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Proteins are the molecular working units that build, control, maintain and/or innovate in 

the biological realm. Proteins power everything from the most fundamental, shared processes 

across all of life to the highly specialized, niche interactions that generate specificity and 

distinction between even the closest living relatives. In keeping with their functional breadth, 

proteins are equally complex in how they are encoded and assembled, and how they divide labor 

across their physical surface. To understand how proteins function, we often take a reductionist 

approach, fractionating them from their entirety into subunits that share physical or functional 

relationships with other protein subunits into what we term “domains.” Often, these subunit 

boundary delineations are guided by nature: protein domains are typically shared across 

homologous proteins and have common sequential and structural ancestral features, which help 

us both understand their evolutionary relationships and their functional similarities. 

 Work across all scales of biological research has contributed greatly to our understanding 

of how protein domains contribute to biological complexity. Structural and biochemical work 



 

has given us molecular insight into the atomic mechanisms by which protein domains are built 

and operate, while work at the cellular, organismal, and population levels has helped us 

understand how these simple building blocks assemble to form complex machinery that fuels 

life. Although some proteins are comprised of only a single functional domain, many contain 

multiple domains which collectively allow complex work by a single protein by uniting multiple 

specific processes to create a multifunctional protein. For example, the combination of a LIM 

domain and kinase domain may allow phosphorylation to happen specifically at curved cell 

surfaces, offering a mechanism for cells to sense and respond to exterior confinement via 

intracellular signaling. This complexity is widespread; 60% of proteins across the eukaryotic 

proteome contain multiple functional domains. 

 I am fascinated by how these discrete subunits can build, stack, and recombine to 

generate the beautiful diversity that exists in the natural world. I am interested in both how new 

domains move and diversify across evolutionary timescales, as well as how domains can retain 

function despite strong evolutionary pressures to innovate. To tackle these large questions, I have 

primarily focused my studies on the integrin aI domain as a case study. This domain 

fundamentally changed how integrins interact both with the exterior world and the interior of the 

cell and shows a remarkable diversity across the chordate tree of life. I have secondarily traced 

the evolutionary retention of the scm3 domain, a small protein domain responsible for 

delineating the centromeric region of chromosomes necessary for faithful cell division that has 

been functionally retained despite near complete sequence turnover in Metazoa. 

 Integrins are heterodimeric cell surface receptor proteins comprised of an alpha (a) and 

beta (b) subunit which transmit signals from ligand binding across the cytoplasmic membrane to 

trigger cellular responses via signaling cascades. Integrins are largely structurally homologous 



 

across all of Metazoa, but some a subunits contain an additional domain called the aI or 

“inserted” domain, a von Willebrand Factor A-family domain which fundamentally changed how 

integrins interact with their ligands. When I began my thesis work, we knew structurally how 

these domains in isolation could change structural conformation, as well as separately how they 

could bind to proteinaceous ligands. We did not know, however, where this domain came from 

and how it was poised for evolutionary success despite its insertion into an exceptionally risky 

area of the integrin protein. We also lacked a structural sense of how ligand binding was 

allosterically communicated through this domain to the rest of the integrin molecule and 

ultimately into the cell. 

 To understand how this domain mechanistically transmits signal, in my first thesis 

chapter, I employed single particle cryogenic electron microscopy (cryoEM) to compare two 

integrins: aEb7, which contains an I domain, and a4b7 which does not. I generated high-

resolution structures of the integrins in both apo and ligand-bound states to directly observe how 

ligand binding changed upon acquisition of the I domain, as well as how it uses a structurally 

labile C-terminal helix to link ion coordination to integrin activation. These studies generated the 

first high-resolution structures of these integrin ectodomains and further revealed how ancestral 

integrin signaling could broadly be retained despite the steric occlusion of the ancestral ligand 

binding site by the I domain. To understand the evolutionary origin of the I domain, I combined 

phylogenetic analyses with structural modeling, ancestral reconstruction, and flow cytometry 

which allowed me to pinpoint the serendipitous features of its acquisition that permitted this 

complex ion coordination behavior from its inception. I also found that this domain has a 

collagen origin, hinting at a possible ancestral function in collagen binding that is still present in 

extant integrin I domains across chordates. 



 

 Integrin I domains vary widely in their ligand binding capacities, with some showing 

extreme specificity for a single cognate ligand and others having exceptional promiscuity. Thus, 

the I domain is also a great model for understanding how specificity is generated in the 

biological world. To dissect the biochemical basis of this dichotomy, in my second chapter I 

focused on how two closely related integrins – the highly specific aLb2 and the highly 

promiscuous aMb2 – distinguish their ligand binding profiles at the amino acid level. I used 

deep mutational scanning to probe how individual mutations affect ligand affinities at a high-

throughput scale, cryoEM to mechanistically dissect division-of-labor across the integrin surface, 

and phylogenetics to link these dual behaviors to broad evolutionary trajectories. These studies 

not only answered longstanding questions in the field as to how aMb2 can be so promiscuous, 

but how purifying pressures are equally important in both protein-protein interaction and 

allosteric regulation as well as how avidity can relax constraint on ligand recognition. 

 Finally, in my third chapter I explore how protein domain structure and function can be 

preserved despite extreme divergence at the sequence level using a different model domain. In 

this case, I used a combination of remote homology detection approaches to trace the scm3 

domain, which chaperones the centromeric histone variant CENPA to chromosomes, across the 

animal tree. Due to rapid sequence divergence, it was thought this domain was missing in most 

animals, including key model species. By uncovering this domain across these “missing 

lineages,” my work supports the model that structure is more conserved that sequence, function 

can be maintained across long evolutionary timescales despite a near complete lack of sequence 

homology, thus changing our perspective on protein constraint as it relates to function. 

 Altogether these studies shape our perspective on how evolutionary potential drives 

protein domain innovation. Tracing domain recombination and retention helps inform the 



 

mechanisms by which proteins build complexity and the subsequent limitations of that 

complexity, or lack thereof. Domain structural studies in the context of near complete protein 

provide insight into how novelty is united with ancestry to form functional machinery despite the 

high risks that domain insertions impose. Finally, integrating mutational data informs us where 

the limits of protein domains lie, and if we look close enough might even give us a clue as to 

where they’ll go next. 
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Chapter 1  Introduction 
 
*sections 1.2 and 1.3 are written to be adapted as a book chapter focusing on structural 
mechanisms of I domain-containing integrin function 
 
1.1 Abstract 
 

Protein domains serve as individual functional units, the recombination of which 
contributes to the great and beautiful diversity of life forms we see today. In this thesis I focus on 
two such domains – the integrin aI domain and the histone chaperone scm3 domain – as models 
for understanding how protein domains evolve. The integrin aI domain fundamentally changed 
the ligand binding capacities of the integrin cell surface receptor family, while still maintaining 
ancestral signaling capabilities despite its risky placement. Although aI domains share many 
core features, they have diversified greatly in their ligand recognition profiles and biochemical 
properties. Conversely scm3 domains, completely essential for faithful chromosome segregation, 
have evolved beyond homology recognition at the sequence level despite retaining the exact 
same core function across Metazoa evolution. Studying these two domains thus provides flip 
sides of the same coin by revealing the many pathways to adaptation while illuminating a 
surprising mutational tolerance for a conserved function. This chapter introduces the 
fundamental background information on these domains specifically, as well as the evolvability of 
protein domains in general, necessary for synthesizing the proceeding chapters in this thesis. 
 
1.2 Integrins and their structure-function relationships 
 

The cell surface membrane, in addition to creating a physically isolated incubator to 
facilitate biochemical reactions, faces the daunting task of communicating conditions of the 
exterior environment to the cell interior. To do this, cells express cell surface receptors: 
membrane-anchored proteins that can discriminate the vast physiochemical world and 
subsequently transmit signals to the cell interior in response to these conditions(1). Integrins are 
a/b heterodimeric receptors that bind to extrinsic ligands and signal that ligand binding to the 
cell interior through a series of coordinated conformational changes(2–4). Integrins can further 
signal bi-directionally, possessing the ability to communicate both “inside-out” and “outside-
in”(3, 5). The dynamic properties and adaptable nature of the integrin machinery outlined here 
make them exceptionally versatile receptors that have been tuned for a wide range of cellular and 
organismal functions. 

 
1.2.1 A structural perspective on integrin function 
 

Each integrin subunit is comprised of a large (~125-200 kDa), glycosylated extracellular 
domain, a single pass transmembrane helix, and a short cytoplasmic tail that serves as a hub for 
intracellular signaling(6) (Fig. 1.1A). The alpha (a) subunit ectodomain contains a seven-bladed 
beta-propellor domain which mediates contacts with both ligands and its associated beta (b) 
subunit, an adjacent thigh domain, and two calf domains leading to the transmembrane helix. 
Additionally, nine (a1, a2, a10, a11, aE, aL, aM, aD, and aX) of the eighteen human a 
integrins contain an additional domain called the “inserted” or “I” domain, inserted between 
blades 2 and 3 of the beta-propellor, that sits distal to the cell surface and mediates ligand 
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binding in integrins which contain it(7). The b subunit is comprised of a bI domain, which serves 
an analogous capacity in ligand binding and heterodimer formation as the a propellor domain as 
well as coordinating conformational changes leading to integrin activation. It also contains a 
hybrid or “thigh” domain followed by a PSI domain, four EGF-like domains and a tail domain 
proximal to the transmembrane helix(6). Although seven of the eight human b subunits contain a 
short cytoplasmic tail, b4 contains an extended, 1100-amino acid intracellular region comprised 
of a calx-beta domain and four fibronectin-like repeats(8, 9). Collectively integrins pair in 24 
combinations in the human body, far from the number of possible heterodimers. It is generally 
understood that the a subunit contributes primarily to integrin-ligand specificity(10), but the bI 
domain contains a flexible specificity-determining loop (SDL) which further generates molecular 
precision(11–13). 

Figure 1.1. Integrin nomenclature and conformational background. (A) A schematic representation of integrin 
organization and conformational changes. Integrin conformations range from a compact, inactive bent closed state 
with low ligand affinity (left) to an extended-open, active state with high ligand affinity (right). Approximate 
hypothesized I domain locations are shown as semi-transparent. These states may be further modified and/or 
stabilized by both external ligand and cytoplasmic effector binding. (B) Ion coordination controls the structural 
transition between integrin conformations. Integrins tend to prefer the bent closed conformation, but upon ligand 
binding the bI bMIDAS is coordinated by the acidic residue contained in the canonical “RGD” motif, causing a 
pistol-like swingout motion of the b calf domain and propagating an open integrin ectodomain. Structures are 
adapted from (14). 

 
An extensive amount of structural characterization over the last 3 decades has provided a 

wealth of mechanistic insight into how integrins operate at the single-molecule level. The first 
apo integrin ectodomain structure revealed a “closed” or “bent” conformation (“bent closed”, 
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BC), in which the subunits folded onto themselves to form a compact, clamshell-like shape(15). 
The a subunit folds between the thigh and calf-1, while the b subunit folds at the intersection of 
the PSI and EGF-1 domains. This compact shape has been confirmed across the integrin lineage 
via crystallographic, electron microscopic, and FRET-based structural analyses(6). These 
conformations also hold true for the integrins which contain the aI domain, suggesting a 
conserved inactive conformation is critical for integrin function(16). Cellular assays leveraging 
conformation-specific antibodies have shown that this closed conformation accounts for the vast 
majority of integrins on the cell surface(17) and is considered to be the inactive, or non-
signaling, form of integrin. Subsequent single-particle electron microscopy (EM) studies 
revealed an alternate open, or active, conformation (“extended open”, EO), in which the integrin 
legs unfold and open in an extended shape with the beta-propellor and bI domains occupying a 
position far distal to the transmembrane region(18–20). These studies were further refined into a 
model in which integrins dynamically fluctuate between three main conformations, with 
characterization of an extended state with legs closed (“extended closed”, EC) serving as an 
intermediate between the closed and open conformations(21) (Fig. 1.1A). These conformations 
have all been natively validated with multiple cell lines and multiple unique integrin 
heterodimers, suggesting this model is relatively generalizable(22). Still, there are exceptions. 
For example, aVb8 has lost the ability to change conformations and seems to signal within the 
confines of the EC conformation(23, 24). EM studies have also suggested the closed 
conformation exists with variation, as some integrins prefer an acute bend while others 
demonstrate a right-angle (“half”) bend(14, 16). 

 Structural characterization at high resolution has further pinpointed the mechanism by 
which integrins occupy these conformations. Integrins contain a plethora of divalent cation 
binding sites which contribute to function(25–27). The beta-propellor contains at least 3 Ca2+-
coordinating EF hand repeats, the thigh domain a single Ca2+ site, and the bI domain three 
canonical ion sites: the central MIDAS (Metal Ion-Dependent Adhesion Site), the ADMIDAS 
(Adjacent to the MIDAS), and the SyMBS (Synergistic Metal Binding Site, also known as the 
LIMBS). The contribution of the beta-propellor sites remains incompletely understood, although 
they appear to play important roles in both integrin biogenesis and ligand binding(10, 28–30). 
Conversely, the three bI sites appear to be the critical ions for integrin conformational change, as 
mutating any of them has profound impacts on ligand binding and cellular signaling in vitro, in 
cell culture, and in vivo. Mutating the MIDAS invariantly abolishes ligand binding(31, 32) and 
generates an entirely inactive, closed integrin, while mutating either the SyMBS or ADMIDAS 
has varying effects on integrin function(33–36). It is generally thought, however, that the 
SyMBS serves as a positive regulator of ligand binding(37, 38) whereas the ADMIDAS acts as a 
negative regulator(39). 

Upon complete coordination of the ion MIDAS sphere by an acidic residue contained 
within an integrin-binding ligand, the bI domain executes a stereotypical piston-like movement, 
in which the a1 helix within the bI domain rigidifies and the a7 helix is shifted into a downward 
position. This leads to a 90° shift in the positioning of the hybrid domain from the inward-facing 
closed position to the outward open position, thus serving as the structural basis of integrin 
activation(40) (Fig. 1.1B). This generalized mechanism can be supplemented by ligand-specific 
interactions that provide additional synergy to the repositioning of the bI ion cluster, allowing 
tuning of the integrin activation threshold(26, 27, 32). This swingout propagates through the rest 
of the integrin leg, leading to separation of the transmembrane helices and allowing subsequent 
signaling through the exposed individual cytoplasmic tails. This is referred to as “outside-in” 
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signaling and appears to constitute most integrin activation(41, 42). “Inside-out” signaling 
further contributes with cytosolic factors sequestering individual subunit tails, leading to 
destabilization of the transmembrane helix interface and encouraging the integrin molecule to 
unfold and occupy the EO conformation(18, 43–45). Recent cryoEM studies support an 
intermediate transmembrane region with transient separation of the membrane helices creating a 
pathway allowing for this inside-out signaling state(46, 47). 

 
1.2.2 The many integrin ligands and their duties 
 

Integrins are particularly notable in terms of the exceptionally vast, structurally diverse 
ligands they recognize(11, 48). Integrins most canonically recognize various components of the 
extracellular matrix (ECM)(49), ultimately leading to the recruitment of components that 
collectively constitute a focal adhesion(50, 51). Although many integrins recognize multiple 
proteinaceous ECM constituents, studies have revealed preferences for different integrin classes. 
For example, a5b1 has become colloquially known as the fibronectin receptor(52), aVb3 as the 
vitronectin receptor(53), and a3b1, a6b1, a7b1, and a6b4 as the laminin receptors(54, 55). 

The ECM-binding integrins, owing to their vast ligand recognition capabilities and 
unique tissue expression profiles, have varying functions within the whole organism (Table 1.1). 
As the vitronectin receptor, aVb3 contributes greatly to angiogenesis and vascular cell 
migration, although its secondary recognition of fibronectin, thrombospondin, tenascin and 
others also implicates it in processes as diverse as leukocyte cell migration and inflammation to 
osteoclast adhesion(11, 56–58). Although aVb5 shares the a subunit with aVb3, its differing 
expression profiles implicate it more heavily in wound healing, axon formation, and 
phagocytosis of apoptotic cells(59–63). Integrins aVb6 and aVb8 serve as important activating 
receptors of the pleiotropic immune cytokine TGF-b which variably lead to immune cell 
activation and innate immune(13, 64, 65) surveillance, stem cell differentiation, and regulation of 
inflammation. The last aV integrin, aVb1, seems most critical for ECM remodeling and 
connective tissue formation with overlapping binding to osteopontin, TGF-b, and 
fibronectin(66–68). a8b1 has similar overlap with these profiles, playing key roles in lung and 
kidney growth and homeostasis(69). aIIbb3 is strictly limited to the blood platelet lineage, and 
binds to several ECM components to control blood adhesion and clotting(70, 71). 

The laminin-binding integrins primarily bind to the basement membrane ECM 
constituent laminin, and tune their respective functions via both cell-type expression preferences 
and molecular kinetic preferences between the 16 human laminin isoforms(54, 72, 73). a3b1 
plays a central role in fundamental organ development and its knockout leads to early mouse 
neonatal lethality(74, 75). a7b1 is primarily restricted to bone and muscle tissue, where it 
mediates connections between muscle fibers and tendon junctions via interactions with the 
basement membrane(76, 77). The function of a6b1 is less clear, although it is implicated in 
angiogenesis as well as ovarian processes(78–80). Finally, a6b4 is most notably involved in the 
formation of hemidesmosomes and mediates skin attachment to the basement membrane(81, 82). 
The collagen-binding integrins operate under similar divisions of labor, using expression and 
collagen subtype preferences to distinguish function, although they generally share bone and 
cartilage development as a theme(83–85). a1b1 and a2b1 have generalized binding capability, 
involved in both immune cell development and bone development and repair(86–88). a10b1 and 
a11b1 play more limited roles in chondrogenesis and bone healing, respectively(89–92). These 
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collagen-binding integrins canonically recognize the GFOGER motif within the collagen tri-
helix(93), although they are implicated in secondary ECM binding to varying degrees 
independent of this recognition pattern(85). 
 
Table 1.1. A list of integrins and their endogenous ligands. 
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Finally, the leukocyte integrins are a diverse collection of receptors that mediate white 
blood cell differentiation, adhesion, homing, activity, and regulation(94). Integrins a4b7 and 
aEb7 show the most potent phenotypes in gut leukocyte homing and retention(95), where they 
bind to MAdCAM-1(96) and E-cadherin(97), respectively. Similarly, a4b1 mediates rolling and 
extravasation of leukocytes to sites of immune activity by binding primarily to the broadly-
expressed VCAM-1(98). In contrast, a9b1 has a more pleiotropic ligand profile that includes 
VCAM-1 as well as disintegrins, metalloproteases, Tenascin-C and osteopontin, and as such its 
functions appear to be more universal in preventing autoimmunity(99, 100). Lastly, the b2 
integrins aDb2, aLb2, aMb2 and aXb2 play roles most prominently in mediating leukocyte 
homing to, recognition, and clearing of pathogenic invaders(101, 102). They most notably bind 
to ICAM-1, but aMb2 and aXb2 also serve as complement receptors and have exceptionally 
promiscuous ligand binding profiles(103, 104). 

Although many of these interactions have been described in vivo through sledgehammer-
style manipulation, there remains a considerable gap in our understanding of the biochemical and 
structural bases for integrin-ligand communication. This is in part due to the inherent limitations 
of classical techniques like protein crystallography(105), which are refractory to the mostly 
large, multivalent, heavily glycosylated, highly flexible exchanges between integrins and their 
ECM ligands. More recently cryoEM has unleashed new potential in observing integrins in more 
native contexts, allowing high-resolution mapping of key protein interfaces in combination with 
their downstream effects on integrin conformation. Landmark studies of a5b1:fibronectin(14) 
and aVb8:TGF-b(24), for example, have shifted paradigms of classical biological models. The 
details of these interactions will be discussed in subsequent sections, but these works have made 
it clear that advances in structural techniques will continue to benefit the study of basic integrin 
biology. A more refined understanding of the idiosyncrasies between integrin-ligand 
relationships is paramount to successful therapeutic targeting, as many integrin therapeutics fail 
due to off-target, pleiotropic effects.  
 
1.2.3 Ancestral ligand binding and the RGD cleft 
 
 Although integrins vary widely in the ligands they interact with, the classical and most 
well-studied minimal binding motif is the Arginine-Glycine-Aspartate (RGD) tripeptide(106), 
which is present in the major integrin-binding ECM components including fibronectin, 
vitronectin, fibrinogen, osteopontin, and thrombospondin, among others. This motif was first 
characterized in 1984 through a series of truncation mutant experiments, which ultimately found 
that a RGDS motif (including the core RGD residues) was both necessary and sufficient to 
induce cell adhesion to fibronectin(107). This motif was quickly leveraged to identify the 
responsible cellular receptors, integrins, which were found broadly across the animal tree to 
recognize this same motif(108–110). The first structural study of the aVb3 ectodomain in 
complex with the RGD peptide beautifully uncovered the mechanism of RGD recognition: the 
RGD motif linearly spans the interface between the two integrin subunits, with the arginine 
forming salt bridges with the top of the aV beta propellor, the glycine bridging the gap between 
the aV and b3, and the aspartate coordinating the MIDAS cation within b3(111). Subsequent 
studies with other integrin ectodomains revealed structural variations on this theme, yet the core 
architecture remained consistent(40, 112). This also lent substantial support to the prevailing 
hypothesis that MIDAS coordination triggered integrin opening; this was confirmed in 
subsequent crystallographic studies showing the b3 hybrid domain swung out when bound to an 
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integrin agonist(34, 40). Negative stain EM studies corroborated these findings in the context of 
the full integrin ectodomain, in which this swingout was demonstrated to propagate through the 
entire integrin molecule(6). 
 Despite this shared minimal recognition motif, variations on the RGD have differing 
effects depending on the integrin analyzed. Motifs that subtly differ in sequence, such as RGDS, 
GRGD, cyclic(RGDfV), and the drug Cylengitide (cyclic(RGDf(NMe)v)), have dramatically 
different affinities for different integrins. In addition, integrins have specificity-determining 
mechanisms beyond the RGD motif that allow them to fill their physiological niches with 
differing ligands. Single-particle cryoEM studies have begun to resolve these idiosyncratic 
relationships by revealing in high resolution the structural basis for RGD ligand specificity(113). 
The continued study of the immune cytokine TGF-b with integrins aVb6 and aVb8 has proven 
especially fruitful in this endeavor(24, 114); cryoEM analysis showed that both the RGD and 
adjacent helix-forming LXXI/L motif contribute to ligand binding, with additional support by the 
b8 specificity-determining loop in aVb8(24). Subsequent analyses using global entropy models 
demonstrated that structural flexibility within the RGDLXXI/L is fundamental to TGF-b 
activation, suggesting that a labile topology of RGD can shift the conformational constraints 
between local and distant regions of ligands and lead to differential outcomes(115). Further, 
structural characterization of the a5b1:fibronectin complex revealed an extensive interface along 
the top of both subunits(14), suggesting an architecture with vast special constraint contributes to 
integrin-ligand specificity. These a5b1 studies further revealed the prerequisite of ligand binding 
to induce the EO integrin conformation, a feature not shared among all integrins; this establishes 
yet another layer of specificity tuning. 

Some integrins also recognize non-RGD motifs; nevertheless, their structures beyond the 
have also supported shared mechanisms governing integrin activation(116). For example, the 
structure of a6b1 in complex with laminin-511 demonstrated that an EKP motif within the 
laminin g subunit served a structurally analogous role to RGD, with E1607 coordinating the b1 
MIDAS and P1609 interacting closely with a6. This interaction was further supported by 
extensive contacts between the laminin a and b subunits with integrin a6, implicating the 
integrin alpha subunit in providing specificity to integrin-laminin interactions(117). Likewise 
structures of a4b7:MAdCAM-1(118) and a4b1:VCAM-1(119) revealed dependencies on RGD-
like motifs that bridge the integrin subunits (RGLD in MAdCAM-1 and QID in VCAM-1), yet 
these structures show structural clefts which run perpendicular to that of fibronectin and a5b1, 
suggesting malleability within ligand orientation along the integrin subunits. Thus, although 
idiosyncrasy dictates specificity, emerging general trends link these studies into a cohesive body 
of work, revealing broad MIDAS-dependent strategies that appear to universally modulate 
integrin ectodomain conformation. 
 
1.2.4 Structural insights into intracellular integrin signaling 
 

Although dwarfed in molecular weight by orders of magnitude compared to the 
ectodomain, the integrin transmembrane and cytoplasmic domains serve equally critical 
functional roles in integrin signaling(120, 121). Unlike the well-structured domains within the 
integrin extracellular region, the cytoplasmic tails are significantly flexible and can adopt 
unstructured, helical, or sheet conformations depending on their binding partners(122–124). The 
first and most well-studied cytoplasmic interactor is talin. Talin interacts with NPxY motifs in b 
subunit tails to physically link integrins to the actin cytoskeleton, ultimately causing changes in 
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cellular morphology and behavior(125). Structural studies show this motif adopts secondary 
structure upon talin FERM3 domain binding, further supported with by an aromatic stabilizing 
interaction and electrostatic interactions which reinforce the F3 domain’s upward-facing 
conformation proximal to the cell membrane(126–128). This positions talin to form contacts 
with stabilizing lipids and promotes a more sterically favorable interface with integrin, leading to 
positive feedback and the generation of focal adhesion machinery. 

Outside of talin, kindlin is becoming increasingly better characterized as an integrin tail 
activator responsible for reinforcing the focal adhesion machinery(129, 130). Structural insights 
into the kindlin2 FERM domain complex with b1 and b3 integrin tails showed that a distal 
NPxY motif mediates their binding in a structurally analogous way to that of talin, while 
secondary contacts with serine/threonine-rich motifs reinforce their stability(131). Beyond this, 
both kindlin multimerization and tertiary interactions between kindlin and talin concentrate 
integrins into clusters, which can subsequently form the higher-order multivalent interactions 
with ECM ligands essential for focal adhesion maturity(132). The role of both tyrosine and 
serine/threonine phosphorylation on these integrin tails is also becoming more appreciated, as 
this provides a quick means of modulating signaling, most notably by preventing proteasome-
mediated turnover(133, 134). As such several kinases, such as Src, CaMKII and Cdk5, have been 
implicated as tail binders(135–137). 

In addition to these activating molecules, several intracellular suppressors of integrin 
function have been characterized. Structurally, the filamin A-integrin complex interacts 
specifically with the closed form of integrin and stabilizes a/b tail-tail contacts through its Ig 
repeat 2, preventing leg separation and subsequent integrin activation(138). Dok1 has also been 
structurally characterized as an integrin inhibitor, binding preferentially to the phosphorylated 
form of the NPxY b tail motif through its PTB domain and implicating the tyrosine 
phosphorylation state as a central switch between integrin conformations(139, 140). 
Furthermore, variation in affinity between integrin tails of different subunits may contextually tip 
the balance in favor of activation or suppression(134). 

Central to understanding integrin activation is the relationship between ectodomain 
conformation, transmembrane region, intracellular unstructured tails(141). Structural insights 
into full-length integrins are just beginning to appear. Recent cryoEM structures of the inactive 
aIIbb3 show density consistent with closely-associated transmembrane helices supported by 
possible specific cholesterol cooperation(46, 47). These studies further characterized a 
metastable intermediate conformation typified by separation of the lower leg region and 
transmembrane region in the BC conformation. This insight rationalizes the crystallographic data 
for cytoplasmic tail interactors, which collectively has concluded that stabilizing the separation 
of the a and b cytoplasmic tails is essential for maturing active integrin complexes(45). Further, 
the addition of force pulling on the b subunit tail via the actin cytoskeleton in focal adhesions is 
structurally consistent with a diagonally oriented transmembrane region, contributing to spatial 
accessibility for activating cytoplasmic effectors(142, 143). The inherent entropy of the 
membrane lipid composition itself may further contribute to integrin-mediated signaling, 
intimately incorporating the membrane as a central player in integrin signaling(115). Collectively 
these structural insights reveal a surprisingly versatile cytoplasmic region marked by an 
adaptability for context-specific integrin regulation via a diverse array of physical and chemical 
modulatory mechanisms. 
 
1.3 Structural features of the integrin aI domain 
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1.3.1 Overview of I domain activation 
 

While RGD or RGD-like cleft binding appears to be the ancestral form of extracellular 
integrin-ligand interactions, nine (a1, a2, a10, a11, aE, aL, aM, aD, and aX) of the eighteen 
alpha subunits encoded in the human genome contain an extra structural domain: the “I” or 
“inserted” domain(3) sits distal to the cell surface and sterically occupies this ancestral ligand-
binding region. Based on sequence homology, it was deduced that this domain shares a structural 
and evolutionary similarity to the von Willebrand Factor A family of protein folds as well as 
more distantly the bI domain(144, 145). More recent evolutionary analysis shows this domain 
has a monophyletic origin at the onset of Olfactores, the animal clade encompassing tunicates 
and vertebrates(146). The ancestral I domain appears to stem from a vWFA-family domain 
contained within a collagen gene(118), consistent with an intimate link between integrin and 
ECM components. Subsequent gene duplications and diversification led to the wide array of I 
domain-containing integrins found across the Olfactores phylogeny, suggesting a strong adaptive 
pressure to not only maintain, but to expand, this class of integrins. In extant vertebrates, there 
are two general categories of I domain integrins: the collagen-binding a1b1, a2b1, a10b1, and 
a11b1, and the leukocyte-specific aEb7, aLb2, aMb2, aDb2, and aXb2(7). 

Early mutational data identified the aI domain as the primary ligand binding site for the 
integrins which contain it(147–151), eschewing a model of cooperative ab:ligand binding in 
favor of a ligand-binding mode completely determined by the a subunit. Owing to its compact, 
stable nature, early crystallographic studies on the aI domain in isolation were remarkably 
successful in identifying both the fold and function of this enigmatic domain(152–154). To date, 
all structures of aI domains have revealed a central buried b sheet sandwiched between two 
clusters of amphipathic a helices, collectively forming a near spherical topology. Like the many 
members of the vWFA domain family from which it stems, the top distal end of the I domain 
contains a single MIDAS which coordinates cations through a DXSXS motif in conjunction with 
physically close but sequentially distant aspartate and threonine residues. Early crystallographic 
work also found that, much like with the bMIDAS, completion of the aMIDAS coordination 
sphere triggers the extension of the structurally labile a7 I domain helix, creating distinct 
“closed” and “open” conformations(153)(Fig. 1.2A). Given the high conservation of the amino 
acids responsible for this behavior, it is expected that this is a universal mechanism I domains 
use to switch conformation. 

These crystallographic studies revealed the molecular basis for this conformational 
switch in detail. Upon external MIDAS ion coordination by an acidic residue contained within a 
cognate ligand, the ion coordination shifts upward from a conserved aspartate to a conserved 
threonine, creating space for large structural shifts in multiple secondary features along the I 
domain. This causes key hydrophobic residues to flip from an upward position to a downward 
one along the C-terminal region of the I domain, sterically occluding hydrophobic pockets for 
the closed conformation and leading to a 20Å downward shift in the a7 helix via hydrophobic 
ratcheting, or laddering, down the neighboring a1 helix (Fig. 1.2B). Subsequent biochemical and 
cellular work validated each of these conformations in the context of the full-length 
integrin(155–157). 

 
 
 



 10 

Figure 1.2. Integrin I domain nomenclature and activation. (A) Structures representing the closed (left)(153) and 
open (middle)(158) conformations of the integrin aI domain from aM. An overlap of the two is shown on the right. 
The lower panels demonstrate changes in aMIDAS coordination between the two conformations, linking ion 
coordination to structural change. (B) The aI MIDAS coordination sphere is completed by an extrinsic ligand(159) 
and, (c) through an allosteric relay via the aI a7 helix, is communicated to the integrin b subunit through a 
conserved acidic residue (the “internal ligand”)(118) to induce integrin ectodomain opening and subsequent 
activation. 

 
Electron microscopy studies, combined with the crystal structure of the entire aXb2 

ectodomain in the BC conformation(160), further found that the aI domain sterically occludes 
the RGD ligand binding cleft. This suggested that the conformational shifts in the aI domain 
served as an allosteric relay to connect ligand binding to integrin activation. Importantly, these 
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studies also found that the “open” I domain conformation was primarily responsible for both 
ligand binding and subsequent intracellular signaling(161), and identified this conformation as 
having higher affinity for ligand than that of the closed conformation(5, 162). This work found 
that, despite the occlusion, I domain-containing integrins occupied the canonical suite of BC, EC 
and EO ectodomain conformations(16). This data together led to the prevailing molecular model 
for I domain allostery, in which the opening of the I domain positions a conserved glutamate into 
the bMIDAS coordination site, leading to the same functional output as an extrinsic ligand for 
the non-I integrins(163) (Fig. 1.2C). This model was heavily favored but not directly observed 
until the adoption of cryoEM, which revealed the direct association between ligand binding, the 
open I domain, and the open integrin ectodomain(118, 164). These studies also found a 
surprisingly dynamic fluctuation of the I domain between states, suggesting that ligand binding 
stabilizes, rather than triggers, the open I domain(118). Altogether this work provides a 
compelling model for how the I domain was able to maintain essential integrin function despite 
structurally hindering the ancestral activation mechanism and ligand-binding site. 
 
1.3.2 Structural specifications of collagen binding  
 
 Owing to their lack of sequence constraint, I domain ligands are exceptionally varied in 
both structure and function, and remain an active area of investigation in the integrin field (Fig. 
1.3A, Table 1.1, Table 1.2). Nevertheless, the collagen-binding integrins a1b1, a2b1, a10b1, 
and a11b1 seem to have a broadly shared molecular means of interaction with the classical 
collagen triple helix(85, 165). In general these I domains recognize the shared GFOGER 
motif(93, 166), where O is a hydroxyproline, through a short helical extension on the top integrin 
surface unique to the collagen-binding I domains (the “C helix”). The first ligand-bound I 
domain structure was that of the a2 I domain in complex with a synthetic tripeptide fragment 
containing GFOGER(159)(Fig. 1.3B). This structure was transformational as it revealed a bona 
fide MIDAS ion coordination by the acidic glutamate ligand residue, establishing the structural 
basis for I domain recognition and conformational activation. This study also established the 
open conformation as having high ligand affinity, a rule that has held true for all I domain 
ligands structurally analyzed to date. Finally, this structural work characterized the spatial 
intimacy these binding partners share, showing a highly optimized surface for the F, E, and R 
residues within GFOGER as well as the slot formed for the triple helix by the specialized C helix 
extension atop the I domain. Complementary mutational studies confirm this specificity(167); 
even a conservative E to D mutation is detrimental for ligand binding(93). 
 Despite this conservation, there appears to be plasticity within this GFOGER framework 
that still allows for tight association(87). Structural characterization of the a1 I domain in 
complex with a GLOGEN peptide revealed a surprising plasticity in the C helix(168), which was 
subsequently proposed to constitute a major determinant of idiosyncrasy within the collagen-
binding integrins. Similarly, crystallization of the activating mutant E317A in the a1 I domain in 
the absence of ligand suggested alternate pathways, particularly one involving the movement of 
Y285 away from the MIDAS region to create more space for unraveling of the C helix unique to 
a1(169). More recently, a yeast screening approach has revealed MIDAS-independent binding 
capabilities of a GFOGMR peptide to the closed a2 I domain, challenging the notion of MIDAS-
dependent integrin activation as an essential structural feature(170). Complementary biochemical 
studies have expanded our understanding of collagen preferences among this integrin family, 
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revealing the even a single mutation can confer the ability to switch between collagen subtype 
preferences(171). 
 

 
Figure 1.3. Overview of select published I domain structures. (A) The aI domain has an exceptionally vast 
ligand binding repertoire that doesn’t share a common ligand binding sequence or structure motif. (B) The a2 aI 
domain bound to the collagen GFOGER motif (left)(159) revealed the structural mechanism linking ligand binding 
to conformational change, with a close-up view of the structural contacts between the integrin and ligands (right) 
(C) The crystal structure of the BC aXb2 ectodomain(172) shows placement of the I domain in relation to the rest 
of the ectodomain (left) and demonstrates the internal ligand motif linking I domain in contact with the b2 subunit 
(right). (D) The cryoEM structure of the EO aEb7 ectodomain bound to E-cadherin(118) demonstrates the entire 
allosteric relay from ligand binding to integrin activation (top) and the specific contacts mediating this interaction 
(bottom). (E) The crystal structure of ICAM-1 bound to the aL I domain(173) shows a relatively flat orientation 
compared to that of aE and E-cadherin. (F) The cryoEM structures of the aMb2 headpiece in complex with the 
complement degradation component C3d(164) reveal a dramatic 150° range of motion in the active aM I domain in 
relation to the rest of the integrin molecule. 

 
It is intriguing to speculate that the ease of biochemical tuning of collagen-binding 

preferences has contributed to the great diversity in vertebrate morphology seen in extant 
species. Still, there is a fundamental knowledge gap in the field between the biochemical 
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behaviors of collagen receptors and their in vivo consequences. This gap is likely due to 
incomplete biochemical and cell biological understanding of integrin:collagen specificity. Much 
like with RGD peptide structures, it’s almost certain that the reductionist GFOGER minimal 
motif fails to capture the multivalent interactions that likely occur between integrins and the 
complex network forming the collagen matrix(174). The continued development of cryoEM 
techniques will likely contribute to filling this knowledge gap, as this remains the only major 
integrin family which lacks a high resolution ectodomain structure. Similarly, although whole-
organism knockouts classically used to study integrin phenotypes likely have pleiotropic 
behavior which make pinpointing precise mechanisms difficult(175), recent advances in 
organoid development may help bridge our understanding of the molecules as they relate to cell 
biology(176).  
 
Table 1.2. A list of notable published I domain integrin structures. 

 
 
1.3.3 Leukocyte integrins coming into view 
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 In contrast to the collagen binding integrins, much attention has contributed to our more 
nuanced understanding of the molecular foundations that define the leukocyte integrins aEb7, 
aLb2, aMb2, aDb2, and aXb2. Indeed the first ectodomain structure of an I domain integrin 
was aXb2 in the BC conformation(160)(Fig. 1.3C), which provided a solid structural framework 
for understanding how this family works. The initial crystal structure as well as its subsequent 
refinement(172) showed the ion coordinating “internal ligand” motif, a conserved XEGT (where 
X is any hydrophobic residue) among all I domain a subunits essential for allosteric ligand 
transduction. The essential glutamate in this domain coordinates the b2 MIDAS when the aI 
domain dons the open conformation, leading to canonical b2 bMIDAS-triggered hybrid domain 
swingout and subsequent signaling(118, 164). This open conformation is further stabilized by a 
conserved hydrophobic pocket supported by each subunit as well as a surprisingly stable, 
conserved glycan on the top of the beta-propellor(164, 177). This pocket restricts movement of 
the otherwise flexible internal ligand, creating a structural means of supporting allosteric integrin 
activation. Given the high conservation of the internal ligand motif, the stable glycan, the C-
terminal helical shift and the surrounding hydrophobic pocket of this region, it is very likely this 
is a generalizable mechanism for all aI domain-containing integrin heterodimers. 
 Despite the conserved nature of this allosteric mechanism, the direct ligand binding 
interface appears to be highly adaptable(101, 178). This is particularly represented in the 
leukocyte integrins which do not share a common ligand or ligand recognition motif, unlike the 
collagen-binding integrins. The I domains from aE binds uniquely to the first repeat domain 
from the epithelial signifier protein E-cadherin(97), the aL I domain binds primarily to the first 
repeat domain of Intercellular Adhesion Molecule 1 (ICAM-1) and its ICAM family 
homologs(179, 180), and the I domains of aM, aD, and aX have multivalency for a large array 
of structurally distinct ligands which modulate immune activity pleiotropically(181, 182). 
Collectively these interactions shape the ability of immune cells to roll, extravasate, migrate, 
adhere, and retain at sites in need of an immune response(102). This breadth of ligand binding 
suggests a plasticity in this family of receptors that is particularly well-suited for generating 
functional immune responses that can keep pace with an ever-evolving extracellular world. 
 The interaction between aEb7 and E-cadherin is critical for effectuating a phenotype 
termed tissue residence (Trm), especially in gut, skin, and lung tissues, which keeps immune cells 
stably attached to epithelial tissues to allow for both antigen presentation and continued immune 
response to foreign bodies and cancer cells(183–187). Structurally this interaction is mediated 
between the top of the aE I domain and domain 1 of the mature E-cadherin molecule, which 
coordinates the aE MIDAS via E31(118)(Fig. 1.3D). This interaction is further stabilized by a 
hydrophobic pocket encasing aE F298 and a salt bridge between E-cadherin R1 and aE K328 
which prevents E-cadherin dimerization, allowing immune infiltration of otherwise impenetrable 
epithelial tissue. This interaction is supported more so by a unique structural “collar” at the 
intersection of the aE I domain, the aE beta-propellor, and the b7 bI domain which restricts aE I 
domain flexibility and contributes to immune cell stabilization in an otherwise highly dynamic 
environment. Unlike the other leukocyte integrins, aEb7 adopts the half-bent BC state(188) 
which further poises it to create stable interactions with the epithelium. 
 Structural studies of the aLb2:ICAM-1 interaction have greatly contributed to our 
understanding of the dynamic, switchable nature of the leukocyte integrins. The crystal structure 
of the aL I domain:ICAM-1 complex revealed that ICAM-1 domain 1 exclusively binds to the 
top of the aL I domain, with the aL MIDAS coordinated by ICAM-1 D34(173)(Fig. 1.3E). 
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Compared to aE:E-cadherin the aL:ICAM-1 surface is relatively flat, although hydrophobic 
interactions contribute greatly to the specificity of both interfaces. These interactions between 
the most distal regions of each molecule relative to the cell surface suggest that the significant 
reach of each domain is critical for function. The aL I domain has served as a great mutational 
model for understanding allosteric modulation of the I domain a7 helix, revealing general 
principles for how hydrophobic and aromatic residues maintain a switchable state that allows 
rapid attachment and detachment to ICAM-1(189). The dynamic nature of this interaction 
positions aLb2 uniquely to mediate a series of complex T cell functions from slow rolling to 
spreading, endothelial extravasation, and attachment at the immune synapse(190). This is 
supported by crystal structures of the aLb2 headpiece, which revealed an extreme flexibility in 
the aL I domain compared to aE, further contributing to modulating complex motion(177). The 
magnitude of these behaviors can be amplified or repressed by chemical cues like cytokines as 
well as biophysical force between molecules, although the structural details of these behaviors 
remain unresolved. 
 Unlike the relatively specific niches aEb7 and aLb2 occupy, the other leukocyte 
integrins aMb2, aXb2 and aDb2 appear to have much more pleiotropic function and remain 
relatively underexplored at both molecular and organismal levels. Perhaps the best studied of the 
three is aMb2, which is noteworthy for being particularly promiscuous in its ligand binding 
behavior; up to 100 structurally distinct ligands have been implicated in binding aMb2 with 
functional consequences(103). The first of these ligands to be structurally characterized was 
C3d(191), a degradation fragment of the C3 complement component which serves as an opsonin 
for macrophage-mediated phagocytosis. As with other I domains C3d interacts with the top 
region of the I domain and coordinates the MIDAS, leading to I domain opening and integrin 
activation. aMb2 also seems highly flexible at the linker connecting the I domain, which 
provides a similar amount of structural plasticity as in the aLb2:ICAM-1 interaction; an extreme 
near-180° rotation is seen in recent cryoEM data of the aMb2:C3d complex(164)(Fig. 1.3F). 
Structural studies have identified other ligands, such as pleiotrophin(192) and the small molecule 
simvastatin(193), occupying this same region of the aM I domain. The leucine-rich repeat 
helical cap in the platelet glycoprotein Iba binds the aM I domain(194) to regulate 
thrombosis(195), coordinating the MIDAS yet with a slightly different geometry than that of 
C3d. ICAM-1 also serves as a major ligand for aMb2, and mutational data suggest the third 
repeat domain of ICAM-1 is the primary aMb2 binding region(196, 197) but the structural basis 
of this complex remains to be determined. Collectively these confirm the MIDAS-containing top 
region as the primary ligand binding site even across promiscuous receptors, and suggests the I 
domain surface is constructed such that there are few structural constraints that would inherently 
impact ligand binding. 
 Comparatively little is known about the way the aD and aX I domains interact with their 
respective ligands. aX, like aM, serves as a complement receptor, and low resolution nsEM 
studies suggest it also interacts with complement at the top of the I domain, yet evolutionary 
divergence at this region may lead to different patterns of recognition that may tune macrophage 
behavior. The C3d precursor iC3b may contain two interaction sites outside of the C3d region 
that interact with the aX I domain, providing hints as to how the two receptors divide labor(198). 
The aX I domain is also capable of interacting with overlapping ECM components to aM such 
as fibrinogen and plasminogen, and has emerging functional roles in a variety of autoimmune 
diseases(104). Similarly, aD has an overlapping ligand repertoire with ICAMs, VCAM-1, ECM 
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components(199), yet even less is known about the structural mechanisms and functional 
outcomes of these interactions as there are no structures of aDb2 in any form. The structural 
determinants of these dynamic, polyvalent receptors thus remain an exciting area for future 
research. 
 
1.3.4 Pathogenic exploitation of the I domain 
 
 Owing to their central role in modulating immunity, integrins are attractive targets for 
direct pathogenic modulation. This is reflected in the many pathogenic ligands described for 
these proteins, from viral receptors to pore-forming proteins to PAMPs that may be leveraged for 
immune recognition and subsequent clearance(200–203). Many such interactions have been 
described and implicated in pathogenesis, yet few have been characterized at the structural level. 
 The polyvalent aM I domain has received particularly close attention as a pathogen 
recognition factor. Multiple pore-forming bacterial toxins have now been shown to bind to aM. 
The heterodimeric Leukocidin GH (LGH) has been co-crystallized with the aM I 
domain(204)(Fig. 1.4A). This structure revealed the shared preference for the open I domain 
conformation with endogenous ligands, suggesting a structural co-option model. LGH attaches at 
the MIDAS site, supported by an extensive network of electrostatic interactions which comprise 
a high-affinity surface. The structure further indicated that LGH exploits the inherent integrin 
conformational landscape to draw itself closer to the cell surface, providing a compelling holistic 
mechanism for molecular pathogenesis. This is further supported by data suggesting 
pneumolysin(205), a structurally distinct pore-forming virulence factor, also co-opts the aM I 
domain. Neutrophil Inhibitory Factor (NIF), a secreted hookworm glycoprotein, shows 
exceptionally high affinity for the aM I domain and may be the key immune suppresser 
permitting hookworm pathogenesis(206, 207). Still, recognition of aM I domain by pathogens is 
a double-edged sword, as aM appears to directly recognize pathogenic patterns, such as 
LPS(208), zymosan(209) and b-glucan(210), to clear infection, in addition to indirectly 
enhancing immunity by serving as a complement receptor. These pathogenic interactions have 
evolutionary impact, as the aM I domain shows signatures of positive (adaptive) selection and 
has been able to evade binding to LGH in some mammalian systems(211). 
 aLb2, which is thought to have much higher specificity, also serves as a pathogen 
recognition factor by binding Plasmodium GBP-130 displayed on infected red blood 
cells(212)(Fig. 1.4B). Structural modeling suggests this interaction is MIDAS-independent, an 
unexpected deviation from typical pathogenic effectors of the aI domain. This is not the only 
such example; the I domain from integrin a2b1 has also been heavily implicated as a viral 
receptor for both rotaviruses(213) and picornaviruses(214). Structural analysis of the a2 I 
domain complexed with echovirus 1 suggests the side of the a2 I domain, rather than the top, is 
the primary contact point and is MIDAS-independent; this alternate topology may favor viral 
entry(215)(Fig. 1.4C). Ross River Virus has been suggested to bind to a1b1 at a site that 
overlaps with the collagen IV binding region(216), although the structural specifications of this 
interaction are yet to be determined. 
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Figure 1.4. I domain integrins beyond canonical interactions. (A) The aM aI domain bound to the pore formed 
by Leukocidin GH (left)(204) suggests canonical integrin activation pathways are co-opted by pathogenic effectors 
using an extensive electrostatic surface (right). (B) The predicted aL aI domain bound to Plasmodium GBP-130, 
adapted from Figure 2 of (212), suggests pathogenic binding may universally rely on charged interactions yet does 
not depend on the MIDAS. (C) A low resolution electron microscopy density of the a2 aI domain in complex with 
EV1 virus further supports pathogenic use of the side of the I domain to facilitate infection, adapted from (215). (D) 
The cryoEM structure of the BC aMb2 ectodomain bound to Bordetella ACT(217) shows pathogens can take 
advantage of the predominant BC integrin architecture to facilitate virulence activity, such as pore formation. (E) 
The cryoEM structure of the a2b1 in complex with ERAD VLPs demonstrates a reliance on glycosylation to 
facilitate viral binding, adapted from (218). (F) Low resolution nsEM of the complement component iC3b in 
complex with either aXb2 (left) or aMb2 (right) suggests these two closely related receptors may use different 
structural mechanisms to identify opsonized particles, adapted from (198). 
 
1.3.5 Ligand recognition beyond the I domain 
 
 Perhaps the most exciting opportunity provided by advances in cryoEM is the ability to 
understand integrin structures in the context of the entire molecule, rather than individual 
domains in isolation. This can have broad impacts, as many integrins have been implicated in 
binding ligands outside of canonical regions (178). This is particularly true for I-domain 
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integrins, for which the limitations of crystallography have prevented a nuanced understanding 
of polyvalency across these complex receptors. 
 Several recent integrin ectodomain structures have advanced our understanding of ligand 
binding beyond the I domain. The aMb2 BC ectodomain complexed with the Bordetella pore-
forming virulence factor Adenylate Cyclase Toxin(217) provided the first high-resolution 
structural glimpse into how effectors may leverage integrin’s conformational ensemble for 
functional output (Fig. 1.4D). This toxin binds primarily the beta-propellor and calves of the bent 
aM subunit, allowing it to come in proximity with the host leukocyte membrane. This approach 
is doubly effective for the bacterium as it both prevents integrin-mediated immune activation and 
provides a direct route for pore-mediated lytic rupture. A similar mode of binding seems to be 
favored by viruses: a recent cryoEM structure resolved the BC form of a2b1 bound to the 
picornavirus ERAD(218), finding that recognition is mediated largely by glycans along the a2 
subunit with a relatively limited protein-protein interface (Fig. 1.4E). Pathogen exploitation of 
sugar modifications is particularly surprising yet supports the growing body of work implicating 
glycans as central, and perhaps mutationally intolerant, players in endogenous integrin function. 
Pathogenic use of regions distal to the I domain is shared among other bacterial and viral 
toxins(219–221). However, the structural basis of these interactions and their conservation, or 
lack thereof, remains to be more fully explored. 
 Perhaps more tantalizing is the notion that integrins use their exceptionally large 
ectodomains to perform endogenous functions extending beyond canonical ligand binding sites. 
As complement receptors recognizing the opsonin iC3b, aMb2 and aXb2 appear to use surfaces 
beyond their aI domains for this purpose and in structurally distinct ways(198) (Fig. 1.4F). 
Although extensive work has identified regions beyond the C3d fragment of iC3b as important 
for opsonization via aMb2, the structural details of the phagocytic cup remain contentious(222–
224). Perhaps based on its inherent promiscuity, aMb2 appears to be a hotspot for extending 
ligand binding beyond the borders of the I domain: upwards of 100 characterized ligands for this 
receptor share overlapping, yet distinct, regions both inside and out of the I domain as well as the 
“lectin” region which excludes the I domain(103, 209, 210, 225, 226). This division of labor may 
account for the aMb2’s ability to bind so many distinct ligands and may also fuel its context-
dependent regulatory effects on immune suppression and activation. This division of binding can 
also be supplemented by cis-interactions on the same cell surface, both at the aI domain and 
beyond (227–230). Structural studies exploring the entire integrin molecule are essential to 
clarify how one receptor balances this overwhelming complexity of chemical cues, and how this 
can be modulated for therapeutic benefit. 

 
1.4 Protein domains as evolutionary fodder 
 

In the simplest sense, protein domains are the structural and functional building blocks of 
life. The vast proteome across all living things can be traced back to a handful of core protein 
folds, thought to be among the most ancient units of molecular function in the biological world. 
Although there are many ways to classify and cluster protein domains, deep structural homology 
suggests that as few as 9 protein folds account for the vast majority of natural protein structure 
variation(231), although a classification of estimates in the 1000s to 10000s appears to be more 
informative for relating structure to function(232), and perhaps a spectrum is a better 
representation than discrete families(233). Breakthrough advances in protein structure prediction 
have helped illuminate a more holistic perspective on the possible protein folds found in nature 
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and highlighted the limitations in our understanding of protein folding to date(234–236). The 
virome may be particularly fruitful in expanding our perception of protein fold and 
function(237). 

Because the living proteome contains an intractable number of proteins, our 
understanding of protein domain function largely relies on homology inference (238). An 
increasing number of compendia that classify protein domain families based on sequence 
similarity(239–242) has advanced our understanding of molecular conservation and divergence 
across evolutionary timescales. While early methods relied primarily on sequence, more recent 
structure-based searches have exponentially improved our ability to resolve homology across 
long timescales (243–246). This is particularly informative as sequence tends to diverge an order 
of magnitude faster than structure(247), so for very distant homologs or rapidly evolving proteins 
structural comparisons may prove more informative than relying on sequence alone. A valuable 
tool for understanding evolutionary sequence-structure relationships in protein domains is 
probing their mutational limits through techniques such as deep mutational scanning (248, 249), 
which create comprehensive genotype-phenotype landscapes that reveal the limits of protein 
structure and function. Combining datasets from protein predictions, mutational data, and 
functional experiments effectively reveals a protein’s potential, a fundamental part of 
understanding how protein domains can and do evolve, as this thesis will do for selected I-
domains in Chapter 3. 

The complexity of protein domains scales by orders of magnitude when considering the 
possibilities of multi-domain proteins (250, 251). This is particularly true for the eukaryotic 
proteome, which is primarily composed of multi-domain proteins (252, 253). Still, the vast 
majority of possible protein domain combinations do not exist in the natural world, and protein 
domain combinations show surprising predictability (254, 255) and indeed seem to arise 
independently under strong selection (256). Thus there is not only a functional relationship 
between structure and individual domains, but also between larger domain combinations. Even 
so, many independent protein domain combinations are unique and relatively rare, suggesting 
tuned function for biological niches. Despite their molecular size, these patterns of domain 
combinations have broad-reaching implications in ecological evolutionary processes such as 
speciation(257–260). Much like in speciation, protein domains have experienced punctuated 
periods of rapid expansion and diversification(252), suggesting the molecular evolutionary 
trends mirror the ecological. 

How do protein domains acquire novel function? Beyond the aforementioned 
combinatorial pathways (250), within-domain adaptations can generate new behaviors with 
surprisingly little change. Some of these adaptations are easily observable at well-established 
catalytic sites(261) or ligand pockets(262), while other hotspots of evolution may have allosteric 
impacts rather than direct ones(263) or may contribute to higher-order assembly(264). Recent 
studies have supported the evolutionary ease of generating entirely new function (265–267), 
suggesting protein domains have expansive evolutionary potential. Conversely, some protein 
domains retain an exceptionally conserved function despite extreme sequence divergence(268); 
this is especially true for proteins involved in immune(269, 270) and mating(271) conflicts. 

The scm3 domain is an enigmatic example of conserved domain function amid rapid 
genetic evolution, which this thesis explores in greater depth in Chapter 4. This domain is the 
centromeric histone-binding region of the eponymous histone chaperone Scm3(272, 273), which 
shepherds the centromeric histone variant CENPA to centromeric DNA. Despite having shared 
function, this protein was identified thrice independently via biochemical methods in yeast(274), 
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fruit flies(275), and humans, respectively(276, 277). Subsequent work suggested the presence of 
a shared scm3 domain orthologous between the three species’ proteins responsible for directly 
binding CENPA, yet the sequence identity is much lower than would be expected for a strictly 
essential protein domain, and it was thought to be missing in most animals(278). This strongly 
suggests a range of plasticity even within conserved function and directly contrasts with protein 
domains that make short mutational jumps to functional novelty. Thus, the integrin I domain and 
the scm3 domain exist at opposite ends of this evolutionary spectrum, and as such will be 
explored further in this thesis. 
 
1.5 Thesis overview 
 

The remainder of this thesis is presented in three chapters, each of which is associated 
with a manuscript that is either published or under review, and 3 appendices. Collectively, these 
chapters detail my studies of two different model systems – the integrin aI domain and the scm3 
domain –to understand how molecular divergence either creates novelty or maintains function in 
the face of strong adaptive pressures. 
 Chapters 2 and 3 of my thesis focus on the integrin aI domain. As discussed throughout 
this introduction, this protein domain is an excellent representative example of a structural unit 
that has moved within the genome, adapted to changing environments, and integrated intimately 
into an established structural network, all while remaining faithful to its ancestral, core 
functional properties. In chapter 2, I used single-particle cryoEM to structurally dissect how this 
domain allosterically links ligand binding to integrin activation via coordinated conformational 
movement. I compared two integrins, a4b7 and aEb7, which either lack or contain an I domain, 
respectively, to identify adaptive and conserved features that enabled this domain to succeed. I 
used phylogenetic analyses to trace this domain’s evolutionary origins, identifying critical 
ancestral residues that serendipitously allowed domain co-option. In chapter 3, I used mutational 
scanning, phylogenetics, and cryoEM, to understand how ligand binding profiles compare 
between promiscuous and specific integrins, and how avidity permits promiscuity in the highly 
adaptable integrin aMb2. 
 In chapter 4, I leveraged the rapidly evolving scm3 domain, a histone chaperone, to 
determine the plasticity of sequence-structure relationships that maintain critical biological 
function. I used remote homology detection methods to find an evolutionary ancestor for all 
Scm3 proteins in Metazoa and identify it in many species where it was thought to be missing. 
This chapter provides perspective on using shared domain properties to explore complex protein 
relationships across scales. I conclude with thoughts on how to contextualize our understanding 
of these building blocks within the broader scope of a complex living system. 
 I also include three epithets as appendices. Although these are not fleshed-out narratives 
with extensive experimental support, they represent concepts that excited me throughout my 
thesis work and often inspired me when my main lab experiments were going less than smoothly. 
I hope you enjoy reading about them as much as I enjoyed working on them. 
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Chapter 2 Molecular exaptation by the integrin αI domain 
 
*This chapter was adapted from Hollis et al. 2025(118). 
 
2.1 Abstract 
 

Integrins bind ligands between their alpha (α) and beta (β) subunits and transmit signals 
through conformational changes. Early in chordate evolution, some α subunits acquired an 
"inserted" (I) domain that expanded integrin’s ligand-binding repertoire but obstructed the 
ancestral ligand pocket, seemingly blocking conventional integrin activation. Here, we compare 
cryoEM structures of apo and ligand-bound states of the I domain-containing αEβ7 integrin and 
the I domain-lacking α4β7 integrin to illuminate how the I domain intrinsically mimics an 
extrinsic ligand to preserve integrin function. We trace the I domain’s evolutionary origin to an 
ancestral collagen-collagen interaction domain, identifying an ancient molecular exaptation that 
facilitated integrin activation immediately upon I domain insertion. Our analyses reveal the 
evolutionary and biochemical basis of expanded cellular communication in vertebrates. 

 
2.2 Introduction 
 

Protein evolution often proceeds via small incremental mutational steps. In contrast, 
protein domain acquisition can spur dramatic novelty, sometimes at the cost of ancestral 
functions(250). One such dramatic domain acquisition occurred early in chordate evolution in 
the integrin family of cell-surface receptors, which mediate signaling across the cell membrane 
and are critical for core processes from embryogenesis to T-cell activation. Integrins are 
heterodimeric proteins composed of a single alpha (α) and beta (β) subunit (Fig. 1A). Integrins 
canonically exist in a conformational spectrum from a closed, compact state to an open, extended 
state, with the closed state considered inactive and the open state considered the major signaling 
state (Fig. 2.1A). The human genome encodes eight β and eighteen α integrin subunits, nine of 
which include a 200 amino acid “inserted” von Willebrand factor type-A (vWFA) domain (or I 
domain)(3, 4, 151, 279, 280). Integrin α-subunits encode seven blades of a beta-propeller fold, 
with the I domain found between the second and third propeller blades(146) (Fig. 2.1B).  

Integrins lacking I domains bind ligands at an interface between α and β subunits. Ligand 
binding is also directly linked to the conformational changes required to signal integrin 
activation by a canonical Arg-Gly-Asp (RGD) tripeptide present in many extrinsic ligands(281). 
However, the insertion of the I domain sterically occluded this ligand-binding interface, 
potentially disrupting both ligand binding and the allostery required for integrin activation. Prior 
studies showed that the I domain acquired ligand binding functions, enabling I domain-
containing integrins to bind a wider array of ligand moieties and motifs, including collagens, 
complement components, and other extracellular matrix proteins(178). Moreover, structural 
characterization of isolated I domains revealed a conformational change in their C-terminal helix 
that inserts a conserved glutamate into the ancestral ligand-binding pocket of integrin. This 
shifted glutamate may structurally and functionally substitute for the RGD motif, coordinating a 
cation essential for integrin extension(172). However, the conformational states of an I domain-
containing integrin have never been observed with the required structural detail to resolve ligand 
binding and integrin activation features. As a result, the mechanism by which domain-triggered 
integrin activation occurs is still not well understood. Given that half of human α-integrins 
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contain I domains – including most with critical immune functions – resolving the molecular 
details of this evolutionary insertion would provide vital insight into a wide array of vertebrate 
signaling processes and reveal fundamental principles of how protein domains are successfully 
co-opted.  

Here we employ cryoEM, computational heterogeneity, biochemical, and evolutionary 
analyses to dissect the evolutionary and mechanistic basis of this pivotal protein domain 
insertion. We directly compare the activation networks of two integrin heterodimers involving 
β7, a β integrin subunit capable of interacting with both types of α-integrin subunits (Fig. 2.1C). 
The β7 integrin family, encompassing α4β7 (LPAM-1) and αEβ7 (CD103), performs critical 
roles in facilitating immune cell homing, activation, and retention at sensitive immune 
barriers(95, 282). Thus, in addition to revealing unprecedented insights into the fundamental 
biochemical and evolutionary origins of allostery underlying integrin activation, our structures of 
the α4β7 and αEβ7 integrins have substantial clinical value(283–285). 

 
2.3 Results 
 
2.3.1 Integrin α4β7 adopts distinct conformations 
 

We first determined a structure of the non-I α4β7 integrin ectodomain bound to its 
cognate ligand MAdCAM-1 (Fig. 2.1D-E, Figs. S2.1 and S2.13, Table S2.1). This interaction is 
critical for leukocyte migration to the gut(96), yet no previous structure of the complex has been 
reported. We find MAdCAM-1 fits snugly within the groove between α4 and β7, forming 
interactions with both integrin subunits (Fig. S2.2A). Contacts primarily occur on the first Ig-like 
MAdCAM-1 domain, between the MAdCAM-1 FG strands and α4 propeller, and between the 
MAdCAM-1 CD loop and the β7 βI domain (Fig. S2.2A-B). MAdCAM-1 centrally bridges the 
α4 and β7 subunits with an RGLD motif; R39 and L41 span the long axis of the integrin groove, 
filling the space between α4 and β7 (Fig. 2.1F). The D42 residue provides the essential ion-
coordination activity within this motif, leading to the open integrin conformation characteristic 
of an active heterodimer (Fig. 2.1G). These central contacts are further stabilized by the 
MAdCAM-1 DE beta ribbon loop in the Ig-like domain 2 (D2) contacting the β7 specificity-
determining loop (SDL) via mutationally intolerant(286) hydrogen bonds (Fig. 2.1H), supported 
by an additional interface between MAdCAM-1 D1, D2, and the β7 SDL (Fig. 2.1I). 

Integrins have been proposed to unfold like a switchblade as they transition from their 
compact to open states(18, 287). Accordingly, we observe a high degree of β7 leg flexibility in 
the α4β7:MAdCAM-1 structure (Movie S1 in online publication) within the open headpiece 
conformation. However, by resolving the previously(288) undescribed lower leg region of the α4 
subunit encompassing the calf-1 and calf-2 domains, we found that the open α4β7 conformation 
has a slight rotation around a vertical axis (Fig. 2.1D). To accommodate the different orientations 
of the headpiece relative to the legs between the open and closed α4β7, we propose α4β7 must 
“untwist” open rather than “unfold” like in the classic switchblade model. We determined an apo 
α4β7 clasped structure under high calcium buffer conditions previously shown to favor the 
inactive conformation state(27) (Fig. 2.1J-K, Figs. S2.3A-E and S2.13, Table S2.1). In this apo 
structure, α4β7 defines a noncanonical bent conformation. The headpiece is skewed, and the β7 
headpiece region sits below the α4 propeller, mediated by contacts occurring between α4 calf 1 
and the PSI/EGF-1 region of β7 (Fig. S2.3F). We propose that the simplest means for α4β7 to 
transition from bent to extended state would be by twisting about the lower leg region. Indeed, 
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3D flexibility analysis of the α4β7:MAdCAM-1 complex supports this hypothesis (Movie S1 in 
online publication), revealing a continuous ensemble of conformational twisting. Given our 
structural data, this “twisted” compact orientation might also explain how α4β7 binds 
MAdCAM-1 perpendicular to the orientation at which α5β1 binds fibronectin(14, 289) (Fig. 
S2.3F), despite both integrins having a similar angle of ligand approach or occlusion. 

 

Figure 2.1. Integrin α4β7 adopts novel conformations. (A) A detailed schematic of integrin organization and 
conformational changes. Integrin conformations range from a compact, inactive state with low ligand affinity (left) 
to an extended-open, active state with high ligand affinity (right). Approximate hypothesized I domain locations are 
shown as semi-transparent. (B) An alignment of all human integrin α subunits (except αE) shows insertion of the I 
domain in the ancestral integrin gene occurred immediately following a conserved proline at the end of the second 
β-propeller blade. Slightly offset structural overlays of the I domain-less integrin αV (dark green, PDB 1L5G(111)) 
and I domain-containing αX (lime green, PDB 4NEH(172)) with their respective conserved prolines displayed. (C) 
A schematic highlighting showing the focus of this figure on the I domain-lacking integrin α4β7. Key domains are 
labeled as appropriate. (D) CryoEM structure of the integrin α4β7 ectodomain (green/blue) bound to the MAdCAM-
1 ectodomain (purple). The low threshold, unsharpened global refinement map is shown in gray, and the inset high 
threshold, sharpened local refinement map is shown in color. The legs of α4 and β7 are not planar; rather they 
appear to rotate around a vertical axis. (E) Atomic model of the α4β7:MAdCAM-1 complex. Blue box indicates 
regions of focus in (D-E), black box indicates region of focus in (F). (F) MAdCAM-1 uses an RGLD motif instead 
of the canonical tripeptide RGD to bridge the α4 and β7 subunits. The RGLD residues span the long axis of the cleft 
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formed between α4 and β7. (G) MAdCAM-1 D46 completes the β7 βMIDAS ion coordination sphere, here modeled 
as Mn2+. (H) R200 in the β7 specificity-determining loop (SDL) forms essential salt bridges with a flexible loop in 
MAdCAM-1. (I) Stabilizing contacts intersect between the first and second domains of MAdCAM-1 with the β7 
SDL. (J) The cryoEM structure and (K) rigid-fit molecular model of the apo compact α4β7. (L) The RGLD motif in 
MAdCAM-1 adopts a right angle, contrast to the canonical linear RGD motif of αVβ8-bound L-TGF-β(24). 
 

In addition to distinct conformations, we find several other idiosyncrasies that confer 
specificity to the α4β7:MAdCAM-1 complex. Our open structure reveals that MAdCAM-1 
undergoes a conformational shift upon binding integrin. In contrast to existing crystal structures 
of MAdCAM-1 alone(290, 291), we find that the MAdCAM-1 D beta strand runs antiparallel to 
the E strand in Ig-like-domain-1 when bound to α4β7 (Fig. S2.2C). Further, in contrast to the 
well-characterized linear RGD motif within αV integrin ligands(106), we see the RGLD present 
in MAdCAM-1 is at a right angle to fit within the exceptionally deep perpendicular groove 
unique to α4β7 (Fig. 2.1L), emphasizing the plasticity of this canonical motif. Prior mutational 
studies(32, 286, 292) of integrin and MAdCAM-1 have independently shown the importance of 
β7 ion coordination sites and each MAdCAM-1 domain, including a proposed integrin-binding 
loop in MAdCAM-1 D1 and acidic patch in D2. Our structural data allow us to unite these 
studies into a cohesive stepwise model of specific ligand binding(32). We propose integrin 
initially surveys immune sites via the SDL/D2 interaction distal to the cell surface when integrin 
is bent, then favors cells slowing to roll via tighter dynamic interactions influencing the β7 
synergistic metal ion-binding site (SyMBS), eventually adhering firmly to the endothelial cell 
layer via MAdCAM-1 slotting specifically into the α4β7 groove triggering integrin untwisting 
(Fig. S2.2D). We propose that the “untwisting” of α4β7 we observe in our structural data 
represents the connection between the intermediate transition state observed in prior low-
resolution structural studies of α4β7(293) and the open state from our study, collectively 
revealing the pathway towards integrin activation. While our model plausibly unifies our current 
understanding of α4β7-mediated adhesion, future studies of high-resolution intermediate states 
will clarify the timing and sequence of these molecular events. Together, our α4β7 structures 
represent two unique integrin conformations and reveal specificity mechanisms governing the 
α4β7:MAdCAM-1 interaction. 

 
2.3.2 The inactive αEβ7 I domain is unexpectedly dynamic 
 

Next, we focused on the structural analysis of the I domain-containing αEβ7 integrin. 
Negative stain electron microscopy (nsEM) of the purified αEβ7 ectodomain in several cation 
conditions (Fig. S4) revealed both closed-state and open-state conformations. To gain more 
detailed insight into the compact inactive state of the I domain (Fig. 2.2A), we performed 
cryoEM on the αEβ7 ectodomain under non-activating buffer conditions. To facilitate structural 
analysis, we bound this integrin to LF61, an αE antibody fragment that does not influence ligand 
binding(294). Surprisingly, 3D analysis revealed two distinct populations of particles. The first, 
which we had expected to see, was the compact conformation, which we determined to a global 
resolution of 2.9Å (Fig. 2.2B, Figs. S2.5, S2.6, and S2.13). The intrinsic dynamic variability of 
the leg results in the overall resolution of the map being quantitatively anisotropic (Figs. S2.5 
and S2.6). Nevertheless, most of the headpiece region was rigid, enabling us to confidently 
model the αEβ7 headpiece region (Fig. 2.2C, Table S2.1) just as we did for α4β7. The I domain 
is positioned above the heterodimer interface, which would completely sterically occlude the 
ancestral RGD pocket of I domain-lacking integrins. We found that the αE I domain makes 
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additional contacts with the β7 SDL and a beta-hairpin on the αE beta-propeller. These supports 
form a “collar” around the αE I domain (Fig. 2.2D), contributing to the stability necessary for 
this integrin to perform its biological function in maintaining persistent epithelial contacts(183, 
188, 295–297). αE I domain contacts are exceptionally extensive; the αE I domain has a 940Å2 
contact area with the rest of the integrin heterodimer, whereas the αM I domain from 
PDB:7P2D(298) has only a 493.4Å2 contact area with the rest of the I domain-containing αMβ2 
integrin. 
Figure 2.2. The half-bent αEβ7 inactive structure is dynamic. (A) A schematic highlighting showing the focus of 

this figure on the I domain-containing integrin αEβ7. (B) Three different views of the unsharpened αEβ7:LF61 Fab 
complex map. αE (green) β7 (blue) and LF61 (orange). The integrin adopts a half-bent conformation in the inactive 
state, and the I domain rests atop the α/β subunit interface. The colored, sharpened, high-threshold map is shown 
inset in the unsharpened, grayscale, low-threshold map. (C) The refined coordinate model of the compact αEβ7 
headpiece. We model five N-linked glycosylations on αE in addition to two previously reported for β7. We do not 
model LF61 due to a lack of sequence availability. All ions are modeled as Ca2+. Black box indicates regions of 
focus in (D-E). (D) The αE I domain is stabilized by supports from a beta-hairpin on the αE propeller domain as 
well as the β7 specificity-determining loop (SDL). The αE I domain has a 940Å2 contact area with the rest of the 
integrin heterodimer, whereas the αM I domain from PDB:7P2D63 has only a 493.4Å2 contact area with the rest of 
αMβ2. (E) αEβ7 assumed two broad states. In the closed I domain state (left) the C-terminal region of the α7 helix, 
termed the internal ligand, does not engage with β7 subunit and the β7 leg is closed inward. In the open I domain 
state (right) the internal ligand engages β7, leading to conformational heterogeneity in the β7 leg. For both structures 
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the unsharpened map from a non-uniform refinement is shown in color; for the open I domain representative 
structures from 3D classification are shown overlaid with low opacity and a schematic is shown to the right. Red 
boxes indicate internal ligand region. (F) B factor analysis, a quantitative representation of protein motion via 
thermal energy, shows the I domain becomes broadly more dynamic in the open conformation. (G) 3D classification 
of 5 open I domain classes suggests a continuous range of β7 hybrid domain states upon internal ligand engagement. 
(H) Representative intermediates from 3D variability analyses show the engagement of the I domain internal ligand 
is directly linked to opening of the β7 βI domain, leading to subsequent hybrid domain swingout. 

 
The I domain contains an internal ligand motif(163) proposed to coordinate the cation 

site (βMIDAS) in the β subunit via a conserved acidic glutamate. The second population of 
particles not only showed appreciable heterogeneity in the degree of headpiece opening (Fig. 
2.2E, Fig. S2.6, Movie S2 in online publication) but also revealed engagement of the internal 
ligand. This was unexpected given the high Ca2+ levels in this buffer, which have been shown to 
favor an inactive conformation for many other well-studied integrins(27). Consistent with 
previous analyses of isolated I domain ectodomains(172), we found that extension of the I 
domain’s C-terminal α7 helix is a prerequisite for internal ligand binding and βMIDAS 
coordination. This helix in our structure of the internally-liganded αEβ7 occupied the “open” 
conformation previously described in crystal structures of other I domains(153). However, in 
contrast to the metastable state occupied by αXβ2(172), we found that the αEβ7 headpiece 
becomes broadly dynamic upon internal ligand binding (Fig. 2.2E-F). 3D Classification analysis 
suggested that the β7 hybrid domain adopts a continuous range of motion in this internally-
liganded state (Fig. 2.2G). Next, using 3D variability analysis(299), we mapped how the 
dynamic behavior of the I domain helix-7 is directly linked to the deformation of key βI domain 
helices in a stepwise manner (Fig. 2.2H). These dynamics are unique to integrins containing the I 
domain; integrins lacking I domains cannot sample these states in the absence of ligand, as 
evidenced by our α4β7 apo structure. 

 
2.3.3 Ligand binding stabilizes the open αEβ7 I domain 
 

To understand how I domain internal ligand movement is connected to external ligand 
binding, we next determined a cryoEM structure of the αEβ7 ectodomain bound to its primary 
ligand E-cadherin(97) (Fig. 3A, Figs. S2.7 and S2.13). At a global resolution of 3.4Å, the ligand-
binding interface was well-resolved; we modeled the integrin headpiece region as well as E-
cadherin EC1 (Fig. 2.3B). Our structure resolves the previous uncertainty about which E-
cadherin domains are necessary for integrin binding(300). We find E-cadherin EC1 exclusively 
binds to the distal surface of the αE I domain, using a short E-cadherin construct (EC12)(301) 
(Fig. 2.3A). E-cadherin occupies physiological monomeric and dimeric states, with trans-
dimerization between adjacent epithelial cells serving as the essential building block of epithelial 
tissue via higher-order structures termed adherens junctions(302). Despite this, we observed that 
E-cadherin is only present in a monomeric state when bound to αEβ7 (Fig. 2.3C). The αEβ7:E-
cadherin molecular interface is primarily mediated by a central hydrophobic “lock and key” 
pocket surrounded by a network of electrostatic bonds(303) (Fig. S2.8A-B, Data S2 in online 
publication). This interface is further stabilized by the N303 glycosylation on the αE I domain, 
which makes direct contact with E-cadherin (Fig. S2.8C). The αEβ7:E-cadherin complex is 
highly stable, with a KD of 51 ± 7.9 nM measured using Bio-Layer Interferometry (Fig. 2.3D). 
This structure pinpoints molecular interactions essential for sustained tissue residence (Trm) that 
are effectuated by αEβ7(183, 295–297). We found that the αE I domain forms a salt bridge with 
residue 1 of the mature E-cadherin molecule (Fig. 2.3E), effectively outcompeting adherens 
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junctions by preventing the “strand-swap” step necessary for E-cadherin’s trans-
dimerization(304, 305) due to E-cadherin’s higher affinity to αEβ7 than to itself (Fig. 2.3F). 

 

Figure 2.3. The molecular interface between integrin αEβ7 and E-cadherin. (A) CryoEM structure of the 
integrin αEβ7 ectodomain (green/blue) bound to the first two EC domains of ligand E-cadherin (pink). The low 
threshold, unsharpened global refinement map is shown in gray, and the inset high threshold, sharpened local 
refinement map is shown in color. The open integrin legs suggest an active conformation. (B) The atomic model of 
the αEβ7:E-cadherin complex. Upper black box indicates region of focus in (D). (C) Representative 2D class 
averages of αEβ7 bound to EC12 suggest αEβ7 binds exclusively to E-cadherin monomers. (D) Bio-Layer 
Interferometry (BLI) data suggest E-cadherin and αEβ7 form a high-affinity, stable interaction. (E) A salt bridge 
between the αE I domain and the first residue in the mature E-cadherin prevents the tryptophan stand-swap 
engagement essential for adherens junction formation(306). (F) A competitive inhibition model for T-cell tissue 
residence. αEβ7 (CD103) outcompetes E-cadherin trans-dimerization, permitting stable epithelial tissue residence by 
CD103+ cells. (G) The αE I domain (green) αMIDAS’ ion (purple) coordination sphere is completed by E-cadherin 
(pink) E31. (H) The β7 βMIDAS coordination sphere is completed in the ligand bound αEβ7 via the internal ligand 
E372. (I) The β7 R200 residue stabilizes the αE I domain with hydrophobic and charge-based interactions. 

 
Integrin I domains contain a cation binding site (αMIDAS) coordinated by a conserved 

DXSXS motif. The αE I domain αMIDAS is ion-occupied in our structure, and the ion 
coordination complex is completed by E-cadherin E31 (Fig. 2.3G). Thus, consistent with other 
integrin I domains(159, 173, 222), αMIDAS coordination also leads to an open αE I domain, 
with its C-terminal helix assuming an extended conformation (Fig. S2.8D). Despite this dramatic 
shift, the angle of the I domain relative to the apo structure remains almost entirely unchanged 
upon ligand binding (Fig. S2.8E). These findings are consistent with our evidence from the 
compact structure that the αE I domain is exceptionally stable compared to other well-studied 
integrins. The ligand-bound αEβ7 integrin assumes an open headpiece conformation. However, 
3D flexibility analysis of the dataset shows that the β7 leg still maintains a notable, yet restricted, 
degree of free movement (27° β7 hybrid movement compared to 68° in the apo open structure, 
Movie S3 in online publication). This intrinsic flexibility allows integrin to remain ligand-bound 
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and resident even while permitting dynamic cell movement and changes in membrane 
morphology.  

In contrast to the unliganded structure, the I domain internal ligand is consistently 
engaged with β7 when bound to E-cadherin. In this open conformation, the I domain interactions 
shift dramatically. For example, instead of contacting residues E372-D377 of the αE propeller 
hairpin in the closed structure, the “collar” contacts I domain residues Y366-I369 (Fig. S2.8F). 
This shift allows the αE I domain to maintain its remarkable rigidity in both inactive and active 
states and reinforces the helix-7 allosteric structural platform that links ligand binding to integrin 
activation. Our structures provide an unprecedented opportunity to visualize and compare 
conformational changes experienced by β7 upon binding of an external ligand in the α4β7 non-I 
domain configuration or by an internal ligand in an I-domain-containing αEβ7 heterodimer. We 
find unambiguous support for the structural mimicry of external ligand-mediated integrin 
activation by the intrinsic I domain at key interaction sites. αE E372 in the αEβ7 heterodimer 
coordinates the same βMIDAS ion as MAdCAM-1 D42 within the α4β7:MAdCAM-1 complex 
(Fig. 2.3H). Moreover, the β7 SDL uses the identical R200 residue to support MAdCAM-1 as it 
does the αE I domain (Fig. 2.3I). This leads to the same open conformation and similar leg 
flexibility in α4β7 (35° β7 hybrid movement) as seen in internally-liganded αEβ7 (27° β7 hybrid 
movement). The RMSD of the β7 βI domain in ligand-bound α4β7 versus αEβ7 is 0.6Å, 
indicating that β7 ultimately undergoes nearly identical conformational behavior in the context of 
either α4 or αE when activated. Thus, despite the presence of an entirely new domain, this 
suggests the core activation mechanism has been preserved between the ancestral and derived 
integrin states. Collectively, our β7 structures reveal an intimate incorporation of the I domain 
with the ancestral integrin machinery.  

 
2.3.4 The integrin I domain was derived from collagen 
 

Our findings reveal that the evolutionarily ancient I domain insertion expanded the 
ligand-binding repertoire of integrin proteins without perturbing the ancestral intricate 
conformational changes required for activation. We speculated that, right from its inception, the I 
domain’s ancestor might already have encoded all the necessary machinery to facilitate the 
allosteric communication between ligand binding and integrin activation seen in our structures, 
including the dynamic helix-7. To test this hypothesis, we aligned a comprehensive selection of 
integrin I domains across Olfactores (tunicates and vertebrates) to find the common ancestor of 
all I domains. We used this alignment to generate a Hidden Markov Model (HMM) of the 
protein domain encompassing the I domain and internal ligand, which we used to query the 
genomes of human, coelacanth, echinoderms, and Cephalochordata, a sister group to Olfactores. 
This strategy enabled us to identify homology to the presumed I domain ancestor rather than the 
multiple other vWFA domains encoded by animal genomes(145) (Fig. S2.9A).  

Our analyses reveal that the most likely ancestors of the α-integrin vWFA-like I domains 
are vWFA domains from extracellular matrix proteins, specifically those of the collagen VI class 
and its relatives (Fig. 2.4A). Outgroup collagen proteins share high structural homology with the 
αE I domain (Fig. 2.4B). To understand the origin of the I domain’s dynamic motion, we 
performed molecular dynamic simulations on ten vWFA domains, which include outgroup 
collagen domains and extant integrin I domains, from published experimental structures and 
high-confidence structural predictions (Fig. S2.10A, Table S2.2). We found that the 
structural dynamics are concentrated in homologous regions among these proteins. Moreover, in 
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addition to the overall vWFA fold, the dynamic motions of helix-7 are also conserved among 
these collagen and integrin I domains, supporting a common ancestry of these proteins (Fig 2.4C, 
Fig. S2.10A). Integrin I domain behavior is ion context-dependent; the presence of calcium, 
magnesium, or manganese cations differentially influences physiological activation states via 
structural ion coordination sites(26). To test whether outgroup domains display similar 
behaviors, we performed these simulations in each ion condition and projected the 
conformational landscape of each domain as a UMAP. We found that all collagen and integrin I 
domains sampled unique ion-specific conformations, suggesting that the differential behaviors of 
the integrin I domain under varying ions are an ancestral trait (Fig 2.4D, Fig. S2.10B). 
 

Figure 2.4. The integrin I domain was co-opted from an ancient collagen gene. (A) A phylogenetic tree of the 
VWF-like domains of the top hits from our HMM search was generated using IQ-TREE. The integrin I domain is 
most closely related to VWF-like domains from collagen VI proteins. (B) Atomic models of the closed I domain 
(this study), a human collagen VI alpha-3 (PDB 6SNK) vWFA-like domain, and an AlphaFold3 prediction of a 
vWFA-like domain of human collagen VI alpha-6 chain (Uniprot C3YQB2) show high visual structural similarities. 
(C) Molecular dynamics (MD) simulations of representative collagen or integrin vWFA domains bound with Mg2+ 
in the MIDAS site suggest characteristic dynamics were present in the common integrin I domain ancestor. The 
individual residue flexibility (i.e. root mean square fluctuations, RMSF) is projected on the three-dimensional 
structure and colored from 0 (blue) to >3 (red). Regions of fluctuations greater than 1.0 Å are highlighted. (D) 
UMAP representations of conformational landscape of the representative collagen or integrin vWFA domains in (C). 
60,000 simulated conformations are projected on the UMAP and colored by the bound ion in the MIDAS site. (E) 
Phylogenetic tree schematic of sequences used for sequence reconstruction of the ancestral integrin I domain. (F) An 
AlphaFold3 structural prediction of the ancestral integrin I domain (left) and RMSF calculations and UAMP 
projection from MD simulations (right). RMSF is colored as in (C). UMAP is colored as in (D). (G) Size exclusion 
chromatography traces of recombinant 6XHIS-tagged I domains. The trace for the extant collagen-binding α2 I 
domain is in green, and the trace for the ancestral reconstruction construct is in blue. (H) Representative negative 
stain class averages of ancestral I domain multimers. 
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Collagen proteins, especially collagen VI, commonly form oligomeric structures within 

or between collagen types, which are essential for their homo-interactions(307). To directly test 
whether the ancestral I domain behaved similarly, we used PAML(308) to computationally 
reconstruct the common ancestor of all integrin I domains using the I domain alignment and 
phylogeny (Fig. 2.4E, Fig. S2.9B). Alphafold2(309) modeling suggested this ancestor 
structurally resembles extant integrin I domains, and molecular simulations showed this ancestral 
domain contains the same dynamic behavior as extant integrin I domains (Fig. 2.4F, Fig. S2.10). 
We expressed and purified this ancestral reconstruction and size exclusion chromatography to 
reveal it forms multi-order oligomers; this contrasts with the extant α2 I domain, which only ran 
as a monomer (Fig. 2.4G). Negative stain analysis revealed oligomers highly reminiscent of 
those formed by extant collagen VI (Fig. 2.4H). Based on our analyses, we infer that the 
ancestral I domain could bind collagen immediately upon acquisition. Consistent with this 
inference, extant integrin I domains across the chordate phylogeny bind collagens of varying 
types, including collagen VI(310). Our ancestral multimer data are phylogenetically most 
consistent with an ancient avidity-based mode of collagen binding, like that utilized by an extant 
tunicate I domain(174). This ancestral mechanism is independent of the canonical collagen 
helical GFOGER motif more recently acquired by vertebrate integrin I domains(93). 
Furthermore, the ion-coordinating MIDAS, which is completely intact in the ancestral sequence, 
performs critical functions in extant collagens that contain it(311, 312), just as it does in integrin 
I domains. Our findings suggest that ion-dependent behavior was retained from the I domain’s 
initial co-option. 

 
2.3.5 The allosteric internal ligand was a de novo molecular exaptation 
 

Our finding of collagen-derived acquisition of the I domain still cannot explain the 
presence of the highly conserved I/LEGT motif, which contains the βMIDAS-coordinating 
glutamate required for internal ligand-based activation. We found no conserved matches to this 
motif either within collagen or within any other vWFA proteins in ProtKB metazoan genomes 
(Fig. 2.5A). Moreover, all integrin I domains lack the C-terminal cysteine, which is largely 
conserved in the collagen vWFA domains (Fig. 2.5A). 

We thus hypothesized that the I/LEGT motif may have already been present in an 
ancestral α-integrin gene, but did not incur stringent selective constraints until after it acquired 
the I domain. To test this possibility, we performed sequence alignments and built phylogenetic 
trees of the α-integrins within the deuterostome clade containing the I domain α-integrins and the 
most closely related I-domain-lacking α4/α9 integrins (Fig. S2.11A). We looked specifically 
within the region between the second and third domains of the characteristic α-integrin beta-
propeller where the I domain was first inserted. In all clades analyzed, we found a conserved 
acidic residue corresponding to the essential ion-coordinating glutamate within the internal 
ligand, suggesting this acidic residue was ancestrally present in the lineage of α-integrins that 
first acquired an I-domain. Moreover, we found a VDGT motif, highly reminiscent of the 
I/LEGT motif, in a small cephalochordate-specific clade, which is the closest-branching I-
domain-lacking outgroup to the I domain α-integrins (Fig. S2.11B).  

Using a flow cytometry assay and conformation-specific antibodies, we tested whether 
these motifs from the non-I domain containing α-integrins are sufficient to activate the extant I 
domain integrin αLβ2 (Fig. S2.11C). Indeed, we found that each of these motifs, or ancestral 
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reconstruction of the entire internal ligand loop, could recapitulate approximately 35-50% of 
integrin activation. Furthermore, we demonstrated that this activity depended on ion 
coordination; mutating the acidic D/E residues to alanine in the wild-type I/LEGT or VDGT 
reduced activation to 20% (Fig. 2.5B). Moreover, adding EDTA to chelate the cation reduced 
activation in all backgrounds to essentially 0%. These data suggested that this cephalochordate 
motif was sufficient to activate integrin structurally. Conformational landscapes from molecular 
simulations revealed that these motif swaps are consistent with the exceptional stabilization 
conferred by the glutamate within the internal ligand, providing a molecular rationale for our 
cellular assay (Fig. 2.5C). VDGT is also sufficient to confer ligand binding capability to 60% of 
levels of wild type, providing a functional and structural rescue (Fig 2.5D, Fig. S2.12). MD 
simulations suggested this partial rescue is consistent with partial ion coordination occupancy 
upon loop mutation (Fig. 5C) and behaved similarly for αEβ7 (Fig. 2.5E), revealing the dynamic 
basis of the essential ion-coordinating glutamate in regulating internal ligand binding and β 
subunit dynamics. This is further supported by b factor analyses from our αEβ7 structures 
showing that ligand binding confers unique stability in this region, particularly E372 (Fig. 2.5F). 
Figure 2.5. The internal ligand was exapted for integrin activation. (A) Logo plots of alignments of either 

representative I domains (top) or homologous domains from outgroup human collagens (bottom) show that many 
important sequence features were likely present in the integrin I domain common ancestor. The βMIDAS ion-
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coordinating glutamate (right) was not found in outgroup sequences. The trace directly below the sequence 
represents hydrophobicity while the bottom trace displays sequence conservation. A 25% consensus identity is 
displayed above the sequence logo. (B) (left) A schematic visualization of the flow cytometry approach used to 
measure integrin activation in loop-swap experiments within an αLβ2 backbone. TS2/4 is a conformation-agnostic 
αL antibody, while m24 recognizes the active β2 subunit. (right) A representative phylogeny for loop-swap 
experiments. The internal ligand IEGT within the αLβ2 backbone was replaced with homologous sequences from 
across the α integrin tree as indicated and the percent integrin activation was determined via flow cytometry of 
integrin-expressing HEK239t cells. EDTA reduced activation to essentially 0% in all cases. (C) Conformational 
landscape reveals loop swaps from (B) reveal differential coordination of the internal ligand and α7 helix dynamics. 
Below, representative trajectory snapshots of the β subunit (blue) and positional deviations of the α1 helix, α7 helix, 
and internal ligand (green). Manganese ions are shown as purple spheres. The MIDAS coordinating glutamate and 
positional substitution is shown as sticks. Structures were drawn from 25 clusters of the respective conformational 
landscape. (D) (left) A schematic visualization of the flow cytometry approach used to measure ligand binding. An 
anti-HIS antibody was used as a readout for ICAM-1 binding. The cephalochordate VDGT is sufficient to partially 
rescue ligand binding in the αLβ2 backbone. Points represent mean, bars are standard deviation. (E) Conformational 
landscapes of αEβ7 point mutants reveal the dynamic basis of the essential ion-coordinating glutamate in regulating 
internal ligand binding and β subunit dynamics. Representative snapshots are depicted below similar to (C). (F) B 
factor comparisons of the ligand bound and apo αEβ7 structures show unique stabilization of the ion-coordinating E 
upon ligand binding. (G) The molecular structure of α4β7 shows the internal ligand homologous motif is too distant 
to coordinate the βMIDAS, and thus its function in the I domain background was exapted upon the I domain’s 
insertion. (H) A model for the evolutionary origin of the novel integrin I domain. 

 
This I/LEGT-like motif is not preserved in all α-integrins. Our structure of α4β7 revealed 

that this loop region does not participate in ion coordination or integrin activation in I-domain-
lacking integrins (Fig 2.5G) but instead serves to support ligand binding. Indeed, distinct non-
VDGT α4 residues are essential for binding to VCAM-1, another α4β7 ligand(313). Homology 
modeling of the cephalochordate-specific alpha integrin suggested a similar behavior in the 
direct outgroup (Fig. S2.11D). Thus, the allosteric ion-coordinating internal ligand was a 
serendipitous molecular exaptation, which could only have occurred in some lineages of α-
integrins. This exaptation enabled them to maintain foundational conformation-based signaling 
while acquiring new ligand-binding capabilities upon I domain insertion. Following this initial 
exaptation, selection continued to fine-tune alpha integrins to reach their maximum activation 
threshold. This fine-tuning included the acquisition of the internal ligand “pocket” – a conserved 
structural series of buried residues capable of finely adjusting integrin kinetics(177) – that are 
highly diverged in the outgroup cephalochordate integrin (Fig. S2.11B). 

 
2.4 Discussion  
 

Our analyses retrace molecular history to present a structural framework for how a large, 
500-million-year-old evolutionary insertion preserved necessary protein functions while serving 
as a launch pad for adaptation. Despite completely occluding the integrin’s ancestral ligand 
binding site, the I domain remarkably retains the same functional output of an ancestral integrin 
ligand at multiple levels. In this way, the I domain served two capacities right from its inception: 
the ability to bind to an ion-coordinating ligand and the coordination of downstream integrin 
conformational changes. Given the collagen origin of the I domain itself, it is likely that the I 
domain’s co-option into the integrin family catalyzed the ability of integrins to associate with the 
extracellular matrix directly (Fig. 2.5H). This ancestral feature(174, 314) has expanded and 
specialized in extant integrins(310).  

Most eukaryotic proteins contain multiple distinct structural domains(253), including 
those that contain other vWFA domains. We anticipate that the form of evolutionary molecular 



 34 

co-option we have uncovered has provided novelty across a wide array of molecular processes. 
Our analyses describe the unique and shared structural features of I-domain-mediated integrin 
activation that were critical for its evolutionary and immunological success. 
 
2.5 Materials and Methods 
 
2.5.1 DNA Constructs.  
 

The regions encoding the wildtype αE ectodomain (M1-H1123, used for integrin:E-
cadherin complex) followed by a C-terminal linker, HRV 3C cut site (LEVLFQGP), acidic coil 
motif (AQCEKELQALEKENAQLEWELQALEKELAQ) and Strep-Tag II (WSHPQFEK*) 
inserted into a pcDNA3.1-Hygro(-)-like backbone was synthesized commercially (GenScript). 
The R177G/R178G, “RRtoGG,” mutant (clasped construct used for integrin:Fab complex) was 
generated via site-directed mutagenesis (NEB). The region encoding the β7 ectodomain (M1-
H723) followed by a C-terminal linker (GTGG), HRV 3C cut site (LEVLFQGP), basic coil 
motif (AQCKKKLQALKKKNAQLKWKLQALKKKLAQ) and 6xHIS tag inserted into a 
pcDNA3.1-Hygro(-)-like backbone was synthesized commercially (GenScript). The region 
encoding the α4 ectodomain (M1-Q970) was amplified from Addgene plasmid #81178 and 
inserted into a pcDNA3.1-Hygro(-)-like backbone using standard molecular cloning techniques. 
The region encoding the MAdCAM-1 ectodomain (M1-Q317) was synthesized commercially as 
a G-block (IDT) and inserted into a pcDNA3.1-Hygro(-) with the same C-terminal linker, 3C cut 
site, basic coil motif, and 6xHIS tag as β7 using standard cloning techniques. The region 
encoding the ICAM-1 ectodomain (M1-E480) was inserted into a pcDNA3.1-Hygro(-) with the 
same C-terminal linker, 3C cut site, and 6xHIS as for β7 using standard cloning techniques. For 
Fc-tagged E-cadherin, the region encoding the E-cadherin ectodomain (D155-A698) with a 
CD33 signal sequence (GMPLLLLLPLLWAGALA) (Gift from Barry Gumbiner) was inserted 
into a pcDNA3.1-Hygro(-)-like with a C-terminal HRV 3C cut site and human Fc tag amplified 
from Addgene plasmid 145164 using standard cloning techniques. The bacterial expression 
plasmid encoding an N-terminal 6xHIS-SUMO-tagged EC12 protein (E-cadherin EC domains 1 
and 2, D155-N371) was a gift from Barry Gumbiner. The bacterial expression plasmids for the 
α2 (D174-E365) and AncI I domains were synthesized as G-blocks (IDT) and inserted into a 
pET24a vector using standard cloning techniques. The full length wildtype αL and β2 constructs 
were made in ectodomain pcDNA3.1-Hygro(-) backbones by inserting G-blocks of the 
transmembrane regions by standard cloning techniques. Loop swaps of the αL IEGT internal 
ligand region were synthesized as G-blocks and inserted via standard cloning techniques. 

 
2.5.2 Protein expression and purification.  
 

Both integrins αEβ7 and α4β7, as well as MAdCAM-1 and ICAM-1, were expressed in 
mammalian ExpiCHO cells (ThermoFisher). The basic expression and purification protocol is 
similar for each protein. Protein expression was performed according to the “Max Titer'' 
manufacturer recommendations. For each integrin, a ratio of 3:2 α:β DNA was transfected for a 
total of 1µg of DNA per mL of cell culture. For MAdCAM-1 and ICAM-1 a total of 1µg of 
DNA per mL of cell culture was used for transfection. Cells were grown to a concentration of 7-
10 x 106 cells/mL at 37°C, 8% CO2, and 90% humidity. The day of transfection, cells were split 
to 6 x 106 cells/mL and allowed to recover for 2-4 hours. Cells were then transfected according 
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to manufacturer recommendations using Expifectamine CHO and grown overnight at 37°C, 8% 
CO2, and 90% humidity. The next day, cells were given Enhancer and Feed according to 
manufacturer recommendations and shifted to 32°C, 5% CO2, and 90% humidity to support 
protein expression. Five days post-transfection, cells were given a second dose of Feed according 
to manufacturer recommendations. 8-10 days post-transfection, cells were harvested via 
centrifugation for 15 minutes at 4°C and 1000xg. The cell supernatant containing secreted 
protein was further clarified for 20 minutes at 4°C and 30000xg and diluted 2:1 into HisTrap 
Binding Buffer (20mM NaPO4, 500mM NaCl, 20mM imidazole, pH 7.4). The clarified 
supernatant was flowed over a 5mL HisTrap FF Crude column (Cytiva) equilibrated in HisTrap 
Binding Buffer using an ÄKTA Pure 25 L1 FPLC system. Bound protein was eluted in HisTrap 
Elution Buffer (20mM NaPO4, 500mM NaCl, 500mM imidazole, pH 7.4). Fractions containing 
protein according to A280 were pooled, concentrated to 500µL, and buffer-exchanged into 
integrin storage buffer (20mM Tris-HCl pH 7.4, 150mM NaCl, 1mM MgCl2, 1mM CaCl2) using 
an Amicon Ultra-15 concentrator (Millipore) with a 10kDa cutoff. For clasped integrin proteins 
and ICAM-1, the concentrate was then purified via gel filtration chromatography using a 
Superdex 200 Increase 10/300 SEC column (Cytiva) equilibrated with integrin storage buffer. 
Peak fractions containing integrin according to SDS-PAGE were pooled, concentrated to 
2mg/mL, snap frozen in 10% (v/v) glycerol and stored at -80°C. For MAdCAM-1 and unclasped 
integrins, 1:10 (w/w) of 3C protease was added to the protein concentrate and incubated 
overnight with end-over-end rotation at 4°C. The next day the cleaved protein was further 
purified via gel filtration chromatography, concentrated, and stored as was done with the clasped 
protein. 

Human Fc-tagged E-cadherin ectodomain was expressed and purified similarly to 
integrin and MAdCAM-1 constructs. Ectodomains were expressed in ExpiCHO cells according 
to the “Max Titer'' manufacturer recommendations using a total of 1µg of DNA per mL of cell 
culture. Cells were fed and harvested and supernatants were clarified as with the integrin 
constructs. Supernatant was diluted 2:1 in HiTrap binding buffer (50mM Tris-HCl pH 7.4, 
150mM NaCl, 3mM CaCl2) and flowed over a 1mL HiTrap Protein G HP column (Cytiva) 
equilibrated in HiTrap binding buffer. The column was washed with 10 volumes of HiTrap 
binding buffer, and protein was eluted with 100mM glycine-HCl, pH 2.7 into 1M Tris-HCl, pH 
9.0 to neutralize. Eluate was pooled and concentrated to 500µL and was then further purified via 
size exclusion chromatography on a Superdex 200 Increase 10/300 SEC column (Cytiva) 
equilibrated in 50mM Tris-HCl pH 7.4, 150mM NaCl, 3mM CaCl2. Peak fractions were pooled, 
concentrated to 2mg/mL, snap frozen with 10% (v/v) glycerol and stored at -80°C. 

EC12 was expressed and purified as previously described(306) with slight modifications. 
Briefly, BL21 DE3 cells containing the expression plasmid were grown to an OD600 of 0.6, 
induced with 0.1mM IPTG, and incubated with shaking overnight at 18°C. The following day 
cells were harvested at 4000xg for 30 minutes at 4°C and resuspended in 10mL/L of cell culture 
in EC12 binding buffer (500mM NaCl, 20mM Tris-HCl pH 7.4, 3mM CaCl2, 20mM imidazole) 
with EDTA-free cOmplete protease inhibitor cocktail (Roche). The cells were lysed via 
sonication on ice for 3 minutes and the lysate was clarified for 30 minutes at 4°C, 20000xg. The 
lysate was flowed over a 1mL HisTrap FF Crude column (Cytiva) equilibrated in EC12 Binding 
Buffer and washed with 10 CV of EC12 Binding Buffer. Bound protein was eluted in 500mM 
NaCl, 20mM Tris-HCl pH 7.4, 3mM CaCl2, 250mM imidazole. Peak fractions were pooled and 
concentrated using an Amicon Ultra-15 concentrator (Millipore) with a 10kDa cutoff. The 
concentrate was dialyzed overnight at 4°C into 4L of 50mM Tris-HCl pH 7.4, 150mM NaCl, 
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3mM CaCl2 with 250 units of 6xHIS-tagged SUMO protease (ThermoFisher) for scar-free 
SUMO tag cleavage. The following day the dialysate was run over a 1mL HisTrap FF Crude 
column to remove the protease and unprocessed EC12. The dialysate was then further purified 
via gel filtration chromatography on a Superdex 75 Increase 10/300 GL (Cytiva). Peak fractions 
containing EC12 were pooled, concentrated to 2mg/mL, and snap frozen in 10% v/v glycerol. 
We attempted to express C-terminally HIS-tagged EC12 in mammalian cell culture but proteins 
consistently precipitated following HisTrap elution. 

Recombinant 6XHIS-tagged integrin I domains (α2 and AncI) were expressed and 
purified from BL21 DE3 LOBSTR cells. Cells containing the expression plasmid were grown to 
an OD600 of 0.6, induced with 0.1mM IPTG, and incubated with shaking overnight at 18°C. The 
following day cells were harvested at 4000xg for 30 minutes at 4°C and resuspended in 10mL/L 
of cell culture in 20mM NaPO4, 500mM NaCl, 20mM imidazole, pH 7.4, 1% Triton X-100, 
EDTA-free cOmplete protease inhibitor cocktail (Roche), and 0.5 mM PMSF added immediately 
before resuspension. Following an hour of 4°C incubation, the lysate was flowed over a 1mL 
HisTrap Excel column (Cytiva) equilibrated in 20mM NaPO4, 500mM NaCl, 20mM imidazole, 
pH 7.4. I domains were eluted in in 20mM NaPO4, 500mM NaCl, 500mM imidazole, pH 7.4 in 
1mL fractions. Peak fractions were pooled, concentrated to 500µL using an Amicon Ultra-15 
concentrator (Millipore) with a 10kDa cutoff, and further purified or analyzed via gel filtration 
chromatography on a Superdex 200 Increase 10/300 GL (Cytiva) equilibrated in integrin storage 
buffer. I domain-containing fractions were concentrated to 10mg/mL in integrin storage buffer, 
snap-frozen in 10%v/v glycerol, and stored at -80°C. 

 
2.5.3 Negative-stain EM sample preparation.  
 

Integrin αEβ7 was diluted to a final concentration of between 2 and 20µg/mL in buffer 
containing 20mM Tris-HCl pH 7.4, 150mM NaCl, and ion concentrations indicated in Fig. S2.4. 
3µL of integrin was applied to a glow-discharged 400 mesh copper glider grid (Ted Pella) that 
had been covered with a thin layer of continuous amorphous carbon. AncI was diluted to 
10µg/mL in integrin storage buffer and applied to grids in a similar way to αEβ7. The grids were 
stained with a solution containing 2% (w/v) uranyl formate as previously described(315). 

 
2.5.4 Negative-stain EM data acquisition and processing.  
 

Data were acquired using a Thermo Fisher Scientific Talos L120C transmission electron 
microscope operating at 120 kV and recorded on a 4k x 4k Thermo Scientific Ceta camera at a 
nominal magnification of 92000x with a pixel size of 0.158 nm. Leginon(316) was used to 
collect 373 (αEβ7 5mM CaCl2), 373 (αEβ7 1mM MgCl2, 1mM CaCl2), 320 (αEβ7 1mM 
MnCl2), or 311 (AncI) micrographs at a nominal range of 1.5-2.5 µm under focus and a dose of 
approximately 50 e-/Å2. 

Similar processing pipelines were used for all negative stain datasets. Micrographs were 
processed using cryoSPARC(317). CTF estimation was done using Patch CTF. Initially, 758281 
(αEβ7 5mM CaCl2), 736876 (αEβ7 1mM MgCl2, 1mM CaCl2), 629410 (αEβ7 1mM MnCl2), or 
621999 (AncI) particles were picked in a reference-free manner using blob picker in 
cryoSPARC. The particle picks were subjected to 1 round of particle curation and 1 round of 2D 
classification followed by 2D class selection for a final particle count of 17971 (5mM CaCl2), 
9092 (1mM MgCl2, 1mM CaCl2), 18552 (1mM MnCl2), or 56638 (AncI) contributing to 2D 
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classes. The 10 clearest integrin classes for each buffer condition were chosen based on the 
visibility of the I domain and headpiece region. 

 
2.5.5 cryoEM sample preparation.  
 

The apo α4β7 protein was diluted 1:10 in non-activating buffer (20mM Tris-HCl pH 7.4, 
150mM NaCl, 5mM CaCl2) to a final concentration of 0.2mg/mL. The RRtoGG αEβ7 
ectodomain was diluted 1:10 in non-activating buffer and incubated with digested LF61 Fab 
(Invitrogen) at a 1:4 molar ratio for 45 minutes at room temperature with end-over-end mixing. 
The integrin:Fab complex was subject to size exclusion chromatography in non-activating buffer 
and complex peaks were concentrated to 0.25 mg/mL. The wildtype αEβ7 ectodomain was 
diluted 1:10 in activating buffer (20mM Tris-HCl pH 7.4, 150mM NaCl, 1mM MnCl2)(26, 153, 
318, 319) and incubated with EC12 at a 1:4 molar ratio for 45 minutes at room temperature with 
end-over-end mixing. The integrin:ligand complex was subject to size exclusion chromatography 
in activating buffer and complex peaks were concentrated to 1 mg/mL. Immediately before 
freezing, stock CHAPS detergent was added to the integrin:ligand complex to a final 
concentration of 0.05% (v/v). The α4β7:MAdCAM-1 complex was formed and prepared in the 
same way as αEβ7:EC12. Following dilution and complex formation steps, all samples were 
frozen with similar conditions. 3µL of protein was applied to Quantifoil grids (EMS) that were 
glow-discharged for 30s at 15 mA. The grids were blotted with a Vitrobot Mark IV 
(ThermoFisher) using a blot time of 3-7s and blot force of 4-5 at 100% humidity and 4°C. Grids 
were plunge-frozen in liquid ethane cooled by liquid nitrogen and stored in liquid nitrogen. 

 
2.5.6 CryoEM data acquisition and processing.  
 

The details of datasets and processing pipelines are outlined in Table 2.1, Fig. S2.1 
(α4β7:MAdCAM-1), Fig. S2.3 (apo α4β7), Figs. S2.5 and S2.6 (αEβ7:LF61 Fab) and Fig. S2.7 
(αEβ7:EC12). All datasets were collected on a Glacios cryo-transmission electron microscope 
(ThermoFisher) operating at 200 kV and recorded with a Gatan K3 Direct Detection Camera. 
Automated data collection was carried out using SerialEM(320). One hundred-frame movies 
were recorded in super-resolution counting mode at a nominal magnification of 36000x 
corresponding to a calibrated super-resolution pixel size of 0.561 Å/px. Each dataset was 
collected with a nominal defocus range of 1.2-1.8 µm under focus and a dose of approximately 
50 e-/A2. 

Dose fractionated super-resolution movies were motion-corrected and binned 2x2 by 
Fourier cropping using MotionCor2(321) within the RELION(322) wrapper. From there, motion-
corrected stacks were further processed in cryoSPARC according to each processing pipeline. 
Briefly, particles were picked using the blob picker, subjected to multiple rounds of 2D and/or 
3D classification using ab initio and heterogeneous refinement using initial models generated 
from the data, and further refined with non-uniform and local refinement. Masks for local 
refinements were generated using UCSF ChimeraX(323) and cryoSPARC. Map sharpening was 
performed using the Cosmic2(324) server wrapper of DeepEMhancer(325) with the high 
resolution setting. Local resolution estimation was performed in cryoSPARC. 3D FSC(326) plots 
were generated from https://3dfsc.salk.edu/. 

CryoSPARC was used for all motion and variability analyses. We used the cluster setting 
in 3D Variability Analysis(299) followed by homogeneous and heterogeneous refinement to sort 
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the αEβ7:LF61 Fab particles into open or closed I domain states. Maps showing the 
conformational range of the internal-liganded β7 leg in the Fab-bound structure (Fig 2.2G) were 
generated using 3D Classification in PCA mode. We generated the volume series showing the 
continuous motion of the β7 in ligand-bound structures using 3DFlex(327). All map 
visualizations (images and movies) were generated and recorded using UCSF ChimeraX. 

 
2.5.7 Model Building.  
 

For the Fab-bound initial αEβ7 model we used an Alphafold2(309) model of αE and 
PDB: 3V4P(288), Chain B for β7. We predicted the LF61 Fab residues using ModelAngelo(328) 
and fit them into mouse IGg1 constant residue sequences. The initial models were manually fit 
into the density using UCSF ChimeraX, followed by dock-in-map in Phenix(329). For the initial 
αEβ7:EC12 model we used the Alphafold2 αE model, a homology model of β7 built in SWISS-
MODEL(330) using PDB: 7NWL(14), chain B as the reference, and PDB: 4ZT1(331), Chain A 
for EC12. We generated the initial α4β7:MAdCAM-1 model using Alphafold-Multimer(332). 

Models were manually adjusted in an iterative way between COOT(333) and 
ISOLDE(334) within UCSF ChimeraX. The β7 hybrid domain was flexibly fit into the ligand-
bound models using ISOLDE. The αEβ7:LF61 Fab model was refined using the closed I domain 
map. Glycans were built manually in COOT using the “Carbohydrate” module. Models were 
built using a combination of the non-uniform and locally-refined, unsharpened and sharpened 
maps. Rosetta(335) was used to depict secondary structure. All maps used for model building 
have been deposited. 

Electrostatic molecular interactions were determined using the PISA server(336). RMSD 
calculations for the βI domain were done in ChimeraX using the “matchmaker” function with β7 
residues V133-S369. 

B factor analyses were done as in Jin et al. 2024(115). Briefly, b factors were calculated 
from Phenix Real-space Refine(329) and normalized to the most stable region of the αE 
headpiece, the beta-propellor. Graphics were generated by coloring models by b factors in UCSF 
ChimeraX. 

 
2.5.8 System setup for molecular dynamics simulations.  
 

To understand the ancestral conformational dynamics of the integrin I domain, we 
simulated a representative sample of integrin I domains (αE, αL, α2, Petromyzon marinus 
XP_032834731), sister clade collagen-derived vWFA domains (co6a6 800-988, co6a5 433-618, 
coea1 1024-1210, VWA1 29-211), RPN10 to be used as a distant outgroup, and the ancestral 
reconstruction AncI (described in the following sections). The initial coordinates of the studied I 
domains were obtained from the cryo-EM model (αE: this study), prior crystal structures (αL: 
3F74(337), α2: 5HJ2(338), RPN10: 5LN1(339)), AlphaFold2 (XP_032834731) or 
AlphaFold3(340) predicted models (co6a6 800-988, co6a5 433-618, coea1 1024-1210, VWA1 
29-211). AlphaFold3 predicted models were generated using the online web server 
(alphafoldserver.com) and AlphaFold2 predictive models were generated in Colabfold(341). The 
proteins were solvated in a periodic truncated octahedron with OPC water molecules and 
150mM NaCl. One magnesium, manganese, or calcium ion was placed in the αMIDAS site. For 
RPN10, no additional ion was modeled.  
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To investigate the effect of amino acid substitution on the internal ligand, we modeled 
truncated integrin systems of αLβ2 bound with ICAM-1 and αEβ7 bound to E-cadherin. In all, 
the truncated models contain the respective α subunit β-propeller, α subunit I-domain, and β-
subunit I-domain. The initial model for αLβ2 was generated by combining SWISS-MODEL 
homology models of the open β2 subunit using β7 as a template (this study), the open αL subunit 
using PDB: 4NEH(172) as a template, and the ICAM-1-bound αL I domain (PDB 1MQ8(173)). 
The cryoEM structure αEβ7 bound to E-cadherin was used as the initial model. Both systems 
were solvated in a periodic truncated octahedron with OPC water molecules and 150mM NaCl. 4 
manganese ions were added to the αMIDAS, MIDAS, ADMIDAS, and SyMBS coordinating 
sites. 3 calcium ions were added to the calcium binding sites of the α subunit. 

 
2.5.9 Molecular dynamics protocols. 
 

All simulations were performed using OpenMM 7.7.0 (I-domain systems)(342) or 
OpenMM 8.2.0(343) (integrin headpiece systems) employing AMBER19ffSB force field(344), 
OPC water model, and 12-6-4 Li Merz ion parameters(345). Prior to production, systems were 
energy minimized for 20,000 steps and equilibrated at 298K (I-domain systems) or 310K 
(integrin headpiece systems) with backbone atoms harmonically restrained by a 5 kcal/mol*Å2 
force constant for 10 ns. Langevin dynamics was performed using a Langevin integrator with an 
integration timestep of 4 fs and collision rate of √2 ps-1 and hydrogen mass repartitioning(346). 
Pressure was maintained using a Monte Carlo barostat with an update frequency of 100 steps. 
Nonbonded interactions were calculated with a distance cutoff of 10Å. Trajectory snapshots 
were saved every 100 ps during production simulations. Trajectory lengths and number of 
replicates of each simulated system are listed in Table S2.2. Simulations were performed on 
either the Fred Hutch Cancer Center clusters on Nvidia GTX 2080 or in-house workstations on 
Nvidia GTX 3090.  

Trajectories were processed using in-house scripts utilizing CPPTRAJ 6.18.1(347) and 
MDTraj 1.10.2(348) packages. For Fig. 2.4C and Fig. S2.10, RMSD and RMSF measurements 
were performed on Cα atoms using the initial structure as the reference and considered the last 
2.0µs of each simulation trajectory. For Fig. 4D, UMAP dimensionality reduction was performed 
using the UMAP 0.5.6 python package(349). Backbone torsion angles (phi, psi, and omega) were 
used as features for UMAP with the following parameters: n_neighbors = 200, max_dist = 0.99. 
For Fig. 5C and Fig. 5E, the last 0.8µs of production simulations were considered. To calculate 
positional displacement (no-fit RMSD) of the internal ligand and helix α7 of the β subunit, 
structures were first superpositioned by Cα of the β subunit. For the internal ligand, the Cα atoms 
for 2 residues before and after the MIDAS coordinating glutamate residue (or equivalent 
position, 5 residues total) were considered for RMSD analysis. For helix α7 of the β subunit, β2 
residues 348 to 363 or β7 residues 375 to 389 Cα atoms were used. 25 clusters from each 
conformational landscape were generated using a KMeans algorithm implemented in scikit learn 
1.5.0 (Fig. S2.12).  

 
2.5.10 Bio-Layer Interferometry (BLI).  
 

Assays were performed on an Octet Red (ForteBio) instrument at 25°C with shaking at 
1,000 RPM. Protein A biosensors were hydrated in activating buffer with the addition of 0.1% 
BSA and 0.02% Tween-20 (BLI buffer) for 15 min. Fc-tagged E-cadherin ectodomain was 
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loaded at 20 μg/mL in BLI buffer until a threshold of 1.2nm was reached. A baseline 
equilibration step was performed in BLI buffer for 2 min. Association of αEβ7 in BLI buffer at 
various concentrations in a two-fold dilution series from 500nM to 16.125nM was carried out for 
600 s prior to dissociation for 600 s. The data were baseline subtracted prior to fitting performed 
using a 1:1 binding model and the ForteBio data analysis software. Mean KD values were 
determined with a global fit applied to all data from three independent replicates. A 
representative sensorgram of the three replicates is displayed in the relevant figure. 

 
2.5.11 Sequence curation and Hidden Markov Model (HMM) searching.  
 

Protein sequences for all human integrin subunits were curated in the NCBI database 
wrapper within Geneious Prime. Representative I domain sequences from tunicates were curated 
using BLAST with a urochordate taxon restriction and human αL as a search query. Hidden 
Markov Model (HMM) searching of UniProtKB was performed on the online HMMER server 
from the European Bioinformatics Institute(350) with the full integrin I domain alignment as an 
initial query. Since no sequences containing the internal ligand I/LEGT motif were found, we 
restricted our search to include exclude this region of the I domain alignment and included only 
results from representative species of human, coelacanth, echinoderms and Branchiostoma. 
Sequences with an individual E-value of less than 1e-30 were considered hits and used for 
subsequent alignment and phylogenetic analyses. 

 
2.5.12 Sequence alignments.  
 

All protein sequence alignments were generated using the default MUSCLE 
algorithm(351) and visualized using Geneious Prime. Alignments were further curated manually 
to remove large gaps and sequences with low quality. Sequence alignments are available as 
supplemental text files in FASTA or PHYLIP format with the following names: Alignment of all 
human α subunits (Data S1 in online publication) except αE which was excluded due to an extra 
“X” domain preceding the I domain that is unique to αE, Alignment of integrin I domains across 
humans and tunicates used for HMM search and ancestor reconstruction (Data S3 in online 
publication), Alignment of all hits from HMM search (Data S4 in online publication), Alignment 
of expanded integrin clade encompassing I domain integrins and near neighbors (Data S5 in 
online publication). Sequence names are provided as protein names, NCBI accession numbers, 
Uniprot or ENSEMBL identifiers or Aniseed Transcript IDs. 

 
2.5.13 Flow Cytometry 
 

HEK293T cells were passaged in 10cm tissue culture-treated plates every 2-3 days in 
DMEM+L-glutamine supplemented with 10% FBS and 1% Pen-strep. For integrin activation 
and ligand binding experiments, HEK293T cells were transfected in 6-well tissue culture-treated 
plates at 70% confluence using Lipofectamine 2000 according to manufacturer’s instructions. 
Each well was transfected with 2.5µg of a 1.5:1 ratio mixture of DNA encoding the αL variants 
and β2 wildtype genes, respectively. Cells were washed 24 hours after transfection and fresh 
media was applied. Cells were trypsinized and washed 36 hours after transfection and harvested 
for subsequent experiments. 
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For integrin activation experiments, each well of cells was centrifuged for 5 minutes at 
500xg, washed with warmed 20mM Tris-HCl pH 7.4, 150mM NaCl centrifuged again and 
resuspended in 500µL of either 20mM Tris-HCl pH 7.4, 150mM NaCl, 5mM EDTA or 20mM 
Tris-HCl pH 7.4, 150mM NaCl, 1mM MgCl2  + 1mM MnCl2. Following a 30 minute rocking 
incubation at 37°C, 1µL of each FIT-C TS2/4 and APC m24 antibody (BioLegend) was added to 
each cell suspension. Cells were incubated for one hour, washed with 1mL and resuspended in 
100µL of the appropriate buffer, and placed on ice for flow analysis. >10000 cells for each 
condition were analyzed on either a BD FACSCanto II or FACSymphony A5. The presence of 
FITC and APC were measured based on an unstained wildtype integrin control from the same 6-
well plate. Each condition was repeated 3 times. 

For ligand binding assays, 2x106 cells from each well were centrifuged for 5 minutes at 
500xg, washed with warmed 20mM Tris-HCl pH 7.4, 150mM NaCl centrifuged again and 
resuspended in 500µL of 20mM Tris-HCl pH 7.4, 150mM NaCl, 1mM MgCl2  + 1mM MnCl2. 
Following a 30 minute rocking incubation at 37°C, purified HIS-tagged ICAM-1 ectodomain 
was added to each cell suspension to a final concentration of 20µg/mL. Cells were incubated 
another hour at 37°C, washed with ice-cold buffer and resuspended in 100µL buffer with 1µL of 
each FIT-C TS2/4 and iFluor647 anti-HIStag antibody. Following a 1 hour incubation at 4°C 
cells were washed with ice-cold buffer and resuspended on ice in 100µL buffer. >10000 cells for 
each condition were analyzed on a BD FACSCanto II. The presence of FITC and iFluor647 were 
measured based on an unstained wildtype integrin control from the same 6-well plate. The 
percentage of iFluor647-positive cells was normalized to the wildtype control. Each condition 
was repeated 3 times. 

 
2.5.14 Phylogenetic Analysis.  
 

All phylogenetic trees were generated using a maximum likelihood framework within IQ-
TREE(352). Substitution models for each alignment were estimated with IQ-TREE. Both 1000 
ultrafast bootstrap and SH-aLRT replicates are displayed as branch support statistics, also 
generated in IQ-TREE. Trees were visualized in FigTree(353). 

 
2.5.15 Ancestral Sequence Reconstruction 
 
 In order to reconstruct the ancestral I domain sequence, we curated and manually edited an 
amino acid alignment of I domains from integrins in both vertebrate and urochordate lineages 
with the closely related cephalochordate collagen vWFA domain as the outgroup. Maximum 
likelihood-based ancestral reconstruction was carried out using the codeml package in PAML 
4.8(308), and the marginal reconstruction at each site was used as the AncI sequence. 
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2.6 Supplemental Information  
 

Supplemental Figure 2.1. Data processing schematic for the α4β7:MAdCAM-1 complex. (A) A flowchart for 
the data processing pipeline of α4β7:MAdCAM-1. Both the global and local refinements were used for model 
building. (B) Size exclusion chromatography traces showing peak shift for ligand-bound integrin, with SDS-PAGE 
of the protein complex fraction shown below. (C) Representative micrograph with 210nm scale bar, (D) 
orientational distribution plot, and (E) gold-standard Fourier Shell Correlation (GSFSC) plot for the globally refined 
map.  
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Supplemental Figure 2.2. The molecular interface between integrin α4β7 and MAdCAM-1. (A) MAdCAM-1 
(purple) binding within the α4β7 groove is stabilized by contacts with both α4 (green, top) and more extensively 
with β7 (blue, bottom). (B) The PISA server was used to determine electrostatic interactions in the α4β7:MAdCAM-
1 complex model (C) MAdCAM-1 undergoes a conformational shift upon binding to α4β7. The D strand in the first 
Ig-like domain of MAdCAM-1 is shown in high opacity for both our structure (purple) and the crystal structure 
(orange, PDB 1GSM). The conformation of the D strand in the crystal structure of MAdCAM-1 alone would 
sterically clash with our integrin density. (D) An integrative model for how α4β7-expressing immune cells 
structurally identify surveillance sites, slow to roll, and eventually firmly adhere along the gut endothelium. 
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Supplemental Figure 2.3. Integrin α4β7 has a novel compact state. (A) A flowchart for the data processing 
pipeline of apo α4β7. (B) The molecular model of the α4β7 headpiece. (C) Representative micrograph with 210nm 
scale bar, (D) orientational distribution plot, and (E) gold-standard Fourier Shell Correlation (GSFSC) plot for the 
apo α4β7 structure. (F) Unlike integrin α5β1, the compact half-bent state of α4β7 has a significant rotation (40°) at 
the headpiece mediated by contacts between the two subunits. This may contribute to binding to MAdCAM-1, 
which binds α4β7 perpendicular compared to how α5β1’s ligand fibronectin binds84. 
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Supplemental Figure 2.4. Integrin αEβ7 occupies canonical conformations. Negative stain electron microscopy 
(nsEM) 2D class averages of integrin αEβ7 in buffers of varying ions show that αEβ7 samples conformations like 
those previously described for other integrins. The I domain is clearly resolved in each class, however unlike other 
integrins the lower leg regions remain unclear in negative stain. 
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Supplemental Figure 2.5. Data processing schematic for the αEβ7:LF61 Fab complex. (A) A flowchart for the 
data processing pipeline of αEβ7:LF61 Fab. High-quality particles were sorted into two major classes; those that 
have an open I domain and those that have a closed I domain. The closed I domain structure, shown on the right 
with local resolution estimates, was used to model the inactive αEβ7 conformation. The open structure is shown 
below. (B) Representative micrograph with 210nm scale bar, (C) orientational distribution plot, (D) gold-standard 
Fourier Shell Correlation (GSFSC) plot for the globally refined closed I domain map. (E) The model of the open I 
domain structure for αEβ7. (F) Glycan residues and domains within the αEβ7:LF61 model. (G) 3D classification 
details for the classes presented in Figure 2.5G. The “Open I domain” particles (shown in panel A) were 
subclassified into 20 classes without alignments. Five representative classes with varying β7 leg positions from this 
classification were used as initial models for a subsequent classification using 3D heterogeneous refinement. Finally, 
each class was refined to high resolution via non-uniform refinement. The β7 hybrid domain was rigid-fit in each 
map to calculate leg flexibility. (H) 3D variability processing schematic for the volume series presented in figure 
2.5H. 
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Supplemental Figure 2.6. Large-scale and small scale movement characterization of apo αEβ7. (A) The model 
of the open I domain structure for αEβ7. (B) Glycan residues and domains within the αEβ7:LF61 model. (C) 3D 
variability processing schematic for the volume series presented in figure 2.5H. (D) 3D classification to illustrate the 
large scale movement of the beta-leg relative to the β7 βI domain. The “Open I domain” particles shown in Fig. S2,5 
were subclassified into 20 classes without alignments. Five representative classes with varying β7 leg positions from 
this classification were used as initial models for a subsequent classification using 3D heterogeneous refinement. 
Finally, each class was refined to high resolution via non-uniform refinement. The β7 hybrid domain was rigid-fit in 
each map to calculate leg flexibility.  
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Supplemental Figure 2.7. Data processing schematic for the αEβ7:EC12 complex. (A) Flowchart for the data 
processing pipeline of αEβ7:EC12. Both the global and local refinements were used for model building. (B) Size 
exclusion chromatography traces showing peak shift for ligand-bound integrin, with SDS-PAGE of the protein 
complex fraction shown below. (C) Representative micrograph with 210nm scale bar, (D) orientational distribution 
plot, and (E) gold-standard Fourier Shell Correlation (GSFSC) plot of the globally refined map. 
 
  



 49 

 
Supplemental Figure 2.8. Molecular features of the open integrin αEβ7. (A) Electrostatic interactions in the 
αEβ7:EC12 complex model between the αE I domain and EC1. (B) The interface between αEβ7 and E-cadherin is 
composed primarily of a central hydrophobic residue, F298, that is surrounded by electrostatic interactions. Views 
are 180° rotations. (C) The N321 glycosylation on the αE I domain contributes to ligand binding. (D) The open 
structure of the αE I domain α7 helix. (E) Despite extensive structural changes within the I domain, the location of 
the I domain relative to the rest of the integrin molecule remains the same when ligand-bound. (F) Extensive low-
strength contacts stabilize the I domain’s internal ligand in either the apo closed state (left) or ligand-bound open 
state (right). 
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Supplemental Figure 2.9. Evolutionary origins of the integrin I domain. (A) A phylogenetic reconstruction of 
vWFA domains with close homology to the integrin αI domain was generated in IQ-TREE. Blue box indicates 
subregion of tree presented in Figure 2.4A. (B) A phylogenetic tree of curated I domain sequences used for ancestral 
sequence reconstruction. UNIPROT C3YQB2 was used as a representative cephalochordate outgroup sequence. 
Node values are displayed as “ultrafast bootstrap/SH-aLRT”. 
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Supplemental Figure 2.10. Molecular dynamics simulations reveal conserved dynamics in vWFA domains. 
(A) Root mean square fluctuation (RMSF) of 10 simulated vWFA proteins with either Mg2+ (red), Mn2+ (blue), or 
Ca2+ (green) bound in the MIDAS site. For RPN10, no ion was bound. (B) RMSD calculation of the simulated 
vWFA proteins. Color represents the cation bound in the MIDAS site (Mg2+, red; Mn2+, blue; Ca2+, green). Regions 
calculated, from left to right, all Cα atoms, ion coordinated loops, and sites of conformational change and colored 
magenta in the structure. Error bars represent standard error. For both (A) and (B), values are averaged across 10 
independent replicates of 2.4µs long with only the last 2.0µs used for analysis and the initial simulation structure 
used as the reference. 
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Supplemental Figure 2.11. Phylogenetic and structural analyses of the internal ligand origin. (A) Phylogenetic 
tree of I domain-containing and related integrins. A small clade of genes unique to cephalochordates are the direct 
sisters of the I domain integrins. Node values are displayed as “ultrafast bootstrap/SH-aLRT”. (B) Alignment of the 
loop region between the second and third propellor blade domains of the I domain and related integrins. The direct 
cephalochordate outgroup contains a VDGT motif sequentially homologous to the I domain internal ligand, while 
the broader family also encompassing the α4/α9 clade contains a conserved acidic residue akin to the essential ion-
coordinating glutamate in the internal ligand. Red square indicates the internal ligand in extant integrins. The black 
square indicates the structural internal ligand pocket that is largely diverged between I domain integrins and their 
outgroups. (C) Gating strategy used to determine FITC+ and APC+ cells in flow cytometry. Top left: Single cell 
gating. Top middle: FITC+ gating, negative control. Top right: FITC+ gating, positive control. Bottom middle: 
APC+ gating, negative control. Bottom right: APC+ gating, positive control. (D) Structural homology model of the 
cephalochordate sister clade I domain-less integrin. The VDGT motif is too distant to the βMIDAS to perform ion 
coordinating activities, and is thus more likely involved in ligand binding. 
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Supplemental Figure 2.12. Conformational landscape of αLβ2-ICAM-1 and αEβ7-E-cadherin headpiece 
domains.  
Raw conformational landscape projected on the reaction coordinates of the positional deviation (no-fit RMSD) of 
the internal ligand and α7 helix of the β subunit clustered in 25 KMeans clusters.  
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Supplemental Figure 2.13. Map quality and validation metrics. Representative map-model fits of the same β7 
ion coordination region (left), map-model FSC curves (top right), and 3DFSC curves (bottom right) for (A) the apo 
α4β7, (B) the α4β7:MAdCAM-1 complex, (C) the αEβ7 apo closed I domain, (D) the αEβ7 apo open I domain (as 
expected, the density for the αE internal ligand is relatively weak at this high threshold), and (E) the αEβ7:E-
cadherin complex with stronger internal ligand density. In all figures: β subunits are blue; α subunits are green; 
MAdCAM-1 is purple; E-cadherin is pink.  
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Table S2.1. Collection, refinement and validation statistics for cryoEM density maps and models. Collection 
details for all cryoEM maps presented in the text are shown above, and validation statistics for the models 
subsequently generated from those maps are shown below. 
 

 αEβ7:LF61 
Closed I domain 
(EMDB-xxxx) 
(PDB xxxx) 

αEβ7:LF61 
Open I domain 
(EMDB-xxxx) 
(PDB xxxx) 

αEβ7:EC12 
(EMDB-
xxxx) 
(PDB xxxx) 

α4β7:MAdCAM-1 
(EMDB-xxxx) 
(PDB xxxx) 

apo α4β7 
(EMDB-
xxxx) 
(PDB xxxx) 

Data collection and 
processing 

     

Magnification    36000x 36000x 36000x 36000x 36000x 
Voltage (kV) 200 200 200 200 200 
Electron exposure (e–
/Å2) 

50 50 50 50 50 

Defocus range (μm, 
nominal) 

1.2-1.8 1.2-1.8 1.2-1.8 1.2-1.8 1.2-1.8 

Pixel size (Å) 1.122 1.122 1.122 1.122 1.122 
Symmetry imposed C1 C1 C1 C1 C1 
Initial particle images 
(no.) 

4,165,890 4,165,890 5,307,702 914,572 1,175,464 

Final particle images 
(no.) 

402,099 379,901 487,193 188,443 202,130 

Map resolution (Å) 
    FSC threshold 

2.92 
0.143 

2.93 
0.143 

3.37 
0.143 

3.05 
0.143 

3.20 
0.143 

Map resolution range 
(Å) 

2.5-10.2 2.5-16.8 2.8-10.9 2.5-46.5 2.7-47.6 

      
Refinement      
Initial model used 
(Alphafold or PDB 
code) 

Alphafold 
PDB: 3V4P 

αEβ7:EC12 Alphafold 
PDB: 7NLW, 
4ZT1 

Alphafold-
multimer 

Alphafold 

Model resolution (Å) 
    FSC threshold 

2.92 
0.143 

 
0.143 

3.37 
0.143 

3.05 
0.143 

3.20 
0.143 

Model resolution range 
(Å) 

2.5-10.2  2.8-10.9 2.5-46.5  

Model composition 
    Non-hydrogen atoms 
    Protein residues 
    Carbohydrates 

 
8933 
1135 
22 

 
8986 
1147 
18 

 
9792 
1250 
18 

 
9150 
1162 
22 

 
7447 
960 
0 

B factors (Å2) 
    Protein 
    Ligand 

 
113.5 
N/A 

 
71.4 
N/A 

 
119.7 
N/A 

 
87.1 
N/A 

 
66.14 
N/A 

R.m.s. deviations 
    Bond lengths (Å) 
    Bond angles (°) 

 
0.012 (11) 
1.949 (52) 

 
0.005 (0) 
0.662 (4) 

 
0.012 (12) 
2.038 (61) 

 
0.012 (10) 
2.048 (73) 

 
0.007 (2) 
0.748 (9) 

 Validation 
    MolProbity score 
    Clashscore 
    Poor rotamers (%)    

 
0.78 
0.17 
0.21 

 
1.69 
4.79 
1.35 

 
0.82 
0.05 
0.09 

 
0.97 
0.22 
0.20 

 
2.13 
14.69 
0.61 

 Ramachandran plot 
    Favored (%) 
    Allowed (%) 
    Disallowed (%) 

 
96.63 
3.19 
0.18 

 
95.00 
5.00 
0 

 
95.73 
3.95 
0.32 

 
94.37 
5.55 
0.09 

 
92.68 
7.32 
0.00 
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Table S2.2. Molecular dynamics systems simulated in this study. Trajectory lengths and number of replicates of 
the simulated systems and respectively ligands are shown below.  
 

System Ligand Initial Model Replicates Trajectory Length 
(per replicate, μs) 

Integrin headpiece   
αEβ7 E-cadherin This study 4 1.0 
αEβ7_E372D E-cadherin This study 4 1.0 
αEβ7_E372A E-cadherin This study 4 1.0 
     
LFA1 ICAM-1 Homology model 6 1.0 
LFA1_IDGT ICAM-1 Homology model 6 1.0 
LFA1_VDGT ICAM-1 Homology model 6 1.0 
LFA1_IAGT ICAM-1 Homology model 6 1.0 
LFA1_SNTD ICAM-1 Homology model 6 1.0 
LFA1_GRPQ ICAM-1 Homology model 6 1.0 
     
I domain 
αE Mg2+ This study 10 2.4 
αE Mn2+ This study 10 2.4 
αE Ca2+ This study 10 2.4 
αL Mg2+ PDB: 3F74 10 2.4 
αL Mn2+ PDB: 3F74 10 2.4 
αL Ca2+ PDB: 3F74 10 2.4 
α2 Mg2+ PDB: 5HJ2 10 2.4 
α2 Mn2+ PDB: 5HJ2 10 2.4 
α2 Ca2+ PDB: 5HJ2 10 2.4 
XP_032834731 Mg2+ Alphafold2 10 2.4 
XP_032834731 Mn2+ Alphafold2 10 2.4 
XP_032834731 Ca2+ Alphafold2 10 2.4 
co6a6 Mg2+ Alphafold3 10 2.4 
co6a6 Mn2+ Alphafold3 10 2.4 
co6a6 Ca2+ Alphafold3 10 2.4 
co6a5 Mg2+ Alphafold3 10 2.4 
co6a5 Mn2+ Alphafold3 10 2.4 
co6a5 Ca2+ Alphafold3 10 2.4 
vwa129 Mg2+ Alphafold3 10 2.4 
vwa129 Mn2+ Alphafold3 10 2.4 
vwa129 Ca2+ Alphafold3 10 2.4 
coea1 Mg2+ Alphafold3 10 2.4 
coea1 Mn2+ Alphafold3 10 2.4 
coea1 Ca2+ Alphafold3 10 2.4 
AncI Mg2+ Alphafold3 10 2.4 
AncI Mn2+ Alphafold3 10 2.4 
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AncI Ca2+ Alphafold3 10 2.4 
RPN10 None PDB: 5LN1 10 2.4 
     

2.7 Afterword 
  
 This work was done in collaboration with Dr. Harmit Malik, my co-advisor, and the 
incredible Dr. Matthew Chan who performed all the molecular dynamics simulations and 
accompanying analyses that added excellent support to our model of adaptation. The review 
process for this paper was particularly challenging- probably the toughest part of my entire 
doctoral experience- but the feedback we got really helped flesh out the story and expand beyond 
what we initially intended in an exciting way. I’m grateful to everyone who read and responded 
to drafts of this work, and although it was tough to see its worth immediately after publication, 
I’m now so proud of what we were able to accomplish.  
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Chapter 3 Avidity unlocks promiscuity in a divergent integrin receptor 
family 

 
*This chapter was adapted from Hollis et al. 2026. 
 
3.1 Abstract 
 

Integrins are a family of cell surface receptors that bind proteinaceous extracellular 
ligands to signal environmental cues across the plasma membrane. Integrins vary dramatically in 
their ligand binding profiles, with some displaying exquisite specificity for a single ligand and 
others showing remarkable promiscuity. Using structural, mutational, cellular and phylogenetic 
approaches, we define the ligand binding criteria for two closely related integrins: aLb2 (LFA-1, 
CD11a/CD18), which binds almost exclusively to its cognate ligand ICAM-1, and aMb2 (CR3, 
Mac-1, CD11b/CD18), which binds a diverse array of structurally disparate ligands. We find that 
the more discerning aLb2 has strong, entrenched restraints that maintain a highly selective 
binding surface, whereas the determinants of promiscuous aMb2 binding vary considerably. By 
obtaining aMb2 structures with complexed endogenous and pathogenic ligands, we identify 
molecular tradeoffs in integrin-ligand binding at both direct and allosteric sites, distinguish 
signatures of pathogen mimicry and escape, and identify noncanonical ligand binding pathways 
that allow for aMb2’s exceptional promiscuity. Our studies uncover the molecular basis of a 
dramatic divergence in specificity that informs our understanding of how receptor families tune 
ligand recognition. 
 
3.2 Introduction 
 

Cell surface receptors face the daunting task of discriminating among the exceptionally 
diverse array of extracellular signals in a complex environment. To do this, cell surface receptors 
such as chemoreceptors, signaling kinases, and integrins divide their ligand-recognition 
capacities across paralogs that collectively constitute a larger protein family(3). Receptors within 
a family often range in their ligand specificities, with some displaying intricate specificity for 
one ligand and others having a large repertoire of recognized signals. This pattern is exemplified 
by the aI domain-containing integrins, a family of a/b heterodimeric cell surface receptors 
which recognize proteinaceous ligands primarily at the distal “I” or “inserted” domain of the 
corresponding a subunit(3, 7). 

The aI domain was a single evolutionary insertion of a vWFA family domain into an 
ancient integrin gene present in the last common ancestor of Olfactores, the clade encompassing 
chordates and tunicates, which fundamentally changed the integrin family's ligand-binding 
capabilities. Integrins lacking this domain are restricted to recognizing ligands that contain a 
tripeptide RGD (Arg-Gly-Asp) or RGD-like motif that bridges the a and b subunits(106), 
whereas integrins with this aI domain recognize an exceptionally diverse array of structurally 
and sequentially unrelated ligands that bind directly to the aI domain. Some molecular features 
appear to be universally shared across all I domains: ligand binding generally propagates 
conformational changes through a structurally labile C-terminal region via the coordination of a 
conserved ion site (termed the “MIDAS”), ultimately leading to allosteric downstream integrin 
activation and subsequent cellular signaling (Fig. 3.1A) (118, 163, 172). These domains 
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generally adopt “open” conformations with high ligand affinity and mediate signaling, and 
“closed” conformations with little-to-no ligand binding that prevent signaling. I domains diverge, 
however, at the tuning of their ligand specificity: some I domain-containing integrins, such as 
aL, demonstrate high specificity for a single or few cognate protein ligands, while others like 
aM are extremely promiscuous in their ligand binding profiles despite sharing a recent common 
ancestor with aL(102, 104). The evolutionary and molecular underpinnings of this dichotomous 
behavior, as well as the rules that govern ligand binding by promiscuous integrins, are largely 
uncharacterized. 

To understand how this receptor family has diverged to tune these unique ligand 
recognition profiles, we generated and compared fitness landscapes of ligand binding of two 
integrins expressed in the vertebrate immune system: aLb2 (LFA-1, CD11a/CD18), which binds 
primarily to the cellular adhesion molecule ICAM-1(190), and aMb2 (CR3, Mac-1, 
CD11b/CD18), which has a diverse array of proposed innate and pathogenic ligands that 
modulate immune behavior(103). We used phylogenetics to define the distinct evolutionary 
trajectories of these two receptors, site-saturating mutagenesis to determine the mutational 
constraints uniquely imposed by their respective ligands, and cryoEM analyses to uncover 
noncanonical ligand-binding pathways that rationalize M2’s marked promiscuity. Beyond 
identifying fundamental features that distinguish these two receptor-ligand profiles, our 
mutational and structural analyses implicate new pathways for therapeutic action in these 
promising yet pleiotropic immune adjudicators. 
 
3.3 Results 
 
3.3.1 Distinct evolutionary trajectories demarcate integrin behavior 
 

Chordate I domain-containing alpha integrins fall into two subcategories: the collagen-
binding alphas a1, a2, a10 and a11, and the leukocyte-specific subunits aE, aL, aM, aD and 
aX (Fig. 3.1B)(279). Among these, the collagen-binding integrins as well as aE and aL are 
thought to have high specificity, while aM, aD and aX are thought to bind many different 
ligands. To understand the selective constraints that shape these selective and promiscuous 
integrin behaviors, we performed a phylogenetic analysis of representative I domain-containing 
integrins across chordates (Fig. 3.1C). We found that the clades encompassing the collagen-
binding integrin subunits as well as the genes encoding aE and aL are generally monophyletic 
and conserved across vertebrates, concordant with the accepted species tree. In contrast, the 
genes encoding aM, aD and aX are unique to placental mammals, making them much younger 
than previously accepted. Interestingly, each major vertebrate clade has unique duplications 
within this aM/D/X group, suggesting multiple independent rapid expansions and contractions 
of this gene set (Fig. 3.1D). Consistently, we found evidence of duplication within this subclade 
even in placental mammals (Fig. S3.1A). Unlike most other alpha integrins, the aM, aD, and aX 
genes are arranged in a tandem array in the mammalian genome, providing a simple genetic 
recombination mechanism that likely drives this rapid genetic turnover (Fig. S3.1B). 

We hypothesized that selective pressure may be driving the distinct trajectories of these 
two integrin gene classes. We used maximum likelihood methods (PAML) to test for the 
presence of either positive (diversifying) or negative (purifying) selection across these genes 
(Fig. 1E). Consistent with their conservation among vertebrates, we found that most genes and 
codons within genes of the specific integrins evolve under purifying selection in primates (4/6). 
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In contrast, we found significant evidence of gene-wide and site-specific positive selection in the 
primate aD/M/X group (2/3). We found a similar pattern of diversifying selective pressures in 
rodent and fish genes from this clade (Fig. S3.1C), suggesting pervasive and continued pressure 
to maintain a small population of promiscuous aM/D/X-like genes in all vertebrates. 
Furthermore, sites of positive selection were concentrated in the ligand-binding I domain of the 
aD/M/X clade, consistent with ligand binding being the primary selective pressure on these cell 
surface receptor genes (Fig. 1F). Our findings are consistent with previous work on aM 
evolution(211) and contrast with the specific integrins, in which we find positive selection 
largely outside of the primary ligand-binding I domain regions. This genetic turnover and rapid 
evolution within aD/M/X appear to be primarily driven by the a subunit, as b integrin subunits 
are generally concordant across the vertebrate tree (Fig. S3.1D). Collectively, these phylogenetic 
findings draw a distinct correlation between the ligand-binding behaviors of integrin I domains 
and their evolutionary trajectories.  

 

 
Figure 3.1. Diverging evolutionary trajectories of the integrin aI domain. A. A schematic of the activation 
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mechanism by which the aI domain allosterically links ligand binding to integrin activation. B. Vertebrate I domain-
containing integrin a subunits fall into two biochemical categories: most are associated with a single or very few 
cognate ligands (red), while a subset of leukocyte-expressed subunits have more promiscuous binding activity 
(blue). C. A phylogenetic tree of chordate I domain-containing alpha subunit genes shows aD, aM, and aX are 
evolutionarily young genes compared to those with high ligand specificity. D. A phylogenetic analysis of 
representative leukocyte I domain-containing integrins shows repeated clade-specific expansions of the aD/M/X 
clade. E. A table summary of positive selection analysis on primate aI domain-containing integrin genes; bolded 
residues are contained within the I domain. F. An atomic structural representation of the residues under positive 
selection on the primate aM (left), aX (center), and murine aX (right) shows surface-exposed residues largely 
around the top ligand binding region are under pervasive adaptive pressure. 
 
3.3.2 The specific integrin aLb2 occupies a fragile mutational niche 
 

To understand how these receptors biochemically generate distinct ligand-binding 
profiles, we adapted a yeast display platform(354) to perform site-saturating mutagenesis(248) of 
the ligand-binding I domain coupled to ligand titration experiments (Fig. S3.2A). This “TiteSeq” 
workflow, used commonly in antibody(355) and virus-receptor studies(356), allows us to 
generate a complete mutational landscape of how each possible amino acid substitution affects I 
domain-ligand binding affinity by FACS sorting and sequencing yeast based on their relative 
ligand binding as a measure of fluorescence. We generated duplicate, complete site-saturating 
libraries (“deep mutational scans”) for both integrins aL and aM (Fig. S3.2B). As integrins are 
conformationally dynamic and, as a result, heterogeneous in affinity assays(357), we stabilized 
these domains in ligand-binding open conformations with previously characterized disulfide 
bonds(358, 359) (Fig. S3.2C). Domains expressed well after induction in isogenic control yeast 
lines (Fig. S3.2D). 

We began by performing the TiteSeq assay with the highly specific integrin aL and its 
primary cognate ligand ICAM-1. This protein-protein interaction is critical for both leukocyte 
extravasation and stabilizing the T cell synapse. Thus, its evolutionary conservation reflects its 
key role in the immune system. We generated a normalized genotype-phenotype map for 
integrin-ligand binding effects for each possible single missense substitution in the aL I domain, 
which we present here as a heatmap (Fig. 3.2A, Fig. S3.2E-F). We find a few trends that lend 
validity to this dataset: disruption of the disulfide bond at either cysteine universally decreases 
integrin-ligand affinity, mutations to buried secondary structure regions are largely deleterious, 
consistent with protein expression defects predicted by AlphaMissense(360) (Figure S3.2G), and 
the data effectively recapitulate previously characterized gain-of-affinity point mutations(189). 

We first analyzed the mutational effects at the direct protein-protein interface between aL 
and ICAM-1 by mapping them onto the published crystal structure(173) (Fig. 3.2B). We 
expected that the conservation of this interaction, along with the primarily hydrophobic 
interactions that mediate its specificity, would collectively lead to an entrenched interface that is 
largely intolerant to mutation. Indeed, among residues involved in direct protein contact, we 
found very few paths toward increased affinity (Fig. 3.2C). Instead, most mutations markedly 
reduce integrin-ligand affinity; this is particularly true for mutations at the conserved ion 
coordination site (MIDAS), which triggers conformational changes in the I domain upon 
completion of the ion sphere via ligand binding(26), and is thus essential for integrin signaling. 
In the hydrophobic ring surrounding the MIDAS, even conservative missense substitutions in 
L204 and L205 have deleterious effects on ligand binding; these mutational trends are reflected 
in sequence conservation within the aL clade (Fig. 3.2D). Of the more tolerant interface 
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residues, natural variation in M140 and H264 reflects neutral or higher-affinity substitutions 
based on our mutational data. These data collectively suggest selective pressures have sculpted 
an interface that is largely at a high-affinity optimum and reflects a “lock-and-key” interaction. 

 
Figure 3.2. The aL:ICAM-1 interaction is mutationally fragile. A. A heatmap of the normalized effect of all 
single nonsynonymous mutations in the aL I domain on binding affinity to ICAM-1. Wildtype residues are indicated 
with an “x”; red indicates a decrease in affinity and blue an increase in affinity. B. The average effects of all 
mutations mapped to the structure of the aL I domain in complex with ICAM-1. Boxes indicate regions of interest 
for panel C (purple) and E-F (magenta). C. The residues at the aL:ICAM-1 interface are largely intolerant to 
mutation while maintaining ligand affinity, indicative of a surface optimized for a high affinity interaction. D. Logo 
plots representing the conservation of key residues at the aL:ICAM-1 interface. Residues are largely strictly 
conserved, and those that aren’t have natural substitutions with relatively benign mutational effects. E. Mutations in 
residues within the ratchet region involved in allosteric signaling are almost universally gain-of-affinity. F. Residues 
beyond the ratchet hydrophobics show similar mutational constraints, indicative of peripheral involvement in 
allosteric communication. G. Logo plots show residues involved in allosteric communication are near strictly 
conserved in mammals, similar to those at the aL:ICAM-1 interface. 
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In contrast, we found that the C-terminus of the aL I domain contained a high 
concentration of neutral and affinity-increasing mutations (Fig. 3.2A). Structurally, this region 
contains the machinery that links ligand binding to integrin activation via a conformational 
allosteric relay mediated by adjacent bulky hydrophobic residues in response to MIDAS 
coordination(153). When we mapped mutational effects onto this region, we found that 
mutations to these bulky residues universally increased affinity dramatically (Fig. 3.2). Since our 
Titeseq analyses assay ligand binding affinity in an open conformation, these findings suggest 
that these residues have been specifically optimized to allow switching between “open” and 
“closed” I-domain states. By absolving the need to switch between these states in our affinity-
binding assay, not only is high affinity possible; it is inevitable through mutations at certain sites. 
We also find sites outside of these hydrophobic residues following a similar mutational trajectory 
(Fig. 3.2F), revealing a larger interaction network mediating the complex conformational 
positioning of the I domain’s C-terminus. Some of these sites, such as Q266 and A242, are 
within a single residue of MIDAS and protein-protein interface residues, acting as physical links 
between ligand binding and allosteric activation. We find that these allosteric sites are equally 
conserved as those at the protein-protein interface (Fig. 3.2G), implicating selective pressure to 
maintain a balance between a high-affinity interface and a switchable allosteric signal 
precariously poised in the low-affinity state through a coordination of nearly half of the I 
domain. Collectively, these data define a fragile, narrow landscape maintaining the binding and 
likely the resulting function of the specific aL/ICAM-1 interaction. 
 
3.3.3 Molecular tradeoffs permeate the promiscuous integrin aMb2 
 

We next utilized TiteSeq to determine if the mutational constraints determined in the aL I 
domain are shared by the promiscuous integrin aM. aMb2 is a highly pleiotropic immune 
receptor, contextually either serving as an immune activator or immune suppressor involved in 
pathogen recognition, immune cell migration, inflammation, and phagocytosis and binding to an 
equally diverse array of ligands(103, 104) (Fig. S3.3A). The first described ligand for aMb2 was 
the complement opsonin iC3b(361), whose C3d fragment (“TED” domain) binds and activates 
the aM I domain via the MIDAS(164). Structurally, C3d interacts with a similar region of the 
aM I domain as the ICAM-1-aL interaction. Therefore, we hypothesized this comparison would 
reveal both shared principles and divergent binding landscapes between these two integrin 
classes. We performed TiteSeq on the aM I domain with C3d, generating a comprehensive 
genotype-phenotype map of the interaction (Fig. 3.3A). 

As with the aL I domain, we found a few trends in the data that support the approach. 
Secondary structure showed the most mutational constraint in buried residues, which were 
largely intolerant to most mutations. These data are consistent with the AlphaMissense 
predictions for the aM I domain (Fig. S3.3B) and reflect deleterious effects on protein 
expression. The stabilizing disulfide was also intolerant to mutation, confirming C3d's preference 
for the open, or active, I domain conformation. Interestingly, a few mutations that are relatively 
benign in these regions, such as I139F and V264I, are the wild-type residue at the homologous 
site of the aL I domain (Fig. 3.2A), suggesting epistatic pathways allow for mutational tolerance 
within buried structure. This explains why buried structural residues are not completely 
conserved in all I domains (Fig. S3.3C) despite the high fitness cost we observe in our data. 

We hypothesized that rapid evolution and ligand promiscuity would lead to a less 
optimized protein-protein interface in the promiscuous aM compared to aL. We plotted the 
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average mutational effects across the I domain onto the published co-crystal structure with 
C3d(191), looking particularly for gain-of-affinity variants at the contact surface (Fig. 3.3B). 
Surprisingly, we found that this surface was at a relatively high-affinity optimum, although 
compared to aL/ICAM-1, there was a higher proportion of neutral or gain-of-affinity mutations. 
This strongly reflects the high fitness advantage of opsonization, an innate response that 
promotes both pathogen and debris clearance. As with aL, we also found that the allosteric 
switch region of aM contains bulky aromatic residues which appear to occupy a fitness 
minimum; some of these sites are strictly conserved with aL, while others are unique to aM 
(Fig. 3.3C). This further highlights the influence of epistatic effects that permit mutation while 
still maintaining a functional allosteric machine. Thus, the dual selective demands of high-
affinity interfaces with low-affinity allosteric states appear to be a uniting theme for endogenous 
integrin-ligand complexes (Fig. S3.3D). Our findings are consistent with structural work on 
integrin activation mechanisms(118, 153, 173), and we find that these regions are the most 
conserved on the surface of all vertebrate I domains (Fig. 3.3D). 

 

Figure 3.3. Molecular tradeoffs permeate the promiscuous aM I domain. A. A heatmap of the normalized effect 
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of all single nonsynonymous mutations in the aM I domain on binding affinity to C3d. Wildtype residues are 
indicated with an “x”; red indicates a decrease in affinity and blue an increase in affinity. B. The average effects of 
all mutations mapped to the structure of the aM I domain in complex with C3d. The left shows the entire I domain, 
the right focuses on the ligand binding top region and MIDAS. C. Like that of aL:ICAM-1, mutations in residues 
within the ratchet region involved in allosteric signaling are strongly gain-of-affinity. D. The conservation of 
residues in the I domain across vertebrate genes mapped to the structure of the closed aM I domain (PDB: 1NA5). 
Residues are most conserved in the MIDAS, hydrophobic core, and allosteric switch, while peripheral mutable 
residues contribute to specificity. E. A heatmap of the normalized effect of all single nonsynonymous mutations in 
the aM I domain on binding affinity to LGH. F. Same as (B) with the structure of the aM I domain in complex with 
LGH. Charged interactions contribute greatly to this interface. G. A difference map comparing the relative effects of 
each mutation between the C3d and LGH mutational backgrounds. Differences are notable in buried residues, some 
allosteric controls, and charged peripheral residues. 
 

If molecular tradeoffs exist in this promiscuous receptor, we would expect gain-of-
affinity variants for some ligands to be loss-of-affinity variants for others (362). To test this, we 
performed TiteSeq with aM and the well-characterized pathogenic S. aureus pore-forming 
protein Leukocidin GH (LGH) (Fig. 3.3E, S3.4A-B). aMb2 serves as a surface receptor for this 
virulence factor, allowing the pore complex to approach the cell membrane and cause lytic 
rupture(363) (Fig. S3.4C). Previous work has shown species-specific differences in the aM I 
domain contribute to functional differences in receptor-ligand binding(211), yet the pathways to 
escape virulence while maintaining functional endogenous interactions remain unknown. 

In our TiteSeq dataset, we found many intolerant mutations are explained by the 
aM/LGH crystal structure (204). Unlike that of aL/ICAM-1, the aM/LGH molecular interface is 
comprised primarily of charge-based interactions. Accordingly, we see that charge losses and 
reversals are detrimental to residues in the aM/LGH network (Fig. 3.3F). Many of these 
deleterious effects are shared with the aM/C3d mutational landscape, suggesting shared 
dependency of this region. These findings are consistent with the hypothesis that extreme surface 
charge contributes to aM’s promiscuity(364). Although the effects of missense substitutions at 
the individual amino acid level are largely inseparable between these two ligands, a ‘difference 
map’ revealed pervasive differential effects of these two ligands (Fig. 3.3G). We see marked 
differences in mutational tolerance in binding regions unique to each respective ligand, thus 
defining separation-of-function regions. We also see the mutational tradeoffs are widespread, 
most commonly appearing in peripheral regions of this top I domain interface (Fig. S3.4D). This 
is consistent with charge reversals in regions of rapid evolution we and others(211) identify, and 
indicates the conserved core of the MIDAS region, essential for ligand binding and integrin 
activation, can be supplemented by either hydrophobic residues that generate specificity (for 
more specific receptors like aL) or charged residues which allow evolutionary tinkering of 
promiscuous regions (for more promiscuous receptors like aM). 

Outside of the direct interface, we found many shared loss-of-affinity variants in 
secondary structure regions, consistent with these mutations acting universally to disrupt protein 
stability. We also found that, like C3d, disrupting the open conformation-stabilizing disulfide 
bridge invariantly disrupts the aM/LGH interaction, confirming LGH’s preference for an open 
conformation(204) (Fig. 3.3E). However, mutations to allosteric activators dido not universally 
increase affinity for LGH in the same way they do for C3d; instead, mutations at these sites had 
either varying or neutral effects on LGH affinity (Fig. 3.3G). These differences support the 
model of LGH’s proposed mechanism of action, which depends on it first binding to the high-
affinity aM I domain then being trafficked to the cell surface via aMb2 switching to a low-
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affinity state where it is released(204) (Fig. S3.4C), whereas C3d is most effect exclusively in the 
high-affinity aM conformation. Beyond direct protein-protein interactions, molecular tradeoffs 
shape pathogen recognition and competing interests from the allosteric machinery necessary for 
aMb2 function. Collectively, these data identify a shared molecular partitioning of allosteric and 
contact interfaces among all I domains, yet reveal the paths by which separation-of-function is 
executed across the promiscuous I domain surface. 
 
3.3.4 Pathogenic NIF co-opts an essential aM ion coordination site 
 

LGH is not the only pathogenic ligand for aM. The hookworm protein Neutrophil 
Inhibitory Factor (NIF) suppresses host immunity by binding to the I domain to evade 
detection(206, 207, 365) (Fig. S3.5C). Like many I-domain ligands, including those described I 
this study, this interaction depends on the MIDAS. Unlike many other I-domain ligands, 
however, previous work suggests this interaction is independent of I-domain conformation, as 
NIF binds equally well under both I-domain-activating (Mn2+) and suppressing (Ca2+) cation 
conditions (206). It is therefore likely that NIF uses biochemically distinct mechanisms to co-opt 
the essential MIDAS machinery. 

To understand how NIF binds to the aM I domain in this unique way, we again 
performed TiteSeq on the aM I domain but this time with NIF as the ligand (Fig. 3.4A, S3.5A-
B). As with previous datasets, we find that buried secondary structure is largely mutationally 
intolerant. In this set, however, we were surprised to see that disrupting the stabilizing disulfide 
bridge, as well as the bulky aromatic residues involved in allosteric relay, had anti-correlative 
effects compared to those of C3d. This suggests that NIF may somehow prefer the closed I 
domain conformation, despite depending on the presence of the essential MIDAS cation that 
normally stabilizes the open conformation upon ligand binding. Indeed, compared to C3d, the 
mutational landscapes of the allosteric region are essentially opposite, most notably the open-
conformation-stabilizing disulfide bridge and the bulky hydrophobic switching residues (Fig. 
3.4B). This finding was surprising, given that I-domain ligands are almost universally thought to 
induce open, active conformations (366). 

To both contextualize our mutational data and understand how NIF may favor a closed 
conformation, we performed single-particle electron microscopy analyses of the aMb2 
ectodomain/NIF complex in buffers with varying ions. Integrin heterodimers occupy a spectrum 
of structural states, ranging from a compact closed conformation, generally thought to have low 
ligand affinity, to an open conformation with high ligand affinity. We found that, unlike all I-
domain integrins analyzed so far, NIF bound equally well to integrins in all conformations in 
negative-stain averages (Fig. S3.6A). We next performed cryoEM to generate high- resolution 
information for the aMb2/NIF interaction (Fig. S3.6B-C). In buffer conditions favoring the 
active integrin conformation, we determined an open integrin structure to 3.5Å resolution with 
apparent density for the I domain and NIF (Fig. 3.4C), although this map was anisotropic in 
resolution and lacked high-resolution features of the NIF epitope, likely due to the I domain’s 
extensive flexibility relative to the rest of the ectodomain(217). We bound the complex to the I 
domain antibody LM2/1 to increase the mass of the binding region, providing the necessary 
density to achieve high resolution (Fig. S3.6D-G). We also generated a structure in a more 
physiological buffer that would allow occupation of open or closed I domain states to resolve 
NIF’s preferred binding modality (Fig. 3.4D-E). 
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Comparing these two structures, we found that many of the NIF epitope features are 
shared. Like LGH and C3d, NIF binds to the top region of the I domain, sharing many 
overlapping contact residues with these other structurally characterized ligands. Our mutational 
constraint data agree with this structure, and many of the mutations deleterious for ligand 
binding in other contexts hold true for NIF (Fig. 3.4F), while mutations that are neutral in C3d 
context, such as for R151 and K200, are deleterious for NIF binding. Most notably, NIF contains 
an ion-coordinating acidic residue that occupies a virtually identical position in both structures 
(Fig. 3.4G). Despite this, in the more physiological buffer conditions, the I-domain clearly 
occupies a closed conformation (Fig. 3.4E). This was unexpected, as it is generally agreed that 
MIDAS ion coordination by a ligand drives the open I-domain conformation, leading to 
downstream integrin activation. This structural finding agrees with our mutational data, 
confirming NIF as an exceptional ion-coordinating, integrin-inactivating ligand. 
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Figure 3.4. NIF closes the aM I domain. A. A heatmap of the normalized effect of all single nonsynonymous 
mutations in the aM I domain on binding affinity to NIF. Wildtype residues are indicated with an “x”; red indicates 
a decrease in affinity and blue an increase in affinity. B. Mutations in residues involved in allosteric signaling have 
opposite average effects in the NIF (top left) and C3d (top right) backgrounds, indicating a molecular tradeoff in 
allostery. The difference map (lower) between the two backgrounds indicates these tradeoffs are pervasive in the I 
domain C-terminus. C. The cryoEM structure of aMb2 bound to NIF shows NIF interacts at the canonical ligand 
binding region on the aM I domain. D-E. Structural models of NIF bound to the I domain in either activating (D) or 
physiological (E) buffers show NIF is capable of interacting with the I domain in a conformation-agnostic way. F. 
The average mutational effect per residue mapped to the structure of aMb2:NIF suggests the extra loop cascading 
down the side of the aM I domain is a critical determinant of ligand binding. G. CryoEM data shows NIF 
coordinates the aM MIDAS in both open (top) and closed (bottom) conformations. H. The D149G mutation 
increases NIF affinity by creating more space for F302 to occupy the closed conformation without affecting 
hydrophobic interactions. I. A model for NIF’s immune evasion. The extension loop inactivates the I domain via 
interactions with the a1 helix, favoring the a7 helix to occupy a closed state. 
 

How does NIF close the aM I domain? Unlike C3d, LGH, and all other structurally 
characterized I domain ligands so far, NIF contains an unstructured loop which ladders down the 
side of the I domain, wedging tightly between the a1 and a3 helices (Fig. 3.4F). Although 
conformational shifts occur most dramatically in the a7 helix to drive I domain opening, this 
movement depends on reciprocal interactions between a7 and a1, which ultimately pull a1 away 
from a3(367). NIF’s unstructured loop disfavors this interaction by serving as a glue to hold a1 
and a3 together, thus preventing stabilization of the open I domain conformation (Fig. 3.4E). 
Concordant with this, we find that creating more space in the pocket for F302 of the closed a7 
helix with a D149G mutation increases NIF affinity (Fig. 3.4H); differing mutational constraints 
at the a1 helix between NIF and C3d further support this model (Figs. 3.3A, 3.4A). NIF is thus 
an enigmatic I domain ligand, eschewing rules of integrin activation in a way that both sterically 
blocks endogenous ligands and favors an inactive integrin conformation, ultimately leading to 
hookworm’s successful immune evasion. 
 
3.3.5 Noncanonical ligand binding by iC3b to aMb2 reveals pathways to promiscuity 

 
Our data so far suggest the odds are stacked against the aM I domain, as pathogens take 

advantage of necessary endogenous processes for personal gain and pathways of escape are 
limited by aMb2’s demanding ligand promiscuity. How can this receptor stay competitive, 
especially given the lack of pathways to increased affinity for C3d? To understand this, we 
returned to our evolutionary results, which identified regions outside of the I domain under 
positive selection and possibly important for ligand binding (Fig. 3.1E). This is consistent with 
prior work implicating non-I regions as essential for aMb2 function(210, 224, 368). Most 
notably, C3d is only a degradation fragment of the larger complement opsonin iC3b(369), the 
first described ligand for aMb2 and the most essential for aMb2-mediated phagocytosis. This 
makes iC3b a major pathway utilized by aMb2 to best pathogenic invaders. Prior work suggests 
most of iC3b binds outside of the I domain and dramatically increases its affinity for aMb2 
compared to C3d alone(370, 371), yet the molecular underpinnings of this interaction remain 
unknown (Fig. S3.8A). 

As with prior studies(164, 223), we attempted to perform cryoEM analysis on the 
aMb2/iC3b complex but were limited by aMb2’s strong preference to homodimerize (a dimer 
of aMb2 dimers) under activating ion conditions, preventing iC3b binding (Fig. S3.7A). To 
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circumvent this hurdle, we attempted to reconstruct the aMb2 dimer structure and identify 
dimer-breaking mutations, but aMb2 dimers adopted strong preferred orientations on EM grids, 
preventing high-resolution structure determination (Fig. S3.7B). We found that the addition of 
LM2/1 led to an increased range of occupied orientations, leading to a more isotropic map with 
sufficient information to generate an aMb2 homodimer model (Fig. S3.7C-F). This structure 
shows the hybrid and psi domains of b2’ occupy the canonical ligand binding region at the top of 
the aM I domain, with b2’ D54 coordinating the MIDAS (Fig. S3.7G). Mutating this residue (b2 
D54A) was sufficient to abolish aMb2 dimerization, allowing structural characterization with 
iC3b (Fig. S7H). 

 

Figure 3.5. Avidity generates novelty in ligand binding by aMb2. A. The cryoEM structure of the 
aMb2 D54A mutant bound to iC3b. The C3c region of iC3b wraps tightly around the beta-propellor 
region of aM. B. The molecular model of aMb2:iC3b in the open, active conformation. C. The focused 
cryoEM structure of the aM I domain bound to C3d and LM2/1 antibody. D. A molecular model by 
which avidity allows for stepwise binding and activation of aMb2 to opsonized targets. The C3c region 
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provides a high-affinity surface to bring aMb2 close to the target, allowing for subsequent MIDAS-based 
activation by the TED/C3d region. This activation can be maintained following cleavage into C3dg. E. A 
model for how endogenous ligands may outcompete pathogenic modulators through avidity. F. A shared 
molecular language for ligand binding by the promiscuous aM I domain. 
 

We determined the aMb2/iC3b structure to 3.6Å (Figs. 3.5A, S3.8B-C), although as with 
NIF this structure was anisotropic in resolution and insufficient to model the I domain region. We 
took a similar approach as with NIF to increase mass in this region with the C3d fragment (Fig. 
S3.8D-E), allowing us to create a composite model from high-resolution data for nearly the 
entirety of iC3b (Fig. 3.5B). Surprisingly, we found that C3d (or the “TED” domain when still 
attached in iC3b) is the only region of iC3b that binds to the aM I domain; the rest of the protein 
(the “C3c” region) tightly hugs the aM b-propeller region. This structure further reveals the rules 
governing M2’s specificity for iC3b. iC3b is a fragment of the complement degradation cascade, 
precluded by C3b, which rigidly confines the TED domain to the rest of the molecule. Upon 
proteolytic cleavage of C3b, TED becomes flexible yet still covalently bound to C3c, allowing 
the dual occupation of both the b propellor region and I domain we see in our aMb2/iC3b 
structure (Fig. 3.5D). The complex, specific niche this interaction occupies within this cascade 
adds insurmountable complexity for pathogen mimicry, providing an avidity-based molecular 
pathway beyond canonical ligand binding that maintains immune effectuation despite M2’s rapid 
evolution (Fig. 3.5E). In support of this, iC3b’s position also sterically competes with the 
Bordetella adenylate cyclase toxin(217), which binds to the side of aMb2 yet cannot extend to 
the I domain (Fig. S3.8F). This avidity-based model is further consistent with data implicating 
multiple points of contact for another better-characterized endogenous aMb2 ligand, fibrinogen. 
Our cryoEM data, together with previous work, also reveal an emerging structural motif shared 
by these remarkably different ligands for the aM I domain (Fig. 3.5F). 
 
3.4 Discussion 
 

Here, we combine phylogenetics, mutational scanning, and structural biology to probe 
how integrins divide ligand-binding labor. Beyond determining ligand-bound integrin structures 
that have eluded the field for over two decades, the high-resolution genotype-phenotype datasets 
we generate provide molecular roadmaps for understanding how a small allosteric machine tunes 
ligand-binding niches. These maps include targetable separation-of-function regions for integrin 
therapeutics, which often fail because broadly inhibiting or activating pleiotropic receptors 
causes off-target effects (372, 373). These maps, combined with phylogenetic analyses, also 
provide the tools to comprehensively compare epistatic effects of mutations in orthologous 
domains that open evolutionary pathways for seemingly constrained residues. 

Our results paint a highly dynamic portrait of a single ligand-binding domain, one that 
faces differing pressures to either entrench or innovate based on evolutionary and functional 
constraints. We find that, in the case of the exceptionally promiscuous receptor aMb2, ligand 
binding battles have extended far beyond the confines of canonical battlefields. In this receptor, 
avidity has opened otherwise closed pathways to ligand promiscuity. This contrasts heavily with 
the closely related aLb2, for which the ligand binding domain shows mutational trends 
consistent with an optimized interface that likely work to prevent the spread of such battles. 
Given that the diverging evolutionary tempos of these two receptors’ behaviors have both been 
consistent across vertebrate evolution, we expect it is beneficial for species to express both styles 
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of receptor, specific and promiscuous, despite the cost of pathogenic co-option. Understanding 
the ligand-binding profiles of ancestral intermediates may shed further light on how these two 
divergent strategies arose (374). 

The structural and mutational data presented here provide only snapshots of these 
complex receptor-ligand interactions. We introduced stabilizing mutations necessary to generate 
high-resolution genotype-phenotype maps of aLb2 and aMb2’s ligand-binding landscapes, yet 
our data suggest the I-domain’s ability to dynamically fluctuate between open and closed states is 
critical for the immune balance these receptors must strike. Indeed, in in vivo models, 
introducing high- or low-affinity conformations dramatically disrupts this balance(375, 376). 
Likewise with our structural data, we differ buffer conditions to favor certain stabilized 
conformations of integrin-ligand interactions, and the stepwise intermediates that likely occur 
pervasively in vivo are not reflected(229). Future work probing these structural interactions in 
their native contexts using tomographic, force measurement, and high-resolution fluorescence 
approaches will shape our understanding of the dynamics that tip the molecular balance towards 
closed, inactive or open, active states. 
 
3.5 Materials and methods 
 
3.5.1 DNA constructs for mammalian and bacterial expression 
 

The regions encoding the wildtype αM ectodomain (M1-N1105, used for integrin:NIF 
complex) followed by a C-terminal linker (GTGG), HRV 3C cut site (LEVLFQGP), acidic coil 
motif (AQCEKELQALEKENAQLEWELQALEKELAQ) and Strep-Tag II (WSHPQFEK*) or 
the β2 ectodomain (M1-N700) followed by a C-terminal linker (DTSG), HRV 3C cut site 
(LEVLFQGP), basic coil motif (AQCKKKLQALKKKNAQLKWKLQALKKKLAQ) and 
6xHIS tag inserted into a pcDNA3.1-Hygro(-)-like backbone were synthesized commercially 
(GenScript). Coding sequences for the full length αM, αL and β2 were generated by replacing 
the C-terminal ectodomain tags with G-blocks (IDT) encoding the respective transmembrane and 
C-terminal tail regions via standard cloning techniques. The αMβ2 ectodomain dimer mutations 
(β2 D54A, D55A) used for structural analyses as well as the full length integrin point mutations 
(αM G143W, S144A, F246A, F275S and αL L205W, F265S, H275D, F292S, L302E) used in 
mutational scanning validation were generated by side-directed mutagenesis. The ICAM-1 
ectodomain was previously published(118). A G-block (IDT) encoding the postprocessed A. 
caninum NIF ectodomain (N18-L274) was inserted into a pcDNA3.1-Hygro(-)-like backbone 
with an N-terminal CD33 signal sequence (GMPLLLLLPLLWAGALA) and C-terminal linker 
(DTSG), HRV 3C cut site (LEVLFQGP) and 6xHIS tag using standard cloning techniques. The 
human C3 complement fragment C3d (G991-D1288) was synthesized as a bacterial codon-
optimized G-block (IDT) and inserted into a modified pET vector with a C-terminal 6xHIS tag. 
Codon-optimized G-blocks encoding S. aureus leukocidin G with C-terminal 6xHIS tag and 
leukocidin H were inserted into a pETDUET plasmid using standard cloning techniques.  
   
3.5.2 Protein expression and purification  
 

Integrin αMβ2, NIF, and ICAM-1 ectodomains were expressed and purified as previously 
reported for αEβ7(118). Briefly, protein expression was performed according to the “Max Titer'' 
manufacturer recommendations in ExpiCHO cells (ThermoFisher). A ratio of 3:2 α:β integrin 
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DNA was transfected for a total of 1µg of DNA per mL of cell culture. For NIF and ICAM-1 a 
total of 1µg of DNA per mL of cell culture was used for transfection. Cells were grown to a 
concentration of 7-10 x 106 cells/mL at 37°C, 8% CO2, and 90% humidity then split to 6 x 106 
cells/mL and transfected according to manufacturer recommendations. Following this, cells were 
fed according to manufacturer recommendations and shifted to 32°C for subsequent growth. 7-8 
days post-transfection, cell supernatant was harvested via low-speed and medium-speed 
centrifugation, then diluted 2:1 into HisTrap Binding Buffer (20mM NaPO4, 500mM NaCl, 
20mM imidazole, pH 7.4). The clarified supernatant was flowed over a 5mL HisTrap FF Crude 
column (Cytiva) equilibrated in HisTrap Binding Buffer and eluted in HisTrap Elution Buffer 
(20mM NaPO4, 500mM NaCl, 500mM imidazole, pH 7.4). Integrins were concentrated and 
incubated overnight in 1:10 (w/w) of 3C protease at 4°C. The next day the cleaved protein was 
further purified via preparative gel filtration chromatography in integrin storage buffer (20mM 
Tris-HCl pH 7.4, 150mM NaCl, 1mM MgCl2, 1mM CaCl2), concentrated, snap frozen in 10% 
v/v glycerol and stored at -80°C. ICAM-1 and NIF were further purified via preparative gel 
filtration chromatography in TBS (20mM Tris-HCl pH 7.4, 150mM NaCl), concentrated, and 
stored immediately following HisTrap purification. 

C3d was expressed and purified as previously described(191) with slight modifications. 
Briefly, BL21 LOBSTR cells containing the expression plasmid were grown to an OD600 of 0.6, 
induced with 0.1mM IPTG, and incubated with shaking overnight at 18°C. The following day 
cells were harvested at 4000xg for 30 minutes at 4°C and resuspended in 10mL/L of cell culture 
in HisTrap binding buffer (20mM NaPO4, 500mM NaCl, 500mM imidazole, pH 7.4) with 
EDTA-free cOmplete protease inhibitor cocktail (Roche) and 1mM PMSF. The cells were lysed 
via sonication on ice for 3 minutes and the lysate was clarified for 30 minutes at 4°C, 30000xg. 
The lysate was flowed over a 5mL HisTrap FF Crude column (Cytiva) equilibrated in HisTrap 
binding buffer, washed with 5 CV of binding buffer, and eluted with HisTrap Elution Buffer. 
Peak fractions were concentrated and further purified via gel filtration chromatography on a 
Superdex 200 Increase 10/300 GL (Cytiva) in TBS (20mM Tris-HCl pH 7.4, 150mM NaCl), 
pooled, concentrated, and snap frozen in 10% v/v glycerol. LeukocidinGH was expressed and 
purified using the same protocol as C3d. 

The LM2/1 antibody (eBioscience) and iC3b (CompTech) were purchased commercially 
and stored according to manufacturer instructions. 
  
3.5.3 nsEM sample preparation  
 
 Wildtype αMβ2 ectodomain as well as the D54A and D54A/D55A variants were diluted 
to a final concentration of between 2 and 20µg/mL in integrin active buffer (20mM Tris-HCl pH 
7.4, 150mM NaCl, 1mM MnCl2). For NIF complexes, the wildtype αMβ2 ectodomain was 
incubated at a 1:1.5 molar ratio with NIF in integrin storage buffer for 30 minutes prior to grid 
application. 3µL of integrin was applied to a glow-discharged 400 mesh copper glider grid with a 
thin layer of formvar and carbon (Ted Pella). The grids were stained with a solution containing 
2% (w/v) uranyl formate as previously described(315). 
 
3.5.4 nsEM data acquisition and processing 
 
 Data were acquired using a Thermo Fisher Scientific Talos L120C transmission electron 
microscope operating at 120 kV and recorded on a 4k x 4k Thermo Scientific Ceta camera at a 
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nominal magnification of 92000x with a pixel size of 0.158 nm. Leginon(316) was used to 
collect αMβ2 wildtype, αMβ2 D54A, αMβ2 D54A/D55A, or αMβ2:NIF micrographs at a 
nominal range of 1.5-2.5 µm under focus and a dose of approximately 50 e-/Å2. 
 Similar processing pipelines were used for all negative stain datasets. Micrographs were 
processed using cryoSPARC(317). CTF estimation was done using Patch CTF. Initially particles 
were picked in a reference-free manner using blob picker in cryoSPARC. The particle picks were 
subjected to 1-3 rounds of particle curation and 1 round of 2D classification followed by 2D 
class selection for a final particles contributing to 2D classes. Three representative classes for 
each condition were chosen to represent described phenotypes.  
   
3.5.5 cryoEM sample preparation  
 
 For the αMβ2:NIF ectodomain structure, wildtype αMβ2 protein with NIF in a 1:1.5 
molar ratio was diluted in active buffer (20mM Tris-HCl pH 7.4, 150mM NaCl, 1mM MnCl2) to 
a final concentration of 1mg/mL, then incubated for 30 minutes at room temperature prior to 
dilution in 0.05% (v/v) CHAPS detergent and grid application. For the I domain:NIF structures, 
wildtype αMβ2 protein with NIF and LM2/1 IgG in a 1:1.5:2 molar ratio was diluted in either 
active buffer (20mM Tris-HCl pH 7.4, 150mM NaCl, 1mM MnCl2) or storage buffer (20mM 
Tris-HCl pH 7.4, 150mM NaCl, 1mM MgCl2, 1mM MgCl2) to a final concentration of 
0.2mg/mL, then incubated for 30 minutes at room temperature prior to grid application. For the 
αMβ2 dimer structure, wildtype αMβ2 ectodomain was incubated with LM2/1 IgG in a 1:1.5 
molar ratio for 30 minutes in active buffer at 0.2mg/mL for 30 minutes prior to grid application. 
For the iC3b structure, αMβ2 D54A was incubated with iC3b in a 1:1.5 molar ratio in HEPES 
active buffer, purified via size exclusion chromatography and concentrated to 1 mg/mL. CHAPS 
was added to 0.05% (v/v) immediately prior to grid application. For C3d complexes, αMβ2 
D54A ectodomain with C3d and LM2/1 IgG in a 1:2:2 molar ratio was diluted in active buffer to 
0.2mg/mL and incubated at room temperature for 45 minutes prior to grid application. Following 
dilution and complex formation steps, all samples were frozen with similar conditions. 3µL of 
protein was applied to Quantifoil grids (EMS) that were glow-discharged for 30s at 15 mA. The 
grids were blotted with a Vitrobot Mark IV (ThermoFisher) using a blot time of 3-7s and blot 
force of 4-5 at 100% humidity and 4°C. Grids were plunge-frozen in liquid ethane cooled by 
liquid nitrogen and stored in liquid nitrogen. 
  
3.5.6 cryoEM data acquisition and processing  
 

Data collection and processing were performed as previous. The details of datasets and 
processing pipelines are outlined in Table 3.1, Fig. S3.6 (αMβ2:NIF structures), Fig. S3.7 (αMβ2 
dimer), and Fig. S3.8 (αMβ2:iC3b and αMβ2:C3d). All datasets were collected on a Glacios 
cryo-transmission electron microscope (ThermoFisher) operating at 200 kV and recorded with a 
Gatan K3 Direct Detection Camera. Automated data collection was carried out using 
SerialEM(320). One hundred-frame movies were recorded in super-resolution counting mode at 
a nominal magnification of 36000x corresponding to a calibrated super-resolution pixel size of 
0.561 Å/px. Each dataset was collected with a nominal defocus range of 1.2-1.8 µm under focus 
and a dose of approximately 50 e-/A2. 

Dose fractionated super-resolution movies were motion-corrected and binned 2x2 by 
Fourier cropping using MotionCor2(321) within the RELION(322) wrapper. From there, motion-
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corrected stacks were further processed in cryoSPARC according to each processing pipeline. 
Briefly, particles were picked using the blob picker, subjected to multiple rounds of 2D and/or 
3D classification using ab initio and heterogeneous refinement using initial models generated 
from the data, and further refined with non-uniform and local refinement. Masks for local 
refinements were generated using UCSF ChimeraX(323) and cryoSPARC. Map sharpening was 
performed using the either the CryoSPARC or Cosmic2(324) server wrapper of 
DeepEMhancer(325) with the high resolution setting. Local resolution estimation was performed 
in cryoSPARC. 3D FSC(326) plots were generated from https://3dfsc.salk.edu/. All map 
visualizations were generated and recorded using UCSF ChimeraX. 
  
3.5.7 Model building  
 

Initial models used for building and refinement are provided in Table S3.1. Models were 
built and modified in COOT(333), with glycans manually added where necessary using the 
carbohydrate module. Models were then iteratively fit and refined between ISOLDE and 
PHENIX(329) using both sharpened and unsharpened maps. A final real space refine job was 
done for all models. Molecular interactions were determined using the PISA server(336). Model 
visualizations were generated and recorded using UCSF ChimeraX. PDB identifiers are provided 
in Table S3.1. 
  
3.5.8 Sequence alignments and phylogenetic analyses 
 
 All protein sequence alignments were generated using the default MUSCLE 
algorithm(351) and visualized using Geneious Prime. Alignments were further curated both 
automatically via ClipKIT(377) and manually to remove large gaps, sequences with low quality, 
and variable regions uninformative for phylogenetics. Sequence alignments are available as 
supplemental text files in FASTA format with the following names: Alignment of I domain-
containing integrins across representative Olfactores in Fig. 3.1A (Data S1 in online publication), 
Alignment of vertebrate leukocyte I domain integrins in Fig. 3.1B (Data S2 in online 
publication), Alignment of vertebrate beta subunits in Fig. S3.1C (Data S3 in online publication). 
Sequence names are provided as protein names, NCBI accession numbers, Uniprot or 
ENSEMBL identifiers or Aniseed Transcript IDs. 
 All phylogenetic trees were generated via the IQ-Tree(352, 378) web server or local 
installation, allowing for free-rate heterogeneity and using optimized substitution models, and 
then visualized in FigTree v1.4.4 (https://github.com/rambaut/figtree). Values in tree nodes are 
presented as “1000 ultrafast bootstrap/SH-aLRT.” Phylogenies were constructed from 
alignments of the region encompassing the β-propellor, αI domain, and thigh for alpha subunits 
and the βI domain, hybrid and psi domains for beta subunits. 
  
3.5.9 Positive selection analyses  
 
 Whole-gene dN/dS calculations and site-specific selection tests were performed using 
maximum-likelihood estimation with the codeml algorithm in PAML (308). Model 0 was used to 
calculate whole-gene dN/dS. Site-specific positive selection was calculated as previously 
described(379) for all tested genes. Briefly, models that either include (models 2, 8) or exclude 
(model 1, 8a) a category allowing dN/dS>1, indicating positive selection, were compared. 

https://3dfsc.salk.edu/


 75 

Codons with Bayes Empirical Bayes scores above 0.9 for model 8 were highlighted as evolving 
under positive selection. Codon alignments used for analysis can be found in Data S4 in the 
online publication. 
   
3.5.10 Flow cytometry  
 
 To validate our deep mutational analysis in a full-length integrin mammalian system, we 
leveraged conformation-specific antibodies and ligand titration assays paired to flow cytometry. 
To determine the activation state of wildtype or mutant integrins, we paired a conformation-
agnostic antibody for either αM (M1/70, eBioscience) or αL (TS2/4, Biolegend) as an expression 
control and a β2 antibody specific for the active integrin conformation (m24, Biolegend). 
ExpiCHO cells were transfected with plasmids encoding wildtype or mutant integrin constructs 
in a 3:2 α:β ratio in a 6-well plate format according to manufacturer instructions for the 
“standard” expression. After reaching 7-10 x 106 cells/mL, cells were split to 6 x 106 cells in a 
2mL volume per well, transfected, fed following a 24 hour incubation and harvested for flow 
cytometry 40-48 hours post transfection. For conformation assays 50µL per well of cell volume 
were distributed in a 96-well plate, pelleted at 500xg for 5 minutes, washed twice with room 
temperature TBS, resuspended in 100µL of storage buffer, and incubated for 30 minutes at 37°C 
with gentle rotation. Cells were then washed twice with ice-cold integrin storage buffer, 
resuspended in ice-cold storage buffer with 0.25µL of each antibody per well, and incubated for 
another hour with gentle rocking at 4°C. Cells were washed twice with ice-cold storage buffer, 
resuspended in 100µL of ice-cold storage buffer, and analyzed in the Fred Hutchinson Cancer 
Center Flow Cytometry shared resource facility. 
 A similar workflow was performed for ligand-binding assays, but instead of m24 
antibody an anti-HIS antibody (Genscript) was used to detect bound ligand. Cells were 
transfected, grown, and harvested in the same manner as the conformation test. Following plating 
and TBS washes, cells were resuspended in 100µL of room temperature integrin active buffer, 
incubated for 30 minutes at 37°C with gentle rotation, then transferred to a plate containing a 10-
fold dilution series of respective ligand (ICAM-1 for αLβ2 and C3d, NIF, or LGH for αMβ2) in 
active buffer. Following a 1 hour 37°C incubation, cells were washed twice with ice-cold 
integrin active buffer, resuspended in ice-cold active buffer with 0.25µL of each antibody per 
well, and incubated for another hour with gentle rocking at 4°C. Cells were washed twice with 
ice-cold storage buffer, resuspended in 100µL of ice-cold active buffer, and analyzed in the Fred 
Hutchinson Cancer Center Flow Cytometry shared resource facility. 
 For all conditions a negative transfection control was used to determine single cell gates, 
followed by single-antibody controls to determine fluorescence. Data were analyzed via FlowJo 
first gating for single cells, then FITC-positive cells (for protein expression), and finally 
APC/647-positive cells (for either open conformation or ligand-bound). The ratio of APC/647-
positive cells within the parent FITC-positive gate was plotted in PRISM (GraphPad). 
  
3.5.11 Mutant library construction 
 
 The complete library construction pipeline was adapted from previous work on 
Coronavirus spike-ACE2 interactions(356). Codon-optimized αI domain constructs were ordered 
as G-blocks (IDT) and cloned into a galactose-inducible centromeric yeast display plasmid 
(ADDGENE), replacing the RBD sequence with the integrin domain sequence. The αL I domain 
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was stabilized in a high-affinity state with the K287C/K294C(380) disulfide bond, and the αM I 
domain was stabilized with a similar Q163C/Q309C(358) mutation. These were referred to as 
“wildtype” controls for the purposes of the deep mutational scanning assay. From these, single 
site saturation mutagenesis libraries for the entire αL and αM I domains were produced by 
Genscript and delivered as dsDNA fragments, allowing for wildtype and synonymous sequences, 
with flanking sequences for subsequent library assembly. A sample αL sequence is given below 
with uppercase letters denoting the mutated region. 
 
tctgcaggctagtggtggaggaggctctggtggaggcggccgcggaggcggagggtcggctagccatatgGGCAACGTGGA
TCTGGTGTTCCTGTTTGACGGCTCCATGTCTCTGCAGCCTGATGAGTTTCAGAAGATC
CTGGATTTCATGAAGGACGTGATGAAGAAGCTGTCCAATACCTCTTATCAGTTTGCC
GCCGTGCAGTTCAGCACATCCTACAAGACCGAGTTCGACTTCAGCGACTATGTGAAG
AGAAAGGACCCCGATGCCCTGCTGAAGCACGTGAAGCACATGCTGCTGCTGACCAA
CACATTCGGCGCCATCAATTACGTGGCCACCGAGGTGTTTCGCGAGGAGCTGGGAG
CAAGGCCTGACGCAACAAAGGTGCTGATCATCATCACAGATGGCGAGGCCACCGAC
TCTGGCAACATCGATGCCGCCAAGGACATCATCAGGTATATCATCGGCATCGGCAA
GCACTTCCAGACAAAGGAGAGCCAGGAGACCCTGCACAAGTTTGCCAGCAAGCCCG
CCTCCGAGTTTGTGTGTATCCTGGATACCTTCGAGTGTCTGAAGGACCTGTTTACAG
AGCTGCAGAAGAAGATCTACctcgaggggggcggttccgaacaaaagcttatttctgaagaggacttgtaatagagatc
tgataacaacagtgtagatgtaacaaaatcgactttgttcccactgtacttttagctcgtacaaaatacaatatacttttcatttctccgtaaacaac
atgttttcccatgtaatatccttttctatttttcgttccgttaccaactttacacatactttatatagctattcacttctatacactaaaaaactaagacaa
ttttaattttgctgcctgccatatttcaatttgttataaattcctataatttatcctattagtagctaaaaaaagatgaatgtgaatcgaatcctaagag
aatt 
  
 From these libraries, a randomized N16 barcode and illumina sequencing handles were 
appended to each fragment via PCR(356). This barcoded fragment sequence for αL is given 
below. 
 
tctgcaggctagtggtggaggaggctctggtggaggcggccgcggaggcggagggtcggctagccatatgGGCAACGTGGA
TCTGGTGTTCCTGTTTGACGGCTCCATGTCTCTGCAGCCTGATGAGTTTCAGAAGATC
CTGGATTTCATGAAGGACGTGATGAAGAAGCTGTCCAATACCTCTTATCAGTTTGCC
GCCGTGCAGTTCAGCACATCCTACAAGACCGAGTTCGACTTCAGCGACTATGTGAAG
AGAAAGGACCCCGATGCCCTGCTGAAGCACGTGAAGCACATGCTGCTGCTGACCAA
CACATTCGGCGCCATCAATTACGTGGCCACCGAGGTGTTTCGCGAGGAGCTGGGAG
CAAGGCCTGACGCAACAAAGGTGCTGATCATCATCACAGATGGCGAGGCCACCGAC
TCTGGCAACATCGATGCCGCCAAGGACATCATCAGGTATATCATCGGCATCGGCAA
GCACTTCCAGACAAAGGAGAGCCAGGAGACCCTGCACAAGTTTGCCAGCAAGCCCG
CCTCCGAGTTTGTGTGTATCCTGGATACCTTCGAGTGTCTGAAGGACCTGTTTACAG
AGCTGCAGAAGAAGATCTACctcgaggggggcggttccgaacaaaagcttatttctgaagaggacttgtaatagagatc
tgataacaacagtgtagatgtaacaaaatcgactttgttcccactgtacttttagctcgtacaaaatacaatatacttttcatttctccgtaaacaac
atgttttcccatgtaatatccttttctatttttcgttccgttaccaactttacacatactttatatagctattcacttctatacactaaaaaactaagacaa
ttttaattttgctgcctgccatatttcaatttgttataaattcctataatttatcctattagtagctaaaaaaagatgaatgtgaatcgaatcctaagag
aattaatgatacggcgaccaccgagatctacactctttccctacacgacgctcttccgatctNNNNNNNNNNNNNNNNgcgg
ccgcgagctccaattcgccctatagtgagtcgtattacaattcactgg 
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 These barcoded fragments were introduced to NotI/SacI-digested parental plasmids via 
HiFi assembly, leading to a final plasmid library. This plasmid pool was heat-shock transformed 
in duplicate for each integrin domain into competent DH5α cells (NEB) and plated at 10-fold 
dilutions onto ampicillin-containing LB plates. Colonies were scraped at an estimated 50000 cfu 
bottleneck, plasmid purified, and transformed into the AWY101 surface display S. cerevisiae 
strain(381) at library scale(382). Yeast were grown outgrown, frozen in 18 OD/mL aliquots, and 
stored at -80°C. To link N16 barcodes to codon variants, we performed PacBio long-read 
sequencing of plasmids miniprep-prepared from bacteria as described previously(356). Circular 
consensus sequence reads were processed and quality-controlled using alignparse(383). For each 
library we obtained at least one barcode per possible variant, with the vast majority sampled at 
least twice. 
   
3.5.12 Deep mutational scanning for integrin-ligand binding affinity 
 
 The complete deep mutational scanning pipeline (TiteSeq) was adapted from previous 
work on Coronavirus spike-ACE2 interactions(356). The assay couples a titration experiment of 
the library yeast pool with ligand to FACS, sorting into bins based on ligand fluorescence. All 
titration experiments were performed in duplicate using the replicate libraries for each integrin 
domain, and R-squared values for replicates are provided in supplemental figures which tended 
to show concordance between libraries. For streamlining analysis and presentation only library 2 
for each experiment is shown in figures, although the data for all replicates are provided in 
online repositories for completeness. 
 To select for yeast clones expressing I domain variants, a “pre-sort” was done for each 
library in which yeast were sorted based on the C-terminal Myc tag encoded in the I domain 
expression construct. Frozen yeast libraries were thawed and outgrown for 8-10 hours in 
SDCAA media, back-diluted to 0.67 OD600 in SGCAA to induce I domain expression, and 
incubated at room temperature overnight with gentle rotation. Control yeast strains with wildtype 
domains were grown in a similar manner. Following 16-18 hours of induction, yeast were 
washed in TBSM-BSA (20mM Tris-HCl pH 7.4, 150mM NaCl, 1mM MnCl2, 0.2mg/mL BSA), 
and labeled with 1:100 FITC anti-Myc antibody to label expressed I domains for 1 hour at 4°C. 
Yeast were then washed twice with ice-cold TBSM-BSA and resuspended in cold TBSM (20mM 
Tris-HCl pH 7.4, 150mM NaCl, 1mM MnCl2) for FACS sorting. Cells were binned on singletons 
then on FITC as in Fig. S3.2. Approximately 20 million FITC+ cells were sorted into collection 
media (SDCAA+1%BSA), pelleted, and grown overnight in 5mL SDCAA + pen-strep. These 
outgrowths were frozen in 18OD/mL and stored at -80°C as “FITC+ libraries” for subsequent 
TiteSeq processing. 
 TiteSeq was performed as previous(356). Control strains or FITC+ libraries were thawed 
and outgrown, induced for I domain expression, and washed in the same way as full libraries. 
Following this, libraries were split into 10-OD aliquots and rotated overnight at room 
temperature with varying half-log titration series of ligand as well as no-ligand and saturating-
ligand concentrations for wildtype control strains. The next morning yeast were washed twice 
with ice-cold TBSM-BSA and incubated at 4°C for 1 hour with 1:100 FITC anti-Myc and 1:200 
iFluor647 anti-HIS antibodies. Cells were then washed twice and resuspended in TBSM for 
FACS. For each ligand concentration at least 7 million single FITC+ cells were sorted into four 
different ligand fluorescence bins as shown in Fig. S3.2. These cells were outgrown overnight in 
1mL SDCAA + pen-strep in a 96-well plate. These outgrowths were then plasmid miniprepped 
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using a Zymo 96-well yeast miniprep kit per manufacturer instructions, with the exception of an 
extended (3 hour) zymolase treatment and single -80°C freeze/thaw cycle prior to the kit lysis 
step. The N16 barcodes were then PCR amplified from the miniprep pools with an additional 
appended barcode for Illumina multiplexing and submitted for Illumina NovaSeq sequencing.  
 Demultiplexed N16 barcode reads were matched to library variants using the 
dms_variants tool (https://github.com/jbloomlab/dms_variants), providing a counts value of 
variant in each FACS bin across all concentrations. These counts were subsequently weighted 
from the total number of reads in each bin to the number of cells sorted into each bin. The 
amount of ligand binding for each variant at all ligand concentrations was calculated as a mean 
bin based on the distribution of counts across all bins. A binding constant (KD) was calculated 
using a non-cooperative Hill equation as in(356), with values limited to avoid extreme fits as 
appropriate. These binding constants were then normalized on a (min,0,max:-1,0,1) scale for 
presentation and comparison as this study focuses on relative increases or decreases in affinity as 
opposed to absolute values. 
 
3.5.13 Structure and data visualization   
 
 Structures displaying the average effect of all mutations per-site were generated using the 
Mutationscores command in UCSF ChimeraX. Sequence conservation was plotted via “color 
byattribute.” All cryoEM map and model visualizations were generated in UCSF ChimeraX. 
Graphs for DMS validation experiments were generated using PRISM. 
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3.6 Supplemental Information  
 

Figure S3.1. Rapid evolution of a subset of integrin a subunits. A. Genes in the mammalian aD/M/X clade have 
duplicated in tandem multiple times. B. The genomic neighborhood of the region encompassing the ITGAD/M/X 
genes in mammals. Genes are arranged in tandem, facilitating ease of genetic turnover. C. Expanded PAML positive 
selection analyses of I domain-containing integrin genes in murine, cichlid, and primate genomes. D. Phylogenetic 
analysis of beta integrin genes indicates concordance across the metazoan phylogeny, unlike that of the alpha 
subunits. 
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Figure S3.2. A high throughput yeast display assay to quantify the effects of mutations across the aL I 
domain. A. A schematic of the TiteSeq workflow which couples mutational analysis to ligand binding via flow 
cytometry and Illumina sequencing. B. Mutational distributions of each replicate pool (library) for both the aL (top) 
and aM (bottom) I domains. C. Predicted structures indicating the approximate placement of each stabilizing 
disulfide bond. The aL structure (left) is adapted from (359) and the aM (right) from (358). D. A representative 
flow plot showing inducible surface expression of the aL I domain upon galactose induction. E. Representative flow 
data from the wildtype (left) and aL library (right) showing a shift in APC ligand fluorescence upon increasing 
titration of ligand. F. Correlation plot of ligand affinity values between the two replicate aL libraries. G. 
AlphaMissense data for the aL I domain. Black residues are the wildtype. 
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Figure S3.3. The mutational constrains of the aMb2:C3d interaction. A. The aM I domain binds a range of 
structurally and functionally distinct ligands. B. AlphaMissense data for the aM I domain. Black residues are the 
wildtype. C. Conservation values from an alignment of all leukocyte I domains across vertebrates. Secondary 
structure tends to be more, but not completely, constrained. D. A model for how I domains generally optimize high 
affinity at the ligand interface and low affinity at the allosteric site.  
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Figure S3.4. The mutational constrains of the aMb2:LGH interaction. A. Representative flow data from the 
wildtype (top) and aM library (bottom) showing a shift in APC ligand fluorescence upon increasing titration of 
ligand. B. Correlation plot of ligand affinity values between the two replicate aM libraries. C. The molecular model 
for how LGH binds integrin in the open conformation, then forms an active cytolytic pore upon integrin shifting to 
the closed conformation. Adapted from (204). D. Differential mutational values between C3d and LGH mapped onto 
ligand binding residues in the active aM I domain structure. A redder color indicates a larger sum mutational 
difference between the two ligands. 
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Figure S3.5. The mutational constrains of the aMb2:NIF interaction. A. Representative flow data from the 
wildtype (top) and aM library (bottom) showing a shift in APC ligand fluorescence upon increasing titration of 
ligand. B. Correlation plot of ligand affinity values between the two replicate aM libraries. C. A schematic for how 
hookworm evades immune detection via steric blockade of host leukocytes.  
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Figure S3.6. Structural determination of the aMb2:NIF interaction. A. Negative stain averages of the aMb2 
ectodomain in various conformations bound to NIF. B. A data processing workflow for the NIF-bound aMb2 
ectodomain cryoEM structure. C. Validation metrics for the NIF-bound aMb2 ectodomain cryoEM structure. Top to 
bottom: representative micrograph, GSFSC plot, 3DFSC plot, representative map-model fit, orientational 
distribution plot, map-model correlation plot. D. A data processing workflow for the NIF-bound aM I domain 
cryoEM structure in storage buffer. E. Validation metrics for the NIF-bound aM I domain cryoEM structure in 
storage buffer. Top row: Orientational distribution plot, map-model correlation plot, representative map-model fit. 
Bottom row: Representative micrograph, GSFSC plot, 3DFSC plot. F. A data processing workflow for the NIF-
bound aM I domain cryoEM structure in active buffer. G. Validation metrics for the NIF-bound aM I domain 
cryoEM structure in active buffer. Top row: Orientational distribution plot, map-model correlation plot, 
representative map-model fit. Bottom row: Representative micrograph, GSFSC plot, 3DFSC plot. 
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Figure S3.7. Structural determination of the aMb2 dimer. A. 2D class averages of cryoEM data from the aMb2 
ectodomain dimer without added antibody. B. Reconstruction (left) and orientational distribution (right) from aMb2 
ectodomain dimer alone lead to a map without near-atomic features. C. A data processing workflow for the LM2/1 
IgG-bound aMb2 ectodomain dimer cryoEM structure. D. Validation metrics for the LM2/1 IgG-bound aMb2 
ectodomain dimer cryoEM structure. Top row: Representative map-model fit, orientational distribution plot, 3DFSC 
plot. Bottom row: Map-model correlation plot, representative micrograph, GSFSC plot. E. The full, low-threshold 
LM2/1 IgG-bound aMb2 ectodomain dimer cryoEM structure; box indicates region used for local refinement. F. 
Molecular data of the local refinement structure; box indicates region of focus for panel g. G. The prime b2 subunit 
coordinates the aM MIDAS in the dimer structure. H. 2D averages of the wildtype and D54A aMb2 ectodomain 
suggest breaking the MIDAS interaction is sufficient to abolish homodimerization. 
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Figure S8. Structural determination of the aMb2:iC3b interaction. A. Different proposed models for the 
molecular interface between aMb2 and iC3b. B. A data processing workflow for the aMb2 ectodomain:iC3b 
cryoEM structure. C. Validation metrics for the LM2/1 IgG-bound aMb2 ectodomain dimer cryoEM structure. Top 
to bottom: 3DFSC plot, representative micrograph, map-model correlation plot, representative map-model fit, 
GSFSC plot, orientational distribution plot. D. A data processing workflow for the LM2/1 IgG-bound aM I domain 
cryoEM structure in complex with C3d. E. Validation metrics for the LM2/1:aM I domain:C3d structure. Top row: 
3DFSC plot, representative map-model fit, representative micrograph. Bottom row: Orientational distribution plot, 
GSFSC plot, map-model correlation plot. F. A steric clash between ACT toxin and iC3b at the aM beta-propellor. 
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Table S3.1. Collection, refinement and validation statistics for cryoEM density maps and models. Collection 
details for all cryoEM maps presented in the text are shown above, and validation statistics for the models 
subsequently generated from those maps are shown below.  

 αMβ2:NIF 
Ectodomain 

αMβ2:LM2/1: 
NIF open I 
domain 

αMβ2:LM2/1: 
NIF closed I 
domain 

αMβ2:LM2/1 
Dimer 

αMβ2:iC3b 
ectodomain 

αMβ2:LM2/1: 
C3d open I 
domain 

Data collection and 
processing 

      

Magnification    36000x 36000x 36000x 36000x 36000x 36000x 
Voltage (kV) 200 200 200 200 200 200 
Electron exposure (e–
/Å2) 

50 50 50 50 50 50 

Defocus range (μm, 
nominal) 

1.2-1.8 1.2-1.8 1.2-1.8 1.2-1.8 1.2-1.8 1.2-1.8 

Pixel size (Å) 1.122 1.122 1.122 1.122 1.122 1.122 
Symmetry imposed C1 C1 C1 C1 C1 C1 
Initial particle images 
(no.) 

2,231,528 2,738,648 283,225 5,233,335 2,455,858 3,893,223 

Final particle images 
(no.) 

385,054 234,821 92,482 188,443 261,123 83,742 

Map resolution (Å) 
    FSC threshold 

3.52 
0.143 

3.09 
0.143 

3.10 
0.143 

2.76 
0.143 

3.62 
0.143 

3.33 
0.143 

Map resolution range 
(Å) 

2.9-53.0 2.6-26.7 2.6-36.3 2.5-7.2 3.1-13.1 3.0-47.2 

       
Refinement       
Initial model used 
(Alphafold or PDB 
code) 

Alphafold 
PDB: 9RM9 

Alphafold2 
 

αMβ2:LM2/1: 
NIF open I 
domain 

Alphafold αMβ2:NIF 
Ectodomain, 
PDB: 7AKK 

Alphafold 
PDB: 4M76 

Model resolution (Å) 
    FSC threshold 

3.52 
0.143 

3.09 
0.143 

3.10 
0.143 

2.76 
0.143 

3.61 
0.143 

3.33 
0.143 

Model resolution range 
(Å) 

2.9-53.0 2.6-26.7 2.6-36.3 2.5-7.2 3.1-13.1 3.0-47.2 

Model composition 
    Non-hydrogen atoms 
    Protein residues 
    Carbohydrates 

 
9302 
1165 
23 

 
6878 
877 
2 

 
6932 
884 
2 

 
6459 
829 
2 

 
17224 
2164 
0 

 
7177 
919 
0 

B factors (Å2) 
    Protein 
    Ligand 

 
104.52 
117.97 

 
63.90 
144.73 

 
60.42 
111.75 

 
67.55 
115.06 

 
95.67 
N/A 

 
58.18 
N/A 

R.m.s. deviations 
    Bond lengths (Å) 
    Bond angles (°) 

 
0.005 (0) 
0.736 (3) 

 
0.003 (0) 
0.535 (1) 

 
0.003 (0) 
0.599 (2) 

 
0.005 (0) 
0.636 (3) 

 
0.003 (0) 
0.657 (10) 

 
0.003 (0) 
0.633 (0) 

 Validation 
    MolProbity score 
    Clashscore 
    Poor rotamers (%)    

 
1.72 
5.45 
1.1 

 
1.39 
2.60 
1.71 

 
1.29 
2.80 
0.26 

 
1.31 
2.99 
0.55 

 
1.31 
3.24 
1.11 

 
1.44 
3.73 
0.51 

 Ramachandran plot 
    Favored (%) 
    Allowed (%) 
    Disallowed (%) 

 
94.20 
5.63 
0.17 

 
97.01 
2.99 
0 

 
96.58 
3.31 
0.11 

 
96.58 
3.42 
0.00 

 
97.12 
2.88 
0.00 

 
95.94 
4.06 
0.00 



 88 

3.7 Afterword 
  
 This chapter is a culmination of the excellent work by trainees whom I supervised in the 
Campbell lab, and I think there’s a lot to be proud of here. Anthony Kemp came out swinging 
during his summer project; his negative stain skills are second to none, and it was incredibly 
rewarding to watch him navigate complex literature with poise and excitement. Likewise, 
Chelsea’s independence in both structural biology and developing new assays to validate the 
mutational data were extremely impressive and made the work in this chapter both fun and 
achievable. Both fantastic scientists have bright futures ahead of them; the experimental work 
here is an excellent stepping stone for both, but surely nothing compared to what is to come for 
both of them. 
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Chapter 4 Remote homology and functional genetics unmask deeply 
preserved Scm3/HJURP orthologs in metazoans 

 
*This chapter was adapted from Hollis et al. 2026(384). 
 
4.1 Abstract 

 
In most animals and fungi, centromere identity and function depend on the Scm3/HJURP 

chaperone, which deposits CENPA at centromeres. However, Scm3/HJURP orthologs appeared 
to be missing in insects, nematodes, many vertebrates, and other metazoans, suggesting radical 
chaperone replacement in these lineages. Here, we combine remote homology detection, 
AlphaFold-based structural modeling, and functional genetics in zebrafish and Caenorhabditis 
elegans to identify previously unknown Scm3/HJURP orthologs that localize to centromeres and 
whose loss causes catastrophic mitotic failure. We further show that Drosophila CAL1, long 
considered a functional analog, is instead a highly diverged Scm3/HJURP ortholog. Despite 
rapid primary-sequence divergence, predicted and known structures reveal a broadly conserved 
CENPA-H4-binding scm3 fold across fungi, vertebrates, nematodes, insects, and most 
metazoans. Our work demonstrates how rapid divergence can obscure the broad conservation of 
essential centromere machinery and provides a generalizable strategy for unmasking missing 
orthologs. 

 
4.2 Introduction 

 
In most eukaryotes, accurate chromosome inheritance during cell division depends on the 

precise assembly of centromeric chromatin, a process orchestrated by the deposition of the 
centromere-specific histone H3 (CenH3) variant, CENPA(385). In fungi and mammals, this 
deposition is facilitated by a specialized histone chaperone(386) (Fig. S4.1A). S. cerevisiae 
Scm3(272, 274, 387) and human HJURP(276, 277, 388) were independently identified for their 
roles in CENPA deposition through genetic and biochemical studies. Subsequent evolutionary 
analyses based on remote homology detection identified fungal Scm3 and animal HJURP 
proteins as distantly related orthologs(278). Intriguingly, this orthology could not be directly 
established using traditional methods such as reciprocal BLAST genome queries. Instead, the 
identification of a choanoflagellate Scm3/HJURP protein, with homology to both fungal and 
animal proteins, provided a critical evolutionary intermediate that enabled the successful 
identification of orthology between the fungal Scm3 and animal HJURP proteins. Subsequently, 
several structural and functional studies demonstrated that Scm3(273, 389) and HJURP(390) 
share a common ‘scm3 domain’(391) (we refer to the domain as scm3 to distinguish it from the 
Scm3 protein in yeast and choanoflagellates) that mediates the specific recognition and assembly 
of CENPA-containing nucleosomes at centromeres, highlighting orthology of these proteins 
despite divergence of their primary sequences. This functional conservation underscores the 
significance of Scm3/HJURP-mediated CENPA loading and stabilization(392, 393) in 
eukaryotic chromosome segregation, dating back to at least the common ancestor of fungi and 
animals. In contrast, plants appear to utilize a distinct chaperone, nuclear autoantigenic sperm 
protein (NASP), to deposit CENH3 in Arabidopsis thaliana and other land plants(394, 395). 

At the molecular level, the Scm3 and HJURP chaperones recognize the CENPA-
Targeting Domain (CATD)(396), which encompasses the L1 loop and the a2 helix of the 
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CENPA histone fold domain (Fig. S4.1B). The unique molecular features of the CENPA CATD 
are both necessary and sufficient for Scm3/HJURP to distinguish it from other H3 variants and to 
deposit CENPA strictly at the centromere, thereby making the scm3 domain critical for 
chaperone specificity(397). The scm3 domain is comprised of a structurally conserved ~25aa a-
helix followed by a ~10aa b-strand that runs antiparallel to the CENPA a2 helix and L1 loop, 
respectively(273, 390). Most of HJURP lacks experimental structural information and is 
predicted to be largely disordered. Scm3/HJURP proteins carrying CENPA/H4 dimers are 
recruited to the centromere via two parallel pathways: the first utilizes the polo-like kinase-
licensed Mis18 complex to recruit HJURP(398–400), while the second involves HJURP binding 
directly to the inner kinetochore protein CENPC(401, 402). These pathways appear to be broadly 
functionally conserved across the metazoan tree(403–406). 

Despite its ancient origins, the evolutionary history of the Scm3/HJURP chaperone 
remains unclear in many animal lineages. Although sequence profile analyses and sensitive 
homology searches have identified distant relatives of Scm3 and HJURP in some lineages(278), 
orthologs appear to be missing in several major animal groups, especially in fish, insects, and 
nematodes(407) (Fig. S4.2). This is particularly puzzling, as most of these groups still possess 
canonical CENPA-dependent centromeres(408), indicating that the need for a CENPA chaperone 
persists, even if the specific chaperone might differ. The absence of detectable Scm3/HJURP 
homologs in these species has been taken as evidence for the independent evolution of distinct 
centromeric chaperones or of entirely different centromere assembly processes(278, 409). 

The case of insects, especially Drosophila, has been central to this puzzle. Genetic and 
cell biological studies have unambiguously identified the CAL1 protein as the CENPA 
chaperone in Drosophila melanogaster(275, 410, 411) and other dipteran species(412), where it 
is thought to play a role similar to that of HJURP/Scm3 in CENPA deposition. However, CAL1 
shows no obvious sequence similarity to Scm3/HJURP, leading to its classification as a 
functional analog rather than a true ortholog(409). This distinction is based on the failure to 
detect homology to the conserved scm3 domain using standard sequence comparison tools. 
Nonetheless, structural studies have shown that CAL1 does contain an ‘scm3 domain’-like motif, 
which interacts with CENPA molecules similarly to Scm3/HJURP proteins(413). Therefore, 
based on current evidence, it remains unclear whether CAL1 is a true ortholog whose orthology 
is obscured by rapid divergence or an example of convergent evolution, in which a new protein 
has independently gained the ability to chaperone CENPA. 

Unlike insects, nematodes such as Caenorhabditis elegans appear to lack a recognizable 
CENPA chaperone that is either orthologous to Scm3/HJURP or a clear functional equivalent, 
such as CAL1(403, 414). Instead, recent research suggests that the exceptionally long, helical 
CENPA N-terminal tail, combined with the centromere protein KNL-2, may have usurped 
chaperone functions in centromeric chromatin assembly, potentially eliminating the need for a 
dedicated CENPA chaperone(403, 405). In support of this model, genetic and cytological studies 
have shown that KNL-2, which lacks homology to Scm3/HJURP, is essential for CENPA 
loading and kinetochore formation in nematodes(403, 405). This, combined with their 
holocentric architecture, suggests that C. elegans and possibly other nematodes may have 
evolved a fundamentally different mechanism for centromere specification and maintenance, 
highlighting the remarkable possibility that the machinery involved in depositing centromeric 
histones could be highly adaptable across evolution. 

Here, we revisit this important question using both classical genetic approaches and 
recent advances in remote homology detection(415, 416), which incorporate sequence 
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comparisons and structural predictions, along with recently sequenced genomes (Fig. S4.3). 
From these analyses, we demonstrate that most metazoan clades have preserved an orthologous 
centromeric chaperone characterized by the conserved scm3 domain. For example, we identified 
previously undetected scm3 domain-containing proteins in deuterostomes, including teleost fish 
and echinoderms. Using genetic perturbations and cytological analyses, we functionally validate 
our identification of Scm3/HJURP orthologs in zebrafish (Danio rerio) and nematodes (C. 
elegans), demonstrating that these putative orthologs localize to centromeres and that their loss 
leads to catastrophic mitotic defects. We also trace the arthropod ancestry of the scm3 domain, 
revealing that Drosophila CAL1 is a genuine Scm3/HJURP ortholog rather than a functional 
analog. Structural modeling using AlphaFold(332, 340) predicts that even highly diverged Scm3 
domains from species such as zebrafish and nematodes adopt a conserved fold and interact with 
CENPA/H4 in a manner similar to that of their human and fungal counterparts. Our discovery of 
scm3 domain-containing proteins in basal arthropods, non-dipteran insects, nematodes, and other 
early-branching metazoans suggests that the ancestral metazoan and most metazoan lineages 
possess CENPA chaperones, which include an scm3 domain. Our findings comprehensively 
revise our understanding of centromeric histone chaperone evolution in animals, highlight the 
limitations of standard homology detection methods in the face of extreme sequence divergence, 
and offer general approaches to overcome these limitations.  
 
4.3 Results  
 
4.3.1 HJURP orthologs are broadly conserved across deuterostomes, including teleosts 
  

Since the initial study identifying orthology between human HJURP and yeast 
Scm3(278), several additional high-quality genome assemblies across the metazoan tree have 
become available(417). These genomes have provided more power to identify distant homology 
between clades. We employed an iterative BLAST (PSI-BLAST)(418) approach (Fig. S4.3), 
which leverages repeated searches with new hits incorporated at each iteration, to identify remote 
homologs of full-length human HJURP in teleosts (ray-finned fish). Consistent with previous 
efforts, we were initially unsuccessful. However, we could confidently identify an HJURP-like 
protein in the genome of Latimeria chalumnae (West Indian Ocean coelacanth)(419), a lobe-
finned fish, despite this sequence lacking the canonical scm3 domain. Instead, the coelacanth 
protein was identified by homology with human HJURP residues outside the scm3 domain. 
Despite lacking an scm3 domain, subsequent iterative searches using the putative coelacanth 
HJURP sequence successfully identified previously uncharacterized proteins across 
deuterostomes, including echinoderms, teleost fish, and cephalochordates (Fig. 4.1A). In most 
deuterostome genomes, only a single strong hit was identified. We generated a MUSCLE(351) 
alignment of these putative HJURP homologs from representative tetrapods, teleosts, and 
echinoderms, revealing a conserved scm3 domain across all identified sequences. Our results are 
supported by the InterPro database(240), which also lists several of these putative deuterostome 
HJURP proteins as containing a bona fide scm3 domain. Phylogenetic analyses of these scm3 
domains were generally congruent with the deuterostome species tree(420) (Fig. 4.1B, Fig. 
S4.4A), consistent with the hypothesis that a monophyletic, broadly retained common HJURP 
ancestor is present among all deuterostomes.  
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Figure 4.1. The centromeric chaperone HJURP predates tetrapods. A. A phylogeny (not to scale) of 
deuterostome putative HJURP proteins. Deuterostome HJURPs have high variation in length and composition, 
sharing only a short N-terminal scm3 domain. B. Phylogenetic analysis shows that putative deuterostome scm3 
domains roughly follow the species tree, consistent with a monophyletic origin of HJURP. C. Logo plots of the 
scm3 domain for representative clades within deuterostomes. scm3 domains were extracted, aligned together, and 
then separated into distinct clades for the purposes of visualization. D. The Homo sapiens crystal structure 
(PDB:3R45, left) and AlphaFold-Multimer prediction of the Danio rerio HJURP-CENPA-H4 complex (right) show 
general structural similarities. The KY motif (insets) interacts with a conserved glutamate on the CENPA ⍺2 helix. 

Overall, these sequences showed little homology among deuterostomes, particularly 
outside the scm3 domain (9.91% average whole-protein identity), making whole-protein 
alignments intractable and uninformative (Fig. S4.4B). Even within the scm3 domain, there is 
relatively little sequence conservation (27.26% shared identity) compared to what would be 
expected of an essential domain in an essential protein(421). Logo plots of scm3 domains from 
representative clades show only a few broadly conserved amino acids (Fig. 4.1C). Among these 
is the previously identified KY dipeptide, which is almost universally conserved among 
deuterostomes, with only select conservative substitutions at the lysine residue. Hydrophobic 
amino acids spaced approximately 2-4 positions apart also appear to be important for the scm3 
domain (Fig. 4.1C); this regular spacing is consistent with the alpha-helical structure of the scm3 
domain that runs antiparallel to the ⍺2 helix in the CENPA histone fold domain (Fig. S4.1B). An 
HHpred(422) E-value of 2.30e-04 supports this finding of structural homology (Table S4.1). 
HHpred values were also used as an additional validation metric for subsequent searching. 

Conversely, while these general patterns define the scm3 domain, it appears to exhibit 
remarkable sequence plasticity even within deuterostomes. For example, a threonine within the 
“TLTY” motif was previously thought to be widely conserved across opisthokonts 
(encompassing fungi, choanoflagellates, and metazoa)(278, 391), but shows only low 
conservation among these representative deuterostome clades. There is marked diversity in 
hydrophobic residues helical within and among clades (Fig. 4.1C). Furthermore, some residues 
are conserved in a lineage-specific manner. For example, the consensus residue immediately 
following the KY is conserved within, but differs across, representative lineages. Such variation 
may reflect lineage-specific coevolution between HJURP and the CENPA/H4 histone dimers. 
Although the scm3 domain appears to be the single shared molecular feature across HJURP 
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proteins in deuterostomes, tetrapods and teleost fish share an additional motif immediately 
upstream of the DNA-binding HMD region (Fig. S4.1B) as well as moderate homology within 
the previously identified(400) Mis18-binding R2 region (Fig. S4.4C). This region of homology is 
not shared with echinoderms, suggesting that it arose and became entrenched for functional 
purposes in the common ancestor of tetrapods and teleosts. 

Identification of deuterostome HJURPs confirmed that the scm3 domain is the definitive 
conserved feature of HJURP proteins in deuterostomes. Therefore, we hypothesized that the 
absence of the scm3 domain in the original coelacanth L. chalumnae HJURP protein must have 
arisen from an assembly error or gap in the coelacanth genome at this site. To further test this 
hypothesis, we used Logan Search(423) with the L. chalumnae gene sequence to query the 
Sequence Read Archive for homology to this gene. We found a close match to a transcript from 
the testes of the closely related L. menadoensis (Indonesian coelacanth)(424) that, when 
translated, extended the N-terminus of this protein to include an intact scm3 domain (Fig. 
S4.4D). Consistent with our assembly junction hypothesis, we could align two different L. 
chalumnae contigs to the bases 1-92 and 157-2691, respectively, of the L. menadoensis 
transcript. However, a contig gap spanning bases 93-156 rendered the sequence of the L. 
chalumnae HJURP homolog and its scm3 domain incomplete (Fig. S4.4D). Overall, our results 
indicated the scm3 domain is invariant in HJURP orthologs and provides the most conclusive 
signal for HJURP ortholog identification. 

Our remote homology analyses revealed that a previously uncharacterized gene from 
zebrafish (Danio rerio) (ZFIN Gene ID: ZDB-GENE-030804-4; name: si:dkeyp-117h8.4(425)) 
encodes an HJURP ortholog, which we refer to as drHJURP. To gain further insight into the 
structural constraints that might shape the scm3 domain's evolution in deuterostomes, we 
performed AlphaFold-multimer analyses of drHJURP in complex with the zebrafish CENPA-H4 
dimer. Despite the low sequence homology to scm3 from human HJURP, AlphaFold-multimer 
predicted with high confidence a protein complex very similar in structure to the Homo sapiens 
crystal structure (Fig. 4.1D). Features broadly conserved in vertebrate scm3 domains include the 
KY motif (Fig. 4.1D) and a downstream motif comprised of acidic (E/D) and short hydrophobic 
residues (I/L/V) in a repeating pattern which forms the secondary beta sheet structure. These 
residues appear to perform orthologous functions in the case of human and zebrafish complexes. 
However, six CENPA residues essential for specificity in the human HJURP-CENPA 
interaction(426) are entirely different in Danio rerio, as are the complementary HJURP residues 
(Fig. S4E). Nevertheless, the essential pocket cradling CENPA’s specificity-defining CENPA-
Targeting Domain (CATD)(396) is considerably similar in shape, with a backbone RMSD of 
0.71Å2 between the helix-sheet region of the human and predicted zebrafish structures, despite 
dramatic sequence differences. This AlphaFold prediction reveals the structural basis for 
sequence plasticity within the scm3 domain: the strongest constraints arise from entrenched 
hydrophobic interactions (390, 426), which are maintained in the scm3 domain to complement 
the hydrophobic CENPA residues required for tight nucleosome formation at the centromere. 
Surprisingly, the AlphaFold prediction also included an additional helix C-terminal to the scm3 
domain that also appears to contact the histone dimer (Fig. 4.1D). This feature is reminiscent of 
the Drosophila CAL1-CID-H4(413) crystal structure, which shows that further tertiary structure 
beyond the central scm3-CENPA parallel helices helps augment CAL1-CENPA interaction 
specificity. 

 
4.3.2 The zebrafish gene si:dkeyp-117h8.4 encodes HJURP 
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To assess the centromeric function of drHJURP in vivo, we tested three critical attributes. 

We first asked whether drHJURP preferentially interacts with drCENPA rather than with 
canonical H3. To detect a direct interaction between drCENPA and drHJURP, we performed in 
vitro pull-down assays using recombinant proteins. These experiments revealed the hallmark 
preference of HJURP for CENPA/H4 over canonical H3/H4(427) (Fig. 4.2A). However, we note 
that this pulldown with drHJURP was qualitatively less efficient than those performed with 
orthologous tetrapod proteins, including human HJURP(426–428). 

A second expectation is that drHJURP should localize to centromeres. To test this 
expectation, we co-injected zebrafish zygotes with in vitro-transcribed mRNAs encoding eGFP-
tagged drCENPA (to mark centromeres) and mCherry-tagged drHJURP, then examined the 
localization of these tagged proteins via live imaging. We observed strong colocalization of 
drCENPA and drHJURP in embryonic nuclei (Fig. 4.2B). This colocalization was cell-cycle 
dependent: drHJURP was present at centromeres only in interphase nuclei (16/25 nuclei) and 
was completely absent in other phases of the cell cycle (Fig. 4.2B, Movie S1 in online 
publication). In contrast, drCENPA localized to centromeres throughout the cell cycle. This 
localization pattern mirrors that of human HJURP, which replenishes CENPA at the telophase-
to-G1 transition(276, 277, 429). The cell-cycle-dependent localization of drHJURP is also 
consistent with its expression being most strongly correlated with other cell-cycle components 
(Fig. S4.5A) in single-cell transcriptomics data(430, 431) and in situ hybridization(432).  

Finally, we tested the third expectation for drHJURP; given its fundamental role in 
CENPA deposition, we expected that drHJURP would be essential for early embryonic 
development(433). To test this possibility, we injected zebrafish embryos with Cas9 protein and 
CRISPR guide RNAs targeting drHJURP, drCENPA, or a scrambled negative control (Fig. 
S4.5B). We then examined CRISPant F0 embryos looking for indications of developmental 
impairment. While the control group was largely unimpaired, drHJURP CRISPant embryos 
displayed gross morphological defects and extensive signs of necrotic tissue at 24hpf (Fig. 4.2C). 
By comparison, drCENPA CRISPants displayed a comparatively milder, yet substantial 
phenotype. We hypothesize that the differences in phenotypic severity between the drHJURP 
and drCENPA CRISPants can be attributed to the exceptionally long half-life of the CENPA 
protein(434), together with its considerable maternal deposition. If the primary cause of necrosis 
in drHJURP and drCENPA CRISPant embryos is centromeric dysregulation, we hypothesized 
that we would observe signs of catastrophic cell division. Consistent with this expectation, we 
found extensive evidence of mitotic failure in drHJURP CRISPant embryos, including lagging 
and bridging chromosomes in anaphase cells as well as fractured nuclei and micronuclei in 
interphase cells (Fig. 4.2D-E). Furthermore, we find a ~65% reduction of GFP-drCENPA 
intensity in drHJURP CRISPant embryos compared to scramble controls (Fig. 4.2F). Thus, our 
in vivo data indicate that the D. rerio gene si:dkeyp-117h8.4 indeed encodes the long-missing 
zebrafish HJURP, validating the conclusions from our remote homology search. 
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Figure 4.2. Danio rerio encodes an HJURP ortholog. A. Amylose pulldown assay with purified MBP-drHJURP 
and drCENPA/H4 or canonical H3/H4 tetramers. MBP-drHJURP interacts directly with drCENPA/H4 tetramers as 
suggested by co-precipitation of species at drCENPA and H4 sizes. Red asterisk indicates a non-histone 
contaminant. B. Still frames from timelapse series of cell divisions in D. rerio embryos expressing GFP-CENPA and 
mCherry-HJURP show cell cycle-specific colocalization of drHJURP and drCENPA. C. Morphological analysis of 
CRISPant zebrafish larvae with control (left representative image, N=96), CENPA (N=81), or HJURP (center and 
right representative images, N=138) guides. Severe morphological defects suggest HJURP is an essential gene. D. 
While control guide-injected embryonic cells generally segregate their chromosomes cleanly, HJURP CRISPant 
embryos have severe chromosome segregation defects, including frequently aberrant anaphases and fragmented 
nuclei. Scale bars are 5µm. E. Quantification of anaphase defects in control or HJURP CRISPant embryos. Numbers 
of anaphases are 49 for control guides, 105 for HJURP guides. F. Relative centromeric CENPA fluorescence in 
control CRISPant embryos (N=34 nuclei) compared to HJURP CRISPant embryos (N=36 nuclei) suggests a loss of 
centromeric CENPA in the absence of HJURP. 
 
4.3.3 Drosophila CAL1 is a true HJURP ortholog 
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Based on current evidence, it is unclear whether the CAL1 CENPA chaperone identified 

in Drosophila and other Diptera represents a divergent Scm3/HJURP ortholog or whether it 
independently evolved to converge on HJURP/Scm3-like structure and function(407, 409). The 
success of our remote homology detection strategy in identifying HJURP orthologs in 
deuterostome lineages led us to investigate whether we could distinguish between these two 
possibilities by extending our search to arthropods. To this end, we sought to identify broadly 
distributed arthropod proteins that contain scm3 domains. We generated different Hidden 
Markov Models (HMMs) via HMMer(435–437) either from deuterostome HJURP scm3 
domains, yeast/choanoflagellate scm3 domains, or Dipteran CAL1 proteins, encompassing either 
just the scm3-like domain or the first 160 residues (Data S1 in online publication). We used these 
different HMM models to search available arthropod genomes for putative Scm3/HJURP 
homologs.  

To our surprise, we found a non-overlapping set of putative HJURP homologs using 
these strategies. For example, using the deuterostome or yeast/choanoflagellate HMMs, we were 
able to successfully identify scm3 domain-encoding genes from basal panarthropods, such as 
tardigrades and horseshoe crabs, suggesting that the scm3 domain was present in the arthropod 
common ancestor (Fig. 4.3A). However, this search did not initially reveal any homologs in 
insects. Conversely, using Dipteran-based HMMs, we identified proteins with scm3-like 
domains in Diptera and other insect clades, including Hymenoptera (bees, ants, wasps), 
Coleoptera (beetles), and Orthoptera (crickets), but not in other arthropods. However, by 
searching arthropod genomes using iteratively built HMMs combined with AlphaFold modeling, 
we identified representative scm3 domain-containing proteins in all major clades of arthropods 
(Fig. 4.3A). Scm3/HJURP orthologs from Hymenoptera were extremely useful evolutionary 
intermediates because they were found to be homologous to both deuterostome HJURP and 
insect CAL1 proteins, thus confirming the orthology between dipteran CAL1 and non-insect 
arthropod Scm3/HJURP proteins. These findings provide the most definitive evidence that 
Drosophila CAL1 is a true, albeit more divergent, ortholog of Scm3/HJURP. 

Based on our more comprehensive repertoire of Scm3/HJURP orthologs in arthropods, 
we sought to understand why earlier efforts might have failed to establish CAL1 as a true 
HJURP ortholog. We focused on sequence features that make CAL1 appear distant from other 
proteins with scm3 domains. To our surprise, we found that, unlike deuterostomes, the scm3 
domain is not the most conserved region of the CAL1 chaperone in Diptera (Fig. S4.6A). Rather, 
the scm3 domain shows comparably low sequence homology within dipterans compared to other 
arthropod lineages (Fig. 4.3B). A subset of Dipterans has also lost selective constraint on the 
definitive KY motif (Fig. 4.3C), although the orthologous DF residues in Drosophila 
melanogaster remain functionally important(413). This loss may be dipteran-specific, as the KY 
is still largely present in the hymenopteran insect clade (Fig. 4.3B), as is the acidic/short 
hydrophobic patch. Other features appear to be universal among insects, such as largely invariant 
tryptophan and arginine residues, which are also widely conserved in the Daphnia crustacean 
lineage. The regular spacing of conserved residues is also consistent with both deuterostome 
scm3 sequences and the expected parallel helical structure of the chaperone-histone 
complex(413). Despite these features, insect scm3 domain sequences are considerably diverged 
from those of early-branching arthropods (Fig. 4.3B). The relaxed sequence constraints on 
dipteran scm3 domains may explain why initial attempts failed to establish CAL1’s orthology 
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with human HJURP, necessitating the requirement for evolutionary intermediates from other 
insects and other arthropods described here.  

Figure 4.3. CAL1 is a true Scm3/HJURP ortholog. A. A schematic of the approach used to establish homology of 
the scm3 domain between basal arthropods and Dipteran CAL1. We find homologous scm3-like sequences across 
the arthropod lineage. As with deuterostomes, arthropod sequences are highly variable and share only the scm3 
domain. B. Logo plots of the scm3 domain for clades within panarthropods suggest broadly conserved residue-level 
sequence features (gray and yellow highlighting) are present across arthropod scm3 orthologs. C. A Dipteran species 
phylogeny showing amino acids aligned to the conserved KY positions, suggests that the constraints on this motif 
were lost relatively recently in fly evolution. D. Sequence homology is shared beyond the scm3 domain between 
Hymenoptera and Diptera. A motif flanking the C-terminal side of the scm3 domain shares more homology between 
the orders than the scm3 domain itself does. E. A phylogenetic tree constructed using full length HJURP sequences 
from representative arthropod species generally follows the species tree, supporting a monophyletic origin of 
HJURP in arthropods. F. Structural predictions of representative tardigrade (rvHJURP) and Hymenopteran 
(nvHJURP) scm3 domains complexed with their respective species’ CENPA and H4 suggest a stepwise progression 
from the human HJURP structural fold to the D. melanogaster CAL1 fold. 
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As support for the hypothesis of altered constraints on the scm3 domain in Diptera, we 
found that the region immediately C-terminal to the scm3 domain in Diptera and Hymenoptera 
shows generally higher sequence homology than the Diptera scm3 domain itself (Fig. S4.6A, 
Fig. 4.3D). This region may form additional contacts beyond the scm3 domain, although it lies 
just beyond the CAL1 fragment used for the crystal structure(413). These data together suggest 
the Hymenoptera CAL1 is a representative evolutionary intermediate between the ancestral 
HJURP and the dipteran CAL1 of monophyletic origin; phylogenetic analysis generally supports 
this placement (Fig. 4.3E, Fig. S4.7).  

We employed AlphaFold-multimer(332) to predict conserved features of the putative 
Nasonia vitripennis (Hymenoptera) HJURP. We found that the predicted nvHJURP-CENPA-H4 
structural topology is highly similar to the Drosophila melanogaster CAL1-CENPA-H4 crystal 
structure (Fig. 4.3F). Secondary and tertiary features of the complex appear to be conserved 
between insect clades. However, the nvHJURP prediction contains antiparallel beta strands with 
the CATD region of nvCENPA, which more closely resemble those in the Homo sapiens HJURP 
structure(390) but are absent from the Drosophila CAL1 crystal structure. Thus, structural 
predictions of Nasonia HJURP show intermediate features between basal arthropod HJURP and 
dipteran CAL1 sequences. This supports our hypothesis that constraints on Drosophila CAL1 are 
relaxed or altered relative to other Scm3/HJURP orthologs. These observations suggest a gradual 
evolutionary trajectory in which the enhanced function of domains C-terminal to the scm3 region 
in Diptera may have relaxed constraints on the scm3 domain in early dipterans. Such a change in 
constraint would have challenged prior efforts to establish orthology based solely on the scm3 
domain. Further, if the hymenopteran prediction represents a structural intermediate, we would 
expect a more basal arthropod structure to more closely resemble the canonical human and yeast-
like fold. Consistent with this expectation, the predicted HJURP-CENPA-H4 structure from the 
tardigrade R. varieornatus (sister clade to all arthropods) also shows features more consistent 
with the human protein crystal structure, such as a tighter antiparallel helix interface and an 
extended beta sheet region (Fig. 4.3F).  

In addition to an altered scm3 domain and an additional domain immediately C-terminal 
to scm3 (Fig. 4.3B-D), Drosophila CAL1 proteins have additional unique evolutionary 
constraints not seen in other CENPA chaperones(407, 438), including a C-terminal CENPC-
binding domain whose function is thought to replace Mis18 binding present in tetrapod 
chaperones(413, 439, 440). In contrast to Diptera, CAL1/HJURPs in Hymenoptera show 
comparatively low conservation of their C-terminal regions, and there is little likeness between 
Diptera and Hymenoptera in this region (Fig. S4.6B). These findings suggest that the CAL1 
CENPC-binding domain was acquired after the divergence of Diptera and Hymenoptera, further 
highlighting the plasticity of the centromeric machinery across the metazoan tree. Despite these 
idiosyncrasies, our findings trace the evolutionary trajectory of HJURP within arthropods and 
strongly support the hypothesis that CAL1 and HJURP proteins are genuine orthologs.  

 
4.3.4 Nematodes encode HJURP proteins 
 

Another metazoan lineage that appears to lack Scm3/HJURP orthologs entirely is the 
nematode lineage. The holocentric nematode C. elegans has proven instrumental in advancing 
our understanding of the fundamental principles that govern the cell cycle, with detailed genetic 
and cell biological analyses identifying most of the currently known essential kinetochore 
components in nematodes(441). Nevertheless, neither previous genetic screens nor prior in silico 
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and in vitro studies have successfully identified an HJURP ortholog in nematodes(278, 442). 
Instead, the current model suggests that the exceptionally long N-terminal tail of the C. elegans 
CENPA homolog HCP-3 (hereafter called CENPAHCP-3) interacts uniquely with the centromeric 
chromatin assembly factor KNL-2, partially replacing HJURP function(403, 405). However, this 
interaction alone is insufficient to explain how CENPAHCP-3 is stably recruited from the cytosol 
to the centromere. 

 

Figure 4.4. Nematode genomes encode a canonical HJURP protein. A. A visual schematic of the approach used 
to identify HJURP orthologs in nematodes. We use an intermediate Auanema predicted protein to establish scm3 
homology in Caenorhabditis. The tardigrade scm3 domain provided the necessary signal for iterative searching of 
nematode proteomes. B. A phylogenetic tree constructed from scm3 domains of diverse nematode species is 
generally concordant with the species tree. C. Caenorhabditis HJURP proteins contain the N-terminal scm3 domain 
as well as a highly conserved C-terminal region. C-terminal logo plot shows a representative subsection of the entire 
conserved region. Alignments are from 20 species. D. A structural prediction of the C. elegans scm3 domain in 
complex with CENPA and H4 suggests structural features are broadly conserved with those of the human ortholog. 
 

Given this functional gap, we sought to determine if our remote homology approach 
could identify a bona fide HJURP in nematodes, including C. elegans. Using the scm3/HJURP 
HMM approach, which was successful in deuterostomes and arthropods, we were still unable to 
identify an HJURP ortholog in C. elegans. This lack of success appeared to confirm current 
models that nematodes might lack HJURP orthologs. However, our search criteria identified a 
region of minimal scm3 homology in the protein CAI4225225 from the nematode species 
Auanema sp. JU1783(443), which is only distantly related to Caenorhabditis. Using this 
sequence as a query, we performed iterative BLAST searches of nematode genomes, eventually 
revealing remote homology to an scm3 domain in C. elegans gene nefr-1(444) (Fig. 4.4A). As 
with deuterostomes, we found the phylogenetic placement of putative HJURP orthologs largely 
follows the nematode species tree(445), suggesting that the common ancestor of nematodes 
encoded a single HJURP ortholog that has been stably inherited across nematodes (Fig. 4.4B, 
S4.8A).  

NEFR-1’s scm3-domain shares key conserved features with that of deuterostomes and 
fungi, including the KY motif, alternating (E/D) and (I/L/V) residues downstream of the KY, and 
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a repeating hydrophobic pattern indicative of a helical region that could bind CENPAHCP-3 (Fig. 
4.4C). This scm3-like region is broadly shared across Caenorhabditis despite little homology 
flanking it (Fig. S4.8B). There is also a conserved C-terminal motif shared across the genus, a 
feature highly reminiscent of the conserved C-terminal domain in Drosophila CAL1, which 
mediates its binding to CENPC. This motif may mediate a similar molecular interaction in 
Caenorhabditis. We used AlphaFold-multimer(340) to generate a predicted structure of the 
NEFR-1 scm3 domain in complex with CENPAHCP-3 and H4. This prediction shares a very 
similar global architecture to the human HJURP/CENPA/H4 structure, as well as a conserved 
interaction of the KY dipeptide and broad helix-sheet interface (Fig. 4.4D), strongly supporting 
our identification of NEFR-1 as a bona fide HJURP protein. 

 
4.3.5 C. elegans nefr-1 encodes a bona fide HJURP ortholog 
 

C. elegans nefr-1 has been previously studied and described as coding for a 
neurofilament-like protein involved in neuronal function(444). Thus, our remote homology 
finding of an scm3 domain in NEFR-1 was initially puzzling. However, in addition to its remote 
homology and strict conservation in nematodes, including other Caenorhabditis species, we 
identified several attributes that bolster our hypothesis that nefr-1 plays an important role in 
centromeric maintenance, a role that may have been overlooked in previous studies. For 
example, nefr-1 expression is strongly correlated with genes that perform cell-cycle functions, as 
would be expected for centromeric function but not necessarily for neuronal function. The nefr-1 
gene is encoded in an operon with the DNA repair gene msh-6 and shares a transcription factor-
binding region with the C. elegans separase homolog sep-1, both of which are chromatin-
associated, cell-cycle-regulated genes. Moreover, single-cell RNA-seq experiments reveal 
abundant nefr-1 mRNA expression in the germline, as with CENPAHCP-3 (446, 447), but not in 
neurons (Fig. S4.8C-F). 

Buoyed by our success at validating drHJURP, we investigated the centromeric function 
of nefr-1 in C. elegans. To date, no complete knockout for nefr-1 has been functionally 
characterized (Fig. S4.9A). Previous analysis of nefr-1 relied on an in-frame deletion allele, 
ok471 (C. elegans Gene Knockout Consortium), which is viable. However, this mutant retains 
the putative scm3 domain and potentially the C-terminal conserved region, suggesting the 
possibility that several nefr-1 function(s) may remain intact in the ok471 truncation mutant. We 
used CRISPR-Cas9 to generate a C. elegans strain with an N-terminal stop codon and frameshift 
in the nefr-1 gene (K15*), providing a near-complete nefr-1 knockout model (Fig. S4.9A). 
Unlike the previously characterized deletion allele ok471, we were unable to isolate viable nefr-
1(K15*) homozygotes, suggesting this ‘complete knockout’ mutation confers lethality or 
sterility. We therefore used a phenotypically marked balancer chromosome to follow the nefr-
1(K15*) allele (Fig. S4.9B). While heterozygotes progressed with no discernible developmental 
delay and produced viable progeny, nefr-1(K15*) homozygous mutants predominantly arrested 
development at the L1 stage, were severely uncoordinated, and mostly died within 72 hours of 
hatching (Fig. S4.9C-D), all consistent with a previously reported aneuploidy phenotype(448). 
These results show that nefr-1 is an essential gene. 
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Figure 4.5. C. elegans NEFR-1 is an essential cell division regulator. A. Embryonic hatching counts from control 
or auxin-treated worms with an AID-tagged NEFR-1 show that NEFR-1 is essential for early embryonic 
development. B. Representative fixed imaging of control (top row) or auxin-treated (bottom row) 4-cell embryos 
with an AID-tagged NEFR-1. While control embryos have consistently sized, CENPA-coated chromatin, drug-
treated embryos have catastrophic chromosome segregation abnormalities and lack CENPA on their chromatin. 
Scale bar is 20µm. C. NEFR-1 co-localizes with CENPA in the C. elegans germline, including at the mitotic distal 
tip (left) and diplotene/diakinesis (right). Yellow asterisk indicates that NEFR-1 leaves chromatin by late diplotene, 
while CENPA is retained for meiotic divisions. Scale bar is 40µm. D. A representative fertilized C. elegans oocyte 
undergoing anaphase I. NEFR-1 co-localizes with the paternal genome (yellow asterisk) but is absent from the 
maternal dividing chromatin (right), suggesting that the maternal machinery reloads CENPA onto the paternal DNA 
prior to the first zygotic division. Scale bar is 20µm. 
 

We were initially puzzled by the ability of K15* homozygotes to progress to the L1 
developmental stage, because failure to deposit CENPAHCP-3 should cause lethal defects in cell 
division even earlier during embryogenesis(449, 450). We hypothesized that maternally 
deposited nefr-1 mRNA or protein would be sufficient to enable sufficient CENPAHCP-3 
deposition for faithful mitosis during embryogenesis and delay embryonic lethality. To 
unambiguously test NEFR-1 function without the confounding effects of maternal deposition, we 
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generated an nefr-1 strain with an N-terminal auxin-dependent degron tag (AID::nefr-1)(451, 
452) and used germline-specific expression of the auxin-dependent ubiquitin ligase TIR1 to 
achieve acute germline-specific depletion of NEFR-1. Embryos produced following NEFR-1 
depletion from the hermaphrodite germline almost invariantly failed to hatch (Fig. 4.5A). These 
findings confirm our hypothesis that maternal deposition of nefr-1 likely delays its embryonic 
lethality. To better understand the cause of lethality, we fixed and imaged early embryos after 24 
hours of auxin-mediated NEFR-1 depletion. Whereas control embryos showed healthy mitotic 
features such as a uniform metaphase plate and homogeneous nuclei, auxin-exposed embryos 
displayed disorganized, highly variable chromosomes that lacked CENPAHCP-3 (Fig. 4.5B). 
These observations are consistent with a kinetochore-null phenotype(449), leading to severe 
chromosome segregation defects. We conclude that maternally contributed NEFR-1 is essential 
for embryonic cell division and deposition of CENPAHCP-3. 

Previous studies have shown that CENPAHCP-3 is loaded onto chromosomes de novo 
during the diplotene phase of C. elegans meiosis(453). To observe NEFR-1 localization, we 
generated an endogenous N-terminal 3xFLAG-tagged nefr-1 allele (3xFLAG::nefr-1) and 
performed imaging in fixed C. elegans animals. We observed strong colocalization between 
CENPAHCP-3 and 3xFLAG::NEFR-1 in the germline, most prominently at the mitotic distal tip 
and on diplotene and diakinesis chromosomes, consistent with a centromere-defining role for 
NEFR-1 (Fig. 4.5C). We further observed that NEFR-1 localized to the paternal pronucleus 
within anaphase oocytes (Fig. 4.5D). This finding suggested a mechanism by which the paternal 
genome in C. elegans, which is devoid of CENPAHCP-3 in the spermatocyte(453), can re-establish 
centromeric chromatin prior to zygotic cell divisions. Like orthologous HJURP proteins(276, 
277, 429, 454), NEFR-1 appears to be temporally restricted, being absent from late prophase 
(Fig. 4.5C) and anaphase (Fig. 4.5D) meiotic chromosomes.  

Finally, we performed immunoprecipitation-mass spectrometry (IP-MS) analysis using 
3xFLAG::NEFR-1 from worm embryo lysate as bait to identify NEFR-1's in vivo interaction 
partners. We found a unique association with CENPAHCP-3, as well as increased associations with 
cell cycle proteins, relative to untagged control lysates (Fig. S4.10A-B). As with zebrafish 
HJURP, we performed pulldown experiments using purified recombinant proteins and found a 
direct interaction between NEFR-1 and HCP-3/H4 that was stronger than that between NEFR-1 
and H3/H4 (Fig. S4.10C). Together, these data confirm that nefr-1 encodes the long-missing C. 
elegans HJURP ortholog that chaperones CENPAHCP-3 to chromatin and defines the holokinetic 
centromere in C. elegans. 

 
4.3.6 Scm3/HJURP orthologs are broadly conserved across Metazoa 
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Finally, we reinvestigated the early ancestry of the scm3 domain in Metazoa. In addition 
to arthropods, we extended our combination of PSI-BLAST and HMM-based searching with 
HHpred(422) validation (Fig. S4.3) to identify representative scm3 domains in the remainder of 
the protostome lineage as well as in the early-branching sponges and placozoa (Fig. 4.6A). We 
successfully identified Scm3/HJURP orthologs in most metazoan lineages we investigated (Fig. 
4.6A), including in multiple species in which they were previously not found (Fig. S4.2), entirely 
filling the evolutionary gap between choanoflagellate Scm3 and human HJURP orthology first 
established 15 years ago(278) (Fig. S4.11). As in arthropods and deuterostomes, these sequences 
were highly variable in length and showed very little homology outside the scm3 domain. 
Structural prediction supports a unified scm3 protein fold across these early-diverging clades 
(Fig. 4.6B). 

Figure 4.6. HJURP is present in basal metazoa. A. An expanded metazoan phylogeny encompassing basally-
braching groups and protostomes for which we identified HJURP candidates. B. AlphaFold3 predicts a complex of 
the sponge G. barretti candidate HJURP with gbCENPA and H4, which is structurally similar to the published yeast 
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K. lactis complex. C. Logo plots of representative Fungal, Choanoflagellate, and metazoan scm3 domains show 
select sequence features are conserved across opisthokont evolution. Metazoan scm3 domains show lower identity 
compared to those of the opisthokont sister clades. D. The loss of CENPA is associated with the absence of 
candidate HJURP proteins across opisthokont evolution. We failed to identify strong HJURP candidates in clades 
nested between those with clear sister group and outgroup HJURP orthologs. We show only a subset of clades with 
CENPA losses. E. HJURP evolves more rapidly than functionally comparable histone chaperones. Omega (dN/dS) 
values for HJURP candidates from well-sequenced clades were consistently higher than those for the histone 
chaperones ASF1 and HIRA. F. We identified sites of positive (diversifying) selection in primate HJURP in regions 
similar to (C-terminus, HMD) those previously identified in rodents (455), indicative of pervasive adaptive pressure. 

 
Successful identification of scm3 domains in these lineages allowed us to investigate 

whether any features are unique to metazoan HJURP proteins relative to Scm3/HJURP proteins 
from yeast and choanoflagellates. We generated scm3 domain alignments encompassing major 
clades of fungi(456), choanoflagellates(457), and animals(458), respectively, of comparable 
species divergence timescales. We found that metazoan scm3 domains have lower overall 
sequence identity (Fig. 4.6C). Signatures such as the DXGXL motif, which were likely present in 
the common ancestor of fungi and animals, appear to evolve under less stringent selective 
constraints on the metazoan branch. We also found that the acidic/short hydrophobic region 
immediately following the KY, which interacts specifically with the CENPA CATD beta-strand, 
faces relaxed constraints in metazoans relative to other opisthokonts (Fig. 4.6C). One reason for 
this rapid divergence might be the evolutionary acquisition of asymmetric female meiosis in 
Metazoa, which may have led to the rapid evolution of CENPA proteins (459, 460) and, 
subsequently, of HJURP proteins.  

Our analyses indicate that some unusual features of CENPA chaperones and their 
presence have independently converged in yeast and metazoans. For example, Dikarya (a 
subkingdom of Fungi) largely prefer a tryptophan in the same position as CAL1 in Diptera 
(asterisk, Fig. 4.6C). In both Fungi and Metazoa, the loss of CENPA also coincided with the loss 
of HJURP; such dual losses have occurred multiple times across the opisthokonts (Fig. 4.6D) 
(461–463). This is a further indication that HJURP and CENPA are functionally co-dependent, 
supporting these candidate proteins as bona fide functional HJURP orthologs. 

Previous work found evidence of positive selection on rodent HJURP (455) and mosquito 
CAL1(412) orthologs. Given their extreme divergence across clades, we conducted dN/dS 
analyses of candidate HJURP genes from selected taxa, each of which contains several genomes, 
to test for rapid evolution. Indeed we found that high nonsynonymous substitution rates are a 
general feature of this gene: dN/dS values were on average an order of magnitude higher for 
HJURP genes than for the functionally similar histone chaperones HIRA and ASF1 (464) in 
multiple metazoan lineages, as well as in fungi (Fig. 4.6E). Additionally, we found evidence of 
site-specific positive selection across primate evolution, reminiscent of previous observations in 
rodents (455), identifying HJURP as a gene under constant innovation across long evolutionary 
timescales (Fig. 4.6F). Much like HJURP in Murinae, these regions of selection were 
concentrated in the C-terminus and around the HMD region, suggesting persistent selective 
pressure across millions of years of evolution and implicating a functional role in these 
uncharacterized regions. This remarkably high nonsynonymous substitution rate may have 
accelerated HJURP’s sequence divergence across several metazoan lineages, necessitating the 
use of remote homology detection methods employed in this study. Consistent with the scm3 
domain as the most conserved functional domain, we did not identify residues under positive 
selection in the N-terminal region of primate HJURP. 
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4.4 Discussion 
 

HJURPScm3 is a fundamental component of the centromere identity-defining machinery, 
essential for sustained error-free cell division(385). Despite its cardinal function, HJURP has a 
paradoxically rapid evolutionary rate – so rapid that it was believed to be missing from many 
animal genomes(407). By combining PSI-BLAST, HMM-based searches, AlphaFold-multimer 
predictions, and functional genetic and cytological experiments, we significantly revise this 
model by demonstrating that bona fide Scm3/HJURP orthologs are in fact broadly retained 
across Metazoa but have been obscured by extreme sequence divergence. Our work on 
HJURPScm3 supports the growing evidence that “losses” of essential genes more often reflect 
failures of homology detection(465–467) and proposes a structure-informed remote homology 
detection pipeline to uncover such “missing” genes (Fig. S4.3).  

Recent advances in sequencing and structure prediction have made challenges in remote 
homology detection appreciably more tractable. However, remote homology detection efforts are 
still often aided by evolutionary intermediates that act as ‘stepping stones’, providing the 
necessary signal to connect distinct clades. Indeed, the choanoflagellate HJURP served as an 
intermediate, providing the link to establish orthology between yeast Scm3 and mammalian 
HJURP proteins. In this study, we found that genes from contentious “living fossil” genomes 
(468), an informal collection of slowly evolving genomes, such as those of the coelacanth and 
horseshoe crab, provided similar links for identifying or confirming HJURP orthologs. Even 
when the genes are unannotated, as is the case for coelacanth, horseshoe crab, Hymenoptera, or 
the nematode Auanema, they can provide the ‘stepping stone’ to establish homology. 
Intriguingly, the L. chalumnae hit initially served as such a critical intermediate despite itself 
lacking an intact scm3 domain.   

HJURP is composed predominantly of polar residues and disordered domains, making it 
a poor candidate for purely structure-based searching. The combination of structure-informed 
alignments with HHpred and predictions with Alphafold-Multimer, however, greatly reduced the 
false discovery rate. Continued development of in silico screening methods that search for 
oligomer-specific conformations, such as that of HJURP bound to the CENPA/H4 dimer, will 
exponentially increase the throughput of this type of remote homology detection. 

The use of model organisms to study the cell cycle has been paramount to understanding 
how and when cell-division perturbations manifest during development, how tissues 
idiosyncratically employ cell-cycle differences, and how germline tissues fundamentally differ 
from the soma. By identifying bona fide HJURP orthologs in the genetically tractable zebrafish 
and C. elegans models, our work opens avenues for understanding how centromeric identity 
differentially affects processes in multicellular organisms. For example, our work suggests that 
the C. elegans paternal genome, which lacks CENPA(453) in spermatocytes, reacquires CENPA 
in the oocyte from maternal machinery prior to the first zygotic division. A broader toolset of 
model organisms with more complete repertoires of centromeric protein orthologs will allow 
both rapid and mechanistic dissection of core centromeric functions, while also providing fodder 
for comparative analyses of the plasticity and evolvability of centromeric apparati across 
organisms. 

Although HJURP sequences are predominantly diverged, the functional principles that 
govern HJURP are broadly conserved. Across distant lineages, HJURP orthologs preferentially 
bind CENPA–H4 over H3–H4, localize to centromeres in a cell-cycle-dependent manner, 
colocalize with CENPA, and are essential for chromosome segregation and development. 
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AlphaFold-Multimer shows that HJURP–CENPA–H4 complexes from fungi, zebrafish, humans, 
nematodes, and insects adopt strikingly similar three-dimensional folds, with conserved 
hydrophobic pockets and KY-centered motifs that maintain recognition of their respective 
CENPA proteins via their CATD domains despite minimal primary-sequence identity at contact 
residues. Other features, such as CENPC-binding(402, 413, 427) and DNA-binding(469–473), 
also appear to be conserved over long evolutionary timescales.  

Despite this broad conservation, lineage-specific adaptations can also be found in HJURP 
proteins. For example, HJURP proteins from vertebrates, tetrapods, and teleost fish share 
additional motifs immediately upstream of the DNA-binding HMD region and within the Mis18-
binding R2 region that are absent in echinoderms. Perhaps the most striking lineage-specific 
adaptations can be found in insect CAL1 proteins. Although the scm3 domain is the most 
conserved region across metazoans, it shows relatively low homology in Diptera compared with 
other arthropods. In contrast, a downstream region immediately C-terminal to the scm3 domain 
exhibits higher sequence conservation. Furthermore, Diptera have evolved a structurally distinct 
CENPC-binding domain at the C-termini of their  CAL1 proteins (413). This finding, combined 
with the variable and incompletely defined contribution of CENPC to HJURP recruitment, even 
among tetrapods(401, 402, 474), exemplifies how centromeric machinery can be substantially 
rewired while maintaining functional fidelity. 

HJURP genes evolve roughly an order of magnitude faster than other histone chaperones, 
such as HIRA and ASF1, in Metazoa. The previous inability to correctly identify HJURP 
orthologs in some metazoans is almost certainly a consequence of this more rapid evolution. 
Although the specific selective pressures driving HJURP’s diversification are still unknown, the 
accelerated rate of divergence we observe in metazoan scm3 domain-containing proteins, 
combined with their demonstrated direct role in modulating centromere identity, makes it very 
likely that these candidate HJURP proteins play an important role in suppressing “selfish” 
centromeric DNA during ‘centromere drive’(407, 459, 475). The centromere drive model posits 
that centromeric DNA variants bias their own transmission during asymmetric female meiosis, 
during which only one of four meiotic products is retained in the oocyte. Conversely, DNA-
binding centromeric proteins, such as CENPA(460), diversify to restrict the biased transmission 
of “selfish centromeres” during female meiosis in both plants and animals.  

We hypothesize that HJURP may evolve under dual pressures from centromere drive. 
First, HJURP’s distinct DNA-binding regions(470, 472, 476) might adapt to centromeric DNA 
changes to effectively modulate centromere identity. Second, HJURP must keep pace with 
CENPA’s rapidly evolving CATD region(438) to ensure high fidelity of its preferential 
interaction with CENPA/H4 over H3/H4. Consistent with this prediction, as recently described in 
rodents(455), we observe strong signatures of positive selection in primate HJURP, suggesting 
its role in mitigating this persistent genetic conflict. However, we and others(477) also identify 
rapid evolution in fungal Scm3, which is not thought to face the same selective pressures from 
centromere drive as animal HJURP(478), as fungi typically undergo only symmetric meiosis. 
Our findings suggest that evolutionary forces both during and beyond female meiosis drive the 
adaptive evolution of Scm3/HJURP chaperones. Our pipeline for identifying extremely remote 
homology enables an understanding of the essential molecular players in these ancient genetic 
conflicts and provides a means to connect distant homologies in centromeric biology and 
beyond. 

 
4.5 Materials and Methods 
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4.5.1 HJURP Candidate Searching and Selection Criteria 
 

A schematic representation of the approach is shown in Fig. S4.3. Initial HJURP 
candidates were identified with a combination of iterative BLAST searching (PSI-BLAST, 
expected threshold 5 and PSI-BLAST threshold 0.5)(418) and Hidden Markov Model searching 
(HMMsearch, default settings)(436, 437). Proteomes searched include non-redundant protein 
sequences from NCBI, the UniProtKB/TrEMBL complete database 
(https://www.ebi.ac.uk/training/online/courses/uniprot-quick-tour/the-uniprot-
databases/uniprotkb/), Wormbase(479), and InsectBase(480). HMMs were generated from 
MUSCLE(351) alignments (using default settings) of representative tetrapod, Dipteran, and/or 
choanoflagellate/yeast sequences. Queried proteomes were searched via the Fred Hutchinson 
computational cluster implementation of HMMer (using default settings)(436). Initial HMM hits 
were not limited by any statistical cutoff, although common false-positive signals (including 
from an insect E4 esterase-like gene) were excluded; the intentional omission of a strict 
statistical cutoff allowed us to obtain a more holistic interpretation of remote homology data. 
Anecdotally, we found that strong hits were often within largely unstructured, polar protein 
sequences, although we did not formally use this criterion for filtering. 

Following initial queries, sequences were analyzed in HHpred(422) to confirm regions 
structurally and sequentially homologous to published scm3 protein domains (PDBs 2L5A(273), 
2YFV(389), 3R45(390), 6XWV and 6XWS(413)). HHpred E-values ranged widely (Table S1) 
but were generally below 1. These hits were subsequently used for trimeric AlphaFold-Multimer 
(using default setting)(332) predictions of the candidate scm3 domain with a single copy each of 
the respective species’ canonical H4 and CENPA. Only annotated sequences with positive 
HHpred (default settings)(422) scm3 predictions, successful scm3-like structure predictions, and 
reciprocal PSI-BLAST or HMMer searches to published Scm3/HJURPs were used for 
downstream processing. HMMs were updated to include these new sequences, allowing for 
iterative searching.  

The following candidate proteins are presented in the main text figures. Figure 1: L. 
chalumnae (XP_006012693.3, PSI-BLAST E-value 6e-04), D. rerio (NP_001076347.1, PSI-
BLAST E-value 2e-06), S. torazame (GCB61218.1, PSI-BLAST E-value 5e-12), P. marinus 
(XP_032806972.1, PSI-BLAST E-value 0.2), B. belcheri (XP_019630933.1, PSI-BLAST E-
value 0.03), P. miniata (XP_038057064.1, PSI-BLAST E-value 0.77). Figure 3: N. vitripennis 
(XP_001603895.3, HMMer E-value 0.99), G. longicerus (A0AAN9VWU2, HMMer E-value 
2.7e-04), D. pulex (EFX88527.1, HMMer E-value 1.9e-06) A. ventricosus (GBM08647.1, 
HMMer E-value 0.46), L. polyphemus (XP_022237972.1, HMMer E-value 3.3e-03), R. 
varieornatus (GAU99461.1, HMMer E-value 1.3e-12). Figure 4: Auanema sp. JU1783 
(CAI4225445.1, PSI-BLAST E-value 0.44), C. elegans (NP_491161.2, PSI-BLAST E-value 
7.0e-19). Figure 6: P. caudatus (XP_014675948.1, PSI-BLAST E-value 6.0e-03), C. teleta 
(ELT94853.1, PSI-BLAST E-value 4.0e-03), B. glabrata (KAI8798300.1, HMMer E-value 3.9e-
15), S. japonicum (TNN07270.1, HMMer E-value 1.8e-12) T. sp. H2 (RDD41302.1, HMMer E-
value 1.9e-16), P. clavata (CAB3982230.1, HMMer E-value 2.0e-05), G. barretti 
(CAI8037030.1, HMMer E-value 3.5e-07). 

A table of representative HJURP candidate proteins across Metazoa is provided in Table 
S4.1, and HMM model alignments are in Data S1 in online publication. Per-residue AlphaFold 
pLDDT (confidence) scores are mapped onto predicted structures in Supplemental Figure 4.12. 
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4.5.2 Structure Analyses 
 

RMSD backbone calculations and structure alignments, contact determination, and 
visualizations were performed in UCSF ChimeraX-1.10(323) using the matchmaker tool. 

 
4.5.3 Sequence Alignments 
 

Protein sequence alignments were generated with the MUSCLE algorithm (default 
settings) in Geneious. For HMM model building and scm3 domain visualization, alignments 
were extensively manually trimmed to remove species-specific insertions. Logo plots(481) were 
generated from trimmed alignments and colored by hydrophobicity in Geneious. Frequently, the 
only region successfully aligned across order-level alignments was the N-terminal scm3 region, 
and it was often the only region used for further analyses. Protein alignments are available in 
Data S2 in online publication. 

Codon alignments were performed using the webPRANK(482) server on whole-gene 
coding-sequence data from NCBI and were subsequently trimmed manually. Sequences 
containing large insertions or with exceptionally long phylogenetic branches were excluded from 
final analyses. Only clades with at least 8 sequences were used for alignments and analysis of 
evolutionary selective pressures. Codon alignments are available in Data S3 in online 
publication. 

 
4.5.4 Phylogenetic and dN/dS Analyses 
 

All phylogenetic trees were generated via the IQ-Tree(352, 378) web server, allowing for 
free-rate heterogeneity and using optimized substitution models, and then visualized in FigTree 
v1.4.4 (https://github.com/rambaut/figtree). The phylogenies presented in Figures 1 and 4 were 
generated from the scm3 domain alignment alone, whereas the tree in Figure 4.3 was generated 
from whole-gene alignments. 

Whole-gene dN/dS calculations and site-specific selection tests were performed using 
maximum-likelihood estimation with the codeml algorithm in PAML (308). Model 0 was used to 
calculate whole-gene dN/dS. Site-specific positive selection was calculated as previously 
described(379) for primate HJURP. Briefly, models that either include (models 2, 8) or exclude 
(model 1, 8a) a category allowing dN/dS> 1, indicating positive selection, were compared. 
Codons with Bayes Empirical Bayes scores above 0.9 for model 8 were highlighted as evolving 
under positive selection. 

 
4.5.5 Recombinant Protein Expression and Purification 
 

For MBP-drHJURP200 expression, the first 200 amino acids of zebrafish HJURP were 
amplified from 2dpf cDNA and cloned into an expression vector with an N-terminal MBP tag 
and C-terminal 6XHIS tag. Protein expression and purification were carried out largely as 
in(426) with slight modifications. Briefly, BL21 DE3 LOBSTR cells were transformed with the 
drHJURP expression vector and grown in Luria Broth with ampicillin at 37°C to an optical 
density (OD) of 0.6, after which they were induced with 1mM of IPTG and shifted to 18°C with 
shaking for overnight protein expression. The following day, cells were resuspended in HisTrap 
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binding buffer (20mM Na3PO4, 500mM NaCl, 20mM imidazole pH 7.4) with a cOmplete 
protease inhibitor tablet (Roche) and lysed via sonication. Following clarification at 30000 × g 
for 20 minutes at 4°C, the soluble lysate was run over a 5mL HisTrap column equilibrated in 
binding buffer. The column was washed with 50mL of binding buffer, and protein was eluted 
with HisTrap elution buffer (20mM Na3PO4, 500mM NaCl, 500mM imidazole, pH 7.4). The 
eluate was then further purified via preparative size exclusion chromatography on a Superdex 
200 Increase 10/300 column (Cytiva) in a buffer with 25mM Tris-HCl pH 7.5, 300mM NaCl, 
5mM b-mercaptoethanol. Fractions containing pure protein in 10% v/v glycerol were snap-
frozen in liquid nitrogen and stored at -80°C. A similar approach was used to prepare the NEFR-
1 construct, which consisted of amino acids 68-196 of C. elegans NEFR-1, except that the 
HisTrap eluate was further purified using a Superdex 75 Increase 10/300 column. 

Soluble drCENPA/H4 tetramers were purified as an adaptation of Servin and 
Straight(483). drCENPA was amplified from 2dpf zebrafish embryos and cloned into a 
bicistronic vector encoding both drCENPA and H4. The vector was transformed into BL21 DE3 
cells, grown to an OD of 0.6 at 37°C, then induced to express the tetramer with 1mM IPTG. 
Following an additional 5 hours of growth, cells were harvested and lysed in histone binding 
buffer (20mM Tris-HCl pH 7.4, 750mM NaCal, 10mM b-mercaptoethanol, 0.5mM EDTA) with 
a cOmplete protease inhibitor tablet (Roche). The lysate was cleared at 30000 × g for 20 minutes 
at 4°C, then bound to a HiTrap SP FastFlow column and washed with binding buffer. The 
tetramer was eluted with a 20-column-volume gradient into binding buffer containing 2 M NaCl. 
Fractions containing tetramer were further purified via preparative size exclusion 
chromatography on a Superdex 200 Increase 10/300 column (Cytiva) in histone binding buffer. 
Fractions containing pure tetramer were pooled, concentrated, snap-frozen in 10% v/v glycerol, 
before being stored at -80°C. A similar approach was used to prepare soluble HCP-3/H4 
tetramers, except that a truncated form of HCP-3, residues 148-288, was used. Soluble H3/H4 
tetramers were purchased commercially (New England Biolabs #M2509). 

 
4.5.6 Amylose Pulldown 
 

Amylose resin pulldowns were performed as in Hori et al.(427) with amylose resin 
replacing GST resin. 50pmol of MBP-drHJURP or MBP-NEFR-1 was incubated with 30µL of 
amylose resin equilibrated in pulldown buffer (20 mM HEPES-NaOH, pH 7.4, 750mM NaCl, 
0.05% NP-40, 5mM DTT) for 1 hour at 4°C. The resin was then washed three times in pulldown 
buffer and incubated with 25 pmol of drCENPA/H4, HCP-3/H4, or H3/H4 tetramer, as indicated. 
The resin was washed three more times in pulldown buffer, then proteins were eluted in 30µL of 
SDS-PAGE buffer and analyzed via SDS-PAGE stained with GelCode Blue. 

 
4.5.7 Zebrafish Care and Maintenance 
 

Danio rerio animals were maintained at the Fred Hutch Cancer Center in compliance 
with Institutional Animal Care and Use Committee (IACUC)-approved protocols, and 
experiments were approved by and conducted in accordance with Fred Hutchinson Cancer 
Center IACUC standards. Zebrafish were bred and maintained according to an established 
protocol(484). Sex is not a relevant variable in our experiments, which were performed before 
the onset of sex determination in zebrafish(485). No transgenic zebrafish lines were used. 
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4.5.8 Zebrafish CRISPant Generation 
 

CRISPant(486) mutant alleles were generated using CRISPR/Cas9 with standard 
protocols (487). gRNAs were designed using chopchop (https://chopchop.cbu.uib.no), ordered as 
Alt-R sgRNAs (IDT), and pooled in a 1:1 manner for each of three conditions: 1) Control 
guide(486) with two HJURP scramble guides, 2) three drHJURP guides, and 3) two drCENPA 
guides. One-cell-stage embryos were injected with 1nL of 10µM pooled gRNA and 5µM Cas9 
protein (IDT, #1081058), and F0 mutant animals were sampled for editing efficiency via PCR. 
Guide RNAs and genotyping primers used in this study are provided in Table S4.2. Unfertilized 
embryos were removed after 2hpf, and CRISPant morphology was scored on 24hpf larvae by eye 
compared to uninjected control individuals. “Necrotic” individuals had wild-type morphology 
but noticeable darkened opaque tissue, while “morphological defects” were marked by 
differences in body shape compared to uninjected references. 

 
4.5.9 Zebrafish Fluorescence Microscopy 
 

For colocalization experiments, drHJURP and drCENPA coding sequences were 
amplified from 2dpf larval cDNA and cloned into fluorescent tag backbones via standard cloning 
techniques. mRNAs were generated from template plasmid DNA via in vitro transcription 
(mMessage mMachine, Invitrogen) and purified via gel extraction. 100pg of each purified 
mRNA was injected into one-cell-stage embryos in a volume of 1nL(488). For CRISPant 
analyses, 1nL of 100ng/uL of H2B-mCherry mRNA was injected together with 5µM Cas9 
protein and 10µM of pooled HJURP or control CRISPR guides. For CENPA intensity 
calculations, these injections were supplemented with 100 ng/uL eGFP-drHJURP. Construct 
sequences and amplification primers for fluorescent proteins are provided in Table S2.2. 

6hpf individuals were embedded in 1.0% low-melt agarose and imaged on a Leica SP8 
inverted confocal microscope using a 28°C heated stage and 1.5% laser power at 488nm and 
555nm. Stacks with a 1µm step size were collected for 5 hours at 6-minute intervals. 
Representative still frames of different cell cycle stages are shown in Figure 4.2. Images were 
processed in FIJI(489). For anaphase fidelity quantification, anaphases from time-lapse images 
were scored as “erroneous” if they included lagging or tethered mCherry-H2B signal between 
segregating chromatin volumes at the second frame of anaphase onward, while all others were 
considered wildtype. For drCENPA intensity quantification, 10-image stacks from 10 hpf time-
lapse images were max intensity projected, equally thresholded on eGFP intensity to remove 
background nuclear signal and only isolate centromeric signal, and measured as a ratio of eGFP-
drHJURP:mH2B-mCherry per nucleus. 

 
4.5.10 C. elegans Maintenance and Genetics 
 

C. elegans was maintained at 20°C on standard nematode growth media (NGM) and 
fed E. coli OP50, unless otherwise noted. Genotyping primers used in this study are provided in 
Table S4.2. A list of strains used in this study is provided in Table S4.3. 

For nefr-1 K15STOP embryo viability counts, genotypes were tracked via the presence of 
the balancer tmC20 which causes GFP expression in the pharynx of heterozygotes and a dumpy 
phenotype with GFP in homozygotes with wildtype nefr-1. Single heterozygotes were allowed to 
lay eggs overnight and then removed from the plate the following morning. Following a 48-hour 

https://chopchop.cbu.uib.no/
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hatching period, worms were genotyped and scored for developmental stage based on standard 
criteria. Each day following, worms were scored on both developmental stage and survival until 
7 days post-laying. 

For auxin hatching experiments, three NJL5706 L4 worms were placed on NGM + OP50 
plates layered with 500µL 500µM K-NAA (⍺-Naphthaleneacetic Acid Potassium Salt) in M9 
medium or control plates with 500µL of M9 alone. The next afternoon, worms were transferred 
to fresh plates containing auxin or control solutions and allowed to lay eggs overnight. The next 
morning, adult worms were removed from the plates, and their eggs were allowed to hatch for 48 
hours. Plates were scored on the number of eggs that hatched. 

 
4.5.11 C. elegans CRISPR/Cas9 Genome Modification 
 

CRISPR/Cas9 genome editing was performed by microinjection of guide RNA/Cas9 
ribonucleoprotein (RNP) complexes (IDT #1072532, #1081058) and custom crRNA along with 
either ssDNA oligos (IDT) or partially-melted dsDNA oligos as homology-directed repair 
(HDR) templates(490, 491). See Table S4.2 for guide and repair constructs used for 
microinjection. 

 
4.5.12 C. elegans Fluorescence Microscopy 
 

C. elegans immunofluorescence samples were prepared as described(492, 493) with 
slight modifications. Gravid adults were dissected into a 15µL drop of M9 solution on charged 
slides (ProbeOn Plus, Fisher) and fixed with a 15µL drop of 2% PFA (Sigma) in M9 for 5 
minutes. As much liquid as possible was wicked away with blotting paper. The drop was covered 
with a 1.5 coverslip, and the slide was frozen in liquid nitrogen for 5 minutes. The slide was then 
removed, the slip quickly cracked off with a razor blade, and the slip was dipped into ice-cold 
methanol for 1 minute. Slides were then synchronized in PBS-T (PBS with 0.1% Triton X-100). 
Following synchronization, slides were washed twice in PBS-T, then blocked with a 100µL drop 
of AbDil (PBS pH 7.4, 4% BSA, 0.1% Triton X-100, 0.02% NaN3) at room temperature for 1 
hour. Samples were incubated overnight in 100µL of primary antibody diluted in AbDil at 4°C. 
The next day, slides were washed 3 times in PBS-T, then incubated with 100µL of secondary 
antibody for 1-2 hours at room temperature. Slides were washed 3 times in PBS-T and mounted 
with 8µL of DAPI-containing antifade media. The following antibodies were used: anti-FLAG 
M2 (1:500, Sigma F1804), anti-HA tag (1:250, Abcam ab236632), anti-aTubulin (1:250, Abcam 
ab7291), anti-Rabbit AlexaFluor 555 (1:500, Invitrogen A-21428), anti-Mouse AlexaFluor 488 
(1:500, Invitrogen A-11001). 

Exposure-standardized images from samples were collected on a Leica STELLARIS8 
with Leica Application Suite X software. Stacks of approximately 30µm were collected with an 
oil objective at either 40X (germlines) or 63X (eggs/embryos). Images were processed in 
FIJI(489), in which color channels were separated, recolored, and merged; DAPI channels were 
scaled for presentational clarity, and germlines were computationally straightened. All images 
are maximum-intensity projections of z-stacks that encompass the entire germline or embryo. 

 
4.5.13 C. elegans NEFR-1 Immunoprecipitation 
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Immunoprecipitations from worm embryo lysate were performed as described(494) with 
slight modifications. Worms from mixed-stage populations were bleach-synchronized and 
hatched for 24 hours in liquid M9. Synchronized worms were then plated on 20X-concentrated 
OP50 for large-scale growth and allowed to progress to the gravid adult stage for 3 days. Worms 
were then bleached, washed, pelleted, and flash-frozen in liquid nitrogen for downstream 
processing. 

Worm pellets were thawed on ice and resuspended 1:0.5 in 1.5X lysis buffer(495) 
(50mM HEPES pH 7.5, 1mM EGTA, 1mM MgCl2. 150mM KCl, 15% glycerol, 0.1% NP-40, 
0.75mM DTT, cOmplete protease inhibitor tablet, 1X Roche PhosSTOP). Worm suspensions 
were lysed via sonication for fifteen 30s on/30s off cycles using a Bioruptor Pico sonication 
device (Diagenode). Lysates were cleared at 19000 × g for 20 minutes at 4°C. Clarified 
supernatants were transferred to fresh 1.5mL tubes and kept on ice for all subsequent steps. 
Samples were diluted in lysis buffer to 10mg/mL in 200 μL aliquots and incubated for 2 hours 
with 100 μL of lysis buffer-equilibrated magnetic anti-FLAG M2 beads (Sigma M8823). 
Following incubation, beads were isolated with a magnetic stand, washed 3X in wash buffer and 
2X in 50mM HEPES pH 7.5, and boiled 1:1 in SDS-PAGE buffer for downstream mass 
spectrometry analyses. 

Mass spectrometry data collection and processing were performed at the Fred Hutchinson 
Proteomics and Metabolomics core facility. Samples were desalted and run on an Orbitrap 
Ascend. The raw mass spec data were searched using Proteome Discoverer (PD) version 3.1 
against a Uniprot C. elegans database, along with common contaminants.  The search results 
were filtered for high confidence, 1% false discovery rate at the peptide level. The ratio of the 
sum PEP score was used to determine the relative representation of peptides within the 
3xFLAG::NEFR-1 strain compared to an untagged control (Table S4 in online publication). 
Peptides not found in the negative control were assigned a sum PEP score of 0.5 for comparison. 
All ratios were normalized to vitellogenins, the most common contaminant in both samples.  
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4.6 Supplemental Information 

Figure S4.1. Structure-function relationships of the human HJURP protein. A. A domain schematic for human 
HJURP. The suppressor of chromosome missegregation (scm3) domain directly binds CENPA/H4 dimers, the 
HJURP mid domain (HMD) is implicated in DNA binding, and HJURP C-terminal domains (HCTD) 1 and 2 
interact with Mis18 to recruit HJURP to the centromere. B. A structural overview of human HJURP-CENPA 
interactions. CENPA forms an antiparallel helix and strand with HJURP. Structure is PDB 3R45(390). 

Figure S4.2. HJURP orthologs had not previously been found in most metazoan clades. A. An unscaled 
phylogeny showing relationships among major metazoan groups. Select scm3 domain-containing CENPA 
chaperones have been independently identified and biochemically characterized across the animal tree, yet many 
species with CENPA appear to lack a scm3 chaperone. 
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Figure S4.3. A schematized approach for detecting remote HJURP orthologs. We employed a holistic homology 
search pipeline integrating sequence and structural data to identify and confirm distant Scm3/HJURP orthologs that 
previously escaped detection.  
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Figure S4.4. Shared and diverged features of deuterostome HJURPs. A. An expanded, duplicate phylogeny from 
Fig. 4.1 of representative deuterostome scm3 domains roughly follows the expected species tree, consistent with a 
monophyletic origin of HJURP in this clade. Nodes are presented with 1000 ultrafast bootstrap values. C. A 
sequence alignment of full-length putative deuterostome HJURP proteins shows generally poor conservation aside 
from the N-terminal scm3 domain region. C. A domain schematic for human HJURP with additional regions of 
shared homology between tetrapods and fish displayed as logo plots. Besides the previously identified HMD and 
HCTD2 domains, we find shared homology N-terminal to the HMD and close to the C terminus. D. The L. 
chalumnae genome likely contains a contig gap at the scm3 domain; alignments of translated contig regions to the L. 
menadoensis transcriptome shows coelacanths encode scm3 domain-containing HJURP orthologs. E. Structurally 
orthologous residues that contribute to CENPA-HJURP specificity differ almost entirely between zebrafish and 
human. Residues are shown that form physical interactions in either the human CENPA/H4/HJURP crystal structure 
or the predicted zebrafish CENPA/H4/HJURP structure. 
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Figure S4.5. Related to in vivo analysis of drHJURP. A. The expression of the putative zebrafish HJURP is most 
positively correlated with primarily cell cycle genes such as cell cycle kinases (plk1, aurka/aurkb, cdk1) and spindle 
microtubule regulators (tpx2, aspm, kif11), among others. Data are provided via Daniocell(430). B. Zebrafish 
CRISPR guides efficiently cause truncation at the HJURP locus (bottom) but non-targeting scrambled control guides 
fail to do so (top). Bands are PCR products amplified from the HJURP locus of individual CRISPant embryos; 
farthest right band is amplified from an uninjected control. 
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Figure S4.6. Shared and diverged sequence features of CAL1. A. A domain schematic for Drosophila and 
Nasonia CAL1 with additional regions of Drosophila homology beyond the scm3 domain displayed as logo plots. B. 
The Hymenopteran CAL1 C-terminus is less constrained than that of Dipteran CAL1. 
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Figure S4.7. An expanded phylogeny of panarthropod HJURP orthologs. An expanded version of the tree in 
Fig. 4.3E generally follows the accepted species tree, although low homology and sparse sequence availability likely 
contributes to phylogenetic artefacts. Nodes are presented with 1000 ultrafast bootstrap/SH-aLRT replicate values.  
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Figure S4.8. NEFR-1 is a nematode cell cycle protein. A. An expanded nematode phylogeny presented in Fig. 
4.5B roughly follows the species tree, consistent with a monophyletic origin of HJURPNEFR-1 in this clade. Nodes are 
presented with 1000 ultrafast bootstrap/SH-aLRT replicate values. B. Conservation pattern of NEFR-1 across 
Caenorhabditis shows there is relatively little sequence conservation outside of the N- and C-terminal regions. C. 
BLAST results show that the scm3 homology and C-terminal regions, rather than the putative neurofilament-like 
coiled coil region, are the most conserved within nematodes. D. NEFR-1, like the worm CENPA homolog HCP-3, is 
most highly expressed in germline dividing tissue such as oocytes, syncytial spermatocytes, and embryonic cells. 
Data are from single-cell expression profiles(446). E. NEFR-1 has positive expression correlations with 
predominantly cell cycle genes. Data on the top 100 genes with positive expression correlation to nefr-1 and their 
gene ontology (GO) analyses were provided via the WormBase(479) implementation of SPELL(496). F. Schematic 
of the nefr-1 syntenic neighborhood suggests nefr-1 is expressed with other chromatin-associated cell cycle genes 
like sep-1, required for anaphase chromosome segregation, and msh-6, a DNA mismatch repair gene. 
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Figure S4.9. NEFR-1 is an essential gene. A. Gene structure of nefr-1 shows that the previously characterized 
truncation allele ok471 retains the scm3 domain, while the K15* allele generated in this study, which includes a 
subsequent frameshift, produces a complete knockout. B. Balancer crossing scheme to assess viability of nefr-
1(K15*) mutants. The tmC20 balancer confers a GFP pharynx phenotype to heterozygotes and a GFP pharynx + 
dumpy phenotype to balancer homozygotes. C. Worms homozygous for K15* fail to progress past the L1 stage and 
D. die within a week, while heterozygotes mature and survive into adulthood. 
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Figure S4.10. NEFR-1 physically associates with CENPAHCP-3. A. Top 15 gene ontology (GO) analysis terms of 
mass spectrometry peptides identified in anti-FLAG immunoprecipitations from worm embryo lysate of either 
3xFLAG::nefr-1 (left) or untagged control (right) strains. Tagged strains show specific enrichment of kinetochore 
and cell cycle-related genes. B. Normalized sum PEP score enrichment ratio of centromere-related genes(441) in 
3xFLAG::nefr-1 immunoprecipitations over untagged controls. Genes highlighted in green, including CENPAHCP-3 
and NEFR-1, were identified exclusively in 3xFLAG::nefr-1 immunoprecipitations. C. Amylose pulldown assay 
with purified MBP-NEFR-1 and HCP-3/H4 or canonical H3/H4 tetramers. MBP-NEFR-1 interacts directly with 
HCP-3/H4 tetramers as suggested by co-precipitation of species at HCP-3 and H4 sizes. Blue asterisk indicates 
MBP-NEFR-1; red asterisk indicates a non-NEFR-1 contaminant. 
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Figure S4.11. scm3 domain-containing proteins are present in most metazoan clades. We identify candidate 
HJURP orthologs across the metazoan tree and describe conserved domains previously unreported in these proteins 
that have yet to be functionally characterized. 

Figure S4.12. AlphaFold predictions colored by pLDDT score. All AlphaFold predictions presented in this study 
showed moderate to high confidence as measured by pLDDT (>80 at helical regions). 
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Table S4.1. A representative list of scm3 domain-containing proteins across the opisthokont lineage. 
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Table S4.2. Nucleic acid constructs used for this study. 

 

Table S4.3. A list of C. elegans strains generated and/or used in this study. 
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4.7 Afterword 
  
 This project represents everything that is beautiful about scientific discovery. It was a 
delightful collaboration among Fred Hutch Basic Sciences labs involving Jason Stonick and Drs. 
Janet Young, Harmit Malik, Irini Topalidou, Nicolas Lehrbach, and Cecilia Moens. This project 
began in the Malik lab long before I moved to Seattle, but I picked it up as a rotation project and 
had exceptional luck early on. The division’s excitability and can-do attitude, along with 
advances in sequencing that gave us access to essential evolutionary intermediate data, made it 
possible. It was also an excellent project to work on when the integrin work was at periodic 
intellectual standstills and often left it alone for a few months; then coming back with fresh eyes 
was all we needed to find a new ortholog. The work speaks for itself, but I will cherish the joy of 
working with friends more than any individual finding. 
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Chapter 5 Concluding remarks. 
 
5.1 Abstract 

 
The biological world contains an awe-inspiring amount of molecular complexity. 

Although some of this is genuine novelty, most adaptation builds from ancient foundational 
pieces that are retooled to fill new niches. In this thesis, I’ve attempted to test the limits of two 
such building blocks through very specific perturbations, yet this comes at the cost of a systems-
level understanding of the consequences of both these domain perturbations specifically and of 
protein domain adaptation more broadly. During my thesis, I’ve witnessed an explosion of high-
throughput structure-function analyses, usually at the level of individual mutations. I anticipate 
many of the tools developed during this time will be extrapolated to higher-order 
macromolecular assembly in the very near future. In this brief chapter I offer a broad-level 
overview of both the future directions of probing macromolecular assembly as well as insights 
into how we can take these findings back to organism and population-level biology. 

 
5.2 From building blocks to functional machines 
 
 In my thesis work, I’ve dissected molecular determinants of single-domain structure, 
function, and plasticity with particularly fine resolution. I’ve explored how a single domain can 
either acquire new function with relative simplicity or maintain a conserved function under 
extreme adaptive pressure. These processes occur across the entire protein domain universe at 
the level of individual domains, so these findings are likely generalizable to other proteins. 
 More interesting, however, are the constraints imposed across multi-domain proteins and 
macromolecular assemblies. Due to limitations in throughput and sequencing coverage, we have 
often been limited in connecting genotype to phenotype at the level of individual protein 
domains, or even subsections of these domains. However, recent tool development in massively 
parallel reporting has expanded the amount of variation we are able to measure by orders of 
magnitude, suggesting that contextualizing variation within entire biological systems is 
achievable(249, 267, 497, 498). These methods may be supplemented by the use of natural 
variation, which provides a rich underutilized source of genotype-phenotype data(499, 500). 
These approaches will also allow us to contextualize allostery, an understudied yet critical 
feature of protein biology for which an increasing amount of literature reports strong phenotypic 
effects(501, 502). Synthesizing all these data will yield a more complete model of the general 
principles underlying how protein domains can be combined to generate diverse, complex 
functional machines. 
 How much domain space have we explored? Early estimates suggest as few as nine 
simple protein folds account for the vast majority of protein structural diversity present 
throughout life today(231). Up until the advent of powerful structure prediction, however, 
methodology relied far too heavily on prior knowledge of protein structure to accurately assess 
what we don’t know. More recently, advances in protein structure prediction have greatly 
expanded our understanding of structural diversity in the natural world(340). Viral proteomes 
may be a great place to look next(237, 503); rapid evolution, strong selective pressure, and high 
mutation rates all suggest that viruses are likely to harbor new folds and domains otherwise 
inaccessible in cellular organisms. Further, continued advances in protein design and engineering 
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open new avenues for how protein domains may cooperate, assemble, and function (504, 505). 
These techniques not only give insight into what is, but what could be. 
 
5.3 Everything in its context 
 
 I spent most of my thesis working in vitro, in test tubes under controlled conditions where 
molecular behavior isn’t confounded by the dizzying array of physical interactions organic 
molecules normally experience. Life, however, doesn’t happen in a test tube. Life happens 
through the integration of these interactions into cohesive output, where molecular decisions are 
contextualized given all the physical and chemical information at hand. Lately I’ve become 
interested in moving back into the living organism- rightfully so, as the integrin structure field in 
particular faces big open questions as to how much of what we find in vitro can be recapitulated 
in vivo, as well as how integrins process decision-making challenges in the multicellular 
organism. 
 The continued development of novel methodology in cryo-electron tomography (cryoET) 
in particular holds great promise to answering some of these long-standing questions(506, 507). 
Briefly, cryoET integrates the high resolution of single-particle cryoEM with the context of the 
native cellular environment by vitrifying and imaging whole frozen cells or tissues, then 
mechanically thinning them to a thickness sufficient for transmission EM(508). CryoET studies 
have yielded fruitful insights into a variety of biological phenomena, from phage assembly to 
Parkinson’s pathology (509, 510). Given the success in observing integrins on vesicular 
membranes(511), it is theoretically possible to observe them on native cytoplasmic membranes 
at sufficient resolution to make conclusions about ligand binding, conformational heterogeneity, 
and clustering that have only been observed at either the single-particle level or at light 
microscopy resolutions. The biggest challenge facing cryoET is finding the target molecule on 
the grid, but recent advances in high-contrast tagging or labeling have moved that goal within 
reach(512, 513). This technology need not be limited to integrins; it has already been applied to 
studying the centromere in situ as a proof of principle (514), and may prove equally exciting for 
understanding how epigenetic landscapes are shaped and maintained across space and time. 
 Integrins are inherently force-sensing molecules; although this has been known for over 
20 years, the structural changes that occur upon force induction are largely uncharacterized(515). 
Ligand binding may not be sufficient to induce signaling (516), and emerging evidence suggests 
that the entropy of integrin-ligand interactions (115), which may change upon force induction, 
plays a central role in organism-level, integrin-mediated phenotypes. Further, integrin-ligand 
interactions with strong support on coated surfaces cannot be recapitulated with single molecules 
in solution(517–519), lending further support to biophysical force as a key modulator of integrin 
activity. In line with this, some integrin epitopes are exposed only upon force induction(520, 
521). Continued development of methods that probe integrin behavior and structure under 
physiological force will give a more holistic perspective on these dynamic receptors. 
  



 128 

Appendix I  How do integrin subunits find their partners? 
 
I.1 Abstract 
 
 Integrins are trafficked to the cell surface as obligate heterodimers, and their biosynthetic 
pathways are interdependent on the a and b subunits folding correctly, pairing, and jointly 
following the secretory pathway. However, little is known about the molecular mechanisms that 
mediate integrin biosynthetic pairing and secretion. To understand how integrin subunits find 
each other in the ER, I expressed 3XFLAG-tagged integrin subunits on their own in mammalian 
cell culture and performed IP-MS to identify intracellular binding partners. The most promising 
candidate shared among a subunit datasets was the ERAD-associated protein SEL1L, hinting at 
a molecular quality control mechanism controlling coupling integrin subunit biosynthesis to 
pairing. 
 
I.2 Main text 
 
 Among all possible integrin heterodimer combinations, only a relative few are expressed 
in the human body(3). One of my early grant aims in the lab proposed a series of experiments 
attempting to uncover the molecular basis of this puzzling specificity, including expressing and 
purifying integrin subunits on their own, then pairing them in vitro. I quickly ran into a dead end 
when I found that although I could express and isolate b subunit ectodomains successfully, a 
ectodomains were refractory to independent cell surface expression. This appears to be 
universally true, as evolutionarily distant a subunits all behaved similarly in this expression 
system (Fig. I.1A). From these data, I hypothesized that an early conserved process in integrin 
was controlling subunit pairing, allowing secretion. 
 Relatively little is known about the integrin biosynthetic pathway is known. Integrins, 
like most cell surface receptors, are first translated and folded in the endoplasmic reticulum, 
followed by glycosylation and signal peptide cleavage(522). They are then trafficked to the 
Golgi(523), where they are further processed, packaged into secretory vesicles, and transmitted 
to the cell surface. The expression of integrin a subunits appears to be the rate-limiting step for 
integrin secretion, as increasing a subunit expression dramatically reduces integrin maturation 
time through this pathway(524). Supporting this finding, immature integrin b subunits 
accumulate in the ER until they pair with a cognate a subunit. Further evidence suggests the 
proper folding of the a subunit is dependent on the presence of stable b subunits(525), 
suggesting an intimate link between integrin folding and heterodimer formation, assuring 
stability of these dynamic receptors. In some exceptional cases, high-mannose alpha subunits 
may skip the Golgi and traffic directly to the cell membrane(522). Once subunits are at the 
plasma membrane, they may stochastically unpair and repair(526), and the expression, pairing, 
and secretion of integrin heterodimers may be further controlled by the presence of integrin 
ligand or other chemical cues(522, 524, 527, 528), as well as divalent cations like Ca2+(529). 
 To understand which step of the secretory pathway may be limiting a subunit expression, 
I expressed 3XFLAG-tagged aL and a5 integrin ectodomain constructs and performed 
immunoprecipitation coupled with mass spectrometry (IP-MS) and looked for proteins 
overrepresented compared to a no expression control. As expected, ER/Golgi proteins, stress 
response components, and the ECM proteins overrepresented in the experimental groups 
compared to the control (Fig. I.1B), consistent with integrin subunits stalled in the secretory 
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pathway. Among the differentially represented proteins, the ER-associated degradation (ERAD) 
component SEL1L(530) stood out as a strong candidate in directly mediating integrin 
biosynthesis (Fig. I.1C). SEL1L, a member of the Hrd1 E3 ubiquitin ligase complex(531, 532), 
has been shown in previous studies to bind preferentially with unprocessed integrin b1 
subunits(533), to be essential for integrin a3 processing and trafficking(534), and to be a 
substrate of the SEL1L/Hrd1 complex in high-throughput screening(535). Consistent with this, 
we find evidence of ubiquitinated aL in our IP-MS dataset even in the absence of a proteasome 
inhibitor (Fig. I.1D). While still preliminary, it is tempting to speculate that SEL1L, and ERAD 
more broadly, couples integrin chaperoning and dimerization to quality control at the ER and 
may serve as a limiting factor for which integrin subunits form biologically relevant dimers (Fig. 
I.1E). Further biochemical and structural probing of this interaction may yield pertinent insights 
into this process and enable methodology for expressing integrin subunits on their own, which 
would prove extremely valuable for the field. 
 
I.3 Methods 
 
 For figure I.1a, DNA encoding the ectodomain of integrins a5, aE, aL and aD with a C-
terminal Strep-Tag II in a pcDNA3.1 backbone was transfected in expiCHO cells in a 6 well 
plate format according to manufacturer instructions. The complete aMb2 ectodomain was used 
as a positive control, and a no DNA well served as a negative control. Four days post-
transfection, 100µL of cells were harvested, pelleted at 500xg for 5 minutes, and resuspended in 
100µL of 25mM Tris-HCl pH 7.4. 20µL of either the supernatant or cell pellet suspension was 
boiled in 4X SDS sample buffer and processed on SDS-PAGE, transferred to a blotting 
membrane, probed with anti-Strep-Tag antibody and visualized via chemiluminescence. 
 For pulldown experiments, DNA constructs encoding the ectodomains of a5 and aL with 
C-terminal 3XFLAG tags were transfected in expiCHO cells according to max titer manufacturer 
instructions. On day 8 post-transfection, 100mL of cells from each transfection and a no DNA 
control were centrifuged at 1000xg for 15 minutes at 4°C and resuspended in 2mL of lysis buffer 
(25mM Tris-HCl pH 7.5, 1mM EDTA, 150mM NaCl, 1% v/v NP-40, 0.5mM PMSF, 1x protease 
inhibitor cocktail tablet). Following 45 minutes of gentle inversion at 4°C, lysates were cleared 
at 30000xg for 20 minutes. Lysates were diluted to 1mg/mL in ice cold lysis buffer and incubated 
with 60µL of equilibrated anti-FLAG M2 beads for 3 hours with gentle inversion. Beads were 
collected on a magnetic separation rack and washed once with lysis buffer, followed by 5 washes 
with 1mL wash buffer (25mM Tris-HCl pH 7.5, 150mM NaCl) to remove detergent. Beads were 
resuspended in 30µL wash buffer and submitted for mass spectrometry analysis to the Fred 
Hutch Cancer Center proteomics core facility. 

Samples were processed, desalted and run on the Orbitrap Fusion at the Fred Hutch 
proteomics facility.  The data were searched using Proteome Discoverer 2.5 against CHO, 
Human and Strep-Tag II.  The results were filtered for high confidence, 1% FDR at the peptide 
level. The data were also searched for GG on K to identify ubiquitinated targets. 
 

 

 

Figure I.1. SEL1L may contribute to integrin heterodimer formation. (A) Western blot analysis of supernatants 
(left) or pellets (right) of expiCHO cells expressing various integrin a subunits. Samples were probed for anti-Strep-
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TagII. Alpha subunits stay unprocessed in the cell pellet. (B) Gene ontology (GO) analysis of enriched peptides in 
mass spectrometry data from a subunit pulldowns. Pulldowns of integrins subunits were enriched for ER/Golgi 
components compared to the control. (C) Peptide representation of SEL1L from integrin pulldown data, suggesting 
SEL1L is enriched compared to control and may be a component of integrin quality control. (D) GG on K proteomic 
data from the aL subunit pulldown showing aL is ubiquitinated at multiple sites when expressed on its own. (E) A 
model for SEL1L-mediated quality control of the integrin heterodimer. b subunits are sequestered and protected by 
SEL1L while awaiting a subunit expression. When a subunits are folded they are either paired to a corresponding b, 
releasing SEL1L, or are targeted for proteasomal degradation via the Hrd1 ERAD pathway.  
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Appendix II The structural basis of orthomyxovirus restriction by MxA 
 
*This work was done in collaboration with Dr. Rechel Geiger 
 
II.1 Abstract 
 
 Innate immune proteins such as the interferon-stimulated orthomyxovirus restriction 
factor MxA are the body’s first line of defense against pathogens. MxA restricts orthomyxovirus 
replication via its interaction with the viral nucleoprotein (NP), but the structural basis of this 
restriction remains unknown. We determined negative-stain EM class averages of the MxA 
multimer, possibly containing internal Thogotovirus NP, suggesting a mechanism by which 
MxA sequesters viral components to prevent replication in a GTP-dependent manner. Future 
structural work on this protein complex may yield fruitful insights into the arms race interface in 
this stereotypical host-pathogen molecular conflict. 
 
II.2 Main text 
 
 In order to respond immediately to pathogenic invaders, organisms encode innate 
immune factors that restrict virulence through a cornucopia of unique molecular pathways(536, 
537). The orthomyxovirus family of viruses, including Thogotovirus and Influenza, is restricted 
in mammalian populations by the interferon-stimulated dynamic GTPase family member 
MxA(538). Extensive evolutionary, cellular, and biochemical work has determined the key 
molecular interactions for Orthomyxovirus restriction by MxA: restriction depends on 1) direct 
binding between MxA and the viral nucleoprotein (NP), 2) the GTPase activity of MxA, 3) the 
rapidly evolving L4 loop of MxA, and 4) MxA oligomerization(539–543). This restriction can be 
further amplified by targeting MxA to the nucleus(544). Still, the structural basis of this 
interaction has remained elusive. 
 Prior structural work on MxA alone suggests it can form filamentous structures via 
stacking of the stalk and G domains (545, 546). MxA’s multimerization state is dependent on its 
GTPase activity and stalk domain contacts, as it can also break apart into smaller multimers such 
as dimers and tetramers; biochemical work with NP suggests that the MxA dimer is the most 
stable restriction unit(543). Beyond the direct protein-protein interaction, it is possible that MxA 
further depends on RNA binding to fully sequester NP; this model would be consistent with 
other restriction factors(547) and would prove harder to evade by viral evolution as NP must also 
bind RNA for viral replication. Structural information would clarify the mechanism underlying 
these findings and prove clinically valuable for viral epidemiology. 
 We cloned, expressed, and purified wildtype, dimeric and “super-restrictor” variants of 
MxA(548) via affinity and size exclusion chromatography. Initially we excluded nucleases from 
the preparation, although we found that MxA ran at a much higher molecular weight than would 
be expected via SEC (Fig. II.1A). Adding RNase to the preparation shifted MxA to a peak more 
consistent with its size (Fig. II.1A), suggesting MxA can bind to nucleotides; an A260/A280 
ratio of 1.1 in the initial preparation is consistent with this hypothesis. These MxA samples were 
clean in nsEM (Fig. II.1B). Although we did not further test nucleotide binding, the fact that 
positively charged mutations in MxA L4 increase restriction(548, 549) may also indicate that 
nucleotide binding is important for the restriction mechanism. 



 132 

 To determine the structural basis of restriction, we purified monomeric Thogotovirus NP 
and bound it to wild-type MxA with various combinations of GTP and short RNA oligos. We 
then performed nsEM of these complexes and generated 2D averages of MxA oligomers. In all 
conditions, we identified ring-shaped structures consistent with helical MxA multimers, although 
adding the non-hydrolyzable GTP analog GTPgS anecdotally reduced the presence of ring 
structures (Fig. II.1C), much like the paralog MxB (550). In some 2D classes from samples with 
NP we could see globular density inside the ring shape consistent with the size of NP while other 
rings had no internal density (Fig. II.1D). These data collectively suggest a model in which a 
MxA disassembles into dimers upon GTP hydrolysis, binds NP, and re-oligomerizes to sequester 
NP from the viral genome (Fig. II.1E); this model is consistent with tomographic work on MxA 
with the La Crosse virus nucleocapsid protein(551). Isolating these multimeric rings would likely 
lead to a sample clean enough for high-resolution cryoEM studies of this potential complex, 
revealing the molecular basis of orthomyxovirus restriction. 

Figure II.1. nsEM of Thogotovirus NP and MxA. (A) Size exclusion chromatography of MxA in the absence 
(blue line) or presence (orange line) of nucleases during purification. Adding nucleases shifted peaks from near-void 
to sizes consistent with MxA oligomeric states (B) Negative stain of MxA in high salt shows shapes consistent with 
dimers; cartoons of a monomer and dimer orientations below averages. (C) Negative stain micrographs from MxA 
and Thogotovirus NP in either GTP or GTPgS show ring shapes are present only with GTP, while smaller 
oligomeric states likely exist when GTP is not hydrolyzed. (D) 2D averages of MxA rings with no density (top) or 
density (bottom) in the middle, consistent with the absence or presence of NP. (E) A cartoon model of how MxA 
sequesters viral NP in a ring oligomer to restrict viral replication. 
 
II.3 Methods 
 
II.3.1 Protein purification.  
 
 Orthomyxovirus NP proteins were purified as previously reported(552). pET28 vectors 
containing 6XHIS-tagged NP variant coding sequences were transformed into BL21 DE3 
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LOBSTR cells. Following growth at 37°C to OD 06, cultures were induced to express NP with 
IPTG at 0.5mM final concentration and shifted to 18°C for overnight expression. Cells were then 
pelleted and resuspended in ice-cold lysis buffer (20mM NaPO4 pH 7.4, 1.5M NaCl, 1mM 
PMSF) and lysed via sonication. The lysate was cleared at 30000xg for 20 minutes at 4°C, 
loaded onto a pre-equilibrated HisTRAP column and eluted with elution buffer (20mM NaPO4 
pH 7.4, 1.5M NaCl, 1mM PMSF, 500mM imidazole). NP was further purified using preparative 
size exclusion chromatography in 20mM NaPO4 pH 7.4, 1.5M NaCl, aliquoted, flash-frozen in 
10% v/v glycerol, and stored at -80°C for downstream use. 
 MxA variants were purified as described(545). Like NP, pET28 vectors containing 
6XHIS-tagged MxA variants were expressed in LOBSTR cells following similar growth 
conditions. Cells were lysed in MxA lysis buffer (50mM HEPES pH 7.5, 400mM NaCl, 30mM 
imidazole, 6mM MgCl2, 2.5mM b-mercaptoethanol, 1mM PMSF, 1x protease inhibitor cocktail 
tablet), lysed via sonication, and cleared at 30000xg for 20 minutes at 4°C. Lysates were loaded 
onto a pre-equilibrated HisTRAP column, washed with lysis buffer containing 800mM NaCl and 
1mM ATP followed by a wash with lysis buffer containing 80mM imidazole, and eluted with 
elution buffer (50mM HEPES pH 7.5, 400mM NaCl, 300mM imidazole, 6mM MgCl2, 2.5mM 
b-mercaptoethanol). Samples with nuclease treatment were incubated with lysis buffer 
containing 10 units RNAse A and 50mM imidazole for 1 hour prior to washing and eluting. 
Samples were further purified using preparative SEC in 20mM HEPES pH 7.5, 400mM NaCl, 
2mM MgCl2, 2mM DTT, aliquoted, flash-frozen in 10% v/v glycerol, and stored at -80°C for 
downstream use. 

 
II.3.2 Negative-stain EM sample preparation, data acquisition and processing  
 

Protein samples were diluted to a final concentration of between 2 and 20µg/mL in buffer 
containing 20mM HEPES pH 7.4, 150mM NaCl (400mM for “high salt”), and the presence or 
absence of a 3:1 molar excess of short RNA(553) and/or 1mM GTP/GTPgS. The grids were 
stained with a solution containing 2% (w/v) uranyl formate as previously described(315).Data 
were acquired using a Thermo Fisher Scientific Talos L120C transmission electron microscope 
operating at 120 kV and recorded on a 4k x 4k Thermo Scientific Ceta camera at a nominal 
magnification of 92000x with a pixel size of 0.158 nm. Leginon(316) was used to collect 100-
200 micrographs at a nominal range of 1.5-2.5 µm under focus and a dose of approximately 50 e-

/Å2 per condition. 
Similar processing pipelines were used for all negative stain datasets. Micrographs were 

processed using cryoSPARC(317). CTF estimation was done using Patch CTF. Initially, 10000-
100000 particles were picked in a reference-free manner using blob picker in cryoSPARC. The 
particle picks were subjected to 1 round of particle curation and 1 round of 2D classification 
followed by 2D class selection contributing to the final 2D classes.  
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Appendix III Rapid evolution of the sperm-egg fertilization complex 
 
*An abbreviated version of this analysis is published in Deneke, Suwita et al. 2026(554). 
 
I.1 Abstract 
 
 Fertilization, the fusion of gametes to form a zygote, is an essential process in sexual 
reproduction. Despite its necessity, the molecular components implicated in the fertilization 
machinery evolve exceptionally rapidly. The cause of this rapid evolution, however, remains 
unknown. Here I perform positive selection analysis on a newly identified vertebrate fertilization 
complex, SPARK, to identify which regions are under selective pressure and how those regions 
relate to function. I find that most of the sites under positive selection are concentrated at the 
distal end of the fertilization complex and at sites of protein-protein interactions. I also find 
hotspots of adaptive pressures at exposed sites implying currently unidentified sperm-egg 
interactions. Finally, this analysis supports a model in which the sperm-egg fusogen is shielded 
prior to gamete contact. These results reinforce the power of positive selection analysis in 
generating and supporting biochemical hypotheses, even for essential machinery. 
 
I.2 Main text 
 
 The life of an individual organism in a polyploid species often begins with fertilization, 
the process by which gametes fuse to form a one-cell zygote. In vertebrate species the parental 
sperm must identify, bind to, and fuse with the maternal egg cell via a complex series of 
chemical attraction, biophysical motility, and biochemical protein-protein interactions(555, 556). 
Although this process is both essential and conserved across many eukaryotes, the molecular 
machinery implicated in sperm-egg interactions evolves at an exceptionally rapid pace(500, 557, 
558). Many hypotheses have been proposed for what causes this rapid evolution including sperm 
competition, sperm-egg conflict, host-pathogen interactions, and sexual selection(559). Our 
understanding of this extraordinary selective pressure is hampered by the fact that our 
exploration of the fertilization process is still in relative infancy(556). Many individual players 
have been proposed as essential for sperm-egg interactions, yet how they are incorporated into 
the larger superstructure facilitating this dynamic fusion process remains unknown. 
 Towards the beginning of my thesis work I began following the work of Drs. Andi Pauli 
and Luca Jovine, two pioneers of fertilization molecular biology, with great interest (so much so 
that I interviewed for a postdoctoral position with Dr. Pauli). Although the international move 
proved impractical at the time, I maintained a collaboration with Dr. Victoria Deneke in the Pauli 
lab, who had recently discovered via AlphaFold screening that a large sperm protein complex, 
termed SPARK, structurally synthesized all sperm components previously implicated in 
fertilization(554). This complex further revealed compelling interactions with egg receptors CD9 
and JUNO, thus providing an opportunity to test where selective pressures are concentrated at 
the fertilization synapse. Conversely, positive selection analysis would help support their 
proposed AlphaFold model: I would expect SPARK complex proteins to exhibit strong 
signatures of adaptive evolution, or positive selection, measured by the relative ratio of 
nonsynonymous to synonymous codon substitutions (dN/dS) in closely related species. To test 
this hypothesis, I performed positive selection analysis using PAML(308) on components of the 
SPARK complex, as well as their hypothesized receptors JUNO and CD9, in Muridae (Fig. 
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III.1A, Table III.1). I found an overall average dN/dS value of 0.52 among complex members, 
appreciably higher than values from across Muridae genomes overall(455). I identified site-
specific positive selection (dN/dS > 1) in 7 out of 12 tested complex members. Overall, these 
results implicate adaptive evolution driving the diversification of the SPARK complex. 

If sperm-egg binding is driving the adaptive evolution of SPARK proteins, I would 
expect the amino acids under selection would be concentrated at sperm-egg interfaces(560, 561). 
I mapped these sites of positive selection to the predicted SPARK complex, identifying sites 
spread irregularly across the entirety of the complex (Fig. III.1B). Specifically, there are two 
main areas of exceptionally localized positive selection: the distal interface of SPACA6 and 
IZUMO1, where SPARK is predicted to interact with egg receptors JUNO and CD9 (Fig. 
III.1C), as well as the distal tip of the interface encompassing DCST1/2 and TMDD1 (Fig. 
III.1D). These data are consistent with the expectation that these regions are physically involved 
in forming the sperm-egg synapse. Further, I found reciprocal residues predicted to interact 
between sperm and egg proteins under positive selection between IZUMO1 and JUNO (Fig. 
III.1E) as well as IZUMO1-CD9-SPACA6 (Fig. III.1F). Phylogenetic analysis suggests an 
evolutionary pressure to diversify more pronounced in sperm genes (Fig. III.1A, III.1G), 
suggesting sperm diversification precedes egg gene adaptation. Identifying adaptive selection in 
DCST1/2 and TMDD1 implicates this region as important for physical contact with the egg, and 
supports the emerging model that DCST1/2 is the yet unfound fusogen bringing sperm and egg 
cells together. 

Evolutionarily, identifying this SPARK complex provides a foundational resource for 
testing longstanding hypotheses on genetic conflicts in mating(562, 563). We find intense 
selective pressure shaping the sperm-egg interface, consistent with a tit-for-tat arms race that 
provides opportunities for sperm to “win” depending on their SPARK genotype(564). This is 
most pronounced at the interface encompassing the SPARK members IZUMO1 and SPACA6 
and the hypothesized egg receptors CD9 and JUNO. Intriguingly, I found a large patch of 
concentrated rapidly evolving residues in SPACA6 for which there is no proposed egg receptor; 
this implies that further egg receptors have yet to be identified, or that this interface is dynamic 
and may split CD9 binding fluidly across IZUMO1 and SPACA6. I also find the distal region 
encompassing DCST1/2 and TMDD1 contains a high concentration of residues under positive 
selection, yet in the bent SPARK conformation this region is sterically blocked from contacting 
the egg surface. This further supports a licensing model by which DCST1/2 and TMDD1 are 
liberated upon sperm-egg binding, providing another interface by which sperm may gain the 
evolutionary upper hand. 
 
I.3 Methods 
 

Positive selection analyses were performed as previously published(379). Coding 
sequences from all SPARK components as well as CD9, CD81, and JUNO in 
all Murinae species with annotated genomes in NCBI(455) were collected and codon-aligned via 
webPRANK(482), and manually trimmed of gaps that contribute noise to analyses. Alignments 
were used to generate phylogenetic trees via phyML(565, 566). Gene-wide and site-specific 
positive selection was assessed via a streamlined wrapper 
(https://github.com/jayoung/pamlWrapper) for the codeml package in PAML(308). Whole gene 
dN/dS was calculated via model 0. For gene-wide analysis, the likelihoods of dN/dS fitting a 
model where either positive selection was (model 2) or was not (model 1) allowed were 

https://github.com/jayoung/pamlWrapper
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assessed; the same approach was subsequently used for site-specific positive selection by 
comparing model 8 to model 8a; we restricted classifying residues under positive selection to 
those with a Bayes Emperical Bayes posterior probability greater than 0.9 under model 8. Codon 
alignments can be found in Supplemental Data 1, and PAML analysis results in Table S2. 
Residues under positive selection were mapped onto the predicted SPARK complex structure 
and visualized using UCSF ChimeraX. 

 
Figure III.1. Positive selection across the fertilization complex. (A) Components of the SPARK complex evolve 
under positive (diversifying) selection in Murinae. All ten components of SPARK as well as the egg receptors CD9 
and JUNO were tested for the presence of both gene-level and site-specific positive selection. High SPARK gene 
dN/dS values suggest the presence of adaptive pressure. (B) The predicted M. musculus SPARK complex ribbon 
structure bound to CD9 and JUNO with residues under positive selection identified as red atoms. (C-D) Zoom views 
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from the whole SPARK complex show concentrated regions of positive selection at the IZUMO1/SPACA6 distal tip 
(C) as well as the DCST1/2 and TMDD1 tip (D). (E-F) Zoom views of physically interacting residues under positive 
selection between murine JUNO and IZUMO1 (E) and SPACA6, CD9, and IZUMO1 (F) suggest concerted 
evolution between egg and sperm proteins shapes the SPARK evolutionary trajectory. (G) Phylogenetic 
substitutions in Murinae at interacting sites between sperm and egg fertilization factors. 

 
Table III.1. Positive selection analysis of the Murinae 
fertilization complex.  An expanded table of 
the Murinae positive selection analysis presented in Fig. 
S5D. Log likelihood values were used for chi-square 
statistical comparisons between models allowing or not 
allowing for positive selection. 
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