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ABSTRACT: Disrupted-in-schizophrenia-1 (DISC1) is a
scaﬀold protein of signiﬁcant importance for neuro-development and a prominent candidate protein in the etiology of
mental disorders. In this work, we investigate the role of
conformational heterogeneity and local structural disorder in
the oligomerization pathway of the full-length DISC1 and of
two truncation variants. Through extensive coarse-grained
molecular dynamics simulations with a predictive energy
landscape-based model, we shed light on the interplay of
local and global disorder which lead to diﬀerent oligomerization pathways. We found that both global conformational
heterogeneity and local structural disorder play an important
role in shaping distinct oligomerization trends of DISC1. This
study also sheds light on the diﬀerences in oligomerization pathways of the full-length protein compared to the truncated
variants produced by a chromosomal translocation associated with schizophrenia. We report that oligomerization of full-length
DISC1 sequence works in a nonadditive manner with respect to truncated fragments that do not mirror the conformational
landscape or binding aﬃnities of the full-length unit.

■

autism9,10 The product of DISC1 is a scaﬀold protein that
regulates the activity, mostly through inhibition, of a
considerable number of enzymes of interrelated signaling
cascades in the central nervous system.11−13 Despite growing
appreciation of its role in the etiology of mental disorders,
almost nothing is known about the structural properties of
DISC1 by itself and in complex with its protein partners.
DISC1 is an 854-residue long protein that shares many features
with other long scaﬀold proteins containing fully or partially
disordered regions. Bioinformatics predictions suggest that the
ﬁrst 350 amino acids of DISC1 are predominantly disordered
(Figure S1) whereas the remainder of the protein is rich in αhelical and coiled-coil motifs. The central region, which is
essential for DISC1 self-association, is predicted to form a
discontinuous coiled-coil domain with no continuous stretches
greater than 50 amino acids.14 Speciﬁcally the N-terminus is
rich in glycine (12.6%), serine (15.2%) and charged amino
acids (35 negatively charged and 38 positively charged amino
acids. Both bioinformatics predictions (as shown in Figure S1)
and high-throughput expression of truncated fragments suggest

INTRODUCTION
Regulation, recognition, and cell signaling involves the
coordinated actions of many players, including scaﬀold
proteins that provide selective spatial and temporal coordination among interacting proteins. Scaﬀold proteins have
typically no catalytic activity but instead, they bring together
interacting proteins within a signaling pathway to facilitate or
modify the speciﬁcity of their interactions. A common
characteristic of scaﬀold proteins is the extent of structural
disorder.1 The structural disorder is associated with several key
attributes of scaﬀold proteins, such as the ability to bind
multiple partners, mediating transient interactions, and undergoing a complex array of regulatory post-translational
modiﬁcations.2
To understand the role of structural disorder in mediating
the function of scaﬀold proteins, we carried out extensive
molecular simulations on DISC1, a canonical scaﬀold protein
involved in neuron diﬀerentiation and migration. DISC1 was
originally identiﬁed at the break-point of a (1:11) chromosomal translocation in a Scottish family with a high loading of
major mental illness,3,4 and it is now established by
considerable genetic evidence as a risk factor for a wide
range of psychiatric disorders.5−8 Beyond the balanced
chromosomal translocation, multiple other sequence variations
of DISC1 are associated with schizophrenia, depression, and
© 2019 American Chemical Society
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Figure 1. Domain organization of (A) full length, (B) N-terminal and (C) C-terminal, and (D) N-terminal fragments of DISC1 sequence together
with representative structures obtained through molecular dynamics simulations. Consistent color coding of structural domains is used throughout
the manuscript with blue/green corresponding to N-terminal domain(s) and red/orange to C-terminal domain(s).

protein and the N- and C-fragments. Subsequently, we have
run a diﬀerent set of constant temperature simulations and
umbrella sampling simulations in order to study candidate
oligomerization structures and their oligomerization free
energy landscapes. By employing various measures for protein
contact analysis in the form of contact frequency maps,
intradomain contact distributions, and principal component
analysis in the space of residue−residue contacts we have
revealed the interplay of contacts that shapes distinct
conformations preferences and binding modes of subunits.

that the N-terminus is indeed signiﬁcantly disordered in
solution.15
An early study has predicted the presence of two UVR
domains in this region, consisting of two α-helices, packed
against each other in an antiparallel hairpin fold.16 The Cterminus contains two regions with coiled-coil propensity and
two leucine zippers motifs.14 Zhang and co-workers have
recently solved the atomic structure of DISC1 C-terminal tail
(aa. 765−835) in complex with Nde1, revealing a helix-turnhelix structure,17 which was later conﬁrmed by SAXS.18
Overall, the C-terminal region appears to possess the
characteristics of a series of helical bundles that mediate
protein−protein interactions.
Wagner and co-workers have shown that the full-length
protein exists in equilibrium between octamers and dimers, but
this equilibrium is delicate and examples have been reported
where single point mutations or truncations aﬀect the
oligomerization state of DISC1.19−21 The oligomerization
state of DISC1 appears to be a delicate equilibrium between
dimeric and octameric species, potentially modulated by PKAinduced phosphorylation.22 Disease-associated mutations such
as S704C have also been reported to aﬀect the oligomerization
state of DISC1.19 Yet, the structure of DISC1 oligomers and
pathways to oligomerization remain largely unknown.
To unravel the speciﬁc contributions of conformational
dynamics and structural disorder to the formation of
oligomers, we have conducted extensive long-time scale
simulations using a coarse-grained predictive model of the
full-length DISC1 and the truncated fragments resulting from
the (1:11) chromosomal translocation associated with
schizophrenia.3,4 Through a set of constant temperature
simulations, we ﬁrst explored equilibrium conformations
ensemble of all monomeric units revealing large diﬀerences
in the conformational ensembles sampled by the full-length

■

METHODS
We have used Phyre223 to create an initial 3D model of the
full-length DISC1 based on homology modeling. This initial
structural model (691 amino acids over a total of 854 residues
were modeled at ≥90% conﬁdence) was further reﬁned with
ModReﬁner24 and used for extended MD simulations with the
coarse-grained protein force ﬁeld AWSEM (associative
memory, water mediated, structure and energy model).25 As
a coarse-grained molecular model for proteins, AWSEM
resolves each amino acid with three interacting sites
corresponding to Cα, Cβ, and O atoms. The remaining
atoms can be reconstructed after employing appropriate
geometric constraints of the polypeptide chain. The Hamiltonian of AWSEM deﬁning the interaction between sites
includes both knowledge-based terms acting at local secondary
structure level and physics-based terms such as hydrogen
bonding and water-mediated interactions for capturing
interactions at the level of tertiary structures.26 The judicious
combination of physical and knowledge-based terms has been
shown to perform well for de novo predictions of the majority
of proteins with fold-able landscapes including native states
and allosteric conformational states of single and multidomain
proteins.26−28 Thanks to the predictive nature of the AWSEM
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Figure 2. (A) Distribution of radii of gyration for full monomer unit of DISC1. (B) Contact frequency map showing the Cα−Cα contacts that are
observed more frequently in simulations. (C) Probability distribution of simulated trajectories onto principal components in the space of physical
Cα−Cα contacts that correspond to high contact frequencies. (D) Representative structures from simulations corresponding to distinct regions of
the ﬁrst two principal components.

model, it has found wide applicability for solving various
biophysical problems including predictions of monomeric
protein units, protein aggregation,29,30 protein−DNA assembly,31,32 and proteins with unstructured regions33 and recently
also for natively disordered proteins.34 In this work, we have
used the AWSEM Hamiltonian supplemented with electrostatic potential35 and multiple fragment memories33,36 in order
to account for disordered nature of the DISC1 sequence and
model conformational heterogeneity. The conformational
heterogeneity stems from the interplay of local disorder and
tertiary interactions which give DISC1 its signature elongated
shape. Both secondary structural disorder and tertiary
interactions are accounted for by the AWSEM coarse-grained
Hamiltonian through knowledge-based and physics-based
terms, respectively.
All of the molecular dynamics simulations were run using
the LAMMPS molecular dynamics simulator. The Langevin
integrator in LAMMPS was employed with a 5 fs integration
time step and with a damping time of 103 fs [CG − time].
Simulations were run for 20−50 million steps until
convergence was reached, which was checked by comparing
diﬀerent sets of independent runs for agreements between ﬁrst
few eigenvectors of contact-based principal components and
root-mean-square inner product (Supporting Information,
Figures S2 and S3). Conformations of monomers and dimers
were saved at 5000 intervals.
We note that due to coarse-grained nature of the AWSEM
force-ﬁeld mapping between coarse-grained time [CG-time]
and wall-time needs to account for acceleration in sampling
resulting from the absence of solvent and protein degrees of
freedom which smoothness the free energy landscapes of
proteins.26 Previous works employing AWSEM for modeling
protein dynamics32,33 have shown that approximately ∼10−
100 fold acceleration is achieved with proteins of a size
comparable to DISC1.
For de novo prediction of dimers, we have initiated
monomers in parallel and antiparallel orientation and carried
out short simulated annealing runs followed by constant
temperature simulations at T = 300 K. Umbrella sampling

simulations were initiated using conformations generated from
monomer and C- and N-terminal fragment simulations. We
have considered both parallel and antiparallel orientations.
Center of mass harmonic restraint Ui(Ri) = kcom(Rcom − ⟨Ri⟩)2
for umbrella windows i = 1−50 have been applied to the
groups of residues spanning the central regions of the DISC1
(Figure 1) in the case of full-length monomer and all residues
in the case of N and C- terminal fragments. We used kcom ∼
0.12 kcal/Å2 for spring constants and 50, Δ⟨Ri⟩ = 2 Å
separated windows which were generated from the bound
states of fragments. The weighted histogram analysis method
(WHAM) has been used for reconstructing the unbiased
estimates of free energy F(Rcom) as a function of the center of
mass coordinate Rcom.
For the contact analysis, we have considered Cα atoms by
excluding contacts between (i, j) pairs of residues that are
separated by |i − j| > 3 in 1D sequence space. We have used
distances satisfying rij ≤ 8 Å condition in 3D space as the
deﬁnition of contacts. Employing a properly ﬁltered deﬁnition
of contacts, we have carried out a principal component analysis
in the space of physical contacts which reveals nonlocal contact
making and breaking in conformational ensembles of
monomers and oligomers. Examining the ﬁrst few principal
components reveals the interfacial hot spots which trigger most
variable contact changes and are likely driving forces for
slowest conformational transitions.31,37,38

■

RESULTS AND DISCUSSION
In Its Monomeric Form DISC1 Is in Equilibrium
between Extended and Compact States. To fully describe
the mechanisms of oligomerization of DISC1, we ﬁrst
examined the conformational ensemble populated by the fulllength monomeric protein. We achieved an extensive sampling
of conformations through 20 independent simulations that
were initiated by performing simulated annealing runs followed
by more than 200 μs simulations at constant temperature T =
300 K (Figure S2). The conformational ensemble generated
shows a heterogeneous distribution of mostly helical structures,
with signiﬁcant structural disorder localized within N-terminal
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Figure 3. (A) Distribution of radii of gyration for N-terminal fragment unit of DISC1. (B) Contact frequency map showing the Cα−Cα contacts
that are observed more frequently in simulations. (C) Probability distribution of simulated trajectories onto principal components in the space of
physical Cα−Cα contacts that correspond to high contact frequencies. (D) Representative structures from simulations corresponding to distinct
regions of the ﬁrst two principal components.

Figure 4. (A) Distribution of radii of gyration for C-terminal fragment unit of DISC1. (B) Contact frequency map showing the Cα−Cα contacts
that are observed more frequently in simulations. (C) Probability distribution of simulated trajectories onto principal components in the space of
physical Cα−Cα contacts that correspond to high contact frequencies. (D) Representative structures from simulations corresponding to distinct
regions of the ﬁrst two principal components.

global measures of disorder such as radius of gyration, end-toend distance, and structure factors can be less informative.41,42
Contact-based measures, on the other hand, have the
advantage of revealing a more detailed picture of disorder
throughout the sequence as well as revealing dynamic and
thermodynamic driving forces that shape energy landscapes of
disordered proteins.31,37,38
The distribution of radius of gyration clearly shows the
presence of at least three major populations, with an average
radius of gyrations of 3.5, 4.6, and 8.2 Å (Figure 2A).
Analyzing frequency of contact formation in DISC1 ensemble
we found a speciﬁc pattern of contacts within the N- and Cterminal domains while the central domain shows largely
smeared contacts with the N- terminal domain (Figure 2B).
We then performed a principal component analysis (PCA) of
the distances of statistically signiﬁcant contact between residue
pairs, ﬁltered to exclude noisy transient contacts via condition

domain (Figure 1,2), in good agreement with bioinformatic
secondary structure predictions (Figure S1). In addition, the
simulations show that the C-termini of the generated
conformations form bundles of short helices, in good
agreement with the recently reported solution structure of
the C-terminal fragment39,40 (aa. 765−835)
To characterize and disentangle global conformational
heterogeneity and local structural disorder in DISC1 ensemble,
we employed two separate measures; the radius of gyration and
various contact-metrics in the form of contact frequency map,
contact-based PCA (Figures 2 and 3) in addition to standard
quantiﬁcation of local per residue-based secondary structure
elements (Figure S2).
In the absence of well-deﬁned 3D structures, the radius of
gyration has been a central quantity for characterizing the
extent of structural disorder in proteins. However, in situations
where there is signiﬁcant secondary structural content present,
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Figure 5. Various combinations of dimeric constructs studied here, with (A) the parallel N-terminal fragment dimer (NN), (B) antiparallel
fragment dimer (NN′), (C) parallel C-terminal fragment dimer (CC), antiparallel C-terminal fragment (CC′), (E) parallel full-length dimer (FF),
and (F) antiparallel full-length dimer (FF′) .

imposed on probability density p > 0.001, identiﬁed in the
frequency map. The ﬁrst principal components identify sets of
contacts which contribute the most to the variance, and these
pairs typically correlate with more global structural changes.
The probability distribution of conformational ensemble onto
the ﬁrst two contact principal modes shows indeed that the
high variance contacts between the central and N-terminal
domains are signiﬁcant drivers of observed conformational
heterogeneity (Figure 2C). In good agreement with the
distribution of radius of gyration, we found with the principal
component analysis three major populations within the
conformational ensemble of DISC1, corresponding to compact,
semicompact, and extended states (labeled 1, 2, and 3
respectively in Figure 2, parts C and D).
The N- and C-Terminal Fragments Are Conformationally Less Heterogeneous than the Full-Length
DISC1 but Not Less Disordered. Examining the N-terminal
fragment of DISC1 (residue 1−597, see Figure 1C) we found
drastically diﬀerent conformational behavior. The radius of
gyration distribution shows unimodal distribution largely in
this case as opposed to well-deﬁned multimodal features of
full-length DISC1 (Figure 3A). The decrease in conformational
heterogeneity, however, does not imply a decrease in structural
disorder. We observed indeed an increase in local disorder,
which is likely driven by the absence of contacts formed
between the N-terminal and central domains (Figure 3B). The
principal component analysis of statistically signiﬁcant contactmaking residue pairs, ﬁltered to exclude noisy transient
contacts via condition p > 0.001, revealed that contact making
and breaking do not drive any large scale coherent structural
changes (Figure 3C). Instead, contact-making and breaking are
highly delocalized and irregular as one would expect from
protein with a signiﬁcant amount of disorder. Overall, the
conformational ensemble of the N-terminal fragment is
relatively homogeneous, with a single major population
corresponding to a compact and largely discorded state
(Figure 3D).

We then examined the C-terminal fragment (residue 598−
854, see Figure 1C). We found that the conformational
features of this fragment are signiﬁcantly diﬀerent from that of
the full-length DISC1 and N-terminal fragment. In particular,
we observed much less structural disorder relative to the Nterminal fragment, although the radius of gyration distribution
shows a non-negligible degree of conformational heterogeneity
(Figure 4A). This heterogeneity appears to be driven by
frustration to form bundled α-helices versus the conformational entropy favored elongated forms. Analysis of contact
frequency maps shows that the conformational ensemble is
populated with relatively rigid local α-helical segments that can
adopt multiple diﬀerent global folds due to the elongated
nature of the chain (Figure 4B). Principal component analysis
of statistically signiﬁcant contacts p > 0.001 reveals that indeed
the most variant set of contacts drive large scale structural
changes through various sets of contact making and breaking
(Figure 4C). On the basis of this analysis, the C-terminal
fragment seems to populate a heterogeneous ensemble of
helical bundles, within its most compact form, up to four short
helices (Figure 4D).
Overall, the conformational ensemble of the N-terminal and
C-terminal fragments are signiﬁcantly diﬀerent from that of the
full-length DISC1. The signiﬁcant diﬀerence between N and C
terminal contact patterns is suggesting that interdomain
contacts participate in the structural heterogeneity of the
full-length protein. This interplay between structural heterogeneity on a local and global scale also hints at the large
conformational space accessible to dimeric structures.
Both Conformational Heterogeneity and Structural
Disorder Mediate the Oligomerization of DISC1. Next,
we analyze various dimeric combinations of DISC1 and
investigate how conformational heterogeneity and local
structural disorder mediate the oligomerization properties of
DISC1. Disordered regions in proteins are usually viewed as
transient states that can facilitate protein−protein interfaces
upon binding.43 The discovery of the widespread presence of
fuzzy complexes,44−46 however, has shown that the spectrum
9571

DOI: 10.1021/acs.jpcb.9b07467
J. Phys. Chem. B 2019, 123, 9567−9575

Article

The Journal of Physical Chemistry B

Figure 6. Distributions of Cα−Cα contacts evaluated for (A) intrachain contacts of full length DISC1 monomer and dimer units, (B) interchain
contacts for full length DISC1 dimer units, (C) intrachain contacts of N-terminal DISC1 monomer and dimer units. (D) interchain contacts for
DISC1 N-terminal fragment dimer units, (E) intrachain contacts of C-terminal DISC1 monomer and dimer units, and (F) interchain contacts for
DISC1 C-terminal fragment dimer units.

of action for disordered proteins is much broader.47,48 Many
cases have been uncovered where structural disorder is not
only maintained but even generated through protein−protein
and protein-nucleic acid interactions.49−51 With DISC1, we
found a clear case supporting the role of both conformational
heterogeneity and local structural disorder in facilitating the
formation of oligomerization interfaces.
To shed light on the complexities of DISC1 oligomerization
pathways reported by experiments, we carried out two kinds of
simulations aimed at (i) predicting a structural model of the
full-length and truncated dimers of DISC1 and (ii) sampling
the free energy landscape associated with these oligomerization
pathways. For the structural prediction part, we generated two
sets of initial 3d models for each construct, representing the
parallel and antiparallel orientation of the subunits (Figure 5).
To generate an ensemble of dimer states, we ﬁrst ran short
time simulated annealing steps followed by long time scale
constant temperature molecular dynamics simulations. We
have found that the dimeric constructs initiated from extended
conformations of the full-length DISC1 lead to both extended
and collapsed dimers corresponding to parallel and antiparallel
orientations, respectively. Furthermore, dimerization is accompanied by large scale rearrangement of intra- and interdomain
contacts (Figure S4). Dimerization of the N- and C-terminal
fragments are also accompanied by large-scale structural
rearrangements. We quantiﬁed the interplay between intraand interdomain contacts by computing the fraction of
contacts formed within and between monomeric versus

dimeric units. The fraction of contacts is evaluated by
computing the ratio ncont(t)/Npairs, where ncont(t) is the number
of Cα − Cα distances which satisfy the rij ≤ 8 Å condition for
every state in the sampled conformational ensemble indexed by
time coordinate t (multiple equilibrium trajectories have been
combined together). The Npairs is the total number of Cα−Cα
pairs, which provides a normalization measure for comparing
fragments vs monomers and dimers (Figure 6).
Examining the intradomain contact distributions for the fulllength DISC1, we found that dimerization results in an
enhancement of contact formation within each subunit relative
to the monomeric form (Figure 6A). This can be explained by
the fact that conformational ensemble of DISC1 monomer
includes various collapsed, exposed and intermediate forms
which interconvert via extensive contact-making/breaking
transitions whereas, in the dimeric form, subunits are locked
into one major conformational state. We observed no
signiﬁcant diﬀerence in terms of intradomain contact
distribution between parallel (FF) and antiparallel dimeric
forms (FF′). The distribution of interdomain contacts (Figure
6B), however, reveals that dimers with antiparallel orientation
(FF′) form more contacts, due to their collapsed nature, than
dimer with parallel orientation (FF′). These results suggest
that the ﬂexible nature of the DISC1 manifests not only in
conformational heterogeneity at the monomeric level but also
in the dimeric form.
In the case of the dimers formed by the N-terminal fragment
of DISC1 (NN and NN′), we found that dimerization results
9572
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Figure 7. Free energy proﬁles Fcom of binding/unbinding of the diﬀerent DISC1 dimers with parallel/antiparallel orientations as a function of center
of mass distance between monomeric units units Rcom. (A) Free energy of dimerization with parallel and antiparallel orientations of full length
sequence. (B) Free energy proﬁle of binding between collapsed states of the full length sequence. (C) Free energy proﬁle for N-terminal fragment
dimerization with parallel and antiparallel orientation. (D) Free energy proﬁle for C-terminal fragment dimerization with parallel and antiparallel
orientation.

simulations with a harmonic bias applied to both subunits. The
free energy proﬁles obtained for the full dimer initiated from
the extended monomeric state (structure 2 in Figure 2D) show
that the parallel (FF) and antiparallel conformations (FF′)
have drastically diﬀerent propensities for dimerization (Figure
7A). For reference, we have also calculated the free energy
proﬁles of association dimers initiated from the collapsed
monomeric state (structure 3 in Figure 2D). We observed that
such dimers maintain their collapsed states, suggesting that in
the absence of exposed dimerization surfaces, the free energy
gain is signiﬁcantly diminished (Figure 7B). Such a large free
energy gap between collapsed and extended dimeric forms also
suggests that both conformational heterogeneity and structural
disorder, which modulated the extent of exposed surface area,
are important for the formation of stable dimers.
Examining the free energy proﬁles of dimerization obtained
for the N-terminal fragments of DISC1 with parallel (NN) and
antiparallel orientations (NN′), we found no signiﬁcant
diﬀerence free energy gap between both dimeric forms (Figure
7 C). This could be rationalized by the absence of the central
and C-terminal domains which provide most of the conformational heterogeneity observed for the full-length protein
(Figure 2). These results suggest that structural disorder by
itself (i.e., without conformational heterogeneity) is enough to
distinguish the parallel and antiparallel dimer conformations.
Similarly, the free energy proﬁles of dimerization computed
for the C-terminal fragments of DISC1 shows no signiﬁcant
diﬀerent between dimers with parallel (CC) and antiparallel
orientations (CC′) (Figure 7D), which again suggest that both
structural disorder and conformational heterogeneity are
required to form stable DISC1 dimers.

in a loss of intradomain contacts relative to the free monomeric
unit(Figure 6C and Figure S5). This suggests that the
formation of the dimer interface in the N-terminal region is
the result of a trade-oﬀ between inter- and intradomain
contacts. We observed no signiﬁcant diﬀerence in terms of
intradomain contact distribution between the parallel (NN)
and antiparallel dimeric forms (NN′). The distribution of
interdomain contacts (Figure 6D), however, reveals that
dimers with an antiparallel orientation of N-terminal domain
(NN’) are forming a more extensive network of contacts
relative to its parallel counterpart (NN). These observations
suggest that structural disorder in the N-terminal region is a
signiﬁcant driver of oligomerization by promoting the
formation of an extensive network of interdomain contacts.
The ensure that our ﬁndings regarding these subtle diﬀerences
of contact distributions between NN and FF dimers shown in
panels B, D, and F are statistically signiﬁcant we have subjected
the distributions depicted in (Figure 6BD) to the t test, ﬁnding
p ≪ 0.001, which allows us to reject the null hypothesis with
high conﬁdence.
For dimers formed by the C-terminal fragment of DISC1
(CC and CC′), we found that the distribution of intradomain
contacts is similar to that of the full-length DISC1 (Figure 6E
and Figure S6), suggesting that dimerization of the C-terminal
region results in a large gain of intradomain contacts, which is
enough to oﬀset the loss of contacts by the N-terminal
fragment upon the formation of full-length dimers. The
distinction in terms of intradomain contact distribution
between parallel (CC) and antiparallel dimeric forms (CC′)
appears again negligible. The extent of interdomain contacts
(Figure 6F) is notably smaller than that of the N-terminal
fragment and full-length DISC1 (keeping in mind that Npairs ∼
L2 with L being sequence length, see also Figure S7) which can
be rationalized by the absence of structural disorder in the Cterminal region.
Finally, to characterize the oligomerization propensity of the
various dimeric conformational states described above, we have
computed the free energy proﬁles of dimerization (Figure 7)
for each putative dimer by carrying out umbrella sampling

■

CONCLUSIONS
In this paper, we present a detailed molecular level study of the
behavior of DISC1 protein, which is believed to rely on a
disorder to act as a major hub for regulatory pathways
connected with neural development. Speciﬁcally, we have shed
light on the role of conformational heterogeneity and local
structural disorder in the oligomerization pathway of the full9573
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length DISC1 and its N- and C-terminal fragments. In this
paper, we make a point to emphasize this distinction between
local and global disorder because often in literature disorder is
meant to imply only one type: the absence of secondary
structural elements. For the example of DISC1, however,
experiments39,40 and our simulations have found that the
protein chain can also be conformationally ﬂexible in solution
due to its elongated shape. Therefore, we quantiﬁed the degree
of local disorder arising from the lack of secondary structure
but also the degree of global disorder arising from the
elongated nature of the protein, which is entropically driven to
sample a myriad of conformations.
By carrying out extensive sampling with coarse-grained
molecular dynamics simulations using the predictive energy
landscape based protein force ﬁeld AWSEM, we have
uncovered a complex interplay between intra- and interdomain
contact frustration which shapes the conformational energy
landscapes of DISC1 dimers.
We found that the interplay between intra- and interdomain
contacts drive the monomeric subunits of DISC1 into adopting
a heterogeneous conformational ensemble with collapsed and
exposed surfaces. We then go on to show that conformational
heterogeneity and disorder translate into disparate binding
pathways leading to the formation of collapsed, transiently
bound, and exposed dimeric structures. We found that
collapsed dimeric states have marginal oligomerization aﬃnity,
whereas exposed states lead to the formation of stable dimers.
By analyzing the N and C-terminal fragments, we uncover that
the structural disorder localized in the N-terminal region is a
signiﬁcant driver of dimerization. The C-terminal region, on
the other hand, is responsible for generating conformational
heterogeneity and entropically favored exposed states, which
have a higher propensity for forming dimers and most likely
serve as stepping stones for the formation of higher-level
oligomers. Our simulation also predicts the existence of
collapsed dimeric states, which may act deep kinetic traps and
serve as a powerful regulatory mechanism for controlling the
oligomerization pathways and ultimately the function of
DISC1.

■
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