GBM 965 (Figures

S1M and S1N). Using the multi-well setup of the device, we

then explored the influence of two critical environmental cues:

ECM density and growth factor (Figure S2). On the fibrillar sur-

faces, but not on the flat surfaces, we observed a strong depen-

dence of cell velocity values on the surface density of laminin

(Figures S2A, S2B, S2E, and S2F). The density at which cell

migration speed was maximized was used in all subsequent ex-

periments. Next, we examined the distributions of cell velocities.

We found that cell migration was highly heterogeneous, display-

ing a substantial number of outliers, some exceeding the

average cell migration 3- to 4-fold (Figure 1E). Our results

confirm that the heterogeneity of cell behavior can be assessed

in this platform, enabling the identification and characterization

of rare cells with extreme properties.

Migratory Behavior of GBM Cells Can Be Altered in
Response to a Combination of PDGF and
Nanotopographic Cues
We explored whether 3D-like cell migration might be differen-

tially sensitive to the effects of growth factors implicated in the

onset and progression of glioma, e.g., PDGF-AA (PDGF).

PDGF can control glioma cell proliferation, but its effect on

GBMmigration and invasion is less clear (Feng et al., 2012; Lau-

rent et al., 2003). We tested the effects of PDGF on cell speed

and persistence at different doses. On our platform, we found

a dose-dependent response, with maximal motility achieved at

intermediate PDGF concentrations (Figure S2D, S2G, and

S2H). Similar experiments on flat substrata showed more limited

response to PDGF (Figure S2C). We then explored whether the

effect of PDGF could be ascribed to the activation of PDGF re-

ceptor alpha (PDGFRa). PDGFRa is thought to be the exclusive

receptor for the PDGF-AA isoform employed in this study (Fom-

chenko and Holland, 2007). First, we examined the expression

levels of PDGFRa in patient-derived cell lines by RT-PCR

and immunoblotting (Figure 2A, 2B, and S3A–S3C). Then, we

analyzed the migratory behavior of cells with low and high

PDGFRa expression levels (GBM 253 and GBM 276, respec-

tively). Following exposure to PDGF, we found an increase in

cell speed and directionality of GBM 276 cells (high PDGFRa

expression) but no response in GBM 253 (low PDGFRa expres-

sion) (Figures 2C–2G). To further ascertain that PDGFRa was

functionally involved, we used the tyrosine kinase inhibitor imati-

nib and found that migration was attenuated to similar levels in

both cell lines (Figures 2C, 2D, S3D, and S3E). However, a

detailed analysis of the GBM 276 subpopulations showed a

highly heterogeneous single-cell response to PDGF. In partic-

ular, only the fastest 25% quartile of cells responded to PDGF,

with the response abrogated by the inhibitor (Figures 2F

and 2G). Furthermore, the response of the slowest 25% quartile

of GBM 276 cells was analogous to that of the PDGF-unrespon-

sive cell line GBM253 (Figures 2E and 2F). These results suggest
2618 Cell Reports 15, 2616–2624, June 21, 2016
that migration of only a subset of cells is responsive to PDGF

stimulation and that this subset represents the fastest cell

subpopulation.

PDGF Enhances Invasiveness of Patient-Derived Cells
In Vivo
Using orthotopic human GBM tumor models in mice (Figures

S3F–S3J) (Garzon-Muvdi et al., 2012; Gonzalez-Perez et al.,

2010), we explored the role of PDGF in tumor growth and sur-

vival. First, we examined the behavior of the xenografts using

GBM 276 cells, cultured in the presence or absence of PDGF

for 3 weeks before injection. This PDGF preculture selects for

PDGF-responsive cells by stimulating their growth and enriching

this cell subpopulation. In vitro analysis of GBM 276 cells

showed that increased proliferation correlated with the PDGF-

induced migratory response (Figures S3M–S3R). We observed

significantly reduced survival of mice injected with PDGF-pre-

conditioned cells (n = 4 each group) (Figure 2H). Although this

result suggested the importance of highly PDGF-responsive

cells for tumor aggressiveness, we could exclude other effects

of prolonged PDGF exposure, e.g., transdifferentiation (Fig-

ure S3Q). We thus tested the putative role of PDGF in tumor

spreading by supplying this factor exogenously in vivo to existing

tumor xenografts via infusion pump (Figure S3F). Quantification

of tumor size and qualitative analysis by a blinded neuropathol-

ogist suggested that continuous exposure of tumor xenografts to

PDGF generated larger, more invasive tumors with more eccen-

tric shapes (Figure S3K). These samples displayed features

indicative of migration along fiber tracts. We also observed

increased dispersion of GBM cells beyond the tumor margins

(Figure S3L). These findings confirm the role of this growth factor

in tumor induction and progression that was observed in other

animal models (Fomchenko and Holland, 2007; Jackson et al.,

2006; Lokker et al., 2002), and they are consistent with clinical

data from The Cancer GenomeAtlas (TCGA) (Goswami and Nak-

shatri, 2013) suggesting significant correlation between PDGF

expression and survival (Figure 2I). TCGA data did not show a

similar correlation for PDGFRa expression (Figure 2J). Because

the genomic data did not support the correlation between

average PDGFR expression and patient outcomes, we exam-

ined the correlation between the tumor characteristics and the

cell migration data obtained in the tissue-mimetic platform.

Screening Heterogeneity within and between Patient-
Specific Tumor Samples
Heterogeneity of cell properties within the same tumor reflects

subpopulations promoting tumor growth, progression, and ther-

apeutic resistance (Snuderl et al., 2011). GBM is also known to

have populations with distinct expression profiles of receptor

tyrosine kinases, particularly PDGFRa (Snuderl et al., 2011;

Szerlip et al., 2012). This heterogeneity requires analysis on the

single-cell level, which is yielded in our platform with less than

1,000 cells (particularly beneficial for screening precious intrao-

perative human tissue specimens). We took advantage of the

single-cell resolution to quantify the distribution of cell speed in

control versus PDGF-exposed conditions and investigate the

difference in migratory behaviors among 14 glioblastoma pa-

tients (Figures 3A–3C). We found both intra- and inter-patient
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Figure 2. Migratory Response to PDGF Corre-

lates with Tumor Characteristics Both In Vitro

and In Vivo

(A) RT-PCR analysis of PDGFRa mRNA levels in re-

sponding sample GBM 276 and non-responding sam-

ple GBM 253 (n = 3, *p = 0.006, Student’s t test).

(B) Western blot for PDGFRa protein expression in GBM

samples grown as adherent or spheroid cultures.

(C and D) Quantification of migration speed of cell lines

GBM253 (C) and GBM276 (D) in the presence of PDGF-

AA (50 ng/ml) and imatinib (30 mM) (nz 80 cells, mean +

SEM, *p < 0.05, **p < 0.01, ***p < 0.001, *paired against

control group, #paired against PDGF group, Kruskal-

Wallis one-way ANOVA on ranks, Dunn’s method) (as-

terisks indicate pairing against the control group, hash

marks indicated pairing against the PDGF group).

(E and F) Migration speed of GBM 276 for the slowest

(E) and fastest (F) quartile of the cells (i.e., 25% of

the slowest- and fastest-moving cells, respectively),

showing that only a subpopulation responds to PDGF.

(G) Quantification of migration measured by alignment

of GBM 276 cells (*p < 0.05, Kruskal-Wallis one-way

ANOVA on ranks, Dunn’s method) (asterisks indicate

comparisons to all other conditions).

(H) Survival curves of mice injected with GBM 276 cells

cultured in control spheroid conditions or in the pres-

ence of PDGF-AA (n = 4 mice per group, *p = 0.0097,

Gehan-Breslow-Wilcoxon test).

(I and J) Kaplan-Meier plots based on clinical TCGA

data of GBM patients, comparing survival between high

and low expression of PDGF-AA (I) and PDGFRa (J),

respectively. The cohorts were divided at the median of

the expression level of the respective gene.
differences in the cell population behavior. When analyzing GBM

499 cells based on their speed, the total population average

showed no significant response to PDGF, while analysis of the

25% fastest quartile subpopulation revealed significant differ-
C

ences (Figure 3A). Such masked responses

and heterogeneities were also present in the

time-domain data. For instance, two patient

samples, GBM 501 and GBM 609, responded

significantly to PDGF. However, for GBM 501,

this response was not persistent throughout

the experiment duration, in contrast to the

response of GBM 609 (Figure 3B). Finally,

the platform allowed us to investigate high-

speed outliers. For example, for both the

GBM 630 and the GBM 544 samples, cells

experienced a significant increase in migra-

tion speed in response to PDGF. However, a

detailed analysis of the speed distribution

revealed that only for GBM 630 were fast-

moving outliers clearly identifiable; GBM

544 showed a substantially more uniform

response (Figure 3C).

We observed considerable differences in

the cell speed across the spectrum of 14 pa-

tient-derived samples, both in the presence

and in the absence of PDGF (Figure 3D).
Recognizing these patient-specific differences, we analyzed

the distinct features of single-cell response based on the criteria

presented in Figures 3A–3C, namely, based on the average pop-

ulation response (group I), persistence of response over time
ell Reports 15, 2616–2624, June 21, 2016 2619
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Figure 3. Information on Migration Speed Reveals

Important Differences among Patient Samples in

Response to PDGF

(A) Analyzing the fastest quartile (GBM 499) reveals that the

subpopulations display a significant response to PDGF. In

contrast, for the whole population, there is no significant

response.

(B) Migration speed time lapse demonstrates that sample

GBM501 does not respond to PDGF at all times (compared to

GBM 609); on average, however, both samples respond

significantly to PDGF.

(C) Both GBM 630 andGBM 544 samples display a significant

increase in average migration speed (*p < 0.05, **p < 0.01,

***p < 0.001, Wilcoxon rank-sum test). However, GBM 630

has a significantly larger number of fast outliers, while GBM

544 displays a uniform increase in speed.

(D) The platform allows patient sample classification based on

multiple characteristics, permitting a better description of the

heterogeneity of the samples. We compare 14 patients’ GBM

cell lines. The samples were grouped based on whether there

is a significant increase (p < 0.05, Wilcoxon rank-sum test) in

average migration speed in response to PDGF (group I) and

whether this significant increase is persistent over time

(group II). Furthermore, samples are grouped based on the

number of outliers (cells faster than the fastest cells in the

control group) with a threshold of 4 cells (5%, for a total of 80

cells) (group III). For reference, the PDGFRa protein expres-

sion level (group IV) and the subclass of the GBM cells

(group V) are also provided.
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(group II), and presence of outliers (group III) (Figure 3D). For

each of these criteria, we identified PDGF-responsive and

PDGF-unresponsive groups. There was overlap among strongly

PDGF-responsive groups in all groups, which we thus treated as

the consensus PDGF-responsive samples (marked in Figure 3D).

However, several patient samples (GBM 544, GBM 549, and

GBM501) were PDGF responsive by some criteria. To determine

whether PDGFRa expression level could serve as a molecular

marker predictive of enhanced PDGF responsiveness, we as-

sayed the tumor samples for expression of this receptor.

Although all consensus PDGF-responsive samples had high

expression of PDGFRa (Figures 2A, 2B, S3B, and S3C), similarly

high levels of the receptor were found in several samples in the

consensus PDGF-unresponsive group (GBM 626, GBM 612,

and GBM 854). The failure of these samples to respond in migra-

tion experiments may be due to differences in downstream ef-

fectors of PDGFRa, stressing the difficulty of using molecular

markers alone in the classification of the aggressive migration

phenotype, as is evident from clinical data showing no correla-

tion between PDGFRa expression and survival (Figure 2J). Dif-

ferential expression of PDGFRa across the groups might also

relate to the subtype of the patient tumors. A subclassification

study of our GBM samples only yielded two subtypes: mesen-

chymal and proneural. Previous studies have observed higher

amplification and mutation rates of the PDGFRA gene in the pro-

neural subtype of GBM (Verhaak et al., 2010).We did not observe

a clear correlation between expression of this gene and tumor

subclass. High levels of PDGF-triggered cell migration can be

achieved in various ways, and they may not be revealed by a

simple molecular signature. However, the aggressive migration

phenotype can be translated into enhanced invasiveness. These

results highlight potential advantages of our single-cell pheno-

type analysis.

Migratory Behavior Correlates with Clinical Tumor
Characteristics
The degree of cell migration may reflect the propensity for inva-

sive tumor spread. We examined more than 35 factors related to

each patient’s tumor, general health, and demographics (Table

S1). We found that the migratory response of GBM samples to

PDGF correlated with time to tumor recurrence after surgical

resection (Figures 4A and 4B). This correlation was particularly

significant when the analysis was focused on the consensus-

responsive and consensus-unresponsive groups (Figure 4A). In

comparisons to the whole-cell populations, correlations were

more significant for the aggressively moving cells: either the fast-

est 25%of the cells or the outlier population (Figure 4B). We con-

trasted several characteristic tumor features visualized in the

MRI of the patients with the responsiveness to PDGF (Figures

4C and 4D). Tumors from the consensus PDGF-responsive sub-

set (Figure 4D) were larger and more spread out than those from

the PDGF-unresponsive subset. We observed statistically signif-

icant differences in the anatomical location of the tumors; all

consensus PDGF-responsive samples were in the frontal lobe

(Figure 4E), but temporal lobe tumor samples commonly fell

into the PDGF-unresponsive subgroup. Migration analysis of

GBM cells revealed that higher directionality (i.e., alignment of

the migration to the patterns) correlated with longer recurrence
times (univariate Cox analysis, p = 0.002) (Figures 4F and S4A).

Because alignment of the migration is associated with the

strength of cell-substrate adhesion (Kim et al., 2009a; Garzon-

Muvdi et al., 2012), this result may reflect a higher propensity

in more aligned cells to adhere to ECM, leading to retarded

migratory response and delayed tumor spread. Blind, qualitative

analysis of patient tumor samples by a neuropathologist re-

vealed that the cells were small and that the tumors yielding

PDGF-responsive samples had marked microvascular prolifera-

tion. The latter feature is commonly associated with advanced

progression, receptor tyrosine kinase amplification, and worse

prognosis (Louis, 2006; Fomchenko and Holland, 2007).

PDGF-responsive samples emerged from tumors that resulted

in shorter recurrence times, after controlling for factors known

to be associated with recurrence (age, Karnofsky Performance

Scale score, extent of resection, and adjuvant therapy)

(p = 0.0009) (Table S1). However, survival times showed a less

significant correlation to PDGF responsiveness with the limited

number of patient samples tested (Figure S4B).

We supplemented these findings with comparisons to more

traditional protein expression analyses. First, we segregated

the tumor sample into groups based on PDGFRa expression,

which revealed trends in patient tumor characteristics that

were supportive of our migration analysis (Figure 3D). However,

grouping the samples according to PDGFRa expression or mo-

lecular subclassification did not yield significant differences

in predicting time to recurrence (Figures S4C and S4D). More-

over, the difference in tumor location between high- and low-

expression groups was not statistically significant. Second, we

mined the public Rembrandt database of glioblastoma patients

to investigate the relationship between tumor location and

PDGFRa expression. Examination of 47 patients revealed no sig-

nificant relationship between the two characteristics (Figures

S4E and S4F). Taken together, these findings suggest that

RNA expression is a weaker predictor of patient outcomes

than is our phenotypic migration analysis.

DISCUSSION

The heterogeneity and invasive nature of glioblastoma and other

aggressive cancers highlights the importance of assaying cell

migration as a phenotypic feature predictive of clinical out-

comes. Here we describe a simple but information-rich experi-

mental platform aimed at the analysis of primary patient samples

on a single-cell level. This platform allows high-throughput

screening of the effects of variable extracellular milieu. Using

this method on a range of patient-derived samples and contrast-

ing the results of the analysis with respective clinical information

revealed substantial predictive power, particularly when cell

migration was examined in conjunction with the effects of

PDGF. This result strongly suggests that cell migration, as exam-

ined in structured, mechanically defined culture conditions, can

be predictive of more complex in vivo invasion processes and

can be a powerful phenotypic analysis tool with strong clinical

implications. Prior attempts to examine glioma cell migration

and its relationship to tumor progression (Friedlander et al.,

1996) have used 2D surfaces and have not achieved such direct

predictions of patient-specific tumor features as we have in the
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Figure 4. GBM Migratory Response to PDGF Correlates with Patient Tumor Characteristics

(A andB) Kaplan-Meier plots comparing recurrence betweenPDGF-responsive and PDGF-unresponsive groups (n = 11 patient tumors, consensus group) (A) and

based on the criteria in Figure 3D (n = 14 patient tumors, weak and strong responders) (B). The p values were calculated using a two-tailed log-rank (Mantel-

Cox) test.

(C and D) MRI scans of patients with tumors from the unresponsive group (C) and the responsive group (D).

(E) Distribution of PDGF-responsive and PDGF-unresponsive tumors that formed in specific locations in the brain (n = 11 patient tumors, Barnard’s exact test).

(F) Time to recurrence for GBM samples separated into low-directionality (<3.25) and high-directionality (R3.25) groups (nR 4, mean + SEM,Wilcoxon rank-sum

test) (the threshold of 3.25 was determined using linear discriminant analysis).
present work. This emphasizes the benefits of analyzing hetero-

geneities within samples and using surfaces that better mimic

in vivo conditions.

The significant correlation of migratory behavior with time to

recurrence and tumor location provides crucial insight into this

disease. Recurrence of glioblastoma after tumor resection is

the primary cause of death in patients and is one of the most

important predictors of future patient outcomes (Chaichana

et al., 2013, 2014). This study provides a simple method to glean

information about these phenomena. Our finding that most

PDGF-unresponsive tumors are derived from the temporal lobe

could suggest that PDGF signaling is less critical to tumor pro-

gression in this region of the brain. Direct access to individual
2622 Cell Reports 15, 2616–2624, June 21, 2016
cell migration analysis can be important for future treatment mo-

dalities. Our experimental platform has important advantages

over 2Dmigration assays, because it provides a cellular environ-

ment similar to in vivo conditions (as evidenced in the similarity of

several aspects of migration in ex vivo human brain tissue and a

3D hydrogel, e.g., increased cell polarity and migration speed).

Previous studies have highlighted the importance of these fac-

tors in migration (Friedl and Wolf, 2010; Petrie et al., 2009; Kim

et al., 2012; Beadle et al., 2008; Louis, 2006). Another advantage

is the reduced number of cells required when compared to

commonly used transwell migration assays. Furthermore, trans-

well assays fail to yield the information on migration and

morphology of individual cells and only originate endpoint



information (Kim et al., 2009a). We found a substantial degree of

heterogeneity in the glioblastoma samples analyzed. The

increased average migration speed of a cell population in the

presence of PDGF was ascribed to a small subpopulation of

aggressive cells (approximately 25%). Knowledge of the degree

of population heterogeneity can be critical to the decision-mak-

ing in the clinic (Snuderl et al., 2011; Szerlip et al., 2012). In addi-

tion, our tissue mimetic platform can distinguish the effects of

cell proliferation and migration phenotypes, which can be a con-

founding factor in both transwell and in vivo migration studies.

Our results also highlight advantages of the proposed

method over traditional protein expression assays. We observed

an incomplete correlation between receptor expression and

response to PDGF signaling, possibly due to veiled differences

in the signal transduction pathways. We demonstrated that pro-

tein expression analysis was less sensitive and less robust at

predicting differences among patient tumor features. Genomic

and proteomic approaches also suffer from limited supplies of

primary tissues available for their cumbersome requirements of

cellular material.

Overall, the results here support the proposed methodology

as a simpler, more biomimetic, and informative method to gain

critical information about patient tumors and cell populations.

The analysis presented here reveals the importance of careful

engineering of chemical and mechanical extracellular milieu in

cell migration analysis. We believe that this methodology will

provide an important prognostic tool, with benefits that include

high-throughput, label-free analysis of single-cell resolution;

low demand for precious primary cell samples; and better phys-

iological relevance compared to other migration assays.

EXPERIMENTAL PROCEDURES

Cells

Human tissues were obtained at Johns Hopkins medical institutions and used

with approval of the Institutional Review Board. Glioblastoma pathologically

confirmed tumor samples (GBM 221, GBM 253, GBM 276, GBM 318, GBM

499, GBM 501, GBM 544, GBM 549, GBM 567, GBM 609, GBM 612, GBM

626, GBM 630, and GBM 854) were derived from primary intraoperative tis-

sues of patients undergoing surgery. Tissue donors received no treatment

before surgery.

Construction of a Multi-well Nanopatterned Device

The topographic nanopatterned substratum, consisting of parallel ridges

350 nm wide and 500 nm high that are spaced 1.5 mm apart, was fabricated

onto glass coverslips as previously described (Kim et al., 2009a, 2009b) using

UV-assisted capillary molding techniques.

Time-Lapse Microscopy of Live Cells and Quantitative Analysis of

Cell Morphology and Migration

Cell migration was observed using time-lapsemicroscopy (Movies S1, S2, and

S3). To enable long-term observation, the multi-well, nanopatterned device

was mounted on the stage of a motorized inverted microscope (Olympus

IX81) equipped with a Photometrics hCascade 512B II charge-coupled device

camera and temperature- and gas-controlling environmental chamber. Phase-

contrast cell images were automatically recorded under a 103 objective

(numerical aperture = 0.30) using SlideBook 4.1 software (Intelligent Imaging

Innovations) for 10–15 hr at 10 or 20 min intervals. Because cell-cell contact

is known to affect the extent of cell spreading and migration, cells were plated

at low density (�4 3 104 cells ml�1) to allow isolated movements. A custom-

made MATLAB script was used to allow manual tracking and measurement

of cells frame by frame.
Tumor Xenografts

Animal protocols were approved by the Johns Hopkins School of Medicine

Animal Care and Use Committee. For intracranial xenografts, severe com-

bined immunodeficiency mice received 100,000 viable cells in 1 ml of

DMEM/F12 serum media without growth factors by stereotactic injection

into the right striatum. Cells were cultured in DMEM/F12 serum media with

epidermal growth factor, fibroblast growth factor, and PDGF ligand for 3weeks

before injections were performed. Cell viability was determined by trypan blue

dye exclusion. Mice were perfusedwith 4%paraformaldehyde at the indicated

times, and the brains were removed for histological analysis.

Statistical Analysis

Results are presented as mean + SEM. The Mann-Whitney rank-sum test was

for pairwise comparisons; Dunn’s test (rank-based ANOVA) was used in mul-

tiple group comparisons.When noted, Student’s t test or standard ANOVA (the

Holm-Sidak method) was used. Univariate Cox analysis was used to identify

correlations among tumor characteristics. To group data, thresholds were

determined using linear discriminant analysis as previously described (Lin

et al., 2012). Statistics were analyzed using Sigmaplot, GraphPad Prism,

and MATLAB software.
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