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The protein complex formed by the Ca?* sensor neuronal calcium
sensor 1 (NCS-1) and the guanine exchange factor protein Ric8a
coregulates synapse number and probability of neurotransmitter re-
lease, emerging as a potential therapeutic target for diseases affect-
ing synapses, such as fragile X syndrome (FXS), the most common
heritable autism disorder. Using crystallographic data and the virtual
screening of a chemical library, we identified a set of heterocyclic
small molecules as potential inhibitors of the NCS-1/Ric8a interac-
tion. The aminophenothiazine FD44 interferes with NCS-1/Ric8a
binding, and it restores normal synapse number and associative
learning in a Drosophila FXS model. The synaptic effects elicited
by FD44 feeding are consistent with the genetic manipulation of
NCS-1. The crystal structure of NCS-1 bound to FD44 and the struc-
ture-function studies performed with structurally close analogs
explain the FD44 specificity and the mechanism of inhibition, in
which the small molecule stabilizes a mobile C-terminal helix in-
side a hydrophobic crevice of NCS-1 to impede Ric8a interaction.
Our study shows the drugability of the NCS-1/Ric8a interface and
uncovers a suitable region in NCS-1 for development of additional
drugs of potential use on FXS and related synaptic disorders.

fragile X syndrome | synapse regulation | NCS-1 | protein-protein
interaction inhibitor | X-ray crystallography

he fragile X syndrome (FXS) is the most common inherited
neurological disorder causing intellectual disability and autism.
FXS affects ~1 in 2,500-5,000 men and 1 in 4,000-6,000 women
and remains without effective pharmacological treatment (1-4).
Thus, the discovery of new targets and drugs that could normalize
mental abilities is a great current challenge. The causative muta-
tion of almost all known cases of FXS is a trinucleotide cytosine—
guanine-guanine (CGG) expansion in the 5' UTR of the fragile X
mental retardation gene (finrl), resulting in loss of the fragile X
mental retardation protein (FMRP). FMRP is an RNA binding
protein that regulates the transport and translation of mRNAs.
FMRP interacts directly with about one-third of the mRNAs that
encode the synaptic proteome (5). However, this scenario of
pleiotropy has been challenged recently by suggesting that the
primary target of FMRP is the Diacylglycerol kinase kappa
(Dgkx), which would trigger a subsequent cascade of synaptic
effects, in particular, on the glutamatergic type (6). Although the
issue would require additional analysis, independent of whether
the effects are direct or indirect, the FMRP transcriptome has
identified mRNA targets associated with autism spectrum disor-
ders (ASDs), mood disorders, and schizophrenia, which suggest
potential common pathways for these clinically different diseases.
A recurrent feature in all of these diseases is a deviation in the
synaptic equilibrium that defines normalcy. Either excess or deficit in
the number of synapses can lead to pathology. In the case of FXS,
cortical neurons of patients or finr! KO mice show postsynaptic spines

www.pnas.org/cgi/doi/10.1073/pnas.1611089114

at increased density and with long-neck morphology, which have been
interpreted as defects in synapse maturation or pruning (7-10). Sim-
ilar spine effects are reported for ASDs (11). Benefiting from the
conservation of the finr! gene, work in Drosophila has shown that loss
of function mutations increase synapse number, whereas the excess of
function condition yields the opposite effect, synapse loss (12, 13). As
for human subjects, finrl mutants in Drosophila are deficient in as-
sociative learning and memory (14, 15).

During the past two decades, intense efforts have been made to
understand the molecular and cellular events underlying synaptic
dysfunction in FXS. Studies in animal models have revealed de-
fects in multiple neurotransmitter systems and related signaling
pathways (1-4). These studies have led to the development of
potential therapeutic agents that target (i) neurotransmitter/neu-
romodulator systems (such as metabotropic glutamate receptors,
mGluRs, or GABAergic receptors), (if) signaling pathways down-
stream of neurotransmitter receptors (such as MAPKs, PI3K,
mTOR, and GSK3), (iii) proteins regulated by FMRP (such as
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MMP9 or PAK), and (iv) the endocannabinoid system (1-4). It is
likely that additional therapeutic targets will be designed, if feasi-
ble, against Dgkx (6). Targeting FMRP or perhaps, even Dgkx
may not be a convenient strategy, because FMRP is also involved
in the differentiation of neurons in the adult olfactory bulb and the
hippocampus (16). Likewise, targeting the excess of postsynaptic
mGlu receptors may also lead to secondary effects from the un-
bound excess of toxic glutamate and the imbalance between syn-
apse number and amount of neurotransmitter released.

Under the current knowledge, it seems advisable to design po-
tential therapies targeting the down-regulation of synapse number
rather than the reduction of the number of neurons or neurotrans-
mitter receptors (17). However, normal neuronal function requires
tight control of probability of neurotransmitter release per synapse in
addition to control of synapse number. Indeed, both neuronal
properties are coregulated in an antagonistic manner (18, 19).
Neurons with a high number of release sites usually manifest a low
probability of release per site and vice versa. Thus, a potentially
effective approach should target the signaling mechanism of this
coregulation. Recently, we described the mechanism by which the
Ca®" sensor neuronal calcium sensor 1 (NCS-1; originally named
Frequenin in Drosophila) interacts with the guanine exchange factor
protein Ric8a to activate Ga proteins and coregulate synapse

number and activity (18, 19). Interestingly, vertebrate NCS-1 mRNA
has been identified as one of the FMRP targets (5), and Frequenin
mRNA expression is decreased in the Drosophila finrl mutant (20).

The available structural information on NCS-1/Ric8a recognition
(19) and the function of the complex in synapse number control and
probability of release led us to search for small compounds that could
dock into the NCS-1/Ric8a interface to inhibit complex formation.
We hypothesized that such compounds will decrease synapse number
in FXS animal models and eventually, patients. Targeting protein—
protein interactions (PPIs) has emerged as a viable approach in
modern drug discovery. However, the identification of small mole-
cules that effectively interrupt PPIs presents significant challenges
(21). Here, we present biochemical, structural, and functional data
showing that the aminophenothiazine derivative FD44 binds NCS-1
and inhibits its interaction with Ric8a. Furthermore, this compound
mediates recovery of normal synapse number and improves associa-
tive learning in a Drosophila fragile X model. The crystal structure of
NCS-1 bound to FD44 and the structure—function relationship study
developed with close analogs explain the mechanism of action and
the biological activity of this compound. This study shows the drug-
ability of the NCS-1/Ric8a interface and the potential use of the
aminophenothiazine FD44 as a drug candidate to treat FXS and
related synaptic disorders.
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Fig. 1. VS calculations and validation of the inhibitory properties of the small molecule hits. (A) Predicted complex between human NCS-1 and FD44 by
VS. FD44 molecule is displayed as sticks. Diagram shows the molecular surface of human NCS-1 [PDB ID code 1G8I, molecule A (23)], with the hydrophobic
crevice in green; residues R94 and E26 in orange and blue, respectively; and helix H10 in lilac ribbon with D187 in sticks. The Drosophila ligand-free NCS-1
structures [4BY4 and 4BY5 (19)] have been superimposed, and helix H10, with its three different orientations inside or outside the crevice (orange and yellow
ribbons, respectively), is shown to indicate its mobility. (B) Sequence alignment of human and Drosophila NCS-1 proteins. Secondary structure elements and
EF-hand location of the crystallographic dNCS-1/FD44 structure are indicated. The amino acids implicated in FD44 recognition are shown as green circles. R94
and T138 are highlighted with yellow rectangles, and E26 is with a blue rectangle. EF, EF hand; H, helices; S, strands. (C) Structure of the aminophenothiazine
molecules with high score in the VS. (D) Co-IP binding assay of human NCS-1 and V5-tagged Ric8a in transfected HEK cells in the presence of the small

compounds and the vehicle DMSO. IP, immunoprecipitation; WB, Western blot.
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Results

Virtual Screening for Small Molecules. We reported previously that
Drosophila NCS-1 (dNCS-1; also known as Frq2) and Ric8a in-
teract to regulate synapse number and neurotransmitter release
and that this interaction is reproduced by the human homologs
(19). Although the structure of the NCS-1/Ric8a complex is un-
known, our structural data on Frq2 followed by a mutagenesis
study shed light on the molecular mechanism of Ric8a recognition
by NCS-1 (19). We found that R94, located at the N-terminal edge
of a hydrophobic crevice, is essential for the interaction with Ric8a
(Fig. 14). In addition, T138 proved important for Ric8a recogni-
tion. T138 is located in a mobile loop between helices H7 and H8
(Fig. 1B), 40 A opposite to R94, at the C-terminal edge of the
crevice (19). Thus, the NCS-1/Ric8a interaction requires this
crevice, in particular the two amino acids located at each end.
Furthermore, we showed the key role that helix H10 plays in this
protein—protein binding, functioning as a built-in competitive in-
hibitor. Deletion of this mobile helix, which is found inserted into
the crevice or solvent-exposed in the ligand-free dNCS-1 structure
(Fig. 14), increases the affinity for Ric8a (19). R94 is located in
helix H5 (Fig. 1B; see Fig. 3), and its guanidinium group interacts
with E26, located in helix H2, thus attaching helix H2 to the rest of
the structure and contributing to the shape of the upper sidewall
of the hydrophobic crevice. Because R94 is essential for Ric8a
binding and reasoning that it might provide the key for developing
targeted PPI inhibitors (22), we focused the search for small
molecule candidates able to interrupt the NCS-1/Ric8a interaction
at the R94 region.

The virtual screening (VS) through our in-house chemical li-
brary, composed of over 1,000 small heterocyclic compounds, was
centered at the R94 environment of human [Protein Data Bank
(PDB) ID code 1GS8I (23)] and Drosophila [PDB ID code 4BY4,
molecule B (19)] NCS-1 structures. Because of the motility of helix
H10, which has been found inside the crevice (19, 24, 25), solvent-
exposed (19), or parallel to the crevice (23) (Fig. 14), it was not
considered in the VS. It is interesting to note that the orientation
of helix H10 in human NCS-1 (hNCS-1), caused by the crystalli-
zation conditions and the entrance of PEG molecules inside the
crevice, permits the interaction of D187 with R94 (Fig. 14) (23).
This interaction occludes R94, an essential amino acid for Ric8a
recognition, which should be solvent-exposed to interact with its
target (19). In this case, deletion of helix H10 was necessary to
allow better recognition of the small molecules by the R94 region.
Results from VS were similar with either the human or the Dro-
sophila structures and showed aminophenothiazine derivatives as
candidate hits (Fig. 1 4 and C and Table S1). We selected for
additional studies only those molecules that showed a good score

value together with a plausible distance to R94 (Table S1): FD35,
FD16, FD44, and chlorpromazine (CPZ). These compounds,
sharing the same tricyclic phenothiazine central scaffold, were
previously known for their butirylcholinesterase inhibition in vitro
and neuroprotective activity in cell assays (26, 27). The main
structural differences among them are in the substituent attached
to the heterocyclic nitrogen atom and in the presence or not of
chlorine atoms in some of the benzene moieties. Although FD35,
FD16, and FD44 are only research tools that may or may not
become a human drug, the discovery of the Food and Drug Ad-
ministration-approved drug CPZ in our VS encouraged us to go
further with this study.

Binding and Toxicity Assays of Candidate Small Molecules. To assay
the interaction between human Ric8a and NCS-1 in the presence of
the selected candidates, we carried out binding assays in HEK cell
cultures (Materials and Methods and Fig. 1D). Cells were cotrans-
fected with human NCS-1- and Ric8a-expressing constructs. Each
compound was tested separately at a final concentration of 20 pM.
The data show that FD16, FD44, and CPZ inhibit the NCS-1/
Ric8a interaction, whereas FD35 does not seem to affect complex
formation. During preparation of the corresponding solutions, it
was evident that the compounds could be ranked CPZ, FD44,
FD16, and FD35 in decreasing order of solubility. The lack of
efficacy observed after treatment with FD35 may result from its
low solubility.

To quantify the binding interference of FD44 and FD16, we
carried out dose-response assays (Fig. 2.4 and B). Throughout the
range of drug concentrations applied to the transfected HEK cells,
it became evident that FD44 is a more effective inhibitor of NCS-1/
Ric8a binding than FD16. In addition, toxicity assays in HEK
cell cultures showed that FD44 and FD16 are much better
tolerated than CPZ (Fig. 2C), a feature required for an even-
tual use in therapy.

CPZ and related commercialized drugs are well-known in phar-
macy because of their effects as antipsychotic agents. They show a
strong affinity for dopamine D1 and D2 and adrenergic a; and o,
receptors, and they function as their antagonists (28). To determine
if FD44 is different from CPZ, radio-ligand displacement assays
were performed with the receptors (Table S2) (www.cerep.fr/Cerep/
Users/index.asp). These experiments provide an in vitro measure-
ment of the interactions that occur between a receptor and a small
molecule, FD44 in this case, by analyzing the ability of the molecule
to inhibit the binding of the receptors to specific control
compounds. At 10 pM, FD44 does not inhibit the binding of control
antagonists (Table S2), indicating that FD44 activity is completely
different to that shown by its structural analog CPZ (28).
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Fig. 2. Comparative binding and toxicity assays for FD44 and related molecules. (A) Binding assay of HEK cells cotransfected with human NCS-1 and V5-
tagged Ric8a. IP, immunoprecipitation; WB, Western blot. (B) Graph representing the densitometry of bands from the co-IP of three independent assays. The
binding interference dosage-response assay over a range of drug concentrations shows that FD44 is a more effective inhibitor compared with FD16. Data +
SEM. (C) Quantification of cell toxicity as HEK cells with picnotic bodies treated with FD44, FD16, or CPZ over the same range of concentrations. FD44 is the
least toxic. The horizontal line marks the basal apoptosis in untreated HEK cell cultures. Data + SD from three independent experiments.
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The Structure of NCS-1 Bound to Ca?* and the Aminophenothiazine
FD44 or Close Analogs. To better understand the binding blockade
properties of the candidate molecules, we crystallized the complex
of dNCS-1 bound to FD44, FD16, and CPZ andosolved their cor-
responding structures at 1.60-, 1.80-, and 1.52-A resolution, re-
spectively, using molecular replacement methods (Table S3).
Crystals belonged to space group P2;2,2;, and one complex was
found in the asymmetric unit. Despite that Ca** was not added to
the crystallization solution and that the protein sample was exten-
sively dialyzed against Milli-Q water, the quality of the electron
density maps clearly showed that the three functional EF hands
(EF2, EF3, and EF4) contained Ca®". The well-defined pentago-
nal-bipyramidal coordination (29) together with the anomalous
signal observed at the three EF hands unambiguously showed the
presence of Ca®* and discarded the presence of Mg”* (Fig. S14).
The overall structure of dNCS-1 is nearly identical in FD44, FD16,
and CPZ complexes, with differences confined to the binding site.
The rmsd of FD44 anq FD16 structures is 0.6 A, whereas that of
FD44 and CPZ is 0.9 A.

Interestingly, the electron density map of the dNCS-1/FD44
complex clearly indicated that the small compound was located at
the N-terminal region of the hydrophobic groove as VS calculations
predicted but in a different orientation (Figs. 14 and 3 4 and B)
because of the presence of helix H10 that was avoided in the VS.
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The phenothiazine moiety in FD44 has a butterfly conformation,
and the central six-membered ring has a boat conformation (Fig.
S1B). The angle between planes of the two benzene rings is 118°.
The structure around the nitrogen atom is almost planar, where the
sum of the angles on the nitrogen atom is 358°. FD44 is deeply
inserted in a pocket, and the contact area is 341.5 A? (30). The
conformation of this small heterocyclic molecule permits a large
number of interactions with the protein, mainly van der Waals
contacts with hydrophobic residues placed in helices H2, H3, H4,
HS5, H6, and H10 (Figs. 1B and 3C). The cavity where the ami-
nophenothiazine is located can be described as a hydrophobic cage,
where F48, V68, F72, and W103 constitute the base; Y52, F56, and
F64 constitute the right-hand sidewall; F85, 189, and T92 consti-
tute the left-hand sidewall; L182 and L184 constitute the lower
sidewall; and I51 constitutes the upper sidewall. W30, F55, and
S183 close the pocket from above, functioning as a lid (Fig. 3 C and
D). Interestingly, the lid residue W30 stabilizes its side-chain con-
formation through a water-mediated H bond with R94 (Fig. 3C),
the key amino acid for Ric8a recognition (19). Furthermore, T92,
Y52, F55, and L182 play an important role in recognition of FD44.
(#) T92 contacts the FD44 carbonyl group through a strong water-
mediated H bond and a weak H bond with the C14 atom of FD44,
(@) Y52 and F55 recognize and clamp the right benzene ring
through n—r interactions, and (i) 1182 main-chain carbonyl oxygen
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Fig. 3. Structure of the Ca?*-loaded NCS-1 bound to aminophenothiazine FD44. (A) Ribbon representation of dNCS-1 in complex with Ca?* (yellow spheres) and
FD44 (stick mode; C, N, O, and S atoms shown in white, blue, red, and yellow, respectively). The 2F,-F. electron density map for the small molecule is shown at 1.0c.
(Inset) A zoomed-in view of the gray-squared region. Helices contributing to FD44 pocket formation are indicated. (B) Electrostatic molecular surface of dNCS-1
showing the hydrophobicity of the FD44 cavity. (C) A detailed view of the residues interacting with FD44 compound. Strong and weak H bonds are shown with
black and gray dashed lines, respectively. Water molecules are displayed as spheres. (D) Molecular surface representation on FD44 cavity as shown in C. (E and F)
Fluorescence assays of FD44 and FD16 binding to NCS-1 in solution. (E) Trp fluorescence emission spectra of WT fly NCS-1 at increasing concentrations of FD44.
Control: fluorescence of 350 pM FD44 in the absence of the protein. (F) Representation of the Trp fluorescence quenching of WT and T92R fly NCS-1 proteins with
the ligand concentration (FD44 or FD16) in the presence of Ca®* or EGTA. Data + SD. The curves represent the least squares fitting to the experimental data
considering a 1:1 stoichiometry. To properly compare the different curves, intensities were normalized and represented as (lp — )/lp (S/ Materials and Methods).
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recognizes the FD44 piperidine ring, showing a weak H bond
(O...HC) with the C16 atom of FD44 (Fig. 3C).

The aminophenothiazine FD16 conserves the same binding
mode as FD44 and inserts into the same cavity with a similar
contact area [339 A% (30)] (Figs. S1C and S2 A4 and B). However,
the chlorine atom present in the phenothiazine scaffold (Fig. 1C)
allows a deeper insertion of FD16 in the cavity. The phenothiazine
moiety presents an almost planar conformation, with the chlorine
atom pointing out of the cavity. Compared with FD44, there is a
2.5-fold reduction of contacts in FD16. The missing interactions
are found in the phenothiazine moiety and the piperazine group,
which is poorly recognized with respect to the piperidine in FD44.
In fact, helix H10 contacts the piperidine group through L182,
S183, and L184, whereas in the complex with FD16, only the
contacts with L182 are conserved.

The electron density in the CPZ complex clearly showed a dis-
ordered model of CPZ over two positions (molecules A and B)
with site occupation factor of 0.5 (Fig. S1D). These CPZ molecules
are located in the same cavity as FD44 and FD16, and they display
different conformations (Fig. S2 C and D). (i) The angles between
planes of the two benzene rings in the phenothiazine of molecules
A and B are 139° and 150°, respectively. (ii) The phenothiazine
substituent, the aliphatic amine in this case, is twisted in molecule
A, whereas it is stretched in molecule B. The contact areas for CPZ
molecules A and B are 260 and 188 A? (30), respectively. CPZ is
only recognized through the aminophenothiazine group, and the
substituent is exposed to the solvent and completely disordered as
the electron density map indicates (Fig. S1D). The C-terminal end
of helix H10 is also disordered because of the lack of contacts with
CPZ. Compared with FD44, H10 interactions with 1182 and L.184
are lost, and only a weak H bond with S183 is observed.

To measure the affinity of FD44 and FD16 to NCS-1 in solution
and test the function of the cavity found in the crystal structures,
we conducted a fluorescence assay. Because NCS-1 contains two
Tryptophan residues W30 and W103, both located in the FD44
interaction surface (Fig. 3C), we monitored their fluorescence
emission intensity at increasing amounts of the compounds. As
shown in Fig. 3 E and F, FD44 and FD16 binding quenches the
Tryptophan fluorescence. We used this spectroscopic change to
follow the binding of these small molecules to WT dNCS-1 and a
point mutant. The data show that, under Ca?*-saturated conditions,
the apparent K4 for FD44 is 71 + 4 pM (Fig. 3F). Also, we mutated
T92 in NCS-1, which establishes H bonds with FD44. The T92R
substitution increased the affinity for FD44 10 times (K4 of 6.6 =
1.4 pM) (Fig. 3F). Thus, the fluorescence data further validate our
crystal structure and show that T92 is involved in the recognition of
FD44. We repeated the fluorescence assay in the presence of
EGTA, and the apparent K, for FD44 changed to 22.2 + 0.4 pM
(Fig. 3F). Finally, we also measured the affinity of dNCS-1 to FD16,
which showed a similar value (Ky of 69.6 + 1.4 uM) (Fig. 3F).

The superimposition of the complex structures presented in this
work with the previously solved, ligand-free dNCS-1, the one in
which helix H10 is inserted into the crevice (19) (Fig. 14), reveals
the conformational change that the protein must suffer to ac-
commodate the small compounds. The main changes occur in
helix H3, which opens up, and helix H10, which moves backward
to permit aminophenothiazine positioning (Fig. 44). To illustrate
this conformational change in more detail, we compared the
above-mentioned ligand-free dNCS-1 structure with the dNCS-1/
FD44 complex. The most notable changes are (i) W30, with side
chain that rotates 90° to close the lid and hydrophobically interact
with FD44; (i) residues 151 and L89 that move backward to im-
pede clashes with the S atom and the amide N atom of FD44,
respectively; (i) residues S183 and L184 from helix H10 that
recognize the amine ring; and (iv) Y52 and F55 that clamp the
phenothiazine group (Fig. 4B). These conformational changes
reshape the large and exposed surface of NCS-1 to permit FD44
recognition (Figs. 3D and 4C), and helix H10, which is mobile in
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the ligand-free state (Fig. 1A4), is stabilized inside the crevice
through interactions with FD44 to prevent Ric8a interaction.
Among the three tested compounds, FD44 is the one that contacts
more extensively with helix H10. In fact, the ability of FD44 to
inhibit the NCS-1/Ric8a complex is significantly reduced if helix
HI10 is deleted (Fig. S2 E and F).

Comparison of the Drosophila and human NCS-1 (23) struc-
tures suggests that the interaction with the human variant likely
occurs as shown above, because the protein folding and all of the
amino acids implicated in FD44 recognition are conserved (Figs.
1B and 4 D and E). As explained before, the main difference
between the NCS-1 structures of the two species is found in helix
H10 (Fig. 4D). In the human case, H10 is outside the crevice
because of the presence of two pentaethyleneglycol molecules
inside this cleft (23). However, as shown in Drosophila (19), this
helix is also able to insert into the crevice (24).

NCS-1 and the Role of Myristoylation. NCS-1 is a myristoylated
protein (31). There are a significant number of experimental
observations that suggest that the human variant does not contain a
Ca®*/myristoyl switch mechanism. (/) The human protein is per-
manently bound to the cell membrane in the presence and absence
of Ca** in vitro (31) and in vivo (32) and recently, also with syn-
thetic membranes (33). (i7) O’Callaghan and Burgoyne (34)
showed that hydrogen bonding between residues located in helix
H1 (Fig. S34) stabilizes the helix in a rigid conformation that could
keep the N terminus of hNCS-1 in an open conformation with the
myristoyl group exposed to the solvent, regardless the Ca®" con-
tent. Interestingly, this hydrogen bonding is conserved in dNCS-1
(Fig. S3B), but it is not observed in the Ca** myristoyl switch NCS
proteins (Fig. S34). (iii) We had reported previously that the
binding of Drosophila or human NCS-1 to Ric8a still occurs in the
absence of Ca®* (19). Those experiments were carried out in HEK
cells, where proteins are myristoylated. Because we had also
proved that the complete crevice in NCS-1 is the binding interface
for Ric8a and that Ca** myristoyl switches use the myristoyl group
to occlude the crevice in the absence of Ca®*, our data do not favor
a switch for NCS-1. (iv) Finally and related to the influence of
myristoylation on FD44 binding, the crystal structure of NCS-1
bound to FD44 reveals many hydrophobic contacts with residues
located in the N-terminal part of the crevice. Some proteins of the
NCS family containing a Ca®*/myristoyl switch use some of these
amino acids to contact the myristoyl group (Fig. S34). In this case,
myristoylation could have an influence in FD44 binding.

To investigate this possibility, we performed coimmunoprecipi-
tation (co-IP) assays in HEK cells, where NCS-1 undergoes myr-
istoylation, and found that FD44 inhibits Ric8a binding at 20 pM
(Fig. 2B). In solution and with the recombinant unmyristoylated
protein, affinity for FD44 is 22 pM. These results suggest that
myristoylation does not influence FD44 affinity. To test further the
influence of myristoylation, we have found that a mutated form of
NCS-1 that cannot be myristoylated binds Ric8a with the same
affinity as the myristoylated version (Fig. S4). Also, FD44 shows
interference of the NCS-1/Ric8 binding, irrespective of the myr-
istoylation state of NCS-1 (Fig. S4). In conclusion, myristoylation
does seem to have an effect on Ric8a binding or FD44 affinity, and
these data, together with those previously reported, point to the
absence of a Ca**/myristoyl switch in the fly and human NCS-1.

The Aminophenothiazine FD44 Modifies the Number of Synapses in a
Genetic Model of Fragile X and Improves Learning Ability. Because
FD44 and FD16 prevent the NCS-1/Ric8a interaction (Figs. 1D
and 2) and we had previously identified the antagonistic effects
of these two proteins on synapse number (19, 35), we assayed
whether the two drug candidates could reduce synapse number in a
pathological condition in which synapses are in excess (10). Fragile
X is a convenient case for this assay, because the synaptic phenotype
is well-characterized and the genetic origin is conserved (1). Mutants
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in finrl show essentially the same synaptic phenotype in humans,
mice, and flies (5, 11-13). Importantly, the fly homolog of NCS-1,
Frq2, is among the mRNAs deficiently translated in finrl mutants
(20). We capitalized on these circumstances and the available
structural and synaptic data about NCS-1 and Ric8a to directly test
the potential effects of FD44 and FD16 on synapse number. To
validate the specific tools for the planned experiments, we showed
by Western blot that the mutant fimrI*% is null for protein expres-
sion Rggig. S54), and we showed by RT-PCR assays that the
fmr1®NA effectively interferes with finrl transcription (Fig. S5B).

finrI**° Mutant larvae and the corresponding genetic controls
were fed with FD44, FD16, or the solvent, DMSO, throughout
larval development (Materials and Methods and Fig. 5). Synapse
number and neuron volume were determined in an identified
larval motor neuron at the late third instar (Fig. 5 4 and B). The
data confirmed that neuron volume is increased in the mutant (13,
36). Furthermore, we provide direct counting of synapses, which
are also increased in the mutant (Fig. 54). Notably, the patho-
logical phenotype is largely suppressed by feeding FD44 to these
larvae (Fig. 5 4 and B). By contrast, FD44 or its solvent DMSO
shows little or no effect on the controls. The result on the sup-
pression of the aberrant number of synapses is fully consistent with
the proposed function of the NCS-1/Ric8a interaction to control
synapse number (19). The other drug candidate, FD16, proved
less effective to reduce the aberrant number of synapses of the null
fmrl mutant (Fig. 5 4 and B).

Beyond the chronic effect of FD44 during development, we
questioned if the drug could also have an acute effect. In addition,
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Fig. 4. Structural comparison of FD44-bound NCS-1
with related proteins. (A) Superimposition of the li-
gand-bound (orange ribbons) and helix H10-inserted
ligand-free (purple ribbons; PDB ID code 4BY5)
dNCS-1 structures. (B) A detailed view of the con-
formational change shown in A. All residues inter-
acting with FD44 are shown, but only those showing
a significant structural reorganization are labeled.
(C) Molecular surface representation of the ligand-
free dNCS-1. The ligand-bound structure was super-
imposed like in A, but only the FD44 molecule is
depicted to show that the cavity of the apoprotein is
too small to accommodate this compound, which
would heavily clash (yellow stars) with the sur-
rounding residues. It is interesting to compare this
figure with Fig. 3D to clearly see the reshaping of
the cavity on ligand binding. (D and E) Structural
comparison of the dNCS-1/FD44 complex (orange
ribbons) and the previously solved hNCS-1 structure
(lilac ribbons; PDB ID code 1G8l). FD44 is shown in
stick mode. PEG molecules (1x P6G and 2x 1PE) from
the human crystal structure are shown in ball mode.
(E) The view shows that residues implicated in FD44
recognition are conserved.

we questioned if the drug could ameliorate learning performance,
a prominent feature of FXS syndrome. To these ends, we used the
negatively reinforced associative olfactory learning paradigm in
adult flies, in which FMRP levels had been abrogated because of
the panneuronal expression of an interfering RNA-encoding
transgene (Vienna Drosophila Resource Center; stockcenter.vdrc.
at/control/main) and to which we administered the drug acutely.
The use of an RNAI rather than a mutant allele in these experi-
ments is justified because of the relatively low viability of adult
mutant homozygotes. Also, driving the fimrI®* to the CNS allows
for assaying the specific contribution of this tissue to learning. The
data from fimr1®"*expressing adults fed with the solvent DMSO
show a strong learning deficit that phenocopies the effects of
FMREP loss and are consistent with the larval synapse phenotypes
(14, 37) (Fig. 5E). Remarkably, the learning deficit was amelio-
rated by 12 h of treatment with FD44 before training (Fig. SE). As
in larvae, feeding DMSO or FD44 to adult controls had little or no
effect on learning, and the statistical analysis of the data does not
reveal a significant difference in the learning index of control flies
fed with FD44 vs. DMSO (Fig. SE). These results are congruent
with those on FD44-mediated suppression of aberrant synapse
number in mutant larvae and provide a readily measurable acute
behavioral effect of the drug in fully differentiated adult fly CNS
neurons. Finally, learning indexes in the finrl®¥*.expressing ani-
mals were not modified by FD16 treatment (Fig. 5F). These re-
sults confirm the specificity of FD44 vs. other related molecules.
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Fig. 5. Effects of FD44 and FD16 in vivo. (A-D) Drosophila WT or fmr1 mutants were fed with 200 uM FD44, FD16, or DMSO, and larva Il NMJs were analyzed.
(A) Synapse number (nc82-positive spots) and (B) synapse volume from 7 to 15 NMJs of different larva were determined using Imaris over the confocal images.
Similar measurements were performed on animals with panneuronally abrogated fmr1 via RNAI, in which (C) synapse number and (D) volume were de-
termined. Data are plotted in whisker graphs, where each dot represents one value, boxes represent interquartile ranges, vertical lines are the medians, and
white diamonds are the averages. Data are shown as percentages of the control WT larva fed with DMSO. (E and F) Drosophila olfactory associative learning
assay. Olfactory learning in a negatively conditioned paradigm was performed with control flies (fmr1 RNAi/+) or animals with panneuronally abrogated fmr1
(elavGal4 > fmr1®V4Y) after feeding them with 250 uM FD44, 250 uM FD 16, or DMSO for 12 h before the assay. The performance index is shown. (E) fmr1RNVAL
expressing flies present the anticipated learning deficits, and their performance is significantly improved when fed with FD44 for 12 h, showing a learning
index indistinguishable from that of control flies. (F) In contrast to the results with FD44 treatment, fmr1~"¥A’expressing flies present no amelioration in their
learning performance when fed with FD16. FD16, like FD44, does not improve the learning performance of control flies. Data + SD from 8 to 19 replicates,

with 100 flies per experiment. Student’s t test. **P = 0.01; ***P = 0.001.

Discussion

By combining structural and chemoinformatic methodologies, we
have discovered a small molecule, the phenothiazine derivative
FD44, as a PPI inhibitor.

FD44 is biologically active and can prevent the aberrant in-
crease of synapse number and the learning disability of a Dro-
sophila fimrl fragile X model. The structural study has revealed the
mechanism of action of FD44 in its interaction with NCS-1 for
NCS-1/Ric8a complex inhibition. We had previously shown that
helix H10 is mobile and functions as a built-in competitive in-
hibitor. Specifically, this helix is extruded out of the crevice for
proper Ric8a recognition (19). In this context, FD44 is able to trap
NCS-1 in an inactive conformation. The substituent attached to
the phenothiazine group interacts with the C-terminal helix H10
and stabilizes it inside the crevice blocking the contact surface with
Ric8a (Fig. 3C). Therefore, FD44 prevents the conformational
change that helix H10 has to suffer to accept Ric8a. The fact that
FD16 does not block helix H10 as efficiently as FD44 explains why
this other derivative is not biologically effective. This study shows a
potential therapeutic use of an aminophenothiazine and shows the

Mansilla et al.

versatility of these compounds. The substituents in the phenothi-
azine group promote specificity and drive these molecules to their
corresponding targets, thus determining their biological activity
(28). In fact, it has been also shown that another derivative, Tri-
fluoperazine, can target the cancer-related Ca** binding protein
S100A4, representing a potential inhibitor of metastasis (38).

In addition to the X-ray crystallography data, using a fluo-
rescence assay, we show that FD44 interacts with NCS-1 in so-
lution (Fig. 3 E and F). Under Ca**-saturating conditions, NCS-1
affinity for FD44 is 71 pM. However, affinity increases up to
22 pM in the presence of EGTA. This increment is relevant,
because as we showed previously, the NCS-1/Ric8a complex is
more stable in the absence of Ca”* (19). Thus, the conditions in
which FD44 displays its inhibitory properties are exactly the same
as those of its efficient interaction with NCS-1. In agreement
with all of these results, cell-based dose-response studies show
that the formation of the NCS-1/Ric8a complex is prevented at
20 pM FD44 (Fig. 2 A and B).

The in vivo experiments show that feeding FD44 is an effective
method to suppress the excess of synapse in the Drosophila FXS
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model (Fig. 5 A and C). As previously reported, expression of
NCS-1 is reduced and the number of synapses is increased in the
fly finrl mutant (13, 20). However, simultaneous overexpression
of NCS-1 and Ric8a suppresses the synaptic phenotypes of each
genetic alteration and yields a normal number of synapses (19).
Here, the blockade of NCS-1/Ric8a interaction by FD44 should be
equivalent to the simultaneous excess of free NCS-1 and Ric8a.
Thus, the observed normal number of synapses in the FD44-
treated fimr] mutant shows the consistency between the genetic
and pharmacological experiments. Additional consistency is also
found with FXS pathology data. cAMP levels are low in FXS, and
antagonizing the cAMP-dependent phosphodiesterase PDE-4
rescues several phenotypes in the fly model (14, 39, 40). In this
context, changes in cAMP are expected if the NCS-1/Ric8a
binding is prevented, because the complex has an impact on Gs
activity (19). Actually, the genetic increase of fly NCS-1 in the
nervous system does produce a significant increase of cAMP levels
as measured in head extracts (Fig. S6). Therefore, FD44 would be
expected to increase the cCAMP levels reduced in FXS, because
abrogation of NCS-1/Ric8a binding should raise the free
(uncomplexed) levels of both proteins. In any event, it must be
pointed out that changes in cAMP represent a downstream effect
from the molecular mechanism reported here.

Feeding FD44 to control flies did not affect viability or synapse
number. In light of the available data, this innocuous effect is
expected, because the number of synapses is determined by the
balanced equilibrium between NCS-1 and Ric8a levels, and any
treatments that maintain their ratio should lead to normalcy. Pre-
sumably, in the finr] mutant, where NCS-1 levels are reduced, those
of Ric8a would be relatively increased, and that condition leads to an
increased number of synapses in accord with our prior report (19).

Aberrant synapse number and morphology have been shown to
occur concurrently with learning and memory deficits (41, 42), but
they were not directly linked to the behavior of the animals until
now. FD44 restored the number of synapses in finr] mutants (Fig.
5 A and C) and ameliorated the learning performance of adult
flies (Fig. 5E), linking the number of synapses to the behavioral
output of the mutant flies. Feeding control flies with FD44 or
FD16 results in trends toward lower learning performance, but in
all cases, they were not statistically different from controls (Fig. 5
E and F). It is also appropriate to point out that the parameter
under evaluation is the learning index with variability that is well-
known and documented. The effect of FD44 in adult flies under
acute administration is relevant, because FXS diagnosis is typically
achieved after the third year of life, although the synaptic aber-
ration originates from embryonic stages.

Selectivity is an important issue in drug discovery. The 16 NCS
family members show up to 60% sequence identity, all have similar
topologies, and conserved hydrophobic residues within their
crevice that participate in the recognition of their corresponding
target also contact the myristoyl group or FD44 (Fig. 6 and Fig.
S34). However, each protein generates a unique 3D fold and ex-
hibits important structural features in their hydrophobic crevice
that determine target specificity and function (43, 44) and equally,
will influence FD44 selectivity.

(i) The shape and size of the crevice, which are mainly deter-
mined by the ability of the protein to bind two or three Ca**
ions, the positioning of the C-terminal helix H10, and the
presence of a Ca**/myristoyl switch (43). The structure of
the Recoverin/Rhodopsin kinase (RK25) (45) suggests that
the aminophenothiazine ring of FD44 would not fit into the
Recoverin crevice, because the different orientation of helix
HS5 generates a rather narrow crevice (Figs. 3 and 6). Re-
garding helix H10, it is important to note that it is one of the
least conserved regions in sequence and length (Fig. S34). It
can be inside the crevice and contribute to target recognition,
like in Recoverin or KChIP1 complexes (45, 46), or it can be
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out, like in dANCS-1/Ric8a (19) or Frql/Pikl (47, 48) com-
plexes, where the targets fully occupy the crevice (Fig. 6). The
dNCS-1/FD44 complex structure illustrates how important
helix H10 is to shape the FD44 cavity. Thus, the different
orientation, conformation, and dynamics of helix H10 will
determine FD44 selectivity (Fig. 6).

(i) Another important selectivity determinant is the presence of
residues at the edge of the crevice that interact with the
targets through strong polar contacts. For example, in the
dNCS-1 isoforms, Frql and Frq2, an arginine at the edge
of Frq2 crevice but not of Frql determines that Ric8a binds
exclusively to Frq2 (19). These strong polar contacts are also
found in other NCS/target complexes (Fig. 6) and the recog-
nition of FD44 by T92 (Fig. 3C).

(#ii) To understand selectivity, it will also be important to con-
sider the affinities of the NCS proteins toward their targets.
The reported affinities in Recoverin and ScFrql complexes
shown in Fig. 6 are 1.4 and 0.1 pM, respectively. The mod-
erate affinity of FD44 to NCS-1, which is in the 20-uM
range, suggests that deleterious side effects are unlikely with
these NCS proteins.

(iv) NCS-1 not only interacts with Ric8a (44). Although there is
scarce information on the molecular mechanism of recog-
nition and the relevance of the hydrophobic crevice for
most of its targets (44), each interaction will have its
unique structural requirement that would ensure selectivity.
The structure solution of NCS-1 bound to Ric8a and other
targets together with affinity calculations will be important
to fully understand the mechanism of Ric8a inhibition by
FD44 and rationalize, if necessary, the generation of FD44
derivatives with enhanced pharmacological properties to-
ward the NCS-1/Ric8a or another NCS/target complex im-
plicated in pathological processes.

Finally, small molecules are convenient for pharmacological
therapy because of their ability to cross the blood-brain barrier and
their easy administration. Although structurally related to CPZ, the
derivative FD44 has revealed here unsuspected functions. The
demonstration of its mechanism of action on the NCS-1/Ric8a
interaction and the amelioration of synaptic and learning traits in
FXS open a strategy to develop additional compounds that target
this PPI for an eventual use in therapies against several forms
of synaptopathies.

Materials and Methods

Additional methods, including the fly strains used, the behavioral studies,
the crystallization and structure solution of the different dNCS-1/amino-
phenothiazine complexes, and the fluorescence experiments, are provided
in SI Materials and Methods.

VS.

Ligand library preparation. The molecules from our in-house chemical library
were prepared in Schrédinger Ligprep Wizard (Schrodinger Software Mod-
ules). The ligands were subjected to additional predocking preparations,
where hydrogens were added followed by minimization and optimization
with OPLS_2005 force field. Finally, 10 conformations for each ligand were
generated and ready for docking.

VS using GLIDE. After preparing the ligand library and the protein, the grid was
defined centering on R94. The library of small compounds was subjected to
glide docking using the standard precision module.

Postdocking analysis. The molecules were ranked based on the scoring function
GlideScore (GScore) (Table S1). GScore is an empirical scoring function that
approximates the ligand binding free energy. It has many terms, including
force field (electrostatic and van der Waals) contributions and terms re-
warding or penalizing interactions known to influence ligand binding. It has
been optimized for docking accuracy, database enrichment, and binding
affinity prediction. To analyze the interactions of docked protein-ligand
complexes, the Liginteractions module implemented in Maestro (Maestro
Version 9.4.047; Schrédinger Software Modules) was used to check interac-
tions between receptor and ligand atoms within a range of 4 A.
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Fig. 6. Structural comparison of NCSs in complex with their targets. (Upper) Structure and (Lower) electrostatic molecular surface of Recoverin/RK25 [657-A2
contact area; PDB ID code 2194 (45)], KChIP1/Kv4.2 [854-A? contact area; PDB ID code 156C (46)], and Frq1/Pik1 [1,296-A? contact area; PDB ID code 2JUO (47)]
complexes. The structure of dNCS-1 (orange ribbons and yellow spheres representing Ca>*) bound to FD44 (yellow sticks) was superimposed. NCSs and targets
are shown as cyan and pink ribbons, respectively, and Ca®* are shown as blue spheres. Asterisks indicate edge residues in NCSs interacting with their cor-
responding targets through H bonds or salt bridges (Fig. S3A). The comparison with NCS-1/FD44 complex (Fig. 3B) shows how different the hydrophobic
grooves, their surroundings, and the orientation and fold of helix H10 are. Recoverin helix H5 is indicated to show its different orientation and consequences
on crevice narrowness. In the KChIP1/Kv4.2 complex, helix H10 would clash with FD44, whereas in the Recoverin/RK25 complex, it would not reach the FD44

binding region.

Co-IP Assays and Western Blotting. The human NCS-1 construct (provided by
R. D. Burgoyne, University of Liverpool, Liverpool, United Kingdom) was
subcloned in pCDNA3.1, whereas the human Ric8a (a gift from G. Tall,
University of Rochester Medical Center, Rochester, NY) was subcloned in
nV5pCDNA3.1. Drosophila Ric8a, dNCS-1, and dNCS-14H"° cloning and
subcloning were previously described (19). The N-terminal G2A point
mutation was performed with the Change-IT Directed Mutagenesis Kit
(Affymetrix USB) following the manufacturer’s instructions. These con-
structs were cotransfected into HEK293 cells using Lipofectamin (Invi-
trogen). DMSO-diluted compounds at the indicated concentrations or
DMSO as control were added at the culture cells 24 h after transfection; 48
h after transfection, cells were lysated (buffer = 150 mM sodium chloride,
1.0% Nonidet P-40, 50 mM Tris, pH 8.0), and the compounds were added
at the indicated concentrations in the lysis buffer and maintained
throughout the immunoprecipitation assay. Precleared lysates were in-
cubated overnight (12 h) at 4 °C with mouse anti-NCS-1 (1:500; Cell Sig-
naling) or mouse anti-V5 (Invitrogen) as indicated in each experiment.
Samples were subsequently incubated overnight with Protein-G-Sephar-
ose (Sigma-Aldrich). After washing, proteins were eluted from the
Sepharose and analyzed by Western blot following standard procedures;
10% of the lysate before immunoprecipitation was run as input. Mouse
anti-V5 (1:2,000; Invitrogen) and rabbit anti-NCS-1 (1:1,000; Cell Signaling)
or mouse anti-c-Myc (1:2,000; Sigma-Aldrich) antibodies were used for
Western blot, and blots were incubated with mouse or rabbit TrueBlot
(Rockland) as secondary antibodies to avoid heavy-/light-chain antibody
interference.

Drosophila Synapse Counting Studies. FD44 and FD16 were dissolved in
DMSO and added to the fly culture media before solidification to ensure a

Mansilla et al.

homogeneous distribution in the vial at the final concentration of 200 pM.
Eggs were laid down in these media, and larvae were raised at 25 °C until
late LIl stage, when they were processed for synapse counting and
volume analysis.

We used the glutamatergic neuromuscular junction (NMJ) of the female
third larval instar as the experimental system. Synapses were visualized under
confocal microscopy by the mAb nc82 (DSHB Hybridoma Bank), which identifies
the Bruch pilot protein, a constituent of the presynaptic active zone (49), lo-
cated at the edge of the characteristic T-bar specialization of fly synapses (50).
Also, presynaptic nc82 spots correlate with postsynaptic GIuRlIl clusters (49, 51).
Throughout the text, we refer to nc82-positive spots as mature synapses. The
axon profile was revealed by rabbit anti-HRP antibody (Jackson Immuno-
Research). All counts were obtained from muscle fiber 6/7 of the abdominal
segment 3. Serial 1-um confocal images were acquired in a Leica TSC SP5
Confocal Microscope and quantified by Imaris software. Experimental and
control genotypes were run in parallel, and quantifications were done blindly.
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