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Abstract  

 

As a core component of the adherens junction, -catenin stabilizes the cadherin/catenin complexes 

to the actin cytoskeleton for the mechanical coupling of cell-cell adhesion.  -catenin also 

modulates actin dynamics, cell polarity and cell migration functions that are independent of the 

adherens junction.  We have determined the solution structures of the -catenin monomer and 

dimer, respectively, using in-line size-exclusion chromatography small-angle X-ray scattering 

(SEC-SAXS), as well as the structure of -catenin dimer in complex to F-actin filament using 

selective deuteration and contrast-matching small angle neutron scattering (SANS).  We further 

present the first observation of the nanoscale dynamics of -catenin by neutron spin-echo 

spectroscopy (NSE), which explicitly reveals the mobile regions of α-catenin that are crucial for 

binding to F-actin.  In solution, the -catenin monomer is more expanded than either protomer 

shown in the crystal structure dimer, with the vinculin-binding M fragment and the actin-binding 

domain being able to adopt different configurations.  The -catenin dimer in solution is also 

significantly more expanded than the dimer crystal structure, with fewer inter-domain and inter-

subunit contacts than the crystal structure.  When in complex to F-actin, the -catenin dimer has 

an even more open and extended conformation than in solution, with the actin-binding domain 

further separated from the main-body of the dimer.  The -catenin assembled F-actin bundle 

develops into an ordered filament packing arrangement at increasing -catenin:F-actin molar 

ratios.  Together, the structural and dynamic studies reveal that -catenin possesses dynamic 

molecular conformations that prime this protein to function as a mechanosensor protein.   
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Introduction 

 -catenin is a necessary component of the cadherin-catenin complexes that stabilize the 

cell-cell adherens junctions (AJ) (1-3).  The AJs are specialized eukaryotic cell-cell anchoring 

junctions found in epithelial, endothelial, and neuronal tissues of higher organisms, and are 

essential for embryonic morphogenesis, tissue integrity and remodeling, and wound healing.  The 

AJs are composed of transmembrane cadherins that bind extracellularly in a homotypic and 

calcium dependent manner with the cadherins on adjacent cells, and cadherins interact 

intracellularly with the actin microfilaments (4).  Linkage of cadherins to microfilaments is 

accomplished by the β-catenin/-catenin complex (5, 6),(7), with -catenin interacting directly 

with the actin filaments in a cell-cell contact and mechanical stress dependent fashion (8, 9).  The 

cadherin/β-catenin/-catenin complex can also interact with the actin cytoskeleton indirectly by 

binding to other actin binding proteins including -actinin, vinculin, and eplin (10-12), which form 

alternative linkage of the cadherin complex to the actin cytoskeleton.  -catenin is thought to 

undergo a significant conformational change in response to mechanical stress to associate with the 

microfilaments, and with other actin-binding proteins; recent biophysical studies have identified 

the changes that occur to α-catenin and vinculin under pN force levels (13).  Because of the role 

that -catenin plays in facilitating the physical stress-dependent interactions of the cadherin-

catenin complex, -catenin is considered a mechanosensor (9, 14-17).    

 

 Additionally, -catenin is localized outside the adherens junction complex and regulates 

actin dynamics that is independent of the AJs (18-20).  The homodimers of -catenin bind to F-

actin and bundle the actin filaments (5, 21), which inhibit Arp2/3 complex-mediated actin 

polymerization, and alters lamellipodia architecture and cell migration (18, 22).  Recent studies 

show that -catenin homodimerization is sufficient to control its cortical localization, and that the 

-catenin homodimers are recruited to the phosphoinositide-activated filopodia membrane 

protrusion to promote cell-cell adhesion (19).    

 

 -catenin is a 906-residue protein that has six functional domains, see Fig.1A.  The N-

terminal homodimerization N1 and N2 domains overlap with beta-catenin binding sites (7, 23, 24).  

The middle M-fragment composed of 3 four-bundle helical domains M1, M2, and M3.  M1 binds 

vinculin in a mechanical stress-dependent manner (25-27), and the C-terminal actin-binding 

domain (ABD) is composed of a five-helix bundle plus a disordered C-terminal region that also 

binds to the tight-junction protein ZO-1 (28).  Crystallographic studies have determined the 

structures of several constructs of α-catenin, including the homo-dimerization domain that 

overlaps with the hetero-dimerization with β-catenin (29), the M-fragment (30), a larger N domain 

plus the M domains as well as a portion of the actin-binding domain (27), and the heterodimer 

structure of a chimera of the N1 domain with a β-catenin–binding peptide (23).  The nearly full-

length -catenin homodimer provides a complete view of an asymmetric -catenin dimer at atomic 

resolution (31).  However, the crystal structures are significantly compact, and it is difficult to 

explain some of the functional properties of -catenin such as the reversible dynamic 

conformational changes under force (32, 33).  The molecular dynamics allowing -catenin to 

function as a mechanosensor is thus largely unknown.   

 

 Using in-line size-exclusion chromatography small angle X-ray scattering (SEC-SAXS), 

we are able to separate the -catenin monomer and dimer fractions and perform SAXS to 

determine the solution structures of the full-length -catenin monomer and dimer, respectively.  
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The SEC-SAXS experiments reveal flexible structures of the -catenin monomer in solution, in 

particular with flexible linkers between the N2 and M1 domains and between the M-fragment and 

the ABD.  The solution structure of the homo-dimer is more expanded than the crystal structure, 

with ABD being well separated from the main fragment of each protomer.  We have also 

performed contrast-matching small angle neutron scattering (SANS) on deuterium labeled -

catenin in complex with F-actin and showed that -catenin adopts even more extended 

conformation than in solution.  At increasing -catenin/actin molar ratios, -catenin starts to 

assemble F-actin bundles with ordered filament arrangement an intra-filament spacing of about 

180 Å  

 

 Because our solution structural analyses suggest flexible conformations of -catenin, we 

posit that the dynamic conformations of -catenin play roles in binding to F-actin and for -catenin 

to function as a mechanosensor.  Here we report the first analysis of the nanoscale dynamics of the 

-catenin dimer, using neutron spin echo spectroscopy (NSE) to identify the mobile regions in the 

α-catenin dimer on submicrosecond time scales.  The NSE data and our theoretical analyses 

suggest that the dynamic regions are the disordered C-terminal tails of ABD in each protomer, 

which have previously been implicated as essential in stabilizing cell-cell adhesion and in normal 

brain tissue development (34, 35).   
 

   

Materials and Methods 

Protein expression and purification 

 The human cDNA encoding the full-length human αE-catenin was subcloned into the 

pET32a vector (EMD Biosciences, Inc.), with a 6 × His plus thioredoxin fusion tag followed by a 

tobacco etch virus protease (TEV) cleavage sequence at the amino-terminal end of the expressed 

proteins. The expression plasmid was transformed into the Rosetta 2 (DE3) competent cells (EMD 

Biosciences, Inc.).  The bacterial cells were grown in the Luria-Bertani medium in the presence of 

0.1 mg/ml ampicillin and 0.034 mg/ml chloramphenicol. At the cell optical density of about 0.7 at 

600 nm, the cells were induced with 0.1 mM isopropyl-β-d-thiogalactopyranoside, and the cells 

were grown at 20 °C overnight. The cells were harvested and pelleted, and stored at -80oC. 

   

 For protein purification, the cell pellet was suspended in 50–80 ml lysis/binding buffer 

containing 50 mM sodium phosphate pH 7.5, 300 mM NaCl, 20 mM imidazole, 0.25 mM TCEP 

and 0.1 mM PMSF.  The cell suspension was subjected to sonication cycles on ice, and the lysed 

cell was centrifuged at 9,000 rpm for 20 min at 4 °C.  The supernatant was purified by a HiTrap 

Chelating Sepharose™ HP (GE Healthcare Life Sciences) pre-charged with Ni2+ and pre-

equilibrated with the lysis/binding buffer.  The protein was then further purified and analyzed by 

size-exclusion chromatography using an ÄKTA fast-protein liquid chromatograph (GE Healthcare 

Life Sciences) with a Superdex 200 Increase 10/30 column (GE Healthcare Life Sciences).  The 

SEC running buffer is 25 mM Tris-HCl pH 8.0, 300 mM NaCl, 3 mM EDTA, and 0.25 mM TCEP.  

The fusion tag was incubated with 20 M TEV protease on ice for 24 hours.  After TEV cleavage, 

only a glycine residue remains at the N-terminus of -catenin.  A second round of SEC was used 

to separate α-catenin from the fusion tag.  The protein concentrations were determined by UV 

absorbance at 280 nm using the extinction coefficients calculated using the ProtParam program 

(36) on the ExPASy Proteomics Server (us.expasy.org/).   

 

http://us.expasy.org/


5 
 

 For producing deuterated proteins for SANS studies, the α-catenin expression plasmid was 

transformed in Rosetta 2(DE3) cells, and the cells were grown in M9 medium containing 85% 

D2O using our published protocols (37-41).  Purification of the deuterated protein was the same as 

that of the undeuterated proteins.   

 

Actin polymerization and reconstitution of -catenin/F-actin complex 

 To polymerize actin, 10 milligram of lyophilized non-muscle G-actin (from Cytoskeleton 

Inc) was resuspended by adding 900 μl of G-actin buffer of 20 mM Tris-HCl (pH 7.5), 0.2 mM 

CaCl2, 0.2 mM ATP, and 0.2 mM DTT.  A 100 μl 10× F-actin polymerization buffer of 500 mM 

KCl, 20 mM MgCl2, and 10 mM ATP was added to achieve a final concentration of 1×F-actin 

buffer to initiate actin polymerization.  Actin was allowed to polymerize at room temperature for 

1 h.  Before SANS experiments, the deuterated -catenin was mixed with a stock solution of F-

actin of 10 mg/ml (239 M) at actin:-catenin molar ratio of 15.1, 7.6, and 3.8, respectively, while 

the actin concentration was kept at 81.5  ( mg/ml).  The dα-catenin/F-actin complex was then 

dialyzed against 40, and 100% D2O buffer of 20 mM dTris-DCl (Cambridge Isotope Lab, MA), 

100 mM NaCl, 50 mM KCl, 0.2 mM ATP exhaustively at 8oC before SANS experiments.  F-actin 

was dialyzed against 100% D2O buffer exhaustively at 8oC before SANS experiments.  

 

 

In-line size-exclusion chromatography small angle X-ray scattering (SEC-SAXS) 

experiments 

 The SEC-SAXS experiments were performed at Stanford Synchrotron Radiation Light 

Source (SSRL) Bio-SAXS beamline 4-2 in a similar manner as recently reported (42-44). 

Experimental setup and structural parameters are summarized in Table S1.  Briefly, two same SEC 

columns (Superdex 200 Increase 3.2/300 column, GE Healthcare, Wisconsin, USA) were 

employed for high throughput tandem SEC-SAXS data collection. The columns were equilibrated 

with the SEC running buffer (20 mM Tris-HCl, pH=7.5, 150 mM NaCl, 3 mM EDTA, 1mM DTT) 

before use.   A 10 l of 9.5 mg/ml -catenin was applied to the column.   Totally 500 images were 

recorded with 1-s exposure every 5 s at 0.05 ml/min flow rate.  
 

The program SasTool (http://ssrl.slac.stanford.edu/~saxs/analysis/sastool.htm) was 

employed for data reduction including scaling, azimuthal integration, averaging, and background 

subtraction. The first 100 images at the early part of the void volume were averaged and used as a 

buffer-scattering profile for the background subtraction. After taking the first 100 images or so, 

the X-ray shutter was closed until the main elution peak so as to keep the sample cell clean from 

radiation-damaged sample. The data were then presented as I(Q) versus Q, where Q = 4sin()/, 

2 is the scattering angle, and  is the wavelength of the X-ray. The script hplcplots, available at 

SSRL beamline 4-2, was used for consecutive Guinier analysis, implemented in the program 

AUTORG [3], and for assessing data quality (e.g., radiation damage and cleanliness of sample cell) 

by providing Rg, I(0) and an experimental intensity at a low Q value. Since marginal inter-particle 

interactions (concentration dependence) were observed over the peak, the average profiles, image 

number: 300th-304th for α-catenin dimer and 330th-334th for α-catenin monomer were generated, 

scaled and merged for further analyses.   
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Small angle neutron scattering (SANS) experiments 

 SANS data were collected using the EQ-SANS instrument (45), which is a time-of-flight 

SANS instrument located at the Spallation Neutron Source (SNS) of Oak Ridge National 

Laboratory.  A single instrument configuration with a 4 m sample-to-detector distance was 

employed.  The beam was defined with a 25 mm diameter source aperture and a 10 mm diameter 

sample aperture.  Two instrument configurations were used for measuring the complex.  One 

configuration was that the instrument choppers ran at 30Hz with frame-skipping and a minimum 

wavelength of 2 Å.  This configuration provided a Q-range of 0.004-0.40 Å-1
.   The other 

configuration sets the instrument choppers ran at 60 Hz and were set to provide a minimum 

wavelength of 4 Å.  The configuration spans a Q-range from 0.007-0.27 Å-1.  SANS experiments 

were performed at 10.0±0.1 oC.   

 

The program Mantid (46) was used to reduce the data from the samples and from the 

backgrounds using standard procedures that correct for incident flux spectrum, sample 

transmission and detector sensitivity, as well as the detector dark current, which represents 

electronic noise and natural sources of radiation.  Then, the data were azimuthally averaged to 

provide I(Q) vs. Q.  Absolute intensity scaling for both configurations was done with a calibrated 

standard (47).  The sample scattering was then corrected for the solvent scattering by subtracting 

the 1D profiles to produce the final, reduced data.   

 

 

SAXS and SANS data analysis and computational modeling 

SANS data analysis to extract protein conformational changes are described in previous 

studies (38, 48-50).  The length distribution function P(r) was generated using the program GNOM 

(51) to obtain the radius of gyration Rg and the maximum dimension Dmax.  The Monte Carlo 

simulation module in the program suite SASSIE (52) was used to generate the all-atomic models 

of -catenin monomer and dimer.  Monte-Carlo simulations were performed at 300K.  The 

maximum angle that each torsion in each of the flexible regions can sample is 30o.  About 10,000 

trial attempts were performed for each round of simulations.  The SASCAL module in SASSIE or 

the program CRYSOL(53) was used to compute the SAXS or SANS curves, and the ANALYZE 

module in SASSIE was used to compare and fit the SAXS or the SANS data.  Models with the 

minimum 2 values were selected, and a representative model is shown in the figures.   

 

 Before using SASSIE for Monte Carlo simulations, the disordered regions missing in the 

crystal structure of the nearly full-length -catenin (31) (PDB Code: 4igg) were reconstructed 

using the homology modeling program SAXSTER (54).  These include residues (a.a.18-81) that 

were reconstructed against the crystal structure of mouse -catenin N-terminal domain (PDB code: 

4P9T) (55), and the linker regions a.a. 636-665 between the M3 domain and the ABD domain and 

a.a. 862-907 at the C-terminal end that were reconstructed.  The full-length -catenin crystal 

structure dimer model was generated by match making to the crystal structure of -catenin dimer, 

PDB code: 4igg or 4k1n (27), using UCSF Chimera (56).  These full-length protein monomer and 

dimer models were used to compute the SAXS curves of the monomer and dimer using the 

program CRYSOL(53), and compared with the actual SEC-SAXS results of monomer and dimer 

fractions, respectively.   
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Neutron spin echo spectroscopy experiments and data analysis 

 Before the NSE experiments, -catenin was exchanged in 1x phosphate buffered saline, 

pH 7.4 (PBS) D2O buffer.  Before making the 1xPBS D2O buffer, the PBS powder was dissolved 

in D2O and dried in a heated vacuum oven for at least 3 cycles to exchange H into D.  -catenin 

at 11.0 mg/ml concentration was used for NSE experiments.   

 

 The NSE experiments were performed at the upgraded high resolution IN15 instrument at 

the Institut Laue Langevin (ILL) (B. Farago et al. to be published).  We used three different 

wavelengths: 6Å, 10Å, and 14Å covering 0.5-42 ns, 0.2-194 ns and 0.6-532 ns time intervals. The 

covered Fourier time scales with the third power of the wavelength, but the incoming flux also 

drops roughly with the fourth power.  The choice of the wavelength was made by optimizing the 

compromise between the resolution need and the incoming neutron flux. The beam 

monochromatization in each case was 15% full width at half-maximum, as given by the neutron 

velocity selector. The samples were filled in quartz cells with 2 mm sample thickness and the 

temperature was controlled at 10.0±0.1 oC.  Instrumental resolution was measured from the 

standard Grafoil (GrafTech, Lakewood, OH), which gives a strong elastic coherent small angle 

scattering.  Background was measured on the PBS D2O buffer, and the sample spectra were 

corrected using the relative transmissions following the standard procedures. 

 The effective diffusion constant Deff(Q) as a function of Q, which is obtained from the 

normalized intermediate scattering function I(Q,t)/I(Q,0): 

Γ̅(𝑄) = − lim
𝑡→0

𝜕

𝜕𝑡
ln [

𝐼(𝑄, 𝑡)

𝐼(𝑄, 0)
] 

𝐷𝑒𝑓𝑓(𝑄) =
Γ̅(𝑄)

𝑄2
 

 To determine the center-of-mass diffusion constant Do of -catenin, dynamic light 

scattering (DLS) experiments were performed using an ALV CGS3 instrument with a fixed 90o 

scattering angle configuration and a 632.8 nm laser.  DLS experiments were performed on the 

same sample used for NSE experiments, and with a series of dilutions in PBS D2O buffer.  DLS 

experiments were performed at 10.0±0.1 oC.  Details of theoretical analysis of NSE are provided 

in Supplementary Materials and in references (39, 40, 57-59) 

Negative staining and electron microscopy 

 The stock solution of F-actin filament or α-catenin/F-actin was about 1 mg/ml in F-actin 

buffer.  Samples at various dilutions were applied to glow discharged, carbon-coated cooper grids, 

blotted, negatively stained with 1% uranyl acetate, and air-dried.  The prepared grids were 

visualized at the City College Electron Microscopy Facility on a JOEL 2100 transmission electron 

microscope. 
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Results 

1.   Expanded solution structure of -catenin monomer.   

 Previous studies show that -catenin exists as a mixture of monomer and dimer in solution 

(5-7, 23, 26).  We have analyzed the conformation of -catenin dimer and monomer using SEC-

SAXS.  SEC-SAXS shows two peaks similar to those results reported previously, see Fig.1B and 

1C.  The first peak corresponds to a dimeric -catenin, and the second peak is the monomeric -

catenin.  The independence of radius of gyration (Rg) vs. elution volume within the dimer fraction 

peak or the monomer peak suggests that the species detected within each fraction is homogeneous, 

and that the inter-molecular interaction effects are negligible (Fig. 1D and 1E).  Size exclusion 

chromatography can thus separate the dimer and monomer fractions well, and the SAXS data of 

each peak is from the dimer and monomer fractions of -catenin, respectively (see Fig. 2A and 

2B).     

 

 Table 1 summarizes the radius of gyration (Rg) and the maximum dimension (Dmax) of the 

monomer and dimer -catenin obtained from the SEC-SAXS experiments, respectively, as well as 

those parameters computed from the crystal structures (pdb code: 4IGG) (31) after the missing 

disordered regions are reconstructed by homology modeling (see Method).  In solution, the length 

distribution function P(r) of the -catenin monomer is significantly more expanded than that 

computed from either protomer of the -catenin dimer crystal structure, with Rg of 43.7±1.1 Å and 

Dmax=147 Å, see Fig. 2C.   The Rg and Dmax of the -catenin monomer are similar to that of the 

Danio rerio E-catenin and that of Caenorhabditis elegans -catenin homolog HMP-1 that exist 

as monomer in solution (60, 61), but smaller than N-catenin reported earlier (27).   

 

 The SAXS data of dimer fraction indicates the -catenin dimer has Rg of 58.8±1.6 Å and 

Dmax = 205 Å, which are notably larger than those computed from the crystal structure, see Fig.2D 

and Table 1.  P(r) of the dimer fraction is also more expanded than that computed from the crystal 

structure of the -catenin dimer, Fig2D.  The comparison suggests that both the -catenin 

monomer and dimer adopt conformations in solution are quite different from the crystal structure.   

     

 Using the SEC-SAXS data of the monomer and dimer fractions, respectively, as 

constraints, we have performed structural modeling of the -catenin monomer using the program 

suite SASSIE (62).  With SASSIE, a large number of all atomic structural models are generated 

by Monte Carlo simulations, and the generated models are fit against experimental SAXS or SANS 

data.  For the -catenin monomer, we have used one of the protomers of the crystal structure as 

the reference or starting structure for Monte Carlo simulation after reconstructing the disordered 

regions that are missing in the crystal structure using homology modeling (see Method).  Those 

Monte Carlo generated models that best fit the experimental SAXS data of the -catenin monomer 

fraction are selected.  Because the crystal structure of -catenin is tightly packed, at least two 

rounds of simulation are needed in order to generate structures whose calculated small angle 

scattering profiles fit the experimental SAXS data.  For the first-round Monte Carlo simulation, 

the N1-M fragment (a.a. 1-629) and the ABD (a.a.680-906) were treated as rigid independent 

domains, and the linker (a.a. 630-675) connecting M3-ABD was treated as a flexible linkage that 

can adopt multiple conformations.  The simulation generated structures fit the experimental SAXS 

data of -catenin with   10.  One of structural models with the lowest  was selected as the 

reference structure for the second-round simulation, which assumes flexible linkage between the 
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N2 and M1 domains (a.a.259-275), linkage between M3 and ABD (a.a. 630-675), as well as a 

flexible C-terminal tail (a.a. 836-906).  Fig. 3 shows two representative structures generated by the 

simulations that best fit the monomer SEC-SAXS data with   0.98.   

 

 Overall, the monomer structures that best fit the SAXS data (Fig.3C) resemble that of a flat 

and round disc or a clamp-like structure.  The solution structures are more expanded than either 

protomer in the crystal structure of an -catenin dimer (31).  In contrast to the crystal structure, 

the helical bundle of N2 is not in close contact with the helical bundle of M1, and the linker 

connecting N2-M1 can undergo restricted motions.  The M fragment remains compact and 

unchanged as that shown in the crystal structures (27, 31).   

 

 Unlike the crystal structure in which ABD is collapsed on the M fragment, the solution 

structural models show that ABD is not in contact with the M fragment.  Instead, ABD is in 

proximity to the N1 domain due to the clamp-like structure of the full-length α-catenin monomer, 

see Fig. 3C.  In the clamp-like monomer structure, the disordered C-terminal tail of ABD (a.a. 

836-906) can adopt a closed conformation by folding back to be close to the N1 helix bundle (Fig. 

3C left panel), this disordered C-terminal tail can also move away from the N1 helix bundle to 

adopt a more open conformation (Fig.3C right panel).  This observation suggests that the -catenin 

monomer may possess a dynamic head-to-tail intramolecular auto-regulatory activity.  The closed 

form of alpha-catenin resembles the autoinhibited structure of vinculin (63-66).  The dynamic 

autoregulation in the -catenin monomer may explain previous observations that an -catenin 

monomer does not bind F-actin as well as the -catenin dimer (5).  Previous biochemical studies 

have shown that the disordered tail (a.a. 836-906) is critical for -catenin binding to F-actin (34).   

 

2.  Expanded asymmetric solution structure of -catenin dimer. 

 Using the structural model of -catenin monomer shown in Fig. 3C (left panel), we have 

first constructed the full-length dimer model of -catenin by superposition of the dimerization 

domain (a.a. 82-171) of each monomer to the crystal structure of -catenin dimer (PDB code: 

4IGG) using the MatchMaking tool in UCSF Chimera (56).  This reference dimer structural model 

is subjected to Monte Carlo simulations in SASSIE.  During simulations, the linkers connecting 

N2-M1, M3-ABD, and the C-terminal tail of a.a 836-906 are assumed to be flexible in each 

protomer in order to generate structures that fit the dimer fraction of SEC-SAXS data with a 

  1.21, see Fig. 4A and 4B.  A representative dimer structure that best fits the SEC-SAXS data 

of -catenin dimer is shown in Fig. 4C.   

 

 In solution, the SAXS data of dimeric -catenin is consistent with structural models that 

are flat, resembling a rectangular disc with N and M fragments from each protomer forming the 

core of the disc, and the ABDs is well separated from the main-body of the disc, Fig. 4C.  The flat 

disc shape of the dimer is different from the crystal structure, mainly due to the shift of the linker 

region connecting N2 and the M fragment.  The significant difference between the solution 

structure and the crystal structure is in the locations of ABDs in the dimer.  In the crystal structure, 

the ABD is located within the dimer and in tight contact with the M fragment.  In the solution 

structure, the ABD is located outside the core disc, and is ready to bind to actin filaments.  As a 

result, the overall solution dimer structure is more expanded than the crystal dimer.  The separation 

of both ABDs from the main body of the disc makes the ABDs available for binding, thus 

explaining why the -catenin dimer can bind to F-actin robustly and bundle actin filaments (5, 21).   
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  Notably, the solution dimer structure of -catenin is asymmetric.   P(r) of each protomer 

in the solution dimer is different.   The arrangement of M domains in each subunit is different, and 

the ABDs adopt different orientations in each protomer.   The asymmetry in solution agrees with 

asymmetric dimer structures observed previously by biophysical experiments and crystallography 

(7, 27, 31).  However, each protomer in the solution dimer structure is more expanded than the 

crystal structure, see Fig.S1.  We suggest that the asymmetric dimer solution structure is due to 

independent domain motions in each protomer that are not correlated in the entire dimeric 

structure.       

   

3.  Structure of -catenin dimer in complex to F-actin.   

 When combined with selective deuteration and contrast-variation, SANS can elucidate the 

conformation of each component in a macromolecular complex (37, 48-50, 67-69).  We have 

determined the conformation of deuterated -catenin (d-catenin) in complex to F-actin, and the 

spatial arrangement of actin filaments in the -catenin assembled bundle.  In 40% D2O, the 

scattering length density of the buffer matches that of hydrogenated F-actin (so F-actin is 

“invisible”) (38), and the molecular conformation of d-catenin in the complex can thus be 

revealed, see Fig. 5.  In the complex, the conformation of d-catenin becomes more extended than 

the dimer form in solution, with Rg= 99.7 ± 2.1 Å and the Dmax =350 Å, see Fig. 5B and Table 1.   

Using the full-length -catenin dimer structure in solution shown in Fig. 4C as the starting 

structure, SASSIE Monte Carlo simulation requires the assumption of flexible linkers connecting 

the N1-M1 and M3-ABD domains and the C-terminal tail a.a.836-906 in ABD, in order to fit the 

40% D2O SANS data with   1.0, Fig.5C.  The models that best fit the SANS data are elongated 

homodimers with ABD further separated from the M fragment, and the M fragment further 

separated from the N2 domain than that of the dimer in the solution state, Fig. 5D.  Within such 

an extended dimer structure, the M fragment is well exposed to solvent as compared to the 

monomer or dimer in solution states even though the M fragment remains a compact structure.  

Previous studies have shown that mechanical force is required in order for the hidden vinculin-

binding sites to be exposed to bind to vinculin (13), thus requiring dynamics in an essential way.     

 

 In 100% D2O at which the scattering length density of the buffer matches that of the 

deuterated -catenin, d-catenin is invisible and only the scattering of hydrogenated F-actin in the 

complex is detected.  Fig. 6A shows the scattering of d-catenin in complex to F-actin in 100% 

D2O buffer, with the actin concentration kept at 81.5  while the molar ratio of actin monomer 

to d -catenin is changed, see Fig. 6A.  When the molar ratio of actin to d-catenin is lowered to 

3.8:1, a correlation peak at Q=0.035 Å-1 appears (Fig.6A bottom panel), suggesting the assembly 

of ordered F-actin filaments by the d-catenin dimer into bundles with defined inter-filament 

spacing.  Such a correlation peak was not observed at other contrasts, such as in 0% D2O buffer at 

which both F-actin and deuterated -catenin contribute to the scattering.  The molar ratio of actin 

to d-catenin = 3.8:1 corresponds to one d-catenin dimer per 7.6 actin monomers.   

 

 Normalizing the scattering I(Q) shown in the bottom panel of Fig. 6A by the I(Q) of the 

top panel of Fig. 6A gives the structure factor S(Q) (70) that represents only the spatial 

arrangement of the actin filaments , see Fig. 6B.  S(Q) shows several peaks with the fundamental 

peak at Q=0.035 Å-1 corresponds to a center-of-axial distance d=179.5 Å between two F-actin 

filaments.  An instrument resolution convoluted Gaussian fit to the fundamental peak, using the 
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Gaussian peak fit program in SASview (http://www.sasview.org/), gives the full width at half 

maximum is 0.0120 Å-1, indicating that the cross-section diameter of bundle is about 520 Å.  A 

secondary peak at Q=0.070 Å-1 is apparent in Fig.6B with position of 1:2 relative to the 

fundamental peak.  The appearance of these two S(Q) peaks at high d-catenin:actin molar ratios 

suggests the development into F-actin bundles with ordered filament alignment.  Figure 6C shows 

negative stain electron microscope images of F-actin filaments alone (left panel) and the -catenin 

assembled F-actin filament bundles (right panel).  A measure of the cross-sections of the -catenin 

F-actin bundle in the EM image, using the program ImageJ (71), gives an average diameter of 

about 560 Å.   

 

 The other peaks in Fig. 6B, with peak positions 1: √3: √7 relative to the fundamental peak, 

may suggest the development into a hexagonal phase of the F-actin filaments in the dimeric d-

catenin assembled bundles (72).  However, these peaks are less distinguishable as compared to the 

1:2 peaks, which prevent us from drawing a definitive conclusion of a hexagonal packing of the 

filaments.  The assembly of ordered hexagonal F-actin bundles has been observed in the complex 

of other F-actin crosslinker proteins -actinin and epsin (73, 74) 

 

 Using the F-actin structure determined from cryo-EM (75) and the d-catenin dimer 

structure in complex to F-actin in 40% D2O shown in Fig.5D, we constructed a model of the 

complex of d-catenin with F-actin, see Fig. 6D.  In the -catenin assembled F-actin bundle, the 

maximum dimension of d-catenin is 350 Å as shown in Fig.5B, but the inter-filament spacing 

between two filaments is 179.5 Å.  We thus posit that -catenin is not bound orthogonally to the 

actin filament, but forms a diagonal angle of about 30o with the filament in order to fit between 

two filaments.  Forming a diagonal angle with the actin filament may make the -catenin dimer 

more effective in transducing both the longitudinal (from myosin pulling of the filament) and 

transverse (filament bending fluctuations) forces from the filament, as the -catenin connector has 

vector components in both the longitudinal and transverse directions.   

 

4.  Nanoscale dynamics of the C-terminal tail of -catenin by NSE 

 Using neutron spin echo spectroscopy (NSE), we have determined the nanoscale dynamics 

of the -catenin dimer.  NSE measures nanoscale dynamics on timescales of 1-550 nanoseconds 

and on length-scales from 0.018-0.21 Å-1, which are comparable to the length scales probed by a 

small angle scattering experiment.  NSE experiments were performed at 11.0 mg/ml -catenin 

concentration after -catenin was exchanged into D2O PBS buffer.  SANS data of the same sample 

used for the NSE experiment shows that under this experimental condition, -catenin is a dimer, 

see Fig S4.  The intermediate scattering functions, I(Q,t)/I(Q,0), are shown in Fig 7A-7C.  Notably 

in the Q range of 0.0712-0.1379 Å-1, I(Q,t)/I(Q,0) deviates from a single exponential behavior, see 

Fig. 7A and 7B.  We thus have used the initial slope fit of ln[I(Q,t)/I(Q,0)] of < 10 ns in this Q 

range, to obtain the decay rate and the effective diffusion constant Deff(Q), see Fig. 7D.  Previously, 

we have developed a theoretical framework, and have shown that comparing NSE experiments 

with theoretical calculations can pinpoint which part of the full-length protein is moving (39, 59, 

76).  Here once again we apply our analysis to NSE data to locate the nanoscale moving parts of a 

protein.   

 

 Using the structural coordinates of -catenin dimer shown in Fig. 4C, we are able to 

calculate and compare the theoretical effective diffusion constant Deff(Q) with the experimental 



12 
 

data for various models of the mobility tensor of the protein.  When assuming a rigid body mobility 

tensor for the -catenin dimer, the theoretical Deff(Q) is noticeably lower than the experimental 

value.  However, when we use a mobility tensor for a model in which residues 836-906 of each 

constituent protomer in the dimer form separate mobile domains, substantial improvement with 

the NSE data occurs. This improved result when internal motion is included implies that the 

segment of a.a. 836-906 that is the disordered C-terminal tail in ABD moves separately from the 

rest of the structure on the nanoscales measured by NSE.   As a second control, we calculate the 

Deff(Q) expected when the entire ABD domain (a.a. 680-906) of each protomer forms a mobile 

subunit.   As shown in Fig. S3, the calculated Deff(Q) is significantly higher than the experimental 

value for this larger subunit.  This comparison of mobility tensor models with data illustrates how 

NSE reveals the nanoscale motion of the disordered C-terminal tail.  In particular, NSE delimits 

the boundary of the moving segment, with the disordered C-terminus residues 836-906 forming 

the mobile subunit of each protomer, and not the total ABD domain residues 680-906.  Normal 

mode analysis using IMOD (77) also predicts that this disordered C-tail is more mobile than the 

rest of the dimer, see Fig. 7E.   Comparison of the values of Deff(Q) evaluated as a function of 

Fourier time suggests the internal mode has a decay rate of order 10 nanoseconds. 

 

 The nanoscale dynamics of the C-terminal tail of -catenin is likely to be functionally 

important.  Our previous study shows that the nanoscale dynamics of disordered protein modulates 

the recognition kinetics of target binding partners (76) .  The nanoscale motion of the disordered 

C-terminal tail could be necessary for the -catenin dimer to engage and to dock with F-actin 

before the five-helix bundle binds to F-actin, and thus should influence the kinetics of -catenin 

binding to F-actin.  In support of this hypothesis, previous studies show that direct interaction of 

residues 866-906 with F-actin is necessary for stabilizing cell-cell adhesion (34), and that mice 

with a truncation mutation lacking the C-terminal tail of N-catenin have abnormal cerebellar 

development (35).   

 

 

Discussion 

 As an essential component of the adherens junction, -catenin modulates the interaction of 

cadherin with the actin cytoskeleton in a mechanical force dependent manner, and thereby plays 

important roles in maintaining cell-cell adhesion and in tissue remodeling.  This study presents a 

revised view of the -catenin monomer and dimer structures in that this multidomain protein is 

flexible in solution.  The flexible structure maybe important for the multifaceted functions of -

catenin, and for this protein to function as a mechanically sensitive adapter.   

 

 The solution structures show that both the monomer and the dimer are more expanded in 

solution than in the crystal structures, with the ABD adopting substantially different 

configurations.  Additional movements of the M fragment relative to N domains are required in 

both the monomer and the dimer structures in order to satisfy constraint of the SAXS data.  The 

solution structure from SAXS or SANS is an average of an ensemble of structures that a protein 

can adopt.  The more expanded solution structure indicates the multidomain α-catenin can sample 

a variety of conformations dynamically from extended to compact states.  Binding to the 

cadherin/catenin complex may shift α-catenin to a state that reduces its binding to the actin 

filament, while mechanical stress changes α-catenin to a more open state to make the vinculin and 
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actin binding sties available.  Indeed, even when in complex to cadherin/β-catenin, α-catenin is a 

dynamic structure that retains some F-actin and vinculin binding activity (78, 79).    

 

 The monomeric -catenin forms a flat clamp-like structure, with the ABD being somewhat 

autoregulated by the homo-dimerization domain through dynamic intramolecular interactions.  

However, in the solution structure of dimeric -catenin, the ABD is well separated from the main-

body of the dimer, making the ABD available for F-actin binding.  These structural features explain 

previous biochemical results that the -catenin monomer does not bind F-actin as easily as the 

dimeric protein, and that -catenin dimers can bundle F-actin filaments (5, 21).   

 

 In both the solution structures of the monomer and the dimer, the M fragment remains a 

compact core without changes in the arrangement of the M1, M2, and M3 domains.   Previous 

studies show vinculin binding sites are masked by the inter-helix bundle interactions in the M 

fragment  (9, 13, 25-27, 80).  .  Thus, the population of -catenin monomer or dimer conformations 

with open vinculin-binding sites is low, and α-catenin is not expected to bind to vinculin 

spontaneously.  When in complex with the F-actin filaments, the -catenin dimer becomes more 

extended, and the M fragment may start to open at this point.  However, the flexural rigidity of an 

actin filament is less than 1 pN·nm2 (81).  About 5 pN force is required to open the binding site in 

-catenin for vinculin-binding.  Thus, the bending fluctuations of the actin filament alone may 

only be on the margin for opening the M fragment and exposing the vinculin binding sites.  The 

pulling force of myosin on the filament may be required to open the vinculin-binding sites in -

catenin for -catenin to bind vinculin spontaneously.   

  

 NSE is a novel technique that can determine protein dynamics on nanoscale length scales 

that are difficult to access by other methods (57, 82-86).  We report the first study of the nanoscale 

dynamics in an -catenin dimer by NSE.  Our analysis of NSE data reveals that the nanoscale 

motion of -catenin is specifically located at the disordered C-terminal tail of α-catenin.  Previous 

studies have shown that this C-terminal tail of the ABD is critical for stabilization of cell-cell 

adhesion and in nervous tissue and brain development (34, 35).  Our previous study has shown 

that the nanoscale dynamics of a disordered protein affects its binding kinetics to a target protein 

(76).  Future studies will test the hypothesis that the disordered tail of the ABD influences the 

kinetics of engagement of α-catenin with the F-actin filament.   

 

 We further present the first view of the nanostructure of α-catenin dimer in complex with 

F-actin filaments.  The development from randomly oriented F-actin filament into an ordered 

hexagonal bundle at relatively high α-catenin to actin molar ratio is likely to be important for the 

morphogenesis of filipodium protrusion.  The cellular pool that α-catenin modulates is an 

important component of the polarized architecture of lamellipodia, and is essential for filopodia 

protrusions in migrating cells and promote the initial engagement of cell-cell contacts (1, 19, 20, 

87).  In concert with other actin bundling proteins such as formins and Ena/VASP (74), α-catenin 

may contribute to the transition of branched and crosslinked actin networks in lamellipodia to the 

parallel actin bundles in filopodia.  
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Figure Legends 

Figure 1. α-catenin and SEC-SAXS analysis.  (A) Primary structure and domains in -catenin.  

(B) SEC-UV of α-catenin.  The fractions at elution volume 10.9 ml and 12.5 ml corresponds to 

dimeric and monomeric α-catenin, respectively.  (C) SEC-SAXS of the dimer and monomer peaks.  

(D) SEC-SAXS of the dimer peak.  (E) SEC-SAXS of the monomer peak.  Note: because (E) used 

a different SEC column from (C) and (D), the peak positions are shifted.  The arrows in (D) and 

(E) marked the fractions of SAXS data selected for further analysis as shown Fig. 2. 

Figure 2. (A) SEC-SAXS of the dimer (black) and monomer fractions (red).  (B) P(r)s of dimer 

and monomer calculated from SAXS data. (C) Comparing P(r) of the SEC-SAXS monomer 

fraction (red open circle) with that calculated from crystal structure (one of the 4IGG protomers) 

after the disordered regions were reconstructed (red line). (D) Comparing P(r) of the SEC-SAXS 

dimer fraction (black open circle) with that calculated from crystal structure (PDB: 4IGG) after 

the disordered regions were reconstructed in the PDB file (black line). 

Figure 3. Solution structures of -catenin monomer.  (A) SAXS curve computed from structural 

models generated from SASSIE Monte Carlo simulation (green and blue lines) with best fit to 

the monomer fraction of experimental SEC-SAXS data (black square), with 2<0.98. (B) 2 vs 

Rg plot of the fits of generated models to the monomer SEC-SAXS data.  (C) Two representative 

structural models of open and closed -catenin monomer with minimized 2 fit to the 

experimental SAXS data.   

 

Figure 4.  Solution structure of -catenin dimer.  (A) SAXS curve of an -catenin dimer 

model generated from SASSIE Monte Carlo simulation (red line) with best fit to the dimer 

fraction of SEC-SAXS data (black square), 2<1.21. (B) 2 vs. Rg plots of the fits of generated 

models to the dimer SEC-SAXS data.  Two rounds of simulations are performed in order to 

minimize the 2.  (C) A representative -catenin dimer structural model with minimized 2.  

 

Figure 5.  Structure of d-catenin dimer in complex to F-actin in 40% D2O at the contrast 

matching point of F-actin.  (A) SANS on the 
d
α-catenin·F-actin complex in 40% D2O buffer at 

the matching point of F-actin (black square).  The red line is the fit of the structural model shown 

in (D).  The concentration of 
d
α-catenin is 1.74 mg/ml.  The concentration of actin is about 5 

mg/ml.  The actin:dα-catenin molar ratio is 6.8:1.  (B) P(r) of  
d
α-catenin·F-actin complex in 40%  

D2O that corresponds to the conformational of 
d
α-catenin (filled black square), as compared to 

that of α-catenin dimer in solution from SEC-SAXS (open black square).  (C) 
2
 vs. Rg plot of 

the fit of SASSIE Monte Carlo generated structures to the SANS data in 40% D2O buffer.  (D) a 

representative structural model of 
d
α-catenin with a fit to the experimental SANS data, 2<0.9. 

 

Figure 6.  (A) Contrast-matched SANS on the d-catenin·F-actin complex in 100% D2O buffer at 

the matching point of d-catenin. The three panels are the I(Q) of the complex at different Actin 

to d−catenin molar ratios, with distinct correlation peak appears at molar ratio=3.8, see arrow. 

The actin concentration is kept at 81.5 M in all three panels.  (B) The structure factor S(Q) of the 

F-actin bundle, generated by normalizing the I(Q) at molar ratio =3.8 (bottom panel) by the I(Q) 
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at molar ratio=15.1 (top panel).  (C) Left panel: negative staining EM image of F-actin filament 

mixed with Ezrin, a protein that does not bundle F-actin. Right panel: Negative staining EM image 

of an α-catenin assembled F-actin bundle.  (D) a structural model of d-catenin dimer between two 

actin filaments.      

Figure 7.  Neutron spin echo spectroscopy of -catenin dimer.  Top panel: (A)-(C) intermediate 

correlation function I(Q,t)/I(Q,0) as a function of Fourier time at different Q values.  (D) Effective 

diffusion constant Deff(Q) (black square) obtained from the initial slope of the spectra shown in 

(A)-(C).  Solid red line is the theoretical Deff(Q) using the coordinates of -catenin dimer shown 

in Figure 4C, assuming the -catenin dimer is a rigid body.  Dashed red line is theoretical Deff(Q) 

assuming a.a. 836-906 in the dimer are moving.  (E) α-catenin dimer colored by normal mode 

analysis, with blue representing low mobility and red high mobility.   
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Table 1.  Summary of Rg and Dmax of α-catenin in solution and in complex to F-actin 

 Rg (Å) Dmax (Å) 

SEC-SAXS Monomer  43.7   147 

SEC-SAXS Dimer fraction 58.8  1.6 205 

In complex with F-action 

from contrast-matching 

SANS in 40% D2O. 

99.7 350 

Monomer crystal structure 35.6* 120 

Dimer crystal structure 42.3* 150 

 

*calculated from crystal structure coordinates (pdb code: 4igg) after the missing disordered 

regions were reconstructed by homolog modeling, see Materials and Methods.   
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Table S1. SEC-SAXS data collection and analysis

Data collection

Beamline SSRL BL4-2

SEC system / column Themo Fisher Scientific UltiMate 3000 UHPLC /

Superdex 200 Increase 3.2/300

Sample volume 10 ml

Sample concentration 9.5 mg/ml

Sample buffer 10 mM Hepes, pH=7.5, 150 mM NaCl, 3 mM EDTA,

1mM DTT

Flow rate 0.05 ml/min

Beam defining slits size 0.3 mm (H) x 0.3 mm (v)

Sample-Detector distance 1.7 m

Wavelength 1.127 Å (11 keV)

Beam current 500mA (5 min top-off)

Exposure time 1 sec per 5 sec

Temperature 293 K

Sample cell size (quartz capillary) 1.5 mm in diameter

Guinier analysis for alpha-catenin monomer

q*Rg limit* 0.5-1.29

I(0) 5.4 ± 0.2

Rg 42.1 ± 1.2 Å

P(r) and Porod volume estimation for alpha catenin monomer

Software Primus/GNOM

q range* 0.01-0.2 Å-1

I(0), real space 5.5± 0.25

Rg, real space 43.7 ± 0.9 Å

Dmax 147.0 Å

Porod volume 183000.00 Å3

Calculated monomeric Mw (kDa) from

sequence

100.1 kDa

ZbuThinkStation
Typewriter
1



Guinier analysis for alpha-catenin dimer

q*Rg limit* 0.56-1.27

I(0) 23.63 ± 0.56

Rg 58.5 ± 2.0. Å

P(r) and Porod volume estimation for alpha- catenin dimer

Software Primus/GNOM

q range* 0.0096-0.2 Å-1

I(0), real space 23.63 ± 0.56

Rg, real space 58.8 ± 2.0. Å

Dmax 205.0 Å

Porod volume 522000.00 Å3

Calculated dimer Mw (kDa) from

sequence

200.1 kDa

ZbuThinkStation
Typewriter
2
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2.  Theoretical analysis of NSE data 

 Neutron spin echo spectroscopy measures the intermediate scattering function 

I(Q,t).  Nanoscale motions determine I(Q,t). The effective diffusion constant Deff(Q) as 

a function of Q is determined by the normalized intermediate scattering function 

I(Q,t)/I(Q,0):  
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where I(Q,0) is the static form factor.  Deff(Q) can be calculated by the expression(57): 
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which is a generalization of the Akcasu-Gurol (AG) formula (58) to include rotational 

motion.  Here, bj is the scattering length of a scattering center j, HT is the translational 

mobility tensor, and HR is the rotational mobility tensor.  The coordinates rj of the various 

scattering centers are taken relative to the center of friction of the protein, and are given 

by rj  (note that Σ rj = 0); kBT is the usual temperature factor; and Lj= rj × Q  is the torque 

vector for each coordinate.  The brackets < > denote an orientational average over the 

vector Q, so that <Qa Qb exp (i Qr)> Q-2 = (1/3)δabj0(Qr )+[(1/3)δab - (ra rb /r
2)] j2(Qr) can 

be expressed in terms of the spherical Bessel functions j.  The translational mobility 

tensor HT is defined by the velocity response v = HT F to an applied force F.  The 

rotational mobility tensor HR is defined by the angular velocity response ω = HR τ to an 

applied torque τ.  The rotational mobility tensor HR  can be easily determined from the 

translational mobility tensor HT (39). 

 

The mobility tensor directly reveals internal degrees of freedom. Given the structure of 

the protein, comparison of these calculations to experimental Deff(Q) allows one to test 

models of the mobility tensors.  For a rigid body composed of N identical subunits, the 

translational mobility tensor HT is a matrix with N2  identical 3x3 rotation elements. This 

must be so, since HT yields the velocity response of e.g., subunits B and C to a force 

applied to subunit A.  If the mobility tensor components HAB and HAC are unequal, the 

velocity response of B and C will be different, B and C will move apart, and the body 

will no longer remain rigid.  Additionally we showed that for a rigid uniform 

(nondeuterated) body, Deff(Q→∞) = 2 Deff(Q=0)(39).  
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Comparing the calculated Deff(Q) with data allows one to extract the relative degree of 

dynamic coupling between the various components of the system, for this dynamic 

coupling is defined by the mobility tensor.  For example, a rigid two-domain system has 

a translational mobility tensor 
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0HH       Eq. S3a  

with all elements of the tensor equal, and yields [via Eq. S2] the simple result that the 

translational contribution to the effective diffusion constant is given by DT
eff(Q)= kBT 

H0, independent of Q.  By contrast, a two-domain flexible protein with internal motion 

has a translational mobility tensor  
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in principal coordinates. The application of equal forces to the two domains of a flexible 

protein will then result in their having different velocities, revealing internal motion.  For 

the case where there is one internal translational mode between subunits 1 and 2 with 

D1=kBTH1 and D2= kBTH2, the translational contribution to the effective diffusion 

constant for this flexible system is: 
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Here, S1(Q) and S2(Q) are the form factors of the separate individual protein domains, 

while S(Q) is the form factor of the entire protein.  Orientational averages are performed, 

so that, e.g.,   S(Q)=Σjl j0 (Qrjl); and S(Q=0)=N2 and S(Q→∞) = N, with N the number of 

beads.  The inclusion of the overall rotational diffusion is as discussed in ref. (39). The Q 

dependence of the effective diffusion constant is thus a sensitive probe of nanoscale 

dynamic modes and correlations.   

 

The timescale of the internal mode can be estimated as follows.  This follows from a 

simple analysis of Brownian harmonic motion.  The timescale  is k/, where k is the 

spring constant and  the friction constant.  The Stokes-Einstein relation gives the 

diffusion constant D=kBT/, (kB is the Boltzmann constant, T temperature) while 

equipartition yields ½ k <x2> = ½ kBT, with <x2> the expected flexible linker length x 

squared.  A mean-field estimate of <x2> ~ <x>2 then yields   ~ <x>2/D.  (Note that this is 

valid even when the particles are interacting, i.e., it is not just a simple diffusion result) 

With the subdomain diffusion constant D ~ 1-10 Å2/ns  and <x> ~ 10-20 Å we get an 

order-of-magnitude estimate for   ~ 10-100 ns. 
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Figure S4.  (A) SANS of alpha-catenin in D2O phosphate buffer from the same sample used for 
NSE experiments.  (B) Guinier fit suggests a radius of gyration of 60.4±0.5. Å. (C) Kratky plot 
suggests that it is a protein with folded domains but linked by flexible linkers.
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