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ABSTRACT The cell-cell adhesion cadherin-catenin complexes recruit vinculin to the adherens junction (AJ) to modulate the
mechanical couplings between neighboring cells. However, it is unclear how vinculin influences the AJ structure and function.
Here, we identified two patches of salt bridges that lock vinculin in the head-tail autoinhibited conformation and reconstituted the
full-length vinculin activation mimetics bound to the cadherin-catenin complex. The cadherin-catenin-vinculin complex contains
multiple disordered linkers and is highly dynamic, which poses a challenge for structural studies. We determined the ensemble
conformation of this complex using small-angle x-ray and selective deuteration/contrast variation small-angle neutron scattering.
In the complex, both a-catenin and vinculin adopt an ensemble of flexible conformations, but vinculin has fully open conforma-
tions with the vinculin head and actin-binding tail domains well separated from each other. F-actin binding experiments show that
the cadherin-catenin-vinculin complex binds and bundles F-actin. However, when the vinculin actin-binding domain is removed
from the complex, only a minor fraction of the complex binds to F-actin. The results show that the dynamic cadherin-catenin-
vinculin complex employs vinculin as the primary F-actin binding mode to strengthen AJ-cytoskeleton interactions.
SIGNIFICANCE The adherens junctions (AJs) are multiprotein complexes that sense and transduce cellular mechanical
forces and provide mechanical couplings between neighboring cells during embryonic development and tissue wound
repair. This study determines the macromolecular conformations of AJ’s cadherin-catenin-vinculin complex and reveals
that this highly dynamic macromolecular complex utilizes the mechanosensory protein vinculin as the primary F-actin
binding mode.
INTRODUCTION

The adherens junctions (AJs) provide mechanical couplings
between neighboring cells in tissues of multicellular organ-
isms (1–3). Disassembly of the AJs results in the loss of cell
polarity and contact inhibition, and permits cells to undergo
an epithelial-to-mesenchymal transition (4,5). The dynamic
remodeling of the AJs is necessary so that moving or
migrating cells can continually break and remake adhesive
bonds with neighboring cells during embryonic morphogen-
esis, organ development, tissue homeostasis, wound repair,
and regeneration (6).
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The central component of the AJ is the cadherin$
b-catenin$a-catenin (cadherin-catenin) complex and the
cytoskeletal actin microfilaments (1,2). Cadherin is a sin-
gle-helix transmembrane protein that employs its extracel-
lular domain to form a homophilic transcellular bond with
a cadherin from a neighboring cell (7). The intracellular
domain of cadherin binds to b-catenin, and b-catenin in
turn interacts with the actin-binding protein a-catenin, form-
ing the cadherin-catenin complex that links to the cytoskel-
etal actin networks. The linkage of the cadherin-catenin
complex to the actin cytoskeleton is essential for providing
mechanical strength to cell-cell adhesion, and for sensing
and transmitting mechanical tension between cells in quies-
cent tissues and during collective cell migration (6,8). Studies
have shown that the interaction of the cadherin-catenin force
with the actin microfilaments is force sensitive—mechanical
forces are required for the cadherin-catenin complex to bind
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effectively to F-actin (9,10). In cells, the mechanical forces
are generated by the cytoskeletal actomyosin assemblies
(11). The myosin motors produce pulling forces on the actin
microfilaments, thereby causing tension within a filament as
well as sliding movements between the filaments. The cad-
herin-catenin complex and the actomyosin assembly thus
form an integral mechanosensing machinery that transmit
mechanical signals between cells (12–15).

In addition to the core cadherin-catenin complex, the AJs
associate with other intracellular proteins that are necessary
for the stability and dynamic remodeling of the AJs (1,16–
18). In particular, vinculin is recruited to the AJs when cells
are under recurrent high mechanical tensions, such as during
cell collectivemigration, or in endothelium, cardiomyocytes,
and skin cells (19–27). Vinculin is a cytoskeletal protein that
plays important roles in cell adhesion, migration, and cell
signaling (28–30). Vinculin is found at both cell-cell and
cell-matrix adhesion sites. In cell-matrix focal adhesion, vin-
culin binds to talin, which in turn interacts with the trans-
membrane cell-matrix receptor integrin (31). Vinculin and
talin together serve as adapters and mechanotransducers be-
tween the actomyosin bundle and integrin. In cell-cell adhe-
sion, vinculin associates with the cadherin-catenin complex
in an actomyosin-generated force-dependent manner (21–
24,32). The interaction of the AJ with vinculin is vital for
the proper development of heart and brain, and for maintain-
ing skin stem cell quiescence (25–27). Vinculin is believed to
serve as a force transducer and strengthens theAJs. However,
the molecular mechanism by which vinculin modulates the
cadherin-catenin complex to interact with F-actin is unclear.

Vinculin is composed of a head domain (Vh) and a tail
actin-binding domain (VtABD) that are connected by a pro-
line-rich linker (Fig.1 A). The Vh domain includes 4-helix
bundle subdomainsD1-D4. In the cytoplasm, vinculin adopts
an autoinhibited conformation with the VtABD folded onto
the Vh domain (38), which masks the ligand-binding sites
in both the Vh and VtABD domains. Vinculin is activated
when recruited to the AJs or to the cell-matrix focal adhesion
sites (21,38).Multiple factors are thought to contribute to vin-
culin activation, including phosphorylation, actin-binding,
phosphatidylinositol 4,5-bisphosphate binding, and mechan-
ical force (39–42). Upon vinculin activation, the head-tail in-
teractions are disrupted, and the head domain binds to the
highly conserved vinculin-binding sequence (VBS) in a-cat-
enin in cell-cell adhesion or in talin in cell-matrix adhesion,
while VtABD binds to the actin microfilament (43,44).

Biochemical and x-ray crystallographic studies showed
that the D1 subdomain of Vh binds to the VBS in theM1 sub-
domain of a-catenin (Fig.1 A), and that this binding results in
the ‘‘unfurling’’ of M1 (45–47). Nevertheless, single-
molecule studies found that a force of about 5 pN is required
to unfold a-cateninM1 to expose the cryptic VBS inM1 (48).
A single-molecule force study showed that the vincu-
lin$a-catenin bond has very high mechanical stability (49).
Other studies found that vinculin forms a directionally asym-
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metric catch bondwith F-actin (50). However, the structure of
the whole cadherin-catenin-vinculin complex is not known,
and it is not clear how the cadherin-catenin-vinculin complex
interacts with F-actin. Currently, the available crystal struc-
tures of theAJ complex are the binary complexes of fragments
from cadherin cytoplasmic domain$b-catenin, a-catenin$
b-catenin complexes, and VBS from a-catenin bound to D1
of vinculin (45,46,51,52). The highly flexible and dynamic
nature of the AJ complex, like many multidomain proteins
or protein complexes with significantly disordered segments,
poses challenges for structural studies (53,54).

We previously determined the nanoscale molecular struc-
ture and dynamics of the complex of a-catenin$b-catenin$
E-cadherin cytoplasmic domain (ABE) using negative stain
microscopy, small-angle x-ray scattering (SAXS), selective
deuteration/small-angle neutron scattering (SANS), and
neutron spin echo spectroscopy (33,55,56). The studies re-
vealed that the ABE complex adopts an ensemble of flexible
conformations with enhanced protein domain motions
compared with a-catenin alone in solution (33,55,56). The
activated motion and an ensemble of flexible configurations
of the mechanosensory ABD suggest the formation of an
entropic trap in the cadherin-catenin complex, providing
negative allosteric regulation that impedes the complex
from binding to actin under zero force.

In this study, we identified that salt bridge interactions at
the interface between Vh and Vt are the primary factor that
locks vinculin in the head-tail autoinhibited configuration
and generated a new type of vinculin activation mutant. Us-
ing the vinculin activation mutant, we reconstituted a com-
plex of full-length vinculin bound to ABE (VABE), and
determined the molecular conformation of the VABE
complex using SAXS and selective deuteration/contrast
variation SANS. The SANS study and analyses reveal
that, upon binding vinculin, the VABE complex adopts an
ensemble of conformations that are even more flexible and
dynamic than the ABE complex alone, and the ensemble
of full-length vinculin conformations adopt extended con-
formations with the vinculin actin-binding VtABD well
separated from the Vh domain. Sedimentation F-actin bind-
ing experiments show that the VABE complex employs vin-
culin as the dominant F-actin binding mode and bundles
F-actin. In the cellular context, the AJs likely switch be-
tween the weak and dynamic F-actin binding mode by the
cadherin-catenin complex and the strong F-actin binding
and bundling mode by the cadherin-catenin-vinculin com-
plex to adapt to different mechanical requirements.
MATERIALS AND METHODS

Protein expression, purification, and complex
reconstitution

The open reading frame cDNA of full-length human aE-cat-
enin, full-length b-catenin, and the entire cytoplasmic



FIGURE 1 Reconstitution of full-length vinculin with ABE complex. (A) Primary structures of the cytoplasmic domain of E-cadherin (EcadCT), full-

length a-catenin, b-catenin, and vinculin. (B) SEC profiles of the ABE (black) and V(T12K3E)ABE (red) complexes, and excessive V(T12K3E) (red)

during incubation, with the elution volumes of SEC peaks marked. (C) SDS-PAGE of V(T12K3E)ABE (lane 2) and ABE complex (lane 3) collected

from the respective SEC peak fractions. (D) Binding curve of ABE to V(T12K3E) measured by SPR. The SPR binding sensorgrams are shown in

Fig. S4 A. (E) SEC-SAXS data of ABE (black circle, from (33)) and V(T12KE)ABE (red circle). The lines are fits for computing P(r) functions. The

SEC-SAXS profile of V(T12K3E)ABE and the Guinier plot are shown in Fig. S4, B and D. (F) P(r) functions of ABE (black) and V(T12K3E)ABE

(red). Residuals of P(r) fit are shown in Fig. S4 C. (G) 3D shape of V(T12K3E)ABE ab initio reconstructed from the SAXS data using the program Gasbor

(34). The 3D shapes of the complex reconstructed by other programs (35–37) are shown in Fig. S4 E. (H) Contrast variation SANS data of selectively

(legend continued on next page)
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domain of E-cadherin, EcadCT (amino acid [aa] 732–882),
vinculin head domains of aa 1–718 (Vh718), and aa 1–840
(Vh840) were subcloned in the pET-32a vector for bacterial
expression. The vector contains an N-terminal 6xHis tag and
a tobacco etch virus (TEV) protease cleavage sequence
before the N-terminus of the expressed proteins. The
cDNA of full-length human vinculin and vinculin activation
mutants were cloned into the pET-21a vector with a
C-terminus 6xHis tag for bacterial expression (GenScript,
Piscataway, NJ).

The plasmids were transformed into Rosetta 2 (DE3)
cells. After the cells were grown in at 37�C with the addition
of 0.1 mg/mL ampicillin and 35 mg/mL chloramphenicol. At
optical density at 600 nm of about 0.6, 0.2 mM isopropyl
b-D-1-thiogalactopyranoside was added to the cell culture
to induce protein production for 5 h at 20�C. The cells
were harvested by centrifugation at 5200 � g for 20 min,
and the cell pellets were stored at �80�C.

For protein purification, the cell pellets were suspended in
a binding buffer containing 1� phosphate-buffered saline
(PBS) buffer (pH 7.4), 300 mM NaCl, 20 mM imidazole,
and 0.1 mM phenylmethylsulfonyl fluoride. The cells were
lysed by sonication on ice. The cell debris was clarified by
centrifugation at 10,000 � g for 20 min. The supernatant
was passed through a HiTrap Chelating HP Ni column, and
the columnwas washedwith 15–20 columnvolumes of bind-
ing buffer. The protein was eluted with 1� PBS buffer (pH
7.4), 500 mMNaCl, and 500mM imidazole. TEVwas added
to cleave the N-terminus thioredoxin-6xHis tag. The protein
was further purified by size-exclusion chromatography
(SEC) using a Superose 6 Increase 10/300 GL or a Superdex
200 Increase 10/300 GL column (Cytiva, Marlborough,
MA). Both columns have a void volume of �8.0 mL.

Details about reconstituting the ABE complex were
described previously (33,56). The complexes of vinculin
head domains with ABE or of full-length vinculin activation
mutant with ABE were formed by incubating excessive
amount of vinculin with the ABE complex. The VABE com-
plexes were separated by SEC using a Superdex 200 In-
crease 10/300 GL column or a Superose 6 Increase 10/300
GL column.

Deuterated proteins were expressed in 85% D2O (v/v) M9
medium using a protocol described earlier (62,90–92). The
procedures for purifying the deuterated proteins and recon-
stituting the selectively deuterated complexes were the same
as those of the hydrogenated proteins. The software suite
SASSIE (71) was used to compute the neutron scattering-
length densities (SLD) of the buffer, the proteins, and the
selectively deuterated complexes at different D2O volume
fractions.
deuterated hV(T12K3E)dAdBdE complex at different D2O buffer volume fractio

initio 3D shape model. (I) Two-phase 3D shape of hV(T12K3E)dAdBdE comple

the deuterated ABE (cyan) bound to hydrogenated V(T12K3E) (magenta) as tw

the two-phase ab initio reconstruction (34).
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Surface plasmon resonance experiments

Surface plasmon resonance (SPR) experiments were
performed on a Biacore X100 instrument (Cytiva).
A Biacore CM5 Biosensor chip was activated by
N-hydroxysuccinimide and N-ethyl-Nʹ-[3-(diethylamino)
propyl] carbodiimide. The ligand, Vh718 or V(T12K3E),
was dissolved at 5 mg/mL in 10 mM sodium acetate
(pH 4.9), and injected to coat the activated sensor chip
surface in one of the two flow cells. The noncross-linked
ligand was washed away and unoccupied sites were
blocked with 1 M ethanolamine (pH 8.5). The control
flow cell was activated and blocked without ligand injec-
tion. The analyte ABE complex was dialyzed in HBS-EP
buffer (10 mM HEPES, [pH 7.4], 150 mM NaCl, 3 mM
EDTA, 0.005% surfactant polysorbate 20) and injected
in increasing concentrations over the ligand-coated sur-
faces at 30 mL/min for 180 s. The dissociation time was
800 s. At the end of each injection-dissociation cycle,
the sensor chip was regenerated with 50 mM triethyl-
amine (pH 9.15), 4.0 M MgCl2, and HBS-EP buffer.
SPR experiments were performed at 25�C. The Bia-eval-
uation software provided by the instrument manufacturer
was used to obtain the equilibrium dissociation constant
Kd with a 1:1 binding model.
SEC-SAXS experiments

The SEC-SAXS experiments were performed at the Stan-
ford Synchrotron Radiation Light Source (SSRL) Bio-
SAXS Beamline 4-2. The experimental setup was as
described previously (93). Details of SEC-SAXS data
collection and analysis are listed in Table S1.

In total, 500 images were collected with 1-s exposure
every 5 s at a 0.05 mL/min flow rate. After the 100th image
(blank data collections), the x-ray shutter was closed until
just before the sample was eluted to keep the sample cell
clean from debris formed by x-ray radiation. An additional
sample cell wash was executed during the shutter closure.
Data reduction and initial analyses were performed using
the BL4-2 automated SEC-SAXS data processing and anal-
ysis pipelines, SECPipe (https://www-ssrl.slac.stanford.
edu/smb-saxs/node/1860) (93). It implements the program
SASTOOL (https://www-ssrl.slac.stanford.edu/smb-saxs/
node/1914) and ATSAS AUTORG (59). The data were pre-
sented as I(q) versus q, where q ¼ 4psin(q)/l, 2q is the
scattering angle, and l is the wavelength of the x ray. After
careful manual inspection, a total of five images were
selected to generate the averaged profile for further
analysis.
ns. The lines are fits to the scattering data for generating the two-phase ab

x reconstructed from combined SAXS and contrast SANS data, assuming

o different phases. The program MONSA from ATSAS 3.0 was used for

https://www-ssrl.slac.stanford.edu/smb-saxs/node/1860
https://www-ssrl.slac.stanford.edu/smb-saxs/node/1860
https://www-ssrl.slac.stanford.edu/smb-saxs/node/1914
https://www-ssrl.slac.stanford.edu/smb-saxs/node/1914
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SANS experiments

SANS data were collected by the Bio-SANS instrument at
the High Flux Isotope Reactor (HFIR) at Oak Ridge Na-
tional Laboratory (94). A single configuration was used
for Bio-SANS that placed the main detector at 7.0 m from
the sample and the wing detector was fixed at 1.13 m
from the sample. The wavelength was set to 6 Åwith a rela-
tive wavelength spread (Dl/l) of 15%. This single configu-
ration provides a q range of 0.007–0.80 Å�1. All SANS
measurements were performed at 105 0.1�C with a Peltier
temperature controller.

The facility software DRT-SANS (https://doi.org/10.
11578/dc.20220109.1) was used to reduce the data from
the samples and from the backgrounds using standard pro-
cedures 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 aver-
aged to generate I(q) versus q plots. Absolute intensity
scaling for both configurations was done with a calibrated
standard. The sample scattering was then corrected by sub-
tracting solvent scattering to produce the final, reduced 1D
profile data.

Before the SANS experiments, a PBS tablet (Thermo
Fisher Scientific, Waltham, MA, USA) for making 500 mL
1� PBS buffer was soaked in 2 mL D2O and vacuum dried
5 times at 80�C to exchange the H in the tablet into D. The
D-exchanged PBS tablet was dissolved with 500 mL 99.9%
D2O, which was then mixed with H-unexchanged 1� PBS
buffer at different volume fractions. The protein complex
of 0.4 mL was dialyzed 5 times, each for 6–8 h, against
5 mL of 0, 20, 42, 60, 90, and 100% PBS D2O (v/v) buffer.
The samples were loaded into 1-mm beam path cylindrical
quartz cuvettes (Hellma, M€ullheim, Germany) for measure-
ment. Details of SANS data collection and analysis are listed
in Table S2.
SAXS and SANS data analysis and structural
modeling

The distance distribution function P(r) was generated using
the program GNOM (95) to obtain Rg and Dmax. When
computing P(r), the I(q) of q % 0.2 Å�1 was selected for
fitting. A series of Dmax values at which P(r) ¼ 0 were
tested, and the optimum Dmax value with the minimum a
value and maximum total quality values was selected as
the final solution.

The program Gasbor in ATSAS 3.0 was used to generate
the ab initio shape of the V(T12K3E)ABE complex from the
SAXS data. The program MONSA in ATSAS 3.0 was used
to generate a multiphase ab initio shape, which combines
the SEC-SAXS data of V(T12K3E)ABE and the SANS
data of hV(T12K3E)dAdBdE collected at different volume
fractions of D2O buffer, with the input Rg value of

dAdBdE
in 42% D2O and the Rg value of hvinculin(T12K3E) in
100% D2O, and the deuteration level of dAdBdE from
neutron SLD contrast calculations.

The program suite SASSIE (71) was used for Monte
Carlo simulation structure generations, neutron SLD calcu-
lations of the selectively deuterated protein complexes and
the buffer, comparison with experimental SANS data, and
for selecting the conformations. Before Monte Carlo simu-
lations, the crystal structure of the nearly full-length vincu-
lin (PDB: 1tr2) was used as the starting structure, and the
program I-TASSER (68) was used to rebuild the flexible
loops or linkers that are missing in the crystal structure.
The all-atomic structural coordinates of the ABE complex
derived from SAXS and SANS (33) were used as the start-
ing structure to dock with vinculin. Multiple rounds of sim-
ulations were performed for each component with each
round of 5000 to 10,000 trial attempts. Details about the
steps of Monte Carlo simulations and conformation selec-
tion of the complex at different contrasts of SANS are
described in supporting experimental procedures.
Protein complex molecular mass measurements
using contrast variation SANS

At various D2O concentrations, the oligomeric state and
stoichiometry of the complexes can be determined by
contrast variation SANS:

1

�n

�
100 � Ið0Þ � NA

c

�0:5
¼

"
rDMD þ rHMH

ðMD þMHÞ0:5

� roðMD þMHÞ0:5
#

(1)

where I(0) is the forward scattering intensity on absolute
scale, c is the protein concentration in mg/mL, n ¼

0.73 cm3/g is the partial specific volume of the complex,
NA is Avagadro’s number, rD and rH are the neutron SLD
of the deuterated component and the hydrogenated compo-
nent, respectively, ro is the neutron SLD of the buffer, and
MD and MH are the molecular masses of the deuterated
and hydrogenated components, respectively. Eq. 1 was re-
derived from an earlier version described in (65).
Sedimentation F-actin binding experiments

The actin protein (>99 pure) purified from rabbit skeletal
muscle was purchased from Cytoskeleton (Denver, CO),
and the F-actin binding experiments follow the protocol pro-
vided by the vendor with some modifications. First 1 mg
actin was first dissolved in 0.5 mL ice-cold water to make
a 2 mg/mL stock solution. The actin solution was then dia-
lyzed against the general actin buffer (5 mM Tris-HCl [pH
8.0], 0.2 mM CaCl2, 0.2 mM ATP) overnight. After dialysis,
the actin solution volume was adjusted to 0.9 mL with the
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addition of general actin buffer. To initialize actin polymer-
ization, 0.1 mL or a 10% volume fraction of 10� actin poly-
merization buffer (100 mM Tris-HCl [pH 7.5], 1000 mM
KCl, 20 mM MgCl2, 10 mM ATP, 10% glycerol) was added
to the actin solution to initiate polymerization, and the solu-
tion was incubated for 1 h at room temperature. The final
F-actin stock contained �23.8 mM actin.

The ligand (protein or protein complex, positive or nega-
tive control) was first concentrated and exchanged into
10 mM Tris-HCl (pH 7.5) and 150 mM NaCl by dialysis
to remove EDTA in the FPLC purification buffer. The ligand
concentration was then adjusted to 50 mM. A 2.4-mL aliquot
of the ligand stock solution was added to 40 mL F-actin so-
lution, and the reaction volume was adjusted to 50 mL by
adding 7.6 mL 1� F-actin buffer. The molar ratio of ligand
to actin was 1:8. The ligand/F-actin mixture was incubated
at room temperature for 20 min before centrifugation.

The incubated mixture was centrifuged at 1,500,00 � g
for 1.5 h at room temperature using a Beckman Coulter
air-driven ultracentrifuge with an A-100/18 rotor. After
centrifugation, 25 mL of the supernatant was pipetted out
of the centrifuge tube and mixed with 25 mL of 2� SDS-
PAGE sample buffer. The remaining supernatant was blotted
off with a filter paper. The F-actin pellet was then dissolved
in 25 mL deionized water and mixed with 25 mL of 2� SDS-
PAGE sample buffer. The supernatant and pellet were sub-
jected to SDS-PAGE. The SDS-PAGE gel was documented,
and the intensities of the gel bands were analyzed using the
program Image J (96).
RESULTS

Reconstituting full-length vinculin bound to the
cadherin-catenin complex

The reconstitution, structure and dynamics of the ABE com-
plex have been described previously (33). We first examined
the interaction of the vinculin head domain Vh718 (aa 1–
718) with the ABE complex. Incubating ABE with exces-
sive Vh718 forms a discrete complex that is larger than
ABE as shown by SEC (Fig. S1 A, B, and E–G). The disso-
ciation constant of Vh718 to ABE binding is Kd ¼ 60.1 5
8.7 nM as measured by SPR (Fig. S1 C and D). Thus,
Vh718 binds ABE with high affinity.

Incubation and SEC experiments indicate that the wild-
type full-length vinculin does not bind ABE. This result sup-
ports previous findings that vinculin adopts an autoinhibited
conformation (57). Previous studies reported activation mu-
tants of vinculin: vinculin-T12 mutant (D974A, K975A,
R976A, and R978A) and vinculin-T12K-A974K mutant
(D974K, K975A, R976A, and R978A), both with mutations
in the VtABD (34,58). However, our SEC/SDS-PAGE anal-
ysis shows that neither of these two vinculin mutants binds
ABE effectively to form a discrete complex, even though
ABE can incorporate a trace amount of vinculin-T12 or vin-
6 Biophysical Journal 122, 1–19, June 20, 2023
culin-T12-A974K after incubating ABE with an excessive
amounts of these two full-length vinculin mutants, respec-
tively (Fig. S2 A and B).

By examining the crystal structure of the full-length vin-
culin (PDB: 1tr2), we identified two patches of salt bridges
at the interface between the Vh and VtABD domains
(Fig. S3 A). The residues involved in forming the salt
bridges are E14 in head D1 with K996 in tail VtABD, and
E28 and E29 in D1 with K944 and K945 in VtABD. We
speculated that the ionic interactions may contribute to lock-
ing the Vh and VtABD domains in the autoinhibited confor-
mation, and thus mutated residues K944E/R945E/K996E in
VtABD in addition to the T12 mutations. This new full-
length vinculin mutant is named V(T12K3E).

SANS experiments suggest that, in solution, the
V(T12K3E) mutant has altered conformation compared
with that of the wild-type vinculin (vinculin(wt)) (Fig. S3
B–D; Table 1). The Guinier plots and the length distribution
function P(r)s show that the V(T12K3E) mutant is larger and
more expanded than vinculin(wt). The radius of gyration Rg

increases from 34.55 0.7 Å for vinculin(wt) to 44.05 0.6 Å
for V(T12K3E), and the maximum dimension Dmax expands
from 108 Å for vinculin(wt) to 147 Å for V(T12K3E). The
SANS experiments further show that vinculin(wt) adopts
the same compact conformation in solution as that in the
crystal structure when comparing the P(r) from the solution
SANSdata of vinculin(wt)with that calculated from the crys-
tal structure (PDB: 1tr2) (Fig. S3B andD). The SANS results
thus provide structural evidence that the salt bridge disrupt-
ing mutations alter the conforamtion of full-length vinculin
to make the protein more open in solution.

Incubating V(T12K3E) with the ABE complex forms a
discrete complex that is larger than ABE (Fig. 1 B and C).
V(T12K3E) has the same binding affinity for the ABE com-
plex as the Vh domain with Kd ¼ 61.0 5 6.7 nM (Figs. 1D
and S4 A). V(T12K3E) thus mimics an activated and open
full-length vinculin that binds ABE, which enables us to
reconstitute a complex of full-length VABE, V(T12K3E)
ABE, for structural studies by SAXS and SANS. We later
generated a vinculin mutant V(E3K) with all mutations
E14K/E28K/E29K only in the Vh domain for F-actin bind-
ing experiments without perturbing the actin-binding
function of VtABD (Fig. S2 E). This V(E3K) also binds
to ABE to form a discrete V(E3K)ABE complex in SEC
(Fig. S3 E and F). Thus, our mutagenesis, SANS, and bind-
ing experiments together show that the two patches of ionic
interactions formed at the interface between Vh and VtABD
are the primary factors to lock the full-length vinculin in the
head-tail autoinhibited conformation.
The 3D shape and stoichiometry of the VABE
complex

SEC-SAXS shows that the V(T12K3E)ABE complex is
larger than the ABE complex, with Rg ¼ 92.0 5 2.5 Å and



TABLE 1 Summary of Rg and Dmax measured by SEC-SAXS and SANS

Complex Methods Concentration (mg/mL) Rg * (Å) Dmax (Å) Calculated Mw (kDa) Measured Mw (kDa)

VABE complex

Vh718ABE SEC-SAXS see Table S1 90.4 5 1.9 354 5 5 281.0 277.6 5 15.4**

V(T12K3E)ABE SEC-SAXS see Table S1 92.0 5 2.5 370 5 5 320.7
hV(T12K3E)dAhBhE SANS, 0% D2O 4.18 94.8 5 2.5 369 5 5
hV(T12K3E)dAdBdE SANS, 0% D2O 3.34 94.5 5 2.1 375 5 5 333.3 5 50.8**

ABE conformation

ABE*** SEC-SAXS 69.3 5 2.8 260 5 5 202.7 195.1 5 10.1**
hV(T12K3E)dAdBdE

for ABE in VABE

SANS, 42% D2O 3.28 89.9 5 2.6 352 5 5

a-Catenin conformation

a-Catenin monomer**** SEC-SAXS 43.7 5 1.1 150 5 5
dAhBhE

for a-catenin in ABE***

SANS, 42% D2O 56.7 5 0.9 200 5 5

hV(T12K3E)dAhBhE

for a-catenin in VABE

SANS, 42% D2O 3.71 70.3 5 1.6 246 5 5

b-Catenin conformation

dV(T12K3E)dAhBdE

for b-catenin in VABE

SANS, 100% D2O 2.94 56.2 5 2.2 215 5 5

dAhBdE

for b-catenin in ABE***

SANS, 100% D2O 51.9 5 1.8 220 5 5

Vinculin conformation

Vinculin(wt) in solution SANS, 100% D2O 5.56 34.5 5 0.7 108 5 5

V(T12K3E) in solution SANS, 100% D2O 2.40 44.0 5 0.6 147 5 5
dV(T12K3E)hAhBhE

for V(T12K3E) in VABE

SANS, 42% D2O 2.21 69.6 5 3.9 240 5 10

*From P(r) analysis.

**From contrast variation SANS, Fig. S6.

***From (56).

****From (57).
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Dmax¼ 370 Å forV(T12K3E)ABEcomparedwithABEwith
Rg ¼ 69.3 5 2.8 Å and Dmax ¼ 260 Å (Figs. 1 E, F, and S4
B–F; Table 1. We restored the ab initio 3D shape of
V(T12K3E)ABE from the SAXS data using the GASBOR
program in the ATSAS 3.0 suite (59) (Fig. 1 G), and using
other ab initio programs including DENSS (35), DENSS
Multiple (36), and DAMMIF (37) (Fig. S4E). The 3D shapes
restored from the different programs all show that the
V(T12K3E)ABE complex is elongated with a lobe protrud-
ing from the middle of the complex.

To resolve the locations of vinculin and ABE,
respectively, within the V(T12K3E)ABE complex, we re-
constituted the hydrogenated V(T12K3E) bound to the
deuterated ABE (dAdBdE) to form a selectively deuterated
hV(T12K3E)dAdBdE complex, and performed contrast vari-
ation SANS measurements on this selectively deuterated
complex (Figs. 1 H, I, and S5 A–C). The parameters
measured by SANS are the same as those measured by
SAXS. However, with the aid of selective deuteration and
contrast variation, SANS can further resolve the conforma-
tion of an individual component within a multicomponent
complex as well as the molecular mass and stoichiometry
(Fig. S6 A and B) and the overall architecture of the complex
(60–63).

Forward scattering intensity I(0) measurements at
different contrasts provide the absolute molecular mass of
a macromolecular complex that is independent of protein
size and shape (Eq. 1) (Fig. S6 A and B) (33,64,65). The
contrast variation SANS measured molecular mass of the
hV(T12K3E)dAdBdE complex is Mw ¼ 333.2 5 50.8 kDa
(Fig. S6 A). This measured absolute molecular mass is close
to the theoretical molecular mass of Mw ¼ 320.7 kDa of a
1:1:1:1 V(T12K3E)ABE complex. Using the same method,
we measured the molecular mass of the dVh718

hAhBhE com-
plex to be Mw ¼ 277.6 5 15.4 kDa (Fig. S6 B), which is
close to the theoretical Mw ¼ 281.0 kDa of a 1:1:1:1
Vh718ABE complex (Table 1).

Using the SAXS and SANS data at different contrasts
shown in Fig. 1 H, we restored the two-phase ab initio 3D
shape of the V(T12K3E)ABE complex using the program
MONSA in ATSAS 3.0 (59), assuming that the complex is
composed of a hydrogenated V(T12K3E) phase and a
deuterated ABE phase. The 3D shape of the complex shows
that both the deuterated ABE and the hydrogenated
Biophysical Journal 122, 1–19, June 20, 2023 7



Shi et al.

Please cite this article in press as: Shi et al., An ensemble of cadherin-catenin-vinculin complex employs vinculin as the major F-actin binding mode, Biophysical
Journal (2023), https://doi.org/10.1016/j.bpj.2023.04.026
V(T12K3E) phases are elongated, with a compact lobe of
the hydrogenated V(T12K3E) anchored in the middle of
the deuterated ABE phase, and a V(T12K3E) tail protrudes
from the middle of ABE (Fig. 1 I). These preliminary ab in-
itio 3D shape analyses of the SAXS and SANS data reveal
the overall conformation of the V(T12K3E)ABE complex
as well as the location of V(T12K3E) and ABE in the
V(T12K3E)ABE complex.

Previously we combined negative stain EM 2D classifi-
cation with SAXS and SANS analyses to reveal that the
ABE complex is dynamic and adopts an ensemble of flex-
ible domain conformations (33,55). However, upon bind-
ing to vinculin, the VABE complex becomes even more
flexible and highly dynamic, which makes it difficult to
collect good quality negative stain images for 2D classifi-
cation of the complex. In the following, we employ a
hybrid approach, combining SANS with Monte Carlo sim-
ulations to provide all-atomistic molecular models of the
conformations of full-length vinculin, a-catenin, b-cate-
nin, and the whole VABE complex. We further compare
the conformation distribution of vinculin, a-catenin, and
b-catenin in the highly dynamic VABE complex using
the ensemble optimization EOM analyses (66,67) of the
SANS data.
V(T12K3E) adopts extended conformations when
bound to the ABE complex

SANS suggests that the V(T12K3E) mutant is more
expanded than vinculin(wt), while vinculin(wt) has the
same compact conformation as that shown in the crystal
structure (Figs. 2 A–C and S7 A–C, black and blue data).
To reveal the conformation of V(T12K3E) as part of the
VABE complex, we reconstituted the selectively deuter-
ated dV(T12K3E)hAhBhE complex (Figs. 2 A–C and S7
A–C, red data). In 42% D2O buffer at the contrast-matching
point of the hydrogenated ABE, SANS measures
the conformation of the deuterated V(T12K3E) within
the complex. Contrast-matching SANS indicates that the
conformation of V(T12K3E) as part of the complex is
even more extended than V(T12K3E) alone in solution,
as exhibited by P(r) with Rg ¼ 69.6 5 3.9 Å and Dmax ¼
240 Å (Fig. 2 B; Table 1). The normalized Kratky plot
(69,70) suggests that the V(T12K3E) structure is more
open in the complex than V(T12K3E) in solution (Fig. 2
C). Comparing the SANS data of vinculin(wt), and
V(T12K3E) in solution and in the V(T12K3E)ABE
complex thus shows that the salt bridge disrupting
V(T12K3E) mutant is partially open in solution, and be-
comes extended when bound to the ABE complex.

To provide an all atomistic structural model of
V(T12K3E) in solution, we performed Monte Carlo simula-
tions on the full-length vinculin structure (PDB: 1tr2) using
the program SASSIE (71). During simulations, the linkers
between D1-D2 (aa 250–254), D2-D3 (aa 484–492),
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D3-D4 (aa 717–723), and D4-VtABD (aa 836–896) were
assumed to be flexible and the simulations were directed
with the protein having an Rg¼ 44.0 Å as determined exper-
imentally by SANS (Table 1). Details about the Monte Carlo
simulation and conformation selections against SANS data
at different contrasts are described in supporting experi-
mental procedures. The Monte Carlo simulation generated
a pool of full-length vinculin structures of differently open
conformations. The theoretical SANS curves computed
from this pool of vinculin structures were compared against
the experimental SANS data of V(T12K3E) in 100% D2O
buffer solution (Figs. 2 A, blue data and blue line, and
S7 D). The structures that fit the experimental SANS data
with c2 % 1.2 were selected as the acceptable ensemble
of V(T12K3E) conformations in solution (Fig. 2 G).
Fig. 2 E shows one representative selected structural model
of V(T12K3E) in solution of a best fit structure to the SANS
data, which shows a partially open conformation with
VtABD unlocked from the Vh domain.

Monte Carlo simulations were also performed on vinculin
to provide a structural model of vinculin residing in the
V(T12K3E)ABE complex, assuming that the linkers be-
tween D1-D2, D2-D3, D3-D4, and D4-VtABD are flexible
and the simulations were directed with V(T12K3E) having
an of Rg ¼ 69.5 Å as determined experimentally by
SANS (Table 1). The simulation-generated pool of struc-
tures were then compared against the SANS data of
dV(T12K3E)hAhBhE in 42% D2O buffer (Figs 2 A, red
data, and S7 E). The simulation-generated vinculin struc-
tures with c2 % 1.2 fits to the SANS data were accepted
the conformation ensemble in the V(T12K3E)ABE complex
(Fig. 2 H). Fig. 2 F shows one representative structure of
V(T12K3E) structure from the ensemble, with Rg ¼
68.6 Å and c2¼ 0.797, in which VtABD is further separated
away from the Vh domain as compared with V(T12K3E)
alone in solution.

To estimate the conformational distribution of
V(T12K3E) in solution and in the V(T12K3E)ABE com-
plex, we performed ensemble analyses of the SANS
data using the program EOM (66,67) (Fig. S8 A and B).
The EOM analyses suggest that the conformation of
V(T12K3E) in solution has two populations, one major
population of 79.6% adopts a compact conformation with
Rg peaked at 42.5 Å and Dmax at 130–155 Å, and a minor
population of 20.4% of extended conformations with Rg

peaks at 59.4 Å and Dmax at 212.5 Å (Fig. S8 B). Neverthe-
less, even the compact population has Rg and Dmax values
that are larger than the vinculin(wt) but are close to P(r) an-
alyses of V(T12K3E) in solution, suggesting that the
compact population of V(T12K3E) is partially open in so-
lution. In the V(T12K3E)ABE complex, the conformation
of V(T12K3E) is predominantly extended, with Rg ranging
between 57 and 66 Å and Dmax between 182 and 214 Å.
The EOM analyses thus reach the same conclusion as
ensemble averaged analyses of the SANS data that the
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FIGURE 2 Conformation of full-length vinculin in solution and in complex to ABE. (A) SANS data of vinculin(wt) in 100% D2O (black), V(T12K3E) in

100% D2O (blue), and dV(T12K3E) in the dV(T12K3E)hAhBhE complex in 42% D2O (red). Guinier plots are shown in Fig. S7 A. The black line is the theo-

retical scattering curve computed from the crystal structure of vinculin(wt) (PDB: 1tr2) with missing loops reconstructed using the program I-TASSER (68).

The blue and red lines are the best fits of the Monte Carlo simulation-generated structures that are selected against SANS data of V(T12K3E) in 100% D2O

and of dV(T12K3E)hAhBhE complex in 42%D2O, respectively. (B) P(r) functions of vinculin(wt) in 100%D2O (black), V(T12K3E) in 100%D2O (blue), and
dV(T12K3E)hAhBhE in 42% D2O (red). Quality of P(r) fit is shown in Fig. S7, B and C. (C) Normalized Kratky plot of vinculin(wt) in 100% D2O (black),

V(T12K3E) in 100% D2O (blue), and dV(T12K3E)hAhBhE in 42% D2O (red). (D) Crystal structure of vinculin(wt) (PDB: 1tr2). (E) One representative

V(T2K3D) structure model of V(T12K3E) in 100% D2O from the ensemble of Monte Carlo simulation generated structures that are selected by the

SANS data shown in (G). This structure has Rg ¼ 44.7 Å and lowest fitting c2 ¼ 0.934 to SANS data. (F) One representative structural model of

V(T12K3E) as part of the V(T12K3E)ABE complex from the ensemble of simulation-generated structures that are selected by SANS data of dV(T12K3E)-
hAhBhE complex in 42% D2O shown in (H). This structure has Rg ¼ 68.6 Å and lowest fitting c2 ¼ 0.797. (G) Ensemble of V(T12K3E) conformations in

solution selected by fitting the Monte Carlo simulation-generated pool against the SANS data of V(T12K3E) in 100% D2O, with the range c
2 and Rg values

of the ensemble specified. (H) Ensemble of V(T12K3E) conformations in the V(T12K3E)ABE complex selected by fitting theMonte Carlo simulation-gener-

ated pool against the SANS data of dV(T12K3E)hAhBhE in 42% D2O, with the ensemble c2 and Rg values specified. c
2 versus Rg plots are shown in Fig. S7,

D and E.
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vinculin activation mimic V(T12K3E) is partially open in
solution and that, once V(T12K3E) is bound to ABE,
V(T12K3E) adopts extended and open conformations.
a-Catenin unfolds into two separate lobes in the
VABE complex

Previous studies show that, in the ABE complex, a-catenin
adopts more open conformations and is more dynamic than
a-catenin in solution (33,55,56). To reveal the conformation
of a-catenin within the V(T12K3E)ABE complex, we re-
constituted the hydrogenated V(T12K3E) bound to deuter-
ated a-catenin, hydrogenated b-catenin, and hydrogenated
EcadCT to form a selectively deuterated hV(T12K3E)-
dAhBhE complex. In 42% D2O at the contrast-matching
point of the hydrogenated components, SANS only mea-
sures the conformation of the deuterated a-catenin within
the hV(T12K3E)dAhBhE complex (Figs. 3 A–C and S9 A
and B, blue data). As a comparison, the scattering data of
a-catenin monomer in solution (black data) and in the
Biophysical Journal 122, 1–19, June 20, 2023 9
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FIGURE 3 a-Catenin conformation in solution, in ABE, and in VABE. (A) SEC-SAXS data of a-catenin monomer in solution (black, data taken from

(56)), SANS data of dAhBhE complex in 42% D2O (red, data taken from (33)), and SANS data of hV(T12K3E)dAhBhE complex in 42% D2O (blue). Guinier

plots are shown in Fig. S9 A. The lines are the best fit of the theoretical curves computed from the Monte Carlo simulation-generated structures that are

selected against the SANS data. (B) P(r) functions of a-catenin monomer in solution from SAXS (black), dAhBhE complex from SANS in 42% D2O

(red), and hV(T12K3E)dAhBhE complex from SANS in 42% D2O (blue). Quality of P(r) fit is shown in Fig. S9 B. (C) Normalized Kratky plots, colors

are the same as in (A or B). (D–F) Representative structural models of a-catenin from the ensemble of simulation-generated structures that are selected

against SAXS or SANS data. (D) a-Catenin monomer against SAXS data. The shown structure has Rg ¼ 42.7 Å and lowest fitting c2 ¼ 0.736 taken

from (56). (E) a-Catenin in the ABE complex against SANS data of dAhBhE in 42% D2O. The shown structure has Rg ¼ 54.4 Å and lowest c2 ¼ 0.563

taken from (33). (F) a-Catenin in the V(T12K3E)ABE complex against SANS data of hV(T12K3E)dAhBhE in 42% D2O. The shown structure has Rg ¼
73.9 Å and lowest fitting c2 ¼ 0.613. acatABD is highlighted in orange. (G) Ensemble of a-catenin conformations in the V(T12K3E)ABE complex selected

against SANS data of hV(T12K3E)dAhBhE in 42% D2O with c2 and Rg values of the ensemble shown. acatABD is highlighted in orange. (H) c2 versus. Rg

plot of fitting Monte Carlo simulation-generated structures against SANS data of hV(T12K3E)dAhBhE in 42% D2O. c
2 versus Rg plots of a-catenin in so-

lution and in ABE complex are shown Fig. S9, C and D.
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ABE complex (red data) from previous studies (33,55,56)
are also shown in Figs. 3 A–C and S9 A and B). The
contrast-matching SANS data indicates that a-catenin
undergoes significant conformational changes in the
V(T12K3E)ABE complex compared with a-catenin in the
ABE complex (Fig. 3 A–C). The normalized Kratky plot
shows that the overall structure of a-catenin becomes even
more open in the V(T12K3E)ABE complex than in the
ABE complex (Fig. 3 C). P(r) indicates that a-catenin is
unfolded into two distinct lobes that are separated by about
120 Å (Fig. 3 B, blue data).
10 Biophysical Journal 122, 1–19, June 20, 2023
To provide a structural model of a-catenin residing in the
V(T12K3E)ABE complex, we first docked the open structure
of full-length vinculin obtained from Fig. 2 F to the VBS of
a-catenin in the ABE complex, using the coordinates of ABE
obtained from SANS (33) and the available crystal structure
of vinculin D1 domain complexed to the a-catenin VBS frag-
ment (PDB: 4EHP) as a template. Docking vinculin to the
a-catenin VBS requires dislodging of the helix-turn-helix
(aa 298–353) from the M1 subdomain and the unfolding of
this helix-turn-helix to align with vinculin D1 as defined by
the crystal structures (45,46). Docking was performed using
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the Tools/Structure Comparison module in UCSF Chimera
(72). Monte Carlo simulations were performed on a-catenin,
assuming the flexible regions in a-catenin: aa 1–53 in the
N-terminus, aa 261–277 connecting the N2-M1 domains,
aa 291–297 and aa 354–362 in the M1 domain, aa 630–682
connecting the M3 and acatABD domains, and aa 849–906
in the C-terminal tail of acatABD. The theoretical SANS
curves of the simulation-generated structures were computed,
assuming that a-catenin is deuterated, but vinculin, b-cate-
nin, and EcadCT are hydrogenated, and the complex is in
42% D2O buffer. The calculated scattering curves were
compared against the contrast-matching SANS data of
hV(T12K3E)dAhBhE in 42% D2O (Fig. 3 A, blue data,
and H), which generates an ensemble of acceptable confor-
mations with a selection criterion of c2 < 1.0 (Fig. 3 G
and H). Fig. 3 F shows one representative selected a-catenin
structure within the complex, with Rg ¼ 73.9 Å and c2 ¼
0.613 against the SANS data. As comparison, the conforma-
tion of a-catenin in solution and in the ABE complex ob-
tained from Monte Carlo simulations and scattering data
selection are shown in Fig. 3 D and E, respectively.

Previous x-ray crystallographic studies showed that, upon
binding to the D1 subdomain of vinculin, the a-catenin M1
subdomain becomes unfurled to expose the VBS in M1 for
vinculin binding (45,46). The SANS experiment and simula-
tions here show that vinculin-binding and the unraveling of
the a-catenin M1 subdomain cause significant changes in
the global conformation of the full-length a-catenin. As a
result of vinculin binding, a-catenin becomes separated
into two distinct lobes that are connected by a long bridge
(Fig. 3 F). The first lobe is composed of the N1N2 domains
that bind b-catenin, and the second lobe includes the
M2M3-aABD domains, with the two lobes being about
120 Å apart. The second lobe of M2-acatABD can further
be divided into two sublobes composed of M2M3 and aca-
tABD, with the center-of-mass distance between M2M3
and acatABD being about 40 Å. The long bridge between
the two lobes is composed of the N2-M1 linker and the
VBS that is bound to Vh.

A previous study revealed that a-catenin in the ABE com-
plex adopts an ensemble of flexible conformations (33). Here,
the SANS data and analyses in Fig. 3 A–H show that, upon
binding to vinculin, a-catenin becomes even more flexible.
EOM analysis of the SANS data indicates a wider conforma-
tion distribution of a-catenin in the VABE complex than in
the ABE complex (Fig. S10 A and B). The flexible linkers be-
tween N2-VBS, VBS-M2, and M3-acatABD are responsible
for the flexible and wide conformational distribution of a-cat-
enin in the V(T12K3E)ABE complex.
Two distinct conformation populations of
b-catenin in the V(T12K3E)ABE complex

To resolve the conformation of b-catenin within the
V(T12K3E)ABE complex, we reconstituted the hydroge-
nated b-catenin in the selectively deuterated dV(T12K3E)-
dAhBdE complex. SANS in 100% D2O measures the
conformation of the hydrogenated b-catenin at the contrast-
matching point of the deuterated components in the complex
(Figs. 4 A–C and S11 A–C, red data). P(r) indicates that the
overall conformation of b-catenin in the V(T12K3E)ABE
complex is not significantly different from that of b-catenin
in the ABE complex, except a small shoulder at r � 175 Å
that becomes distinct for b-catenin in the dV(T12K3E)-
dAhBdE complex (Fig. 4 B). However, the Kratky plot sug-
gests that b-catenin is more extended or more open in the
V(T12K3E)ABE complex than in the ABE complex (Fig. 4
C). Rg of b-catenin in the V(T12K3E)ABE complex in-
creases to 56.2 5 2.2 from Rg ¼ 51.9 5 1.8 Å in the
ABE complex (Table 1). The altered b-catenin structure is
likely due to the interaction of b-catenin with vinculin as re-
ported by a previous biochemical study (73).

Monte Carlo simulations on b-catenin in the VABE com-
plex were performed assuming that aa 1–163 residues at the
N-terminus and aa 681–781 residues at the C-terminus are
flexible, and the simulation-generated structures were
selected against the contrast-matching SANS data of the
deuterated dV(T12K3E)dAhBdE complex in 100% D2O to
obtain an ensemble of b-catenin conformations in the
VABE complex (Fig. 4 A, F, and G). Comparing the confor-
mations of b-catenin in ABE and in V(T12K3E) indicates
that the long and disordered N-terminal region of b-catenin
is more extended within the V(T12K3E)ABE than in the
ABE complex (Fig. 4 D and E).

EOM analysis of the SANS data indicates that b-catenin in
the ABE complex has a broad conformational distribution
with Rg between 40 and 60 Å and Dmax between 130 and
260 Å (Fig. S12 B, black data). However, the conformation
b-catenin in the V(T12K3E)ABE complex displays two
distinct populations. One population of 55.4% is more
compact with Rg peaks at 43.6 Å and Dmax peaks at
137.4 Å. The other population of 44.6% is more extended
with Rg between 60 and 76 Å and Dmax between 210 and
270 Å (Fig. S12 B, red data). The distinct conformation dis-
tribution of b-catenin in the V(T12K3E)ABE complex is due
to the long and disordered N-terminal tail in b-catenin as re-
vealed by the EOM-selected structures (Fig. S12 C). Because
of the spatial proximity of the N-terminal disordered segment
of b-catenin with the Vh domain in the V(T12K3E)ABE
complex (see below), it is likely the extended N-terminal
disordered population of b-catenin interacts with the Vh
domain in the V(T12K3E)ABE complex.
An ensemble of highly flexible VABE
conformations employs vinculin for F-actin
binding

The conformation of the deuterated dAdBdE in complex to
hydrogenated V(T12K3E) was measured by SANS in 42%
D2O (Figs. 5 A–G and S13 A–C). The results show that,
Biophysical Journal 122, 1–19, June 20, 2023 11
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FIGURE 4 b-Catenin conformation in ABE and in VABE. (A) SANS of b-catenin in dAhBdE in 100%D2O (black) from (33) and in dV(T12K3E)dAhBdE in

100%D2O (red). The lines are the best fit of the theoretical curves computed from the Monte Carlo simulation-generated structures that are selected by SANS

data. Guinier plots are shown in Fig. S11 A. (B) P(r) function, symbol colors are the same as in (A). Quality of P(r) fit is shown in Fig. S11 B. (C) Normalized

Kratky plots, symbol colors are the same as (A). (D) One representative structural model of b-catenin in ABE from the ensemble of simulation-generated

structures that are selected against SANS data of dAhBdE 100% D2O complex. The shown structure has Rg ¼ 51.7 Å and lowest fitting c2 ¼ 0.423 to the

SANS data; data taken from (33). (E) One representative structural model of b-catenin in the V(T12K3E)ABE complex from the ensemble of simulation-

generated structures that are selected against SANS data of dV(T12K3E)dAhBhE 100% D2O. The shown structure has Rg ¼ 51.6 Å and lowest fitting c2 ¼
0.749. (F) Ensemble of b-catenin conformations in V(T12K3E)ABE complex obtained by selecting against SANS data of dV(T12K3E)dAhBdE in 100%

D2O, with the c
2 selection criteria and ensemble Rg values specified. (G) c

2 versus Rg plot of fitting Monte Carlo simulation-generated b-catenin structures

against SANS data of dV(T12K3E)dAhBdE in 100% D2O. c
2 versus Rg plot of b-catenin in ABE complex is shown in Fig. S11 C.
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upon binding to V(T12K3E), the conformation of ABE
changes considerably compared with ABE alone in solution
(Fig. 5 A–C). P(r) shows that the size and shape of ABE have
changed when ABE is bound to V(T12K3E) with Rg

increased from 69.3 5 2.8 to 89.9 5 2.6 Å, and Dmax

changed from 260 to 352 Å (Fig. 5 B; Table 1). The normal-
ized Kratky plot suggests that ABE becomes more open and
more flexible in the V(T12K3E)ABE complex than ABE
alone in solution (Fig. 5 C).

For Monte Carlo simulations of the VABE complex, the
contrast-matching SANS selected conformations of the
full-length a-catenin from Fig. 3 F and full-length b-catenin
from Fig. 4 E were redocked together to form the a-catenin/
b-catenin complex, using as templates the crystal structures
12 Biophysical Journal 122, 1–19, June 20, 2023
of the binary complexes of a-catenin N domain bound to the
b-catenin N-terminal peptide (PDB: 1dow) (52) and the
b-catenin armadillo domain bound to the cytoplasmic tail
of E-cadherin (PDB: 1I7X) (51). The open full-length vin-
culin from Fig. 2 F was redocked to the VBS of a-catenin
in the ABE complex using the crystal structure of the vincu-
lin D1 subdomain in complexed to the VBS peptide of
a-catenin (PDB: 4EHP). Monte Carlo simulations were per-
formed on the VABE complexes, assuming flexible linkers
in a-catenin, b-catenin, and vinculin; see supporting exper-
imental procedures for details of VABE complex Monte
Carlo simulations and structure selection.

Fitting the pool of Monte Carlo simulation-generated
structure pool against the SANS data of hV(T12K3E)dAdBdE
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FIGURE 5 Conformation of ABE in solution and in complex with V(T12K3E). (A) SEC-SAXS data of ABE in solution (black), and SANS of
hV(T12K3E)dAdBdE in 42% D2O (red). The lines are the best fit of the theoretical curves computed from the Monte Carlo simulation-generated structures

that are selected against the SANS data. Guinier plots are shown in Fig. S13 A. (B) P(r) functions of ABE in solution (black) and in complex with V(T12K3E)

(red). Quality of P(r) fit is shown in Fig. S13 B. (C) Normalized Kratky plots, symbol colors are the same as in (A and B). (D) One representative structural

model of ABE complex in solution from the ensemble of simulation-generated structures that are against SAXS data of ABE. The shown structure has Rg ¼
68.0 Å and lowest fitting c2 ¼ 0.692. (E) One representative structural model of ABE in the V(T12K3E)ABE complex from the ensemble of simulation-

generated structures that are selected against SANS data of hV(T12K3E)dAdBdE in 42% D2O. The shown structure has Rg ¼ 85.0 Å and lowest fitting c2 ¼
0.581. (F) Ensemble of Monte Carlo ABE conformations selected by fitting simulation-generated structure pool against SANS data of hV(T12K3E)dAdBdE

in 42% D2O, with ensemble c2 and Rg values shown. (G) c
2 versus Rg plot of fitting Monte Carlo simulation generate ABE structures against SANS data of

hV(T12K3E)dAdBdE in 42% D2O. c
2 versus Rg plot of ABE in solution is shown in Fig. S13 C.
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in 42% D2O buffer yields an ensemble of ABE structures in
the V(T12K3E)ABE complex (Fig. 5 F and G) with c2 %
1.1. One representative ABE structure in the ensemble is
shown in Fig. 5 E, along with the SANS-derived structure
of ABE in solution alone obtained from (33) (Fig. 5 D).
Fitting the pool of Monte Carlo-generated structures

against the experimental SANS data of hV(T12K3E)dAdBdE
in 0% D2O in which both the deuterated dAdBdE and hydro-
genated V(T12K3E) contribute to the measured scattering
or to the SAXS data of V(T12K3E)ABE (Fig. 6 A–D).
Fig. 6 E shows one representative VABE structure with
the best fit to the SANS data. Fig. 6 F shows the ensemble
of VABE structures selected against the SANS data with
c2 and Rg of the ensemble specified in the figure. The
VABE complex ensemble is highly flexible, with a-catenin
and b-catenin sampling multiple conformations. Although
V(T12K3E) can sample a variety of orientations in the com-
plex ensemble, the conformations of V(T12K3E) are open
and extended with VtABD well separated from the Vh
domain that is anchored to a-catenin in the complex
(Fig. 6 E and F).

While acatABD is dynamic having different orientations
in the VABE complex, acatABD tends to be in proximity
to M2M3 of a-catenin as well as to the Vh domain of vin-
culin (Figs. 5 E, F, 6 E, and F). This observation led us to
speculate that the acatABD may interact with Vh in the
VABE complex, which contributes to further impeding
the acatABD from binding to F-actin. Using SPR, we
determined the binding affinity of Vh (aa 1–840) to
acatABD (aa 640–906) with a dissociation constant of
Kd ¼ 23.5 5 2.5 mM (Fig. S14 A and B). Previous studies
reported that the affinity of Vh for VtABD binding has
Kd ¼ 20–50 nM (34,74). Although the affinity of Vh for
acatABD is much lower than for VtABD, Vh is likely to
Biophysical Journal 122, 1–19, June 20, 2023 13
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FIGURE 6 Composite VABE conformations selected against SAXS and SANS. (A and B) Model fit (red line) to SANS data of hV(T12K3E)dAdBdE in 0%

D2O (black squares). (C andD) Model fit (red line) to SEC-SAXS data of V(T12K3E)ABE complex (black squares). (E) One representative VABE structural

model from the ensemble of simulation-generated structures that are selected against SANS data with c2 and Rg values shown. (F) The ensemble of VABE

conformations selected against SANS data hV(T12K3E)dAdBdE in 0% D2O with ensemble c2 and Rg values shown.
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be capable of interacting with acatABD within the VABE
complex. This is because VtABD is separated away from
Vh by the relatively rigid poly-proline linker in the
VABE complex, while acatABD is sterically close to the
Vh domain than VtABD. Nevertheless, the interaction be-
tween Vh and acatABD is dynamic because, in some of the
SANS-selected models, acatABD is well separated away
from Vh due to the movement of M2M3-acatABD and
acatABD (Fig. 6 F).

We performed sedimentation assays to determine how the
VABE complex binds to F-actin. For F-actin binding exper-
iments, we generated a salt bridge disrupting the vinculin
mutant of E14K/E28K/E29K, named V(E3K), and reconsti-
tuted the V(E3K)ABE complex (Fig. S3 E and F). Because
the V(E3K) mutant has all mutations only in the Vh D1
subdomain in the full-length vinculin, the F-actin binding
properties of VtABD are not perturbed by the salt-bridge-
disrupting mutations. Notably, previous studies suggest
that E28 and E29 in Vh, in particular E29, may prime vin-
culin for binding to F-actin (75–77).

Sedimentation F-actin binding results are shown in
Fig. S15 A–C. SDS-PAGE band intensity analysis shows
that only 16.2% of ABE binds to F-actin in the sedimenta-
tion pellet, but 83.8% of ABE remains in the supernatant
14 Biophysical Journal 122, 1–19, June 20, 2023
without binding to F-actin (Fig. S15 A, lanes 8–9, and S15
B, table). This result is consistent with previous findings
that ABE does not bind F-actin effectively (78). However,
V(E3K)ABE binds F-actin, with 88.8% V(E3K)ABE cose-
dimented with F-actin in the pellet, while 11.2% of V(E3K)
ABE is left in the supernatant without binding to F-actin
(Fig. S15 A, lanes 5 and 6, and S15 B). In addition, upon
adding the V(E3K)ABE complex to F-actin, we observed
cloudy precipitations that are likely due to the F-actin
bundling function of vinculin (Fig. S15 C). Previous studies
reported that vinculin bundles the F-actin microfila-
ments (79,80).

We then reconstituted two control VABE complexes, one
complex with the acatABD removed (named the VA640BE-
DacatABD complex), and the other complex with the
VtABD removed (the Vh718ABE-DVtABD complex). Sedi-
mentation experiments show that VA640BE-DacatABD
binds to F-actin completely (Fig. S15 A, lanes 13 and 14).
However, only a minor fraction of 13.6% Vh718ABE-
DVtABD binds F-actin in the pellet but a majority of
86.4% Vh718ABE-DVtABD remains in the supernatant
without binding to F-actin (Fig. S15 A, lanes 2 and 3, and
S15 B). Together, the F-acting binding results show that
the VABE complex employs vinculin as the dominant
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F-actin binding factor, and that vinculin as part of VABE
bundles F-actin.
DISCUSSION

The highly flexible and dynamic conformations of multipro-
tein complexes pose a significant challenge for structural
studies. Here, we adopted a hybrid approach to determine
the structure of the VABE complex by combining SAXS
and SANS experiments with Monte Carlo simulations. By
using the available high-resolution crystal structures of frag-
ments of binary complexes of Vh/a-catenin VBS, and a-cat-
enin/b-catenin as docking templates, we first generated a
preliminary structural model of the full-length VABE com-
plex. Monte Carlo simulations were then performed on the
docked structure to generate a pool of conformations of flex-
ible a-catenin, b-catenin, and vinculin as parts of the VABE
complex. SANS data at different contrast-matching points
were then used as constraints to select the conformation
ensemble a-catenin, b-catenin, vinculin, ABE, and the
whole VABE complex. With this hybrid approach, we pro-
vide all-atomic models of the ensemble of the full-length
vinculin, a-catenin, and b-catenin in the VABE complex
as well as the whole VABE complex.

The major finding from this study is that ionic interac-
tions at the interface between the vinculin Vh and Vt do-
mains are the primary factor that locks vinculin in the
autoinhibited conformation. By disrupting the ionic interac-
tions, we were able to reconstitute the cadherin-catenin-vin-
culin VABE complex. In the reconstituted VABE complex,
vinculin adopts an ensemble of extended open conformation
FIGURE 7 A cartoon depicting the activated vinculin that binds to the cadheri

the VABE complex upon binding to F-actin, and the bundling of two actin mic
with the VtABD well separated from the Vh domain. The
whole VABE complex and the vinculin within the VABE
complex bind F-actin robustly and bundle F-actin. However,
only a minor fraction of a-catenin binds F-actin in the
VABE complex, which is the same as the F-actin binding
behavior of the ABE complex [78]. Thus, upon recruiting
vinculin, the cadherin-catenin complex switches to employ
vinculin as the primary F-actin binding mode, and bundles
the F-actin microfilaments as depicted in Fig.7.

The distribution and composition of AJs are heteroge-
neous in cell-cell adhesion (1,81,82). During dynamic tissue
remodeling, AJs likely employ different F-actin binding
modes to adapt to different mechanical requirements. In
quiescent tissues, the dynamic cadherin-catenin F-actin
binding mode may enable the cadherin-catenin complexes
to slide along the actin microfilaments. However, when
strong mechanical couplings between the neighboring cell
membrane-cytoskeleton are required, such as during collec-
tive cell migration in morphogenesis, the AJs recruit vincu-
lin to the cadherin-catenin complex and switch to the
vinculin F-actin binding mode that bundles the actin micro-
filament (23,83). There is also the redundancy in the cad-
herin-catenin-vinculin complex: ABE can still bind albeit
less effectively. In addition, our results provide a structural
explanation to previous cell biological and biochemical
findings that vinculin is necessary for the maintenance of
epithelial AJs, but cells lacking a-catenin ABD are able to
form AJs (84).

Our experiments show that the binding of the ABE com-
plex to the active full-length vinculin does not require me-
chanical force. This result agrees with biochemical findings
n-catenin complex. The cartoon also shows the hypothetical dimerization of

ro-filaments by two cadherin-catenin-vinculin complexes.
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that Vh forms a complex with aE-catenin or with
aT-catenin through incubation without the need to apply
mechanical tension in a-catenin (46,85,86). However, sin-
gle-molecule magnetic tweezer experiments showed that
mechanical forces are required to unfold the M domain
of aE-catenin to expose the VBS in M1 for vinculin bind-
ing (48). The discrepancy of observations about whether
mechanical tension is required for the binding of vinculin
to a-catenin from different types of experiments may be
explained by the dynamic interaction of M1 with the
M2-M3 subdomains in a-catenin. Studies have shown
that aE-catenin has fewer masking interactions between
the M1 and M2-M3 subdomains than aN-catenin (87),
and that the M1 subdomain of aE-catenin is dynamic
within the M domain (47). The dynamic motion in the M
domain may expose the VBS of aE-catenin M1 in open
states that are capable of binding to vinculin without the
need for mechanical force. The presence of active vinculin
shifts the population of M1 in open states. The �5 pN
magnitude of applied force employed in the magnetic
tweezer study (48) likely accelerates the kinetics process
of such conformation shift of M1 to open state for binding
to Vh. However, the activation of vinculin requires larger
mechanical tension of about 40 pN (41) than that required
to unmask M1 from the M2M3 subdomains in a-catenin.
Thus, in cells under mechanical tension, the disruption of
vinculin autoinhibition is likely to be the limiting factor
that regulates the recruitment of vinculin to the AJs
because the opening of vinculin requires stronger mechan-
ical force than unmasking M1 from M2M3 domains of
a-catenin.

The analysis of the conformation of b-catenin in the
V(T12K3E)ABE complex by EOM reveals a bimodal Rg

distribution with peaks near 45 and 65 Å (Fig. S12). Never-
theless, Monte Carlo analysis using the SASSIE package
shows a narrower conformation distribution with Rg from
45 to 58 Å (Fig. 4 F). The discrepancy is likely due to the
different conformation sampling processes employed by
the different programs. Further studies are needed to employ
an independent computational approach to verify the
different views generated by SASSIE and EOM.

This study focuses on determining the structure of full-
length vinculin in complex with the cytoplasmic cad-
herin-catenin complex. Recent cell biophysical studies
demonstrate that vinculin influences the E-cadherin extra-
cellular domain assembly and rigidity sensing (88). The
vinculin-associated AJs are also known to form nanoscale
clusters in cells (89). It remains to be determined about
how catenin and vinculin binding affects the conformation
of full-length cadherin across the cell membrane, and
how the cadherin-catenin-vinculin complex clusters and
bundles the actin filaments to provide structural mecha-
nisms by which the vinculin-associated AJs transduce me-
chanical signals in the membrane-cytoskeleton in cell-cell
adhesion.
16 Biophysical Journal 122, 1–19, June 20, 2023
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