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Abstract

The Hippo pathway is a key signaling pathway in the control of organ size and
development. The most distal elements of this pathway, the TEAD transcrip-
tion factors, are regulated by several proteins, such as YAP (Yes-associated pro-
tein), TAZ (transcriptional co-activator with PDZ-binding motif) and VGLL1-4
(Vestigial-like members 1-4). In this article, combining structural data and
motif searches in protein databases, we identify two new TEAD interactors:
FAM181A and FAM181B. Our structural data show that they bind to TEAD
via an Q-loop as YAP/TAZ do, but only FAM181B possesses the LxxLF motif
(x any amino acid) found in YAP/TAZ. The affinity of different FAM181A/B
fragments for TEAD is in the low micromolar range and full-length
FAM181A/B proteins interact with TEAD in cells. These findings, together
with a recent report showing that FAM181A/B proteins have a role in nervous
system development, suggest a potential new involvement of the TEAD tran-
scription factors in the development of this tissue.
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growth and regeneration, modulators of the Hippo path-
way could prove to be interesting new molecules in

The Hippo pathway, which is well conserved in meta-
zoans, is linked to various biological processes, such as
cell growth/proliferation and tissue homeostasis/regener-
ation." The deregulation of this pathway in cancer has
attracted a lot of interest in recent years, because its study
may lead to the development of new anticancer drugs.*™
Furthermore, because of its role in the control of organ
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regenerative medicine.>®’ The TEAD (TEA/ATTS
domain) transcription factors are the most distal ele-
ments of this pathway.®® These proteins, which have no
transcriptional activity on their own, need to interact
with different partners to modulate gene transcription.
The four human TEAD proteins are regulated by YAP
(Yes-associated protein), its paralog TAZ (transcriptional
co-activator with PDZ-binding motif) and VGLL1-4 (ves-
tigial-like).''* Human cells express only one or a subset
of the TEAD genes, suggesting that these transcription
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factors have tissue-selective functions (e.g., 13). For exam-
ple, the autosomal dominant eye disease Sveinsson's
chorioretinal atrophy is linked to a mutation of the
TEADI gene."* The YAP and TAZ genes are broadly
expressed.”'? VGLLI-3 shows a tissue-specific expression
pattern, while VGLL4 is more ubiquitously expressed.'!
The structures of TEAD in complex with YAP,'>'¢
TAZ,"” VGLL1'® and VGLL4" reveal that these proteins
bind to an overlapping region at the surface of TEAD.
The TEAD-binding domains of YAP and TAZ are very
similar and are made of three distinct secondary structure
elements: a p-strand, an a-helix and an Q-loop.”>™"” The
TEAD-binding domains of VGLL1 and VGLLA4 also con-
tain a p-strand and an a-helix, but they lack the Q-loop,
which is key for interaction between YAP/TAZ and
TEAD."®' The structures of the TAZ:TEAD' and
VGLL4:TEAD" complexes show that TAZ and VGLL4
can bind to two TEAD molecules simultaneously, but this
has not yet been reported for YAP or VGLL1-3. The four
human TEAD proteins have a similar affinity for peptides
mimicking the minimal TEAD-binding domain of YAP,
TAZ and VGLL1* suggesting that these different regula-
tors can compete with each other to gain access to TEAD.
YAP/TAZ and VGLL1-4 are currently the most studied
TEAD interactors, but publications suggest that other
proteins may also modulate the activity of these tran-
scription factors. For example, the p160 coactivator pro-
teins have been reported to potentiate transcription from
a TEAD response element.*' This prompted us to look for
new TEAD interactors. Instead of conducting broad inter-
actome or ChiP studies combined with complex bioinfor-
matics analyses, we used a strategy focused on our
current knowledge of the structure of the YAP:TEAD
complex. Since Q-loops do not often mediate protein-
protein interactions**** and because an Q-loop is key to
the formation of the YAP:TEAD complex, we decided to
look for proteins that contain this specific recognition
motif. To that end, we combined the current structural
data on the YAP:TEAD complex and searches in protein
databases with small degenerate sequences. This
approach led to the identification of the FAM181A and
FAM181B proteins that bind to TEAD via an Q-loop both
in biochemical assays and in cells.

2 | RESULTS

2.1 | Identification of the FAM181A and
FAM181B proteins

The X-ray structures of the YAP:TEAD
plex' 10202326 tooether with the data obtained from
mutational studies of YAP*”** allowed us to define

com-

residues from the Q-loop of YAP that are key for the
interaction with TEAD. This information was used to
search different databases with small degenerated
sequences mimicking the Q-loop region of YAP (residues
85-99, YAP*>™*°) (Figure S1, Material and Methods). The
FAM181A and FAM181B proteins were identified using
this approach. These proteins are present in species from
various animal classes, such as mammals, insects and
fish (Appendix S1). FAM181A and FAM181B contain a
putative Q-loop (Figure 1), but FAM181B also possesses
the LxxLF motif (x = any amino acid) found in the
a-helix of the TEAD-binding domain of YAP (and
TAZ).>® Nonetheless, the number of amino acids between
this motif and the Q-loop is greater in FAM181B (50 resi-
dues) than in YAP (14 residues) (Figure 1). A survey of
the literature shows that little is known about FAM181A/
B, and only one publication has studied the function
of these proteins.’® This in vivo study reveals that
FAM181A/B play a role in nervous system development
and function. Interestingly, the authors have noticed that
a short sequence present in FAM181A/B displays a high
similarity with YAP. This sequence corresponds to
FAM181A"°2% and FAM181B**°***, which we identi-
fied as putative Q-loops. The published data also show
that FAM181A/B localize to the nucleus, suggesting that
they could potentially interact with TEAD, but the
authors did not probe this interaction. Altogether, the
presence of a putative Q-loop in FAM181A/B and their
nuclear localization prompted us to determine whether
they can bind to TEAD.

2.2 | Biochemical characterization of the
interaction between the Q-loop of
FAM181A/B and TEAD

Since the isolated Q-loop region of YAP (YAP®**™°°) has
a measurable affinity for TEAD (~70 pM),*" the cor-
responding regions of FAM181A/B could also interact
with TEAD. We noticed that Val84™ is conserved
in FAMI181A (Val190™M! 14y and in FAMI181B
(Val220"*M81B) (Figure 1). As this residue may have a
steric shielding effect on YAP folding®’, it was included
in the synthetic peptides mimicking YAP and FAM181A/
B. The ability of YAP**®° YAP®*%°, FAM181A'9*2%
and FAM181B*****> to inhibit the YAP:TEAD interac-
tion was measured in a TR-FRET assay (Figure S2).** In
agreement with earlier data®, YAP*>~*° inhibits the YAP:
TEAD interaction with a high double-digit micromolar
ICso (Table 1). The addition of Val84™" dramatically
increases potency—YAP*** is 10 times more potent
than YAP®® (Table 1)—revealing that this residue is
important for the YAP:TEAD interaction. The potency of
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(a)

>sp|QS8N9Y4|F181A HUMAN Protein FAMI81A OS=Homo sapiens
MPLEERRSSGERNDAAPTNHRRPGERKRASTARQVSSVPFLGAAGHQQSLPSSWKASCSGPLVMASDSDVKMLLNEV
NLASSDIKAALDKSAPCRRSVDHRKYLQKQLKRFSQKYSRLPRGLPGRAAEPYLKRGSEDRPRRLLILDLGPDSSPG
GGGGCKEKVLRNPYREECLAKEQLPOQROHPEAAQPGQV PMRKROLPASFWEEPRPTHSYHVGLEGGLGPREGPPYE
GKEKNCKGLEPLGPETTLVSMSPRATLAEKE PLKMPGVSLVGRVNAWSCCPFQYHGQPIYPGPLGALPQSPVPSLGLW
RKSPAFPGELAHLCKDVDGLGQKVCRPVVLKPIPTKPAVPPPIFNVFGYL

>sp |A6NEQ2 | F181B_HUMAN Protein FAMI81B OS=Homo sapiens
MAVQAALLSTHPFVPFGFGGSPDGLGGAFGALDKGCCFEDDETGAPAGALLSGAEGGDVREATRDLLSFIDSASSN
IKLALDKPGKSKRKVNHRKYLQKQIKRCSGIMGAAPPGPPSPSAADTPAKRPLAAPSAPTVAAPAHGKAAPRREAS
QAAAAASLQSRSIAATFDSLRHVPGGAEPAGGEVAAPAAGLGGAGTGGAGGDVAGPAGATAI PGARKVPLRARNLP
PSFFTEPSRAGGGGCGPSGPDVSLGDLEKGAEAVEFFELLGPDYGAGTEAAVLLAAEPLDVFPAGASVLRGPPELE
PGLFEPPPAVVGNLLYPEPWSVPGCSPTKKSPLTAPRGGLTLNEPLSPLYPARADSPGGEDGRGHLASFAPFFPDC
ALPPPPPPHQVSYDYSAGYSRTAYSSLWRSDGVWEGAPGEEGAHRD

B oos-WiLey L=

(b)

YAPS7-99

AAAAAAA A AA XA

VRGDSETDLEALFNAVMN————=—========—

————————————————————— PKTANVPQTVPMRLRKLPDSFFKPP

FAM181A!27-205 EPYLKRGSEDRPRRLLLDLGPDSSPGGGGGCKEKVLRNPYREECLAKEQLPQRQHPEAAQPGQVPMRKRQOLPASFWEEP
FAM181B!57-235 AASTQSRSILAALFDSLRHVPGGAEPAGGEVAAPAAGLGGAGTGGAGGDVAGPAGATAIPGARKVPLRARNLPPSFFTEP

FIGURE 1

Primary sequence of the human FAM181A and FAM181B proteins. (a). Primary sequence of FAM181A and FAM181B

from UniProt. The amino acids in bold correspond to FAM181A'*72°> and FAM181B'*"**’, The residues belonging to the Q-loop are in
blue. Val190™4M*8!4 and Val220"*M!8!B are in orange. The LxxLF motif present in FAM181B is colored green. (b). The primary sequences of
YAP57-99, FAM181A'%772% and FAM181B"*7"2*® were manually aligned. The secondary structure adopted by YAP upon binding to TEAD is
indicated.'® a: a-helix; Q: Q-loop. Dashes (—) indicate gaps. The colors are the same as in (a)

TABLE 1 Measure of the potency of YAP, FAM181A and
FAM181B derivatives

TR-FRET ICs, (1M) SPR K, (nM)
FAM181A%0-2%5 48 + 04 28402
FAM181B***-%%° 27.0 + 0.5 18 +1
YAP3° 6.1+03 3.68 + 0.06
YAP®>° 84 + 2 58.4 + 0.8
FAM181A'%772% 27 +2 9.8 +0.3%
FAM181B""~*7 6.7+ 0.5 73402

The inhibition (ICs) of the YAP:TEAD interaction by different YAP,
FAM181A and FAM181B fragments was measured in a TR-FRET assay. The
affinity (Ky) of the different YAP and FAM181A/B derivatives for TEAD4
was determined at equilibrium by surface plasmon resonance. The values
correspond to the averages and standard errors of n > 2 experiments.
#Apparent K4 (see text for explanation).

FAM181AY%2% s similar to that of YAP®°, while
FAM181B>**** is slightly less potent (Table 1). To dem-
onstrate that the FAM181A/B peptides bind to TEAD,
we used a Surface Plasmon Resonance (SPR) assay
(Figure 2). The dissociation constants (Ky) measured at
equilibrium by SPR with the four peptides are in good
agreement with the ICsy measured in the TR-FRET assay
(less than twofold difference) and they confirm that
YAP** has a higher affinity for TEAD than YAP®*°
(Table 1). FAM181A'°7%°> and FAM181B***"%*> bind to
TEAD in a dose-dependent manner. The signal measured
at equilibrium (Ry.,°9), similar to that determined for

YAP**% is close to the maximum feasible signal (Rpax""
(Figure 2) indicating that both peptides bind to TEAD
with a stoichiometry of 1. The affinity of FAM181A'°2%
for TEAD is similar to that of YAP®° while
FAM181B***"** binds less tightly (Table 1). Altogether, the
results obtained by TR-FRET and SPR reveal that
FAMI181A"*2% and FAM181B***?* compete with YAP
for binding to TEAD and that they bind to this transcription
factor with a low micromolar affinity, FAM181A'%*2% hav-
ing a lower K4 than FAM181B**%%,

2.3 | Determination of the structure of
the FAM181A/B:TEAD complexes

To establish whether FAM181A'*%% and FAM181B***
adopt an Q-loop conformation upon binding to TEAD, we
determined the structures of the FAM181A'°**>:TEAD4
(pdb 6SEN) and FAM181B*****>:TEAD4 (pdb 6SEO) com-
plexes by X-ray crystallography (Table S1). The superimpo-
sition of these two structures with that of YAP®*' in
complex with TEAD4 (pdb 6GE3)*® shows that YAP®* 1%,
FAM181A"%?% and FAM181B**°** adopt a similar
Q-loop conformation upon binding to TEAD4 and they
interact with the same surface area (Figure 3). In the fol-
lowing, we shall focus our analysis on residues con-
served between YAP and FAM181A/B, which have been
described as important for the YAP:TEAD interac-
tion.27’28 Met192FAM181A/Leu222FAM181B, Leu197FAM181A/
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FIGURE 2 Binding of YAP®*™°, YAP**™°, FAM181A"%° %% and FAM181B**°™*** to TEAD4. Biotinylated N-Avitagged TEAD4?'7434
was immobilized on sensor chips, and the binding of different concentrations of YAP?? YAP®*° FAM181A'°°?%5 and FAM181B%20-3%
was measured at 298 K by Surface Plasmon Resonance. The upper panels show representative sensorgrams and the lower panels the
corresponding binding isotherms from which K, values (at equilibrium) were derived. The sensorgrams were globally fitted with a 1:1
interaction model using the Biacore T200 evaluation software (Biacore, Sweden). The concentrations used are indicated. The signal
measured at equilibrium (Rp,°%) and the calculated maximum feasible signal (Rp,") are given

Leu227"AM81B and Phe201"AM!814/phe231™AMIBIB show
hydrophobic interactions with TEAD4 similar to those of
Met86" 4", Leu9d1 ™" and Phe95"”" (Figure 4a). These
three residues also form a hydrophobic core that contributes
to the stabilization of the bound Q-loop. Trp202FAMI81A/
Phe232"AM!81B are located at the top of this hydrophobic
core, helping to stabilize the bound Q-loop, and they form a
cation-m interaction with Argl93™AMI8IA/Argop3FAMISIE
(Figure 4b). Phe96™*F and Arg87"*" show the same interac-
tions in the YAP:TEAD complex (Figure 4b). The salt
bridge between Arg89*"" and Asp272™P* and the hydro-
gen bonds between Ser94"AF and Glu263™AP* Tyr429™AP*
are also present in the FAMI181A/B:TEAD4 complexes.

Argl195™AMIBIA AygopSFAMIBIE  are in  the vicinity of
Asp272™AP* (Figure 4c) and Ser2007AM!814/Ser230"AMIBLE
are within hydrogen bond distance from Glu263™*P*
Tyr429™AP*  (Figure 4d). Pro198™M!814/propgAMISIB
hold the same position as Pro92"A" at the binding interface
(Figure 4d). This proline residue, which is strictly conserved
in all the sequences obtained in our database search
(Figure S1), is probably important for establishment of the
Q-loop conformation. Overall, the structural data confirm
that FAM181A"%2% and FAM181B****** form an Q-loop
upon binding to TEAD and that the key interactions of
YAP with TEAD are also present in the FAM181A/B:TEAD
complexes.
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FAM181A190-205
FAM181B220235

TEAD4}1 7-434

FIGURE 3 Structures of the FAM181A"°2°:TEAD4 and
FAM181B***"%3*:,TEAD4 complexes. The structures of the
FAM181A'°2°>:TEAD4 (pdb 6SEN) and FAM181B**°"2*>:TEAD4
complexes (pdb 6SEO) have been superimposed on that of the
YAP®* 1. TEAD4 complex (pdb 6GE3%). FAM181A9°72%5,
FAM181B**°%* and YAP®*'? are represented by green, magenta
and orange ribbons, respectively. TEAD4 surface is colored gray.
The picture was drawn with PyMOL (Schrdédinger Inc., Cambridge,
Massachusetts)

2.4 | Study of longer FAM181A/B
fragments

FAM181B and YAP contain an LxxLF motif (x = any
amino acid) located N-terminally of the Q-loop
(Figure 1b). In the YAP:TEAD complex, these three con-
served residues make hydrophobic interactions in the
oa-helix binding pocket of TEAD.'*'® To determine
the involvement of this motif (FAM181B'®'%) in the
FAM181B:TEAD interaction, we purified FAM181B'>"~%*’
(Figure S3), which contains the LxxLF motif and the
Q-loop (Figure 1b). The TR-FRET and SPR results show
that FAM181B'>’">*” has a higher affinity for TEAD
than FAM181B>*°72* (Table 1, Figures S2 and S4). How-
ever, the potency gain is relatively small, fourfold, com-
pared with the 84-fold gain observed with YAP
[YAP®™ which contains the LxxLF motif (YAP®°)
has a K4 = 44 nM*!]. We next studied whether the LxxLF
motif of FAM181B binds to TEAD at the same place as
YAP. Val389™4P* is Jocated in the a-helix binding pocket
of TEAD and it shows van der Waals interactions with
Phe69"*" from the LxxLF motif. The Val389Ala™**"*
mutation destabilizes the YAP:TEAD complex by
1.7 kcal/mol (AAG = AG™" - AG™).*® The Ky of
FAM181B'*"%*7 for Val389Ala™*P* is 36 +2 pM
(Figure S4), showing that the mutation reduces binding
by 0.94 kcal/mol. We also investigated whether this
mutation affects the binding of FAM181A, which lacks
an LxxLF motif. The FAM181A'%772% construct, in which

the number of residues at the N-terminus of the Q-loop
is similar to that of FAMI81B"’ ¥, was purified
(Figure 1b and Figure S3). FAM181A"?77*°° has an appar-
ent K4 of 9.8 + 0.3 uM for wt'**P* (an accurate Ky could
not be determined because FAM181A'*"*°> binds non-
specifically to sensor chips at high concentrations) and of
14.7 +£ 0.1 pM for Val419Ala™™*P* (Table 1, Figure S4).
Therefore, the Val419A1a™4P* mutation has little effect
(AAG ~ 0.2 kcal/mol) on the FAM181A:TEAD interac-
tion. This suggests that FAMI181A'72%  which has
no LxxLF motif, does not come into contact with
Val419™"AP% The FAM181A'*'*® region may not inter-
act with TEAD and, if it remains in solution, this long
(63 amino acids) and probably flexible fragment might
destabilize the bound Q-loop, decreasing its affinity
for TEAD as observed in our experiments
(FAM181A"72%  ICso/Kq > FAM181AY™2%°  1Csy/Ky;
Table 1). To further confirm that the LxxLF motif from
FAM181B interacts with TEAD4 in a manner similar to
that of the corresponding motif from YAP, we conducted
molecular dynamics simulations. An initial model of
TEAD4*'"** in complex with FAM181B"**** was con-
structed using the FAMI81B****>TEAD4*'7"** crystal
structure (pdb 6SEO) and by homology to YAP' the N-
terminal region of FAMI81B"**® was modeled as a
p-strand (FAM181B****°) and an o-helix (FAM181B'**'73),
In this initial model, an arbitrary conformation allowing the
o-helix and Q-loop sequences to be connected in 3D was
given to the linker region (FAM181B'7>"*'). Starting from
this initial model, a molecular dynamics simulation of 10 ns
with an explicit water solvation model was run using the
Desmond module (default parameters) in the molecular
modeling package Maestro (Schrodinger Inc., Cambridge,
Massachusetts). The final conformation obtained after this
simulation shows that Phe169™*™*®B from the LxxLF motif
is in the vicinity of Val389™*P* and that it occupies the
same position at the binding interface as the corresponding
residue from YAP, Phe69""" Figure 5. This result is in agree-
ment with the experimental data obtained with the
Val389Ala™*P* mutant. The simulation also gives an idea of
the dynamics of the linker region. The f-strand:a-helix and
the Q-loop regions of FAM181B"**2*® were quite stable dur-
ing the simulation (Figure S5). Only small fluctuations of
some residue side chains were observed, while the main
chains retained their secondary structures. However, the
linker region (FAM181B'7>"*'?) showed substantial flexibility
with no observable regular secondary structure and a ten-
dency to fold back on the a-helix region towards the end of
the simulation (Figure S5). This shows that, once bound to
TEAD, FAM181B"***>*® remains quite flexible because of the
presence of a long linker between its a-helix and its Q2-loop.
We next studied the structure of unbound
FAM181A"*"% and FAM181B"*""** by circular dichroism
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(a) Leu197fAM181A

Leu227FAM 1818

(©)
Arg195FAMIS1A
Arg89YAP

Asp272TEADS

(d)

serzooFr'\’\’|131A
Pro198FAMISIA Ser94YAP

Pro92Y¥AP

Glu263T™AD4 l i Tyr429TAD4

ArgzstAMISIB
Arg89YAP

Asp2727EADs

Ser23oFAM1318
Pro228FM1818 seroat
Pro92YAP

Glu263TeA0 l i Tyra29TeA0¢

FIGURE 4 Key interactions between FAM181A'°2%5/FAM181B**°"**3 and TEADA4. Left panels. The structures of the
FAM181A"°2%:TEAD4 (pdb 6SEN) and YAP**'>.:TEAD4 (pdb 6GE3*°) complexes have been superimposed. The residues of
FAM181A, YAP and TEAD are represented by green, orange and gray sticks, respectively. Right panels. The structures of the
FAM181B*2°"***>:TEAD4 complexes (pdb 6SEO) and YAP®°"'°>:TEAD4 (pdb 6GE3®) complexes have been superimposed. The residues
of FAM181B, YAP and TEAD are represented by magenta, orange and gray sticks, respectively. (a). Hydrophobic core of the Q-loop.
(b). Residues involved in the stabilization of the hydrophobic core. (c). Salt bridge with Asp272™54P* (d). Hydrogen bonds with
Glu263™E4P*: Tyr429 ™ AP* and position of the conserved proline at the binding interface. The picture was drawn with PyMOL

(Schrodinger Inc., Cambridge, Massachusetts)
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(CD). In contrast to the CD spectrum obtained with
TEAD4*'7"** which is characteristic of a well-folded pro-
tein (Figure S6a), the CD spectra of FAM181A'% and
FAM181B*"*’ show that—under our experimental
conditions—these two fragments do not adopt a well-

Val389TEAD4

FIGURE 5 Interaction between the LxxLF motif and TEAD.
A simulation of molecular dynamics was run using the
FAM181B"***¢:TEAD?*"7~*** complex (see text for details). The
figure represents a superimposition between the conformation
obtained after 10 ns simulation and the structure of the YAP:TEAD
complex (PDB 3KYS'®). FAM181B'****® and TEAD*'7"*** and
colored in green and gray, respectively. The YAP®™"* region from
the YAP:TEAD structure is represented in orange. The picture
was drawn with PyMOL (Schrodinger Inc., Cambridge,
Massachusetts)

FAM181A

B oos-WiLey L=

defined structure in solution. We also analyzed the amino
acid sequence of full-length FAMI81A/B with PrDOS
(http://prdos.hgc.jp), a protein disorder prediction server.*®
This in silico analysis suggests that the regions
corresponding to FAM181A'*"**> and FAM181B"""**7 are
probably disordered in the context of the full-length proteins
(Figure S6b).

Altogether, the data we obtained with FAM181A'%772%
and FAM181B""~>* indicate that these two protein frag-
ments are flexible both in solution and once bound to
TEAD, suggesting that this high flexibility may have a neg-
ative contribution to their binding to TEAD.

2.5 | Study of the FAM181A/B:TEAD
interaction in cells

The findings described above show that fragments of
FAM181A/B and TEAD4 are able to interact and form sta-
ble complexes in a cell-free environment. To study this inter-
action in greater detail, we decided to investigate whether
the full-length FAM181A/B and TEAD proteins can interact
with each other in cells. To this end, N-terminally V5-tagged
TEAD4 and (FLAG)s;-tagged FAM181A/B were co-
transfected into HEK293FT cells. A V5-mediated immuno-
precipitation of TEAD4 was performed and V5 and FLAG
antibodies were used to detect TEAD4 and FAM181A/B,
respectively, by Western blot. FAM181A and FAM181B are
efficiently co-immunoprecipitated with wt'™™*P* (Figure 6).
The FAMI181A/B proteins were not detected in similar
experiments carried out in the absence of V5-tagged TEAD4
(empty vector control), indicating that these proteins do not
bind in a non-specific manner to the antibodies or beads

Empty vector

FIGURE 6 Interaction between
FAM181A/B and TEAD4 in cells. N-terminally
V5-tagged WtTEAD4 or Asp272Ala™"AP* were
co-transfected with (FLAG);-FAM181A/B into

' thEAD4
)
Asp272AlaTtArd

HEK293FT cells. TEAD4 was
immunoprecipitated with a V5 specific antibody

and co-immunoprecipitated FAM181A/B was
determined by anti-FLAG Western blot. Left
panel co-transfection FAM181A:TEAD4. Right
panel co-transfection FAM181B:TEADA4. To

provide a better view without signal saturation,

a shorter exposure of total FAM181B is shown
(flag in the lysates sub-panel). IP,
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(Figure 6). To establish whether the observed interaction is
specificc, we used a mutated form of TEAD4,
Asp272AlaTEAD4. This mutation, which abolishes the
formation of a salt bridge between Asp272""AP* and
Arg195TAMIBIA Apopo SFAMIBIB (Rigyre 4c), reduces the
affinity for TEAD4 of FAMI181A™" 2% (K4 > 16 uM,
Figure S4) and FAM181B'>""**" (K4 > 75 uM, Figure S4).
The Asp272Ala™A*P* mutation significantly affects the
interaction between TEAD4 and FAM181A/B in co-
immunoprecipitation experiments (Figure 6), showing
that the observed interactions between the wild-type pro-
teins are specific. Similar results were previously obtained
with YAP, which interacts with Asp272754P* via Arg89¥4”
(Figure 4c).*® We also repeatedly observed that the expres-
sion levels of FAM181A were significantly higher in co-
transfection experiments performed with wt"™**P* but not
with Asp272Ala™*P* (Figure 6). Therefore, we quantified
by Image] software (https://imagej.nih.gov/ij/) the IP over
input ratio, normalized to the respective empty control
within each experiment. Across three independent experi-
ments, which exhibited a similar pattern, Asp272Ala™>AP*
consistently displayed an approximately fivefold reduction
of co-IP capacity with FAM181A relative to wt'-*P* By
similar quantification for FAM181B, Asp272Ala™™*P* dis-
played an approximately fourfold reduction of co-IP capac-
ity relative to wt'>*P* The observed effect of wt"**P* on
the expression levels of FAM181A suggests that the for-
mation of a complex between these two proteins may
help enhancing the stability of FAM181A (at least in
HEK293FT background and in conditions where this
protein is overexpressed).

Overall, these data show that FAMI181A/B and
TEAD4 interact in a specific manner in the context of the
full-length proteins in a cellular environment. This,
together with the biochemical and structural data, sup-
ports the findings that FAM181A and FAMI181B are
TEAD interactors.

3 | DISCUSSION

The TEAD transcription factors bind to several proteins
that modulate their activity. Currently, YAP, TAZ and
VGLL1-4 are the best-characterized TEAD interactors.
The TEAD-binding domain of YAP and TAZ is formed of
a p-strand, an a-helix and an Q-loop, while the current
data show that the TEAD-binding domain of VGLL1-4
contains only a f-strand and an o-helix. In this article,
we identify two new TEAD interactors, FAM181A and
FAM181B. We show that a region of these two proteins
adopts an Q-loop conformation upon binding to TEAD
and that the residues from this secondary structure ele-
ment engage with TEAD interactions similar to those of

the corresponding residues from YAP. In a fashion similar
to that of YAP, FAM181B also possesses an LxxLF motif
(note that a VxxHF is present in VGLL1-4'®). Site-directed
mutagenesis experiments and molecular modeling studies
suggest that the LxxLF motif of FAM181B and YAP bind
to TEAD in a similar manner. FAM181A/B fragments con-
taining only the Q-loop or the Q-loop plus the LxxLF motif
(FAMBI181B) have an affinity for TEAD in the low micro-
molar range. In transient transfection experiments, full-
length FAM181A/B and TEAD interact with each other,
and complex formation is prevented by a mutation that
disrupts a key interaction at the Q-loop binding pocket.
Altogether, this indicates that FAM181A/B and TEAD
can interact with each other both in biochemical assays
and in a cellular environment.

The affinity for TEAD of the different FAM181A/B
fragments that we have studied is lower than that of simi-
lar YAP, TAZ and VGLL1 constructs.*>** This suggests
that FAM181A/B may not easily gain access to TEAD in
cells in the presence of these other proteins. However,
the nuclear localization of TEAD regulators can be mod-
ulated by the Hippo pathway, and the phosphorylation of
YAP, for example, leads to its sequestration in the cyto-
plasm.'** This suggests that, under specific physiological
conditions, FAM181A/B may not need to compete with
other TEAD regulators to form a complex with this tran-
scription factor. Therefore, despite their lower affinity for
TEAD, FAM181A/B proteins might be able to form tran-
sient complexes with this transcription factor in vivo.

Marks et al. have shown that the loss of FAM181B
function did not lead to an obvious phenotype in mice,
and they hypothesize that this lack of effect could be due
to a possible redundancy between FAMI181A and
FAM181B.?° This suggests that, to elucidate the biological
relevance of the FAM181A/B:TEAD interaction, in vivo
experiments will have to be conducted where the role of
FAM181A and FAM181B is evaluated at the same time.
While such studies are beyond the scope of this manu-
script, our findings provide ideas on tools that could be
used for such experiments. The analysis of the structure
of the FAM181A/B:TEAD complexes suggest different
mutations of FAM181A/B that can be designed to pre-
vent the interaction with TEAD. For example, our data
on the Asp272Ala™*P* mutation and earlier findings on
the effect of the Arg89Ala¥*" mutation in cells'® suggest
that Arg195Ala™*M"¥4 and Arg225A1a™*M8'® could be
utilized as probes to determine the effect of the disrup-
tion of FAM181A/B:TEAD interactions in an in vivo set
up. The cellular data obtained with Ser94Ala¥”"® also
indicate that the Ser200Ala™™'®'*/Ser230Ala"™M!8!B
mutations could be used to disrupt the FAM181A/B:
TEAD complex in vivo. Preliminary experiments we car-
ried out in HEK293FT cells using a reporter gene under
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the control of a YAP optimized promoter® did not show
a modulation of TEAD transcriptional activity by
FAM181A/B, suggesting that perhaps the conditions used
to determine whether FAM181A/B exert an effect on
TEAD transcriptional activity should be more physiologi-
cal. For example, Honda et al. have utilized a luciferase
gene under the control of a MYH7 promoter in C2C12
cells (mouse myoblasts) to study the effect of VGLL2
(selectively expressed in muscle cells) on TEAD.?® There-
fore, to determine the impact of FAM181A/B on TEAD
transcriptional activity, reporter gene assays may have to
be conducted in cells derived from a neural lineage using
a reporter gene under the control of the promoter of a
gene that is specifically expressed in that cell type. Dro-
sophila has been an instrumental model organism for
studying the role of the Hippo pathway in development,
and it is a very attractive system for studying the
FAM181A/B genes. Unfortunately, our motif search only
identified Yorkie, the drosophila homolog of YAP, but
not FAM181A/B, suggesting that these proteins are not
present in flies (Appendix S1).

In summary, the discovery of FAM181A/B as new
TEAD interactors paves the way for future in vivo studies
to elucidate the relevance of this interaction in the con-
text of the development of the nervous system and to gain
better knowledge on the physiological role of the
FAM181A/B:TEAD complex.

4 | MATERIAL AND METHODS

4.1 | Database search

The Motif Search algorithm from GenomeNet (www.
genome.jp) was used to interrogate the GenBank, Uni-
prot, RefSeq and PDBSTR databases. Three operators
were utilized to create degenerate sequence motifs: x rep-
resents any amino acid; [AB] means either amino acid A
or B; {A} means any amino acid except A. The amino acid
sequence of human YAP corresponding to residues
85-99, which adopts an Q-loop conformation upon binding
to TEAD, was used as template sequence for the data-
base search. Structural data and results from structure-
function studies were combined to identify the residues
from YAP*™®° which do not interact with TEAD in the
YAP:TEAD complex (e.g., residues with the side chain
pointing to the solvent).'>'*?%?>"2% On the basis of this
initial analysis, several positions were annotated with x
(85-P-x-R-x-R-X-L-P-x-S-F-F-x-x-P-99) indicating that any
amino acid can occupy them. The first search was used to
determine whether amino acids other than a serine could
be present at position-94 (Motif 01, Figure S1). The
sequences obtained were individually analyzed using the
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structural data to determine whether the amino acids
identified at position-94 could engage in favorable inter-
actions with TEAD. All the sequences identified con-
tained a glutamate residue at position-94. According to
the structure of the YAP:TEAD complex, such residues
should not be tolerated at the binding interface, because
this would result in a steric clash with Tyr429™**P* and
repulsive electrostatic interactions with Glu263™5AP4 26
On the basis of this result, a serine was maintained at
position-94 and a search with Motif_02 was conducted
(Figure S1). This methodology was repeated with a total
of 14 motifs to obtain the final consensus sequence: P-x-
[RKHS]-x-R-x-[LMF]-P-x-S-F-[FW]-x-x-P. The databases
were interrogated with this motif to generate the list of
the sequences used in this communication (Appen-
dix S2).

4.2 | Peptides

The synthetic peptides (both N-acetylated and C-
amidated) were purchased from Biosynthan (Germany).
The purity (>90%) and the chemical integrity of the pep-
tides was determined by liquid chromatography-mass
spectrometry (LC-MS) from 10 mM stock solutions in
90:10 (v/v) dimethyl sulfoxide (DMSO):water.

4.3 | Proteins

The amino acid sequences of full length FAM181A
(UniProt Q8N9Y4) and FAM181B (UniProt A6NEQ2)
were back-translated into an Escherichia coli codon-
optimized DNA sequence by an in-house tool and synthe-
sized by GeneArt (Thermo Fisher Scientific, Germany).
The DNA fragment encoding FAM181A'*"~%°> was PCR-
amplified with primers comprising Lgul restriction sites
and cloned into a pET-derived vector with an N-terminal
Hiss-Gly-Ser spacer-Lipoyl-Gly-Ser spacer-HRV3C affinity
purification and solubilizing tag.*” The DNA fragment
encoding FAMI181B"°%*7 was PCR-amplified with
primers comprising Lgul restriction sites for seamless
cloning into a pET-derived vector with an N-terminal
Hise-Gly-Ser spacer-Rbx-Gly-Ser spacer-HRV3C affin-
ity purification and solubilizing tag.*® The FAM181B
fragment in the resulting expression plasmid was
N-terminally extended by adding residues 157 and
158 through site-directed mutagenesis with the Quik-
Change II Lightning Site-Directed Mutagenesis kit
(Agilent, Santa Clara, California). The DNA sequence of
all expression constructs was verified by Sanger sequenc-
ing. Recombinant FAM181A'*7"*°> and FAM181B">"~>*’
proteins were purified using identical protocols. The
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expression plasmid was transformed into NiCo21 (DE3)
competent E. coli cells (New England Biolabs, Ipswich,
Massachusetts). TB medium supplemented with 50 mM
MOPS was inoculated with a bacterial pre-culture and
incubated under constant shaking at 37°C. At ODggo = 0.8,
the culture was chilled to 18°C, and protein expression
was induced by addition of 0.2 mM Isopropyl p-D-
1-thiogalactopyranoside. After overnight expression, the
bacteria were harvested by centrifugation for 20 min at
6,000g, frozen on dry ice and stored at —80°C. The cell
pellets were thawed and suspended in buffer A (50 mM
Tris-HCI, 300 mM NacCl, 30 mM imidazole, pH 8.0) sup-
plemented with cOmplete protease inhibitor (Roche,
Switzerland) and TurboNuclease (Merck, Germany). The
cells were mechanically disrupted by three passages
through an EmulsiFlex C3 homogenizer (Avestin,
Canada), and insoluble cell debris was removed by centri-
fugation for 30 min at 40,000g. The clarified cell lysate
was loaded onto two 1 ml HisTrap HP columns
(GE Healthcare, UK) mounted in series on an AKTA
Pure chromatography system (GE Healthcare). Contami-
nating proteins were washed away with 10 column vol-
umes of buffer A, and the His-tagged protein was eluted
with a linear gradient over 10 column volumes to 100%
buffer B (buffer A with 300 mM imidazole). The N-
terminal purification tag was cleaved off overnight at 5°C
by Hise-tagged HRV 3C protease during dialysis against
buffer A. The cleaved protein was passed over the re-
equilibrated HisTrap HP columns to remove the cleaved
tag, HRV3C-protease, and contaminating host cell pro-
teins. The fractions containing the FAM181A/B proteins
were pooled, concentrated with Amicon Ultra-15 3 K
centrifugal filter unit (Merck, Germany) and loaded onto
a HiLoad Superdex 75 16/600 pg size exclusion column
(GE Healthcare, United Kingdom) equilibrated with
50 mM Tris-HCIl, 150 mM NaCl, 10% glycerol, pH 8.0.
The fractions containing pure protein were pooled and
concentrated to about 2 mg/ml in an Amicon filter unit
(Merck, Germany). Purity and concentration of the pro-
tein samples were determined by RP-UHPLC, measuring
the absorbance at 210 nm. The concentration was calcu-
lated using a BSA standard curve as reference. Identity
and molecular weight of the FAM181A/B proteins were
confirmed by LC-MS. The final yield was about 10 mg/L
expression culture. The different TEAD4 variants were
purified as previously described.*

44 | Time-resolved FRET, surface
Plasmon resonance and circular dichroism

Biotinylated N-Avitagged-TEAD4*'”"** (1 nM; wt™=AP%)
and LANCE Eu-W1024 Streptavidin (0.5 nM, PerkinElmer,

Waltham, Massachusetts) were pre-incubated for 1 hr at
room temperature in 50 mM HEPES pH 7.4, 100 mM KCl,
0.05% (v/v) Tween-20, 0.25 mM TCEP, 1 mM, and 0.05%
(W/v) BSA. N-terminally Cy5-labelled YAP®*'® (20 nM)
and serial dilutions of the peptides/protein fragments to be
tested were added and incubated in white 384-well plates
(Greiner Bio-One International, Austria) for 1 hr at room
temperature. DMSO was present at 2% in the assay. The sol-
ubility of the peptides in assay buffer was measured by
dynamic light scattering with a Dyna Prot device (Wyatt
technology Corp., Germany). The fluorescence in the TR-
FRET assay was measured with a Genios Pro reader (Tecan,
Switzerland) (50 ps delay between excitation and fluores-
cence, 75ps integration time, excitation wavelength
340 nm, emission wavelengths 620 and 665 nm). Data ana-
lyses were carried out using the TR-FRET 665/620 nm emis-
sion ratio. The ICs, values were obtained by nonlinear
regression analysis with GraphPad Prism (GraphPad Soft-
ware, San Diego, California). The Surface Plasmon Reso-
nance and Circular Dichroism experiments were conducted
as previously described.*

4.5 | Structural biology

The untagged wtTEAD4*'7~*** protein used for crystal-
lization was obtained as described previously.”> Com-
plex crystals between myristoylated wtTEAD4>!'7~*3*
and the FAM181 peptides were grown at 293 K using the
sitting drop vapor diffusion method. WtTEAD4*'7~*3*
(7.4 mg/ml) and FAM181A'"°2% or FAM181B**°2%
(0.5 mM) were pre-incubated in 25 mM Tris-HCI
pH 8.0, 100 mM NaCl and 1 mM TCEP (molar ratio pep-
tide:protein = 1.7). For crystallization, the FAM181A/B:
TEAD4 complexes were mixed with an equal volume of
reservoir solution (0.3 + 0.3 pl). Reservoir solutions:
FAM181A™°2%:TEAD4 complex—200 mM (NH,),SO,,
100 mM CH;COONa(H,0); pH 4.59 and 35% pen-
taerythritol ethoxylate (15/4 EO/OH); FAM181B*%%3>;
TEAD4 complex—50 mM (NH,4),SO,4, 50 mM Bis-Tris
pH 6.5 and 30% pentaerythritol ethoxylate (15/4 EO/OH).
For data collection, the FAM181A'°2°5:TEAD4 crystals
were directly shock-cooled in liquid nitrogen while the
FAM181B**#**:TEAD4 crystals were first soaked for a
few seconds in the reservoir solution containing 30% glyc-
erol before shock-cooling in liquid nitrogen. X-ray dif-
fraction data were collected at the Swiss Light Source
(SLS, beamline X10SA) using a Pilatus pixel detector.
Raw diffraction data were analyzed and processed using
the autoPROC**/STARANISO (Global Phasing Ltd., UK)
toolbox. The structures were solved by molecular replace-
ment with PHASER™ using as search model the coordi-
nates of previously solved in-house structures of TEAD4.
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The software COOT*' and BUSTER (Global Phasing Ltd.)
were used for iterative rounds of model building and struc-
ture refinement. The refined coordinates of the complex
structures have been deposited in the Protein Data Bank
(www.wwpdb.org) with the accession numbers 6SEN
(FAM181A'*?:TEAD4) and 6SEO (FAM181B*** 2%
TEADA).

4.6 | Cellular biology
Cloning. nV5-tagged TEAD4 cDNA constructs (wt'=*P*
and Asp272Ala™2P%)  were described previously.*®
FAM181A (RefSeq NM_138344.5) was amplified by stan-
dard PCR from a pDONR221-FAM181A (human codon-
optimized) clone, obtained from GeneArt (Thermo Fisher
Scientific, Germany), using primers containing N-terminal
(FLAG); epitope. The PCR product was cloned by Gate-
way reaction into pcDNA3.1 Hygro-DEST (Invitrogen,
Carlsbad, California), according to the manufacturer's pro-
tocol. FAM181B (RefSeq NM_17885.4) was amplified by
standard PCR from a pcDNA-DEST40-FAM181B (human
codon-optimized) clone using primers containing N-
terminal (FLAG); epitope. The PCR product was cloned
by Gateway reaction into pcDNA3.1 Hygro-DEST
(Invitrogen), according to the manufacturer's protocol.
Cell culture and transfections. HEK293FT cells, cell
culture handling and Lipofectamine 2000-based transient
transfections were described previously.?®
TEAD/FAM181 co-immunoprecipitation (co-IP).
For FAM181A co-IP experiments, HEK293FT cells
were transfected with nV5-TEAD4 and (FLAG);-
FAM181B constructs (1:1 ratio), and lysed in NP40 buffer
(Invitrogen) containing PhosSTOP and Protease Inhib-
itor Cocktail (both from Roche, Switzerland) 48 hr
after transfection. For FAM181B co-IP experiments,
HEK293FT cells were transfected with nV5-TEAD4 and
(FLAG);-FAM181B constructs (1.5:1 ratio), and the pro-
teins were extracted from nuclei using the NE-PER™
Nuclear (Thermo Fisher Scientific, Germany) 48 hr after
transfection. Lysates (100 pg) were then incubated with
V5 antibody overnight (FAM181B co-IP) or for 2 hr
(FAM181A co-IP) under rotation at 4°C, followed by
incubation with Dynabeads Protein G (Invitrogen) for
2 hr under rotation at 4°C. Immunoprecipitates were
washed three times with NP40 buffer containing protease
and phosphatase inhibitors, eluted with Laemmli Sample
Buffer (BioRad, Hercules, California) by incubation at
95°C for 5 min and resolved by standard SDS-PAGE gel
electrophoresis and Western blotting. Antibodies for IP:
V5 (Invitrogen). Antibodies for Western blot: FLAG
(Sigma-Aldrich, St. Louis, Michigan) and V5 (Cell Signal-
ing Technology, Danvers, Massachusetts) as primary

antibodies; HRP-anti-rabbit (Cell Signaling Technology)
as secondary antibody.

The TEAD transcription factors are regulated by differ-
ent proteins. Combining structural data and motif searches
in protein databases FAM181A and FAM181B were identi-
fied as new TEAD interactors. Biochemical and structural
data reveal that FAM181A/B bind to TEAD via an Q-loop
and this interaction was also demonstrated in a cellular
context. The FAM181A/B:TEAD interaction might play
a role in the development of the nervous system as
FAM181A/B are specifically expressed in this tissue.
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