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Abstract

The TEAD (Sd in drosophila) transcription factors are essential for the Hippo

pathway. Human VGLL4 and drosophila Tgi bind to TEAD/Sd via two distinct

binding sites. These two regions are separated by few amino acids in VGLL4

but they are very distant from each other in Tgi. This difference prompted us

to study whether it influences the interaction with TEAD4/Sd. We show that

the full-length VGLL4/Tgi proteins behave as intrinsically disordered proteins.

They have a similar affinity for TEAD4/Sd revealing that the length of the

region between the two binding sites has little effect on the interaction. One of

their two binding sites (high-affinity site) binds to TEAD4/Sd 100 times more

tightly than to the other site, and size exclusion chromatography experiments

reveal that VGLL4/Tgi only form trimeric complexes with TEAD4/Sd at high

protein concentrations. In solution, therefore, VGLL4/Tgi may predominantly

interact with TEAD4/Sd via their high-affinity site to create dimeric com-

plexes. In contrast, when TEAD4/Sd molecules are immobilized on sensor

chips used in Surface Plasmon Resonance experiments, one VGLL4/Tgi mole-

cule can bind simultaneously with an enhanced affinity to two immobilized

molecules. This effect, due to a local increase in protein concentration trig-

gered by the proximity of the immobilized TEAD4/Sd molecules, suggests that

in vivo VGLL4/Tgi could bind with an enhanced affinity to two nearby TEAD/

Sd molecules bound to DNA. The presence of two binding sites in VGLL4/Tgi

might only be required for the function of these proteins when they interact

with TEAD/Sd bound to DNA.
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1 | INTRODUCTION

The TEAD (TEA/ATTS domain) transcription factors are
the most distal elements of the Hippo pathway, which is
essential in organ morphogenesis.1–4 These proteins can

bind to DNA but they are unable to stimulate transcrip-
tion on their own. Their transcriptional activity is regu-
lated via their association with different proteins such as
YAP (Yes-associated protein), TAZ (Transcriptional co-
activator with PDZ motif) or VGLL1-3 (Vestigial-like,

Received: 1 April 2021 Revised: 17 May 2021 Accepted: 28 May 2021

DOI: 10.1002/pro.4138

Protein Science. 2021;30:1871–1881. wileyonlinelibrary.com/journal/pro © 2021 The Protein Society. 1871

https://orcid.org/0000-0002-6010-9169
mailto:patrick_chene@yahoo.com
http://wileyonlinelibrary.com/journal/pro


VGLL1-3 are paralogs; Vestigial [Vg] is the Drosophila
ortholog).5–8 All these proteins bind to an overlapping
area at the surface of TEAD (Scalloped [Sd] in drosoph-
ila). The current structural data show that the TEAD-
binding domain (TBD) of YAP and of its paralog TAZ is
formed of a β-strand, an α-helix and an Ω-loop, while
the TBD of VGLL1 contains only a β-strand and an
α-helix.9–12 The “hot spot” for the interaction with TEAD
is the Ω-loop in YAP/TAZ and the α-helix in
VGLL1.10,11,13,14 Recently, it has been found that the
Sd/TEAD-binding domain of Vg and VGLL2 contains a
β-strand:α-helix region, but also an Ω-loop.15 The α-helix
from the TEAD/Sd-binding domain of VGLL1/Vg con-
tains an amino acid motif, Φ-D/E-D/E-H-F (Φ hydropho-
bic residue), that is characteristic for this protein family.5

This motif is located in a conserved region called Tondu
domain (TDU).5 A similar motif, L-x-x-L/M-F (x: variable
amino acid), is present in the α-helix of the TBD of the
YAP proteins,16 but the α-helices from VGLL1/Vg and
YAP do not interact exactly in the same manner with
this transcription factor.15,17 Since the YAP/TAZ and
VGLL1-3/Vg proteins contain only one TBD, it is not
surprising to observe in the published X-ray structures
that they form a 1:1 complex with TEAD9–11,15 (but see
Ref. 12). Nevertheless, the current data have been gener-
ated with fragments of these proteins; more complex olig-
omers might be formed with the full-length proteins and
in the presence of DNA.

In contrast to the VGLL1-3 proteins, the members of
the VGLL4 (Tondu-domain-containing growth inhibitor
[Tgi] is the Drosophila ortholog) family possess two TDU,
suggesting that they may form with TEAD complexes
with a molecular ratio higher than 1:1. Indeed, Jiao
et al.18 have shown by gel filtration and dynamic light
scattering that VGLL4 and TEAD form a complex with a
1:2 molecular ratio. The structure of the VGLL4:TEAD
complex reveals how these two proteins interact at
atomic resolution.18 The TBD of VGLL4 is formed of an
α-helix (helix-1), a short linker, a β-strand and two addi-
tional α-helices (helix-2 and helix-3). A Φ-D/E-D/E-H-F
motif is present in helix-1 and in helix-2. Jiao et al.
reported that helix-1 binds to a different TEAD molecule
than the β-strand:helix-2:helix-3 region with the con-
served Φ, H and F residues from helix-1 facing TEAD
(these interactions are not visible in the structure cur-
rently deposited at the Protein Data Bank (PDB code
4ln0; Figure S1).18 The β-strand forms an intramolecular
β-sheet with two TEAD molecules (Figure S1). Helix-2
binds to TEAD in a manner similar to that of the α-helix
of the TEAD/Sd-binding domain from VGLL1/Vg with
the conserved Φ, H and F residues located at the binding
interface (Figure 1). Finally, helix-3 folds back on helix-2
and makes additional interactions with TEAD (Figure 1).

In VGLL4 and Tgi, the two Φ-D/E-D/E-H-F motifs are
distant from each other by 23 and 224 residues, respec-
tively. This substantial difference in the structure of these
two proteins prompted us to study in various biochemical
assays whether VGLL4 and Tgi interact in a similar fash-
ion with TEAD4 and Sd.

2 | MATERIALS AND METHODS

2.1 | Synthetic peptides

The synthetic peptides (both N-acetylated and C-amidated)
were purchased from Biosynthan (Germany). The two pep-
tides VGLL4206-220 (Ac-DPVVEEHFRRSLGKN-NH2) and
VGLL4230-256 (Ac-SVSITGSVDDHFAKALGDTWLQIKAAK-
NH2) are derived from the sequence of human VGLL4
(UniProtKB Q14135, Isoform 1). The two Tgi peptides
Tgi129-143 (Ac-MCDIDEHFRRSLGEN-NH2) and Tgi354-378

(Ac-FTKTEASVDDHFAKALGETWKKLQG-NH2) are
derived from the sequence of Tgi from Drosophila
melanogaster (UniProtKB Q8IQJ9). The purity and the
chemical integrity of the peptides was determined by
liquid chromatography–mass spectrometry (LC–MS)
from 10 mM stock solutions in 90:10 (vol/vol) dimethyl
sulfoxide: water.

FIGURE 1 Structure of the VGLL4:TEAD4 complex. The

region located at the interface between helix-2:helix-3 (in green)

and TEAD (in grey) is represented. The three residues Leu234VGLL4,

His237VGLL4, and Phe238VGLL4 from the Φ-D/E-D/E-H-F motif are

indicated. Trp246VGLL4 present in helix-3 and Lys240VGLL4 that

makes a π-cation interaction with Phe330TEAD are also shown. The

figure was drawn from the structure of the VGLL4:TEAD complex

(PDB 4ln0) with PyMOL (Schrödinger Inc., Cambridge, MA)
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2.2 | Protein cloning, expression, and
purification

Human TEAD4 (region 217–434) and Sd from
D. melanogaster (region 223–440) were purified as previously
described.15,19 The amino acid sequences of human VGLL4
(UniProtKBQ14135, amino acids 2–290) and Tgi (UniProtKB
Q8IQJ9, amino acid 2–382) from D. melanogaster were
back-translated into an Escherichia coli codon-optimized
DNA sequence using the GeneArt online ordering tool. The
coding sequence was extended by LguI recognition site
adaptors and the DNA synthesized by GeneArt (Thermo
Fisher, Switzerland). The DNA fragments encoding VGLL4
and Tgi were subcloned by T2S restriction enzyme cloning20

into pET derived vectors providing an N-terminal His6-tag, a
glycine-serine spacer, a lipoyl-solubilizing tag (in-house
design), and a second glycine-serine spacer, followed by a
HRV3C protease cleavage site. The VGLL4 expression con-
struct comprised an additional Streptag II following the His-
tag. In brief, 200 ng of vector and 200 ng of synthetic DNA
insert were incubated in buffer B (Fermentas, Waltham,
MA), supplemented with 1 mM ATP (Fermentas, Waltham,
MA), 1 mM DTT (Fermentas, Waltham, MA), 5 U LguI
(Thermo Fisher, Switzerland), and 1 μL T4 DNA Ligase
(Roche, Switzerland) for 1 cycle of 30 min at 37�C followed
by 30 cycles (30 min at 37�C, 1 min at 10�C, 1 min at 30�C,
[total time: 90 min]). The final expression constructs were
confirmed by Sanger sequencing.

The expression plasmids were transformed into E. coli
NiCo21 (DE3) cells (New England Biolabs, Ipswich, MA)
and recombinant proteins expressed in 1 L LB Medium
with Kanamycin (25 μg/mL, Invitrogen, Carlsbad, CA) in
Erlenmeyer flasks upon induction with 0.2 mM isopropyl
β-D-1-thiogalactopyranoside (IPTG, PanReac Applichem,
Germany) at 18�C, 220 rpm, for 16 h.

The bacterial cells from two liters expression volume
were resuspended in 80 mL lysis buffer (50 mM Tris
pH 8.0, 1 M NaCl, 2 mM MgCl2, 1 mM TCEP, 20 mM
imidazole, 0.1% Tween 20, 5% glycerol), supplemented with
cOmplete EDTA free protease inhibitor (1 tablet/50 mL
buffer; Roche, Switzerland) and TurboNuclease
(20 μL/50 mL buffer; Sigma-Aldrich, St Louis, MI).
The cells were lysed by three passages through a
high-pressure homogenizer (Avestin Emulsiflex C3) at
800–1000 bar and the lysate centrifuged for 40 min at
40,000 g (Sorvall Lynx, F20-12x50) to remove insolu-
ble material.

The cell lysate was loaded (flow 2 mL/min) onto two
HisTrap HP 1 mL columns (Immobilized metal affinity
chromatography [IMAC], Cytiva, Marlborough, MA)
mounted on an ÄKTA Pure 25 FPLC system. Unbound
material was washed away with 10 column volumes

(CV) Buffer 1 (50 mM Tris pH 8.0, 1 M NaCl, 2 mM
MgCl2, 1 mM TCEP, 20 mM imidazole, 0.1% Tween
20, 5% glycerol), followed by 10 CV of Buffer 2 (50 mM
Tris pH 8.0, 300 mM NaCl, 2 mM MgCl2, 1 mM TCEP,
5% glycerol) supplemented with 20 mM imidazole.
Bound protein was eluted with a 0%–100% linear gradient
Buffer 2 with 250 mM imidazole over 10 CV in 1 mL
fractions.

VGLL4 and Tgi protein pools were treated with His6-
MBP-3C protease (produced in-house) during dialysis
overnight at 5�C in a Slide-A-Lyzer cassette (MWCO
3.5 kDa, Thermo Fisher, Switzerland) against 2 L of
Buffer 3 (50 mM Tris pH 8.0, 300 mM NaCl, 2 mM
MgCl2, 1 mM TCEP, 5% glycerol, or Buffer 4 (50 mM Tris
pH 8.0, 225 mM NaCl, 2 mM MgCl2, 1 mM TCEP, 5%
glycerol, 0.05% Tween 20).

The proteins were subjected to a reverse IMAC purifi-
cation step on two HisTrap HP 1 mL columns (flow
2.0 mL/min; Cytiva, Marlborough, MA) with 10 CV of
Buffer 3 and 4, respectively, followed by 10 CV of Buffer
2 supplemented with 20 mM imidazole, where the
cleaved, untagged proteins eluted and were collected in
1 mL fractions. The VGLL4 and Tgi protein solutions
were concentrated with Amicon Ultra 15 concentrators
(10 kDa MWCO, Millipore, Burlington, MA) and
polished by size exclusion chromatography with Buffer
5 (50 mM HEPES pH 7.4, 100 mM KCl, 0.25 mM TCEP,
1 mM EDTA, 0.05% Tween 20) on Superdex 75 10/300
(Cytiva, Marlborough, MA) or ProteoSEC Dynamic 16/60
3–70 HR (ProteinArk, UK) columns, respectively. The
0.5 mL fractions containing the recombinant protein
were pooled and snap frozen on dry ice.

The purity, concentration, and identity of the proteins
was determined by RP-HPLC and LC–MS (Figure S3).

2.3 | Fluorescence thermal shift assay

The proteins (2 μM) were diluted in 50 mM HEPES,
100 mM KCl, 0.25 mM TCEP, 1 mM EDTA, 2% (vol/vol)
DMSO, pH 7.4, containing 2� SYPRO Orange dye
(ThermoFisher Scientific, Waltham, MA). The protein
solutions were then added to 384-well, thin-walled Hard-
Shell PCR microplates (BioRad, Hercules, CA) that were
covered by optically clear adhesive seals to prevent evap-
oration. Measurements were carried out with a CFX384
Real-Time PCR Detection System (BioRad, Hercules,
CA). The temperature was increased from 20 to 95�C at
1�C/30 s, and the fluorescence intensity was measured
with the excitation and emission filters set to 465 and
590 nm, respectively. The data were analyzed with the
CFX Manager software (BioRad, Hercules, CA).
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2.4 | Circular dichroism

The proteins were dialyzed in 20 mM phosphate buffer
pH 7.4, 100 mM KF, 0.25 mM TCEP and diluted in this
buffer to approximately 0.2 mg/mL. CD spectra were
recorded on a J-815 spectropolarimeter (Jasco, France)
using 1 mm path length quartz cells (instrument setup:
“standard” sensitivity, 0.5 nm bandwidth, 10 nm/min
scanning, 2 s digital integration time, 1 nm step resolu-
tion). The measuring chamber was maintained in nitro-
gen (17 L/min. Each spectrum was recorded as an
average of four scans to reduce noise. After baseline cor-
rection, the mean residue ellipticity was calculated
[θ]MRW,λ = MRW.θλ/10.d.c, where MRW is the mean res-
idue weight (MRW = M/[N-1]), M is the molecular mass
of the protein, N is the number of amino acids in the pro-
tein, θλ is the observed ellipticity (degrees) at wavelength
λ, d is the path length (cm) of the cell, and c is the protein
concentration (g/mL).

2.5 | Size exclusion chromatography-
multiangle light-scattering

Proteins were mixed in a 1:2 stoichiometric ratio (Tgi:Sd
or VGLL4:TEAD4), concentrated with an Amicon Ultra
15 concentrator (10 kDa MWCO, Millipore, Burlington,
MA) and the final protein concentration was checked by
RP-HPLC analysis. The protein samples were next ana-
lyzed at two different concentrations by analytical Size
Exclusion Chromatography coupled to a Multi-Angle
Light-Scattering detector (SEC-MALS).21 Briefly, an
Agilent 1100 series HPLC system (Agilent, Santa Clara,
CA) with an Optilab T-rEX refractive index detector and
a DAWN Heleos-II light-scattering detector (Wyatt, Santa
Barbara, CA) was equipped with a Superdex 200 Increase
5/150 GL column (Cytiva, Marlborough, MA). The col-
umn was equilibrated with 50 mM Tris, 100 mM NaCl,
2 mM MgCl2, 1 mM TCEP, pH 8.0 and the protein sam-
ples (60 μL) were injected onto the column. Data collec-
tion and processing was performed with the ASTRA
software (v. 7.1; Wyatt, Santa Barbara, CA). The protein
concentration was calculated using the refractive index
signal (assuming dn/dc = 0.185). Molecular mass
moments at peak maximum were calculated using the
Zimm fit method.22

2.6 | Surface plasmon resonance

All the experiments were carried out with a Biacore T200
optical biosensor and Series S sensor Chip SA (Cytiva,
Marlborough, MA). The chips were washed three times

with 1 M NaCl/50 mM NaOH. The N-Avitagged proteins
(TEAD4217-434 and Sd223-440) were injected at a flow rate
of 5 mL/min in SPR immobilization buffer (50 mM
HEPES, 100 mM KCl, 0.25 mM TCEP, 1 mM EDTA,
0.05% (vol/vol) Tween 20, 0.05% (wt/vol) BSA, pH 7.4).
The experiments were performed at 25�C with a flow rate
of 50 mL/min in SPR running buffer (SPR immobiliza-
tion buffer containing 2% (vol/vol) DMSO). The tested
analytes were diluted in SPR running buffer. After base-
line equilibration with a series of buffer blanks, a DMSO
correction series was performed from 1% to 3%. Each
cycle consisted of an injection phase of the analytes and a
dissociation phase. All data were referenced for a blank
streptavidin reference surface and blank injections of
running buffer to minimize the influence of baseline drift
upon binding.

The sensorgrams obtained with the synthetic peptides
mimicking VGLL4 and Tgi were globally fitted with a 1:1
interaction model using the Biacore T200 evaluation soft-
ware (Cytiva, Marlborough, MA). For the experiments
carried out with the full-length proteins, the signal mea-
sured for 5 s before the dissociation phase was extracted
from the Biacore device and fitted with GraphPad Prism
(v. 9.0.1; GraphPad Software, San Diego, CA) using a
one-site (signal = Bmax.[L]/(Kd + [L]) + Bkcgd) or a two-
sites (signal = Bmax

Hi.[L]/(Kd
Hi + [L]) + Bmax

Lo.
[L]/(Kd

Lo + [L]) + Bkcgd) binding model (Signal: signal
measured, see above; [L]: [VGLL4] or [Tgi]; Kd: equilib-
rium dissociation constant; Kd

Hi and Kd
Lo

: equilibrium
dissociation constants of the high and low-affinity sites,
respectively; Bmax: signal at saturation; Bmax

Hi and
Bmax

Lo: signal at saturation for the high and low-affinity
sites, respectively; Bkcgd: background signal (offset) at
[L] = 0). The results obtained with the two models were
compared using the Akaike's Information Criterion.23

The immobilization levels were between 9 and 14 RU
for the experiments carried out at low immobilization
levels with Tgi; 48 and 70 RU for the experiments carried
out at high immobilization levels with Tgi; 8 and 12 RU
for the experiments carried out at low immobilization
levels with VGLL4; 47 and 63 RU for the experiments
carried out at high immobilization levels with VGLL4.

3 | RESULTS AND DISCUSSION

3.1 | Amino acid sequence analysis

Since the two Φ-D/E-D/E-H-F motifs are significantly
more distant from each other in the amino acid sequence
of Tgi from D. melanogaster than in human VGLL4
(Figure S2), we considered whether the presence of a
long linker between the two binding sites is specific to
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Tgi from this insect species or if homologs from other
insect species have the same feature. The Basic Local
Alignment Search Tool (BLAST) was used (BLASTp;
https://blast.ncbi.nlm.nih.gov/Blast.cgi; default algorithm
parameters; maximum target sequences: 5000) to identify
putative Tgi homologs in the protein sequences from
insect species deposited at the non-redundant protein
sequences database (National Centre for Biotechnology
Information; Taxids 6,960 and 50,557; November 2020).
The query sequence was the region 347–382 from Tgi
(SSTNISIFTKTEASVDDHFAKALGETWKKLQGGHKE,
UniProtKB Q8IQJ9), which contains the putative
β-strand:helix-2:helix-3 region of this protein. This search
led to 288 entries (Supplementary Material S1) from
which we identified 159 unique sequences belonging to
156 different insect species (Figure S2). The Φ-D/E-D/E-
H-F motifs were localized in each sequence and to
increase the likelihood that they are present in regions
similar to helix-1 and helix-2:helix-3, we used two struc-
tural features. In VGLL1, an arginine residue located two
amino acids after the phenylalanine of the Φ-D/E-D/E-
H-F motif makes an important π-cation interaction with
a phenylalanine from TEAD.17 Since a similar interaction
is observed in the Vg:Sd complex,15 but also between
Lys240VGLL4 and Phe330TEAD in the VGLL4:TEAD com-
plex (Figure 1),18 we looked for the presence of an argi-
nine/lysine at this position in each sequence. These
charged residues are present in all sequences identified in
the BLASTp search, and interestingly an arginine is
always found after the Φ-D/E-D/E-H-F motif in the
region corresponding to helix-1, while this is a lysine in
the region corresponding to helix-2 (Figure S2).
Trp246VGLL4 is located in the middle of helix-3 and it
makes key hydrophobic interactions in the VGLL4:TEAD
complex (Figure 1).18 All sequences possess a tryptophan
residue at a position similar to that of Trp246VGLL4 in
VGLL4 (Figure S2). Altogether, this suggests that the
sequences identified in the BLASTp search contain
regions similar to helix-1 and helix-2:helix-3 from
VGLL4.

We next counted the number of amino acids between
the two Φ-D/E-D/E-H-F motifs in each of these protein
sequences (Figure S2). This number, which varies from
24 (Acromyrmex echinatior) to 314 (Ceratitis capitata), is
more constant within each insect order: Coleoptera 44 to
51, Diptera 128 to 314 (except Contarinia nasturtii),
Hemiptera 27 to 61, Hymenoptera 24 to 35 or Lepidop-
tera 52–65. This shows that the number of amino acids
between both motifs is quite variable and that Tgi from
D. melanogaster is not the only protein with a large num-
ber of residues between its two motifs. Nevertheless, the
diversity in the length of the region connecting the two
motifs is intriguing. This region, particularly when it is

long, could have other functions in addition to con-
necting both motifs. This is indeed the case in Tgi from
D. melanogaster where it contains PPxY (x: any amino
acid) sequences, the recognition motif for WW domains,
which are important for the function of this protein.24,25

PPxY sequences are also present in Tgi proteins from
other Drosophila species, but they are absent in the
sequences of other Diptera species such as for example
Anopheles sinensis, A. stephensi and A. darlingi (Seq.
Id. KFB47446.1, XP_035898942.1 and ETN57905.1,
respectively) (Supplementary Material S1). This indicates
that the region between the Φ-D/E-D/E-H-F motifs may
enable Tgi to acquire functions required in a species-
specific cellular context, while still binding to Sd. In vivo
studies of more VGLL4/Tgi homologs may help in
gaining a better understanding of the role of this region
in the function of these proteins.

The BLASTp search also reveals that all the sequences
from Lepidoptera species contain three Φ-D/E-D/E-H-F
motifs (Figure S2). The additional motif looks similar to a
region corresponding to helix-2:helix-3. The role (if any)
of this additional region is unknown and further studies
may help finding out whether three Φ-D/E-D/E-H-F
motifs are required for the function of Tgi from
Lepidoptera.

3.2 | Characterization of Tgi and VGLL4

The previous findings are puzzling and raise several ques-
tions on the biological role and properties of the proteins
corresponding to the sequences identified in our BLASTp
search. Nevertheless, the function of Tgi from
D. melanogaster and its interaction with Sd have been
clearly established.24,25 This protein is very different from
human VGLL4 because it contains a much larger number
of amino acids between its two Φ-D/E-D/E-H-F motifs.
Therefore, we decided to examine whether this difference
in the structure of these proteins affects their interaction
with TEAD4 or Sd. To facilitate this study, the full-length
Tgi and VGLL4 proteins were cloned, expressed in E. coli
and purified to homogeneity (Figure S3).

Tgi and VGLL4 were subjected to a fluorescence ther-
mal shift assay (FTSA) to determine their thermal stabil-
ity. In such an assay, the fluorescence of a dye, SYPRO
orange, is measured at different temperatures in the pres-
ence of the protein. In solution, the fluorescence of
SYPRO orange is quenched by water molecules, but
when it interacts with hydrophobic regions, it dissociates
from the water molecules and its fluorescence increases.
Therefore, when the temperature is raised during FTSA,
the globular proteins that unfold expose the residues of
their hydrophobic core to the dye, triggering an increase
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in fluorescence. Under our experimental conditions, the
level of fluorescence measured with Tgi and VGLL4 does
not significantly change when the temperature increases
(Figure 2(a)). This behavior is similar to that observed
with the intrinsically disordered YAP fragment,
YAP50-171, but it is different to that of the well-folded
TEAD4 and Sd proteins (Figure 2(a)).

We next studied the structure of Tgi and VGLL4 in
solution by circular dichroism (CD). The spectra obtained
with these two proteins show that there is no significant
change in molar ellipticity in the 210–230 nm region
(Figure 2(b)). This is similar to the spectrum obtained
with YAP50-171, but a marked change in ellipticity is
observed in the spectra of TEAD4 and Sd (Figure 2(b)).

The absence of bands in the 210–230 nm region in the
spectra of Tgi/VGLL4 suggest that—under our experi-
mental conditions—no stable β-sheets or α-helices are
present in these proteins.

Altogether, the study of the thermal stability and of
the structure in solution of VGLL4/Tgi suggest that they
behave more as intrinsically disordered proteins than
globular proteins.

3.3 | Binding to Sd and TEAD4

To study the VGLL4:TEAD4 and Tgi:Sd interactions,
TEAD4/Sd were immobilized on sensor chips and the

FIGURE 2 Fluorescence thermal shift assay and circular dichroism. (a) Fluorescence thermal shift assay. The proteins (2 μM) were

heat-denatured in the presence of SYPRO orange, and the fluorescence of the dye was recorded between 25 and 95�C. The figure represents
the plots of the first derivative of the fluorescence emission (in relative fluorescence unit [RFU]) as a function of temperature. (b) Circular

dichroism. The different proteins (0.2 mg/mL) were analyzed by CD as described in the Material and Methods section (Section 2)
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affinity (Kd) of VGLL4/Tgi was determined by Surface
Plasmon Resonance (SPR) (Figure S4). In a first step, syn-
thetic peptides corresponding to the helix-1 and to the
β-strand:helix-2:helix-3 regions of VGLL4/Tgi were
designed using the sequences and the structural data pro-
vided by Jiao et al.18 (Figure 3(a)). The affinity of the pep-
tides corresponding to the same binding site of VGLL4
and Tgi is similar (Figure 3(a)). As expected from the
structure of the VGLL4:TEAD complex, the peptides
mimicking the β-strand:helix-2:helix-3 region have a
higher affinity for TEAD4/Sd than the peptides mimick-
ing helix-1 (Figure 3(a)). The Kd of the VGLL4/Tgi pep-
tides was compared with the data published on peptides
derived from proteins of the VGLL1-3/Vg family. The
affinity of the peptides mimicking helix-1 is 4–6 times
lower than that of a peptide corresponding to the α-helix
of the TBD from VGLL114 (Figure 3(a)). The absence in
VGLL4/Tgi of a residue corresponding to Ile37VGLL1,
which contributes to the VGLL1:TEAD interaction,17 and
the presence of Pro207VGLL4, which may destabilize the
formation/stabilization of a α-helix in VGLL4, could
explain the lower affinity of the VGLL4/Tgi peptides. The
Kd of the peptides mimicking the β-strand:helix-2:helix-3

region of VGLL4/Tgi is very similar to that of the pep-
tides corresponding to the β-strand:α-helix region from
the TEAD/Sd-binding domain of VGLL1/VGLL2/Vg14,15

(Figure 3(a)). This is particularly surprising because
VGLL1/VGLL2/Vg do not possess helix-3, which contrib-
utes to the VGLL4:TEAD interaction.18 Two observations
may explain this finding. Jiao et al. have shown that the
β-strand has a weak contribution to the formation of the
VGLL4:TEAD complex18 while this secondary structure
element is important for the interaction between VGLL1
and TEAD.14 The region located between the β-strand
and the Φ-D/E-D/E-H-F motif is different between
VGLL4 and VGLL1 (Figures 3(a) and S5). Therefore, the
interactions created by helix-3 with TEAD/Sd and the
bound helix-2 may compensate the weaker contacts
formed by the region located at the N-terminus of the
Φ-D/E-D/E-H-F motif (including the β-strand). This
could explain why the peptides mimicking the β-strand:
helix-2:helix-3 region of VGLL4/Tgi do not have a higher
affinity than the peptides corresponding to β-strand:α-
helix region of VGLL1/VGLL2/Vg.

The formation of ternary complexes between VGLL4/
Tgi and TEAD4/Sd requires two bimolecular reactions

FIGURE 3 Affinities for TEAD4 and Sd. (a) The amino acid sequence of the peptides and the secondary structure they adopt in their

bound conformation are indicated (VGLL1 from PDB 5z2q;11 Vg from PDB 6y20;15 VGLL4 from PDB 4ln018 - α1-3: correspond to helix-1-3).

The peptide sequences are from human VGLL1 UniProtKB Q99990; human VGLL2 UniProtKB Q8N8G2; human VGLL4 UniProtKB

Q14135; Drosophila melanogaster Vg UniProtKB Q26366 and D. melanogaster Tgi UniProtKB Q8IQJ9. The residues in bold are mentioned in

the text. The affinities (Kd) were obtained by surface plasmon resonance. The values are the averages and the standard errors of n ≥ 2

experiments. a. Kd taken from14 and b Kd taken from.15 (b) The affinities of VGLL4/Tgi for TEAD4/Sd immobilized at low and high levels

are indicated. The values represent the averages and the standard errors of n ≥ 2 experiments. Kd
app, low and Kd

app, high correspond to the

apparent binding affinities of the low and high-affinity sites, respectively
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(Figure 4(a)). The large difference in affinity measured
with the peptides mimicking the two binding sites of
VGLL4/Tgi, suggests that, in solution and at low protein
concentration, VGLL4/Tgi should predominantly bind to
TEAD/Sd via the high-affinity site (β-strand:helix-2:helix-
3) to form binary complexes. However, if higher protein
concentrations are present, a ternary complex could be
created via the interaction of the low-affinity site (helix-
1). To check this hypothesis, we conducted SEC-MALS
(Size Exclusion Chromatography-Multiangle Light-Scat-
tering) experiments. In these studies, VGLL4/Tgi were
incubated with TEAD4/Tgi at two different protein con-
centrations. At the lowest protein concentration, dimeric
complexes are predominantly formed, while at much
higher protein concentrations ternary complexes are also
present (Figure 5). This shows that—in solution—the for-
mation of a ternary complex between VGLL4/Tgi and
TEAD4/Sd requires the presence of high protein
concentrations.

The protein surface density (immobilization level) on
sensor chips can be controlled in SPR experiments. At
very low immobilization levels, the TEAD/Sd molecules
are distant from each other and the probability for a
VGLL4/Tgi molecule to interact with two of them should
be reduced. Since the region corresponding to helix-1 has
a very low affinity, the Kd measured in such conditions
should be similar to the affinity determined with the pep-
tides mimicking the β-strand:helix-2:helix-3 region (high-
affinity site). At higher immobilization levels, there is a

greater probability that a VGLL4/Tgi molecule, already
bound via the high-affinity site to an immobilized
TEAD4/Sd molecule, will interact via its low-affinity site
with a second nearby immobilized molecule before it dis-
sociates from the sensor chips (Figure 4(b)). This proxim-
ity effect (avidity26,27) should enhance the apparent
overall affinity. SPR experiments were conducted at two
different immobilization levels of TEAD4/Sd (Figure S4).
However, one should keep in mind that these measure-
ments are governed by the properties of the sensor chips'
surface,28 the buffer flow in the measurement cell29 and
may result from concomitant binding mechanisms.
Therefore, we shall report them as apparent affinities,
Kd

app. The SPR data were fitted using a one-site and a
two-sites binding model (see Material and Methods for
details). The one-site binding model best fitted the data
obtained at low immobilization levels, while the two-sites
binding model gave superior results at higher immobili-
zation levels (Figure S4). The Kd

app values measured for
VGLL4/Tgi at low immobilization levels (Figure 3(b)) are
similar to the Kd measured with the peptides mimicking
the β-strand:helix-2:helix-3 region (Figure 3(a)). This sug-
gests that under these experimental conditions, VGLL4/
Tgi bind to immobilized TEAD/Sd essentially via the
high-affinity site. The affinities measured at higher
immobilization levels are strikingly different. A Kd

app,high

(high-affinity site) in the low nanomolar range and a
Kd

app,low (low-affinity site) in the triple-digit nanomolar
range were determined (Figure 3(b)). This shows that the

FIGURE 4 Schematic representation of the binding mechanism of VGLL4/Tgi to TEAD/Sd. (a). Proposed binding mechanism in

solution. (b). Proposed binding mechanism in SPR experiments at high immobilization levels. TEAD/Sd are represented in light blue. The

magenta (H) and yellow (L) squares correspond to the high and low-affinity sites of VGLL4/Tgi, respectively. The grey rectangles represent

part of the sensor chips used in SPR where TEAD/Sd are immobilized. (c). Hypothetical interaction between VGLL4/Tgi with TEAD/Sd

bound to DNA. The DNA-binding domain of TEAD/Sd is represented in dark blue. The grey cylinders correspond the TEAD/Sd DNA-

binding elements. The dotted lines in the schematic representation of DNA indicate that the distance between the TEAD/Sd DNA-binding

elements may vary
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affinity of VGLL4/Tgi is enhanced when the density in
TEAD4/Sd molecules is increased at the surface of the
sensor chips and that, in such conditions, one VGLL4/
Tgi molecule interacts with two TEAD4/Sd molecules.
Jiao et al., who have shown that VGLL4 binds to two
TEAD molecules, have also measured the affinity of
VGLL4 (probably residues 203–256) for immobilized
TEAD4 by Biolayer Interferometry, but they report a sin-
gle Kd value of 6.8 nM.18

4 | CONCLUSIONS

Overall, our results show that—under our experimental
conditions—VGLL4 and Tgi behave in a very similar fash-
ion. Therefore, using our tools and assays, we do not
observe a significant effect of the length of the region
between the two Φ-D/E-D/E-H-F motifs on the interaction
with TEAD4/Sd. The difference in affinity between the
two binding sites present in VGLL4/Tgi is so large, more

than 100-fold, that in solution and at low concentrations,
these proteins should predominantly form dimeric com-
plexes with TEAD/Sd. Therefore, in such conditions,
VGLL4/Tgi would interact via their high-affinity TDU
with these transcription factors in a similar fashion to the
proteins from the VGLL1-3/Vg family, which contain only
one TDU. However, our results suggest an additional pos-
sibility in the way VGLL4/Tgi and TEAD/Sd might inter-
act in cells. Several molecules of the DNA-binding domain
of TEAD can bind to the same DNA fragment containing
different TEAD binding elements30,31 suggesting that, in
cells, full-length TEAD molecules could be in proximity
once they are bound to DNA. In such a case, VGLL4 may
interact with them in a “similar” fashion to that observed
in our SPR experiments at high immobilization levels with
the DNA taking the role of the sensor chips (Figure 4(c)).
The binding of VGLL4 via its high-affinity site to a first
TEAD:DNA complex would increase the local concentra-
tion, enabling the low-affinity site to interact with another
TEAD molecule also bound to DNA. Therefore, the

FIGURE 5 Size exclusion chromatography/multiangle light-scattering (SEC-MALS) experiments. VGLL4/Tgi and TEAD4/Sd were

preincubated at the indicated concentrations and subjected to size exclusion chromatography (see Material and Methods for details

[Section 2]). The figure represents the chromatograms from different SEC-MALS experiments. The mass of the proteins or protein complexes

determined experimentally (Exp.) or calculated (Calc.) are indicated
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presence of two TDU domains might be important for the
biological function of the proteins from the VGLL4/Tgi
family in a DNA context. The variation in the length of
the region connecting the Φ-D/E-D/E-H-F motifs amongst
the VGLL4/Tgi proteins might be linked to different posi-
tions of the TEAD/Sd molecules bound to genomic DNA
in different species. The validation/invalidation of these
very speculative hypotheses far exceeds the scope of our
present study focused on the biochemical characterization
of recombinant VGLL4 and Tgi, but we hope that our
work will trigger research activities that could help better
understand the function of an important tumor suppressor
protein such as VGLL4.
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