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Review
A key mechanism for guarding against inappropriate
activation of signaling molecules is their weak affinity
for effectors, which prevents them from undergoing acci-
dental signal-transducing interactions due to fluctuations
in their cellular concentration. The molecular devices that
overcome these weak affinities are the signalosomes:
dynamic clusters of transducing molecules assembled
typically at signal-activated receptors. Signalosomes con-
tain high local concentrations of protein-binding sites,
and thus have a high avidity for their low-affinity ligands
that generate signal responses. This review focuses on
three domains – DIX (dishevelled and axin), PB1 (Phox and
Bem1), and SAM (sterile alpha motif) – that undergo
dynamic head-to-tail polymerization to assemble signa-
losomes and similar particles that require transient high
local concentrations of protein-binding sites.

Dynamic head-to-tail polymerization as a molecular
principle underlying signaling
Cells communicate with each other during development
through a handful of signaling pathways that determine
their fates. In adult tissues, these pathways often impose
cell division over quiescence or differentiation, and their
inappropriate activation tends to divert cells into excess
proliferation, the root cause of cancer. Therefore, cells must
ensure that their signal-responding molecules do not in-
teract with each other accidentally, for example by random
fluctuations in their expression levels and/or subcellular
localizations which could promote inadvertent interactions
between them, causing inappropriate signaling. This is
avoided through signal-responding molecules having low
affinities for their effectors, and this prevents them from
undergoing fortuitous interactions with these effectors at
their normal cellular concentrations.

It follows that cells are in need of molecular devices that
allow signal-responders to interact with their low-affinity
binding partners (including signaling effectors) once the
extracellular signals have engaged with their receptors,
typically at the plasma membrane. One such device is the
so-called signalosome [1,2], a transient co-cluster of signal
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transducers and transmembrane receptors that forms fol-
lowing the binding of transmembrane receptors to extra-
cellular signals. The two hallmarks of signalosomes are (i)
their dynamic assembly and disassembly, allowing rapid
response to differences in signaling amplitude and (ii) their
high local concentration of protein-binding sites resulting
in a high avidity for their effectors. This avidity enables
them to interact efficiently with low-affinity ligands that
are present at low levels and/or dispersed in cells. Signalo-
somes are thus efficient and sensitive signal-responding
devices that amplify incoming signals and convert them
into robust responses that can be relayed from the plasma
membrane to the nucleus or other target sites within
signal-responding cells.

Signalosome assembly requires ‘polymerizers’, that is,
protein domains whose primary function is to undergo dy-
namic head-to-tail polymerization to generate high local
concentrations of linked domains that bind to signaling
effectors. This is exemplified by the DIX domain [1], a domain
found exclusively in the Wnt pathway, an ancient signaling
pathway conserved from the most primitive animals [3,4] all
the way to humans. Wnt signaling controls numerous con-
text-dependent transcriptional switches as well as planar
cell polarity during animal development and in adult tissues
[5], especially in stem cell compartments, explaining why the
dysregulation of this pathway often causes cancer [6].

The closest structural relative of the DIX domain is the
PB1 domain, which is found in all eukaryotes. Humans
have >9 different PB1-containing proteins, some with
multiple paralogs. This domain was discovered through
sequence similarity between two yeast proteins required
for polarized budding (Bem1 and Cdc24, the only two PB1
proteins in this species), and two mammalian proteins
required for superoxide production by phagocytes (p67phox

and p40phox) to trigger innate immune responses [7]. Addi-
tional PB1 domains were found in other proteins mediating
signaling and epithelial cell polarity, including atypical
protein kinase (aPKC), MEKK2/3, and MEK5 (which acti-
vate mitogen-activated protein kinase), and the signaling
adaptor p62, which is involved in NF-kB signaling
[8,9]. PB1 domains have been classified into three types
based on their mutual heterotypic interactions [10], but a
subset of the PB1 domains undergo head-to-tail polymeri-
zation, as do their DIX relatives.
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Head-to-tail polymerization was first described for the
SAM domain [11], which is structurally distinct from the
DIX and PB1 domains. This is one of the most common
domains, and is found in eukaryotic and prokaryotic pro-
teins participating in diverse processes including signal-
ing, transcriptional silencing, and assembly of RNA-
containing particles [12]. Most SAM domains form poly-
mers, and these range from highly dynamic to insoluble but
structured protein aggregates [13]; the former but not the
latter are suitable for signaling. This review focuses on the
unique molecular property of all three domains – perform-
ing dynamic head-to-tail polymerization – which constitu-
tes a pivotal molecular principle underlying signaling, and
also touches on other cellular processes that depend on
phase transitions of proteins from soluble to locally con-
centrated [14].

Assembly of Wnt signalosomes and degradasomes by
DIX domains
Dishevelled and axin have opposite roles in the Wnt sig-
naling pathway (Figure 1): axin functions in the absence of
a Wnt signal, assembling a complex with the adenomatous
polyposis coli (APC) tumor suppressor and glycogen
synthase kinase 3 (GSK3) to promote the ubiquitylation
and proteasomal degradation of the central signaling ef-
fector b-catenin. By contrast, dishevelled functions once a
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Wnt signal has engaged with the transmembrane recep-
tors frizzled (Fz) and low-density lipoprotein receptor-re-
lated protein 5/6 (LRP5/6). Consequently, dishevelled
interacts simultaneously with Fz and axin to recruit the
axin complex to the plasma membrane and inactivate it,
thus allowing b-catenin to accumulate and act as a tran-
scriptional coactivator of TCF/LEF factors [15]. Dishevelled
and axin have the typical ‘beads-on-a-string’ architecture
of signaling proteins, being composed of multiple protein-
binding domains separated by long flexible linker
sequences. In addition, they each contain an N- or C-
terminal DIX domain that is essential for their functions
in promoting or antagonizing Wnt signaling, respectively
(Figure 1).

Dishevelled and axin form striking cytoplasmic puncta
if overexpressed in cells (Figure 2A). Because of their size
and shape, and because dishevelled can associate with
membranes via Fz binding, these puncta were widely
assumed to reflect membranous vesicles. However, this
was refuted by two independent studies [16,17], which
concluded that these puncta reflect membrane-free protein
assemblies that form as a result of high protein levels.
Endogenous dishevelled puncta can also be observed in
normal cells with naturally elevated dishevelled levels
(e.g., [18,19]) or in colon cancer cells whose dishevelled
levels are elevated due to their chronically active Wnt
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Figure 2. Dishevelled signalosomes and DIX filaments. (A) Top, confocal image of a COS7 cell transfected with Dvl2–GFP, forming Wnt-independent signalosomes with

polymerization-dependent signaling activity (see also [1,24,25]); magnified view on the right shows a Dvl2 polymer. Bottom, the same cell imaged by high-resolution

stochastic optical reconstruction microscopy; magnified view reveals a substructure of a large Dvl2 polymer (apparently composed of smaller puncta following collisions),

surrounded by numerous small speckles (putative DIX monomers). Images were provided by Melissa Gammons. (B) Electron micrograph revealing filaments formed by

purified Dvl2 DIX domain, visualized by negative staining ([1] and Madrzak, J. et al. unpublished); note the tendency of protofilaments to collate into superhelical fibers.

Image provided by Julia Madrzak.
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pathway [20]. Endogenous axin puncta can be observed in
colon cancer cells after tankyrase inhibition, which stabi-
lizes axin [21]. Importantly, fluorescence recovery after
photobleaching (FRAP) experiments with overexpressed
green fluorescent protein (GFP)-tagged proteins revealed
that the dishevelled and axin puncta are highly dynamic
and reversible, with a half-time of recovery of 10–40 s
(dishevelled) or >3 min (axin) after photobleaching
[16]. Thus, these puncta correspond to highly concentrated
protein assemblies that are in rapid equilibrium with their
respective diffuse cytoplasmic pools. Estimates have indi-
cated that an average-sized punctum contains �106 mole-
cules, achieving a >1000� higher local concentration than
their diffuse pools [16]. The dynamicity of these puncta
distinguishes them from irreversible protein aggregates,
such as those forming in neurodegenerative disease [22],
which do not redisperse (thus barely recovering after
photobleaching [23]) and continue to grow over time.

Subsequent biochemical and structural work revealed
that puncta formation depends on the DIX domain, which
self-associates through two complementary surfaces
named ‘head’ and ‘tail’ (Figure 3A). Purified DIX domains
form structurally ordered filaments that can collate into
higher-order fibers [1] (Figure 2B), and they form head-to-
tail polymers in crystals (Figure 3B). Polymerization has
also been monitored biochemically, namely by gel filtration
chromatography, analytical ultracentrifugation (AUC) or
multi-angle light scattering (MALS) [1,24,25]. Crucially,
equilibrium AUC demonstrated that these DIX polymers
are reversible protein assemblies, consistent with the
FRAP experiments, and that the degree of polymerization
is concentration-dependent [1].

Instrumental for linking these insights from the in vitro
behavior of purified DIX domains to the cellular functions
of dishevelled and axin were point mutations in the head
and tail surfaces of these domains (termed M2–5)
[1,24]. M2 was originally identified in a genetic screen in
Drosophila [26], but the others were designed, based on the
crystal structure, in the head and tail surfaces of DIX,
based on its crystal structure [1,24]. These mutations block
the self-association of purified DIX domains in vitro [as was
shown by pull-down assays, MALS, electron microscopy
(EM), or nuclear magnetic resonance (NMR) spectroscopy];
if introduced into full-length protein, they block puncta
formation and the activity of dishevelled and axin in cell-
based assays [1,24,25] and in rescue assays of null mutants
in Drosophila [24,27]. M2 and M4 proved to be the most
effective polymerization-blocking mutants of dishevelled.
Because they act as mild dominant-negatives, interfering
with the polymerization of endogenous protein, they were
used to demonstrate the importance of head-to-tail poly-
merization in assembling Wnt-induced signalosomes at
the plasma membrane [2]. These mutants have since been
used widely to block the signaling function of dishevelled in
diverse cellular contexts (e.g., [28–31]).

The signalosome hypothesis envisages that the head-to-
tail polymerization by dishevelled serves to generate a
transient high local concentration of protein-binding
489
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domains. As a result, dishevelled polymers attain a high
avidity for low-affinity signaling partners [1] including
regulatory proteins that control Wnt signaling (e.g., Fz
[32]), kinases such as CK1e/g [33,34], phosphatidylinositol-
4-phosphate 5-kinase 1 [35], and receptor-interacting pro-
tein kinase 4 (RIPK4) [30], the E3 ubiquitin ligase Itch [36],
and a clathrin adaptor [37]. Some of these are required
selectively for planar polarity, for example in Drosophila
pupal imaginal discs [38] or in gastrulating Xenopus em-
bryos [37]. Notably, these ligands typically bind to their
cognate domains in dishevelled (Figure 1) with low-affinity
(Kd low- to mid-micromolar) [32,39,40] and thus cannot
interact efficiently with dishevelled at its normal physio-
logical concentration (in the sub-micromolar range)
[41]. However, owing to its vastly increased concentration
in the punctate pool, dishevelled attains a high avidity for
these low-affinity binding partners (presumably due to a
decreased off-rate, although this has not been determined
490
experimentally), which enables it to interact efficiently
with them.

Likewise, axin depends on its DIX domain to assemble
the b-catenin destruction complex [24], also known as the
degradasome [27], possibly to interact efficiently with its b-
catenin substrate whose cytoplasmic concentration is ex-
ceedingly low in unstimulated cells [41,42]. However, axin
also depends on its DIX domain to bind to dishevelled
during Wnt signaling, through a direct heterotypic DIX–
DIX interaction involving the same head and tail residues
that mediate homo-polymerization [24]. The affinity be-
tween the two DIX domains is also low (Kd mid-micromo-
lar) [24], perhaps explaining why dishevelled needs to
polymerize to bind to axin. Notably, this heterotypic inter-
action has a dominant-negative effect on axin, which could
contribute to the signaling activity of dishevelled
(Figure 1): the cellular concentration of dishevelled tends
to be >10� higher than that of axin [41,42], and the
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dishevelled polymers therefore have the potential to break
up axin polymers, thereby attenuating the function of axin
in assembling b-catenin degradasomes [24] (note that the
DIX–DIX auto-affinity for axin is not known, but is likely to
be in the mid-micromolar range, as is the auto-affinity of
dishevelled DIX [1]). A similar dominant-negative effect
could also be exerted by the dishevelled-like protein Ccd1
[25], which may attenuate the homo-polymerization of axin
through a heterotypic DIX–DIX interaction, although this
has not been studied in depth. These insights illustrate the
versatility of the double-faced DIX domain, which can
undergo both homotypic and heterotypic interactions, with
different signaling outcomes, depending on the cellular
concentrations of their protein bearers. The following sec-
tions will outline how the same principles also apply to
other double-faced domains that participate in signaling
events.

Homotypic and heterotypic interactions by PB1
domains
The PB1 domain is the closest structural relative of the
DIX domain [1]. Both exhibit a ubiquitin-like fold, typically
with five b-strands and an a-helix, which supports the
mixed b-sheet formed between b2, b1, and b5, while the b-
sheet formed by b3 and b4 is supported by a second a-helix
(PB1) or a long loop (DIX) located between b4 and b5
(Figure 3A). The PB1 domain was identified through a
highly conserved acidic motif [the OPCA motif (from ‘OPR,
PC, and AID’), D-X-D/E-G-D-X8-E/D] [10] flanking b4,
which is required for heterotypic interaction with a highly
conserved lysine in b1 (b1-K) in the ‘back’ surface of
another PB1 domain, opposite the acidic ‘front’ bearing
the OPCA motif [7,9]. On the basis of these motifs, PB1
domains were classified as type I (OPCA motif but no b1-K;
including Cdc24, p40phox, MEK5), type II (b1-K but no
OPCA motif; including Bem1, p67phox, Par6, MEKK2/3),
or type I/II (both; including p62, aPKC), and numerous
studies have shown the importance of these residues in
specifying heterotypic PB1 interactions [9]. In a seminal
study, Lamark et al. [43] established a PB1-interation code
by systematically monitoring these interactions via yeast
two-hybrid and pull-down assays, which confirmed previ-
ously reported heterotypic interactions but also uncovered
new ones that conform to the predictions from the PB1
classifications. They also identified residues outside OPCA
and b1-K that are essential for heterotypic interactions,
including p62 residues R21 and R22 whose substitutions
with alanine abrogated p62 binding to aPKC. Interesting-
ly, these residues correspond to the DIX residues that were
mutated in M4 and M3, respectively (Y27 and L28 of Dvl2,
Y760 and R761 in axin; Figure 3C). Furthermore, a recent
study used a cysteine-modifying compound to reveal that
C68 within the PB1 domain of aPKCz is crucial for its
interaction with p62 PB1. This cysteine corresponds to the
axin DIX domain glutamate that was mutated in M5 [24],
which abuts M2 [1] (Figure 3C). Unbiased screens such as
these revealed the importance of the topological PB1
equivalents of M2/5 and M3/4 in mediating PB1 interac-
tions, similarly to their OPCA and b1-K motifs which
dominated the functional analysis of this domain. As in
the DIX domain, the PB1 residues corresponding to M2/5
and M3/4 are located centrally in the interacting surfaces,
flanked by the OPCA and b1-K motifs. Although the DIX
domains lack these motifs, they contain several charged
residues peripherally in their head and tail surfaces (K15,
D61, D63, R84; ‘site II residues’ in Dvl2) whose substitu-
tion with alanine attenuates or blocks DIX-dependent
polymerization [25] (Figure 3C).

Interestingly, Lamark et al. [43] also discovered that
type I/II PB1 domains (including that of p62) can form
homotypic interactions leading to oligomerization. Fur-
thermore, they showed that interaction-blocking substitu-
tions in p62 prevent it from forming puncta (e.g., R22A was
diffuse), similarly to the M2–5 substitutions, which block
puncta formation by dishevelled and axin. Subsequent
FRAP experiments demonstrated that these p62 puncta
are highly dynamic, with a half-time of recovery of 1–
2 minutes [44]. These PB1-dependent puncta are therefore
akin to the DIX-dependent puncta, and are likely to reflect
signalosome-like structures. Notably, p62 assemblies can
also be enclosed by membranes following internalization
into autophagosomes, which occurs upon binding to the
ubiquitin-like LC3 adaptor on pro-phagocytic membranes
to the p62 LC3-interacting region (LIR) motif [45]. These
p62-containing ‘cytoplasmic inclusions’ look virtually in-
distinguishable from the dynamic p62 puncta, but they are
stable structures that do not recover after photobleaching
[44]. FRAP is therefore a crucial test for the classification of
puncta as dynamic signalosome-like assemblies.

A landmark paper on the structural analysis of Par3
uncovered a previously unrecognized PB1 domain in its N
terminus that undergoes head-to-tail polymerization
[46]. Indeed, this domain was difficult to purify, as are
the DIX and p62 PB1 domains, because it formed high
molecular weight oligomers during gel filtration, which
prompted the authors to conduct a systematic screen for
point mutations that block polymerization. They thus
discovered two monomeric mutants, one of which they
used for structure determination by NMR. Strikingly,
the resulting substitution (V13D) is identical to M4
(Figure 3C) [1]. The two self-interaction surfaces of Par3
defined by NMR correspond to the well-known negatively
charged ‘front’ (tail in DIX) and positively charged ‘back’
(head in DIX) surface of the PB1 domain, in whose center
V13D is localized (Figure 3C). Furthermore, the purified
Par3 PB1 domain forms filaments that can be observed by
EM, whose diameter of �70 Å corresponds to that pre-
dicted from its structural model, similar to the diameter of
the DIX filaments in the crystal (�65 Å) [1,25] (Figure 3B).
The affinity for self-association is low (Kd �100 mM), simi-
lar to that of DIX (Kd 20–80 mM) [1,24], suggesting that the
Par3 polymers are dynamic and reversible, like the DIX
polymers, although this has not been tested explicitly [46].

Importantly, Feng et al. [46] showed that V13D also
blocks the targeting of Par3 to the plasma membrane,
where the wild type protein forms discrete puncta that
colocalize with the tight-junction marker zonula occludens-
1, which is crucial for Par3 function in determining apico-
lateral cell polarity [8,9]. They therefore proposed that
Par3 polymerizes at the apical membrane of epithelial
cells to generate a high local concentration of protein-
binding sites, thereby attaining an increased avidity for
491
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its ligands [46], very much paralleling the signalosome
hypothesis proposed for dishevelled [1,2].

PB1 domains are therefore divided into those that
undergo only heterotypic interactions (e.g., Par6,
MEKK2/3, MEK5) and those that can also undergo homo-
typic interactions leading to polymers (e.g., p62, Par3).
High affinities (low- to mid-nanomolar) are typical for
heterotypic pair-wise interactions specified by domains
with OPCA and/or b1-K motifs owing to potent electrostat-
ic interactions between these motifs [47–49]. The homo-
typic interaction by the p62 PB1 domain is similarly strong
[49], owing to its OPCA and b1-K motifs. However, the
Par3 PB1 domain, which lacks these motifs, has low auto-
affinity despite several charged residues in its ‘back’ and
‘front’ surface, one of which was found to be crucial for
interaction (Figure 3C) [46]. Indeed, the distinction be-
tween PB1 domains on the basis of OPCA and b1-K motifs
may be somewhat artificial because domains without them
nevertheless contain charged residues in their interfaces
that contribute to their mutual interactions. For example,
the aPKC PB1 domains contain both motifs but do not
seem to undergo homotypic interactions [43,49], and
should thus be reclassified as type I PB1 domains [49].

In summary, the charged residues flanking the centrally
located key interaction residues (defined by M2–5) in PB1
and DIX interfaces are crucial for the specificities and
affinities of mutual interactions. These affinities deter-
mine the dynamicity of the resulting signaling assemblies,
which are tuned to their cellular functions: highly dynamic
signalosomes are suitable for transient signaling events
that need to be highly responsive to temporal changes in
signaling amplitude (e.g., Wnt signaling in the early Dro-
sophila embryo that lasts for only �3 h [5], or NF-kB
signaling in response to microbial infections [8]), whereas
signaling events that need to be maintained for days (such
as planar or apico-basal polarity of epithelial cells [5,8]) are
likely to require more stable signalosomes. Importantly,
these affinities also determine the outcome of competitions
between homotypic and heterotypic interactions, which are
crucial for specifying the signaling outcomes. Typically,
heterotypic interactions are stronger than homotypic inter-
actions, and thus out-compete the latter by acting as
‘natural’ dominant-negatives [24,25,47–49] (also Figure 1).

Versatile homo- and heteropolymeric assemblies by the
SAM domain
The SAM domain was the first protein module to be
recognized for its ability to undergo head-to-tail polymeri-
zation. This domain was discovered through a sequence
similarity between yeast ‘sterile’ proteins involved in sex-
ual differentiation and Drosophila polycomb-group (Pc-G)
proteins involved in transcriptional silencing, and was
suspected to mediate signaling [50]. The SAM domain
turned out to be very common, with representatives in
all eukaryotic phyla and in some bacteria, and is found in
proteins involved in diverse biological contexts and mech-
anisms [12].

One of the early structural studies of a SAM domain
(from an ephrin receptor tyrosine kinase, EphB2) revealed
an oligomeric filament in the crystal, suggesting that this
domain could undergo head-to-tail polymerization [51],
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albeit with a low auto-affinity (Kd �1 mM) [51,52]. Bowie
and colleagues subsequently defined two complementary
surfaces within the SAM domain of TEL (termed ML, for
mid-loop; and EH, for end-helix) through which this tran-
scriptional repressor forms head-to-tail polymers [11]. The
auto-affinity of this SAM domain turned out to be high (Kd

�2 nM), which meant that this domain was difficult to
study biochemically (owing to its tendency to form insolu-
ble and heterogeneous aggregates during purification). As
for some of the DIX and PB1 domains, solving its structure
depended crucially on polymerization-disabling amino acid
substitutions in the interaction surfaces, isolated in a
systematic screen for soluble SAM monomers [11].

Auto-affinities between different SAM domains range
from strong (Kd low nanomolar) to weak (Kd high micro-
molar to millimolar), as confirmed in a recent systematic
study of the human complement of SAM domains
[13]. More than half of the human SAM domains (41)
self-associated weakly (and are thus likely to form revers-
ible polymers) while the remaining 31 formed relatively
stable aggregates. Notably, the latter proved to be struc-
turally ordered, as shown by EM [13], which distinguishes
them from unspecific insoluble aggregates due to protein
unfolding [22]. As expected, the dynamic SAM polymers
tend to be involved in signaling (e.g., Eph2B, tankyrase,
DGKd) [51,53,54], while transcriptional silencing depends
on rather more stable SAM polymers, possibly because
SAM-containing Pc-G components such as polyhomeotic
(Ph) and sex-combs-on-midleg (Scm) need to assemble
stable repressive complexes that can be propagated
through cell divisions and/or mediate chromatin conden-
sation [55,56]. Indeed, some of these SAM domains are
localized in histologically visible particles and protein
densities, such as RNA-containing P-bodies (bicaudal-
C1) [57] and pre- and post-synaptic protein meshworks
(caskin and SHANK2/3, respectively) [58,59].

Similarly to their DIX and PB1 counterparts, SAM
domains not only form homotypic polymers but also un-
dergo heterotypic interactions mediated by the same sur-
faces [60,61]. For example, in the case of the Drosophila
transcriptional repressor Yan (the ortholog of TEL), the
homotypic SAM–SAM interaction (Kd 7–11 mM) is >1000�
weaker than the heterotypic interaction with the SAM
domain from Mae (Kd �11 nM); therefore, Mae caps the
Yan polymer and depolymerizes it, which leads to dere-
pression of Yan and Mae target genes in vivo [60]. By
contrast, the affinity between Scm and Ph SAM is compa-
rable to the homotypic SAM–SAM interaction of Scm (mid-
nanomolar); in both cases, their auto-affinities differ 5–
20� between the two pairwise surface combinations (EH–
ML versus ML–EH) [61]. These affinities determine the
composition of a mixed copolymer of Scm and Ph, which is
crucial for the assembly of the repressive complex formed
by these proteins together with other Pc-G proteins [61].

Notably, FRAP experiments with wild type and poly-
merization-deficient SAM mutants revealed that Ph forms
dynamic nuclear puncta (half-time recovery of �5 min-
utes), which correspond to repressive polycomb complexes
at PcG target genes [56]. Furthermore, the SAM-contain-
ing transmembrane protein stromal interaction molecule 1
(STIM1) forms SAM-dependent dynamic puncta in the
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endoplasmic reticulum in response to Ca++ depletion,
which enables STIM1 to interact with calcium channels
in the plasma membrane [62].

In summary, SAM domains exhibit the same intrinsic
property of head-to-tail polymerization as the DIX and PB1
domains, despite being structurally unrelated. However,
SAM domains appear more versatile than the latter, being
capable of generating ultra-stable assemblies, perhaps
explaining why some SAM domains have been coopted
into distinct functional contexts beyond signaling. This
versatility is also reflected in the locations and arrange-
ments of SAM domains within proteins: although most are
N- or C-terminal, as in DIX and PB1, some SAM domains
are found in the bodies of proteins, interspersed with other
domains. Furthermore, some proteins (e.g., caskin) contain
2–3 tandem SAM domains that can adopt different modes
of polymerization [59], in contrast to DIX and PB1, which
are never found in tandem arrays. Finally, some SAM
domains form structural units with other domains (e.g.,
in STIM1) that impact upon their polymerization [63].

Regulation of head-to-tail polymerization
As outlined above, polymerization by SAM, PB1, and DIX
domains increases the local concentration of their bearers,
and thus their avidity for their ligands. If SAM/PB1/DIX
domain bearers (or their ligands) have kinase or other
enzymatic activities, these enzymatic functions are likely
to be activated by the polymerization and directed towards
themselves or their substrates. For example, the SAM-
dependent polymerization of the ephrin receptors is
expected to promote their autophosphorylation [51,52],
which in turn triggers signal transduction. Furthermore,
the dishevelled DIX domain promotes phosphorylation of
the cytoplasmic LRP6 tail in a polymerization-dependent
fashion [2,64], a key event required for the transduction of
the Wnt signal. Therefore, the polymerization of these
domains must be tightly regulated to avoid accidental
signaling.

Little is known about the regulatory mechanisms that
trigger polymerization by these domains. In the cases
where these domains assemble signalosomes that embrace
the cytoplasmic tails of transmembrane receptors and/or
coreceptors, it is conceivable that their polymerization is
triggered by the clustering of these receptors and corecep-
tors following their binding to extracellular signals [2]. An-
other likely device is phosphorylation, either of the
polymerizing domain itself, which could increase its au-
to-affinity, or of a linked domain, which could increase its
affinity for its ligand. Phosphorylation could thus trigger
polymerization, or stabilize a weak polymer, thereby in-
creasing its lifetime and enabling it to undergo productive
interactions with signaling partners and effectors. Intrigu-
ingly, Par6 PB1 contains a serine in place of the glutamate
seen in PB1 domains with OPCA motifs (Figure 3C), whose
phosphorylation could conceivably increase its auto-
affinity and thus trigger its polymerization. Conversely,
phosphorylation of p62 S24 in its positively charged ‘back’
surface [44] might block its polymerization, although this
has not been tested experimentally. Phosphorylation of
dishevelled outside its DIX domain by CK1 or RIPK4
contributes to signalosome assembly [29,30], but the
mechanisms by which these phosphorylations control po-
lymerization at a distance remain obscure. Finally, a strik-
ing example of a polymerization-activating device is the
Ca++-binding EF hands (named from regions E+F in pro-
totypical Ca2+-binding proteins) that form an integral unit
with the SAM domain of STIM1. Loss of Ca++-binding
appears to cause local unfolding of the EF hands, thus
exposing the polymerizing SAM surfaces; this triggers its
polymerization and assembly of a signalosome encompass-
ing Ca++ channels at the plasma membrane, which acti-
vates Ca++ entry into the cell [63].

Likewise, attenuation or termination of signaling
requires downregulation of polymerization, or de-polymer-
ization. Capping of polymers by heterotypic interactions is
one such mechanism [60], but many others are likely to be
in use. For example, ubiquitylation of polymerizing
domains could block their mutual interactions: the Wnt-
dependent ubiquitylation of dishevelled DIX [28] blocks its
ability to polymerize (Madrzak, J. et al., unpublished), and
this is likely to downregulate dishevelled-dependent sig-
naling. Indeed, ubiquitylation or ubiquitin-binding have
been exploited as an indirect device for terminating poly-
merization-dependent signaling: phosphorylation of the
ubiquitin-binding domain of p62 increases its affinity for
ubiquitin; this stabilizes the highly dynamic p62 signalo-
some, thereby causing its internalization into autophago-
somes and targeting for lysosomal degradation
[44]. Likewise, DIX-dependent signalosomes are disposed
by autophagy, which attenuates Wnt signaling [65].

Caveats
The somewhat unusual property of head-to-tail polymeri-
zation by SAM, PB1, and DIX domains has been the cause
for two types of experimental artefacts. First, because
polymerization increases the avidity for ligands, this has
led to the identification of non-physiological partners of
these domains or their bearers. Indeed, comparative mass
spectrometry of proteins co-immunoprecipitating with
wild type versus M2-mutant dishevelled identified numer-
ous proteins whose association with dishevelled was poly-
merization-dependent (M. Graeb and M.B., unpublished),
including bona fide direct and indirect ligands (such as axin
and GSK3, respectively), but possibly also polymerization-
dependent artefacts (e.g., protein trapped in the polymer
meshwork during the sample preparation, such as tran-
scription factors or centrosomal proteins). These mutants
are therefore crucial tools for evaluating ligands of poly-
merizing proteins and domains, for example the reported
non-SAM ligands of SAM domains [12].

Second, the puncta formed by polymerizing proteins
appear indistinguishable from membranous structures
(e.g., endocytic vesicles, autophagosomes), large subcellu-
lar particles (e.g., P-bodies, P-granules, stress granules
[66]) and unstructured aggregates (e.g., those leading to
neurodegeneration [22]). Moreover, these puncta can be
heterogeneous, reflecting fundamentally different classes
of structures (e.g., p62 forms signalosomes, but is also
engulfed by autophagosomes [44]). Testing their dynami-
city by FRAP experiments can be crucial to distinguish
signalosome-like assemblies from stable structures and
aggregates.
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Concluding remarks and future directions
There are at least two fundamentally different folds of
head-to-tail polymerizing domains (SAM, and PB1/DIX)
that can form dynamic protein assemblies. Evidently, this
molecular device has evolved at least twice, resulting in
distinct protein folds whose only common feature is the
opposing electric charges of their complementary surfaces
that contribute to (or specify) mutual interactions. The
dynamicity of the resulting protein assemblies makes them
highly responsive to changes of signaling amplitude, and
their avidity for ligands enables them to undergo rapid and
efficient interactions with dispersed low-affinity signaling
partners. The latter implies a need for tight control, to
avoid fortuitous signaling interactions due to accidental
polymerization. The molecular mechanisms that trigger
and limit polymerization of these domains remain largely
unexplored, and will no doubt be a major focus for future
studies.
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