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Abstract

Many proteins contain large structurally disordered regions or are entirely
disordered under physiological conditions. The functions of these intrin-
sically disordered proteins (IDPs) often involve interactions with other
biomolecules. An important emerging effort has thus been to identify the
molecular mechanisms of IDP interactions and how they differ from the
textbook notions of biomolecular binding for folded proteins. In this review,
we summarize how the versatile tool kit of single-molecule fluorescence
spectroscopy can aid the investigation of these conformationally heteroge-
neous and highly dynamic molecular systems. We discuss the experimental
observables that can be employed and how they enable IDP complexes to
be probed on timescales from nanoseconds to hours. Key insights include
the diverse structural and dynamic properties of bound IDPs and the kinetic
mechanisms facilitated by disorder, such as fly-casting; disorder-mediated
encounter complexes; and competitive substitution via ternary complexes,
which enables rapid dissociation even for high-affinity complexes. We also
discuss emerging links to aggregation, liquid–liquid phase separation, and
cellular processes, as well as current technical advances to further expand
the scope of single-molecule spectroscopy.
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INTRODUCTION

Many proteins contain large regions that do not form a well-defined tertiary structure under
physiological conditions, and some are even entirely disordered. In the human proteome, for ex-
ample, >40% of all proteins are predicted to contain disordered regions longer than 30 amino
acid residues, and approximately 5% of all proteins are predicted to be fully disordered (≥95%
disordered residues) (112, 160, 162). These intrinsically disordered proteins (IDPs) have been
investigated with a broad range of methods, especially nuclear magnetic resonance (NMR) spec-
troscopy (25, 40, 104), small-angle X-ray scattering (SAXS) (77), electron paramagnetic resonance
(EPR) spectroscopy (165), and single-molecule fluorescence spectroscopy (99, 107, 134), often us-
ing integrative approaches in combination with molecular simulations (18, 132, 140), and in some
cases even in live cells (123). Owing to these efforts, we now have an increasingly detailed picture
of IDPs, in terms of both their structural and dynamic properties.

An important next step is to relate these properties to the cellular functions of IDPs. The full
range of IDP functions is only starting to be revealed (5, 34), but it is evident that disordered
proteins or regions often bind other biological macromolecules. IDPs commonly interact with
many different binding partners and can thus function as interaction hubs in cellular communi-
cation and regulation networks (114, 169). A famous example is the tumor suppressor p53, which
can bind to more than a hundred different proteins via its disordered regions (114). Remark-
ably detailed information on some IDP binding processes has been obtained in individual cases,
especially for examples of coupled folding and binding, where a well-defined three-dimensional
structure forms in the complex (168). However, our understanding of IDP interactions in general
is still fragmentary.

A key insight has been that a broad spectrum of disorder can be present in the complexes of
IDPs with other proteins or nucleic acids (13, 48, 49, 132, 158). For protein–protein complexes,
for example, the spectrum of disorder ranges from the classical textbook examples of fully folded
proteins that bind to each other via well-defined interfaces with complementary shapes and in-
teraction patterns all the way to complexes between two IDPs that fully retain their disorder in

434 Chowdhury • Nettels • Schuler

A
nn

u.
 R

ev
. B

io
ph

ys
. 2

02
3.

52
:4

33
-4

62
. D

ow
nl

oa
de

d 
fr

om
 w

w
w

.a
nn

ua
lr

ev
ie

w
s.

or
g

 A
cc

es
s 

pr
ov

id
ed

 b
y 

80
.2

19
.1

25
.2

09
 o

n 
05

/0
9/

23
. S

ee
 c

op
yr

ig
ht

 f
or

 a
pp

ro
ve

d 
us

e.
 



Disordered
complexes: protein
complexes in which at
least one binding
partner retains some
disorder in the bound
state

Increasing disorder in the complex

Figure 1

The spectrum of disorder in protein complexes. Proteins retain various degrees of disorder in their bound states (158), as illustrated
with the following examples (from left to right, with the first protein mentioned in the complex colored in red and the second in blue):
Colicin E9 with Im9 (PDB 1EMV); RelA-TAD/CBP-TAZ1 complex (PDB 2LWW); Gcn4 activation domain bound to the mediator
coactivator domain 1 of Gal11/med15 (PDB 2LPB); complex of Sic1 with the Cdc4 subunit of ubiquitin ligase (105); complex of
ProTα and H1 [ensemble from coarse-grained simulations based on single-molecule FRET data (16)]. Stably folded proteins or
domains are shown in surface representation; disordered regions are shown in schematic representation, with multiple conformations
from NMR or modeled ensembles overlaid. Figure adapted from Reference 132 with permission from Elsevier. Abbreviations: FRET,
Förster resonance energy transfer; NMR, nuclear magnetic resonance; PDB, Protein Data Bank.

the bound state (Figure 1). Intermediate cases include complexes that are largely structured with
only small disordered tails or loops; complexes where binding is mediated by a folded segment,
such as an α-helix, with the remainder of the protein remaining disordered; and complexes where
a folded protein binds one or multiple short sequence motifs of an IDP that stays otherwise fully
disordered. Two of the central challenges are now (a) to characterize the structural and dynamic
properties of these disordered complexes and (b) to elucidate the mechanistic implications for
binding, especially whether and how the binding mechanisms of IDPs differ from those of folded
proteins, and in what cases they go beyond established paradigms.

The lack of well-defined tertiary structure entails an obvious challenge for characterizing IDP
complexes. Some of the most powerful methods for determining the three-dimensional structures
of folded proteins, such as X-ray crystallography and cryo-electron microscopy, provide little, if
any, information about disordered regions. As in the case of individual IDPs in isolation, we thus
need to employ techniques that are suitable for probing the structurally heterogeneous ensembles
of disordered complexes. A closely related challenge is the rapid dynamics of disordered regions
and of larger assemblies composed of both folded and disordered parts. Arguably the most versa-
tile experimental methods for investigating both the structural and dynamic properties of such
heterogeneous ensembles are single-molecule spectroscopy, especially single-molecule Förster
resonance energy transfer (FRET), and NMR.The use of both techniques for IDPs in general has
been summarized in several recent reviews (25, 40, 55, 99, 107, 115, 134). In this review, we focus
specifically on advances in single-molecule fluorescence spectroscopy for probing the dynamics
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of IDPs within their complexes, the resulting interaction kinetics, and the use of time-resolved
information for elucidating the mechanisms of target binding.

MONITORING IDP BINDING WITH SINGLE-MOLECULE
FRET SPECTROSCOPY

Monitoring a binding reaction requires a concomitant change in experimental observables. We
thus briefly summarize the information from single-molecule fluorescence measurements that can
be employed for investigating the interactions of IDPs (Figure 2), for which we assume a basic
understanding of single-molecule spectroscopy and FRET (86, 91, 130, 136) on the part of the
reader.The most sensitive observable in single-molecule FRET experiments is usually a change in
intra- or intermolecular transfer efficiency, E, based on the classical use of single-molecule FRET
as a spectroscopic ruler (133, 151) (Figure 2a). Given the known distance dependence of energy
transfer from Förster’s theory (47), measurements of E can be used to infer interdye distances or
distance changes. A distance change of 1 Å close to a typical Förster radius of 5.4 nm, for instance,
leads to a change in transfer efficiency of approximately 0.03, which is reliably detectable in high-
quality measurements.1 However, many interactions of IDPs are accompanied by much larger
distance changes, resulting in pronounced shifts in transfer efficiency (Figure 3).

In confocal single-molecule fluorescence instruments, the use of multiple laser sources and de-
tection channels for different wavelength ranges and polarizations, as well as the detection based
on time-correlated single-photon counting, yields useful information beyond the commonly avail-
able donor and acceptor emission intensities (75, 85, 134, 142) (Figure 2). Examples of particularly
valuable observables for monitoring IDP interactions are fluorescence anisotropy (Figure 2b),
fluorescence lifetimes (Figure 2c,d), stoichiometry (Figure 2f ), and the relaxation times and am-
plitudes from fluorescence correlation spectroscopy (FCS) (Figure 2e) (134). In multiparameter
recordings, all of these quantities can be extracted from the same measurement. Experiments can
be performed either on molecules freely diffusing in solution or on molecules that are surface-
immobilized. Free-diffusion experiments provide good statistics from thousands of molecules, but
the maximum observation time for each molecule is limited to approximately a millisecond by
its translational diffusion through the confocal volume. Surface experiments enable observation
times of minutes (limited by photobleaching). Confocal measurements require the individual
molecules to be recorded sequentially, which limits throughput.Camera-based wide-field imaging
methods (usually in combination with total internal reflection fluorescence) (72, 88) allow many
molecules to be recorded simultaneously and thus enable greater throughput, but time resolution
is usually limited to the millisecond range by the frame rates of sufficiently sensitive cameras, and
the lack of time-correlated single-photon counting reduces spectroscopic versatility.

Experiments using alternating excitation of donor and acceptor (75, 85) can reveal the stoichi-
ometry in intermolecular FRET measurements where one binding partner carries the donor and
the other carries the acceptor (Figure 2f ). Binding in such cases is monitored either by the ap-
pearance of FRET or by the colocalization of donor and acceptor signals.2 Alternating excitation
further enables the spectroscopic identification of molecules that do not contain both an active

1The typical accuracy of single-molecule measurements of FRET efficiency has been estimated to be ap-
proximately 0.04 in a benchmark study (61). The precision, however, is much higher, and relative changes in
transfer efficiency of less than 0.01 can be measured reliably with sufficient data acquisition statistics and stable
instrumentation (81).
2Note, however, that intermolecular single-molecule FRET experiments are usually limited to high-affinity
interactions (Kd � 10 nM), since the labeled molecules can only be present at concentrations that are low
enough to keep the background sufficiently low for single-molecule detection. In intramolecular FRET
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Figure 2

Observables for monitoring protein binding with single-molecule fluorescence spectroscopy. Examples of observables from
multiparameter single-molecule fluorescence detection of freely diffusing molecules are illustrated for (a–d) intramolecular and
(e, f ) intermolecular FRET measurements of the interaction between two IDPs labeled with donor (green) and acceptor (red), as
indicated in the schematics in each panel. (a) FRET efficiency (E) reports on changes in interdye distance, and thus conformation, upon
binding. The peak at E = 0 is from molecules lacking an active acceptor dye. (b) Fluorescence anisotropy reports on changes in
rotational mobility of the fluorophores upon binding, in this case for direct acceptor excitation. (c) Deviations from the static FRET
line (gray) in fluorescence lifetime (donor emission in green, acceptor emission in red) versus FRET efficiency diagrams (29, 58, 73,
134) report on the presence of a rapidly sampled distance distribution, in this case in the unbound state represented by a polymer model
(solid lines). Residual deviations from the static FRET line in the bound state (dashed lines) originate from dye and linker flexibility.
(d) Subpopulation-specific fluorescence lifetime decays (in this case for the donor) provide an orthogonal way of assessing differences in
FRET efficiency between free (light green) and bound (dark green) states. (e) Changes in translational diffusion times through the
confocal volume upon binding and the concentrations of labeled species are available from FCS (unbound in green and red; bound in
orange). ( f ) The stoichiometry of complexes in intermolecular FRET experiments can be assessed by alternating or pulsed interleaved
donor and acceptor excitation (75, 85). A stoichiometry ratio of S = 1 corresponds to donor-labeled molecules, S = 0.5 corresponds to
the 1:1 complex, and S = 0 corresponds to acceptor-labeled molecules. All examples are from simulations of photon emission and
translational diffusion performed with Fretica (https://schuler.bioc.uzh.ch/programs) using experimentally realistic parameters.
Abbreviations: FCS, fluorescence correlation spectroscopy; FRET, Förster resonance energy transfer; IDP, intrinsically disordered
protein.

donor and an acceptor dye in intramolecular measurements, and it greatly aids in the instrument
calibration required for extracting accurate distance information (61, 68, 85, 89). Fluorescence
anisotropy allows us to assess the rotational freedom of the fluorophores and to quantify rotational

experiments, in contrast, the unlabeled binding partner can be added at much higher concentrations. Single-
molecule measurements at higher concentrations of fluorescently labeled species (into the micromolar range)
are made possible by reducing the size of the observation volume, for example, with zero-mode waveguides
(35, 111, 175).
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Figure 3

Probing IDP binding with single-molecule FRET. (a) Titration of doubly labeled ProTα with increasing concentrations of unlabeled
H1, showing two peaks corresponding to unbound (red) and H1-bound (purple) ProTα (148). (b) Fraction of bound ProTα as a function
of H1 concentration fitted with a binding isotherm (148). (c) Transfer efficiency histograms of doubly labeled MYC with a fixed
concentration of unlabeled MAX at increasing KCl concentrations show two peaks corresponding to unbound (red) and bound (blue)
MYC (163). Note the salt-dependent expansion and collapse of MYC (change in FRET efficiency) and the concomitant increase in
MYC–MAX affinity (change in peak amplitudes). (d) Two-dimensional histograms of donor fluorescence lifetime versus transfer
efficiency (see Figure 2c) for Importin-β-bound IDPs, the FG domain of Nup153 (Nup153FG), and IBB. Nup153 retains disorder in
the bound state, so the FRET population lies above the static FRET line (i), whereas for IBB, which folds upon binding, the population
lies on the static line (ii) (27). Panels a and b adapted from Reference 148 (CC BY 4.0). Panel c adapted from Reference 163 (CC
BY-NC-ND). Panel d adapted from Reference 27 (CC BY 4.0). Abbreviations: FRET, Förster resonance energy transfer; IBB,
Importin-β-binding domain of Importin-α; IDP, intrinsically disordered protein.

motion of biomolecular complexes (Figure 2b). FCS in free-diffusion experiments can be used for
determining changes in translational diffusion coefficients—and thus hydrodynamic radii—upon
binding (Figure 2e), as well as for quantifying the concentrations of fluorescently labeled species
(153, 181). Any of these observables can be employed for monitoring the interaction of an IDP
with its target, provided that its change upon binding is sufficiently large.
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A major benefit of single-molecule measurements compared to corresponding ensemble tech-
niques is the spectroscopic separation of subpopulations (Figures 2 and 3). As a result, the relative
populations of bound and unbound states and corresponding equilibrium constants can often
be quantified directly from the integrated transfer efficiency peaks (Figure 3a,c), and titrations
covering a range of ligand concentrations can be analyzed with equilibrium models of binding
(Figure 3b). Spectroscopic observables can be extracted for individual subpopulations, and the
response of their specific transfer efficiencies, stoichiometries, fluorescence lifetimes, anisotropies,
etc., to solution conditions or temperature can be crucial for dissecting different contributions to
affinity (148, 163), for instance, to identify the response of free and bound states to salt concen-
tration (Figure 3c). If the interconversion between bound and unbound states is fast relative to
the observation time (approximately 1 ms in free-diffusion experiments), then only a single peak
is observed that shifts continuously with ligand concentration. In this fast-exchange regime, the
average signal, for example, the average transfer efficiency of the donor–acceptor-labeled pop-
ulation, can be employed to infer the fractional populations from the analysis of titrations with
suitable binding isotherms.

This method enables affinities to be quantified across many orders of magnitude.Owing to the
extreme sensitivity of single-molecule fluorescence, very high affinities with equilibrium dissocia-
tion constants,Kd, in the picomolar range have beenmeasured (16, 60, 148).On the other extreme,
since unlabeled ligands can be added at high concentrations, very low affinities with up tomillimo-
lar Kd have been quantified (45, 106). The separation of subpopulations enables complex binding
equilibria to be dissected. Examples of such complex equilibria include the large number of con-
formational states that α-synuclein, a human IDP implicated in Parkinson’s disease, exhibits in
the presence of different concentrations of membrane-mimicking detergent and lipid vesicles (44,
159, 164), as well as the formation of ternary IDP complexes, which results in interesting allosteric
effects (10, 11, 43, 60, 92, 148). The ability to work at very low protein concentrations confers an
additional advantage, for example, for preventing aggregation or other nonspecific interactions
(43).3

Employing multiparameter fluorescence spectroscopy is a powerful way of maximizing the
available information and avoiding artefacts or the misinterpretation of data. For instance, if dif-
ferent observables yield different Kd values, then the binding mechanism may be more complex
than a simple two-state process; very large fluorescence bursts in free-diffusion measurements
are indicative of large aggregates or phase separation that may interfere with the measurement
or need to be accounted for; changes in acceptor fluorescence lifetimes or molecular brightness
upon binding may indicate quenching and cause a detection bias in the relative populations;4 and
large fluorescence anisotropies suggest a lack of rotational mobility of the dyes and indicate that
caution is needed in the analysis of FRET efficiencies in terms of distances (61, 64, 86). Label-
ing positions should obviously be chosen in a way that minimizes interference with the binding
process or other functions to be probed (179); the quantitative influence of fluorophore labeling
on affinities can be assessed by employing different fluorophores and/or labeling positions (16,
17, 60, 167) or by comparing the affinities of labeled and unlabeled species, for example, in mea-
surements where the labeled binding partner is outcompeted by the unlabeled binding partner
(148).

3However, care needs to be taken to ensure that nonspecific adsorption of binding partners to the surface of
the sample cell does not confound the results, for example, for highly positively charged IDPs (16).
4Note, however, that quenching or changes in fluorescence quantum yield in general can also be used as
reporters of binding (39, 70).
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ENSEMBLES AND DYNAMICS OF IDP COMPLEXES
FROM SINGLE-MOLECULE FRET

Central to the behavior and binding mechanisms of IDPs are their structure and dynamics in
the bound state. Especially in cases where substantial disorder is retained in the complex, single-
molecule experiments can aid in the development of suitable models by providing information
that is difficult to obtain with other methods. All of the observables mentioned above can be useful
for this purpose, but—as in the case of unfolded and disordered proteins in isolation (67, 99, 107,
134)—intra- and intermolecular FRET efficiencies yield particularly valuable long-range distance
constraints for mapping the heterogeneous conformational distributions of IDP complexes.

Ensembles of Disordered Complexes

A first important question that often needs to be addressed is whether structural disorder is present
in the complex of interest. The broad and rapidly sampled distance distributions resulting from
disorder can be identified in a combined analysis of fluorescence lifetimes and ratiometric trans-
fer efficiencies (Figure 2c). The deviation from the diagonal, the static FRET line, is related
to the width of the underlying distance distribution (58, 73, 134).5 The observed transfer effi-
ciency then needs to be interpreted as an average over this distance distribution, rather than in
terms of a single fixed distance (134). A reduction in the width of the distance distribution upon
complex formation is a strong indication of folding upon binding (Figures 2c and 3d). Espe-
cially for highly disordered IDPs, analytical polymer models can provide useful approximations
for their distance distributions (113, 134, 173, 178). IDP complexes comprising both disordered
and folded elements may exceed the scope of such simple representations and often require more
detailed molecular models or simulations (125, 140). Different strategies can then be employed
(157) to obtain structural representations of IDP complexes.One is the use of experimental results,
such as measured transfer efficiencies, directly as constraints in simulations, which is particularly
useful if complete sampling of the distribution is difficult, i.e., in the case of large energetic barri-
ers. Another strategy is to generate a prior conformational ensemble from unbiased simulations,
which is then reweighted to obtain agreement with the experimental observables. It is noteworthy
that, during the past decade, molecular dynamics force fields have made great progress toward
faithfully representing the dimensions and dynamics of IDPs and thus often provide rather accu-
rate prior ensembles, which may not even require reweighting (12). Finally, the parameterization
of a simulation model—such as a coarse-grained representation—can be adjusted to optimize
the agreement with the experimental data. A recent review (68) summarizes these methods in
the context of single-molecule FRET on IDPs in general. In this section, we focus on examples
where such methods have been used for IDP complexes.

One of the first cases where single-molecule FRET was utilized to elucidate an IDP com-
plex ensemble was a study of the interaction of the IDP tau, which is implicated in Alzheimer’s
disease and modulates microtubule dynamics, with soluble tubulin heterodimers. Rhoades
and coworkers (97) employed multisite single-molecule FRET and FRET-restrained coarse-
grained modeling and observed that tau adopts a looped conformation facilitated by long-range

5Note that the variance of the observed transfer efficiency distribution itself, i.e., the width of the peak in
the transfer efficiency histogram, is often dominated by shot noise, the statistical distribution of transfer effi-
ciencies observed for individual molecules owing to the small number of photons per fluorescence burst (in
a free-diffusion experiment) or per time bin (in a surface experiment). Only if the distance dynamics are slow
enough (usually in the millisecond range or above) is a broadening of the transfer efficiency peaks beyond shot
noise reliably detectable and employable for extracting information about the underlying distance distribution
(if other sources of heterogeneity can be excluded) (1, 56, 110).
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Reconfiguration
time: the relaxation
time of the distance
correlation function
between two residues
in a (bio)polymer;
characterizes
long-range chain
dynamics of IDPs

interactions between the termini (Figure 4a). Tubulin binding impedes this interaction and favors
an extended conformation of tau (95, 97, 108). Borgia et al. (16) used multisite intra- and inter-
molecular single-molecule FRET and multiparameter fluorescence analysis to probe the complex
between two IDPs bearing large opposite net charges, linker histone H1.0 (H1, z = +53) and its
nuclear chaperone, prothymosin α (ProTα, z = −44). Both proteins remain disordered and dy-
namic in the complex, although they interact with picomolar to nanomolar Kd in the physiological
ionic strength range; a coarse-grained model with a single adjustable parameter (Figure 4b) re-
produced the 28 experimental transfer efficiencies and the distribution of chemical shift changes
along the sequence (16). Similar electrostatically dominated interactions can drive the binding of
IDPs to nucleic acids, as exemplified by the positively charged disordered nucleocapsid domain of
the hepatitis C virus core protein bound to single-stranded nucleic acids (69) andH1 bound to nu-
cleosomes (60). Also in these cases, coarse-grained simulations reproduced the experimental inter-
and intramolecular transfer efficiencies (Figure 4d). Both the nucleocapsid domain and the dis-
ordered regions of H1 remain disordered in the complex, and transient electrostatic interactions
without site specificity are key determinants of such polyelectrolyte ensembles (60, 69, 132).

In another remarkable example,Wiggers et al. (167) showed that the disordered tail of the cell
adhesion protein E-cadherin remains highly dynamic in complex with the folded protooncogene
β-catenin; a coarse-grainedmodel that reproduces the experimental transfer efficiencies illustrates
how E-cadherin samples the surface of β-catenin diffusively without major free-energy barriers
(Figure 4c). Additional complexes in which IDPs retain their disorder in the bound state charac-
terized by single-molecule FRET include FG-nucleoporin bound to nuclear transport receptor
(101, 155); p27 bound to cyclin A/Cdk2 (161); the eukaryotic initiation factor 4E with its disor-
dered binding proteins (143); and the apolipoprotein ApoE4, which was shown by a combination
of single-molecule FRET and simulations to be much more disordered in its lipid-bound state
than was previously thought (152). In general, we expect that multiple complementary biophysi-
cal methods, such as single-molecule FRET,NMR, SAXS, dynamic light scattering, EPR, neutron
scattering and neutron spin echo spectroscopy (149), and molecular simulations, will increasingly
be integrated to elucidate the conformational ensembles of IDP complexes (18, 132, 140).

Dynamics of Disordered Complexes

Understanding the behavior of IDP complexes requires not only a characterization of their equi-
librium ensembles, but also the elucidation of their dynamics. Much of what we know about the
conformational dynamics of IDPs and their complexes was discovered with NMR spectroscopy,
which is ideally suited for probing aspects such as the rapid local motion in the pico- to nanosec-
ond range and conformational exchange between subpopulations on the microsecond timescale
and above (25, 40). One example of dynamics that have been difficult to assess quantitatively with
NMR is the dynamics of global chain reconfiguration, i.e., the long-range conformational motion
in disordered proteins. Single-molecule FRET spectroscopy is ideally suited to fill this gap, since
it allows not only the average distance but also the distance fluctuations between donor and accep-
tor dyes to be quantified (109). The use of rapid fluorescence correlation methods has enabled the
measurement of such distance dynamics down to the submicrosecond range, and this nanosecond
fluorescence correlation spectroscopy (nsFCS) has thus increasingly been used to investigate the
dynamics of IDPs (33, 101, 109, 131, 144, 167).The combination with nanophotonics now enables
the resolution of even faster dynamics in the low nanosecond range (111).

Reconfiguration times of IDPs or their segments in the range of approximately 20 to 100 amino
acids are commonly accessible in this way,which has typically yielded reconfiguration times of tens
to hundreds of nanoseconds. The dynamics of most IDPs are slower than those of ideal polymers,
which has been attributed primarily to intrachain interactions and dihedral barriers, resulting in
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Internal friction:
a solvent-independent
dissipative force
(friction) that slows
down (bio)polymer
dynamics

internal friction (4, 134, 145, 147, 172). Similar timescales have also been detected in several IDP
complexes: The reconfiguration times probed with both intra- and intermolecular FRET in the
electrostatically driven complexes of ProTα with H1 (16), the hepatitis C nucleocapsid domain
with nucleic acids (69), H1 with the nucleosome (60) (Figure 4e), and the reconfiguration time
of nuclear transport factor–bound FG-Nups (101) are all between 10 and 200 ns. This behavior
demonstrates that IDPs can retain their rapid chain dynamics even in high-affinity complexes if
persistent local interactions are absent.

However, intra- and intermolecular interactions can slow down such dynamics substantially,
as illustrated by the case of E-cadherin bound to β-catenin (Figure 4e), which exhibits very
broad transfer efficiency distributions, indicating slowly interconverting conformations, as has
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Figure 4 (Figure appears on preceding page)

Ensembles and dynamics of disordered IDP complexes from single-molecule FRET–based modeling and
simulations. (a) (i) Examples of transfer efficiency measurements of two isoforms of the IDP tau for different
labeling sites, in the absence (gray) or presence (blue or red) of tubulin. (ii) Conformer of the microtubule-
binding region of tau (colored) bound to tubulin (gray) from an ensemble of conformers generated via
FRET-restrained Monte Carlo simulations, showing that the flexibility of tau allows for binding of multiple
tubulin dimers (97). (b) Representative conformers of H1 (blue) and ProTα (red) in their highly disordered
complex from coarse-grained simulations (16) (PC1, PC2, and PC3 indicate the first three principal
components of the distance map). (c) (i) Ensemble of the center-of-mass positions for different segments of
the IDP E-cadherin (A in blue, B in dark gray, and C in red; see the schematic for sequence segments and
charge patterning) bound to the folded β-catenin (gray) from a coarse-grained model informed by
cystallographically resolved contacts and six measured transfer efficiencies (167). (ii) Recurrence analysis of
the broad transfer efficiency histograms shows microsecond to millisecond dynamics of β-catenin on
E-cadherin. (d) (i) Coarse-grained simulations (gray) reproduce the 57 transfer efficiencies, 〈E〉, measured in
the H1–nucleosome complex (blue) (60) (for labeling positions, see annotated insets). (ii) Examples of
conformers from the simulations, with the globular domain of H1 bound at the nucleosome dyad axis and the
C-terminal region remaining disordered (60). (e) nsFCS of double-labeled H1 on the nucleosome: Donor
(green) and acceptor (red) autocorrelations and donor–acceptor cross-correlation (gold) yield a reconfiguration
time of 145 ns, reflecting rapid long-range dynamics of H1 in the bound state (60). ( f ) Dimensions and
dynamics of cyclin A/Cdk2-bound p27. (i) Two-dimensional histograms of the FRET-averaged donor–
acceptor distance versus donor fluorescence lifetime and the corresponding one-dimensional projections for
unphosphorylated and Y88-phosphorylated p27. The gray-shaded area indicates molecules without an active
acceptor, and the black line represents the static FRET line (161). (ii) Cross-correlation functions from
filtered correlation analysis for p27 in complex with cyclin A/Cdk2 without (left) and with (right)
phosphorylation (161). Panel a adapted from Reference 97. Panel b adapted from Reference 16. Panel c
adapted from Reference 167 (CC BY). Panels d and e adapted from Reference 60. Panel f adapted from
Reference 161 (CC-BY). Abbreviations: FRET, Förster resonance energy transfer; IDP, intrinsically
disordered protein; nsFCS, nanosecond fluorescence correlation spectroscopy.

been confirmed by the dynamics in the range of hundreds of microseconds observed in recur-
rence analysis (167). These conformations are not separated by well-defined free-energy barriers;
instead, a rugged free-energy surface causes slow diffusive sampling of the β-catenin surface by
E-cadherin. A broad range of dynamics from approximately 60 ns to 250 μs was observed for the
disordered cell-cycle regulator p27 bound to the cyclin A/Cdk2 complex (161) based on multi-
parameter correlation analysis of subpopulations (15, 42) (Figure 4f ). These dynamics reflect a
complex free-energy surface, and the intrinsic flexibility of p27 is essential for kinase activation by
phosphorylation. The number of systems that have been investigated in such detail is still quite
limited, so broader coverage will be essential for a full view of the rich timescales and types of
dynamics involved in IDP complexes.

FROM COUPLED FOLDING AND BINDING TO BINDING
DECOUPLED FROM FOLDING—BEYOND SIMPLE MECHANISMS

The abundance of IDPs in cellular interaction networks raises the question of whether—and if so,
how—their binding mechanisms and kinetics differ from the well-established paradigms of fully
folded proteins (129).This and related questions have increasingly been addressed experimentally,
including the role of electrostatics, the mechanisms of coupled folding and binding, and allosteric
effects (10, 11, 43, 52, 60, 92, 138, 148).How can single-molecule experiments, with their potential
for resolving structural and kinetic heterogeneity, contribute to interrogating kinetic mechanisms?

Nonequilibrium Kinetics

In analogy to the typical perturbation methods employed for ensemble experiments, nonequilib-
rium kinetics of single molecules can be probed by manual or—if the process is faster than about a
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Encounter complex:
a loosely bound
transient state formed
during binding, largely
stabilized by
nonspecific
interactions between
the binding partners

minute—by rapidmicrofluidicmixing.Microfluidic devices are particularly suitable for the combi-
nation with confocal detection because of their geometry, and they have the additional advantage
of very low sample consumption (93, 120, 170). Dead times in the millisecond range (120) and
even below (50) can be achieved by hydrodynamic focusing (82), and long observation channels
can extend the observation times to a few minutes (170) to enable overlap with the shortest times
accessible by manual mixing (9). Recording single molecules at different points along the obser-
vation channel yields the signal at different times after mixing, such as the relative populations of
free and bound protein.

Gambin et al. (50) used such devices to investigate the SDS-induced folding of α-synuclein
and observed the very rapid formation of transient structures in the binding of α-synuclein to
SDS that they identified as encounter complexes. Recent developments in single-molecule mi-
crofluidics include a double-jump mixing device, which combines two consecutive rapid mixing
steps separated by an intermediate delay channel (38). The device allows transient intermediates
to be populated and has been employed to measure the association and dissociation kinetics of the
coupled folding and binding of the IDPs ACTR and NCBD in a single experiment. The limita-
tion that intermolecular single-molecule FRET experiments are only possible at very low sample
concentrations (and thus very high affinities) has recently been removed by microfluidic rapid di-
lution devices, which allow a concentrated sample to be diluted by up to five orders of magnitude
within milliseconds (62, 176) (Figure 5a). By preforming IDP complexes at high concentrations
and then diluting them rapidly to single-molecule concentrations, one can interrogate even inter-
actions with affinities in the micromolar range with intermolecular two- and three-color FRET
before and during dissociation (176). Microfluidic devices have thus become an important part of
the single-molecule tool kit for probing IDP interactions.

Equilibrium Kinetics

A remarkable aspect of single-molecule experiments is that kinetics can be investigated at equi-
librium, without requiring a perturbation, provided that the interconversion between the states of
interest occurs frequently enough at equilibrium to yield adequate statistics during the available
observation time. To enable sufficiently long recordings, such measurements are most commonly
performed by immobilizing one binding partner on a surface6 and having the other binding part-
ner(s) free in solution. There are two popular ways of monitoring binding and dissociation via
FRET. In the intramolecular approach, the surface-immobilized molecule is labeled with donor
and acceptor, and the binding partner in solution is unlabeled. This method requires a conforma-
tional change in the surface-immobilized molecule upon binding that yields a sufficiently large
change in FRET efficiency (or another spectroscopic signal), but it has the advantage that the
unlabeled molecule in solution can be added at high concentration, so that even low-affinity
interactions can be probed (45). The alternative approach is an intermolecular FRET experi-
ment, where the surface-immobilized molecule is donor-labeled, and the molecule in solution is
acceptor-labeled.7 In this case, binding can lead to a very large change in transfer efficiency and
provide excellent contrast between bound and unbound states (180), but the fluorescence back-
ground from the labeled molecules in solution usually limits accessible concentrations to the low

6Tominimize nonspecific interactions with the surface, suitable coating of the surfaces is usually required,most
frequently with polyethylene glycol (PEG) brushes, doped with biotinylated PEG to enable immobilization
of biomolecules via biotin–avidin coupling.
7It is of course also possible to surface-immobilize the acceptor-labeled molecules and have the donor-labeled
partner free in solution, but the higher fluorescence background from the molecules in solution upon donor
excitation limits the concentration range that can be used more than in the other permutation.
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Figure 5 (Figure appears on preceding page)

Kinetics of IDP interactions probed by single-molecule FRET. (a) Dissociation kinetics of low-affinity complexes probed by three-
color FRET and rapid microfluidic dilution of the ACTR–NCBD complex (see cartoon, i). (ii) Device layout and concentration profile
during dilution (see color scale) (176). (iii) Two-dimensional histograms of three-color photon count ratios measured after rapid
dilution enable FRET efficiencies and populations to be monitored as a function of time (see legends). (b) Detecting kinetic
heterogeneity caused by peptidyl-prolyl cis/trans isomerization in measurements of surface-immobilized NCBD binding to ACTR (see
cartoon). The single-molecule trajectory shows donor (green) and acceptor fluorescence (red), with progressive magnifications of
segments revealing longer- (pink shading) and shorter-lived (light green shading) complexes (180). (c) Resulting four-state kinetic scheme
of ACTR–NCBD complexation with rate coefficients that differ for the two relevant peptidyl-prolyl isomers in NCBD (180).
(d) Transition-path measurements of coupled folding and binding. (i) Fluorescence time trace with a single ACTR–NCBD binding
event observed by intermolecular FRET (see cartoon in panel a), time-binned and as single-photon data (gray shading indicates the
transition-path region) (153). (ii) Schematic of the resulting free-energy surface of NCBD–ACTR complexation at different salt
concentrations with high-energy encounter complex (see cartoons) (153). (e) (i) Potentials of mean force for H1–ProTα binding
(H indicates H1; P indicates ProTα) from coarse-grained simulations illustrate key kinetic and dynamic aspects of disordered
complexes (148), as annotated, including the formation of transient trimers and tetramers (in this case for excess P). (ii) Kinetic scheme
of competitive substitution via transient ternary complex (PPH) formation (148). ( f ) Characterization of transition-path heterogeneity
in coupled folding and binding for NCBD and TAD using three-color FRET. (i) Representative three-color photon time traces (green
circles indicate donor photons; orange and red indicate photons from acceptors) near the binding transition path (yellow shading) (78).
(ii) Schematic with the two classes of transition paths with different durations. Panel a adapted from Reference 176 with permission
from John Wiley & Sons. Panels b and c adapted from Reference 180 (CC BY). Panel d adapted from Reference 153 (CC BY). Panel e
adapted from Reference 148 (CC BY). Panel f adapted from Reference 78 with permission from The American Association for the
Advancement of Science. Abbreviations: FRET, Förster resonance energy transfer; IDP, intrinsically disordered protein.

nanomolar range or below. As a consequence, only high-affinity interactions can be probed in this
way.

One of the first studies that took advantage of single-molecule FRET for monitoring con-
formational fluctuations and binding of an IDP investigated the marginally stable transcriptional
regulator IκBα, which exhibits spontaneous local unfolding under native conditions but can be
stabilized by binding to NFκB (87). To quantify the conformational fluctuations involved, the au-
thors used the cross-correlation of donor and acceptor signal, which is a very useful and generally
applicable approach for assessing the timescales of even complex distance fluctuations in a model-
free manner. The authors observed dynamics on the timescale of approximately 1 s and below,
but the frame rate of the camera limited the time resolution to 100 ms. Faster kinetics down to
approximately 1 ms can be observed with more recently available scientific CMOS cameras (72) or
with confocal detection using avalanche photodiodes for single-photon counting with time res-
olution in the picosecond range (limited by the timing jitter of detection; see examples below).
The kinetic information in single-molecule time traces is essentially contained in the dwell-time
distributions of the different states and their connectivity (126). State-of-the-art analysis methods
typically combine hidden Markov models with likelihood maximization (57, 96), and promising
nonparametric Bayesian methods to address issues such as the model selection bias are currently
under development (65, 137).

Resolving Complex Kinetics

The opportunity to monitor a broad range of timescales in single-molecule time traces enables
the detection of even complex kinetics, of which several examples have recently been reported in
the context of IDP interactions. One case involves the effect of peptidyl-prolyl cis/trans isomer-
ization, a process that occurs on the timescale of seconds to minutes (80). Zosel et al. (180) used
confocal single-molecule FRET tomonitor the influence of peptidyl-prolyl cis/trans isomerization
on the interaction kinetics between ACTR and NCBD, a classic example of coupled folding and
binding (36). They identified a conserved proline residue in NCBD whose cis/trans isomerization
modulates the association and dissociation rates with ACTR. As a result, NCBD switches on a
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Ternary complex:
three molecules bound
to each other; ternary
complexes can lead to
complex allosteric and
kinetic effects

Competitive
substitution: rapid
exchange of binding
partners via a
short-lived ternary
complex of interacting
(bio)polymers

timescale of tens of seconds between two populations that differ in their affinities to ACTR by
approximately an order of magnitude (Figure 5c). The beauty of single-molecule trajectories is
that kinetic heterogeneity can be apparent even by visual inspection (Figure 5b). Since proline is
highly enriched in IDPs compared to folded proteins (156), it is likely to have a widespread influ-
ence on IDP binding processes (46, 54). Another case is the interaction of the hepatitis C virus core
protein with nucleic acids, where the kinetic heterogeneity originating from coupled folding and
binding was detected in single-molecule trajectories. Holmstrom et al. (69) found that this posi-
tively charged viral IDP remains disordered upon binding but facilitates the formation of DNA
and RNA structure. By acting as a flexible macromolecular counterion, the protein locally screens
repulsive electrostatic interactions with an efficiency equivalent to molar salt concentrations. The
change in DNA or RNA folding kinetics and stability upon IDP binding was apparent from the
measured time traces, and the underlying mechanism could be rationalized by simulations.

The complexity of interaction mechanisms can be increased further by the formation of
higher-order complexes (ternary, quaternary, etc.), in which more than two biomolecules inter-
act simultaneously. In general, higher-order complex formation is facilitated by multivalency, and
it has most often been reported for DNA binding, where it can lead to concentration-enhanced
dissociation (11, 26). The interactions of highly charged IDPs that remain disordered in the
bound state (132) can be considered an extreme case of multivalency: Since no persistent residue-
specific interactions are formed, they are particularly conducive to the formation of higher-order
complexes, and unexpected concentration-dependent interaction mechanisms can emerge.

This behavior is illustrated by the example of the complex between the highly positively
charged histone H1 and the highly negatively charged ProTα. At protein concentrations in the
picomolar and low nanomolar range, both the equilibria (16) and kinetics (148) of the inter-
action between these two biological polyelectrolytes are well described by a simple two-state
binding mechanism with 1:1 stoichiometry: The observed association rates increase linearly with
the concentration of binding partner, and the dissociation rate constants exhibit the character-
istic concentration independence. However, as the protein concentrations are increased to the
micromolar range, the interconversion between bound and unbound states becomes much faster
than expected from simple two-state binding, resulting in exchange behavior that is rapid on the
millisecond timescale both in single-molecule and in NMR measurements (148). This switch in
kinetic mechanism can be explained by the formation of ternary complexes: The disorder of H1
and ProTα in the 1:1 complex facilitates the association of an additional copy of H1 or ProTαwith
micromolar affinity (Figure 5e). The low affinity favors rapid dissociation of one of the protein
molecules that are present twice in the complex, and since the submicrosecond reconfiguration
times in the complex ensure rapid randomization of all interchain configurations, each molecule
has a 50% chance of dissociating.The result of this competitive substitution (118) via a short-lived
ternary complex is a rapid exchange of binding partners (148).

Molecular simulations rationalize several key properties of this interaction mechanism
(Figure 5e). First, they confirm the feasibility of ternary complex formation with reduced affinity
compared to the binary complex and the resulting competitive substitution. Simulations also illus-
trate the possibility of forming higher-order complexes, in agreement with experiment (16, 148).
Second, the potential of mean force obtained from umbrella sampling is devoid of an activation
barrier. The corresponding downhill binding explains the diffusion-limited association rates ob-
tained experimentally for IDPs forming disordered complexes (60, 101). Finally, simulations show
an interaction between the proteins at distances much greater than their added radii of gyration.
This fly-casting mechanism (141) further accelerates association. Altogether, such charged disor-
dered complexes thus enable both rapid association and rapid dissociation despite their very high
affinities.
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Transition path: the
short part of a reaction
during which the
free-energy barrier
between reactants and
products is crossed

The importance of these interaction mechanisms for biological function is illustrated by the
effect of ProTα on the binding of the linker histone H1 to the nucleosome (60). H1 binds to nu-
cleosomes near the entry and exit regions of the linker DNA that connects different nucleosomes
(Figure 4d), which leads to nucleosome compaction and, on a larger scale, to chromatin conden-
sation (63). However, the H1–nucleosome affinity at physiological salt concentrations in vitro is
in the femtomolar range (60), corresponding to very slow spontaneous dissociation of H1, incom-
patible with rapid transcriptional regulation in the cell. Single-molecule kinetics and molecular
simulations show that ProTα, which has previously been shown to act as a linker histone chap-
erone in cells (51), competes for binding to H1 and accelerates H1 dissociation by invading the
H1–nucleosome complex, screening the charge interactions of H1 with the nucleosomal DNA,
and dissociating with H1 (60). Ternary complex formation of highly charged disordered protein
complexes and the resulting competitive substitution can thus explain the histone-chaperoning
mechanism of ProTα. In view of the abundance of highly charged nucleic acids and IDPs in the
nucleus (13, 48), similar interactions and mechanisms may be prevalent in chromatin and many
of the pertinent regulation processes. In summary, the quantitative analysis of single-molecule
kinetics can thus be a valuable approach for understanding interaction mechanisms.

Transition Paths

Not only can single-molecule spectroscopy reveal kinetics in terms of reaction rates, which are
related to the waiting times in the minima of the underlying free-energy surfaces, but it can also
resolve the actual barrier crossing processes, the transition paths, which contain most of the mech-
anistic information (28, 66). First steps in leveraging this approach for the interaction mechanisms
of IDPs have recently been taken (Figure 5d). Kim et al. (79) and Sturzenegger et al. (153) inves-
tigated the coupled folding and binding of NCBD with the transactivation domain (TAD) of the
tumor suppressor protein p53 and with ACTR, respectively. In both cases, transition path times
in the range of approximately 100 μs at near-physiological salt concentrations were observed, sur-
prisingly long compared to the association between the folded proteins barnase and barstar (79)
or the folding of a monomeric protein (28). The cause of this disparity is the formation of an en-
counter complex (or transient complex), an intermediate in which the two proteins have already
bound to each other but have not yet formed a stable folded structure.

However, the transition paths of binding for TAD and ACTR toNCBD also exhibit interesting
differences. For instance, although the association rate constants showed a pronounced increase
with decreasing salt concentration in both cases, the lifetimes of the encounter complexes be-
have differently: For TAD–NCBD, the lifetimes increase at low salt concentration (79), whereas
the lifetime for ACTR–NCBD is virtually independent of salt (153), indicating different roles of
Coulomb interactions in the encounter complexes of the two protein pairs. For ACTR–NCBD,
both the viscosity dependence and the distribution of the transition path times largely exclude
internal friction or roughness of the free energy surface as major contributions to complex forma-
tion (153). An aspect that complicates the analysis of processes such as coupled folding and binding
of IDPs is the potential heterogeneity of microscopic pathways, in analogy to protein folding
(41). Kim & Chung (78) recently combined the analysis of transition path times with three-color
FRET experiments to address this challenging question for TAD–NCBD. They concluded that
approximately half of the transitions follow a slow path with transition times of several hundred
microseconds involving strong electrostatic interactions between the C-terminal region of TAD
and NCBD, and the other half takes binding paths that are an order of magnitude shorter, char-
acterized by more prevalent interactions of the middle region of TAD with NCBD (Figure 5f ).
Technically advanced approaches of this typemay allow us to resolve evermoremechanistic details
of IDP interactions.
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Liquid–liquid phase
separation:
spontaneous demixing
of a homogeneous
liquid into two
mesoscopically distinct
phases (for
biomolecular solutions
usually a dilute and a
concentrated phase)

Macromolecular
crowding: the
influence of mutual
volume exclusion on
macromolecules
within a crowded
medium, including
effects on their
conformations and
interactions

Oligomers, Aggregates, and Biomolecular Condensates

An important challenge is to take our investigations beyond small oligomers, since IDPs are often
involved in supramolecular association, such as amyloidogenesis or liquid–liquid phase separa-
tion (LLPS). Amyloid-associated pathologies such as Parkinson’s disease, Alzheimer’s disease, and
amyotrophic lateral sclerosis involve aberrant aggregation of IDPs, such as tau, α-synuclein, FUS,
TDP-43, or hnRNPA1 (171). Formation of amyloid fibrils often occurs via complex kinetic path-
ways involving oligomeric species, which may themselves contribute to disease pathology (22).
Klenerman, Dobson, and coworkers used unlabeled IDPs doped with picomolar concentrations
of donor-labeled and acceptor-labeled molecules, which afforded single-molecule fluorescence
detection. They reported distinct oligomeric intermediates, their sizes, concentrations, and con-
formational classes (116), and they identified a slow structural transition of oligomers preceding
fibril formation (32, 71, 139). α-Synuclein oligomers after the structural transition were more
cytotoxic to neurons than were early oligomers (32). A similar strategy was used to identify
oligomers of other IDPs, for example, for FG-Nups during osmolyte-induced fibrillation (100).
High-resolution imaging approaches can be used to complement single-molecule experiments
(98, 122).

Although these approaches afford information about aggregation mechanisms and kinetics,
they provide little conformational detail. In an alternative approach, Chung and coworkers (30)
used elegant two- and three-color FRET experiments combined with fluorescence lifetime anal-
ysis to dissect the oligomerization of the disordered tetramerization domain of p53 (Figure 6a).
Although the kinetics are very slow (124), and the dissociation constants of dimer and tetramer
are very similar, the authors succeeded in quantifying the kinetic rate coefficients for dimerization
and tetramerization and probed the associated structural changes from the disordered monomer
to the folded oligomers (30). Stoichiometrically less well defined oligomerization has been ob-
served for ProTα–H1 complexation: Adding a large excess of ProTα or H1 causes a continuous
shift in transfer efficiency and hydrodynamic radius, indicating the progressive formation of larger
and larger oligomers (16, 148), as supported by simulations (Figure 5e).

LLPS involving IDPs has been heavily investigated in the past decade (20, 37), but it has re-
mained relatively unexplored with single-molecule methods, probably at least in part owing to
technical challenges such as autofluorescence in the protein-dense condensates. The interactions
that encode the dimensions of IDPs resemble those that lead to phase separation (20, 21, 37, 94);
considering the progress facilitated by single-molecule FRET in deciphering the polymer physics
of IDPs per se (134), its application to LLPS will be an important next step (99, 107). Particu-
larly interesting aspects to be addressed with this approach are the conformational distributions
and dynamics of IDPs within condensates (19, 24), a largely uncharted territory where single-
molecule FRET can make inroads (102, 103). A recent investigation of tau with single-molecule
FRET indicated an expansion in the dense compared to the dilute phase (Figure 6b), which may
be important for promoting intermolecular association and fibrillation (166), similar to other cases
where LLPS and aggregation have been suggested to be linked (171). As in amyloid formation,
oligomers may also be important as intermediates in LLPS (76, 135, 166).

Toward Cellular IDP Interaction Dynamics

Ultimately, we seek to understand IDP interactions quantitatively inside the cell (123). An impor-
tant advantage of single-molecule spectroscopy in this context is the ability to observe specifically
labeled biomolecules even in complex environments. A first step is to mimic individual cellular ef-
fects in vitro, such as macromolecular crowding or posttranslational modifications (PTMs). The
volume fraction of biological macromolecules in the cell is approximately 10–40% (14, 177), and
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Figure 6 (Figure appears on preceding page)

IDP oligomerization, phase separation, and in-cell behavior. (a) Tetramerization of the p53 tetramerization domain probed with
single-molecule FRET (30). Transition maps from transfer efficiencies before [FRET efficiency (initial)] and after [FRET efficiency
(final)] transitions are observed with immobilized donor-labeled p53 in the presence of acceptor-labeled p53-Tet, with the expected
efficiencies of the different species. (b) Single-molecule FRET of phase separation. (i) Schematic of tau fibrillation via LLPS.
(ii) Transfer efficiency histograms of tau in dilute solution and in phase-separated droplets indicate expansion of tau in droplets, which
might facilitate fibrillation (iii: electron micrograph of fibrils) (166). (c) Effect of 2D crowding on α-synuclein. Transfer efficiency
histograms are shown of α-synuclein in solution (cyan), membrane-bound (blue), and membrane-bound in the presence of HSP27 acting
as a 2D crowder (red) (8), with a cartoon illustrating the different conformations. (d) In-cell single-molecule spectroscopy. From top to
bottom are shown a cartoon of microinjection of labeled molecules into an adherent eukaryotic cell and subsequent confocal single-
molecule measurement (84); FCS of labeled ProTα in buffer solution, in untreated cells, and in cells under hyperosmotic shock
(crowded cells), showing increased retardation of translational diffusion (83); corresponding transfer efficiency histograms of labeled
ProTα showing an increase in transfer efficiency in crowded cells, corresponding to chain compaction (83); and nsFCS of labeled
ProTα in crowded cells with donor–donor (green), acceptor–acceptor (red), and donor–acceptor correlation showing fast nanosecond
reconfiguration times (83). Panel a adapted from Reference 30. Panel b adapted from Reference 166 (CC BY-NC-ND). Panel c adapted
from Reference 8 with permission from John Wiley & Sons. Panel d adapted from References 83, with permission from John Wiley &
Sons, and from Reference 84. Abbreviations: FCS, fluorescence correlation spectroscopy; FRET, Förster resonance energy transfer;
IDP, intrinsically disordered protein; LLPS, liquid–liquid phase separation; nsFCS, nanosecond FCS; TEM, transmission electron
microscopy.

their entropic volume exclusion can affect biomolecular conformations and interactions (74, 174).
Indeed, using single-molecule FRET, Soranno et al. (146) observed a compaction of IDPs not only
with increasing concentration but also with increasing size of the crowding agents, at variance with
the predictions from scaled-particle theory (53), the prevalent paradigm in the field.However, this
behavior can be explained quantitatively if the polymeric nature of both the IDPs and the crow-
ders is explicitly taken into account (146). Zosel et al. (181) addressed the effect of crowding on
IDP interactions, specifically the binding of ACTR to NCBD. Single-molecule spectroscopy al-
lowed them to quantify the effects of crowding on several key observables simultaneously: the
equilibrium stability of the complex from free-diffusion or surface experiments, association and
dissociation kinetics from time traces of immobilized molecules, and the microviscosity governing
translational diffusion fromFCS.A quantitative explanation of the stabilization of the complex, the
crowder size dependence of diffusivity, and the nontrivial effects on kinetics was possible within the
framework of depletion interactions, but only if the polymeric nature of IDPs and crowders was
accounted for (181). Interesting crowding effects have also been observed for α-synuclein inter-
acting with a lipid bilayer (8) (Figure 6c). α-Synuclein undergoes a transition to extended helical
conformers upon membrane binding, and the additional binding of Hsp27 to the lipid bilayer
induces an otherwise absent conformer of α-synuclein via a bimodal inhibition mechanism.

In vivo, IDPs are subject to extensive PTMs, which can modulate their dimensions, dynamics,
interactions, and other functions (6, 121). For FG-Nups, glycosylation was shown by single-
molecule FRET to result in chain expansion, but it had no effect on their recognition by nuclear
transport receptors (155). For disordered p27 bound to the cyclin A/Cdk2 complex, single-
molecule FRET revealed two dynamic conformers (Figure 4f ), corresponding to tightly and
loosely bound p27, that exchange on a millisecond timescale. Interestingly, these two populations
are present irrespective of p27 phosphorylation, but site-specific phosphorylation increases the
fraction of the loosely bound conformer, which is likely to constitute the molecular basis of signal
transduction by p27 (161). Owing to the biochemical challenges in obtaining site-specifically
phosphorylated IDP samples, phosphomimetic amino acid substitutions have been used for prob-
ing binding and folding of the disorderedN terminus of nucleophosmin by single-molecule FRET
(7). In summary, a strength of single-molecule spectroscopy is that it resolves conformational and
kinetic heterogeneity, which is expected to be caused by nonuniform modifications in vitro and
especially in vivo. Interesting next steps may involve mimicking more realistic cellular conditions,
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for example, by using cell lysates or reconstituted cytoplasm (128). Eventually, however, a key goal
will be to monitor IDPs and their interactions directly in live cells, and recent advances in in-cell
single-molecule methods (84, 123, 127, 146, 150) provide promising tools for such measurements.

In-cell single-molecule spectroscopy has primarily been impeded by the technical challenges
associated with cellular autofluorescence and with obtaining the required well-controlled con-
centrations of site-specifically labeled fluorescent molecules inside cells. Background problems
are mitigated by working at wavelengths >520 nm, where cellular autofluorescence drops off (3).
Since fluorescent proteins are suboptimal for quantitative single-molecule FRET spectroscopy,
dye-labeled proteins need to be introduced into cells. Several strategies have been used, such as
microinjection into mammalian cells (83, 84, 127) (Figure 6d), electroporation into bacterial cells
(31), fast labeling chemistries combined with tightly controlled expression (2), and nonsense codon
suppression with transfer RNAs acylated with fluorophore-labeled amino acids (90). Each of these
strategies has its strengths and weaknesses. Microinjection of fluorescently labeled proteins, for
example, transiently perturbs the cell, but it yields rather reproducible intracellular concentra-
tions, allows injections selectively into the nucleus or the cytoplasm, and offers great flexibility in
terms of the choice of proteins. Using this strategy, König et al. (84) investigated ProTα in adher-
ent eukaryotic cells using single-molecule FRET and nsFCS and found its dimensions and chain
dynamics to be very similar to those in buffer, suggesting minimal intracellular interactions and
crowding effects. However, a reduction in cell volume by only a factor of two caused by hyper-
osmotic stress leads to a significant collapse of ProTα, slowed chain dynamics, and much slower
translational diffusion (Figure 6d), indicating that crowding effects are highly dependent on the
macromolecular concentration and on the length scale probed (83). Although such studies are
only initial steps toward the routine application of single-molecule spectroscopy in live cells, they
demonstrate that exciting insights can be gained. Examples of promising current developments
for further expanding the scope of single-molecule experiments in cells are the MINFLUX tech-
nique (59), the combination of amber codon suppression with photoactivable FRET dyes (119) to
enable the precise tuning of concentrations akin to the procedures used in photoactivable local-
ization microscopy (PALM) (117), and the direct combination of superresolution techniques with
FRET (23, 154).

SUMMARY POINTS

1. A broad spectrum of structural disorder is present in complexes formed by IDPs, and
single-molecule spectroscopy provides a versatile and growing tool kit for its inves-
tigation. Important experimental observables include transfer efficiency (reporting on
intra- or intermolecular distances), stoichiometry, fluorescence anisotropy (reporting
on rotation and local dynamics), fluorescence lifetime (reporting on conformational
distributions), and fluorescence correlations (reporting on a wide range of dynamics).

2. Timescales from nanoseconds to hours, from chain reconfiguration to translational
diffusion and kinetics of binding or aggregation, can be probed via single-molecule
spectroscopy in both nonequilibrium and equilibrium measurements.

3. IDPs in their complexes can remain highly disordered and dynamic, and long-range
chain reconfiguration times between approximately 100 ns and 1ms have been observed.
These timescales are likely to be governed by the absence or presence of persistent local
interactions resulting in internal friction or energetic roughness.
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4. Disordered complexes can give rise to a wealth of interaction mechanisms beyond
simple two-state binding. Examples include fly-casting; disorder-mediated encounter
complexes; competitive substitution via ternary complexes; and the formation of large
oligomers, assemblies, and aggregates.

5. The specific roles of IDP complexes for biological function are beginning to emerge,
including their impact on allostery, the rapid dissociation of even high-affinity complexes
by competitive substitution, their pronounced accessibility to PTMs, and their sensitivity
to macromolecular crowding and the cellular environment.

FUTURE ISSUES

1. The examples of disordered complexes observed to date are likely to be just the tip of
the iceberg, and the developments in single-molecule spectroscopy present a great op-
portunity for elucidating interesting dynamics and previously unidentified interaction
mechanisms.

2. Integration of single-molecule spectroscopy with other biophysical experiments, theory,
and simulations will enable further advances in elucidating the molecular properties and
functions of IDP complexes.

3. There is likely to be an entire spectrum of IDP oligomerization, ranging from simple
one-to-one complexes all the way to phase separation and aggregate or amyloid forma-
tion. How can we identify and characterize all species involved and their functional or
pathological roles?

4. What are the structural and dynamic properties of IDPs in the protein-dense biomolec-
ular condensates? How are their molecular properties linked to the functional roles of
LLPS and to the mesoscopic behavior observed by rheology and microscopy?

5. How can we bridge the gap between the detailed biophysical investigation of well-
defined reconstituted systems in vitro and the complex interactions and functions in vivo?
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