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microtubules and homologous recombination nucleoprotein filaments, where a network of intrinsically disordered tails

exerts regulatory function in recruiting partner macromolecules, proteins or DNA and tuning the atomic level association.
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1. Functional Role of the Fuzzy Interface in the Cell

A growing body of reported observation on fuzzy interfaces depicts a continuum of association properties that range from

quasi non-selective, liquid-like interactions to highly specific interactions, resulting from already mentioned folding-upon-

binding mechanisms. Liquid-like association aims at ensuring proximity between the partner macromolecules and mostly

involves electrostatic or polar interactions. Disordered proteins are a major component of membraneless cellular

compartments, where they participate in liquid–liquid phase separation while avoiding aggregation, via the formation of

dynamic, multivalent interactions . Interestingly, high level of disorder in fuzzy interfaces are not necessarily

associated to low affinity: in the complex between the human proteins histone H1 and its nuclear chaperone prothymosin-

α, large opposite net charges have been shown to confer picomolar affinity to the association in spite of the absence of

defined binding sites .

Researchers examine intermediate situations where disordered proteins or segments present ubiquitous motifs that can

transiently associate to defined binding sites on folded protein partners. We more specifically address cases where both

structurally organized and disordered regions coexist in the same protein. Typical examples are proteins that present

disordered C- or N-terminal tails, largely represented among DNA-binding or DNA-processing proteins. The disordered

tails in these proteins generally present a net charge. Positive tails can assist the efficiency of DNA search for specific

sequences by proteins such as transcription factors. The tails can non-selectively bind to DNA and promote inter-segment

cross talks in a “monkey-bar”-type mechanism . When they bear a net negative charge, the tails can compete with

DNA for binding sites  or they can bind one or more protein partners. For example, the tetrameric SSB protein that

binds DNA single strands, an essential contributor of DNA replication, recombination, and repair in bacteria, functions as a

recruitment platform where its four negatively charged C-terminal tails can simultaneously bind one or more proteins, thus

favoring the transfer of bound DNA to these partner proteins . Competition and recruitment mechanisms are also

common in self-associating proteins that present disordered tails, such as tubulin or fibrinogen . In those cases, the

strongly charged tails actively contribute to the binding of partner subunits using fly-casting types of mechanisms, but do

not participate in the protein–protein interface once the assembly is formed. In the case of tubulin associating into

microtubules, the tails form molecular brushes around the microtubule lattice and participate in active or passive diffusion

of proteins along the microtubule protomers .

The delicate balance between binding and unbinding provides the disordered terminal tails affinity tuning functions: the

tails have been shown to modulate binding behaviors in response to changes in salt concentration or composition. The tail

properties are also very sensitive to changes in the distribution of their charges resulting from post-translational

modifications, as well as associated excluded volume modifications .

2. Interactions between the C-Terminal Tails of α,β-Tubulin Dimers and the
Tubulin Core

Tubulin proteins exist in the cell as dimers of α- and β-tubulin, two closely related proteins whose sequences essentially

differ at the level of their disordered C-terminal tails; both tails bear a net negative charge but they differ in length and

amino-acid composition. α,β-tubulin dimers are the building blocks of microtubules (MT), the largest components of the

cytoskeleton, that form highways for intracellular trafficking as well as separating chromosomes during meiosis. Modeling

and NMR studies have shown that in tubulin dimers, both α - and β-tails can interact with the structurally organized region

of the protein dimer (the core region) in spite of the core surface potential being mainly negative . The tails are also
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known to contribute to the formation of microtubules by favoring the proper uptake of new tubulin dimers within the tubular

architecture: alternative association forms of tubulin could be observed in the absence of tails . It is therefore likely that

the MT tubulin tails interact with free tubulin dimers during the assembly process, thus orienting the dimers toward the

desired binding geometry. This association however needs to be transient, since a large fraction of the tails (notably the

longer β-tails) are released during the process and become free to interact with microtubule-binding proteins (MAPs) .

Similar process has been observed by AFM when fibrin proteins assemble into fibrinogen , while the C-terminal tails of

RecA proteins have been shown to be involved in their association process into filaments . These observations indicate

that the ability of the disordered protein tails to bind the protein core surface but also to unbind from it is key to their

function.

How exactly the tails influence auto-assembly remains to be established. Theoretical simulation of the tubulin tails binding

to their associated dimeric protein cores enabled to gain insights on this question . Notably, while the surface spanned

by the tails during atomic molecular dynamics simulations was found compatible with ensemble observations obtained by

AFM (radius of gyration), the simulation enabled proposing a finer characterization of the spatial and temporal distribution

of the tails, based on specifically developed metrics using the position of the tail center of mass, together with time

analysis of the contacts between tails and protein cores. This analysis revealed the presence of a handful of specific tail-

binding spots, or anchors, distributed on the tubulin surface and presenting reduced surface areas. The tails develop

versatile interactions with these binding spots, mostly based on electrostatic complementarity . Interestingly,

negatively charged amino-acid patches distributed along the whole β-tail (see Figure 1) can individually bind separate

binding spots, and that adjacent negative patches can slide within a given anchor and exchange their binding interactions.

Binding different sites on the core surface does not seem to be cooperative but rather self-exclusive, one reason being

that several negative patches on the tail may not be able to simultaneously access spatially separated anchors. Another

factor arises from the electrostatic potential around the tubulin dimer. Indeed, the electrostatic potential partitions the

space available to the tails into electronegative regions, that are strongly repulsive for the most part of the tail length, and

electropositive funnels that strongly attract the negative tail patches. This situation creates tension and frustration in the

bound tails, part of which needs to reside in an unfavorable, repulsive region to allow contacts to form on the tubulin

surface . Frustration, a tradeoff between conflicting forces within their interatomic contact network environment , has

been identified as a critical property of IDPs or IDRs binding to their protein targets . Because of unsolved conflicts at

such interfaces, added to the multiplicity of binding sites, the disordered regions are prone to switching to alternate

binding geometries. The concept of frustration extends to long-range interactions such as the response of protein tail

conformations to the potential energy created by the protein core, coupled to the physical attachment between the tail and

the protein core. Long range frustration may constitute a powerful driving force to facilitate the tail unbinding from its core

protein. It is also easily tunable via changes in the salt concentration or modification of the charge distribution in the tail via

post-translational modifications (PTM). Indeed, recent work from Bigman and Levy showed that PTMs tune the binding

ability of the tails to the MT, a function that is also partly linked to their exclusion volume properties . Recent simulations

of the hepatitis B virus (HBV) Core protein, that exhibits a 33-residue long, positively charged and intrinsically disordered

C-terminal tail, suggests the existence of long range frustration in the binding of the negatively charged extremity of the

tail to the positively charged extremity of the HBV capsid spike, with very sparse interactions between the rest of the tail

and the external surface of the spikes .

Figure 1. (Left) Negative surface electrostatic potential (-1 kT, magenta) of the αI/βIII isotype tubulin body without tails.

The anchor residues involved in interactions with the disordered tail during molecular dynamics simulations are shown in

blue; the representation is based on data published in (Laurin et al., Biochemistry 2017, 56, 1746); (right) schematic

sequence of the αI/βIII isotype of tubulin, the acidic amino acids are highlighted in magenta and the basic terminal residue

in green.
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3. Role of the RecA Protein C-Terminal Tails in Homologous
Recombination

Homologous recombination permits the faithful repair of DNA double strand breaks in the genome, by recruiting intact

genomic DNA (dsDNA) with sequence similar to the damaged DNA and using that DNA to restore the lost sequence

continuity. To this aim, the dsDNA complementary strand is captured by a single strand (ssDNA) from the damaged DNA,

in a process called strand exchange that occurs within filaments of recombinase proteins (RecA in bacteria) . Alike

many proteins that process DNA, E. coli RecA proteins present a disordered terminal tail, here a 25-amino acids,

negatively charged C-terminal tail with seven acidic amino-acids. The C-terminal tail was shown to participate in the

regulation of various stages of the recombination process: the filament self-assembly, the intake of the dsDNA into the

filament, and the yield of strand exchange. While all those stages can take place in the absence of the tail or with partly

deleted tails, the tail has been shown to mediate the response of the process to changes in pH or in magnesium

concentration . Specifically, full-length tails slow the RecA self-association process but promote the formation of

longer and more stable filaments on ssDNA . During the search, the dsDNA intake is also slowed in the presence of the

tail, but this effect is reduced by adding 2mM free Mg  ions. This observation has been related to the fact that the

searched dsDNA non-specifically binds to the filament gateway , a region that crosses the filament groove and involves

basic amino-acids from the C-terminal domains. The acidic C-terminal tails may restrict the access of the dsDNA to the

gateway via electrostatic repulsion or physical steric hindrance and the added magnesium ions may reduce the

electrostatic repulsion and possibly induce the formation of secondary structures in the tails, which would confine the tails

in a smaller volume.

How the disordered tail influences the strand exchange process is more puzzling. In the presence of the disordered tails,

addition of 5 mM magnesium ions maximizes the formation of the strand exchange product; the magnesium concentration

has no effect if the tail has been deleted, indicating that the tail is fully involved in the process. It has been proposed that

in condition of low magnesium concentration, the tail may compete with the incorporated dsDNA for binding to the filament

secondary binding site (site II) . In that hypothesis, the tail may stimulate dsDNA binding to site II by disengaging

from that site following changes in magnesium concentration ; alternatively, the tail may assist unbinding of non-

homologous incorporated dsDNA, thus accelerating the search process . However, site II is buried in the filament

interior whereas the tail extremities are situated at the periphery of the filament  (Figure 2). In order for its acidic

residues to reach site II in the filament interior, the tail would need to adopt a stretched conformation along the C-terminal

domain toward the filament interior. The first exploration of the tail structural dynamics by molecular dynamics simulations

did not show such behavior . Instead, all seven tails of a simulated filament, made of seven RecA monomers bound to

a 21-nt ssDNA, remained at the exterior of the filament during the course of two 200 ns simulation with no added or 2 mM

magnesium ions. The tails partly formed helical folds and partly lied on the external surface of the filament, sometimes

spanning over two consecutive monomers, but they did not penetrate into the filament interior. Recently, study further

explored the tail dynamics by taking into account the perturbation induced in the filament structure by the hydrolysis of

ATP molecules situated at the interface between monomers. Indeed, experimental observation of the influence of the tails

on the strand exchange process was performed in conditions of ATP hydrolysis, using ATP regeneration system. Recent

modeling studies indicate that the response of the filament to ATP hydrolysis may involve important modifications in the

spatial partitioning of the filament groove, which may modify the tail accessibility to the filament interior. Researchers used

published model of a 2-turn (12 monomers) filament  where the central RecA-RecA interface was modified for an ADP

interface (the RecA-RecA binding geometries differ whether the cofactor is ATP or ADP) as a starting point for two 100-ns

molecular dynamics simulations, one with no added magnesium ions and one with 5 mM magnesium concentration.

Interestingly during the simulation with 5 mM magnesium, the tail associated to the central monomer with modified

interface spontaneously penetrated in the filament interior and reached the secondary DNA binding site, showing that this

proposed behavior is indeed topologically and energetically possible within filament architectures associated to ATP

hydrolysis (Figure 2). These preliminary simulations need to be replicated and call for further investigation in order to

draw any reliable conclusions on the effects of the magnesium concentration; notably, force fields adapted not only to

different levels of structural disorder but that also correctly capture magnesium ion interactions need to be tested in order

to confirm the reported observations. Magnesium ions can individually mediate interactions between negative charges but

can also as an ensemble contribute to weaken salt-bridge interactions, therefore contributing to order-disorder transitions.

Molecular dynamics is a tool of choice for disentangling individual from ensemble effects of the magnesium ions, provided

that the interactions are correctly accounted for. Present MD observations are too preliminary to conclude about the exact

role of the magnesium, nevertheless they point to topological and steric factors as additional factors for the tails to exert

their control function.
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Figure 2. Conformational dynamics of the C-terminal tails of a two-turn, twelve monomer RecA-ssDNA filament with

modified central interface, after 100 ns of molecular dynamics simulation. Successive RecA proteins are alternatively

colored cyan and white. The tails (magenta, cartoon representation) explore different regions of the conformational space

in terms of folding—partial α-helical folds or extended conformation—and binding to the protein core surface. (A)

Simulation with no added salt; the tails mostly bind the core protein surface; (B) simulation with 5 mM Mg ; some tails

remain far from the surface, the tail from the central monomer (black arrow) penetrates inside the filament and reaches

the filament site II, within 8 Å of the basic residue cluster of the neighboring monomer. The insert shows a view of the

penetrating tail after 30° rotation around the filament axis. Simulations conditions are described in (Kim et al., Nucleic

Acids Res. 2018, 46, 2548).
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