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HEAT repeats – versatile arrays of amphiphilic helices working in

crowded environments?
Shige H. Yoshimura1,* and Tatsuya Hirano2,*

ABSTRACT

Cellular proteins do not work in isolation. Instead, they often function

as part of large macromolecular complexes, which are transported

and concentrated into specific cellular compartments and function in

a highly crowded environment. A central theme of modern cell biology

is to understand how such macromolecular complexes are

assembled efficiently and find their destinations faithfully. In this

Opinion article, we will focus on HEAT repeats, flexible arrays of

amphiphilic helices found in many eukaryotic proteins, such as

karyopherins and condensins, and discuss how these uniquely

designed helical repeats might underlie dynamic protein–protein

interactions and support cellular functions in crowded environments.

We will make bold speculations on functional similarities between the

action of HEAT repeats and intrinsically disordered regions (IDRs) in

macromolecular phase separation. Potential contributions of HEAT–

HEAT interactions, as well as cooperation between HEATs and IDRs,

to mesoscale organelle assembly will be discussed.

KEY WORDS: HEAT repeat, Karyopherin, Condensin,

Molecular crowding, IDR, Phase separation, Hydrogel

Introduction

HEAT repeats, repetitive arrays of short amphiphilic α-helices, are

found in a wide variety of eukaryotic proteins with diverse

functions. The acronym HEAT comes from four proteins that were

originally found to contain this repeat motif, that is Huntingtin,

elongation factor 3, the A subunit of protein phosphatase 2A

(PP2A) and the signaling kinase TOR1 (Andrade and Bork, 1995).

Previous structural and biophysical studies have provided evidence

that HEAT repeats undergo highly flexible and elastic

conformational changes when they interact with different

binding partners or when external forces are applied to them

(Grinthal et al., 2010). This high degree of flexibility is based on

an unusual hydrophobic core that supports intramolecular helix–

helix interactions (Kappel et al., 2010), and therefore has a

potential to respond to differential environmental factors, such as

ionic strengths and macromolecular crowding. Very little is

known, however, about how these unique structural properties of

HEAT repeats might be utilized in the various functions of

macromolecules and in their specific intracellular contexts. In this

Opinion article, we will provide an overview of and discuss two

seemingly distinct cellular processes, namely, nucleo-cytoplasmic

transport and mitotic chromosome assembly, in which HEAT

repeat proteins play crucial roles. For instance, karyopherins,

which are involved in nuclear transport, flexibly change their own

conformation during nuclear translocation to move across

the amphiphilic environment inside the nuclear pore channel.

The HEAT subunits of condensin complexes appear to use their

flexibility to support the dynamic assembly of chromosome axes

in the highly crowded environment of the interior of

chromosomes. We argue here that, in both cases, the

amphiphilic nature of the HEAT repeats is at the core of these

dynamic functions. Finally, we will also draw attention to potential

similarities between HEAT-mediated protein dynamics and phase

separation, an emerging concept of macromolecular assembly that

is driven by proteins containing intrinsically disordered regions

(IDRs).

Distribution of HEAT repeats in a wide variety of eukaryotic

proteins

A single HEAT motif (∼30–40 amino acids long) is composed of a

pair of α-helices (referred to as A- and B-helices) connected by a

short linker. The motif is highly degenerate at the primary structure

level and can only be recognized by a very loose consensus

sequence (Fig. 1A) (Neuwald and Hirano, 2000). Despite the

degenerate primary structure, the secondary and tertiary structures

of the HEATmotif are highly characteristic and well conserved. The

two helices are amphiphilic (i.e. one surface is enriched with

hydrophilic residues and the other surface with hydrophobic ones),

and are arranged in an anti-parallel fashion so that their hydrophobic

surfaces are concealed (Fig. 1B). The conserved hydrophobic

residues help to define a rotational orientation of the two helices,

and proline and aspartate residues are often found in the turn region.

An additional unique property of the HEATmotif is the existence of

another proline residue within the A-helix. This proline residue

often kinks the helix and thereby affects the curvature of the

solenoid (Cingolani et al., 1999), although its functional

significance is not yet fully understood.

Multiple HEATmotifs occur in a long linear array, and constitute

a HEAT repeat. The number of repeating motifs within individual

HEAT repeat proteins is variable and ranges from 15 to 50, or even

more. Owing to the loose consensus sequence, however, the exact

positions and numbers of HEAT motifs are difficult to deduce from

the primary sequences alone without any additional information

from crystal structures. Based on their overall domain organizations,

HEAT repeat proteins can be classified into three groups (Group

I–III; Fig. 1C). Proteins in Group I are composed of a long

consecutive repeat of HEAT motifs with little or no other

discernible domains. This group includes karyopherins, a large

family of nucleo-cytoplasmic transport receptors, and the A

(scaffold) subunit of protein phosphatase 2A (PP2A), one of the

founding members of HEAT repeat proteins (Xu et al., 2006; Cho

and Xu, 2007). In Group II, stretches of IDRs divide a HEAT repeat

array into several blocks; this group includes the regulatory subunits

of condensin I (CAP-D2 and CAP-G, also known as NCAPD2 and

NCAPG, respectively) and of cohesin (SA2, also known as STAG2,
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and PDS5), as well as the tubulin-polymerizing factor TOG (also

known as XMAP215 and CKAP5) (Fox et al., 2014). HEAT repeat

proteins of Group III possess additional well-defined structural or

functional domain(s) within single polypeptides. For instance, in

mammalian target of rapamycin (mTOR), a large N-terminal HEAT

repeat is followed by a tetratricopeptide-repeat (TPR) and a protein

kinase domain (Aylett et al., 2016). Similarly, the TATA-binding

protein-associated factor MOT1 (also known as BTAF1) contains a

Swi2/Snf2-type ATPase domain (Wollmann et al., 2011). It is also

important to note that many HEAT repeat proteins interact with

multiple proteins and often function as part of a large protein

complex (Fig. 2). From this point of view, many HEAT repeat

proteins that belong to group I function as scaffolds that

accommodate adaptable interactions with numerous different

binding partners. In contrast, HEAT repeat proteins classified into

groups II or III have a limited number of binding partners, if any.

Structural properties of HEAT repeats

A number of crystallographic studies have revealed three-

dimensional structures of HEAT repeat proteins, often together

with their binding partners (for a review, see Stewart, 2007). In

these structures, adjacent HEAT motifs are linked by short (inter-

unit) turns, and they are successively stacked with each other,

forming a two-layered helical array. Owing to twists and tilts

between adjacent motifs, the entire repeat forms a right-handed

solenoid in which A- and B-helices are aligned on the convex and
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Fig. 1. Overview of HEAT-motif-containing proteins. (A) Sequence alignment of HEAT motifs in mouse importin β. A consensus sequence is shown at the

bottom. A HEAT motif is composed of a pair of α-helices (A- and B-helices) that is connected by a short linker (turn). Conserved hydrophobic residues in the

helices are marked by an orange background. Proline and positively charged (arginine or lysine) residues conserved in the A- and B-helices, respectively, are

boxed. (B) In a HEAT motif, the A- and B-helices are arranged in an antiparallel fashion through hydrophobic interactions. Hydrophobic residues are marked in

orange. (C) Domain organizations of the three groups of HEAT-motif-containing proteins in humans. HEAT motifs, IDRs (brown) and other functional domains

(pink) are shown. HEATmotifs whose crystal structures have been determined are shown in green, whereas HEATmotifs predicted solely based on their primary

sequences are shown in gray.

3964

OPINION Journal of Cell Science (2016) 129, 3963-3970 doi:10.1242/jcs.185710

Jo
u
rn
a
l
o
f
C
e
ll
S
c
ie
n
c
e



concave surfaces, respectively (Fig. 3A). The overall conformation

of the solenoid (i.e. its diameter, curvature and pitch) varies from

protein to protein, and is also affected by the interactions formed

with their binding partners (Conti et al., 2006; Lee et al., 2000;

Forwood et al., 2010). For example, structural comparison of the

karyopherin importin β with and without the cargo has revealed

substantial differences in the curvature of the solenoid (Cingolani

et al., 1999, 2000). These results suggest that each crystal structure

represents one snapshot of a number of different conformations that

could be found in the entire energy landscape. Such structural

flexibility is thought to play an important role in the ability of the

protein to simultaneously interact with multiple binding partners. In

the case of the PP2A holoenzyme, the HEAT-containing A subunit

functions as a flexible scaffold that brings together the catalytic

subunit and a wide variety of different regulatory subunits involved

in substrate recognition (Xu et al., 2006; Cho and Xu, 2007;

Janssens et al., 2008) (Fig. 2).

The structural flexibility of HEAT repeats has been directly

characterized by spectroscopic approaches (Tsytlonok et al., 2013)

as well as by small angle X-ray scattering (Forwood et al., 2010).

Molecular dynamics simulations have also demonstrated that, when

external forces are applied at the ends of the molecule, the HEAT

repeats exhibit unique elastic properties similar to a Hookean spring,

whereby the extension is proportional to the tension applied

(Grinthal et al., 2010; Kappel et al., 2010). This means that the

HEAT repeat is highly elastic against external forces (Fig. 3B).

Remarkably, such linear extension is completely reversible, and can

be observed up to forces of ∼100 pN after which, at a certain point,

inter-helical interactions collapse (Grinthal et al., 2010). These

findings suggest that the stress imposed on the ends of the HEAT

repeats is redistributed along the entire repeat array.

What is the physiological significance of the structural

flexibility and elasticity of HEAT repeats? One possibility is that

the HEAT array functions as a mechanosensor by sensing and

utilizing mechanical force to modify protein function (Grinthal

et al., 2010; Viswanathan and Auble, 2011). For example, an

external force applied to the HEAT subunit of PP2A could change

the mode of inter-subunit interactions, thereby modulating the

catalytic activity of the enzyme (Grinthal et al., 2010).

Alternatively, even without external forces, structural

fluctuations of the array could help expose binding sites for

other proteins through a ‘fly-casting’ mechanism (Tsytlonok et al.,

2013). In addition, the convex and concave arrays of the helices

display different degrees of elasticity (Grinthal et al., 2010),

thereby conferring highly complex elastic properties on the two-

layered helical array of HEAT repeats.

HEAT repeats in nucleo-cytoplasmic transport

Karyopherins are among the best-studied classes of HEAT repeat

proteins. They are involved in the molecular transport between the

cytoplasm and nucleoplasm through the nuclear pore complex

(NPC) that is embedded in the nuclear envelope (Peters, 2009). In

the case of importins, they bind to their cargos in the cytoplasm and

travel through the NPC, before releasing them in the nucleus

(Fig. 3C). This catch-and-release mechanism and, hence, the

directionality of the transport, is dependent on differential
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Fig. 2. HEAT repeats as part of large protein complexes.Some HEAT repeat proteins function as intrinsic subunits of large protein complexes, whereas others

only temporarily interact with their partners. Many of HEAT repeat proteins that belong to Group I have numerous binding partners. In contrast, HEAT repeat

proteins classified into Groups II or III have a limited number of binding partners, or possess specific functional domains (shown in pink) within single polypeptides.
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HEAT protein or complexes (in-trans action) are shown in light brown.
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localization of the GTP- and GDP-bound forms of the small GTPase

Ran (Lee et al., 2005; Matsuura and Stewart, 2004).

A number of crystallographic studies have revealed that the

structural flexibility of importin β has important roles in its

interactions with both its cargo and RanGTP. A structural

comparison of different importin β molecules that are bound to

cargo, RanGTP or nucleoporins, has revealed conformational

differences not only in specific HEAT motifs, but also in the

entire molecule (Fukuhara et al., 2004; Lee et al., 2005). An

important implication here is that each of these distinct

conformations of importin β might not so much represent a

particular metastable structure in the entire energy diagram, but

rather corresponds to one snapshot of a wide array of possible

flexible conformations, as has been demonstrated by force-applying

molecular dynamics simulations (Grinthal et al., 2010; Kappel

et al., 2010) (Fig. 3B). Indeed, when importin β translocates through

the NPCwith its cargo, it needs to interact with a number of different

nucleoporins (Nups) at its convex surface, while simultaneously

holding onto the cargo at its concave surface. This challenging task

requires dynamic and flexible conformational changes of the HEAT

repeat of importin β.

Recent studies have focused on the interaction between

karyopherins and intrinsically disordered Nups that contain

phenylalanine-glycine motifs (collectively referred to as FG-

Nups) (Milles et al., 2015; Bestembayeva et al., 2015; Zahn et al.,

2016). Such hydrophobic residues are believed to crosslink the

flexible polypeptide chains and to form a hydrogel, a meshwork

structure that prevents cellular macromolecules from passively

diffusing through the nuclear pore. Karyopherins interact with the

FG motifs and other hydrophobic residues of FG-Nups through a

hydrophobic pocket that is formed by adjacent A-helices of their

HEAT repeat (Bayliss et al., 2000, 2002; Liu and Stewart, 2005).

Our recent spectroscopic analysis combined with molecular

dynamics simulation of importin β has demonstrated that the

structural flexibility of HEAT repeats plays a crucial role in allowing

the migration through the crowded space of the nuclear pore channel

and is mediated through interactions with FG motifs (Yoshimura

et al., 2014). Here, a number of weak interactions between multiple

FGmotifs and importin β induce temporary conformational changes

in both the HEAT repeat and the matrix of FG-hydrogels, which

enable karyopherins to migrate through the hydrogel-like

environment of the nuclear pore channel (see below for more

detailed discussion).

HEAT repeats in mitotic chromosome dynamics

Condensins are large protein complexes that play a fundamental role

in chromosome organization and segregation (Hirano, 2016). Most

eukaryotes have two different types of condensin complexes

(condensins I and II), each of which is composed of five subunits

(Fig. 2). The two complexes share the same pair of structural

maintenance of chromosomes (SMC) ATPase subunits, but have

distinct sets of non-SMC regulatory subunits. Among these,

condensins I and II have different pairs of HEAT subunits, CAP-

D2 and CAP-G, and CAP-D3 (NCAPD3) and CAP-G2 (NCAPG2),

respectively. Although condensin-like complexes are also found

among most bacterial and archaeal species, the HEAT-containing

subunits are unique to eukaryotic condensins, implying that the

HEAT subunits might be involved in eukaryote-specific aspects of

large-scale chromosome organization.

However, exactly how this type of elaborate protein machine

works to organize mitotic chromosomes is not fully understood. A

recent study using Xenopus cell-free egg extracts has provided

evidence that the HEAT subunits of condensin I have crucial roles in

the dynamic assembly of chromosome axes (Kinoshita et al., 2015).

Interestingly, the two HEAT subunits appear to have distinct roles in

this process and are possibly involved in both construction and

deconstruction of chromosomes that occur upon mitotic entry and

exit, respectively. These findings raise the possibility that regulated

HEAT–HEAT interactions between different condensin complexes

underlie the organization of chromosome axes. At present, however,

there is no direct evidence that supports this idea. To provide

evidence for such a mechanism, several issues need to be taken into

account. Firstly, if the predicted HEAT–HEAT interactions take

place, then they would not involve stereospecific, stable

interactions. Rather they would consist of an ensemble of

multivalent, weak interactions that reflect the flexible and elastic

nature of HEAT repeats (Kappel et al., 2010). Secondly, such

interactions would be highly dynamic; condensins turn over rapidly

under the control of their SMCATPase activity, as has been implied

from experiments using mutant complexes in cell-free extracts

(Kinoshita et al., 2015) or from fluorescence recovery after
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Fig. 3. Structural properties of HEAT repeats and the action of

karyopherins. (A) Structure of a HEAT repeat array of yeast importin β (PDB

code: 3ND2). Multiple HEAT motifs, each being composed of a pair of

α-helices (A- and B-helices), are stacked with each other, forming a

two-layered array. (B) Structural flexibility of HEAT repeats. Because the two-

layered array of amphiphilic helices are organized by weak hydrophobic

interactions, HEAT repeats are highly flexible and elastic; they have the

potential to undergo large conformational changes by either interacting with

other proteins, or responding to external forces or environmental changes.

A-helices present in the convex surface are shown in light green, whereas

B-helices present in the concave surface are shown in dark green.

(C) Transport model of importin β through the nuclear pore complex. Importin β

binds to its cargo in the cytoplasm and travels through the NPC, which is

composed of flexible FG-Nups. Conformational changes occurring in the

HEAT repeat facilitate the translocation of the importin–cargo complex through

the crowded environment of the diffusion barrier. In the nucleoplasm, RanGTP

binds to importin β and releases the cargo from importin β.
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photobleaching (FRAP) experiments in vivo (Gerlich et al., 2006).

Thirdly, these postulated interactions would occur only on (or

inside) chromosomes, and would not take place when the condensin

complexes are not bound to chromosomes. In fact, no physical

interaction between purified condensin complexes has been

detected thus far. Furthermore, the molecular environment

surrounding and constituting mitotic chromosomes might also be

crucial as discussed below.

Both condensins I and II are enriched at the axial core of

metaphase chromosomes, and their cooperative actions have crucial

roles in determining the shape and physical properties of eukaryotic

chromosomes (see Box 1). Condensin II associates with

chromosomes in prophase earlier than condensin I, and is found

more internally than condensin I in metaphase chromosomes

(Fig. 4A). Why and how the different condensins are enriched at

these chromosomal regions is unknown. Although the interior of

mitotic chromosomes is highly crowded (Hancock, 2012;

Wachsmuth et al., 2008), at the same time, it is also a network of

well-solvated chromatin that is held together by noncovalent

crosslinking proteins (Poirier and Marko, 2002) and is readily

accessible by macromolecules (Hihara et al., 2012). Thus, the

interior of chromosomes could share some of the physico-chemical

properties of a hydrogel. In fact, micromechanical experiments

using micropipettes have shown that mitotic chromosomes are

highly elastic objects that return to their native lengths even after

five-fold extensions (Marko, 2008). Compared with the interior of

chromosomes, their periphery is expected to be less dense and to

behave like a liquid, as has been predicted for interphase chromatin

(Maeshima et al., 2016). Along these lines, an intriguing

observation from an early study is that the condensin subunit

SMC2 first appears at the surface of condensing chromosomes in

middle prophase, and then suddenly translocates into the interior of

chromosomes where axial structures are formed by late prophase

(Kireeva et al., 2004) (Fig. 4A). We speculate that this relocalization

is accompanied by conformational changes in condensin subunits,

in particular, the HEAT-containing subunits. HEAT-mediated

condensin–condensin interactions could then occur in a
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Fig. 4. Dynamic behaviors of condensins during mitosis. (A) Architecture

and subunit composition of the eukaryotic condensin complexes are shown in

Fig. 2. Condensins I and II have different pairs of HEAT subunits, CAP-D2–

CAP-G and CAP-D3–CAP-G2, respectively. Condensin II (dark green) first

appears on the surface of chromatin in middle prophase, and then translocates

into the interior of chromatids (represented by the dashed cylinder) to form their

central axes by late prophase. Upon nuclear envelope breakdown in

prometaphase, condensin I (light green) gains access to chromatids and

accumulates around the condensin-II-positive chromosome axes by

metaphase. (B) Hypothetical actions of condensin II. Condensin II binds to

chromosomes at their periphery, possibly through an ATP-dependent

entrapment mechanism. The ATPase cycle of the SMC subunits could further

modulate any conformational changes of the HEAT subunits and also trigger

HEAT-mediated condensin–condensin interactions in the interior of

chromosomes (Kinoshita et al., 2015). The translocation of condensin II from

the exterior to the interior of chromosomes and the resulting assembly of

chromosome axes could steer a phase transition of chromatin from a liquid-like

structure to a hydrogel.

Box 1. Chromosome size and shape – relevance of two

condensin complexes

400 nm
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200 nm
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chromatid

Embryonic
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chromatid

Condensin I Condensin II

1 : 0.2 1 : 1
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Most eukaryotic species have both condensins I and II, but some lack

condensin II (Hirano, 2016). Shown here are cross-sections of three

different chromatids with different diameters. For instance, small

chromatids, such as those in fission yeast, contain condensin I only

(shown on the left). In vertebrates, embryonic (middle) and somatic

(right) chromatids have different ratios of condensins I and II, and display

different shapes; the embryonic chromatids are thin and long, whereas

the somatic ones are thick and short. Experiments using Xenopus cell-

free egg extracts have provided evidence that the relative ratio between

condensin I and II determines chromosome shape (Shintomi and Hirano,

2011). Moreover, condensin II is located more internally than condensin

I, which is found along the axial core of chromatids (Ono et al., 2003). On

the basis of these and other data, condensin II has been proposed to

contribute to lengthwise shortening, especially of large and thick

chromatids (Shintomi and Hirano, 2011), and to confer their physical

rigidity (Houlard et al., 2015). Thus, if condensins indeed act as

crosslinkers for chromatin networks as has been predicted (Marko,

2008), condensin II would be a more robust crosslinker than condensin

I. This raises the question of whether the different pairs of HEAT repeat

subunits present in the two condensin complexes confer different

crosslinking properties. To that end, it will be of interest to carefully

compare their biochemical properties in order to understand how they

might differentially contribute to assembly and maintenance of

chromosomes with characteristic physico-chemical properties. Critical

comparisons with non-biological, amphiphilic materials that self-

assemble to form a rod-shaped structure (Qiu et al., 2015) will be

another exciting direction of future research.
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cooperative manner and support the dynamic assembly of

chromosome axes. Such interactions could be further favored by

the newly created, crowded environment at the interior of

chromosomes. Thus, this step of large-scale reorganization of

chromosomes is reminiscent of a phase transition from a liquid

phase to a hydrogel phase (Fig. 4B). It is certainly possible that

condensin I, which localizes to chromosomes later, is attracted to

them by the environment that is created by condensin II (Box 1).

Potential similarities and functional cooperation between

HEAT repeats and IDRs?

A recent series of studies has uncovered a hitherto-unexpected cellular

phenomenon, known as phase separation, in which promiscuous

interactions among IDRs underlie the dynamic assembly of

intracellular membrane-less organelles (Hyman and Brangwynne,

2011; Weber and Brangwynne, 2012). For instance,

ribonucleoprotein (RNP) granules such as P granules are composed

of RNAs and RNA-binding proteins that have IDRs (Fig. 5). It has

been proposed that IDRs, which often contain so-called low-

complexity sequences (LCSs), contribute to multivalent weak

interactions, and so help to assemble a liquid droplet that separates

them from the surrounding nucleoplasm (Bergeron-Sandoval et al.,

2016).Although themolecularmechanismbywhich phase separation

is achieved is not fully understood, it is believed that the underlying

protein–protein interactions differ from conventional stereospecific

interactions, and depend on the different amino acid compositions of

the IDRs involved (either electrostatic, hydrophobic or both) (Pak

et al., 2016). It has been shown that NPCs also use a similar molecular

principle to form a hydrogel in the central channel, although its

composition is completely different from that of RNP granules

(Schmidt and Görlich, 2016). In the case of NPCs, the FG-Nups,

which are largely composed of IDRs, act as the major polymer

component of the meshwork (Fig. 5). IDRs are generally rich in polar

and charged residues, but what distinguishes FG-Nups from other

IDRs is the inclusion of repetitive hydrophobic residues such as

phenylalanine

(i.e. FG motif). Hydrophobic interactions between phenylalanine

residues crosslink non-structured hydrophilic polypeptides,

thereby forming a hydrogel-like meshwork in the pore channel

(Frey et al., 2006) (Fig. 5). By taking advantage of the flexible array

of the amphiphilic helices, karyopherins disengage hydrophobic

Nup–Nup interactions by simultaneously binding to multiple FG

motifs (Hülsmann et al., 2012). In this way, karyopherins

transiently open the meshwork and allow their rapid migration

through the crowded environment. In fact, the translocation

kinetics of importin β through the NPC depends on the

concentration of importin β itself (Ribbeck and Görlich, 2001;

Yang and Musser, 2006; Ma et al., 2016), implying that the HEAT

repeat actively participates in the transient deconstruction and

reconstruction of the hydrogel phase of the pore channel. In this

sense, karyopherins themselves could be considered as a temporal

component of the flexible hydrogel rather than a mere traveler

migrating through the rigid meshwork structure (Fig. 5).

What about mitotic chromosomes? It is tempting to speculate that

the mechanism of chromosome assembly discussed above might

share some common elements with that of phase separation. Like

RNP granules, mitotic chromosomes are membrane-less organelles

that are composed of nucleic-acid-based polymers (i.e. chromatin

fibers) and protein components that function as flexible crosslinkers

(i.e. condensins) (Fig. 5). In both structures, there is a rapid

exchange of protein components between the bound pool and the

free pool that is present in the surrounding environment (Kinoshita

et al., 2015; Gerlich et al., 2006; Li et al., 2012). It has been

hypothesized that IDR-driven liquid droplet formation might

represent a primordial mechanism of macromolecular self-

assembly (Brangwynne et al., 2009). Because structural properties

of HEAT repeats are intermediate between those of IDRs and

conventional well-structured proteins (Kappel et al., 2010), it is

possible that HEAT repeats themselves constitute and function as

part of a hydrogel-like structure. Hydrophobic surfaces of HEAT

repeats, which are hidden in aqueous solution, could be partially

exposed in the crowded environment of the interior of

chromosomes, and be involved in the predicted HEAT–HEAT
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Fig. 5. Comparison between RNP granules, nuclear pore channels and

mitotic chromosomes. (A) Top, RNP granules are formed by RNA (blue) and

RNA-binding proteins that contain IDRs (brown and dark brown). RNA–protein

interactions, as well as multivalent and weak interactions between IDRs are

believed to mediate the formation of a liquid droplet-like structure. Bottom-left,

a class of nucleoporins, collectively referred to as FG-Nups, is composed of FG

repeats and IDRs (brown). Phenylalanine (F) residues in the FG motifs

associate with each other through hydrophobic interaction, thereby forming a

hydrogel-like structure in the nuclear pore channel. HEAT-rich karyopherins

(green) together with their binding partners are able to change their own

conformations and so can migrate through the gel matrix. Bottom-right, in

mitotic chromosomes, condensins containing HEAT subunits (green) could

crosslink looped DNA strands (blue) in a highly dynamic manner and so form a

hydrogel-like structure to generate central chromosome axes. Condensins

also contain various IDRs (dark brown), which could functionally collaborate

with the HEAT repeats. (B) Summary of the constituents and properties of the

three cellular structures. Condensins could not only act as crosslinkers but

might also share a ‘navigator’ character with karyopherins, which helps deliver

a specific protein function to a specific intracellular location. Our attempt here to

deduce molecular principles that might be shared among the three intracellular

organelles is admittedly incomplete, calling for further elaboration of ideas and

future investigations.
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interactions. Thus, formation of mitotic chromosomes might

represent a highly sophisticated version of macromolecular self-

assembly in which the amphiphilic nature of HEAT repeats has a

crucial role. It should also be added that, like in NPCs, HEAT

repeats and IDRs could also functionally cooperate in mitotic

chromosome assembly. For instance, the HEAT subunits of

condensins interact with conserved hydrophobic patches present

in the central IDR of the kleisin subunits (Piazza et al., 2014). The

HEAT subunits themselves also contain IDRs. Interestingly, some

of their IDRs are post-translationally modified (Kimura et al., 1998;

Abe et al., 2011), which has also been implicated in the regulation of

phase separation (Yang et al., 2006; Wang et al., 2014). Although

functional cooperation between HEAT repeats and IDRs needs to be

investigated in future studies, it will become increasingly important

to view and study mitotic chromosomes as a dynamic physico-

chemical entity. From this perspective, an interesting recent study

has shown that Ki-67, a peripheral chromosome component, acts as

a steric and electrostatic charge barrier that helps to ‘individualize’

and disperse mitotic chromosomes within the crowded cytoplasm

(Cuylen et al., 2016).

Conclusions and perspectives

HEAT repeats occur in a wide variety of eukaryotic proteins with

diverse functions. If related motifs, such as armadillo and ankyrin

repeats, are included, α-helical repeats are found in ∼5% of total

eukaryotic proteins (Kajander et al., 2005). These repeats were

traditionally classified as protein–protein interaction domains, and

only limited efforts had been made to investigate how their unique

structural properties might regulate protein functions. In this current

Opinion article, we have emphasized that the flexible array of

amphiphilic helices that constituteHEAT repeats undergoes dynamic

conformational changes not only upon binding to specific partners

but also upon responding to intracellular environments such as those

in the nuclear pore channel. We also hypothesize that the multivalent

interaction surfacesHEAT repeats possess could have the potential to

generate mesoscale intracellular structures, such as mitotic

chromosomes. We still do not know whether there is a common

principle of action that can be applied to all HEAT repeat proteins. It

is nonetheless highly likely that their amphiphilic nature, which

allows them to quickly adapt to both hydrophilic and hydrophobic

environments, is at the heart of the action of HEAT repeat proteins.

Although the ideas proposed here are admittedly highly speculative

at present, we believe that they are worthy of further investigations.

Potential difficulties in studying the function of HEAT repeat

proteins lie in the fact that they often function as part of a dynamic

macromolecular assembly under highly crowded conditions. It is

therefore insufficient to employ conventional biochemical methods

in which protein–protein interactions and their activities are assayed

when highly diluted in buffer. New-generation reconstitution assays,

possibly combined with microfluidics and microfabrication, as well

as advanced imaging techniques measuring the proximity of

macromolecules in real time and at high resolution, will be

required to address the question of exactly how HEAT repeat

proteins might work in crowded environments in the cell. Equally

important, wewill need fearless spirit and imagination to tackle these

challenging yet fundamental questions left in the field of cell biology.
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Orlova, E. V., Ford, I. J., Charras, G., Fassati, A. and Hoogenboom, B. W.

(2015). Nanoscale stiffness topography reveals structure and mechanics of the

transport barrier in intact nuclear pore complexes. Nat. Nanotechnol. 10, 60-64.

Brangwynne, C. P., Eckmann, C. R., Courson, D. S., Rybarska, A., Hoege, C.,

Gharakhani, J., Julicher, F. and Hyman, A. A. (2009). Germline P granules are

liquid droplets that localize by controlled dissolution/condensation. Science 324,

1729-1732.

Cho, U. S. and Xu, W. (2007). Crystal structure of a protein phosphatase 2A

heterotrimeric holoenzyme. Nature 445, 53-57.

Cingolani, G., Petosa, C., Weis, K. andMüller, C. W. (1999). Structure of importin-

beta bound to the IBB domain of importin-alpha. Nature 399, 221-229.

Cingolani, G., Lashuel, H. A., Gerace, L. and Müller, C. W. (2000). Nuclear import

factors importin alpha and importin beta undergomutually induced conformational

changes upon association. FEBS Lett. 484, 291-298.

Conti, E., Müller, C. W. and Stewart, M. (2006). Karyopherin flexibility in

nucleocytoplasmic transport. Curr. Opin. Struct. Biol. 16, 237-244.

Cuylen, S., Blaukopf, C., Politi, A. Z., Müller-Reichert, T., Neumann, B., Poser, I.,

Ellenberg, J., Hyman, A. A. and Gerlich, D. W. (2016). Ki-67 acts as a biological

surfactant to disperse mitotic chromosomes. Nature 535, 308-312.

Forwood, J. K., Lange, A., Zachariae, U., Marfori, M., Preast, C., Grubmüller, H.,

Stewart, M., Corbett, A. H. and Kobe, B. (2010). Quantitative structural analysis

of importin-beta flexibility: paradigm for solenoid protein structures. Structure 18,

1171-1183.

Fox, J. C., Howard, A. E., Currie, J. D., Rogers, S. L. and Slep, K. C. (2014). The

XMAP215 family drives microtubule polymerization using a structurally diverse

TOG array. Mol. Biol. Cell 25, 2375-2392.

Frey, S., Richter, R. P. and Gorlich, D. (2006). FG-rich repeats of nuclear pore

proteins form a three-dimensional meshwork with hydrogel-like properties.

Science 314, 815-817.

Fukuhara, N., Fernandez, E., Ebert, J., Conti, E. and Svergun, D. (2004).

Conformational variability of nucleo-cytoplasmic transport factors. J. Biol. Chem.

279, 2176-2181.

Gerlich, D., Hirota, T., Koch, B., Peters, J.-M. and Ellenberg, J. (2006).

Condensin I stabilizes chromosomes mechanically through a dynamic

interaction in live cells. Curr. Biol. 16, 333-344.

Grinthal, A., Adamovic, I., Weiner, B., Karplus, M. and Kleckner, N. (2010).

PR65, the HEAT-repeat scaffold of phosphatase PP2A, is an elastic connector

that links force and catalysis. Proc. Natl. Acad. Sci. USA 107, 2467-2472.

Hancock, R. (2012). Structure of metaphase chromosomes: a role for effects of

macromolecular crowding. PLoS ONE 7, e36045.

Hihara, S., Pack, C.-G., Kaizu, K., Tani, T., Hanafusa, T., Nozaki, T., Takemoto,

S., Yoshimi, T., Yokota, H., Imamoto, N. et al. (2012). Local nucleosome

dynamics facilitate chromatin accessibility in living mammalian cells. Cell Rep. 2,

1645-1656.

Hirano, T. (2016). Condensin-based chromosome organization from bacteria to

vertebrates. Cell 164, 847-857.

Houlard, M., Godwin, J., Metson, J., Lee, J., Hirano, T. and Nasmyth, K. (2015).

Condensin confers the longitudinal rigidity of chromosomes. Nat. Cell Biol. 17,

771-781.

Hülsmann, B. B., Labokha, A. A. and Görlich, D. (2012). The permeability of

reconstituted nuclear pores provides direct evidence for the selective phase

model. Cell 150, 738-751.

3969

OPINION Journal of Cell Science (2016) 129, 3963-3970 doi:10.1242/jcs.185710

Jo
u
rn
a
l
o
f
C
e
ll
S
c
ie
n
c
e

http://dx.doi.org/10.1101/gad.2016411
http://dx.doi.org/10.1101/gad.2016411
http://dx.doi.org/10.1101/gad.2016411
http://dx.doi.org/10.1101/gad.2016411
http://dx.doi.org/10.1038/ng1095-115
http://dx.doi.org/10.1038/ng1095-115
http://dx.doi.org/10.1126/science.aaa3870
http://dx.doi.org/10.1126/science.aaa3870
http://dx.doi.org/10.1016/S0092-8674(00)00014-3
http://dx.doi.org/10.1016/S0092-8674(00)00014-3
http://dx.doi.org/10.1016/S0092-8674(00)00014-3
http://dx.doi.org/10.1074/jbc.M209037200
http://dx.doi.org/10.1074/jbc.M209037200
http://dx.doi.org/10.1074/jbc.M209037200
http://dx.doi.org/10.1016/j.cell.2016.05.026
http://dx.doi.org/10.1016/j.cell.2016.05.026
http://dx.doi.org/10.1038/nnano.2014.262
http://dx.doi.org/10.1038/nnano.2014.262
http://dx.doi.org/10.1038/nnano.2014.262
http://dx.doi.org/10.1038/nnano.2014.262
http://dx.doi.org/10.1126/science.1172046
http://dx.doi.org/10.1126/science.1172046
http://dx.doi.org/10.1126/science.1172046
http://dx.doi.org/10.1126/science.1172046
http://dx.doi.org/10.1038/nature05351
http://dx.doi.org/10.1038/nature05351
http://dx.doi.org/10.1038/20367
http://dx.doi.org/10.1038/20367
http://dx.doi.org/10.1016/S0014-5793(00)02154-2
http://dx.doi.org/10.1016/S0014-5793(00)02154-2
http://dx.doi.org/10.1016/S0014-5793(00)02154-2
http://dx.doi.org/10.1016/j.sbi.2006.03.010
http://dx.doi.org/10.1016/j.sbi.2006.03.010
http://dx.doi.org/10.1038/nature18610
http://dx.doi.org/10.1038/nature18610
http://dx.doi.org/10.1038/nature18610
http://dx.doi.org/10.1016/j.str.2010.06.015
http://dx.doi.org/10.1016/j.str.2010.06.015
http://dx.doi.org/10.1016/j.str.2010.06.015
http://dx.doi.org/10.1016/j.str.2010.06.015
http://dx.doi.org/10.1091/mbc.E13-08-0501
http://dx.doi.org/10.1091/mbc.E13-08-0501
http://dx.doi.org/10.1091/mbc.E13-08-0501
http://dx.doi.org/10.1126/science.1132516
http://dx.doi.org/10.1126/science.1132516
http://dx.doi.org/10.1126/science.1132516
http://dx.doi.org/10.1074/jbc.M309112200
http://dx.doi.org/10.1074/jbc.M309112200
http://dx.doi.org/10.1074/jbc.M309112200
http://dx.doi.org/10.1016/j.cub.2005.12.040
http://dx.doi.org/10.1016/j.cub.2005.12.040
http://dx.doi.org/10.1016/j.cub.2005.12.040
http://dx.doi.org/10.1073/pnas.0914073107
http://dx.doi.org/10.1073/pnas.0914073107
http://dx.doi.org/10.1073/pnas.0914073107
http://dx.doi.org/10.1371/journal.pone.0036045
http://dx.doi.org/10.1371/journal.pone.0036045
http://dx.doi.org/10.1016/j.celrep.2012.11.008
http://dx.doi.org/10.1016/j.celrep.2012.11.008
http://dx.doi.org/10.1016/j.celrep.2012.11.008
http://dx.doi.org/10.1016/j.celrep.2012.11.008
http://dx.doi.org/10.1016/j.cell.2016.01.033
http://dx.doi.org/10.1016/j.cell.2016.01.033
http://dx.doi.org/10.1038/ncb3167
http://dx.doi.org/10.1038/ncb3167
http://dx.doi.org/10.1038/ncb3167
http://dx.doi.org/10.1016/j.cell.2012.07.019
http://dx.doi.org/10.1016/j.cell.2012.07.019
http://dx.doi.org/10.1016/j.cell.2012.07.019


Hyman, A. A. and Brangwynne, C. P. (2011). Beyond stereospecificity: liquids and

mesoscale organization of cytoplasm. Dev. Cell 21, 14-16.

Janssens, V., Longin, S. and Goris, J. (2008). PP2A holoenzyme assembly: in

cauda venenum (the sting is in the tail). Trends Biochem. Sci. 33, 113-121.

Kajander, T., Cortajarena, A. L., Main, E. R. G., Mochrie, S. G. J. and Regan, L.

(2005). A new folding paradigm for repeat proteins. J. Am. Chem. Soc. 127,

10188-10190.

Kappel, C., Zachariae, U., Dölker, N. and Grubmüller, H. (2010). An unusual

hydrophobic core confers extreme flexibility to HEAT repeat proteins. Biophys. J.

99, 1596-1603.

Kimura, K., Hirano, M., Kobayashi, R. and Hirano, T. (1998). Phosphorylation and

activation of 13S condensin by Cdc2 in vitro. Science 282, 487-490.

Kinoshita, K., Kobayashi, T. J. and Hirano, T. (2015). Balancing acts of two HEAT

subunits of condensin I support dynamic assembly of chromosome axes. Dev.

Cell 33, 94-106.

Kireeva, N., Lakonishok, M., Kireev, I., Hirano, T. and Belmont, A. S. (2004).

Visualization of early chromosome condensation: a hierarchical folding, axial glue

model of chromosome structure. J. Cell Biol. 166, 775-785.

Lee, S. J., Imamoto, N., Sakai, H., Nakagawa, A., Kose, S., Koike, M.,

Yamamoto, M., Kumasaka, T., Yoneda, Y. and Tsukihara, T. (2000). The

adoption of a twisted structure of importin-beta is essential for the protein-protein

interaction required for nuclear transport. J. Mol. Biol. 302, 251-264.

Lee, S. J., Matsuura, Y., Liu, S. M. and Stewart, M. (2005). Structural basis for

nuclear import complex dissociation by RanGTP. Nature 435, 693-696.

Li, P., Banjade, S., Cheng, H.-C., Kim, S., Chen, B., Guo, L., Llaguno, M.,

Hollingsworth, J. V., King, D. S., Banani, S. F. et al. (2012). Phase transitions in

the assembly of multivalent signalling proteins. Nature 483, 336-340.

Liu, S. M. and Stewart, M. (2005). Structural basis for the high-affinity binding of

nucleoporin Nup1p to the Saccharomyces cerevisiae importin-beta homologue,

Kap95p. J. Mol. Biol. 349, 515-525.

Ma, J., Goryaynov, A. and Yang, W. (2016). Super-resolution 3D tomography of

interactions and competition in the nuclear pore complex. Nat. Struct. Mol. Biol.

23, 239-247.

Maeshima, K., Ide, S., Hibino, K. and Sasai, M. (2016). Liquid-like behavior of

chromatin. Curr. Opin. Genet. Dev. 37, 36-45.

Marko, J. F. (2008). Micromechanical studies of mitotic chromosomes.

Chromosome Res. 16, 469-497.

Matsuura, Y. and Stewart, M. (2004). Structural basis for the assembly of a nuclear

export complex. Nature 432, 872-877.

Milles, S., Mercadante, D., Aramburu, I. V., Jensen, M. R., Banterle, N., Koehler,

C., Tyagi, S., Clarke, J., Shammas, S. L., Blackledge, M. et al. (2015). Plasticity

of an ultrafast interaction between nucleoporins and nuclear transport receptors.

Cell 163, 734-745.

Neuwald, A. F. and Hirano, T. (2000). HEAT repeats associated with condensins,

cohesins, and other complexes involved in chromosome-related functions.

Genome Res. 10, 1445-1452.

Ono, T., Losada, A., Hirano, M., Myers, M. P., Neuwald, A. F. and Hirano, T.

(2003). Differential contributions of condensin I and condensin II to mitotic

chromosome architecture in vertebrate cells. Cell 115, 109-121.

Pak, C.W., Kosno, M., Holehouse, A. S., Padrick, S. B., Mittal, A., Ali, R., Yunus,

A. A., Liu, D. R., Pappu, R. V. and Rosen, M. K. (2016). Sequence determinants

of intracellular phase separation by complex coacervation of a disordered protein.

Mol. Cell 63, 72-85.

Peters, R. (2009). Translocation through the nuclear pore: Kaps pave the way.

Bioessays 31, 466-477.

Piazza, I., Rutkowska, A., Ori, A., Walczak, M., Metz, J., Pelechano, V., Beck, M.

andHaering, C. H. (2014). Association of condensin with chromosomes depends

on DNA binding by its HEAT-repeat subunits. Nat. Struct. Mol. Biol. 21, 560-568.

Poirier, M. G. and Marko, J. F. (2002). Mitotic chromosomes are chromatin

networks without a mechanically contiguous protein scaffold. Proc. Natl. Acad.

Sci. USA 99, 15393-15397.

Qiu, H., Hudson, Z. M., Winnik, M. A. and Manners, I. (2015). Micelle assembly.

Multidimensional hierarchical self-assembly of amphiphilic cylindrical block

comicelles. Science 347, 1329-1332.

Ribbeck, K. and Görlich, D. (2001). Kinetic analysis of translocation through

nuclear pore complexes. EMBO J. 20, 1320-1330.

Schmidt, H. B. andGörlich, D. (2016). Transport selectivity of nuclear pores, phase

separation, and membraneless organelles. Trends Biochem. Sci. 41, 46-61.

Shintomi, K. and Hirano, T. (2011). The relative ratio of condensin I to II determines

chromosome shapes. Genes Dev. 25, 1464-1469.

Stewart, M. (2007). Molecular mechanism of the nuclear protein import cycle. Nat.

Rev. Mol. Cell Biol. 8, 195-208.

Tsytlonok, M., Craig, P. O., Sivertsson, E., Serquera, D., Perrett, S., Best, R. B.,

Wolynes, P. G. and Itzhaki, L. S. (2013). Complex energy landscape of a giant

repeat protein. Structure 21, 1954-1965.

Viswanathan, R. and Auble, D. T. (2011). One small step for Mot1; one giant leap

for other Swi2/Snf2 enzymes? Biochim. Biophys. Acta 1809, 488-496.

Wachsmuth, M., Caudron-Herger, M. and Rippe, K. (2008). Genome organization:

balancing stability and plasticity. Biochim. Biophys. Acta 1783, 2061-2079.

Wang, J. T., Smith, J., Chen, B. C., Schmidt, H., Rasoloson, D., Paix, A.,

Lambrus, B. G., Calidas, D., Betzig, E. and Seydoux, G. (2014). Regulation of

RNA granule dynamics by phosphorylation of serine-rich, intrinsically disordered

proteins in C. elegans. eLife 3, e04591.

Weber, S. C. and Brangwynne, C. P. (2012). Getting RNA and protein in phase.

Cell 149, 1188-1191.

Wollmann, P., Cui, S., Viswanathan, R., Berninghausen, O., Wells, M. N., Moldt,

M., Witte, G., Butryn, A., Wendler, P., Beckmann, R. et al. (2011). Structure and

mechanism of the Swi2/Snf2 remodeller Mot1 in complex with its substrate TBP.

Nature 475, 403-407.

Xu, Y., Xing, Y., Chen, Y., Chao, Y., Lin, Z., Fan, E., Yu, J. W., Strack, S., Jeffrey,

P. D. and Shi, Y. (2006). Structure of the protein phosphatase 2A holoenzyme.

Cell 127, 1239-1251.

Yang, W. and Musser, S. M. (2006). Nuclear import time and transport efficiency

depend on importin beta concentration. J. Cell Biol. 174, 951-961.

Yang, Z., Liang, G., Wang, L. and Xu, B. (2006). Using a kinase/phosphatase

switch to regulate a supramolecular hydrogel and forming the supramolecular

hydrogel in vivo. J. Am. Chem. Soc. 128, 3038-3043.

Yoshimura, S. H., Kumeta, M. and Takeyasu, K. (2014). Structural mechanism of

nuclear transport mediated by importin beta and flexible amphiphilic proteins.

Structure 22, 1699-1710.
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