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Abstract

Heterodimeric integrin proteins transmit signalotlgh conformational changes upon ligand
binding between their alpha)(and betaff) subunits. Early in chordate evolution, some
subunits acquired an "inserted" (I) domain, whigpasnded their ligand binding capacity but
simultaneously obstructed the ancestral ligandibmgocket. While this would seemingly
impede conventional ligand-mediated integrin attorg it was proposed that the | domain itself
could serve both as a ligand replacement and aratioh trigger. Here, we provide compelling
evidence in support of this longstanding hypothasiag high-resolution cryo-electron
microscopy structures of two distinct integrin cdexgs: the ligand-free and E-cadherin-bound
states of theER7 integrin with the | domain, as well as w7 integrin lacking the | domain in
both a ligand-free state and bound to MadCAM-1.tk&ee the evolutionary origin of the |
domain to an ancestral collagen-collagen interaadd@main. Our analyses illuminate how the |
domain intrinsically mimics an extrinsic ligand,ading integrins to undergo the canonical
allosteric cascade of conformational activation draimatically expanding the range of cellular
communication mechanisms in vertebrates.
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I ntroduction

Protein evolution often proceeds via relatively Biamezremental mutational steps. In contrast,
gain of protein domains can spur dramatic novelbynetimes at the cost of ancestral functions.
One such dramatic domain acquisition happened gadiyordate evolution in the integrin cell
surface receptor family, which mediates signaliagss the cell membrane in a range of
biological processes from embryogenesis to T-agil/ation. Integrin molecules are
heterodimers composed of a single alphaaqd betaff) subunit (Supplemental Fig. 1A). The
human genome encode$ &nd 18a integrin subunits, 9 of which include a 200aa \chsti
“inserted” von Willebrand factor type-A (VWFA) doinalor | domainj™ Phylogenetic analyses
have revealed that the acquisition of the | dorma&s a monophyletic event in the common
ancestor of alDlIfactores, the clade encompassing urochordates (tunicatelsyertebrate’s
Ancestrally,a-integrin proteins encode seven repeats, each gddira single blade of a seven-
blade beta-propellor fold. The | domain is placetifeen the second and third propeller bl&des
(Supplemental Fig. 1B).

Originally identified in the von Willebrand factproteir/, VWFA domains typically adopt a
classic Rossmann fold and contain a metal-ion digr@radhesion site (MIDAS) for binding
protein ligands in a variety of contektintegrin-ligand binding was ancestrally mediagdan
interface between andp subunits. However, the vVWFA-family | domain insentsterically
occluded this ligand-binding interface. Insteae, tkdomain itself acquired ligand binding
functions, enabling integrin heterodimers to bindwch wider array of ligand moieties and
motifs’. Ligand binding in ancestral integrins is furtiénectly linked to the conformational
changes required to signal integrin activation (@&mental Fig. 1C) by a canonical Arg-Gly-
Asp (RGD) tripeptide present in many extrinsic tigd®. Acquisition of the | domain also
potentially blocked the trigger for integrin activan. One resolution to this conundrum emerged
from previous structural characterization of isetht domains, which revealed a conformational
change in their C-terminal helix that inserts assmed glutamate into the ancestral ligand
binding pocket of integrift. This finding led to the proposed “internal ligamdodel in which

the | domain functionally replaces the canonicaDR@peptide that is required for activation of
ancestral, non-1 domain integrifis

Despite the elegance and explanatory power ofititertal ligand” model, our current structural
understanding of how | domain-triggered integritivation occurs is still greatly limited. A
significant hurdle has been methodology; integoto@omains preferentially crystallize in a
compact (inactive) state. As a result, to our kmalgke the conformational landscape for an |
domain-containing integrin has never been obsemtdthe required structural detail to resolve
features of ligand binding and integrin activatiadditional unknown contacts beyond the
conserved glutamate are likely crititaMoreover, the limited biochemical support for the
“internal ligand” model was obtained using struetiofp2 integrins, which exclusively pair

with [-domain containing-integrin subunits and might possess idiosyncedigptations not
shared with | domain-less integrin heterodimerss Piecludes direct comparisons between
previous structures. Given that half of huneaimtegrins, including the vast majority of those
with critical immune function, contain | domainssplving the molecular details of this
evolutionary insertion would provide vital insighto a wide array of vertebrate signaling
processes.

We directly tested the intrinsic ligand model ussmgle-particle cryogenic electron microscopy
(cryoEM) analyses. Recent advances in cryoEM csmlve sample heterogeneity and determine
structural ensembl&S", which allows us to characterize the complicatabeeric relay
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required for integrin activation. We directly compare the activation networks of int@grin
heterodimers involvin§7, one of only tw@ integrin subunits capable of interacting with both
types ofa-integrin subunits (Fig 1A). We characterize td@7 (or LPAM-1) heterodimer,
consisting of the | domain-lackirngt subunit (or CD49d) in complex wifi¥, and compare this
to aEB7 integrin heterodimer, consisting of the | domedamtainingaE subunit (or CD103) and
B7. Both integrins perform critical roles in faaitng T cell homing, activation, and retention at
sensitive immune barriéfs'’, yet molecular details of their ligand binding awdivation are
largely unknown. These integrins are promisingdpeutic candidates for the treatment of
Irritable Bowel Diseasé&® where there is scope for improving efficd3}. Structural insight
into the mechanism of activation of a7 andaEB7 integrins could reveal the molecular
contacts mediatinf§7 integrin activation and ligand engagement, priogdhe framework
needed to develop precisely targeted, next-gewerttierapeutics for gut mucosal inflammation
and autoimmunity. Moreover, structuresuef37/CD103 will lead to rationally-designed cancer
immunotherapies that exploit the prognosticallyoiable tissue resident-memory T-cell T
phenotype, effectuated by thEp7:E-cadherin interactiéh In addition to the evolutionary
insights we uncover, structures of th@3antegrins have enormous clinical value.

Structural insightsinto activation of non-I domain integrin a4p7

We first determined a structure of the namp7 integrin ectodomain bound to its cognate gut-
specific primary ligand MadCAM-1 to 3.1A resoluti¢fig. 1B-C, Supplemental Fig. 2,
Supplemental Table 1). This interaction strictlydiages leukocyte homing to gut tisstfeget
the molecular details that define its selectivity Ergely unresolved. In contrast to the pocket
shape of the RGD-bindingV integrin group, the cleft betweed andp7 forms a long groove
running parallel to the subunit binding interfdc&Ve find MadCAM-1 fits snugly within this
groove, forming interactions with both integrin saiis (Supplemental Fig. 3A). Contacts
primarily occur on the first Ig-like MadCAM-1 donmibetween the MadCAM-1 FG strands and
a4 propeller, and between the MadCAM-1 CD loop drep¥ I domain (Supplemental Fig.
3A-B). MadCAM-1 bridges the4 andB7 subunits with an RGLD motif analogous to the
canonical RGD motif described for other | domaissléntegrins. Within this RGLD motif, R43
and L45 span the long axis of the integrin grodleng the space betweemd andp7 (Fig. 1D).
The D46 residue provides the essential ion-cootinactivity within this motif, leading to the
open leg integrin conformation characteristic ofative heterodimer (Fig. 1E). In contrast to
existing crystal structures of MadCAM-1 alén&, we find that the MadCAM-1 D beta strand
runs antiparallel to the E strand in Ig-like domaiwhen bound to4f7. This indicates
MadCAM-1 undergoes a conformational change upodibgh(Supplemental Fig. 3C). The
complex is further supported by the MadCAM-1 DEabatbbon loop in the Ig-like domain 2
contacting thd7 specificity-determining loop (SDL) via mutatiotyaintolerant’ hydrogen
bonds (Fig. 1F). However, our model represents onl/of many likely electrostatic states
continuously sampled by this highly negative MadCGANbop.

We observed a high degreefaf leg flexibility in the operm4f37:MadCAM-1 structure
(Supplemental Video 1). We also observed clearityeimsthe lower leg region of the4 subunit
encompassing the calf 1 and calf 2 domains, unithestin previous work. We find that the
“open” a4p7 conformation has a slight rotation around a waltaxis (Fig. 1B). We
hypothesized that4p7 may “untwist” open rather than simply unfold aggested in prior
structures of other integrins. To understand tbiemtial activation motion, we determined an
apoo4p7 clasped structure under high calcium buffer ciomia previously shown to favor the
inactive conformation steteé The resolution of the structure is sufficienfitalomains;
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however, we do not build an atomic model becauseeported resolution of 3.2 A is likely
overestimated due to a preferred orientation (Sampehtal Fig. 4A, Supplemental Table 1). In
this apo structure, the headpiece regionsdf7 are not bent 90 degrees relative to the lower
legs as with the recently described “half-bent”"foomation of the epithelial integria5p1°°nor

is it in the established “acute-bent” conformatiBather, in this new bent conformation, the
headpiece is skewed afid headpiece region sits below tivepropeller. The simplest means to
transition from thex4p7 compact to extended state would be by a twistitaihe lower leg
region. Indeed, additional 3D flexibility analysisthea4f37:MadCAM-1 complex supports
rotational movement of the integrin legs (Suppletaeviideo 1). Given our structural data, it is
possible that this “twisted” compact orientationilitgates a similar angle of ligand approach or
occlusion between5p1 anda4p7 even thougldf7 binds MadCAM-1 perpendicular to the
orientation at whiclu5Sp1 binds fibronectin (Supplemental Fig. 4B).

Theinactive aE | domain isdynamic

Next, we turned our attention to structural analydil domain-containingER7 integrin
heterodimers. To define the conformationsBp7 and the relative location of its | domain, we
performed negative stain electron microscopy (nsBmjhe purifiechEf7 ectodomain
(Supplemental Fig. 5). We observed conformatiomsistent with both a compact state as well
as an open state as seen in nsEM with other in&YrBurprisingly, we found thatE7 adopts

a “half-bent” conformation similar t@5p1°°, rather than the acutely bent conformation seen in
other | domain-containing leukocyte integrin strreg’32 Based on phylogenetic analyses of
the respective integrins, our findings suggesttitmatcutely-bent conformation independently
evolved twice in vertebrate integrins. Furthermb@sed on previously published EM di&nd
ours, we infer via parsimony that ancestral integnust have adopted a half-bent compact
conformation (Fig. 2). This result implies a unicarel recurring selective pressure on the closed
integrin conformation, highlighting the importanaeunderstanding the full integrin
conformational spectrum in an evolutionary context.

To gain more detailed insight into the compact ivacstate of the | domain (Fig. 3A), we
performed cryoEM studies on the clasp&f7 ectodomain under high calcium, or
nonactivating, buffer conditioA% To facilitate structural analysis, this integisrbound to a
CD103 antibody fragment LF61 that does not infleeligand binding. We resolved the
compact structure of theEp7 ectodomain to a global resolution of 2.9A (FiB, Supplemental
Fig. 6). The resolution of owER7 structure was highly anisotropic (Supplementgl B), but as
with a4p7 we could confidently model theef7 headpiece region (Fig. 3C, Supplemental Data
Table 1). We identified and modeled five glycosigias onaE, including two on the | domain
(Supplemental Fig. 6F). The | domain is positioabdve the heterodimer headpiece as expected
of an | domain-containing integrin. This positioowld sterically occlude the ancestral RGD
pocket of integrins without an | domain. Even ie tompact state, thd= | domain has a more
extensive interface with both tif& andoE subunits than described 2 leukocyte integrins.
We found thexE | domain makes additional contacts with bothfA&DL and a beta hairpin on
theoE beta-propeller. These supports form a “colladusad thenE | domain (Fig. 3D). These
additional contacts may contribute to a more stadall | domain leading to the more resolved
structure obkEB7 | domain than that afM 2, which was not resolved in a recent cryoEM
density* possibly due to its substantially higher flexityil

The | domain contains the internal ligadhdroposed to coordinate the ion sp®i(DAS) in its
accompanying subunit. Although our apeEp7 sample was frozen in conditions that should
have favored an inactive conformation, we foundris populations of particles in the overall
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compact structure; some had the internal liganéged, whereas others did not (Fig. 3E,
Supplemental Fig. 6, Supplemental Video 2). Coesistith previous analyses of isolated |
domains’, we found that extension of the | domain’s C-terahit7 helix is a prerequisite for
internal ligand binding anfIMIDAS coordination. This helix in our structure thie internally-
ligandedaER7 occupied the “open” conformation previously désesul in crystal structures of
other | domain¥. However, in contrast to the metastable statefedibyaXp2'?, thep7?

hybrid domain does not prefer a single conformatipan internal ligand binding and is instead
highly flexible (Fig. 3E). Our structures show tlia internally-liganded state is regularly
sampled byEB7 integrin even in conditions typically expecteddwor inactive conformations.

Ligand binding stabilizes the open «E | domain

To understand how movement of this | domain inteligand is connected to external ligand
binding, we next determined a cryoEM structurehefatEf37 ectodomain bound to its primary
ligand E-cadheritf (Fig. 4A, Supplemental Fig. 7). At a global resian of 3.4A, the ligand-
binding interface was well-resolved and we modéhedintegrin headpiece region as well as E-
cadherin EC1 (Fig. 4B). This resolves the previsusertainty about which E-cadherin domains
are necessary for integrin bindiigwe find E-cadherin EC1 exclusively binds to tbp surface
of theaE | domain, using a short E-cadherin construct (B&1Fig. 4A). E-cadherin is known
to occupy monomeric and dimeric stdfebut we only observed it in a monomeric state when
bound tooEB7 (Fig. 4C). ThexEB7:E-cadherin molecular interface is primarily meedaby a
central hydrophobic “lock and key” pocket surrouthdby a network of electrostatic boﬁgs

(Fig. 4D-E). Consistent with a stable interactime, measure aof 51 + 7.9 nM for the
aEB7:E-cadherin complex using Bio-Layer Interferoméffig. 4F). Additionally, the N303
glycosylation on theE | domain appears to make direct contact with @ean (Fig. 4G).

Integrin | domains contain a cation binding sat®(DAS) coordinated by a conserved DXSXS
motif. TheaE | domainaMIDAS is ion-occupied in our structure, and the aoordination
complex is completed by E-cadherin E31 (Fig. 4Hy.s&en in crystal structures for other
integrin | domain® ™, thisaMIDAS coordination leads to an opef | domain, with the C-
terminal helix of the | domain assuming an extenclaaformation (Fig. 5A). Despite this large
shift, the angle of the | domain relative to the afructure remains almost entirely unchanged
upon ligand binding (Supplemental Fig. 8), consistth evidence from the compact structure
that theoE | domain is particularly stable compared to othell-studied integrins. The ligand-
boundaEB7 integrin assumes an open headpiece conformatitvough 3D flexibility analysis
of the dataset suggests that ffideg maintains a large degree of free movemenig®mental
Movie 3). This movement could be crucial for iniagg immunological function given the
forces that T cells face in processes like homigravasation, and tissue resideficmtrinsic
flexibility would allow integrin to stay ligand-boal while permitting dynamic cell movement
and membrane morphology changes.

In contrast to the unliganded structure, the | darrdernal ligand is clearly engaged wjh
when bound to E-cadherin. In this open conformatilee | domain interactions shift
dramatically. For example, instead of contactirsichees E372-D377 of thee propeller hairpin

in the closed structure, the “collar’ contacts tr@on residues Y366-1369 (Fig. 5A). This shift
allows theoE | domain to maintain its remarkable rigidity iath inactive and active states. This
rigidity is consistent witluEf7’s well-described role in establishing and maimtay a non-
circulating, stationary tissue resident epithéliaell populatiofi®. TheaE E372 residue
coordinates the Miion occupying th@7 BMIDAS, leading to the canonical piston-like
mechanism of integrin leg opening (Fig. 5C). Welfthese extensive collar contacts serve the
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biological function of stabilizing the hydrogen lasthat support the coordinating E372, an
important structural feature only previously asedltio artificial lattice contacts in prior crystal
structures of open integrin | domath&** In our structure, this stabilization is further
reinforced by theMIDAS-mediated conformational shift in the | domaipon ligand binding as
well as the presence of Kfrin thepMIDAS.

Our structures provide an unprecedented opporttmiysualize and compare conformational
changes brought upd@7 either upon binding of an external ligand in &@7 non-1 domain
configuration, or by an internal ligand in an I-daim containinghE7 heterodimer (Fig. 5B).
The sam@MIDAS ion is coordinated byE E372 in thexER7 heterodimer as by MadCAM-1
D46 within thea4f7:MadCAM-1 complex (Fig. 5C). This leads to the sampen conformation
and leg flexibility ina4f7 as seen in internally-ligande@&p7. The RMSD of th¢7 I domain

in ligand-boundx4p7 vs.aER7 is 0.6A, indicating thai7 undergoes nearly identical behavior in
the context of eithex4 oraE when activated. Remarkably thi¢ SDL also uses the exact same
arginine, R200, to support MadCAM-1 as it doesdBd domain (Fig. 5D). Collectively these
data provide unambiguous support for the structuralicry of external ligand-mediated
integrin activation by the intrinsic | domain atyketeraction sites.

Collagen origin of theintegrin | domain

The evolutionarily ancient | domain insertion natyoexpanded the ligand-binding repertoire of
integrin proteins but did so without perturbing #reestral intricate conformational changes
required for activation. We wondered if the | donmgaiancestor already contained all the
necessary machinery to facilitate the allosterimrwinication seen in our structures. Sequence
alignments show the | domain was inserted immelgifw#owing a structural proline between
beta-propeller blades 2 and 3 (Supplemental Fig. I&find the common ancestor of all |
domains, we aligned a representative subset ajrintédomains from across tl@factores
phylogeny. We used this alignment to generate aétidVarkov Model (HMM) of the protein
domain encompassing the | domain and internal tig&upplemental Fig. 9). Finally, we
searched the genomes of cephalochordates, thé¢ dirggoup ofOIfactores, with this | domain
HMM. This strategy enabled us to identify homoldgyhe presumed | domain ancestor rather
than the multiple other vWFA domains present imaligenomes. Our analyses reveal that the
most likely ancestors of theintegrin VWFA-like | domains are VWFA domains from
extracellular matrix proteins (Fig. 6A). More sdezlly, we observe that vertebrate integrin |
domains phylogenetically cluster within the alpl{&i3 class of collagens from
cephalochordates to the exclusion of all other vWdieéfains (Fig. 6B).

Based on our phylogenetic analyses, we concludelthariginal | domain acquisition
integrins was derived from a collagen domain inedl\n collagen-collagen interactions.
Outgroup cephalochordate proteins and human caollggeoth share high structural homology
with theaE | domain (Fig. 6C). Microseconds-long moleculgnaimics simulations reveal that
key dynamic movements present in the | domain ats@ present in this collagen ancestor (Fig
6D, Supplemental Fig 10). Collagen proteins commémim oligomeric structures within or
between collagen types, including collagen alpha)3{. Based on our analyses, we infer that
the ancestral | domain was capable of binding getlaimmediately upon acquisition, providing
many functionally relevant motifs for integrin laain function, including those involved in ion
coordination and in structural changes in the Giieal helix (Fig. 6E). The MIDAS performs
critical functions in collagens which contaifPit® just as it does in integrin | domains.
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However, this acquisition could not explain thesgrece of the highly conserved I/LEGT motif
containing thedMIDAS-coordinating glutamate required for intertighnd-based activation

(Fig. 6E). Indeed, we found no significant matcteethis motif either within collagen or within
any other vVWFA proteins in ProtKB metazoan genoris suggests either of two possibilities.
The first possibility is that the I/LEGT motif wasdistinct acquisition from an independent
evolutionary ancestor that coincided with the itisarof the | domain into the ancestral integrin
gene. However, the probability of precisely acaugrihe exact sequence needed to render the |
domain functional from a separate source seemsyhigtiikely. Alternatively, the motif might
have been already present in an ancestiatiegrin gene but was not under stringent selectiv
constraints until after the acquisition of the haiin. In support of this possibility, multiple
extanta-integrins lacking | domains nonetheless encodereGfs within the flexible loop
between the second and third beta propeller blgglgsplemental Fig 11A). Although these
motifs are not conserved between subunits (Suppli&hEig 11B), we posit that the presence of
these otherwise unconserved, prototypical EG mb&tsame selectively entrenched in éhe
integrin that acquired the I-domain insertion froollagen, once the function of the I/LEGT
motif became critical for integrin activation.

Concluding remarks

Here we use cryoEM to describe the strategy by hwtiie intrinsic integrin | domain structurally
mimics an extrinsic integrin ligand. We leverage i@ integrins, the | domain-containindgp7
and | domain-lacking4p7, to determine structures of both integrins alane engaged with

their ligands: E-cadherin and MadCAM-1, respectivelsing these structures, we map out these
ligand-binding interfaces and define the key stitadtfeatures involved in this | domain-based
activation mechanism. Integrins have charactercstiformational heterogeneity that
historically has made them difficult to study sturally at high resolution; we have used recent
computational advances to resolve sample heterdagema determine structural ensembles,
which has allowed us to characterize the complitatisteric relay facilitated by this
evolutionary insertion. Furthermore, by defining tholecular features of tfig integrin family
we provide the necessary foundation for generdtirgeted, rationally-designed therapeutics
that will be highly applicable to a range of dissafrom the IBD family to cancer.

Our results detail a structural framework for homgh-risk, high-reward evolutionary insertion
can preserve necessary protein functions whilarsggas a launch pad for adaptation. Despite
completely occluding integrin’s ancestral ligandding site, the integrin | domain remarkably
retains the same functional output of an ancestradirin ligand at multiple levels. In this way,
the | domain served two capacities at its inceptiloa ability to bind to an ion-coordinating
ligand, as well as to coordinate downstream integonformational changes. Given the collagen
origin of the | domain itself, it is likely thatéhl domain’s co-option into the integrin family
catalyzed the ability of integrins to directly asiste with the collagen extracellular matrix (Fig
7). This ancestral featu¥e’® has greatly expanded and specialized in extasgiims®. Given

that most eukaryotic proteins contain multipleidist structural domaing we anticipate this
form of evolutionary molecular co-option provideovelty across a wide array of molecular
processes. Collectively, our analyses describertiggie and shared structural features of |
domain-mediated integrin activation that were caitifor its evolutionary and immunological
success.
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Methods
DNA Constructs.

The region encoding the wiltypd= ectodomain (M1-H1123, used for integrin:e-cadheri
complex) followed by a C-terminal linker, HRV 3Ctaite (LEVLFQGP), acidic coil motif
(AQCEKELQALEKENAQLEWELQALEKELAQ) and Strep-Tag IM/'SHPQFEK*) inserted
into a pcDNA3.1-Hygro(-)-like backbone was syntledi commercially (GenScript). The
R177G/R178G, “RRtoGG,” mutant (clasped construedusr integrin:Fab complex) was
generated via site-directed mutagenesis (NEB).rég®n encoding thg7 ectodomain (M1-
H723) followed by a C-terminal linker (GTGG), HR\CZut site (LEVLFQGP), basic coil

motif (AQCKKKLQALKKKNAQLKWKLQALKKKLAQ) and 6xHIS ta g inserted into a
pcDNA3.1-Hygro(-)-like backbone was synthesized owrcially (GenScript). The region
encoding the4 ectodomain (M1-Q970) was amplified from Addgetesmid #81178 and
inserted into a pcDNAS3.1-Hygro(-)-like backbonengsstandard molecular cloning techniques.
The region encoding the MadCAM-1 ectodomain (M1-Q34das synthesized commercially as a
G-block (IDT) and inserted into a pcDNA3.1-Hygrogith the same C-terminal linker, 3C cut
site, basic coil motif, and 6xHIS tag (8 using standard cloning techniques. For Fc-tagged
Cadherin, the region encoding the E-cadherin ectadto (D155-A698) with a CD33 signal
sequence (GMPLLLLLPLLWAGALA) (Gift from Barry Gumbher) was inserted into a
pcDNA3.1-Hygro(-)-like with a C-terminal HRV 3C caite and human Fc tag amplified from
Addgene plasmid 145164 using standard cloning igales. The bacterial expression plasmid
encoding an N-terminal 6xHIS-SUMO-tagged EC12 profE-cadherin EC domains 1 and 2,
D155-N371) was a gift from Barry Gumbiner.

Protein expression and purification.

Both integrinsuEf7 ando4p7, as well as MadCAM-1, were expressed in mammdaignCHO
cells (ThermoFisher). The basic expression andipation protocol is similar for each protein.
Protein expression was performed according to ke Titer" manufacturer recommendations.
For each integrin, a ratio of 302p DNA was transfected for a total of 1pug of DNA pelc of

cell culture. For MadCAM-1 a total of 1pg of DNAmm@L of cell culture was used for
transfection. Cells were grown to a concentratibi-20 x 16 cells/mL at 37°C, 8% CQand
90% humidity. The day of transfection, cells wapbtgo 6 x 16 cells/mL and allowed to
recover for 2-4 hours. Cells were then transfeatabrding to manufacturer recommendations
using Expifectamine CHO and grown overnight at 38% CQ, and 90% humidity. The next
day, cells were given Enhancer and Feed accordingahufacturer recommendations and
shifted to 32°C, 5% Cg£and 90% humidity to support protein expressiove ldays post-
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transfection, cells were given a second dose af Beeording to manufacturer
recommendations. 8-10 days post-transfection, egte harvested via centrifugation for 15
minutes at 4°C and 1000xg. The cell supernatartagung secreted protein was further clarified
for 20 minutes at 4°C and 30000xg and diluted @td@ HisTrap Binding Buffer (20mM NaRQ
500mM NacCl, 20mM imidazole, pH 7.4). The clarifisgpernatant was flowed over a 5mL
HisTrap FF Crude column (Cytiva) equilibrated irsRiap Binding Buffer using an AKTA Pure
25 L1 FPLC system. Bound protein was eluted in HapTEIution Buffer (20mM NaP£)

500mM NacCl, 500mM imidazole, pH 7.4). Fractionstaiming protein according to.8 were
pooled, concentrated to 500uL, and buffer-exchamgedntegrin storage buffer (20mM Tris-
HCIl pH 7.4, 150mM NaCl, 1mM Mggl1mM CaC}) using an Amicon Ultra-15 concentrator
(Millipore) with a 10kDa cutoff. For clasped intégproteins, the concentrate was then purified
via gel filtration chromatography using a Super@é® Increase 10/300 SEC column (Cytiva)
equilibrated with integrin storage buffer. Pealcfrans containing integrin according to SDS-
PAGE were pooled, concentrated to 2mg/mL, snagefraa 10% (v/v) glycerol and stored at -
80°C. For MadCAM-1 and unclasped integrins, 1:10Wwof 3C protease was added to the
protein concentrate and incubated overnight with-@ver-end rotation at 4°C. The next day the
cleaved protein was further purified via gel fitteda chromatography, concentrated, and stored
as was done with the clasped protein.

Human Fc-tagged E-cadherin ectodomain was expressegdurified similarly to integrin and
MadCAM-1 constructs. Ectodomains were expressé&kpCHO cells according to the “Max
Titer" manufacturer recommendations using a witalig of DNA per mL of cell culture. Cells
were fed and harvested and supernatants weraedbaié with the integrin constructs.
Supernatant was diluted 2:1 in HiTrap binding bumM Tris-HCI pH 7.4, 150mM NacCl,
3mM CacC}) and flowed over a 1mL HiTrap Protein G HP coluf@ytiva) equilibrated in
HiTrap binding buffer. The column was washed withvblumes of HiTrap binding buffer, and
protein was eluted with 100mM glycine-HCI, pH 2nfa 1M Tris-HCI, pH 9.0 to neutralize.
Eluate was pooled and concentrated to 500uL, asdhen further purified via size exclusion
chromatography on a Superdex 200 Increase 10/3Q0c8kmn (Cytiva) equilibrated in 50mM
Tris-HCI pH 7.4, 150mM NaCl, 3mM Cag£lIPeak fractions were pooled, concentrated to
2mg/mL, snap frozen with 10% (v/v) glycerol andretbat -80°C.

EC12 was expressed and purified as previously ibesf? with slight modifications. Briefly,
BL21 DE3 cells containing the expression plasmidenggown to an OB, of 0.6, induced with
0.1mM IPTG, and incubated with shaking overnight&tC. The following day cells were
harvested at 4000xg for 30 minutes at 4°C and peswked in 10mL/L of cell culture in EC12
binding buffer (500mM NaCl, 20mM Tris-HCI pH 7.4m8/ CaC}, 20mM imidazole) with
EDTA-free cOmplete protease inhibitor cocktail (Ref The cells were lysed via sonication on
ice for 3 minutes and the lysate was clarified¥0minutes at 4°C, 20000xg. The lysate was
flowed over a 1mL HisTrap FF Crude column (Cytieglilibrated in EC12 Binding Buffer and
washed with 10 CV of EC12 Binding Buffer. Bound f@ia was eluted in 500mM NaCl, 20mM
Tris-HCI pH 7.4, 3mM CaGJ 250mM imidazole. Peak fractions were pooled amtentrated
using an Amicon Ultra-15 concentrator (Milliporeijtkva 10kDa cutoff. The concentrate was
dialyzed overnight at 4°C into 4L of 50mM Tris-HEH 7.4, 150mM NaCl, 3mM CagWwith

250 units of 6xHIS-tagged SUMO protease (Thermddfistor scar-free SUMO tag cleavage.
The following day the dialysate was run over a IdTrap FF Crude column to remove the
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protease and unprocessed EC12. The dialysate wadutther purified via gel filtration
chromatography on a Superdex 75 Increase 10/30@L@iva). Peak fractions containing EC12
were pooled, concentrated to 2mg/mL, and snapriroz&0% v/v glycerol. We attempted to
express C-terminally HIS-tagged EC12 in mammalelhaulture but proteins consistently
precipitated following HisTrap elution.

Negative-stain EM sample preparation.

IntegrinaER7 was diluted to a final concentration of 2-20ug/mlbuffer containing 20mM
Tris-HCI pH 7.4, 150mM NacCl, and ion concentratioamdicated in Supplemental Fig 5. 3uL of
diluted integrin was applied to a glow-discharg@0 #nesh copper glider grid (Ted Pella) that
had been covered with a thin layer of continuousraimous carbon. The grids were stained with
a solution containing 2% (w/v) uranyl formate asyiously described.

Negative-stain EM data acquisition and processing.

Data were acquired using a Thermo Fisher Scierfidios L120C transmission electron
microscope operating at 120 kV and recorded onxa4kThermo Scientific Ceta camera at a
nominal magnification of 92000x with a pixel size00158 nm. Legino?f was used to collect
596 (5mM CagG)), 187 (ImM MgCJ, 1mM CaCl2), or 262 (1mM Mng)Jl micrographs at a
nominal range of 1.5-2.5 um under focus and a dbapproximately 50 &2,

Similar processing pipelines were used for all tiggastain datasets. Micrographs were
processed using GC T Gautomatch (https://github.com/JackZhang-Lab) @agdSPARC>.
CTF estimation of micrographs for the 5mM Ca&td 1mM MgCJ, 1mM CaC} conditions
was performed using GCTF. Initially, 93294 (5mM Ca®r 73949 (1ImM MgGl 1mM CacC})
particles were picked in a reference-free manneguSautomatch and imported into
cryoSPARC. The particles were subjected to 2 roah@D classification for a final particle
count of 17199 (5mM Cag)lor 12289 (1mM MgGl 1mM CaC}) contributing to 2D classes.
CTF estimation of micrographs for the 1mM MnCI2 dition was performed using Patch CTF
in cryoSPARC. An initial stack of 109907 particf@sked using the blob picker in cryoSPARC
was subjected to 2 rounds of 2D classificatioref@inal stack of 36469 particles contributing to
2D averages.

cryoEM sample preparation.

The apoudf7 protein was diluted 1:10 in non-activating buff20mM Tris-HCI pH 7.4, 150mM
NaCl, 5mM Cad)) to a final concentration of 0.2mg/mL. The RRtoGER7 ectodomain was
diluted 1:10 in non-activating buffer and incubavath digested LF61 Fab (Invitrogen) at a 1:4
molar ratio for 45 minutes at room temperature eitld-over-end mixing. The integrin:Fab
complex was subject to size exclusion chromatographon-activating buffer and complex
peaks were concentrated to 0.25 mg/mL. The wildtf’ ectodomain was diluted 1:10 in
activating buffer (20mM Tris-HCI pH 7.4, 150mM Na@imM MnCh) and incubated with
EC12 at a 1:4 molar ratio for 45 minutes at roomgerature with end-over-end mixing. The
integrin:ligand complex was subject to size exduossthromatography in activating buffer and
complex peaks were concentrated to 1 mg/mL. Imnielgibefore freezing, stock CHAPS
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detergent was added to the integrin:ligand comfaexfinal concentration of 0.05% (v/v). The
ad4p7:MadCAM-1 complex was formed and prepared in Hraesway asER7:EC12. Following
dilution and complex formation steps, all samplesenfrozen with similar conditions. 3uL of
protein was applied to Quantifoil grids (EMS) tiaadre glow-discharged for 30s at 15 mA. The
grids were blotted with a Vitrobot Mark IV (Thermisker) using a blot time of 3-7s and blot
force of 4-5 at 100% humidity and 4°C. Grids welenge-frozen in liquid ethane cooled by
liquid nitrogen and stored in liquid nitrogen.

CryoEM data acquisition and processing.

The details of datasets and processing pipeliresutined in Table 1, Supplemental Figure 2
(04p7:MadCAM-1), Supplemental Figure 4 (ap#f37), Supplemental Figure GER7:LF61

Fab) and Supplemental FigureadEp7:EC12). All datasets were collected on a Glacrge-c
transmission electron microscope (ThermoFisherjadjpey at 200 kV and recorded with a Gatan
K3 Direct Detection Camera. Automated data colectivas carried out using SerialEMOne
hundred-frame movies were recorded in super-rasolgbunting mode at a nominal
magnification of 36000x corresponding to a caliedasuper-resolution pixel size of 0.561 A/px.
Each dataset was collected with a nominal defognge of 1.2-1.8 um under focus and a dose
of approximately 50" 6A2.

Dose fractionated super-resolution movies wereanetiorrected and binned 2x2 by Fourier
cropping using MotionCof2 within the RELION?® wrapper. From there, motion-corrected
stacks were further processed in cryoSPARC acopitdieach processing pipeline. Briefly,
particles were picked using the blob picker, suiegto multiple rands of 2D and/or 3D
classification usin@b initio and heterogeneous refinement using initial modetheated from

the data, and further refined with non-uniform #ahl refinement. Masks for local refinements
were generated using UCSF Chimetadnd cryoSPARC. Map sharpening was performed using
the Cosmic?’ server wrapper of DeepEMhan®anith the high resolution setting. Local
resolution estimation was performed in cryoSPARD FBC? plots were generated from
https://3dfsc.salk.edu/.

CryoSPARC was used for all motion and variabilitylses. We used the cluster setting in 3D
Variability Analysis® followed by homogeneous and heterogeneous refinefosort the
aEB7:LF61 Fab particles into open or closed | domé&ates. Maps showing the conformational
range of the internal-ligandg¥ leg in the Fab-bound structure (Fig 1D) were geieel using

3D Classification in PCA mode. We generated thewa series showing the continuous motion
of thep7 in ligand-bound structures using 3DEfeAll map visualizations (images and movies)
were generated and recorded using UCSF ChimeraX.

Model Building.

For the Fab-bound initialEB7 model we used an AlphafolfZmodel ofuE and PDB: 3V4¥,
Chain B forp7. We do not model the LF61 Fab due to a lack gfisace availability. The initial
models were manually fit into the density using BFG&himeraX, followed by dock-in-map in
PhenixX®. For the initialtEp7:EC12 model we used the alphafal model, a homology model
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of B7 built in SWISS-MODEL? using PDB: 7NWE, chain B as the reference, and PDB:
47717, ?Pain A for EC12. We generated the initidp7:MadCAM-1 model using alphafold-
multimer™.

Models were manually adjusted in an iterative weieen COOT and ISOLDE?® within

UCSF ChimeraX. Th@7 hybrid domain was flexibly fit into the ligand-ned models using
ISOLDE. TheaE7:LF61 Fab model was refined using the closed lalarmap. Glycans were
built manually in COOT using the “Carbohydrate” mtel Models were built using a
combination of the non-uniform and locally-refineshsharpened and sharpened maps. Résetta
was used to estimate B-factors and depict secorstiargture. All maps used for model building
have been deposited.

Electrostatic molecular interactions were determinging the PISA servEr RMSD
calculations for th@l domain were done in ChimeraX using the “matchmakenction with 37
residues V133-S369.

Molecular Dynamics Simulations.

To understand the ancestral conformational dynaofitise integrin | domain, we performed all-
atom molecular dynamics simulations on a repreigataample of integrin | domainsk, alL,

a2, Petromyzon marinus XP_032834731), sister clade cephalochordate coilatprived VWFA
domains (C3YQB1, C3YQB2, C3ZCZ5, C3YBZ5, C3Y2UMHdaRPN10 to be used as a distant
outgroup. Simulations were performed using OpenMRIG? employing AMBER19ffSB force
field”®, OPC water model, and 12-6-4 Li Merz ion paranstef he initial coordinates of the
studied | domains were obtained from the cryo-EMIeA@E: this study), prior crystal
structuresdL: 3F74", 02: 5HJF?, RPN10: 5LN#3), or AlphaFold2 predicted models

(C3YQB1, C3YQB2, C3ZCZ5, XP_032834731, C3YBZ5, C®V2J. AlphaFold2 predictive
models were generated in Colabféid

The proteins were solvated in a periodic truncatdhedron with a minimum distance of 16A
on all sides and 150mM NaCl. One magnesium, marsgaioe calcium ion was placed in the
MIDAS site. For RPN10, no additional ion was modelerior to production, systems were
energy minimized for 20,000 steps and equilibrate?O8K with backbone atoms harmonically
restrained by a 5 kcal/mol*orce constant for 10 ns. Langevin dynamics wafopaed using
a Langevin integrator with an integration timestég fs and collision rate of2 ps* and
hydrogen mass repartitionifigPressure was maintained using a Monte Carlo taneith an
update frequency of 100 steps. Nonbonded interatieere calculated with a distance cutoff of
10A. Trajectory snapshots were saved every 10Qipsgiproduction simulations. For each ion
condition (Md", Mn**, C&"), ten simulation repeats with different initiallo€ities were
conducted, each 2.4us in length, totaling in ~6#ffLegygregate simulation time.

Trajectories were processed using in-house sartjpiiing CPPTRAS® and MDTraj’ packages.
The last 2.0us of each simulation trajectory waslder analysis. RMSD and RMSF
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measurements were performed and@oms and using the initial structure for simalatas the
reference.

Bio-Layer Interferometry (BLI).

Assays were performed on an Octet Red (ForteBaijument at 25°C with shaking at 1,000
RPM. Protein A biosensors were hydrated in actigpbiuffer with the addition of 0.1% BSA
and 0.02% Tween-20 (BLI buffer) for 15 min. Fc-tadd=-cadherin ectodomain was loaded at
20 ug/mL in BLI buffer until a threshold of 1.2nm wasached. A baseline equilibration step
was performed in BLI buffer for 2 min. AssociatiohaEf7 in BLI buffer at various
concentrations in a two-fold dilution series fro®08M to 16.125nM was carried out for 600 s
prior to dissociation for 600 s. The data were laseubtracted prior to fitting performed using
a 1:1 binding model and the ForteBio data analssfavare. Mean K values were determined
with a global fit applied to all data from threelependent replicates. A representative
sensorgram of the three replicates is displayd¢deamnelevant figure.

Sequence curation and Hidden Markov Model (HM M) sear ching.

Protein sequences for all human integrin subunéi®wurated in the NCBI database wrapper
within Geneious Prime. Representative | domain seges from tunicates were curated using
BLAST with a urochordate taxon restriction and harah as a search query. Hidden Markov
Model (HMM) searching of UniProtKB was performed ttve online HMMER server from the
European Bioinformatics Institdfewith the full integrin | domain alignment as aitial query.
Since no sequences containing the internal ligA€i3T motif were found, we restricted our
search to include only residues 1-160 of the | dorahgnment and included only results from
Branchiostoma. Sequences with an individual E-value of less thes30 were considered hits
and used for subsequent alignment and phylogeaedlyses.

Sequence alignments.

All protein sequence alignments were generatedjubia default MUSCLE algorithfhand
visualized using Geneious Prime. Alignments werthr curated manually to remove large
gaps and sequences with low quality. Sequencenaéigts are available as supplemental text
files in FASTA or PHYLIP format with the followingames: Alignment of all humghsubunits
(Supplemental Data 1), Alignment of all humasubunits (Supplemental Data 2) excelpt
which was excluded due to an extra “X” domain pdaog the | domain that is unique af,
Alignment of integrin | domains across humans amicates used for HMM search
(Supplemental Data 3), Alignment of all hits fronvIMl search (Supplemental Data 4).
Sequence names are provided as protein names, &CBs$sion numbers or Uniprot identifiers.

Phylogenetic Analysis.

All phylogenetic trees were generated using a marirtikelihood framework within 1Q-
TREE”. Substitution models for each alignment were estiaoh with IQ-TREE. Both 1000
ultrafast bootstrap and SH-aLRT replicates arelaysgl as branch support statistics, also
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generated in IQ-TREE. Trees were visualized in Fégt. For the tree presented in Fig 6 the
topology was constrained such that the integrionhdins form a monophyletic clade.

PANTHER Functional Analyss.

Protein functional classification was performed thia online PANTHER database classification
system (http://pantherdb.org/) using the signifiddranchiostoma floridae Uniprot hits. Half of
the included sequences were classified as extudaethatrix-related, while the other half were
functionally unclassified.
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Figure 1. The structure of a4f7 bound to ligand MadCAM-1. A, A schematic highlighting
showing the focus of this figure on the | domaickiag integrina4p7. B, CryoEM structure of

the integrina4p7 ectodomain (green/blue) bound to the MadCAM-bdatnain (purple). The

low threshold, unsharpened global refinement mahasvn in gray, and the inset high threshold,
sharpened local refinement map is shown in colbe [Egs otx4 andB7 are not planar; rather
they appear to rotate around a vertical aisAtomic model of thex4f7:MadCAM-1 complex.
Blue box indicates regions of focus in (D-E), bldxk indicates region of focus in (fB),
MadCAM-1 uses an RGLD motif instead of the candriggeptide RGD to bridge the4 and

B7 subunits. The RGLD residues span the long axiseotleft formed betweemd andp7. E,
MadCAM-1 D46 completes thg7 BMIDAS ion coordination sphere, here modeled ag Vi,
R200 in the}7 specificity-determining loop (SDL) forms essehsalt bridges with a flexible

loop in MadCAM-1.
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Figure 2. The acute-bent compact integrin state hasindependently evolved twice. A

phylogeny of human beta integrin subunits with cantgstate cartoons of integrin dimers was
generated with 1Q-TREE and annotated with prevertedomain or full-length integrin
structural datauM 2%, «EB7 (this study)p5p1%, allbp3>® andaV p8>* have all been
characterized at high resolutianV/p5°>, aVp6°° anda6p4® have been characterized at low
resolution. The ancestral integrin compact state mvast parsimoniously half-bent. Node values
are displayed as “ultrafast bootstrap/SH-aLRT".
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Hairpin . < “Open” | Domain

Internal Ligand Flexible B7 Leg
Figure 3. The half-bent aEf7 inactive structureisdynamic. A, A schematic highlighting
showing the focus of this figure on the | domaimiaining integrirtER7. B, Three different
views of the unsharpenedtE7:LF61 Fab complex mapE (green)37 (blue) and LF61
(orange). The integrin adopts a half-bent conforonan the inactive state, and the | domain
rests atop the/p subunit interface. The colored, sharpened, higbstiold map is shown inset in
the unsharpened, grayscale, low-threshold r@afhe refined coordinate model of the compact
aEB7 headpiece. We model five N-linked glycosylationsiE in addition to two previously
reported fo37. We do not model LF61 due to a lack of sequeredadility. All ions are
modeled as Ca. Black box indicates regions of focus in (D-B).The«E | domain is stabilized
by supports from a beta-hairpin on tife propeller domain as well as tfié specificity-
determining loop (SDL). TheE | domain has a 94G&ontact area with the rest of the integrin
heterodimer, whereas ta# | domain from PDB:7P2B} has only a 493.4%contact area with
the rest otMp2. E, aE7 assumed two broad states. In the closed | dostaia (left) the C-
terminal region of the7 helix, termed the internal ligand, does not eegaigh 37 subunit and
thep7 leqg is closed inward. In the open | domain stagit) the internal ligand engagpsg,
leading to conformational heterogeneity in ffeleg. For both structures the unsharpened map
from a non-uniform refinement is shown in color;, fioe open | domain representative structures
from 3D classification are shown overlaid with lowacity and a schematic is shown to the
right. Red boxes indicate internal ligand region.
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Figure 4. The molecular interface between integrin aEB7 and E-cadherin. A, CryoEM
structure of the integrinEB7 ectodomain (green/blue) bound to the first twodeains of
ligand E-cadherin (pink). The low threshold, ungiesed global refinement map is shown in
gray, and the inset high threshold, sharpened tefi@mement map is shown in color. The open
integrin legs suggest an active conformati®nThe atomic model of theEp7:E-cadherin
complex. Upper black box indicates region of focufD). C, Representative 2D class averages
of aEB7 bound to EC12 suggesEp7 binds exclusively to E-cadherin monomésThe
interface betweenER7 and E-cadherin is composed primarily of a ceritydrophobic residue,
F298, that is surrounded by electrostatic inteoasti Views are 180° rotatiors, Electrostatic
interactions in theER7:EC12 complex model between the | domain and ECE, Bio-Layer
Interferometry (BLI) data suggest E-cadherin aBfl7 form a high-affinity, stable interaction.
G, The N321 glycosylation on thde | domain contributes to ligand bindirtd, TheoE |
domain (greendMIDAS’ ion (purple) coordination sphere is complitey E-cadherin (pink)
E31.
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Figure 5. Molecular ligand mimicry by the aE | domain. A, Thea7 helix (shown in high
opacity) on thexE | domain extensively deforms upon ligand bindiogllow the internal ligand
to engage witlf§7. The closed | domain is shown top left, and ghenol domain is shown
bottom left. Extensive low-strength contacts stabithe | domain’s internal ligand in either the
apo closed state (top) or ligand-bound open shetitdm). “SDL” isp7 specificity-determining
loop. B, A schematic showing the ligand-bound, activatedrdin-less integrin4p7 (left) or |
domain-containing integrinER7 (right).C, The 7 BMIDAS coordination sphere is completed
in ligand bound integrins, either directly when bhduo MadCAM-1 (left) or indirectly through
E-cadherin-mediated allostery ak (right).D, Thep7 R200 residue either provides initial and
stabilizing support for MadCAM-1 (left) or stabiig thenE | domain (right).
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Figure 6. Theintegrin | domain was co-opted from an ancient collagen gene. A, A

PANTHER protein classification analysis of the &nanchiostoma floridae hits from our HMM
search shows that extracellular matrix proteinssageificantly over-represente, A
phylogenetic tree of the VWF-like domains of thp tephalochordate hits from our HMM
search was generated using IQ-TREE. The full ceghakdate protein sequences from each hit
were reciprocally BLASTed against the human gentonéentify protein homology, and those
results are displayed in the colors shown. Thefttdn“no significant match” is an E value <
1e-30. Node values are displayed as “ultrafastdteqs/SH-aLRT”. The integrin | domain is
most closely related to VWF-like domains from cdpbhordate collagen alpha-3(VI)-like
proteins.C, Atomic models of the closed | domain (this studyhuman collagen alpha-3(VI)

27


https://doi.org/10.1101/2023.11.05.565221
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2023.11.05.565221; this version posted November 6, 2023. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY 4.0 International license.

(PDB 6SNK?) VWF-like domain, and an alphafold prediction of'&/F-like domain of
Branchiostoma floridae collagen alpha-3(VI) (Uniprot C3YQB2) show highwad structural
similarities.D, Molecular dynamics (MD) simulations of represeintollagen or integrin
VWFA domains bound with Mgj in the MIDAS site suggest characteristic dynamiese
present in the common integrin | domain ancestoe ifidividual residue flexibility (i.e. root
mean square fluctuations, RMSF) is projected orittree-dimensional structure and colored
from O (blue) to >3 (red). Regions of fluctuatiagreater than 1.0 A are highlightesl,. Logo
plots of alignments of either representative | domm#top) or homologous domains from
outgroup cephalochordate collagens (bottom) shaivrttany important sequence features were
likely present in the integrin | domain common astoe TheMIDAS ion-coordinating
glutamate (right) was not found in outgroup seqgeenc
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Novel | domain
links integrin to
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-Direct from collagen gene
-lon-mediated allosteric
regulation (MIDAS) already
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Loss of RGD-binding

Ancestral Integrin | domain integrin

Figure 7. A model for the evolutionary origin of the nove integrin | domain. The ancestral
state integrin binds ion-coordinating ligands dieat the heterodimer interface on the basis of a
conserved motif. The derived VWFA-family integriddmain was acquired directly from an
ancient collagen gene, which immediately endowedhéw | domain-containing integrin with

the ability to directly interact with the collagertracellular matrix, at the cost of losing the
specific sequence recognition. We propose the sapgparts for this acquisition to be
successful were all present prior to its co-optinoluding a sequence that would become the
ion-coordinating activation mechanism (the intetigand or ligand “mimetic”), as well as the
ion-mediated allosteric relay within the | domatiseif.
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Supplemental Figure 1. Structural features of integrin molecules. A, A schematic of integrin
ectodomain domain and the beta-propeller orgamizaiihe | domain has inserted between the
second and third of sev@rpropeller domain repeats in sowéntegrin genesB, An alignment
of all human integrim subunits (excemE) shows insertion of the | domain in the ancestral
integrin gene occurred immediately following a cemved proline at the end of the sec@rd
propeller blade. Slightly offset structural ovedayf the | domain-less integrit/ (dark green,
PDB 1L5G? and | domain-containingX (lime green, PDB 4NEH) with their respective
conserved prolines displayed, Integrin conformations range from a compact, ivacstate
with low ligand affinity (left) to an extended-opeactive state with high ligand affinity (right).
Approximate hypothesized | domain locations arexshas semi-transparent.
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Supplemental Figure 2. Data processing schematic for the a47:MadCAM-1 complex A A
flowchart for the data processing pipelinendf7:MadCAM-1. Both the global and local
refinements were used for model buildiBg.Size exclusion chromatography traces showing
peak shift for ligand-bound integri€, Representative micrograph with 210nm scale bar,
orientational distribution plog;, gold-standard Fourier Shell Correlation (GSFS®},@ndF,
three-dimensional Fourier Shell Correlation (3DF$(©} for the globally refined map.
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Supplemental Figure 3. The molecular interface between integrin a4p7 and MadCAM-1. A,
MadCAM-1 (purple) binding within the4p7 groove is stabilized by contacts with bath
(green, top) and more extensively wigh (blue, bottom)B, The PISA servéf was used to
determine electrostatic interactions in ti#7:MadCAM-1 complex modeC, MadCAM-1
undergoes a conformational shift upon binding4p7. The D strand in the first Ig-like domain
of MadCAM-1 is shown in high opacity for both odrusture (purple) and the crystal structure
(orange, PDB 1GSK). The conformation of the D strand in the crystalicture of MadCAM-1
alone would sterically clash with our integrin diégns
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Supplemental Figureb. Integrin aEp7 occupies canonical confor mations. Negative stain
electron microscopy (nsEM) 2D class averages e oEB7 in buffers of varying ions show
thataER7 samples conformations similar to those previodskcribed for other integrins,
although unlike other leukocyte integrimSp7 appears to adopt a “half-bent” conformation. The
| domain is clearly resolved in each class.
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Supplemental Figure 6. Data processing schematic for the aEf7:LF61 Fab complex. A, A
flowchart for the data processing pipelinen&37:LF61 Fab. High-quality particles were sorted
into two major classes; those that have an opemiaih and those that have a closed | domain.
The closed | domain structure, shown on the rigtit il@cal resolution estimates, was used to
model the inactiveE7 conformation. The open structure is shown beBwrepresentative
micrograph with 210nm scale b&, orientational distribution ploD, gold-standard Fourier
Shell Correlation (GSFSC) plot, abg three-dimensional FSC (3DFSC) plot for the glopall
refined closed | domain map, Glycan residues and domains within t#p7:LF61 model.
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Supplemental Figure 7. Data processing schematic for the agEp7:EC12 complex. A,

Flowchart for the data processing pipelineBp7:EC12. Both the global and local refinements
were used for model buildin®, Size exclusion chromatography traces showing phdkfor
ligand-bound integrinC, Representative micrograph with 210nm scale Daorientational
distribution plot,E, gold-standard Fourier Shell Correlation (GSFS®},@ndF, three-
dimensional FSC (3DFSC) plot the globally refinedpm
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Supplemental Figure 8. Structural differ ences between the apo closed and ligand-bound,

open «E | domain. Despite extensive structural changes the locatidheol domain relative to
the rest of the integrin molecule remains the satmen ligand-bound. The | domain has a ~13°
shift upon binding to E-cadherin. Models are aldjoa theanE beta-propeller. Open | domain
shown in spearmint, closed | domain shown in lime.
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Supplemental Figure 9. An alignment of representativeintegrin I domains used for Hidden
Markov Model (HM M )-sear ching. A MUSCLE alignment of integrin | domains across
Olfactores was generated in Geneious. Names ardgsion numbers are as follows: Hslmrfo
sapiens) Alpha 1 (NP_852478.1), Alpha 10 (AAC31952.1), pE (EAW90480.1), Alpha L
(NP_002200.2), Alpha M (AAH96346.1), Hrbl@locynthia roretz) Hrl (BAB21479.1), Phma
(Phallusa mammillata) Alpha 1 (CAB3257102.1), Sc8fyela clava) Alpha 1-like
(XP_039274816.1), CirJjona intestinalis) Alpha M-like (XP_026691356.1), Alpha V-like
(XP_026691784.1).
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Supplemental Figure 10. Molecular dynamics simulationsreveal conserved dynamicsin

VWFA domains. A, Root mean square fluctuation (RMSF) of 10 simulat&/FA proteins with
either Md"* (red), Mrf* (blue), or C4'(green) bound in the MIDAS site. For RPN10, novas
bound.B, RMSD calculation of the simulated VWFA protein®l@ represents the cation bound
in the MIDAS site (M§", red; Mrf*, blue; C&", green). Regions calculated, from left to righit, a
Cua atoms, ion coordinated loops, and sites of cordtional change and colored magenta in the
structure. Error bars represent standard errorb&thr (A) and (B), values are averaged across 10
independent replicates of 2.4us long with onlyld#st 2.0us used for analysis and the initial
simulation structure used as the reference.
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Supplemental Figure 11. Extant integrins contain internal ligand-like motifswithin the

beta propeller. A, The integrin | domain was inserted between thersg¢¢and third beta
propeller domains of an ancestral integrin. We d@dat find conserved “I/LEGT” motifs in our
HMM search, leaving the possibility open that thé&eIGT motif was already present in the
ancestral integrin. Extant integrin subuni#s(top) an8 (bottom) contain EG motifs that are
conserved within the subunit across vertebr&eé\n alignment of all human integrin subunits
shows these EG motifs are not broadly conserveadget integrins, leaving the origin of the
internal ligand I/LEGT motif ambiguous. All alignmis are MUSCLE alignments generated
using Geneious.
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Supplemental Table 1. Collection, refinement and validation statisticsfor cryoEM density
maps and models. Collection details for all cryoEM maps presentedhia text are shown
above, and validation statistics for the modelsegbently generated from those maps are

shown below.

aEBR7:LF61 aEB7:LF61 aEB7:EC12 adp7:MadCAM-1  apoadp7
Closed | domain  Open | domain  (EMDB- (EMDB-xxxx) (EMDB-
(EMDB-xxxx) (EMDB-xxxx) XXXX) (PDB xxxx) XXXX)
(PDB xxxx) (PDB xxxx)
Data collection and
processing
Magnification 36000x 36000x 36000x 36000x 36000x
Voltage (kV) 200 200 200 200 200
I?&Igzctron exposure (e— 50 50 50 50 50
I1R%)
Defocus rangepm, 1.2-1.8 1.2-1.8 1.2-1.8 1.2-1.8 1.2-1.8
nominal)
Pixel size (A) 1.122 1.122 1.122 1.122 1.122
Symmetry imposed C1 C1 C1 C1 C1
Initial particle images 4,165,890 4,165,890 5,307,702 914,572 1,175,464
(no.)
Final particle images 402,099 379,901 487,193 188,443 239,117
(no.)
Map resolution (A) 2.92 2.93 3.37 3.05 3.21
FSC threshold 0.143 0.143 0.143 0.143 0.143
Map resolution range  2.5-10.2 2.5-16.8 2.8-10.9 2.5-46.5 2.7-47.6
A
Refinement
Initial model used Alphafold Alphafold Alphafold-
(Alphafold or PDB PDB: 3V4P PDB: 7NLW,  multimer
code) 47T1
Model resolution (&)  2.92 3.37 3.05
FSC threshold 0.143 0.143 0.143
I\’/Aodel resolution range 2.5-10.2 2.8-10.9 2.5-46.5
(A)
Model composition
Non-hydrogen 8933 9792 9150
atoms 1135 1250 1162
Protein residues 22 18 22
Carbohydrates
B factors (R)
Protein 113.5 119.7 87.1
Ligand N/A N/A N/A
R.m.s. deviations
Bond lengths (A) 0.012 (11) 0.012 (12) 0.012 (10)
Bond angles (°) 1.949 (52) 2.038 (61) 2.048 (73)
Validation
MolProbity score 0.78 0.82 0.97
Clashscore 0.17 0.05 0.22
Poor rotamers (%) 0.21 0.09 0.20
Ramachandran plot
Favored (%) 96.63 95.73 94.37
Allowed (%) 3.19 3.95 5.55
Disallowed (%) 0.18 0.32 0.09
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Supplemental Infor mation L egends

Supplemental Video 1. Integrina4f7 is flexible when bound to MadCAM-1. 3DFlex anadys
was used to analyze continuous movement withirudiié:MadCAM-1 complex. Th@7
subunit (blue) shows hinged motion at the hybrichdm, and there is coordinated rotational
movement between the (green) ang7 subunits at the lower leg.

Supplemental Video 2. CompactiES7 stochastically samples an internally-ligandetestaD
Variability analysis was used to separate compBf¥7:LF61 particles into states with or
without the internal ligand engagexk is represented in green gidin blue. The internal
ligand is the central density with high variabiligtween frames.

Supplemental Video 3. IntegrinaER7 is flexible when bound to E-Cadherin. 3DFlex gasl
was used to analyze continuous movement withinEfg:EC12 complex. The actii¥y

subunit (blue) shows a similar hybrid domain motenine4p7:MadCAM-1. There is also some
flexible motion between E-cadherin domains EC1BG@& (pink).oE is represented in green.

Supplemental Data 1. Alignment of humar-integrin protein sequences. The alignment used to
generate thg-integrin subunit tree presented in Figure 2 in RHPYformat. Names are
presented as NCBI accession numbers.

Supplemental Data 2. Alignment of human-integrin protein sequences. The alignment used to
find the N- and C-terminal | domain insertion raggresented in Figures 6A and Supplemental
Figure 11 in PHYLIP format. Names are presentegea® names.

Supplemental Data 3. Alignment ofOlfactores | domain protein sequences. The alignment used
to generate the Hidden Markov Model (HMM) useddenitify candidate cephalochordate |
domain-like proteins in FASTA format. Names for ramgenes are given “Alpha*,” while all
other names are presented as NCBI accession numbers

Supplemental Data 4. Alignment of | domains and cephalochordate outgrdWFA domains.
The alignment used to generate the phylogeneecpresented in Figure 6C. Names are
presented as NCBI accession numbers for integtomains or Uniprot identifiers for
cephalochordate VWFA domains.
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