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Abstract: Many interactions between proteins are mediated by intrinsically disordered regions (IDRs).
Intrinsically disordered proteins (IDPs) do not adopt a stable three-dimensional structure in their unbound
form, but they become more structured upon binding to their partners. In this communication, we study
how a bound IDR adapts to mutations, preventing the formation of hydrogen bonds at the binding inter-
face that needs a precise positioning of the interacting residues to be formed. We use as a model the
YAP:TEAD interface, where one YAP (IDP) and two TEAD residues form hydrogen bonds via their side
chain. Our study shows that the conformational flexibility of bound YAP and the reorganization of water
molecules at the interface help to reduce the energetic constraints created by the loss of H-bonds at the
interface. The residual flexibility/dynamic of bound IDRs and water might, therefore, be a key for the adap-
tation of IDPs to different interface landscapes and to mutations occurring at binding interfaces.

Keywords: intrinsically disordered proteins; protein—-protein interactions; YAP; TEAD; water

Introduction
The Lock and Key model was an early attempt to
explain the selectivity of the interactions between a

Additional Supporting Information may be found in the online
version of this article.

Statement: YAP is an intrinsically disordered protein which
becomes structured upon binding to TEAD. YAP and TEAD
form two key hydrogen bonds at their binding interface. The
study of the abrogation of these interactions by mutations
reveals that bound YAP keeps some flexibility, which together
with the contribution of interfacial water molecules, permits to
mitigate the loss of these hydrogen bonds.
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protein and its ligand. In this model, the optimal
ligand (key) has the right shape and size to fit into
the keyhole of the protein (lock). This model, where
both interacting partners have a precise/fixed geome-
try, gives a very static view of the interactions involv-
ing proteins. With the availability of more structural
data, it became apparent that the flexibility of the
binding partners is an important feature in molecular
recognition. This led to the development of new
models where the conformational flexibility of the
interacting partners is integrated into the binding
process. Today there are two models that have been
extensively discussed in the literature.!™ In the con-
formational selection model, one of the two partners
binds to a specific conformation (or a small subset)
the other binding partner can adopt in its unbound
state. In the induced fit model, the initial interaction
between the two partners is followed by a conforma-
tional change that leads to the final complex. The
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Figure 1. Biochemical study of the YAP:TEAD complexes. (A) Close view of the interaction site between Ser94Y4F and
Glu263TEAP4/Tyr429TEAP4 in the wtYAP:wi™AP* complex. YAP and TEAD4 are in green and blue, respectively. H-bonds are
represented by black dotted lines. (B) Schematic view of the interaction site in the different YAP:TEAD complexes. H-bonds are
represented by black lines. Fold change in (FCk,= Kamutant/Kawt) are indicated.

frontier between both mechanisms may not be so
strict, since both the protein dynamics and the ligand
concentration can shift the binding mechanism.® Fur-
thermore, it is conceivable that binding processes
may involve both conformational selection and
induced fit.

In the past few years, a new area in molecular
recognition has emerged with the study of intrinsi-
cally disordered proteins (IDPs) or intrinsically disor-
dered regions (IDRs) of proteins. IDPs/IDRs do not
have a fixed three-dimensional structure in their
unbound state, but they become more structured once
they are bound to their partner(s). It should be kept
in mind that IDPs/IDRs may have some level of struc-
tural organization (e.g., transient secondary or
molten-like structures) in their unbound form. The
interesting properties of IDPs/IDRs have prompted
numerous investigations, and many studies have
focused on their binding mechanism (see e.g., Refs.
[59). Some of these studies used kinetics methods
(p-value analysis'®) to probe the transition state and
thus map the interactions established during the
binding process (see e.g., Refs. [1*1%). A — very cau-
tious — interpretation of the data obtained from the
limited number of systems studied so far suggests
that IDPs/IDRs fold after binding® and that hydro-
phobic residues located at the interface are important
for this step. However, in view of the diversity of
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IDPs/IDRs and their binding partners, they may not
all follow the same mechanism for binding.

In this manuscript, we are focusing on a different
aspect of the interaction between an IDR and its binding
counterpart. The aim of this work was to study the effect
of mutations that prevent the formation of hydrogen
bonds between the side chains of the two interacting
partners at the binding interface. As H-bonds require a
precise geometry to be formed, this study should enable
us to determine how a bound IDP/IDR adapts to the loss
of the structural constrain required for its formation.
Furthermore, since water is important for the dynamics
of H-bonds, this analysis should provide an insight into
the contribution of water molecules in maintaining/
establishing H-bond networks at the binding interface
between an IDP/IDR and its target. As a model, we use
the YAP:TEAD interaction. The TEAD binding region of
YAP is a bona fide IDR, since it adopts a random coil
conformation in solution.’® YAP binds to TEAD, which
is a well-folded and rather a rigid partner, via two main
secondary structure elements, an o-helix and an
Q-loop.’817 The interface at the Q-loop binding site is
key for the YAP:TEAD interaction'®® and, within
this region, Ser94¥“Y makes hydrogen bonds with
Glu263™4P4 and Tyrd29™AP4 [Fig. 1(A)]. The mutation
of these residues significantly affects the YAP:TEAD
interaction as measured in biochemical or -cellular
assays.'®'"1® This interaction, which requires the
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Table 1. Biochemical characterization of the different complexes. The dissociation constants (Ky) were measured at
equilibrium (295°K) by Surface Plasmon Resonance. Average values and standard errors are indicated (n > 3). The

binding energies (AG) are calculated from the K; values

wt AP Ser94Ala¥AP
Kd AG Kd AG
TEAD4 (nM) (kcal/mol) (nM) (kcal/mol)
wt 17+1 -10.58 + 0.04 1807 + 35 -7.83 + 0.04
Tyr429Phe 57 +3 -9.88 + 0.03 136 = 6 -9.36 + 0.01
Glu263Ala 129 + 3 -9.39 £ 0.01 2221 + 37 -7.70 +£ 0.01
Tyr429Phe-Glu263Ala 219 £ 2 -9.08 + 0.01 178 + 11 -9.20 + 0.01

formation of two well-defined hydrogen bonds, therefore,
represents a good model for the purpose of this study.

Results

Biochemical study of the YAP:TEAD complexes

The affinity (Kg) of wt¥2F for the different TEAD4
proteins was measured by surface plasmon resonance
[SPR; Fig. 1(B) and Table I]. In agreement with
earlier results,’® the Ky of wt*2F for wt™™AP% is in
the low double-digit nanomolar range. The Tyr429-
Phe™AP*  mutation has a smaller effect
(AAG = AGputant — AGwi =0.71 kcal/mol) than the
Glu263A1a™4P* mutation (AAG = 1.19 keal/mol) and,
in approximate terms, both mutations have an addi-
tive effect on the interaction with wt¥2F (AAGyouble
mutant = 1.51 kcal/mol similar to 1.9 kcal/mol). The
Ser94Ala¥A? mutation has a major destabilizing
effect on wt™24P* binding (AAG = 2.76 kcal/mol),
which is significantly greater (by 0.86 kcal/mol) than
the cumulated effect of two TEAD4 mutations. There
is, therefore, an asymmetry in the impact of the
mutations, the loss of Ser94-OHYAF being more detri-
mental for binding than the loss of both
Glu263-COO™4P4  and  Tyr429-OHT™®4P4  This
asymmetry is also observed when comparing the
Ser94Ala¥AP:wtTFAD4 and wt¥AP.Glu263Ala—Tyrd29-
Phe™®4P4 complexes. Since the Ser94Ala¥“F and
Glu263Ala-Tyr429Phe ™AP* mutations prevent the
formation of the same interactions at the YAP:TEAD
interface, the complexes would be expected to have
the same affinity. But this is not the case. Their affin-
ity differs by 1.25 keal/mol. When Tyr429TEAP4 is mu-
tated, the Ser94Ala¥”F mutation, which suppresses
only the formation of an H-bond with
Glu263™4P%  has a moderate effect with the wt™F:
Tyr429Phe™AP* and Ser94Ala Y Tyr429Phe™AP* com-
plexes having a similar affinity (AAG = 0.52 kcal/mol).
However, when Glu263™4P* is mutated, the Ser94A-
1a¥2F mutation, which suppresses only the formation of
an H-bond with Tyr429™AP4 has a large impact on the
interaction with the wt™AF:Glu263A1a™4P* and Ser94A-
1a¥AP:Glu263A1a 4P complexes showing significantly
different affinities (AAG = 1.69 kcal/mol). The structure
of the wt¥F:wt™AP4 complex suggests that the
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Glu263Ala™4P* and Tyr429Phe™"P* mutations should
have little impact on the binding of Ser94Ala¥** since
the side chain with which they form an H-bond in the
wt complex is not present in this YAP mutant. A simi-
lar prediction can also be made for the interaction of
Ser94Ala¥F with Glu263Ala-Tyrd429Phe™AP* These
predictions hold true both for the Glu263AlaTEAD4
mutation, which has little impact (AAG = 0.12 kcal/
mol, comparison between Ser94Ala¥A¥:Glu263Ala FAP4
and Ser94Ala¥AP:wt™APY) on  Ser94Ala¥F binding,
and for the Ser94Ala¥A* mutation, which has a negligi-
ble effect on the binding of Glu263Ala—Tyr429PheTEAD4
(AAG = -0.13 kcal/mol, comparison between Ser94A-
1a¥AP:Glu263Ala—Tyrd29Phe TH4D4 and wtYAP:
Glu263Ala—Tyr429Phe™AP%). However, a very different
result is obtained with the Tyr429Phe™4P* mutation,
which enhances the affinity of Ser94Ala™®® by
1.53 kcal/mol when compared to the Ser94Ala¥AF:
wtTEADY complex.

Overall, this analysis reveals that the mutations
of Ser94¥4F and Glu263/Tyrd29T%4P4 have a clear
impact on the YAP:TEAD interaction. However, some
of the observed effects seem to involve more complex
mechanisms than the simple loss of H-bonds at the
interface, and the structure of the wtYAF:wt ZAD4
complex is not sufficient for them to be appreciated.

Structural study of the YAP:TEAD complexes
Synthetic peptides mimicking the region 60-100 of
wt¥AP and Ser94Ala¥AY were co-crystallized with the
different TEAD4 proteins and the structures of these
eight complexes were determined by X-ray crystallog-
raphy (Table S1).

In the wt¥AF:wtTFAP4 complex, Glu263-COOQTFAP4
and Tyrd29-OH™®AP* make an H-bond with
Ser94-OHYAF [Fig. 2(A)]. A water molecule (W1) is pre-
sent between Glu263-COO™®AP* and Ser94-NHYAP,
Glu263™4P%  Tle428™AP* and His427™™AP*  are
engaged in an H-bond network involving the two
water molecules, W2 and W3. The imidazole ring of
His427™#4D4 ig oriented toward Lys97 AP,

The Tyr429Phe™4P* mutation induces several
changes at the interface [Fig. 2(B)]. The small cavity
(~5 A®) created by the mutation allows YAP to move
toward TEAD [Fig. 3(A)l. This movement, which

Mutations at the YAP:TEAD Interface
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Figure 2. (A-D). Structure of the different YAP:TEAD complexes in the region surrounding the mutation sites. The figure represents
the residues and water molecules discussed in the text. YAP and TEAD4 residues are in green and blue, respectively. Water
molecules are indicated by red spheres. The distance (A) between atoms is indicated (dotted lines).

brings Ser94-CYAY closer to Phe429-Cz™®AP* (4.1 and
4.7 A in the wtYAP:Tyra29Phe™AP* and the wt¥AF:
wtTEAD4 complex, respectively), preserves the interac-
tion between Glu263-COOTE4P* and Ser94-OHYAP
that remains within H-bond distance. The side chain
of His427T84P4 is rotated versus the wt complex and
is oriented toward Glu263TFAP* This movement
affects the water molecules at the binding interface.
W3 in the wt complex is displaced by the rotation of
His427™8AP4 and the space left empty between this
residue and Lys97 Y becomes occupied by a new
water molecule (W4). W1 and W2 occupy a position
similar to that in the wt complex.

The shift of YAP toward TEAD observed in the
wt AP Tyrd29Phe ™*AP* complex does not take place
in the wtYAF:Glu263A1a™AP* complex [Fig. 3(A)]. As
in the wt complex, Tyr429-OH™AP* is within H-bond
distance of Ser94-OHYAP, His427™®AP4 {s oriented
toward Lys97"AP and its imidazole ring is also
engaged in an H-bond network, via W2 and W3, with
Ala263TEADY gnd T1e428TEAPY [Fig. 2(C)). A water
molecule, W5, occupies a position similar to
Glu263-COO™AP in the wt complex, and it is within
H-bond distance of Ser94-OHYAF and W3. W1 is in
the same position as in the wt complex.

The movement of YAP detected in the wt¥AF:
Tyr429Phe™AP* complex is also observed in the

Mesrouze et al.

wtYAP:Glu263Ala-Tyrd29Phe™AP* complex and is of
similar magnitude [Fig. 3(A)l. The side chain of
His427™8AP* is rotated toward Alad423™AP* and the
two water molecules W2 and W4 occupy positions sim-
ilar to those in the wt¥F:Tyr429Phe™AP* complex
[Fig. 2(D)l. As in the wtYAF:Glu263A1a™AP* complex,
W5 is present at the interface, but it is not in exactly
the same position as in the wt*AF:Glu263Ala™AP*
complex probably because of the absence of W3 and
the different orientation of His427 A4 in the wtYAF:
Glu263Ala-Tyr429Phe™4P* complex. W1 has the
same position as in the wt complex.

The four previous structures were solved from
crystals belonging to the same space group (P4,2,2),
and the possibility cannot be ruled out that the move-
ment of YAP observed in the wtYAF:Tyr429Phe™tAD4
and wt™F:Glu263Ala-Tyr429Phe™4P*  complexes
might be triggered because they crystallize in this spe-
cific crystal form. To test this hypothesis, new crystalli-
zation conditions were developed, crystals from a
different space group (P2;2,2,) were obtained with the
wtYAP: Tyr429Phe™AP* complex and a new structure
was solved by X-ray crystallography (Table S1). The
same movement of YAP around position-94 is observed
in this additional structure (Fig. S1) indicating that it
is the presence of Phe429™4P* at the interface and not
the crystallization conditions which induce the shift of
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YAP toward TEAD in the wt"2":Tyr429Phe™4P* com-
plex. This movement of YAP toward TEAD probably
triggers the rotation of the side chain of His427 FAD4
and consequently a change in the position of interfacial
water molecules (loss of W3 and presence of W4).
Figure 3(B) represents the region surrounding
the mutation sites when the four structures obtained
tYAP are superimposed. W1 (cyan) and W2

(orange) have the same position in all the complexes.
{YAP.

with w

W3 (magenta), which is present in the w
wtTEADY and wtYAP:Glu263A1a™FAP4 complexes, is at
the position occupied by His427-Ne2TFAP4 in the
wt AP Tyr429Phe™AP*  and  wt¥AP:Glu263Ala—
Tyr429PheT™AP*  complexes. W4 (yellow), which is
found in the wt¥AF:Tyrd29Phe™AP* and wt¥AP:
Glu263Ala—Tyr429Phe™4P* complexes, is at the posi-
tion of His427-Ne2BAP* in the wt™ Piwt™AP* and
wt¥AP:Glu263A1a™AP* complexes. Finally, W5 (green),
which is present in the wt¥A¥:Glu263Ala™AP* and
wtYAP:Glu263Ala-Tyrd29Phe TEAD4 complexes, is
located in the region occupied by Glu263-COO™*4P4 in
the wt™AP-wit™AP4 and wt AP Tyrd29Phe ™AP* complexes.

We shall now study the structures of the YAP:
TEAD complexes when Ser94¥2F is mutated to
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alanine. The structure of the Ser94AlaYAP.wtTEAD4
complex again highlights the adaptation of bound
YAP to mutations [Fig. 2E). Glu263™FAP* and
Tyr429T%4P4 are in the same position as in the wt
complex. His427™4P4 ig oriented toward Lys97YAP,
and the network of H-bonds created by W2 and W3 is
maintained. However, changes are observed around
the mutation site. If Ala94¥AY kept the position occu-
pied by Ser94¥AY in the wt complex, its hydrophobic
Cp atom would be in the vicinity of the polar
Glu263-COO0™4P4 and Tyrd29-OH™®AP4 which in
addition would have limited ability to form H-bonds
with water. The residual flexibility of bound YAP
allows such highly unstable conformations to be
avoided and it moves away from TEAD4, separating
Ala94-Cp¥AF from these polar groups [Fig. 3(C)]. This
movement allows a water molecule, W6, to be located
at the interface close to Glu263-COOTEAP* and
Tyr429-OH™AP4 [Fig. 2(E)]. This displacement of
YAP also shifts Ala94-NHYAF away from
Glu263-CO0™AP4 (6.3 A vs. 5 A measured between
Ser94-NHYAF and Glu263-COO™4P* in the wt com-
plex). This distance is too long for W1 to efficiently
bridge Glu263-COO™®AP* and Ala94-NHYAP, and in

Mutations at the YAP:TEAD Interface



the Ser94AlaYAF:wtTEADPY  complex, W7 connects
Glu263-COOTEAPY o Asp93-NHYP [not shown in
Fig. 2(E)].

Zhang et al. recently designed synthetic peptides
mimicking the Q-loop of YAP and found that the
Glu93Ala¥AF mutation leads to a two-fold enhance-
ment in the affinity of YAP for TEAD.?° Their inter-
pretation of this finding is that the mutation
enhances the stability of the one-turn a-helix present
in this region of the Q-loop because of the a-helix sta-
bilizing nature of alanine. We measured the @ and ¥
dihedral angles of YAP Residues 93, 94, and 95 in the
wt AP wtTEADY gnd Ser94Ala¥AP:wtTBAP4 complexes
(Table S2). The Ser94AlaYAF mutation has little effect
on the dihedral angles of the two residues surround-
ing the mutation site, but it significantly alters those
of the residue at position-94. The & and ¥ dihedral
angles of Ala94¥4F depart more from the canonical
angles measured in o-helices (clustered around
@ = —-57° and ¥ = —47°) than those measured for
Ser94YAP Ala94YAF adopts a conformation which
is closer to that found in 3;¢ helices (clustered
around @ = —74° and ¥ = —4°). The presence of a
residue with such a conformation in this single
turn o-helix may have a destabilizing effect on
bound YAP.

The Ser94Ala¥AP:Tyr429Phe™AP* [Fig. 2(F)] and
wt AP Tyr429Phe TPAPY  [Fig. 2(B)] complexes are
structurally related. His427T%4P* ig oriented toward
Glu263™4P4 and the three water molecules W1, W2,
and W4 occupy the same position in both complexes.
As observed in the wtYAF:Tyr429Phe™AP* complex,
there is also a movement of YAP in the direction of
TEAD, bringing Ser94-Cp¥F within van der Waals
distance from Phe429-Cz™®4P* and potentially creat-
ing a new interaction at the interface [Fig. 3(C)]. The
main difference between the two complexes is the
absence of an H-bond between Glu263TEAP* and
Ser94¥AP  in  the Ser94Ala¥AP:Tyr429Phe FAD4
complex.

In the Ser94Ala¥**.Glu263Ala™AP* complex,
His427™4AP4 W2 and W3 occupy the same position
as in the wt complex [Fig. 2(G)]. As observed in the
Ser94Ala¥AP:wtTFAPY complex, Ala94Y2" moves away
from TEAD, and the magnitude of this movement is
similar in both complexes [Fig. 3(C)]. A water mole-
cule, W6, is also located at the interface close to
Tyr429-OH™AP4 and the movement of YAP also
modifies the @, ¥ dihedral angles of the residue at
Position-94 without affecting those of the surround-
ing amino acids (Table S2). This movement away
from TEAD is, therefore, only observed in the pres-
ence of Tyr429T%4P*4 at the interface. W5, which
occupies the position of Glu263-COO™AP4  ig in the
vicinity of W6.

The structure of the Ser94AlaYAF:Glu263Ala—
Tyrd29Phe™4P* complex has several features in com-
mon with the complexes already described [Fig. 2

Mesrouze et al.

(H)]. His427™8AP4 W2, and W4 occupy a position sim-
ilar to that observed in every complex formed with
Phe4297EAD4 A1a94YAP has moved toward TEAD and
is at a position similar to that in the Ser94Ala¥AF:
Tyrd29Phe™AP* complex [Fig. 3(C)l. W1 is at the
same location as in the wt complex. Several mole-
cules, W5—-W5-W5”, are located in the area occupied
by Glu263-COOTEAP4 in the wt complex.

The superimposition of the structures obtained
with Ser94Ala¥4F with that of the wt complex shows
the interplay between conformational changes and
the presence of water molecules at the interface
[Fig. 3(D)]. The observations made for W1, W2, W3,
W4, and W5 in the structures obtained with wt¥*¥
also apply to Ser94Ala®Y [see above and compare
Fig. 3(D) and (B)l. However, in the structures
obtained with this Ser94Ala*’, a new water mole-
cule, W6 [grey in Fig. 3(D)] occupies the position of
Ser94-OHYAF when Tyrd29TE4P% ig present at the
interface. This shows that as soon as an H-bond
donor/acceptor atom is absent at the interface, its
position is occupied by a water molecule which helps
maintaining the cohesiveness of the H-bond network
between the two interacting proteins. These changes
in interfacial water are not only passive events,
where water comes to fill empty cavities, but, as
observed with W6, they can require readjustments at
the expense of conformational constraints (e.g., effect
on the dihedral angles of Ala94Y4F) in the final
complex.

Thermodynamic study of the YAP:TEAD
complexes
The effect of the different mutations on the YAP:
TEAD interaction was studied by Isothermal Titra-
tion Calorimetry (ITC). ITC measures the change in
heat signal which results from the multiple events
taking place during a binding reaction (e.g., breaking/
formation of interactions, conformational changes,
exchange of protons with the buffer, etc.). The precise
interpretation of ITC data is, therefore, often chal-
lenging.?! The two thermodynamic parameters
enthalpy (AH) and entropy (AS) derived from ITC
experiments measure the overall difference between
the unbound and bound states of a system. Even if
YAP is an IDR, it may adopt transient structures in
its unbound form and the Ser94Ala¥Af mutation
could then affect the dynamics between them and
consequently the ground state of the system. There-
fore AH and AS would also reflect this effect, which
cannot be appreciated from the analysis of the struc-
tures of the YAP:TEAD complexes. Keeping this in
mind, we voluntarily limited our analysis to avoid
any overinterpretation of the data.

In line with the structural data, the stoichiome-
try of the different complexes is 1 (0.93 < n < 1.1,
Table II). The Ky values obtained by ITC (Table II)
and those measured by SPR (Table II) are in good
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agreement, with less than a 2.2-fold difference. The
AH,, and —TAS values for the different complexes
are given in Table II and schematically represented in
Figure 4. The interaction between wt¥AF and wtTEAD4
is driven by a favorable enthalpic contribution (AH s =
—10.15 kcal/mol) which is partially offset by an unfa-
vorable entropic component (-T'AS = 2.8 kcal/mol). The
wt AP Tyr429Phe™4P4  and  wt¥AF:Glu263A1aTEAD4
complexes have a AH;,; similar to that of the wt com-
plex [Fig. 4(A)], while it is reduced by about 2 kcal/mol
for the other interactions. The wt AF:Tyr429PheTEAPY,
wtYAP.Glu263A1a™FAP ) Ser94AlaYAPwtTEAP4 and
Ser94Ala¥AF:Glu263A1a™AP4 complexes show an increased
entropic penalty (between 0.7 and 1.3 kcal/mol) but
TAS is more favorable by 0.8-1.1 kcal/mol for the
wtYAP:Glu263Ala-Tyrd29Phe TEADY, Ser94Ala¥AF:
Tyr429Phe™4P4  and  Ser94Ala¥AF:Glu263Ala—
Tyr429Phe™4P* complexes [Fig. 4(B)].

The two single mutations Glu263Ala™AP* and
Tyrd29Phe™AP* have a similar impact on AH and
AS (Table 2). The minor change in AH
(AAH,,, = —0.2 kcal/mol) measured with the wt 2F:
Glu263Ala™4P* complex suggests that the loss of the
interaction with Ser94Y2" might be minimized by the
formation of compensating H-bonds at the interface
via W5 [Fig. 2(D)]. However, the immobilization of
W5 may trigger the observed increase in the entropic
penalty when compared to the wt complex
(A-TAS = 1.3 kcal/mol). It is difficult to come up with
an unequivocal explanation regarding the data
obtained for the wtYAF:Tyrd29Phe™4P* complex,
because the findings probably result from multiple
changes at the interface: loss of H-bond with
Ser94¥4P conformational changes (movement of YAP
and His427T4P%) and changes in solvation (displace-
ment of W3 and binding of W4). The wt AF:Tyr429-
Phe™®4P%  and  wtYAP:Glu263Ala-Tyrd29Phe AP
complexes have a similar structure [Fig. 2(B) and (D)]
and the later complex has a less favorable AH
(AAH,,s = 2.45 kcal/mol) but a more favorable AS
(A-TAS = -1.77 kcal/mol). The better AH for the
wtYAP. Tyrd29Phe™4P*  could be explained by
the presence of the H-bonds which are formed by
Glu263T™4P4 in this complex. The desolvation of
Glu263™4P4 and/or Ser94YAP upon the formation of
the wtYAP:Tyr429Phe™4P* complex may explain the
greater entropic penalty measured with this complex.
Changes in conformation and solvation are also
observed between the wt and Ser94Ala¥AP:wt TEAD4
complexes, making it difficult to interpret the thermo-
dynamic data. In contrast to the two other single
mutations, which affect only AS, the Ser94Ala¥Af
mutation significantly alters both AH
(AAH s = 2 kecal/mol) and AS (A-TAS = 0.72 kcal/
mol) (Table II). We also mentioned that the wtYAF:
Glu263Ala-Tyr429Phe™AD4 Ser94Ala¥AY:
wtTEADY complexes have a very different affinity,
whereas they might be expected to be similar in this

and
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respect. The ITC data show that this difference has
an entropic origin, since both complexes have a simi-
lar AH (AAH,,s = —0.15 kcal/mol) but a significantly
different TAS (A-TAS = 1.59 kcal/mol). The Ser94A-
laYAPwtTEADY gnd Ser94AlaYAF:Glu263Ala™ AP com-
plexes, which have a similar structure [Fig. 2(E) and
(G)], also have much the same thermodynamic prop-
erties (Table II). This also applies to the Ser94A-
1a¥4F:Tyrd29Phe™4P* and Ser94Ala¥¥:Glu263Ala—
Tyr429Phe™AP* complexes [Fig. 2(F) and (H) and
Table II]. These two groups of complexes have a simi-
lar AH (AH,;,. ~ —11 kcal/mol), but the Ser94Ala¥A¥:
wtTEADY and Ser94Ala¥AF:Glu263Ala™4P* complexes
have a less favorable AS, which is reduced by more
than 1.5 kcal/mol. A tentative explanation is that
the immobilization of W6 and the constraints cre-
ated on the dihedral angles of Ala94¥AF lead to this
more unfavorable AS. The wt¥AF:Glu263Ala—
Tyrd29PheTEAD4 Ser94Ala¥AP:Glu263Ala—
Tyrd29PheTPAP? complexes are structurally related
[Fig. 2(D) and (H)] and have similar thermodynamic
parameters (Table II). The wtYAF:Tyr429PheTAD4
and Ser94Ala¥AP:Tyr429Phe™4P* complexes, which
are structurally related [Fig. 2(B) and (F)], have sig-
nificantly different AH and AS (Table II). The loss of
one H-bond in the Ser94Ala¥f:Glu263Ala—
Tyrd29PheTAP* complex may explain its less favor-
able AH. The higher AS obtained for the wtYAF:
Tyrd29Phe AP complex might be triggered by the
desolvation of both Glu263TEAP* and Ser94YAF,

and

Discussion

IDPs/IDRs are flexible entities in their unbound form,
and they fold when they bind to their interacting
partners. However, the fact that IDPs/IDRs become
structured in their bound state does not necessarily
mean they are completely rigid and have lost all their
flexibility. Indeed, it has been shown that IDPs/IDRs
retain some dynamic properties once they are bound
to their target (e.g., Refs. [22724]). The ability to pre-
serve some flexibility once they are part of a complex
may allow IDPs/IDRs to bind to different binding
interfaces and/or to minimize the entropic cost associ-
ated with folding upon binding. This also suggests
that the residual flexibility of bound IDPs/IDRs could
allow them to adapt to mutations at binding inter-
faces to some extent. In this study, we looked at the
ability of a bound IDR to adapt to mutations that
delete H-bonds which it engages with its interacting
partner. H-bonds require a precise positioning of the
interacting residues, and we were interested to deter-
mine how a bound IDR can adapt to the loss of these
geometrically constrained interactions. Furthermore,
residues that form H-bonds can also interact with
water molecules. This study should, therefore, pro-
vide an insight into the contribution of water to
the binding of IDRs. We used the interaction
between Ser94¥AF and Glu263/Tyr429TEAP4 which

Mutations at the YAP:TEAD Interface
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Table IL Thermodynamic analysis of the interaction between the different TEAD4 variants and wt/Ser94Ala™F. The different parameters were measured by Isothermal Titration

Calorimetry at 295°K. Average values and standard errors are indicated (n > 2)

Ser94Ala¥A?

WtYAP

-TAS
(kcal/mol)

AH ., (kcal/mol)  —TAS (kcal/mol)

K4 (nM) AG (kcal/mol)

n

AH 1, (keal/mol)

Ky (nM) AG (kcal/mol)

n*

TEAD4

3.52 £ 0.01

-11.0 £ 0.1
—11.10 £+ 0.04

-75+0.1
-9.1+0.1
-7.35 + 0.04

3300 + 400

1.1 + 0.00

0.93 £+ 0.02
0.98 + 0.03
1.05 £+ 0.03

2.8+0.1

3.7+04

41+02
1.93 £+ 0.01

-13.0 £ 0.1

-13.3 + 0.3

-13.2+ 0.2
—-10.85 + 0.05

—10.15 £ 0.05

37+5
92 + 3
212 + 2

1.05 £+ 0.02
0.96 + 0.01
0.99 £+ 0.03

wt
Tyr429Phe

2.0 +0.1
41+02
1.7+ 0.1

210 + 20
4160 + 300

-9.61 + 0.02
-9.11 £+ 0.00
-8.93 £+ 0.02

-114 + 0.1
—10.60 £ 0.00

Glu263Ala
Glu263Ala-Tyr429Phe

-89 +0.1

291 + 40

289 + 11

1.06 + 0.04

* n: stoichiometry.
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Figure 4. Thermodynamic characterization of the YAP:TEAD
complexes. The thermodynamic data were obtained by
Isothermal Titration Calorimetry (Table Il and Fig. S5).

A. Measured AH,ys . (B) Calculated -TAS. Average values and
standard errors are represented.

form two well-defined H-bonds at the interface of the
YAP:TEAD complex [Fig. 1(A)], as a model system.
Ser94YAF is in a region of YAP that folds in an Q-loop
conformation upon binding to TEAD, and this bind-
ing interface is key to the formation of the YAP:
TEAD complex interaction.'6-18

Our results show that none of the tested muta-
tions of these three residues induces significant
changes in the main chain of the rigid partner,
TEADA4. In contrast, some of the mutations affect the
position of the main chain of YAP, and we observed
its movement in two opposite directions. In the four
complexes formed with Phed29"®AP4 YAP moves
toward TEAD, but in the two complexes where both
Tyr429TEAP4 and Ala94¥2F are present, YAP moves
away from TEAD. In this case we also noticed a
change in the dihedral angles of Ala94"AF when com-
pared to Ser94¥AY in the wt complex. Ala94YAP
adopts a conformation which is closer to that found
in 31 helices than the a-helix conformation observed
for Ser94¥AF in the wt complex. This movement
shows that an IDR can adapt to different interfaces
by assuming different conformations, even if some of
them create constrains in its bound structure. These
conformational changes do not come in isolation, and
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water plays an active role in facilitating them. In the
different mutant complexes, water molecules occupy
the position of the mutated residues or of those that
have moved (e.g., His427™®4P%) Water is, therefore,
instrumental in maintaining the hydrogen bond net-
work between both proteins and minimizing any
binding energy penalties resulting from desolvation.
These findings highlight the importance of including
the contribution of water when studying the interac-
tion between IDPs/IDRs and their targets. As IDPs/
IDRs are largely solvated in their unbound conforma-
tion, water might also be crucial at this stage, playing
an important role in establishing/maintaining the
dynamics between the different forms they can adopt
in solution. The “teamwork” between YAP/TEAD and
the water molecules we describe in this study is
essential for finding new energy minima to compen-
sate for the loss of these key interactions at the
interface.

The conformational and solvation changes
induced by the mutations lead to complex thermody-
namic signatures. The measured effects on AH and
AS are, therefore, composite values reflecting the dif-
ferent readjustments taking place at the binding
interface. We have formulated different hypotheses to
interpret these data, but the use of computational
methods may allow greater insight to be gained into
the individual energetic contributions that lead to
these thermodynamic profiles.

Overall, this study reveals the adaptability of
bound IDR to the loss of geometrically constrained
bonds at a binding interface. Our work was conducted
using the YAP:TEAD interface as a model, and it is,
of course, difficult to extrapolate our findings to other
IDPs/IDRs. Nevertheless, it is reasonable to speculate
that the residual flexibility of bound IDRs/IDPs may
help them adapt not only to different binding inter-
faces but also to mutations at these interfaces. This
could be an evolutional advantage to maintain exist-
ing or create new interactions in cells. The concepts
of “frustrated interfaces” and of “fuzzy complexes”
have been used to describe complexes involving IDPs/
IDRs?>25; our findings continue along these lines and
exemplify the exquisite structural malleability of
these proteins or protein fragments.

Material and methods

Proteins

Wild-type  N-Avi-tagged TEAD4217-434
(referred to hereinafter as wt'=AP%) and wild-type
human YAP?1!7! (referred to hereinafter as wt¥F)
were cloned as previously described.'®'® Mutations
were introduced in TEAD and YAP with the Quik-
Change II Lightning site-directed mutagenesis kit
(Agilent Technologies, Berlin, Germany) according to
the manufacturer’s instructions. The DNA sequence
of the constructs was confirmed by Sanger

human
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sequencing. The YAP and TEAD4 proteins were
expressed, purified and analyzed as already described
(*® and Scheme C%7). All the TEADA4 proteins are acyl-
ated (see for more details, Ref. [2%). Representative
LC-MS analyses of the proteins are shown in
Figure S3.

SPR

The experimental conditions used in SPR have been
previously described.’® The dissociation constants,
K4, measured by SPR were obtained from equilibrium
data. Representative sensorgrams are presented in
Figure S4.

ITC

The proteins were dialyzed overnight at 277°K in the
HEPES ITC assay solution: 50 mM HEPES, 100 mM
KCI, 0.25 mM TCEP, 1 mM EDTA, 2% DMSO,
pH 7.4. The dialyzed proteins were centrifuged at
14,000 rpm for 30 min at 277°K and their concentra-
tion determined by HPLC as previously described.?’
ITC measurements were made in a MicroCal PEAQ-
ITC (Malvern, UK). The calorimeter was checked reg-
ularly over the entire course of the experiments using
the EDTA-CaCl, test kit provided by the manufac-
turer (Malvern Instruments, Malvern, UK). Before
each experiment, the solutions were filtered and
degassed. In all the experiments, YAP (~150 pM) was
in the cell and TEAD4 (~15 pM) in the syringe. For
the experiments carried out in different buffers, TRIS
and PIPES were chosen because their pK, is within
1 pH unit of the HEPES ITC assay solution pH and
because the ionization enthalpy of these buffers dif-
fers from that of HEPES (see legend of Fig. S2). The
assay solutions containing TRIS and PIPES were
tested using a conductivity meter (Mettler Toledo,
Columbus, OH) and their [KCI] was adjusted such
that their conductivity was equal to that of the
HEPES ITC assay solution (13.1 +£0.2 mS/cm at
298°K; final [KCIl] for the TRIS and PIPES buffer,
80 and 65 mM, respectively). Aliquots of 2 pL (first
injection 0.5 pL) were injected into the cell for 4 s at
150 s intervals with constant stirring (750 rpm). A
titration was completed after 19 injections. The heat
of dilution was measured by injecting TEAD4 into
the cell containing only the assay solution. These
values were subtracted from the heat of reaction gener-
ated during the titration of YAP. The baseline of the
thermograms was eventually adjusted manually and the
corrected heat of reaction values fitted using the Micro-
Cal PEAQ-ITC Analysing Software (Malvern Instru-
ments, Malvern, UK) using a single site binding model.
The c-values (¢ = [YAP]n/Ky4, where [YAP] is the concen-
tration of YAP in the cell, n is the stoichiometry, and Ky
the dissociation constant®®) were calculated for each
YAP:TEAD pair (experiments done in HEPES):
456 < ¢ < 474 for wtAP:wt™AP% 134 < ¢ < 190 for wt*AF:
Tyrd29Phe™AP4 71 < ¢ < 73 for wt AF:Glu263A1aTEAPY,
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16 < ¢ < 58 for wt'AF:Glu263Ala-Tyrd29PheTEAD4,
4 < ¢ < 6 for Ser94Ala YAP:wtTEAP4: 62 < ¢ < 82 for Ser94-
Ala YAPTyrd29Phe™AP4 4 < ¢ < 5 for Ser94Ala YAF:
Glu263A1a™4P4%: 40 < ¢ < 48 for Ser94Ala YAF:
Glu263Ala-Tyrd429PheT™4P4  Representative thermo-
grams are presented in Figure S5.

To determine the influence of protonation/depro-
tonation processes on the measurement of binding
enthalpy (AH s ),2° plots of AH,,, versus AH ;op; (ion-
ization enthalpy of the buffer) were constructed
(Fig. S2). This analysis reveals that no significant
exchange of protons takes place with the buffer dur-
ing the formation of the wtYAFP:wtTEAPY complex
(ng,. = —0.11 +0.06). The enthalpy in the absence of a
buffer effect, AH .. (—13.0 £0.5 kecal/mol), is similar
to AH s measured in HEPES buffer (-13.0 kcal/mol,
Table II). The same experiments were conducted with
each complex bearing a single mutation: wt AF:
Tyrd29Phe™AP* (ny, = 001 =+0.05 and AH
mbe = —13.2 +£0.4 keal/mol), wt¥AF:Glu263AlaTEAP4
(ng, = —0.02 +£0.04 and AH ., = —13.4 +0.4 kcal/
mol) and Ser94VAP:wtTEAP4 (. = —0.10 +£0.03 and
AH 1. = —10.7 £0.2 kcal/mol). These additional data
confirm the absence of proton exchange with buffer
upon complex formation when YAP and TEAD4 are
mutated at each of the mutation sites. On the basis of
these results, the measured AH,,, values were used
without any correction.

X-ray structural studies

The TEAD42" %% proteins used for crystallization
were obtained as previously described.?” Synthetic
peptides mimicking the region 60-100 of hYAP, wtYAF,
or Ser94Ala™F were used to obtain co-crystals with
the TEAD4 proteins. All the crystallization experi-
ments were carried out at 293°K using the sitting drop
vapor diffusion method. The drops were made up of
0.2 pL of protein solution, 0.16 pL of reservoir solution
and 0.04 pL of seeding solution (using the automated
microseed matrix-seeding method®®). The reservoir
solutions comprised the following: wt¥AF:wtTEAP4 com-
plex (space group P4,2,2): 16% (w/v) PEG3350, 2%
(v/v) Tacsimate pH 5.0, 0.1 M sodium citrate pH 5.6;
wtYAP:Glu263A1aTF4P4 complex (space group P4:2:2):
20% (w/v) PEG3350, 0.2 M Mg nitrate hexahydrate;
wt VAP Tyra29PheTB4P4 complex (space group P4,2,2):
20% (w/v) PEG3350, 8% (v/v) Tacsimate pH 4.0;
wt AP Tyrd 29Phe *AP* complex (space group P212;:2;):
25% (wiv) PEG3350, 0.2 M MgCly, 0.1 M BIS-TRIS
pH 55; wt™":Glu263-Tyrd29Phe™P*  complex
(space group P4,2,2): 2 M ammonium sulfate, 0.1 M
BIS-TRIS pH 5.5; Ser94Ala™*F:wtTEAP4 complex
(space group P4,2,2): 20% (w/v) PEG3350, 0.2 M Na
tartrate dibasic dehydrate; Ser94Ala¥AF:Glu263Ala-
TEAD4 complex (space group P41212): 17% (W/V) PEGlOOOO,
0.1 M ammonium acetate 0.1 M BIS-TRIS pH 5.5;
Ser94Ala¥AY:Tyr429Phe™4P* complex (space group
P4,2:2): 20% (w/v) PEG3350, 0.2 M Na Tartrate
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dibasic dehydrate; and Ser94Ala¥AF:Glu263Ala—
Tyr429Phe™AP* complex (space group P442:2): 20%
(wiv) PEG3350, 0.2 M sodium acetate trihy-
drate pH 7.0.

All crystals were cryo-protected in reservoir solu-
tion supplemented with 20% ethylene glycol and
flash-frozen in liquid nitrogen. X-ray data sets were col-
lected at the Swiss Light Source Facility (SLS, Villigen,
Switzerland) on beamline X10SA. The data were pro-
cessed with XDS.3! The structures were determined by
molecular replacement (PHASER??) using various pre-
vious in-house TEAD4 X-ray structures as search
models. Programs REFMAC?? and COOT?* were used
for refinement and model (re)building. The final
refined structures have R (Rgee) values of 0.218-0.243
(0.261-0.350) and showed excellent geometry in the
Ramachandran plots. The details of data collection
and structure refinement are given in Table S1. The
crystallographic data have been deposited at the
RSCB Protein Data Bank (PDB, www.pdb.org) with
the access codes: 6GE3 (wtAPwt FAPY) 6GE4 (wtYAF:
Glu263A1aTEAPY) 6GE5  (wtYAT:Tyr429PheT™ADY,
space group P4,2,2), 6GEK (wt AP Tyr429Phe AP
space group P2:2:2;), 6GE6 (wt AF:Glu263-Tyrd29-
Phe™®4P4)  6GEC  (Ser94Ala¥AP:wtTB4P4)  6GEE
(Ser94Ala¥F:Glu263Ala™4P%), 6GEG (Ser94Ala**:
Tyr429Phe™AP%) 6GEI  (Ser94Ala’“F:Glu263Ala—
Tyr429PheTEADY),

Supplementary Material

File name: Supplementary Material. Table S1: X-ray
data collection and refinement statistics. Table S2: @
and ¥ dihedral angles of the YAP Residues 93, 94,
and 95 in the different YAP:TEAD complexes.
Figure S1: Structures of the wtYAP:Tyr429Phe™AP*
complex solved from different crystal forms.
Figure S2: Effect of proton exchange with buffer on
AH,s . Figure S3: LC-MS analyses of the YAP and
TEAD4 proteins. Figure S4: Surface Plasmon Reso-
nance. Figure S5: Isothermal Titration Calorimetry.
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