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Three-Dimensional Structures of Full-Length, Membrane-Embedded
Human q,03 Integrin Complexes
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ABSTRACT Integrins are bidirectional, allosteric transmembrane receptors that play a central role in hemostasis and arterial
thrombosis. Using cryo-electron microscopy, multireference single-particle reconstruction methods, and statistics-based
computational fitting approaches, we determined three-dimensional structures of human integrin o,83 embedded in a lipid
bilayer (nanodiscs) while bound to domains of the cytosolic regulator talin and to extracellular ligands. We also determined
the conformations of integrin in solution by itself to localize the membrane and the talin-binding site. To our knowledge, our
data provide unprecedented three-dimensional information about the conformational states of intact, full-length integrin within
membrane bilayers under near-physiological conditions and in the presence of cytosolic activators and extracellular ligands.
We show that ;583 integrins exist in a conformational equilibrium clustered around four main states. These conformations range
from a compact bent nodule to two partially extended intermediate conformers and finally to a fully upright state. In the presence
of nanodiscs and the two ligands, the equilibrium is significantly shifted toward the upright conformation. In this conformation, the
receptor extends ~20 nm upward from the membrane. There are no observable contacts between the two subunits other than
those in the headpiece near the ligand-binding pocket, and the «- and g-subunits are well separated with their cytoplasmic tails
~8 nm apart. Our results indicate that extension of the ectodomain is possible without separating the legs or extending the hybrid
domain, and that the ligand-binding pocket is not occluded by the membrane in any conformations of the equilibrium. Further,

they suggest that integrin activation may be influenced by equilibrium shifts.

INTRODUCTION

Integrin receptors transmit bidirectional signals across the
plasma membrane, thereby modulating signals that regulate
hemostasis, proliferation, differentiation, migration, and
cell death. These receptors are composed of a noncovalent
mix of heterodimer transmembrane «- and (§-subunits, each
of which possesses a single transmembrane and cytoplasmic
tail domain (1). They are expressed on the cell surface and are
believed to be in either a low- or high-affinity state with
respect to extracellular ligand binding. Integrins require an
activation step that switches them from the low-affinity state
to the high-affinity state (2-6). This activation triggers ex-
tracellular ligand binding and initiates adhesion. Upon acti-
vation, integrins aggregate, recruit integrin-associated
proteins, and form small clusters. The low- and high-affinity
states are crucial for regulating cell adhesion, particularly in
the case of platelets, which must circulate freely in a nonad-
herent state until they are stimulated by agonists at the site of
a wound. Such stimulation turns on the fibrinogen binding
function of the oy, 35 integrin, leading to platelet aggregation
and the formation of a thrombus that halts the loss of blood.
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Much of the current thought regarding the conformational
rearrangements in integrin that lead to activation is inferred
from crystal structures of the (3 integrin ectodomains
(7-12). All of these structures show that the receptor adopts
a bent conformation in which the headpiece containing the
ligand-binding site is pointed in the same direction as the
tail, presumably toward the membrane. This conformation
is generally assumed to be the low-affinity state, in part
because the ligand-binding pocket would be too close to
the membrane to be accessible to extracellular ligands.
Negative-stain reconstructions in the absence of membrane
show that bent ay (5 integrins are capable of binding rela-
tively bulky fibronectin fragments (13), but it is unclear
whether the presence of the membrane would prevent bind-
ing by steric hindrance. A recent three-dimensional (3D)
reconstruction of manually selected, dehydrated, and nega-
tively stained integrins in lipid bilayer nanodiscs (14) shows
a bent conformation somewhat similar to the crystal struc-
tures but with the ligand-binding domain pointing away
from the membrane.

Negative-stain-based, two-dimensional (2D) electron mi-
croscopy (EM) studies of integrin samples (4,11,15-18)
indicate that integrin can also adopt an upright conforma-
tion, which is generally assumed to correspond to the
high-affinity state (19). 2D projection images of upright
conformations show the «- and $-legs both separated and
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closed together, although the @-leg is mostly poorly
resolved. In the crystal structures and the negative-stain
reconstruction of the bent integrin (13,14), the legs are
closed together. However, because 3D reconstructions of
upright integrins were not obtained, it is unclear whether
other conformations of integrin exist or whether 2D projec-
tion images that appear to be upright with closed legs are
projections of the open-leg upright conformation captured
in different orientations.

To adopt the upright conformation with separated legs,
the hybrid domain, which connects the (-head with the
(-leg, must swing out from its position in the bent crystal
structure conformation. Such movement of the hybrid
domain was observed within a crystal lattice when RGD
peptide was soaked into crystals of the integrin oy, 85 head-
piece (12). Talin binds to the cytoplasmic side of the § in-
tegrin subunit (20), and binding of talin domains to
cytoplasmic fragments of ( integrin leads to dissociation
of integrin aqp(3 transmembrane segments (21,22). A sepa-
ration of the a- and $-legs in response to talin binding was
demonstrated in vivo for oy (8, integrins (23). However, this
dissociation effect of talin has not been demonstrated
conclusively in the context of the membrane-embedded
full-length ayy,35 integrin molecule.

In this study we investigated the conformations of full-
length integrin in the activated state, induced by the
presence of cytosolic activators and extracellular ligands.
Samples were analyzed in a fully hydrated environment
and while embedded in a membrane, using cryo-EM and
single-particle reconstruction techniques. The use of nano-
discs (nanometer-scale phospholipid bilayer membrane
islands (18,24,25)) in conjunction with specialized assem-
bly preparation protocols ensured that only single integrin
molecules would be incorporated into each ~10-nm-diam-
eter nanodisc, thus avoiding clustering effects. We deter-
mined the 3D conformations of single, full-length, fully
hydrated integrin embedded in nanodiscs with bound talin
head domains and RGD peptides. Native gels confirmed
the integration of single heterodimers of integrin in the
nanodisc under the conditions used for imaging. In addi-
tion, we determined the conformations of full-length integ-
rin samples in solution without activators, ligands, or
nanodiscs to allow localization of components and to
compare conformations in the high- and low-affinity states.
In all of the samples, ajpB; exists in an equilibrium
anchored at four main conformational states: a compact
nodule that is similar to the bent conformer of the ayp,03
integrin observed in its crystal structure and in negative
stain (14), a conformation that is clearly identifiable as
being upright with well separated lower legs, and two inter-
mediate conformations that are consistent with the closed
lower legs but exhibit different degrees of extension and
opening of the hybrid domain. In all of the membrane-
embedded conformations, including that of the compact
nodule, the ligand-binding pocket of the integrin headpiece
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is pointing away from the membrane. For the experimental
conditions employed here, the 3D data analysis indicates
that intact human integrins oqp,33 exist in a continuous
conformational equilibrium between the two extremes
(i.e., the bent and upright conformations) and that this
equilibrium is significantly shifted toward the upright
conformation in the presence of cytosolic activators, extra-
cellular ligands, and nanodiscs. We show that extension of
the ectodomain is possible without separating the legs or
extending the hybrid domain, and that the ligand-binding
pocket is not occluded by the membrane in any of the con-
formations in the equilibrium landscape.

MATERIALS AND METHODS
Purification of 83 integrins

We purified aqp05 integrins from human platelets (26,27) and character-
ized their biochemical activities as previously described (28). Briefly,
washed, outdated platelets were lysed in a 20 mM Tris buffer, pH
adjusted to 7.4 by addition of HCI (Tris-HCl buffer, containing
150 mM NaCl, 1% Triton X-100, 5 mM phenylmethylsulfonyl fluoride,
1 mM CaCl,, and 10 uM leupeptin) overnight at 4°C. The lysate was
centrifuged at 50,000 x g and passed over Con-A-Sepharose (Amersham
Pharmacia Biotech) at 4°C. Proteins were eluted with buffer A (20 mM
Tris buffer, pH 7.0, 150 mM NaCl, 1 mM CaCl,, | mM MgCl,, 0.1%
Triton X-100, and 0.05% NaN3) containing 200 mM methyl a-D-manno-
pyranoside (Sigma) and 10 uM leupeptin (Sigma). The flow-through frac-
tions were pooled after three passes over a KYGRGDS-Sepharose
column. The flow-through fraction was then run over a heparin-agarose
column at 4°C, further purified by gel size-exclusion chromatography
on a Sephacryl S300 HR, and dialyzed against buffer A. The bound frac-
tion was eluted from the KYGRGDS-Sepharose column using soluble
RGD peptide dialyzed against buffer A. The flow-through fraction and
the eluted bound fraction were treated as independent biochemical prep-
arations during the analysis process. The purity and integrity of each
sample were assessed by SDS-PAGE. For the studies presented here,
samples were freshly prepared and experiments were performed at phys-
iological levels of Ca®* and Mg?" without Mn*".

Talin, RGD, and lipid nanodiscs

The F3 domain of talin (GSGVSFFLVK EKMKGKNKLV PRLLGITKES
VMRVDEKTKE VIQEWSLTNI KRWAASPKSF TLDFGDYQDG
YYSVQTTEGE QIAQLIAGYI DIILKKKS, pI = 9.46, 11.2 KD) was
provided by Drs. K.L. Wegener and I.D. Campbell (Oxford University).
The full-length head domain of talin was provided by Drs. B. Patel and
D.R. Critchley (University of Leicester). RGD peptide was generated as
Ac-CGSGRGDF-amide in-house. Preformed phospholipid MSP1/DPPC
nanodiscs were kindly provided by Dr. Mark A. McLean (University of
Illinois) and generated as previously described (24).

Incorporation of integrin into nanodiscs

To form nanodisc-integrin complexes, 0.25 uM of integrin was incubated at
room temperature for 15-20 min with 3.5 uM of preformed MSP1/DPPC
nanodiscs in 40 mM Tris-HCI buffer, 1 mM MgCl,, and 1 mM CacCl, in
the presence of 11 uM of the talin F3 domain or full-length talin head
domain, and 800 uM of RGD peptide, with both ligands at saturating con-
ditions. After incubation, the samples were analyzed with the use of native
alkaline electrophoresis 4—20% Tris-Glycine PAGE (Invitrogen). Reaction
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products were detected by Coomassie staining and were directly processed
for cryo-EM. For protein fluorescein modification, RGD or F3 peptides
were incubated with two molar excess of fluorescein-maleimide in
20 mM HEPES, 50 mM NaCl, pH 8.0, overnight at 4°C.

Cryo-EM

Samples (4 uL) from the reaction mixtures described above were applied
to glow-discharged Quantifoil R 1.2/1.3 holey carbon film on a 400 mesh
copper transmission electron microscopy grid (Quantifoil Micro Tools)
and manually plunge-frozen in liquid-nitrogen-cooled liquefied ethane.
Images of all samples suspended over holes were acquired under low-
dose conditions using either a Tecnai F20 G2 Twin transmission electron
microscope (FEI) equipped with a field emission gun operated at 200 kV
and a nominal magnification of 67,000%, or a Tecnai T12 Twin transmis-
sion electron microscope (FEI) equipped with a Lab6 filament (Denka,
Denki Kagaku Kogyo Kabushiki Kaisha) at 120 kV at a nominal
magnification of 62,000x. Micrographs were recorded with both micro-
scopes on Kodak ISO-163 plates (Eastman Kodak) with a total dose of
20-50 67/1&2, with a defocus of 1.5-2.5 um on the T12, and 2.5-3.5
um on the F20. The micrographs were developed in a full-strength Kodak
D19 developer, digitized using an SCAI scanner (Intergraph) at 7 um
raster, and compressed to a final pixel size of 0.6 nm. To allow cross-vali-
dation of results, nine different biochemical preparations (four with nano-
discs, talin, and RGD, and five without) were separately imaged and
analyzed.

Image preprocessing

A total of 48,479 particles were interactively selected from 954 micro-
graphs using the boxer routine from the EMAN package (29) (Fig. S1
in the Supporting Material). Phase correction for the contrast transfer
function was applied for all images using ctfirt from EMAN. An amplitude
correction was applied during the iterative refinement. The low-resolution
part of a curve used for correction was obtained by simultaneously fitting
the contrast transfer function of several sets of particles. For final runs, a
spherically averaged structure factor amplitude curve was computed from
the respective fitted models, which was then used to construct the high-
resolution part of the correction curve. No B-factor sharpening was
applied to the reconstructions. To elucidate the composition of the con-
formations in the sample, a reference-free 2D alignment (30) was run
for each of the nine data sets. Consistent with previous observations in
negatively stained samples, the resulting class averages indicated the ex-
istence of at least two different conformations, one globular and one
extended to different degrees, with some class averages showing clearly
separated legs.

Initial iterative sorting procedure

Initial models for sorting the data into different conformations were con-
structed according to the results of the reference-free alignment results.
We used the bent conformation of the crystal structure and constructed a
rough model of an upright conformation. Both models were low-pass
filtered to 6-nm resolution and then used in a multireference alignment
scheme (31) as implemented in EMAN?2 (32) for all nine data sets indepen-
dently. The sorted data were then separated for further processing. Each
sorted set was subjected to iterative refinement as implemented in
EMAN?2 until convergence was reached (eight to 25 iterations). The refined
reconstructions were then used as input for a new iteration of the sorting
process. The process was iterated until no more changes were obtained in
the sorting (three to five iterations) of each independent set. Reconstruction
from class averages was achieved using the gridding algorithm imple-
mented in SPARX (33.,34).
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Model dependence testing and refinement of
sorted groups

Model dependence is a major indicator for inhomogeneity within data sets.
We devised a particularly stringent test for model dependence that is very
efficient at detecting mixtures of conformations (35). The procedure is
based on deliberately biasing the starting model of the structure refinement
step of the reconstruction procedure by swapping the references after sort-
ing. For example, to run this test on data sorted between bent and upright
conformations, the upright model is used as a starting model for refinement
with the data sorted into the bent conformation. If there is a substantial
contamination of conformations that are in between the upright and bent
conformations within that sorted subset, the reconstruction will depend
significantly on the starting model and the resulting reconstruction will
be less bent. We performed this procedure independently for each of the
nine data sets (Fig. S2). In addition to the swapped reference, we also ran
the procedure with a model constructed from the reference-free class aver-
ages of the initial data set and the common-lines procedure implemented in
EMAN2. A second level of model dependence testing is based on cross-
validation of results between the independent nine data sets. Different prep-
arations of the same conditions should yield the same subdivision between
conformers and should also yield similar reconstructions for each class. If
significant model dependence is detected by either method in one of the
sorted subsets, the new model from the biased run is added as a reference
for the sorting procedure and a new round of iterative sorting is initiated
(see supplement in Xu et al. (35)). The success of the procedure depends
to some extent on the criterion used for comparing the reconstructions. If
the criterion is too tight, convergence will not be achieved. If the criterion
is too loose, sorted subsets will not be optimal. With four classes, consid-
ering that the similarity test was passed if the Fourier shell correlation
0.5 cutoff was at 4.5 nm or better gave the best results over all independent
data sets.

Final refinement

Subdivision into four classes yielded optimal results in terms of model in-
dependence over all nine data sets both within the data sets and by cross-
validation. Attempts to further split the data (for example, to detect talin
domains in the intermediate states) did not yield stable class separations.
To obtain the highest possible quality and resolution, we performed refer-
ence-based iterative refinement using the consensus references for the
four conformations on the respective data subsets once we had confirmed
model independence. Independent data sets for the same conditions were
combined for this purpose. Convergence was achieved within eight to 25
iterations. Only the upright and bent conformations showed an improve-
ment in resolution at this stage, indicating that the two intermediate classes
were significantly more variable than those two. After final convergence
was reached, we performed one round of sorting to compile the percentages
of the four conformers. We ran this analysis independently on the original
independent data sets to estimate the standard deviations of these percent-
ages, which, with 1-2% (Table 1), indicated a high level of consistency for
all four reconstructions under all conditions. Iteration of the sorting proce-
dure inherently breaks the assumption of complete independence for the
refinement, which is a requirement for commonly used resolution-determi-
nation schemes (36). Because of the lack of independence, splitting the data
after band-limited refinement was a more adequate method for estimating
resolution in this study (36). The resolution determined with this procedure
was between 3 and 4.5 nm for the reconstructions.

Docking and model building

We used difference mapping between reconstructions of integrins with and
without nanodiscs to locate the densities corresponding to the nanodiscs.
Density corresponding to the talin head domain was also identified by
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TABLE 1 Statistical Analysis of the Conformational Equilibrium Distribution of Integrins

Bent (%) First Intermediate (%) Second Intermediate (%) Upright (%)
Integrin 13.27 = 1.95 20.89 = 1.10 37.63 = 1.25 28.21 = 1.85
Integrin, N, T, R 6.13 = 1.37 17.43 = 0.68 33.11 = 0.85 43.33 = 0.88

Statistical analysis of integrins and integrins embedded in nanodiscs (N) and in the presence of talin (T) and RGD (R). The statistics were compiled from a
structural analysis of five independent preparations in the absence of nanodiscs and four independent preparations with integrins embedded in nanodiscs
(a total of 48,479 particles). Standard deviations for each average are indicated. The different conditions were deliberately chosen to account for variations
in sample preparation, to ensure that the results would be independent of those variations. For example, one data set was obtained from samples that were
fresh right after purification and another was obtained after the samples were frozen, stored at —80°C, and then thawed before preparation for cryo-EM.

difference mapping, in this case between integrin in nanodiscs with the talin
F3 domain and full-length talin head present. Only the reconstruction of the
upright conformation yielded a significant difference peak. We used a com-
bination of normal-mode-based (37) and statistics-based (38) docking to fit
integrin oqpB3 domains extracted from crystal structures (11,39-43) into
the reconstructions. The use of statistics-based docking allows one to objec-
tively estimate the docking precision even at low resolution (44) and to
identify regions of the structure with inherent flexibility. The analysis indi-
cates that the atoms can be reproducibly localized in the density with a root-
mean-square deviation of ~0.6 nm for the model overall and ~0.7 nm for the
distance between the centers of the a- and ($-legs at the membrane interface,
a small fraction of the respective intermodel root mean-square deviations.
For the other conformers, rigid-body docking of larger domains was used
and further refinement of relative positioning was not pursued.

For both intermediate conformations, the quality and resolution of the
maps indicated that they represented mixtures of conformations. Neither
of the two reconstructions was of sufficient quality to allow reliable docking
of individual domains according to the statistical analysis. Thus, the head-
piece and the leg domain from the crystal structure were docked as rigid
bodies into the first intermediate conformation. Breaking the structure up
into smaller units for docking did not yield statistically significant improve-
ments. For the second intermediate conformation, the structure needed to be
further modified to fit the density. The headpiece and a-leg were taken from
the model of the upright conformation and docked as rigid bodies. The
lower (-leg was attached to the calf-2 domain using the contacts observed
in the crystal structure. The remaining I-EGF domains were modeled into
the density using connectivity and density constraints. All correlation
values and statistical analyses were calculated with a conservative 45-A-
resolution cutoff. Data and models were deposited in the Electron Micro-
scopy Data Bank and the Protein Data Bank.

RESULTS AND DISCUSSION

Single integrin o83 incorporated into lipid
bilayer nanodiscs

We determined 3D structures of full-length integrin in a
fully hydrated environment within a membrane bilayer
while it was bound to cytosolic and extracellular ligands.
Nanodiscs (nanometer-scale, protein-supported phospho-
lipid bilayer discs (24)) were used as a model membrane.
They recapitulate the properties of biological membranes
more closely than liposomes (45), and the small size
(11 nm x 15 nm) of the oblate nanodiscs (25) ensures that
under defined biochemical conditions, only single integrin
molecules are incorporated, eliminating the possibility that
interactions between integrin molecules (e.g., clustering)
could affect the results of the study. Ye et al. (18) previously
demonstrated the physiologically relevant functionality of
nanodisc-embedded integrins by measuring the binding of

the activation-specific antibody PAC1 and demonstrating
its ability to bind fibrin. Here, we incorporated purified,
intact oqp,B5 integrins into nanodisc phospholipid bilayers
in the presence of talin head domains and saturating concen-
trations of RGD peptides. The incorporation of ayp,35 into
the nanodisc membranes in physiologic buffer was followed
in native gels via the large shift in mobility of the integrin,
indicating nearly quantitative incorporation of single integ-
rins into the nanodiscs (Fig. 1 A).

Imaging of fully hydrated, membrane-embedded
integrin o033 by cryo-EM

The oyp,033 integrins and integrin-nanodisc assemblies were
imaged in a fully hydrated state in physiological buffers by
cryo-EM. This procedure contrasts with most other EM
studies on integrins, which used either negative staining
(4,11,13-18,46-48) or rotary shadowing (49,50). In rotary
shadowing, heavy metal is evaporated onto surface-ad-
sorbed molecules, whereas in negative-staining approaches,
samples are embedded in a heavy-metal stain, absorbed on a
carbon film support, and dehydrated. It was shown that this
type of preparation technique can introduce serious struc-
tural distortions (e.g., flattening) into nanodisc-embedded
integrins (18), raising the possibility that other studies of in-
tegrins based on negative staining might suffer from similar
artifacts, and highlighting the importance of obtaining struc-
tures under more native conditions. Furthermore, the major-
ity of the studies mentioned above were carried out using 2D
projection images, which introduces ambiguities into the
observed conformations, for example, concerning the
degree of leg separation (Fig. S4). Therefore, to obtain
accurate representations and percentages of integrin con-
formations, a complete 3D analysis of cryo-EM data is
necessary.

The results of our study also differ from those of Adair
and Yeager (51), who provided the only other 3D structure
of integrin oqp,B3 determined by cryo-EM. Their study,
which was done in the absence of a phospholipid membrane,
showed oy, 33 integrin in a single conformation. However,
the image reconstruction scheme employed in that study
assumed the existence of a single conformation, and
thus all images were mapped onto that single conformer.
Indeed, it has been suggested (4) that the structure reported
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Integrin
F3+P+N

Intermediate

Bent

Upright

Integrin exists in a conformational equilibrium of four major conformers. (A) Nondenaturating native gel electrophoresis was used to assess the

integration of integrin into nanodiscs. When integrin and nanodiscs were incubated together, the integrin band spatially relocated on the gel (arrowhead)
without splitting. (B) Distribution of integrin conformers in the absence and presence of nanodiscs, talin head domain, and RGD peptide. In both conditions,
four conformations are observed: bent (red), first intermediate (green), second intermediate (yellow), and upright (blue). The standard deviation for all per-
centages is between 1% and 2% (Table 1). (C) Surface representations of the 3D reconstructions corresponding to the colors in the pie charts are shown. The
contour level was chosen to account for integrin’s molecular weight. All four images are at the same magnification. The light-gray strip indicates the approx-
imate membrane position as suggested by reconstructions of integrins bound to nanodiscs. Scale bar, 10 nm. To see this figure in color, go online.

by Adair and Yeager is an average of bent and extended
conformations.

Here, we sorted individual conformations using unbiased
iterative, multireference, single-particle 3D reconstruction
techniques (31,35). Image processing was run indepen-
dently for four conditions, each of which was duplicated
with two separate biochemical integrin preparations. For
each of these, either two or three independent reconstruc-
tions were generated, further facilitating cross-validation
of the results and resolution (36), leading to a total of
nine independent runs. In total, nearly 50,000 images of in-
dividual particles, selected from more than 950 micro-
graphs, were used for the analysis (Fig. 2). For each
reconstruction, we ensured the absence of model bias by
using multiple starting models as well as cross-validation
approaches (35).

Integrin o033 exists in a continuous
conformational equilibrium clustered around four
main states

We identified four main conformational groups of ay,03
and determined their structures in three dimensions
(Fig. 1). These included i) a compact nodule that is similar
to the compact conformer observed in the crystal structure
(I1) and to the negative-stain-based reconstruction of
nanodisc-embedded integrin (14), ii and iii) two intermedi-
ate conformations that have closed lower legs but exhibit
different degrees of straightening and opening of the
hybrid domain, and iv) a conformation that is clearly iden-
tifiable as being upright with well separated legs. A reso-
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lution analysis indicates that each of these groups
represents a cluster of conformers around the main confor-
mation. Structurally, the upright conformation (iv) is the
best defined, followed by the compact nodule (i), and
the intermediate conformations (ii and iii) are the least
well defined.

We compared the distributions of the four conformers of
ampB3 in different data sets by tallying the fraction of integ-
rin particles observed for each of the conformers. Integrin
by itself is distributed across the four conformations,
ranging from 13% in the compact nodule to 21% in the first
intermediate, 38% in the second intermediate, and 28% in
the fully upright stance. Addition of talin head domains,
RGD peptide, and nanodiscs caused a large shift in the dis-
tribution, with only 6% for the compact nodule, 17% and
33% for the intermediates, and 43% for the upright confor-
mation (Fig. 1 B; Table 1).

Locations of nanodiscs and talin head domains in
the reconstructions

We employed difference mapping, modeling, and density-
docking methods to further interpret the reconstructions
in light of the available structures, and to provide structural
models for the four conformational groups (Figs. 3, 4, and
S3). Difference mapping between reconstructions obtained
from conditions with and without nanodiscs allowed us to
deduce the location of the nanodiscs (Figs. 3 A and S5).
This location unequivocally labels the position of the trans-
membrane portion of integrin within the respective den-
sities and thus allows the model of the ectodomain to be



Conformational Equilibrium of Integrin 803

A Raw Data

Upright Bent
E Conformation Conformation

—_
o

0.8

0.6
0.4

SESREBEHBBEE D

0.2

Fourier shell correlation

©
o

100.0 50.0 33.3 25.0 Orientation
Resolution (A) Distribution

FIGURE 2 Representative cryo-EM data and data-quality indicators for integrin samples. (A) Representative gallery of particles picked from unprocessed
micrographs of samples with integrin. These particles represent random projections of all four conformations with defined Euler angles with respect to the 3D
reconstructions. The conformations are color coded as in Fig. 1, B and C: upright (blue), bent (red), first intermediate (green), and second intermediate
(yellow). The width of the boxes is 44 nm (applies to entire figure). (B) Surface representations of models of the corresponding integrin conformations in
matching orientations (using the defined Euler angles) of images in (A). Blue, a-subunit; red, 8-subunit; green, talin; yellow, nanodisc. (C) Representative
gallery of particles picked from unprocessed micrographs of samples with integrin, talin F3, RGD peptide, and nanodisc. As in (A), these particles represent
all four conformations. (D) Surface representations of models of the corresponding integrin conformations in matching orientations (using the defined Euler
angles) of images in (C). (E and F) Five representative class averages (fop row) drawn from the angular classification (see H) and corresponding

(legend continued on next page)
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anchored in the density. Difference mapping between re-
constructions of the upright stance with the full-length talin
head domain and reconstructions with the much smaller
talin F3 domain allowed us to locate extra density corre-
sponding to talin (Fig. 3 A). All of the difference maps
were cross-validated using reconstructions from indepen-
dent biochemical preparations. The talin head domain is
attached to the cytoplasmic tail of 853 (39) and is visible
in our reconstruction near one of the separated legs, iden-
tifying the cytoplasmic side of the 8-subunit in the density
(Fig. 3 A).

Quantitative evaluation of the reconstructions
using statistics-based fitting combined with
difference mapping

Using the information derived from the difference map-
ping to place the transmembrane portion of the structures
within the reconstructions, we created models of the
membrane-embedded conformations of integrin based on
available atomic structures derived from x-ray crystallog-
raphy and NMR (11,39-43) using statistics-based docking
(52) with cross-validation (53). In our modeling strategy
we used a conservative approach to ensure that the known
atomic structures were subjected to the minimum number
of changes necessary to explain the density. Although
additional changes cannot be ruled out, this strategy was
shown to minimize the dangers of overfitting at low reso-
lution (54). For the bent conformation, no changes from
the original crystal structure of the full-length ectodomain
(9) were supported by the statistics. To model the first in-
termediate conformers, a hinge was introduced at the bend
of the crystal structure, and the angle between the two was
refined using the density as a constraint. No further mod-
ifications were supported by the statistics. In addition to a
similar hinge-based extension of the second intermediate
conformer, opening of the hybrid domain using the crystal
structure of legless ayp,(3 containing the PSI/Hybrid/GA
and propeller domains (41) as a template was supported
by the statistics. An additional separation of the lower
legs was supported for the upright conformation.

The statistical formalism of the docking method (53)
allows to test whether the introduced changes lead to a sig-
nificant improvement in the fits. For example, using the
open hybrid-domain conformation from the legless aypp(3
crystal structure (41) instead of the closed hybrid-domain
configuration of the full-length ectodomain structure (9)
for the second intermediate conformer leads to an improve-
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ment of the correlation from 85% to 91% (Fig. 5). The
statistical analysis indicates that this improvement is signif-
icant at a confidence level of 99.99% (a = 0.0001; « is the
chosen threshold value for experimental p-values to be
considered significant, and the smaller the value of «, the
more stringent are the confidence intervals). A statistical
test for placement of the $-subunit near the extra talin den-
sity in the upright conformation (88.2% correlation) versus
the a-subunit (83.3%) favors the §-subunit as significantly
better at « = 0.0001.

The fully extended conformation of integrin o83
shows a clear separation between «- and (3-legs

To our knowledge, our model for the upright conformation
is the first molecular-resolution 3D structure of a complete,
upright integrin embedded in a phospholipid bilayer in a
fully hydrated environment. All other models of upright in-
tegrin conformations reported in the literature were based
on 2D projection data, and most were obtained in the
absence of membrane and in negative stain. In the 3D
model of the upright stance presented here, there are no
observable contacts between the two subunits other than
those in the ($3A domain and the propeller domain of
o, Which come together to form the ligand-binding site.
The integrin extends ~20 nm upward from the membrane.
The B3 hybrid domain is swung out, being similar to the
configuration in the crystal structure of legless oyp(G3
(41). According to the docking statistics, the most flexible
region in the ectodomain of the upright stance is found
within the I-EGF leg region of 83 (Fig. 4 A). In the crystal
structure of a3, many of the residues that show high flex-
ibility in our model are not resolved (9). Most 2D EM im-
ages of upright integrins in the absence of membrane show
the legs of the -subunit to be poorly resolved, and electron
tomographic analyses of ay,83 integrin in negative stain
(46) as well as random-conical-tilt, negative-stain recon-
structions of ay (3 integrin (55) show the B-leg in many
different conformations. In contrast, the 3D reconstructions
of membrane-embedded upright integrin presented here
show a very clearly defined $-leg, indicating that mem-
brane embedding promotes stabilization of the lower
legs. Consistently, our 3D reconstructions of the upright
stance in the absence of membrane and ligands are signif-
icantly less well defined in the (-leg region. In the mem-
brane-embedded structure, the transmembrane domains
and cytoplasmic tails are well separated with a distance
of 8 (= 0.7) nm.

reconstruction projections (bottom row) for the upright (E) and bent (F) conformations generated from the same data set that was used to generate (C), but
after iterative multireference classification. (G) Fourier shell correlation curves for the 3D reconstructions of integrin conformations in the presence of nano-
discs, talin head domain, and RGD peptide. The 0.5 cutoff criterion indicates resolutions between 4.5 and 3 nm. The color code of the curves corresponds to
that used in Fig. 1, B and C. (H) Distribution of integrin particles in the upright conformation on the sample support grid with an angular sampling of 15°. The
number of particles corresponding to a particular orientation is proportional to the brightness of the spots (see bar). The distribution indicates that the particles
are nearly randomly distributed. The distributions of Euler angles for the other data sets display similarly uniform coverage. To see this figure in color, go

online.
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FIGURE 3 Molecular model of extended upright (upper panel) and bent (lower panel) conformations of integrin in lipid bilayers. (A) The gray surfaces
represent the reconstructions of integrin in the absence of nanodisc and talin. The yellow surfaces represent the density attributable to nanodiscs by difference
mapping, and the green density in the upright conformation (upper panel) represents the density for the talin head domain obtained by difference mapping.
No extra density for bound talin head domain could be observed for the bent conformation. (B) The bilayer of the nanodisc is shown in space-filling
representation. The protein belts of the nanodisc (orange), integrin (red and blue), and talin F3 (green) are shown in cartoon representation. The density
map is shown in chicken-wire representation for reference. The distance from the surface of the nanodisc to the ligand-binding site (RGD site) in the
head domain of the upright conformation is ~20 nm. The approximate size of the integrin-binding domain of fibronectin (13) is indicated as a circle in
the side view of the bent conformation. To see this figure in color, go online.

The compact conformation of integrin oy ,03
allows access to the RGD-binding site

The compact nodular conformation of aqp,B; observed
here allows the crystal structure of o83 to be fitted
without modification (Fig. 3 B). Although the difference
density corresponding to the nanodisc clearly shows its
location, the fact that integrin in its compact conformation
can freely move within the lipid bilayer (14) leads to a
washing out of the nanodisc density due to averaging
over a multitude of orientations. The fit of the crystal
structure can be visually improved by a slight opening of
the head and leg domains, consistent with the random-
conical-tilt reconstructions of manually selected, nega-
tively stained bent aqp,(3 integrins in nanodiscs (14), but
the improvement in fit is not statistically significant at
our resolution. The correlation between the crystal struc-
ture and the reconstruction of the bent conformer is
88.2%. For the model derived from the negative-stain
reconstruction (14), the correlation is 87.6%. The 0.6%
difference is not statistically significant, even if « is raised
to 0.005. To distinguish between the two possibilities,

higher-resolution data are required. The ligand-binding
site is accessible to ligands in both models and is not
obscured by the membrane (Fig. 3 B). In both cases, there
is enough space available to bind fibronectin, as shown for
the bent conformation of «y83 integrins in the absence of
nanodiscs (13).

Intermediate conformations of integrin ;33
show different degrees of extension and hybrid-
domain swing

For the first intermediate state (ii), the difference density
attributable to the nanodisc (Fig. S5) indicates that integrin
in this conformation is somewhat tilted with respect to the
membrane rather than optimally extended. The fact that
not all of the nanodisc is resolved indicates that there is
some freedom of movement in the nanodisc for this confor-
mation as well. To derive a structural model, the head of the
crystal structure needs to be moved into a different position
than in the bent conformation, but all contacts and structural
relationships between the legs and within the head do not

Biophysical Journal 110(4) 798-809
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FIGURE 4 Variance of the upright model and molecular models of intermediate conformations of integrin in lipid bilayers. (A) Variance from the docking
analysis mapped onto the model for the upright conformation with bound talin F3. The largest variances are seen in the cytoplasmic domains, the transmem-
brane helix of the a-subunit, and at the top in the I-EGF domains of the §-leg (all marked by arrowheads). The largest observed deviation of the a-subunit
transmembrane helix that is still compatible with the docking is shown as a black circle. (B and C) Models of the two intermediate conformations. The lipid
bilayer of the nanodisc is shown in space-filling representation, with the headgroups in yellow and the hydrophobic tails in white. The protein belts of the
nanodisc (orange) and integrin (red and blue) are shown in cartoon representation. The density maps are shown in chicken-wire representation for reference.

Scale bar, 5 nm. To see this figure in color, go online.

need to be altered from those in the crystal structure
(Fig. 4 B). For the second intermediate conformer (iii), the
difference density for the nanodisc is also washed out, indi-
cating some freedom of movement (Fig. S5). Docking ex-
periments show that this reconstruction is most consistent
with a configuration in which the contacts in the lower
legs are still similar to those in the crystal structure but
the hybrid domain is swung out to a similar position as
the one we observe in the upright conformation (Fig. 5 B).

CONCLUSIONS

Our study shows that o063 integrins and integrins
embedded in nanodiscs exist in an equilibrium of states
even while they are bound to cytosolic and extracellular
ligands. These conformations range from a compact nodular
structure similar to the crystal structures of ectodomains
to a fully upright conformation and two intermediate
states (Fig. 6). The addition of talin head domains, RGD
peptide, and phospholipid bilayer to the system significantly
shifts the conformational equilibrium toward the upright
conformation.

Biophysical Journal 110(4) 798-809

NMR structure determination of the ayp,33 integrin sin-
gle-pass transmembrane segments showed that they asso-
ciate closely in membrane environments (40). Mutations
that lead to dissociation of the transmembrane segments
and thus to leg separation have shown profound effects on
the ligand affinity of integrins (56-58). Binding of talin
domains to the cytoplasmic tail of 85 (21,39) was shown
to trigger dissociation of isolated transmembrane segments
(22) or cytoplasmic tails (59), and separation of the «- and
B-legs of ay (B, integrins in response to talin binding was
demonstrated (23). Thus, there is strong evidence that
disruption of the transmembrane segments induces integrin
activation and that talin triggers this transition. Here, we
show that the talin head domain binds to the upright con-
formation of integrin while it is embedded in the lipid
bilayer nanodisc, and that the two integrin subunits are
well separated on the cytosolic side in this configuration.

The existence of multiple conformations of integrin has
implications for the activation mechanism and suggests
that integrin activation may involve equilibrium shifts.
Our results indicate that the ligand-binding site is not
obscured by the membrane for any of the conformational
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FIGURE 5 Statistical evaluation of the differ-
ences in conformation. (A) Color-coded table
showing the values of correlations between the
models and the respective reconstructions (maps).
All correlation values were calculated using a con-
servative resolution cutoff of 45 A. The cells are
color coded according to the confidence level at
which the null hypothesis that the structure fits
the density as well as the best fit (green) can be re-
jected. The red cells can be rejected at o = 0.0001
(confidence level 99.99%) and the orange cell can
be rejected at a = 0.0005 (99.95%). (B) Illustration
of discrimination between different degrees of
swing-out of the hybrid domain for the upright
and two intermediate conformations. In each
case, the state of the hybrid domain can be unequiv-
ocally determined by the visual fit to the density,
consistent with the results of the statistical analysis.
To see this figure in color, go online.

states in equilibrium, and that extension of the ectodomain is low to determine whether modification of the crystal struc-
possible without separating the legs or the hybrid domain. ture is appropriate, the orientation of the integrin density
Although our resolution of the bent conformation is too  with respect to the membrane clearly shows that the

A
- Conformational Equilibrium
8 (i2)
£ o)
Head
B
20nm
Legs
8nm
43.3%

FIGURE 6 Schematic model for integrin con-
formational equilibrium. (A) Schematic distribu-
tion landscape of conformational equilibrium.
The bent (b) and upright (u) conformations have
the narrowest peaks, indicating the smallest amount
of variability in their vicinity. The two intermediate
peaks (il and i2) are much broader, indicating a
larger variability. (B) Schematic overview of key
conformers in the integrin oqp,B; conformational
equilibrium. Transitions include an opening be-
tween the head and leg domains from the bent
conformation (b) so that the legs can untwist
and straighten out to form the first intermediate
conformer (il). A swing-out of the hybrid domain
in the (-subunit converts the first intermediate
conformer (il) into the second intermediate
conformer (i2). Separation of the legs in the
membrane then converts the second interme-
diate conformer into the fully extended upright
conformation (u). To see this figure in color, go
online.
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ligand-binding site is not obstructed even for natural ligands
such as fibronectin (Fig. 3 B, lower panel), consistent with
the negative-stain reconstruction of the bent conformation
in the membrane (14) and the capability of bent a3 integ-
rin to bind fibronectin (13). Because the distance between
the legs is so large (8 = 0.7 nm), even the relatively low
resolution of our reconstructions is fully sufficient to deter-
mine whether the legs are separated or not.

This study demonstrates that a simplified reconstituted
system containing intact full-length integrins, phospholipid
bilayers, and physiologically relevant cytosolic and extracel-
lular integrin ligands is amenable to structural analysis in
three dimensions in its native environment. The use of
cryo-EM and multireference, single-particle analysis with
this system circumvents the artifacts that are potentially asso-
ciated with negative staining or rotary shadowing, the use of
truncated constructs, analysis of 2D projections, undetected
conformational mixtures, or crystal lattices. Despite the rela-
tively low resolution of this study, however, careful statistical
analysis and cross-validation allow us to draw reliable struc-
tural conclusions that are not attainable by any other means.
This opens the avenue to detailed structural investigations of
the integrin inside-out and outside-in activation mechanisms,
and the role of additional integrin ligands such as kindlin or
larger fibronectin fragments. Through controlled size varia-
tions of the nanodisc system, it will also be possible to inves-
tigate integrin clusters of controlled size to unravel the effect
of clustering on integrin activation.

SUPPORTING MATERIAL

Five figures are available at http://www.biophysj.org/biophysj/supplemental/
S0006-3495(16)00091-6.
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Supplementary Material

Figure S1: Original Micrographs A. Repesentative micrograph of integrins under near-physiological
cryo-conditions. Integrins appear white. The boxes mark well-separated particles. A selection of particles
and their assignments to conformations and orientations is shown in Figure 2 in the main text. B.
Nanodiscs in negative stain showing a narrow size and shape distribution but tendency for preferred
orientation (top view). C. Nanodiscs under near-physiological cryo-conditions also showing a narrow size
and shape distribution but without the tendency of preferred orientation. D. Three-dimensional
reconstruction of nanodiscs derived from cryo-data such as that shown in (C). No symmetry was applied.
Note that the dimensions of the top view match well those seen in the negatively stained data (B). E.
Model of nanodisc derived from the reconstruction in (D). The bars in (A-C) correspond to 100 nm.
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Figure S2: Three-dimensional cryo reconstructions of integrin receptors in nine conditions. Surface
representations of orthogonal views of reconstructions derived from nine independent data sets of integrin
or integrin in nanodiscs. The reconstructions were filtered to 4-nm resolution for easy comparison and
were obtained after iterative sorting. Conditions marked with dots had talin head domain present in the
sample. The bar corresponds to 10 nm.
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Figure S3: Space-filling models of the conformers in the conformational equilibrium of membrane-
embedded integrins. The lipid bilayer of the nanodisc is shown with the head groups in yellow and the
hydrophobic tails in white. Integrin (red: B-chain and blue: a-chain) and talin F3 (green) are also shown in
space-filling representation. The protein belt of the nanodisc (orange) is shown in cartoon representation.

Figure S4: Ambiguities of two-dimensional projections. A. Very different three-dimensional structures
(top rows) can yield indistinguishable two-dimensional projections (bottom row) B-D. The same three-
dimensional structure can give rise to multiple two-dimensional projections. Depending on its orientation,
the upright integrin conformation with separated legs (A) can also give rise to 2D projections that appear
as a nodular, compact particle (C) or an upright conformation with closed legs (D).
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Figure S5: Nanodisc identification by difference mapping for intermediate conformations. A, B.
Difference mapping of first (A) and second (B) intermediate conformations using reconstructions of
integrin in the presence and absence of nanodiscs. Grey represents the density of integrin in the absence
of nanodiscs, yellow the difference between integrin with nanodiscs minus integrin without nanodiscs,
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