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The inability to generate soluble, correctly folded recom-
binant protein is often a barrier to successful structural
and functional studies. Access to affordable synthetic genes
has, however, made it possible to design, make and test
many more variants of a target protein to identify suitable
constructs. We have used rational design and gene synthe-
sis to create a controlled randomised library of the EphB4
receptor tyrosine kinase, with the aim of obtaining soluble,
purifiable and active catalytic domain material at multi-
milligram levels in Escherichia coli. Three main para-
meters were tested in designing the library—construct
length, functional mutations and stability grafting. These
variables were combined to generate a total of 9720 pos-
sible variants. The screening of 480 clones generated a 3%
hit rate, with a purifiable solubility of up to 15 mg/L for
some EphB4 constructs that was largely independent of
construct length. Sequencing of the positive clones revealed
a pair of hydrophobic core mutations that were key to
obtaining soluble material. A minimal kinase domain con-
struct containing these two mutations exhibited a 14.588888C
increase in thermal stability over the wild-type protein.
These approaches will be broadly applicable for solubility
engineering of many different protein target classes.

Atomic coordinates and structural factors have been
deposited in PDB under the accession 2yn8 (EphB4 HP 1
staurosporine).
Keywords: combinatorial library/protein engineering/
solubility/stability/synthetic genes

Introduction

The aberrant activity of protein kinases has been implicated in
the progression of a wide range of diseases, making these sig-
nalling molecules key therapeutic targets for pharmaceutical
development (Cohen, 1999; Chahrour et al., 2012).
Structure-based drug discovery is a core technology in the
design of potent small-molecule kinase inhibitors with suit-
able selectivity profiles (Zhang et al., 2009; Norman et al.,
2012). As a result, there is a growing burden on protein

scientists to supply large quantities of high-purity, homoge-
neous, recombinant kinase to drive iterative drug discovery
campaigns (Marsden and Knapp, 2008).

Recombinant kinase production has traditionally favoured
insect cell-derived material (Chambers et al., 2004). However,
despite advances in inhibitor (Strauss et al., 2007) and phos-
phatase (Wang et al., 2008) co-expression methodologies,
selenomethionine labelling for X-ray phasing and isotopic la-
belling for nuclear magnetic resonance (NMR) spectroscopy
can be prohibitively expensive using insect expression
systems. Fortunately, access to routine gene synthesis and
codon-optimisation, together with improved solubilising tags
and bacterial strains, means that many more protein kinase
structural studies are supported using Escherichia coli produc-
tion routes (Shrestha et al., 2012).

A number of investigators have developed elegant library
construction and screening methodologies to facilitate the
identification of soluble recombinant protein fragments in
E.coli. Such approaches typically consist of a gene/protein
variant creation element and a reporter/detection element to
screen for the soluble fragments. The main approaches to cre-
ating the gene variants are gene fragmentation, using endo-
nuclease or exonuclease digestion (Cornvik et al., 2006; Reich
et al., 2006; Dyson et al., 2008; Yumerefendi et al., 2010), mu-
tagenic polymerase chain reaction (PCR; Kawasaki and
Inagaki, 2001; Heddle and Mazaleyrat, 2007), and gene shuf-
fling (Aharoni et al., 2004; Pédelacq et al., 2006). The solubil-
ity detection element can be as simple as an antibody to an
affinity tag (Cornvik et al., 2006; Yumerefendi et al., 2010), a
fluorescent reporter protein (Cabantous and Waldo, 2006;
Heddle and Mazaleyrat, 2007), or genetic selection for cell
survival (Liu et al., 2006; Dyson et al., 2008). These method-
ologies often demand large capital investments, and usually
require multiple rounds of selection and optimisation to yield
viable protein constructs.

While they can yield positive results, many proteins remain
recalcitrant to truncation and random mutation approaches
(Cornvik et al., 2006). An alternative strategy is to use an itera-
tive, rational design-based approach, a technique that also
boasts numerous positive test cases (Eijsink et al., 2004).
These methodologies rely on in silico sequence-based predic-
tions, such as secondary structure, hydropathy and disorder,
together with alignments and structural analyses of related
proteins to derive a small, ‘best guess’ set of constructs for
testing.

In this study, we describe a semi-rational, combinatorial,
library-based approach to identify fragments of the EphB4 re-
ceptor tyrosine kinase that are soluble in E.coli. We have com-
bined in silico predictions, target-class knowledge and
structural data to design a synthetic library of truncations and
mutations. The library has been screened using an affinity
chromatography method, resulting in the identification of posi-
tive clones with a soluble expression yield of up to 15 mg/l
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compared to ,0.1 mg/l for the wild-type protein.
Characterisation of these clones has identified a pair of hydro-
phobic mutations that affords stability and solubility to the
EphB4 kinase domain, irrespective of construct length, while
maintaining a native substrate- and ligand-affinity profile.

Materials and methods

All chemicals were obtained from SIGMA unless otherwise
stated.

Library design and construction
A 9720 variant library of the EphB4 receptor tyrosine kinase
intracellular domain, UniProtKB/Swiss-Prot P54760, residues
564–987, was designed as detailed in Table I. The EphB1 and
EphB2 sequences used in the library design were UniProtKB/
Swiss-Prot P54762 and UniProtKB/Swiss-Prot P29323. The
library was optimised for E.coli codon bias and synthesised by
Sloning BioTechnology GmbH (Germany). The library was
cloned into azET01, a modified version of the pET28b E.coli
expression vector, which places a TEV-protease-cleavable 6His
tag upstream of the cloned fragments. Variant composition of
the library was validated using routine DNA sequencing.

Library screening
A brief schematic of the library screening protocol is shown in
Fig. 1. Lyophilised library DNA (2 mg) was dissolved in 40 ml
of sterile ddH2O. Serial dilutions of the library were trans-
formed into BL21-GOLD (DE3) competent cells (Agilent
Technologies), plated onto LB agar plates containing 15 mg/ml
Tetracycline and 50 mg/ml Kanamycin, and incubated at 378C
overnight. Isolated colonies were transferred to 96 � 2 ml
blocks containing 0.5 ml of Terrific Broth plus antibiotics. The
blocks were cultured for 16 h at 378C, 180 rpm. 0.5 ml of sterile

30% glycerol solution was then added to each well and the
blocks transferred to 2808C.

Starter cultures were performed by defrosting the glycerol
stocks and transferring 50 ml of each well to a fresh 96 � 2 ml
block containing 1 ml of Terrific Broth plus antibiotics. Cells
were cultured for 16 h at 378C, 180 rpm, and then 50 ml of this
starter culture was used to inoculate 1 ml of Terrific Broth plus
antibiotics in a fresh 96 � 2 ml block. This expression culture
was incubated at 378C, 180 rpm until an average OD600 of
�0.35; the cultures were then reduced in temperature to 188C,
and expression of recombinant EphB proteins was induced
with 100 mM isoproyl b-D-thiogalactopyranoside at an average
OD600 of �0.80 for 20 h. Cells were harvested by centrifuga-
tion at 4000 g, and pellets stored at 2808C. Thawed cell
pellets were resuspended in 1 ml of Lysis buffer, consisting
of: Base buffer (40 mM HEPES, 0.5 M NaCl, 1 mM tris(2-
carboxyethyl)phosphine (TECP), pH 8.0) supplemented with
10 mM imidazole, 1 mg/ml hen egg white lysozyme, 0.1 ml/ml
Benzonasew Nuclease HC (Novagen) and EDTA-free Complete
Protease Inhibitor Cocktail Tablets (Roche). Cells were lysed by
freeze–thaw/lysozyme, and extracts clarified by centrifugation
for 60 min at 4000 g. 6His-tagged proteins present in the
soluble fraction were purified using 20 ml Ni-NTA (nickel-
nitriloacetic acid) PhyTips and a PhyNexus MEA Purification
System (PhyNexus, Inc.). Each row of tips was used to capture
the soluble protein material from eight rows of the 96-well
block, i.e. one tip per eight clones. Each tip was washed with
100 column volumes (CVs) of Base buffer supplemented with
20 mM imidazole. Captured proteins were eluted with 10 CVs
of Base buffer supplemented with 0.5 M imidazole, and vis-
ualised by sodium dodecyl sulphate polyacrylamide gel elec-
trophoresis (SDS–PAGE) using InstantBlueTM protein stain
(Expedeon). Expression levels were estimated from SDS–
PAGE gels using a titration of purified insect-expressed EphB4
kinase of known concentration. Positive hits (pools of eight)
were deconvoluted by selecting the appropriate row from the
corresponding glycerol stock block, and repeating the screening
process at 5 ml scale in 24 � 10 ml deep well blocks (Qiagen)
without pooling. Clones were characterised by routine DNA se-
quencing using 18–25 bp primers, based on both internal EphB4
and vector sequences, followed by analysis using ContigExpress,
VectorNTI 11 (Life Technologies).

Phosphotyrosine determination of the affinity-purified
6His-tagged kinase was analysed by western blotting using 1 :
2000 anti-phosphotyrosine mouse monoclonal antibody
(pY100; NEB Cell Signaling), with 1 : 1000 horseradish
peroxidase-rabbit anti-mouse secondary antibody, and detec-
tion using Supersignal West Femto ECL reagent (Thermo
Scientific Pierce).

Molecular biology
Kinase domain constructs of EphB4 residues 598–892
(UniProtKB/Swiss-Prot P54760) were synthesised in vitro by
GenScript using E.coli codon-bias optimisation, and sub-
cloned into azET01. pT7-GST-PTP1b contained a single copy
of the human phosphotyrosine phosphatase 1 beta (PTP1b)
gene (UniProtDB/Swiss-Prot P18031) fused downstream of a
copy of the glutathione S-transferase gene (UniProtKB/
Swiss-Prot Q540A3), inserted into the pT7#3.3 E.coli expres-
sion vector (Tobbell et al., 2002).

Table I. EphB4 library composition

Variants Weighting
(%)

Truncations
9 � N-termini R564, G569, S575, G584, K588,

D598, R604, K608 and S613
11.1 each

8 � C-termini P881, V887, G892, S895, S907,
S970, P977 and Y987

12.5 each

Functional mutations
Juxtamembrane

tyrosine’s
Wild-type
Y590E and Y596E
Y590F and Y596F

33.3
33.3
33.3

Catalytic aspartate Wild-type
D740N
D740A

50
25
25

Activation loop
tyrosine

Wild-type
Y774E
Y774F

33.3
33.3
33.3

Base sequence tability grafting
Residues from

EphB1
Patch 1 [C630Y, R631K, A636L,
S642I, C643Y]

20

Residues from
EphB2

Patch 2 [R656K, E660D, E672D,
R678H]

20

Residues from
EphB2

Patch 3 [R729K, E733D, A803V,
V870I]

20

Residues from
EphB2

Patch4 [A793Q, F794Y, A863H] 20

No mutations Wild-type 20
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Kinase expression and purification
EphB4 catalytic domain constructs were transformed into both
BL21 Star TM (DE3) cells (Life Technologies) containing the
pT7-GST-PTP1b plasmid and BL21-GOLD (DE3) cells.
Cells were cultured in Terrific Broth, plus appropriate antibio-
tics, in 2-l shake flasks using expression methods as described
above. Cell pellets were resuspended in lysis buffer, and lysed
by a single pass through a 2.2-kW TS series cell lysis system
(Constant Systems Ltd) at 25 kpsi. Lysed samples were clari-
fied by centrifugation at 35 000 g for 60 min, and applied to
5 ml of Ni-NTA Superflow resin (Qiagen), pre-equilibrated in
Base buffer supplemented with 20 mM imidazole. The resin
was washed with 10 CVs of 35 mM imidazole-supplemented
Base buffer, and bound proteins were eluted with Base buffer
supplemented with 0.5 M imidazole. Elution fractions were
pooled, and extensively dialysed against Base buffer supple-
mented with 5 mM imidazole for 16 h at 48C in the presence
of rTEV protease (Invitrogen). The dialysed fractions were re-
applied to 2.5 ml of fresh Ni-NTA Superflow resin to remove
rTEV, cleaved hexahistidine tags and uncleaved material.
Flow-through fractions containing cleaved EphB4 kinase were
concentrated and applied to a 120-ml Superdex 75 XK16/60
gel filtration column (GE Healthcare) that had been pre-
equilibrated in Gel Filtration buffer (50 mM MOPS pH 7.5,
50 mM NaCl and 1 mM DTT). Peak fractions containing
.95% pure EphB kinase, as judged by SDS–PAGE, were
pooled, concentrated to 8 mg/ml. All chromatography was per-
formed at 48C.

Thermodynamic characterisation
Thermal unfolding measurements were conducted by circular
dichroism (CD) using a Jasco J-810 Spectrapolarimeter with
peltier-controller in a 1-mm path length cuvette. Proteins were
present at 10 mM in 50 mM sodium phosphate, 1 mM TCEP,
pH 7.4. Unfolding was monitored at 222 nm with a tempera-
ture scan from 20–808C, using a 18C data pitch, a 60 s delay
time, 4 s response time, and a 1-nm band-width. Three scans
were performed for each protein. The primary data points (CD
[mdeg] vs. Temperature) were fitted to a six-parameter unfold-
ing equation (Consalvi et al., 2000) to obtain the apparent Tm

of unfolding and, the van’t Hoff enthalpy, using the Prism ana-
lysis package (version 5, GraphPad).

Isothermal titration calorimetry measurements DUHappðTmÞ
The functional enzyme concentration and ligand affinity for
both kinases was determined by isothermal titration calorim-
etry (ITC) using a MicroCal ITC200 microcalorimeter. The
buffer used for the titrations was 50 mM HEPES (pH7.4),
25 mM NaCl, 20 mM MgCl2 and 0.1 mM TCEP, 5% dimethyl
sulfoxide (DMSO). The protein concentration in the cell was
23.75 mM, with 250 mM ligand in the syringe. Run parameters
were 20 � 2 mL injections for 4 s at 180 s intervals, filter
period: 5 s, cell temperature: 258C, reference power: 6 ma/s,
initial delay: 60 s, and stirring speed 1000 rpm. Titration data
were fitted to a one site model using Origin software
(OriginLab) with a heat of dilution subtraction.

Steady-state enzyme kinetics and small-molecule
compound screening
Kinase activities were determined in a reaction buffer of
100 mM HEPES pH 7.5, 10 mM MgCl2, 1 mM DTT, 0.02%

v/v Brij-35. Reactions were performed in 384-well plates
(Griener, 784075); 2 ml/well of enzyme solution (50 nM) was
mixed with 2 ml/well of ATP and substrate (poly-[Glu :
Tyr],4:1, 20 000–50 000 Da) for 140 min with time points
taken at 20 min intervals. The extent of ADP production was
measured by using an ADP-GloTM luminescent kinase assay
kit (Promega) and a Pherastar plate reader (BMG Labtech).
All incubations were carried out at 218C in the dark. For ATP
Km determination, the substrate concentration was fixed at
10 mg/ml and ATP concentration was varied from 0–5 mM.
For substrate Km determination, the ATP concentration was
fixed at 5 mM and the substrate concentration was varied from
0 to 10 mg/ml. Values for Km, Vmax and kcat were calculated
using Prism software (v5; GraphPad) by Michaelis–Menten
non-linear regression analysis. For the compound response
testing, kinase inhibitors were serially diluted with DMSO and
40 nl transferred to reaction plates (Echo 555; Labcyte), prior
to addition of the kinase reaction using a BioRAPTR dispenser
(Beckman Coulter). ATP and poly-(Glu : Tyr) were used at Km

for each kinase (Table III) and incubated for 40 min. For
enzyme inhibition, non-linear curve fit analysis within
OriginLabTM software was used to fit dose-response curves,
and estimate the compound IC50 (half maximal inhibitory
concentration).

NMR spectroscopy
Uniformly 15N-labelled samples of the EphB4 kinase domain
were produced in E.coli as described above (for the unlabelled
material) using the M9 minimal media supplemented with
5 g/l Celtone base powder (15N, 98%; Cambridge Isotope
Laboratories, Inc.). NMR spectra were acquired at 298 K on a
Bruker Avance 600 MHz spectrometer equipped with a 5-mm
TCI Cryoprobe with z-axis gradients. The EphB4 samples for
the titration experiments were prepared as 500 mL solutions
and contained 45 mM of 15N-labelled protein in 50 mM
MOPS buffer. Titration experiments were carried out at com-
pound concentrations of 0, 25, 50, 100 and 200 mM and were
investigated with TROSY (Transverse Relaxation Optimized
Spectroscopy) (Pervushin et al., 1998) experiments recorded
at each concentration. Each TROSY experiment was acquired
as F2 (1H) � F1 (15N) 2048 � 100 complex pairs (in
Echo-Antiecho mode) with sweep width of 12 019 � 2068 Hz
and an acquisition times of 85.3 ms � 24.2 ms, respectively.

Protein crystallisation and data collection
The EphB4 hydrophobic mutant (EphB4 HP) was incubated
in the presence and absence of 1 mM Staurosporine (Sigma)
for 30 min at 48C, and then centrifuged at 12 000 g for 5 min
at 48C. Initial crystallisation screening was performed by
sitting-drop vapour-diffusion using standard in-house screens.
One hundred and ninety-two conditions were set up for each
protein formulation, using 1 : 1 drop to reservoir ratios, and
plates were incubated at 208C. Final reservoir conditions iden-
tified for the EphB4 HP mutant were 0.1 M MES pH 6.5,
0.2 M lithium sulphate and 30% PEG 3350. Crystals typically
appeared after 12–36 h, and reached maximum size within 3
days. For crystal diffraction testing at low temperature, the
crystals were captured in 0.1–0.5 mm nylon loops and trans-
ferred briefly to a cryoprotectant consisting of reservoir solu-
tion plus 15–20% glycerol, before freezing at 100 K using an
Oxford Cryostream 700 series before transferring to liquid
nitrogen.

Rational library engineering of EphB4
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Diffraction data for the complex of EphB4 HP with
Staurosporine were collected on a Rigaku FRe X-ray generator
equipped with a Saturn 944 CCD detector, using a CuKa

wavelength of 1.54178 Å, focused using Osmic Varimax HF
mirrors at 100 K. Data were processed using MOSFLM and
reduced using CCP4 software (Winn et al., 2011). The struc-
tures were solved by molecular replacement using coordinates
of the EphB4 kinase domain (Bardelle et al., 2008) as a trial
model, again with CCP4 software. Protein and inhibitor were
modelled into the electron density using, COOT (Emsley
et al., 2010). The model was refined using Buster (Bricogne
et al., 2011). Atomic coordinates and structure factors for the
EphB4 complex with Staurosporine have been deposited in
the Protein Data Bank (2yn8) together with detailed experi-
mental conditions. Crystallographic statistics for the EphB4
HP Staurosporine complex are as follows: space group P21;
unit cell 51.6, 89.5, 81.1 Å; b 103.28; resolution 90–2.11
(2.23–2.11) Å; 40 658 unique reflections, with an overall re-
dundancy of 3.4(2.8), give 98.4(94.2)% completeness, with
Rmerge of 9.7(40.5)% and mean I/s(I) of 8.7(2.5). The final
model, containing 4005 protein, 419 solvent and 70 compound
atoms, has an R-factor of 19.6% (Rfree 23.5%) using 5% of
the data. Mean temperature factors for the protein and the
ligand are 26 and 18 Å2, respectively.

Results

Library design and screening
We have previously shown that the EphB4 catalytic domain
(598–892) can be expressed solubly in insect cells to high
levels (Bardelle et al., 2008). The same EphB4 construct is,
however, insoluble in E.coli, while similar constructs of the
more thermostable EphB1 and EphB2 kinases can be
expressed to .5 mg/L in the soluble fraction (Overman et al.,
2013). We used this knowledge, together with sequence and
structural information, to design a 9720 variant, combinatorial
library to identify EphB4 intracellular domain protein con-
structs that would be soluble in E.coli.

Three parameters were tested in parallel in the library (see
Fig. 1 and Table I): (i) construct length, (ii) functional muta-
tions (i.e. modulating the kinase activity by mutating the cata-
lytic aspartate (D740) and phosphorylation sites in the
juxtamembrane region and activation loop), and (iii) stability
grafting; attempting to transfer the higher intrinsic thermal sta-
bility exhibited by the EphB1 and EphB2 isozymes to EphB4.
The stability mutants were designed by overlaying the struc-
tures of the three enzymes, and systematically checking the
interactions and environments of the residues that differed
between them. Four stability graft patches were chosen, each
containing between three and five residue changes that were
spatially related (Table I).

The library, which was codon optimised for E.coli expres-
sion, was created by Sloning BioTechnology GmbH using their
proprietary gene-synthesis and library-construction technology
(Van den Brulle et al., 2008), and screened in a 96-well, semi-
automated process using the PhyNexus MEA Purification
System with their PhyTipw technology (Fig. 1). A positive hit
from the screening was determined as a visible band on a
Coomassie-stained SDS-PAGE gel within the size range of 30–
50 kDa. The detection limit was �0.25 mg of EphB4 protein or
a purifiable, soluble expression yield of �0.5 mg/L.

Screening of the first five 96-well blocks (480 colonies)
identified 12 soluble clones, covering a range of sizes and ex-
pression levels (Fig. 2); this corresponds to a hit rate of 2.5%
(Table II). DNA sequencing results of the EphB4 fragments
confirmed a range of N- and C-terminal junctions (Table II).
The longest N-terminal junction was R564, which is juxta-
posed to the transmembrane domain, while the shortest was
S613, which is shorter than the EphB4 structural precedents
(Bardelle et al., 2008). Similarly, the C-terminal construct
boundaries ranged from V887 to Y987, with some fragments
containing the C-terminal SAM domain. Further analysis of
the sequences revealed a mixture of functional mutations
(Table II). A number of the hits were phosphorylated, indicat-
ing that they were active and able to autophosphorylate
(Fig. 2). Conversely, each of the mutants that contained either
a D740N or D740A mutation (removal of the catalytic aspar-
tate) was not phosphorylated.

One set of mutations was common to all positive clones:
R729K, E733D, A803V and V870I (Table II). These four
mutations, termed patch 3, are located in the C-terminal lobe
of the kinase, and are clustered into two pairs. R729K and
E733D were chosen based on a surface water-mediated hydro-
gen bond that is present in EphB2 but not EphB4, while
A803V and V870I represent two larger side-chains that pack
closer together in the hydrophobic core in EphB2 than the two
smaller side-chains in EphB4. It was predicted that these
mutations might stabilise the C-terminal lobe of the EphB4
catalytic domain, leading to an overall increase in soluble
yield of the kinase.

Patch 3 deconvolution
Four constructs were produced to confirm which of the two
pairs of mutations were conferring the bulk of the stabilisation
to the soluble EphB4 constructs. The construct boundaries
were based on the EphB4 kinase domain structural precedents,
residues 598–892. The constructs were: the wild-type se-
quence (EphB4 WT), the four patch 3 mutations (EphB4 P3),
the hydrogen bond mutation pair (R729K and E733D ¼
EphB4 HB) and the hydrophobic mutation pair (A803V and
V870I ¼ EphB4 HP). The constructs were screened for
soluble expression in E.coli in the presence and absence of the
phosphotyrosine phosphatase PTP1b (Fig. 3). These results
demonstrated that the two hydrophobic core mutations,
A803V and V870I, were conferring E.coli solubility to
EphB4. Co-expression with PTP1b was required to obtain
homogenous, unphosphorylated material.

Thermal stability profiling
To determine whether the increased E.coli solubility of the
double hydrophobic mutant was due to an increase in intrinsic
stability, both EphB4 HP and EphB4 WT in their unpho-
sphorylated form were subject to thermal unfolding.
Unfolding was monitored using CD, following the change in
alpha helical response at 222 nm as the protein was heated
from 20 to 808C. Unfolding curves for both EphB4 HP and
EphB4 WT are shown in Fig. 4, and demonstrate a þ4.58C in-
crease in melting temperature (Tm, midpoint of unfolding) for
EphB4 HP versus EphB4 WT (Table III).

Enzyme activity and compound affinity
An in vitro peptide phosphorylation assay was employed to
determine what effect the two hydrophobic core mutations
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Table II. Identity of soluble EphB4 clones

Clone ID N-terminal junction C-terminal junction Functional mutations Stability graft patch Molecular weight (kDa) Approximate yield (mg/l)

1: 2E S613 G892 D740A Patch 3 33.7 8
1: 2G R604 S907 Y774F Patch 3 36.4 9
1: 4H R604 S970 Y774F Patch 3 43.3 4
2: 2E R564 V887 Y774F Patch 3 38.8 8
2: 6H K588 S895 Y774E Patch 3 38.9 6
2: 7F K608 S907 Y774F Patch 3 36.0 5
2: 9B S613 G892 Y774E Patch 3 33.6 7
2: 9F G584 Y987 D740N, Y774F Patch 3 47.1 15
3: 2E G569 S907 D740A, Y774F Patch 3 40.4 3
4: 4B R564 G892 Y590E, Y596E, Y774F Patch 3 37.1 9
5: 9E D598 S907 Y774E Patch 3 34.1 10
5: 9G R564 S895 Y590E, Y596E, Y774E Patch 3 37.3 12

Fig. 1. EphB4 Library Design and Screening (A) Schematic representation of the full-length EphB4 protein (UniProtDB/Swiss-Prot: P54760) showing the
positions of the individual domains and approximate locations of library elements within the intracellular region. Open and closed triangles represent the N- and
C-terminal limits of the library. Open and closed circles represent the chosen N- and C-terminal boundaries, respectively. Squares represent the positions of the
mutations that make up the stability patches; open squares represent patch 1 through to the closed squares, which represent patch 4. ‘YY’ represents the two
juxtamembrane tyrosines, 590 and 596, ‘D’ represents the catalytic aspartate, 740, and ‘Y’ represents the activation loop tyrosine, 774. Open and closed arrows
represent the N- and C-terminal domain boundaries, respectively, of the EphB4 crystallographic construct used for patch deconvolution: D598-G892.
Abbreviations: LBD, ligand binding domain; Cys, cysteine-rich region; FN III, fibronectin type III; TM, transmembrane; JM, juxtamembrane; KD, kinase domain;
SAM, sterile alpha motif. (B) An overview of the main steps employed in screening the EphB4 synthetic library. Details of the process can be found in the
Materials and methods section.
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might have on the enzymatic activity of the EphB4 kinase.
Unphosphorylated kinase domains were incubated with the
generic tyrosine kinase substrate poly-(Glu : Tyr), and the

level of substrate phosphorylation was monitored over time
using an ADP-production luminescence assay. This assay was
used to determine the comparative Km of EphB4 WT and
EphB4 HP for ATP and substrate, as well as kcat and Vmax

values (Table III). Although the Km values for the two sub-
strates are very similar for the two enzymes, EphB4 HP shows
a clear increase in both kcat and Vmax compared to EphB4 WT.

To ascertain if EphB4 HP had an altered small-molecule
ligand-binding profile compared with EphB4 WT, we used the
above biochemical assay to profile a pair of known EphB4
kinase inhibitors (Compound 1, an anilinoquinazoline, Bardelle
et al., 2008; Compound 2, a 2, 4-bisanilinopyrimidine, Barlaam
et al., 2011) against both enzymes (Fig. 5). Both kinases
demonstrated similar IC50 values for both inhibitors (Table III).
This observation was further confirmed by ITC using
Compound 1 to show that this inhibitor has a comparable affin-
ity (Kd) for the two enzymes (Table III).

EphB4 HP structural analysis
A sample of 15N-labelled EphB4 HP was produced (purified
yield 3.1 mg/L), and used to generate 1H-15N TROSY spectra
in the presence and absence of Compounds 1 and 2 (Fig. 6).
The protein generates a well-defined TROSY spectrum, con-
sistent with a correctly folded, monomerically dispersed
protein. Titrations with Compounds 1 and 2 could be
observed, and indicated binding in slow exchange on the
NMR time-scale consistent with their sub-mM affinities.
These results indicate that the EphB4 HP construct can be cul-
tured and labelled with stable isotopes in E.coli, and that this
material is suitable to be used in heteronuclear NMR studies to
screen for small-molecule EphB4-binding compounds.

To determine what effect the two hydrophobic core muta-
tions had on the structure of the EphB4 kinase domain, the
EphB4 HP protein was crystallised in the presence of the pan-
kinase inhibitor Staurosporine. These crystals were used to
solve the X-ray structure of the EphB4 HP in the presence of
Staurosporine, as shown in Fig. 7, with accompanying refine-
ment statistics given in the Materials and methods section. The

Fig. 2. Positive clones identified from expression screening. (A) SDS–PAGE
gel analysis of hexahistidine affinity-purified samples from soluble fraction of
individual E.coli cell lysates; 0.5 ml of culture equivalent loaded per lane. (B)
Anti-phosphotyrosine western blot analysis of the same affinity purified
samples; 0.5 mg of kinase loaded per lane.

Fig. 3. Expression analysis of EphB4 Patch 3 deconvolution constructs.
SDS–PAGE and anti-phosphotyrosine western blot analysis of hexahistidine
affinity-purified samples from soluble fraction of E.coli cell lysates; 0.25 ml of
culture equivalent loaded per lane for SDS–PAGE, 0.5 mg of total protein
loaded per lane for western blot.

Fig. 4. Thermal stability analyses. Representative unfolding transitions
obtained for EphB4 WT and EphB4 HP from thermal denaturation
experiments monitored using CD at 222 nm (a-helical response).

Table III. Enzymatic and thermodynamic parameters for EphB4 WT and

EphB4 HP

EphB4 WT EphB4 HP

CD thermal unfolding
Tm (8C) 42.8+0.2 47.3+0.1
DUH(Tm) (kJ/mol) 129.3+10.7 124.9+3.0

Steady-state kinetics
Km ATP (mM) 497+39 601+67
Km Subs. (mg/ml) 1001+122 1162+113
kcat (/s) 0.51+0.01 0.78+0.03
Vmax (nmol/min per mg) 779.0+20.5 1380.9+36.3

Compound 1 ITC
N 0.92+0.01 0.99+0.01
Kd (mM) 0.065+0.02 0.065+0.01
DH (kJ/M) 257.66+1.50 249.25+0.93

Compound 1 inhibition
IC50 (mM) 0.060 0.056
95% CIR 1.113 1.131
R2 0.989 0.987

Compound 2 inhibition
IC50 (mM) 0.015 0.018
95% CIR 1.133 1.100
R2 0.994 0.997

Errors shown are standard errors, n � 3 for all experiments.
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locations of the two hydrophobic mutations in the C-terminal
lobe of EphB4 HP are clearly visible, and a close-up view of
these mutations reveals minimal movement of the secondary
structure elements surrounding these residues (Fig. 7). A
superposition of the Ca atoms within the C-terminal lobe of
the kinase (698–888, excluding 759–783) reveals a
root-mean-square deviation of 0.275, indicating that the inclu-
sion of the hydrophobic mutations does not alter the overall
structure of the C-terminal lobe. Interestingly, the first of the
two mutated residues, A803, protrudes from the F-helix, the
organising element for the entire kinase core, as described by
Taylor and co-workers (Taylor and Kornev, 2011). A803 is in
close proximity (�5.7 Å) to V870 on the I-helix of the GHI
domain. This distance decreases to �3.7 Å in EphB4 HP, and
is likely to be increasing the hydrophobic interaction between
the two helices, driving the elevated stability and E.coli solu-
bility of EphB4 HP. There are some significant differences
between the two structures within N-terminal lobe, with some
movement around the C-helix, and also the partial ordering of
the activation loop in EphB4 WT compared to the EphB4 HP
structure. EphB4 HP crystallises in the same space-group as
the wild-type EphB4 protein, but the crystallisation conditions
and molecule packing are different. These differences can be
attributed to the fact that EphB4 WT is phosphorylated on
Y774, whereas the activation loop of the EphB4 HP structure
incorporates an Y774E mutation to mimic phosphorylation
giving rise to altered crystallisation behaviour. As predicted,
the binding mode for Staurosporine is identical between the
two proteins (Fig. 7).

Discussion

The present study has highlighted the utility of combining syn-
thetic gene technology with rational library-based approaches to
identify protein constructs with enhanced physical properties.
The main goal of this project was to improve the soluble expres-
sion level of the EphB4 kinase domain in E.coli to facilitate
structural studies and identify methodologies that would be ap-
plicable to other protein targets. Previous in-house attempts to
attain soluble E.coli expression of the EphB4 kinase domain
required co-expression of the GroEL/GroES chaperone
complex, and achieved only modest expression levels of
,1 mg/L (Overman et al., 2013). Using rational approaches to
design a multi-parameter combinatorial library based on target
family knowledge has improved yields by up to 150-fold for the
wild-type enzyme without chaperone co-expression, and
.15-fold compared with chaperone co-expression.

Library design and screening approaches
In comparison to conventional random mutagenic approaches,
the library was very small at ,10 000 possible construct com-
binations. Being able to specify the percentage composition of
the different parameters within the library meant that identify-
ing the EphB4 HP solubilisation mutant was very rapid, and
required the screening of fewer than 500 clones because 20%
of the variants contained the solubilising mutation. However,
had this not been the case, to ensure that we had sampled all of
the possible 9270 variants we would have had to screen
125 000 colonies, with a �2.5% chance of missing at least
one variant. We can be confident, however, that of the 480 col-
onies sampled there is a 93.6% chance that we sampled all of
the 72 termini combinations.

Fig. 5. Dose-dependent inhibition of EphB enzymes using validated EphB4
kinase inhibitors. The potencies of Compound 1 (A) and Compound 2 (B) are
identical for EphB4 HP (open circle: solid line) and EphB4 WT (closed circle:
broken line). The y-axis represents luminescent response, where the min
compound control signal was subtracted. For curve fitting, the mean maximum
and minmum signals were used. Data shown are mean values+ standard
deviation of three independent experiments.

Fig. 6. 1H-15NTROSY NMR spectrum of 15N-labelled EphB4 HP. The inset
shows a representative region of spectra for the unbound EphB4 HP (black)
and in complex with 50 mM of Compound 1 (red) and 50 mM of Compound 2
(green).
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EphB4 was chosen as a low-risk system to evaluate this ap-
proach because we knew from previous in-house data
(Overman et al., 2013), that other EphB kinase isozymes
could be expressed solubly in E.coli. Indeed, the design of the
EphB4 library and in particular the stabilizing mutations that
have enabled soluble expression, was greatly facilitated by the
available structural, stability and solubility knowledge of the
EphB2 isozyme. Structural overlays of EphB4 with EphB2
enabled us to examine the interactions of the 47 amino acid
differences between these two isozymes at the molecular level
and identify those mutations that we deemed most likely to
enhance EphB4 stability and solubility. The majority number
of the sequence differences between EphB2 and EphB4 were
conservative changes, e.g. Ser to Thr, while others were
surface-exposed hydrophilic residues whose side-chains made
no obvious stabilising interactions.

An alternative approach to identifying soluble EphB4
kinase variants, in the absence of structural information, may
have been to limit the N- and C-terminal boundaries, and sys-
tematically mutate the 47 residue differences to the EphB2
equivalent, as single mutants or groups thereof, and screen for
soluble expression. A similar approach was undertaken with
barnase, whereby investigators systematically and independ-
ently mutated into barnase each of the 17 residue differences
found in its closely related homologue binase (Serrano et al.,
1993). Using this approach, the authors were able to identify
stabilising and destabilising mutations in the range of þ1.1 to
21.1 kcal/mol. They then combined six of the stabilising
mutations and found them to be additive giving a barnase
variant with an increased stability of 3.3 kcal/mol. The authors
go on to speculate whether there is a selective evolutionary
pressure to maintain proteins within a given stability range?
Or whether there is a need simply to maintain each protein’s
stability above a certain threshold? Other approaches could
have been to attempt consensus engineering (Lehmann and
Wyss, 2001; DiTursi et al., 2006), using sequences of EphB4
homologues (orthologues and paralogues) to identify the most
common EphB4 sequence, or to create chimeras of EphB4
with the more stable EphB1 or EphB2. One concern with

these types of approach, however, is at what point the mutant
enzyme ceases to be EphB4: a 1% sequence difference? 2%?
5%? Or does this matter for structural biology-type applica-
tions, as long as we maintain the wild-type EphB4 compound-
binding profile, assuming this is known?

Could this library design and screening approach be applied
to other kinases or, more broadly, to different target classes?
Libraries of similar or greater complexity to this one can now
be readily produced with current gene-synthesis techniques;
therefore, creating a similar library for another intracellular
protein of comparable size should be straightforward. As this
library was fairly modest in terms of size, in relation to con-
ventional PCR, exonuclease or mutagenic libraries, it was also
very easy to screen in a semi-manual, semi-high-throughput
manner. Had the complexity of the library been much greater,
the screening technique would also have had to switch to a
higher-throughput clone selection and solubility detection
method such as combining automated colony picking with an
antibody, fluorescent protein or phenotypic rescue approach.

Library approaches are often considered when no structural
information is available and there is a need to ‘hunt’ for
soluble domains of larger proteins suitable for crystallisation.
These libraries frequently only consider N- or C-junction trun-
cations. The rational approach only works where there is a
good structural knowledge of either the target protein or that
of a close homologue from which you can make sensible pre-
dictions to help limit the number of variables. We have dis-
cussed above alternative approaches to library generation
which would fall into the semi-rational design category, all of
which can be attempted with the aid of synthetic biology and
require no structural knowledge of the target protein. They do
however require knowledge of sequence information from
closely related proteins.

Factors driving E.coli solubility
The EphB4 HP double mutant we have identified retains the
substrate- and inhibitor-binding profile of the wild-type
enzyme, but can now be expressed in a soluble form in E.coli,
facilitating heteronuclear NMR labelling. The observation that

Fig. 7. X-ray structural analysis of EphB4 HP mutant. (A) Tertiary structure ribbon overlay of the EphB4 HP kinase domain (blue) with the EphB4 WT kinase
domain (PDB ID: 3zew, yellow). Arrows indicate positions of: (1) Staurosporine bound to both structures, (2) phosphorylation of Y774 on activation loop in
EphB4 WT, and (3) hydrophobic mutations A803V and V870I. (B) C-a superposition of the C-terminal lobe of EphB4 WT and EphB4 HP highlighting the pair of
hydrophobic core mutations and the minimal movement of surrounding structural elements. Figures were prepared using PyMOL (The PyMOL Molecular
Graphics System, Version 1.3, Schrödinger, LLC.).
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the double hydrophobic mutation appears to solubilise various
construct lengths of EphB4, including those containing the
juxtamembrane region, C-terminal tail and SAM domain,
leads us to conclude that additional N- and C-terminal exten-
sions do not hinder EphB4 kinase domains solubility as long
as its core domain is stable and folded. Indeed, the longest
positive clone identified from the screen, 2:9F (Table III),
which contains the SAM domain in addition to the kinase
domain, is also presenting the highest soluble yield at
�15 mg/l. This could be due to an increase in stabilisation by
having two folded domains in the same poly-peptide chain.

At present it is unclear as to what is the main contributing
factor giving rise to the elevated soluble expression of the sta-
bilised EphB4 HP mutant in E.coli. Is the relatively modest
improvement in thermal stability of EphB4 HP alone, enough
to justify a 150-fold increase in soluble expression? Studies
have previously been undertaken to try to understand the rela-
tionship between in vivo aggregation propensity within E.coli,
and in vitro stability. Espargaró et al. (2008) screened a panel
of 23 mutants of the a-spectrin SH3 domain, focussed primar-
ily on the hydrophobic folding nucleus, for enhanced in vitro
stability and in vivo solubility. Of the 10 stabilising mutants
that were identified, eight had an increase of between four and
six methyl groups within the folding core, of which six also
showed an increased tendency to accumulate in the soluble
fraction and were less prone to the formation of amyloid-like
fibrillar aggregate particles. The aggregation-prone variants
were shown to unfold faster than the wild-type domain, high-
lighting a significant correlation between the free energy
barrier to folding and in vivo solubility (Castillo et al., 2010).
However, a much stronger correlation was found between
thermodynamic stability and solubility, indicating that intra-
cellular aggregation of simple globular proteins is under
thermodynamic control as opposed to kinetic control where
the rate of folding exceeds the rate of aggregation. This theory
could apply to our EphB4 system but does assume a simple
two-state transition mechanism; however, we have shown pre-
viously that EphB4 WT can form a relatively stable intermedi-
ate during chaotrope-induced unfolding (Overman et al.,
2013). Further studies would be required to determine whether
this intermediate state is more prone to aggregation than the
native state and if it is less pronounced in EphB4 HP than
EphB4 WT. It is worth noting that both proteins behave simi-
larly in solution once purified and each can be concentrated
rapidly to .20 mg/ml with minimal losses. They have very
similar solubility profiles in the presence of increasing concen-
tration of ammonium sulfate, with the exception that EphB4
WT has a tendency to form ordered crystalline precipitate at
high ammonium sulfate concentrations (data not shown).

Cavity engineering: solubility, stability and activity
The presence or introduction of cavities within the hydropho-
bic core of a globular protein has previously been shown to
give rise to protein instability (Eriksson et al., 1992; Jackson
et al., 1993). Conversely, it was believed that reducing hydro-
phobic cavity size could give rise to elevated protein stability.
Although some of the earlier attempts at cavity engineering
were largely unsuccessful due to the introduction of unfavour-
able van der Waals (vdW) contacts (Karpusas et al., 1989;
Eijsink et al., 1992), many recent positive examples have been
documented. In the case of ribonuclease HI, the authors found
a convincing correlation between increased hydrophobicity of

residue substitutions within the core and the free energies of
unfolding (Akasako et al., 1997). Similar studies concluded
that human p53 had evolved naturally to be unstable at physio-
logically relevant temperatures and that this instability could
be rescued by introducing alternative hydrophobic core resi-
dues from p63 and p73, two closely related paralogues of p53,
resulting in increased yield of soluble, recombinant protein in
E.coli (Nikolova et al., 1998; Cañadillas et al., 2006; Mayer
et al., 2007). This approach is akin to what we have shown for
EphB4, where its in vivo solubility can be recovered by stabil-
ity grafting hydrophobic core residues from EphB2. Based on
the above information one could conclude that soluble expres-
sion level in E.coli is a reasonably consistent predictor of in
vitro stability and solubility although there will always be
exceptions to this rule.

A number of researchers have reported a positive correlation
between mutationally increased stability of a globular protein
and elevated levels of catalytic activity. A recent example with
Moloney Murine leukaemia virus reverse transcriptase identi-
fied point mutations of the enzyme with enhanced thermal sta-
bility that correlated with an increased rate of cDNA synthesis
(Baranauskas et al., 2012). Two of the mutations were hydro-
phobic core variants, which were rationalised to have facili-
tated enzyme-substrate interactions through enhances
structural rigidity. A directed evolution approach aiming to
stabilise cephalosporin esterase EstB from Burkholderia gladi-
oli identified a key alanine to valine mutation which was
present in 10 of the 11 stabilised clones identified (Valinger
et al., 2007). This mutation dramatically increased the activity
and half-life of the enzyme over the wild-type protein by intro-
ducing additional hydrophobic interactions to stabilise a flex-
ible loop. Ohmura and co-workers investigated a series of
cavity-filling mutations within the hydrophobic core of lyso-
zyme guided by computational energy minimisation predic-
tions (Ohmura et al., 2001). They identified a double
phenylalanine (FF) substitution with favourable vdW contacts
that exhibited a þ4.48C increase in thermal stability over the
wild-type protein. Although the FF mutant displayed a 20%
drop in activity compared with wild-type, the different muta-
tional combinations tested demonstrated that a decrease in
cavity size corresponded to an increase in stability and recov-
ery of activity. Investigators working with Bacillus pumilus
chloramphenicol acetyltransferase examined the stabilisation
effects of both single and multiple substitutions at three posi-
tions within a conserved hydrophobic pocket (Chirakkal et al.,
2001). They identified specific mutants which exhibited sub-
stantially increased thermal stability through the introduction
of additional methyl groups within the pocket. These mutants
had largely unaltered substrate Km values and displayed a
similar or increased specific activity compared to the native
enzyme. As with the above cited examples, we cannot be
certain as to the reasons for the elevated Vmax and kcat values
for our EphB4 HP mutant, especially given its unaltered sub-
strate Km values compared with EphB4 WT. Although these
increases appear to be statistically significant they are essen-
tially small (,2-fold), and could be due to a number of pos-
sible causes, including an enhanced half-life of EphB4 HP in
the assay or even some form of altered flexibility within the
kinase fold which in turn affects the rate of catalysis. It is inter-
esting to note that as well as being more stable, EphB2 also
exhibits higher Vmax and kcat values than EphB4 WT
(Overman et al., 2013). Attempting to understand these
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phenomena through detailed mutagenic and enzymatic
studies, although complex could facilitate valuable learning
for both enzymologists and kinase biologists alike.

In conclusion, this study used rational design and synthetic
gene approaches to create a modest, but combinatorial, multi-
parameter library to identify high yielding, soluble constructs
of the EphB4 intracellular kinase domain in E.coli. It is hoped
that the approaches described here will allow other researchers
to undertake similar studies to facilitate improvements in
protein properties to enable in vitro studies.
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Espargaró,A., Castillo,V., de Groot,N.S. and Ventura,S. (2008) J. Mol. Biol.,
378, 1116–1131.

Heddle,C. and Mazaleyrat,S.L. (2007) Protein Eng. Des. Sel., 20, 327–337.

Jackson,S.E., Moracci,M., elMasry,N., Johnson,C.M. and Fersht,A.R. (1993)
Biochemistry, 32, 11259–11269.

Karpusas,M., Baase,W.A., Matsumura,M. and Matthews,B.W. (1989) Proc.
Natl Acad. Sci. USA, 86, 8237–8241.

Kawasaki,M. and Inagaki,F. (2001) Biochem. Biophys. Res. Commun., 280,
842–844.

Lehmann,M. and Wyss,M. (2001) Curr. Opin. Biotechnol., 12, 371–375.
Liu,J., Boucher,Y., Stokes,H.W. and Ollis,D.L. (2006) Protein Expr. Purif.,

47, 258–263.
Marsden,B.D. and Knapp,S. (2008) Curr. Opin. Chem. Biol., 12, 40–45.
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