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Abstract

Intrinsically disordered proteins (IDPs) are prevalent in macromolecular assemblies and are
thought to mediate protein recognition in complex regulatory processes and signaling pathways.
The formation of a polybivalent scaffold is a key process by which IDPs drive early steps in
macromolecular assemblies. Three intrinsically disordered proteins, IC, Swallow and Nup159, are
core components, respectively, of cytoplasmic dynein, bicoid mRNA localization apparatus, and
nuclear pore complexes. In all three systems, the hub protein LC8 recognizes on the IDP, short
linear motifs that are fully disordered in the apo form, but adopt a -strand when bound to LCS8.
The IDP/LC8 complex forms a bivalent scaffold primed to bind additional bivalent ligands.
Scaffold formation also promotes self-association and/or higher order organization of the IDP
components at a site distant from LC8 binding. Rigorous thermodynamic analyses imply that
association of additional bivalent ligands is driven by entropic effects where the first binding event
is weak but subsequent binding of additional ligands occurs with higher affinity. Here, we review
specific examples of macromolecular assemblies in which polybivalency of aligned IDP duplexes
not only enhances binding affinity and results in formation of a stable complex but also
compensates unfavorable steric and enthalpic interactions. We propose that polybivalent scaffold
assembly involving IDPs and LC8-like proteins is a general process in the cell biology of a class
of multi-protein structures that are stable yet fine-tuned for diverse cellular requirements.

Keywords

Intrinsically disordered proteins; LC8; macromolecular assembly; bivalency; poly-bivalent
scaffold; enthalpy-entropy compensation

1. Introduction

Multivalent interactions involving the linked associations of ligands binding to multiple sites
on a receptor confer increased affinity compared to binding to monovalent receptors.
Multivalent interactions function in diverse biological systems, including antibody antigen
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associations, interactions of multisubunit toxins such as cholera toxin and botulinum
neurotoxin with their target cells, lectin-carbohydrate and protein-glycan interactions.
Bivalent interactions are a subset of multivalent interactions involving associations of
bivalent ligands with a receptor having two binding sites for that ligand.

While multivalent interactions are common and well described for ordered receptors and
small ligands [1-3] their role in intrinsically disordered proteins (IDPSs) is only recently
appreciated in supramolecular protein assembly [4, 5], and in polyphosphorylation [6]. A
key feature of bivalent interactions of disordered proteins in macromolecular assembly is
that, in the process, two monovalent IDP chains are incorporated into a bivalent
macromolecular receptor or scaffold with each chain carrying one binding site. The two IDP
chains may be linked by binding a dimeric protein with two symmetrical binding sites, by
self-association, or by a synthetic linkage (Figure 1). For such a disordered protein system
with multisite recognition motifs for different bivalent ligands, alignment of two chains,
either by binding a bivalent ligand, or by self-association, results in a duplex with multiple
additional bivalent sites. We refer to this duplex as a polybivalent scaffold. For all cases
(bivalent or polybivalent), the outcome is the same: the first binding event pays the entropic
cost so that a subsequent event occurs with lower entropic penalty when compared to a
monovalent ligand. In summary, bivalent events organize two disordered chains into a
bivalent, partially disordered system that has higher binding affinity for other protein(s) at
other recognition motif(s). The partial disorder resides in the incorporated IDP chains, which
retain disordered regions.

Binding enhancement arising from bivalency/polybivalency has been demonstrated in
assembly of Swallow/LC8 complex [7, 8], the nuclear pore protein Nup159/LC8 complex
[9] and the dynein intermediate chain/light chains complex [4, 5, 10, 11]. A common feature
among the three systems is that a segment of their disordered regions has one or more
recognition motifs for the hub protein LC8 [12]. On Swallow, one LC8 dimer binds a
recognition sequence C-terminal to a weak coiled-coil region and promotes stable coiled-
coil self-association. On nucleoporin Nup159, five LC8 dimers bind at positions N-terminal
to a predicted coiled-coil and form a rigid beads-on-a-string rod, possibly with a kink. On
dynein intermediate chain, IC, binding of one LC8 dimer creates a bivalent IC duplex with
enhanced affinity to another LC8-like dimer, Tctex1, and promotes self-association of IC at
a distant domain. In these examples, bivalency involves not only interactions between
intrinsically disordered chains and bivalent protein dimers but also self-association
interactions.

Nup159 and IC are canonical examples of polybivalent scaffolds because Nup159 binds
multiple LC8 dimers, and IC binds several bivalent ligands. The multiple bivalent sites
provide the potential for mutual enhancement of affinity for an additional ligand(s), as well
as for coiled-coil interchain interactions. Initial binding to these multiple bivalent sites is
associated with a large entropic penalty. By pre-paying this entropic cost, bivalency either
significantly enhances binding affinity of subsequent bivalent ligands, or energetically
compensates unfavorable interactions associated with complex formation. Each of these
scenarios is described below.
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2. Bivalency enhances binding affinity and results in formation of a stable

complex

To evaluate the thermodynamic parameters of binding enhancement of the IC component of
the dynein cargo complex, we used a simplified IC segment, IC, |, that has two recognition
motifs for LC8 separated by a 3-5 residues linker. IC | is a variant of wild type IC with the
Tctex1 recognition sequence replaced by the LC8 recognition sequence; the resulting
disordered IC |_ has two identical LC8 recognition motifs. IC | is a suitable model because
Tctex1 and LC8 are structural homologs with similar tertiary and quaternary structures, and
similar binding affinity to IC.

Isothermal titration calorimetry, ITC, does not resolve individual binding events for IC| |
binding to two LC8 dimers. Instead, the output is a macroscopic Ky value of 0.5 pM and a
stoichiometry of two ICy | chains per two LC8 dimers (Figure 2) with an average value for
AG° of —9.0 kcal/mol, and a ACp of —0.26 kcal/mol/K. Distinct thermodynamic parameters
for each binding are inferred using the assumption that the thermodynamic parameters of the
first binding are similar to LC8 binding a monovalent IC variant with a single LC8 site
(Figure 2A, left). By this reasoning, the inferred thermodynamic parameters for the second
binding are AG® of —11.0, and ACp of —0.26 kcal/mol/K, corresponding to an affinity
enhancement for the second LC8 binding of 1000-fold (AAG® of —4.0 kcal/mol), arising
solely from a favorable change in entropy A(-TAS®) of —4.0 kcal/mol in the 20-35 °C
temperature range (Figure 3, left), as expected from a full bivalency effect [13].

Another possibility for creating a bivalent IDP scaffold is linkage through self-association
(Figure 1). For an LC8 binding partner called Swallow, also primarily disordered, the two
Swallow chains are linked by a weakly predicted coiled-coil N-terminal to the LC8
recognition motif. To determine the origin of LC8 binding enhancement due to Swallow
self-association, binding thermodynamics were measured for two Swallow constructs
designed to decouple self-association from LC8 binding [8]. Swapmer. an engineered
variant with coiled-coil stabilizing mutations, is a tightly associated bivalent binding partner
with two aligned recognition sequences for LC8, and SwaponoMmER, @an engineered variant
with coiled-coil destabilizing mutations is a disordered monovalent chain with one LC8
recognition motif. As with IC| [, the binding enhancement of 7-fold in Swap\gr relative to
SwapmonomMmeR 1S primarily of entropic origin (AAG® of —1.1 kcal/mol, TAAS® of -1.2 kcal/
mol, and AAH° and AACp of 0) (Figure 3, right).

A third possibility for creating a bivalent IDP scaffold is by covalent cross-linking (Figure
1). A bivalent IC, referred to as 219Cdimer, was produced by introducing a disulfide cross-
link at residue 219, 81 residues distant from the LC8 recognition sequence, and immediately
preceding a weak self-association domain [11]. Binding affinity of the 219Cdimer to LC8
was enhanced 6-7-fold relative to monovalent IC. Binding enhancement is again primarily
of entropic origin (AAG® of —1.1, TAAS® of -0.8, and AAH°® of —0.3 kcal/mol).

Nucleoporin Nup159, a subunit of the yeast nuclear pore complex (NPC), functions both as
a structural component of the NPC, and as a docking site for transiently associated nuclear
transport factors [14]. Nup159 — part of the Nup159-Nup82-Nsp1 nucleoporins subcomplex
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—also binds Dyn2, the yeast ortholog of LC8 [15]. The carboxy-terminal half of Nup159
includes five Dyn2/LC8 recognition motifs (called QT sites) adjacent to a predicted coiled-
coil domain. Thermodynamic measurements of Dyn2 binding to a designed series of
Nup159 variants, having increasing numbers of Dyn2/L.C8 recognition motifs (Figure 4),
elegantly demonstrate that the third motif (QT3) does not, as expected [15], bind Dyn2; our
studies suggest that instead, residues in QT3 are involved in self-association [9]. The
interaction of Dyn2 with monovalent Nup159, where only one Dyn2/LC8 recognition motif
is present, is very weak and not fit by a binding model (Figure 4). When two recognition
motifs are present, the average binding affinity is enhanced, presumably because the first
Dyn2 binding forms a bivalent Nup159 that binds the second Dyn2 with higher affinity. The
average binding affinity is significantly enhanced with three binding motifs (compare Ky of
12 uM with 0.8 UM, Figure 4), again clearly underscoring the role of entropic bivalency
effects in enhancing binding affinity.

3. Bivalency may compensate energetically unfavorable interactions

Nup159 is a canonical example of a disordered protein with multiple recognition motifs for
LC8-like dimers, in this case Dyn2, that are separated by short linkers, and the only example
that stacks five LC8-like dimers like beads on a string in the fully bound complex. With five
interaction sites for Dyn2, the expectation is an increase in affinity for subsequent binding
events with every additional recognition site, as observed from differences between the first,
second and third binding events (Figure 4A). Interestingly, and contrary to expectations, this
enhancement trend stops and even reverses as the fourth and fifth interaction sites are
included (N=4 and 5, Figure 4C), suggesting that the fourth and fifth binding events result in
a somewhat less stable assembly with a final affinity of 2.8 pM.

An intriguing observation from these studies is that even though naturally occurring Nup159
contains five sites for Dyn2, only three sites are optimal for forming a stable Nup159/Dyn2
complex. One feasible explanation for the presence of five sites is that binding of Dyn2 at
the last two motifs imparts rigidity to the assembled complex (Figure 4D). A considerable
loss of degrees of freedom when the last two motifs are bound is inferred from the increased
order (decreased entropy) of the system that accompanies binding (TAS of 4.9 to 4.3 to0 3.1,
Figure 4C). An increase in unfavorable entropy results in decreased stability even though the
enthalpic contribution is more favorable.

We propose that the requirement for binding 5 rather than 3 Dyn2 dimers is to provide
entropy/enthalpy balance to a stable yet entropically unfavorable complex. The first three
binding sites are required for forming a complex stable enough to balance the entropically
unfavorable increase in rigidity with the fourth and fifth sites [9]. In this respect Nup—Dyn2
assembly highlights the importance of entropic considerations in disordered proteins in fine-
tuning assembly of multipart complexes.

Similar fine-tuning is observed with the assembly of dynein intermediate chain IC with
dimeric LC8 and dimeric Tctex1. Binding of either dimer enhances binding of the second
dimer; the enhancement is significantly lower than observed for IC | . A 50-fold
enhancement in WT IC (ICt) compared to a 1000-fold enhancement observed with IC| |
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1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Barbar and Nyarko

Page 5

which has two identical LC8 sites suggests additional unfavorable interactions occur during
the second binding event that offset the full gain from bivalency, further illustrating that in
the WT protein, modulation of affinity optimizes the balance of stability and reversibility.

The lower enhancement in ICy_ is accompanied by a significant change in difference in heat
capacity between the first and second binding events (AACp). Since a change in heat
capacity is commonly associated with burial of nonpolar surface event [16], the implication
of the AACp value is that surface area buried in the ternary complex of IC/Tctex1/LC8 is
larger than in the binary complex of IC/Tctex1 or IC/LC8, suggesting that structural changes
accompany formation of the ternary complex. We attribute the lower enhancement of LC8
binding to IC /Tctex1 versus IC | /LC8 to additional disorder-to-order transition at the
ICt/Tctex1 interface. The unfavorable packing against Tctex1 in the ternary complex acts
as an attenuator of the favorable bivalency effects of the system. In contrast, in the
IC/LCB8/LC8 variant system, and in Swallow, AACp is zero (Figures 2 and 3), indicating a
full entropic gain and no accompanying structural/enthalpic changes.

4. Bivalent IDP duplex formation

IC/Tctex1/LC8 complex formation was the first model system used to probe residue-level
changes during the assembly of a bivalent IDP, in this case IC. A domain of IC that includes
recognition motifs for light chains Tctex1 and LC8 is, by NMR chemical shift criteria, fully
disordered with limited propensity for secondary structure [4, 17]. A high level of disorder is
also manifested by negative heteronuclear NOEs [4]. Further, measurments of NMR peak
intensity upon titration with LC8 monitor selective peak attenuation at the residue level.
Peaks corresponding to residues in the LC8 recognition sequence fully disappear while the
rest of the backbone peaks, specifically those corresponding to a region where the second
light chain binds, show no detectable change in chemical shifts, resonance broadening

or 15N relaxation [4]. Thus the two IC chains in a bivalent complex, except for the 10-12
residues at the LC8 site that in the bound form adopt B-strand structure [18], appear by NMR
criteria to remain fully disordered and similar to monovalent IC. Therefore, neither
structural nor dynamics changes at the second binding site explain the observed bivalency,
consistent with its being an entropic effect.

Nup159/Dyn2 complex formation, where multiple Dyn2 dimers bind two Nup159 chains,
presents a more complex system to probe residue-level changes during formation of a
bivalent IDP. NMR titration experiments monitoring NH peak intensity of Nup159 residues
at substoichiometric concentrations of Dyn2 reveal new information about the processes of
bivalent duplex formation, namely, a pattern of selective reduction in NH peak intensity
along the chain containing the five recognition motifs (Figure 5). The loss of peak intensity
arises from conformational changes affecting peak broadening (see the legend to Figure 5).
We take the underlying conformational change(s) as due to specific binding interactions of a
Nup residue with Dyn2 and/or to the increased tumbling time of that NH in the resultant
complex. Taken together with ITC data (Figure 4), these results suggest that initial binding
of Dyn2 aligns two Nup chains in a flexible, collapsed state. We envision a nascent scaffold
formed from the first bound Dyn2 as a dynamic ensemble of interconverting conformations
in which one or two Nup molecules transiently interact with a Dyn2 molecule, but are not
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stably bound. In the ensemble present in samples having substoichiometric ratios (e.g.
Figure 5 top), Nup/Dyn2 interactions selectively attenuate NH peaks to give three clearly
distinguishable NH groups. The first group completely disappears from the spectrum as
indicated by zero intensity; the second group is partially attenuated, with relative intensity
range of 0.25-0.6; the third group shows little, if any, attenuation at a relative intensity
around 0.8. Loosely bound Dyn2 dimer, reversibly interacts with a number of sites all along
the Nup chain, but preferentially interacts with NH sites in group 1. Group 2 peaks are
partially attenuated because at least part of the time those NHs transiently interact and/or
tumble with a larger complex. Group 3 NHs do not appreciably interact with Dyn2 and
remain locally quite flexible. The possibility of a significant population of misaligned Nup
duplexes (e.g. a Dyn2 dimer binding one Nup chain at motif QT2 and the second Nup chain
at QT4) — conceivably associated with similarly non-specific, higher order oligomerization
as observed in other multivalent systems [19] — is unlikely. First, misaligned Nup/Dyn2
duplexes are not consistent with the residue-specific pattern of attenuation/disappearance in
Figure 5 (top). Misaligned duplexes, non-specifically linking any two QT motifs would give
an ensemble average in which the relative peak intensity of NHs along the chain is rather
evenly attenuated. Higher order oligomerization of misaligned duplexes would, similarly,
not show selective peak broadening. Further, and significantly, ITC experiments (Figure 4)
show no indication of non-cooperative interaction or higher order aggregation.

5. Polybivalent scaffold assembly: a general process in the cell biology of

multi-protein structures

The phenomenon of polybivalent assembly became apparent in experiments flowing from
the ‘LC8 hub’ hypothesis which posits that LC8 functions as a regulatory hub protein in a
number of essential systems by facilitating the assembly and stabilization of its primarily
disordered partners [12]. Underpinning the initial hypothesis were sequence analyses of over
20 LC8-partner proteins showing that LC8 recognition motif(s) lie within a highly
disordered segment and, more importantly, that the protein as a whole has a high degree of
intrinsic disorder. Experimental tests of the hypothesis reveal that LC8 partners have in
common several other striking features, evident in three systems: dynein IC, Swallow and
Nup159 [4, 5, 7-11]. Although their functions are unrelated, all are large and complex
proteins that appear to assemble other proteins lengthwise along two identical disordered
chains, aligned in parallel by binding of LC8 to create an elongated, bivalent duplex with
enhanced affinity for the other ligands of the assembly. IC includes binding sites for three
light chains and several dynein regulator protein dimers; Swallow includes a putative RNA-
binding domain at the N-terminus and a y-tubulin recognition site at the C-terminal; and
Nup159 includes binding sites for Nup82, Nsp1 and Dbp5. In the LC8 hub model, the
essential function of LC8 in higher order assembly of these complexes is to form scaffold
systems which are stable, yet responsive, assembly even when binding of any single ligand
is moderate to weak. The responsiveness of the scaffold stems from its polybivalency which
renders the association of bound ligands easily reversible and readily adaptable to
fluctuations in cellular environment. Retained disorder in the scaffold contributes to
favorable entropy of the system.

Semin Cell Dev Biol. Author manuscript; available in PMC 2016 January 01.
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For other LC8 binding partners that have both multi-recognition motifs and weak self-
association domains, such as the examples in Figure 6, we hypothesize that bivalency effects
analogous to those in LC8 binding to 1C and Nup159 also occur. In these examples, multiple
L C8 recognition motifs are all localized in intrinsically disordered domains of the respective
IDP. Unique aspects of these polybivalent assemblages depend on the binding affinity of the
IDP motif for the LC8-like protein, the length of the linkers separating recognition motifs,
the degree of disorder retained in the linkers, and the extent of unfavorable interactions in
the functional complex.

In summary, the novel ideas proposed here lead to our conclusion that disordered proteins
which bind LC8-like proteins function in a new aspect of the cell biology of macromolecular
assemblies. IDP/LC8 complexes form scaffolds that provide mutual enhancement of affinity
for additional ligands, as well as for coiled-coil or self-association interactions. The
polybivalent nature of the scaffold produces an assemblage that is suitably stable even when
the association constant of any single ligand, or self-associating coiled-coil, is moderate to
weak; provides ready reversibility of individual ligands; allows fine tuning for changing
local cellular environments; and permits formation of a rigid structure. Collectively these
properties lend the assemblage a high degree of regulatory flexibility and functional
adaptability.
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Scheme illustrating bivalent interactions in disordered proteins. A high entropic penalty is
associated with monovalent interactions. Aligning two chains of a disordered protein by an
artificial linker, black line (A), through inter-chain (self-association) interactions, red bars
(B), or by their interactions with a dimeric protein, yellow triangles (C) reduces the entropic
penalty of a second binding event, green spheres.

Semin Cell Dev Biol. Author manuscript; available in PMC 2016 January 01.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

wdudsnuel Joyny vd-HIN

Barbar and Nyarko

A
Time (min)
50 1(D 150 0 50 l(X) 150 200
19) 0.0‘ ‘ T , M ( T I '” T 4 0- Al‘ T i
@ H 1 .'
w 04 ’ ‘ } ‘
= | ‘ o
S 08 || ]
=3 "
-1.2] 1 4]
@ 0 1Y "
(@] ‘1" i *
§ < 2 /
- 4 ! |
o ,,t' "10 *
v/ 6. e ] J
," v . . ; . _]5 W i
00 05 1.0 15 20 25 0 1 2 3 14
Molar Ratio
B
&) s/\
v
Iy
AG° =70

Acp=-026|" LC8 AAG? = - 4.0 keal/mol

AACp = 0 kcal/mol/K

IC,, /LC8/LC8

Figure 2.

Page 11

Thermodynamics of LC8 binding to monovalent and bivalent IC. (A) Representative ITC
thermograms (top panels) and binding isotherms (bottom panels) for titration of ICt (left)
and IC__ (right) with LC8. (B) Binding free energies AG® (kcal/mol), and ACp (kcal/mol/K)
are given for each step. The difference in free energy and heat capacity changes between the
second and first binding events of LC8 to IC | (right) are expressed as AAG® and AACp,
respectively, and are shown in the center. Binding parameters for the first IC, | /LC8 binding
event are assumed to be similar to those to IC_ (left). Binding parameters for the second
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IC_L/LC8 binding event are inferred from average values determined from direct
measurements. Figures adapted from [5].
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Figure 3.
Changes in thermodynamic parameters between first and second LC8 binding events (AAG®,

grey diamonds; AAH®, black circles; and A-TAS®, white squares). Differences in association
parameters at different temperatures between LC8 binding to monovalent apo-IC | and LC8
binding to bivalent IC | /LC8 (left), and between LC8 binding to monovalent SwaponoMER
and LC8 binding to bivalent Swapmer (right). The absence of temperature dependence
(AACp of zero) shows that binding enhancement (AAG*®) is not due to enthalpic change
(AAH? of zero) but due to entropic change (A-TAS® of same value as AAG®). Figures
adapted from [5], and [8].
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Dyn2-Nup159 binding parameters and ITC data. Binding thermograms, isotherms, and

computed thermodynamic parameters show both the effect of bivalency on binding

enhancement and compensation of unfavorable interactions. (A) Representative isothermal
titration plots of Dyn2 with one, two and three recognition motifs, respectively, with the
corresponding binding constant shown at the bottom of each plot. The interaction with one

recognition motif is too weak for data fitting. (B) A hypothetical model of the bound

complex composed of two disordered chains of Nup159 (black) and three Dyn2 dimers
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(green) with Nup159 contact residues adopting p-strand conformations (black arrows). (C)
Representative isothermal titration plots of Dyn2 with three, four and five recognition
motifs, respectively, with the corresponding binding constant shown at the bottom of each
plot, along with the enthalpic and entropic contributions for each binding events. (D) A
model of the wild type Nup 159 complex with 5 Dyn2 dimers. The ITC-measured
differences in the contribution of the entropy term suggest more flexibility with three Dyn2
(B), but more order and rigidity with five Dyn2 (D). Figure is adapted from [9].
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Figure 5.
Residue-specific NMR titration of Nup159 NH peak intensity with added Dyn2. Relative

NH peak intensity versus residue numbers of non-proline Nup159 NH peaks in NMR
spectra of Dyn2-bound Nup159 in the sequence 1075-1178. Shown are Nup:Dyn2 molar
ratios of 1:0.8 (top) and 1:6 (bottom). Peak intensities are relative to the intensity of the
same peak in apo Nup159, which is taken as one. This figure is adapted from [9] which also
reports results at a 1:2 ratio. The models on the left show two chains of Nup159 (red) with
five binding sites for Dyn2 (green). In the top model, a single Dyn2 dimer, indicated at the
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bottom, is added to two molar equivalents of Nup monomer, and its effect is manifested
throughout the Nup159 chain, as indicated regions of attenuated intensity all along the Nup
chain. In the bottom model, Dyn2 dimers saturate the five Dyn2 binding sites. The observed
loss of peak intensity arises from peak broadening due to exchange, on the NMR time scale,
of an NH between different local environments (e.g., in bound and unbound conformations),
and/or from an increased population within the ensemble of Nup conformations having
significantly greater rotational correlation time [20]. In the latter case, the NH being
measured might, for example, fractionally exist in several-to-many conformations such that
the same NH when in disordered and locally flexible conformations gives a sharp ‘random
coil’ signal, and when in more collapsed and/or aggregated conformations with a
significantly longer tumbling time and faster relaxation time gives a broadened signal.
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Figure 6.
Examples of LC8 binding partners having multiple recognition motifs in intrinsically

disordered regions. Sequence-based predictions of order, disorder, coiled-coil and LC8
binding motifs are shown for residues 1000 — 2500 of Bassoon, a protein involved in the
organization of the cytomatrix at the nerve terminals active zone; the intermediate chain (IC)
subunit of the cytoplasmic dynein molecular motor; yeast nucleoporin, Nup159; Chica, a
spindle-associated adaptor protein; the flagellar radial spoke protein 3, RSP3, and the
Drosophila homologue of ASCIZ (dASCIZ), a DNA damage response and transcription
factor. In all these examples, the putative LC8 sites are located within segments with high
sequence disorder. Putative motifs are based on the following references: bassoon [21],
Nup159 [9], IC[5], Chica[22], RSP3[23] and dASCIZ[24].

1 2

Disordered

Semin Cell Dev Biol. Author manuscript; available in PMC 2016 January 01.



