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Abstract

Human eyes absent (EYA) proteins possess Tyr phosphatase activity, which is

critical for numerous cancer and metastasis promoting activities, making it an

attractive target for cancer therapy. In this work, we demonstrate that the

inhibitor-bound form of EYA2 does not favour binding to Mg2+, which is indis-

pensable for the Tyr phosphatase activity. We further describe characterization

and optimization of this class of allosteric inhibitors. A series of analogues

were synthesized to improve potency of the inhibitors and to elucidate

structure–activity relationships. Two co-crystal structures confirm the binding

modes of this class of inhibitors. Our medicinal chemical, structural, biochemi-

cal, and biophysical studies provide insight into the molecular interactions of

EYA2 with these allosteric inhibitors. The compounds derived from this study

are useful for exploring the function of the Tyr phosphatase activity of EYA2 in

normal and cancerous cells and serve as reference compounds for screening or

developing allosteric phosphatase inhibitors. Finally, the co-crystal structures

reported in this study will aid in structure-based drug discovery against EYA2.
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1 | INTRODUCTION

Human sine oculis homeobox homolog (SIX) proteins are
critical developmental transcription factors that bind
DNA via nucleic acid recognition through a conserved
homeodomain.1 To mediate transcriptional activation,
the SIX family of proteins interact with eyes absent
(EYA) proteins to form bipartite transcriptional com-
plexes. Most EYA proteins are critical for development
and are downregulated in normal adult tissues.2 Aberrant
expression of EYA proteins is observed in numerous
tumours, indicating that they may play a critical role in
tumour progression.3–6 SIX/EYA complexes are known
to activate critical pro-metastatic pathways; knockdown
of EYA2 in SIX1-overexpressing breast cancer cells
inhibits TGF-β signalling, epithelial-mesenchymal transi-
tion, and tumour initiating cell phenotypes.7 Disruption
of interactions between SIX1 and EYA2 via introduction
of a SIX1 point mutation at the binding interface of SIX1
and EYA2 inhibits metastasis in a xenograft model of
breast cancer.8 A number of studies suggest that EYA2
might play important roles in lung cancer.9–12 The
EYA2/SIX1 complex could be an important drug target,
and disrupting EYA and SIX interactions is, therefore, of
great interest in anticancer drug development.10,11,13,14 A
crystal structure of SIX1/EYA2 complex was obtained,
providing a structural basis to develop compounds that
disrupt this protein–protein interaction.3 However, it has
been noted that finding such inhibitors is a challenging
task as the SIX1 binding pocket in EYA2 is shallow and
hydrophilic.8,15

The human EYA family of proteins consists of four
members (EYAs 1–4) with high sequence homology and
overlapping as well as differential expression across tis-
sues.16 The N-terminal domain of the EYA proteins inter-
acts with protein phosphatase 2A, which is required for
the S/T/ phosphatase activity.3 The C-terminal domain
contains a conserved EYA domain (ED), which is respon-
sible for binding to SIX proteins and harbors an intrinsic
Tyr phosphatase activity.16–18 Several groups have
reported that the ED belongs to the phosphatase sub-
group of the haloacid dehalogenase (HAD) superfamily,
which are set apart from other phosphatases through
their use of an aspartic acid as an active site residue,
rather than a cysteine.19 Mg2+ is known to be critical for
the Tyr phosphatase activity and folding of EYA pro-
teins.19 We have shown that an allosteric inhibitor20 is
able to suppress the Tyr phosphatase activity of EYA2 by
altering the conformation of the EYA2 ED. Inhibiting the
Tyr phosphatase activity of EYA proteins could be a
promising drug discovery strategy as this activity of EYA
proteins has been shown to play a role in SIX1-mediated
transcription,3 and is critical for transformation,

migration, invasion, and metastasis in breast cancer and
lung cancer.20,21

Tyrosine phosphatases are generally difficult drug tar-
gets, since their active site is flat and hydrophilic, and the
transition state of the dephosphorylation step cannot be
easily mimicked by organic compounds. An allosteric
EYA2 inhibitor was identified through high throughput
screening,22 and we confirmed its mechanism of action
using X-ray crystallography.20 This allosteric inhibitor
has been utilized as a chemical probe to explore the func-
tion of EYA2 in cancer cell lines.20 In this study, we
report a detailed study of the molecular recognition of
compounds in the allosteric pocket and the use of 19F-
NMR spectroscopy to study the influence of Mg2+ on the
conformational equilibrium. Our study demonstrates that
it is feasible to develop EYA2 Tyr phosphatase inhibitors
using the identified allosteric site.

2 | RESULTS

2.1 | Effect of Mg2+ on the inhibitor
binding to EYA2 ED

The crystal structure of EYA2 ED-ETC-232 (named as
9987 in the previous publication20) complex demonstrates
that ETC-232 bound EYA2 ED does not bind to Mg2+, as
inhibitor binding to the ED alters the conformation of
residues critical for Mg2+ interactions.20 Indeed, a previ-
ous study also showed that Mg2+ was able to reduce the
binding affinity of ETC-232.22 We observed that the half-
maximal inhibitory concentration (IC50) of ETC-232 on
the Tyr phosphatase activity of EYA2 ED was dependent
on the concentration Mg2+. ETC-232 exhibited an IC50 of
0.39 μM when the concentration of Mg2+ was 5 μM in
the assay buffer while a higher IC50 value was observed
in our previous study20 when 5 mM of Mg2+ was present
(Figure 1a). The result is consistent with the notion that
compound binding and Mg2+ binding compete with each
other. To compare the IC50 values of different com-
pounds, the concentration of Mg2+ was set as 5 μM in the
assay buffer. We characterized the molecular interactions
between EYA2 ED and ETC-232 in the absence and pres-
ence of Mg2+. The binding affinity of ETC-232 to EYA2
ED was shown to be 1.2 μM as measured by ITC in the
absence of Mg2+ (Figure 1b), consistent with the Kd
observed for a similar compound with EYA2 ED.22 As
ETC-232 contains a fluorine atom, we then used ligand-
observed 19F-NMR to explore the effect of Mg2+ on its
interaction with EYA2 ED. Free ETC-232 exhibited a sin-
gle peak at approximately �112 ppm in the 1D 19F-NMR
spectrum. The observed resonance with low intensity was
due to its low solubility in solution. In the presence of
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EYA2 ED, ETC-232 exhibited a peak with a higher inten-
sity (Figure 1c). The shifted resonance was due to its
interactions with EYA2 ED, and the increased peak
intensity was the result of the increased solubility of
ETC-232 in the presence of EYA2 ED. When Mg2+ was
added into the mixture, ETC-232 exhibited a sharper
peak than its bound form, indicating that Mg2+ reduced
the molecular interactions between ETC-232 and EYA2,
releasing ETC-232 into solution.

2.2 | Structure–activity-relationship
analysis of the inhibitors

Stemming from ETC-232, we modified three parts of the
molecule to improve inhibitor potency: (a) the left-hand
side pyrimidine, (b) the hydrazide linker, and (c) the
right-hand side fluorobenzene (Figure S1). When pyrimi-
dine was removed, there was a complete loss in activity
(ETC-176, IC50 >200 μM) against the EYA2 ED Tyr phos-
phatase activity. Replacing pyrimidine with a phenyl ring
(ETC-618, IC50 2.64 μM, Figure 2) resulted in a greater

than fivefold loss in activity. Restoration of the ortho-
nitrogen on the phenyl ring, as in analogue ETC-170,
resulted in retaining both potency and binding affinity
when compared to ETC-232 (ETC-170, IC50 0.55 μM,
Figure 2; Figure S2).

To determine whether the binding site would accom-
modate a ligand with a flexible linker, we reduced the
hydrazide linker of ETC-232. This new molecule, named
ETC-439, exhibited a >30-fold loss in activity (Figure 2).
The same trend was observed with ETC-115, which
showed a >300-fold loss in activity when compared to
ETC-616 (Figure 2). These results strongly indicate that a
rigid bond is essential at the linker region, allowing the
ligand to be in an energetically favourable conformation
that enables hydrogen bond interactions with Thr278 and
Thr421 (Figure S1).

Finally, we attempted to improve potency through
modifications on the right-hand side fluorobenzene.
The removal of this entire moiety resulted in a complete
loss of EYA2 Tyr phosphatase activity (ETC-651, IC50

>200 μM, Figure 2). Reinstalling the phenyl ring (ETC-
440, IC50 0.87 μM, Figure 2) increased the potency, and

FIGURE 1 The effect of Mg2+ on inhibitor binding. (a) The IC50 curve of ETC-232. The assay was carried out in the presence of 5 μM
Mg2+ in the assay buffer. (b) The binding affinity between ETC-232 and EYA2 ED. The protein was prepared in a buffer that contained

20 mM HEPES pH 7.5, 150 mM NaCl, 1 mM DTT, 0.5 mM EDTA. The binding assay was performed at 25�C. (c) Effect of Mg2+ on ETC-232

and EYA2 ED interactions. The 19F-NMR spectra of ETC-232 in the absence (red) and presence of EYA2 ED (blue) and Mg2+ (green) are

shown. The protein was prepared in a buffer that contained 20 mM HEPES pH 7.5, 150 mM NaCl, 1 mM DTT. The data were collected

at 25�C
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fluoro-substitutions around the phenyl ring indicate
that the substitution at the meta position is preferred
for the activity rather than the ortho and para positions
(Figure 2). The analogue ETC-441, containing the
fluoro-substitution at the para position, has an IC50 of
28.73 μM in the OMFP assay. The substitution at the
para position lowers the IC50 70�, likely due to a steric
clash with Tyr461 (Figure 2). To occupy space available
inside the binding pocket (Figure S1), we substituted
chlorine for fluorine, which led to a twofold improve-
ment in activity compared to the meta-fluoro substitu-
tion (ETC-444, IC50 0.13 μM, Figure 2). These data
indicated that the binding pocket can tolerate a bigger
group, and the addition of a phenoxy group (ETC-616,
IC50 0.26 μM, Figure 2) indeed restored the potency.
The analogue ETC-616 contains a phenoxy group
replacing the fluorine atom of ETC-232. To our sur-
prise, based on the crystal structure of ETC-232 (PDB:
5ZMA),21 the limited space interior to the binding tun-
nel makes it difficult to accommodate the phenoxy
extension. A careful examination of the binding site led
us to hypothesize that movement of the sidechain from
Trp410 would perhaps allow the fit of ETC-616. To fur-
ther corroborate this hypothesis, we modeled the bind-
ing of ETC-616 via molecular docking followed by a
200-ns MD simulation on the docked complex. The MD
simulation results show that the phenoxy group from
ETC-616 inserts deeply into the binding site to occupy
the space created by the movement of W410. π-stacking
between Tyr461 and the phenoxy moiety was observed
from the MD simulation (Video S1). In conclusion,
ETC-444, which has the fluorine to chlorine

substitution, is the most potent EYA2 Tyr inhibitor
with an IC50 of 0.13 μM against EYA2 ED activity. In
addition, isothermal titration calorimetry (ITC) demon-
strated that ETC-444 binds to EYA2 ED with a KD of
0.52 μM (Figure S3).

2.3 | Co-crystal structures of EYA2 ED
with selected inhibitors

According to the published co-crystal structure, ETC-232
binds deeply within the EYA2 ED and affects Mg2+ bind-
ing.20 The allosteric inhibitor binding pocket was not
observed in ligand-free Mg2+ bound EYA2 ED.5,17 This
finding makes structure-based compound optimization
challenging, as the pocket might alter its shape to bind to
different inhibitors. To further characterize the binding
mode for this series of inhibitors, we attempted to deter-
mine the crystal structures of EYA2 ED in complex with
several of our novel analogues. We managed to solve two
co-crystal structures for EYA2 ED in complex with newly
designed analogues of ETC-232: ETC-170 and ETC-616
(Figure 3a). The crystal structures of EYA2 ED–ETC-170
and EYA2 ED–ETC-616 complexes were determined at
3.3 Å resolution and 3.5 Å resolution, respectively. Data
collection and refinement statistics are shown in Table 1.
Overlays of EYA2 ED in complex with ETC-232, ETC-
170, and ETC-616 structures show that the binding of
ETC-170 and ETC-616 to EYA2 ED does not change the
overall structure of EYA2 ED (Figure S4). Similar to
ETC-232, ETC-170 and ETC-616 are bound at the inter-
face between the catalytic domain and the helical bundle

FIGURE 2 Compounds synthesized. Structures and IC50 of the compounds synthesized in this study are shown
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motif (HBM) by inducing a tunnel-like pocket
(Figure 3b). Similar to ETC-232, the binding of ETC-170
and ETC-616 caused significant conformational changes
to the catalytically important β1–α1 loop (residues 274–
282) containing Motif I (residues 274–278) and the Mg2+

coordinating residues (D274, D276, and D502).23 These
conformational changes induced by compound binding
are not favourable for Mg2+ interaction, thus inhibiting
the enzyme. Therefore, the co-crystal structures of ETC-
170 and ETC-616 (analogues of ETC-232) to EYA2 ED
further confirm the allosteric nature of this class of inhib-
itors. A more detailed comparison among these ana-
logues is presented below.

2.4 | Structural studies explain SAR of
the compounds

The available structures explain the SAR of the com-
pounds and provide insight into further development of
this class of inhibitors. First, the left-hand side pyrimi-
dine ring of the inhibitor molecule is partially sur-
rounded by key “gate-keeping” residues and partially
solvent exposed. The pyrimidine ring is involved in
(a) stacking interactions with Tyr294 and
(b) hydrophobic interactions with Phe290 and (c) the
hydrogen bond between His523 and nitrogen of pyrimi-
dine ring. Phe290 is the key residue for selectivity of this
ligand against EYA2 ED among other EYA isoforms20

(Figure 4a; Figure S5). In ETC-616 and ETC-170 struc-
tures, the left side of the ligand retains similar hydropho-
bic interactions with EYA2 ED. These observations in the

crystal structure along with the SAR demonstrate that
pyrimidine is necessary to maintain potency and to act as
an “anchor” to position the ligand in the allosteric
pocket. Second, in the co-crystal structures, we observed
two strong hydrogen bond interactions with the rigid
hydrazide linker: one between the carbonyl oxygen of
Thr278 and nitrogen of the hydrazide and the other
hydrogen bond between the sidechain of Thr421 and car-
bonyl oxygen of the inhibitor (Figure 4c). The Thr278 of
Motif I is located in the catalytically important β1–α1
loop and helps in the positioning of the crucial Asp274
and Asp502 of catalytic triad residues to coordinate a
magnesium ion for enzymatic function in the active pro-
tein. Upon ligand binding, this class of allosteric inhibi-
tors causes a significant conformational change on the
catalytically important β1–α1 loop. This rearrangement
positions the carbonyl oxygen of Thr278 to form a hydro-
gen bond with the hydrazine moiety of these allosteric
inhibitors. Across all of the three EYA2 ED-inhibitor
(ETC-232, ETC-170, and ETC-616) complex structures,
hydrogen bond interactions were observed between car-
bonyl oxygen of Thr278 and the second nitrogen of the
hydrazide linker (Figure 4c). Finally, in the co-crystal
structure with ETC-232 and ETC-170, the fluorobenzene
on the right-hand side makes π/π interactions with
Tyr461 and makes hydrophobic interactions with resi-
dues Ile279, Met308, Leu417, and Leu425. When this
entire moiety is removed, it results in an inactive com-
pound (ETC-651). This result suggests that the π/π inter-
actions from the phenyl ring with Tyr461 provide
binding affinity in the hydrophobic pocket of the EYA2
protein.

FIGURE 3 Structures of

EYA2 ED in complexes with

ETC-170 and ETC-616. (a) The

overall structures of EYA2 ED–
ETC-170 complex (pink). (b) The

overall structures of EYA2 ED–
ETC-616 complex (cyan). ETC-

170 and ETC-616 inhibitors are

shown in sticks and the 2Fo-Fc

map (contoured at one sigma)

for the inhibitors are shown in

blue. The induced allosteric

binding pocket of EYA2 ED

protein upon different ligand

binding shown in surface

representation and the inhibitors

are shown in sticks as well as in

mesh representation ETC-170

(c) and ETC-616 (d)
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3 | DISCUSSION

In the current study, we have designed and synthesized
novel EYA2 inhibitors based on an available crystal struc-
ture of the EYA2 ED in complex with one inhibitor.20

The SAR of these inhibitors has been generated, and our
results suggest that the pyrimidine and fluorinated ben-
zene are critical for the activity of the inhibitors
(Figure 2). We show that replacing the fluorine atoms
with a chloride atom results in a slightly more potent
inhibitor (ETC-444) with improved IC50 and binding
affinity to EYA2 ED (Figure 2). Although we demonstrate
that modification on other moieties could generate inhib-
itors with similar IC50 to that of ETC-232, the potency is

not good enough for clinical applications. Our current
study implies that challenges remain to optimize this
class of inhibitors into drugs. Nonetheless, several com-
pounds with different molecular weights having similar
IC50 against the EYA2 ED Tyr phosphatase activity were
generated in this study. Although these compounds do
not disrupt the interaction between SIX1 and EYA2
ED,20 they have the potential to disrupt SIX1/
EYA2-mediated transcription, as some SIX1 target genes
require the EYA2 Tyr phosphatase.3 Most importantly,
these inhibitors can be utilized as chemical probes to
evaluate the function of the Tyr phosphatase activity of
EYA2 in different cancers. Indeed, in previous work, we
used ETC-232 to elucidate the function of the EYA2 Tyr

TABLE 1 Data collection and refinement statistics

EYA2 ED–ETC-170 (PDB: 7F8H) EYA2 ED–ETC-616 (PDB: 7F8G)

Wavelength 0.9998 0.9537

Resolution range 56.0–3.3 (3.418–3.3) 44.96–3.492 (3.617–3.492)

Space group I 1 2 1 P 31

Number of molecules/ASU 3 2

Unit cell 144.281 50.419 144.281 90 101.846 90 89.919 89.919 96.850 90 90 120

Total reflections 64,318 (11,604) 21,687 (5,221)

Unique reflections 17,269 (3,080) 10,772 (2,611)

Multiplicitya 3.7 (3.8) 2.0(2.0)

Completeness (%) 100.0 (100.0) 96.7 (98.0)

Mean I/sigma(I) 6.8 (1.3) 10.7(2.9)

Wilson B-factor 99.06 82.64

Rmerge
b 0.034 (0.247) 0.091(0.370)

Rpim 0.034 (0.247) 0.081(0.333)

CC1/2 0.998 (0.907) 0.991(0.769)

Reflections used in refinement 15,630 (1,511) 10,758 (1,114)

Reflections used for Rfree 1,565 (151) 1,080 (115)

Rwork 0.234 (0.319) 0.213 (0.296)

Rfree
c 0.281 (0.388) 0.267 (0.391)

Number of non-hydrogen atoms 5,980 3,995

Macromolecules; ligands; protein
residues

5,908; 72; 778 3,935; 60; 516

RMS(bonds; angles) 0.002; 0.50 0.003; 0.60

Ramachandran favored; allowed;
outliers (%)

92.82; 7.18; 0.0 93.28; 6.72; 0.0

Rotamer outliers (%) 0 0.00

Clashscore 6.83 7.80

Average B-factor 101.71 83.35

Macromolecules; ligands 102.00; 77.87 83.62; 65.46

aStatistics for the highest-resolution shell are shown in parentheses.
bRmerge = ΣhΣijIhi � <Ih>j/Σh,i Ihi, where Ihi is the ith observation of the reflection h, while <Ih> is its mean intensity.
cRfree was calculated with 5% of reflections excluded from the whole refinement procedure.
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phosphatase activity in human lung cancer and in glio-
blastoma.20,24 Our newly developed compounds might be
useful for probing function of EYA2 in different model
systems. As several compounds contain a fluorine atom,
they could be used to identify more potent inhibitors with
novel scaffolds using 19F-NMR spectroscopy.

Our biochemical study showed that a high concentra-
tion of Mg2+ affects the IC50 of ETC-232, suggesting that
higher concentrations of Mg2+ might be able to prevent
the conformational changes in EYA2 ED caused by inhibi-
tor binding. This finding is consistent with our co-crystal
structures. As Mg2+ is present in living cells, EYA2 ED
should be in complex with this metal ion. Therefore, the
potency of the compound, in the context of physiologic

levels of Mg2+, needs to be further improved as the concen-
tration of Mg2+ in the cytosol can be in the mM (0.1–
1 mM) range.25 Nonetheless, the on-target effect of this
type of inhibitor observed in different cells proves that
these allosteric inhibitors are able to suppress the enzy-
matic activity of EYA2 ED under physiological condi-
tions.20,24 In addition, our results suggest that the EYA2
ED might exist in active and inactive confirmations
depending on the presence or absence of Mg2+, while
inhibitor binding stabilizes the inactive conformation
(Figure 5). It would be useful to explore the conformational
exchanges of EYA2 ED using other methods.

Active sites of phosphatases are highly undruggable
due to the positively charged residues binding to the
phosphorylated substrate.26 The charges of residues in
the active site make it challenging to develop potent
small molecules, which are usually hydrophobic to have
suitable selectivity and cell permeability. It has been pro-
posed that fragment-based approaches can be utilized to
develop bivalent ligands that can overcome the chal-
lenges.26 Our current study provides another strategy to
develop phosphatase inhibitors. Based on our structural
studies, a new druggable pocket was identified. This
pocket serves as a new target for developing inhibitors
using structure-based drug design. Inhibitors binding to
this pocket can also be identified using the compounds
presented in current study as a reference molecule.27,28

Our structural study shows that the allosteric pocket on
EYA2 is suitable for developing small-molecule inhibi-
tors, which may be applicable to other EYA proteins.

In our previous study, we elucidated the structure of
the EYA2 ED-ETC-232 complex while in the presence of

FIGURE 5 Possible conformations of EYA2 ED under

physiological conditions. EYA2 ED might contain active (Ca) and

inactive conformations (Ci). In the presence of Mg2+, EYA2 ED is

in active conformation. The allosteric inhibitor binds to the inactive

conformation to form a more stable complex. In addition, an

allosteric inhibitor is able to change the confirmation of the active

form to release Mg2+

FIGURE 4 Residues critical for inhibitor bindings. (a) Overlay

of EYA2 ED in complexes with ETC-170 and ETC-616. Overlay of

EYA2 ED–ETC-170 complex (pink) and EYA2 ED–ETC-616
complex (cyan) structures are showing that the positions of the

residues (<4 Å) that line the binding pocket of inhibitors are

similar between these two structures except the residue Trp410.

The side chain of Trp410 is pushed farther away to accommodate

the phenoxy group of ETC-616 and indicated by an arrow. (b) The

allosteric binding pocket of EYA2 ED protein shown in surface

representation. The inhibitors and the sidechains of residues that

surrounds the pyrimidine ring of the inhibitors are shown in sticks

(ETC-232 [wheat], ETC-170 [magenta], and ETC-616 [dark cyan]).

(c) The hydrogen bonds between Thr278 and Thr421 of EYA2 ED

with hydrazine moiety of inhibitors (ETC-170) and (ETC-616) are

shown in dotted lines, and inhibitors are displayed in ball and stick

representation
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EDTA. We hypothesized from this work that the affinity
of EYA2 ED to our allosteric ligand was low when com-
pared to the affinity of EYA2 to Mg2+ under physiological
concentrations. Surprisingly, the co-crystal structure of
the EYA2 ED–ETC-170 complex was obtained from a
protein sample in the presence of 5 mM MgCl2, without
the addition of EDTA. Despite the presence of MgCl2 in
the protein sample buffer, electron density for Mg2+ was
not observed in the EYA2 ED–ETC-170 complex. These
data demonstrate that our allosteric inhibitors can bind
to the EYA2 ED even in the absence of EDTA and pres-
ence of MgCl2, which is consistent with our functional
data that show that the Tyr phosphatase activity can be
inhibited by our compounds in cells. As the structure and
catalysis mechanism of EYA2 are very similar to other
phosphatases, multiple conformations might exist in
other types of phosphatases. Developing allosteric inhibi-
tors is, thus, a feasible strategy for these undruggable tar-
gets. To identify an allosteric inhibitor of a particular
phosphatase, high-throughput screening is the preferred
method, and conditions, such as concentration of Mg2+,
for Mg2+-dependent phosphatases, need to be carefully
considered.

In summary, we have studied the SAR of a novel class
of EYA2 Tyr phosphatase inhibitors. A number of com-
pounds derived from ETC-232 were evaluated, and ETC-
444 exhibited improved IC50 against the EYA2 ED Tyr
phosphatase activity. Our co-crystal structures reveal the
binding modes of the newly developed inhibitors and
provide important information for further optimization
of this type of inhibitors. We show that EYA2 ED exists
in multiple conformations and further demonstrate the
roles of Mg2+ and the inhibitors in driving EYA2 ED to
different conformations. Our study will be helpful for
developing EYA2 Tyr phosphatase inhibitors and provide
several compounds that can be used as chemical probes.

4 | MATERIALS AND METHODS

4.1 | Protein expression and purification
for crystallization

EYA2 ED composing residues 253–538 of human EYA2
was cloned into pGEX6P-1 and purified as described pre-
viously.22 In brief, recombinant protein was induced in
Escherichia coli and purified on a gravity column fill in
with glutathione resin. Purified protein was mixed with
PreScision protease. The fusion GST tag was removed by
gel filtration chromatography. Protein was in a buffer
containing 20 mM HEPES 7.5, 150 mM NaCl, and 1 mM
DTT. Protein was concentrated and kept at �80�C after
frozen in liquid nitrogen for long-term storage.

4.2 | Phosphatase assay

The IC50 for EYA2 inhibitors was performed in 30 μl vol-
ume in 384-well plates (Greiner) with the following
buffer conditions: 50 mM MES, pH 6.5, 50 mM NaCl,
5 μM MgCl2, and 1 mM DTT. The test compounds were
serially diluted threefold from 6 mM to 0.1 μM in 100%
DMSO and subsequently further diluted at a 1:1 ratio in
assay buffer; 2.0 μl of this intermediate compound stock
was added to 26 μl of EYA2 ED enzyme, and the plate
was centrifuged at 1500 rpm for 1 min and incubated at
RT for 30 min in a shaker (Orbit 300 Multi Purpose
Vortexer from Labnet) at 20 rpm; 2 μl of substrate
(OMFP, Sigma-Aldrich, Cat No. M2629-1G) at 1.5 mM
concentration prepared in 25% DMSO was added to all
the wells and further incubated at RT for 1 hr with shak-
ing. The final concentration of enzyme and substrate was
800 nM and 100 μM, respectively. Fluorescence intensity
was measured (λex 485 nm and λem 515 nm) on a Tecan
Infinite M200 pro plate reader. IC50 values were deter-
mined by fitting the data to the four-parameter dose–
response equation using Prism software (GraphPad).

4.3 | Crystallization and structure
determination

To study the effect of Mg2+ in protein-inhibitors complex
formation, the purified EYA2 ED protein sample in gel
filtration buffer that contained 20 mM HEPES 7.5,
150 mM NaCl, and 1 mM DTT was exchanged with two
different buffer conditions before co-crystallization exper-
iments. One buffer containing Mg2+ (HEPES pH 7.5,
200 mM NaCl, 5 mM TCEP, 5 mM MgCl2, and 5% glyc-
erol) and in the other buffer contain the presence of
EDTA (HEPES pH 7.5, 200 mM NaCl, 5 mM TCEP,
0.5 mM EDTA, and 5% glycerol). The protein-inhibitor
complex solution was prepared by mixing the protein
EYA2 ED with inhibitors in 1:2 molar ratio. The crystals
of protein-inhibitor complexes were grown in a sitting
drop containing 1 μl of protein and 1 μl of reservoir solu-
tion at 20�C. The EYA2 ED–ETC-170 was crystallized in
buffer containing 0.2 M sodium citrate tribasic dihydrate,
20% PEG 3350. The crystals of EYA2 ED–ETC-616 com-
plex were obtained from crystallization buffer 0.02 M
MgCl2, 0.1 M HEPES 7.5, and 22% poly acrylic acid
sodium salt 5100. For cryoprotection, the crystals were
shortly soaked in well solution supplemented with 25%
glycerol and flash frozen in liquid nitrogen.

The X-ray diffraction datasets for EYA2 ED–ETC-170
and EYA2 ED–ETC-616 were collected at NSRRC TPS
05A at Taiwan and MX2 beamline at the Australian Syn-
chrotron, respectively. The collected datasets for EYA2
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ED–ETC-170 and EYA2 ED–ETC-616 complexes were
processed and scaled using HKL2000 and XDS, respec-
tively.21,25 The co-crystal structures were determined
using EYA2 ED–ETC-232 structure (PDB: 5ZMA) as ini-
tial model by the molecular replacement method in PHE-
NIX.24 Further model building and iterative refinement
were performed using COOT and PHENIX, respec-
tively.22,24 The refinement and structure validation statis-
tics are shown in Table 1.

4.4 | 19F-NMR spectroscopy

19F-NMR spectroscopy was obtained on a Bruker 400 MHz
equipped with a BBO probe at 25�C. Standard 1D 19F-
NMR was acquired and processed using Topspin (4.0).29

ETC-232 was prepared to a final concentration of 100 μM
in assay buffer that contained 20 mM HEPES pH 7.5,
150 mM NaCl, 1 mM DTT. The NMR spectra of ETC-232
in the absence and presence of 50 μM EYA2 ED were col-
lected. To detect effect of Mg2+ on the ligand binding,
10 mM Mg2+ was added into EYA2, followed by the data
collection. To remove the metal ions possibly binding to
EYA2 ED, the purified protein was treated with EDTA
followed by purification with of the assay buffer.

4.5 | Isothermal titration calorimetry
studies

ITC experiment was performed on an Auto-iTC200 instru-
ment (Microcal Inc.) at 25�C. Protein was prepared in
20 mM HEPES pH 7.5, 150 mM NaCl, 1 mM DTT, 0.5 mM
EDTA to a final concentration of 20 μM (400 μl, cell) and
compounds were dissolved in the same buffer to a final
concentration of 150–300 μM (200 μl, titrant). The titration
experiments were carried out with 18 injections over a
period of 40 min with stirring at 1000 rpm. The binding
was analysed using single site-binding mode. The dissocia-
tion constant (Kd) and other parameters were determined
using Origin provided with the instrument.

4.6 | Molecular docking

The W410A mutated EYA2 (PDB: 5ZMA) was submitted
to the Protein Preparation Wizard where atom and bond
types were corrected, and protonation states of ionizable
species adjusted to pH 7.4 by Epik. The ligand ETC-616
was constructed based on the coordinates of ETC-232
from its co-crystal structure with EYA2. The Glide dock-
ing program from Schrödinger suite was used for setting
up grid file for docking. During receptor grid generation,

the ligand to be docked was confined to an enclosing box
centred on the ETC-232 from the co-crystal structure
with an inner box size of 10 Å � 10 Å � 10 Å and an
outer box size of 26.85 Å � 26.85 Å � 26.85 Å. The
“Refine only” mode was applied with Standard Precision
mode during the docking stage.

4.7 | Molecular dynamic stimulations

Molecular dynamic simulations were performed with
Desmond Molecular Dynamics System (D.E. Shaw
Research). The docked complex of ETC-616 and EYA2
(PDB: 5ZMA) was solvated in an orthorhombic box with
solvent buffers of 10 Å along each dimension. The TIP3P
solvent model was used to describe water molecules.
Overall neutralization of the system was achieved by
adding sodium and chloride ions at a physiological con-
centration of 0.15 M. The prepared model systems were
then relaxed with a multistep default protocol in Des-
mond. After relaxation, the whole system was subjected
to a 200-ns simulation production. The OPLS-AA/2005
force-field parameters were implemented during simula-
tions. The SHAKE algorithm was used to constrain the
bond length of hydrogen atoms. Long-range electrostatic
forces were calculated with the particle-mesh Ewald
method. The cutoff distance for computing short-range
electrostatics and Lennard–Jones interaction was set
to 9.0 Å.
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