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Tyrosine phosphorylation is a key mechanism by which cells 
control a wide variety of biological processes1–5. However, the 
dynamic interconversion of phosphorylated and dephospho-

rylated isoforms of a protein, and phosphorylation at multiple sites, 
often complicates the study of the roles of individual phosphoryla-
tion events6,7. Access to site-specifically phosphorylated proteins has 
greatly facilitated mechanistic investigations of this post-transla-
tional modification8–10. Unfortunately, there is a lack of robust meth-
ods for generating individual phosphoprotein isoforms11. Native or 
engineered kinases lack the selectivity to modify specific tyrosine 
residues, and such modifications are subject to relatively nonselec-
tive removal by phosphatases in the cell. Semisynthetic methods 
allow the site-specific introduction of pTyr residues into proteins; 
however, the application of this approach to large proteins is lim-
ited by synthetic complexity and by difficulties in protein refolding 
after chemical synthesis. An in vitro translation system has also been 
developed, using a chemically aminoacylated suppressor tRNA, but 
affords relatively low yields of the phosphoproteins12. Moreover, 
these approaches do not allow site-specific tyrosine phosphorylation 
in living cells; therefore, they lack the potential to study biological 
functions of this important post-translational modification in vivo.

Several nonhydrolyzable phosphotyrosine analogs that are read-
ily bioavailable in Escherichia coli have been genetically incorpo-
rated into proteins using cognate orthogonal amber suppressor 
tRNA–aminoacyl-tRNA synthetase (aaRS) pairs, including sulfo-
tyrosine (sTyr) and 4-(carboxymethyl)phenylalanine (CMF)13–21. 
Furthermore, the nonhydrolyzable pTyr mimetic Pmp (Fig. 1a) has 
been selectively introduced into peptides to study the function of 
individual phosphorylation sites in SHP-1 and SHP-2 (refs. 22–24). 
The ability to recombinantly incorporate Pmp at specific sites of pro-
teins would simplify the study of native pTyr sites in the proteomes 
of living cells2. However, attempts to genetically encode Pmp remain 
challenging because of poor cellular uptake of this amino acid.

Here, we report the use of a propeptide strategy to increase the 
cytoplasmic concentrations of pTyr and Pmp allowing the iden-
tification of an aaRS that selectively incorporates pTyr or Pmp at 
desired sites in recombinant proteins in E. coli in response to an 
amber nonsense codon. The molecular basis of synthetase specificity 
was determined by X-ray crystallography and revealed a substantial 
reconfiguration of the active site. In addition, we demonstrated the 
utility of this method by the incorporation of Pmp into a putative 
phosphorylation site and determined the affinities of the individual 
variants for their substrate.

RESULTS
Dipeptides increase cellular availability of pTyr and Pmp
Many negatively charged molecules, including pTyr (1) and Pmp 
(2) (Fig. 1a), are impermeable to the E. coli cell wall, resulting in 
poor cellular bioavailability25. On the other hand, it has been shown 
in both E. coli26,27 and Caenorhabditis elegans28 that poorly bioavail-
able amino acids can be transported into cells in dipeptide form 
with an ATP-binding cassette transporter. In E. coli, the dipeptide 
transporter DppA recognizes all 20 canonical amino acids as the 
N-terminal amino acid, with little restriction toward the C-terminal 
residue29,30. Following uptake, the dipeptide is hydrolyzed by intra-
cellular nonspecific peptidases to afford the free amino acids. To 
determine whether this strategy could be used to transport pTyr or 
Pmp into bacteria, we synthesized two dipeptides (Supplementary 
Note), H2N-lysine-phosphotyrosine-COOH (Lys-pTyr, 3) and H2N-
lysine-4-phosphomethyl-L-phenylalanine-COOH (Lys-Pmp, 4), that 
should be highly soluble and good substrates for DppA (Fig. 1a).

The metabolically stable Lys-Pmp was used for bacterial uptake 
studies, as analysis is not complicated by the activity of endogenous 
phosphatases. Lys-Pmp and Pmp were incubated with E. coli DH10B 
cultures during exponential growth, and, after repeated washing 
and subsequent cell lysis, the cytosolic concentrations of Pmp in 
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each sample were determined by LC–MS analysis (the buffer used 
for the last wash of each sample was also analyzed to exclude the 
possibility of contamination). Pmp (50 μM) was added to the lysate 
from cells as a standard for the LC–MS analysis. No signal corre-
sponding to Pmp in cells treated with 5 mM Pmp was observed in 
the extracted-ion chromatogram, indicating poor uptake of Pmp by 
cells (Fig. 1b). By contrast, the lysate of cells treated with 5 mM 
Lys-Pmp showed a signal with the same mass and retention time as 
that of Pmp standard (Fig. 1b). Importantly, the peak was absent in 
the last wash sample standard, indicating that the observed peak is 
not due to contamination by extracellular material. The area under 
the curve (AUC) for lysate from cells supplemented with 5 mM Lys-
Pmp (AUC = 29,551) was comparable to that of 50 μM Pmp stan-
dard (AUC = 27,751). These results confirmed the successful uptake 
of Lys-Pmp into E. coli cytoplasm and encouraged us to pursue the 
genetic incorporation of pTyr and Pmp into proteins.

Genetic incorporation of pTyr and Pmp in E. coli
We next screened three Methanocaldococcus jannaschii (Mj) tyrosyl-
tRNA synthetase (MjTyrRS) mutants for their ability to aminoacylate 
pTyr and Pmp. These synthetases were originally evolved to incorpo-
rate noncanonical amino acids (ncAAs) with negatively charged side 
chains, including CMF (5)18, p-boronophenylalanine (BoroF) (6)31 
and sTyr (7)13 (Fig. 1a). To assess the suppression efficiency of these 
aaRSs with Lys-pTyr and Lys-Pmp, a plasmid encoding a myoglobin 
(Myo) mutant with a permissive amber codon at Lys99 (K99TAG) was 
transformed into E. coli DH10B along with the aaRS–tRNACUA pair 
encoded on a pEVOL vector32. Only cells transformed with the syn-
thetase for CMF (CMFRS; Y32S, L65A, F108K, Q109H, D158G and 
L162K) afforded full-length protein after nickel–nitrilotriacetic acid 

(Ni-NTA) purification in the presence of the ncAAs. Yields were 61 and 
60 mg L−1 in Terrific Broth (TB) in the presence of 2 mM Lys-pTyr and 
Lys-Pmp, respectively (Fig. 2a); only background tyrosine incorpora-
tion into protein (1.4 mg L−1) was observed in the presence of CMFRS 
and 2 mM pTyr or 2mM Pmp, or in the absence of ncAA (Fig. 2a).  
Mutant proteins were analyzed by SDS–PAGE (Supplementary 
Results, Supplementary Fig. 1) and ESI–MS to confirm the incor-
poration of pTyr or Pmp. Both Myo-K99Pmp and Myo-K99pTyr 
migrated as a single band at ~18 kDa on an SDS–PAGE gel. However, 
only Myo-K99Pmp showed the expected mass that would be consis-
tent with its amino acid sequence (calculated and observed, 18,466 Da) 
(Fig. 2b); no background incorporation was observed. In the case of 
Myo-K99pTyr, only a signal with a mass of 18,386 Da, corresponding 
to the dephosphorylated product Myo-K99Tyr (calculated, 18,388 Da)  
(Supplementary Fig. 2a), was identified, presumably because of 
post-translational dephosphorylation of pTyr by endogenous phos-
phatases in E. coli. Indeed, when 1 mM sodium orthovanadate (a 
relatively nonspecific phosphatase inhibitor) was added during pro-
tein expression, a mass signal corresponding to Myo-K99pTyr (cal-
culated, 18,468 Da; observed, 18,465 Da) was observed in addition 
to the signal corresponding to the dephosphorylated Myo-K99Tyr 
(calculated, 18,388 Da; observed, 18,387 Da). The apparent ratio of 
Myo-K99pTyr to Myo-K99Tyr was 1:10 (Supplementary Fig. 2b).  
Finally, site-specific incorporation of Pmp was further confirmed 
by GluC protease digestion and LC–MS/MS analysis of the Pmp-
containing peptide (H2N-LKPLAQSHATKHPmpIPIKYLE-COOH; 
Fig. 2c). Collectively, these data demonstrate that CMFRS can be 
readily used to charge pTyr or Pmp onto Mj-tRNACUA

Tyr, and the pro-
peptide strategy with Lys-pTyr or Lys-Pmp generates sufficient quan-
tities of pTyr or Pmp in the cytosol to allow efficient incorporation of 
these ncAAs into myoglobin.

Analysis of recombinant Pmp-containing proteins
Next, we used this methodology to generate site-specifically phos-
phorylated proteins and to then evaluate the effects of these modi-
fications on protein–protein interactions. Phosphotyrosine sites 
Tyr30 and Tyr52 have been discovered in Abelson murine leukemia 
viral oncogene homolog 1 (ABL1) SH3 domain. Whereas Tyr52 can 
be phosphorylated by commonly used kinases, no such kinase has 
been identified to selectively phosphorylate Tyr30 (ref. 33). Native 
chemical ligation (NCL) methods have been used to synthesize 
this domain with pTyr at positions 30 and 52; however, the low 
efficiency and the complexity of synthesis and purification steps 
afforded very small quantities of protein. To recombinantly express 
ABL1 variants containing Pmp, we inserted the CMFRS gene into 
the pUltra vector, which was reported to exhibit a higher suppres-
sion activity34 (Supplementary Table 1). The genes for the ABL1 
SH3 domain with an amber codon at position 30 or 52 were synthe-
sized and inserted into the pET-T5 vector, where their expression 
was controlled by a T5 promoter. After cotransformation of DH10B 
E. coli cells with both plasmids, Abl1-SH3 variants were expressed in 
liquid TB medium supplemented with 2 mM Lys-Pmp. Full-length 
Abl1-Pmp30 and Abl1-Pmp52 were purified using Ni-NTA chro-
matography in yields of 0.75 and 1.0 mg L−1, respectively (Fig. 3a).  
For comparison, wild-type Abl1 (Abl1-WT) was similarly expressed 
in the absence of ncAA with a purified yield of 7.0 mg L−1. The 
resulting Abl1 mutants were characterized by SDS–PAGE analy-
sis, where they migrated as a single band. LC–QTOF–MS analysis 
showed the correct masses for Abl1-WT (calculated and observed, 
8,129 Da) as well as for both Abl1-Pmp30 variants (calculated and 
observed, 8,207 Da) and Abl-Pmp52 (calculated and observed, 
8,207 Da) (Supplementary Fig. 3). Finally, the site-specific incor-
poration of Pmp at position 52 was further confirmed by trypsin 
digestion and LC–MS/MS analysis of the Pmp-containing pep-
tides (H2N-NGQGWVPSNPmpITPVNSVDHHHHHH-COOH) 
(Supplementary Fig. 4).

Io
n 

co
un

t

300,000

200,000

100,000

0

Uptake of Pmp

0 1
Time (min)

2 3

Pmp

Last wash

Pmp standard

Lys-Pmp

a

b

H2N

NH2

O

H
N COOH

X
P

O

OH

OH
Lys-pTyr (3)

Lys-Pmp (4)

H2N COOH

X
P

HO OH

O

Pmp (2)

pTyr (1)

OSO3H

COOHH2NCOOHH2N

OH

O

COOHH2N

B

OH

OH

sTyr (7)CMF (5) BoroF (6)

X=O

X=CH2

X=O

X=CH2

Figure 1 | Propeptide strategy to increase the intracellular concentrations 
of pTyr and Pmp. (a) Structures of ncAAs used in this study. (b) The 
extracted-ion chromatogram for uptake of Lys-Pmp. 5 mM Lys-Pmp 
(orange) or Pmp (yellow) was added during incubation. Blue,  
50 μM Pmp was added to the cell lysate as standard; gray, buffer from  
last wash before cell lysis.

©
 2

01
7 

N
at

u
re

 A
m

er
ic

a,
 In

c.
, p

ar
t 

o
f 

S
p

ri
n

g
er

 N
at

u
re

. A
ll 

ri
g

h
ts

 r
es

er
ve

d
.

http://dx.doi.org/10.1038/nchembio.2405
http://www.nature.com/nchembio/journal/v13/n8/compound/nchembio.2405_comp5.html
http://www.nature.com/nchembio/journal/v13/n8/compound/nchembio.2405_comp6.html
http://www.nature.com/nchembio/journal/v13/n8/compound/nchembio.2405_comp7.html


nature CHEMICAL BIOLOGY | VOL 13 | AUGUST 2017 | www.nature.com/naturechemicalbiology	 847

articleNature chemical biology doi: 10.1038/nchembio.2405

We next determined the binding affinities of the mutants for  
the 3BP2 peptide, a native ligand from the adaptor protein 3BP2  
(ref. 35), using a reported fluorescence polarization assay33. Abl1-
Pmp52 exhibited an equilibrium dissociation constant (Kd) of  
5.0 ± 0.8 μM, which is identical to that of Abl1-WT; Abl1-Pmp30 
exhibited a somewhat reduced binding affinity (Kd = 10.6 ± 2.2 μM) 
(Fig. 3b). These Kd values are in agreement with previous measure-
ments obtained using chemically synthesized peptides containing 
pTyr (13 μM for Abl1-pTyr30 and 4 μM for Abl1-pTyr52)33. These 
experiments demonstrate that Pmp can be incorporated in response 
to the TAG codon and can act as a pTyr mimic to probe the roles of 
protein phosphorylation.

Molecular basis for ncAA incorporation
CMFRS exhibits a unique polyspecificity toward CMF, pTyr and 
Pmp, which are all ncAAs with negatively charged side chains36. This 
prompted us to investigate the molecular basis for this specificity 
by X-ray crystallography; the structure of the CMFRS was solved to 
a resolution of 3.0 Å, with an Rcryst of 0.20 and Rfree of 0.27 (Fig. 4a; 
Supplementary Table 2). Although crystals were also obtained in 
the presence of Pmp, no electron density of the substrate could be 
observed. The overall structures of CMFRS (Y32S, L65A, F108K, 
Q109H, D158G and L162K) are aligned well with the wild-type 

MjTyrRS apo structure (PDB entry 1U7D), with an r.m.s. devia-
tion of 0.6 Å in Cα. However, substantial conformational changes 
were observed between CMFRS and the wild-type MjTyrRS apo 
synthetase for helix α8, with an r.m.s. deviation of 3.3 Å in Cα 
for residues 144–164. The D158G mutation acts as a helix breaker 
for α8 and alters residues N157–Y162 from a helical structure to a 
more flexible loop conformation (Fig. 4b; Supplementary Fig. 5).  
The B factors for Cα of residues 157–162 range from 66 to 105 
Å2, in contrast to the 52 Å2 observed for the surrounding residues 
(Supplementary Fig. 6). The glycine at this position has a φ of 55.5° 
and a ψ of 82.0°, angles that are disfavored for any other canoni-
cal amino acids. In the MjTyrRS–tyrosine co-crystal structure, the 
helical structure of N157–L162 is part of the substrate-binding 
pocket, and D158 forms a hydrogen bond with the hydroxyl group 
of the substrate tyrosine. It is likely that the D158G mutation and 
the rearrangement of N157–L162 open up the pocket to accom-
modate the phosphate and carboxyl groups of the ncAAs. The 
Y32S and L65A mutations on β2 and β3 likely create additional 
space on the opposite side of the substrate-binding pocket. The 
positively charged F108K, Q109H and L162K mutations may form 
salt bridges with the side chains of negatively charged amino acid 
substrates, which may explain the selectivity of CMFRS to this 
series of ncAAs (Fig. 4c).

Based on this structural analysis, we hypothesized that CMFRS 
could potentially aminoacylate other ncAAs with charged side chains. 
To test this notion, we evaluated BoroF and sTyr by expressing full-
length Myo-K99TAG in the presence of 2 mM ncAA. After expres-
sion and purification, Myo-K99 variants containing BoroF, sTyr and 
CMF were produced in yields of 70, 61, and 30 mg L−1, respectively 
(Fig. 2b). MS analysis further confirmed the incorporation of sTyr 
(calculated and observed, 18,468 Da), pBoroF (calculated, 18,417 Da; 
observed, 18,416 Da), and CMF (calculated and observed, 18,431 
Da) in the protein (Supplementary Fig. 7). These results suggest that 
CMFRS may be a useful polyspecific aaRS for charged amino acids 
and may be a valuable starting point for the evolution of aaRSs for 
other amino acids with charged side chains such as reactive pTyr ana-
logs (for example, phosphonodifluoromethyl phenylalanine), which 
could be useful tools for activity-based protein profiling37.
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DISCUSSION
We have reported the site-specific incorporation of pTyr and its 
nonhydrolyzable analog Pmp into recombinantly expressed proteins 
in E. coli. Key to this advance is a propeptide strategy that increases 
cellular uptake of ncAAs and the use of the polyspecific synthetase 
CMFRS. It is worth noting that, unlike Pmp or pTyr, other ncAAs 
with charged side chains (i.e., sTyr, BoroF, and CMF) do not require 
a propeptide strategy to get into cells. This may be because they 
may share transporters with other amino acids or small molecules, 
as demonstrated for other ncAAs38. It has also been reported that 
tRNAs carrying negatively charged amino acids are poor substrates 
for elongation factor (EF)-Tu. For example, the incorporation of 
phosphoserine (pSer) was only observed in the presence of an engi-
neered EF-Tu39. However, the wild-type EF-Tu in E. coli seems ade-
quate for the incorporation of Pmp with good efficiency, although it 
cannot be ruled out that engineering of EF-Tu may further improve 
efficiency. Efforts to increase the cellular availability of pTyr by 
deleting the endogenous phosphatases in E. coli40 gave relatively low 
yields of protein containing pTyr. Nevertheless, it is very likely that 
the combination of these strategies could lead to increased yields of 
variant proteins.

This method enables the generation of homogeneous proteins 
containing nonhydrolyzable pTyr analogs at different tyrosine phos-
phorylation sites in a controlled fashion, thereby facilitating stud-
ies of the function of natural phosphotyrosine post-translational 
modifications in a variety of protein sizes. In a proof-of-concept 
study, Pmp was site-specifically incorporated into Abl1 at different 
tyrosine sites to afford the nonhydrolyzable analogs of the tyrosine-
phosphorylated Abl1. The binding affinities of Abl1-Pmp30 and 
Abl1-Pmp52 were comparable to those of their pTyr counterparts. 
However, it should be noted that, in some cases, five-fold lower 
affinity has been observed for Pmp-containing peptides compared 
to the corresponding pTyr-containing peptides, likely due to the 
higher pKa2 of the phosphonate group (7.1 compared to 5.7 for 
phosphate) and the loss of a hydrogen bond between the phenolic 
oxygen atom and the binding partner.

In addition, this strategy allows construction of libraries of phos-
phorylated peptides or proteins for phage display, which was pre-
viously inaccessible by other approaches. Moreover, this method 
could potentially be expanded to encode a set of pTyr-containing 
proteins or even a set of pTyr- and pSer-containing proteins when 
coupled with genetic incorporation of pSer in a desired pattern. The 
crystal structure of CMFRS sheds light on the molecular basis of 
the polyspecificity toward ncAAs with charged side chains; this may 
enable the development of MjTyrRS mutants to incorporate other 
valuable charged or hydrophilic ncAAs. Finally, we are attempting 
to adapt a similar strategy for eukaryotic cells to allow the controlled 
expression of tyrosine-phosphorylated proteins in real time.
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Methods
Methods, including statements of data availability and any associated  
accession codes and references, are available in the online version 
of the paper.
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MjTyrRS (orange, PDB: 1U7D) and CMFRS (blue, PDB: 5U36). Secondary 
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ONLINE METHODS
Synthesis of dipeptides. Chemical synthesis of dipeptides is described in the 
Supplementary Note.

General information. E. coli DH10B (Invitrogen, Carlsbad, CA; Catalog 
number 18290015) was used for general cloning and propagation. DPBS and 
Tris, borate and EDTA buffers were obtained from Cellgro. LB medium and 
LB agar were purchased from Fisher Scientific. IPTG was purchased from 
Anatrace, and 4–12% (wt/vol) Bis–Tris gels for SDS–PAGE were purchased from 
Invitrogen. Q5 DNA polymerase kit, Q5 Site-Directed Mutagenesis Kit, restric-
tion enzymes and T4 DNA ligase were obtained from New England BioLabs, 
and oligonucleotides were purchased from Integrated DNA Technologies (San 
Diego, CA). Plasmid DNA preparation was carried out with the QIAprep  
Spin Miniprep Kit (Qiagen). Unless otherwise mentioned, all other chemicals 
were purchased from Sigma-Aldrich and used without further purification. 
Protein concentrations were measured using a Coomassie Plus (Bradford) 
Protein Assay kit from Pierce. All peptides were purchased from Innopep  
(San Diego, CA)

Agilent 6520 accurate-mass quadrupole-time-of-flight (QTOF) instrument, 
which was equipped with reverse phase liquid chromatography and an ESI 
source, was used to carry out the high-resolution MS for all protein samples. 
Samples in PBS were injected (10 μl) at a concentration of 0.2 mg/ml and 
separated on a 150 mm reverse phase C8 wide pore column heated to 70 °C 
to improve peak resolution. Proteins were eluted in a gradient of H2O + 0.1% 
formic acid (solvent A) and acetonitrile + 0.1% formic acid (solvent B) using 
the following method: 5% B for 2 min, 5–60% B for 10 min, 60–80% B for 
1 min, followed by a wash (95% B) and re-equilibration (5% A) phase. ESI 
source settings were 350 °C, 10 l/min, 40 psig nebulizer nitrogen gas, 200 V 
fragmentor, and 4,500 V capillary. Figures were created by extraction of the 
total ion count across the entire area of protein elution (roughly 8–10 min) and 
deconvolution of charge envelopes using Agilent Qualitative Analysis software 
with BioConfirm.

Amino acid uptake assay. An overnight culture of DH10B E. coli in GMML 
medium was diluted 1:100 in GMML and was grown to saturation (~18 h).  
1 ml stocks of ncAAs (25 mM in GMML) were added to 4 ml diluted cul-
tures at an optical density of 600 nm (OD600) 0.8 to make a final concentration 
of 5 mM. 1 ml of p-acetylphenyalanine (pAcF) was used as positive control 
for the method and 1 ml of GMML as negative control. The mixtures were 
incubated at 37 °C at 250 r.p.m. for 2 h. The cells were pelleted by centrifuga-
tion 13,000 × g for 5 min. The media supernatants were saved and the pellets 
were washed four times with 1 ml ice-cold GMML lacking heavy metals, thia-
mine and biotin (GMML minus) at 4 °C to minimize leaching out of ncAAs 
from cells. The last washes were saved and the cell pellets were resuspended in  
150 μl lysis buffer (1 mg/ml lysozyme, 5 μg/ml DNAse I and 10 μg/ml RNAse 
in water) and incubated at 37 °C at 250 r.p.m. for 1 h before being centrifuged 
at 13,000 × g for 20 min at 4 °C. The cell lysates were filtered and subjected to 
LC–MS analysis together with the saved media and last wash.

The LC–MS analysis was performed on an Agilent 1100 Series LC/MSD 
instrument. The chromatographic peak corresponding to mass of each  
ncAAs was extracted and processed using Agilent LC/MSD ChemStation 
(revision B.03.02).

Myoglobin expression and purification. An overnight culture of DH10B  
E. coli cotransformed with the appropriate pEVOL plasmids (pEVOL-CMF, 
pEVOL-sTyr and pEVOL-BoroF) and pBAD-Myo(K99TAG) in 2YT medium 
at 37 °C with chloramphenicol (50 μg/ml) and ampicillin (100 μg/ml) was 
diluted 1:50 in Terrific Broth (TB) supplemented with chloramphenicol  
(50 μg/ml) and ampicillin (100 μg/ml) in the presence or absence of ncAAs 
(the final concentration for sTyr and CMF is 1 mM for Pmp and pTyr and  
2 mM for their corresponding dipeptides). The cultures were grown at 37 °C to 
an OD600 of 0.8 when arabinose was added to a final concentration of 0.2% to 
induce the protein expression. The cultures were grown in 30 °C for 18 h and 
were pelleted and lysed with BugBuster (Novagen), and the proteins were puri-
fied on Ni-NTA spin column (Qiagen) according to manufacturer’s protocol.

Construction of pUltra-CMF and pET-T5-ABL1 and its mutants. CMFRS 
gene without stop codon was amplified from pEVOL-CMFRS18 with prim-
ers PMP001 and PMP002 (Supplementary Table 1), and inserted into the 
pUltra-MjTyrRS vector34 digested with NotI by Gibson assembly to afford 
pUltra-CMF. Two additional amino acids, Thr and Glu, were inserted at the 
Abl1 amino terminus between the first Met and second Asn to increase its sta-
bility in E. coli during expression while a His6 tag was added to the C termi-
nus for affinity purification. The gene was synthesized by IDT and amplified 
with primers PMP003 and PMP004, and was inserted into a pET-T5 backbone 
amplified with primers PMP005 and PMP006 using Gibson assembly to pro-
vide pET-T5-ABL1-wt. Site-directed mutagenesis of this plasmid with primers 
PMP007/PMP008 and PMP009/PMP010 using Q5 Site-Directed Mutagenesis 
Kit (NEB) according to manufacturer’s protocol resulted in pET-T5-ABL1-
Y30TAG and pET-T5-ABL1-Y52TAG, which was used to express Abl1 mutants 
containing Pmp (Supplementary Table 1).

Construction of CMFRS expression plasmid. The CMFRS gene without 
stop codon was amplified from pEVOL-CMFRS18 with primers PMP011 
and PMP012 (Supplementary Table 1), and inserted into the pET-22b(+) 
(Novagen, catalog number 69744-3) using NdeI and XhoI restriction sites to 
provide pET-CMFRS with a His6 tag engineered at C terminus of the CMFRS. 
The plasmid was electroporated into E. coli BL21(DE3)-competent cell.

CMFRS expression and purification. The transformed E. coli BL21(DE3) was 
plated on an LB plate containing ampicillin (100μg/ml) and allowed to grow 
overnight at 37 °C. A single colony was picked to inoculate 50 ml LB medium 
and cultured overnight. 50 ml bacterial culture was then centrifuged and the 
bacteria were resuspended and then transferred into 1 L fresh LB medium. All 
LB media used contained ampicillin (100 μg/ml). The cells were induced with  
1 mM IPTG when the culture reached an OD600 of 0.6–0.8. After induction, cul-
tivation was continued for 3.5 h at 37 °C. The cells were harvested by centrifuga-
tion at 6,000g at 4 °C for 15 min. The cell pellets obtained were stored at –20 °C  
for subsequent use. The purification was completed using a Ni–NTA affin-
ity column (Qiagen) and an ÄKTA purification system (GE Healthcare). The 
cell pellets were resuspended in 30ml lysis buffer (20 mM Tris–HCl pH 8.0,  
500 mM NaCl, 10 mM imidazole) with 0.1 mM PMSF and the cells were 
lysed by ultrasonication. The lysate was centrifuged at 24,000g at 4 °C for  
40 min. The supernatant was loaded directly onto a Ni–NTA column, which 
was pre-equilibrated with lysis buffer. The column was washed with wash buffer  
(20 mM Tris–HCl pH 8.0, 500 mM NaCl, 20 mM imidazole). CMFRS was 
eluted with elution buffer (20 mM Tris–HCl pH 8.0, 500 mM NaCl, 250 mM 
imidazole). The eluate was concentrated by ultrafiltration (Millipore) at 4 °C 
and buffer changed to 20 mM Tris–HCl, pH 8.0. Then, the CMFRS solution was 
loaded onto a Mono Q 5/50 GL column (GE Healthcare) for ion exchange puri-
fication. As running the gradient of 20 mM Tris–HCl, 1 M NaCl, the column 
flow rate was 0.5 mlmin−1 and all peak fractions were collected. All fractions 
were identified by SDS–PAGE. CMFRS was eluted at the NaCl concentration 
of 50–200 mM. The eluant was concentrated and the buffer was exchanged to 
20 mM Tris–HCl, pH 8.0, 50 mM NaCl, 10 mM Pmp or sTyr, 5 mM DTT. The 
final CMFRS concentration was 15 mg/ml, and protein concentrations were 
determined by Nanodrop 2000c.

Crystallization of CMFRS. The crystallization experiments were conducted 
using the hanging-drop vapor-diffusion method at 289K. The crystalliza-
tion conditions were optimized by varying the type and concentration of  
precipitants (PEGs and glycerol), the pH, the types of additives (Hampton 
Additive kit) and the protein concentration. As the result of several rounds of 
optimization, crystals of CMFRS were obtained by mixing equal volumes of 
protein solution (32 mg/ml) and crystallization solution containing 15–25% 
PEG 3350, 3–7% glycerol, 10 mM Pmp or sTyr, 5 mM DTT, 50mM sodium 
cacodylate trihydrate pH 6.0–7.0 and equilibrating over 0.5ml reservoir solu-
tion (15–25% PEG 3350, 50mM sodium cacodylate trihydrate pH 6.0–7.0) at 
277K for about a week. Prior to data collection, CMFRS crystals were trans-
ferred to cryoprotectant solution containing 15% ethylene glycol, 16% PEG 
3350, 10 mM Pmp or sTyr, 5 mM DTT, 50mM sodium cacodylate trihydrate  
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pH 6.0–7.0 for about 2min; they were then immediately flash cooled in  
a liquid-nitrogen stream on cryoloops.

Abl1 mutant expression and purification. For wild-type Abl1, an overnight 
culture of DH10B E. coli transformed with pET-T5-ABL1-wt in 2YT media 
with ampicillin (100 μg/ml) was diluted 100-fold into 200 ml TB media sup-
plemented with ampicillin (100 μg/ml) at 37 °C. For Abl1 containing amber 
codon, an overnight culture of DH10B E. coli cotransformed with pUltra-CM-
FRS and appropriate pET-T5-ABL1-Y30TAG or -Y52TAG in 2YT media with 
ampicillin (100 μg/ml) and spectinomycin (50 μg/ml) was diluted 100-fold 
into 200 ml TB media supplemented with ampicillin (100 μg/ml) and spec-
tinomycin (50 μg/ml). The cells were allowed to grow for 3–5 h when the OD600 
reached 0.6 and IPTG was added to a final concentration of 1 mM to induce 
protein expression. The cells were grown for an addition 30 h at 30 °C before 
harvesting by centrifugation at 6,000g for 10 min. The cell pellet was lysed by  
sonication and the resulting cell lysate was clarified by centrifugation at 15,500g  
for 35 min at 4 °C. Abl1 wild-type and mutants were purified on Ni-NTA resin 
(Qiagen) following the manufacturer’s instructions.

Data collection, structure determination and refinement. Diffraction data 
for CMFRS were collected at the wavelength of 1.03320Å on beamline 23-IDB 
APS at 100 K and HKL2000 (ref. 41) (HKL research) was used for the process-
ing, reduction and scaling of the diffraction data.

The data collection statistics of CMFRS crystals are shown in Supplementary 
Table 2. The crystal diffracted to 3.0 Å resolution. The diffraction data were 
indexed in space group P21 with unit-cell parameters for the native crystal of  
a = 58.6 Å, b = 130.6, c = 60.0 Å, α = 90°, β = 117.7° and γ = 90°. Two molecules 
were found in the asymmetric unit with a solvent content of 57.0%.

The structure was determined by molecular replacement using PDB 4PBR 
as a model and the program Phaser42 in CCP4. A preliminary model with 
about 60% completeness was fitted to the electron density. The rest of the 
residues were manually modeled using Coot43. The refinement was carried 
out using Refmac44,45 in the CCP4 suite and Phenix46.The statistics of data 
collection and refinement are summarized in Supplementary Table 2. All  
structural pictures were rendered in PyMOL (The PyMOL Molecular Graphics 

System, Version 1.8 Schrödinger, LLC.). Ramachandran statistics: favored, 
94.8%; outliers, 1.4%).

Fluorescence polarization binding assay. The fluorescence polarization assays 
were performed by using PerkinElmer black 96-well flat-bottom plates and the 
fluorescence polarization was determined by the SpectraMax M5 (Molecular 
Devices) plate reader. To each well, FAM-labeled peptide in PBS was added to 
a final concentration of 5 nM, the recombinant Abl1-wt or mutants were added 
in two-fold dilution from 20 mM concentration. PBS was used to fill up each 
well to 100 μl. The plate was incubated for 15 min after which the polarization 
values were determined in millipolarization units (mP) with excitation wave-
length of 485 nm and emission wavelength of 535 nm. The acquired data were 
analyzed by using Prism (GraphPad Software, Inc., San Diego, CA, USA) and 
the Kd values were determined by nonlinear fitting.

Data availability. Coordinates and structure factors have been deposited in 
the Protein Data Bank under accession codes 5U36 for CMFRS. All other data 
that support the findings of this study are in the published article (and its sup-
plementary information files) or are available from the corresponding author 
upon reasonable request.
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