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Disrupted in schizophrenia 1 (DISC1) is a scaffold protein that regulates several physiological processes ranging
from cellular division to neurodevelopment, and its dysfunction contributes to various neurological disorders
including schizophrenia, bipolar and mood disorders, and autism. Thus, deciphering its native functions and
pathophysiological roles is crucial. In this report, three disease-associated mutants of the C-region of DISC1, i.e.,
S713E, S704C, and L807-frameshift, were examined to further elucidate the role of DISC1 in cell division. We
demonstrate that the mutations do not render the variants functionally inactive; instead, the interaction sites are
presumably lost during the aggregation of the DISC1 C-region into amyloid-type fibrils. The minimal fibrillizing
element in the C-region is the intrinsically disordered B-core (716-761) that houses a segment absent in the
splice variant DISC1%%2%2 which cannot bind proteins of the mitotic spindle complex and thus hampers cellular
proliferation. Based on these structure-function relationships, we present a rational drug development strategy
using phage display technology and highlight the role of peptide mimetics in curtailing the agglomeration of

fibrils.

1. Background

Schizophrenia, major depressive disorder (MDD), bipolar (BD) and
autism spectrum disorders represent closely associated chronic mental
illnesses (CMIs) that burden 3 %-5 % of the population (van Os and
Kapur, 2009). Additionally, several aetiological factors, such as bio-
logical, environmental, social, and psychosocial conditions, are shared
by these disorders but are still poorly understood. A critical biological
risk factor that was discovered in a Scottish family with a diverse range
of psychiatric disorders, including some affective CMIs, was the dis-
rupted in schizophrenia 1 (DISC1) gene (Blackwood et al., 2001; Millar
et al., 2000). Subsequently, studies of the cell biology (Brandon et al.,
2004; Ishizuka et al., 2011; Kamiya et al., 2008), structural biology and
biophysics of DISC1 (Cukkemane et al., 2021; Wang et al., 2019; Ye
et al., 2017; Yerabham et al., 2018), as well as the characterization of
mutant variants of the C-region (Ishizuka et al., 2011; Leliveld et al.,
2008, 2009; Sachs et al., 2005) have added a wealth of information.
Such mutations include the S704C, the S713E and L807-frameshift
(L807-FS), which are of particular interest from a structural and
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functional perspective. For example, mutation of a single residue
yielding S704C (Hashimoto et al., 2006; Leliveld et al., 2008, 2009;
Narayanan et al., 2011) renders the protein highly insoluble. Conse-
quently, in over 20 % of sixty cases from the biobank at the Stanley
Medical Research Institute had the S704C mutant has been observed as
aggregates in post-mortem brain tissue (Leliveld et al., 2008, 2009) from
subjects suffering from schizophrenia, BD and MDD. The S713E mutant
(Ishizuka et al., 2011) mimics a phosphorylation-related signaling
cascade, responsible for the Bardet-Biedl syndrome, where neuronal
progenitor cells cannot proliferate and migrate during corticogenesis.
The L807-FS mutation piques our interest because this mutation causes
severe schizophrenia and schizoaffective disorders and culminates in
aggregated complexes (Sachs et al., 2005). Unlike the two Ser mutants,
the L807 frameshift disrupts the normal reading frame downstream of
L807 that comprise one of the binding sites for nuclear distribution
element like 1 (NDEL1, formerly known as Nudel) (Brandon et al., 2004;
Kamiya et al., 2006; Morris et al., 2003) in DISC1. The disruption of this
DISC1-NDELL1 interaction hampers the formation of the mitotic spindle
complex and associated cellular processes. These are a few examples
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highlighting the pivotal role of the DISC1 C-region, which provides
interaction sites for partners that regulate several key cellular processes,
and is therefore of clinical relevance (Bradshaw and Korth, 2019; Hikida
et al., 2012; Millar et al., 2003; Tropea et al., 2018; Yerabham et al.,
2013).

DISC1 has evolved from being a gene that was initially linked to
schizophrenia to a broader molecular candidate for therapeutic inter-
vention in a range of CMIs and neurodevelopmental disorders. This
conceptual expansion has led to the term “DISClopathies”, encom-
passing a spectrum of DISC1-driven protein conformational disorders
rooted in disturbed proteostasis and non-genetic cellular stress (Korth,
2012). This includes a spectrum of DISC1-driven protein conformational
disorders underlying disturbed proteostasis and non-genetic cellular
stress (Bradshaw and Korth, 2019), which is similar in mechanism to
classical neurodegenerative diseases (Cukkemane et al., 2021). These
aggregates exhibit prion-like properties (Korth, 2012) and can recruit
other proteins, such as dysbindin, enhancing their pathological impact.
These findings are supported by postmortem analyses, in vitro assays,
and animal models demonstrating that intracellular DISC1 misassembly
is present in a significant subset of patients with CMI (Bradshaw and
Korth, 2019). Furthermore, because DISC1 serves as a regulatory pro-
tein, several post-transcriptional modifications and the stability of its
binding partners have also been considered as promising therapeutic
targets (Hikida et al., 2012). Altogether, these insights highlight the
relevance of DISC1 as a potential to bridge molecular pathology across
psychiatric and neurodegenerative spectra.

Recent biophysical and structural biology characterization of the C-
region revealed that the functional unit is a tetramer that binds NDEL1
and platelet activating factor acetylhydrolase 1b regulatory subunit 1
(PAFAH1BI1, formerly LIS1) in a cooperative manner (Cukkemane et al.,
2021). In contrast, aggregated DISC1 and its C-region (691-836) bind
thioflavin T (ThT) (Cukkemane et al., 2021; Tanaka et al., 2017), indi-
cating the formation of cross-p amyloidogenic fibrils. Under such con-
ditions, the aggregated protein is most likely dysfunctional and a
pseudo-repeat sequence, the p-core (716-761), was hypothesized to
form the fibrillar axis (Cukkemane et al., 2021). This region houses part
of the 22-residue stretch (748-769) that is absent in the DISC142232
splice variant (Kamiya et al., 2006; Taylor et al., 2003) and is critical for
binding NDEL1 to promote neurite outgrowth. Here, we refer to this
stretch as the A22 region.

Studying clinically identified mutants of the C-region of DISC1
should provide a wealth of information about DISC1 (dys)function.
Moreover, it is critical to examine the significance of the p-core and the
A22 region with respect to the common underlying theme, i.e., their
interaction with nuclear distribution element 1 (NDE1, formerly known
as NudE), NDEL1 and PAFAH1B1 in the mitotic spindle complex. Un-
derstanding the function in relation to protein structure should enable
rational development of therapeutic agents targeting the DISC1 C-re-
gion. Therefore, to comprehend the effects of the DISC1 C-region mu-
tants on the pathophysiology of schizophrenia and related CMIs, we
employed a combination of biophysical and structural biology applica-
tions to shed light on DISC1 function.

We demonstrate the functional importance of the p-core for inter-
action with NDE1, NDEL1 and PAFAH1B1 and extend this analysis to the
mutant proteins. In all cases, we observe nM affinity for the mutants to
the above-mentioned protein partners. The findings strongly highlight
the possibility that the loss of function involved in the pathophysiology
of DISC1 and its mutants is not a primary consequence of mutations but
rather results from pronounced aggregation. Next, using phage display
technology, we identified several peptide hits targeting the wild-type
(WT) monomeric and oligomeric versions of the DISC1 C-region. The
top candidate peptides interacted with the C-region and mutant variants
with high nM affinity. Their potential as drug candidates was studied
using a combination of nuclear magnetic resonance (NMR) and dynamic
light scattering (DLS) with the C-region, revealing that the peptides
attenuate growth of DISC1 fibrils without requiring a specific binding
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site. The results provide insight into the poorly defined functional
landscape of DISC1 and illustrate a strategy for developing drugs against
DISCI fibrillization.

2. Methodology
2.1. Protein expression and purification

The four DISC1 C-region constructs and the f-core (residue sequence
in Fig. S1) in pESPRIT002 (Yumerefendi et al., 2010) were expressed
separately as Hise-fusion constructs, as described previously
(Cukkemane et al., 2021; Yerabham et al., 2018), by transforming
Escherichia coli BL21 (DE3) pLysE T1R cells. Cultures were grown pri-
marily in Luria-Bertani (LB) broth. Cells were cultivated in M9 minimal
medium supplemented with 15N-NH,4CI for preparing NMR samples.
Protein expression in minimal and rich media was induced by the
addition of isopropyl-p-d-thiogalactopyranoside (IPTG) to a final con-
centration of 1 mM when cell cultures reached an optical density at 600
nm (ODggp) of ~0.6. Cells were then grown for 16 h at 18 °C. The cells
were harvested and lysed in Tris-buffered saline (TBS; 10 mM Tris-HCl,
150 mM NaCl and Complete EDTA-free protease inhibitor cocktail
(Roche), pH 7.4) using an ice-chilled microfluidizer M100P (Micro-
fluidics MPT) at 15,000 psi. The insoluble fraction was removed by
centrifugation at 50,000 x g for 25 min at 4 °C. The Hisg-fusion construct
was purified by loading the soluble fraction onto a column with Co?"--
charged NTA resin (Qiagen). The bound protein was eluted using TBS
containing 500 mM imidazole. The Hisg—C-region was further purified
on a HiLoad 16/60 Superdex 200 size exclusion chromatography (SEC)
column (GE Healthcare).

PAFAH1B1, NDE1 and NDEL1 were prepared using reported pro-
tocols (Cukkemane et al., 2021; Soares et al., 2012b; Yerabham et al.,
2018). Briefly, PAFAH1B1 was expressed in E. coli BL21 C43 (DE3),
whereas NDE1 and NDEL1 were expressed in E. coli BL21 (DE3)
pLysE-T1R. The cells were cultivated at 37 °C until an ODggg of 0.6, and
expression was induced using 1 mM IPTG and cells grown for a further
16 h at 18 °C. As described above, the harvested cells were lysed and the
soluble fraction loaded onto Ni?*-NTA resin (Qiagen). After washing
with TBS containing 20 mM imidazole, the target protein was eluted
using TBS containing 500 mM imidazole and further purified on a
HiLoad 16/60 Superdex 200 SEC column (GE Healthcare).

2.2. Circular dichroism (CD) spectroscopy

Far-UV CD spectra for the different C-region proteins were recorded
using 20 uM samples in TBS on a Jasco J-1100 spectropolarimeter at 20
°C (0.2 cm path-length cuvette). The scan speed was 50 nm min ™', Prior
to the measurements, protein samples were centrifuged at 20,000 x g for
20 min at 4 °C to remove any potentially large aggregates and fibrils.
The raw data obtained was normalized for the amino acid residues into
mean residue ellipticity (MRE) to offer comparison between the
different C-region variants and the p-core.

2.3. Dynamic light scattering (DLS)

Measurements of protein samples (10 pM) were performed using a
SpectroSize 300 (XtalConcepts GmbH) instrument at 20 °C with a
sample volume of 500 pL. Peptides were added to the protein sample at
different ratios to study their effects on aggregation. Prior to measure-
ments, all samples, without or with peptides, were centrifuged at 21,000
x g for 30 min at 4 °C. Diffusion coefficients were obtained from analysis
of the decay of the scattered intensity autocorrelation function and were
used to determine apparent hydrodynamic radii via the Stokes-Einstein
equation, as implemented in the manufacturer’s software
(SpectroCrystal).
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2.4. Phage display technique for identification of peptide hits

The phage display selection was performed as described previously
(Santur et al., 2021) (Fig. S2) with a few modifications. Briefly, freshly
prepared 100 pg/mL monomeric and 15 mg/mL a week-old oligomeric
WT C-region DISC1 was used as targets for phage display selection, after
immobilization on 3D—NHS matrix plates (PolyAn molecular surface
engineering). During the selection rounds, the wells were blocked in
alternate selections either with 22 mg/mL l-arginine or 15 mg/mL
l-lysine. Multiple control selections were performed to ensure the
quality of the selection starting from the library (TriCol6, Creative
BioLabs). The different selection types were named “target selection”
(TS), “direct control” (DC) and “empty selection” (ES). The ES was
performed separately but analogously to the target selection without
using the target protein. In the case of DC, the phages of the respective
round of target selection were used as input but again no target protein
was immobilized. Both control selections (ES and DC) were performed to
enable reliable ranking of the resulting peptide sequences.
Next-generation sequencing (NGS) of the phage DNA was performed at
the  Genomics &  Transcriptomics  Laboratory  of  the
Heinrich-Heine-Universitat Diisseldorf, Germany. For NGS, a sample
from the library, and all TS, DS and ES inputs were prepared and
sequenced.

The phage DNA sequences were processed and filtered using TSAT
(target sequence analysis tool (Altendorf et al., 2024; Santur et al.,
2021)). NGS data were filtered based on an overall increase in frequency
of a sequence in the TS (library < TS1 < TS2 < TS3), enrichment because
of the presence of the target in individual rounds (TS2 > DC2; TS3 >
DC3) and lastly, enrichment with respect to a mock selection (TS1 >
ES1; TS2 > ES2; TS3 > ES3). The resulting hits were ranked by
enrichment score (TS3/library) and empty score (TS3/ES3). These
filtered sequences were then used as input for HAMMOCK clustering
(Krejci et al., 2016). From the list of peptides, we selected those with the
highest enrichment scores from TS with the monomeric (Flm1) and
oligomeric (Flol) C-region proteins for further biophysical and struc-
tural characterization.

2.5. Biolayer interferometry (BLI)

Binding of physiological partners, i.e., PAFAH1B1, NDE1, and
NDEL1 to the different DISC1 C-region constructs at protein concen-
tration of 2 pM was studied using the Octet (ForteBio GmbH) instru-
ment. Protein samples were dialyzed against phosphate buffered saline
(PBS). The A2RG sensor chip (Sartorius GmbH) was activated with 1-
ethyl-3-(3-dimethylaminopropyl)  carbodiimide = (EDC)/N-hydrox-
ysuccinimide (NHS) (200 mM/50 mM) for coupling the ligand (C-region
constructs). The peptides were diluted to 2 uM in 10 mM sodium acetate,
pH 4.0, and immobilized to the sensor chip. The flow cell was deacti-
vated with 100 mM ethanolamine-HCI, pH 8.5.

Binding of the peptides to the C-region constructs (WT, S713E,
S704C, L807-FS, B-core) was investigated using a similar procedure.
Peptides were dissolved in PBS prior to measurements, followed by
coupling of the peptide-ligand to the A2RG sensor chip (Sartorius
GmbH) using the activation and deactivation processes described above.
The dissociation constant (Kp) was determined as the ratio of the off-
and on-rate constants, using exponential dissociation and association
fittings, respectively (OriginPro 2020, OriginLab, USA).

Association time—y = y0 + Al x (1 - exp(—%)) + A2
(1 - ew()
Dissociation time—y = y0 + Al x exp(—%) 1+ A2 % exp(—é)

The rate constants (k) were derived by calculating the reciprocal of
the average association/dissociation time (t), which was calculated as
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1, Alxtl +A212
k™ Al+A2
The basic reaction describing the association/dissociation of the

ligand-analyte interaction was represented as

[Ligand] + [Analyte]=[Ligand — Analyte]

complex

_ [Ligand — Analyte]mmplex _ @
P [Ligand][Analyte] kon

The average dissociation constant and standard deviation of the
ligand-analyte complex for DISC1-C-region constructs and p-core with
the physiological partners is tabulated in Table S1 and the peptide-
protein complex was measure once that is tabulated in Table S3. The
inclusion criteria were sample dependent and greatly reflected on their
stability. For instance, to determine the binding affinity of PAFAH1B 1
to the DISC1 C-region proteins, it was possible to have a sample count
greater than 3, while for NDE1, due to its poor stability was limited to n
= 3. The exact sample size for the measurements is described in Table S1
in supplementary section.

2.6. NMR experiments

Solution NMR experiments were performed at a 'H Larmor frequency
of 750 MHz using a Bruker Avance III spectrometer equipped with a 5
mm cryogenic triple resonance probe. Measurements were performed at
25 °C. DISC1 C-region samples were prepared in PBS containing 10 %
(v/v) D20 and 0.1 mM 2,2-dimethyl-2-silapentane-5-sulfonate (DSS). 2D
1H-15N HSQC spectra were recorded in the absence and presence of
peptide ligands. Proton chemical shifts were referenced to DSS and the
15N chemical shift was referenced indirectly (Wishart et al., 1995).
Datasets were processed using Topsin 4.0.6 (Bruker Inc.) and analyzed
using NMRFAM-Sparky (Lee et al., 2015).

2.7. Chemical cross-linking reaction and protein digestion

The oligomeric interface of the DISC1 C-region (WT and mutants)
was examined by crosslinking experiments of C-region proteins (WT and
mutants) coupled with mass spectrometry (MS) analysis. Preliminary
tests were performed with DSBU (disuccinimidyl dibutyric urea), 1,1
carbonyldiimidazole (CDI) and disuccinimidyl sulfoxide (DSSO). We
identified DSSO as suitable cross-linker. DISC1 C-region-protein (10 pg)
samples were incubated for 1 h at 25 °C in the presence of excess of
cross-linker (>1 mM) DSSO, which has a spacer arm length of 10.1 A.
The reactions were quenched by the addition of 500 mM Tris-Cl, pH 8.0
(final concentration). The samples were denatured in the presence of 1
% SDS and 10 mM DTT by heating to 95 °C for 10 min. After cooling the
samples, cysteines were alkylated by incubation with 50 mM iodaceta-
mide in darkness at 20 °C for 30 min. Next, 1 M DTT was added to a final
concentration of 50 mM and the sample further incubated at 20 °C for 30
min to quench the reaction. For buffer exchange, single-pot solid phase
(SP3) paramagnetic beads were used (Hughes et al., 2019). Proteins
were bound to the beads by adding nine sample volumes acetonitrile
(ACN, 90 % final concentration), washed with 90 % ACN, and released
by reconstitution in digestion buffer containing 100 mM HEPES pH 7.5,
2.5 mM CaCl,. Trypsin was added in a protein:protease ratio of 100:1
and incubated for 18 h at 37 °C. The samples were acidified to pH < 3.0
by adding 1 % formic acid and desalted by using self-packed double--
layer C18-STAGE (STop And Go Extraction, 3 M USA)(Rappsilber et al.,
2003) tips.

2.8. LC-MS/MS analysis

An estimated 1 pg of desalted peptides were loaded onto an Ultimate
3000 RSLC nano chromatography system (ThermoFischer) operating
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with a two-column setup, a uPAC reversed-phase trap column (Phar-
maFluidics) and a 50 cm pPAC reversed-phase analytical column
(PharmaFluidics), both equilibrated with 0.1 % formic acid in water, at a
flow rate of 600 nL min~' and a column temperature of 40 °C. Bound
peptides were recovered using a binary gradient from 2 % to 30 % of
eluent (0.1 % formic acid in ACN), with 90 min effective separation time
and a total runtime of 2 h per sample. Separated peptides were ionized
using a CaptiveSpray nano-ESI source (Bruker) with the nitrogen gas
saturated with ACN using a Nanobooster (Bruker) and introduced to an
Impact II ultra-high resolution QqTOF MS (Bruker) as described in (Beck
et al., 2015). Briefly, MS data was acquired with the Bruker HyStar
Software (v5.1, Bruker) in line-mode with a mass range of 200-1750
m/z at an acquisition rate of 5 Hz. The 14 most intense ions were
selected for fragmentation, with fragment spectra automatically ac-
quired between 5 and 20 Hz. Selected precursors were excluded for the
next 0.4 min unless the signal-to-noise ratio improved at least three-fold.

Cross-linked peptide fragments were subsequently identified using
the software MaxLynx (Yilmaz et al., 2022) v.2.2.0.0 based on the amino
acid sequences of the C-region proteins. The searches were performed
using 10 ppm as the precursor, 20 ppm as the fragment ion precision and
a false discovery rate of 1 %. Carbamidomethylation of cysteine side
chains was assumed and variable degrees of N-terminus acetylation and
methionine oxidation considered. Up to three missed cleavages of
trypsin were allowed.

A o]
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2.9. Structural models

The model of the DISC1 C-region protomer was obtained using
AlphaFold2 (Jumper et al., 2021), and subjected to in-silico docking
using CLUSPRO (Kozakov et al., 2017) in the multimer docking mode to
generate models of the tetramer. The quality of the structural models
was assessed using two sets of restraints, (i) the inter-subunit cross-link
of K741-K741 from the MS data and (ii) the hydrodynamic radius (Ry) of
the tetramer determined using DLS.

3. Results
3.1. DISC1 C-region mutants bind to their physiological partners

PAFAH1B1 and NDEL1 were previously shown by surface-plasmon
resonance (SPR) to bind the native DISC1 C-region with nanomolar af-
finity (Cukkemane et al., 2021). However, the mutant proteins tended to
aggregate readily and block the valves and capillaries of the SPR chip.
NDEL1 and PAFAH1B1 were also susceptible to rapid precipitation in
solution (Cukkemane et al., 2021; Soares et al., 2012a). These issues
prohibited the use of SPR and thus the binding of the C-region variants
with these physiological partners were studied by bio-layer interfer-
ometry (BLI). The C-region variants were coupled to the sensor tip, and
the physiological partners served as analytes. Remarkably, all tested

0.14 4
0.12
~0.10-
=)
<
=0.08 -
[
0.06

0.04 4

G { e

O
T T T T T T T
0 100 200 300 400 500 600 700
time (s)

0.02 4 Jfi

NDET1 NDEL1 PAFAH1B1

Fig. 1. BLI sensorgrams of (A) NDE1 (B) NDEL1, (C) PAFAH1B1 and (D) the binding affinity summary in bar plot (mean =+ standard deviation) with WT C-region
(black), S704C (red), S713E (blue) and L807-FS (green). The yellow solid line represents the exponential fittings to the kinetic data. The detailed analysis is provided

in Tables 1 and S1.
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C-region proteins interacted with the three proteins, NDE1, NDEL1 and
PAFAH1BL1. The kinetics of association and dissociation of the physio-
logical partners to/from the C-region variants were similar (Fig. 1, Ta-
bles 1 and S1) under our experimental conditions, although the signal
amplitudes differed markedly. Our findings thus provide a first indica-
tion that the clinically identified mutants bind to the physiological
partners with similar sub-uM affinities as the WT C-region. This obser-
vation implies that the active sites for the interactions with the physi-
ological partners in the mitotic spindle complex are not affected by and
possibly located remote from the mutation sites. Thus, we hypothesize
that the lynchpin motif facilitating the interaction is likely the p-core
(717-761) that carries a pseudo-repeat sequence (Cukkemane et al.,
2021). Additionally, it was not always possible to fit mono-exponential
association/dissociation functions and hence we had to calculate the
binding affinity using an average rate function (see Methodology). This
suggests some heterogeneity within and between samples. This potential
heterogeneity may have affected the immobilization efficiencies of the
ligands. Thus, we resorted to CD spectropolarimetry to assess the state of
the proteins in solution.

3.2. Stability of the C-region mutants

Freshly prepared samples were centrifuged to remove any large
scattering particles prior to the CD experiments. Nevertheless, the
presence of such aggregates was indirectly reflected in the CD spectra as
a reduction in the signal intensities for the mutant variant samples
(Fig. 2A). The L807-FS mutant showed a very weak ellipticity reading
when compared with the ellipticity observed for the other C-region
variants. This is in agreement with a previous report (Yerabham et al.,
2017) where a decrease in the helical content of the frame shift mutant
was observed over a period of 5 days. The S704C and the S713E mutant
samples were relatively stable and yielded signals that were half the
intensity of the WT C-region. Our attempts to deconvolute the spectra
were not successful because the signal intensity in the far UV region in
the 190-200 nm was very noisy. However, a qualitative evaluation of
the spectra of the WT, S704C and S713E suggests the presence of helical
and coiled elements. Taking into account of the normalized amplitudes
of the different constructs in the CD spectra (Fig. 2A) indicates poor
stability of the mutants in comparison to the WT-C-region that rapidly
aggregate and thereby reduce the soluble protein concentration.
Translating these observations to the full-length DISC1 protein, we
speculate that reduced stability of the mutants may be the primary cause
of DISCl-associated pathogenesis, with the mutations exacerbating
aggregation.

3.3. The p-core is the minimal functional element that associates with
physiological partners of the mitotic spindle complex

To address the second aspect of the hypothesis, i.e., whether the
B-core is the functional lynchpin of the C-region, we performed BLI (Fig
2B and 2 C) and CD (Fig. 2A) measurements. Initially, the p-core was
titrated against PAFAH1B1, NDEL1 or NDE1. As shown above for the WT
C-region and its mutants, high-affinity binding in the sub-uM range to
these physiological partners was observed. This finding strongly

Table 1
Binding affinities (Kp) of the physiological partners viz. NDEL1, NDE1 and
PAFAH1B1 w.r.t. the different C-region variants and the p-core.

WT S713E §704C L807-FS fB-core
(nM) (nM) (nM) (nM) (nM)
PAFAH1B1 110.35 + 136.86 + 116.56 + 131.60 + 132.06 +
46.18 49.43 26.19 45.57 38.07
NDEL1 91.53 + 115.43 + 77.81 + 67.19 + 77.63 £
60.34 71.98 42.23 52.73 42.61
NDE1 113.71 + 71.92 + 83.35 + 101.39 + 105.04 +
71.72 43.17 46.73 68.39 16.26
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Table 2
Binding affinities (Kp) of the peptide therapeutics w.r.t. the different C-
region variants.

Flol Flm1

(nM) (nM)
WT 97.6 146.3
S704C 156.0 78.0
S713E 73.4 81.0
L807FS 37.2 17.9

suggests that the pseudo-repeat sequence is an important functional
entity, which corroborates cell biology experiments where the DIS-
C14223 jsoform lacks cell proliferative capability because of weak as-
sociation with NDEL1 (Kamiya et al., 2006). Circular dichroism
experiment on the normalized intensity of p-core (Fig. 2A) suggested
that this region of DISC1 is highly unstable under in-vitro conditions and
aggregates rapidly. Also, the spectra of f-core shows the presence of
structured elements predominantly coiled but also presence of some
helical content. However, CD measurements reported previously
(Yerabham et al., 2017) indicated the p-core is exclusively unstructured.
In the same report, the size-exclusion profile on two different samples of
B-core resulted in profiles containing exclusively monomers and another
populated with oligomers. Taken together, the results illustrate that the
B-core is prone to oligomerization/aggregation and adopts several con-
formations, some of which are relevant for the function of the C-region.
In this study, as we had centrifuged the sample prior to measurements, it
is likely that we have removed the large aggregating disordered f-core
and have a small population in solution.

Overall, these findings indicate that the mutations do not lead to
inactive proteins when the f-core is preserved for association with
physiological partners. Rather, the pathophysiology associated with the
mutants arises because of their poor stability in solution.

3.4. Structural model of the tetrameric DISC1 C-region

We performed chemical crosslinking-coupled MS of proteolytic
fragments to identify sites of self-association and hence characterize the
architecture of the C-region tetramer. However, in this case, we
encountered serious challenges in identifying proteolytic fragments. We
surmised that this problem was caused by the poor stability of the C-
region proteins under in-vitro conditions, which may further be com-
pounded by chemical modification during crosslinking. We then tested
the WT C-region, the various C-region mutants, and the f-core in the
presence of DSSO to identify potential interfacial regions. Under
experimental conditions using DSSO as the cross-linker, we observed
intra-subunit loop-links among the Lys residues, i.e., K741-K743, K743~
K747, K747-K753, K753-K768, K787-K788 and K819-K833
(Table S3). Serendipitously, in a unique instance, we observed an inter-
subunit crosslink (K741-K741) in the S704C sample (Fig. S3).

Starting from the AlphaFold2 model of the hDISC1 C-region proto-
mer, we next generated tetramer models using ClusPro (Kozakov et al.,
2017). We analyzed candidate structures for the plausibility of the
K741-K741 crosslink within a distance of 10.1 A, which represents the
length of the chemical linker. Furthermore, we considered the longest
axis of the model as a rough estimate relating to the Ry of ~5 nm
observed from DLS experiments. Only one model fulfilled the criteria
(Fig. 3), whereas two models had acceptable solutions (Fig. S4) but were
missing the inter-subunit cross-link possibility. Careful inspection of the
model that fulfilled the restraints revealed that the p-core is an essential
element for oligomerization, which is mediated by a short o-helix
(745-755). Moreover, the disordered region in the p-core is exposed to
solvent, thereby potentially offering conformational flexibility to asso-
ciate with physiological partners. Lastly, in addition to K741-K741 that
was obtained as an unambiguous inter-subunit restraint, the model
suggests that inter- and intra-subunit cross-links for K741-K743 should
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Fig. 2. (A) CD measurements of the various C-region constructs. p-core (orange), WT C-region (black), S713E (blue), S704C (red), and L807-FS (green). (B) BLI
sensorgrams of the p-core binding to PAFAH1B1 (black) NDEL1 (blue) and NDE1 (red) with the fitted data shown in yellow. Results of the analysis are given in

Tables 1 and S1 and as a bar plot mean + standard deviation in (C).

Fig. 3. Structural model of the DISC1 C-region. Left, model of the monomeric protein, as generated by AlphaFold2. Middle and right, tetrameric structure obtained
by CLUSPRO docking. Based on the intra- and inter-subunit (Table S2) restraints that were derived from the MS-crosslinking experiments, the best-fitting model was
selected. The residues that are affected by the mutations studied in this manuscript are shown in cpk (for Corey-Pauling-Koltun) mode, the p-core is drawn in red.

also be possible because these two residues are well within 10 A.

3.5. Discovery of potential therapeutic peptides that target the C-region of
DISC1

Phage display selection targeting the C-region of the protein was
used as a strategy for developing drugs against DISC1 aggregation
(Jaroszewicz et al., 2022). In this strategy (Fig. S2), we used a library
containing phages that were decorated with 16-mer peptides. We
identified several binding partners for the oligomeric and monomeric
preparations of the WT DISC1 C-region. Next generation sequencing
(NGS) was performed to identify the peptide hits, followed by several
rounds of sequence filtering using TSAT (Santur et al.,, 2021) and
HAMMOCK (Krejci et al., 2016). Finally, the empty and enrichment
scores (Fig. S5) were calculated for the filtered sequences, and the
peptides were ranked and selected on the basis of their empty and
enrichment scores and the size of the generated clusters. From the
several hits identified, we selected the highest-ranking peptide for both
the monomeric and the oligomeric target (termed FIm0O1 and FloO1,
respectively) for biophysical and structural characterization of the
protein-peptide interaction.

3.6. Protein-peptide interactions

FloO1 and FImO1 were tested for their specific interactions with the
DISC1 C-region. As a first step, the WT C-region of DISC1 was studied
using BLI (Fig. 4A and 4 B), where the identified 16-mer peptides were
immobilized to the sensor chip and the C-region served as the analyte.
This approach was extended to study the interaction of the potential
peptide therapeutics with the three clinically identified mutants. The
peptides bound to the WT C-region and the mutant variants with af-
finities in the nM range (Fig. 4C) (Cukkemane and Willbold, 2022).
Although the affinities were high, the kinetics for the interactions

differed remarkably (Table S3). The basis of these differences was
examined by solution NMR to probe the binding modes of the peptides,
while the effects on DISC1 C-region aggregation were assessed by DLS.

3.7. DISC1 C-region aggregation is attenuated in the presence of potential
peptide therapeutics

The selected peptides were further tested for their specific in-
teractions with the WT DISC1 C-region. We tested the WT DISC1 C-re-
gion, which aggregated rapidly (< 30 min following centrifugation to
remove visible aggregates). When challenged with equimolar concen-
trations of FloO1 (Fig. 4D, 4 E and Fig. S6) and Flm01 (Fig. 4D) the
fibrillar growth kinetics were reduce markedly. During the experimental
time window, the aggregates of the untreated C-region are larger than
250 nm in radius, whereas in the peptide-treated samples, the largest
observable species had an apparent Ry of ~50 nm. We also observed the
presence of the tetramer when the protein:peptide ratio was maintained
at 1:1 (Fig. 4D) for FImO1. This indicates that a higher concentration
ratio of protein-ligand is required for inhibiting and/or curtailing ag-
gregation. In a similar experimental setup, increasing concentrations of
FImO1 yielded no further change in the kinetics of the aggregates.
However, Flo01 at protein:peptide ratios of 1:5, 1:10 and 1:25 caused a
clear decrease in the aggregate size, and at higher ratios a stable pop-
ulation of the tetramer was observed (Fig. 4E) over the duration of the
DLS experiment. Additionally, a stable population with a Ry of 12-16
nm was observed and we postulate that this population likely represents
the oligomeric fraction of the C-region. This is because Flo01 was
identified using the oligomeric species as the capture ligand. These
promising results raise two interesting questions: how do the two pep-
tides that were generated against two different species of the DISC1 C-
region interact with the protein and which residues are critical for
binding of the peptide drug?
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panel). Insets (dotted boxes) provide close-up views of the signals arising from the Trp indole side chains.
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3.8. DISC1 C-region is intrinsically disordered in the absence of a
physiological binding partner

Solution NMR was used to examine the conformation of the DISC1 C-
region. The 2D 'H-'°N heteronuclear single quantum coherence (HSQC)
spectrum of the WT C-region showed low 1 chemical shift (CS)
dispersion of the peaks (Fig. 4F). Similar findings were reported previ-
ously (Cukkemane et al., 2021) and also for a truncated mDISC1 C-re-
gion (Ye et al., 2017). However, unlike the truncated mDISC1 C-region,
where the spectral dispersion improved noticeably on binding a frag-
ment from NDEL1 (Ye et al., 2017) or ATF4 (Wang et al., 2019) in the
context of a fusion protein, the overall 'H CS dispersion of the signals in
the presence of either peptide (Fig. 4F) remained essentially unchanged,
indicating no pronounced structural change occurred was formed on
binding. Nonetheless, minor shifts were observed for a small subset of
signals, indicating an interaction between peptide and protein.
Increasing the peptide:protein ratio to values similar to those used in the
DLS experiments also yielded small changes in the 2D 'H-'>N HSQC
spectrum (Fig. S7). The observed poor 'H CS dispersion may reflect
either intrinsic disorder or oligomerization or both. Considering the
findings from the CD spectra (Fig. 2) and the DLS experiments
((Cukkemane et al., 2021), Fig. 4D and 4 E), we surmise that the DISC1
C-region can adopt various different conformations and exists as a
tetramer and larger species and contains coiled-coil regions, as modeled
by AlphaFold2 (Jumper et al., 2021) and reported previously (Wang
etal., 2019; Ye et al., 2017), and intrinsically disordered regions (IDRs).

We investigated the CS changes upon binding of FloO1 and FImO01 to
the WT C-region. CS perturbations of several distinguishable signals in
the 2D 'H-'N HSQC spectra of the WT C-region in the presence of Flo01
were observed. Overall, the differences in the CS between the liganded
and unliganded states are small. Even smaller CS changes are observed
for signals from the WT C-region in the presence of FIm01. In both cases,
residues within the IDRs may also interact with the peptides. However,
the limited spectral dispersion precludes analysis of these interactions
without resorting to various labeling strategies, solid-state NMR spec-
troscopy, or a combination of both, to obtain residue specific informa-
tion of the binding interface of the protein-peptide complexes.

4. Discussion

In this report, we sought to understand the function of the DISC1 C-
region by studying mutant variants. DISC1 function is associated with
the initial stages of neurodevelopment, involving a regulatory role in the
mitotic spindle complex (Bradshaw and Korth, 2019; Tropea et al.,
2018; Yerabham et al., 2013), but its mechanism of action is still poorly
understood. Do the mutations identified in patients actually render the
C-region dysfunctional? To this extent, we performed BLI measurements
on the different C-region mutant variants. The S704C mutant has pre-
viously been identified as aggregates in post-mortem brain tissue of
patients suffering from schizophrenia, BD and MDD (Korth, 2012; Leli-
veld et al., 2009). Similarly, the L807-FS mutant was found to aggregate
in subjects with debilitating mental illness (Sachs et al., 2005). In
accordance with these data, we observed the S704C and the L807-FS
variants to be severely aggregating, but to our surprise, aggregation
was also obvious for the S713E protein. Interestingly, all tested mutants,
displayed high-affinity binding in the sub-uM range with their physio-
logical partners, NDEL1, NDE1 and PAFAH1B1. The WT C-region binds
PAFAH1B1 (Cukkemane et al., 2021) and NDEL1 (Ye et al., 2017) with
dissociation constants in the sub-uM range. Additionally, the S704C
constitutes a silent mutation that is fully functional and capable of
binding to NDEL1 (Kamiya et al., 2006; Leliveld et al., 2009; Narayanan
et al., 2011). These findings strongly indicate that the mutations do not
directly affect interaction with physiological binding partners, but that
loss of function may secondarily arise because of protein aggregation.
Studying these interactions is challenging because of protein instability
(both ligands and analytes), which is reflected, by the large standard
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deviation of the binding constants. Lastly, we note one major difference
with respect to our previous findings: We previously observed a pM
binding affinity for the C-region and NDEL1 (Cukkemane et al., 2021), in
contrast to the nM affinity reported here, which is consistent with the
findings of Ye et al. (Ye et al., 2017). We believe the source of discrep-
ancy may be the difficulty in handling the proteins as they are highly
unstable in solution.

In the context of protein instability, the L807-FS mutant is a peculiar
case among DISC1 mutants, because the region downstream of L807 was
postulated to harbor a site critical for binding to NDEL1 (Brandon et al.,
2004). The DISC1 segments interacting with NDEL1 have been a matter
of intense debate, and regions other than the C-region have been shown
to be involved (Kamiya et al., 2006; Morris et al., 2003). One of the
strongest indicators that the NDEL1 binding site exists within the C-re-
gion is related to the DISC14223 splice variant, which binds only weakly
to NDEL1. The 3D solution structure (Ye et al., 2017) of the truncated
mDISC1-NDEL1 fusion protein is strongly supportive of this notion and
highlights an amino acid stretch upstream of L807 that is also critical for
the interaction with NDEL1. Herein, we showed that the M-core
encompassing residues 716-761, which houses a major portion of the
A22 region (748-769), is sufficient to bind to NDEL1, NDE1 and
PAFAH1B1 with high affinity. In a previous report (Cukkemane et al.,
2021), the B-core was shown to harbor a pseudo-repeat sequence, which
is an important feature in amyloidogenic proteins. Indeed, a fibrillar WT
C-region with the p-core serving as the fibrillar scaffold that is unavai-
lable for other protein-protein interactions, would resemble the DIS-
C142232 gplice variant in its inability to bind physiological partners.

To better comprehend how the C-region, particularly the p-core, on
one hand is able to bind physiological partners and on the other is
susceptible to pathological effects, we derived a structural model. We
first generated a template protomer of the C-region using AlphaFold2
(Jumper et al., 2021). The model of the monomer suggests that the
p-core is sandwiched between a helix containing S704 and S713 and the
coiled-coil domain that was observed experimentally using solution
NMR spectroscopy (Wang et al., 2019; Ye et al., 2017). The B-core in the
monomeric C-region is likely to display structural plasticity and dy-
namics to facilitate binding to various physiological partners. In the
tetrameric state, the disordered region of the p-core is predicted to be
exposed to solvent, enabling multivalent interaction. In analogy to fibril
assembly pathways (Willbold et al., 2021) established for amyloidogenic
proteins, where IDRs of a monomeric feeder protein transform into the
cross-p scaffold of fibrils, we hypothesize monomeric DISC1 to serve as
the building block for fibrillization.

Based on our findings, previously reported data (Cukkemane et al.,
2021) and the recent success of phase-I clinical trials of the therapeutic
d-enantiomeric peptide RD2 (Schemmert et al., 2019) in eliminating A
oligomers for treating Alzheimer’s disease piqued our interest in iden-
tifying peptide drugs targeting DISC1 using a similar approach. We
initiated a selection using monomeric and oligomeric C-region proteins
as bait to identify peptide binders. Two lead peptides, one identified
against the monomer (Flm1) and the other against the oligomer (Flo1),
displayed nanomolar affinities (Fig 4A and 4 B; (Cukkemane and Will-
bold, 2022)) to the DISC1 WT C-region and mutants. Although both
peptides did not abolish aggregation of the WT C-region, they remark-
ably slowed the kinetics of fibril growth and successfully curtailed the
formation of large particles (see Fig. 5 for proposed model). At a
protein-to-peptide ratio of 1:1, both peptides reduced C-region aggre-
gate sizes throughout the experiment (Fig. 4D). Remarkably, when
applied at tenfold excess, Flol (Fig 4E) was even able to bring particle
sizes down to 12 to 16 nm, possibly representing the oligomeric species
that was used for its selection. These findings open a whole new avenue
and a wide range of applications. On the one hand, the peptides can be
used to capture DISC1 from blood and/or CSF as a diagnostic marker. On
the other hand, they might be further modified and improved for
application as therapeutic agents, with the aim to limit or prevent for-
mation of DISC1 aggregates and/or fibrils.



A. Cukkemane et al.

g8 b
n tetramer

N

monomer

fibril
TO O
G2
fibril
(= 28]
G
2%y
T o
A
-~
o <~

e
Ly g =

‘ \‘3 T
oligomer ‘ %\‘ ﬁfﬂ‘%g
&7 4 g M

& N S R

fibrillization pathway potential blocking mechanism

of peptide mimetic

22 ) i
G

Fig. 5. Schematic illustration of the potential activity of the peptide mimetic.
In the absence of the peptide (left panel) the monomer is in equilibrium with
the tetramer under physiological conditions. Under atypical conditions, the
monomer serves the role of the building block for the formation of oligomers
and fibrils. In the presence of the peptide (right panel), we postulate that the
peptide interacts with the monomers in a competitive manner such that a
competition ensues for the monomer between the peptide and the aggregates.
This results in curtailing the kinetics and the size of the aggregates. In the case
of FloO1, at sufficiently high concentrations, the oligomeric species is stabilized
along with the tetramer that can no longer participate in the formation of fi-
brils, while in FImO1 the reaction continues to proceed albeit with slow
growth kinetics.

Impressed by the activity of the peptides, we next proceeded to
characterize residue-specific interactions between the WT C-region and
the peptide ligands using solution NMR spectroscopy. The finding of
only minor chemical shift changes for a limited number of C-region
resonances is intriguing given that the peptides bind to the protein with
high affinity and significantly affect its self-association kinetics.
Notably, similar minor peak shifts in NMR data have been reported for
the ultrahigh affinity complex between the two intrinsically disordered
proteins histone H1 and ProTa (Borgia et al., 2018). In this study,
complex formation involves a large number of opposite charge in-
teractions without defined interacting residues or sites. We hypothesize
that a similar situation exists for the interaction between DISC1 and the
16mer peptides, with long-range electrostatic attraction mediating the
high affinity interaction between the two polypeptide chains. Although
the affinity between the peptide and the C-region involves high-affinity
binding in the nm range, we require higher ratios of the peptide to slow
the kinetics of aggregation growth to near stabilization of the population
of the oligomers and tetramers (Figs 4D and 4 E). However, the for-
mation of aggregates and fibrils is also highly favored thermodynami-
cally, with a binding affinity of the C-region monomers to the fibrils of
~750 nm (Cukkemane et al., 2021). This results in a competition be-
tween the peptides and the aggregates for the free monomers in the
solution (Fig 5). Based on the results from the DLS, we observe a slow
tonic increase in the size of the aggregates (Figs 4D) at a stoichiometry of
1:1. However at higher, concentrations of the peptide namely, Flo01, we
see a total inhibition of the formation of the aggregates and stabilization
of the potentially oligomeric fraction and the tetrameric species.
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Despite these promising results, admittedly several limitations
persist. First, both the C-region protein and its variants exhibited sig-
nificant instability due to poor solubility, particularly in the case of the
L807-FS mutant. This compromised protein handling and likely
contributed to the observed variability in binding affinity measure-
ments. More importantly, extrapolating these findings to the full-length
DISC1 protein presents an even greater challenge, because the protein
contains several intrinsically disordered and aggregation-prone regions
that complicate biochemical analysis. Second, the following study is
purely biophysical in nature. It limits our ability to infer therapeutic
potential of the peptide mimetics from the application point-of-view to
assess the biological efficacy, toxicity, or pharmacodynamics of the
peptides. Third, the pharmacokinetics and metabolic stability of the
peptides have not yet been evaluated. As L-enantiomeric drugs are
susceptible to proteolytic degradation, it is necessary to conduct in-vitro
and in-vivo tests on the d-enantiomeric versions for therapeutic use as
drug candidates. These limitations highlight the need for further vali-
dation in cellular and animal models.

5. Conclusion

In summary, folding and aggregation of proteins are two sides of the
same coin (Pastore and Temussi, 2012). Proteinopathic agents more
often contain large stretches of IDRs (Lapidus, 2013). In the absence of a
physiological partner, the unstructured regions likely exist in a dynamic
equilibrium. Together with the coiled-coil domain, the IDR structures
provide ample freedom for DISC1 to associate with a plethora of po-
tential partners, and we were able to narrow down the segment that
binds components of the mitotic spindle complex (NDEL1, NDEI,
PAFAH1B1) to the p-core (716-761). We also showed that
disease-associated mutations in the C-region do not directly affect pro-
tein function, but rather influence protein stability.

Lastly, we describe a potential target for treating psychotic disorders
with a strategy that does not involve prospective drugs of low molecular
weight (< 900 Da). Most forms of therapy that exist today are empirical.
They comprise the 2nd and 3rd generation atypical antipsychotics (Paul
and Potter, 2023), which target dopamine receptors (D2R) and, recently,
also serotonin receptors (5HTR), and primarily serve to treat symptoms
(mostly psychotic) and preserve remaining abilities. Therefore, it is
essential to identify molecular structures that are critical for pathogen-
esis and target them for causal intervention. Using the phage-display
strategy, we demonstrate the selection of lead peptides directed at
monomeric and oligomeric states of the C-region that are capable of
slowing down the fibrillization kinetics. This raises further potential to
develop new strategies for drug development targeting risk factors for
schizophrenia, bipolar disorder, major depressive disorder, and related
chronic mental illnesses.

In order to realize the full potential of the peptide mimetics as
therapeutic candidates, it is essential to address the limitations
mentioned above that requires several critical steps. This includes
optimizing peptide stability through chemical modifications such as
cyclization, incorporation of non-natural amino acids, or PEGylation,
which may significantly enhance their resistance to degradation,
improve their pharmacokinetic properties and bioavailability. Among
these one of the most successfully implemented methodologies in our
group has been the use of d-enantiomeric peptides (Funke and Willbold,
2012), which were generated using mirror-image phage display tech-
nique (Sun et al., 2012). Notably, this method has already yielded the
therapeutic peptide PRI-002, which has successfully completed Phase Ib
(Kutzsche et al., 2025) is currently undergoing Phase II clinical trials for
Alzheimer’s disease. As the quintessential next step, we plan to evaluate
the efficacy and safety of the peptides in DISC1 mouse models namely Tg
(tetO-DISC1*)1001Plet (Pletnikov et al., 2008) and the DISC1-Boymaw
(Zhou et al., 2010). In the near future, we aim to complete the
pre-clinical trials to assess the peptides’ mechanism of action in mice
models, identify potential off-target effects, and explore formulations
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that support clinical delivery. All these efforts together will be crucial for
translating these biophysically validated peptide leads into clinically
viable candidates for CMIs.
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