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SUMMARY

The repurposing of structurally conserved protein domains in different functional contexts is thought to be a
driving force in the evolution of complex protein interaction networks. The BTB/POZ domain is such a versa-
tile binding module that occurs over 200 times in the human proteome with diverse protein-specific adapta-
tions. In BTB-zinc-finger transcription factors, the BTB domain drives homo- and heterodimerization as well
as interactions with non-BTB-domain-containing proteins. Which mechanisms encode specificity in these in-
teractions at a structural level is incompletely understood. Here, we uncover an atypical peptide-binding site
in the BTB domain of the MYC-interacting zinc-finger protein 1 (MIZ1) that arises from local flexibility of the
core BTB fold and may provide a target site for MIZ1-directed therapeutic approaches. Intriguingly, the iden-
tified binding mode requires the BTB domain to be in a homodimeric state, thus holding opportunities for

functional discrimination between homo- and heterodimers of MIZ1 in the cell.

INTRODUCTION

The evolution of complex biological functions was suggested to
be driven by the reiterated use of a rather small set of protein inter-
action domains that may allow for a rapid expansion of protein
connectivities at low genomic expense (Pawson and Nash,
20083). This implies that protein interaction domains, although
structurally conserved, accommodate flexibility to refine, diver-
sify, or change their binding properties. A growing body of datail-
lustrates the astounding range of structural mechanisms by which
this concept manifests itself, endowing individual domains with
context-dependent functions. The BTB (Bric-a-brac, Tramtrack,
and Broad complex) fold, also known as POZ (POx virus and
Zinc finger) domain, is such an architecturally conserved yet ver-
satile binding module that recurs in over 200 functionally diverse
human proteins involved in transcriptional regulation, chromatin
remodeling, cytoskeletal organization, ion channel gating, and
ubiquitination (Chaharbakhshi and Jemc, 2016; Letunic and
Bork, 2017). Built around a mixed o/B-core, BTB domains contain
varied peripheral structural elements that control their oligomeri-
zation or association with other proteins (Aravind and Koonin,
1999; Stogios et al., 2005). For example, an N-terminal extension
tothe BTB core mediates homo- or heterodimerization inthe BTB-
kelch and MATH-BTB protein families, and the BTB-zinc-finger
(BTB-ZF) class of transcription factors. BTB-domain-dependent
higher-order self-association of BTB-ZF proteins was also re-

ported and has important ramifications for their interactions with
multivalent macromolecular partners, such as DNA (Katsani
et al.,, 1999). Moreover, the transcriptional functions of BTB-ZF
proteins require their BTB domain to recruit other, non-BTB-
domain-containing factors, aside from mediating oligomerization.

How this may be accomplished was visualized at a structural
level for the BTB-ZF-type, proto-oncogenic transcriptional
repressor BCL6, whose expression is frequently deregulated in
B cell ymphomas (Ye et al., 1993): the homodimeric BTB domain
of BCL6 engages co-repressor proteins along a non-conserved,
peptide-binding surface of each subunit, known as the “lateral
groove” (Ahmad et al., 2003; Ghetu et al., 2008). Consistently, a
rationally designed peptide, which blocks the lateral groove, in-
hibits BCL6 function in BCL6-positive lymphoma cells, triggering
cell-cycle arrest and apoptosis (Polo et al., 2004). Based on this
concept, various synthetic inhibitors of BCL6-co-repressor inter-
actions have been developed, all of which target the lateral
groove (Cardenas et al., 2016; Cerchietti et al., 2009, 2010;
Chengetal., 2018; Evans et al., 2014; Ghetu et al., 2008; Kamada
et al., 2017; Kerres et al., 2017; McCoull et al., 2017; Sakamoto
et al., 2017; Silva et al., 2007; Yasui et al., 2017). Certain lateral
groove-binding compounds induce the ubiquitin-dependent pro-
teasomal degradation of BCL6 in the cell (Bellenie et al., 2020;
Kerres et al., 2017; Stabicki et al., 2020) while others have been
utilized as building blocks for proteolysis-targeting chimeras
(PROTACs) (McCoull et al., 2018). Together, these studies
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highlight the remarkable susceptibility of the BTB fold to small-
molecule-mediated manipulations and the intriguing potential
of harnessing this susceptibility for the therapeutic targeting of
transcription factors. To this end, however, it is crucial to under-
stand the determinants of specificity in macromolecular interac-
tions of BTB domains beyond BCL6. For example, it is unclear
whether the BTB domains of BTB-ZF proteins generally utilize
the lateral groove for ligand recognition. Given the high variability
of BTB domains at the primary sequence level and the associated
poor conservation of their surfaces, it is possible that yet unchar-
acterized binding sites reside within this versatile fold.

Here, we explore the structural underpinnings of specialization
in the BTB domain of the MYC-interacting zinc-finger protein 1
(MIZ1), a BTB-ZF-type transcription factor with critical roles in
early development and multiple stages of tumorigenesis (Wiese
et al., 2013). The transcriptional functions and chromatin associ-
ation of MIZ1 require its BTB domain; as a consequence, deletion
of this domain has deleterious consequences, such as cell-cycle
arrest and apoptosis during early T and B cell development and
cerebellar neurodegeneration due to deficient membrane traf-
ficking (Kosan et al., 2010; Ross et al., 2019; Wolf et al., 2013).
In line with its pivotal functions, the BTB domain drives numerous
interactions of MIZ1, including the formation of homodimers and
heterodimers with other BTB-containing proteins, such as BCLS6,
NAC1,ZBTB4,ZBTB36, and ZBTB49 (Jeonetal.,2014; Leeetal.,
2012; Phan et al., 2005; Stead and Wright, 2014a; Weber et al.,
2008). While heterodimerization was shown to reduce the MIZ-
dependent transcription of CDKN1A, it remains to be elucidated
how the alternative dimerization modes of MIZ1 are regulated
and affect the reorganization of chromatin-associated com-
plexes at a structural level. Moreover, it has not been studied
structurally how the BTB domain of MIZ1 recognizes additional
protein interactors that lack BTB domains, such as the host-cell
factor 1 (HCF-1) (Piluso et al., 2002) or the HECT-type ubiquitin
ligase HUWE1 (Adhikary et al., 2005).

We identified a HUWE1-derived peptide that specifically inter-
acts with the BTB domain of MIZ1 in its homodimeric, but not het-
erodimeric or monomeric forms. The underlying binding mode
requires specific structural features of the BTB domain of MIZ1
that may be amenable to therapeutic targeting. More broadly,
our findings illustrate an additional facet of the structural versa-
tility of the BTB fold that may allow for functional discrimination
between homo- and heterodimers of MIZ1 in the cell. This adds
to the structurally distinct concept of dimerization quality control,
which explains the selective destabilization of BTB heterodimers
by the RING-type ligase SCF-FBXL17 (Mena et al., 2018, 2020).

RESULTS

The BTB domain of MIZ1 interacts with a HUWE1-
derived peptide in an atypical mode

When comparing the catalytic activities of truncated, C-terminal
constructs of HUWE1 toward the physiological substrate MIZ1,
we noticed that a region known as the activation segment (AS;
residues 3,843-3,896) enhances ubiquitin chain elongation on
MIZ1 compared with the isolated catalytic HECT domain
(HECT; residues 3,993-4,374) (Figures 1A-1C). A stimulatory
effect of the AS in the context of C-terminal fragments of
HUWE1 compared with shorter, dimeric constructs (HUWE1P,
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HUWE1P™") had previously been observed and was rationalized
by the ability of this segment to counteract the formation of an
autoinhibited ligase dimer through intramolecular interactions
with the dimerization region (Sander et al., 2017). The isolated
HECT domain, however, is monomeric per se and was expected
to have substrate ubiquitination activity comparable with that of a
construct that includes the AS (HUWE1"S; residues 3,843-
4,374). To explain the activation segment-induced stimulation
of MIZ1 ubiquitination, we hypothesized that the segment may
be able to recruit MIZ1 to the HECT domain within the C-termi-
nally truncated constructs studied here. In line with this idea,
size-exclusion chromatography (SEC) analyses revealed com-
plex formation between the AS and the BTB domain of MIZ1
(MIZ1B™®, residues 1-115) (Figures 1D and 1E). This domain
was previously shown to drive the interaction of MIZ1 with
HUWE1 (Adhikary et al., 2005). We also observed a weak interac-
tion between HUWE14S, but not HUWE1P, with MIZ18T8 by SEC
(Figures S1A-S1D). This supports the notion that the AS can re-
cruit MIZ1 within C-terminal fragments of HUWE1 while this inter-
action competes with the alternative, intramolecular association
of the AS with the dimerization region. Note that the present study
focuses on MIZ1 ubiquitination (Figures 1B and 1C) rather than
the autoubiquitination activities of the truncated HUWE1 con-
structs that were discussed previously (Sander et al., 2017).

We hypothesized that the AS contains discrete sites to mediate
the recruitment of MIZ15™® and intramolecular interactions within
the HUWE1”S construct. Guided by secondary structure predic-
tions, we analyzed the binding properties of the N-terminal (AS";
residues 3,843-3,869) and C-terminal (ASC; residues 3,870-
3,890) portions of the activation segment individually. SEC and
fluorescence polarization (FP) experiments demonstrated that
the BTB domain of MIZ1 exclusively recognizes ASC (Figures
2A-2C). The corresponding dissociation constant, Kp, is in the
low-micromolar range (10.0 = 0.9 uM); no Kp value could be
derived for ASN (Figure 2C and Table 1). In contrast, AS" provides
the predominant binding site for the dimerization region (residues
3,951-3,993) within the C-terminally truncated HUWE1 frag-
ments analyzed here (see Figure 1A). We determined Kp values
of 4.9 + 0.8 M and 322 + 46 uM for the interactions of ASN and
ASC with HUWE1P™" (residues 3,951-4,374; the minimal dime-
rizing C-terminal fragment of HUWE1), respectively (Figure 2D).

Conformational flexibility of the B3 region enables
atypical peptide recognition by the BTB domain of MIZ1
To elucidate how the BTB domain of MIZ1 recognizes the AS®
peptide, we determined a crystal structure of the complex at
2.25-A resolution (Table 2; for details see STAR methods). The
structure shows the dimeric BTB domain bound to a single pep-
tide (Figure 3A). The BTB-domain dimer has a characteristic but-
terfly-like architecture, in which each “wing” is made up of an
a-helical core flanked by B strands at the upper (B1 and B2)
and lower (B5) end. The peptide ligand orthogonally traverses
the subunit interface, forming a 3 strand on either side that com-
plements the respective upper B1-B2 sheet. Therefore, the
ligand-induced B-sheet extension follows a parallel mode in
one subunit and an antiparallel mode in the other, with distinct
intermolecular contacts formed in each case (Figure 3B). The
structural elements of the BTB domain that make up the bipartite
binding site also adopt distinct orientations in the two subunits
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Figure 1. The BTB domain of MIZ1 interacts with a hydrophobic segment found in the C-terminal region of HUWE1

(A) Architecture of C-terminal fragments of HUWE1 (top), indicating the boundaries of the motifs and protein constructs studied here. AS, activation segment; DR,
dimerization region; HECT, catalytic HECT domain. ASN and AS® denote the N- and C-terminal portions of AS, respectively. HUWE14® and HUWE"E®T are
monomeric; HUWE1P and HUWE1P™" dimerize (Sander et al., 2017). The activation segment interacts intramolecularly with the dimerization region in the context
of HUWE1%®, Lower panel: domain architecture of MIZ1, featuring the N-terminal BTB domain, which mediates protein-protein interactions, and 13 zinc fingers in
the C-terminal region, which mediate DNA binding. In both panels, double arrows symbolize interactions.

(B) Representative assay comparing the ubiquitination activities of the indicated HUWE1 fragments toward HA-tagged MIZ"-282, The reactions were monitored for
20 and 60 min, respectively, and visualized by SDS-PAGE and anti-HA (substrate ubiquitination; top panel) and anti-HUWE1 western blotting (E3-autoubiqui-
tination; bottom panel), respectively. Note that the constructs have different autoubiquitination propensities (ubiquitinated HUWE1 constructs collectively labeled
with “HUWE1-Ub,”), which were studied previously (Sander et al., 2017). The anti-HUWE1 blot was only used for the quantification of the HUWE1 input.

(C) Quantification of the amount of polyubiquitinated MIZ1 after 60 min, based on three independent assays as shown in (B), normalized to the input amount of
HUWET (minus ATP lanes). Quantification was done based on three independent replicates using the Image Studio Lite Software (Li-COR; Lincoln, NE, USA;
RRID: SCR_013715). The mean and standard deviations were plotted.

(D) SEC analysis of the interaction between MIZ18T8 and AS (HUWET residues 3,843-3,890 with an N-terminal lipoyl domain tag).

(E) Protein-containing elution fractions from the SEC runs shown in (D), analyzed by SDS-PAGE and Coomassie staining. The three gels are associated with the
SEC analysis of AS only, MIZ1ETE only, and the AS-MIZ15T® mixture (from top to bottom). Equivalent elution fractions of the three runs were aligned with
each other.

due to different crystal contacts, as discussed below. Neverthe-
less, the two binding sites of the MIZ1BTE dimer comprise over-
lapping networks of hydrophobic residues, including Phe28,
Leu52, Phe53, Val60, Leu62, and lle64.

The binding mode observed for MIZ1ETB is distinct from other
known BTB domain-peptide interactions, as illustrated by the
complexes of the transcriptional repressor BCL6 with peptides
derived from its co-repressors BCOR and SMRT, respectively

(Figure 3C) (Ahmad et al., 2003; Ghetu et al., 2008). In those
cases, the BTB-domain dimer associates with two peptides
symmetrically along the lateral grooves of the subunits, with
the N-terminal region of each peptide extending a mixed B sheet
(B1'-B5, B1-p5’) at the lower end of each subunit. The peptide-
mediated B-sheet extension in BCL6 thus occurs at the opposite
face of the BTB domain compared with MIZ1. Notably, in
BCL65™®, the upper B1-B2 sheet is complemented

Structure 29, 1-11, November 4, 2021 3
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Figure 2. The C-terminal portion of the acti-
vation segment of HUWE1 mediates MIZ1
binding

(A) SEC experiments testing an interaction be-
tween MIZ18™8 and ASN (HUWET residues 3,843
3,869 with an N-terminal lipoyl domain tag).

(B) SEC experiments testing an interaction be-
tween MIZ18T® and AS® (HUWE1 residues 3,870
3,890 with an N-terminal lipoyl domain tag). For
MIZBTB the same elution profile as in (A) is shown.
(C) FP analysis of the interaction between MIZ15T8
and the 5-FAM-labeled ASN and ASC peptides,
respectively. The data points represent the mean
and SD of three independent experiments. The

elution volume / mL

1.8 2.0 data for AS® were fitted to a single-site binding
model; for the Kp value, see Table 1. The data for
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intramolecularly by a third B strand (B3) that constitutes a core
element of the BTB fold. The corresponding region (“B3 region”)
in MIZ1BT8 however, appears flexible, allowing for an equivalent
B3 strand to be provided by the ASC peptide. The peptide ligand
therefore mimics a structural element of the canonical BTB fold.

To further illuminate the atypical nature of MIZ1E™®, we deter-
mined a crystal structure of the apo form (2.1 -A resolution; Table
2). As seen for the peptide-bound complex, the B3 region does
not adopt a B strand in this structure but forms a loop that is swung
outward and leaves the peptide-binding site exposed (Figure 3D).
Atypical arrangements of the B3 region compared with canonical
B3-containing BTB domains were also observed in previous, unre-
lated crystal forms of apo MIZ1E™® (PDB: 2Q81 and PDB: 3M52
[Stead et al., 2007; Stogios et al., 2010]). Only one out of six BTB
subunits extracted from these structures contains an inherent
B3 strand (Figure S2); in this case, however, the strand is part of
an intermolecular  sheet within a crystallographic tetramer, which
we and others did not detect in solution (Stead et al., 2007; Stogios
etal.,2010). Insum, these analyses corroborate the notion that the
lack of a pre-formed B3 strand and associated plasticity of the B3-
region in MIZ1E® do not result from crystal packing but represent
a specific property of this BTB domain (Stogios et al., 2010).
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In line with the crystal structures we
determined and previous studies (Stogios
et al., 2010), SEC-coupled multi-angle
light scattering (MALS) analyses showed
that MIZ1B™ s dimeric in solution
(Figure S3A). SEC-MALS and isothermal
titration calorimetry (ITC) analyses of the interaction between
the MIZ1B™ dimer and ASC corroborate a 2:1 stoichiometry,
as seen crystallographically (Figures S3A and S3B). In contrast,
other BTB-peptide interactions display a 1:1 stoichiometry (Ah-
mad et al., 2003; Ghetu et al., 2008; Sakamoto et al., 2017).

To test whether the atypical peptide-binding mode of
MIZ1BT8 seen in the crystal structure also occurs in solution,
we analyzed the effects of structure-guided mutations at key
sites in the hydrophobic interface on AS® binding. These muta-
tions included F28A, L52A, F53A, V60P, H61A, L62A, and 164A
in MIZ1™® and L3877A, L3879A, F3886A, F3887A, and
L3877A/F3887A in ASC, respectively (Figures 4A and 4B). In
line with the crystal structure, residues that contribute to the
ligand-binding sites in both BTB subunits, such as Phe28,
Leu62, and lle64, are required for peptide binding in the low-
micromolar Kp range (Figure 4A; Table 1). Furthermore, the
V60P substitution in the B3 region was found to markedly
weaken the interaction. This mutation was designed to interfere
with the formation of a B-strand-like element, observed along-
side the peptide-derived B strand in subunit 1 of the crystal (Fig-
ures 3B [left panel] and S4A). The peptide-bound B3 region of
subunit 2 may adopt a similar, B-strand-like conformation in
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Table 1. Dissociation constants

Protein Peptide ligand  Kp (uM) Method
MIZ1BTB variant
WT ASC 10.0+09 FP
WT ASC 3107 ITC
F28A ASC ND FP
L52A ASC 9+ 1 FP
F53A AS® 158+15 FP
V60P ASC 60 +2 FP
HB1A ASC 169+1.2 FP
L62A ASC 88.8+81 FP
164A ASC ND FP
WT ASC L3877A ND FP
WT ASC 13879A 332+16 FP
WT ASC F3886A ND FP
WT ASC F3887A ND FP
WT ASCL3877A/  ND FP
F3887A
WT AsSN ND FP
MIZ1BT8 variant (without cloning overhang)
WT (residues 1-115) ASC 10 £ 1 FP
V10D/L14D/Q17D/V41K  ASC ND
(monomer)
MIZ1-BCL6 heterodimer ~ AS° 121 £ 22 FP
MIZ1-NAC1 heterodimer ~ AS® 187 + 20 FP

ND, not determined.

solution; in the crystal, however, this region is tilted outward due
to lattice contacts (Figures 3B [right panel] and S4A). Other res-
idues that contribute to the environment of the bound peptide
only in one subunit (Phe53) or more peripherally (Leu52,
His61) had minor or no effects on the interaction detected in so-
lution. Notably, none of the mutated MIZ18™ variants showed
defects in dimerization compared with the wild type (WT), as
confirmed by SEC (Figure S4B). In additional control experi-
ments, we interrogated the possible influence of a six-residue,
cloning-induced overhang of our MIZ1B™® construct on the
interaction with ASC. In the crystal structures, this overhang
mimics an N-terminal 1 strand, which is not part of the BTB
domain of MIZ1 but is found in other BTB domains, where it
engages in a domain-swapped B1-p5’ sheet (Figure S4A).
Encouragingly, MIZ18™® constructs with and without this clon-
ing overhang did not display any differences in their oligomeri-
zation state or binding to AS® (Figures S4B and S4C; Table 1).
This corroborates the conclusion that the BTB domain of MIZ1
engages the ASC peptide in an atypical manner that is indepen-
dent of the lower B1-B5 sheet involved in peptide-binding to
BCL6 (Ahmad et al., 2003; Ghetu et al., 2008).

We next interrogated the effects of mutations in AS® on the
interaction with MIZ18™, FP-based analyses using fluoro-
phore-labeled ASC-peptide variants revealed drastic binding
defects of the L3877A, F3886A, F3887A, and L3877A/F3887A
variants compared with the WT, and a more moderate defect
of L3879A (Figure 4B and Table 1). Except for F3886A, these ef-
fects are consistent with the interaction mode seen in the crystal

Table 2. X-ray crystallographic data collection and refinement
statistics

MIZ1BTB-ASC
MIz15T8 complex
PDB TAZW TAZX
Data collection
Wavelength (A) 1.0332 0.968
Resolution (A) 48.05-2.10 37.72-2.25
(2.16-2.10) (2.40-2.25)
Space group 1121 P3121
Unit cell parameters
a, b, c (&) 48.79, 34.52, 69.11, 69.11,
172.56 97.15
a, B,y (°) 90, 96.18, 90 90, 90, 120
Total reflections 76,616 (6,616) 308,484 (12,141)
Unique reflections 17,046 (1,417) 9,023 (450)
Roim 0.069 (0.561) 0.066 (0.684)
Completeness (%) 99.8 (99.9) 68.0 (18.8)
1/a(/) 7.4(1.2) 13.8 (1.5)
Multiplicity 4.54.7) 34.2 (27.0)
Wilson B factor 31.7 60.5
CCiso 0.996 (0.789) 0.999 (0.622)
Refinement
Resolution (A) 35.17-2.10 34.56-2.248
(2.175-2.10) (2.328-2.248)
Reflections used 16,959 (1,684) 9,011 (230)
Ruwork/Riree 23.92/28.31 22.80/27.97
No. of atoms
Proteins 1,805 1,941
Ligands 6 -
Water 25 16
Average B factors (A9
Proteins 46.0 52.4
Ligands 44.4 -
Water 35.7 35.5
RMSD from ideality
bond lengths (A) 0.002 0.003
bond angles (°) 0.47 0.48
Ramachandran
statistics
favored (%) 96.94 97.96
disallowed (%) 0.00 0.00
MolProbity clash score 4.43 4.41

Values in parentheses correspond to the highest-resolution shell. RMSD,
root-mean-square deviation.

(Figure 3B). We speculate that the significance of Phe3886 re-
flects the possibility that the AS® peptide binds to MIZ18T8 in
more than one register or mode in solution. Different binding
modes may be enabled by the extended stretch of hydrophobic
residues in both B-strand portions of the peptide and the five-
residue spacer connecting them (Figure 3B). Alternative expla-
nations for the requirement of Phe3886 in peptide binding,
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Figure 3. Local conformational flexibility in the BTB domain of MIZ1 enables atypical peptide recognition

(A) Crystal structure of the MIZ18™ dimer-ASC-peptide complex (this study; PDB: 7AZX). Secondary structural elements of the BTB core are labeled with capital
Latin letters and peripheral elements that vary across the BTB domain family with small Greek letters (Stogios et al., 2005); the labels for structural elements of
subunit 2 are marked by an inverted apostrophe. A strand of the lower B sheet is denoted “B1-mimic,” as it is not part of MIZ1 but a cloning overhang (see
Figure S4A).

(B) Detail of the MIZ18TB-ASC interface in the crystal structure shown in (A). The side chains of residues in the two B strands of ASC and contacting hydrophobic
side chains in subunit 1 of the BTB domain dimer are shown in ball-and-stick representation (left panel); the same set of side chains is displayed in subunit 2 (right
panel). The amino acid sequence of the ASC-peptide is also shown (top), along with the location of the two B strands formed in the structure (arrows). Those amino
acids whose side chains are displayed in the structural panels are highlighted in yellow.

(C) Superposition of the crystal structures of the MIZ18T8-AS® complex (this study, see A) and BCL65™ bound to an SMRT-derived peptide (PDB: 1R2B [Ahmad
et al., 2003]). BBD denotes BCL6-binding domain. Note that the BCL6-SMRT interaction is of 1:1 stoichiometry; for clarity, the identical peptide ligands were
colored differently. The strands of the B sheets that are extended by the peptide ligands are labeled.

(D) Superposition of the crystal structures of MIZ18TB-AS® (this study, see A) and apo MIZ1EE (this study; PDB: 7AZW). Box: detail of the upper B1-B2 sheet, B3
region, and peptide ligand, extracted from the surrounding protein for clarity. In all panels, visible protein N and C termini are labeled.

says, monitoring MIZ1 ubiquitination by HUWE1”S, Encourag-
ingly, the mutation-induced effects on MIZ15T-AS® binding
were mirrored to a large extent in this setup (Figures 4C and 4D):
The F28A, V60P, L62A, and 164A substitutions in MIZ1 caused

such as yet uncharacterized conformational rearrangements of
the B3 region, are also conceivable.

To interrogate the atypical MIZ15™-ASC interaction function-
ally, we subjected the entire panel of protein variants to activity as-
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Figure 4. Structure-guided mutagenesis supports the atypical peptide-recognition mode of the BTB domain of MIZ1

(A) FP analysis of the interaction of MIZ15TE WT and variants thereof, respectively, with a 5-FAM-labeled AS® peptide (HUWE1 residues 3,870-3,894). The mean
and SD of three independent experiments were fitted to a single-site binding model, where possible; for the corresponding Kp, values, see Table 1.

(B) Analysis analogous to (A), using MIZ1ET® WT and the indicated 5-FAM-labeled ASC-peptide variants.

(C) Representative analysis of the ubiquitination activity of HUWE1"S (residues 3,843-4,374) toward HA-tagged MIZ177282 WT and variants thereof, respectively.
Twenty-minute endpoints were analyzed by SDS-PAGE and anti-HA (MIZ1-ubiquitination and input; top panel) and anti-HUWE1 (E3-autoubiquitination and input;
bottom panel) western blotting.

(D) Quantification of ubiquitinated MIZ1 based on three independent assays as shown in (C), normalized to the input amount of MIZ1 (minus ATP lanes). For each
variant of MIZ1, the ubiquitination efficiency was plotted relative to the WT (i.e., WT = 1.0). Quantification was done based on three independent replicates using
the Image Studio Lite Software (Li-COR; Lincoln, NE, USA; RRID: SCR_013715). The mean and standard deviations were plotted.

(E) Representative analysis of the ubiquitination activities of HUWE14S WT and variants thereof toward HA-tagged MIZ'-2%2, Details as in (C).

(F) Quantification of ubiquitinated MIZ1 based on three independent assays as shown in (E), normalized to the input amount of HUWE1 (minus ATP lanes). For
each mutated variant of HUWE1, the activity was plotted relative to the WT (i.e., WT = 1.0). Quantification was done based on three independent replicates using
the Image Studio Lite Software (Li-COR; Lincoln, NE, USA; RRID: SCR_013715). The mean and standard deviations were plotted.
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mode in MIZ1 selects for BTB-domain ho-
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(A) SEC analyses of the MIZ18™-BCL6™ and
MIZ1BTB_NAC1B™® heterodimers, a dimer-inter-
face variant (V10D/L14D/Q17D/V41K) that renders
MIZ1BT® monomeric, and MIZ18T® WT. The peak
areas vary due to differences in the respective
extinction coefficients.

(B) FP analysis of the interaction of fluorophore-
labeled AS® (HUWE1 residues 3,870-3,894) with
the same proteins as in (A). The mean and standard
deviations of three independent experiments were
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0
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plotted and fitted to a single-site binding model,
where possible; for the corresponding Kp values,
see Table 1.
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strong reductions in substrate ubiquitination. Slightly weaker ef-
fects were observed for the L52A and F53A variants, while the
H61A variant was WT-like. Vice versa, marked activity defects
were observed for the F3886A, F3887A, and L3877A/F3887A var-
iants of HUWE1”S and weaker effects for H3874A, L3877A, and
L3879A; V3883A provided a negative control (Figures 4E and
4F). None of the tested mutations affected the oligomerization
state of HUWE 1S (Figure S4D). The mutation-induced activity de-
fects therefore report on the recognition of MIZ1 by the HUWE1AS
construct rather than ligase-intrinsic effects.

The atypical binding mode discriminates between

homo- and heterodimers of the BTB domain of MIZ1

The bipartite nature of the peptide-binding mode observed in the
MIZ1BT8 dimer requires a flexible B3 region in both subunits. We
thus expected that peptide binding would be reduced in the
context of a heterodimeric BTB domain containing one MIZ1 sub-
unit and one subunit from a partner protein with an intrinsic B3
strand. To test this idea, we generated genetically fused hetero-
dimers of MIZ18T® and BCL6Z™ or NAC1BTB, respectively, both
of which have a pre-formed B3 strand (Stead and Wright, 2014b)
(Figure 5A). FP analyses demonstrated that these heterodimers
have only residual ASC—binding capacities, with Kp values of
121 £ 22 uM and 187 + 20 uM, respectively (Figure 5B and Table
1). Inthe same vein, we expected that a MIZ1E™® monomer would
have a strongly reduced affinity for the ASC peptide compared
with a dimer. We introduced mutations into MIZ1578 known to
interfere with BTB-domain dimerization (Zhuang et al., 2009)
and confirmed the monomeric state of the purified protein variant
by SEC (Figure 5A). As we had anticipated, FP analyses yielded
no quantifiable affinity of the MIZ18™ monomer for AS® (Fig-
ure 5B and Table 1). Taken together, these studies demonstrate
that the recognition of the ASC peptide by MIZ18™ occurs
through an atypical mechanism at the upper B1-B2 sheet. This
mechanism requires flexibility in the B3 region of the BTB domain
and thereby selects for homodimers over heterodimers or mono-
mers of MIZ1.
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DISCUSSION

BTB domains provide multi-functional platforms for the recruit-
ment of diverse protein interactors and allow for integration
into a variety of macromolecular complexes. This versatility is
thought to be facilitated by the high surface variability of BTB do-
mains, despite their overall conserved architecture, and by var-
ied extensions to their core that generate distinct binding sites.
BTB domains in the BTB-ZF, BTB-kelch, and MATH-BTB protein
families comprise N-terminal extensions (31 and/or a.1) that drive
their dimerization or higher-order self-association (Stogios et al.,
2005) and regulate their stability in the cell (Mena et al., 2018,
2020). MATH-BTB-type proteins, such as SPOP, include an
additional C-terminal, a-helical extension that serves as a sub-
strate adaptor in cullin-RING-type ubiquitin ligase (CRL) com-
plexes (Zhuang et al., 2009). Analogously, the monomeric BTB
domain of SKP1 employs a C-terminal, a-helical extension to re-
cruit substrate-binding F-box proteins to CRLs, but lacks an
N-terminal extension (Schulman et al., 2000). Yet another func-
tionally equivalent CRL component to SPOP and SKP1, the sin-
gle-subunit elongin-C, relies on a minimal BTB core to interact
with SOCS-box or VHL-box substrate adaptors (Bullock et al.,
2006; Stebbins, 1999). In contrast, the minimal BTB fold of the
T1 domain in voltage-gated potassium channels mediates self-
association. While these examples illustrate the immense vari-
ability of BTB domains across different protein families, it is
incompletely understood how functional diversity and specificity
are generated in BTB domains of a common protein class.

Our studies reveal that the binding repertoire of BTB-ZF-type
transcription factors may be diversified depending on conforma-
tional plasticity within the core BTB fold (Figures 6A and 6B).
Specifically, we found that the BTB domain of MIZ1 can accom-
modate a hydrophobic peptide ligand by extending the upper
B1-B2 sheet, in lieu of an intrinsic B3 strand. This strand
displacement is likely enabled by the flexibility of the B3 region
of MIZ1 that exposes a hydrophobic binding groove. In contrast,
available structures of BTB domains of other BTB-ZF proteins
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Cartoon representation of two distinct peptide-binding modes observed in BTB domains. (A) Peptide ligands of BCL6 interact with the lateral groove at the dimer
interface in each subunit (1:1) and extend a domain-swapped j sheet at the lower end of the BTB-domain monomer (Ahmad et al., 2003; Ghetu et al., 2008). The
upper B sheet contains an inherent, intramolecular B3 strand. In contrast, the region that corresponds to the B3 strand of BCL6 is flexible in the BTB domain of
MIZ1 (B), thereby allowing for the engagement of peptide ligands that mimic such strands. In the structure we determined, the ligand is a single peptide that spans
the BTB dimer interface. This binding mode selects for BTB-domain homodimers over heterodimers with other BTB domains, since both subunits require a

flexible B3 region to accommodate the peptide in a bipartite fashion.

contain a pre-formed B3 strand, regardless of their origin, oligo-
merization state, or engagements with ligands. The sole outlier,
to our knowledge, is a crystal structure of the BTB domain of mu-
rine PATZ1, which also contains a non-conserved, 23-residue
insertion within the B3 region (Piepoli et al., 2020). We thus pro-
pose that plasticity in the B3 region may contribute to the func-
tional specialization of certain BTB-ZF proteins and hold specific
interaction opportunities.

In contrast to the lateral groove that drives co-repressor in-
teractions in BCL6, the binding site we identified in MIZ1 is
sensitive to the dimerization mode and selects for homo-
over heterodimers of the BTB domain. Structurally, this sensi-
tivity is rooted in the bipartite nature of the binding site that
spans the dimeric subunit interface and involves a ligand-
induced B-sheet extension on either side (Figure 6B). Since
the majority of BTB domains capable of dimerizing with MIZ1
in the cell may not support the displacement of their pre-
formed B3-strand, we predict the identified binding mode se-
lects for MIZ1 homodimers. Another difference between
MIZ1- and BCL6-type BTB domains lies in the absence of a
B1 strand and the associated lower B sheet in MIZ1 (Figures
6A and 6B). Interestingly, the conformational dynamics of the
B1 strand are critical for the stability-based selection of BTB
homodimers in the context of CRL-mediated dimerization
quality control (Mena et al., 2018, 2020).

Future studies will be required to interrogate which cellular in-
teractors recognize the identified atypical binding site in the BTB
domain of MIZ1. A yet unreleased cryo-electron microscopy
reconstruction of full-length HUWE1 shows the AS buried, but
residues in this region participate in a dynamic intermolecular
interface that affects ligase activity (Hunkeler et al., 2020).
Although the precise mechanisms and consequences of the
conformational dynamics of HUWE1 are still unclear, it is
conceivable that regions of HUWE1 other than the AS occupy

the binding site we defined in MIZ1. Alternatively, the binding
site may function in the recognition of other interactors, which
specifically associate with the BTB domain of MIZ1 but lack a
BTB domain for heterodimerization. The data presented here
may thus provide a basis for sequence-based predictions of
candidate MIZ1-binding motifs in the human proteome. The un-
usual accessibility of the identified binding site in the BTB
domain of MIZ1 compared to other BTB domains renders it a
prospective target site for peptidomimetic or small-molecule-
based manipulations of the macromolecular network of MIZ1
with intriguing therapeutic applications.
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KEY RESOURCES TABLE

Structure

REAGENT or RESOURCE

SOURCE

IDENTIFIER

Antibodies

mouse monoclonal anti-HA-Peroxidase
rabbit polyclonal anti-HUWE1

Sigma-Aldrich
Sigma-Aldrich

Cat. #: H6533; RRID: AB_439705
Cat. #: SAB2900746

Bacterial and virus strains

E. coli TOP10
E. coli LOBSTR-BL21(DE3)-RIL
E. coli BL21(DE3)

Thermo Fisher Scientific
Kerafast
Thermo Fisher Scientific

Cat. #: C404006
Cat. #: EC1002
Cat. #: C600003

Chemicals, peptides, and recombinant proteins

HUWE1-peptide for crystallization Elim Biopharm custom
(residues 3870-3897)

5-FAM-ASN (HUWE1 residues 3843-3869) Elim Biopharm custom
ASC-Lys-5-FAM (HUWE1 residues 3870-3894) Elim Biopharm custom
ubiquitin Wickliffe et al., 2011 N/A

UBA1 Wickliffe et al., 2011 N/A
UBCH7 Sander et al., 2017 N/A
HUWE1"ECT (residues 3993-4374) Sander et al., 2017 N/A
HUWE1P™" (residues 3951-4374) Sander et al., 2017 N/A
HUWE1P (residues 3896-4374) Sander et al., 2017 N/A
HUWE1%S (residues 3843-4374) Sander et al., 2017 N/A

AS (residues 3843-3890, N-terminal lipoyl this paper N/A
domain tag)

ASN (residues 3843-3869, N-terminal lipoyl this paper N/A
domain tag)

ASC (residues 3870-3890, N-terminal lipoyl this paper N/A
domain tag)

MIZ1BTB (residues 1-115) Stogios et al., 2010 N/A
MIZ15T® (residues 1-115, with cloning Stogios et al., 2010 N/A
overhang)

MIZ1 (residues 1-282) this paper N/A
MIZ1-BCL6 heterodimer Stead and Wright., 2014b N/A
MIZ1-NAC1 heterodimer Stead and Wright., 2014b N/A
Deposited data

crystal structure of M1Z18T® this paper PDB: 7AZW
crystal structure of a MIZ1BTB-AS® complex this paper PDB: 7AZX
crystal structure of MIz15™® Stead et al., 2007 PDB: 2Q81
crystal structure of MIZ15TE Stogios et al., 2010 PDB: 3M52
crystal structure of BCL6™ in complex with Ahmad et al., 2003 PDB: 1R2B

a SMRT-derived peptide

Experimental models: organisms/strains

Sf9 insect cells

Expression Systems

RRID: CVCL_0549
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Continued
REAGENT or RESOURCE SOURCE IDENTIFIER
Oligonucleotides

codon-optimized BCL6Z™ with linker Stead and Wright., 2014b; IDT N/A
to generate MIZ1-BCL6 heterodimer:
TGCCCTCAAGTCACTTGCTCGTAGTGGTG
GCGGGTCGAGC GGGGGTTCCGGTACCG
CAGATTCTTGCATCCAATTTACACGTCATG
CGTCTGACGTTCTGTTGAACCTTAATCGCT
TACGCTCTCGCGACATTCTTACAGACGTT
GTGATCGTCGTCTCTCGCGAGCAGTTTCG
CGCACATAAGACTGTTTTGATGGCCTGCT
CA GGATTATTCTACTCTATTTTCACTGATC
AATTGAAATGCAACCTGTCGGTGATTAATC
TTGATCCGGAGATCAATCCTGAG GGGTT
CTGCATCTTACTTGATTTCATGTACACATC
TCGTTTG AACCTTCGTGAGGGTAATATCA
TGGCGGTCATGGCTACC GCCATGTATTTA
CAAATGGAGCACGTCGTGGACACCTGCC
GTAAGTTTATTAAAGCCTCCGAATGATAAT
ACCACCTCATCGAATGC

codon-optimized NAC15™® with linker to Stead and Wright., 2014b; IDT N/A

generate MIZ1-NAC1 heterodimer:
TGCCCTCAAGTCACTTGCTCGCTCCGGTG
GCGGGTCGAGCGGAGGAAGCGGGACAG
CACAGACTTTGCAGATGGAGATT CCTAAC
TTTGGAAATTCTATCCTTGAATGCCTGAAT
GAGCAACGCTTACAGGGGTTATACTGTGA
CGTTTCGGTTGTTGTG AAGGGTCATGCCT
TCAAGGCTCATCGCGCCGTATTGGCGGCC
TCGAGTTCGTACTTCCGCGATCTTTTTAATA
ATTCTCGTAGTGCTGTAGTGGAACTGCCAG
CGGCAGTACAACCTCAGTCTTTTCAGCAGA
TTCTGTCATTCTGTTATACAGGTCGCTTAAG
CATGAACGTCGGGGATCAAGATTTACTGA
TGTACACTGCC GGTTTCTTGCAGATCCAAG
AAATCATGGAGAAAGGTACG GAATTCTTCC
TGAAGGTAAGTAGTTGATAATACCACCTCA
TCGAATGC

Recombinant DNA

ubiquitin Wickliffe et al., 2011 N/A
UBA1 Wickliffe et al., 2011 N/A
UBCH7 Sander et al., 2017 N/A
HUWE1HECT (residues 3993-4374) Sander et al., 2017 N/A
HUWE1P™" (residues 3951-4374) Sander et al., 2017 N/A
HUWE1P (residues 3896-4374) Sander et al., 2017 N/A
HUWE1AS (residues 3843-4374) Sander et al., 2017 N/A
AS (residues 3843-3890, N-terminal lipoyl domain tag) this paper N/A
ASN (residues 3843-3869, N-terminal lipoyl domain tag) this paper N/A
ASP (residues 3870-3890, N-terminal lipoyl domain tag) this paper N/A
MIZ15T® (residues 1-115) Stogios et al., 2010 N/A
MIZ15T® (residues 1-115, with cloning overhang) Stogios et al., 2010 N/A
MIZ1 (residues 1-282) this paper N/A
MIZ1-BCL6 heterodimer Stead and Wright., 2014b N/A
MIZ1-NAC1 heterodimer Stead and Wright., 2014b N/A
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REAGENT or RESOURCE

SOURCE

IDENTIFIER

Software and algorithms

XDS
XSCALE
STARANISO

CCP4
Phenix
Coot

Pymol 1.7.6
ImageStudio Lite Software
ASTRAG6

NITPIC

OriginPro 9.4

Kabsch, 2010
Kabsch, 2010
Vonrhein et al., 2018

Winn et al., 2011
Adams et al., 2010
Emsley and Cowtan., 2004

Schrédinger, LLC
LI-COR Biosciences
Wyatt Technology

Keller et al., 2012

OriginLab Corporation

http://xds.mpimf-heidelberg.mpg.de/
http://xds.mpimf-heidelberg.mpg.de/

http://staraniso.globalphasing.org/cgi-bin/
staraniso.cgi

http://www.ccp4.ac.uk/
http://www.phenix-online.org/

https://www2.mrc-Imb.cam.ac.uk/personal/
pemsley/coot/

https://www.schrodinger.com/suites/pymol/
https://www.licor.com/bio/image-studio/

https://www.wyatt.com/products/software/
astra.html
http://biophysics.swmed.edu/MBR/
software.htm

http://microcal-origin.software.informer.com/

RESOURCE AVAILABILITY

Lead contact
Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, Sonja Lor-
enz (sonja.lorenz@mpibpc.mpg.de).

Materials availability
All unique/stable reagents generated in this study are available from the lead contact without restriction.

Data and code availability
The crystal structures generated in this study were deposited in the Protein Data Bank (PDB) with the accession codes PDB: 7AZW
(MIZ18™8) and PDB: 7AZX (MIZ18TB-ASC-complex).

EXPERIMENTAL MODEL AND SUBJECT DETAILS

All proteins used for biochemical, biophysical, and structural studies were recombinantly expressed in E. coli LOBSTR-BL21(DE3)-
RIL (Kerafast, Boston, MA, USA), E. coli BL21(DE3) (Thermo Fischer Scientific, Waltham, MA, USA), or S. frugiperda (Sf9) cells (RRID:
CVCL_0549). For cloning, E. coli TOP10 cells (Thermo Fisher Scientific) were used. All genes are of human origin. For further infor-
mation, see method details.

METHOD DETAILS

DNA constructs

Cloning and mutagenesis were performed by ligation-free methods (van der Ent and Lowe, 2006). The human gene constructs for
HUWE1"ECT (residues 3993-4374), HUWE1P™" (residues 3951-4374), HUWE1P (residues 3896-4374), HUWE1"® (residues 3843-
4374) were previously described (Sander et al., 2017). In short, the genes were inserted into a modified pBADM11 vector (EMBL Hei-
delberg), coding for an N-terminal TEV protease-cleavable Hisg-tag. The expression vector for UBCH7 was also described previously
(Sander et al., 2017) and contains the UBCH?7 gene, kindly provided by M. Rape (Berkeley, CA, USA), in a modified pSKB2-backbone
(derived from pET28a (Merck, Darmstadt, Germany)), encoding an N-terminal Rhinovirus 3C protease-cleavable Hiss-SUMO-tag.
The UBA1 construct in pFASTBac (Thermo Fisher Scientific, Waltham, MA, USA), kindly provided by Michael Rape, and the ubiquitin
gene, inserted into pet30A (Novagen, Madison, WI, USA) at the Nde1 and Hindlll restriction sites, were also described previously
(Sander et al., 2017; Wickliffe et al., 2011). The HUWE1 constructs AS (residues 3843-3890), ASN (residues 3843-3869), and ASC (res-
idues 3870-3890) were cloned into a modified pSKB2-vector (derived from pET28a (Merck, Darmstadt, Germany)) (Winger et al.,
2008) encoding an N-terminal lipoyl domain-tag (residues 2-85 of branched-chain alpha-keto acid dehydrogenase subunit E2
from Geobacillus stearothermophilus (Hipps et al., 1994)) and a C-terminal Hisg-tag. The coding sequence for MIZ1ETE (residues
1-115) was cloned into a a pET23 (for X-ray crystallography) and a modified pSKB2 vector (for interaction studies), both encoding
an N-terminal, TEV protease-cleavable Hisg-lipoyl domain-tag (resulting in an N-terminal GGSMAS-overhang based on the pET23
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and GGSMA-overhang based on the pSKB2 vector, respectively, after TEV protease-cleavage). Additionally, the coding sequences
for MIZ1BTB (residues 1-115), the MIZ1BTE-BCL6E™® and the MIZ1BTB-NAC1BT® fusion proteins (genes synthesized by Integrated
DNA Technologies (Coralville, 1A, USA); the domain boundaries were chosen based on previous protocols (Stead and Wright,
2014b)) were cloned into a pCCA-1-vector encoding an N-terminal, ULP1-cleavable Hisg-SUMO-tag (Wickliffe et al., 2011). The
MIZ1 construct comprising residues 1-282 (MIZ17-282) was expressed from a pETM41-vector encoding an N-terminal, TEV prote-
ase-cleavable MBP-tag and a C-terminal HA-Hise-tag.

Synthetic peptides

The HUWE1-derived peptides comprising residues 3870-3897 (for X-ray crystallography), N-terminally 5-FAM (5-carboxyfluores-
cein)-labeled ASN (residues 3843-3869), and ASC-Lys-5-FAM (residues 3870-3894; with the label attached to the e-amino group
of the added C-terminal lysine) were synthesized by Elim Biopharm (Hayward, CA, USA) at > 95 % purity.

Antibodies
For Western blotting, anti-HA-peroxidase-coupled mouse monoclonal (H6533; Sigma-Aldrich; St. Louis, MO, USA; RRID:
AB_439705) and anti-HUWE1 rabbit polyclonal (SAB2900746; Sigma-Aldrich) antibodies were used.

Recombinant protein preparation

UBAT1, UBCH7, and ubiquitin were purified as previously described (Sander et al., 2017; Wickliffe et al., 2011). In brief, UBA1 was
expressed in Sf9 cells and purified by Nickel (Ni)-affinity chromatography, followed by a gel filtration (Superdex 200 column, GE
Healthcare, Chicago, IL, USA) in 50 mM Tris, 150 mM NaCl, 5% glycerol, 2 mM DTT, pH 7.5. UBCH7 was expressed in BL21(DE3)
cells and purified by Ni-affinity chromatography, 3C protease-cleavage of the affinity tag, and a final gel filtration (Superdex 75
column, GE Healthcare) in 25 mM Tris, 100 mM NaCl, 2 mM DTT, pH 7.5). Ubiquitin was expressed in BL21(DE3) cells and pu-
rified by perchlorid acid precipitation, cation exchange chromatography (HiTrap Sp-HP column, GE Healthcare), and a final gel
filtration (Superdex 75 column, GE Healthcare), based on established protocols (Pickart and Raasi, 2005). All other proteins were
expressed in LOBSTR RIL cells at 15 °C for 16 to 18 hours after induction with 0.05 % L-arabinose or 0.5 mM IPTG. In brief,
HUWE1HECT HUWE1P™" HUWE1P, HUWE14S were purified as previously described (Sander et al., 2017). For HUWE1HECT, HU-
WE1P™n HUWE1P, HUWE1%S, cells were lysed in 80 mM HEPES pH 8, 500 mM NaCl, 10 % glycerol, 20 mM imidazole and 5 mM
B-mercaptoethanol, in the presence of protease inhibitor cocktail (Roche, Basel, Switzerland), followed by Ni-affinity chromatog-
raphy and over-night dialysis (in 20 mM HEPES (pH 8.0), 250 mM NaCl, 10 mM imidazole and 3 mM B-mercaptoethanol) at 4 °C in
the presence of TEV-protease. After removal of the protease and uncleaved protein by Ni-affinity chromatography, a gel filtration
was performed (HiLoad 16/600 Superdex 75 column (GE Healthcare) for HUWE1"ECT and HiLoad 16/600 Superdex 200 column
(GE Healthcare) for HUWE1P™" HUWE1P, and HUWE1AS, respectively) in 20 mM HEPES pH 8, 150 mM NaCl, 1 mM EDTA and
5 mM DTT. All other HUWE1 and MIZ1 constructs used here were purified according to the same protocols (Sander et al., 2017),
but with two modifications: (i) the respective affinity tags were not cleaved off the AS, ASN, ASC constructs; (ii) for the preparation
of MIZ1"-282 the imidazole concentration was lowered to 5 mM in the lysis and dialysis buffers. For the AS, ASN, AS®, MIZ18TB,
MIZ1BTEB_BCL6B™®, and MIZ1ETB-NAC15TB proteins, the final gel filtration steps were performed with a HiLoad 16/600 Superdex
75 column (GE Healthcare). For MI1Z1282 a HiLoad 16/600 Superdex 200 column (GE Healthcare) was used.

Activity assays

0.2 uM UBA1, 5 uM UBCH?7, 5 uM HUWE1AS (WT or mutated variant), 100 uM ubiquitin, 12 pM MIZ17-282 (WT or mutated variant) were
incubated with 3 mM ATP and 8 mM MgCl, in 25 mM HEPES, pH 7.4 at 37 °C for 20 minutes. MIZ1'252 was used because the BTB
domain of MIZ1 is not ubiquitinated in the cell (Hornbeck et al., 2015). The reactions were quenched by the addition of reducing
loading dye and analyzed by SDS-PAGE and Western blotting. The input and reaction products were quantified with the Image Stu-
dio Lite Software (Li-COR; Lincoln, NE, USA; RRID: SCR_013715). The mean and standard deviations from three independent ex-
periments were plotted. Additional details are provided in the corresponding figure legends.

Analytical size-exclusion chromatography

For interaction studies, the proteins (150 uM of ASN, ASC, AS, HUWE1P, HUWE1”S, respectively, and 300 uM of MIZ18T8) were in-
jected onto a Superdex 200 Increase 3.2/300 column (GE Healthcare) in 20 mM HEPES, pH 8.0, 100 mM NaCl, 1 mM EDTA, and 5 mM
DTT at 4 °C The eluted protein fractions were analyzed by SDS-PAGE and Coomassie staining. To compare the oligomerization
states of MIZ18T8 WT, mutated variants thereof, and the fusion constructs, respectively, the proteins were injected onto a Superdex
75 10/300 GL Increase column (GE Healthcare) at a concentration of 100 pM. In the case of HUWE1P, HUWE1"S WT, and mutated
variants thereof, a protein concentration of 50 uM and a Superdex 200 10/300 GL Increase column (GE Healthcare) was used.

Fluorescence polarization

FP measurements were performed in black, non-binding, flat-bottom, 384-well microplates (Greiner Bio-One, Frickenhausen, Ger-
many) at 30 °C, using a Clariostar microplate reader (BMG-Labtech, Ortenberg, Germany) with excitation and emission wavelengths
of 540 and 590 nm, respectively. All proteins and 5-FAM-labeled peptides were in 20 mM HEPES, pH 8.0, 150 mM NaCl, 1 mM EDTA,
5 mM DTT, and 0.01 % Triton X-100 with a constant peptide concentration of 1 uM. To derive a dissociation constant, Kp, for the
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MIZ1BTB-ASC interaction, averaged binding curves from three independent experiments were fitted to a single-site binding model
with OriginPro 9.4 (OriginLab Corporation; Northhampton, MA, USA; RRID: SCR_002815):

FP = FP, + ((W))-((L +o+ Ko)— /(L+o+ KoY —4-L-c>

where FP = fluorescence polarization, FPy, = fluorescence polarization for the bound state, FP; = fluorescence polarization for the
unbound state, and L = concentration of fluorophore-labeled peptide.

To analyze the interaction of the HUWE1°™" protein with the ASN-ligand, the averaged binding curves from three independent ex-
periments were fitted to a competition model that accounts for both protein-ligand binding and protein dimerization:

P+L 2PL, dissociation constant Kp1

P+ P 2 P2, dissociation constant Kp,

where P = unbound protein monomer, P2 = unbound protein dimer, L = unbound ligand, and PL = protein-ligand complex.
This reaction scheme gives rise to a third-order polynomial for P (unbound protein):

Ki K
2DZ— KD1P0 . 2D2:O

pp (142 Kon) Kee (Kp1 + Lo—Pg) *
Kb 2

The only real third root of the polynomial was calculated using Cardano’s formula (Braunstein et al., 2001). With the knowledge of P,

the values of P2, L, and PL can be determined. The fluorescence polarization signal was then fitted with Fit-o-mat (Mdglich, 2018) to

FP = L/Lo X FP;+PL/Lo X FP,

where L is the total concentration of the fluorophore-labeled peptide.

Isothermal titration calorimetry

ITC was performed with a Microcal ITC,qq calorimeter (GE Healthcare) at 37°C. The proteins were dialyzed into 20 mM HEPES, pH
8.0, 100 mM NaCl, 1 mM EDTA, and 1 mM B-mercaptoethanol over night. 60 uM MIZ18™® was applied to the sample cell and 810 uM
ASC (with an N-terminal lipoyl domain-tag) to the syringe of the calorimeter. The reference cell was filled with buffer. Titration exper-
iments included 15 injections of 2.7 plin 240-second intervals. The reference cell power was set to 6 pcal/sec and the stirring speed to
300 rpm. The data were fitted to a single-site binding model with the NITPIC (Keller et al., 2012), yielding the changes in the free en-
ergy (AG), enthalpy (AH), entropy (AS), as well as the dissociation constant (Kp) and the stoichiometry (n).

Multi-angle light scattering

300 uM of ASC (with N-terminal lipoyl domain-tag) and 500 uM of MIZ188, respectively, were injected onto a Superdex 200 10/300
GL column (GE Healthcare) in 20 mM HEPES, pH 8.0, 150 mM NaCl, 1 mM EDTA, and 5 mM DTT at RT. The column was coupled to a
Dawn 8+ MALS detector and an Optilab T-rEX refractive index detector (Wyatt Technology; Santa Barbara, CA, USA). Molecular
weights were determined at the absorbance peak tips with ASTRA 6 (Wyatt Technology; RRID: SCR_016255).

X-ray crystallography

MIZ1BT8 gpo crystals grew at 4.9 mg/mL and 20°C in hanging drops containing 0.1 mM sodium acetate and 8 % PEG4000, pH 4.6.
The same conditions including 26.7 % glycerol were used for cryo-protection. Diffraction data were collected at beamline P13 of the
PETRA Il storage ring at DESY (Hamburg, Germany) (Cianci et al., 2017). Data processing was performed with XDS (RRID:
SCR_015652) (Kabsch, 2010) and molecular replacement with Phaser (McCoy et al., 2007), as implemented in CCP4 (RRID:
SCR_007255) (Winn et al., 2011), using PDB 3M52 (Stogios et al., 2010) as a search model.

Crystals of the MIZ1BTB-ASC-peptide complex grew in hanging drops and two similar conditions: (i) 3 mg/mL MIZ158T® with a 1.2-
fold excess of ASC in 125 mM sodium acetate and 6 % PEG4000, pH 4.6. (i) 5 mg/mL MIZ1ET® with a 1.2-fold excess of AS in or
100 mM sodium acetate and 4 % PEG4000, pH 4.6. For cryo-protection, 30 % glycerol and 1.3 mM ASC (corresponding to a 2.5-fold
molar excess over the MIZ1ETE concentration) were included in the respective mother liquor. Diffraction data were collected at beam-
line ID30A-3 of the ESRF (Grenoble, France). Two data sets obtained from crystals grown in either condition were processed with
XDS, merged with XSCALE (RRID: SCR_015652) (Kabsch, 2010), and analyzed with STARANISO (RRID: SCR_018362) (Vonrhein
et al., 2018). Molecular replacement was performed with Phaser, as implemented in Phenix (RRID: SCR_014224) (Adams et al.,
2010), using PDB 3M52 (Stogios et al., 2010) as a search model. The use of STARANISO resulted in weak reflections being excluded,
and thus a reduced number of reflections was used during the refinement (see Table 2). Both structures were refined with
phenix.refine (RRID: SCR_016736) (Adams et al., 2010) using individual B-factors; model building was performed in Coot (RRID:
SCR_014222) (Emsley and Cowtan, 2004) and model validation with the PDB validation server (Berman et al., 2003) . All structural
representations were created with PyMOL (RRID: SCR_000305) (open source, V1.7.6; DeLano Scientific LLC).
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