
Academic Editor: Yoshinori

Marunaka

Published: 8 December 2025

Citation: Balasco, N.; Vitagliano, L.

Structure–Function Correlations in

KCTD1/KCTD15 Proteins. Biol. Life

Sci. Forum 2025, 53, 2. https://

doi.org/10.3390/blsf2025053002

Copyright: © 2025 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license

(https://creativecommons.org/

licenses/by/4.0/).

Proceeding Paper

Structure–Function Correlations in KCTD1/KCTD15 Proteins †

Nicole Balasco 1,* and Luigi Vitagliano 2,*

1 Institute of Molecular Biology and Pathology, CNR c/o Department of Chemistry, Sapienza University of
Rome, 00185 Rome, Italy

2 Institute of Biostructures and Bioimaging, CNR, 80131 Naples, Italy
* Correspondence: nicole.balasco@cnr.it (N.B.); luigi.vitagliano@cnr.it (L.V.)
† Presented at the 5th International Symposium on Frontiers in Molecular Science (ISFMS 2025), Kyoto, Japan,

26–29 August 2025.

Abstract

KCTD (K-potassium Channel Tetramerization Domain-containing) proteins form an emerg-
ing class of proteins involved in a wide range of physiological and pathological processes.
The involvement of these proteins in diverse biological functions is often a characteristic
shared within family clades. Among them, the multifunctional roles of the cluster members
1B, which include KCTD1 and KCTD15, are particularly intriguing. Several studies have
shown that these proteins participate in various signaling pathways and are linked to
diseases such as cancer, genetic disorders, and obesity. In this proceedings paper, after
a brief review of recent findings on the various (mis)functional roles of these proteins,
we analyze available structural data and illustrate how such data have helped uncover
structure-function relationships. A summary of the key open questions in the field is
also included.

Keywords: protein–protein interactions; protein channels; basis of genetic diseases; protein
aggregation and diseases

1. Introduction
Proteins are typically classified into families whose members share an evolutionary

relationship, descending from a common ancestor. Proteins within a family generally
present significant similarities at the sequence, structure, and functional levels [1]. Proteins
may be further grouped into superfamilies when structural similarities are observed, but
not sequence similarities. Conversely, a single family may be split into subfamilies by
clustering members that have highly similar or identical functions.

In the vast universe of proteins, KCTDs—proteins containing the (K)potassium Chan-
nel Tetramerization Domain—represent an emerging family whose members are involved
in a multitude of physiological and pathological processes [2–13]. The primary characteris-
tic of this protein family is the presence, in all members, of closely related BTB/POZ (broad-
complex, tramtrack, and Bric a brac/poxvirus and zinc finger) domains [14], hereafter
denoted as BTB, which share significant sequence similarity with the T1 tetramerization
domain of the subfamilies of potassium channels such as Kv1–Kv4 [15]. These versatile
domains typically facilitate intermolecular interactions that can result in either homo- or
hetero-oligomerization. Indeed, it has been demonstrated that BTB domains, through
self-interaction, can exhibit a wide range of oligomeric states, ranging from monomers to
polymers [16]. In addition to the BTB, which is generally near the N-terminus, KCTDs have
a C-terminal domain that shows significant sequence similarities only within members
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of the same clade. Meanwhile, they are unrelated among members of different clades.
This commonly accepted picture of the KCTD organization has been recently revisited
by comparing the structure of the C-terminal domains [17] generated using AlphaFold
(version 2), a powerful machine learning-based approach for protein structure prediction
using only sequence information [18–20]. Notably, this study has shown that, despite the
lack of any significant sequence similarity, the C-terminal domains of KCTDs belonging to
different clades share a similar structural organization characterized by a single β-sheet
that is surrounded by one or two helices (Figure 1). The quantification of these similarities,
performed using the DALI server [21], led to the definition of a structure-based pseudo-
phylogenetic tree that uncovered previously undetected similarities among the protein
family [17], thereby providing a new tool for the structural interpretation of the functional
analogies and diversities within the family. Applying structural prediction methods to this
protein family also addressed the previous lack of structural data for these proteins. In fact,
using AlphaFold (version 2), it was possible to determine the three-dimensional structures
of all family members [22]. The application of AlphaFold (version 2) proved to be effective
in distinguishing family members capable of interacting with Cullin 3 and providing the
structural basis for these interactions [23]. It is foreseeable that all this information will
soon be exploited for defining structure–function relationships in this family.

Figure 1. (A) DALI dendrogram generated from the structures of the KCTD C-terminal domains.
Shown are representative three-dimensional models of the folded domains in the C-terminal region.
(B) Schematic diagram of the KCTD protein domain organization. Cluster numbers are indicated in
red. The standard BTB domains are in green. The domains of the C-terminal regions that follow the
BTB are displayed in different colors. The figures are taken from ref. [17].

One of the most intriguing properties of KCTDs is their involvement in multiple,
often unrelated, physiological and pathological contexts [2–13]. The dysregulation of
these proteins is a key factor in severe human pathologies that include many cancers,
neurodevelopmental disorders, obesity, and genetic diseases. In principle, the diversified
roles of these proteins may be attributed to the differences observed in their C-terminal
regions. However, it is often observed that members of the same clade or even a single
KCTD can play a crucial role in unrelated biological processes. A typical example of this
is the highly similar proteins KCTD1/KCTD15, which constitute cluster 1b (Figure 1). As
described below, their dysregulations have been linked to several pathological states. In
the present proceedings paper, we will outline the results achieved by our laboratory and
other groups in defining structure–function relationships in this cluster.
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2. Methods
Most of the information used in this proceedings paper was retrieved from the litera-

ture and mining the Protein Data Bank (PDB) structural database. However, we integrated
this information by performing a new prediction of the hexameric structure of the G88D
mutant of KCTD15, which has been recently shown to be potentially implicated in a distinc-
tive frontonasal dysplasia syndrome [24]. Structural models of KCTD15 (UniProtKB code:
Q96SI1) hexameric assemblies, encompassing either the region containing the pre-BTB and
BTB domains (residues 44–162) or the full-length protein lacking the disordered N- and C-
terminal regions (residues 44–265), were generated using the AlphaFold3 (AF3) algorithm
(https://alphafoldserver.com/, accessed on 16 October 2025) with default parameters [25].
The G88D mutant was modeled, as the available crystallographic structure of the hexameric
form (PDB ID: 8PNM) corresponds to this variant [24]. Among the five models produced
by AF3, the top-ranked model (model 0) was considered. The reliability of these predicted
structures was evaluated by inspecting the Predicted Aligned Error (PAE) matrices and
the per-residue Local Distance Difference Test (pLDDT) scores. Figures of the structural
models were generated using PyMOL (version 2.0; Schrödinger, LLC).

3. Roles of KCTD1/KCTD15 in Physio-Pathological Contexts
The involvement of these proteins in diversified biological contexts has been docu-

mented in several literature studies. They belong to the KCTD subgroups that are unable to
bind Cullin 3 and therefore are not part of CRL ligases of the ubiquitination process [26,27].
However, they are involved in many physiological processes. KCTD1 and KCTD15 have
been identified as repressors of the transcription factor AP-2α, which is inhibited by the
selective binding of BTB domains of these proteins [28–30]. These findings suggest a role
for these proteins in the Wnt signaling pathway. It has also been shown that KCTD15 plays
a key role in cardiac outflow tract development, while KCTD1 regulates distal nephron
function. Moreover, the combined inactivation of KCTD1 and KCTD15 in keratinocytes
results in abnormal skin appendages [31]. These two proteins have been found to perform
key and partially overlapping roles in neural crest cell formation [29,31,32]. Moreover,
KCTD1 plays an active role in adipogenesis [30], while genome-wide association studies
have linked KCTD15 to a higher risk of obesity [33]. Additionally, KCTD15 has been found
to physically interact with GRP78, a key factor in adipogenesis [34]. Finally, KCTD1 is con-
nected to GPCR signaling through stabilizing the protein levels of the cAMP-synthesizing
enzyme Adenylyl Cyclase type 5 (AC5) [35]. However, the interaction between KCTD1 and
G proteins remains to be clarified [36]. KCTD1/15 are also involved in pathological states
such as cancer and genetic diseases, which are briefly reviewed in the paragraphs below.

The involvement of these proteins in cancer has been reviewed by Angrisani et al. [37].
They extensively described the role of up- and downregulation in the insurgence and
progression of this disease. In this framework, they report the dysregulation of KCTD1
in ovarian, endometrial, pancreatic, and lung cancers. Recent studies have indicated that
this protein is involved in colorectal cancer [38], T-cell acute lymphoblastic leukemia [39],
medulloblastoma [40], and hepatocellular cancer [41]. Several studies have also shown the
involvement of KCTD15 in leukemias [42–44]. Furthermore, this protein plays a role in
medulloblastoma [45], ovarian cancer [46], adenocarcinoma [47], and colorectal cancer [48].

Heterozygous missense mutations in KCTD1 have been identified as the cause of
Scalp-Ear-Nipple (SEN) syndrome, a rare autosomal-dominant disorder [49]. The clin-
ical features of this disease include scalp aplasia cutis congenita and other ectodermal
abnormalities. More recently, naturally occurring mutants of KCTD15 have been shown
to cause a distinctive frontonasal dysplasia syndrome with clinical features resembling
those seen in SEN syndrome [24]. Furthermore, additional studies have demonstrated that

https://alphafoldserver.com/
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KCTD1/KCTD15 complexes are essential regulators of ectodermal and neural crest cell
functions, and that aplasia cutis congenita is a neurocristopathy [31,50].

4. Structure–Function Relationships in KCTD1/KCTD15 Proteins
4.1. The BTB Domain of KCTD1/KCTD15

Initial structural characterizations were performed on the BTB domain of KCTD1 [27].
The crystallographic structures of this domain showed two possible arrangements: a
close and an open pentamer (Figure 2). The pentameric organization of the BTB was a
clear indication of the preferred pentameric state of this protein, in line with what was
observed for KCTD5 [51] and other family members [52]. The occurrence of an open
pentamer was likely caused by protein truncation and the crystallization condition, as
molecular dynamics simulations on this structure suggest its tendency to shift toward
a closed state [53]. Although these structures reported only a portion of KCTD1, they
constitute the template to define the structural basis of the mutations causing the SEN
syndrome found in this domain. Extensive in vitro biophysical characterizations were
conducted on the mutants KCTD1_H33P, KCTD1_G62D, KCTD1_D69E, and KCTD1_H74P,
and KCTD1_P20S [54]. This study demonstrated that in all cases, the mutation induced a
significant destabilization of the protein, which was accompanied by a high propensity to
form amyloid-like aggregates. This observation could explain the dominant effects of these
mutations, as the aggregates formed by the mutated protein might serve as a template for
the precipitation of the wild-type form that was present in heterozygous individuals [54].
The destabilization and precipitation completely eliminated the mutants’ ability to bind the
transcription factor AP-2α, a functional partner of KCTD1 and KCTD15 [28,29,55–57]. The
inspection of the PDB structures of the domain provided a straightforward explanation for
the observed destabilization of the protein in all but one case. Indeed, for most of them
(KCTD1_H33P, KCTD1_G62D, KCTD1_D69E, and KCTD1_H74P), the mutation site is close
to the intermolecular interface of the pentamer. Conversely, the protein destabilization
and the disease caused by the P20S mutation remain puzzling, as the mutated residue is
located in the region that precedes the BTB domain (pre-BTB), which was not present in
the crystallographic structure and is assumed to be unfolded. This mystery was resolved
by determining the structure of the full-length wild-type protein [58] and the mutant
KCTD1_P20S [59].

Figure 2. Crystal structures of the pentameric KCTD1 BTB domain are shown in cartoon represen-
tation: (A) closed conformation (PDB ID: 5BXB) and (B) open conformation (PDB ID: 5BXD). Each
chain is differently colored for clarity.
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Very recently, it has been reported that KCTD15 is a new human disease gene whose
mutations have been associated with a distinct frontonasal dysplasia as well as cutis aplasia
or sparse hair reminiscent of the phenotypes observed in SEN [24]. Also in this case,
the two mutations (D104H and G88D) were found in the BTB domain. The biophysical
characterization of these mutants revealed that KCTD15_D104H was monomeric and
partially unfolded, whereas KCTD15_G88D formed unexpected symmetrical hexamers
(Figure 3A). The authors convincingly concluded that these mutants caused the disease by
destabilizing the functional pentamer, leading to the formation of monomeric and higher
oligomeric species. Interestingly, AlphaFold (version 3) correctly predicts the hexameric
assembly of the BTB domain of the G88D mutant of KCTD15 (Figure 3B,C) and suggests
that it is compatible with the full-length structure of the protein (Figure 3D).

Figure 3. (A) Crystal structure of the hexameric BTB domain of the KCTD15 G88D mutant (PDB ID:
8PNM) colored by chain. (B) AF3-predicted model of the KCTD15 G88D mutant encompassing the
region containing the pre-BTB and BTB domains (residues 44–162), along with the corresponding PAE
matrix. This model is shown colored by chain in (C). (D) AF3-predicted model of the KCTD15 G88D
mutant full-length protein lacking the disordered N- and C-terminal regions (residues 44–265) with
its corresponding PAE matrix. The models in panels (B,D) are colored according to the AlphaFold
3 per-residue confidence metric (pLDDT) as follows: blue for pLDDT > 90, cyan for 70 < pLDDT ≤ 90,
yellow for 50 < pLDDT ≤ 70, and orange for pLDDT < 50.

4.2. The Structure of the Full-Length KCTD1 and of the Mutant KCTD1_P20S

In the last few years, three different crystal structures of KCTD1 comprising both the
BTB and the C-terminal domain have been reported [58,59]. The first structure reported in
the PDB (PDB ID: 6S4L) was a truncated form of the full-length protein in which the pre-
BTB region was missing [58]. Subsequently, the full-length structures of the wild-type (PDB
ID: 9FOI) [58] and the P20S mutant (PDB ID: 9FQ1) [59] of KCTD1 have been determined.
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These models have demonstrated that the global structure of the protein is stabilized by
an extended domain swapping in which the BTB domain of one chain interacts with the
C-terminal domain and the pre-BTB region of an adjacent chain (Figure 4A,B). Interestingly,
these interdomain contacts depend on rather unusual interactions. In fact, the BTB-preBTB
interaction is based on a polyproline (PPII)-PPII recognition motif (Figure 4B), while the
BTB-CTD contacts are mediated by an unusual (+/−) helix discontinuous association [59].
The structural characterization of the full-length KCTD1 also explained the puzzling effect
of the SEN syndrome-causing mutation P20S. In fact, the observation that the pre-BTB
region is not unfolded but adopts a polyproline II structure that binds to the BTB domain
(Figure 4B) and stabilizes the pentamer suggests that replacing proline 20 weakens this
region’s tendency to form a PPII structure. This finding has been supported by molecular
dynamics studies [59].

Figure 4. (A) Crystal structure of the pentameric assembly of the KCTD1 P20S mutant (PDB ID:
9FQ1) colored by chain. (B) Interdomain preBTB-BTB interface that stabilizes the domain-swapped
pentamer in the crystal structure. Residues of the preBTB region and those involved in hydrogen
bonding interactions at the interdomain interface are shown as sticks. (C) Top view of the CTD
domain of KCTD1 P20S mutant, colored by chain. (D) Ligands in the central channel, including a
potassium ion (K+), a water molecule, and two phosphate groups (denoted p1 and p2), are shown.

5. Conclusions
Investigations conducted over the past decade have provided important clues about

the structural basis of the (mal)functioning of KCTD1 and KCTD15. Notably, the interpreta-
tion of how disease-causing mutations affect these proteins is particularly significant. The
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dominant effects of diseases caused by these mutations have been tentatively linked to
the tendency of these proteins to form amyloid-like aggregates, which, in heterozygous
individuals, may sequester the wild-type form of the protein [54]. Structural studies have
highlighted the importance of intermolecular interactions that stabilize the KCTD1 domain-
swapping structure in maintaining the protein’s integrity. These studies have also shown
the role that mixed KCTD1/KCTD15 structural states play in some functional contexts [31].

There are, however, several other aspects of the functioning of KCTD1/KCTD15
that require further investigation. In particular, the structural basis of the partnerships of
these proteins, including those involved with the transcription factors of the class AP, is
largely unknown.
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