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Potassium channel tetramerization domain-containing (KCTD) proteins are

involved in fundamental physio-pathological processes. Here, we report an

analysis of the oligomeric state of the Bric-�a-brack, Tram-track, Broad com-

plex (BTB) domains of seven distinct KCTDs belonging to five major clades

of the family evolution tree. Despite their functional and sequence variability,

present electron microscopy data highlight the occurrence of well-defined pen-

tameric states for all domains. Our data also show that these states coexist

with alternative forms which include open pentamers. Thermal denaturation

analyses conducted using KCTD1 as a model suggest that, in these proteins,

different domains cooperate to their overall stability. Finally, negative-stain

electron micrographs of KCTD6BTB in complex with Cullin3 show the

presence of assemblies with a five-pointed pinwheel shape.

Keywords: electron microscopy; protein oligomerization; protein structure;

thermal stability

Oligomerization is a widespread phenomenon among

proteins of all kingdoms of life. The tendency of pro-

teins to assemble in multimeric states increases with the

complexity of the living organism [1]. The wide occur-

rence of protein multimerization has been related to

the many advantages that it offers. These include

higher stabilities against proteases and the possibility

of finer regulations. Although multimerization can be

mediated by a huge number of protein folds, in some

modular proteins this process is delegated to domains

specialized in this task. Intriguingly, the same oligomer-

ization domain is frequently able to promote multimer-

ization in proteins involved in different biological

functions and characterized by unrelated structural

organizations. In this scenario, the Bric-�a-brack, Tram-

track, Broad complex (BTB) domain is one of the best

characterized oligomerization domains [2]. Although

structural variations among BTB domains are
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observed, they share a conserved structural motif con-

stituted by five helices and a three-stranded b-sheet.
BTB domains have been detected in a variety of pro-

tein families which include BTB-zinc finger, BTB-

BACK-kelch, voltage-gated potassium channel T1, and

potassium channel tetramerization domain-containing

(KCTD) proteins [2]. BTB domains mediate both het-

ero- and homo-oligomerization. BTB-mediated homo-

oligomerization may lead to the formation of a variety

of structural assemblies which include monomeric,

dimeric, tetrameric, and pentameric states.

Among BTB-containing proteins, the KCTD family

represents an emerging class of proteins involved in

fundamental physio-pathological processes [3,4].

Indeed, KCTD members are involved in a variety of

diverse biological function processes which include,

among others, protein ubiquitination and degradation

[5–8], suppression of proliferation or transcription [9–
11], human genetic disease risk [12,13], sleep home-

ostasis [14], and regulation of G-protein-coupled recep-

tors [15–18].
Despite their biological roles, a full understanding of

the mechanisms underlying the functions of KCTD

proteins is hampered by the limited molecular/struc-

tural data available. The 25 members of the family

share a common BTB domain which is frequently cou-

pled with a highly variable C-terminal domain. The

analysis of BTB similarities of KCTDs indicates that

they exhibit sequence identities in the range 30–80%.

Although most of the biophysical/structural characteri-

zations of KCTDs hitherto reported have been focused

on the BTB domains, some of their basic properties

remain to be elucidated as even their oligomerization

state is somewhat uncertain. Although low-resolution

solution studies and molecular modeling indicated that

some BTB domains of the KCTD family could assem-

ble in tetramers as the closely related T1 domains of the

T1 voltage-gated potassium channels, available crystal-

lographic data suggest other possibilities. Indeed, the

first crystal structure of a KCTD protein shows that

both the BTB and the entire protein form well-defined

pentamers [19]. Moreover, in the crystal structures of

the BTB domains of KCTD proteins, SHKBP1,

KCTD10, KCTD13, KCTD16, and KCTD17, recently

deposited in the Protein Data Bank (codes 4CRH,

5FTA, 4UIJ, 5A15, and 5A6R) but not described in

any publication, the oligomeric state has been assigned

as monomeric. However, the visual inspections of some

of these structures suggest the formation of larger

aggregates. Indeed, while SHKBP1 does not form any

oligomer, KCTD10BTB (distorted tetramer),

KCTD13BTB (distorted tetramer), KCTD16BTB (open

pentamers), and KCTD17BTB (closed pentamers) seem

to form higher oligomers. Finally, the crystal structures

of the BTB domains of KCTD1 and KCTD9, which

were published while this manuscript was in prepara-

tion, also present a pentameric association [20]. This

important contribution also unraveled that KCTD1BTB

forms peculiar open pentameric states. This study also

suggests the occurrences of pentameric states for the

BTB domains of KCTD6 and KCTD17. However,

according to the authors, this observation needs to be

validated by further experimental studies [20]. In this

puzzling scenario, we report here an analysis of the oli-

gomeric state of the BTB domains of seven distinct

KCTD proteins belonging to five major clades of the

family evolution tree (see the related figures in refs.

[3,4,20]). In particular, we studied the BTB domain of

members of Clade A (KCTD1 and KCTD15), Clade B

(KCTD6 and KCTD11), Clade C (KCTD13), Clade E

(KCTD5), and Clade F (KCTD12). This ensemble

includes both cullin 3 (Cul3)-binding (KCTD5,

KCTD6, KCTD11, and KCTD13) and Cul3-indepen-

dent (KCTD1, KCTD12, and KCTD15) proteins [21].

These proteins are involved in unrelated biological pro-

cesses which include GABA(B) receptor regulation

(KCTD12) [15,16], neural crest domain regulation

(KCTD1 and KCTD15) [11], and ubiquitination/degra-

dation (KCTD5, KCTD6, KCTD11, and KCTD13) of

a variety of different substrates such as HDAC1,

RHOA, and sAnk1.5 [6–8,22].
Despite the functional/sequence variability of these

domains (Table 1), the present electron microscopy

(EM) analyses highlight the presence of well-defined

pentameric states for all of them. In line with the

results recently reported by Priv�e and coworkers [20],

we also detected some level of structural heterogeneity

in the investigated samples. Using KCTD1 as a model

we show that the C-terminal domain can stabilize the

structure of the BTB domain in these proteins. These

observations suggest that the heterogeneity observed

may, at least in part, be due to the dissection of the

protein in individual domains. This study complements

and expands the recent results obtained by Ji et al.

[20] and clearly indicates that the pentameric state

likely represents the prevalent functional oligomeric

state of the BTB domain of KCTD proteins in their

functional states.

Materials and methods

Protein expression and purification

The BTB domains of KCTD5 (residues 44–145,
KCTD5BTB), KCTD6 (residues 10–110, KCTD6BTB),

KCTD11 (residues 15–116, KCTD11BTB), KCTD12
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(residues 27–131, KCTD12BTB), and KCTD15 (residues

61–157, KCTD15BTB) were expressed in Escherichia coli

BL21(DE3) and were purified by following the previously

reported protocols [5,21,23–26]. Similarly, Cul3NTD, which

corresponds to the N-terminal region (residues 20–381) of

Cul3, was expressed and purified according to the proce-

dure reported by Balasco et al. [23].

The procedures adopted for the newly expressed full-

length KCTD1 proteins (UniProt code Q719H9 residues 1–
257), and its BTB domain (residues 1–135, KCTD1BTB),

and the BTB domain of KCTD13 (UniProt Code

Q8WZ19, residues 1–135, KCTD13BTB) are reported in the

supplementary material.

Solution studies

KCTD1BTB, KCTD5BTB, KCTD6BTB, KCTD11BTB,

KCTD12BTB, KCTD13BTB, and KCTD15BTB, initially

stored in a buffer containing 50 mM TrisHCl and

200 mM NaCl (pH 7.5), were loaded on a Superdex 200

10/30 (GE Healthcare, Bioscience AB, Uppsala, Sweden)

column previously equilibrated with the buffer used for

storage. In the case of KCTD12BTB, which has a ten-

dency to form covalent aggregates, the reducing agent

DTT at 2 mM concentration was also added to the

experimental media.

The estimations of the molecular weights was performed

upon column calibration with the Gel Filtration calibration

kit (GE Healthcare). The markers contained in this kit are

blue dextran 2000 (Mw > 1000 kDa, elution volume

7.8 mL), ovalbumin (Mw 43 kDa, elution volume 14.9 mL),

carbonic anhydrase (Mw 29 kDa, elution volume 15.6 mL),

and ribonuclease A (Mw 13.7 kDa, elution volume

17.2 mL).

The correct folding of all proteins was assessed by Far-

UV circular dichroism (CD) spectroscopy. The spectra were

recorded in the 190–260-nm range on a Jasco J-710 spec-

tropolarimeter equipped with a Peltier thermostatic cell

holder [Jasco Europe, Cremella (LC), Italy model PTC-

343]. The spectra were registered under a constant N2 flow

carried out at 20° using the following experimental

parameters: scanning speed of 20 nm�min�1, band width of

2 nm, and response time of 4 s. In all cases the protein

concentration was 0.3 mg�mL�1.

Thermal denaturation curves of KCTD1 (and

KCTD1BTB) and KCTD13BTB were recorded over the

20 °C–100 °C temperature interval monitoring the CD sig-

nal at 222 nm. The curve was registered using a 0.1-cm

path length cell, a protein concentration of 3 lM, and a

scan rate of 1.0 °C�min�1.

Negative staining

Electron microscopy samples were prepared by applying a

protein solution (3 lL) on previously glow-discharged car-

bon-coated copper grids and negatively stained with uranyl

acetate 2%. Dilutions were optimized to ensure a good dis-

tribution of the particles across the grid; the final concen-

tration of protein sample used was typically 0.05 mg�mL�1.

Electron microscopy

Grids were imaged under low-dose conditions with a Tec-

nai Morgani 80 KV electron microscope at a defocus range

of 2.0–5.0 lm and at a nominal magnification of 30 0009

resulting in a pixel size of 3.0 �A on the specimen. Particles

were extracted by e2boxer [27] either in semi-automated

(KCTD5BTB, KCTD6BTB, KCTD12BTB, KCTD13BTB, and

KCTD15BTB) or manual mode (KCTD1BTB, and

KCTD11BTB); in the latter case only top views were

selected to facilitate the image processing aimed at the

characterization of the oligomeric state, which is possible

only with particles in top views. The number of particles

boxed out from micrographs for each protein, either manu-

ally or semiautomatically, is reported in Table 2. As a com-

mon image-processing strategy, single-particle (SP) images

of each sample were subjected to a first round of 2D refer-

ence-free class averaging with EMAN2 in order to exclude

from the dataset ‘bad’ particles forming not significant

classes. Then, a second round of 2D reference-free class

averaging was performed and the resulting classes were

used for data analysis. Rotational cross-correlation analysis

Table 1. Percentages of sequence identity of the BTB domains of the KCTD members characterized in this study. The number of aligned

residues for each pair has been reported in the brackets. The BTB domains whose structure has been determined by X-ray crystallography

are underlined.

BTB domain KCTD1 KCTD5 KCTD6 KCTD11 KCTD12 KCTD13 KCTD15

KCTD1 32% (91) 54% (91) 44% (94) 39% (91) 30% (90) 81% (97)

KCTD5 41% (96) 40% (100) 34% (92) 36% (94) 34% (91)

KCTD6 61% (99) 44% (100) 43% (90) 57% (90)

KCTD11 40% (103) 43% (94) 43% (100)

KCTD12 36% (91) 42% (97)

KCTD13 30% (97)

KCTD15
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was performed with IMAGIC-5 (Image Science Software

GmbH, Berlin, Germany).

Results

Solution studies

Preliminary insights on the dimensions of the BTB

domains isolated from KCTD1, KCTD5, KCTD6,

KCTD11, KCTD12, KCTD13, and KCTD15 were

obtained by performing analytical SEC analyses using a

Superdex 200 10/30 column. As shown in Fig. 1, for

most of the proteins the elution volume falls in the inter-

val 13.7–15.0 mL. The corresponding MWapp range is

48–75 kDa. The formal number of chains is between 3.1

(for KCTD15BTB) and 5.2 (for KCTD11BTB). The num-

ber of chains for KCTD1BTB (3.7), KCTD5BTB (4.3),

KCTD6BTB (4.2), and KCTD12BTB (4.7) assumes inter-

mediate values. A significantly different behavior is dis-

played by KCTD13BTB (Fig. 1) which presents a much

higher elution volume (17.5 mL). This result indicates

that the oligomeric assembly of this domain is likely

unstable.

The folding state of all domains was determined by

Far-UV CD spectroscopy. The spectra of KCTD5BTB,

KCTD6BTB, KCTD11BTB, KCTD12BTB, and

KCTD15BTB are very similar to those we reported in

previous characterizations and are indicative of well-

folded a/b domains. The CD spectra of the newly

expressed domains, KCTD1BTB and KCTD13BTB

(Fig. 2A), show that they also assume the expected a/b
fold. The minimum and the shoulder exhibited by the

KCTD13BTB domain are at slightly shorter wavelength

when compared to those shown by KCTD1BTB

(Fig. 2A). This may be indicative of a less stable state

for this domain. To assess this possibility we per-

formed thermal denaturation analyses of both

KCTD13BTB (Fig. 2B) and KCTD1BTB (Fig. 2C). The

evolution of the CD signal upon heating indicates that

KCTD13BTB rapidly unfolds. This observation indi-

cates that this domain is endowed with a very limited

stability at room temperature and also explains the

anomalous behavior detected in the SEC analysis.

In contrast, KCTD1BTB is rather stable with a melt-

ing temperature of 57 °C. Since we were able to

express full-length KCTD1 in high yields, we also

Table 2. Number of micrographs and number of the extracted particles for the BTB samples.

KCTD1BTB KCTD5BTB KCTD6BTB KCTD11BTB KCTD12BTB KCTD13BTB KCTD15BTB

Number of micrographs 21 21 16 15 9 17 24

Particles dataset 253 3500 1366 382 2800 132 674

Fig. 1. Analytical size exclusion

chromatography of the BTB domain of

various members of the KCTD family.
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analyzed the CD properties of this protein. The Far-

UV spectrum of KCTD1 (Fig. S1) is similar to the one

corresponding to KCTD1BTB. This suggests that also

the C-terminal region of the protein assumes an a/b

fold. This observation is corroborated by a secondary

structure prediction analysis carried out using the

PSIPRED server (http://bioinf.cs.ucl.ac.uk/psipred/)

that confirms the presence of both helices and strands

in the protein C-terminus (Fig. S2). Interestingly, the

thermal denaturation curve of full-length KCTD1 evi-

dences the presence of a single major transition cen-

tered at 64 °C (Fig. 2C). This finding indicates that

the presence of the C-terminal region increases the

thermal stability of KCTD1BTB. It is worth mention-

ing, however, that all thermal denaturations reported

in Fig. 2B,C were not reversible.

Negative staining analysis

With negative stain, EM, protein samples are embed-

ded in a thin and dried layer of heavy metal salt that

increases the contrast [28]. This allows relatively small

protein samples to be visualized for different purposes.

In order to see whether SP analysis of negative stained

KCTDs could be used to gain insights into the oligo-

meric state of relatively small oligomeric proteins such

as the BTB domains of KCTDs, we used negative

stain method (Figs 3A and S3A) and subsequently per-

formed 2D reference-free class averaging on

KCTD5BTB (Figs 3B and S3B), whose pentameric

state is well established in both its isolated state and in

the context of the entire KCTD5 protein [19].

Notably, pentameric-shaped particles for

KCTD5BTB could be easily recognized even in the raw

electron micrographs (Figs 3A and S3A). This obser-

vation is corroborated by the analysis of the class

averages with increased signal-to-noise ratio which

shows the prevalence of pentamers for particles lying

in top view on the grid carbon support (Fig. S3B).

The pentameric state of some of these classes is clearly

confirmed by the rotational cross-correlation analysis

(Fig. S3C). It is worth mentioning that, along with

closed pentamers, the analysis of the class averages

also highlights the occurrence of open pentameric and

putative tetrameric states (Fig. S3B). Encouraged by

the result of SP analysis on KCTD5BTB, we applied

this approach also to KCTD1BTB whose pentameric

state has been recently detected by X-ray crystallogra-

phy [20]. As shown in Figs 3B and S4, the 2D refer-

ence-free class averages indicate that also KCTD1BTB

forms pentamers thus corroborating the literature crys-

tallographic data. Interestingly, the extension of this

approach to proteins for which previous analyses sug-

gested a tetrameric state (KCTD6BTB, KCTD11BTB,

KCTD12BTB, and KCTD15BTB) also revealed the pres-

ence of the pentameric states (Figs 3B and S5–S9).

Fig. 2. Circular dichroism analysis. Far-UV spectra of KCTD1BTB

(black) and KCTD13BTB (green) (A). Thermal denaturation curves of

KCTD13BTB (B) and of KCTD1BTB (black line)/KCTD1 full-length (red

line) (C).
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The analysis of KCTD13BTB shows the presence of

pentamers along with a larger structural heterogeneity

(Figs 3B and S8). Indeed, for this protein a very lim-

ited number of particles could be considered in the

class averages (Table 2). Consequently, only three class

averages could be derived for KCTD13BTB (Fig. S8C).

This observation suggests that other (smaller) species

might be present in the sample. This finding is in line

with the results of the SEC analysis and with the CD

data which indicate that this domain is barely stable at

room temperature (see above).

Altogether these findings strongly suggest that pen-

tamers are common among the BTB domains of the

KCTD proteins. In this context, it is important to

point out that as no symmetry was applied, the result

comes only from the dataset itself without any a priori

assumption of symmetry based on previous data or

sequence similarity. An advantage of this approach is

that conformational variability and sample heterogene-

ity can be detected. Indeed, class averages of the

different KCTDBTB particles revealed a certain degree

of flexibility that perturbs the ‘perfect’ pentameric

symmetry of the protein complexes. Indeed, as for

KCTD5BTB, in KCTD6BTB, KCTD12BTB, and

KCTD15BTB pentameric states coexists with open pen-

tameric states (Figs S3C, S5C, S7C, and S9C) which

reminds the open state of KCTD1 reported by Priv�e

and coworkers [20]. For KCTD6BTB, KCTD12BTB,

and KCTD15BTB smaller (putative) tetrameric states

were also observed.

Once the oligomeric states of KCTDBTB domains

were characterized, we used negative staining EM to

study the complexes that KCTD proteins form with

their biological partners. In particular, we analyzed the

complex that KCTD6BTB forms with the N-terminal

region (residues 20–381) of Cul3 (Cul3NTD). Notably,

raw negative-stain electron micrographs of KCTD6BTB

in complex with Cul3NTD clearly show the presence of

aggregates with a five-pointed pinwheel shape (Fig. 4)

we previously suggested for the complex between

KCTD5 and Cul3 [23] and recently observed in the

cryo EM study of the complex between KCTD9 and

Cul3 [20]. The size of these aggregates (~ 200 �A) is in

line with that expected on the basis of the molecular

Fig. 3. Electron micrograph of the KCTD5BTB domain and 2D reference-free class averages of KCTDBTB domains. In panel (A), a negative-

stain electron micrograph of KCTD5BTB sample. In panel (B), 2D reference-free class averages of particles lying on the carbon support of the

microscopy grid in top views revealed a pentameric state for KCTD1BTB, KCTD5BTB KCTD6BTB, KCTD11BTB, KCTD12BTB, KCTD13BTB, and

KCTD15BTB. In panel (C), the crystal structure of KCTD1BTB closed and open pentamers are shown in top views for comparative purposes.

Scale bar: 20 nm.

1668 FEBS Letters 590 (2016) 1663–1671 ª 2016 Federation of European Biochemical Societies

BTB domains of KCTD are frequently pentamer G. Smaldone et al.



modeling [23]. These results confirm the pentameric

nature of KCTD6BTB and, simultaneously, the 5 : 5

stoichiometry of the KCTD6BTB – Cul3NTD complex.

A deep inspection of the micrographs (Fig. 4) unravels

that distinct Cul3NTD molecules assume different ori-

entations. This indicates that Cul3 is endowed with a

remarkable flexibility in these complexes.

Discussion

The BTB domain represents the unifying structural

motif among the members of the KCTD family. In

these proteins, not only does the BTB domain promote

oligomerization but it also constitutes the binding unit

for important biological partners. Indeed, BTB multi-

merization creates the recognition surface for interac-

tors such as Cul3 [21], Ap-2 [11], and GABA(B)

receptors [15,16]. We addressed here the debated issue

related to the BTB oligomerization state. The present

extensive EM analysis clearly indicates that, despite

the homology with the T1 KCTD, a number of BTB

domains of functionally unrelated KCTD proteins

assumes pentameric states. Taking also into account

the crystallographic pentameric structures of

KCTD1BTB [20], KCTD5BTB [19], KCTD9BTB [20],

and KCTD17BTB (PDB code 5ACR) and the close

identity of KCTD members of the same evolutionary

clade, present finding suggests that the pentameric

organization is a rather general property among these

proteins. Notably, present data also indicate that, in

addition to well-defined closed pentameric states, these

domains exhibit a significant level of structural

heterogeneity. In line with the crystallographic data on

KCTD1BTB [20] and KCTD16BTB (PDB code 5A15)

which are able form to open pentamers, we frequently

observe open pentameric rings in the micrographs as

well as in the class averages of our proteins. Moreover,

we occasionally detected smaller tetrameric-like states.

This finding is not surprising as distorted tetrameric

states have been recently reported for KCTD10BTB

and KCTD13BTB (PDB codes 5FTA and 4UIJ). In

this intricate scenario, it is worth mentioning that

SHKBP1, a member of the Clade D, assumes a mono-

meric structure in the crystal state (PDB code 4CRH).

These observations open an important question

related to the source of this heterogeneity. In particu-

lar, is it a peculiar, even functional, property of these

domains or is it an artifact due to KCTD dissection in

individual domains? Using KCTD1 as model system

we here show that the stability of the BTB domain is

increased by the concomitant presence of the protein

C-terminal domain. Although further studies are

required to fully address this issue, this finding sug-

gests that, in these proteins, the different domains may

cooperate to assure structural stability. An analogous

consideration has been used to explain the higher

affinity of full-length KCTD5 for Cul3 compared to

KCTD5BTB [20]. The possibility to form open struc-

tures is nevertheless an interesting property of these

domains. Indeed, it suggests that these proteins retain

folded chains even when the quaternary structure is

perturbed. This may endow these domains with a

structural versatility that can be exploited for estab-

lishing functional interactions.

Fig. 4. Negative-stain electron micrograph

of the complex KCTD6BTB-Cul3NTD. The

pentameric state of KCTD6BTB is evident

in raw electron micrograph of the 5 : 5

complex with Cul3NTD. Heterodecamers

are reported in top view of the boxes (A).

In panel (B) some individual particles are

shown. Scale bar: 20 nm.
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From the methodological point of view, our analysis

indicates that rather simple approaches such as the

negative staining raw images and SP 2D class averag-

ing analysis may provide valuable information into the

oligomeric state of relatively small proteins. It is worth

mentioning that the assessment of protein oligomeric

state is often a cumbersome issue. It should be noted

that a full characterization of the different structural

states such as those observed from the recently

obtained crystal structure of KCTD1 [20] cannot be

properly investigated with negative-stain SP analysis

due to resolution limits. However, our results are

encouraging for KCTD high-resolution studies by

cryo-electron microscopy, which, thanks to technologi-

cal advances can be currently performed also on rela-

tively small proteins (< 200 kDa). The application of

this technique may indeed provide quantitative details

on aspects such as the Cul3 flexibility emerged from

this study (Fig. 4). Indeed, as already suggested for the

KCTD counterpart [29], the flexibility of the cullin

may play an important role in the functionality of

these large macromolecular assemblies.
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Additional Supporting Information may be found

online in the supporting information tab for this arti-

cle:
Appendix S1. Expression and purification of KCTD1,

KCTD1BTB, and KCTD13BTB.

Fig. S1. FarUV CD spectra of KCTD1BTB (black line)

and full-length KCTD1 (red line).

Fig. S2. Secondary structure prediction of KCTD1BTB.

Fig. S3. 2D reference-free class averages and rotational

cross-correlation analysis of the KCTD5BTB domain.

Fig. S4. Electron micrograph of a KCTD1BTB

sample negatively stained with uranyl acetate 2%.

Fig. S5. Electron micrograph of a KCTD6BTB sample

negatively stained with uranyl acetate 2%.

Fig. S6. Electron micrograph of a KCTD11BTB

sample negatively stained with uranyl acetate 2%.

Fig. S7. Electron micrograph of a KCTD12BTB sample

negatively stained with uranyl acetate 2%.

Fig. S8. Electron micrograph of a KCTD13BTB

sample negatively stained with uranyl acetate 2%.

Fig. S9. Electron micrograph of a KCTD15BTB sample

negatively stained with uranyl acetate 2%.
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