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Abstract: The Hippo pathway is deregulated in various cancers, and the discovery of molecules that
modulate this pathway may open new therapeutic avenues in oncology. TEA/ATTS domain (TEAD)
transcription factors are the most distal elements of the Hippo pathway and their transcriptional
activity is regulated by the Yes-associated protein (YAP). Amongst the various possibilities for target-
ing this pathway, inhibition of the YAP:TEAD interaction is an attractive strategy. It has been shown
recently that TEAD proteins are covalently linked via a conserved cysteine to a fatty acid molecule
(palmitate) that binds to a deep hydrophobic cavity present in these proteins. This acylation of TEAD
seems to be required for efficient binding to YAP, and understanding how it modulates the YAP:TEAD
interaction may provide useful information on the regulation of TEAD function. In this report we have
studied the effect of TEAD4 acylation on its interaction with YAP and the other co-activator transcrip-
tional co-activator with PDZ-binding motif (TAZ). We show in our biochemical and cellular assays that
YAP and TAZ bind in a similar manner to acylated and non-acylated TEAD4. This indicates that
TEAD4 acylation is not a prerequisite for its interaction with YAP or TAZ. However, we observed that
TEAD4 acylation significantly enhances its stability, suggesting that it may help this transcription factor

to acquire and/or maintain its active conformation.
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Introduction

TEAD (TEA/ATTS domain) transcription factors are
the most distal elements of the Hippo pathway, which
is essential in the control of organ size.> These pro-
teins are unable to stimulate gene transcription unless
they interact with co-activator proteins such as YAP
(Yes-associated protein) and TAZ (transcriptional co-
activator with PDZ-binding motif).> The deregulation
of the Hippo pathway in various cancers has recently
attracted a lot of attention, and the inhibition of the
YAP:TEAD interaction is foreseen as a possible new
strategy for oncology.*™”

The published structures of the YAP:TEAD com-
plex®® have yielded a lot of insightful information on
how these two proteins interact. However, a more com-
plex picture of TEAD structure has recently emerged.
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TEAD contains a deep hydrophobic cavity, called the
“central pocket”, which can accommodate low-
molecular weight compounds.!® For example, flufe-
namic acid can bind to this pocket, inhibiting the YAP-
dependent transcription activity of TEAD.' Further-
more, two additional publications have shown that
this pocket can also be occupied by a palmitate moiety,
which is covalently linked to a cysteine present at the
surface of TEAD.'2 This cysteine is conserved in the
four human TEAD paralogs, and these proteins are
acylated in mammalian cells.'*'2 A reanalysis of pre-
viously published structures shows that electron den-
sities corresponding to a fatty acid-like molecule are
also present in the electron density maps used to solve
these earlier structures.'? This suggests that acylation
is a general feature of TEAD and that it might be
important for its function. In vitro, TEAD acylation
does not require the presence of palmitoyl acyltranfer-
ases, and acylated TEAD can be readily obtained by
incubation with micromolar amounts of palmitoyl-
CoA.M! Acylation was observed with the full-length
protein and the isolated YAP-binding domain!! sugges-
ting that in vitro the DNA-binding domain present at
the N-terminus of the protein is dispensable for this
modification to occur. The presence of a bound fatty
acid enhances TEAD stability, and it does not seem to
play a role in its localization and/or association to
membranes.!? TEAD palmitoylation is needed for
muscle differentiation in vitro, and experiments in
Drosophila have shown that it is required for the phys-
iological function of Scalloped (the homolog of human
TEAD).1!

Interestingly, it has also been shown that palmi-
toylation regulates the interaction between TEAD and
its co-activators YAP and TAZ.'! The association
between these proteins and TEAD is reduced when the
latter is mutated at cysteine residues to prevent its
acylation. These results have been rationalized by the
fact that the bound palmitate moiety rigidifies TEAD
at one binding interface (Q-loop binding pocket) specif-
ically used by YAP and TAZ for binding to TEAD.!
Since the inhibition of the YAP:TEAD interaction is of
importance in drug discovery, we decided to study the
influence of TEAD acylation on its interaction with
YAP and TAZ in more detail. Under our experimental
conditions, we have not observed a significant effect of
TEAD4 acylation on the interaction between this pro-
tein and YAP/TAZ in different biochemical and cellular
assays. However, in agreement with Noland et al.,'2
we have found that the acylation of TEAD has a major
impact on the stability of this protein.

Results

Characterization of recombinant TEAD4
proteins

Under our experimental conditions (see “Material
and Methods” section, scheme A), the purification
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of wt hTEAD4%'7 34 expressed in Escherichia coli
BL21(DE3) leads to a mixture of 3 TEAD4
species as detected by liquid chromatography—
mass-spectrometry (LC-MS) analysis: a non-acylated
form of wt hTEAD4*'" 3 (MW =29031) and 2
acylated forms corresponding to myristoylated
hTEAD421" 34 MW = 29242, Myr-TEAD4) and palmi-
toylated hTEAD4217434 (MW = 29270, Palm-TEAD4)
[Fig. 1(A)]. Non-acylated TEAD4 represented generally
between 30 and 40% of the total amount of purified pro-
tein. In the remaining fraction, the relative proportion
of Myr-TEAD4 and Palm-TEAD4 was variable, but we
usually obtained more Myr-TEAD4 than Palm-TEAD4.
Previous publications have only described recombinant
Palm-TEAD.'>12 The difference between these studies
and ours might be due to the culture media and/or
growth conditions used in the different laboratories.
Note that TEAD myristoylation has also been observed
in mammalian cells.'?

The thermal stability of wt hTEAD42!7 434 wasg
measured in a fluorescence-based thermal denatur-
ation assay (FTDA). Two thermal transitions were
observed, indicating the presence of at least 2 pro-
tein forms with distinct melting temperatures (T,)
[Fig. 1(A)]. The T, values measured were 45.6 =
0.4°C and 54.9*0.2°C, revealing a substantial
difference (~9°C) in thermal stability between these
TEAD4 forms. By analogy to the data published by
Noland et al.,'2 it can be hypothesized that the low
T, form corresponds to non-acylated TEAD and the
high T, form to acylated TEAD. The high T,, form
should thus be a mixture of Myr-TEAD4 and Palm-
TEAD4 that cannot be distinguished in the FTDA.

To separate non-acylated and acylated TEAD4, we
modified our purification protocol. An additional ion
exchange chromatography step was added to obtain
non-acylated TEAD4 (see “Material and Methods” sec-
tion, scheme B). The protein preparations produced in
such a way contain >95% non-acylated wt hnTEAD4217~
434 [Fig. 1(B), hereafter referred to as Non-Acyl-
TEAD4]. To produce acylated TEAD4, we incubated
partially purified wt hTEAD42'" 34 with myristoyl
Coenzyme A during the purification process (see
“Material and Methods” section, scheme C). The pro-
tein preparations obtained under such conditions con-
tain more than 95% acylated TEAD4 [Fig. 1(C),
hereafter referred to as Acyl-TEADA4]. Note that Acyl-
TEAD4 is a mixture of Myr-TEAD4 (major form) and
Palm-TEAD4 (minor form). In our previous reports,
we used a heat treatment to produce acylated
hTEAD4217-434 13-16 Thig heat treatment allowed us to
selectively unfold the low 7T\, form of wt hTEAD4217-434
that was next eliminated by centrifugation. Heat-
treated hTEAD4217 34 which is completely acylated,
behaves in a similar manner to Acyl-TEAD4 obtained
here (data not shown).

The T,, values for Non-Acyl-TEAD4 and Acyl-
TEAD4 were 43.7+0.3°C and 54.1+0.2°C,

TEAD Acylation
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Figure 1. Analytics of the different TEAD4 proteins. Upper panels, representative chromatograms obtained by RP-HPLC. The
molecular weights measured in mass spectrometry of the protein species are indicated, and the theoretical molecular weights
are given in brackets. Two different acylated forms were detected for wt hTEAD4?'7~%3* (A) and Acyl-TEAD4 (C). Underlined:
Myr-TEAD4 (major species), normal fonts: Palm-TEAD4 (minor species). (E) The peak with a mass of 20845.8 is a minor
impurity. Ref-Cys367Ser has a larger mass than the other TEAD4 proteins, because its Hisg-tag has not been cleaved off.
Lower panels, representative thermograms obtained in a FTDA in the presence of 1-2 pM protein. The melting temperatures
(Tm) were obtained by plotting the first derivative of the fluorescence emission (F) as a function of the temperature (-dF/dT).
The curve minimum corresponds to T,,. The indicated T, have been measured for the experiments depicted on the figure.
These T, are slightly different from the T, presented on Table |l because these later are the average values obtained from

several independent measurements.

respectively [Fig. 1(B,C)]. Acylated hTEAD4217 434 ig
therefore significantly (~10°C) more stable than its
non-acylated counterpart. These results, which are
similar to the ones obtained by Noland et al.? for
TEAD2, show that the acylation has a critical
impact on TEAD stability in vitro. The T, values for
Non-Acyl-TEAD4 and Acyl-TEAD4 are close to those
for the low and high T,, forms of wt hTEAD4217434,
respectively (Fig. 1). This validates the hypothesis
suggesting that the low and high T, forms of wt
hTEAD4217434 correspond to non-acylated and acyl-
ated TEADA4, respectively.

According to the alignment of the primary
sequence of hTEAD1-4 and what we currently know
about TEAD acylation,'"'2 Cys367 should be the acyl-
ation site on the TEAD4 protein. To confirm this, we
co-crystallized acylated wt hnTEAD4217434 with a pep-
tide mimicking the region 60-100 of human YAP

Mesrouze et al.

(YAP®19) Our high-resolution structure (1.95 A,
Table I) is very similar overall to the previous ones
obtained with YAP co-crystallized with hTEAD1'%4~
419 and mTEAD421%427 17 (Supporting Information
Fig. S1). However, we also unambiguously observed
electron densities corresponding to the presence of a
myristate moiety bound to the “central pocket” of
TEAD4. The fatty acid is covalently linked to
hTEAD4 Cys367, and the acylation site is close to
hTEAD4 Lys344, which may enhance the reactivity of
Cys367 by lowering its pK, [Fig. 2(A)]l. This is in
agreement with the structures recently obtained with
TEAD2 and TEADS3.1%12 A superimposition of the
TEAD4 structure with those of TEAD2 and TEAD3
(pdb 5EMV and 5EMW!2) reveals that the myristate
(in TEAD4) and the palmitate (in TEAD2/3) moieties
occupy the same pocket and bind to TEAD in a similar
manner [Fig. 2(B)].
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Table I. X-Ray Data Collection and Refinement Statis-
tics of the Structure of the hYAP%*100-hn TEAD 4217434
Complex

X-ray data collection

Space group . P4,212
Cell parameters (A) a=b=59.0, c=159.6
Complexes per ASU? 1

Resolution (A) 1.95 (2.00-1.95)

Unique reflections 21390
Rmerge (%) 0.072 (0.711)
I/o(D 28.2 (4.3)
Completeness (%) 99.8 (100.0)
Redundancy 12.8 (12.8)

Refinement statistics

Resolution (A) 1.95 (2.00-1.95)

Number of reflections used 20319 (1446)

Fraction of test set for 5.0
calculating Rpee (%)

No. of reflections in the test set 1070 (76)
Rworly/Riree ) 0.229/0.252 (0.244/0.274)
r.m.s.d. bond lengths (A)/ 0.010/1.255

bond angle (°)
Number of atoms (total/waters) 2172/115

Values in brackets indicate the specific values in the last
resolution shell.
# ASU, asymmetric unit.

On the basis of these structural data, hTEAD4
Cys367 was mutated to serine. The corresponding
protein (hereafter referred to as Cys367Ser) was puri-
fied, and LC-MS analysis shows that it is not cova-
lently modified [Fig. 1(D)], confirming the critical role
of Cys367 in hTEAD4?'73 acylation. This also indi-
cates that — under our experimental conditions - in
the absence of Cys367 there is little (if any) additional
acylation on hTEAD4%'"*34 Cys367 is therefore the

primary acylation site of hTEAD42'" 34 The T, of
Cys367Ser is 48.7 = 0.2°C [Fig. 1(D)]. This value is sig-
nificantly lower (5°C) than that for Acyl-TEAD4, con-
firming that non-acylated TEAD4 has reduced thermal
stability. However, this T4, is also higher (5°C) than that
for Non-Acyl-TEAD4.

Interaction between the different TEAD4
proteins and hYAP®'"°/hTAZ"4-°¢

We used synthetic peptides mimicking the TEAD-
binding region of hYAP (region 51-99, hYAP?!~99)
and hTAZ (region 14-56, hTAZ %13 to evaluate
the ability of the different TEAD4 proteins to inter-
act with YAP and TAZ.

The interaction between these peptides and the
TEAD4 proteins was first evaluated in FTDA. The
thermal stability of the different TEAD4 proteins is
significantly changed when there is an excess of
peptide and positive thermal shifts are measured
( ATm — Tglrotein-%—peptide _ Tglroteinalone > 0; Table II). This
shows that the different TEAD4 proteins bind to
hYAP?'~%® and hTAZ-56,

To obtain more quantitative data, the interac-
tion between these two peptides and the TEAD4 pro-
teins was measured by surface plasmon resonance
(SPR). The biotinylated N-Avitagged TEAD4 pro-
teins were immobilized on sensor chips coated with
streptavidin, and the dissociation constant (Ky) of
the peptides was measured at equilibrium. When
the SPR experiments were conducted at 25°C, we
observed a clear binding of YAP/TAZ to Acyl-TEADA4,
Non-Acyl-TEAD4 and Cys367Ser. However, we also
noticed a significant and progressive decrease of the

Figure 2. X-ray structure of myristoylated human hTEAD4%'73* The coordinates have been deposited in the PDB databank
(PDB access code = 50AQ). For clarity, the bound YAP®®~'% peptide is not displayed (see Supporting Information Fig. S1). (A)
Acylation site. TEAD4 is represented by gray ribbons. hTEAD4 Cys367, Lys344, and the bound myristate moiety are indicated.
The electron density (2Fo-Fc map contoured at 1c) for Cys367 and the bound myristate are shown (blue mesh). (B) The struc-
ture of hTEAD42'77434 (green), hTEAD22'7~447 (pdb 5EMV, cyan) and hTEAD32'%4%5 (pdb 5EMW, purple) have been superim-
posed. The modified cysteines ("TEAD4 Cys367, hTEAD2 Cys380, hTEADS3 Cys371) and the myristate (TEAD4) or the palmitate
(TEAD2/3) moieties are represented. The figures were generated with PyMol (Schrodinger LLC).
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Table II. Interaction Between the Different TEAD4
Proteins and the Synthetic Peptides hYAP?™™ and
hTAzl446

Peptides T (°C) AT,, (°C) K, (nM)
Non-Acyl-TEAD4

hYAP?1-? 51.1+0.2 7.4+0.3 58+3
hTAZ4-%¢ 51.8 0.1 8.1%0.3 16+1
Acyl-TEAD4

hYAP51—99 59.1+0.2 5.0+0.3 21+1
hTAZ-%¢ 59.3 = 0.2 52+0.3 5.3+0.3
Cys367Ser

hYAP51—99 54.5+0.0 5.8+0.2 58 +4
hTAZ4-%¢ 55.5+0.0 6.8+0.2 14+1
Ref-Cys367Ser

hYAP51—99 52.7+0.2 7.2+0.2 78+5
hTAZ4-56 53.5 =0.0 8.1+0.2 18+1

The melting temperature (T,) of the TEAD4 proteins (1-2
M) in the presence of the peptides (20 pM) was measured in
a FTDA. The effect of the peptides on the thermal stability of
the proteins was calculated as follows: AT}, = TReptidetprotein _
Tproteinalone /proteinalone yalyes are given in Table 1. Average
and SEs of n>3 independent experiments are indicated.
SEATm = (SE’%‘mpeptideerrotein + SE’%‘mproteinalone)l/Z‘ The dissocia-
tion constant (K4) was measured at equilibrium by SPR at
10°C with the different proteins immobilized on sensor chips.
Average and SE of n>3 independent experiments are
indicated.

measured signal over the course of the experiments
with Non-Acyl-TEAD4 and Cys367Ser, while only a
small signal loss was detected with Acyl-TEAD4
(Supporting Information Fig. S2). In line with the
thermal shift data, this shows that the non-acylated
TEAD4 forms are less stable than their acylated
counterpart. This lower stability of the non-acylated
proteins prevented us from making accurate Ky
determinations at 25°C. The experiments were
therefore repeated at 10°C. At this lower tempera-
ture, the proteins were more stable and the loss of
signal over the course of an experiment was mini-
mized (Supporting Information Fig. S2). Under such
conditions, the peptides bind to the TEAD4 proteins
in a dose-dependent manner following a 1:1 binding
mechanism, and the maximum signal (R,.,) mea-
sured was between 70 and 100% of the theoretical
Riax (R, see definition in “Material and Methods”
section). The K,; measured between hYAP?!%
hTAZ'?® and Non-Acyl- TEAD4 and Cys367Ser
were less than three times greater than the Ky
obtained with Acyl-TEAD4 (Table II). This indicates
that, in SPR at 10°C, hYAP?'®%/hTAZ'*® have similar
affinities for acylated and non-acylated TEAD4217434,

Chasing potential non-covalent binders

Since low-molecular weight compounds can bind in a
non-covalent manner to the “central pocket” of
TEAD,' the possibility cannot be ruled out that a
fatty acid (or another E. coli metabolite) may occupy
this pocket in Non-Acyl-TEAD4, having the same

effect on the YAP/TAZ:TEAD interaction as a

Mesrouze et al.

covalently bound fatty acid. Molecules non-covalently
bound to Non-Acyl-TEAD4 and Cys367Ser cannot be
detected in our LC-MS analyzes. We therefore decided
to produce a TEAD4 protein that has a low likelihood
of being bound non-covalently to a ligand. The
hTEAD4217*34 Cys367Ser mutant protein was dena-
tured in the presence of urea (8 M), immobilized on a
HiTrap Chelating HP column and extensively washed
before being refolded (see “Material and Methods”,
scheme D). The unfolding/refolding protocol was not
optimized to obtain large quantities of refolded pro-
tein, but a sufficient amount of refolded hTEAD42!7~
434 (Cys367Ser (hereafter referred to as Ref-
Cys367Ser) was obtained for it to be studied. LC-MS
shows that Ref-Cys367Ser has the expected molecular
weight and that it is not covalently modified [Fig.
1(E)]. This protein has a higher molecular weight
than the other TEAD4 proteins, because it still har-
bors a Hisg-tag at its N-terminus. The T, of Ref-
Cys367Ser, 45.4 +0.2°C, is similar to that for one of
its non-refolded counterparts [Fig. 1(E), Supporting
Information Fig. S3] suggesting that the overall
structure of Cys367Ser is recovered after refolding.
hYAP®'® and hTAZ!*?® induce positive thermal
shifts in the FTDA once incubated with Ref-
Cys367Ser, revealing that they bind to this protein
(Fig. 3, Table II). Similarly, SPR experiments (at
10°C) showed that hYAP?'° and hTAZ'* 5% bind in a
dose-dependent manner to Ref-Cys367Ser following a
1:1 binding mechanism (Fig. 3). The K4 values mea-
sured with Ref-Cys367Ser were close to those deter-
mined with Acyl-TEAD4 (less than a fourfold
difference, Table II) showing that both proteins bind
in a similar manner to hYAP®'~%° and hTAZ*%,

Altogether our biochemical data show that—
under our experimental conditions—hYAP®'® and
hTAZ¢ bind in a similar fashion to recombinant
acylated and non-acylated hTEAD4217434,

Study of the role of TEAD4 acylation in the
cellular context
The previous biochemical data were generated with
protein fragments under non-physiological condi-
tions. The effect of TEAD acylation on the YAP:TEAD
interaction might be different in cells where full-
length proteins are present in their native context.
We therefore studied the interaction between
hTEAD4 Cys367Ser and YAP in cellular assays.
Wild-type (wt) hYAP and N-terminally V5-tagged
hTEAD4 were co-transfected in HEK293FT cells, and
YAP was immunoprecipitated. The western blot analy-
sis shows that, when the relative amounts of wt and
mutant TEAD4 expressed in cells are taken into
account, similar quantities of wt and Cys367Ser
hTEAD4 are co-immunoprecipitated with YAP [Fig.
4(A)]. The hTEAD4 Cys367Ser mutation therefore has
little effect on the YAP:TEAD interaction. To deter-
mine the impact of this mutation in a functional read
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Figure 3. Interaction between Ref-Cys367Ser and hYAP®'™°9/hTAZ'4™%6, A, B. Representative thermograms obtained in the
FTDA with Ref-Cys367Ser (1-2 uM) in the absence or presence of hYAP®'~°° (A) or hTAZ'4~%¢ (B) (20 uM). The melting
temperatures (T,,) were obtained by plotting the first derivative of the fluorescence emission (F) as a function of the temperature
(-dF/dT). The curve minimum corresponds to T,,. The arrow shows the thermal shift (AT,,) observed upon peptide binding. The
indicated T,, have been measured for the experiments depicted on the figure. These T,, are slightly different from the T,
presented on Table Il because these later are the average values obtained from several independent measurements. Upper
panels: Representative sensorgrams obtained with Ref-Cys367Ser immobilized on the chips and different concentrations of
hYAPS'"%9 (C) hTAZ'*® (D). Lower panels: Req vs [YAP®'9/TAZ'7"%] plots. R, are the responses measured at equilibrium
(plateau values in the above sensorgrams). These curves were fitted with 1 site binding equation model to determine Kg.

out, we studied the ability of wt and Cys367Ser
hTEAD4 to stimulate in the presence of YAP a lucifer-
ase reporter gene under the control of multiple MCAT
sites that function as TEAD recognition sequences.'®
The reporter activity measured in the presence of
hTEAD4 Cys367Ser was about 35% lower than that
detected in the presence of wt hTEAD4 [Fig. 4(B)].
However, this lower activity parallels a reduction in
expression of hTEAD4 Cys367Ser, as estimated from
western blot quantification [Fig. 4(B)]. Considering
this difference in expression, there was no significant
difference between wt and Cys367Ser hTEAD4 activ-
ity in the reporter gene assay. Overall our data show
that the single hTEAD4 Cys367Ser mutation had lit-
tle effect on the YAP:TEAD4 interaction. However, we
noticed that hTEAD4 Cys367 appears to have a ten-
dency to be expressed at lower levels than wt hTEAD4
[Fig. 4(A), 4(B)] suggesting that this mutant might be
less stable than wt in cells.

2404 PROTEINSCIENCE.ORG

Discussion

Chan et al.!! have recently shown that TEAD palmi-
toylation is required for its interaction with YAP/TAZ.
In the experiments reported by these authors, the sin-
gle mutation hTEAD1 Cys359Ser has only a moderate
effect on the YAP/TAZ:TEAD1 interaction. Similarly,
we observed a reduction of the YAP:TEAD4 interaction
in our cellular assays, but this reduction can be paral-
leled by a lower expression of hTEAD4 Cys367Ser.
A more complete inhibition of YAP/TAZ:TEAD was
obtained by Chan et al. when they mutated up to 2
additional hTEAD1 Cys53Ser and
Cys327Ser.'* Under our in vitro experimental condi-
tions, when hTEAD4 Cys367 was mutated to serine,
no significant acylation of h\TEAD4%1 34 was detected
anymore, indicating that hTEAD4 is not acylated at
Cys335 (equivalent to " TEAD1 Cys327). Furthermore,
the structure of hTEAD43¢71%9 did not reveal any acyl-
ation of Cys6l (equivalent to hTEAD1 Cys53).1°

cysteines,

TEAD Acylation
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the TEAD4 Cys367Ser mutant versus wt TEAD4 were quantified by Imaged software (https://imagej.nih.gov/ij/) and are indicated as

relative percentage.

Altogether this indicates that Cys367 is likely the
main acylation site on hTEAD4. In vitro, YAP/TAZ
binds to Ref-Cys367Ser, revealing that a non-acylated
TEAD4 protein which has a high likelihood to have an
unoccupied “central pocket” can interact with these
two co-activators. This shows that, under our experi-
mental conditions, hTEAD4%'"*3* acylation is not
required for YAP/TAZ binding.

We also failed to find a significant difference
between wt and Cys367Ser TEAD4 in our cellular
assays. However, the interpretation of these data
should be treated with caution. The hTEAD4
Cys367Ser mutation abolishes covalent binding of a
fatty acid, but it may not prevent its non-covalent bind-
ing to the “central pocket”. In cells, therefore, TEAD4
Cys367Ser may have a fatty acid molecule bound to its
“central pocket”, and this may have an effect on the
YAP/TAZ:TEAD interaction similar to that of a cova-
lently bound fatty acid. This could explain why we
failed to find a significant difference between wt and
Cys367Ser TEAD4 in our cellular assays.

In agreement with Noland et al.,'? we observed
in vitro that non-acylated hnTEAD4217~*34 has a lower
thermal stability than its acylated counterpart.
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Noland et al. have also pointed out that the hydroxyl-
amine treatment they used to cleave the thioester
bond between hTEAD2 Cys380 and the fatty acid does
not preclude the possibility that it could still be bound
in a non-covalent manner to TEAD2.12 Accordingly,
TEAD bound non-covalently to a fatty acid might be
less stable than its acylated counterpart. In cells,
therefore, hTEAD4 Cys367Ser might be less stable
than wt TEAD4 even when bound non-covalently to a
fatty acid molecule. TEAD acylation could thus be
required for this protein to adopt and/or to maintain
its fully active conformation. In the absence of a cova-
lently bound fatty acid, TEAD might be more unstable
and as a consequence less active, which would explain
the different observations made in vitro on muscle
differentiation and in Drosophila.**

Material and Methods

Cloning, protein expression, purification, and
analytics of the TEAD4 proteins used for the
biochemical studies

TEAD4 cloning. wt hTEAD4%1" 34 and Cys367Ser
were cloned as previously described.'®® For cellular
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assays the hTEAD4 Cys367Ser mutation was intro-
duced in a plasmid encoding for wt hTEAD4'® by use
of the QuikChange Lightning Site-Directed Mutagen-
esis kit (Agilent, Santa Clara, CA) and the sequence
was verified.

TEAD4 expression. E. coli BL21(DE3) competent
cells (Novagen, Madison, WI), containing a plasmid
encoding for biotin ligase BirA (acetyl-CoA carboxyl-
ase biotin holoenzyme synthetase), were trans-
formed with a pET-28c expression vector encoding
for Avi-Hise-hTEAD42'"434, Transformed cells were
added to LB medium containing 25 pg/mL kanamy-
cin (Invitrogen, Carlsbad, CA) and 34 ug/mL
chloramphenicol (Sigma-Aldrich, Saint-Louis, MO)
and incubated overnight at 37°C under constant
agitation (220 rpm). The pre-cultures were diluted
1:10 into fresh medium containing antibiotics and
grown under constant agitation (220 rpm) at 37°C
until ODggo = 0.8. Protein expression was induced by
adding 1 mM isopropyl B-D-1-thiogalactopyranoside
(IPTG, AppliChem GmbH, Darmstadt, Germany)
and 135 pg/mL biotin (Sigma-Aldrich, Saint-Louis,
MO) was added for in vivo biotinylation. The cells
were grown overnight at 18°C wunder -constant
agitation (220 rpm), harvested by centrifugation at
6000 g, frozen in dry ice and stored at —80°C.

TEAD4 purification. Frozen cell pellets were
thawed on ice and re-suspended in Buffer A (50 mM
TRIS-HCI1 pH 8.0, 1 M NaCl, 2 mM MgCl,, 1 mM
Tris(2-carboxyethyl)phosphine (TCEP), 20 mM imid-
azole, 0.1% (v:v) Tween 20, 5% (v:v) glycerol), freshly
supplemented with cOmplete EDTA free protease
inhibitor (1 tablet/50 mL buffer, Roche, Switzerland)
and TurboNuclease (20 uL/50 mL buffer, Sigma-
Aldrich, Saint-Louis, MO). The cells were disrupted
by three passes through an EmulsiFlex C3 high
pressure homogenizer (Avestin Inc., Ottawa, Can-
ada) at 800-1000 bar and centrifuged at 43,000 X g
for 30 min. All the purifications were carried out at
6-8°C. The cleared supernatant was loaded onto
either 2 HisTrap HP 1 mL columns (GE Healthcare,
Little Chalfont, UK) mounted in series or a single
5 mL column (GE Healthcare, Little Chalfont, UK)
equilibrated with Buffer A. The columns were
washed with Buffer A, followed by Buffer B (50 mM
TRIS-HC1 pH 8.5, 100 mM NaCl, 2 mM MgCl,,
1 mM TCEP, 20 mM imidazole, 5% (v:v) glycerol).
Bound proteins were eluted with a linear gradient of
Buffer B containing 250 mM imidazole. At this
stage, 4 different purification schemes were used.

Scheme A - purification of wt hTEAD4?17434
and Cys367Ser. The fractions containing TEAD4
were pooled and the Hisg-tag was cleaved off by
overnight incubation during dialysis at 4°C with of
1% (w:w) recombinant HRV 3C protease (produced
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in-house) in 50 mM TRIS-HCl pH 8.0, 100 mM
NaCl, 2 mM MgCl;, 1 mM TCEP, 5% (v:v) glycerol.
The dialyzed protein was loaded onto a Hiload 16/
60 Superdex 75 prep grade column (GE Healthcare,
Little Chalfont, UK) equilibrated with 20 mM
TRIS-HC1 pH 8.0, NaCl 100 mM, 2 MgCl,, 1 mM
TCEP, 5% (v:v) glycerol. The fractions containing
TEAD4 were concentrated by centrifugation in
Amicon Ultra-15 centrifugal (Millipore,
Billerica, MA), aliquoted, snap-frozen in dry ice, and
stored at —80°C.

units

Scheme B - purification of Non-Acyl-TEADA4.
The fractions containing TEAD4 were pooled and
the Hisg-tag was cleaved off by overnight incubation
during dialysis at 4°C with 1% (w:w) recombinant
HRV 3C protease (produced in-house) in 50 mM
TRIS-HC1 pH 8.0, 100 mM NaCl, 2 mM MgCl,,
1 mM TCEP, 5% (v:v) glycerol. The dialyzed protein
was loaded onto a HisTrap HP 5 mL column equili-
brated with Buffer B. The TEAD4 protein was
eluted with 5 column volumes Buffer B. Fractions
containing TEAD4 were pooled and diluted 1:8 with
IEX buffer A (20 mM TRIS.HCl pH 7.8, 2 mM
MgCly, 1 mM TCEP, 50 mM NaCl, 5% glycerol). The
diluted protein was then loaded onto a Mono Q
10/100 GL anion-exchange column (GE Healthcare,
Little Chalfont, UK). Non-Acyl-TEAD4 was eluted
by a gradient ranging from 27 to 40% IEX buffer B
(IEX buffer A containing 500 mM NaCl) over 5
Fractions containing Non-Acyl-
TEAD4 were pooled and concentrated in an Amicon
Ultra-15 centrifugal unit. The protein was aliquoted,
snap-frozen on dry ice, and stored at —80°C.

column volumes.

Scheme C - purification of acyl-TEAD4. The
fractions containing TEAD4 were pooled and the
Hisg-tag was cleaved off by overnight incubation
during dialysis at 4°C with 1% (w:w) recombinant
HRV 3C protease (produced in-house) in Buffer B.
The dialyzed protein was loaded onto two His-Trap
HP 1 mL columns mounted in series and equili-
brated with Buffer B. The flow-through fractions
containing the cleaved protein were collected, pooled
and concentrated by centrifugation in Amicon Ultra-
15 centrifugal units. After analysis of the protein
content and determination of the concentration by
Reversed-Phase High-Performance Liquid Chroma-
tography (RP-HPLC), a twofold molar equivalent of
myristoyl Coenzyme A (Sigma-Aldrich, Saint-Louis,
MO) was added, and the sample was incubated at
room temperature for 30 min. The reaction products
were loaded onto a HiLoad 16/60 Superdex 75 prep
grade column equilibrated with 20 mM TRIS-HCI
pH 8.0, 100 mM NaCl, 2 mM MgCl,, 1 mM TCEP,
5% (v:v) glycerol. Protein fractions containing Acyl-
TEAD4 were concentrated by centrifugation in
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Amicon Ultra-15 cartridges. The protein was ali-
quoted, snap-frozen in dry ice and stored at —80°C.

Scheme D - purification of ref-Cys367Ser. The
fractions containing TEAD4 were diluted 1:8 in
denaturation buffer (8 M urea, 50 mM NaH,PO, pH
8.0, 100 mM NaCl, 0.25 mM TCEP) and incubated
at room temperature for 20 min. The denatured pro-
tein was then loaded onto 2 HisTrap HP 1mL col-
umns mounted in series and equilibrated with
denaturation buffer. The columns were washed with
10 mL of denaturation buffer. The protein was then
refolded while passing 20 mL of Buffer B over the
column. Non-aggregated protein was eluted from the
column with 8 mL Buffer B containing 250 mM
imidazole. Fractions containing TEAD4 were col-
lected and further purified on a Superdex 75 10/300
size-exclusion column (GE Healthcare, Little Chal-
font, UK) equilibrated with 50 mM NaH,PO, pH
7.8, 100 mM NaCl, 0.25 mM TCEP. Fractions con-
taining Ref-Cys367Ser were collected and pooled.
The protein was aliquoted, snap-frozen on dry ice
and stored at —80°C.

Analytics of the TEAD4 proteins. All the TEAD4
proteins were cloned such that they possessed at
their N-terminus a Hisg-tag and an Avi-tag that was
biotinylated during expression. The Hisg-tag was
removed from wt hTEAD421"%34  Acyl-TEADA4,
Non-Acyl-TEAD4, and Cys367Ser during purifica-
tion while it was still present in Ref-Cys367Ser. This
explains the differences in mass measured between
these different proteins. Samples were analyzed by
SDS-PAGE after each step of the purification pro-
cess. Pre-cast NuPAGE 4-12% Bis-Tris protein gels
(ThermoFisher Scientific, Waltham, MA) were run
with NuPAGE MES SDS buffer (ThermoFisher Sci-
entific, Waltham, MA) and stained with SimplyBlue
SafeStain (ThermoFisher Scientific, Waltham, MA).
The concentration and purity of the protein were
assessed by analytical RP-HPLC using a POROS
R1/10 2.1 X 100 mm column (Dr Maisch GmbH,
Ammerbuch, Germany) with a 20-80% gradient of
water/acetonitrile at 80°C. Absorbance at 210 nm
was monitored, and a BSA calibration curve was
used to determine the protein concentration. The
intact protein mass was determined by LC-MS,
using a Xevo-G2-S QTof mass-spectrometer
coupled to an ACQUITY Ultra-Performance Liquid
Chromatography system (Waters, Milford, MA).

Synthetic peptides

The synthetic N-acetylated and C-amidated hYAP®:%°
(Ac-GHQIVHVRGDSETDLEALFNAVXNPKTANVPQT
VPxRLRKLPDSFFKPP-NH,) and hTAZ'*?% (Ac-GQQ
VIHVTQDLDTDLEALFNSVxNPKPSSWRKKILPESF
FKEP-NH,) peptides were purchased from Bachem
(Bubendorf, Switzerland). To enhance the oxidative
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stability of the peptide, the methionine residues pre-
sent in the wt sequences have been replaced with
norleucines (x in the above sequences). The peptides
were dissolved in 90% DMSO (10 mM) and stored at
—20°C. The purity of hYAP?'™® and hTAZ'*?% was
higher than 90% as determined by RP-HPLC and
LC-MS.

Fluorescence-based thermal denaturation assay
Proteins (1-2 uM) were diluted in 50 mM HEPES,
100 mM KCl, 0.25 mM TCEP, 1 mM EDTA, 2% (v/v)
DMSO, pH 7.4, containing 2x SYPRO Orange dye
(ThermoFisher Scientific, Waltham, MA) in the
presence or absence of the peptides (20 pM). This
mix was added to 384-well, thin-walled Hard-Shell
PCR microplates (BioRad, Hercules, CA) that were
covered by optically clear adhesive seals to prevent
evaporation. Measurements were carried out with a
CFX384 Real-Time PCR Detection System (BioRad,
Hercules, CA). The temperature was increased from
25 to 95°C at 0.5°C/30 s, and the fluorescence inten-
sity was measured with the excitation and emission
filters set to 465 and 590 nm, respectively. The
melting temperatures (7)) were determined by
analyzing the thermal denaturation curves with
CFX Manager (BioRa, Hercules, CA).

Surface plasmon resonance

All the experiments were carried out with a Biacore
T200 optical biosensor and Series S sensor Chip SA
(GE Healthcare, Little Chalfont, UK). The chips
were washed 3 times with 1 M NaCl/50 mM NaOH.
The N-Avitagged hTEAD4%!7*3% proteins were
injected at a flow rate of 5 ul/min in SPR immobili-
zation buffer (560 mM HEPES, 100 mM KCI,
0.25 mM TCEP, 1 mM EDTA, 0.05% (v/v) Tween 20,
0.05% (w/v) bovine serum albumin (BSA), pH 7.4).
The experiments were performed at 10 and 25°C in
SPR running buffer (SPR immobilization buffer con-
taining 2% (v/v) DMSO) at a flow rate of 50 mL/min.
Peptides were diluted in SPR running buffer (2% (v/
v) DMSO final). After baseline equilibration with a
series of buffer blanks, a 1-3% DMSO correction
series was performed. Each cycle consisted of an
injection phase of 200 s followed by a dissociation
phase of 400 s. All data were referenced for a blank
streptavidin reference surface and blank injections
of running buffer to minimize the influence of base-
line drift upon binding. Each sensorgram was visu-
ally inspected, and low-quality experiments (e.g.,
large bulk effect, equilibrium not reached, noisy
baseline, etc.) were not further analyzed. The sen-
sorgrams were globally fitted with a 1:1 interaction
model using the Biacore T200 evaluation software.
The dissociation constants (K3) were measured at
equilibrium. Experiments with a standard error on
fitted K3 higher than 20% K4 or a fitted maximum
binding capacity (Rfited) <70% theoretical Rpax

max
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(Rtheo) (Rtheo = (MW YAP/MWTFAP) xRTFAD ¢ n with
MWYAP and MW™®AD molecular weight of YAP and
TEAD4, respectively, R™*AP level of immobilization
of TEAD4 in response unit and n stoichiometry

(here n = 1) were discarded.

Structure determination of the hYAP%*~
100.hTEAD4?'"*3* complex

Expression and purification of TEAD4 for crys-
Hisg-PreSc-hTEAD421 7434 protein
expression was outsourced to Novoprotein (China).
Protein purification yielded after PreScission cleav-
age to TEAD4%'"*3* harboring at its N-terminus
additional glycine and proline residues (hereafter
referred to as GP-TEAD4). Partially acylated GP-
TEAD4 was myristoylated by incubation in vitro
with myristoyl Coenzyme A and the buffer was
exchanged on a NAP-5 column (GE Healthcare, Lit-
tle Chalfont, UK). The protein was complexed with a
1.2-excess of hYAP®%1% (ThermoFisher Scientific,
Waltham, MA). The complex was concentrated to
4 mg/mL. The final protein buffer was 25 mM
TRIS.HCI pH 8.0, 100 mM NaCl, 1 mM TCEP.

tallization.

Crystallization, data collection, structure solu-
tion, and refinement. Co-crystals of GP-TEAD4
in complex with YAP%1% were obtained at 20°C by
sitting drop vapor diffusion. The drops were made
up of 1 uL of protein solution and 1 pL of well
solution. The reservoir solution consisted of 15%
(w/v) PEG3350 + 2% tacsimate, pH5.0 +0.1 M Na
citrate pH 6.0. The crystal was cryo-protected in
well solution supplemented with 20% ethylene glycol
and flash-frozen in liquid nitrogen. A data set was
collected at the Swiss Light Source Facility (SLS,
Villigen, Switzerland) on beamline X10SA. The data
were processed with XDS.2° The structure of the
YAP®*-100.GP-TEAD4 complex was determined by
molecular replacement (PHASER?!) using a previous
in-house TEAD4 X-ray structure as the search
model. Programs REFMAC?? and COOT?® were used
for refinement and model (re)building. The final
refined structure has an R (Rgeo) value of 0.229
(0.252) and showed excellent geometry in the Rama-
chandran plot. All residues are in the permitted
regions, except residue Lys277 (excellent electron
density confirms the local structure). See Table I for
details of the data collection and structure refine-
ment. The crystallographic data have been deposited
at the RSCB Protein Data Bank (PDB, www.pdb.
org) with the access code 50AQ.

Cellular assays

Cell culture, transfections, YAP/TEAD immunopreci-
pitations and luciferase assays were carried out as
previously described in.'® Anti-GAPDH antibody
(Cell Signaling Technology, Danvers, MA) was used
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for western Blot analysis all the other antibodies
have been described previously in.1®
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