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Figure 5. Interaction of the NTD-MBD-ID R106W with unmethylated CpG-dsDNA (a) and methylated
mCpG-dsDNA (b) by ITC in Tris 50 mM, 20 °C, pH 7. Upper plots show the thermogram (raw thermal
power as a function of time) and the lower plots show the binding isotherm (ligand-normalized heat
effects as a function of the molar ratio). Non-linear least-squares analysis using a two binding sites model
allowed estimating the observed binding affinity and enthalpy (continuous lines). (c) Equation (2) was
employed for estimating the buffer-independent binding enthalpy for both sites (high affinity, squares;
low affinity, triangles) for CpG-dsNA (open symbols) and mCpG-dsDNA (closed symbols). From linear
regression, the intercept with the y-axis (observed enthalpy extrapolated at zero buffer ionization
enthalpy) provides the buffer-independent interaction enthalpy AH, and the slope provides Ang.

Figure 6. Interaction of the NTD-MBD-ID R133C with unmethylated CpG-dsDNA (a) and methylated
mCpG-dsDNA (b) by ITC in Tris 50 mM, 20 °C, pH 7. Upper plots show the thermogram (raw thermal
power as a function of time) and the lower plots show the binding isotherm (ligand-normalized heat
effects as a function of the molar ratio). Non-linear least-squares analysis using a two binding sites model
allowed estimating the observed binding affinity and enthalpy (continuous lines). (c) Equation (2) was
employed for estimating the buffer-independent binding enthalpy for both sites (high affinity, squares;
low affinity, triangles) for CpG-dsNA (open symbols) and mCpG-dsDNA (closed symbols). From linear
regression, the intercept with the y-axis (observed enthalpy extrapolated at zero buffer ionization
enthalpy) provides the buffer-independent interaction enthalpy AH, and the slope provides Any;.

4. Discussion

Disordered regions in proteins are characterized by a biased amino acid composition,
where residues exhibiting considerable propensity to be exposed to the solvent (polar and charged
amino acids) predominate [29]. They may influence protein conformation and function through
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steric effects, or exerting long-distance attractive or repulsive electrostatic interactions due to their
highly polar/charged character, or making contacts with other structured regions affecting the global
stability and the dynamics of the protein, as well as modulating the interaction with a binding partner.
Thus, even lacking a well-defined structure, disordered regions may contribute to the overall stability
of the protein, as it happens in MeCP2. Related to that, we have recently reported that: (1) NTD and ID,
the two completely disordered MBD-flanking domains significantly increase the thermal stability of
MBD [20]; and (2) the two differentially expressed MeCP2 isoforms (E1 and E2) as a result of differential
splicing and differing in just a few amino acids at the N-terminal part of the completely disordered
NTD, differ in their thermal stability and functional capabilities [30]. Thus, it may be possible that
the conformation and/or the dynamics of MBD is altered by presence of the two disordered flanking
domains, resulting in a different stability and different affinity toward binding partners.

While it is reasonable to expect that the structural and functional impact of point mutations located
on structured regions may be predicted with certain reliability, the impact of those located on or close to
disordered regions may be more difficult to assess. The two mutations studied in this work, R106W and
R133C, are some of the most relevant clinically associated with RTT. They are not located in disordered
regions, but in the structured region of the MeCP2 MBD. However, the MBD is very dynamic and
susceptible to many environmental factors (pH, temperature, solutes, ligands ... ), being considered
as a key element able to interact with or allosterically regulate the other functional domains [5,18,19].
Both mutations show some similarities and many dissimilarities: (1) both involve the substitution of
an arginine residue, but R106W involves the substitution by a bulkier aromatic hydrophobic residue,
while R133C involves the substitution by a smaller polar aliphatic residue; (2) R106 is located far from
the DNA binding interface, while R133 is located in the DNA binding interface (Figure 7); (3) R106
establishes many interactions with many surrounding residues (in particular, four hydrogen bonding
residues: M94, D156, T158, and V159), while R133 interacts with fewer residues (only one hydrogen
bonding residue: E137) (Figure 7); and (4) R106 does not interact with DNA, while R133 interacts with
DNA through hydrogen bonds and van der Waals contacts (Figure 7). Therefore, the impact of both
substitutions is expected to be structurally and functionally different. In fact, if the main rotamers for
tryptophan and cysteine are introduced in positions 106 and 133, respectively, all W106 rotamers clash
with neighboring residues, while C133 shows no clashes at all, indicating that R106W substitution
would result in considerable structural distortion in the vicinity of that position to accommodate
such substitution.

As indicated above, the purpose of this work was to gain insight into the relationship between the
phenotypic effect and the molecular effect of RTT-associated mutations by assessing the impact of two
clinically relevant substitutions in MeCP2 MBD. MBD variants containing the two R106W and R133C
mutations were studied regarding their structural stability and dsDNA interaction. In addition, because
we have reported before an allosteric coupling between MBD and ID, in which the presence of ID
dramatically increased the MBD dsDNA binding affinity and contributed an additional dsDNA binding
site, we wanted to address whether the location of those mutations on different scaffolds (MBD or
NTD-MBD-ID) would result in different structural and/or functional properties. The experimental
strategy consisted of a combination of spectroscopic (CD and fluorescence) and calorimetric (ITC),
taking advantage of their strengths and overcoming their limitations. Thus, CD and fluorescence
are suitable for gathering coarse-grained structural information, and ITC is the gold-standard for
determining binding affinity and providing a complete thermodynamic description of biomolecular
interactions. In addition, contrary to other techniques, ITC is appropriate for studying biological
interactions with more than one binding site, where the interplay between binding affinity and enthalpy
makes easy to observe different binding processes occurring at different locations in a macromolecule.
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Figure 7. (a) Structure of MeCP2 MBD (yellow) in complex with methylated mCpG-dsDNA (CPK view)
(pdbid: 3C2I). Residues R106 (light green spheres) and R133 (dark green spheres) are shown. Methylated
cytosines are shown as pink sticks (b) Close view of R133 (dark green), showing the elements establishing
hydrogen bonds with that residue: Glul37 (light green), deoxyguanosine-34 (CPK view), and two
water molecules (red spheres). Methylated cytosines are shown in pink sticks. (c) Close view of R106
(dark green), showing the elements establishing hydrogen bonds with that residue: Met84, Asp156,
T158, V159, and two water molecules (red spheres).

From the results presented here, it is apparent that the impact of R106W and R133C substitutions
on the structural stability and the dsDNA binding capability depends on the molecular context,
i.e., the scaffold (MBD or NTD-MBD-ID) in which the substitutions are introduced. Thus, to highlight
some of the most important findings: (1) RI06W and R133C substitutions increase the thermal stability
of MBD, but decrease the thermal stability of NTD-MBD-ID (Figure 8); (2) high ionic strength induces
a large stabilization in MBD wild-type and mutants R106W and R133C, maintaining the same stability
ranking, but a minor stabilization could be observed for NTD-MBD-ID variants (Figure 8); (3) R106W
induces an increase in dsDNA binding affinity in MBD, but a decrease in dsDNA binding affinity
in NTD-MBD-ID, compared to their respective wild-type variants; and 4) R133C abolishes dsDNA
binding in MBD, but behaves similar to the wild-type variant in NTD-MBD-ID in terms of dsDNA
affinity and methyl-dependent discrimination.

The large stabilization observed in NTD-MBD-ID R106W when bound to dsDNA compared
to the small stabilization observed for NTD-MBD-ID R133C, taking wild-type NTD-MBD-ID as
a reference, may be considered a largely unexpected result (Tables 2 and 3). The higher dsDNA
affinity for the R133C mutant should have induced a larger stabilization extent for that mutant
when bound to dsDNA, because the stabilization energy provided by dsDNA binding is equal to
+RTIn(1+[dsDNAJ/Kq4). Thus, the extent of the stabilization effect caused by the presence of dsDNA
on protein conformation (quantified as increase in stability energy or increase in Tr,) depends on
the dsDNA binding affinity, the binding stoichiometry, and the concentration of dsDNA. But the
binding affinity is dependent on temperature, and, as a consequence, it will change along the thermal
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denaturation process. The temperature dependency of the binding affinity will be determined by
the dsDNA binding enthalpy (and the binding heat capacity), which might not be the same for each
interaction (as it occurs for R106W and R133C variants) and will further modulate the overall extent of
the ligand-induced stabilization effect. The R106W variant exhibits a strongly endothermic dsDNA
binding to the high-affinity site, indicating that, as the temperature starts increasing during the thermal
denaturation process, initially the binding affinity and the strength of the complex would increase
(according to the van’t Hoff equation) until a temperature in which the binding enthalpy becomes
zero (the binding heat capacity is expected to be negative, as found for MBD and NTD-MBD-ID),
and then the binding affinity decreases from that temperature. On the contrary, the R133C variant
exhibits a strongly exothermic dsDNA binding, and the binding affinity and the strength of the
complex would continuously decrease from the beginning of the thermal denaturation process.
Therefore, the temperature evolution of K4 would be different for the two mutants and the stabilization
extent would also be different. This is a nice example of two molecules (R106W and R133C variants)
binding to a common molecule with different binding affinities, but exerting different stabilization
effects: the higher affinity interaction is associated with a smaller stabilization effect.
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Figure 8. Unfolding temperature for MBD and NTD-MBD-ID variants (wild-type, black bars; R106W,
gray bars; R133C, white bars) at low and high ionic strength (NaCl 150 mM).

There are several intriguing facts derived from the experimental results previously shown here.
First, how R106W substitution, which is far from the dsDNA binding interface, could affect dsSDNA
binding and increase its affinity? Of course, even located far from the dsDNA binding interface,
the large structural rearrangements resulting from R106W substitution could very likely propagated
to distal regions in MBD thanks to its intrinsic structural plasticity. Second, how R133C substitution
of a main player in the dsDNA interaction would result in abolishment of interaction for isolated
MBD, but almost no effect in NTD-MBD-ID. And third, how these molecular findings can be related to
the phenotypic outcomes associated with those mutations: What is the final consequence of R106W
substitution at molecular level? Is R106W substitution interfering with the interaction of MeCP2 with
other biological partners through the surface residues around R106? What is the final consequence of
R133C substitution at molecular level? Is R133C substitution causing an overlooked rearrangement
that interferes with other interactions? According to the current classification of RTT mutations,
R106W is associated to a severe phenotype, whereas R133C is associated to a mild phenotype [31].
Interestingly, from the evidence gathered in this work, we expect larger functional alterations due to
R106W substitution.

5. Conclusions

MeCP2 is a potential pharmacological protein target associated with RTT (caused by defective
MeCP2 activity) and MDS (caused by excess of MeCP2 activity), two neurological disorders with
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similar phenotypic features. MeCP2 is mainly involved in neuronal development and maturation,
and synaptic plasticity. While the in vivo effect of MeCP2 duplication is still difficult to explain and
correlate with cellular events, the in vivo effect of RTT-associated mutations and their connection
with molecular and cellular events may be even more challenging. A valuable strategy consists of
gathering experimental evidence on the structural and functional impact of those RTT-associated
mutations. Isolated MBD, full-length MeCP2, or other constructs have been previously employed
as the protein scaffolds for studying those mutations. Because different MeCP2 constructs may
behave differently [20,30], a different impact from RTT-associated substitutions might also be expected
depending on the molecular context or protein scaffold in which they are introduced. We have
provided here evidence for such phenomenon involving R106W and R133C substitutions. This finding
underscores the importance of selecting an appropriate protein construction when assessing the effect
of a given mutation, being even more important for intrinsically disordered proteins.

Each MeCP2 mutation associated to RTT may cause different perturbations on protein
structure, stability and functionality, depending on the disrupted intra- e intermolecular interactions.
The environment of the mutation is crucial and strongly influences the potential deleterious impact
caused on MeCP2 functionality, thus modulating MeCP2 ability to interact with dsDNA (binding
affinity and methyl-dependent discrimination) or other biological partners (RNA and proteins),
and further conditioning the ability to undergo functionally-related posttranslational modifications.
Mutations can also produce detrimental effects in regions located far apart from them through allosteric
coupling. In fact, the ID binding site was fairly compromised in terms of affinity by MBD mutations
(Table 4), revealing that the MBD protein structure might be indispensable for ID-dsDNA interaction.
Thus, the R106W substitution in NTD-MBD-ID not only affected the MBD interaction site, but its
influence was extended to the ID interaction site, causing a non-negligible reduction in binding affinity.

Supplementary Materials: The following are available online at http:/www.mdpi.com/2218-273X/10/11/
1533/s1, Figure S1: Domain structure of MeCP2, Figure S2: Calorimetric titration of MBD R133C with
methylated mCpG-dsDNA.
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Abstract: The 26S proteasome is the endpoint of the ubiquitin- and ATP-dependent degradation
pathway. Over the years, ATP was regarded as completely essential for 26S proteasome function due
to its role in ubiquitin-signaling, substrate unfolding and ensuring its structural integrity. We have
previously reported that physiological concentrations of NADH are efficient in replacing ATP to
maintain the integrity of an enzymatically functional 26S PC. However, the substrate specificity
of the NADH-stabilized 26S proteasome complex (26S PC) was never assessed. Here, we show
that the binding of NADH to the 26S PC inhibits the ATP-dependent and ubiquitin-independent
degradation of the structured ODC enzyme. Moreover, the NADH-stabilized 26S PC is efficient in
degrading intrinsically disordered protein (IDP) substrates that might not require ATP-dependent
unfolding, such as p27, Tau, c-Fos and more. In some cases, NADH-26S proteasomes were more
efficient in processing IDPs than the ATP-26S PC. These results indicate that in vitro, physiological
concentrations of NADH can alter the processivity of ATP-dependent 26S PC substrates such as ODC
and, more importantly, the NADH-stabilized 265 PCs promote the efficient degradation of many IDPs.
Thus, ATP-independent, NADH-dependent 26S proteasome activity exemplifies a new principle of
how mitochondria might directly regulate 26S proteasome substrate specificity.

Keywords: proteostasis; ubiquitin independent degradation; intrinsically disordered proteins;
NADH-26S proteasome

1. Introduction

The function of the 26S proteasome complex (26S PC) is considered to be completely dependent on
ATP availability and hydrolysis [1-3]. This is largely due to the multiple roles of ATP in the process of
ubiquitin-dependent degradation by the 265 PC. The 265 PC is composed of the 20S catalytic complex
and the 19S regulatory particle that contains six ATPases, Psmcl-6, residing at the interface between
the 19S and 20S PCs [4,5]. ATP binding and hydrolysis in the catalytic cycle of the 26S proteasome were
shown to regulate the ubiquitin processing of the substrate, protein unfolding, and also to maintain the
integrity of the 26S proteasomal complex [6,7]. In the absence of ATP, the 26S proteasome dissociates
quite rapidly into the 20S and 19S particles [1,3,8]. However, 26S PC integrity is achieved also by
CTP, UTP and ADP [1,9], by the unnatural nucleotides ATPyS and AMPPNP [10,11], and also by
proteasome inhibitors [9]. In addition, proteins such as Ecm29 [12] act to stabilize 265 PC. As such,
although the functions of the proteasome that require the hydrolysis of ATP cannot be replaced by
other metabolites, the ATP function in stabilizing the 26S PC can be substituted by other natural and
artificial metabolic molecules.

There is increasing evidence suggesting that altered cellular metabolism is associated with both
proteasome function and integrity [13-15]. We have previously shown that NADH maintains 265 PC
integrity in the absence of ATP. NADH is a key metabolic molecule that couples redox regulation to
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cellular metabolism, serving as both a shuttle of electrons from glycolysis and TCA cycle metabolism
to the electron transfer chain, and also serving as a substrate for many antioxidant enzymes [16,17].
We have shown that NADH specifically interacts with a distinct NADH binding box in the N-terminus
of Psmcl, a 195 AAA-ATPase subunit [18]. Furthermore, using differential sensitivity of NADH-26S
PC to high levels of MgCl,, we showed that NADH-26S PC is detected in a number of mouse tissues.
There are three distinct functions of ATP in 26S proteasome activity: maintaining stability, promoting
ubiquitin processing and the unfolding of the substrates. This raises the possibility that proteins that are
not ubiquitinated and do not need unfolding can be degraded by a stabilized and functional proteasome,
even in the absence of ATP. Indeed, this was shown with ATPYS (an artificial non-hydrolysable form
of ATP)-stabilized 26S PC, that could degrade disordered proteins such as casein, p21 and oxidized
proteins [10,11,19].

About a third of eukaryotic proteins are intrinsically disordered proteins (IDPs) or consist of
large disordered regions (IDRs) [20-22]. IDPs/IDRs, by large, are more labile proteins with short
half-lives [23], and as many of them were shown to be degraded in an ATP-independent manner by
the 20S proteasome [24-27], suggesting that at least a subset of IDPs do not require unfolding for
proteasome degradation. In this work, we set out to determine how NADH affects 26S proteasome
degradation and if NADH-stabilized 26S PCs can promote the ubiquitin-independent degradation of
IDPs/IDRs.

2. Materials and Methods

2.1. Proteasomal Complex Stability Assay

We used the protocol previously reported by us [18], with minor modifications. In short,
proteasomes from NIH3T3 cells or purified 26S proteasomes from rabbit muscles in Deg Buffer (50 mM
Tris 7.5, 150 mM NaCl, 5 mM MgCl,) were supplemented with either ATP or NADH in the presence
or absence of 8 mU/uL apyrase (Sigma, St. Louis, MO, USA). After incubation at 37 °C for the
indicated time points, the reaction was loaded on nondenaturing 4% polyacrylamide gel for monitoring
proteasomal complex stability.

2.2. Nondenaturing PAGE

Proteasomal samples were loaded on a nondenaturing 4% polyacrylamide gel as previously
reported [18]. After blotting to nitrocellulose membranes, immunoblotting was conducted using the
indicated antibodies.

2.3. Proteasomal Activity

To measure proteasomal activity, the hydrolysis of Suc-LLVY-AMC was quantified as described in
the manufacturer’s protocol (Biomol, USA).

2.4. 3°S In Vitro Translated Proteins and Purification

In vitro translation **S Methionine labeled flag-Yap1, flag-Taz, flag-c-Fos and ODC were subjected
to immunoprecipitation with flag-beads (Sigma) in Deg bulffer, as previously reported [28]. After 1 h
incubation at 4 °C, the flag beads were washed three times with Deg buffer. The proteins retained on
the beads were eluted with the addition of Deg buffer containing 100 ug/mL of flag peptide (Sigma)
and incubation at 37 °C for 20 min.

2.5. In Vitro Degradation Assay

In Vitro translated %S Methionine-labeled either crude or purified proteins, and recombinant
proteins were incubated in the presence or absence of 1 ug of purified 26S proteasomes, as previously
described [24,28]. The reactions were conducted for the indicated times at 37 °C with the
supplementation of either 2 mM ATP, ATPyS or NADH. Reactions were stopped with the
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addition of Laemmli sample buffer and heated at 95 °C for 5 min. The products were separated
by polyacrylamide-SDS gel. S Methionine-labeled proteins were detected by autoradiography.
The purified proteins were transferred to nitrocellulose membranes and detected with the
indicated antibodies.

3. Results

3.1. NADH Inhibits ATP-Dependent, 26S Proteasome Degradation of ODC

Previously, we have reported that the 26S proteasome can be stabilized by NADH [18] and
(Figure 1a). However, the functionality of such NADH-stabilized 26S proteasome was not determined.
As such, we decided to systematically address the role of NADH in the regulation of 26S proteasome
substrate degradation (Figure 1b). To uncouple the degradation process by the 26S PC from the
ubiquitin regulation process, we utilized the antizyme (Az)-mediated ODC degradation system that
has been extensively characterized in the context of ubiquitin-independent degradation by the 265
proteasome [29]. Az binds ODC monomerizes and targets ODC monomer to the 265 PC in the process
of initiating ATP-dependent 26S proteasomal degradation (Figure 1c) [30,31]. 3S-Methionine labeled
ODC was incubated with Az in rabbit reticulocyte extracts reported to support ODC degradation.
As expected, ODC was completely degraded with the supplementation of ATP to the mix (Figure 1d).
In the absence of ATP or in the presence of a non-hydrolysable form of ATP, ATPyS, no Az-mediated
degradation of ODC was observed (Figure 1d). The supplementation of NADH in the absence of ATP
was not sufficient to induce ODC degradation. However, when NADH was added in the presence of
ATP, it resulted in the inhibition of Az-mediated degradation of ODC in a dose-dependent manner
(Figure 1e,f). The inhibitory effect of NADH was alleviated by increasing amounts of ATP (Figure 1g).
Thus, NADH binding to the 26S proteasome has an inhibitory effect on ubiquitin-independent
degradation of ODC, possibly by generating NADH-26S PC.

3.2. ATPyS-26S PC Promotes the Degradation of IDPs

The unfolding of globular proteins for their degradation is mediated by hydrolysis of ATP by the
26S PC ATPase subunits [7]. ATPYS is a form of ATP that is almost non-hydrolysable, and as such
inhibits the proteasome functions that rely on the ATP hydrolysis of ATP such as protein unfolding.
Some unfolded and denatured proteins can be degraded by the ATPyS-stabilized 265 PC (in the absence
of ATP) [11]. Here, we experimentally addressed the question whether IDPs, which inherently lack a
defined structure and thus are independent of the unfolding step during degradation, can be degraded
by the ATPyS 26S PC.

The key transcription regulators Taz, Yapl and c-Fos are all predicted to be highly
disordered (Figure 2a—c). To test their susceptibility to ATPyS-26S PC, we in-vitro translated and
35S-Metionine-labeled flag-tagged versions of these IDPs. To prevent any undesired effects that can
arise from the reticulocyte mix, we further immune-purified these proteins by flag affinity purification
followed by flag peptide elution, resulting in purified, 3*S-Methionine-labeled IDPs. Each of these
IDPs was separately incubated with either ATP-26S or ATPyS-26S PCs. ATPyS-stabilized 26S PC
was efficient in degrading all three tested IDPs (Taz, Yap, c-Fos) (Figure 2d). This was not due to
residual ATP in the ATPyS 26S PC, as degradation of Yap1 and Taz (Figure 2e) remained efficient even
in the presence of apyrase, an enzyme that converts ATP and ADP to AMP [9,10,18]. The ability of
the ATPyS-26S PC to mediate IDP degradation is consistent with the reports that ATPyS mediates
degradation of proteins lacking a defined structure [10,11,32], and further suggest that hydrolysable
ATP is not required for IDP degradation by the 265 PC.
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Figure 1. ODC is degraded by ATP-26S but not by NADH-26S proteasome. (a) NADH stabilizes the
265 PC. Proteasomes fractionated from NIH3T3 cells were incubated at 37 °C for indicated times in
the presence or absence of 2 mM NADH. (b) Scheme/model (c¢) ODC (UniProt P11926) is, by large,
an ordered protein based on the scores of prediction output using IUPred2A (the red curve) and
ANCHOR? (the blue curve) prediction programs. (d) NADH-26S proteasomes cannot induce ODC
degradation by Az. ODC degradation in rabbit reticulocyte extract by Az was examined in the presence
or absence of 2 mM ATP and an ATP-regenerating system (ATP). This reaction was also conducted
under removal of the ATP by Apyrase (-ATP). Similar reactions were conducted in the presence of
2 mM NADH with Apyrase (NADH) and 2 mM ATPyS with Apyrase (ATPYyS). (e) NADH represses
ODC degradation. In vitro translated %S Methionine-labeled ODC was subjected to degradation
in reticulocyte lysate in the presence of Antizyme (Az). ODC degradation was examined in the
presence of 0.1 mM ATP and increasing concentrations of NADH at 37 °C for 20 min. (f) The data
from at least three independent experiments were averaged and shown with their standard deviation.
(g) The NADH-mediated inhibition of ODC degradation is alleviated by higher ATP concentration.
ODC degradation was examined in the presence of 1 mM or 0.1 mM ATP in the presence or absence of
5 mM NADH for the indicated time points at 37 °C. The level of 3*S-labeled ODC degradation was
visualized by autoradiography following SDS-PAGE and quantified.
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Figure 2. IDPs are degraded by ATPyS 26S PC (a to c). (a) Taz (UniProt Q4V7E6). (b) Yap (UniProt
P146937) and (c) c-Fos (UniProt P01100), are intrinsically disordered based on the scores of prediction
output using IUPred2A (the red curve) and ANCHOR? (the blue curve) prediction programs. (d) Taz,
Yap1 and c-Fos are degraded by ATPyS 26S PC. In vitro translated 3°S Methionine labeled and purified
Taz, Yap1 and c-Fos were subjected to degradation by the 26S proteasome in the presence or absence
of either 2 mM ATP or ATPYS. (e) In the presence of ATPYS the elimination of residual ATP by
preincubation with 5 mu/uL apyrase did not inhibit the 26S ability to degrade Taz and Yap1.

3.3. NADH-26S Proteasomes Can Degrade IDPs

Next, we set out to determine if NADH-stabilized 265 PC are capable of facilitating the
degradation of IDPs. Initially, we used bacterially expressed and purified p27, a highly disordered
protein [33,34] (Figure 3a). NADH 26S-PC were very efficient at promoting the degradation of p27,
kinetically even faster than ATP-26S PC (Figure 3b). To validate that the destabilization of p27 is due to
proteasome-mediated degradation, we incubated p27 either alone or in the presence of the proteasome
and a proteasome inhibitor MG132. As expected, MG132 completely blocked the degradation of p27 by
the NADH-26S proteasome (Figure 3c). In our degradation reactions, NADH was not oxidized (data
not shown) validating that NADH is a 26S PC-stabilizing cofactor and not the substrate of an unknown
enzyme that facilitates proteasome activity. NADH (and NAD™) also did not have an effect on the
catalytic activity of purified 20S proteasomes (Figure 3d). However, NADH induced an increase in the
catalytic activity of the 265 proteasome (Figure 3e). These results suggest that NADH does not directly
affect the catalytic activity of the proteasome but possibly affects the gating of the 26S proteasome
complex. Together, these data suggest that NADH-26S PC is active in degradation of p27 IDP.

To generalize the proposed model of IDP being highly efficiently degraded by the NADH-26S
PC, we examined the in vitro translated and purified 3*S-Methionine-labeled Yap and c-Fos proteins.
Yap protein was efficiently degraded by the NADH-26S PC as compared to ATP-26S PC (Figure 3f).
Purified in vitro translated 3*S-Methionine c-Fos was also efficiently degraded by NADH-26S PC
with similar time kinetics of ATPyS-26S, but more efficiently than ATP-26S activity (Figure 3g).
The observation that ATPYS is more active than ATP in inducing degradation of IDPs by the 26S
PC is consistent with the published reports [11]. Unlike ODC, c-Fos degradation was not inhibited
by increasing concentration of NADH (Figure 3h,i). We further analyzed the bacterially expressed
and purified tau protein as another highly disordered protein substrate (Figure 3j). Tau protein was
efficiently degraded by both NADH- and ATPyS- 265 PCs but was not efficiently processed by ATP-26S5
PC (Figure 3k). Taken together, our data indicate that IDPs are highly susceptible to degradation by the
NADH-26S PC in a similar fashion as observed for ATPyS-26S PC and, in some cases, the degradation
of IDPs by the NADH-PC is more efficient than that observed for ATP-26S PC.
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Figure 3. IDPs are susceptible to NADH-26S PC degradation. (a) p27 (UniProt P46527) is a disordered
protein based on the prediction output using IUPred2A (red curve) and ANCHOR2 (blue curve)
prediction programs. (b) Recombinant p27 is susceptible to degradation by the NADH-26S proteasome.
Purified recombinant p27 protein was subjected to 265 proteasomal degradation. Time kinetics were
analyzed for p27 degradation in the presence of either 2 mM ATP or NADH. His-p27 was detected
by immunoblotting with anti-His antibody. (c) p27 is stable in the presence of NADH alone or in the
presence of 26S proteasomes, 2 mM NADH and 25 uM of the proteasomal inhibitor MG132. (d) NADH
has minor inhibitory effect on the purified 20S proteasome mediated degradation of synthetic substrate
of the Chymotrypsin-like activity as measured based on the hydrolysis of Suc-LLVY-AMC substrate.
(e) NADH induces the 26S proteasomal activity as measured by the cleavage of the Suc-LLVY-AMC
peptide by purified 26S proteasomes in the presence of either 1 mM ATP or NADH. (f) In vitro translated
purified proteins are degraded by the NADH-26S proteasome. In vitro translated 3°S Methionine labeled
flag-Yap1 was purified by flag IP followed by flag elution in the degradation buffer (see Section 2).
Yapl degradation kinetics by the 26S proteasome were analyzed in the presence of either 2 mM
NADH or ATP. (g) Degradation of purified c-Fos was analyzed following 30 min incubation with 265
proteasomes in the presence of 2 mM ATP, ATPyS or NADH. (h) In vitro translated 3*S Methionine-Fos
degradation was examined in the presence of 0.1 mM ATP and increasing concentrations of NADH
at 37 °C for 60 min. (i) The data from at least three independent experiments, as shown in (h) were
averaged and shown with their standard deviation. (j) Tau (UniProt P10636) is a highly disordered
protein as demonstrated by the scores of prediction output using IUPred2A (red curve) and ANCHOR2
(blue curve) prediction programs. (k) NADH and ATPyS induce 26S proteasomal degradation of
recombinant tau protein (rTau) degradation by the 26S proteasome. Degradation was examined in the
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presence of either 2 mM ATP, ATPyS or NADH.
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4. Discussion

We show here that NADH can directly regulate substrate specificity of the 26S proteasome in vitro.
Our findings here elaborate on our previous observation, showing that functional 26S proteasome can
be stabilized by NADH [18]. As there is no straightforward way to distinguish the functionality of
NADH-26S from the ATP-26S PC in the context of the cell, we chose a reductive in vitro approach to
test our hypothesis that NADH-265 PC is capable of facilitating the degradation of proteins that do not
require the ATP-dependent functions of the proteasome such as ubiquitin processing and unfolding.
As such, intrinsically disordered proteins (IDPs) are the perfect candidates, as many of them are readily
degraded by the 20S CP in vitro [27,28]. We show here that IDPs are also substrates of this new form of
26S PC, namely the NADH-26S PC.

Our findings illuminate that NADH is a regulator of proteasome function, as it can promote the
degradation of IDPs but also inhibit the natural function of ATP-dependent degradation of the 26S
proteasome, a function that can affect substrate specificity in the context of the cell. The possibility
that NADH competes for ATP-binding sites, resulting in competitive inhibition of the ATP-dependent
functions of the 265 PC, was ruled out [18]. The other possibility is that NADH binds the N-terminus of
PSMCI (as previously shown) and possibly other 19S subunits, inducing an allosteric effect that results
in inhibition of the directional cycling of the ATP in the hexametric ATPase ring [18]. Recent structural
analysis of the ATPyS-265 reveals a strong structural rearrangement of many of the 19S subunits in
the ATPyS-bound state, resulting in higher alignment of the ATPase ring with the gate of the 20S core
particle, suggesting a state with facilitated translocation of the substrate [35]. This is in agreement
with what we observed here with ATPyS-26S degradation of IDPS. The possibility that NADH exerts
a similar allosteric structural shift can be addressed with Cryo-EM analysis in the future. However,
many of the predicted NADH binding motifs in the 19S subunits are conserved in vertebrates, but not
in yeast [18].

The emerging picture is that a non-hydrolysable ATP is sufficient for 265 complex
formation/stabilization, whereas ATP hydrolysis is essential for the process of unfolding of the
structured substrates [7,10,11,32,36,37]. The finding that IDPs are degraded by the 265 PC in the
absence of ATP hydrolysis lends further support to this model. Interestingly however, we also observed
that ATP-26S PC was actually inefficient in degrading certain IDPs. This might mean that ATP has a
role in allosterically gating the 20S catalytic complex or that the binding of ATP masks certain IDP to
target the 26S proteasome.

Whether NADH-26S PC has a physiological role is an important question. Analyzing the effect
of various concentrations of ATP and NADH on IDP and ODC degradation led us to conclude that
the formation of NADH-26S PC is reversible and depends on the NADH/ATP ratio. Under normal
ATP concentrations at 1-10 mM [38], the NADH concentration of 10-100 1M is required to efficiently
form the NADH-26S PC. These physiological concentrations suggest that, in the cells, a certain fraction
of the 26S PC is of the NADH type. Cellular NADH level is determined by the electron transfer
chain (ETC) functionality [14,39]. Inefficient ETC activity results in higher NADH levels and lower
levels of ATP-26S PC [14], and under this condition, the NADH-26S PC level is expected to increase.
Under this condition, mitochondrial biogenesis is compromised by NADH-dependent degradation
of PGC-1«, a transcription co-activator regulating mitochondrial biogenesis [40]. NADH also has an
indirect role in inhibiting 20S PC-mediated IDP degradation via NQO1 [41]. Overall, the emerging
picture is that defective ETC remodels the IDP degradation process to be more prone to NADH 26S PC
degradation (Figure 4).
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Figure 4. Mitochondria physiology and IDP degradation. Mitochondria with efficient electron transfer
chain (ETC) activity (upper) generate a high level of ATP and low level of NADH. An opposite picture
is obtained with mitochondria with low, or malfunctioning ETC (lower). The ATP and NADH levels
regulate the formation of different types of 26S PC. Under high levels of NADH, NADH-26S PC is
formed that is active in IDP degradation (the thick arrow). However, NADH through NQOL1 has a
repressive function in inhibiting IDP degradation by the 20S proteasome [42].

5. Conclusions

Proteasomal degradation of intrinsically disordered proteins (IDPs) or proteins consist of large
disordered regions (IDRs) is not exclusively mediated via the classical ubiquitin-26S proteasome
pathway but also subjected to ubiquitin-independent degradation. Here we investigated the process of
IDP/IDR degradation via unique class of 26S proteasome that is free of ATP. Two different such 26S
proteasomes were investigated; the non-hydrolysable ATPyS-26S and the recently reported NADH-26S
proteasomes. We show here that both are in vitro active in degradation of IDP/IDR but not of ODC
structured protein. The finding that physiological metabolite like NADH uniquely regulates IDP/IDR
degradation exemplifies a new principle of how mitochondria, the key organelle in NADH production,
regulate IDP/IDR homeostasis.
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Abstract: Elucidating the structural details of proteins is highly valuable and important for the proper
understanding of protein function. In the case of intrinsically disordered proteins (IDPs), however,
obtaining the structural details is quite challenging, as the traditional structural biology tools have
only limited use. Nuclear magnetic resonance (NMR) is a unique experimental tool that provides
ensemble conformations of IDPs at atomic resolution, and when studying IDPs, a slightly different
experimental strategy needs to be employed than the one used for globular proteins. We address this
point by reviewing many NMR investigations carried out on the o-synuclein protein, the aggregation
of which is strongly correlated with Parkinson’s disease.

Keywords: alpha-synuclein; NMR; secondary structure propensity; pre-structured motifs (PreSMos);
intrinsically disordered protein

1. Introduction

Alpha-synuclein («S) is a presynaptic terminal protein that is localized at the nuclear envelope
and presynaptic nerve terminals [1,2]. This small 14 kDa protein is important for the normal function
and maintenance of synapses [3]. Clinically, it is strongly correlated with the pathogenesis of
Parkinson’s disease (PD), a neurodegenerative movement disorder associated with the degeneration
of dopaminergic neurons in substantia nigra [4], and familial early onset PD is often associated with
the overexpression and mutations of «S [5-7]. Age-dependent motor dysfunction can be caused
by neuronal fibrillar «S deposits known as Lewy bodies [8,9], the diagnostic hallmark of PD being
spherical protein inclusions found in the cytoplasm of nigral neurons in the brains of PD patients.

The fibrillary aggregates of «S have a characteristic cross-§3 structure consisting of 3-sheets, where
the individual B-strands are perpendicular to the axis of the fibril [10-12]. These fibrillary aggregates
are morphologically similar to the amyloid fibrils found in Alzheimer’s disease neuritic plaques and
in deposits associated with other amyloidogenic diseases [13,14]. In addition to fibrils, advances
in the structural elucidation of &S oligomers have been made recently [15,16]. Theories of (i) pore
formation followed by membrane leakage [17,18], (ii) receptor-mediated mechanisms [19,20], and
(iii) cellular protection by binding with extracellular chaperones [21] have been discussed in terms of
the underlying molecular pathology of PD.
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Although human «S is composed of 140-amino acid residues, it does not form a stable globular
structure [22]. In fact, itis a well-known member of the so-called intrinsically disordered proteins (IDPs),
unorthodox proteins that do not form well-defined three-dimensional structures under non-denaturing
physiologcal (or near-physiological) conditions [23-25]. The primary structure of &S can be separated
into three parts: (i) the N-terminal region (residues 1-60) has a series of 11-amino acid repeats with a
conserved KTKEGV motif that, upon binding to synthetic lipid vesicles or detergent micelles in vitro,
adopts a highly helical conformation [26-28]; (ii) the residues 61-95 that contain two additional
KTKEGYV repeats and the hydrophobic amyloidogenic NAC (non-amyloid-3 component) region, are
known to be involved in the formation of amyloid fibrils both in vitro and in vivo [14,29]; and (iii) the
highly acidic C-terminal region (residues 96-140) is responsible for the overall net negative charge.

The critical early step in the fibrillation of &S is believed to involve conformational transition
from the native monomeric aS into an aggregation-prone partially folded intermediate [30-32]. The
observation that the truncation of the acidic C-terminus accelerates fibril formation in vitro [33], and
the aggregated «S found in Lewy bodies has a truncated C-terminus [34], suggests that &S aggregation
is slowed down by intermolecular electrostatic repulsions among the negatively charged C-terminal
regions. As the partially folded oligomeric intermediates that are formed along the «S fibril formation
pathway are known to be cytotoxic, we need detailed information on the conformational characteristics
of the S monomer, i.e., whether the monomer may have any peculiar conformational features that
would enhance formation of oligomeric intermediates. Such knowledge should also shed light on how
this protein performs its normal function.

The structural features of an IDP are described in two levels, one at a global level and the other at a
local level. The global conformation of an IDP is best described as an ensemble populated with rapidly
interconverting conformers [35-38]. Ensemble description is useful for understanding the overall
topology of an IDP, as it provides a radius of gyration and also information on transient long-range
contacts. Such ensemble representation is generally applicable to any protein and has been used not
only for IDPs but for the unfolded or partially-unfolded state of globular proteins [39-43].

Unlike globular proteins, the ensemble structures of IDPs are not superimposable and do
not converge into a single tertiary structure. Although molecular dynamics (MD) simulation
alone can produce a conformational ensemble of IDPs, a more accurate ensemble is obtained
when the experimental restraints from nuclear magnetic resonance (NMR) measurements, such
as residual dipolar coupling constants (RDCs) [44,45] and long-range distance restraints derived from
paramagnetic relaxation enhancement (PRE) experiments [40,46,47] or small-angle x-ray scattering
(SAXS) experiments [48], are incorporated. An interesting point is that the ensemble conformation of
an IDP (e.g., S and tau) can be more compact than a simple random coil [46,49]. In contrast to the
global conformation, the local-level conformation of an IDP is described by transient local secondary
structures, termed pre-structured motifs (PreSMos) (see below) [24,25,50] that highly resemble the
residual secondary structures found as a folding initiation core in the partially unfolded state of a
globular protein.

2. Pre-structured Motifs (PreSMos) in IDPs

One prominent feature that is observed in ~70% of all IDPs or intrinsically disordered regions
(IDRs) that have been thoroughly characterized by NMR is that these proteins, although intrinsically
unstructured, contain transient secondary structures known as pre-structured motifs (PreSMos) [24,25].
The term PreSMos was proposed, as many different descriptions have been coined that address
fundamentally the same phenomenon—that certain regions of IDPs are pre-populated with secondary
structures [24,25]. PreSMos are the target-binding fragments that are primed before actual target
binding. Most PreSMos are alpha-helices, but in addition there can also exist left-handed polyproline
I helices (PPII), 3-turns, and B-strands, and these transient structures (pre-populated only ~30% on
average) become stable secondary structures in their target bound state [23,51-53].
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Interestingly, a few IDPs such as 4EBPs (elF4E binding proteins) and VP16 transactivation
domains (TAD) have been subjected to more than one NMR investigation and the results from different
investigators agree well in terms of the presence and location of PreSMos. For example, in one NMR
study on 4EBP1, the residues 56-63, which form the key binding interface to eIF4E, were found to form
a helix PreSMo [52]. In another NMR study on 4EBP2, a homolog of 4EBP1 with a sequence homology
of ~70%, the same residues were found to form a pre-structured helix [53]. Similarly, two independent
NMR groups found the same helix PreSMo in VP16 TAD that encompass the residues 442—447 and
465-483 [54,55].

Common NMR parameters obtained from the NMR studies of IDPs—chemical shifts, interproton
nuclear Overhauser effects (NOEs), Ry and R, relaxation rates (occasionally incorporated into spectral
density functions), I5N-1H heteronuclear NOEs, | coupling constants (mostly 3JHNH« associated with
a backbone torsion angle ¢), temperature coefficients of backbone amide protons, and backbone
amide-water proton exchange rates—can be used to determine if an IDP possesses a PreSMo [23-25].
A deviation of chemical shifts from random coil values indicates the presence of a secondary structure.

Short-range interproton NOEs, such as intraresidue dyn(i, i) and sequential d (i, i+1)-type
NOEs, are commonly observed in IDPs, whereas sequential dyn(i, i+1), medium-range d 4N (i, i+2),
dan(, i+3) and dyn(i, i+2) are observed when a PreSMo is present. The ratio of sequential d oN(, i+1)
to sequential dyn(i, i+1) NOEs [56] and that of sequential d (i, i+1) to intraresidue don(i+1, i+1)
NOEs [57,58] are excellent measures of the backbone torsion angles. Thus, the combined analysis of
different types of interproton NOEs can show if an IDP contains a locally ordered secondary structure.
However, one should be aware that relatively weak interproton NOEs are observed in IDPs as the
secondary structures in IDPs are of a transient nature. In addition, long-range interproton NOEs are
absent in IDPs, as IDPs lack the stable topology that leads to such NOEs.

Whereas interproton NOEs provide short-range (< 5A) information, paramagnetic relaxation
enhancement (PRE) provides long-range (up to ~25 A) information that may be present in IDPs [46,59,60].
Furthermore, larger spin-spin relaxation rates (shorter T, values) are observed for the residues forming
a locally-ordered segment, i.e., a PreSMo [23,25,52,61,62]. Similarly, a locally ordered protein backbone
I5N-'H amide bond generates a positive '’N-'H heteronuclear NOE value. In addition, 3Junm«
coupling constants of 6 Hz or lower will be observed for helix-forming residues, while 3 iNH « Values
larger than 8 Hz will be observed for 3-type conformations [63]. A small (< 5 ppb/deg) temperature
coefficient of a backbone amide proton suggests that the proton is involved in hydrogen bonding,
indicating a transient helix or 3-type structure [23,54,62]. Residual dipolar couplings (RDCs) provide
information on the structure and dynamics of bond orientations and are measured to assess the
conformational details of IDPs [44,59].

Chemical shifts possess information on secondary structures and many analysis tools aim at
assessing the conformation of IDPs from chemical shifts. First, the secondary structure propensity
(SSP) algorithm uses the protein backbone chemical shifts (13Cx, 13¢B, 3¢, TH*, THN, and 1°N) to
generate a residue-specific score ranging from 1 to —1, which corresponds to the fully «-helical and
[3-sheet structure of a well-ordered protein, respectively [64]. As the polyproline IT helix is an important
structural motif in IDPs, the 62D algorithm estimates the relative population distribution of x-helices,
polyproline II helices, 3-sheets, and random coils from the backbone chemical shifts of IDPs [65].
If additional NMR parameters such as multiple ] coupling values and local interproton NOEs are
available for IDPs, maximum entropy Ramachandran map analysis (MERA) can be used to estimate
the relative distribution of their dihedral angles on a Ramachandran map [66].

As mentioned in the introduction, another class of methods provides representative ensembles of
IDPs. A statistical random coil generator (e.g., TraDES [67], Flexible-Meccano [68]) creates a pool of
random conformers and an ensemble selection algorithm (e.g., ENSEMBLE [69], ASTEROIDS [70],
BEGR [71]) chooses a subset of ensembles that best matches the experimental results. We used the
SSP algorithm to estimate secondary structures as it is simple but powerful and only the backbone
chemical shifts of «S were available for comparative analysis (Table 1).
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SSP is based on the calculation of secondary chemical shifts, i.e., the difference between the
measured and random coil chemical shifts (RCCS). We have used the corrected shifts for IDPs, POTENCI
RCCS, for SSP analysis as POTENCI takes into account the effect of neighboring residues as well as
the experimental conditions such as temperature, pH, and buffer conditions [72]. Our criterion to use
SSP values is based on the lack of reporting of all measurable NMR parameters mentioned above,
whereas for every IDP investigation, the backbone resonances are assigned (although only some are
deposited in the biological magnetic resonance bank (BMRB) database) (Table 1). As such, we have
summarized six reports in Figure 1 even though there have been more NMR studies on «S. As "HN
and !N chemical shifts are sensitive to experimental conditions and '*C chemical shifts can be easily
re-referenced and are good indicators of «-helices and 3-sheets, we only used Cex, Cf3, and C’ chemical
shifts for the SSP analysis (Figure 1).

Table 1. A list of nuclear magnetic resonance (NMR) studies on human oS. Seven reports deposited the
assigned chemical shifts to the BMRB database, as shown in the third column.

Year Sample Condition BMRB ref
2001 ~100 uM «S, 100 mM NaCl, 10 mM Nap,HPOy, pH 7.4, 283 K [28]
2003 0.3 mM «S, 20 mM sodium phosphate, 50 mM SDS, pH 7.4, 298 K 5744 d [73]
2006 1 mM «S, 20 mM phosphate, 0.5 ml;/é;ESDEA, 200 mM NaCl, 10% D,O, pH 6.5, 6968 (74]
2008 0.2 mM «S, PBS buffer, pH 7.4, 263 K [35]
2009 0.65 mM «S, 10 mM phosphate, 140 mM NaCl, pH 2.5, 10% D,0, 288 K [75]

2009 0.3 mM S, 20 mM NaOAc, 100 mM NaCl, 10% DO, pH 3.0 & pH 7.4, 288 K 16342 [76]
0.6 mM &S, 20mM Na,HPO, (pH 6.0), 6% D>0, 0,02% NaNjs, in

2009 phospholipids, 293 K 271
2010 0.6 mM wild-type aS, mutants (A30P, E46K, A53T), 20 mM Na,HPOy, pH 6.0, (7]
6% D,0, 0.02% NaN3, in phospholipids, 293 K
2012 0.1 mM «S, 5 mM dioxane, 20 mM sodium phosphate buffer, pH 6, in 78]
phospholipids, 288 K
20132 1.7 mM «S, 10% D,0, 90% H,0, pH 6.2, 277 K 19257 [79]
2013 P -mM «S, 20 mM Tris-HCI, pH 7, 100 mM NaCl, 10% D,0, 288 K [80]
2014 0.35 mM «S, 20 mM sodium phosphate, pH 6, 288 K [81]
2014 50 uM «S, NaCl/sodium phosphate buffer, 5% glycerol, 288 K [82]
2014 0.3 mM «S, 20 mM NaOAc, 100 mM NaCl, 10% D,0O, pH 3.0 & pH 7, 288 K [83]
2015 0.5 mM/0.7 mM wild-type/H50Q «S, 10 mM sodium phosphate, pH 7.5, 25027 [84]
100 mM NacCl, 5% D,0, 0.01% NaNj3, 0.001% DSS, 283 K
2015 ~0.43 mM (6.6mg/mL) &S, 20 mM HEPES, 10% D,0, pH 7.0, 277 K 26557 [85]
2016 0.4 mM «S, 20 mM sodium phosphate, 150 mM NaCl, pH 7.0, 283 K [60]
2017 € 75 uM «S, PBS buffer, 0.02% NaN3, pH 7.4, 310 K [86]
2018 ~1mM «S, pH 5.0, 10% D,0, 298 K [87]
2018 1 mM «S, 20 mM phosphate, 200 mM NaCl, 0.5 mM EDTA, pH 6.5, 285.5 K, 27348 [88]

295K, 305K, 315 K

2 In-cell NMR. P No information is available on the aS concentration. ¢ Aggregation inhibition experiment. ¢ BMRB
5744 is for a folded «S, and hence is not used for the calculation of secondary structure propensity (SSP) values.
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Figure 1. Comparison of the secondary structure propensity (SSP) scores, Cx secondary chemical
shifts, and the secondary structure (SS) population from the 52D analysis. The same '3C chemical
shifts were used as an input for the analysis. As at least three chemical shifts are required for the 62D
analysis, the 52D percentage is not displayed for a residue, if even one of the Cet, C3, and C” chemical
shifts was unavailable from the BMRB database (e.g., at least one 13C chemical shift information is
missing for most residues of 1-50 in BMRB 19257, there was no C” and Cf3 chemical shift information
for all residues in BMRB 26557 and 27348, respectively). Sample conditions for the six different NMR
studies on a-synuclein (see Table 1) are (a) 1 mM «S, 20 mM phosphate, 0.5 mM EDTA, 200 mM NaCl,
10% D50, pH 6.5, 285.5 K (BMRB 6968), (b) 0.3 mM «S, 20 mM NaOAc, 100 mM NaCl, 10% D,O, pH
3.0, 288 K (BMRB 16342), (c) 1.7 mM «S, 10% D,O, 90% H,O, 277 K, in-cell condition (BMRB 19257),
(d) 0.5 mM «S, 10 mM sodium phosphate, pH 7.5, 100 mM NaCl, 5% DO, 283 K (BMRB 25227), (e)
0.43 mM «S, 20 mM HEPES, 10% D,0O, pH 7.0, 277 K (BMRB 26557), and (f) 1 mM «S, 200 mM NaCl,
0.5 mM EDTA, 20 mM phosphate, pH 6.5, 315 K (BMRB 27348).

3. Inconsistency

An early study by Eliezer et al. [28] described that the Cx chemical shifts for residues 6-37 in S
deviated more than ~0.3 ppm from RCCS, which indicates the existence of a helix PreSMo. In addition
to this transient helix, four more transient helices, centered around residue numbers 44, 60, 84, and
100, were noted. The SSP values in Figure 1 seem to agree with this regarding the most prominent
N-terminal helix formed by residues 10-30, even though the degree of pre-population of this helix does
not match quantitatively among one another. Eliezer et al. [28] also showed that there are four more
transient helices covering the NAC region. However, it was difficult to find such additional transient
helices in our SSP analysis.

In Figure 1, two cases (Figure 1b and c) show two weak helices around residues 50 and 90. The SSP
data obtained at low pH (Figure 1b) peculiarly show that there is an additional helix around residue
130 at the C-terminus, in contrast to the other five results, which have a 3-type transient structure at
the C-terminus. However, caution is advised when interpreting these results because, for example, the
N-terminal helical propensities that are observed in all SSP plots (Figure 1) are not evident in the R;
relaxation data [58,81]. Not every PreSMo shows a faster R, relaxation rate [23,25,52,61,62]. On the
other hand, the concerted measurement of 3] couplings implies that the ¢ angles have a very small
helical tendency in the N-terminal 10-30 residues when the residue-specific average ¢ angles were
compared in &S for each amino acid type [89].

An interesting observation is that the in-cell NMR data (Figure 1c) shows a higher population
of the N-terminal helix than the in vitro results. This is probably due to differences in the sample
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conditions between in-cell NMR measurements and in vitro experiments, e.g., crowding effect, presence
of lipid membranes. When «S was purified after it had been deliberately (by co-expressing an enzyme)
N-terminal acetylated in Escherichia coli (E. coli) cells, the N-terminal residues of «S possessed enhanced
helicity [78]. As it is known that «S can be N-terminal acetylated during and after translation in
human cells, internally expressed or externally introduced &S in these cells is likely in an acetylated
state [60]. However, because in-cell NMR data used to generate Figure 1c were obtained inside E. coli
cells without enzymatic acetylation, we can safely rule out the effect of acetylation on &S conformation.

Another possibility is that the higher N-terminal helicity observed in this in-cell report is simply
due to the fact that only carbonyl chemical shifts were used in computing the SSP scores in the
N-terminal region as Ca and C(3 chemical shifts were not available. In addition to the discrepancy
in the SSP values from different NMR studies (Figure 1), there is an intriguing point regarding the
presence of the N-terminal transient helix. When «S was investigated by the 52D algorithm, no
pre-structured helix around residue 25 was found at the N-terminus [78]. Therefore, we have applied
different computation tools to interpret chemical shifts in terms of the «S conformation. There were
small-but-significant differences when different computational tools were employed (Figure 1), even
when the same '3C chemical shifts were used as an input.

As the Ca secondary chemical shift is by itself a good indicator of secondary structure, whose
value is positive for a-helices and negative for 3-type structures, we first compared the SSP scores to
Ca secondary chemical shifts (Figure 1). They showed similar trends, although the SSP scores showed
less fluctuations among adjacent residues. This observation can be ascribed to the algorithm of SSP,
which averages the secondary chemical shifts from i-2 to i+2, and to the combined analysis of different
nuclei that would reduce the observed error [64]. Next, the SSP scores were compared with the 62D
results using the same 13C chemical shifts as an input (Figure 1). Some secondary structures were
commonly observed in the two cases, as in the a-helix at residues 3—6 and [3-sheet at the C-terminal
region of BMRB 6968 and BMRB 25227.

However, the secondary structure patterns do not generally match, particularly for the o-helix
(residues 10-30) that is clearly observed in the SSP analysis. This can be ascribed to the small
populations of secondary structure in «S, redistribution of the x-helix population in SSP into the
a-helix and PPII in 82D [65], and the different RCCS employed in the two methods, namely, POTENCI
for SSP and CamCoil [90] for 62D. Taken together, caution is advised when interpreting chemical shift
data in terms of conformation. This is true even when using NMR data other than chemical shifts,
although collective analysis of independent data from NMR and other experiments would aid in
accurate description of IDP conformation.

In NMR studies of globular proteins, slight differences in the NMR sample conditions (protein
concentration, buffer, temperature, pH, etc.) do not significantly influence the overall 3D structure. The
same is true even for IDPs as was seen in VP16 TAD and 4EBP1/2; slightly different sample conditions
did not influence the results in terms of the presence and/or location of PreSMos. Then why do the
results of different NMR studies on &S conformation not completely agree regarding the location and
the degree of pre-population of transient structures?

4. The Effect of Environmental Conditions on S Conformation

We believe that several factors, as described below, should be scrutinized prior to an NMR
investigation of aggregation-prone proteins, such as «S.

4.1. Protein Concentration

In the early days of protein NMR experiments, often a very high (>10 mM) sample concentration
was used in order to compensate for poor signal-to-noise ratios in low-field (<5 Tesla) NMR
spectrometers [56]. Thus, a high concentration sample was inevitably used by NMR pulse sequence
developers [91-93] to test their pulse schemes. The preparation of highly-concentrated protein samples
was possible only because the investigators wisely chose a highly-soluble protein, e.g., bovine pancreatic
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trypsin inhibitor (BPTI). The measured NMR parameters with highly soluble proteins conformed well
to, and complemented existing knowledge, e.g., the 3D structures known by x-ray crystallography or
the properties that can be deduced from such structures.

In subsequent protein NMR studies, sample concentrations have decreased over the few decades to
such an extent that they are now comparable to, or lower than ~1 mM (Table 1). In most investigations,
the importance on whether a particular protein is truly a monomeric state cannot be overemphasized.
Measuring the concentration dependence of mean residue ellipticity 0 in circular dichroism experiments,
and showing that this relationship is linear around the NMR sample concentrations, is one way of
demonstrating the monomeric nature. Alternatively, analytical ultracentrifugation can be used to
detect oligomerization in protein samples. A change of the NMR line widths and diffusion rates can
also indicate the presence of oligomeric species.

Ensuring the monomeric state of a protein during data acquisition becomes critical when we
deal with any protein with aggregation tendencies, such as «S. All SSP scores in Figure 1 show that
the C-terminus of &S has a 3-type structure except for the low pH case in Figure 1b. Is it possible
that protein concentrations of 300 uM-1.7 mM impose a fibrillar f-type conformation in «S? Eliezer
et al. [28] used a ~100 uM protein sample and observed only the x-helical propensities for «S. Does
this suggest that NMR experiments at a very low protein concentration (<50 uM) are required to assess
the truly monomeric state?

42. pH

The pH of a sample is also an important factor that can influence the conformation of proteins.
In the case of globular proteins, provided that the charged states of surface-exposed amino acids have
no impact on the overall globular topology, the 3D structures determined at different pH values are
known to be quite similar. In the case of IDPs, however, most residues are fully exposed to the solvent.
The charged states of surface hydrophilic residues are very likely to influence the topology, not to
mention the local structures. An exception would be the residues that form PreSMos as they can
transiently form hydrogen bonds and hence experience slow backbone amide-water proton exchange.
In an extreme case of the spring-loaded mechanism adopted by influenza hemagglutinin, a flexible
loop undergoes a drastic conformational change to become a helix that induces viral fusion with the
cellular membrane [94]. Cho et al. examined the conformations of «S at pH 3 (Figure 1b) and pH 7.4
and the two were quite different with respect to the helical content of both C- and N-terminal parts [76].
This calls for an argument that the pH of an aS sample needs to be controlled with caution.

4.3. Temperature

For globular proteins which have a relatively rigid backbone topology, 3D structures determined
at different temperatures are not grossly different. For IDPs, like oS, with a tendency to aggregate,
performing NMR experiments at 277 K (Figure 1c,e) may lower the hydrophobic effect and thereby
lead to conformational ensembles that are different from those found in the cellular environment. For
globular proteins, performing an NMR experiment at temperatures that are within a non-denaturing
range is acceptable. Yet, for an IDP whose oligomerization is directly related to the pathology of PD,
temperature can have a significant effect on its conformation.

4.4. Buffer and lonic Strength

Since the thermodynamic stability of globular proteins allows them to maintain their structural
homeostasis, changes in the solvent buffers are considered unlikely to pose a problem in 3D structure
determination. This may not be true for IDPs, as the counterion shielding of polar residues on the
surface will influence the conformations of IDPs to a greater extent than of globular proteins. In one
investigation, measurements done in rather high ionic strength (200 mM) and high temperature (42 °C)
conditions (Figure 1f) resulted in the degree of pre-population of the N-terminal helix to be lower than
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for others. Note that the effect of ionic strengths on the protonation states of side chains is compensated
by using POTENCI RCCS.

4.5. Lipid Membranes

The functional and pathogenic role of &S is closely related to its interaction with lipid membranes.
For example, S is involved in membrane remodeling [95], clustering [96], and maintaining the pool of
synaptic vesicles [97], and chaperoning SNARE-complex assembly [98]. In addition, fibril formation of
aS is influenced by lipid interaction, where the promotion and inhibition of &S aggregation depends
on lipid conditions [99,100]. Therefore, it is important to investigate the detailed mode of interaction
between «S and lipid membranes. When doing so, we wish to note the importance of being aware
of the incomplete removal of detergents and lipids during the purification of the «S protein, as they
can cause small line broadening in NMR resonances. Thus, lipids should be completely removed for
studies on free &S, or the lipid conditions should be precisely controlled for studies on the interaction
between «S and lipid membranes.

The «S-lipid interaction has been monitored by many biophysical tools. As there is a strong
correlation between the extent of «S-lipid binding and lipid-induced «S helicity, circular dichroism
has been the most popular method to measure «S-lipid binding [28,101]. In addition, fluorescence
correlation spectroscopy [102] and fluorescence anisotropy [27] methods have been used to measure
the change of translational and rotational diffusion of «S, respectively, in the presence of lipid vesicles.
However, residue-level analysis can only be performed by NMR spectroscopy.

In the initial work by Eliezer and coworkers [28], interactions between «S and lipid vesicles
were monitored by NMR spectroscopy. They observed a complete disappearance of residues 1-100
in the protein backbone 'H-!°N correlation spectra with a molar excess of SDS micelles or small
unilamellar vesicles (SUV) over «S, which indicates that the N-terminal region of &S binds tightly
to the vesicle, while the C-terminal tail is not bound to the vesicle and preserves its disordered
conformation. Furthermore, the structural details of &S bound to SDS micelles were monitored by
NMR spectroscopy [103]. Residual dipolar couplings were measured to determine the two (V3-V37
and K45-T92) anti-parallel curved helices connected by a linker when «S was bound to a micelle.

In the presence of a small amount of SUV composed of phospholipids (lipid molecule/«S < 5, lipid
vesicle/aS < 0.001), the condition that mimics the synaptic environment, due to the high concentration
of «S at the synapse, only the change in intensity and line width of &S backbone NMR resonances was
observed without any perturbation in chemical shift values [27]. Although a chemical shift analysis
cannot be performed to assess the bound-state conformation, the residue-specific intensity profiles
showed that the residues 1-100 were bound to the vesicle with multiple tight binding modes, whereas
the 40 C-terminal residues remained flexible, as in the high lipid concentration condition. In addition,
transferred NOE experiments showed that the 100 N-terminal residues form a helical structure upon
binding to SUV [27]. The lysine sidechains of «S are protected from acetylation by N-succinimidyl
acetate in a residue-position and in a lipid-concentration dependent manner, supporting the presence
of multiple binding modes between «S and lipid membranes [104].

We can also think of a mechanism on how «S strongly binds to lipid membranes. Whether or not «S
contains a transient helix at its N-terminus would change its binding mode to lipid membranes, as well
as the associated thermodynamic and kinetic parameters. In the early days of IDP research, when IDPs
were viewed to be completely unstructured without any trace of transient secondary structures, only
the induced fit mechanism involving for example, a coil-to-helix transition [105], was used to explain
IDP-target binding. With knowledge that dozens of IDPs (~70% of the IDPs characterized) contain
transient secondary structures termed now as PreSMos (Pre-Structured Motifs) [24,25,50], an alternative
target binding mechanism of IDPs, conformational selection, is now widely considered [106,107]
(Figure 2).
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Figure 2. An illustration of the lipid-binding mode of «S. (top) Induced fit, (bottom) conformational
selection. In the latter, an N-terminal helix is inserted merely to indicate the fact that a transient helix is
present at the N-terminus of «S, i.e., the location of the helix is not exact. The thickness of the helix
ribbon is adjusted to reflect the population of the helix.

5. Summary

In this review, we have presented secondary structure propensities calculated from the chemical
shifts of &S deposited in the BMRB database [108]. Although the calculated propensities appear
similar (Figure 1), there are subtle-yet-significant differences among the secondary structures and
the degree of pre-population of the secondary structures. For example, there is a stronger helical
propensity near the N-terminus of «S under cellular conditions (Figure 1c), whereas the pH 3 condition
introduces a transient helical structure at the C-terminus (Figure 1b). SSP is a common tool; however, it
is one of several methods to assess secondary structures in IDPs. Development of better experimental
methods and more accurate analysis tools seem to be needed to improve the accuracy for describing
IDP conformations.

Certain IDPs, including «S, are relatively more prone to aggregation than globular proteins. It is
possible that oS represents one of those IDPs for which carrying out an NMR structural investigation
should be performed with much more precaution than one might think, e.g., under a well-controlled
condition resembling the native cellular settings as much as possible [109]. Certain sample conditions
could modulate IDP conformations as exemplified here for the aS protein. Notwithstanding the
plethora of previous S NMR investigations, it remains a tempting challenge to perform further
investigations on aS under “authentic” conditions in order to obtain the genuine conformation of
monomeric oS.
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Abstract: WASp-interacting protein (WIP), a regulator of actin cytoskeleton assembly and remodeling,
is a cellular multi-tasker and a key member of a network of protein—protein interactions, with significant
impact on health and disease. Here, we attempt to complement the well-established understanding of
WIP function from cell biology studies, summarized in several reviews, with a structural description
of WIP interactions, highlighting works that present a molecular view of WIP’s protein—protein
interactions. This provides a deeper understanding of the mechanisms by which WIP mediates its
biological functions. The fully disordered WIP also serves as an intriguing example of how intrinsically
disordered proteins (IDPs) exert their function. WIP consists of consecutive small functional domains
and motifs that interact with a host of cellular partners, with a striking preponderance of proline-rich
motif capable of interactions with several well-recognized binding partners; indeed, over 30% of the
WIP primary structure are proline residues. We focus on the binding motifs and binding interfaces of
three important WIP segments, the actin-binding N-terminal domain, the central domain that binds
SH3 domains of various interaction partners, and the WASp-binding C-terminal domain. Beyond
the obvious importance of a more fundamental understanding of the biology of this central cellular
player, this approach carries an immediate and highly beneficial effect on drug-design efforts targeting
WIP and its binding partners. These factors make the value of such structural studies, challenging as
they are, readily apparent.

Keywords: WASp interacting protein; protein—protein interactions; intrinsically disordered proteins;
actin; cytoskeleton remodeling; SH3 domain; proline-rich motif

1. Introduction

1.1. Scope

Modern biochemical research emphasizes the importance of complementing the biological and
functional description of cellular events with a structural understanding of these on the molecular level.
Such a combined structure-function view of biology—and the biomacromolecules that power it—has
been repeatedly established as a prerequisite for studying biological pathways, analyzing signaling
and regulation cascades, efficient drug design and optimization, and other investigation avenues
that focus the majority of research efforts today. Fortunately, this state of affairs has motivated the
development and advancement of experimental techniques capable of addressing this need, the main
ones being X-ray crystallography, nuclear magnetic resonance (NMR), cryo-electron microscopy
(cryo-EM), mass-spectrometry (MS), fluorescence-based spectroscopy, and a variety of scattering
methods. All these bear the potential to provide a detailed mechanistic view of key cellular processes,
as well as how they interface with each other. A case in point is WASp-interacting protein (WIP),
a ubiquitous central participant in remodeling of the actin cytoskeleton, and therefore involved in
regulation of activation and proliferation of cells [1,2]. While several excellent reviews have focused
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on the biology and protein-interaction networks of this cellular multi-tasker [3-7], less attention has
been given to these interactions on the molecular level. To some extent, this is due to the disordered
nature of WIP, which does not exhibit a stable three-dimensional structure, and adopts a more rigid
conformation only upon interacting with its various binding partners. The recognized importance
of intrinsically disordered proteins (IDPs) in biology is constantly increasing [8-10]. In this review,
we hope to bring forth and summarize our structural knowledge of WIP and its main biological
interactions. After a brief description of WIP and its relevant protein—protein interaction map, we will
devote a section to each of the main interactions, highlighting structural information that has become
known over years of research. Finally, we will attempt to outline prospects for future structural study
of this important system.

1.2. WIP—Biology and Cellular Roles

WIP, a member of the verprolin family of actin-binding proteins [11], is a versatile and significant
player in a number of biological processes. Originally discovered as a binding partner of WASp
(Wiskott-Aldrich syndrome protein) [1], WIP has come into the spotlight in its own right. WIP shows
highest expression in hematopoietic cells, and its most prominent function is regulation of the assembly
of cytoskeletal actin filaments [3]. These form actin-rich structures, membrane protrusions and
projections differing according to cell type in form and function, such as podosomes, filopodia,
dorsal ruffles, stress fibers, lamellipodia and invadopodia, all involved in cell motility and migration,
cell invasion through matrix degradation, cell adhesion, formation of synapses, or endo/exocytosis.

WIP’s function is crucial in immune cells, providing these cells with adhesive and migratory
properties and an intact cortical actin cytoskeleton. WIP deficiency in B cells leads to distorted
cortical actin and impaired signaling [12]. It is proposed that the actin cytoskeleton affects receptor
diffusion and B cell surface receptor organization tuning receptor activation [12,13], which may be a
mechanism relevant for other immune receptors as well [13]. Receptor-ligation in T cells and mast
cells induces WIP-dependent actin polymerization and cytoskeletal rearrangement as a prerequisite
for cell activation and proliferation [14-16]. WIP regulates the activation of both WASp, found in
hematopoietic cells, and its ubiquitously expressed homolog N-WASp, nucleation-promoting factors
(NPFs) that stimulate the molecular apparatus actin-related protein 2/3 (Arp2/3) complex to assemble
filamentous actin. WIP also acts as a chaperone of WASp, protecting it from degradation and shuttling
it to the sites of actin polymerization [15,17-20]. Research of the endocytosis mechanism in a yeast
system suggests that threshold levels of WIP and WASp are needed to initiate actin assembly in
the presence of a network of adaptor proteins, underscoring the central role of WIP and WASp in
actin-nucleation scaffolds [21]. The pivotal role of the WIP-WASp complex in actin polymerization
signaling is also exemplified by the fact that vaccinia virus and Shigella bacteria mimic regulators of the
WIP-N-WASp complex (such as the adaptor Nck) to hijack the host’s actin machinery [2]. However,
WIP has important WASp-independent functions as well, since cells containing WIP capable of binding
WASpP yet lacking the actin-binding domain showed decreased F-actin content and defects in T cell [22]
and B cell [23] function, in agreement with the finding that the presence of WIP stabilizes F-actin and
inhibits its depolymerization [3,18]. In addition, the central proline-rich domain of WIP serves as a
scaffold for indispensable interactions with adaptor proteins, linking it to up-stream and down-stream
regulators, as detailed in Section 3.2. Finally, WIP’s regulation of actin polymerization also affects
maturation of neuronal cells and their synaptic activity [24].

WIP’s activity in promoting actin-rich structures also implicates it in many pathologies and makes
its binding interfaces potential drug targets. Actin-rich membrane protrusions of cancer cells known as
invadopodia degrade the extracellular matrix which allows cancer cells to migrate and form metastases,
high WIP levels correlating with high invasiveness in breast cancer cells [25]. In addition, bacterial
and viral pathogens, such as Shigella flexneri and Vaccinia virus, can recruit the host’s WIP-N-WASp
complex to form actin-tails, propelling them and spreading infection [2,26]. As a regulatory protein,
WIP impacts gene transcription and cell phenotype transitions. High WIP levels have been linked to
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enhanced stability of Yes associated protein (YAP) and transcriptional coactivator with PDZ-binding
motif (TAZ) and oncogenic transformations [27-29]. WIP also controls through the G-actin/F-actin
ratio the nuclear translocation of myocardin-related transcription factors (MRTFs), which in turn
regulates the expression level of genes involved in focal adhesion as well as cancer cell migration and
invasion [30]. Finally, the WIP-WASp complex affects T cell growth factor IL-2 gene transcription in
T-cells through activation of the transcription factor NFAT which is needed for T cell proliferation [31].

1.3. Functional Domains and Sequences of WIP

Figure 1 schematically describes functional sequences along the WIP polypeptide, with a major
division into three regions, (i) the N-terminal actin-binding domain, (ii) the central proline-rich domain,
and (iii) the C-terminal WASp-binding domain. The first (residues 1-120) is homologous to verprolin,
a yeast protein involved in cytoskeletal organization, and includes two WASp homology 2 (WH2)
domains (residues 32-59 and 96-118) [1] with G-actin binding sequences LKKT (residues 46-49) and
LRST (111-114) separated by a highly flexible glycine-rich stretch. The second region (residues 121-440)
contains proline-rich motifs that bind Src homology 3 (SH3) domains of NPFs, such as cortactin and its
hematopoietic homologue HLCS1 and various adaptor proteins (details in Section 3.2.). In addition,
the SH3 domain of the Src family tyrosine kinase Hck is known to interact with WIP directly in vitro,
yet its binding motif/segment, assumed to be in region two has not been specified [32]. In addition,
several SH3 domains of Pombe Cdc 15 homology (PCH) family proteins from T cells have been found
to precipitate WIP through interaction with proline-rich motifs presumably in the second region [33].
The third (residues 441-503) binds to the Ena/VASP homology 1 (EVH1) domain of (N-)WASp [1,34]
and contains a consensus protein kinase C 0 (PKC0) recognition site for phosphorylation on 5488 [15].
The consensus motif for binding to profilin, an actin-regulating protein (xPPPPP, x = A/S/L/G), appears
three times and is assumed to be an actin-based motility homology-2 (ABM-2) motif [3].

27 Actin-binding 118
46 49 111 114
ABM2 —— Y
1 Actin-binding—) 1205 Nck-1
h d ) I SNRPPLPPTPSRALD ill H M B
8 13 247 261
N-terminal
actin-binding domain Central proline-rich domain C-terminal
WASp-binding domain
Nck-1/CrkL ABM2 CrkL ABM2 s
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Figure 1. Functional domains of WIP. Schematic description of WIP (1-503) highlighting binding
partners and motifs. Actin-binding, cortactin-binding, and WASp-binding regions are shown in green,
pink (faded, indicating a putative binding domain), and orange, respectively. Polyproline motifs are
shown in light blue (and extended in scale for clarity) with names of binding partners above (red).
Sequence numbers are shown for motifs and domains. The actin-binding and WASp-binding regions
are magnified (above and below, respectively) to highlight specific sequence features and epitopes.
In the former, a red sawtooth pattern indicates the WH2 domain amphiphilic helix.
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1.4. WIP Is a Disordered Polypeptide

WIP belongs to a class of proteins known as intrinsically disordered proteins (IDPs), defined
as polypeptides lacking a well-defined secondary and tertiary structure under biologically native
conditions [35-37]. This is a consequence of the WIP amino acid distribution, containing a low number
(95 of 503, 19%) of hydrophobic residues and an excess of charged and polar residues (266 including
Gly, 53%). In addition, WIP is rich in the disorder-promoting residue proline (142, 28%) that adopts
locally rigid but globally flexible structures. As in other IDPs, the relatively small enthalpic gain of
burying the few WIP hydrophobic residues that would normally drive the folding process is insufficient
to compensate for the concomitant loss of entropy [38]. Although this lack of structure contradicts
the structure-function paradigm that has motivated decades of protein investigations, IDPs have
recently re-ignited the interest of the structural biology community as the idea of function without
structure gains acceptance. It is now undisputed that IDPs are intimately involved in all central cellular
processes, including gene expression, cell-cycle control and malignancy, signal transduction, protein
aggregation and degradation, and are also disproportionally involved in human disease [39—-41].

As s clear from the previous sections, WIP could be considered archetypical of this class of proteins.
Characteristically, WIP can be described as an array of short interaction domains, each possessing
independent binding capabilities, beaded together on a ‘necklace’ formed by connecting non-functional
segments. However, contrary to multi-domain structured proteins, each of these ‘beads’ is actually an
ensemble of rapidly interchanging unfolded and partially-folded states which on aggregate account
for overall behavior in solution [42,43]. Accordingly, the energetic conformational landscape of such
domains is a multi-minima surface lacking a distinct low-energy state. This description is consistent
with the role of WIP as a multi-tasking interaction hub, with an ability to recruit proteins and elicit
specific functionalities. As will be demonstrated below, it is clear that unstructured domains of WIP
are induced to fold to specific structures upon binding of interaction partners. Typically for an IDP,
the unfolded state of WIP is conducive to post-translational modifications (PTMs) [44], the main one
being phosphorylation, and the coupling of multiple protein-protein interactions with their PTM-based
modulation results in the potent regulatory network for which WIP is well-known. With the importance
of IDPs on the rise in recent years, structural methods have evolved to address this intriguing class of
proteins [45-52].

Beyond the phenomenological observation of the biological importance of IDPs, there remains the
mechanistic question of how they exert their biological function in the absence of structure. As do the
majority of IDPs, the encounter between a globular interaction partner and an unstructured functional
domain of WIP induces the folding of the latter into a specific structure, with the binding protein serving
as an ‘external” hydrophobic core. Given that the typical WIP interaction domain is actually an ensemble
of conformations, the binding protein could ‘select’” an appropriately quasi-folded conformation,
or conversely induce a compaction of an unstructured conformation upon contact between binding
surfaces. Determining the relative contributions of these two mechanisms is a fundamental question
of IDP biology [53,54]. Hybrid mechanisms, in which residual disorder exists even in contact with
the binding partner, have been described in some IDPs and are known as ‘fuzzy complexes’ [55-57].
Not surprisingly, the entropic penalty of a collapse of several possible states of WIP into a single bound
state leads to complexes of varying affinity levels, and dissociation constants in the 0.1-100 uM range
are known. This also highlights the challenging nature of WIP structural biology, since weak complexes
often defy structural study by static approaches (crystallography, cryo-EM) and require methods that
preserve molecular dynamics such as NMR, fluorescence, or scattering-based methods.

1.5. Rationale and Structure of Review—List of WIP Interaction Domains

The previous sections emphasize the central role played by WIP in a variety of cellular processes,
and as a consequence the importance of understanding the molecular mechanisms underlying its
interactions with its multiple binding partners and activity. In light of this, and the aforementioned
relative paucity of such data, herein we aim to curate the available structural information on the
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cellular interactions of WIP. To place this molecular-level view in its biological context, Figure 2
illustrates the wingspan of WIP in terms of the proteins it engages in various stages of cellular
homeostasis and highlights interactions for which structural information is available. This serves as a
graphic illustration of the ‘interaction hub’ role assumed by WIP, while emphasizing sobering gaps of
information (to be addressed by future investigations) separating the few interaction systems that have
been well characterized. By nature, these interactions will form the focus of the following sections.
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Figure 2. Interaction partners of WIP. The Human Integrated Protein-Protein Interaction rEference
(HIPPIE) database [58] indicates proteins with a good probability (p > 0.5) of interacting with WIP.
Full protein names can be found in Table S1. Inner circle—0.94 < p < 0.99, middle circle—0.68 < p < 0.86,
outer circle—0.52 < p < 0.63. WIP binding partners mentioned in the structural context of this review
are highlighted in red.

2. The Actin-Binding Region

2.1. Actin—A Cytoskeleton Protein—and Actin-Binding Domains

Actin is a cytoskeletal protein found in most eukaryotic cells. It participates in many crucial cellular
processes, including muscle contraction, cell motility and migration, division and signaling, immune
surveillance, angiogenesis, tissue repair, phagocytosis, and cell regeneration [59,60]. The constant and
rapid reorganization of the actin microfilament system accompanying these depends on nucleation,
elongation and depolymerization of actin filaments, and therefore cellular reorganization of actin is
highly regulated [60]. Actin exists in two different forms in equilibrium, monomeric (globular, or G-)
and polymeric (filamentous, or F-) form. The dynamic equilibrium between G- and F-actin is central to
cellular behavior and is regulated by extracellular stimulation [61]. Monomeric G-actin, the basic unit
for actin filaments, contains four subdomains: subdomains 1 (residues 1-32, 70-144, 338-374) and 2
(33-69) of the small main domain, and subdomains 3 (145-180, 270-337) and 4 (181-269) of the large
main domain [61,62]. As shown in Figure 3, together these four subdomains create two structural
clefts, a large nucleotide-binding cleft between subdomains 2 and 4 and a hydrophobic target-binding
groove between subdomains 1 and 3 [62,63]. The former is the center of the enzymatic catalysis site
where hydrolysis of ATP and binding of divalent cations (Mg?* or Ca*) takes place, mediated by
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residues 11-18 and 154 [61]. The latter modulates the binding affinities of actin-binding modules
(ABMs), leading to changes in the stability of the actin filament.

ABMs are actin-binding entities that control the formation of the actin cytoskeleton by regulating
the transition between G- and F-actin in cells [64,65]. G-actin bound to ABMs or proteins of the profilin
family is the major source of actin monomers for filament nucleation and elongation [66], and other
roles of ABMs include disengaging, capping, and monomer sequestration. ABMs share a conserved
motif that competes with actin for a common binding site. A main contributor to this essential site is
a hydrophobic pocket that mediates significant interaction of actin complexes [62]. The hallmark of
ABMs is a 9-10 residue segment that upon binding to the barbed end of actin forms a helical region
followed by a conserved LKK(T/V) motif (with some variations). The five residues that follow this
sequence play a key role in determining how the extended chain interacts with actin. Generally
accepted is the subdivision of ABMs into WH2 domains, characterized by longer conserved regions
preceding the amphiphilic helix, and -thymosins, identified by a conserved linker connecting the
helix and the LKK(T/V) motif and a second C-terminal helix following these that interacts with the
pointed face of actin [67].

A E29 B )
pointed
end

subdomain 1 (+)

end subdomain 4

Figure 3. Structural view of the WIP-N/actin interaction. (A) A plausible representation of residues
28-61 of WIP (blue) and sidechains of residues 4649 in their free form, (B) bound WIP(28-61) in
complex with actin (pale/dark orange, PDB ID: 2A41 [68]), showing actin subdomains. Residues of the
actin-binding LKKV motif are highlighted in green. The putative C-terminal helix (absent in WIP but
present in other actin-binders) is portrayed as a light-blue cylinder, and the bound nucleotide (between
subdomains 3 and 4) is shown as cyan-colored spheres.

2.2. Structural Aspects of the WIP-Actin Interaction

WIP and its homologs CR6 and WICH/WICH contain N-terminal ABMs belonging to the WH2
family [59,62,68]. In WIP, these span residues 32-60 (a ‘long” WH2 domain) and 96-118 (a ‘short’ WH2
domain), including the conserved sequences L*KKT* and LM1RST!4, respectively [11]. The crystal
structure of the first of these ABMs in complex with actin (PDB ID: 2A41 [68]) revealed the structural
details of this interaction. Residues 33-42 form a three-turn amphiphilic helix that embeds its
hydrophobic face, including residues L36, L37, and 140, in a cleft at the barbed end of actin, and basic
residues K47/K48 of the conserved motif are positioned close to a negatively charged surface including
actin residues D24/D25, E99/E100 (subdomain 1), and E334 (subdomain 3). Characteristically for
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‘long” WH2 domains, the following segment (residues 52-55) runs parallel to the actin subdomain 1
[3-sheet [69]. This creates an extensive binding interface (absent in ‘short’ WH2 domains) that includes
a salt bridge between R54 and actin residue E93, while the small side-chain of adjacent S55 allows
deeper penetration into the nucleotide cleft of actin [62,68,70,71]. The affinity to actin of smaller
WIP fragments consisting of residues 29—46 and 46-63 drops 10-fold and over 1000-fold, respectively,
demonstrating the importance of the amphiphilic helix in binding actin [68].

Since only a minor fraction of cellular WIP is in the actin-bound state, the ensemble of conformations
adopted by its ABM sequences in the intrinsically disordered free form is relevant to their cellular
behavior. NMR-based measurements were employed to characterize the conformational ensembles
of residues 2-65 of WIP containing the N-terminal ABM. Secondary backbone chemical shifts,
temperature-induced chemical shift effects, backbone heteronuclear coupling constants, and analysis
of residual dipolar couplings for this segment all concurred in identifying a helical propensity for
residues 30-42 and partial extended (3-strand character for residues 45-62. These propensities echo
the ABM actin-bound structure, suggesting this pre-formed conformation may contribute to the actin
binding mode [72,73]. As shown by changes in backbone J-couplings, this structural bias in the WIP
conformational ensemble was obviated by exposure to denaturing conditions [73]. Interestingly, a lysate
mimicking actin-deficient cellular crowding effects found a decrease in these structural tendencies,
presumably due to non-specific protein—protein interactions offering higher stabilization to unfolded
conformations of the ABM. Thus, in the cellular environment, the ABM may be less structured than in
its purified form. Notably, a partially pre-formed p-strand similar in significance to residues 45-62
was observed connecting the profilin-binding and amphipathic helix sequences (residues 17-25),
a region highly conserved in WIP and its homologs. This may indicate a potential role for this linker in
mediating the binding of actin, possibly by interacting with a yet-unknown binding partner [73].

3. The Proline-Rich Intermediate Region

In vitro and in vivo biological studies have pinpointed the proline-rich domain as a frontier of
high clinical relevance with interaction motifs that are either heavily implicated in cancer metastasis
formation [74,75] or may be vital for proper immune system functioning [15,76]. Thus, it is surprising
to find that this major WIP segment has not been structurally investigated, particularly when compared
to the terminal domains described in other sections of this review. Possibly because SH3/polyproline
complexes have been characterized back in the 1990s, they have been considered research targets
with less potential of novelty. However, this may be a misconception, as many issues of binding
specificity, molecular determinants of affinity, and effects of extended motifs are extremely important for
inhibitor design and remain largely unresolved. Another potential barrier faced by structural studies
is the moderate affinity of these interactions that hinder both crystallization efforts and solution NMR
investigations. Indeed, there is a lack of biophysical characterizations of these complexes using methods
such as isothermal calorimetry (ITC) and microscale thermoephoresis (MST) for quantification of affinity,
NMR, X-ray crystallography, and small-angle X-ray scattering (SAXS) for structure determination of
the complexes, or NMR and single-molecule fluorescence techniques to characterize their dynamic
nature. We therefore focus on more qualitative biological studies of these interactions.

3.1. SH3 Domains and Their Ligands

Src Homology-3 (SH3) domains are small modules of protein—protein interactions found in
signaling and regulatory proteins. They usually are composed of 55-70 residues [77] with 5-8 3-strands
arranged as two anti-parallel 3-sheets or a 3-barrel, with three loop regions, the RT loop (between
1-B2), N-Src loop (B2-P3), and distal loop (3-B4), and a short 3jp-helix (34-B5) [78]. Two of the
three ligand-binding grooves are formed by highly conserved (mostly) aromatic residues, including
a tryptophan (often the first in a f3-WW motif), two additional aromatic residues (tyrosine or
phenylalanine) located in the RT-loop and the 31y helix, and a proline residue at the end of f4
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(see Figure 4A) [79]. Their sidechains adopt an orientation essentially unchanged by ligand binding,
suggesting a preformed template [77].

SH3 ligands are proline-rich motifs of disordered protein segments that form a left-handed
polyproline (PPII) helix seen as arches that place the (i) and (i + 3) residues at the same height
(Figure 4B), usually with a qPxqP sequence. One qP dipeptide binds to each hydrophobic groove,
q being a hydrophobic residue [78,80]. Ligand motifs include flanking basic residues which interact
with acidic RT-loop residues in a third pocket called the canonical specificity pocket (the acidic residues
seen behind tryptophan and marked in Figure 4, A and B and detail in C) [79]. Consensus ligands are
classified as class 1 (consensus motif RxXLPPxP) or class 2 (xPPLPxR), characterized by basic residues
at the N- and C-terminal side of the PxxP motif, respectively and bind in opposite orientations [78].
Although all SH3 domain structures are highly similar and consensus motifs show small variations,
SH3 domains do recognize specific ligands and, conversely, ligands recognize specific SH3 domains,
to a certain degree. In particular, ligand interactions with RT-loop, N-Src loop, and (4 residues have
been implicated in mediating both affinity and specificity. On the ligand side, residues outside the core
binding motif have been associated with affinity and specificity [79,81-85]. In addition, non-canonical
binding with recognition of non-PxxP ligands is not uncommon for certain SH3 domains and its
prevalence may be underestimated [78,79,82,85,86].

aP(i)

Figure 4. Common structural features of WIP-binding SH3 domains. (A) The cortactin SH3 domain
showing the characteristic features with numbering according to human cortactin (PDB ID: 5NV]) [87].
(B) Complex of a Hck SH3 domain (PDB ID: 20]2) [88] with a high-affinity class I peptide ligand
KYPLPPLP showing the typical ligand PPII conformation and placement in binding grooves: The two
LP dipeptides interact with the aromatic residues, while the N-terminal lysine of the ligand interacts
with glutamate of the specificity pocket. (C) Overlay of the following SH3 domains, cortactin (grey,
PDB ID: 5NV]J [87]), Nck SH3.2 (cyan, PDB ID: 2JS0 [89]), and N-terminal CrkL domain (blue, PDB ID:
2LQON [90]), demonstrating the high similarity of all SH3 domain structures. Key residues of the
hydrophobic binding grooves are shown in stick representation. Inset shows an overlay of specificity
pocket acidic residues that form salt bridges with the ligand.
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3.2. Binding Partners and Binding Motifs

As mentioned above, information on WIP binding partners is often limited to identification of the
interacting protein and, in some cases, the interacting segment or binding epitope sequence. This was
generally obtained using biological methods, including yeast-two-hybrid assays, pull-down assays
with immobilized SH3 domains followed by Western blot analysis of the binding partners, and further
pull-down assays using purified WIP to verify direct binding. Deletion mutants were then used to
identify WIP binding segments and/or assess the various affinities in cases of multiple SH3 domains.
Alternatively, mutations of the critical SH3 tryptophan residue to lysine resulting in loss of affinity
were employed to confirm SH3-mediated binding and ligand-SH3 domain pairings. Techniques used
in cells were co-immunoprecipitation, fluorescence assays to verify co-localization and reveal cellular
distribution, and assays to assess the cellular effects of binding. Table 1 lists the interaction partners
discovered through these techniques.

Very rudimentary information is available for mammalian actin-binding protein 1 (mAbp1) and
cortactin, two proteins with a similar domain organization including an N-terminal F-actin binding
motif and a C-terminal SH3 domain. The high sequence identity of their SH3 domains (62% amino acid
identity of mAbp1 and cortactin) suggests interaction with the same ligands [91]. A yeast-two-hybrid
assay identified WIP residues 136-205 as a cortactin-binding segment while cortactin failed to interact
with full-length WIP lacking residues 110-170 (A110-170) [92]. mAbp1, too, was found to bind WIP,
and deletion of WIP residues 110-170 reduced the interaction by more than 70% [93]. The W—K
mutation of the binding site tryptophan of both the cortactin and mAbp1 SH3 domains, W525K and
W415K respectively, blocked binding of cortactin/mAbp1 to WIP, confirming SH3-mediated binding for
cortactin and mAbp1 [92,93]. In addition, binding of WIP to the hematopoietic homologue of cortactin,
hematopoietic lineage cell-specific protein 1 (HLCS1) was proven and W—Y mutation of the HLCS1
SH3 domain abolished binding [94]. Notably, the dissociation constant for the complex of full-length
cortactin and WIP was estimated as 0.3 ptM by densitometry (based on the correlation between the
concentration of a complex and the intensity of a Western-visualized SDS-PAGE band), constituting a
relatively high affinity for SH3-mediated interactions [92]. Similarly, the intersectin adaptor proteins
intersectin-1 (ITSN1, the short variant ITSN1-S and the long variant ITSN1-L) and intersectin-2 (ITSN2)
have been found to interact with the 318-450 and 13450 segments of WIP respectively (overlapping the
CrkL/Nck sites, see below), both omitting the N-WASp-binding segment to confirm that the interaction
is not mediated by N-WASp [95], while in yeast-two-hybrid assays the 353-503 segment interacted with
ITSN2, among others [96]. In vitro binding assays indicated that of their five different SH3 domains
(labeled A-E), the interaction with WIP occurs via the A/C/E domains, whereas the B/D domains have
no WIP affinity [95].

Specifically located binding motifs have been suggested for only two WIP binding partners.
Yeast-two-hybrid assays mapped the Crk-like protein (CrkL) binding site in WIP to the 321-415 region,
and established that WIP residues 321-376 and 377-503, but not 416-503, interact with CrkL, suggesting
two binding sites in residues 321-376 and 377-415. An additional yeast-two-hybrid assay mapped
the CrkL WIP binding site to the N-terminal SH3 domain (SH3.1), while the SH3.2 domain failed to
interact with WIP. The 321-415 segment contains two copies of the Crk SH3.1 consensus binding motif
PxLPx(K/R) [97], in residues 332-337 and 399404, in complete agreement with the yeast-two-hybrid
assay [15].

The most detailed information is available for the WIP-Nck interaction. The adaptor Nck is
composed of three tandem SH3 domains (SH3.1, SH3.2, and SH3.3) followed by one SH2 domain.
The latter interacts with phosphotyrosine residues in ligand-activated receptor tyrosine kinases (RTKs)
and transmits the signals to effector molecules (such as WIP) interacting with its SH3 domains [98].
Affinity-precipitation of WIP with individual Nck SH3 domains demonstrated that WIP bound to
SH3.2, but poorly to SH3.1 and SH3.3. Mapping of the Nck-binding site of WIP by yeast-two-hybrid
system demonstrated binding to a region spanning residues 321-415 [98]. A peptide-array analysis
consisting of WIP-derived 15-residue segments revealed that Nck-binding is mediated by class 2
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peptide sequences SNRPPLPPTPSRALD (residues 247-261) and NDETPRLPQRNLSLS (residues
328-342), both sharing the PxxPxRxL motif, while the second one conforms also to the Nck SH3.2
consensus motif PxxPxRxxS [99]. Alanine substitution of the proline residues in the PxxPxR motif
abolished Nck binding by the peptides in vitro. Alanine substitution in both motifs was needed in WIP
mutants to eliminate Nck binding completely, indicating that each motif can bind Nck independently.
Selective affinity of these peptides to SH3.2 was confirmed upon observing that the W143K mutation
(in SH3.2), but not W38K (SH3.1) or W229K (SH3.3), was sufficient for eliminating Nck binding [26].
A summary of SH3-binding WIP epitopes appears in Table 1.

Table 1. Summary of SH3-binding WIP epitopes.

Partner WIP Segment Binding Motif Effect Ref.
Increases cortactin’s
activation of the
Cortactin SH3 g . Arp2/3 complex,
(NPF) 136-205 Not determined (ND) cortactin recruits WIP [75,92]
in invadopodium
formation
mAbpl SH3 110-170 ND Regulates dmjsal ruffle 93]
(adaptor) formation
enhances association of
ITSN1 with N-WASp
ITSN1-S/ and B-actin, facilitates
ITSN1-L formation of
Istf3rd/5thof 5SH3 10450 ND filopodia-like [95,100]
domains (adaptor) protrusions, regulates
intra-cellular vesicle
trafficking
ITSN2
1st/3rd/5th of 5 13-450 ND [95,96]
(adaptor)
Presumably preformed
332 337 yP
CrkL 3992212%5404 ((511::: 5)) CrkL-WIP-WASp
1st SH3 . complex associates
of 2 321-415 (comply with Crk SH3.1 with phos-ZAP70 after [15]
(adaptor) consensus binding motif T ceﬁ receptor (TCR)
PxLPxK/R) ligation
247SNRPPLPPTPSRALD?%!
SZ8NDETPRLPQRNLSLS3#2
Nl 247-261 (both class 2, 328342 SOuples extracellular
2nd SH3 of 3 g . ; signals to cytoskeleton [26,98,99]
328-342 complies with the
(adaptor) assembly system

consensus motif for Nck
SH3.2 PxxPxRxxS)

4. The WIP-C/WASp Interface

4.1. Structure and Binding Epitopes in the WIP-C/N-WASp Complex

The interaction—for which WIP is named—between the C-terminal domain (last 50-60 residues)
of WIP and the N-terminal EVH1 domain of WASp/N-WASp has been well characterized both
biochemically and structurally. WIP was first identified by a yeast two-hybrid assay that linked it to
WASp [1], and the interaction was pinpointed a few years later to the WASp EVH1 domain [2], consistent
with the location of several WAS-causing mutations in this region [15,101-103]. NMR-based structure
determination of complexes between short (residues 461-485) and extended (451-485) WIP-derived
peptides fused to the EVH1 domain of N-WASp, an ubiquitously expressed homolog of WASp, revealed
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the molecular basis of this interaction in detail (Figure 5A) [34,104]. The most striking feature of the
complex is the extensive interface involving multiple epitopes along the WIP sequence. Specifically,
the canonical EVH1-binding polyproline motif (DLPPPEP, 461-467) nestles into a groove on the second
EVHI -sheet formed by the characteristic tryptophan residue W64 and conserved residues Y54, F114,
and T116 (all numbering based on the WASp sequence). However, this buried surface is flanked by
two additional interaction regions, a hydrophobic motif (FYFHPIS, 454-460) identified in an earlier
pull-down assay [105] interacting with ‘bend’ residues V50/V51 of the 3-sandwich, and a helical motif
(KSYPSK, 473-478) forming a salt bridge between K478 and residue E100 [34,104].
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Figure 5. Structural view of the interaction between the C-terminal domain of WIP and the WASp
EVHI1 domain. Structures are based on the complex between WIP residues 451-485 tethered to residues
26-147 of rat N-WASp (PDB ID: 2IFS [104]). Residue numbers are based on the analogous WASp
sequence. (A) Structure of the WIP-N-WASp complex (adapted from [104]). N-WASp is shown in
light orange, and three WIP epitopes are shown in magenta, green, and blue. Sidechain atoms of
these epitopes and key N-WASp residues forming the binding interface are shown as sticks with a
similar coloring scheme. (B) Distribution of WAS-causing mutations; residues that when mutated
result in severe WAS, are highlighted with sidechains in stick representation. Buried mutation hotspot
residues are colored in light-orange, and surface-exposed hotspot residues are colored in green and
labeled. T111 represents the location of analogous N-WASp residue R601. (C) Chemical shift data
indicating a binding-induced conformational change in WIP, including (top) HSQC perturbations along
the sequence, (middle) predicted helical content for free (black) and bound (gray) WIP, (bottom) same
as previous but for -strand content. (D) Model of binding induced changes in residues 442-492 of
WIP showing the additional helical motif binding to WASp (gray cylinder) and phospho-sites along
the sequence.
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In its commonly found WASp-bound state, WIP adopts a tightly constrained conformation that
positions the binding epitopes near their respective EVHI1 interaction surfaces. Some secondary
structural elements induced by EVH1-binding are also transiently present in free WIP, although
this region is intrinsically disordered so that there is no prevalent conformation. An analysis of
secondary chemical shifts and solvent exchange protection factors along the backbone of a C-terminal
(residues 407-503) WIP domain revealed a structural propensity echoing the structure of EVH1-bound
WIP residues 461-485, a lefthanded polyproline helix followed by a helical segment for residues
462467, and 474478, respectively. Thus, the complex may form by a conformational selectivity
mechanism, accompanied by a tightening of the flexible linker (residues 469—-472) between these two
motifs. More importantly, the analysis also identified a previously undetected fourth segment (residues
EDEWES, 447-452) with a strong helical tendency and high conservation level (DDFE, residues 417-420
in CR16, or 394-397 of WICH)), suggesting a potential involvement in EVH1 binding (Figure 5C,D) [106].
Indeed, an NMR investigation of a complex of the T cell WASp EVH1 domain bound to an extended WIP
polypeptide including this additional epitope (residues 442—492) showed the DEWE segment to adopt a
turn conformation and interact with a helical segment (ENQRLEFE, WASp residues 31-37) preceding the
-sandwich and overlooked in earlier structural studies [107]. Homologs of this additional helix appear
in N-WASp (ENESLFT, residues 23-29) and in related pleckstrin homology (PH) domains [108,109],
suggesting it should be included in the functional EVH1 domain.

4.2. Functional Implications of the WIP/WASp Interface

Over half of WAS-inducing mutations are missense mutants in the EVH1 domain (http://www.
hgmd.cf.ac.uk, search term WAS, and [34]), emphasizing the importance of the WIP/WASp interaction.
Structural data for the N-WASp/WIP and WASp/WIP complexes illuminate the mechanism by which
these mutations exert their deleterious effect. Of 19 mutations identified as causing strong/severe WAS,
ten (L35, C73, F74, V75, W97, H115, G125, L126, F128, A134, numbering based on the WASp sequence)
are buried amino acids (defined as fasa < 0.2, where f ogp is the side-chain fractional accessible solvent
area), and likely to cause the disease by disrupting native WASp structure. Specifically, W97, H115, F128,
A134 form a packing unit (together with Y107 that is hydrogen-bonded to H115) that directly affects
the polyproline-binding groove, and other residues of this group are located in the hydrophobic core
of the 3-sandwich structure. The other surface-exposed nine mutations (524, E31, L39, W64, S82, R86,
T111, E133, R138) may directly impact WIP binding, as in the case of conserved polyproline-interacting
residue W64, but also indirectly, as in the case of the helix-destabilizing mutation R138P that may affect
the B-sandwich structure (Figure 5B) [110]. Particularly interesting is mutation hotspot R86, for which
four different mutation phenotypes are known, and confirmed by yeast two-hybrid assay [103], located
on the WASp face diametrically opposed to the polyproline binding site. Contrary to a previous
hypothesis, the NMR analysis did not suggest a direct contact with WIP in this region, and it is
also possible that its interaction with nearby negatively charged residues, including the critical E100
(homologous to N-WASp E90 forming an intermolecular salt-bridge) is the WAS-causing factor.

In cell imaging FRET techniques used to identify WASp/WIP dissociation in cells expressing
various WIP mutants provided further insight into the positioning and contribution to WASp/WIP
function of various WIP epitopes. While WIP mutated at the FYF (454-456) epitope lost the ability
to bind WASp, loss of the polyproline and DEWE (448-451) epitopes incurred equally significant
reductions in affinity to WASp. In addition, of all epitopes, the DEWE was shown to have the greatest
effect upon ubiquitylation levels, indicating that this additional binding interface was important
for protecting WASp from proteasomal degradation [107]. The mechanism by which this occurs in
yet unclear, since confirmed WASp ubiquitylation sites K76 and K81 [111] are distant from DEWE
interaction surface, and it is possible that this interaction interferes with another component of the
ubiquitylation machinery.
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4.3. Phosphorylation-Induced Dissociation of the WIP/WASp Complex

It is well established that phosphorylation-induced dissociation of the WIP C-terminal domain
from WASp mediates both activation and eventual proteasomal degradation of WASp, but the molecular
mechanism underlying this phosphorylation has been controversial. Soon after identification of the
WIP/WASp interaction, it was shown that PKC0-mediated phosphorylation occurring on S488 (in the
sequence RSGSNR, residues 485-490) is correlated with dissociation in Jurkat cells, and that the
5488D phospho-mimicking mutation in WIP abolished its affinity to WASp [15]. In contrast, a later
study showed similar levels of WASp pulldown by WIP and its unphosphorylated (5488A) and
phosphorylated (S488D) mimicking mutants [31]. However, a more recent in-cell molecular imaging
approach attributed this to an independent actin-mediated interaction surface between the two
proteins, and by following the movement of WIP-containing clusters in real time established a clear
difference between unphosphorylated and phosphorylated mutants and directly implicated PKC8
phosphorylation at S488 as a mediator of complex dissociation [112]. Surprisingly, this proposed
mechanism has found little structural support. Structures of single-chain tethered complexes
(in which the WIP polypeptide was connected to the N-WASp N-terminal) were either missing
the relevant residues [34,104] or unable to observe changes induced by phospho-mimicking mutants
5488D/S488E [113]. The later NMR-based analysis of the WIP/WASp complex did not find secondary
structure differences between free and bound WIP for residues 483-492, and WIP dissociation-inducing
mutations (as shown in cells) caused little (if any) change in chemical shifts within this region [107].
Concomitantly, introduction of the phospho-mimicking S488E mutation had no effect on WASp
resonance frequencies (Halle-Bikovski A, Baluom S, Chill JH, unpublished results). The lack of
structural evidence from these systems supporting PKC6-mediated dissociation hints at a possible
indirect effect on the state of the WIP/WASp complex. Phosphorylation on tyrosine residues in the
WASp-binding domain, specifically Y455, Y468, and Y475 by Bruton’s tyrosine kinase (BtK) has been
suggested as an alternative inducer of dissociation [114]. This appears to be in better agreement
with available structural information, since these phospho-sites reside well within the proven WIP
interaction surface (Figure 5D), but further studies would be required to provide experimental support
of this notion.

5. Discussion and Summary

WIP is a multi-tasking protein forming a ‘hub’ of protein—protein interactions, and is involved in a
variety of inter-connected and intricately regulated biochemical pathways. Although its first discovered
role was in mediating the immune response, much research since has established important functions
in cytoskeletal changes via its interaction with G- and F-actin under different conditions, regulation
via interaction with several adaptor proteins, and maturation and synaptic activity of neuronal
cells. Commensurately to its wide-ranging biological roles, WIP is involved in several pathological
conditions and has become recognized as an important biomarker of aggressive cancer [28,74].
Many hypothesized WIP epitopes have been identified using only bioinformatics methods and lack
experimental verification. Even so, important binding epitopes within the three major WIP sections
have been investigated structurally, either by full structure determination or by structural biophysical
approaches. In some cases, the average conformation adopted by such epitopes in their free form
exhibits a structural propensity that is reminiscent of the epitope in the bound structure, hinting at
a plausible conformational selectivity mechanism of binding. However, this effect may be sequence
dependent. Some epitopes will be more “pre-formed” due to local conformational constraints (i.e.,
in the case of a polyproline motif), while other epitopes may adopt a conformation corresponding to an
alternative local energetic minimum, only to be ‘re-configured” upon interaction with a binding partner.

These important structural studies have invariably required a reductionist approach, in which each
interaction epitope in complex with its binding partner is treated independently. The simplification
achieved in such studies must constantly be weighed against the potential loss of biological context,
specifically the interdependence of such interaction pairs and/or the possibility of multi-protein
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interactions. This highlights the importance of complementary cellular and in vivo studies, based on
fluorescence cellular imaging or in-cell NMR, in addressing this concern by offering a more holistic
and potentially temporally resolved view of the network of WIP interactions that is central to its
biological function. Ultimately, a multidisciplinary approach to WIP structure-function studies (and
other disordered proteins), in which critical epitopes are first predicted and later investigated by
qualitative and quantitative structural approaches, is a promising path towards a better understanding
of key biological processes on the molecular level, with potential therapeutic implications.

Supplementary Materials: The following are available online at http://www.mdpi.com/2218-273X/10/7/1084/s1,
Table S1: WASp interacting protein binding partners from HIPPIE database.

Funding: This research was funded by the Israel Science Foundation (grants 491/10 - Heritage Legacy Fund - and
964/19), as well as the Christians for Israel Chair for Medical Research. The APC was funded by Israel Science
Foundation grant 964/19.

Acknowledgments: We are grateful to Hila Elazari-Shalom, Eva Rozentur-Shkop, Adi Halle-Bikovsky, Hadassa
Shaked, and Noam Haba and Saja Baluom for work contributing to this review, Keren Keinan-Adamsky, Hugo
Gottlieb and Michal Afri for spectrometer assistance, and Israel Tabakman for technical assistance. The important
contribution of Mira Barda-Saad (Bar Ilan University) and her co-workers to related studies is acknowledged.
Establishment of the 700 MHz spectrometer system was supported by Fundacion Adar and a Converging
Technologies award (Israel Science Foundation).

Conflicts of Interest: The authors declare no conflicts of interest.

References

1. Ramesh, N.; Antén, LM.; Hartwig, ].H.; Geha, R.S. WIP, a Protein Associated with Wiskott-Aldrich Syndrome
Protein, Induces Actin Polymerization and Redistribution in Lymphoid Cells. Proc. Natl. Acad. Sci. USA
1997, 94, 14671-14676. [CrossRef]

2. Moreau, V.; Frischknecht, E; Reckmann, I.; Vincentelli, R.; Rabut, G.; Stewart, D.; Way, M. A Complex of
N-WASp and WIP Integrates Signalling Cascades That Lead to Actin Polymerization. Nat. Cell Biol. 2000, 2,
441-448. [CrossRef] [PubMed]

3. Antén, LM,; Jones, G.E. WIP: A Multifunctional Protein Involved in Actin Cytoskeleton Regulation. Eur. J.
Cell Biol. 2006, 85, 295-304. [CrossRef] [PubMed]

4. Anton, ILM;; Jones, G.E.; Wandosell, F; Geha, R.; Ramesh, N. WASp-Interacting Protein (WIP): Working in
Polymerisation and Much More. Trends Cell Biol. 2007, 17, 555-562.

5. Ramesh, N.; Geha, R. Recent Advances in the Biology of WASp and WIP. Immunol. Res. 2009, 44, 99-111.
[CrossRef]

6.  Noy, E,; Fried, S.; Matalon, O.; Barda-Saad, M. WIP Remodeling Actin behind the Scenes: How WIP Reshapes
Immune and Other Functions. Int. ]. Mol. Sci. 2012, 13, 7629-7647. [CrossRef]

7. Sasahara, Y. WASp-WIP Complex in the Molecular Pathogenesis of Wiskott-Aldrich Syndrome. Pediatr. Int.
2016, 58, 4-7. [CrossRef] [PubMed]

8. Tompa, P,; Schad, E.; Tantos, A.; Kalmar, L. Intrinsically Disordered Proteins: Emerging Interaction Specialists.
Curr. Opin. Struct. Biol. 2015, 35, 49-59. [CrossRef]

9.  Uversky, V.N. Intrinsic Disorder, Protein-Protein Interactions, and Disease. Adv. Prot. Chem. Struct. Biol.
2010, 110, 85-120.

10. Berlow, R.B.; Dyson, H.]J.; Wright, P.E. Expanding the Paradigm: Intrinsically Disordered Proteins and
Allosteric Regulation. J. Mol. Biol. 2018, 430, 2309-2320. [CrossRef]

11. Aspenstrom, P. The Verprolin Family of Proteins: Regulators of Cell Morphogenesis and Endocytosis.
FEBS Lett. 2005, 579, 5253-5259. [CrossRef] [PubMed]

12.  Keppler, S.J.; Gasparrini, F; Burbage, M.; Aggarwal, S.; Frederico, B.; Geha, R.S.; Way, M.; Bruckbauer, A_;
Batista, E.D. Wiskott-Aldrich Syndrome Interacting Protein Deficiency Uncovers the Role of the Co-Receptor
CD19 as a Generic Hub for PI3 Kinase Signaling in B Cells. Immunity 2015, 43, 660-673. [CrossRef] [PubMed]

13.  Mattila, PK.; Batista, E.D.; Treanor, B. Dynamics of the Actin Cytoskeleton Mediates Receptor Cross Talk:
An Emerging Concept in Tuning Receptor Signaling. J. Cell Biol. 2016, 212, 267-280. [CrossRef] [PubMed]

180



Biomolecules 2020, 10, 1084

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

Kettner, A.; Kumar, L.; Antén, .M.; Sasahara, Y.; De La Fuente, M.; Pivniouk, V.I; Falet, H.; Hartwig, ].H.;
Geha, R.S. WIP Regulates Signaling via the High Affinity Receptor for Immunoglobulin E in Mast Cells.
J. Exp. Med. 2004, 199, 357-368. [CrossRef]

Sasahara, Y.; Rachid, R.; Byrne, M.J.; De La Fuente, M.A.; Abraham, R.T.; Ramesh, N.; Geha, R.S. Mechanism
of Recruitment of WASp to the Immunological Synapse and of Its Activation Following TCR Ligation.
Mol. Cell. 2002, 10, 1269-1281. [CrossRef]

Anton, LM.; De la Fuente, M.A.; Sims, T.N.; Freeman, S.; Ramesh, N.; Hartwig, ]. H.; Dustin, M.L.; Geha, R.S.
WIP Deficiency Reveals a Differential Role for WIP and the Actin Cytoskeleton in T and B Cell Activation.
Immunity 2002, 16, 193-204. [CrossRef]

Ho, H.Y.H.; Rohatgi, R.; Lebensohn, AM.; Le, M.; Li, J.; Gygi, S.P.,; Kirschner, M.W. Toca-1 Mediates
Cdc42-Dependent Actin Nucleation by Activating the N-WASp-WIP Complex. Cell 2004, 118, 203-216.
[CrossRef]

Martinez-Quiles, N.; Rohatgi, R.; Antén, .M.; Medina, M.; Saville, S.P.; Miki, H.; Yamaguchi, H.; Takenawa, T.;
Hartwig, ].H.; Geha, R.S; et al. WIP Regulates N-WASp-Mediated Actin Polymerization and Filopodium
Formation. Nat. Cell Biol. 2001, 3, 484-491. [CrossRef]

Calle, Y.; Antén, LM.; Thrasher, A J.; Jones, G.E. WASp and WIP Regulate Podosomes in Migrating Leukocytes.
J. Microsc. 2008, 231, 494-505. [CrossRef]

De La Fuente, M.A.; Sasahara, Y.; Calamito, M.; Anton, LM.; Elkhal, A.; Gallego, M.D.; Suresh, K,;
Siminovitch, K.; Ochs, H.D.; Anderson, K.C.; et al. WIP Is a Chaperone for Wiskott-Aldrich Syndrome
Protein. Proc. Natl. Acad. Sci. USA 2007, 104, 926-931. [CrossRef]

Sun, Y.; Leong, N.; Jiang, T.; Tangara, A.; Darzacq, X.; Drubin, D. Switch-like Arp2/3 Activation upon WASp
and WIP Recruitment to an Apparent Threshold Level by Multivalent Linker Proteins in vivo. Elife 2017, 6,
€29140. [CrossRef] [PubMed]

Massaad, M.J.; Oyoshi, M.K,; Kane, J.; Koduru, S.; Alcaide, P.; Nakamura, F; Ramesh, N.; Luscinskas, EW.;
Hartwig, J.; Geha, R.S. Binding of WIP to Actin Is Essential for T Cell Actin Cytoskeleton Integrity and Tissue
Homing. Mol. Cell. Biol. 2014, 34, 4343-4354. [CrossRef] [PubMed]

Keppler, S.J.; Burbage, M.; Gasparrini, F; Hartjes, L.; Aggarwal, S.; Massaad, M.].; Geha, R.S.; Bruckbauer, A_;
Batista, ED. The Lack of WIP Binding to Actin Results in Impaired B Cell Migration and Altered Humoral
Immune Responses. Cell Rep. 2018, 24, 619-629. [CrossRef] [PubMed]

Franco, A.; Knafo, S.; Banon-Rodriguez, I.; Merino-Serrais, P.; Fernaud-Espinosa, I.; Nieto, M.; Garrido, J.J.;
Esteban, ].A.; Wandosell, E.; Anton, LM. WIP is a Negative Regulator of Neuronal Maturation and Synaptic
Activity. Cereb. Cortex 2012, 22, 1191-1202. [CrossRef]

Garcia, E.; Machesky, L.M.; Jones, G.E.; Anton, LM. WIP Is Necessary for Matrix Invasion by Breast Cancer
Cells. Eur. J. Cell Biol. 2014, 93, 413-423. [CrossRef] [PubMed]

Donnelly, S.K.; Weisswange, L.; Zettl, M.; Way, M. WIP Provides an Essential Link between Nck and N-WASp
during Arp2/3-Dependent Actin Polymerization. Curr. Biol. 2013, 23, 999-1006. [CrossRef]

Escoll, M.; Gargini, R.; Cuadrado, A.; Antén, I.M.; Wandosell, F. Mutant P53 Oncogenic Functions in Cancer
Stem Cells Are Regulated by WIP through YAP/TAZ. Oncogene 2017, 36, 3515-3527. [CrossRef]

Gargini, R.; Escoll, M.; Garcia, E.; Garcia-Escudero, R.; Wandosell, F.; Antén, LM. WIP Drives Tumor
Progression through YAP/TAZ-Dependent Autonomous Cell Growth. Cell Rep. 2016, 17, 1962-1977.
[CrossRef]

Rivas, S.; Anton, I.M.; Wandosell, F. WIP-YAP/TAZ as a New pro-Oncogenic Pathway in Glioma. Cancers
(Basel) 2018, 10, 191. [CrossRef]

Ramesh, N.; Massaad, M.J.; Kumar, L.; Koduru, S.; Sasahara, Y.; Anton, I.; Bhasin, M.; Libermann, T.; Geha, R.
Binding of the WASp/N-WASp-Interacting Protein WIP to Actin Regulates Focal Adhesion Assembly and
Adhesion. Mol. Cell. Biol. 2014, 34, 2600-2610. [CrossRef]

Dong, X.; Patino-Lopez, G.; Candotti, F.; Shaw, S. Structure-function analysis of WIP role in TCR-stimulated
NFAT activation: Evidence that WIP/WASp dissociation is not required and that the WIP N-terminus is
inhibitory. . Biol. Chem. 2007, 282, 30303-30310. [CrossRef] [PubMed]

Scott, M.P,; Zappacosta, E; Kim, E.Y.; Annan, R.S.; Miller, W.T. Identification of Novel SH3 Domain Ligands
for the Src Family Kinase Hck: WASp, WIP, and ELMOL. ]. Biol. Chem. 2002, 277, 28238-28246. [CrossRef]

181



Biomolecules 2020, 10, 1084

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.
47.

48.

49.

50.

51.

52.

53.

54.

55.

Linkermann, A.; Gelhaus, C.; Lettau, M.; Qian, J.; Kabelitz, D.; Janssen, O. Identification of Interaction
Partners for Individual SH3 Domains of Fas Ligand Associated Members of the PCH Protein Family in T
Lymphocytes. Biochim. Biophys. Acta—Proteins Proteom. 2009, 1794, 168-176. [CrossRef]

Volkman, B.F,; Prehoda, K.E.; Scott, J.A.; Peterson, EC.; Lim, W.A. Structure of the N-WASP EVH1
Domain-WIP Complex: Insight into the Molecular Basis of Wiskott-Aldrich Syndrome. Cell 2002, 111,
565-576. [CrossRef]

Eliezer, D. Biophysical Characterization of Intrinsically Disordered Proteins. Curr. Opin. Struct. Biol. 2009,
19, 23-30. [CrossRef] [PubMed]

Jensen, M.R.; Zweckstetter, M.; Huang, ].R.; Blackledge, M. Exploring Free-Energy Landscapes of Intrinsically
Disordered Proteins at Atomic Resolution Using NMR Spectroscopy. Chem. Rev. 2014, 114, 6632-6660.
[CrossRef]

Marsh, J.A.; Teichmann, S.A.; Forman-Kay, J.D. Probing the Diverse Landscape of Protein Flexibility and
Binding. Curr. Opin. Struct. Biol. 2012, 22, 643-650. [CrossRef]

Uversky, V.N.; Dunker, A.K. Understanding Protein Non-Folding. Biophys. Biochim. Act. 2010, 1804,
1231-1264. [CrossRef]

Tompa, P. The Interplay between Structure and Function in Intrinsically Unstructured Proteins. FEBS Lett.
2005, 579, 3346-3354. [CrossRef]

Uversky, V.N. Intrinsic Disorder in Proteins Associated with Neurodegenerative Disease. Front. Biosci. 2009,
14, 5188-5238. [CrossRef]

Uyar, B.; Weatheritt, R.J.; Dinkel, H.; Davey, N.E.; Gibson, T.J. Proteome-Wide Analysis of Human Disease
Mutations in Short Linear Motifs: Neglected Players in Cancer? Mol. Biosyst. 2014, 10, 2626-2642. [CrossRef]
Dunker, A K.; Silman, I.; Uversky, V.N.; Sussman, J.L. Function and Structure of Inherently Disordered
Proteins. Curr. Opin. Struct. Biol. 2008, 18, 756-764. [CrossRef]

Rezaei-Ghaleh, N.; Blackledge, M.; Zweckstetter, M. Intrinsically Disordered Proteins: From Sequence and
Conformational Properties toward Drug Discovery. ChemBioChem 2012, 13, 930-950. [CrossRef] [PubMed]

Bah, A.; Forman-Kay, ].D. Modulation of Intrinsically Disordered Protein Function by Post-Translational
Modifications. J. Biol. Chem. 2016, 291, 6696-6705. [CrossRef] [PubMed]

Schramm, A.; Bignon, C.; Brocca, S.; Grandori, R.; Santambrogio, C.; Longhi, S. An Arsenal of Methods
for the Experimental Characterization of Intrinsically Disordered Proteins — How to Choose and Combine
Them? Arch. Biochem. Biophys. 2019, 676, 108055. [CrossRef] [PubMed]

Selenko, P. Quo Vadis Biomolecular NMR Spectroscopy? Int. J. Mol. Sci. 2019, 20, 1278. [CrossRef]

Milles, S.; Salvi, N.; Blackledge, M.; Jensen, M.R. Characterization of Intrinsically Disordered Proteins and
Their Dynamic Complexes: From in Vitro to Cell-like Environments. Prog. Nucl. Magn. Reson. Spectrosc.
2018, 109, 79-100. [CrossRef] [PubMed]

Gomes, G.N.; Gradinaru, C.C. Insights into the Conformations and Dynamics of Intrinsically Disordered
Proteins Using Single-Molecule Fluorescence. Biochim. Biophys. Acta—Proteins Proteom. 2017,1865,1696-1706.
[CrossRef] [PubMed]

Best, R.B. Computational and Theoretical Advances in Studies of Intrinsically Disordered Proteins. Curr. Opin.
Struct. Biol. 2017, 42, 147-154. [CrossRef] [PubMed]

Kachala, M.; Valentini, E.; Svergun, D.I. Application of SAXS for the Structural Characterization of IDPs.
Adv. Exp. Med. Biol. 2015, 870, 261-289.

Schuler, B.; Soranno, A.; Hofmann, H.; Nettels, D. Single-Molecule FRET Spectroscopy and the Polymer
Physics of Unfolded and Intrinsically Disordered Proteins. Anniu. Rev. Biophys. 2016, 45, 207-231. [CrossRef]
[PubMed]

Stuchfield, D.; Barran, P. Unique Insights to Intrinsically Disordered Proteins Provided by Ion Mobility Mass
Spectrometry. Curr. Opin. Chem. Biol. 2018, 42, 177-185. [CrossRef]

Ma, B.; Kumar, S.; Tsai, C.; Nussinov, R. Folding Funnels and Binding Mechanisms. Protein Eng. 1999, 12,
713-720. [CrossRef]

Koshland, D.E. Application of a Theory of Enzyme Specificity to Protein Synthesis. Proc. Natl. Acad. Sci. USA
1958, 44, 98-104. [CrossRef]

Fuxreiter, M.; Tompa, P. Fuzzy complexes: A more stochastic view of protein function. Adv. Exp. Med. Biol.
2012, 725, 1-14.

182



Biomolecules 2020, 10, 1084

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

Csermely, P.; Palotai, R.; Nussinov, R. Induced Fit, Conformational Selection and Independent Dynamic
Segments: An Extended View of Binding Events. Trends Biochem. Sci. 2010, 35, 539-546. [CrossRef]

Olsen, ].G.; Teilum, K.; Kragelund, B.B. Behaviour of Intrinsically Disordered Proteins in Protein-Protein
Complexes with an Emphasis on Fuzziness. Cell. Mol. Life Sci. 2017, 74, 3175-3183. [CrossRef]
Alanis-Lobato, G.; Andrade-Navarro, M.A.; Schaefer, M.H. HIPPIE v2.0: Enhancing Meaningfulness and
Reliability of Protein-Protein Interaction Networks. Nucleic Acids Res. 2017, 45, D408-D414. [CrossRef]
[PubMed]

Roberto Dominguez and Kenneth, C. Holmes. Actin Structure & Function. Annu Rev. Biophys. 2011,
45, 169-186.

Lassing, I.; Schmitzberger, F.; Bjornstedt, M.; Holmgren, A.; Nordlund, P.; Schutt, C.E.; Lindberg, U. Molecular
and Structural Basis for Redox Regulation of 3-Actin. J. Mol. Biol. 2007, 370, 331-348. [CrossRef] [PubMed]
Oda, T.; Iwasa, M.; Aihara, T.; Maéda, Y.; Narita, A. The Nature of the Globular- to Fibrous-Actin Transition.
Nature 2009, 457, 441-445. [CrossRef] [PubMed]

Dominguez, R. Actin-Binding Proteins—A Unifying Hypothesis. Trends Biochem. Sci. 2004, 29, 572-578.
[CrossRef]

Otterbein, L.R.; Graceffa, P.; Dominguez, R. The Crystal Structure of Uncomplexed Actin in the ADP State.
Science 2001, 293, 708-711. [CrossRef]

Durer, Z.A.O.; Kudryashov, D.S.; Sawaya, M.R.; Altenbach, C.; Hubbell, W.; Reisler, E. Structural States and
Dynamics of the D-Loop in Actin. Biophys. J. 2012, 103, 930-939. [CrossRef] [PubMed]

Fixe, P. Actin-Binding Proteins (ABPs) review. 2014. Available online: https://www.tebu-bio.com/blog/2014/
06/12/actin-binding-proteins-abps-review/ (accessed on 17 July 2020).

Paavilainen, V.O.; Bertling, E.; Falck, S.; Lappalainen, P. Regulation of Cytoskeletal Dynamics by
Actin-Monomer-Binding Proteins. Trends Cell Biol. 2004, 14, 386-394. [CrossRef] [PubMed]

Edwards, J.; Lappalainen, P.; Mattila, P. Are 3-Thymosins WH2 Domains? FEBS Lett. 2004, 573, 231-232.
[CrossRef]

Chereau, D.; Kerff, F.; Graceffa, P.; Grabarek, Z.; Langsetmo, K.; Dominguez, R. Actin-Bound Structures of
Wiskott-Aldrich Syndrome Protein (WASp)-Homology Domain 2 and the Implications for Filament Assembly.
Proc. Natl. Acad. Sci. USA 2005, 102, 16644-16649. [CrossRef]

Aguda, A.H.; Xue, B; Irobi, E.; Préat, T.; Robinson, R.C. The Structural Basis of Actin Interaction with
Multiple WH2/B-Thymosin Motif-Containing Proteins. Structure 2006, 14, 469-476. [CrossRef]

Paunola, E.; Mattila, PK.; Lappalainen, P. WH2 Domain: A Small, Versatile Adapter for Actin Monomers.
FEBS Lett. 2002, 513, 92-97. [CrossRef]

Husson, C.; Cantrelle, FX.; Roblin, P; Didry, D.; Le, KH.D.; Perez, J.; Guittet, E.; Van Heijenoort, C.;
Renault, L.; Carlier, M.E. Multifunctionality of the 3-Thymosin/WH2 Module: G-Actin Sequestration, Actin
Filament Growth, Nucleation, and Severing. Ann. N. Y. Acad. Sci. 2010, 1194, 44-52. [CrossRef]
Elazari-Shalom, H.; Shaked, H.; Esteban-Martin, S.; Salvatella, X.; Barda-Saad, M.; Chill, ].H. New Insights
into the Role of the Disordered WIP N-Terminal Domain Revealed by NMR Structural Characterization.
FEBS J. 2015, 282, 700-714. [CrossRef] [PubMed]

Rozentur-Shkop, E.; Goobes, G.; Chill, ].H. A J-Modulated Protonless NMR Experiment Characterizes the
Conformational Ensemble of the Intrinsically Disordered Protein WIP. . Biomol. NMR 2016, 66, 243-257.
[CrossRef] [PubMed]

Garcia, E.; Ragazzini, C.; Yu, X.; Cuesta-Garcia, E.; Bernardino De La Serna, J.; Zech, T.; Sarrio, D.;
Machesky, L.M.; Anton, LM. WIP and WICH/WIRE Co-Ordinately Control Invadopodium Formation and
Maturation in Human Breast Cancer Cell Invasion. Sci. Rep. 2016, 6, 23590. [CrossRef] [PubMed]

Van Audenhove, 1.; Boucherie, C.; Pieters, L.; Zwaenepoel, O.; Vanloo, B.; Martens, E.; Verbrugge, C.;
Hassanzadeh-Ghassabeh, G.; Vandekerckhove, J.; Cornelissen, M.; et al. Stratifying Fascin and Cortactin
Function in Invadopodium Formation Using Inhibitory Nanobodies and Targeted Subcellular Delocalization.
FASEB J. 2014, 28, 1805-1818. [CrossRef]

Banon-Rodriguez, I.; Monypenny, J.; Ragazzini, C.; Franco, A.; Calle, Y.; Jones, G.E.; Ant6n, I.M.
The Cortactin-Binding Domain of WIP Is Essential for Podosome Formation and Extracellular Matrix
Degradation by Murine Dendritic Cells. Eur. ]. Cell Biol. 2011, 90, 213-223. [CrossRef] [PubMed]

Yu, H.; Chen, ] K,; Feng, S.; Dalgarno, D.C.; Brauer, A.W.; Schreiber, S.L. Structural Basis for the Binding of
Proline-Rich Peptides to SH3 Domains. Cell 1994, 76, 933-945. [CrossRef]

183



Biomolecules 2020, 10, 1084

78.

79.

80.

81.

82.

83.

84.
85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

Kurochkina, N.; Guha, U. SH3 Domains: Modules of Protein-Protein Interactions. Biophys. Rev. 2013, 5,
29-39. [CrossRef] [PubMed]

Saksela, K.; Permi, P. SH3 Domain Ligand Binding: What’s the Consensus and Where’s the Specificity?
FEBS Lett. 2012, 586, 2609-2614. [CrossRef]

Kay, B.K.; Williamson, M.P,; Sudol, M. The Importance of Being Proline: The Interaction of Proline-rich
Motifs in Signaling Proteins with Their Cognate Domains. FASEB J. 2000, 14, 231-241. [CrossRef]

Lee, C.H.; Leung, B.; Lemmon, M.A.; Zheng, J.; Cowburn, D.; Kuriyan, J.; Saksela, K. A Single Amino Acid
in the SH3 Domain of Hck Determines Its High Affinity and Specificity in Binding to HIV-1 Nef Protein.
EMBO J. 1995, 14, 5006-5015. [CrossRef] [PubMed]

Li, S.S.C. Specificity and Versatility of SH3 and Other Proline-Recognition Domains: Structural Basis and
Implications for Cellular Signal Transduction. Biochem. ]. 2005, 390, 641-653. [CrossRef] [PubMed]
Dalgarno, D.C.; Botfield, M.C.; Rickles, R.J. SH3 Domains and Drug Design: Ligands, Structure, and Biological
Function. Biopolymers 1997, 43, 383-400. [CrossRef]

Mayer, B.J. SH3 Domains: Complexity in Moderation. J. Cell. Sci. 2001, 114, 1253-1263. [PubMed]
Zarrinpar, A.; Bhattacharyya, R.P; Lim, W.A. The Structure and Function of Proline Recognition Domains.
Sci. STKE 2003, 2003, 1-10. [CrossRef]

Teyra, J.; Huang, H.; Jain, S.; Guan, X.; Dong, A.; Liu, Y.; Tempel, W.; Min, J.; Tong, Y.; Kim, PM.; et al.
Comprehensive Analysis of the Human SH3 Domain Family Reveals a Wide Variety of Non-Canonical
Specificities. Structure 2017, 25, 1598-1610. [CrossRef]

Twafra, S.; Gil-Henn, H.; Dessau, M. PDB ID: 5NV]J. Available online: https://pdbj.org/emnavi/quick.php?id=
pdb-5nvj (accessed on 21 July 2020).

Schmidt, H.; Hoffmann, S.; Tran, T.; Stoldt, M.; Stangler, T.; Wiesehan, K.; Willbold, D. Solution Structure of
a Hck SH3 Domain Ligand Complex Reveals Novel Interaction Modes. J. Mol. Biol. 2007, 365, 1517-1532.
[CrossRef]

Hake, M.].; Choowongkomon, K.; Kostenko, O.; Carlin, C.R.; Sénnichsen, F.D. Specificity Determinants
of a Novel Nck Interaction with the Juxtamembrane Domain of the Epidermal Growth Factor Receptor.
Biochemistry 2008, 47, 3096-3108. [CrossRef]

Jankowski, W.; Saleh, T.; Pai, M.T,; Sriram, G.; Birge, R.B.; Kalodimos, C.G. Domain Organization Differences
Explain Ber-Abl’s Preference for CrkL over CrkIl. Nat. Chem. Biol. 2012, 8, 590-596. [CrossRef]

Kessels, M.M.; Engqvist-Goldstein, A.E.Y.; Drubin, D.G. Association of Mouse Actin-Binding Protein 1
(MAbp1/SH3P?), an Src Kinase Target, with Dynamic Regions of the Cortical Actin Cytoskeleton in Response
to Racl Activation. Mol. Biol. Cell 2000, 11, 393-412. [CrossRef]

Kinley, A.W.; Weed, S.A.; Weaver, A.M.; Karginov, A.V.; Bissonette, E.; Cooper, J.A.; Parsons, ].T. Cortactin
Interacts with WIP in Regulating Arp2/3 Activation and Membrane Protrusion. Curr. Biol. 2003, 13, 384-393.
[CrossRef]

Cortesio, C.L.; Perrin, B.J.; Bennin, D.A.; Huttenlocher, A. Actin-Binding Protein-1 Interacts with
WASp-Interacting Protein to Regulate Growth Factor-Induced Dorsal Ruffle Formation. Mol. Biol. Cell 2010,
21,186-197. [CrossRef] [PubMed]

Klos Dehring, D.A.; Clarke, F; Ricart, B.G.; Huang, Y.; Gomez, T.S.; Williamson, E.K.; Hammer, D.A;
Billadeau, D.D.; Argon, Y.; Burkhardt, ]. K. Hematopoietic Lineage Cell-Specific Protein 1 Functions in Concert
with the Wiskott-Aldrich Syndrome Protein To Promote Podosome Array Organization and Chemotaxis in
Dendritic Cells. J. Immunol. 2011, 186, 4805-4818. [CrossRef] [PubMed]

Gryaznova, T.; Kropyvko, S.; Burdyniuk, M.; Gubar, O.; Kryklyva, V.; Tsyba, L.; Rynditch, A. Intersectin
Adaptor Proteins Are Associated with Actin-Regulating Protein WIP in Invadopodia. Cell. Signal. 2015, 27,
1499-1508. [CrossRef] [PubMed]

Wong, K.A.; Wilson, J.; Russo, A.; Wang, L.; Okur, M.N.; Wang, X.; Martin, N.P.; Scappini, E.; Carnegie, GK,;
O’Bryan, ].P. Intersectin (ITSN) Family of Scaffolds Function as Molecular Hubs in Protein Interaction
Networks. PLoS ONE 2012, 7, 1-10. [CrossRef] [PubMed]

Sattler, M.; Salgia, R. Hematopoietic and BCR/ABL-Transformed Cells. Leukemia 1998, 12, 637-644. [CrossRef]
[PubMed]

Antoén, LM.; Lu, W.; Mayer, B.J.; Ramesh, N.; Geha, R.S. The Wiskott-Aldrich Syndrome Protein-Interacting
Protein (WIP) Binds to the Adaptor Protein Nck. J. Biol. Chem. 1998, 273, 20992-20995. [CrossRef]

184



Biomolecules 2020, 10, 1084

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

112.

113.

114.

Zhao, Z.-S.; Manser, E.; Lim, L. Interaction between PAK and Nck: A Template for Nck Targets and Role of
PAK Autophosphorylation. Mol. Cell. Biol. 2000, 20, 3906-3917. [CrossRef]

Gryaznova, T.; Gubar, O.; Burdyniuk, M.; Kropyvko, S.; Rynditch, A. WIP/ITSN1 Complex Is Involved in
Cellular Vesicle Trafficking and Formation of Filopodia-like Protrusions. Gene 2018, 674, 49-56. [CrossRef]
Derry, ].M.; Ochs, H.D.; Francke, U. Isolation of a Novel Gene Mutated in Wiskott-Aldrich Syndrome. Cell
1994, 79, 635-644. [CrossRef]

Schindelhauer, D.; Weiss, M.; Hellebrand, H.; Golla, A.; Hergersberg, M.; Seger, R.; Belohradsky, B.H.;
Meindl, A. Wiskott-Aldrich Syndrome: No Strict Genotype-Phenotype Correlations but Clustering of
Missense Mutations in the Amino-Terminal Part of the WASP Gene Product. Hum. Genet. 1996, 98, 68-76.
[CrossRef]

Stewart, D.M.; Tian, L.; Nelson, D.L. Mutations That Cause the Wiskott-Aldrich Syndrome Impair the
Interaction of Wiskott-Aldrich Syndrome Protein (WASp) with WASp Interacting Protein. |. Immunol. 1999,
162, 5019-5024. [PubMed]

Peterson, F.C.; Deng, Q.; Zettl, M.; Prehoda, K.E.; Lim, W.A.; Way, M.; Volkman, B.E. Multiple WASp-Interacting
Protein Recognition Motifs Are Required for a Functional Interaction with N-WASp. |. Biol. Chem. 2007, 282,
8446-8453. [CrossRef] [PubMed]

Zettl, M.; Way, M. The WH1 and EVH1 Domains of WASp and Ena/VASP Family Members Bind Distinct
Sequence Motifs. Curr. Biol. 2002, 12, 1617-1622. [CrossRef]

Haba, N.Y.; Gross, R.; Novacek, J.; Shaked, H.; Zidek, L.; Barda-Saad, M.; Chill, J.H. NMR Determines
Transient Structure and Dynamics in the Disordered C-Terminal Domain of WASp Interacting Protein.
Biophys. ]. 2013, 105, 481-493. [CrossRef] [PubMed]

Halle-Bikovski, A.; Fried, S.; Rozentur-Shkop, E.; Biber, G.; Shaked, H.; Joseph, N.; Barda-Saad, M.; Chill, J.H.
New Structural Insights into Formation of the Key Actin Regulating WIP-WASp Complex Determined by
NMR and Molecular Imaging. ACS Chem. Biol. 2018, 13, 100-109. [CrossRef]

Ferguson, KM.; Lemmon, M.A.; Schlessinger, J.; Sigler, P.B. Structure of the High Affinity Complex of Inositol
Trisphosphate with a Phospholipase C Pleckstrin Homology Domain. Cell 1995, 83, 1037-1046. [CrossRef]
Li, S.C.; Zwahlen, C.; Vincent, S.].E,; Jane McGlade, C.; Kay, L.E.; Pawson, T.; Forman-Kay, ].D. Structure of a
Numb PTB Domain-Peptide Complex Suggests a Basis for Diverse Binding Specificity. Nat. Struct. Biol.
1998, 5, 1075-1083. [CrossRef]

Luthi, ].N.; Gandhi, M.J.; Drachman, ]J.G. X-Linked Thrombocytopenia Caused by a Mutation in the
Wiskott-Aldrich Syndrome (WAS) Gene That Disrupts Interaction with the WAS Protein (WASp)-Interacting
Protein (WIP). Exp. Hematol. 2003, 31, 150-158. [CrossRef]

Reicher, B.; Joseph, N.; David, A.; Pauker, M.H.; Perl, O.; Barda-Saad, M. Ubiquitylation-Dependent Negative
Regulation of WASp Is Essential for Actin Cytoskeleton Dynamics. Mol. Cell. Biol. 2012, 32, 3153-3163.
[CrossRef]

Fried, S.; Reicher, B.; Pauker, M.H.; Eliyahu, S.; Matalon, O.; Noy, E.; Chill, J.; Barda-Saad, M. Triple-Color
FRET Analysis Reveals Conformational Changes in the WIP-WASp Actin-Regulating Complex. Sci. Signal.
2014, 7, ra60. [CrossRef]

Peterson, E.C.; Volkman, B.F. Diversity of Polyproline Recognition by EVH1 Domains. Front. Biosci. 2009, 14,
833-846. [CrossRef] [PubMed]

Vijayakumar, V.; Monypenny, J.; Chen, X.J.; Machesky, L.M.; Lilla, S.; Thrasher, A.J.; Antén, LM.; Calle, Y.;
Jones, G.E. Tyrosine Phosphorylation of WIP Releases Bound WASp and Impairs Podosome Assembly in
Macrophages. J. Cell Sci. 2015, 128, 251-265. [CrossRef] [PubMed]

® © 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution
[

(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

185






MDPI
St. Alban-Anlage 66
4052 Basel
Switzerland
Tel. +41 61 683 77 34
Fax +41 61 302 89 18

www.mdpi.com

Biomolecules Editorial Office
E-mail: biomolecules@mdpi.com
www.mdpi.com/journal/biomolecules







MDPI

St. Alban-Anlage 66
4052 Basel
Switzerland

Tel: +4161 683 77 34

/
Fax: +41 61 302 89 18 mI\D\Py
/

www.mdpi.com ISBN 978-3-0365-1029-3



