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SUMMARY

Head-to-tail polymers of sterile alpha motifs (SAM) can scaffold large macromolecular 

complexes. Several SAM-domain proteins that bind each other are mutated in patients with cystic 

kidneys or laterality defects, including the Ankyrin (ANK) and SAM domain-containing proteins 

ANKS6 and ANKS3, and the RNA-binding protein Bicc1. To address how their interactions are 

regulated, we first determined a high-resolution crystal structure of a Bicc1-SAM polymer, 

revealing a canonical SAM polymer with a high degree of flexibility in the subunit interface 

orientations. We further mapped interactions between full-length and distinct domains of Bicc1, 

ANKS3, and ANKS6. Neither ANKS3 nor ANKS6 alone formed macroscopic homopolymers in 
vivo. However, ANKS3 recruited ANKS6 to Bicc1, and the three proteins together cooperatively 

generated giant macromolecular complexes. Thus, the giant assemblies are shaped by SAM 

domains, their flanking sequences, and SAM-independent protein-protein and protein-mRNA 

interactions.
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In Brief

Rothé et al. describe how ciliopathy-associated proteins Bicc1, ANKS3, and ANKS6 assemble in 

a mesh-like structure scaffolded by SAM heteropolymers and additional interfaces. These 

interactions remodel Bicc1 foci size. While ANKS3 disperses them via its C-terminal domain, 

they can be rescued by recruitment of ANKS6 or a Bicc1 target mRNA.

INTRODUCTION

A growing number of disease-associated mutations are found in genes encoding proteins 

involved in primary cilia biogenesis and function. These so-called ciliopathies include 

developmental or later-onset chronic disorders such as nephronophthisis (NPH) and 

polycystic kidney diseases (PKD) (for review see Hildebrandt et al., 2011). At the apical 

surface of epithelial cells, primary cilia integrate mechanical, osmotic, and chemical cues to 

control proliferation, differentiation, and cell polarity through Wnt, cyclic AMP/protein 

kinase A (cAMP/PKA), Hippo, mechanistic target of rapamycin (mTOR), and other 

signaling pathways (for review see Walz, 2017). How such diverse stimuli are integrated and 

transduced by ciliary proteins to control organogenesis and tissue homeostasis is an active 

area of investigation. Limited space within cilia and specific scaffolds formed by 

intraflagellar transport proteins may be important to facilitate rapid signal propagation by 

concentrating specific molecules in close proximity to each other (for review see Nachury, 

2014). Signaling molecules may also be locally enriched in specific compartments by 

“polymerizers” that assemble dynamic platforms called signalosomes (for review see Bienz, 

2014). A widespread polymerizer is the sterile alpha motif (SAM), consisting of α-helical 

bundles of approximately 70 amino acids that can form dimers, closed oligomers, or helical 

polymers in head-to-tail configuration via so-called mid-loop (ML) and end-helix (EH) 

surfaces (for review see Qiao and Bowie, 2005). Regularly arrayed macromolecular 

complexes scaffolded by SAM-domain polymers can accommodate associated proteins or 
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RNAs, but little is known of how the dynamics or signal amplitude of such complexes is 

regulated (for review see Bienz, 2014).

Mutations in the SAM domains of ANKS6 and Bicc1 are linked to polycystic kidneys 

(Cogswell et al., 2003; Kraus et al., 2012; Taskiran et al., 2014), whereas ANKS3 mutations 

have been identified in human patients with autosomal recessive laterality defects, another 

trait common in several ciliopathies (Shamseldin et al., 2016). ANKS6 contains 11 ANK 

repeats at its N terminus and a SAM domain close to its C terminus, while ANKS3 consists 

of 6 N-terminal ANK repeats and a SAM domain followed by 168 amino acids at the C 

terminus. ANK repeats pack next to each other with a slight torsion angle in rigid platforms 

to accommodate specific interacting proteins (for review see Mosavi et al., 2004). The 

functional relevance of ANKS6 in kidney development is highlighted by missense mutations 

in its SAM domain that cause cystic disease in the PKD cy/+ rat model (Brown et al., 2005), 

in mouse (Bakey et al., 2015), and in human patients with a nephronophthisis-like disease 

(Taskiran et al., 2014). In mouse kidneys, ANKS3 immunostaining has been reported in cilia 

(Delestré et al., 2015), whereas in multi-ciliated Xenopus epidermal cells, GFP-tagged 

ANKS3 localized at basal bodies and in large cytoplasmic foci (Yakulov et al., 2015). A role 

in kidney development was demonstrated by ANKS3 knockdown in zebrafish that increased 

cysts already in the pronephros, the first stage of kidney development (Yakulov et al., 2015).

ANKS3 and ANKS6 interact both with each other and with Bicc1 (Bakey et al., 2015; 

Delestré et al., 2015; Leettola et al., 2014; Ramachandran et al., 2015; Stagner et al., 2009; 

Yakulov et al., 2015). A link of Bicc1 to cystic kidneys was discovered in bpk mutant mice, 

a non-orthologous model of autosomal recessive PKD (ARPKD), where a GC insertion 

changes the reading frame so that the last 21 amino acids are replaced by 149 aberrant 

residues (Cogswell et al., 2003). Bicc1 is an RNA-binding protein composed of three KH 

and two KH-like domains that are linked by an intervening sequence to a C-terminal SAM 

domain. Targeted deletion of Bicc1 revealed additional roles in the planar positioning of 

motile node cilia that specify visceral left-right asymmetry and in repressing the translation 

of adeny-late cyclase 6 (AC6) and PKA inhibitor α(PKIα) mRNAs in kidneys of newborn 

mice (Maisonneuve et al., 2009; Piazzon et al., 2012). Bicc1 binds the 3′ UTRs of these 

target mRNAs via KH domains, whereas self-polymerization of its SAM domain mediates 

recruitment to large cytoplasmic foci for translational silencing (Rothé et al., 2015). 

Recently, Bicc1 has also been detected in primary cilia of porcine renal epithelial LLC-PK 

cells (Mohieldin et al., 2015) and at centrosomes of dividing mIMCD3 cells, where it 

appears to stimulate the translation of specific target mRNAs rather than inhibiting it 

(Iaconis et al., 2017). Despite 41%–57% sequence identity, the SAM domains of Bicc1, 

ANKS6, and ANKS3 differ in their potential to self-polymerize. The ANKS6 SAM domain 

is intrinsically unable to self-interact, whereas recombinant SAM domains of Bicc1 and 

ANKS3 spontaneously form homopolymers (Knight et al., 2011; Leettola et al., 2014). Self-

association via the SAM domain has been confirmed in vivo for full-length Bicc1 (Rothé et 

al., 2015). A homology-based 3D model of Bicc1-SAM polymers suggests a helical 

conformation with a pitch of 6 SAM domains (Rothé et al., 2015), in contrast to the crystal 

structure of the ANKS3-SAM polymer which revealed a pitch of 8 SAM domains per turn 

(Leettola et al., 2014). How ANKS3 or ANKS6 may affect the conformation or function of 

Bicc1 homo- or hetero-oligomers is unknown.
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Here, we use structural and biochemical approaches combined with yeast two-hybrid (Y2H) 

assays to comprehensively map interacting domains of Bicc1, ANKS3, and ANKS6, and to 

assess their potential to hetero-oligomerize and regulate the assembly or activity of 

cytoplasmic Bicc1. Determination of the crystal structure of homopolymeric Bicc1 SAM 

domain and measurements of its affinity for recombinant ANKS3 SAM revealed that the 

ML and EH surfaces of each isolated SAM domain can mediate homo- or hetero-oligomer 

formation in vitro, consistent with a model of co-polymerization. However, analysis in a 

cellular context shows that full-length ANKS3 instead disperses large Bicc1 assemblies 

through its long C-terminal domain, suggesting that this flanking sequence inhibits the 

elongation of SAM-domain co-polymers. Furthermore, we show that full-length ANKS6 

associates with Bicc1 indirectly through ANKS3, thereby rescuing the formation of Bicc1-

ANKS3 complexes in large cytoplasmic foci. Our findings suggest that the assembly or 

disassembly of diverse heteromeric macromolecular SAM-mediated scaffolds is regulated 

by distinct biophysical properties of both the SAM domains and their relative positioning 

and specific flanking sequences.

RESULTS

Crystal Structure of the Bicc1 SAM-Domain Polymer

The sequences of Bicc1 and ANKS3 SAM domains are closely related, especially in their 

ML and EH surfaces (63% and 67% identity, respectively) (Figure 1A). To characterize 

Bicc1 homo-oligomers, we solved a high-resolution crystal structure using a mutant SAM 

domain of human Bicc1 where residue R924 was substituted by glutamic acid. This 

mutation destabilizes the self-association of Bicc1 SAM (see below) enough to solubilize the 

SAM domain sufficiently for crystallization. Details of the structure determination and 

refinement are provided in Table 1 and STAR Methods. We solved the structure by multi-

wavelength anomalous dispersion (MAD) phasing using a selenomethionine (SeMet)-

replaced Bicc1 SAM R924E mutant. The SeMet structure was then used to solve the 

structure of a native R294E mutant. Since the SeMet structure could be refined to a higher 

resolution (1.75Å) than the native structure (2.00Å), we employed the SeMet structure for 

analysis of the SAM-domain interactions. There were three similar but not identical 

molecules in the asymmetric unit (root-mean-square deviation [RMSD] on all atoms is 

0.430–0.631Å) that assemble to form a helical polymer with 6 SAM domains per turn, much 

like many other SAM domains (Figure 1B). Like other SAM polymers, the subunit 

interfaces are formed between ML and EH interfaces, but there are unusually large 

differences in orientation between the non-identical subunits in the crystal, suggesting a high 

degree of structural flexibility in the Bicc1-SAM polymer (Figures 1B and 1C). The ML 

surface of Bicc1 consists of negatively charged residues around a shallow hydrophobic patch 

(Figure 1D, left) that packs against a Phe protrusion surrounded by complementary 

positively charged residues in the EH surface (Figure 1D, right). Interface residues involved 

in ionic interactions (D900, D911, K913), hydrogen bonds (E898, K913, K925), 

hydrophobic packing (F920), and shape complementarity (packing of T903 against the 

helical backbone of the EH surface) stabilize Bicc1 SAM domain self-interactions (Figure 

1D). As electrostatic interactions are adaptable, it is possible that the electrostatically 

stabilized interface leads to its apparent flexibility. To test whether flexibility may allow 
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SAM polymer architectures to vary, we modeled polymers using each of the three interfaces 

separately. We found that polymers constructed with only the BA interface have a helical 

repeat of ~4 SAM domains and a helical pitch of ~48Å. When constructed with only the CB 

interface, there were ~11 SAM domains per helical repeat with a pitch of 158Å, whereas 

polymers with only the AC interface harbored ~7 SAM domains per helical repeat with a 

pitch of 54Å. Thus, it is conceivable that the flexibility to switch interfaces may enable 

Bicc1 SAM polymers to adjust their conformations to environmental conditions.

To validate that the structure seen in the crystal corresponds to the polymer in solution, we 

performed mutational analysis using a native gel assay (Knight et al., 2011). In this assay we 

fused the SAM domain to a negatively charged GFP (negGFP), which provides consistent 

migration toward the cathode. Polymeric SAM-negGFP fusions migrate more slowly on a 

native gel than monomers. As shown in Figure 1E, ML surface mutations E898K, D900K, 

T903E, and D911K, and the EH surface mutations K913E, F920E, R924E, and K925E each 

increased the mobility of negGFP fusion proteins on native gels, indicating that they 

destabilized Bicc1 homopolymers as expected from the crystal structure, even though not all 

the residues make contacts in every orientation in the polymer.

Bicc1 and ANKS3 SAM Domains Associate in a Manner Compatible with Co-
polymerization

The structure of the Bicc1 SAM domain strongly resembles that of ANKS3, showing an 

average RMSD across backbone atoms of 0.754Å, and of 0.814Å across all atoms (Leettola 

et al., 2014). Since Bicc1 and ANKS3 have recently been shown to interact (Ramachandran 

et al., 2015; Stagner et al., 2009; Yakulov et al., 2015), we tested whether negGFP fusions of 

their SAM domains bind each other in gel-shift assays. We found that negGFP-tagged Bicc1 

SAM and negGFP-tagged ANKS3 SAM exhibited diminished electrophoretic mobility upon 

1:1 mixing of the two proteins, indicating robust binding (Figure 1E). To identify the protein 

surfaces mediating this interaction, we mixed ANKS3 SAM 1:1 with Bicc1 SAM domains 

containing specific point mutations in either the ML or EH surface. Irrespective of whether 

the Bicc1 SAM domain was mutated in its ML or EH surface, it still shifted ANKS3 (Figure 

1E), suggesting that either of these surfaces alone are sufficient to bind the SAM domain of 

ANKS3. In other words, ANKS3-SAM can bind to both surfaces. To validate this 

conclusion, we mixed the Bicc1 ML mutants E898K and D911K 1:1 with ANKS3 EH 

mutant F472E for analysis by size-exclusion chromatography (SEC). A definite elution 

upshift confirmed heterodimer formation (Figure 1F). We also tested functionality of the 

alternative interface by mixing the Bicc1 EH mutants F920E and R924E with the ANKS3 

ML mutant I455E. Analysis of the resulting complexes by SEC combined with multi-angle 

light scattering (SEC-MALS) revealed in each case a single peak, eluting at molecular 

weights of 17.4 ± 0.6 kDa (Bicc1 R924E/ANKS3 I455E) or 18.4 ± 0.1 kDa (Bicc1 F920E/

ANKS3 I455E), respectively, consistent with the predicted size of heterodimers (16.1 kDa) 

(Figure 1G). These results show that the Bicc1 and ANKS3 SAM domains can bind each 

other via two distinct interfaces: Bicc1-EH + ANKS3-ML and Bicc1-ML + ANKS3-EH.

To measure the strength of these interactions by SPR, we first immobilized the Bicc1 EH 

mutant R924E and added increasing concentrations of the ANKS3 ML mutant I455E in the 
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mobile phase, allowing only their non-mutated native surfaces to interact. The binding 

affinity of this Bicc1-ML/ANKS3-EH interface was 2.2 ± 0.1 μM (Figure S1A). Conversely, 

SPR analysis of immobilized ANKS3 EH mutant F472E with increasing concentrations of 

the Bicc1 ML mutants E898K or D911K revealed a binding affinity of 1.35 ± 0.1 μM for the 

Bicc1-EH/ANKS3-ML interface (Figures S1B and S1C). This interaction was specific, since 

ANKS3 EH mutant F472E did not bind Bicc1 E898K/F920E or D911K/F920E where both 

ML and EH surfaces are disrupted (Figure S1D). Since the affinities of both possible 

interfaces are on the same order of magnitude, and are similar to the measured affinity of 

Bicc1 SAM for itself (1.35 ± 0.1 μM) (Figures S1E–S1G), the Bicc1 and ANKS3 SAM 

domains may form alternating co-polymers. Alternatively, the EH surface of ANKS3 can 

strongly bind the ML surface of ANKS6 (KD = 249 ±8 nM) (Leettola et al., 2014). Given its 

similarity, the EH surface of Bicc1 should bind ANKS6 as well. We tested this hypothesis 

using negGFP fusion proteins. When the wild-type SAM domains of Bicc1 and ANKS6 

were mixed 1:1 there was no gel shift, indicating that they failed to interact under the 

conditions examined (Figure S1H). Therefore, ANKS6 seems less likely than ANKS3 to 

form SAM-domain co-polymers with Bicc1.

Semi-quantitative Analysis of Intramolecular Self-Interactions by Yeast Two-Hybrid Assays

To map intra- and intermolecular interactions of Bicc1, ANKS3, ANKS6, and their 

respective domains, we conducted Y2H assays in Saccharomyces cerevisiae where neither 

Bicc1 nor ANKS3 or ANKS6 are conserved (Figures 2A–2I and S2). In yeast, interactions 

between a bait (fused to the DNA-binding domain of Gal4, Gal4-BD) and a prey (fused to 

the Gal4-activation domain, Gal4-AD) is revealed by selective growth conferred by 

induction of the HIS3 reporter gene, while titration of 3-amino-1,2,4-triazole as a 

competitive inhibitor of the HIS3 gene product serves to estimate the strength of each 

interaction. Each full-length protein (-FL) and individual domains were tested as bait and 

prey to reduce false-negative results. Empty prey plasmid was used to detect false positives 

and the threshold below which interactions were considered non-specific. Y2H assays 

unexpectedly revealed significant binding of Bicc1-FL to its own KH domains (Figures 2A 

and 2B), and confirmed that the Bicc1 SAM domain strongly interacts with itself (Figure 

2C). By contrast, self-interactions of ANKS3-SAM or ANKS6-SAM were weak or 

undetectable, respectively (Figures 2F and 2I). These results are consistent with prior results 

indicating that the SAM domain of Bicc1 is more prone to self-polymerize than that of 

ANKS3, and that the ANKS6 SAM is monomeric (Knight et al., 2011; Leettola et al., 2014).

Y2H Reveals an Intricate Interaction Network between Bicc1, ANKS3, and ANKS6

Y2H analysis of Bicc1, ANKS3, and ANKS6 in pairs revealed that full-length Bicc1 and 

ANKS3 and their respective SAM domains bind each other (Figures 2A, 2C, 2D, and 2F). 

Strong interactions were also detected between ANKS3 and ANKS6 and between their 

SAM domains (Figures 2D, 2F, 2G, and 2I). In sharp contrast, only minimal binding was 

detected between isolated SAM domains of Bicc1 and ANKS6 (Figures 2C and 2I) or the 

corresponding full-length proteins (Figures 2A and 2G). These data confirm the conclusion 

of our gel-shift assay and extend it to full-length proteins, namely that the Bicc1 SAM 

domain preferably binds the SAM domain of ANKS3 and not ANKS6. Additional robust 

interactions between Bicc1 and ANKS3 involved their ANK and KH domains. Especially 
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the ANK repeats of ANKS3 strongly bound Bicc1-FL both as bait and as prey (Figures 2A 

and 2E) and, conversely, the KH domain of Bicc1 bound ANKS3-FL (Figures 2B and 2D). 

However, Bicc1-KH and ANKS3-ANK domains alone failed to directly interact (Figures 2B 

and 2E), suggesting that additional determinants are required for their stable association. 

Equally unexpected, ANKS3-FL strongly interacted with ANKS6-ANK (Figure 2D). This 

interaction was confirmed using ANKS6-ANK as bait despite increased background and, 

conversely, by significant binding of ANKS6-FL as bait with ANKS3-ANK (Figure 2G). 

Together, these observations suggest that Bicc1-ANKS3 and ANKS3-ANKS6 complexes 

rely both on SAM-SAM interaction, as well as additional binding surfaces involving ANK 

repeats and KH domains (Figure 2J).

ANKS3 Recruits ANKS6 to Bicc1

Since ANKS6 associated with ANKS3 but not with Bicc1 in Y2H assays, it may be 

recruited to Bicc1 by ANKS3. To test this hypothesis, we used HEK293T cells that present 

the advantage of not expressing endogenous Bicc1, and performed co-immunoprecipitation 

assays by co-expressing HA-Bicc1 or v5-ANKS6, or both, with ANKS3-Flag. Irrespective 

of whether HA-Bicc1 and v5-ANKS6 were co-expressed jointly or individually, they each 

co-immunoprecipitated with ANKS3-Flag (Figure 3A). Thus, Bicc1 and ANKS6 do not 

appear to compete with each other for binding to ANKS3. Conversely, an HABicc1 pull-

down efficiently enriched ANKS3-Flag as well as an ANKS3-Flag truncation mutant 

lacking the C-terminal 168 amino acids (ANKS3ΔCter-Flag) (Figure 3B). These results 

confirm Bicc1-ANKS3 binding and show that it is independent of the ANKS3 C-terminal 

domain. In sharp contrast to ANKS3-Flag, v5-ANKS6 barely co-immunoprecipitated with 

HABicc1, in line with two-hybrid assays showing that ANKS6 and Bicc1 only weakly 

interact. Possibly, small amounts of endogenous ANKS3 stabilize this interaction, because 

the presence of ANKS3-Flag greatly enriched v5-ANKS6 in HA-Bicc1 immunoprecipitates.

Analysis of Bicc1 Homo- and Hetero-oligomers by Sucrose Density Gradient Fractionation 
Confirms ANKS3-Mediated ANKS6 Recruitment in High-Molecular-Weight Complexes

To confirm whether ANKS6 recruitment to Bicc1 is mediated by ANKS3, we analyzed 

oligomeric complexes by sucrose density gradient fractionation and their repartitioning to 

different density fractions after co-transfection in HEK293T cells. This approach allows to 

discriminate complexes by their size and to evaluate how each subunit influences the protein 

network extension. Co-transfection of Bicc1 with ANKS3 shifted their respective curves 

from two peaks to a single one with a maximum in the intermediate molecular weight range 

around fraction 13 (Figures 4A–4C). Interestingly, deletion of the C-terminal domain of 

ANKS3 shifted ANKS3 and Bicc1 complexes even further to the high molecular weight 

(HMW) range and in amounts that far exceeded those observed without exogenous ANKS3 

(43% versus 11%). The same HMW fractions 19–23 also enriched ANKS3 and ANKS6 if 

both proteins were co-expressed with or without Bicc1, but not if either of them was 

transfected alone (Figures 4A–4D). In sharp contrast, no interference was observed between 

Bicc1 and ANKS6 (Figures 4A, 4B, and 4D), arguing that the effects of ANKS3 were highly 

specific. As an additional control, the distribution of γ-tubulin remained unchanged in all 

conditions examined, confirming correct sucrose fractionation (Figure 4E). Thus, Bicc1, 

ANKS6, and ANKS3 form complexes of dramatically diverse sizes, depending on their 
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combination and on the C-terminal domain of ANKS3, which inhibits the recruitment of 

Bicc1 into hetero-oligomeric HMW complexes.

Full-Length ANKS3 via Its C-Terminal Domain Can Inhibit Cytoplasmic Clustering of Bicc1

Since HA-Bicc1 and ANKS3-Flag co-fractionated in sucrose gradient, and because 

recruitment of ANKS6 increased the apparent average size of HA-Bicc1 and ANKS3-Flag 

in HMW complexes, we asked whether these effects correlate with increased Bicc1 

clustering in cytoplasmic foci. To address this question, we analyzed combinations of HA-

Bicc1, ANKS3-Flag and v5-ANKS6 in HeLa cells by indirect immune-fluorescent staining. 

As shown previously, HA-Bicc1 formed large cytoplasmic clusters, reflecting its strong 

capacity to polymerize (Maisonneuve et al., 2009; Rothé et al., 2015). By contrast, ANKS3-

Flag alone localized diffusely throughout the cytoplasm, and v5-ANKS6 alone was enriched 

at cell protrusions and at the cortex beneath the plasma membrane (Figure 5A). To evaluate 

effects of full-length proteins on each other’s localization, we co-expressed ANKS3-Flag 

with v5-ANKS6, followed by immunostaining with mouse anti-Flag and rabbit anti-ANKS6 

antibodies in combination (Figure 5B) or with mouse anti-Flag or mouse anti-v5 

individually (Figure 5C). ANKS3 and ANKS6 drastically changed their distinct individual 

distributions and co-localized in large cytoplasmic foci only if they were co-expressed. 

ANKS3-Flag also translocated to cytoplasmic foci when co-expressed with HA-Bicc1, 

although these were extremely small compared with foci of Bicc1 alone or of ANKS3-

ANKS6 complexes (Figure 5D). To assess how ANKS3 disperses large Bicc1 foci, we 

compared it with mutant ANKS3ΔCter-Flag. Contrary to wild-type ANKS3, truncated 

ANKS3ΔCter-Flag co-localized with HABicc1 exclusively in large or medium-size 

cytoplasmic foci in 90% and 10% of the cells, respectively (n = 60, Figure 5E). Only the 

smaller of these percentiles showed significant diffuse staining of both proteins also outside 

foci throughout the cytoplasm (Figure 5E, bottom panel). This result shows that ANKS3 

disperses Bicc1 foci specifically through its C-terminal domain. In sharp contrast to 

ANKS3-Flag, v5-ANKS6 did not translocate to HA-Bicc1 foci (Figure 5D). This result 

confirms our earlier conclusion that ANKS6 and Bicc1 do not directly interact, and that co-

localization of Bicc1 with ANKS3 is not merely a non-specific consequence of any SAM 

domain or ANK repeat protein overexpression.

To assess whether Bicc1-ANKS3 foci can be influenced by ANKS6 or vice versa, we co-

transfected all three proteins. Double immunostaining of HA-Bicc1 and ANKS3-Flag or 

HABicc1 and v5-ANKS6 revealed that the presence of v5-ANKS6 suppressed the scattering 

of Bicc1 foci by ANKS3-Flag and instead induced the formation of even larger cytoplasmic 

domains harboring all three proteins (Figure 5F). Interestingly, ANKS3-Flag was 

specifically enriched at the periphery but not in the center of such foci, whereas HA-Bicc1 

and v5-ANKS6 were homogeneously distributed. Besides confirming the conclusion of the 

co-immunoprecipitation experiments showing that ANKS6 is linked to Bicc1 by ANKS3, 

this result shows that ANKS6 recruitment alters the topology of macromolecular Bicc1-

ANKS3 complexes in a non-random, consistent fashion.
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The Bicc1-ANKS3-ANKS6 Network Does Not Rely Exclusively on SAM-SAM Interfaces

To evaluate the contribution of the Bicc1 SAM domain to ANKS3 or ANKS6 interactions, 

we conducted co-immunoprecipitation assays using truncated Bicc1ΔSAM or the 

polymerization mutant Bicc1 mut-D where residues D913, K915 and E916 (mouse Bicc1 

numbering) are substituted by alanines to disrupt the ML and EH surfaces of the SAM-SAM 

interface (Rothé et al., 2015) (Figure S3A). Surprisingly, both mutants still co-

immunoprecipitated ANKS3 alone or together with ANKS6 (Figure S3B). In parallel, we 

evaluated the potential of ANKS3 and ANKS6 to cluster hemagglutinin (HA)-tagged Bicc1 

mut-D or Bicc1ΔSAM in cytoplasmic foci. Both Bicc1 mut-D and Bicc1ΔSAM are unable 

to self-polymerize in large cytoplasmic clusters on their own (Maisonneuve et al., 2009; 

Rothé et al., 2015). Their cytoplasmic localization also remained diffuse in the presence of 

ANKS3. However, when co-expressed together with ANKS6, ANKS3 significantly rescued 

the localization of HA-Bicc1ΔSAM or HA-Bicc1 mut-D in cytoplasmic foci (Figures S3C 

and S3D). These results agree with our Y2H data that Bicc1 binds ANKS3 in part 

independently of a SAM-SAM interaction through its KH domains, and that the ANKS3 

SAM-domain interfaces with the SAM domain of ANKS6 (Figures 2B, 2D, 2F, 2I, and S2). 

Thus, ANKS3-ANKS6 hetero-oligomers can recruit Bicc1 in part independently of its own 

SAM domain, whereas Bicc1 SAM-domain polymerization reinforces this network and 

remodels the shape of the resulting macromolecular complexes.

While ANKS3 and ANKS6 Do Not Affect Bicc1-Mediated Silencing of a Reporter mRNA, 
mRNA Binding Instead Changes the Topology of Protein Complexes

The molecular function of polymeric Bicc1 involves the cytoplasmic localization and 

translational repression of bound mRNA (Rothé et al., 2015). Prompted by our finding that 

ANKS3 and ANKS6 can modulate the topology of cytoplasmic Bicc1 clusters, we 

hypothesized that they regulate Bicc1-mediated silencing of the target 3′ UTR of AC6 

mRNA (Piazzon et al., 2012). Surprisingly, Bicc1 repressed the Luc-AC6 3′ UTR reporter 

irrespective of the presence or absence of exogenous ANKS3 or ANKS6 (Figure 6A). To 

assess whether the mRNA itself formed a scaffold to restore large Bicc1 foci, we imaged the 

cytoplasmic distribution of a Luc-AC6-MS2×27 reporter mRNA by tethering fluorescent 

MS2-YFP fusion protein, which normally is retained in the nucleus by a nuclear localization 

signal (Figure 6B) (Rothé et al., 2015). As described previously, co-expression with HA-

Bicc1 alone efficiently recruited the Luc-AC6-MS2×27 reporter and associated MS2-YFP to 

cytoplasmic HA-Bicc1 foci (Figure 6C). In the absence of Luc-AC6-MS2×27 mRNA, 

ANKS3-Flag with or without HA-Bicc1 as a control did not alter the nuclear localization of 

MS2-YFP (Figure 6D, rows 1 and 3). Co-expression with ANKS3-Flag alone also did not 

influence the localization of Luc-AC6-MS2×27 mRNA or vice versa (Figure 6D, row 2). 

However, when co-expressed together with both HA-Bicc1 and ANKS3-Flag, the reporter 

mRNA rescued large Bicc1 foci despite the presence of Flag-ANKS3 (Figure 6D, row 4). 

Moreover, Flag-ANKS3 staining was conspicuously absent at the center of such rescued 

Bicc1 foci and instead decorated their periphery (Figures 6D and S4), similar to what we 

observed when ANKS3 and Bicc1 are jointly co-expressed with ANKS6 (Figure 5F). These 

results suggest that RNA binding can dramatically alter the spatial configuration of 

macromolecular Bicc1 protein complexes.
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The bpk Mutation Does Not Block the Association of Bicc1 with ANKS3 or ANKS6

The bpk mouse model is a non-congenital model of ARPKD characterized by an aberrant C-

terminal extension that inhibits Bicc1 polymerization and stabilization in large cytoplasmic 

foci (Cogswell et al., 2003; Rothé et al., 2015). To evaluate whether the bpk mutation affects 

interactions of Bicc1 with ANKS3 or ANKS6, we co-expressed ANKS3-Flag and v5-

ANKS6 alone or in combination with bpk mutant HA-Bicc1. Similar to wild-type HA-

Bicc1, the bpk mutant co-immunoprecipitated with full-length and C-terminally truncated 

ANKS3-Flag, and it did not impair the recruitment of ANKS6 (Figure 7A). By contrast, 

when co-expressed with ANKS3 and ANKS6 together in HeLa cells, Bicc1 bpk only partly 

accumulated in ANKS3-ANKS6 foci and partly remained diffusely localized throughout the 

cytoplasm (Figure 7B). Besides confirming that the ANKS6-mediated scaffolding of Bicc1-

ANKS3 complexes into giant clusters is partly independent of SAM-domain polymerization, 

these data show that the bpk mutant phenotype is not simply caused by a lack of ANKS3 or 

ANKS6 binding, but possibly by failure to correctly connect such complexes in a mesh-like 

macromolecular network (Figure S5).

Global Analysis Revealed that SAM Domains Mainly Localize in Protein C-Terminal 
Regions

Since large Bicc1 foci were inhibited both by the aberrant C-terminal elongation of the bpk 
frameshift mutation and by ANKS3 via its long C-terminal region after the SAM domain, 

we queried the InterPro database (Finn et al., 2017) (https://www.ebi.ac.uk/interpro/) to 

systematically address whether the positioning of SAM domains is skewed in favor of long 

or short flanking sequences. In 178 proteins larger than 280 amino acids and containing a 

single SAM domain, we determined whether the center of the SAM domain resides in the N-

terminal or C-terminal quartiles of the host protein, or in the middle section (from 25% to 

75% of the sequence). Indeed, 68% of the SAM domains analyzed resided in the C-terminal 

quartile, compared with only 17% and 14% that were found in the N-terminal or middle 

regions (Table S1). Furthermore, in proteins where the SAM domain is positioned near the C 

terminus, the average number of residues after the SAM domain is only 29. This bias for 

SAM domains to localize near the C terminus may reduce the risk of self-aggregation of 

unfinished polypeptide chains during mRNA translation. Alternatively, overcrowding of the 

space around the SAM polymer helix by bulky N and C termini together may sterically 

hinder head-to-tail polymerization.

DISCUSSION

SAM domains often form polymers in vitro, but how this process or their hetero-

oligomerization is regulated is unclear. Since complexes of Bicc1, ANKS3, and ANKS6 

have previously been linked to polycystic kidneys, we explored the regulation of their 

assembly into homo- and hetero-oligomers by SAM domains and their flanking sequences 

and by a Bicc1 target RNA. Crystal structure determination and biophysical analysis 

revealed that the SAM domain of Bicc1 polymerizes in a flexible manner with itself. 

Alternatively, the ML and EH surfaces can also mediate co-polymerization with the SAM 

domain of ANKS3, but not ANKS6. Unexpectedly, reconstitution experiments in 

heterologous cells showed that neither ANKS3 nor ANKS6 formed macroscopic 
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homopolymers on their own, in sharp contrast to Bicc1. However, binding to ANKS3 

dispersed foci of Bicc1 polymers, whereas co-recruitment of ANKS6 by ANKS3 enlarged 

them. ANKS6 induced large ANKS3-ANKS6 heteropolymers that recruited Bicc1 partly 

independently of its SAM domain, likely through additional interfaces involving Bicc1 KH 

domains and ANK repeats of ANKS3. Interestingly, binding of a synthetic mRNA to Bicc1 

KH domains similarly rescued the assembly of Bicc1-ANKS3 hetero-oligomers into giant 

foci, with a stereotypical spatial rearrangement of ANKS3 at their periphery. The potential 

of individual SAM domains to form homo- or heteropolymers was modulated by flanking 

sequences, suggesting that it cannot be directly inferred from analyzing only their 

interactions in isolation. Together, our observations allow us to propose biochemical rules 

for the self-assembly of these macro-molecular ribonucleoprotein complexes as a first 

approximation. Stoichiometries and the localization of hetero-oligomeric complexes likely 

vary in physiological contexts, but given the vast number of SAM-domain proteins, similar 

rules may govern the assembly of other SAM-domain-mediated hetero-oligomeric protein 

scaffolds.

Structure of the Bicc1 SAM Domain and Mutational Analysis of Its Interaction with ANKS3 
SAM

The high-resolution crystal structure revealed that the helical SAM-domain polymer lacks 

radial symmetry because the ML and EH surfaces of each SAM subunit interfaced with each 

other in three different orientations. Interestingly, all residues validated by point mutations to 

be involved in polymerization made contacts in at least one of the three interfaces, but no 

binding interface involved all of these residues. We cannot formally rule out that such 

variability is an artifact linked, e.g., to the R924E mutation that we used to increase protein 

solubility before crystallization. However, flexible binding has previously been observed 

between the SAM domains of EphA2 and SHIP2, where native ML-EH interactions 

populate two different orientations (Lee et al., 2012). Flexibility resulting from the 

electrostatic nature of the ML-EH-binding interface may increase the versatility of 

macromolecular Bicc1 scaffolds by facilitating malleable docking of ANKS3 or other 

interacting proteins. Our data identify the SAM domain of ANKS3 as direct binding partner 

of the Bicc1-SAM. Affinity measurements and point mutations showed that the SAM:SAM 

interfaces in heteromeric ANKS3/Bicc1 SAM complexes have binding affinities similar to 

those in Bicc1-SAM (this study) and ANKS3-SAM homopolymers (Leettola et al., 2014), 

suggesting that they likely consist of alternating co-polymers rather than blocks of two 

homo-oligomers. A report that a GFP fusion of ANKS3 forms large cytoplasmic aggregates 

in multi-ciliated epidermis of Xenopus embryos was consistent with both scenarios but did 

not distinguish between them (Yakulov et al., 2015).

ANKS3 Can Disperse or Enlarge Polymeric Bicc1 Scaffolds, Depending on Its Association 
with ANKS6

In contrast to Bicc1- and ANKS3-SAM domains, the ANKS6-SAM previously has been 

shown to only interact with the EH surface of the ANKS3-SAM but not with itself (Knight 

et al., 2011; Leettola et al., 2014). However, interactions between full-length proteins 

remained to be mapped. Here, reconstitution in heterologous cells showed that neither 

ANKS6 nor ANKS3 alone accumulated in HMW fractions of sucrose density gradients or as 
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macroscopic higher-order complexes in cytoplasmic foci, suggesting that they do not form 

long homopolymers in vivo. Thus, large cytoplasmic foci of ANKS3 described in zebrafish 

embryos (Yakulov et al., 2015) are likely assembled by interacting factors. Possible 

candidates include ANKS6 but not Bicc1, because our reconstitution analysis in HeLa cells 

showed that ANKS3 and ANKS6 congregate in cytoplasmic foci only if they are co-

expressed (with or without Bicc1), whereas complexes of ANKS3 with Bicc1 alone were 

dispersed throughout the cytoplasm. In good agreement, our Y2H and co-

immunoprecipitation assays showed that ANKS3 independently binds Bicc1 and ANKS6. In 

sharp contrast, binding of Bicc1 to ANKS6 was minimal, except in the presence of ANKS3. 

These results strongly suggest that ANKS6-Bicc1 complexes previously described in 

kidneys (Bakey et al., 2015) are stabilized by ANKS3. Previous analysis of Bicc1 and 

ANKS6 deletion constructs predicted that they depend on a third partner to mediate their 

interaction between the ANKS6-SAM and Bicc1-KH domains (Stagner et al., 2009). We 

propose that this partner is ANKS3. Overall, our findings suggest that only Bicc1 forms self-

polymers on its own and that ANKS3 limits their enlargement, whereas co-recruitment of 

ANKS6 promotes it, possibly by capping the ANKS3-SAM domain so that segments of 

homo-polymeric Bicc1 have more chance to form inside the macromolecular complexes 

(Figure S5).

Giant Modular Protein Complexes of Bicc1, ANKS3, and ANKS6 Form through an 
Intricately Interwoven Network of Protein Interactions

The estimated size of endogenous Bicc1 foci in kidney cells and of homopolymeric Bicc1 

HMW complexes in sucrose gradients is larger than ribosomes (Rothé et al., 2015). Bicc1-

ANKS3-ANKS6 complexes in cytoplasmic foci and on density fractionation gradients were 

even larger, with no obvious constraints limiting their growth. What regulates the size of foci 

in renal tissue is unknown. Both bpk mutant Bicc1 and two other polymerization mutants, 

Bicc1 mut-D and Bicc1ΔSAM, still formed cytoplasmic foci with ANKS3 and ANKS6. 

However, compared with wild-type Bicc1 foci scaffolded by SAM-SAM interactions, they 

were smaller and surrounded by abnormally diffuse Bicc1, suggesting that complete 

assembly of large Bicc1-ANKS3-ANKS6 complexes requires both the scaffolding by Bicc1 

SAM polymerization and additional interactions. In good agreement, our Y2H experiments 

suggest that ANKS3 and Bicc1 interconnect both via their SAM domains and by their ANK 

repeats and KH domains. In addition, the SAM domain and ANK repeats of ANKS3 

strongly bound those of ANKS6, and Bicc1-KH domains also formed direct contacts with 

full-length Bicc1. Thus, the assembly of Bicc1 hetero-oligomers clearly involves not only 

SAM domains. A mesh-like structure encompassing SAM homo-and/or heteropolymers 

linked through additional interactions is more plausible (Figures S5G and S5H). In addition, 

the regulation of the relative concentrations of individual components of these hetero-

oligomeric complexes, and their post-translational modifications or their sequestration in 

cilia or other compartments, may also play a role.

Effect of a Target mRNA on the Size and Topology of Bicc1 Protein Complexes

To our surprise, dispersal of large Bicc1 foci by ANKS3 into small ones was also suppressed 

in cells overexpressing an mRNA that contains the Bicc1-interacting region of the AC6 3′ 
UTR. The simplest explanation might be that mRNA can link small Bicc1-ANKS3 foci to 
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each other into big ones (Figure S5I). Such a model is consistent with the fact that Bicc1 and 

ANKS6 are linked by ANKS3 and co-immunoprecipitate more efficiently before than after 

RNase A treatment (Stagner et al., 2009). The pivot used by mRNA to enlarge Bicc1-

ANKS3 complexes likely involves the Bicc1 KH domains. Since Bicc1-KH domains can 

also directly contact ANKS3 and full-length Bicc1, future studies should investigate whether 

such contacts affect mRNA binding or vice versa. Protein scaffolding functions have been 

reported for long non-coding RNAs, which bring molecules in close proximity to enhance 

their interactions and functions in crowded cellular environments. However, to our 

knowledge no scaffolding functions have been described for mRNAs. Thus, besides being a 

target, the mRNA might serve to regulate associated protein complexes.

Modulation of SAM Polymerization by Flanking Sequences

Previously we have shown that Bicc1 SAM domain self-polymerization was blocked by a 

frameshift mutation in Bicc1bpk that aberrantly elongates the C terminus by 149 amino acids 

(Rothé et al., 2015). Similarly, clustering by a SAM domain is inhibited in the unrelated 

protein Polyhomeotic upon fusion to a C-terminal GFP tag (Isono et al., 2013). Here, the 

deletion of the C-terminal domain that flanks the SAM domain of ANKS3 was not sufficient 

to induce its self-polymerization, but enabled it to form HMW complexes with Bicc1. 

According to structure models, helical SAM polymers are expected to display N- and C-

terminal flanking sequences at their periphery (for review see Qiao and Bowie, 2005), 

suggesting that they may impose important steric constraints if their size or shape forces 

them to clash with each other. Here, our systematic analysis of 180 human proteins revealed 

that their SAM domains reside in the C-terminal quartile in 68% of all cases, consistent with 

a possible link between C-terminal positioning and the ability of a given SAM domain to 

polymerize. Although few SAM domains have been confirmed to polymerize in the context 

of their full-length proteins, some form self-polymers despite their positioning close to the N 

terminus, e.g., in SLP-76 (Liu et al., 2013). Nevertheless, the distribution bias in SAM 

location inside the protein sequence points to a selection mechanism favoring SAM domains 

close to C termini.

Among structural domains frequently associated with SAM domains in 178 proteins 

analyzed (Table S1), ANK repeats are found for 18 entries (10%), whereas KH domains are 

only found in Bicc1. Of note, in every case ANK repeats are upstream of the SAM domain 

and localize in the N-terminal half of the protein, suggesting that this combination is 

particularly suited for a molecular scaffolding function. Indeed, while the SAM domain is a 

powerful domain for polymerizing and concentrating proteins, ANK repeats are versatile 

platforms for the recruitment of other interacting partners (for review see Mosavi et al., 

2004). A recent example is the poly(ADP-ribose) polymerase Tankyrase and its role in Wnt 

signaling, whereby ANK repeats serve as a docking site for target proteins and SAM-

dependent polymerization potentiates their modification by ADP-ribose (Mariotti et al., 

2016; Riccio et al., 2016).

Are Bicc1-ANKS3-ANKS6 Scaffolds Acting as Modular Signaling Platforms?

Recent findings reported that three SAM proteins, namely Sfmbt, Scm, and Ph, exhibit 

different polymerization properties and interact together in a hierarchic manner to scaffold 
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the assembly of Polycomb (PcG) protein complexes on the chromatin and to induce 

transcriptional repression (Frey et al., 2016). Whether macromolecular Bicc1-ANKS3-

ANKS6 complexes act as modular scaffolds to similarly regulate specific signaling effectors 

remains to be determined. In the cAMP/PKA signaling pathway, SAM-mediated 

polymerization is required for translational repression of AC6 and PKIa mRNAs, but a role 

for ANKS3 or ANKS6 in regulating Bicc1-mediated mRNA silencing has not been found. 

Polymerization also increases Bicc1 stability (Rothé et al., 2015), which is important for 

curbing mTORC1 and canonical Wnt signaling (Maisonneuve et al., 2009; Shillingford et 

al., 2012). However, even a polymerization-defective mutant Bicc1 inhibits canonical Wnt 

signals if it is expressed at normal levels (Rothé et al., 2015). It will be interesting to 

investigate in future studies whether a scaffolding function affects the activation of the 

kinase NEK8 by ANKS6 and its effect on YAP/TAZ signaling (Czarnecki et al., 2015; Hoff 

et al., 2013), or the cytoplasmic retention of NEK7 by ANKS3 (Ramachandran et al., 2015).

STAR★METHODS

KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Monoclonal anti-HA (produced in 
rabbit) Sigma H6908; RRID: AB_260070

Monoclonal anti-v5 (produced in 
mouse) ThermoFisher MA5-15253; RRID: AB_10977225

Monoclonal anti-FLAG® M2 
(produced in mouse) Sigma F3165; RRID: AB_259529

Polyclonal anti-ANKS6 (produced 
in rabbit) Sigma HPA008355; RRID: AB_2058277

Monoclonal anti-HA-Agarose 
antibody (produced in mouse) Sigma A2095; RRID: AB_257974

Anti-FLAG® M2 affinity gel 
(produced in mouse) Sigma A2220; RRID: AB_10063035

Bacterial and Virus Strains

Rosetta(DE3) pLysS cells Novagen 70956

Chemicals, Peptides, and Recombinant Proteins

3-Amino-1,2,4-triazole ≥95% (TLC) Sigma A8056

RunBlue Native Run Buffer Expedeon NXB61500

Critical Commercial Assays

Ni-NTA Superflow agarose Qiagen 30450

Superdex 200 10/300 GL column GE Healthcare 28990944

WTC-030S5 analytical size-
exclusion column Wyatt Technology Co. N/A

Deposited Data

Crystal structure of the SeMET 
BICC1 SAM Domain R924E mutant PDB 4RQM

Crystal structure of the native 
BICC1 SAM Domain R924E mutant PDB 4RQN

Experimental Models: Cell Lines
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REAGENT or RESOURCE SOURCE IDENTIFIER

HEK293T N/A N/A

HeLa N/A N/A

Experimental Models: Organisms/Strains

S. cerevisiae strain CG1945 IMOPA, Pr. B. 
Charpentier N/A

S. cerevisiae strain Y187 IMOPA, Pr. B. 
Charpentier N/A

Oligonucleotides

See Table S2 for primers used for 
PCR amplification this paper N/A

Recombinant DNA

pCMV-SPORT6::HA-Bicc1 Maisonneuve et al., 
2009 N/A

pCS+::AC6–3’UTRprox-MS2×27 Rothé et al., 2015 N/A

pMS2-YFP Addgene 27122

pcDNA6::V5-ANKS6 Dr. S. Lienkamp, Hoff 
et al., 2013 N/A

pCMV6-Entry::ANKS3-Flag, Origene RC223862

pCMV6-Entry::ANKS3DCter-Flag, this paper N/A

pACT2::BICC1-FL this paper N/A

pACT2::BICC1-KH this paper N/A

pACT2::BICC1-IVS this paper N/A

pACT2::BICC1-SAM this paper N/A

pACT2::BICC1-ANKS3-FL this paper N/A

pACT2::BICC1-ANKS3-ANK this paper N/A

pACT2::BICC1-ANKS3-SAM this paper N/A

pACT2::BICC1-ANKS6-FL this paper N/A

pACT2::BICC1-ANKS6-ANK this paper N/A

pACT2::BICC1-ANKS6-SAM this paper N/A

pHis-SUMO::BICC1 SAM this paper N/A

pH is-SUMO::ANKS3 SAM Leettola et al., 2014 N/A

pBAD-HisA-negGFP::B ICC1 SAM this paper N/A

pBAD-HisA-negGFP::ANKS3 SAM Leettola et al., 2014 N/A

pBAD-HisA-negGFP::ANKS6 SAM Leettola et al., 2014 N/A

Software and Algorithms

ASTRA Wyatt Technology Co. http://www.wyatt.com/products/software/astra.html

Biacore T100 Evaluation GE Healthcare N/A

XDS Kabsch, 2010 N/A

PROCHECK Laskowski et al., 1993 https://www.ebi.ac.uk/thornton-srv/software/PROCHECK/index.html

PyMOL Schrodinger, LLC http://www.pymol.org

PISA Krissinel and 
Henrick, 2007 http://www.ccp4.ac.uk/pisa/

VERIFY3D Bowie et al., 1991 http://services.mbi.ucla.edu/Verify_3D/

ERRAT Colovos and Yeates, 
1993 http://services.mbi.ucla.edu/ERRAT/
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REAGENT or RESOURCE SOURCE IDENTIFIER

SHELX Pape and Schneider, 
2004 http://shelx.uni-ac.gwdg.de/tutorial/english/verf.htm

HKL2MAP Pape and Schneider, 
2004 http://webapps.embl-hamburg.de/hkl2map/

CCP4 suite Winn et al., 2011 http://www.ccp4.ac.uk/

PHENIX Adams et al., 2010 N/A

BUSTER Bricogne et al., 2011 https://sbgrid.org/software/titles/buster

PHASER McCoy et al., 2007 https://www.phenix-online.org/documentation/reference/phaser.html

COOT Emsley et al., 2010 https://www2.mrc-lmb.cam.ac.uk/personal/pemsley/coot/

IMARIS Bitplane http://www.bitplane.com/

CONTACT FOR REAGENT AND RESOURCE SHARING

Further information and requests for resources and reagents should be directed to and will be 

fulfilled by the Lead Contact, Daniel B. Constam (daniel.constam@epfl.ch).

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Standard S. cerevisiae growth and handling techniques were employed to culture the yeast 

two-hybrid strains CG1945 and Y187. Non-transformed cells were grown in Yeast extract 

Peptone Dextrose medium (YPD). After transformation, cells were selected and grown in 

Standard Minimal Medium (SD) lacking amino acids used for the selection.

Human HEK293T and HeLa cell lines were cultured in Dulbecco modified Eagle medium 

(Sigma) supplemented with 10% fetal bovine serum (FBS; Sigma), glutamine (1%; 

Invitrogen), and gentamicin (1%; Invitrogen). Plasmids were transfected using the jetPEI 

transfection reagent (Polyplus Transfection) according to the manufacturer’s instructions.

METHOD DETAILS

Human BICC1 has been used for X-ray structure, biophysics and Y2H. Mouse Bicc1 has 

been used in co-immunoprecipitation, sucrose gradient and imaging experiments to allow 

direct comparisons with bpk mutant Bicc1, and with two other mouse mutants (mutD and 

ΔSAM) that were previously characterized (Maisonneuve et al., 2009; Piazzon et al., 2012; 

Rothé et al., 2015). Human and mouse Bicc1 are 93% identical. In their KH and SAM 

domains, sequence identity even increases to 97% and 100%, respectively, and proteins from 

both species behaved similarly in all experiments analyzed in this study.

Plasmids and cDNA Cloning—SAM domain fusions of human Bicc1 (residues 870–

939), ANKS3 (residues 421–490), and ANKS6 (residues 771–840) with negGFP or 

hexahistidine small ubiquitin-like modifier (SUMO) tags were cloned as described 

previously (Knight et al., 2011; Leettola et al., 2014). The Quickchange method (Agilent) 

was used for site-directed mutagenesis. Mammalian expression plasmids pCMV-SPORT6:: 

HA-Bicc1, pCS+::AC6–3’UTRprox-MS2×27 and pcDNA6::V5-ANKS6 (Hoff et al., 2013; 

Rothé et al., 2015) have been described previously. ANKS3 cDNA (NM_133450), expressed 

from pCMV6-Entry and fused to C-terminal Flag tag, was from OriGene (clone ID: 
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RC223862). For pCMV6-Entry::ANKS3ΔCter-Flag, the coding sequence for amino acids 1 

to 490 was amplified by PCR and subcloned between BamHI and MluI sites of pCMV6-

Entry. For Y2H, Bicc1, ANKS3 and ANKS6 coding fragments were amplified by PCR and 

subcloned in pACT2 and pGBKT7 plasmids using BamHI-XhoI and BamHI-SalI restriction 

sites, respectively. Primers used for PCR amplification are listed in Table S2.

Protein Expression and Purification Protein Expression and Purification—
SAM domai2ns used for structural and biophysical analysis were expressed as pHis-SUMO 

constructs in Rosetta(DE3) pLysS cells (Novagen) and processed as described (Leettola et 

al., 2014). Briefly, lysate supernatant from harvested cells, clarified by centrifugation at 

13,200g for 20 min at 4°C and supplemented with 10 mM imidazole, was bound to Ni-NTA 

Superflow agarose (Qiagen). Loaded columns were washed twice with 8 volumes of lysis 

buffer (20 mM NaHPO4 pH 8, 0.5 M NaCl) containing 15 mM or 20 mM imidazole, 

respectively, prior to elution in lysis buffer containing 250 mM imidazole. Eluted protein 

was diluted to 5 mg/ml and dialyzed with 20 mM Tris pH 8, 0.5 M NaCl. To remove His6-

SUMO tags, dialyzed proteins were digested with SUMO protease 1 (ULP1) catalytic 

domain at a 50:1 protein:protease molar ratio for 16 hrs at 4°C and passed back over Ni-

NTA resin (Malakhov et al., 2004). Unbound proteins in the flow-thru were further purified 

as described in the table below. ANKS3 and ANKS6 SAM domain constructs were 

produced as described previously (Leettola et al., 2014). Selenomethionine (SeMet) labeled 

Bicc1 R924E was produced using an adapted version of a previously described protocol 

(Van Duyne et al., 1993). An overnight culture of Rosetta(DE3)pLysS cells transformed with 

pHis-SUMO Bicc1 R924E was grown in M9 minimal media supplemented with kanamycin 

(30 μg/ml) and chloramphenicol (34 μg/ml). 20 ml of overnight culture was used to 

inoculate each of three 1L flasks of M9 minimal media and cells were grown at 37°C with 

shaking until an OD600 of 0.55 was reached, at which point SeMet (60 mg), Lys, Phe, and 

Thr (100 mg each) and Ile, Leu, Val (50 mg each) were added. Cells were incubated for 

another 15 min at 37°C, then cooled to 18°C, induced with 1 mM IPTG and expressed 

overnight at 18°C with shaking. Harvested cells were resuspended in 30 ml of degassed lysis 

buffer (20 mM Tris.HCl pH 7.5, 0.5 M NaCl, 10 mM βME) supplemented with 1 mM 

PMSF and 20 μg/ml DNase1 and lysed as described previously (Leettola et al., 2014). 

Purified proteins were polished as summarized in Table S3.

Crystallization and Structure Determination—We used multi-wavelength anomalous 

dispersion (MAD) to solve a selenomethionine (SeMet)-replaced Bicc1 SAM R924E mutant 

to 1.75Å resolution. We also crystallized a native R924E mutant which had a slightly more 

compact unit cell and solved this structure to 2.00Å resolution by molecular replacement. 

Both the native and SeMet constructs crystallized in space group P212121 with 3 molecules 

in the asymmetric unit. The coordinates have been deposited in the PDB with accession 

codes 4RQM and 4RQN. Crystallization trials were initiated at the Macromolecular 

Crystallization Core Technology Center at UCLA using commercially available screens and 

a Mosquito crystallization robot (TTP Labtech) to set up hanging drop vapor diffusion 

experiments. SeMet derivative crystals were grown by hanging drop vapor diffusion in 1 μl 

drops prepared by a Mosquito crystallization robot (TTP Labtech). Bicc1-SAM R924E 

SeMet at 30.3 mg/mL was mixed with well solution (100 mM MES pH 7, 35% PEG-550 
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MME, 5mM ZnSO4) in a 2:1 protein:reservoir ratio. Boulder-shaped crystals grown at room 

temperature for 2.5 weeks were cryoprotected in the same solution supplemented with an 

additional 10% PEG-550 MME. Single crystals were mounted with CrystalCap HT 

Cryoloops (Hampton Research, Aliso Viejo). Because of crystal decay, the MAD data sets 

were collected using 2 crystals cryo-cooled to 100 K at the Advanced Photon Source 

(Argonne National Laboratory), APS-NECAT beamline 24-ID-C on a DECTRIS-PILATUS 

6 M detector. The first crystal was used to collect at the peak (0.9791Å) and contained 600 

0.2o oscillation frames with diffraction extended to 1.75Å. The second crystal was used to 

collect the inflection and high remote datasets (0.9793Å and 0.9714Å) at 2.4Å resolution. 

Each data set contained 720 0.2o oscillation frames. Datasets were processed using XDS 

(Kabsch, 2010). Phasing was accomplished by MAD using the HKL2MAP interface and 

SHELX programs (Pape and Schneider, 2004). Three selenomethionines were located with 

SHELXD and used for phasing in SHELXE. Density modification and model building were 

performed using DM and BUCCANEER in the CCP4 suite (Winn et al., 2011). The 

structure was refined in PHENIX (Adams et al., 2010) and BUSTER (Bricogne et al., 2011) 

using individual sites, individual atomic displacement parameters, non-crystallographic 

symmetry, and TLS parameterization with 3 TLS groups per chain. TLS groups were chosen 

by inspection of the structural model and each chain was divided into 3 groups: 1) helices 1–

2; 2) helices 3–4; and 3) helix 5. After each round of refinement, the model was visually 

inspected and problem areas rebuilt in COOT (Emsley et al., 2010). Data collection and 

refinement statistics are reported in Table 1. The coordinates have been deposited in the 

PDB with accession code 4RQM. Native crystals were grown by hanging drop vapor 

diffusion in 500 nl drops prepared by a Mosquito crystallization robot (TTP Labtech). 

Bicc1-SAM R924E at 29.8 mg/ml was mixed with well solution (100mM MES pH 6.5, 30% 

PEG-550 MME, 5mM ZnSO4) in a 2:1 protein:reservoir ratio. Boulder-shaped crystals grew 

at room temperature over 10 days and were cryoprotected using well solution supplemented 

with an additional 10% PEG-550 MME. A high resolution data set was collected on a single 

native crystal cryo-cooled to 100 K at the Advanced Photon Source (Argonne National 

Laboratory), APS-NECAT beamline 24-ID-C on a DECTRIS-PILATUS 6 M detector. A 

data set containing 720 0.5° oscillation frames was collected from a single large crystal at a 

wavelength of 0.97950Å and processed using XDS (Kabsch, 2010). Molecular replacement 

was performed using PHASER with chain C of the BICC1-SAM R924E SeMet structure as 

a search model and searching for 3 copies in the asymmetric unit (McCoy et al., 2007). The 

model was refined using PHENIX with TLS parameterization including individual sites, 

individual atomic displacement parameters, and noncrystallographic symmetry (Adams et 

al., 2010). Data collection and refinement statistics are reported in Table 1.

Structure and Sequence Analysis—ClustalW2 was used to perform multiple sequence 

alignments (Larkin et al., 2007). PROCHECK (Laskowski et al., 1993), ERRAT (Colovos 

and Yeates, 1993), and VERIFY3D (Bowie et al., 1991) algorithms were used to validate the 

final structural models. Figures were prepared in PyMOL (DeLano, 2010). Surface 

electrostatics were calculated using the Adaptive Poisson-Boltzmann Solver (APBS) plugin 

in Pymol, and all surfaces were contoured at ±1 kT/e (Baker et al., 2001). Analysis of 

protein-protein binding interfaces was accomplished using PISA (Krissinel and Henrick, 

2007).
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negGFP Native Gel Binding Assays—Native gel binding assays were performed as 

previously described (Leettola et al., 2014). Lysates of ARI814 cells expressing negGFP-

human-SAM fusions were loaded on 20% RunBlue 12-well Native gels in RunBlue Native 

Run Buffer (Expedeon) and developed at 90V for 16 hrs at 4°C. Gels were visualized with a 

Bio-Rad Molecular Imager FX Pro-Plus and a Bio-Rad Molecular Imager PharosFX using 

an excitation wavelength of 488 nm and an emission wavelength of 510 nm. To monitor 

hetero-SAM interactions, equal amounts of each protein (as determined by fluorescence) 

were mixed and allowed to equilibrate at 4°C for 4 hrs prior to gel loading.

Analytical Size-Exclusion Chromatography—The interaction between the 

recombinant Bicc1 and ANKS3 SAM domains was assessed by size-exclusion 

chromatography. Size Exclusion Chromatography with Multi-Angle Light Scattering 

analyses were performed as previously described (Leettola et al., 2014). For analysis of the 

Bicc1-EH/ANKS3-ML binding, 250 ul of protein in 20 mM HEPES pH 7.5, 0.15 M NaCl, 1 

mM DTT was loaded on a Superdex 200 10/300 GL column (GE) equilibrated in the same 

buffer at a flow rate of 0.4 ml/min. Proteins were loaded as follows: Bicc1 E898K was 

loaded at 2 mg/ml; ANKS3 F472E and BICC1 D911K at 4mg/ml; the 1:1 molar ratio mix of 

Bicc1 E898K + ANKS3 F472E at 4mg/ml; and the 1:1 molar ratio mix of Bicc1 D911K + 

ANKS3 F472E at 8 mg/mL. Elution was monitored by absorbance at 280 nm.

Analytical Size-Exclusion Chromatography and SEC-MALS—The interaction 

between the recombinant Bicc1 and ANKS3 SAM domains was assessed by size-exclusion 

chromatography. Size Exclusion Chromatography with Multi-Angle Light Scattering 

analyses were performed as previously described (Leettola et al., 2014). Protein samples at 

10 mg/ml were analysed by SEC-MALS. 50 μl of Bicc1 F920E + ANKS3 I455E and 100μL 

of Bicc1 R924E + ANKS3 I455E were loaded onto a WTC-030S5 analytical size-exclusion 

column (Wyatt Technology Co.) equilibrated with 0.15M NaCl in 20 mM Tris HCl pH 8, 

2mM βME using an AKTA purifier (GE) at 0.7 ml/min on a miniDAWN TREOS (Wyatt 

Technology Co.). Molecular weights and the monodispersity of protein peaks were analysed 

using ASTRA software (Wyatt Technology Co.).

Surface Plasmon Resonance—Experiments were performed at 21°C in 20 mM HEPES 

pH 7.5, 0.04% IGEPAL CA-630, 0.15 M NaCl (+1mM DTT for ANKS3 samples only) 

using a Biacore T100 (GE). To determine the binding affinity of the Bicc1-SAM/Bicc1-

SAM interface, Bicc1-SAM R924E was immobilized on a Biacore CM5 chip (GE) via 

EDC/NHS crosslinking. Bicc1-SAM mutants E898K and D911K at varying concentrations 

were passed over the chip and equilibrium binding levels were measured. As controls, 

varying concentrations of the Bicc1 SAM mutants F920E and K925E (both with defective 

EH interfaces) and the Bicc1 double mutants E898K/F920E and D911K/F920E (each with 

defective ML and EH interfaces) at 10 μM were passed over the chip. To determine the 

binding affinity of the Bicc1-SAM ML/ANKS3-SAM EH interface, ANKS3 SAM I455E at 

varying concentrations was passed over the Bicc1-SAM R924E conjugated chip and 

equilibrium binding levels were measured. To determine the binding affinity of the Bicc1-

SAM EH/ANKS3-SAM ML interface, ANKS3-SAM F472E was immobilized on a Biacore 

CM5 chip (GE) via EDC/NHS crosslinking. Bicc1-SAM mutants E898K and D911K at 
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varying concentrations were passed over the chip and equilibrium binding levels were 

measured. As a control, the Bicc1 double mutants E898K/F920E and D91K/F920E were 

passed over the ANKS3-SAM F472E-conjugated chip. All binding data represent triplicate 

values and were fit to a 1:1 steady-state model using Biacore T100 Evaluation software. 

Special handling of ANKS3-SAM I455E to maintain protein stability was as described 

previously (Leettola et al., 2014).

Yeast Two-Hybrid Assay—Protein-protein interaction by yeast two-hybrid assays were 

performed as described (Rothé et al., 2014). To assess interactions between Bicc1, ANKS3, 

ANKS6 and their respective domains, they were each fused to the DNA-binding domain of 

the GAL4 transcription factor (GAL4-BD) in the pGBKT7 plasmid (Clontech) as bait 

proteins. In parallel, we fused them each to the activation domain of the GAL4 transcription 

factor (GAL4-AD) in the pACT2 plasmid (Clontech) as prey proteins. The reporter gene 

used in this study is the HIS3 gene required for histidine biosynthesis. To monitor bait and 

prey interactions, appropriate pACT2 (LEU2) and pGBKT7 (TRP1) plasmids were 

transformed into haploid cells from strain CG1945 (mat a; ura3–52, his3–200, ade2–101, 

lys2–801, trp1–901, leu2–3, 112, gal4–542, gal80–538, cyhr2, LYS2::GAL1UAS-

GAL1TATA-HIS3, URA3::GAL417-mers(x3)-CYC1TATALacZ) and strain Y187 (mat α; 

gal4, gal80, ade2–101, his3–200, leu2–3,112, lys2–801, trp1–901, ura3–52, 

URA3::Gal1UAS GAL1TATA LacZ), respectively, using the lithium acetate method. After 

crossing on YPD medium, diploid cells were selected on media suitable for double selection 

(Leu-, Trp-) and then plated on media suitable for triple selection (Leu-, Trp-, His-). Where 

indicated, 3-Amino-1, 2, 4-triazol (3-AT) was added as a competitive inhibitor of histidine 

synthesis to evaluate the strength of the interactions (Rothé et al., 2014). Growth was 

assessed after three days of incubation at 30°C.

Co-immunoprecipitation—Protein co-immunoprecipitation from transfected HEK293T 

cells were performed as described (Rothé et al., 2015). HEK293T cells were transfected 

with 2 μg of each expression plasmids in 1×10 cm dish per condition. 24 hrs after 

transfection, cells were washed with PBS and proteins were extracted with lysis buffer 

containing 10 mM Tris.HCl pH 7.4, 100 mM NaCl, 2.5 mM MgCl2, 0.05% NP-40, 5% 

glycerol, 1 mM DTT and 1× protease inhibitor cocktail (Roche). After sonication and 

centrifugation at 10’000 × g for 10 min, supernatants were incubated on a rotating wheel for 

2 hrs at 4°C with anti-HA agarose antibody or anti-FLAG® M2 affinity gel (Sigma). Beads 

were washed three times with 1 ml of 10 mM Tris.HCl pH 7.4, 200 mM NaCl, 2 mM 

MgCl2, 0.1% NP-40, 1 mM DTT washing buffer and resuspended in Laemmli buffer. 

Elutions were fractionated on SDS-PAGE gels and analyzed by Western blotting.

Sucrose Gradient Fractionation Assays—HEK293T cell extracts were fractionated 

on continuous 15–60% sucrose gradients as described in (Rothé et al., 2015). HEK293T 

cells were transfected in 10 cm dishes, using 1 plate per condition (2 μg DNA/plate). Cell 

extracts were prepared as mentioned above for immunoprecipitation assays. Continuous 15–

60 % sucrose gradients were prepared manually by layering and passive diffusion of sucrose 

solutions prepared in buffer 20 mM Tris-HCl pH 7.4, 100 mM NaCl, 0.05 % NP-40. 

Identical volumes of cell extracts were fractionated at 4°C by centrifugation at 100000 g for 
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3 hrs. Fractions were recovered manually from the top, fractionated on SDS-PAGE and 

analyzed by Western-blot. Error bars represent the standard error or the mean (SEM).

Indirect Immunofluorescence Analyses—Immunostaining in HeLa cells were 

performed as described in (Rothé et al., 2015). For immunostaining, HeLa cells were 

transfected with protein and RNA expression plasmids (1 μg DNA each) in 6-well plate. 

After 24 hrs, cells were splitted and grown in 24-well plate on sterile coverslips. Forty-eight 

hours after transfection, cells were fixed for 10 minutes at −20°C in methanol, washed with 

PBS. Coverslips were incubated 1 hr at RT for blocking in PBS containing 1% BSA, and 

then for 2 hrs at RT in blocking buffer containing the primary antibodies anti-HA (1/500, 

rabbit, Sigma), anti-v5 (1/1000, mouse, Termo Fisher), anti-Flag-M2 (1/500, mouse, Sigma) 

or anti-ANKS6 (1/500, Rabbit, Sigma) antibodies. After washes in PBS, the secondary 

antibodies anti-mouse Alexa 568 and anti-rabbit Alexa 647, were incubated in blocking 

buffer for 1 hr at RT in presence of DAPI (1/10000). Pictures were acquired on a Zeiss 

LSM700 confocal microscope.

Luciferase Assays—HEK293T cells were plated in 24-well plates. After 12 hrs, 

quadruplicate samples were transfected with the indicated plasmids (1× Dose: 0.1 μg/well) 

and with a lacZ expression vector (0.05 μg/well) using jetPEI (Polyplus Transfection). 36 hrs 

after transfection, cells extracts were prepared in buffer 25 mM Tris-phosphate, pH 7.8, 2 

mM DTT, 2 mM CDTA, 10% glycerol, 0.5 % Triton X-100. The measurements of luciferase 

expression levels were carried out using 20-fold diluted extracts and luminescent counts 

were normalized to β-galactosidase activity. Results represent mean values of 3 independent 

experiments performed in quadruplicates, error bars show standard error of the mean. 

Student’s t test was used to calculate p values.

QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical analyses were used in Figures 6A and 4B–4E. Statistical details of these 

experiments are described in the figure legends and in the Method Details section. For 

luciferase assays, results represent mean values of 3 independent experiments. For each 

independent experiment, luciferase activities were measured in quadruplicates transfected 

individually for each condition tested. The error bars show standard error of the mean 

(SEM). Student’s t test was used to calculate P values, with P ≤ 0.05 or P ≤ 0.01 represented 

by one or two asterisks, respectively. For density gradient fractionation, the graphs show the 

percentage of protein per fraction relative to the cumulated signal of all fractions analyzed. 

Results represent mean values of at least 2 independent experiments. Error bars show SEMs.

DATA AND SOFTWARE AVAILABILITY

The coordinates of the SeMet and native Bicc1 SAM R924E polymer X-ray structures have 

been deposited in the PDB with accession codes 4RQM and 4RQN, respectively. The dataset 

on localization of SAM domains in human protein sequences is reported in Table S1. The 

human SAM protein sequences were retrieved from InterPro database (https://

www.ebi.ac.uk/interpro/). The dataset encompasses 178 proteins larger than 280 amino acids 

and containing a single SAM domain. SAM, ANK and KH domains positioning is given in 

% of the total protein length.
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Highlights

• Crystal structure of the Bicc1 SAM homopolymer reveals an unusually high 

flexibility

• ANKS3, through its C-terminal domain, disperses polymericBicc1 foci

• ANKS6 associates with Bicc1 via ANKS3 to rescue macromolecular 

complexes assembly

• Bicc1, ANKS3, and ANKS6 associate in a mesh-like network through 

multiple interfaces
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Figure 1. Crystal Structure of the Bicc1 SAM Domain and Binding to ANKS3 SAM
(A) Sequence alignment of the SAM domains of human Bicc1 (residues 877–938), ANKS3 

(residues 429–490), and ANKS6 (residues 771–840). α Helices are numbered above. 

Residues encompassing ML and EH surfaces are shaded in blue and red, respectively.

(B) Ribbon model of Bicc1 SAM polymer crystal structure. The helical polymer containing 

6 subunits per turn is not symmetrical. Each asymmetric unit contains 3 subunits and 2 zinc 

ions. The zinc ions each have half occupancy and are modeled as gray spheres. A single 

polymer is shown in the context of the unit cell. The chain ID of each subunit is labeled.
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(C) Bicc1 SAMs associate in three different orientations within the polymer. Each 

homodimer has been aligned using the subunit containing the EH surface, allowing the 

varying angles of ML surface interaction to be apparent. Surface area buried at each 

interface was calculated using the PISA server.

(D) Residues critical for Bicc1 SAM interaction are highlighted on the AC interface. Surface 

electrostatics calculated using APBS in PyMOL and contoured at ±1 kT/e show the charge 

complementarity between the negatively charged ML surface and positively charged EH 

surface. The dimer structure (middle) contains the R924E mutation. In the EH surface 

residue 924 is modeled as the wild-type Arg to more clearly show the positive charge of this 

surface.

(E) negGFP native gel analysis of Bicc1 SAM and ANKS3 SAM alone (first two lanes) or 

together (third lane). Residues colored red or blue in (D) were validated as being crucial for 

the ML or EH surfaces, respectively.

(F) Analytical SEC analysis of the Bicc1-EH/ANKS3-ML interface. Compared with 

monomeric ML-mutant Bicc1 E898K and D911K and monomeric EH-mutant ANKS3 

F472E alone, 1:1 mixtures of the two proteins elute earlier, consistent with heterodimer 

formation.

(G) SEC-MALS analysis of complexes of ML-mutant ANKS3 I455E with EH-mutant Bicc1 

F920E or R924E, respectively, revealed molecular weights of 17.4 ± 0.6 or 18.4 ± 0.1 kDa, 

corresponding in size to heterodimers (expected molecular weight 16.1 kDa) formed by the 

wild-type Bicc1-ML/ANKS3-EH interface.
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Figure 2. Y2H Mapping of the Bicc1-ANKS3-ANKS6 Interaction Network
Full-length (FL) human Bicc1, truncated KH (residues 1–414), IVS (415–872), and SAM-

domain (873–974) fragments, and full-length ANKS3 and ANKS6 and their respective ANK 

(34–220 and 8–423, respectively) and SAM (425–488 and 773–836, respectively) domains 

were used as baits and preys in yeast two-hybrid (Y2H) assays. A growth control in non-

selective medium without leucine (L) and tryptophan (T) is shown in the first column (L‒

T‒). Interactions are revealed in triple selective medium (L‒T‒H‒) lacking histidine, 

supplemented with the indicated increasing amounts of 3-aminotriazole (3-AT).
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(A–I) Each panel shows one bait protein fused to the DNA-binding domain of Gal4 (Gal4-

BD) and the strength of its interactions with all candidate preys fused to Gal4 activation 

domain (Gal4-AD).

(J) Summary of protein interactions observed in Y2H assays. 3-AT resistance values 

determined for each interaction were used to define an interaction strength scale (box) from 

the weakest (thin dotted black line) to the strongest (thick solid red line).
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Figure 3. Bicc1-ANKS6 Association Is Stabilized by ANKS3
(A) HA-Bicc1 and v5-ANKS6 co-immunoprecipitation with ANKS3-FLAG in HEK293T 

cell extracts by anti-FLAG beads. Asterisk denotes a second ANKS6-specific band of 

reduced size.

(B) ANKS3-FLAG, ANKS3ΔCter-FLAG, and v5-ANKS6 co-immunoprecipitation with 

HA-Bicc1 by anti-HA beads. Input was 5% of total cell extracts. γ-Tubulin was used as 

negative control. Asterisk as in (A).
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Figure 4. Density Gradient Fractionation Reveals Complexes of Diverse Sizes and Composition
(A) Combinations of HA-Bicc1, ANKS3-Flag, ANKS3ΔCter-Flag and v5-ANKS6 were 

transiently expressed in HEK293T cells. Cell extracts were fractionated on a 

continuous15%–60% sucrose gradient and analyzed by western blotting. The migration from 

the top to the bottom is indicated. γ-Tubulin was used as internal control.

(B–E) Graphs showing the percentage of protein for each fraction compared with the 

cumulated signal in the whole gradient. Error bars show SEM.
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Figure 5. Cytoplasmic Clustering of Bicc1 Is Inhibited by ANKS3 C-Terminal Domain and 
Rescued by ANKS6
(A) Immunofluorescent staining of individually transfected HA-Bicc1, ANKS3-Flag, 

ANKS3ΔCter-Flag or v5-ANKS6.

(B and C) Immunofluorescent staining of co-transfected ANKS3-Flag and v5-ANKS6 

stained (B) together with anti-Flag and anti-ANKS6 antibodies or (C) only one at a time 

with anti-Flag or anti-v5 antibodies.
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(D and E) Co-immunostaining of HA-Bicc1 with (D) v5-ANKS6 or ANKS3-Flag or with 

(E) C-terminally truncated ANKS3ΔCter-Flag. Bottom row in (D) shows enlargement of the 

boxed area in the merge panel.

(F) Co-localization of HA-Bicc1 together with ANKS3-Flag and v5-ANKS6. Scale bars, 5 

μm.
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Figure 6. Bicc1-Mediated Repression of a Reporter mRNA Is Not Affected by Exogenous ANKS3 
and ANKS6
(A) Silencing of AC6 3′UTR luciferase reporter by HA-Bicc1 in the absence or presence of 

ANKS3-Flag or v5-ANKS6 in transfected HEK293T cells. β-Galactosidase was co-

transfected for signal normalization. Data represent mean ± SEM of 3 experiments. *p < 

0.05, **p < 0.01.

(B) Principle of the MS2-YFP co-localization assay. The 3′end of the Luc-AC6 reporter 

mRNA was fused to 27 MS2 hairpins, which can bind the MS2 protein fusedtoYFP. CDS, 

codingsequence;prox, proximal.
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(C and D) Localization of the Luc-AC6-MS2327 reporter mRNA and HA-Bicc1 in the 

absence (C) or presence (D) of ANKS3-Flag in transfected HeLa cells. The MS2-tagged 

mRNA was imaged by nuclear MS2-YFP fusion protein that is retained in the cytoplasm 

when bound to the MS2 RNA hairpins. HA-Bicc1 and ANKS3-Flag were detected by 

immunofluorescent staining using anti-HA or anti-Flag antibodies. Scale bars, 5 μm.
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Figure 7. ANKS3 and ANKS6 Partially Rescue the Recruitment of bpk Mutant Bicc1 to 
Cytoplasmic Foci Despite Inhibition of Its Self-Polymerization by an Aberrantly Elongated C 
Terminus
(A) Co-immunoprecipitation (IP) of ANKS3-Flag or ANKS37ΔCter-Flag and v5-ANKS6 

with wild-type or bpk mutant HA-Bicc1 by anti-HA antibodies. Five percent of total 

HEK293T cell extracts was loaded as input. γ-Tubulin was used as negative control. 

Asterisk denotes an ANKS6-specific band of reduced size.

(B) Co-localization of bpk mutant HA-Bicc1 with ANKS3-Flag transfected with or without 

v5-ANKS6 in HeLa cells and stained with anti-HA and anti-Flag antibodies. v5-ANKS6 

was unstained because anti-v5 and anti-Flag antibodies are both from mouse. Scale bars, 5 

μm.
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