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Intrinsically disordered proteins often form dynamic complexes
with their ligands. Yet, the speed and amplitude of these motions
are hidden in classical binding kinetics. Here, we directly measure
the dynamics in an exceptionally mobile, high-affinity complex.
We show that the disordered tail of the cell adhesion protein
E-cadherin dynamically samples a large surface area of the proto-
oncogene f-catenin. Single-molecule experiments and molecular
simulations resolve these motions with high resolution in space
and time. Contacts break and form within hundreds of microsec-
onds without a dissociation of the complex. The energy landscape
of this complex is rugged with many small barriers (3 to 4 kgT) and
reconciles specificity, high affinity, and extreme disorder. A few
persistent contacts provide specificity, whereas unspecific interac-
tions boost affinity.

IDP | single-molecule FRET | protein dynamics | fuzzy complex | molecular
simulation

pecific molecular interactions orchestrate a multitude of si-

multaneous cellular processes. The discovery of intrinsically
disordered proteins (IDPs) (1, 2) has substantially aided our un-
derstanding of such interactions. More than two decades of re-
search revealed a plethora of functions and mechanisms (2-6) that
complemented the prevalent structure-based view on protein in-
teractions. Even the idea that IDPs always ought to fold upon
binding has largely been dismantled by recent discoveries of high-
affine—disordered complexes (7, 8). Classical shape complementary
is indeed superfluous in the complex between prothymosin-o and
histone H1, in which charge complementary is the main driving
force for binding (7). However, complexes between IDPs and
folded proteins can also be highly dynamic [e.g., Sicl and Cdc4 (9),
the Na*/H™ exchanger tail and ERK2 (10), nucleoporin tails, and
nuclear transport receptors (11)]. Yet timescales of motions and
their spatial amplitudes are often elusive, such that it is unclear
how precisely the surfaces of folded proteins alter the dynamics of
bound IDPs. Answering this question is a key step in understanding
how specificity, affinity, and flexibility can be simultaneously real-
ized in such complexes.

To address this question, we focused on the dynamics of the
cell adhesion complex between E-cadherin (E-cad) and p-catenin
(B-cat), which is involved in growth pathologies and cancer (12).
E-cad is a transmembrane protein that mediates cell-cell adhesions
by linking actin filaments of adjacent epithelial cells (Fig. 14).
Previous NMR results showed that the cytoplasmic tail of E-cad is
intrinsically disordered (13). E-cad binds p-cat, which establishes a
connection to the actin-associated protein a-catenin (14-16). p-cat,
on the other hand, is a multifunctional repeat protein (17-20) that
mediates cadherin-based cell adhesions (21) and governs cell fate
decisions during embryogenesis (22). It contains three domains: an
N-terminal domain (130 amino acids [aa]), a central repeat domain
(550 aa), and a C-terminal domain (100 aa). Whereas the N- and
C-terminal domains of B-cat are in large parts unstructured (17),
with little effect on the affinity of the E-cad/p-cat complex (23), the
12 repeats of the central domain arrange in a superhelix (24). The
X-ray structure showed that the E-cad wraps around this central
domain of p-cat (24) (Fig. 1B). However, not only is half of the
electron density of E-cad missing, the X-ray unit cell also comprises
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two structures with different resolved parts of E-cad (Fig. 1B). In
fact, only 45% of all resolved E-cad residues are found in both
structures (Fig. 1C). Although this ambiguity together with the
large portion of missing residues (25) suggests that E-cad is highly
dynamic in the complex with p-cat, the timescales and amplitudes
of these dynamics are unknown.

Here, we integrated single-molecule Forster resonance energy
transfer (smFRET) experiments with molecular simulations to
directly measure the dynamics of E-cad on p-cat with high spatial
and temporal resolution. In our bottom-up strategy, we first pro-
bed intramolecular interactions within E-cad using smFRET to
parameterize a coarse-grained (CG) model. In a second step, we
monitored E-cad on p-cat, integrated this information into the CG
model, and obtained a dynamic picture of the complex. We found
that all segments of E-cad diffuse on the surface of f-cat at sub-
millisecond timescales and obtained a residue-resolved understanding
of these motions: A small number of persistent interactions pro-
vide specificity, whereas many weak multivalent contacts boost
affinity, which confirms the idea that regulatory enzymes access
their recognition motifs on E-cad and fB-cat without requiring the
complex to dissociate (24).

E-cad Is Expanded in Solution

To probe the conformation of E-cad, we labeled different regions
with AlexaFluor 488 as donor and AlexaFluor 594 as acceptor.
We created three constructs in which the FRET labels map the
N-terminal (A), central (B), and C-terminal (C) segments of
E-cad (Fig. 24 and SI Appendix, Table S1). In addition, we also
checked the donor-acceptor (DA) distance of the longer segments
AB, BC, and ABC to characterize the global behavior of E-cad.
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Fig. 1. Complex between the cytoplasmic tail of E-cad
and p-cat. (A) Schematics of cell-cell junctions mediated
by E-cad and p-cat. (B) The two X-ray structures of the
complex between the tail of E-cad (red) and the central
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The labeled E-cad constructs were monitored while freely diffus-
ing through the confocal volume of our microscope. For all six
constructs, we obtained homogeneous FRET distributions
(Fig. 24) with mean positions that scaled with the sequence sep-
aration between the dyes (Fig. 2B), as expected for an IDP. The
persistence lengths of all segments, except of the A-segment, sig-
nificantly exceeded the value of 0.4 nm found for other disordered
or unfolded proteins (26) (Fig. 2C). Hence, E-cad is expanded in
solution, likely due to electrostatic repulsions given its high net
charge (—22) (27-29). When we screened these repulsions with
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the resolved parts of E-cad (red).

KCI, constructs ABC, AB, and BC collapsed substantially, a feature
that is well described by mean-field polyampholyte theory (30)
(Fig. 2D). Yet compaction was not uniform across the chain.
Whereas the local segments B and C also compacted, the
N-terminal A-segment expanded (Fig. 2D). Such chain expansion
upon charge screening is known for polyampholytes with balanced
numbers of positive and negative charges (29-33). However, the
A-segment is not charge balanced. It even has a more negative net
charge per residue (—0.186) than B (-0.093) and C (-0.166), thus
excluding polyampholyte effects (30). Instead, the A-segment exhibits
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Fig. 2. E-cad is expanded in solution. (A) SmFRET histograms of six segments of E-cad (A, B, C, AB, BC, and ABC) with n indicating the total number of
molecules. A scheme shows the division of E-cad into the segments probed by FRET and the distribution of positively (blue) and negatively (red) charged
residues. Histogram insets indicate the labeling sites as green and red spheres for donor and acceptor, respectively. (B) The mean FRET efficiencies scale with
the sequence separation of the dyes. The color code is identical to A. (C) Persistence lengths of the individual segments. Error bars are the uncertainty in-
troduced by the model of the distance distribution used (S/ Appendix). (D) Salt-induced change in the DA distance, Rpa, of the six E-cad segments (S/ Ap-
pendix). A fit with the polyampholyte theory (30, 31) (dashed line) and the best fit of the CG model (solid line) are shown for comparison. (E) Length-scaling
exponent map resulting from the best-fit CG model at low- (62 mM, Upper) and high- (512 mM, Lower) ionic strength. (Inset) A-segment.
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significant charge segregation: A positively charged N terminus
(NT) is followed by a negative C-terminal part (Fig. 24). Such
charge patterning has previously been shown to compact disor-
dered proteins (34), which we confirmed using a sequence charge
decoration metric (SCDjowsart) (35, 36) (SI Appendix, Fig. S14).
Mean-field polyampholyte theory is therefore inappropriate
to describe E-cad, despite its success for other IDPs (29, 31)
(Fig. 2D). To convert our smFRET experiments into structural
ensembles, we modeled E-cad as a CG heteropolymer of beads.
Each bead corresponded to an amino acid with charge (+1, 0,
and —1) and hydrophobicity. The strength of hydrophobic inter-
actions was adjustable via a global parameter & (SI Appendix).
Remarkably, a single value (¢ = 0.16 kcal/mol) reproduced all
experimental data, including those for the A-segment (Fig. 2D). A
two-dimensional map of length scaling exponents (v) for individ-
ual residue pairs (37) now clearly uncovers the effect of charge
segregation in the A-segment (Fig. 2E). The scaling exponents for
residue pairs from the positively charged NT and the negatively
charged C terminus (CT) of the A-segment are small (v < 0.5),
which suggested strong attractions between the termini. Swapping
a pair of charged residues between the termini would therefore

A - B
- - ¥
9? - ra =
complex
n = 15445 n = 10831

revert the salt dependence of the A-segment (SI Appendix, Fig.
S1B). Notably, high-salt concentrations (>500 mM) collapsed all
segments (Fig. 2D), a salting-out effect (31) that is irrelevant at the
physiological salt concentrations used here.

E-cad Forms a Pliable Complex with p-cat

To monitor E-cad in the complex, we added unlabeled f-cat,
which gave rise to a second population of E-cad molecules with
altered FRET efficiencies (Fig. 34). In most segments, the FRET
efficiency was higher than in free E-cad, indicating a compaction
upon binding to B-cat. An exception was again the A-segment. The
disruption of interactions between its oppositely charged termini
slightly expanded this segment upon binding to p-cat. It has pre-
viously been shown that a correct charge patterning in the in-
trinsically disordered region of the Notch receptor has functional
importance (38). The binding-induced breakage of charge con-
tacts in the A-segment might have similar effects (e.g., exposing
interaction sites for additional regulatory factors such as p120ctn)
(39). We next performed smFRET experiments at different p-cat
concentrations to determine the affinity of the complex (Fig. 3B).
Depending on the segment, affinities range from 0.9 + 0.1 nM
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Fig. 3. The conformation of E-cad in complex with p-cat is pliable. (A) smFRET histograms of the six E-cad constructs in the presence of -cat (A: 4 nM, B: 85
nM, C: 15 nM, AB: 7 nM, BC: 8.5 nM, and ABC: 5 nM). Solid lines are fits of the histograms with a superposition of Gaussian and log-normal peaks and dashed
lines represent free E-cad (S/ Appendix). The number of molecules in each histogram is indicated by n. (B) Binding isotherms of selected E-cad segments (filled
circles) and of the core-binding peptide (white circles). (C) Kp for the six constructs at 82 mM ionic strength and a comparison of the affinity of the ABC-
segment at higher-ionic strength. (D) Change in FRET efficiency of the E-cad constructs ABC and AB in complex with p-cat, with increasing salt concentrations.
Circles indicate the experimental data, and lines are the result from the rigid CG model when keeping the X-ray resolved E-cad parts static (dashed) and the
best fit of the flexible CG model. (E) Comparison of the experimental FRET efficiencies with the rigid CG model (open circles) and the flexible CG model (filled
circles). The dashed line is the identity line. (F) Normalized DA distance correlation functions from the rigid CG model (dashed lines) and the flexible CG model

(solid lines).
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(C-segment) to 7.6 + 0.6 nM (B-segment) with an average of 4 +
2 nM (Fig. 3C), which agrees with previous isothermal titration
calorimetry results (23) (9.5 = 3.2 nM at 23 °C; SI Appendix) and
indicates that our FRET-dyes do not interfere with binding. Re-
markably, whereas affinity was only moderately affected by salt
(Fig. 3C), increasing KCl concentrations caused a significant
decrease in the FRET efficiencies of E-cad, indicative of an
expansion (Fig. 3D). This solvent sensitivity suggested that E-cad
retains flexibility in complex with p-cat.

To understand this flexibility, we extended our CG model by
intermolecular contacts between E-cad and the central armadillo
repeat domain of p-cat (SI Appendix), neglecting the N- and
C-terminal parts of p-cat for which structural information is lacking
(17, 23, 24). We first tested a CG model, in which we rigidified the
parts of E-cad that are resolved in the X-ray structures (24). Hence,
structured parts of E-cad were essentially kept static while the un-
resolved parts were flexible but allowed to contact p-cat. Indeed,
this “rigid” model described the observed FRET efficiencies within
an error of +£0.07 FRET units (Fig. 3E). The model even partially
captured the experimentally observed expansion of E-cad at higher-
salt concentrations (Fig. 3D), suggesting that flexible parts are
responsible for the effect. DA distance correlation functions,
computed from microsecond simulations of our CG model,
showed extensive decays in all segments except the C-segment,
which interacted rigidly with p-cat (Fig. 3F). Unfortunately, CG
models average over many degrees of freedom, such as side chain
and solvent motions, and therefore only provide an estimate of the
dynamics at a reduced timescale, typically two to three orders of
magnitude faster compared to all-atom simulations. Yet the
model is ideally suited to identify the presence or absence of dy-
namics. To check the predictions of the CG model, particularly
the identified rigidity of the C-segment of E-cad in complex with
p-cat, we directly measured the dynamics of E-cad in complex with
B-cat experimentally.

E-cad Is Highly Dynamic in Complex with p-cat

To probe the dynamics of the E-cad ensemble, we performed
nanosecond fluorescence correlation spectroscopy (nsFCS) (40,
41) experiments of labeled E-cad in the absence and presence of
f-cat. Disordered proteins such as E-cad exhibit large-scale dis-
tance fluctuations that cause anti-correlated DA intensity fluctu-
ations (41). Indeed, the cross-correlation functions of free E-cad
reveal anti-correlated decays in the 100 ns timescale for almost all
segments (Fig. 44). Only the C-segment lacks this signal, likely
because of interdye contacts caused by a close proximity of the
dyes in this short segment (SI Appendix, Fig. S2). Such dye-dye
contacts quench both dyes simultaneously, thus causing positive
amplitudes in the cross-correlation function.

When we formed the complex by adding p-cat, the correlation
functions changed. Whereas signals in A and AB were nearly
unaltered, the cross-correlation amplitude of the ABC segment
decreased, indicating reduced fluctuations at the submicrosecond
timescale (Fig. 44). Segments B, C, and BC even showed positive
cross-correlation amplitudes that cannot be explained by DA
distance dynamics probed with FRET. A combination of increased
static quenching due to dye contacts with aromatic residues of
pB-cat (42), but also restricted dye mobility (43), caused this be-
havior, as confirmed by control experiments using acceptor direct
excitation (SI Appendix, Fig. S2) and fluorescence anisotropy
measurements (S Appendix, Fig. S3). To bypass these effects, we
determined nanosecond donor fluorescence lifetimes for all
segments, a quantity that is unaffected by static quenching, which
occurs at hundreds of nanoseconds. If all members of an en-
semble of E-cad/B-cat complexes obey the same DA distance, the
donor fluorescence lifetime of this ensemble in the presence of
acceptor (zp4) is given by the measured FRET efficiency E via
tpa = 1p(1 — E) (41) (Fig. 4B). Here, p is the donor fluores-
cence lifetime in the absence of the acceptor. This is not the case
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if the ensemble is heterogeneous (i.e., if DA distances differ
among members of the ensemble) (SI Appendix). Indeed, we
found substantial deviations from the linear scaling, suggesting
an ensemble of structures. Importantly, we found this deviation
also for the C-segment (Fig. 4B), which was not expected to be
dynamic based on our CG model. In addition, we observed a
substantial broadening of the FRET peaks of all segments in
complex with B-cat, compared to the shot-noise-limited width
obtained by recoloring (44) the data (Fig. 4C), which is symp-
tomatic for dynamics in the millisecond regime. Several methods
are available to identify dynamics at timescales between micro-
and milliseconds for diffusing molecules, including burst vari-
ance analysis (45), probability distribution analysis (46, 47),
Hidden Markov models (48), photon-by-photon likelihood ap-
proaches (49), and recurrence analysis of single particles (RASP)
(50, 51). We chose RASP because of its potential to also quantify
dynamics slower than the diffusion time of molecules through
the confocal volume (~1 ms) (50-52). The method exploits the
fact that a diffusing molecule can enter and exit the confocal
volume multiple times. Once a molecule leaves the observation
volume, the chance of it returning within a short time interval is
greater than the chance of detecting a new molecule (SI Ap-
pendix, Fig. S4). This effect allows us to obtain snapshots of the
complex at timescales from 100 ps — 20 ms. By analyzing these
events, we constructed the kinetics with which molecules switch
from states with low FRET efficiency to those of high FRET
efficiency and vice versa (Fig. 4D and SI Appendix). The resulting
exchange kinetics indeed showed pronounced decays on time-
scales of micro- to millisecond for all six constructs (Fig. 4E),
including the C-segment. The relaxation times obtained from
exponential fits ranged from 250 + 30 ps for the C-segment to
820 + 50 ps for the BC-segment, i.e., three orders of magnitude
slower than for free E-cad. Moreover, the relaxation times did
not scale with the sequence separation of the dyes as expected
for polymers (53-55) such as free E-cad (Fig. 4F). This showed
that motions were determined by contacts between E-cad and
fB-cat rather than within E-cad. Most importantly, these experi-
ments clearly showed that even the C-segment is highly dynamic.
Yet, this finding does no necessarily disagree with the X-ray
structure (24). In fact, the C-segment is only resolved in one of
two structures in the unit cell (Fig. 1 B and C). Such ambiguity
has also been observed in other complexes (25) and suggests that
the C-segment can indeed dissociate from the p-cat surface,
which explains the dynamics found experimentally. Hence, our
results show that the complete cytoplasmic tail of E-cad samples
the surface of p-cat at submillisecond to millisecond timescales.
For comparison, the macroscopic dissociation rate of the complex is
kaiss = 6.5 x 1073571 (23). Since the decay of macroscopic devia-
tions from equilibrium for an ensemble is identical to the decay of
the correlation of equilibrium fluctuations for a single molecule
(56), the inverse macroscopic dissociation rate (k. = 154s) is
identical to the average lifetime of an E-cad/p-cat complex. Given
the timescale of equilibrium fluctuations of E-cad during this life-
time, we estimate that E-cad reconfigures more than 100,000 times
before the complex dissociates.

A Structural Model of E-cad in Complex with p-cat

To obtain a more realistic picture of the E-cad ensemble in com-
plex with p-cat, we revised our CG-model. Instead of fully rigid-
ifying the resolved parts of E-cad, we introduced a parameter ({)
that tunes the strength of all intermolecular X-ray contacts in a
global manner. We found that { = 0.6 kcal/mol described the ex-
perimentally determined FRET-values and the salt-sensitivity of
the complex as good as the rigid model (Fig. 3 D and E). Most
importantly, despite the fact that all X-ray contacts share the same
interaction parameter {, the model indeed predicted a dynamic
C-segment (Fig. 3F), which is in good accord with our experimental
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Fig. 4. Timescales of motion of E-cad free and bound to p-cat. (A) DA cross-correlation functions of all six FRET constructs of E-cad in the absence (darker
color) and presence (lighter color) of saturating amounts of p-cat (100 nM). Solid lines are fits to a product of exponential terms (S/ Appendix). (B) Two-
dimensional correlation map between the relative donor fluorescence lifetime (zpa/7p) and mean FRET efficiency of all six E-cad constructs in complex with
B-cat. The solid line shows the expected dependence for a single DA distance. The dashed line indicates the dependence for a Gaussian chain distribution as an
upper limit of distance heterogeneity. (C) FRET histograms of all E-cad segments in complex with B-cat, in comparison to the expected shot-noise limit
obtained by recoloring (gray area). (D) FRET histogram of the E-cad ABC-segment, in which the low-FRET and high-FRET area is indicated in blue and red,
respectively. RASP kinetics monitor the interconversion between the low-FRET molecules and high-FRET molecules. (E) RASP time decays of the fraction of
molecules with FRET values lower than the mean value of the FRET histogram for all six E-cad constructs in complex with p-cat. Solid lines are exponential fits
of the data. (Inset) Residuals of the exponential fit. (F) Comparison of the relaxation times of free E-cad (Upper) and p-cat-bound E-cad (Lower) as a function
of the DA sequence separation. The Pearson correlation coefficient is indicated.

findings. To understand the deviations of this model from the
known X-ray structure, we compared the distribution of contact
types. To this end, we classified amino acids as polar (P), charged
(C), hydrophobic (H), and other amino acids (O). Interestingly,
the most abundant intermolecular contacts in the CG-model were
of the uncommon H-C type instead of the commonly discussed
C-C type (Fig. 54), which explains the weak salt-dependence of
the binding affinity (Fig. 3C). However, this distribution of contact
types agrees well with the X-ray structure and an intermolecular
contact map shows that interactions found in the X-ray structure
were also preserved in the CG-model (Fig. 5B). Particularly, the
residue-specific average contact probabilities of E-cad with B-cat
in the CG-model, agree well with those computed from the two
X-ray structures (Fig. 5B). Yet, the smFRET-based CG-model
differed from the known structure in one important aspect. Con-
tact probabilities (Fig. 5B) and lifetimes (SI Appendix, Fig. S5)
were broadly distributed in the CG-model, reflecting many weak
and unspecific interactions. The highest contact probabilities,
i.e., the most persistent interactions, were found in a short 20
amino acid stretch of the B-segment (Fig. 5B), a region that is well
resolved in both X-ray structures (Fig. 1 B and C). It has previ-
ously been identified as core-binding region of E-cad (57) and

Wiggers et al.
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likely provides specificity. To disentangle contributions of specific
and unspecific interactions to the overall stability of the E- cad/
B-cat complex, we determined its affinity to p-cat (Fig. 3B). We
found a low affinity of the core-binding region with an upper limit
of disassociation constants (Kp) > 1 uM compared to Kp ~4 nM
for full-length E-cad. Hence, flexible segments of E-cad boost
affinity by more than 5.5 kg7, where kg is the Boltzmann constant
and T is the temperature. How are these segments distributed on
the surface of $-cat?

The three-dimensional distribution of E-cad on p-cat differed
strongly between segments (Fig. 5C). For instance, not only did
the A-segment contact the NT and the CT of the central p-cat
armadillo repeat domain, but also, the C-segment explored a
large surface area of f-cat. The ensemble of the B-segment, on the
other hand, was more confined, as expected from the higher-
contact probabilities and the fact that 42% of it is resolved in both
X-ray structures (Fig. 1C). We visualized the ensembles of the
three segments by the distribution of their center of mass along
two coordinates: an angular coordinate describing the distribution
around the long axis of p-cat (Fig. 5D) and an axial coordinate for
the distribution along f-cat (Fig. S5E). These distributions showed
that the observed salt-induced changes of E-cad in complex with
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The classification of contacts is indicated. A Komolgorov-Smirnov test gives a probability of P = 0.37 that both distributions originate from the same sample.
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projected X-ray contact probabilities of E-cad, averaged over both X-ray structures and all f-cat residues (red area) are shown in comparison to the average
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p-cat (Fig. 3D) were predominantly due to a screening of intra-
and intermolecular charge contacts of the A-segment (Fig. 5 D
and E), whereas changes in the B- and C-segment were much less
pronounced.

In summary, the refined, flexible CG model indeed recapitu-
lated the experimentally observed large-scale motions of E-cad
on the pB-cat surface. A total of 91% of the p-cat surface was
explored by E-cad in a rather diffusive (i.e., continuous) manner,
without encountering major barriers. However, given the sim-
plification inherent to CG models, it remains to be determined
whether a continuous diffusion of E-cad on the p-cat surface is
realistic. An alternative model requires the concerted association
and dissociation of E-cad segments, thus leading to dominant
barriers that must be overcome to reconfigure on the f-cat sur-
face. In fact, such a scenario has recently been suggested for the
complex between B-cat and another ligand (TCF7L2) (58) and
would explain why E-cad motions in the complex are orders of
magnitude slower than those found for free E-cad (Fig. 4F). We
therefore aimed at identifying the magnitude of these barriers.

Intrachain Diffusion of E-cad on f-cat

The experimental RASP kinetics of the six constructs agreed
with exponential decays (Fig. 4F), a hallmark of two-state kinetics
and indicative of a dominant barrier. We tested this hypothesis by
monitoring the motions of E-cad ABC at different temperatures
(SI Appendix, Fig. S6). A barrier should cause Arrhenius behavior
(i.e., a significant slowdown of the dynamics with decreasing tem-
perature). Yet we only found a twofold slowdown of the kinetics
in the range from 23 to 5 °C (Fig. 64). A fit with the Arrhenius
equation 7 = A4 exp(E,) with ! = kgT yielded an activation
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energy of E, = 28 + 16 kJ/mol (Fig. 6B). However, this analysis
neglects that the preexponential factor 4 depends on the vis-
cosity of the medium (60), which itself scales with temperature.
Accounting for this effect, we found that the slowdown was also
reproduced without activation energy (Fig. 6B). We therefore
checked whether the kinetics were indeed consistent with single-
well (i.e., barrier-less diffusion), as suggested by our CG model.
To this end, we used the DA distance distribution P(r) for the ABC
construct from our flexible CG model (Fig. 6B, Inset) to fit the
experimental RASP kinetics by solving the Smoluchowsky equation
for diffusion in a single-well potential given by V(r) = —InP(r).
Indeed, this barrier-less model also resulted in excellent fits. Intra—
chain diffusion coefficients ranged from (4.4 + 0.1) x 10~ nm?/us to
(9.5 + 0.1) x 10~ nm%ps in the temperature range from 5 to 37 °C
(Fig. 6C and SI Appendix). Notably, intrachain diffusion was four or-
ders of magnitude slower than that of free E-cad ABC (42 + 1 nm?/ps;
SI Appendix), despite the absence of a dominant barrier (Fig. 6C).

Ruggedness in energy landscapes (i.e., a plethora of small
barriers) is known to slow down motions as effectively as a
dominant barrier (59, 61-63). For the case of one-dimensional
diffusion in a potential of mean force, Zwanzig (59) derived
expressions for the apparent diffusion coefficient (D) 1) for
Gaussian-distributed potential wells with average depth o,
leading to super-Arrhenius behavior D = Doe™#*" and 2) for a
periodic modulation, leading to D = Doe~%*. Interestingly, the
more general case of diffusion in multiple dimensions also leads
to super-Arrhenius behavior (64). Here, Dy and D are diffusion
coefficients in the absence and presence of ruggedness, respec-
tively. Experimentally, it has been challenging to obtain absolute
values for o, because Dy and D are typically not simultaneously
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fit. The dashed line is an Arrhenius fit. (Inset) DA distance distributions for E-cad bound (black) and free (gray) from smFRET-based CG model. (C) Comparison
of the diffusion coefficient of E-cad free (gray circle) and bound to p-cat (white circles). Shaded areas represent the effect of different roughness values (s in
kgT). Black solid and dashed lines are fits with the Zwanzig expressions (60) for periodic- (c = 4.3 + 0.1) and Gaussian- (c = 2.9 + 0.1) modulated roughness,
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illustrating the spring-like properties of the E-cad/p-cat complex.

known. Our experiments allowed us to overcome this problem.
Since the DA distance distribution of E-cad ABC changed only
slightly upon binding to p-cat (Fig. 6 B, Inset), the free energy
potentials obtained from the smFRET-based CG model were
very similar between free and bound E-cad. Hence, Dy and D were
simply the diffusion coefficients of isolated E-cad and bound to
pB-cat, respectively. Using the above relationships, we found the
amplitude to be 2.9 + 0.1 and 4.3 + 0.1 (in kgT) for randomly and
periodically fluctuating ruggedness, respectively. These numbers
suggest that the individual E-cad segments diffuse on a frustrated
energy landscape with many local barriers of height 3 to 4 kgT.

Discussion

A large number of disordered complexes, sometimes being re-
ferred to as “fuzzy complexes,” have been identified in the past
(65, 66). The thermodynamic benefits of structural ambiguity,
such as improved affinities due to higher-conformational entropy
of the complex (67), increased specificity via interactions to very
distant regions of a ligand (68) or facilitated binding via additional
weak and transient interactions (4, 69), are also accompanied by
functional benefits. For example, multisite phosphorylation grad-
ually tunes the affinity of Sicl for Cdc4 (9) and a similar mecha-
nism had earlier also been suggested for E-cad and p-cat (24). Yet,
compared to our understanding of the stability of disordered
complexes, little is known about the speed at which disordered
proteins reconfigure on the surface of their folded ligands. In fact,
these dynamics are often only accessible in simulations (70). Our
experiments showed that the reconfiguration of E-cad in complex
with p-cat occurs at timescales from hundreds of microseconds to
milliseconds (i.e., extremely fast compared to the timescales of
association and dissociation but several orders of magnitude
slower than the dynamics of unbound disordered E-cad). Clearly,
the slower dynamics in the complex are caused by contacts with
the protein surface. Yet these contacts do not result in a dominant
free energy barrier that separates one conformation from the
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other. Instead, a large number of weak and transient contacts
generate a rugged energy landscape of E-cad with many shallow
minima. The minima depth (i.e., the average strength of these
contacts) is in the order of a hydrogen bond (3 to 4 kgT) (71),
which is insufficient to rigidify E-cad but sufficient to generate
high affinity. Hence, similar to Sicl and Cdc4, the flexible parts of
E-cad serve an important function: they boost affinity. This is
necessary because specific contacts of the core-binding region fail
to generate sufficient binding strength, as indicated by the low
affinity of the core-binding region of E-cad (Fig. 3B). However,
the correct register of this element in the binding groove of $-cat
provides specificity, which sets this complex apart from fully dis-
ordered complexes (7, 8).

Apart from allowing a gradual tuning of the E-cad/p-cat af-
finity via phosphorylation, the flexibility of E-cad in complex with
B-cat might also allow kinases to access their recognition sites
without dissociating the entire complex (72). Although the
known association rates (3.5 x 10° M~" - s™') (23) in combination
with the in-cell concentration of p-cat (~1 pM) (73) would sug-
gest that rebinding of p-cat occurs within seconds after dissoci-
ation, the concentration of p-cat in the cytosol can be much
lower. In fact, activation of Wnt-signaling is associated with an
accumulation of f-cat in the nucleus, such that cytosolic con-
centrations can drop to 25 nM (73). In such cases, rebinding of
B-cat already requires hundreds of seconds. The continuous at-
tachment and detachment of local E-cad segments bypasses this
problem by providing easy access for regulatory enzymes without
dissociating and reassociating the complex (Fig. 6D). In addition, the
complex can also serve mechanical functions. Although a-catenin is
known to be the primary sensor for mechanotransduction in the cell
adhesion complex (74), the flexibility of E-cad in complex with p-cat
might serve as an additional entropic spring that dampens rupture
forces between epithelial cells. Many weak contacts to the p-cat
surface can increase the spring constant without causing a rigid
complex (SI Appendix). The E-cad/p-cat complex has, therefore,
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the potential to act as a tunable damper for mechanical forces
between cells. Yet whether the complex also shows catch-bond
behavior [i.e., an increased number of intermolecular contacts in
the presence of force (75, 76)] is currently unclear.

The Velcro-like design of many weak contacts on top of a few
persistent interactions reconciles three seemingly contradictory
factors: specificity, high affinity, and flexibility. Given the simplicity
and advantages of this design, together with the fact that partially
disordered complexes are highly abundant (65), the mode of in-
teraction and the timescales of reconfiguration in the E-cad/-cat
complex may be common in biology.

Data Availability. Source data shown in the figures are provided
with this paper (Dataset S1). A custom Wolfram symbolic transfer
protocol add-on for Mathematica (Wolfram Research), used for the
analysis of single-molecule fluorescence data, and implementation
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