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Summary

The formation of dynamic protein filaments contributes to various biological functions by
clustering individual molecules together and enhancing their binding to ligands. We report
such a propensity for the BTB domains of certain proteins from the ZBTB family, a large
eukaryotic transcription factor family implicated in differentiation and cancer. Working with
Xenopus laevis and human proteins, we solved crystal structures of filaments formed by
dimers of BTB domains of ZBTB8A and ZBTB18 and demonstrated concentration-dependent
higher-order assemblies of these dimers in solution. In cells, the BTB-domain filamentation
supports clustering of full-length human ZBTB8A and ZBTB18 into dynamic nuclear foci and
contributes to the ZBTB18-mediated repression of a reporter gene. The BTB domains of up
to 21 human ZBTB-family members and two related proteins, NACC1 and NACC2, are
predicted to behave in the same manner. Our results suggest that filamentation is a more
common feature of transcription factors than currently appreciated.

Keywords: protein filaments, protein polymerisation, nuclear foci, transcription factors, gene
repression, ZBTB proteins, ZBTB8A, ZBTB18, ZBTB26, NACC1



Introduction

The ZBTB (zinc finger and BTB domain-containing) family, comprising ~50 members, is
among the largest transcription factor families in humans'2. ZBTB proteins function primarily
as transcriptional repressors, particularly in the context of differentiation and development,
and have been implicated in cancer and other diseases®®. The best-studied member is
arguably ZBTB27 (better known as BCL6, for B cell ymphoma 6), an important factor in both
normal and malignant haematopoiesis’.

The two ZBTB proteins that we focus on here, ZBTB8A (also known as BTB/POZ and Zinc
finger domains Factor on chromosome 1 or BOZF1) and ZBTB18 (also called 58 kDa
Repressor Protein (RP58) or Zinc Finger-containing protein 238 (ZNF238)), also function as
repressors®®. More is known about ZBTB18, which plays an essential role in neuronal
differentiation, brain expansion, and cognitive function according to cellular and mouse
models%-14 Mutations in ZBTB18 have been implicated in a neurodevelopmental syndrome
in humans>-*8, Moreover, the loss of ZBTB18 through silencing is emerging as a factor in
cancer development and metastasisi®-22,

Structurally, the ZBTB-family members are defined by the presence of a single Broad-
complex, Tramtrack and Bric-a-brac (BTB) domain?3-2> at the N terminus and multiple
copies of a zinc finger (ZF) domain towards the C terminus?#%. The primary role of ZF
domains is to bind to specific DNA sequences, whereas the BTB domain, also known as the
POx-virus and Zinc-finger (POZ) domain, mediates homodimerisation and interactions with
corepressors?®2’. The intrinsically disordered linker region between BTB and ZF domains
contains potential sites of posttranslational modifications (PTMs), especially SUMOylation,
which might contribute to gene repression?®-32,

Beyond homodimerisation, the BTB domains of ZBTB proteins have also been postulated as
drivers of higher-order homotypic assemblies. This phenomenon is best established in the
fruit-fly transcription factor GAGA and related ZBTB proteins from arthropods, whose BTB
homodimers further oligomerise into hexamers (trimers of dimers)34, which is necessary for
stable chromosomal localisation of full-length proteins3>-37. In contrast, it is unclear if BTB
domains of human and other vertebrate ZBTB proteins can mediate higher-order assemblies.
The BTB domain of ZBTB17 forms putative tetramers (dimers of dimers) in the crystal, but
the tetramerisation is weak in solution®8. Similarly, the higher-order assemblies of dimers that
have been suggested, based on crystal contacts, for BTB domains of ZBTB16 (also known
as Promyelocytic Leukemia Zinc Finger or PLZF) and ZBTB27, have not been conclusively
demonstrated in solution so far?6:3%-41,

The current study originated from our interest in ZBTB proteins as SUMOylation substrates.
During the recombinant preparation of fragments of ZBTB8A, we serendipitously discovered
that its BTB domain makes dynamic homotypic filaments. Our study adds BTB to a short list
of known protein domains with this property*?>43 and explores the structural basis and
functional significance of BTB-domain filamentation.



Results
The crystal of the BTB domain of ZBTB8A reveals interconnected dimers

We began with the BTB domain from human ZBTB8A (HsZBTB8ABT®), which we attempted
to recombinantly produce in Escherichia coli. However, after difficulties caused by its low
solubility, we moved to the BTB domain of ZBTB8A from the frog Xenopus laevis
(XIZBTBBAEBTB, 75% identical to HsZBTB8ABTB) (Figure 1A), for which we obtained a larger
amount of soluble protein. During the preparative size exclusion chromatography (SEC),
XIZBTB8ABTE eluted close to the void volume (Figure 1B), indicating either aggregation or
oligo-/polymerisation. Nevertheless, the protein was purified and crystallised.

The crystal structure of XIZBTB8SABT® at 3.10 A was solved in the P4132 space group (Table
1). In each asymmetric unit, there is a single dimer with a non-crystallographic 2-fold
rotational (C2) symmetry (Figure 1C, left), formed in the same manner as previously observed
for other ZBTB proteins® (right).

Interestingly, the XIZBTB8ABT™® dimer is connected on either side to a dimer from a
neighbouring asymmetric unit through an extensive interdimer interaction (Figure 1D). The
interdimer interface has an area of ~630 A2 and a solvation free energy gain of -15.9
kcal/mol, within the range for probable biologically-relevant interactions.

Conservation and AlphaFold2 modelling of the interdimer interaction

The interdimer interaction observed in the XIZBTB8ABT™ crystals shows a C> symmetry,
involving an equivalent surface on the two interacting subunits (Figure 1D). Mapping
sequence conservation onto the structure revealed high sequence conservation of this
surface among ZBTB8A orthologues from various species (Figure 1E, main), rivalling that of
the interface needed for dimer formation (inset).

Next, we attempted to predict intra- and interdimer interactions using AlphaFold2 Multimer 3,
accessed via ColabFold*¢, The Protein Data Bank (PDB) dataset used for training
AlphaFold2 did not include our crystal structures. Five out of five models of XIZBTB8ABT®
tetramers showed a dimer-of-dimers assembly highly similar to that observed in our structure,
with a root-mean-square deviation (RMSD) of 1.3 A over 391 C, atoms (Figure 1F). The only
major difference concerned a short 3-sheet in our structure (contact 2), which adopts a low-
confidence a-helical conformation in the AlphaFold2 model. The interface predicted template
modelling (ipTM) score of the best model reached 0.74, indicating a possible real-world
interaction.

BTB dimers assemble into a helical filament in the crystal and solution

In the crystal lattice, the interdimer interactions link individual XIZBTB8ABT™® dimers into a
right-handed helical filament with a pitch of ~15 nm and a radius of ~4 nm (Figure 1G,H).

To experimentally verify if a similar structure can be observed in solution, we used SEC
coupled with small-angle X-ray scattering (SAXS). The SAXS data show a strong upturn for
low scattering vector values indicative of large molecules and a series of three scattering
events (“humps”) in harmonic positions around 0.055, 0.110, and 0.165 A1 (Figure 11, main).
These humps likely correspond to layer lines expected in a theoretical X-ray scattering
pattern of a helical assembly (inset). We fitted the data with a helical model, achieving a good



agreement with a pitch of 15.3 nm and a radius of 3.9 nm. These parameters closely match
those of our crystal filament (Figure 1H), indicating that XIZBTB8AB™ makes similar
structures in solution.

Structural elements needed for higher-order assembly

Looking closely at the evolutionarily conserved (Figure 1E) interdimer interface, we can
distinguish two parts, contact 1 and contact 2 (Figure 2A).

Contact 1 is predominantly hydrophobic and involves two neighbouring a-helices (lined by
the sidechains of 196, M99, S100, S103, Y104, Q106, 1111, and 1118) that interact with their
own copies from the neighbouring BTB subunit, forming an irregular four-helix bundle (Figure
2A, bottom and Figure S1). Beneath the helical bundle, M51 reaches out towards its
symmetry mate, making a potential additional connection.

Contact 2, in turn, involves the residues L122, D123, and 1124 (the ‘LDI motif’), which
represent the most C-terminal part of XIZBTB8ABT visible in the electron density (Figure 2A,
top). This region also interacts with a copy of itself from the neighbouring subunit but primarily
through main-chain interactions, forming a short two-stranded B-sheet. L122 and 1124 might
promote the B-strand conformation, as isoleucine and, to a lesser extent, leucine are strand-
promoting amino acids?*’.

Interdimer interface residues probed through solution experiments

To experimentally test the contribution of contacts 1 and 2 to the higher-order assembly of
XIZBTB8ABTE, we generated a range of mutants and compared them to the WT protein using
three setups: SEC coupled with right- and low-angle light scattering (SEC-RALS/LALS)
(Figure 2B,H); SEC combined with sodium dodecyl sulphate polyacrylamide gel
electrophoresis (SDS-PAGE) (Figure 2C,l); and bis(sulfosuccinimidyl)suberate (BS3)
crosslinking followed by SDS-PAGE (Figure 2D,J).

For WT XIZBTB8ABT™B, the SEC experiments reproduced the early elution seen in the
preparative SEC (Figure 2B, C). The apparent molecular weight (MW) in the highest part of
the peak revealed oligomers built of several dimers (Figure 2B). In agreement with the
expected topology, BS3 crosslinking of the WT domain generated two distinct dimeric bands,
possibly corresponding to the intra- and interdimer interaction, as well as a ladder of higher
bands (Figure 2D).

Next, we tested four XIZBTB8AB™ mutants carrying the following substitutions: M51R (the
lower part of contact 1), 196D (contact 1), L122A/D123A/I124A or ‘LDI’ (contact 2), and
M51R/196D/S103R/L122A/D123A/1124A or ‘Multi’ (contact 1 and contact 2). Compared to WT
XIZBTB8ABTE, all analysed mutants showed signs of decreased or abolished higher-order
assembly including a delayed SEC elution (Figure 2B, C), lower apparent MW (Figure 2B),
and — for the strongly impaired mutants 196D and Multi — an altered crosslinking pattern with
an apparent single dimeric band possibly representing the intradimer interaction (Figure 2D).

Preventing higher-order assembly by varying the size of residue 103

Next, we directed our focus to the narrowest point of contact 1 occupied by S103 (Figure
2E). We reasoned that a more voluminous sidechain (Figure 2F) in this position should be



incompatible with the two BTB dimers coming together, providing an elegant way of disrupting
the filaments.

The crystal structures of three S103-mutated XIZBTB8ABT™ domains (Table 1) are consistent
with this hypothesis (Figure 2G). While the S103A mutant reproduced the crystal form of the
WT protein featuring the familiar filament, the S103D and S103R mutants crystallised
differently from the WT protein and from each other, failing to establish the interdimer
interactions needed for filamentation (Figure 2G).

In line with these observations, we saw only a minor impairment of the solution higher-order
assembly for the S103A, but a dramatic one for the S103D and S103R mutants (Figure 2H-
J). Among other techniques, we analysed the S103R mutant using the SEC-SAXS approach
previously applied to the WT domain (Figure 11). The mutant showed a SAXS curve indicative
of a relatively globular protein, suggesting the loss of the large helical assemblies (Figure
2K).

Overall, the data from this and the previous section support the assembly of WT XIZBTB8ABT®
into filaments and validate the importance of contact 1 and contact 2 for this process. Based
on our results, and especially the crystallisation of the S103D and S103R mutants in filament-
free forms, we believe that these two mutants, as well as Multi (which includes S103R), might
be completely devoid of the filamentation propensity. If this is the case, the potential signs of
species larger than dimers observed for these mutants (a small peak preceding the dimeric
peak in Figure 2B,C,H,l and a faint higher band in Figure 2D,J) might indicate a, likely
weak/transient, interaction between dimers distinct from the one needed for filamentation.

When producing the mutants, we observed improved solubility and yields compared to WT.
This indicates that the flamentous state is not necessary for stability and might in fact lower
solubility and/or increase aggregation.

Concentration-dependent oligo-/polymerisation probed with SEC-RALS/LALS

Next, we performed a series of SEC-RALS/LALS analyses of WT and S103R XIZBTB8ABTE
at various concentrations (Figure 3A). The effective concentrations at elution were likely >10-
fold lower than the indicated starting concentrations.

While the S103R mutant eluted at the same volume regardless of the starting concentration,
the WT protein eluted progressively early with increasing starting concentration (Figure 3A).
The average MW in the centre of the WT peak also increased with concentration, reaching,
for 600 uM, a value corresponding to up to a dozen dimers (Figure 3A, main). Only at the
lowest analysed starting concentrations, the elution volume of the WT protein approached
that of the dimeric S103R mutant (Figure 3A, inset), suggesting a dissociation constant (Kp)
of the interdimer interaction in a low micromolar or high nanomolar range. The fact that the
WT samples that were analysed within minutes after dilution displayed different oligomer
distributions depending on concentration means that the BTB filaments can dissociate within
this time scale. In contrast, the behaviour of the S103R mutant indicates that the
XIZBTB8ABTE dimer has a much higher affinity and/or kinetic stability.

The observed concentration-dependent behaviour is similar to that of protein domains
undergoing dynamic ‘head-to-tail polymerisation’?, but the BTB filaments do not have head-
to-tail topology. Below, we refer to it as ‘dynamic filamentation’.



Biophysical insights into BTB filaments at low micromolar concentrations

Subsequently, we applied three methods compatible with low micromolar concentrations
including NALIM (NAtive Llquid MALDI)*® native mass spectrometry (nMS) (Figure 3B),
negative-stain electron microscopy (EM) (Figure 3C-D), and high-speed atomic-force
microscopy (HS-AFM) (Figure 3E-G).

NALIM uses matrix-assisted laser desorption-ionisation (MALDI) to transfer a protein from a
liquid deposit into the gas phase under non-denaturing conditions. Importantly, the likelihood
of a native interaction remaining intact in NALIM does not necessarily directly correlate with
its stability in solution. One reason for this is that, as the protein leaves the aqueous solvent,
the hydrophobic effect ceases to operate, while existing ionic interactions become reinforced.
Moreover, gas-phase dissociation is an irreversible process that bears no relation to an
equilibrium affinity. The analysis was performed at 2.5 pM, a concentration low enough to
minimise the risk of nonspecific gas-phase aggregation. We observed a range of oligomers
of XIZBTB8AB™ WT, with an octamer as the largest detectable species (Figure 3B, top). The
absence of oligomers above a trimer in the S103R mutant (bottom) suggests that the
observed larger WT oligomers can be attributed primarily to specific self-association.
Considering our other data, the peaks corresponding to odd subunit numbers in both samples
almost certainly result from partial gas-phase dissociation of even-numbered complexes. The
S103R trimer peak might reflect a transient association between dimers of this mutant in
solution that we speculated about when interpreting SEC and crosslinking results. Given
these qualifications, the NALIM results demonstrate, in a more direct way than solution
techniques with a lower mass resolution do, the formation of species composed of multiple
copies of the WT XIZBTB8ABT® domain.

We next analysed WT and S103R XIZBTB8ABT™® with negative-stain EM. The protein was
analysed at a concentration of 1.1 pM, which might have increased during drying. For the WT
protein, we observed numerous noodle-shaped particles consistent with filaments (Figure
3C, left), which were particularly visible in darker grid regions (right). In contrast, the S103R
mutant showed only small particles difficult to distinguish from the background (Figure 3D).

Lastly, we analysed WT XIZBTB8AB™ using HS-AFM by adsorbing the protein, diluted to 3
UM, onto mica. The imaging revealed particles with a range of sizes, from potential dimers to
polymers (Figure 3E). The average height of 7.4 + 1.1 nm (Figure 3F) matches well the
diameter of the crystal filament (~8 nm, Figure 1H). A closer look at individual assemblies
reveals apparent helical structures in reasonable agreement with the crystal filament (Figure
3G), with the slight disparities in pitch coming either from inherent flexibility or from the dilation
tip effect in the XY direction.

The results obtained with these three techniques support the self-assembly of XIZBTB8ABTE
into helical filaments already within the low micromolar regime.

Filamentation propensity is conserved in ZBTB8A and related paralogues

We next revisited bacterial production of the BTB domain of HsZBTB8ABTE, As the S103
residue is conserved between the frog and human proteins, we created the S103R mutant of
HsZBTBB8AEBTE to compare it to the WT form. The results of the SEC-RALS/LALS analysis of
a single starting concentration of each protein (Figure 3H) were qualitatively similar to those
for XIZBTB8AET® (Figure 2H,3A).



To investigate whether other members of the ZBTB family also form BTB-domain filaments,
we first bioinformatically examined its closest paralogues: ZBTB8B, ZBTB10, and ZBTB46
(the 8A-8B-46-10 subclade), observing a high conservation of contact 1 and 2 residues
(Figure 4A). Furthermore, we created AlphaFold2 models of BTB-domain tetramers. For
each of these proteins, five out of five models showed an interdimer arrangement similar to
that seen in XIZBTB8ABT® crystals (Figure 4A). Together, these analyses suggest the
conservation of filamentation in this subclade.

Family-wide prediction of BTB filamentation among ZBTB proteins

We next analysed the conservation of residues needed for ZBTB8A-like filaments in a
broader subset of human ZBTB proteins (Figure 4B). For some of the selected proteins
(ZBTB18, ZBTB44, ZBTB6, ZBTB43), we did not have prior indications whether their BTB
domains do or do not form ZBTB8A-like filaments; however, we included also a few proteins
whose BTB domains are well-characterised and do not form ZBTB8A-like filaments in crystals
(ZBTB7A, ZBTB16, ZBTB27)39:40:49,

While contact 2 residues appeared limited to ZBTB8A, contact 1 residues were more widely
conserved (Figure 4B), and we hypothesised that BTB domains of some ZBTB proteins
might be able to form filaments through contact 1 alone. Based on our analysis of
XIZBTB8ABT® (Figure 2G-K), contact 1 interaction requires a serine or another small amino
acid in position 103 (ZBTB8A numbering) (Figure 4C). Among the proteins analysed in
Figure 4B, this serine is replaced by more voluminous amino acids specifically in the three
proteins known not to form ZBTB8A-like BTB filaments, suggesting this residue as a potential
evolutionary ‘marker’ of filamentation.

With this in mind, we performed a phylogenetic analysis of all 49 canonical human members
of the ZBTB family (Figure 4D). While the obtained phylogenetic tree was not fully robust,
ZBTB proteins were generally reproducibly grouped into clades broadly consistent with
previously published trees?®°. Analysing their sequences, we observed that a serine in
position 103 is present in proteins from three clades that we termed I, I, and Il (Figure 4D).
On the other hand, the majority of ZBTB proteins outside these clades contain a more
voluminous residue in this position. The latter group includes all ZBTB proteins whose BTB
domains had been crystallised before, and, fittingly, none of these crystal structures features
contacts consistent with ZBTB8A-like filaments.

We also performed large-scale AlphaFold2 modelling of BTB tetramers. The BTB domains
of most ZBTB proteins from clades I, I, and Il were predicted to form dimers-of-dimers
consistent with XIZBTB8ABTE-like filaments in at least one out of five models (Figure 4D). In
contrast, BTB domains of ZBTB proteins outside the three mentioned clades, with a few
exceptions, were not predicted to assemble into such structures.

The presence of a serine in position 103 and the results of AlphaFold2 modelling provide two
largely independent criteria for predicting a propensity to form ZBTB8A-like BTB filaments,
So it is reassuring that they converge on similar proteins. However, both these criteria have
limitations. As AlphaFold2 is informed by a multiple-sequence alignment®, its results will be
influenced by the extent to which the properties of the target BTB domain are shared by
homologous sequences automatically included in the alignment. Similarly, a serine in position
103 is not an unequivocal indicator of ZBTB8A-like flamentation, because the BTB interdimer



interface requires multiple residues, and, while the small volume of S103 is important in
ZBTB8A, it might be less important in hypothetical cases where the interacting helices are
shifted. We prefer to focus on clades rather than individual proteins, because the formation
of filaments with this particular form is more likely to be inherited from a common ancestor
than to emerge in isolated cases. Therefore, we conclude that ZBTB proteins from clades I,
[I, and Il are candidates for ZBTB8A-like BTB-domain filamentation.

Oligo-/polymerisation of BTB domains of ZBTB18 and ZBTB26

In order to experimentally examine this hypothesis, we recombinantly produced BTB domains
of selected ZBTB proteins from these clades, including ZBTB18, ZBTB5, ZBTB26, ZBTB12,
ZBTB20, and ZBTB43. We succeeded in purifying only the BTB domains of ZBTB18
(HsZBTB18B™8, Figure 5A) and ZBTB26 (HsZBTB26B™®), as the other domains were
exclusively insoluble.

While we failed to crystallise HsZBTB26BT8, we obtained crystals of HsZBTB188™ and solved
its structure in the 14, space group at 4.15 A (Table 1). The structure contains eight BTB
molecules in the asymmetric unit, which belong to two similar tetramers (dimers-of-dimers).
Each tetramer further extends by interacting with tetramers from neighbouring units, forming
a helical filament highly similar to that for XIZBTB8ABT™® (Figure 5B,C).

A closer comparison of the HsZBTB18B™ and XIZBTB8ABT® interdimer interactions shows
that the small B-sheet seen for XIZBTB8ABT™ (contact 2) is absent in HsZBTB188™ (Figure
5D). The interdimer interaction is thus limited to contact 1, which is very similar to that for
XIZBTB8APBTE, Of note, the interdimer interaction observed in the HsZBTB18BT structure is
almost identical to that proposed for this protein by AlphaFold2, with an RMSD of 1.4 A over
395 Ca atoms (Figure 5E).

A series of SEC-RALS/LALS analyses of HsZBTB18B™ at different concentrations (Figure
5F) gave qualitatively very similar results to an equivalent experiment performed for
XIZBTB8ABTE (Figure 3A), consistent with concentration-dependent higher-order assemblies
of stable dimers. WT HsZBTB26B™® — for which we analysed only one starting concentration
— showed early elution and high apparent MW indicative of a large assembly (Figure 5G).
For both HsZBTB188™ and HsZBTB268B™®, the higher-order assembly was strongly impaired
upon substituting the serine equivalent to S103 of ZBTBS8A with arginine (S102R for ZBTB18
and S108R for ZBTB26, Figure 5F,G), suggesting a ZBTB8A-like filament topology.

These results indicate that the ZBTB8A-like higher-order assembly of BTB dimers is a feature
of at least three proteins: ZBTB8A, ZBTB18, and ZBTB26, which span clades I, II, and l1lI
(Figure 4D). The solubility issues observed with BTB domains of some other members of
these clades might also reflect filamentation, but this needs to be confirmed.

Filaments of the BTB domain of NACC1 suggested by its crystal structure

As BTB domains are present in many human proteins outside the ZBTB family, we wondered
if any of them might be closely related to BTB domains of ZBTB proteins from clades |, II,
and Il and also exhibit filament formation. A series of Basic Local Alignment Search Tool
(BLAST)>! searches identified BTB domains of NACC1 and NACC2 as closely related to the
clade-IIl protein ZBTB37.



NACC1 (for Nucleus ACCumbens associated 1) consists of an N-terminal BTB domain and
a C-terminal DNA-binding BEN domain (named after BANP, E5R, and NACC1) (Figure 5H).
While the BTB domain of NACC1 (HsNACC1B™8) has been crystallised®?, it has not been
reported to form higher-order assemblies in solution. However, initial insolubility was
reported, which was overcome by mutating a surface aromatic residue (F98D)>%2.
Interestingly, this mutation is the exact equivalent of the filament-deficient 196D substitution
in XIZBTB8ABTE (Figure 2B-D). The F96D mutation likely resulted in the domain behaving
like a dimer, discouraging the authors from analysing higher-order crystal contacts. Revisiting
this crystal structure, we observed a similar filamentous arrangement to that in our
XIZBTB8AB™ and HsZBTB18B™® structures (Figure 51). The angle between interacting
HsNACC18BT8 dimers is altered compared to that for XIZBTB8ABT®, possibly due to a glycine
in the position equivalent to S103 of ZBTB8A allowing a closer contact-1 interaction (Figure
5J).

These observations suggest that the BTB domains of NACC1 and likely its paralogue,
NACC?2, can form ZBTB8A-like filaments, which should be tested in solution.

Filamentation-dependent localisation of ZBTB8A and ZBTB18 to nuclear foci

The formation of dynamic protein filaments is an established mechanism whereby multiple
copies of a protein cluster together in specific cellular locales*253-%5, To test if BTB-domain
filamentation determines the cellular localisation of full-length ZBTB proteins, we transiently
overexpressed mCherry-tagged human ZBTB8A (HsZBTB8A-mCherry) or ZBTB18
(HsZzBTB18-mCherry) (Figure 6A) in U20S cells.

Within the nucleus, the WT forms of both proteins distribute between two populations: one
diffusive, spread across the nucleoplasm, and another that accumulates within discrete foci
(Figure 6B,C). HsZBTB8A-mCherry displays a stronger tendency to form foci compared to
HsZBTB18-mCherry. A similar punctate nuclear localisation has previously been reported for
endogenous ZBTB8A and ZBTB18°%¢,

In contrast to the HsZBTB18-mCherry foci, which are evenly distributed throughout the
nucleus, the HsZBTB8A-mCherry foci appear to form preferentially at the nucleolar periphery,
a site of repressive chromatin®-5°. This was confirmed by analysing cells cotransfected with
a vector expressing an enhanced green fluorescent protein (eGFP)-tagged nucleolin (Figure
6D). Moreover, HsZBTB8A-mCherry but not HsZBTB18-mCherry appears to colocalise with
promyelocytic leukaemia (PML) bodies — structures linked to protein SUMOylation and gene
repression®® — visualised by the coexpression of eGFP-tagged PML isoform 4 (Figure 6D).

In the same experiment, we monitored the subcellular localisation of various mutants of the
two ZBTB proteins, observing a good agreement between the loss of punctate nuclear
distribution (Figure 6B,C) and the impaired interdimer interactions observed above in the
isolated BTB domain in vitro (Figure 2B-D,G-J and 5F). A discrepancy with in-vitro results
was observed only for the LDI mutation of ZBTB8A, which caused only a partial decrease in
filament formation in an isolated BTB domain in vitro (Figure 2B,C,D) but led to the complete
loss of nuclear foci and a partial delocalisation to the cytoplasm in the full-length protein in
the cell (Figure 6B). This might indicate that, in addition to stabilising the BTB interdimer
contacts, the LDI motif — while unlikely to be part of a nuclear localisation signal (NLS) — might
contribute to nuclear retainment. Nonetheless, all these results strongly suggest that the



formation of dynamic BTB-domain filaments is required for, and likely is the driver of, the
clustering of ZBTB8A and ZBTB18 into distinct nuclear foci.

Nuclear foci of ZBTB8A and ZBTB18 show slow exchange

For WT HsZBTB8A-mCherry, analysing the turnover within foci using fluorescence recovery
after photobleaching (FRAP) revealed a slow exchange, with only ~20% of the bleached
fluorescence recovering after 7 s (Figure 6E,F). Upon the S103R mutation, this behaviour
gave way to a uniquely diffusive population undergoing a very fast exchange (100% within 1
or 2 s). A very similar fast exchange was observed for the S102R mutant of HsZBTB18-
mCherry, compared to which the WT HsZBTB18-mCherry molecules both within (~80%
recovery within 7s) and outside (100% within 6 s) foci appeared slowed down — indicating
oligo- or polymerisation of both these WT HsZBTB18-mCherry populations (Figure 6G,H).

These results demonstrate that, as observed for other foci driven by dynamic
filamentation4?4353, the molecules within ZBTB foci undergo a measurable exchange with the
surrounding molecules. The turnover of the molecules in the foci, however, is slowed down
compared to diffusive molecules, particularly in the case of ZBTB8A. This likely reflects the
constraining effect of the BTB interdimer interactions, potentially compounded by a further
filament-dependent event, such as tangling of the ZBTB filaments with each other or
enhanced binding between ZBTB filaments and DNA.

ZBTB18 filamentation contributes to the repression of a reporter gene

We next evaluated the impact of the impairment of the BTB-domain filamentation on the
transcriptional repressor function of ZBTB18°%1821.2261 \which is better defined than that of
ZBTBB8A. For this, we used a luciferase reporter assay with a plasmid containing a firefly
luciferase gene preceded by ten ZBTB18-binding DNA motifs (‘BS10’)%1861 (Figure 7A). The
data were normalised using a cotransfected renilla luciferase reporter plasmid lacking the
BS10 sequence.

Using this setup, we reproduced specific repression of firefly luciferase when additionally
cotransfecting COS-7 cells with a plasmid encoding untagged WT ZBTB18 (Figure 7B). The
effect depended on the amount of the ZBTB18 vector used and was abolished upon the
charge-reversal mutations of ZBTB18 residues predicted to interact with DNA
(K426E/R427E) based on the homology to ZBTB1092. In fact, this mutant, when
overexpressed, enhanced firefly luciferase expression, plausibly indicating interference with
the endogenous ZBTB18 present in these cells through the formation of mixed filaments.
Importantly, the filament-deficient S102R mutant of ZBTB18 caused a diminished repression
compared to WT ZBTB18, indicating a role for BTB-domain filaments in defining the full
repressive potential of ZBTB18. The difference in repression between WT and S102R
ZBTB18 does not appear to be due to a difference in ZBTB18 protein levels, which, for the
same vector amount, are similar between variants according to immunoblotting (Figure 7C).
The surprising migration of ZBTB18 (MW ~58 kDa) near the 75-kDa SDS-PAGE marker has
been reported®,

In addition, we performed a quantitative reverse-transcription polymerase chain reaction
(RT-gPCR) experiment in U20S cells that transiently overexpressed eGFP-tagged ZBTB18
(HsZBTB18-eGFP) in a WT or S102R form or an empty eGFP vector. While these results
lack statistical significance due to variability between replicates, a possible repression of a
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panel of previously reported target endogenous genes!®?! was observed upon the
overexpression of WT but not S102R ZBTB18 (Figure S2), providing preliminary evidence
that the insights from the reporter assay may extend to endogenous targets.

Together, these results suggest that the BTB-domain filamentation contributes to the
biological functioning of ZBTB proteins, which should be further explored across various
ZBTB-family members.
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Discussion

The BTB is a common protein domain, typically functioning as a homodimerisation
modulel23-253949 Here, we present the first conclusive demonstration of a higher-order
homotypic assembly of BTB dimers into helical filaments. The filaments that we observed for
ZBTB8A and ZBTB18 are structurally distinct from those previously suggested for some other
ZBTB proteins based on crystal contacts?®2%4 and from pharmacologically-induced
filaments of the BTB domain of ZBTB27%4.

In terms of their properties, the observed filaments fall into the category of dynamic
filaments#?, a type that has been reported for various proteins, including cellular signalling
and polarity regulators®3°46>-70  E3 ubiquitin ligase adaptors® !, gene silencing
mediators*37273, RNA-binding proteins’#’>, and a few transcription factors’®-81, These
formations are structurally similar to, but mechanistically distinct from, cytoskeletal filaments,
which tend to be long and to depend on other factors and chemical energy for their assembly
and disassembly. In contrast, dynamic filamentation involves spontaneous and reversible
formation of relatively short, oligo- or polymeric, chains, where the average size is dictated
by the local concentration*2. These characteristics appear to be shared by the BTB domains
of ZBTB8A and ZBTB18, which, after purification, spontaneously produce distributions with
a varying average size in a concentration-dependent manner (Figure 3 and 5F). It was
possible to produce mutants forming only (or mostly) individual building blocks (in this case,
dimers), suggesting that filamentation is not necessary for protein stability. On the other hand,
our attempts to mutate the intradimer interface (L10D/F23A/A44R) led to insolubility, possibly
reflecting the obligate status of the dimeric building block, in line with its intertwined
structure®, cotranslational assembly®283, and previous experiments?,

The dynamic filamentation propensity of a protein can reside in a single domain, as in the
case of Sterile a Motif/Pointed (SAM/PNT), Phox and Bem1/Dishevelled-Axin (PB1/DIX), and
Vernalisation/VIN3-like (VEL) domain families*243 or depend on multiple domains, as in the
protein SPOP (speckle-type POZ protein), which dimerises with high affinity via a BTB
domain (related to that of ZBTB proteins) and then uses other domains to form dynamic
higher-order assemblies®> 7185 Qur data indicate that, unlike in SPOP, the BTB domain of
ZBTBB8A is sufficient for filamentation, thus resembling SAM/PNT, DIX/PB1, or VEL domains.
On the other hand, BTB-domain filaments differ from those formed by the three mentioned
domain families in symmetry. In the SAM/PNT, DIX/PB1, or VEL filaments, the ‘head’ of each
individual subunit interacts with the ‘tail’ of another, resulting in polar structures with two
different ends*24376.86 (Figure 7D, top). In contrast, our structures demonstrate that BTB
domains form C-symmetric head-to-head dimers, and then each dimer connects with two
others through a C>-symmetric tail-to-tail interaction (Figure 7D, bottom). As a result, the BTB
filaments are nonpolar, with two equivalent ends.

These considerations concerning topology and symmetry have implications for the evolution
and prediction of protein filamentation. For its evolution, because Cx-symmetric interfaces
are known to be abundant in nature and emerge rapidly through mutation. This is likely related
to the composition of such interfaces of two equivalent halves, meaning that favourable
contacts that arise by chance are doubled by symmetry®7:88. A domain that already makes a
C2> homodimer could further evolve into a filament if 1) it develops a second Cz-symmetric
homodimerisation interface at the tail, as in the BTB filaments described here, or 2) it
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becomes fused with another C>-symmetrically homodimerising domain as a result of domain
shuffling, as apparently is the case for SPOP. It has recently been reported that proteins
already endowed with a rotational symmetry can be transformed into a filament through a
small number of surface mutations that fortuitously generate a new rotationally symmetric
interface®. Similar evolutionary trajectories might have been common in nature.

Topology and symmetry also hold consequences for the prediction of filaments. A recent
AlphaFold-based approach to the prediction of oligomeric states involves the initial modelling
of a homodimer for each protein and, in the case of a high-confidence head-to-tail
arrangement, a geometrical extrapolation of the homodimer to a ring or a filament®. This
approach successfully predicts some head-to-tail filaments, but it cannot predict higher-order
arrangements of dimers such as those formed by BTB domains. We show that AlphaFold
modelling of tetramers can be an effective strategy for uncovering protein filaments
composed of dimers. SPOP-like filaments reliant on two different domains could potentially
also be predicted by searching for proteins with two known dimerisation domains using
standard bioinformatics.

The results of our cellular experiments (Figure 6, 7A-C, S1) — in which the studied proteins
were overexpressed — serve as first indications that BTB domain-mediated filamentation is
operational in cells and can affect the localisation and function of ZBTB proteins. However,
these aspects should be further investigated at endogenous protein levels and chromosomal
loci, in various cell types and at different developmental stages. At the fundamental level,
based on the previously proposed mechanisms, the BTB domain-mediated clustering of
ZBTB molecules could serve to 1) enhance binding to ligands (including binding motifs on
chromosomal DNA) through cooperativity (if the filament assembles on the DNA, Figure 7E,
top left), avidity (if it simultaneously binds to multiple sites, top right), or simply by promoting
rebinding of a ligand to another subunit in a chain after it dissociated from a previous
one*?°1.92: 2) regulate subcellular and subnuclear localisation*?8%%3 ; and/or 3) affect the
structure and topology of the bound DNA, including looping or bridging (Figure 7E, bottom)7.
These mechanisms are generally similar to those enabled by non-filamentous oligomers with
a defined subunit number (for example, A phage repressor octamers®*%). However, the
formation of dynamic filaments has, at least in theory, a greater regulatory potential, as it can
give rise to larger assemblies*?. It remains to be seen if the mentioned mechanisms apply to
ZBTB proteins and how they manifest within a biological system. A preview of the expected
complexity is offered by the convoluted history of research into the role of multimerisation in
transcription factor function, including the data for Yan, a SAM domain-containing repressor
from the fruit fly’’, where filamentation does not greatly affect chromosomal distribution®® but
is nonetheless functionally essential®>9397.% The role of dynamic filamentation might be
similarly complex for each individual ZBTB protein, and further compounded if heterotypic
filaments of different ZBTB proteins are possible. The BTB domain-mediated clustering might
also contribute to the biological function indirectly, e.g. by impacting the SUMOylation of
ZBTB proteins3!. In turn, BTB-domain filaments could be regulated by PTMs, including the
potential phosphorylation of the conserved serine located at the interdimer interface.

In addition to their physiological functions, the uncovered mechanism might explain the
oncogenic potential of fusions between ZBTB10 and NACC?2 proteins and protein kinases®-
101 |Indeed, BTB-domain filaments could cluster the kinase domains together to promote their
trans-autophosphorylation and activation'%2193 (Figure 7F).
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The identification of an overlooked filamentation tendency within a well-studied transcription
factor family prompts the question if the ability to form dynamic filaments could be more
frequent among human transcription factors and, more generally, proteins than is currently
known. In this regard, the tendency of filament-forming proteins to be insoluble upon
overexpression*?7¢ with which this study began, might be one reason why further cases of
dynamic protein filamentation — and their biological role — likely still await discovery.

Limitations of the study

The study combines insights from various techniques, each of which has limitations. In-vitro
experiments were performed with isolated BTB domains. Crystal structures might not reflect
predominant states in solution. Live-cell imaging and RT-gPCR were performed in
transformed cells using transient overexpression of proteins tagged with large fluorescent
domains. The insights from the luciferase reporter assay, which involved untagged proteins,
are limited due to an overexpression approach, the use of a monkey cell line, an artificial
BS10 sequence, and different chromatinisation of plasmid-embedded compared to
chromosomal loci. Finally, the proposal that the observed behaviour might extend to BTB
domains of numerous human proteins requires experimental validation, as do the proposed
molecular mechanisms.
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Figure 1. Crystal structure of XIZBTB8AB™ reveals a helical filament
A Domain architecture of ZBTB8A from Xenopus laevis and the crystallised fragment
B Preparative SEC of XIZBTB8AE™

C Left, crystal structure of the XIZBTB8AE™ dimer. Right, superposition of the XIZBTB8ABE™ and
ZBTB16/PLZF BTB (PDB: 1BUO) homodimers

D The interdimer interface

E The interdimer interface with one dimer coloured according to sequence conservation among
ZBTB8A orthologues. Inset, the intradimer interface

F Comparison of XIZBTB8AB™ interdimer assembly from crystal structure and AlphaFold2 model.
Inset, model coloured according to confidence and the corresponding Predicted Aligned Error (PAE)
plot.

G The principle of the assembly of BTB filaments
H A fragment of the crystal XIZBTB8ABT® filament

| Experimental and modelled SEC-SAXS data of XIZBTB8AB™ WT at the starting SEC concentration
of 570 uM. The same experimental data are shown for WT in Figure 2K. A theoretical helical fibre
diffraction pattern is inset. The data were deposited in SASBDB under SASDR98. The parameters of
the fitted model are in Table S3.
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Figure 2. Interdimer interface residues of XIZBTB8AB™ probed through solution analysis

A Interdimer interaction interface with zoomed-in contact 1 and contact 2. An enlarged view of contact
2isin Figure S1.

B SEC-RALS/LALS of XIZBTB8AB™ WT and indicated mutants at the starting concentration of 300
MM. The MW of a dimer is provided. The WT data are the same as in Figure 2H. Thin lines correspond
to UV traces and thick lines to apparent MW derived from light scattering.

C SEC of XIZBTB8AB™ combined with SDS-PAGE at the starting concentration of 100 pM. The WT
data are the same as in Figure 2I.

D SDS-PAGE analysis of BS3 crosslinking of XIZBTB8A®™ WT and indicated mutants. BTB, refers
to a likely number of BTB domains in the indicated band.

E A zoomed-in view of the interdimer interaction seen from the top
F Approximate van der Waals volumes of indicated amino acids

G The packing of XIZBTB8AB™ dimers in crystal structures of WT and indicated mutants. The location
of the mutation is marked with a star. Crystal contacts reflecting WT-like filaments are coloured light
blue.

H Like B, including the same WT data as in B with further mutants.
| Like C, including the same WT data as in C with further mutants.
J Like D, but with further mutants.

K Experimental SAXS data of XIZBTB8A®P™ WT and S103R at the starting SEC concentration of 570
MM. The same WT data are in Figure 1I. SEC chromatograms are shown in the inset, with arrows
indicating fractions analysed with SAXS. The data were deposited in SASBDB under SASDR98 and
SASDRAS.
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Figure 3. Biophysical analysis of XIZBTB8APBTE filaments

A SEC-RALS/LALS of XIZBTB8AB™ WT and S103R. The MW of a dimer is provided. The inset shows
a zoomed-in fragment. Thin lines correspond to UV and thick lines to apparent MW derived from light
scattering.

B NALIM MALDI-TOF MS analysis of XIZBTB8AB™ WT (top) and S103R (bottom) at 2.5 uM. BTB,
refers to a number of BTB domains in the indicated oligomer.

C Representative negative-stain electron micrographs of XIZBTB8AE™ WT at 1.1 uM.
D Like C, but for the S103R mutant.
E Representative HS-AFM image of XIZBTB8AB™ WT at 3 uM.

F Height distribution of the XIZBTB8AE™®, box and whisker plot showing the median (line in the box),
guartiles (edges of the box), and range (whiskers) over N = 101 patrticles.

G HS-AFM data for filaments of XIZBTB8AB™ WT, including: the zoomed-in images with white arrows
indicating the apparent pitch and blue arrows indicating the longitudinal axis (top); the height profile
along the longitudinal axis (middle); the structural model of the corresponding fragment of the crystal
filament (bottom).

H SEC-RALS/LALS of HsZBTB8AB™ WT and S103R at the starting concentration of 600 pM. The
MW of a dimer is provided. Thin lines correspond to UV and thick lines to apparent MW derived from
light scattering.
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Figure 4. Phylogenetic analysis of the filamentation propensity within human ZBTB family

A A fragment of a multiple sequence alignment of HsZBTB8A with the indicated human ZBTB proteins
and the results of AlphaFold2 modelling of interdimer contacts consistent with ZBTB8A-like BTB
filaments. Residues are numbered according to ZBTB8A sequence

B Like in A but with human ZBTB proteins more distantly related to ZBTB8A and without AlphaFold2
modelling results

C The interdimer interaction requires structural compatibility between two copies of the contact 1
surface, which depends on a small amino-acid sidechain in position 103.

D A tentative phylogenetic tree of human ZBTB proteins. The inidividual observations indicative or
not of the formation of ZBTB8A-like BTB-domain filaments are given in blue or red text, respectively.
The whole clades considered as likely forming such filaments are highlighted with light blue boxes.
PDB identifiers of published structures are provided.
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Figure 5. Filamentation of HsZBTB188™, HsZBTB268™, and HsNACC1B™

A Domain architecture of human ZBTB18 and the crystallised fragment

B A fragment of the HsZBTB188' filament observed in the crystal

C Structural superposition of fragments of HsZBTB188™ and XIZBTB8AET® filaments

D Crystal strucutre of the HsZBTB188™ interdimer contacts. The zoomed-in view shows a
superposition of the interdimer assembly from the HsZBTB188™ and XIZBTB8AB'™ crystals.

E Comparison of HsZBTB188™ interdimer assembly from crystal structure and AlphaFold2 model.
AlphaFold2 model coloured according to model confidence (pLDDT) and the PAE plot are inset.

F SEC-RALS/LALS at different starting concentration like in Figure 3A but now performed for
HsZBTB18B™ WT and S102R. The MW of a dimer is provided. Thin lines correspond to UV and thick
lines to apparent MW derived from light scattering.

G SEC-RALS/LALS of HsZBTB268™ WT and S108R like in F but at a single starting concentration of
600 uM

H Domain architecture of human NACCL1 and its previously crystallised fragment (PDB 3GA1)
I A fragment of the HSNACC18™ F96D filament

J Interdimer contacts visible in the HSNACC1B™ F96D crystal
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Figure 6. Filamentation-dependent localisation of ZBTB proteins to dynamic foci
All scalebars correspond to 5 pm
A Domain architecture of human ZBTB8A and ZBTB18 and the mCherry-tagged constructs

B Representative confocal images of cells expressing either WT or mutant HsZBTB8A-mCherry,
counterstained with Hoechst

C Like B but for HsZBTB18-mCherry

D Representative confocal images of cells coexpressing the indicated mCherry-tagged ZBTB protein
and an eGFP-tagged form of either Nucleolin or PML isoform 4. In the merged image, the mCherry
tag is in red, the eGFP tag is in green, the colocalisation of mCherry and eGFP tags in yellow, and
Hoechst in blue.

E Representative time-course images of the fluorescence recovery after photobleaching (FRAP) of a
circular area within the nucleus expressing HsZBTB8A-mCherry (WT or S103R). A representative
bleached region is enlarged in an inset, with fluorescence coloured according to the indicated scale.

F Normalised FRAP curves for E. Mean and standard error of the mean for N = 16 (for WT) or 17 (for
S103R) cells are shown

G An analysis equivalent to E but performed for HsZBTB18-mCherry (WT or S102R)

H Normalised FRAP curves for G. Mean and standard error of the mean for N = 16 cells are shown
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Figure 7. Functional importance and mechanistic models of BTB domain-mediated ZBTB
clustering

A Firefly luciferase reporter plasmid. Promoter and enhancer sequences are derived from SV40.

B Luciferase reporter assay. Firefly luciferase luminescence was normalised against renilla luciferase
luminescence and against the firefly luciferase activity without ZBTB18 vector. The results of N = 12
biological repeats for the control without ZBTB18 vector and N = 6 for all the other samples, the mean,
and the standard error of the mean are shown. ** signifies p < 0.01. See Figure S2 for an analysis of
endogenous target genes.

C ZBTB18 protein levels in two representative biological repeats of experiment shown in B probed
through immunoblotting

D A comparison of the topologies of different dynamic filaments

E Tentative mechanisms for enhanced DNA binding enabled by dynamic BTB-domain filamentation.
Nucleosomes are omitted for simplicity

F Proposed mechanism of the oncogenic action of fusions between ZBTB or NACC proteins and
kinases
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Table 1: X-ray data collection and refinement statistics

Radiation source

Wavelength (A)

Space group
cell dimensions: a, b, ¢ (A)

a, By ()

No of molecules/asymmetric unit
Resolution range (A)

Total observations
Unique reflections
Completeness (%)
Multiplicity

Rpim (%)

Ilo(l)

CCu2 (%)

Resolution range (A)
Number of reflections used
Ruwork / Riree (%)
Average B values (A?)
All atoms

Protein chain A atoms
Protein chain B atoms
Protein chain C atoms
Protein chain D atoms
Protein chain E atoms
Protein chain F atoms
Protein chain G atoms
Protein chain H atoms
Ethylene glycol atoms
Water atoms

RMSD from ideality
Bond lengths (&)
Bond angles (°)
Ramachandran analysis
Favoured / Allowed / Outliers (%)
Number of atoms
Chain A

Chain B

Chain C

Chain D

PROXIMA 1 PROXIMA 2 PROXIMA 1
0.97856 0.98012 0.97856
ZBTBB8A ZBTB18
wild type S103R S103D S103A Wild type
P4,32 P61 Cc2 P4:32 141

153.70, 153.70,
153.70

90.00, 90.00, 90.00
2

48.60-3.10 (3.31-
3.10)

772655 (137482)
11832 (2074)
100.0 (100.0)

65.3 (66.3)
2.9 (75.1)
16.0 (1.2)
99.9 (63.0)
48.60-3.10
11780

24.01/26.35

122.18

124.30

120.03

0.002

0.374

98.4/1.6/0.0

915

900

87.92, 87.92, 97.80

90.00, 90.00, 120.00

2

48.90-1.85 (1.89-
1.85)

767642 (44985)
36642 (2244)
100.0 (100.0)

20.9 (20.0)
4.4 (43.2)
9.6 (1.4)
99.5 (80.1)
35.48-1.85
36567

17.03/18.81

39.83

39.32

38.55

46.43

47.78

0.007

0.741

98.3/1.7/0.0

971

951

260.00, 62.00, 71.49

90.00, 91.52, 90.00

6

129.96-3.75 (3.81-
3.75)

77342 (3142)
11929 (547)
99.7 (93.7)
6.5 (5.7)
12.9 (77.7)
45(1.2)
91.4 (79.8)
71.46-3.75
11856

24.64/29.54

145.71
122.66
121.79
157.22
150.28
162.76

160.94

0.001

0.307

96.6/3.4/0.0

894

882

853

865

29

154.15, 154.15,
154.15

90.00, 90.00, 90.00
2

48.75-3.72 (4.16-
3.72)

134481 (39002)
7053 (1944)
99.9 (100.0)

19.1 (20.1)
4.7 (41.1)
10.4 (2.0)
99.9 (78.6)
44.50-3.72
7019

26.34/28.97

142.00

142.30

141.71

0.001

0.318

96.7/3.3/0.0

902

891

188.91, 188.91,
139.09

90.00, 90.00, 90.00
8

57.36-4.15 (4.22-
4.15)

260945 (12546)
18588 (886)
100.0 (100.0)

14.0 (14.2)
4.1(47.2)
8.9 (1.4)

99.8 (62.8)

57.36-4.15
18572

34.58/35.99

134.19
132.14
132.48
142.94
134.51
133.99
125.42
141.79

130.52

0.003

0.626

94.4/5.0/0.6

598
603
598

603




Chain E - - 855 - 593
Chain F - - 877 - 593
Chain G - - - - 574
Chain H - - - - 598
Ethylene glycol - 36 - - R
Water - 185 - - -
PDB code 8P2N 8P20 8RIT 8RIR 8P2P
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Supplementary items

Interdimer contact 1

Dimer 1 Dimer 2

Figure S1. The interdimer contact 1, related to Figure 2A

A view of the interdimer interaction interface with zoomed-in contact 2 (see Figure 2A for an
enlarged view). Sidechain atoms are shown as spheres, with carbon atoms coloured dark red or
blue depending on the chain, oxygen atoms coloured light red, and sulphur atoms coloured yellow.
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Figure S2. The effect of ZBTB18-eGFP overexpression on the expression of
endogenous target genes probed with quantitative reverse-transcription polymerase
chain reaction (RT-gPCR), related to Figure 7B

Primers used for the analysis are listed in Table S2.

A RT—gPCR results showing the overexpression of ZBTB18 in U20S cells transfected with
plasmids expressing eGFP, HsZBTB18-eGFP WT, and HsZBTB18-eGFP S102R. Gene
expression was normalized to 18S rRNA and subsequently to the endogenous ZBTB18
expression level in cells transfected with e GFP-only plasmid treated as 1. N = 4 biological
replicates. Individual results, mean, and standard error of the mean are shown.

B RT—gPCR results showing the expression of ZBTB18 target genes upon eGFP,
HsZBTB18-eGFP WT, and HsZBTB18-eGFP S102R overexpression in U20S cells. Gene
expression was normalized to 18S rRNA and subsequently to the expression level of a given
gene in cells transfected with GFP-only plasmid. N = 4 biological replicates. Individual results,
mean and standard error of the mean are shown.
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Table S1: Protein regions used for AlphaFold2 modelling of BTB interdimer

interactions, related to STAR Methods

ZBTB UniProtKB idenitifer/name | Analysed region
ZBTB1 Q9Y2K1/zBTB1_HUMAN 1-137
ZBTB2 Q8N680/2zBTB2_HUMAN 1-130
ZBTB3 Q9H5J0/zBTB3_HUMAN 51-186
ZBTB4 Q9P1z0/zBTB4_HUMAN 1-185
ZBTB5 015062/ZzBTB5_HUMAN 1-130
ZBTB6 Q15916/ZzBTB6_HUMAN 1-137
ZBTB7A/LRF 095365/ZBT7A_HUMAN 1-140
ZBTB7B 015156/ZBT7B_HUMAN 1-155
ZBTB7C AlYPRO/ZBT7C_HUMAN 1-141
ZBTB8A Q96BRY9/ZBT8A_HUMAN 1-129
ZBTB8B Q8NAP8/zBT8B_HUMAN 1-130
ZBTB9 Q96C00/zBTB9_HUMAN 1-147
ZBTB10 Q96DT7/ZBT10_HUMAN 341-472
ZBTB11 095625/zBT11_HUMAN 181-325
ZBTB12 Q9Y330/ZzBT12_HUMAN 1-137
ZBTB14/ZFP161 043829/zBT14_HUMAN 1-145
ZBTB16/PLZF Q05516/ZBT16_HUMAN 1-135
ZBTB17/MIZ1 Q13105/zBT17_HUMAN 1-145
ZBTB18/ZNF238/RP58 Q99592/7BT18_HUMAN 1-125
ZBTB19/PATZ1/ZNF278 | Q9HBE1/PATZ1 _HUMAN 1-170
ZBTB20 Q9HC78/ZzBT20_HUMAN 74-200
ZBTB21/ZNF295 Q9ULJ3/ZzBT21_HUMAN 1-140
ZBTB22 015209/zBT22_HUMAN 1-155
ZBTB23/GZF1 Q9H116/GZF1_HUMAN 1-140
ZBTB24 043167/ZBT24_HUMAN 1-140
ZBTB25 P24278/2BT25 HUMAN 1-160
ZBTB26 Q9HCKO0/zBT26_HUMAN 1-138
ZBTB27/BCL6/ZNF51 P41182/BCL6_HUMAN 1-140
ZBTB28/BCL6B/ZNF6 Q8N143/BCL6B_HUMAN 1-142
ZBTB29/HIC1/ZNF901 Q14526/HIC1_HUMAN 1-159
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ZBTB30/HIC2/ZNF907 Q96JB3/HIC2_HUMAN 1-151
ZBTB31/MYNN/ZNF902 | Q9NPC7/MYNN_HUMAN 1-130
ZBTB32 Q9Y2Y4/zBT32_HUMAN 1-130
ZBTB33/Kaiso Q86T24/KAISO_HUMAN 1-140
ZBTB34 Q8NCN2/ZzBT34_HUMAN 1-137
ZBTB35/ZNF131 P52739/ZN131_HUMAN 1-130
ZBTB37 Q5TC79/zBT37_HUMAN 1-137
ZBTB38 Q8NAP3/ZBT38_HUMAN 1-132
ZBTB39 015060/ZBT39_HUMAN 1-141
ZBTB40 QINUAS8/ZBT40_HUMAN 1-130
ZBTB41 Q5SVQ8/ZBT41_HUMAN 61-195
ZBTB42 B2RXF5/ZBT42_HUMAN 1-130
ZBTB43/ZNF297B 043298/Z2BT43_HUMAN 1-137
ZBTB44 Q8NCP5/ZBT44_HUMAN 1-140
ZBTB45 Q96K62/ZBT45_HUMAN 1-135
ZBTB46/BZEL Q86UZ6/ZBT46_HUMAN 1-136
ZBTB47 Q9UFB7/ZBT47_HUMAN 1-125
ZBTB48/TZAP P10074/TZAP_HUMAN 1-130
ZBTB49 Q6ZSB9/ZBT49_HUMAN 1-130

Table S2: Primer sequences used in RT-gPCR experiments, related to Figure S2 and

STAR Methods

Gene Forward primer sequence Reverse primer sequence

ZBTB18 TCTGAGCGAGCAGAGACAC GGTCCTTGTAAAAGAGGTGGAAA
18S rRNA | CGCCGCTAGAGGTGAAATTC CTTTCGCTCTGGTCCGTCTT

GFP AAGCAGAAGAACGGCATCAA GGGGGTGTTCTGCTGGTAGT
SERPINE1 | ATTCAAGCAGCTATGGGATTCAA | CTGGACGAAGATCGCGTCTG
CD97 CCTGTCCGGCACCTCATAG CCATAGTGACGTTCTTGTCCC
ID1 CTGCTCTACGACATGAACGG GAAGGTCCCTGATGTAGTCGAT
S100A6 GGGAGGGTGACAAGCACAC AGCTTCGAGCCAATGGTGAG
LGALS1 TCGCCAGCAACCTGAATCTC GCACGAAGCTCTTAGCGTCA
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Table S3: Parameters obtained from fitting of SAXS data, related to Figure 1l and
STAR Methods

n 9z(n) 1°(n)

0 0 14.8 10°
1 0.041 16.5 10°
2 0.082 9.3510°
3 0.123 3.8310°

constant | -19.4 10

re 38.6 Ang
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STARMethods

Key resources table

REAGENT or RESOURCE

SOURCE

IDENTIFIER

Antibodies

Rabbit polyclonal anti-ZBTB18 (ZNF238)

Proteintech

Cat#12714-1-AP

Mouse monoclona anti-p-Actin-HRP

Santa Cruz
Biotechnology

Cat#sc-81178

Goat anti-Rabbit IgG (H+L) Secondary Antibody, HRP

Thermo Fisher

Cat#65-6120

Bacterial and virus strains

Rosetta 2(DE3) competent cells (E. coli) Novagen Cat# 71397
BL21(DE3) competent cells (E. coli) Novagen Cat# 69450

NEB 10-beta competent cells (E. coli) New England Biolabs | Cat# C3019H
Chemicals, peptides, and recombinant proteins

ReadyBlue Coomasie Sigma-Aldrich Cat# RSB
bis(sulfosuccinimidyl)suberate (BS3) Sigma-Aldrich Cat# S5799
Imidazole Sigma-Aldrich Cat# 1202

IPTG VWR Cat# 367-93-1
X-tremeGENE 360 DNA transfection reagent Roche Cat# XTG360-RO
Dulbecco’s modified Eagle’s Medium (DMEM) Gibco Cat# 21969035

Phenol red—free Leibovitz’'s L-15 medium

Thermo Fisher

Cat# 11415064

Hoechst 33342

Thermo Fisher

Cat# 62249

Lipofectamine LTX Reagent with PLUS™ Reagent

Thermo Fisher

Cat# 15338030

Reduced serum medium | Opti-MEM™ without phenol
red

Thermo Fisher

Cat# 11058-021

GlutaMAX

Thermo Fisher

Cat# 35050-061

WesternBright ECL HRP substrate

Dulbecco’s Modification of Eagle’s Medium, 1x Corning Cat# 10-101-CV

Dual-Luciferase Reporter Assay System Promega Cat# E1910

4-20% Mini-PROTEAN TGX Stain-Free Protein Gels BioRad Cat#4568094
Advansta Cat# K-12045-D50

NucleoSpin RNA, Mini kit for RNA purification

Macherey-Nagel

Cat# 740955.50

RevertAid Reverse Transcriptase (200 U/uL)

Thermo Fisher

Cat# EP0441

Master Mix PCR Power SYBR Green

Thermo Fisher

Cat# 4368577

Deposited data

BTB domain-containing protein 8A.1-A (ZBTB8A) from
Xenopus laevis

Polymeric form of the BTB domain of ZBTB8A from This study PDB code: 8P2N
Xenopus laevis

Dimeric mutant S103R of the BTB domain of ZBTB8A This study PBD code: 8P20

from Xenopus laevis

Polymeric form of the BTB domain of human ZBTB18 This study PDB code: 8P2P

Dimeric mutant S103D of the BTB domain of ZBTB8A | This study PDB code: 8RIT

from Xenopus laevis

S103A mutant of the BTB domain of ZBTB8A from | This study PDB code: 8RIR

Xenopus laevis

The BTB domain (wild-type) of the zinc finger and BTB | This study SASBDB code: SASDR98
domain-containing protein 8A.1-A (ZBTB8A) from

Xenopus laevis

The BTB domain (S103R mutant) of the zinc finger and | This study SASBDB code: SASDRAS
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Mendeley Data dataset with uncropped gels, blots, and | This study 2bkyy9vjpk
raw microscopy images
Experimental models: Cell lines
Human: U20S WT Ivan Ahel laboratory N/A
African green monkey: COS-7 WT Béatrice Vallée- N/A
Méheust and Héléne
Bénédetti laboratory
Oligonucleotides
Table 3. | This study | N/A
Recombinant DNA
pET-28a(+) HsZBTB8A-LEH6 1-146 This study N/A
pET-21a(+) HsZBTB18-LEH6 1-149 This study N/A
pET-21a(+) HsZBTB5-LEH6 1-137 This study N/A
pET-21a(+) HsZBTB20-LEH6 74-232 This study N/A
pET-24a(+) HsZBTB12-LEH6 1-137 This study N/A
pET-24a(+) HsZBTB26-LEH6 1-150 This study N/A
pET-21a(+) HsZBTB43-LEH6 1-149 This study N/A
pET-28a(+) XIZBTB8A-LEH6 1-146 This study N/A
PET-28a(+) MG-XIZBTB8A-LEH6 1-146 This study N/A
pPET-28a(+) XIZBTB8A-LEH6 1-146 S103R This study N/A
pPET-28a(+) XIZBTB8A-LEH6 1-146 S103D This study N/A
PET-28a(+) XIZBTB8A-LEH6 1-146 S103A This study N/A
pPET-28a(+) XIZBTB8A-LEH6 1-146 L122A/D123A/1124A | This study N/A
or 'LDI'
pPET-28a(+) XIZBTB8A-LEH6 1-146 196D This study N/A
pET-28a(+) XIZBTB8A-LEH6 1-146 M51R This study N/A
pET-28a(+) XIZBTB8A-LEH6 1-146 This study N/A
M51R/I196D/S103R/L122A/D123A/I124A or ‘Multi’
pET-28a(+) HsZBTB8A-LEH6 1-146 S103R This study N/A
pET-21a(+) HsZBTB18-LEH6 1-149 S102R This study N/A
pET-24a(+) HsZBTB26-LEH6 1-150 S108R This study N/A
pmCherry-N1 HsZBTB8A-mCherry 1-441 This study N/A
pmCherry-N1 HsZBTB8A-mCherry 1-441 S103R This study N/A
pmCherry-N1 HsZBTB18-mCherry 1-522 This study N/A
pmCherry-N1 HsZBTB18-mCherry 1-522 S102R This study N/A
pmCherry-N1 HsZBTB8A-mCherry 1-441 S103D This study N/A
pmCherry-N1 HsZBTB8A-mCherry 1-441 S103A This study N/A
pmCherry-N1 HsZBTB8A-mCherry 1-441 LDI This study N/A
pmCherry-N1 HsZBTB8A-mCherry 1-441 196D This study N/A
eGFP-Nucleolin Michael Kastan Plasmid #28176
laboratory, via
AddGene
pEGFP-N1 PML isoform 4 1-633 This study N/A
pPEGFP-N1 AEGFP HsZBTB18 1-522 This study N/A
pPEGFP-N1 AEGFP HsZBTB18 1-522 S102R This study N/A
PEGFP-N1 AEGFP HsZBTB18 1-522 K426E/R427E This study N/A
BS10-pGL3-Control This study N/A
pRL-SV40 Promega Cat# E2231
pET-28a(+) MGH6-UBC9 1-158 Goffinont et al., JBC, N/A
2023
PEGFP-N1 HsZBTB18-EGFP 1-522 This study N/A
PEGFP-N1 HsZBTB18-EGFP 1-522 S102R This study N/A
pEGFP-N1 GFP This study N/A
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Software and algorithms

XDS Kabsch https://xds.mr.mpg.de/

AIMLESS Evans and Murshudov | https://www.ccp4.ac.uk/html/
aimless.html

Phaser McCoy https://www-
structmed.cimr.cam.ac.uk/ph
aser_obsolete/

Phenix Adams et al. https://phenix-
online.org/download/

COOoT Emsley and Cowtan https://www2.mrc-
Imb.cam.ac.uk/personal/pem
sley/coot/

MolProbity Davis et al. http://molprobity.biochem.duk
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Glaser et al.; Yariv et
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Girardot et al.
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Hopkins et al.
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Manalastas-Cantos et
al.

https://www.embl-
hamburg.de/biosaxs/downloa
d.html
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Bruker FlexControl software v.4 Bruker N/A
FlexAnalysis software v.4 Bruker N/A
WsXM Horcas et al. N/A
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Sievers et al. ; Goujon
et al
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Letunic and Bork
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Other

HisTrap HP column Cytiva Cat# 17-5248-01

HiTrap Q HP column Cytiva Cat# 17-1154-01

HiTrap SP HP column Cytiva Cat# 17-1152-01

HiLoad Superdex 75 16/600 column Cytiva Cat# 28-9893-33

HiLoad Superdex 200 16/600 column Cytiva Cat# 28-9893-35

Superdex 200 Increase 10/300 GL Pharmacia/Cytiva Cat# 28-9909-44

Mosquito liquid handler

TTP Labtech

N/A

Swissci MRC 96-Well 2-Drop Plates

Molecular Dimensions

Cat# MD11-00-100
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BioSEC-3 300A, 4.6 x 300 mm, 3 um Agilent Cat# 5190-2513
AdvanceBio SEC 3004, 7.8 x 300 mm, 2.7 um Agilent Cat# PL1180-5301
Microplate, 96-Well, PS, F-bottom, clear Greiner Bio-One Cat# 655161
Microplate, 96-Well, PS, F-bottom, white Dominique Dutscher Cat# 2536723

Resource availability

Lead contact

Requests for information and reagents may be directed to and will be fulfilled by the Lead
Contact Marcin J. Suskiewicz (marcin.suskiewicz@cnrs-orleans.fr).

Materials availability
All resources used for this study are available from the lead contact upon request.
Data and code availability

e Crystal structure coordinates and structure factors have been deposited in the Protein
Data Bank (PDB) under the identifiers 8P2N, 8P20, 8P2P, 8RIT, and 8RIR. SAXS
data were deposited in Small Angle Scattering Biological Data Bank (SASBDB) under
the identifiers SASDR98 and SASDRABS8.No original code was generated in this study.
Uncropped gels, blots, and raw microscopy images are deposited in a Mendeley Data
repository 2bkyy9vjpk.

e This paper does not report original code.

e Any additional information required to reanalyse the data reported in this paper is
available from the lead contact upon request.

Experimental model and study participant details

Bacterial strains

Escherichia coli NEB10-beta competent cells (New England BioLabs, cat. no. C3019H) were
used for cloning, mutagenesis, and plasmid amplification. E. coli Rosetta 2 (DE3) or BL21
(DE3) competent cells (Novagen, cat. no. 71397 or 69450) were used for protein production.
Cells were grown in Luria-Bertani/lysogeny broth (LB) cultures supplemented with an
appropriate antibiotic in a shaking incubator at 37 °C unless otherwise indicated in method
details.

Cell lines

U20S WT cells were cultured in Dulbecco’s modified Eagle’s medium (DMEM; Sigma-
Aldrich) supplemented with 10% fetal bovine serum (FBS), penicillin (100 U/ml), streptomycin
(200 ug/ml), and 1% nonessential amino acid and maintained at 37 °C in a 5% CO2 incubator.

African green monkey kidney fibroblast-like cells (COS-7) were cultured in high glucose (4.5
g/L) DMEM medium supplemented with 10% fetal bovine serum (FBS), penicillin (100 U/ml),
streptomycin (100 pg/ml), and 2 mM GlutaMAX and maintained at 37 °C in a 5% CO:
incubator.

Method details
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Plasmids for recombinant protein production

DNA sequences encoding BTB domains of the following human proteins were synthesised
by GenScript in a codon-optimised form (for Escherichia coli): ZBTB8A (residues 1-146 of
the Uniprot sequence Q96BR9|ZBT8A HUMAN), ZBTB5 (residues 1-137 of
015062|zBTB5_HUMAN), ZBTB18 (residues 1-149 of Q99592|ZBTB18_HUMAN), ZBTB20
(residues 74-232 of Q9HC78|ZzBT20_HUMAN), ZBTB12 (residues 1-137 of
Q9Y330|zBT12_HUMAN), ZBTB26 (residues 1-150 of Q9HCKO0|zZBT26_HUMAN), and
ZBTB43 (residues 1-149 of 043298|ZBT43 _HUMAN). Additionally, a codon-optimised DNA
sequence encoding the BTB domain from an orthologue of ZBTB8A from Xenopus laevis
(residues 1-146 of QOIH98|ZB8AA_XENLA) was also synthesised.

These synthetic inserts were cloned into pET-28a, pET-21a, or pET-24a plasmids in a way
that conferred on the protein product a C-terminal -LEHHHHHH tag and no extension at the
N terminus, except for XIZBTB8ABTE, for which we produced plasmids encoding the protein
both without and with an N-terminal MG- extension. XIZBTB8ABT® with the MG- extension
was used for crystal structure determination, while the variant without the extension was used
for all other experiments.

Point mutations were introduced using a standard mutagenesis PCR reaction followed by
Dpnl treatment.

Plasmids for cellular analyses

Coding DNA  sequences corresponding to  full-length  human  ZBTB8A
(Q96BR9|ZBT8A_HUMAN, CCDS30664.1) and ZBTB18 (Q99592|zBTB18_HUMAN,
CCDS1622.1) proteins were synthesised by GeneCust without codon optimisation. The
inserts were flanked by Xhol and BamHI sites at 5’ and 3’ ends, respectively. These two
restriction enzymes were used to clone the inserts into a pmCherry-N1 vector, generating
HsZBTB8A-mCherry WT and HsZBTB18-mCherry WT plasmids.

To create untagged HsZBTB8A and HsZBTB18 plasmids for the luciferase reporter assay,
first the inserts from the above paragraphs were pasted into pEGFP-N1 vectors, and then
eGFP was deleted using standard site-directed mutagenesis.

Coding DNA sequence of PML isoform 4 (P29590-5, CCDS45297.1) was synthesised by
GeneCust without codon optimisation, flanked by Xhol and BamHI sites, and cloned into
pPEGFP-N1 vector using these enzymes.

pGL3-Control plasmid was created by pasting an SV40 enhancer sequence
GGATCCTGAACGATGGAGCGGAGAATGGGCGGAACTGGGCGGAGTTAGGGGCGGGA
TGGGCGGAGTTAGGGGCGGGACTATGGTTGCTGACTAATTGAGATGCATGCTTTGCA
TACTTCTGCCTGCTGGGGAGCCTGGGGACTTTCCACACCTGGTTGCTGACTAATTGAG
ATGCATGCTTTGCATACTTCTGCCTGCTGGGGAGCCTGGGGACTTTCCACACCCTAAC
TGACACACATTCCACAGCGTCGAC synthesised by GeneCust into a pGL3-Promoter
plasmid using BamHI and Sall restriction sites. Then, to create the BS10-pGL3-Control
plasmid, we pasted, into this pGL3-Control plasmid, the 'BS10' sequence
GAGCTCCACGCGGTGGCGGCGCTCTAGAATAGTGGATCCATTGCAGATGTTCAACAT
CTGGGTCGCTGTAGGAATTCCTACAGGCGCAACATCTGGCCAGATGTGCAATGGATC
CATTGCAGATGTTGCCAGATGTTTTCGCTGTAGGAATTCCTACAGCCAGATGTGTCCA
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GATGTGCAATGGATCCATTGCAGATGTTGCCAGATGTTTTCGCTGTAGGAATTCGATAT
CAAGCTTATCGATACCGTCGACCTCGAGGGGGGGCCCGGTACC, which was derived
from a previous study® and synthesised by GeneCust. This sequence was inserted in reverse
using Kpnl and Sacl restriction sites.

Standard site-directed mutagenesis was used to create all point mutants. The plasmids
were amplified in bacteria and isolated.

Expression and purification of recombinant proteins

All proteins except for UBC9 were expressed and purified according to the same protocol. An
expression plasmid was transformed into E. coli Rosetta 2 (DE3) or BL21 (DE3) competent
cells (Novagen, cat. no. 71397 or 69450). Cells were grown in 2-| LB cultures supplemented
with ampicillin or kanamycin at 37 °C. The expression was induced with 0.5 mM isopropylthio-
B-galactoside (IPTG) when the ODeoo reached ~0.9. Following overnight expression at 20 °C,
cells were harvested by centrifugation (4,000 g for 40 min at 15 °C) and resuspended in
HisTrap buffer (25 mM HEPES, pH 7.5, 200 mM NacCl, 5% glycerol, and 0.5 mM tris(2-
carboxyethyl)phosphine (TCEP)). Lysis was performed by 1-h incubation with lysozyme (0.5
mg/ml) and benzonase (15 U/ml) at room temperature, followed by sonication. Crude lysates
were clarified by centrifugation (15,000 g for 1 h at 15 °C), at which stage proteins were
divided into pellet and supernatant.

Supernatants were loaded onto a 5-ml HisTrap HP column (Cytiva, cat. no. 17-5248-01)
equilibrated in HisTrap buffer. The column was washed with the same buffer first without and
then with 50 mM imidazole, followed by protein elution with 500 mM imidazole. The elution
was diluted 4-fold with water to decrease NaCl concentration and loaded onto a 5-ml HiTrap
Q HP column (Cytiva, cat. no. 17-1154-01). The protein was eluted with a gradient of 50 mM
to 1 M NaCl at pH 7.5, in a 25 mM HEPES buffer at pH 7.5, eluting around 300 mM NacCl.
XIZBTB8AB™ WT and HsZBTB18B™ WT used for crystallisation, as well as HSZBTB26BTB
WT and S108R, were additionally purified using a a HiLoad Superdex 75 or 200 prep grade
16/600 column (Cytiva, cat. no. 28-9893-33 or 28-9893-35) in 25 mM Tris (for HsZBTB18BE)
or HEPES (for theall others), pH 7.5, 150 mM NacCl, 0.5 mM TCEP

Human/Xenopus (identical sequence) UBC9 was expressed and purified slightly differently
from other protein. The expression using the pET-28a(+) MGH6-UBC9 1-158 plasmid!®* was
carried out in E. coli BL21 (DES3) cells cultured in LB medium supplemented with kanamycin
at 37 °C until an ODsoo of ~0.9 and induced with 0.5 mM isopropylthio-B-galactoside (IPTG).
After 3 h of expression, the cells were harvested and frozen. Defrosted cells were suspended
in 500 mM NaCl, 25 mM HEPES, pH 7.5, 20 mM imidazole, 5% glycerol, 1 mM DTT
supplemented with 0.5 mg/ml lysozyme, followed by sonication and centrifugation at 27,000
g for 30 min. The supernatant was loaded onto a 5-ml HisTrap HP column (Cytiva, cat. no.
17-5248-01) equilibrated in the same buffer. After loading, the column was washed with a
buffer supplemented with 30 mM imidazole and eluted by an imidazole gradient of 30—200
mM over 100 ml. UBC9 was further purified by ion exchange using a 5-ml HiTrap SP HP
column (Cytiva, cat. no. 17-1152-01) and SEC using a HiLoad Superdex 75 16/600 column
(Cytiva, cat. no. 28-9893-33) in 200 mM NacCl, 20 mM HEPES, pH 7.5, 5% of glycerol, and 1
mM DTT.

41



Purified proteins were concentrated and analysed by SDS-polyacrylamide gel
electrophoresis (SDS-PAGE) (16% acrylamide, run for 45 min at 210 V), followed by staining
with ReadyBlue Coomassie (Sigma Aldrich, cat. no. RSB). Molecular weights of purified
proteins were confirmed by MALDI mass spectrometry.

Size exclusion chromatography coupled with static light scattering (SEC-RALS/LALS)

Average molecular weight (MW) was determined by SEC-RALS/LALS using an Agilent 1260
Infinity HPLC system (Agilent, DE, USA) with a diode array detector coupled in series with a
two-angle (15 and 90°) laser light-scattering and a refractive index detector. 10 pl of ZBTB
samples at concentrations indicated in figures or figure legends were automatically injected
into an Agilent AdvanceBio SEC 300A column (2.7 pum, 7.8 x 300 mm) equilibrated with
filtered PBS buffer. Column temperature was set at 30°C and HPLC run time was 18 minutes
for each injection, with a flow of 1 ml/min. All data were analysed using Agilent GPC/SEC
software and a refractive index increment (dn/dC) of 0.185 ml/g was used for the calculation
of the molecular weight of ZBTB samples.

Analytical size-exclusion chromatography (SEC) followed by SDS-PAGE

100-pl protein samples of Xenopus laevis ZBTB8A WT and different mutants at the
concentration of 100 uM were injected onto an analytical Superdex 200 Increase 10/300 GL
column (Pharmacia/Cytiva, cat. no. 28-9909-44) equilibrated in 1x Phosphate Buffered Saline
(PBS, 137 mM NacCl, 2.7 mM KCI, 10 mM phosphate buffer, pH 7.4). 1-ml fractions were
collected and analysed by SDS-PAGE.

BS3 crosslinking

Protein samples at 30 uM in 25 mM HEPES, pH 7.5, 150 mM NacCl, and 0.5 mM TCEP were
incubated with 0.75 mM bis(sulfosuccinimidyl)suberate (BS3) at 25 °C for 30 minutes. The
reactions were quenched by mixing the sample with 100 mM Tris at pH 7.6 at a 9:1 ratio. A
15-min incubation was followed by an SDS-PAGE analysis.

Crystallisation and X-ray structure determination

Crystallisation screening was performed using a Mosquito liquid handler (TTP Labtech) in
Swissci MRC 96-Well 2-Drop Plates (Molecular Dimensions, cat. no. MD11-00-100) via a
sitting-drop vapour-diffusion method in 200-nl drops composed of 1:1 mixture of protein and
reservoir solution. Crystals were grown between 1 and 7 days at 20 °C.

Protein stocks used for crystallisation were at the following concentrations and in the following
buffers: XIZBTB8AB™ WT at 0.6 mM in 8 mM HEPES, pH 7.5, 50 mM NacCl, 0.16 mM TCEP;
XIZBTB8AB™ S103A at 0.7 mM in 25 mM HEPES, pH 7.5, 350 mM NaCl, 0.5 mM TCEP;
XIZBTB8AB™ S103D at 2.3 mM in 25 mM HEPES, pH 7.5, 350 mM NacCl, 0.5 mM TCEP;
XIZBTB8AB™ S103R at 1.6 mM in 25 mM HEPES, pH 7.5, 350 mM NacCl, 0.5 mM TCEP;
HsZBTB18B™® at 1.2 mM in 25 mM Tris, pH 7.5, 150 mM NacCl, 0.5 mM TCEP.

Crystals were obtained in the following conditions: XIZBTB8AB™ WT: 100 mM Na/K
phosphate pH 6.2, 200 mM NaCl, 50% v/v PEG200; XIZBTB8AE™ S103A: 100 mM MES pH
6.5, 50 mM CsCl, 30% v/v Jeffamine M-600; XIZBTB8AB™ S103D: 100 mM MES/imidazole
pH 6.5, 20 mM 1,6-hexanediol, 20 mM 1-butanol, 20 mM (RS)-1,2-propanediol, 20 mM
2-propanol, 20 mM 1,4-butanediol, 20 mM 1,3-propanediol, 20% v/v ethylene glycol, 10 %
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w/v PEGS8000; XIZBTB8AB™ S103R: 100 mM Na citrate pH 5.0, 8% w/v PEGS8000;
HsZBTB18BTE: 200 mM MgCI2, 1 M imidazole pH 7.5, 20% v/v EtOH.

For XIZBTB8AB™ WT, we attempted to crystallise two protein variants, one with and one
without an MG- extension at the N terminus. Moreover, in addition to these XIZBTB8ABT®
variants alone, we also tried crystallising them in a stoichiometric mixture (0.6 mM each) with
UBC9. This was motivated by a hypothesis that UBC9 might be an interactor of ZBTB BTB
domains. While all four samples (two XIZBTB8AETE variants + UBC9) crystallised in similar
conditions and the same crystal form, generally producing datasets at similar resolution, the
highest-resolution dataset that we used for model building was obtained using XIZBTB8AETE
with the MG- extension and in the presence of UBC9. The extension sequence is not visible
in the crystal structure and did not make any difference to the structure based on the
comparison with lower resolution datasets lacking the extension. UBC9 is absent from the
crystal.

Crystals were cryo-protected by immersion in a cryo-protective solution (pure reservoir for
XIZBTB8AE™ WT, S103A, and S103D; 25% v/v ethylene glycol and 75% reservoir for
XIZBTB8AE™ S103R; 33% v/v glycerol and 67% v/v reservoir for HsZBTB18BE). After a 5-
second soak, crystals were rapidly cooled by immersing in liquid nitrogen. X-ray diffraction
data were collected at 100 K on PROXIMA-1 beamline at SOLEIL synchrotron. The diffraction
data were processed using XDS!% and AIMLESS. Molecular replacement with an
AlphaFold2 model of a given protein as a search model was performed using Phaser 197 of
the Phenix suite!®®. The atomic model was refined with phenix.refine and manually rebuilt
using COOT®, The data collection and refinement statistics are shown in Table 1. The
model quality was evaluated using MolProbity!'°. Prior to creating figures, missing amino-
acid side-chains were added using the Protein Repair and Analysis Server
(https://www.protein-science.com)! with standard settings except for not adding hydrogen
atoms. Molecular graphics images were generated using PyMOL'2 or UCSF Chimera®*s.

Crystal structure analysis

Interface analysis was performed using the PISA server''#, accessed through the PDBe
platform (https://www.ebi.ac.uk/pdbe/pisa/). Structural alignments and RMSD determination
over core Ca atoms were performed in PyMOL? using the ‘super’ command with ‘and name
ca’ added to the names of the aligned objects. Sequence conservation mapping was
performed using the ConSurf server''>116 with default settings except for the range of
sequence identity included in automatically generated multiple sequence alignment, which
was set to 60%—-95%, which we previously verified to correspond to an approximate range of
sequence identity across the BTB domain between ZBTB8A proteins from fish to humans.

NALIM native MS method

MALDI-TOF MS (Matrix Assisted Laser Desorption lonization Time of Flight Mass
Spectrometry) of intact BTB oligomers was performed using an original native MS (nMS)
method called NALIM (Native Liquid MALDI)*8,

Intermediate dilutions of XIZBTB8AB™ WT and S103R proteins were prepared in a
glycerol/water (50:50, v/v) solution containing 50 mM ammonium acetate at pH 7.5.
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The matrix used for analysis is an ionic liquid matrix called HAG, composed of a-cyano-4-
hydroxycinnamic acid (HCCA), 3-aminoquinoline (3AQ), and glycerol in the proportion
1:4.5:7.5 wiw. The liquid matrix was prepared as previously described “¢ and samples diluted
at a ratio of 1/4 in HAG. A 1 pL aliquot of this matrix-sample solution was spotted onto an
MTX stainless steel sample stage (Bruker Daltonics, Germany). The droplet was left at room
temperature for 15 minutes in order to evaporate residual water from the solution. The matrix-
sample spot was further allowed to spend 15 minutes in the source vacuum before the
acquisition, a time defined as in vacuo residence time (tir)*. XIZBTB8AB™ WT and S103R
mutant proteins were analysed at a final concentration of 2.5 uM by NALIM-TOF MS using a
Bruker UltrafleXtreme MALDI-TOF/TOF mass spectrometer equipped with a Smartbeam I
laser and PAN™ technology. Spectra were acquired in linear positive ion mode using Bruker
FlexControl software v.4 with a 2 730 ns delay and 20 kV acceleration voltage, accumulating
400 laser shots in a single-shot pattern. lon deflection was applied below 10 000 Da. Spectra
were processed using FlexAnalysis software v.4 (Bruker).

High-performance liquid chromatography (HPLC) size-exclusion chromatography
(SEC) coupled to small-angle X-ray light scattering (SAXS)

The SAXS data were collected at the SWING beamline!!” at the SOLEIL synchrotron using
an Eiger 4M detector at a distance of 2 m. During measurements, the temperature was set
to 293 K. For WT and S103R XIZBTB8AEBTE constructs, a stock solution of each fragment was
prepared at 10 mg/mL in 25 mM HEPES, pH 7.5 with 150 mM NaCl, and 0.5 mM TCEP,
respectively. Protein samples (50 ul at 10 mg/ml or ~570 uM) were injected onto a BioSEC-
3 3004, 4.6 x 300 mm, 3 pm SEC column (Agilent) and eluted directly into the SAXS flow-
through capillary cell at a flow rate of 0.3 ml/min. 630 SAXS frames (exposure time: 990 ms,
dead time: 10 ms) were collected continuously after 6.5-min elution. 180 SAXS frames
accounting for buffer scattering were collected before the column void volume. The averaged
buffer scattering was then subtracted from the protein signal. SAXS curves displaying a
constant radius of gyration (Rg) in an Rq versus frame number plot were averaged and were
used for further characterisation. Data reduction to absolute unit was performed with
FOXTROT!!8, Frame averaging and subtraction were conducted with the BioXTAS RAW
software!'® as well as the 1(0) and Ry determination. The distance distribution function P(r)
and the maximum particle diameter (DMAX) were calculated using the GNOM program of the
ATSAS suite'?® or BIFT in BioXTAS RAW?!2!, Data were deposited in the Small Angle
Scattering Biological Data Bank (SASBDB)*?2.

Transmission electron microscopy (TEM)

Samples of XIZBTB8AB™, WT and S103R, were analysed with TEM using the negative
staining method. 3 pyl sample at 0.02 mg/ml (~1.1 uM) was deposited on a carbon-coated grid
prepared using glow-discharge air plasma. The sample was blotted and rinsed with 2 % wi/v
uranyl acetate and dried. Microscopy was performed at 100 kV using Tecnai Spirit
transmission electron microscope (ThermoFisher) equipped with a K2 Base 4k x 4k camera
(Ametek/Gatan). The magnification of 34,500x (pixel size of 1.4 A at the level of the
specimen) was used for all images.

High-speed atomic force microscopy (HS-AFM)
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2 ul of XIZBTB8AB™ WT at 3 uM in 25 mM HEPES, pH 7.5, 150 mM NacCl, 0.5 mM TCEP
was incubated on the mica surface for 10 minutes. After washing with the same buffer, the
sample was immersed in the liquid cell of 100 pl of the same buffer. HS-AFM imaging was
conducted using amplitude modulation mode optimised for high-resolution imaging
parameters with a modified HS-AFM (SS-NEX, Research Institute of Biomolecule Metrology,
Tsukuba, Japan). Short cantilevers designed for HS—AFM, equipped with an electron beam
deposition (EBD) tip, were utilised (USC-F1.2-k0.15 Nanoworld, Neuchéatel, Switzerland),
characterized by a nominal spring constant k = 0.15 N/m, a resonance frequency in liquid of
Fo ~ 500 kHz, and a quality factor Qc ~ 2. All experiments were conducted at room
temperature. For height profile determination, N = 101 particles from a single experiment
were analysed and the value presented in the text as mean + standard deviation,

Image analysis was performed with WsXM122 and ImageJ*?*.
Phylogenetic analysis

Full-length sequences of the main isoform of each canonical human ZBTB protein were
derived from UniProt'?® and aligned and organised into a phylogenetic tree using
ClustalOmega'?61?’ via the EMBL-EBI bioinformatics platform with standard settings. The
tree was exported to and replotted using Interactive Tree Of Life (iTOL), version 528, followed
by further modifications in Adobe Illustrator CS6.

BLAST analysis

Protein BLAST®! searches using selected sequences from Table S1 as queries were
performed through the BLASTp website
(https://blast.ncbi.nim.nih.gov/Blast.cgi?PAGE=Proteins) with “Homo sapiens” selected as
the organism and otherwise using default settings.

AlphaFold2 structural modelling

Structural modelling of the tetramers of BTB domains of human ZBTB proteins was
performed using ColabFold (https://colabfold.com, version 1.5.5)#4, an on-line platform that
combines multiple sequence alignment using MMseqs21?® with structure prediction using
AlphaFold2 in Multimer version 34130, Structures of tetramers were modelled by inputting
four times the analysed sequence separated by colons. In addition to modelling the structures
of the tetramers of the crystallised XIZBTB8AB™ and HsZBTB18B'™® sequences, structural
models of tetramers of BTB domains of each canonical human ZBTB protein were calculated.
To identify regions in each protein that correspond to the BTB domain together with any
potential conserved extensions, we analysed precalculated AlphaFold2 models deposited in
the AlphaFold Protein Structure Database (https://AlphaFold.ebi.ac.uk)'®! and small multiple-
sequence alignments of orthologues of each protein from several organisms. The analysed
protein regions are listed in Table S1. All the predictions were performed using default
settings including “mmseqs2_uniref_env multiple sequence” alignment mode and
“‘unpaired_paired” pairing mode. The models were then analysed using PyMOL to compare
the relative arrangement of the two dimers in a modelled tetramer to interdimer contacts
observed in the experimental XIZBTB8ABTE structure.

Live-cell imaging
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U20S WT cells were seeded into eight-well Imaging Chamber CG (Zell-Kontakt) and
transfected 48 hours before imaging with plasmids indicated in figures using X-tremeGENE
360 (Sigma-Aldrich) transfection reagent according to the manufacturer's instructions. For
the imaging experiments investigating the nuclear localization of the mCherry-tagged ZBTB
proteins, nuclei were stained with Hoechst 33342 (333 ng/ml) for 1 hour at 37 °C prior to
imaging. Immediately before imaging, growth medium was replaced with a CO2-independent
imaging medium: phenol red—free Leibovitz’s L-15 medium (Life Technologies)
supplemented with 20% FBS, 2 mM glutamine, penicillin (100 U/ml), and streptomycin (100
pg/ml). Live-cell imaging experiments were performed using a ZEISS LSM980 confocal laser
scanning microscope with a 63x/1.4-numerical aperture (N/A) oil-immersion objective lens.
Cells were kept at 37 °C using a pre-heated chamber. The fluorescence of Hoechst 33342,
eGFP and mCherry was excited with lasers at 405, 488, and 561 nm, respectively. FRAP
experiments were performed by bleaching a 1-uym radius circular area using 100% power of
a 561-nm laser. Images were collected at the frequency of 20 frames/s. A representative
image is shown.

For FRAP curves, N = 16 cells were examined per condition. FRAP image analysis was
performed in ImageJ'?,

Luciferase reporter assay

Approximately 24 hours prior to the transfection, 4 x 10° COS-7 cells were seeded in 6-well
plates. Cotransfection experiments were performed using 1250 ng of the BS10-pGL3-Control
firefly luciferase reporter construct and 0, 25, or 100 ng of an effector vector expressing
untagged ZBTB18 (WT, S102R, or K426E/R427E) in opti-MEM without phenol red.
Additionally, we added 125 ng of the pRL-SV40 plasmid (Promega) containing renilla
luciferase as an internal control for transfection efficiency. DNA was mixed with PLUS reagent
(Thermo Fisher) in a 1:1 ratio and incubated for 15 minutes at room temperature, followed by
the addition of Lipofectamine LTX (Thermo Fisher). After incubation for 25 minutes at room
temperature, the growth medium was changed and each mixture was added to the well. After
approximately 40 hours, the cells were harvested for the luciferase assay performed by using
The Dual-Luciferase Reporter (DLR) Assay System (Promega). Transfected cells were
washed once with PBS and the lysates were prepared by manually scraping the cells from
the plates in the presence of 1x Passive Lysis Buffer (PLB) (Promega). The firefly and renilla
luciferase activities of the extract were measured according to the manufacturer’s instructions
using Clariostar (BMG Labtech). Each biological replicate corresponded to a well of cultured
cells, independently transfected, grown, and lysed.

Immunoblotting

Proteins from cell lysates prepared as described in the luciferase reporter assay section were
concentrated with the standard TCA (trichloroacetic acid) precipitation method and separated
on a 4-20% gradient Tris-glycine stain-free pre-cast gel (BioRad), followed by semi-dry
electrotransfer onto a nitrocellulose membrane. Blots were developed using appropriate
antibodies in 5% w/v nonfat dry milk in Tris-buffered saline with 0.1% Tween 20 detergent
(TBST) buffer. Anti-ZBTB18 (Proteintech) was used at a dilutation of 1:2,000 followed by an
HRP-conjugated anti-rabbit secondary antibody (Thermo Fisher) at 1:10,000. Anti-B-Actin-
HRP (Santa Cruz Biotechnology) was used at 1:10,000. Membranes already blotted with anti-
ZBTB18 were re-blotted with anti-B-Actin without stripping. Blots were developed by
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chemiluminescence using the WesternBright ECL HRP substrate (Advansta) and IBright
system (ThermoFischer).

Quantitative reverse-transcription polymerase chain reaction (RT-gPCR)

U20S WT cells were seeded into six-well plates and transfected for 48 hours with either
empty GFP, HsZBTB18-GFP WT, and HsZBTB18-GFP S102R plasmids before total RNA
extraction (NucleoSpin RNA, Macherey-Nagel GmbH). RNA template was reverse-
transcribed into cDNA by using the RevertAid Reverse Transcriptase (Thermo Fisher
Scientific). Real-Time PCR amplification experiments were performed with the Master Mix
PCR Power SYBR Green (Thermo Fisher Scientific) on a QuantStudio 7 Flex Real-Time PCR
System (Thermo Fisher Scientific). The relative fold gene expression was calculated using
the 2722CT method and results were normalised to the 18S rRNA expression. The sequences
of the primers used in this study are listed in Table S2.

Quantification and statistical analysis

SAXS data analysis

The fiber X-ray scattering pattern of a continuous helix of pitch p and radius r, is composed
of meridian layer lines of integer index n. Each meridional layer line is localized at g, (n) =
n - q2 with q2 = 2 /p and the radial profile intensity of each line is a function of radial scattering
vector g, :

I,(q,) = 1:1 ’ Un(Qr 'ro)]z

where J, is the Bessel function of order n. The theoretical X-ray scattering is the sum of all
layers normalised by the Ewald sphere surface.

Imoaer(q) = (i In(qr)> / >+ A
n=0

With g, = (¢* — (n- q;’)z)% and A as a constant

The three former layer line profiles In(q) added to the central scattering (n=0) were fitted
simultaneously by optimizing p and r, as well as the four I,, and the constant, by minimising

Z (Iexp(CI) - Imodel(Q)>2
Lnoder (@)

between q = 0.03 Al and q = 0.26 A using the Solver tool of Excel.
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The simulations of each layer and their sum are shown in Figure 1I.

The model with p = 15.3 nm and r, = 3.9 nm is in good agreement with the observed SAXS
modulations. The variations of p are around £ 1.5 nm and those of r, are around £ 0.3 nm.

The parameters are given in Table S3.
Crystallographic data statistics

Statistics of crystallographic data collection and refinement were determined according to the
standard methods in the field as explained in Method details and presented in Table 1.

Other methods

Quantitative data were presented as mean + standard deviation or mean + standard error of
the mean as indicated in Method details or figure legends. Differences between samples in
Figure 7B, represented with asterisks, were calculated using One-way ANOVA (ANalysis Of
VAriance) with  post-hoc  Tukey HSD  (Honestly  Significant  Difference)
(https://astatsa.com/OneWay_Anova_with_TukeyHSD/).
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