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Abstract

Motivation:

The molecular rules determine the strength and orientation (parallel or antiparallel) of
interacting coiled-coil helices in protein-protein interactions. Interpreting these rules is crucial
for identifying novel protein-protein interactions, designing competitive binders, and
constructing large assemblies containing coiled-coil domains. This study establishes the
molecular principles that dictate the strength and orientation of coiled-coil interactions,
providing insights relevant to these applications.

Results:

We examined how hydrophobic contacts determine structural specificity within coiled-coil
dimers. Our analysis revealed that the hydrophobic core densities differ between parallel and
antiparallel dimer confirmations, highlighting their importance in stabilizing different structural
arrangements. We developed COiled-COil aNalysis UTility (COCONUT), a computational
platform with machine learning models, validated for predictive capabilities in various
applications. Using COCONUT's pipeline for coiled-coil analysis and modeling, we predicted
the orientation of substitution-sensitive coiled-coil dimer, identified residue pairings in
non-canonical coiled-coil heterodimer, and constructed n-stranded coiled-coil model. These
results demonstrate COCONUT's utility as a computational framework for interpreting and
modeling coiled-coil structures.

Availability and implementation:

COCONUT is an open-source and free Python package available here
https://github.com/neeleshsoni21/COCONUT. The documentation is available in the source
code and here: https://neeleshsoni21.github.io/COCONUT/
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1 Introduction

Coiled-coils (CC) are diverse structural motifs found in 10% of all proteins and serve pivotal
roles in molecular recognition, protein folding, and signal transduction (1-5). The primary
function of coiled-coils is to provide structural integrity and resilience to protein assemblies
by forming stable homo- or hetero-oligomeric complexes (7—11). About 80% of all
coiled-coils are hetero-oligomers and play a significant role in quaternary interactions (6).
The specificity of protein-protein interactions is achieved through coiled-coils involving two or
more alpha-helices twisted around each other in a left-handed supercoil (12-15). The
characteristic heptad sequence repeat pattern (a-b-c-d-e-f-g) shapes their overall structure,
with the residues at heptad positions 'a' and 'd' forming a buried interface, while residues at
other positions are exposed to the solvent (15, 16). Through this design, a range of
molecular forces (e.g. hydrophobic contacts and salt bridges) emerge, guiding the stability of
coiled-coils. Coiled-coil stability refers to the strength or propensity of a coiled-coil structure
to maintain its helical conformation. This facilitates specific residue pairing, enabling
coiled-coils to have a capacity for molecular recognition (14, 17).

Several software programs and databases have been streamlined for characterizing
coiled-coil motifs based on protein sequences (18-32). These resources aid in identifying
coiled-coil motifs and predicting their location and sizes in protein sequences (33). However,
the existing tools do not predict the complementary sequences that could form a coiled-coil
structure, especially in hetero-oligomers. These details are crucial for understanding their
function, structural modeling, and designing new molecular tools (33—-35).

Various studies have attempted to characterize the stability of coiled-coils using techniques
such as mutagenesis (40—42, 49, 50), the effect of pH (43-46, 51), and the role of
hydrophobic interactions (to name a few) (20, 47, 48). While these studies have undoubtedly
advanced our understanding of coiled-coils, we do not yet have the means of using this
knowledge in a predictive sense, i.e., identifying potential binding partners of coiled-coils,
predicting coiled-coil orientation, etc.

To address this issue, we have developed COiled-COil aNalysis UTility (COCONUT), an
open-source coiled-coil scoring and modeling platform. We describe the underlying dataset,
preprocessing methods, statistical frameworks, and the development of a Random
Forest-based predictive model to deduce the molecular determinants of stability. Given
coiled-coil dimer forming sequences, COCONUT can deduce the best amino acid pairing

and predict its orientation (parallel or antiparallel dimer).
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This capability can be used in identifying novel protein interactions, designing competitive
binders to coiled-coil proteins, building coiled-coil models of large assemblies, and,
generally, any application that requires stable-specific coiled-coil interactions. In addition to
our previously published application (53), we demonstrate COCONUT's predictive
capabilities using three diverse modeling scenarios. First, we employed a canonical
coiled-coil leucine zipper sequence to confirm COCONUT's proficiency in precisely
determining dimer orientation. This resulted in an alignment closely matching the known
crystal structure with minimal root-mean-square deviation (RMSD). Subsequently, we
broadened COCONUT's application to a non-canonical Keratin K5-K14 dimer. Despite
lacking training data for this dimer class, COCONUT successfully generated models that
aligned well with the known structures. Finally, we modeled a coiled-coil trimer domain of
Tumor necrosis factor receptors, showcasing its precision in the structural predictions of

n-stranded coiled-coils.

2 Methods

2.1 Coiled-coil Dataset and Preprocessing

The coiled-coil structures analyzed in this study were retrieved from the CC+ database (22,
52). We selected dimers with a sequence identity of less than 35% and a minimum and
maximum number of amino acids as 11 and 100. We obtained 1149 coiled-coil dimers

containing 252 parallel and 897 anti-parallel orientations.

2.2 Extracting coiled-coil dimer segments

Knob-into-hole packing is a characteristic feature of coiled-coil structures, where specific
amino acid residues from one helix fit into spaces created by the surrounding residues of an
adjacent helix, much like a knob fitting into a hole (Fig. 1A, B) (12, 13, 15). To extract all
residue pairs that form a Knob-into-hole interaction, a sliding window along the helix is used
to identify sets of residues (hex pair) in physical proximity and categorized as “dad’/“ada”
hex pairs (Fig. 1C). A "dad" hex pair consists of twelve amino acids (six from each helix),
positioned at heptad a-a’, flanked by d-d’ and e-e’/g-g’ pairs (Fig. 1B). Conversely, the “ada”
hex pair comprises twelve amino acids at heptad d-d’, flanked by a-a’ and e-e’/g-g’ pairs. For
instance, for a parallel dimer, a "dad" pair consists of heptad positions 1d, 1d’, 2a, 2a’, 2d,
2d’, 1e, 1€’, 1g, 1g’, 2e, and 2¢e’ (Fig. 1C). These residues are numbered according to their
position in the heptad repeat, which runs from the beginning to the end of the coiled-coil
dimer. A similar hex pair assignment is done for the anti-parallel dimers (Fig. 1C). The

previously selected coiled-coil dimer dataset (1149 coiled-coil dimers) provides 1516 parallel
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hex pairs, and 3424 anti-parallel hex pairs (Fig. 1D, E). This hex pair dataset was used to

deduce structural features for further analysis.

2.3 Features of coiled-coil structures

To deduce the molecular determinants of stability and specificity of coiled-coil structures, we
define various parameters that capture the molecular interactions and their differences
between the parallel and anti-parallel coiled-coils. Below is the list of features and their

definitions that were used subsequently in the classification and stability prediction.

2.3.1 Amino acid pair preferences for heptad positions

Using the hex-pairs dataset, we extracted the pairwise frequency of amino acids at different
heptad pairs. We categorized the heptad pair interactions into three types: 1) heptad pairs
(a-a, d-d, a-d) that form the hydrophobic core of a coiled-coil, 2) heptad pairs (a-g, d-e, d-g,
a-e) that support the hydrophobic core and prevent water from penetrating the core, 3)
heptad pairs (e-g, e-e, g-g) that form salt bridges between the two helices in a coiled-coil
dimer. We calculated the pairwise amino acid frequencies for each heptad pair and
normalized them by their total number. These distributions provide probability estimates of
amino acid pairs given the heptad pair position across parallel (Fig. 2A) and anti-parallel
dimers (Fig. 2B).

2.3.2 Atomic density scores for hydrophobic core

We established pairwise scores for residues engaged in physical interactions within the
hydrophobic core to quantify the local packing of atoms. These atomic densities were
estimated within the hydrophobic core, formed by residues at the heptad pairs a-a’ and d-d'.
Each amino acid was assigned a score calculated as the total number of non-hydrogen
atoms at 3 and y positions in the side chains (Table 1). Amino acids with the following atoms
were given additional scores as indicated: CY sp? hybridized carbon = +1, SY = +1.5, $°= 0.5,
C® = sp® hybridized carbon = +0.25. These additional scores were informed from the
molecular properties and account for the bulkiness/size (such as an S atom being bulkier
than atom C) and degrees of freedom (for sp? hybridization, planar molecule). All other
atoms at C® and beyond were ignored, as they do not contribute to the hydrophobic core of
the coiled-coil dimer. A pairwise score (PS) of heptad pairs at a-a (PS(a — a)), d-d (
PS(d — d)), and a-d (PS(a — d)) was determined by adding the individual scores of amino
acids at these positions. The pairwise scores were used to calculate the deviation at a given
heptad pair (atomic density scores i.e., ADS) compared to the successive and preceding

heptad pairs. For instance, a ADS score at the heptad d-d’ position ADS(adal) can be
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calculated by taking the mean of the PS scores at successive and preceding a-a’ positions
and subtracting the PS scores of the current position d-d’. The equations below (Eq. 1 to 4)
illustrate the computations of ADS scores for hex pairs “ada” and “dad” (Fig. 1C) for both

parallel and anti-parallel dimers.

ADS(ada |M ) = (Ps(2a - 2a'|M ) + PS(3a - 3a'|M ) )/2 — Ps(ad - 2d'M ) ..(1)
ADS(dad |M ) = (PS(ld — 1d'|M) + PS(2d - 2d'|M ) )/2 ~ PS(2a - 2a'M)  ..(2)
ADS(ada,|M_ ) = (Ps(2a - 2d'|M_) + PS(a — 1d'|M ) )/2 — Ps(ad - 2a'|M_) ...(3)

ADS(dad IM_ ) = (PS(ld - 3a'|M_) + PS(2d - 2a'|M_ ) )/2 ~ PS(2a - 2d'|M_) ..(4)

Where PS(a — a'|Mp) and PS(d — d'|Mp) denote pairwise scores at heptad pair a-a’ and
d-d’ for parallel dimers, PS(a — d’|Map) and PS(d — a’|Map) denote pairwise scores at

heptad pair a-d’ and d-a’ for antiparallel dimers.

To model the ADS distributions as smooth estimates of a probability density function, we
utilized the kernel density estimator (55-57) with ‘scott’ method (56) for bandwidth
estimation. This approximates the ADS score distributions for “ada” or “dad” hex pairs within
parallel and anti-parallel dimer configurations (Fig. 1F). Following the training phase, we
conducted comparative analyses of the resulting distributions to verify their statistical
differences in classifying the hex pair types. Since the distributions were derived using a
'‘Gaussian' kernel, their comparisons were made via a two-tailed T-test at a 95% confidence
interval (Fig. 1F-inset). These distributions were utilized to generate probability estimates for

new data points while making predictions (Fig. 1F).

2.4 Building the classifier for predicting structural stability

We adopted a machine-learning approach to analyze and predict the structural stability of
coiled-coil motifs by utilizing information from frequency distributions and atomic density
score distributions. These extracted features were assembled into vectors with appropriate
padding to standardize their lengths across different instances. Subsequently, we created a
dataset designated for training and validation purposes, which facilitated the development of
a predictive model. We trained a Random Forest Classifier (58, 59) with stratified k-fold
cross-validation, executing partitions at 2, 5, and 10-fold (Fig. 3A, B, C). During the training,
100 estimators were used with bootstrapping and splitting the nodes with entropy criteria
until all leaves were pure. The output of the models is the prediction of the dimer's

orientation, which was compared against the known labels. The cross-validation process
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quantitatively summarized the average prediction accuracy of the dataset along with
Matthew’s Correlation Coefficient (MCC) (60) and confusion metrics (Table 2). Since MCC
does not change significantly at various fold cross-validations, 10-fold cross-validated trained

models were used for further predictions and analysis (Fig. 4).

2.5 Building the n-stranded coiled-coil models

COCONUT also provides a mathematical framework for constructing n-stranded coiled-coil
structures. The locus of a coiled-coil consists of two minor helices, each having an axis that
winds around a central superhelix (major helix). Equations 5-7 define the parametric

position of a point along the major and minor helices in the coiled-coil structure.

x, = rocos(wot) + rlcos(u)ot)cos(oolt) - rlcos(a)sin(wot)sin((olt) ...(5)
y, = rosin(wot) + rlsin(wot)cos(wlt) + rlcos(a)cos(wot)sin(wlt) ...(6)
z, = p,(wt/2m) —r sin()sin(w, 1) .(7)

Where T, and r is the radius of the major and minor helix, w, and w, is the angular

frequency of the major and minor helix, a is the phase angle between the major and minor
helix, t is the parameter that traces the helix (13, 15). For n-stranded configurations, the

angular frequency of the major helix for each strand is phased by 2n(strandid — 1)/n to
account for the varying positions of individual strands, with values of Stmndwz ranging from 1

to n. Additionally, the angular frequency for minor helix in equations 1 and 2 is phased by

heptadl,d * (4m/7) + 2m/7 to appropriate the position of the C® atom in the coiled-coil with
heptadid = 1 for heptad d, heptadid = 2 for heptad e, and so on.

Collectively, these equations facilitate the precise generation of a coiled-coil model. The
generated models were benchmarked by comparing the models with the atomic coordinates

from high-resolution coiled-coil structures from the PDB database (Fig. 5).

3 Results
We develop the tool COiled-COil aNalysis UTility (COCONUT) to predict the optimal pairing

between coiled-coil forming sequences, including their parallel or antiparallel orientation.
COCONUT has been trained on a database of 1149 coiled-coil structures that includes 252
parallel and 897 anti-parallel dimers with lengths between 11 to 100 amino acids (Fig. 1).
The coiled-coil sub-segments consisting of 6 amino acids from each helix (hex pairs) were

extracted using a sliding window approach (Fig. 1C). A total of 1516 parallel and 3424
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anti-parallel hex pairs were identified, providing a comprehensive set for analyzing their

molecular interactions.

3.1 Hydrophobic contacts serve as the foundation for structural specificity

Hydrophobic core and charge-charge interactions are the two major molecular contacts
between helices in a coiled-coil (20). The hydrophobic core is located on the central axis
along the length of the coiled-coil and is formed by residues at heptad positions “a” and “d”

[TPl]

(Fig. 1A). The charge-charge interactions are between residues at heptad positions “e” and
“‘g” that surround the hydrophobic core. Together these molecular contacts form
knob-into-hole packing (12, 16) (Fig. 1B). Residues at heptad positions “b”, “c”, and “f’ do
not interact with the neighboring helices and are thus excluded from the analysis. We
extracted information about the Knob-into-hole packing residue pairs and found significant
differences between parallel and antiparallel dimers.

Specifically, parallel dimers a-a’ heptad pairs can accommodate both branched (at C*
positions) and non-branched residues (such as isoleucine, leucine, valine, lysine, and
asparagine). These residue pairs account for 41% of all a-a’ pairs. However, d-d’ heptad
pairs can accommodate only linear side chain residues (such as leucine) that alone
accounts for 36% of all d-d’ pairs (Fig. 2A). In antiparallel dimers, a mixed proportion is seen
at a-d’ heptad pairs, except for branched side chains amino acids (such as isoleucine) (Fig.
2B). The different residue pairings in the hydrophobic core indicates the molecular basis for
specificity between helices in the coiled-coils.

The probability distributions (Fig. 2) of other heptad pairs (a-g’, d-€’, e-@’) in parallel and
(a-€’, d-g’, e-€’, g-@’) in antiparallel dimers also have significantly distinct interaction patterns.
However, visual inspection makes these patterns less obvious and needs further analysis to

extract information for further use.

3.2 Hydrophobic core densities vary between parallel and antiparallel dimer

A stable coiled-coil should maintain a uniform density of atoms in its hydrophobic core (i.e.,
avoiding volumes of both low or high densities) to avoid exposure to solvents. For a
comprehensive interpretation of the hydrophobic core, we consider succeeding and
preceding heptad pairs by computing the atomic density scores (ADS) for the “ada’/“dad”

hex pairs (Eq. 1-4); the ADS scores consider “a”/“d” pairwise scores along with succeeding
and preceding “a”/“d” pairwise scores. The ADS scores compute the local deviations in the
number and types of residues, which are important for the Knob-into-hole packing (Fig. 1A,
B). A kernel density estimator was used to model the ADS distributions for both parallel and

anti-parallel dimers. The kernel density estimator models were trained to ensure accuracy
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without over-smoothing, using 'scott' method for bandwidth selection (56). The mean of the
"ada" distribution is below zero for parallel dimers, whereas for the "dad" distribution, the
mean is above zero. This suggests that a low-density region at d-d positions is compensated
by a high-density region at a-a positions, making the dimer locally stable by having specific
interacting residue pairs. For antiparallel dimers, both "ada" and "dad" hex pairs show
identical distributions with a mean around zero owing to their identical a-d/d-a pairings,
suggesting uniform density along the length of the dimer. The mean values of the ADS
probability distributions of the parallel dimers are statistically different (two-tailed T-test with
95% confidence interval) from the antiparallel dimers (Fig. 1F), suggesting the presence of
critical information about the distinct structural interaction patterns in coiled-coil dimers. The
comparison of ADS probability distributions for parallel and antiparallel dimers suggests that
uniform density is maintained across the length of the dimer. In parallel dimers, this occurs

as a series of low-high-low densities, whereas in antiparallel dimers, it is a constant density.

3.3 COCONUT’s machine learning models and validations

A machine learning approach with Random Forest was utilized to use this information to
predict the structural integrity of the coiled-coil forming sequences. A stringent training and
validation process was undertaken using stratified 2/5/10-fold cross-validations. Their
Matthew’s Correlation coefficients (MCC) are comparable with a value of 0.87, 0.89, and
0.88 for 2/5/10-fold cross-validation, respectively (Fig. 3A-C). The consistent results from
different cross-validations of the trained models suggest their robustness with unseen data.
These models were subsequently prepared for deployment in stability prediction tasks. The
models were also evaluated for prediction accuracy across different dimer lengths. The
accuracy remains consistent and does not show any trend with dimer length, except for
fluctuations due to the decreasing sample size (Fig. 3D). We also tested our Random Forest
models using the data from dimers that were not part of the training dataset. For antiparallel
dimers, 880 out of 897 were predicted correctly, whereas, for parallel dimers, 224 out of 252
were predicted correctly (Fig. 3E). A lot of the incorrect predictions are very close to the
cutoff probability value of 0.5, suggesting minor tweaks in the methods might improve the
performance (Fig. 3E). These results suggest the Random Forest models are effective in

predicting coiled-coil stability and thus can be utilized for several tasks related to coiled-coils.

3.4 COCONUT’s pipeline for coiled-coil analysis and modeling

We developed an automated pipeline leveraging COCONUT predictive scores to analyze the
compatibility of coiled-coil forming sequences and construct structural models (Fig. 4). The

pipeline consists of two modules. The first module is the core of COCONUT, where models
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are trained and stored for subsequent use (Fig. 4, left). The second is the scoring and
building module, which utilizes the trained models to evaluate sequences and build structural
models (Fig. 4, right). Initially, the training module incorporates a coiled-coil sequences
database and their heptad repeat annotations. From this database, the software generates
coiled-coil dimer hex pairs that serve as the basis for the scoring system. This information
guides the training of Kernel Density Estimators and Random Forest classifiers, whose
models are retained for future applications. The scoring module takes a pair of sequences
with their respective Paircoil/PCOIL assignments and processes this data to identify all
possible hex pairs. These segments are then evaluated using the previously trained Kernel
Density Estimators models, followed by assessing the stability of each segment using the
Random Forest classifier. The pipeline generates a detailed alignment output that proposes
the most stable coiled-coil dimer model and assigns probability scores for individual
segment's stability. The output alignment, in turn, facilitates the construction of structural
models.

By leveraging this pipeline, we demonstrated the capability of COCONUT through three
distinct coiled-coil modeling examples (Fig. 5); 1) Identifying the orientation of coiled-coil
helices, 2) Identifying the correct coiled-coil helices partners out of many possibilities, and 3)

constructing 3D structure of a n-stranded coiled-coil structure.

3.4.1 Predicting the coiled-coil orientation in a substitution-sensitive coiled-coil dimer

First, we tested COCONUT's ability to identify the orientation of the coiled-coil helices using
a leucine zipper (PDB 2ZTA), a standard canonical parallel coiled-coil dimer. Previous
studies show that GCN4 leucine zipper forms an antiparallel trimer and other parallel
higher-order oligomers due to various amino acid substitutions (41, 42, 61). Without
assuming any previous knowledge, we used the GCN4 leucine zipper sequence to generate
parallel (Fig. 5A) and antiparallel (Fig. 5B) alignments. The COCONUT scores correctly
predicted a parallel dimer with a probability of 0.9 and an antiparallel dimer with a probability
of 0.1. The top-scoring parallel alignment (Fig. 5C) was used to construct a structural model

that resembles the crystal structure with an RMSD of 0.57 A over 62 heavy atoms (Fig. 5D).

3.4.2 Identifying the residue pairings in non-canonical coiled-coil heterodimers

In the second example, we chose a non-canonical coiled-coil that was not part of the training
dataset. We used Keratin K5 and K14 intermediate filament sequences as they have been
shown to form coiled-coil heterodimers. Based on the sequence analysis, the Keratin
K5-K14 heterodimer has long coiled-coil segments connected by linker residues. There are
no experimentally derived structures except for small coiled-coil segments. We start with the
Keratin K5 (Uniprot ID: P13647) and K14 (Uniprot ID: P02533) sequences to generate all
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possible coiled-coil segment alignments with COCONUT scores (Fig. 5E). Following, the
top-scoring alignment is used to build structural models of the coiled-coil regions (Fig. 5E,
F). We obtained five coiled-coil segments (Fig. F). The residues K5:421-424 and
K14:366-369 follow a noncanonical heptad repeat known as hendecad repeat. Thus, this
region was not modeled, and the resulting coiled-coil was segregated into two parts. We
compared the models of these two coiled-coil segments against the available crystal
structures (PDB: 3TNU). We find that COCONUT alignment correctly identified the residue
pairing between coiled-coil helices, and the corresponding structural model exhibited a
strong correspondence with their respective crystal structures with RMSD of 1.04 A and
1.08 A, over 63 and 104 heavy atoms.

3.4.3 Building n-stranded coiled-coil dimer model

The third example highlights the COCONUT's proficiency in modeling n-stranded coiled-coil
structures. In this example, we do not identify the alignment between coiled-coil residues
and provide coiled-coil parameters as an input to the pipeline for constructing the structural
models. COCONUT provides ready-to-use coiled-coil parameter input files for different types
of coiled-coils. For the n-stranded coiled-coil, we choose a coiled-coil trimer domain (n=3) of
Tumor necrosis factor receptors (PDB 1flk). We extracted its sequence from its structure file
and built its model. The model closely matched the crystal structure with an RMSD of 0.52

A, over 96 heavy atoms.

4 Discussion

We present the COCONUT tool, which uses coiled-coil motifs extracted from the CC+
database, predicts the stability and orientation of coiled-coil dimers, and provides a
framework for constructing n-stranded coiled-coil structural models. The coiled-coil motifs
used to build our machine-learning models exhibit varying lengths and maintain a sequence
identity below 35%, forming a diverse dataset. COCONUT's analysis initiates by identifying
"hex pairs" within these motifs (Fig. 1C), which are crucial for coiled-coil stability.
Subsequently, the study examines diverse structural aspects and interactions, including
amino acid preferences at heptad positions (Fig. 1F, 2).

The role of hydrophobic contacts emerges as a central theme in determining the specificity
of coiled-coil structures. Our analysis distinguished between parallel and antiparallel dimers
based on differences in residue pair distributions within the hydrophobic core (Fig. 2). This
study also identified critical variations of hydrophobic contacts essential for maintaining

structural integrity. Calculation of atomic density scores from hex pairs allowed insight into
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density fluctuations within the core, emphasizing the significance of uniformity to prevent
destabilization (Fig. 1F).

The Random Forest classifier within COCONUT accurately predicted the stability and
orientation of coiled-coil dimers (Fig. 3A-C). Cross-validation methods showed consistent
predictive performance, indicating the tool's reliability above 96%. Its efficacy was further
validated by testing on systems absent from the training dataset, showcasing COCONUT's
proficiency in differentiating parallel and antiparallel dimers (Fig. 3D). The utility of
COCONUT was showcased through its ability to not only analyze coiled-coil sequences but
also to construct accurate structural models. Through various applications, including the
prediction of dimer orientation, COCONUT emerged as a robust computational framework
for interpreting and modeling coiled-coil structures (Fig. 5).

COCONUT is distinguished by its quantitative approach to analyzing coiled-coil interactions,
which are essential for understanding protein-protein interactions, as well as designing
competitive inhibitors to coiled-coil proteins. COCONUT's unique feature is the incorporation
of machine learning, particularly a Random Forest classifier, to analyze molecular
determinants, which enables a prediction of coiled-coil stability and dimer orientation.
Several web servers and software exist for predicting coiled-coil motifs. However, the
prediction of complementary coiled-coil motif sequences was limited by the experimental
evidence. COCONUT's approach overcomes these limitations by not only predicting whether
specific sequences will form coiled-coils but also by determining their predicted stability and
orientation. This information is crucial for accurately modeling protein structures and
interpreting protein function within the cellular environment. Moreover, COCONUT could
contribute to the understanding of how mutations within these domains could affect overall
protein stability, paving the way for insights into disease mechanisms and potential
therapeutic targets.

COCONUT’s output has been validated against known structures (Fig. 5), demonstrating its
ability to construct accurate models of complex protein assemblies, which would have been
significantly more challenging without this tool. COCONUT streamlines the traditional
modeling approach, eliminating the need for time-consuming trial-and-error methods. One
such example is constructing several coiled-coil dimers for a pair of sequences and then
identifying the most stable coiled-coil after performing MM-PBSA calculations.

Despite its current capabilities, COCONUT's application is restricted to dimeric coiled-coils.
Expanding its database to encompass higher-order oligomers could reveal more complex
interaction patterns broadening its utility. Incorporating evolutionary and contextual data in
the COCONUT could enhance its predictive modeling capabilities and refine the accuracy

and scope of the predictions.
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Future research should focus on enriching the COCONUT database with more varied
coiled-coil structures, including those involved in pathological conditions such as
intermediate filaments. The role of single missense mutations in coiled coils leading to
severe pathological conditions is well documented and provides a fertile ground for
therapeutic interventions. Additionally, exploring the interplay between coiled-coil motifs and
other protein domains may uncover new functional insights, relevant for the expanding field

of synthetic biology.
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Figure 1: Coiled-coil interactions and knob-into-hole packing

(A) Position of the “hydrophobic core cylinder” in a parallel (PDB 2ZTA) and antiparallel (PDB 1FXK) coiled-coil dimer formed by
hydrophobic atoms from residues at heptad positions a/a’ (turquoise) and d/d’ (light blue). Side chains of amino acids at these

positions clipped at C; are shown in a sphere representation. Hydrophilic residues occupy positions at heptad repeat e/e’ and
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g/g’ (salmon) that form salt bridges across helices. Each helix is shown in a tube representation with vertical arrows highlighting
the direction of the amino acid sequence from the N-terminus to the C-terminus. For parallel coiled-coil dimers, hydrophobic
atoms at heptad positions ‘a’ and ‘d’ alternate on both sides of the hydrophobic core. Hydrophobic atoms at heptad positions ‘a’
or ‘d’ remain on either side of the hydrophobic core for the antiparallel dimer. (B) A knob-into-hole packing example in a parallel
coiled-coil dimer. A hole is a hydrophobic pocket generally formed by a set of six residues (white labels) by their hydrophobic
side chain atoms (orange dotted circle). This hole provides an enclosure to the hydrophobic side chain of the knob residue
(yellow dotted circle). (C) A parallel and antiparallel coiled-coil dimer with hydrophobic core residues in stick representation. A
hex pair is a set of six hydrophobic core residues and six hydrophilic residues that possibly interact in a Knob-into-hole packing.
Hex pairs are of two types based on heptad repeats: Hex pair "dad" and “ada”. Hex pairs of a coiled-coil dimer are extracted by
linearly sliding through the hex pairs along the coiled-coil axis. (D) Frequency distribution of the number of residues in
anti-parallel and parallel dimers. (E) Distribution of hex pairs in anti-parallel and parallel dimers. (F) Kernel density estimation

plots of atomic density scores, comparing anti-parallel “ada”/“dad” distributions with parallel “ada”/“dad” distributions.
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Figure 2: Amino acid frequency distribution of heptad pairs in coiled-coil dimers

Heatmaps of residue-pair distributions for coiled-coil dimers, separated into two categories: parallel dimers (A) and anti-parallel
dimers (B). Each heatmap corresponds to different positions within the heptad repeat (‘a’ to ‘g’), with the axes representing the
20 standard amino acids. The color intensity indicates the probability of occurrence between pairs of residues at specified

positions, ranging from high (dark blue) to low (light yellow). These distributions reflect the propensity of amino acid pairs to


https://doi.org/10.1101/2024.03.25.586698
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2024.03.25.586698; this version posted March 29, 2024. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is
made available under aCC-BY-NC-ND 4.0 International license.

interact based on their position within the heptad repeat and categorized by the nature of side chains: hydrophobic with short
side chains, hydrophobic short and long aliphatic side chains, and combinations of hydrophobic, hydrophilic side chains,

thereby providing insight into the structural preferences that govern coiled-coil dimer formation.
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Figure 3: Evaluation of COCONUT’s predictive performance

(A) ROC plot for 2-fold cross-validation displaying true positive rate vs. false positive rate, with a mean Matthews Correlation
Coefficient (MCC) of 0.872. (B) ROC plot for 5-fold cross-validation with a mean Area Under the Curve (AUC) of 0.98 and a
mean MCC of 0.890. (C) ROC plot for 10-fold cross-validation, indicating a mean MCC of 0.885. Individual ROC curves for
each fold are shown, highlighting the consistent AUC values across folds. (D) Graph showing the relationship between
prediction accuracy and the number of hex pairs in a dimer, with the size of the bubble representing the number of dimers at
each data point. (E) Scatter plots of prediction probabilities for anti-parallel (top) and parallel (bottom) dimers. Each point
represents a dimer, color-coded by probability, with the red line denoting the threshold for classification. The number of dimers

accurately predicted (above the threshold line) and misclassified (below the threshold line) is noted at the right end of each plot.
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Figure 4: COCONUT algorithm and dataflow

The COCONUT software consists of two modules: training (left) and scoring (right). The training module takes a database of

coiled-coil sequences as inputs, along with their heptad repeat assignments. It then generates hex pairs from these sequences,

scores them, and uses this information to train and save Kernel Density Estimators and Random Forest models. The scoring

module receives two sequences with Paircoil or PCOIL heptad repeat assignments. This data is parsed and generates all

potential coiled-coil dimer segments and their corresponding hexpairs. It then scores these segments and predicts their

likelihood using the pre-trained models. The final output is a comprehensive list of alignments of the coiled-coil dimers,

including probabilities for segment stabilities and optimal alignment between two input sequences.
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Figure 5: Comparison of COCONUT-generated model and crystal structures

(A, B) All possible parallel and antiparallel alignments of leucine zipper sequences (PDB 2ZTA), with their corresponding
alignment scores between 0 and 1 (color bar). (C) Top-scoring alignments for leucine zipper sequences (solid gray line on the
diagonal). (D) Side and cross-sectional view of a COCONUT-generated coiled-coil dimer model (cyan) superimposed on the
crystal structure (PDB 2ZTA, tan) The RMSD between the model and X-ray structure is 0.57 A. (E) Possible alignments of
the Keratin K5 and K14 sequences coiled-coil domains excluding unstructured head/tail/linker domains. Each alignment
suggests a possible association between different K5/K14 coiled-coil segments (turquoise) with color, indicating their interaction
strength or compatibility (color bar). Top scoring alignments for K5/K14 sequences with the best alignment (solid gray line) were
used for building the K5-K14 dimer model. (F) The K5-K14 dimer model (violet and brick red) with coiled-coil domains
numbered from 1-5 (turquoise) indicated by residue numbers in respective colors. The comparison of the model segments 4
and 5 (cyan) with the available crystal structure of resolution 3.00 A (PDB 3TNU, tan) revealed an RMSD of 1.04 A and 1.08
A, respectively. (G) Side and cross-sectional view of a COCONUT-generated coiled-coil trimer model (cyan) superimposed on
the crystal structure (PDB 1FLK, tan) revealed an RMSD of 0.52 A.
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Tables

Table 1: Atomic density scores for individual amino acids

Every amino acid was assigned a constant score representing its contribution towards the atomic density score at the

hydrophobic core of a coiled-coil dimer (Methods 2.2.2)

A C D E F G H I K L
1 3.5 3 2 3 0 3 3.25 2 2.5
M N P Q R S T \Y W Y

2.53 3 4 2 2 2 3 3 3 3



https://doi.org/10.1101/2024.03.25.586698
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2024.03.25.586698; this version posted March 29, 2024. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is
made available under aCC-BY-NC-ND 4.0 International license.

Table 2: Results from 2/5/10-fold cross-validations of Random Forest Model

The table provides confusion matrices along with Matthew’s Correlation Coefficient (MCC) and accuracy (ACC) for individual
sets comprising antiparallel (AP) and parallel (P) dimers from 2/5/10-fold cross-validations (CV) of the Random Forest

Estimator. (Methods 2.4). The last row provides the mean MCC and average accuracy overall sets in each fold validation.

10-Fold CV 5-Fold CV 2-Fold CV
Confusion matrices Confusion matrices Confusion matrices
AP P AP P AP P
Fold 1 AP 87 2 MCC:0.85 | AP 175 5 MCC:0.83 AP 436 13 MCC:0.83
ACC:0.95 ACC:0.94 ACC:0.94
P 4 22 P 8 43 P 13 113
Fold 2 AP 87 2 MCC:0.85 | AP 176 3 MCC:0.91 AP 439 9 MCC:0.91
ACC:0.95 ACC:0.97 ACC:0.97
P 4 22 P 4 47 P 15 111
Fold 3 AP 89 1 MCC:0.92 | AP 176 4 MCC:0.91
ACC:0.97 ACC:0.97
P 2 23 P 3 a7
Fold 4 AP 89 1 MCC:0.92 | AP 180 0 MCC:0.90
ACC:0.97 ACC:0.97
P 2 23 P 8 42
Fold 5 AP 86 4 MCC:0.85 | AP 175 4 MCC:0.90
ACC:0.95 ACC:0.97
P 2 23 P 4 46
Fold 6 AP 89 1 MCC:0.95
ACC:0.98
P 1 24
Fold 7 AP 89 1 MCC:0.81
ACC:0.94
P 6 19
Fold 8 AP 90 0 MCC:0.95
ACC:0.98
P 2 23
Fold 9 AP 88 2 MCC:0.84
ACC:0.95
P 4 21
Fold10 | AP 86 3 MCC:0.90
ACC:0.96
P 1 24
Mean MCC:0.86 MCC:0.89 MCC:0.87
values ACC:0.96 ACC:0.96 ACC:0.96
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