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Abstract 

Regulation of Trio GEF1 Activity by the Spectrin Repeats and Cellular Factors 

Josie Evelyn Bircher 

2022 

The Trio family of proteins consists of Trio, Kalirin, UNC-73 (in 

Caenorhabditis elegans) and dTrio (in Drosophila). Trio proteins are key regulators 

of cell morphogenesis and migration, tissue organization, and secretion and 

protein trafficking in many biological contexts. Recent discoveries have linked Trio 

and Kalirin to human disease, including neurological disorders and cancer. The 

genes for Trio family proteins encode a series of large multidomain proteins with 

up to three catalytic activities and multiple scaffolding and protein-protein 

interaction domains. As such, Trio family proteins engage a wide array of cell 

surface receptors, substrates, and interaction partners to coordinate changes in 

cytoskeletal regulatory and protein trafficking pathways. In Chapter 1, I provide a 

comprehensive review of the specific mechanisms by which Trio family proteins 

carry out their functions in cells, highlight the biological and cellular contexts in 

which they occur, and relate how alterations in these functions contribute to human 

disease. This sets up the context for a major goal of my thesis, which was to 

elucidate a regulatory mechanism of Trio catalytic activity and understand how 

disease associated mutations disrupt this regulation.  
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In Chapter 2, I describe my co-first author work, which uncovered a mode 

of Trio regulation. The Trio spectrin repeats (SRs) are adjacent to the Trio GEF1 

domain and disease-associated mutations to the SRs have been shown to impact 

Trio GEF1 activity. I provide evidence that the Trio SRs autoinhibit Trio GEF1 

activity via intramolecular interactions, and this is relieved by disease-associated 

mutations.  

In Chapter 3, I discuss unpublished work to understand how Trio is 

regulated in a cellular context. I cover my work to generate a Trio knockout 

fibroblast cell line and discover activators of the autoinhibited Trio GEF1 activity. 

This preliminary work is supported by Chapter 4, in which I describe the most 

pressing future experiments and approaches I recommend to follow up my thesis 

work. Together, the work described in this thesis provides insight into a novel 

mechanism of Trio regulation and sets up a framework for many exciting future 

discoveries. 
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Dissertation overview 

This dissertation is comprised of 4 parts. In Chapter 1, I review the Trio family of 

proteins and their impact on cell morphogenesis and motility, with a focus on a 

known mechanisms of Trio regulation. Most of this chapter was written as a 

literature review with my advisor, Tony Koleske (1). Chapter 2 covers my co-first 

author manuscript work which I performed with a fellow graduate student in the 

lab, Ellen Corcoran (2). In this chapter, we elucidate a novel mode of Trio catalytic 

activity auto-regulation. Chapter 3 details my unpublished preliminary work to 

study Trio-based signaling in a cellular context. The work described in Chapters 2 

and 3 opens up numerous avenues for future study, so in Chapter 4, I describe the 

most pressing next experiments as a roadmap for future work to understand 

regulation of Trio catalytic activity. 
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Chapter 1 

Trio family proteins as regulators of cell migration and morphogenesis in 

development and disease – mechanisms and cellular context 
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1.1 Overview 

Trio family proteins are key regulators of cell motility and morphogenesis, tissue 

development, and protein trafficking and secretion in numerous biological 

contexts, including their prominent roles in developing nervous systems. These 

diverse roles are achieved through Trio protein interactions with membrane 

receptors, cytoskeleton-interacting proteins, lipids, endocytic machinery, kinases, 

and Rho family GTPases in the cell (Fig. 1.1). Recent studies have linked 

mutations in Trio and Kalirin to neurological diseases and cancers, highlighting the 

need to understand the primary functions of Trio family proteins and underscoring 

the outstanding questions in the field: how are the different catalytic activities 

balanced within Trio proteins?; how do the accessory domains in Trio proteins 

contribute to Trio function?; and how does the primary function of Trio proteins 

differ based on its interactions with cellular binding partners?  

Here we review Trio family protein functions from a biochemical level to roles in 

neurodevelopment and disease. We first discuss the specific catalytic activities of 

Trio family proteins and how the different domains in Trio family proteins and 

interactions with signaling partners contribute to Trio family protein catalytic activity 

and function. We then discuss the specific cellular processes that are driven by 

these Trio activities. Finally, we address recent studies linking vertebrate Trio to 

human disease, and how specific disease-associated mutations and rare variants 

impact Trio function. These sections were originally included in my first-author 

literature review (1).
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Fig. 1.1 Trio family proteins integrate signaling from a wide array of interaction 

partners to impact cell behaviors. Figure adapted from Bircher and Koleske, 

2021 

Trio family proteins relay signaling with adhesion receptors, lipids, kinases, 

secretory and endocytic machinery, cytoskeleton-associated proteins, and 

guidance receptors to regulate secretion and trafficking, tissue organization, and 

cell migration and morphogenesis. Much, but not all, of this signaling is achieved 

through Trio catalytic activities on Rho family GTPases. Domains of the Trio 

proteins: Yellow – Sec14; Pink – Spectrin Repeats; Blue – Guanine Nucleotide 

Exchange Factor domains; Green – Src Homology 3 domains; Light orange – 

Immunoglobulin like domain; Dark orange – Kinase domain. 

Adhesion 
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1.2 The Trio family of proteins 

The Trio protein family has four well studied members: two vertebrate paralogs 

(Trio and Kalirin) and two invertebrate orthologs (UNC-73 in Caenorhabditis 

elegans and dTrio in Drosophila). Trio family proteins are large proteins (up to 

350kDa), containing up to three catalytic domains, for which they are named; full-

length (FL) isoforms of Trio family proteins contain two guanine nucleotide 

exchange factor (GEF) domains (GEF1 and GEF2), and the vertebrate paralogs 

contain an additional putative serine/threonine protein kinase domain. Trio family 

proteins also contain numerous accessory domains that differ slightly across 

species, and whose functions are poorly understood. Furthermore, alternative 

splicing produces many different isoforms whose expression profiles vary across 

tissue and developmental stage (Fig. 1.2).
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Fig. 1.2: Trio family proteins are large multi-domain proteins that contain up to 

three catalytic domains and multiple accessory domains. Figure adapted 

from Bircher and Koleske, 2021 

All full-length (FL) Trio family proteins (Trio FL, Kalirin FL/Kal12, UNC-73A, and 

dTrio) contain two catalytic GEF units composed of tandem Dbl homology (DH) 

and Pleckstrin Homology (PH) domains. The vertebrate members, Trio and 

Kalirin, also contain an additional putative protein kinase domain. The additional 

accessory domains vary slightly between species, but include: a Sec14 domain, 

nine spectrin repeats (SR1-9), one to two Src homology 3 (SH3) domains, and 

zero to one immunoglobulin-like (Ig) and fibronectin-like (Fn) domains (3-6). Trio, 

Kalirin, and UNC-73 are alternatively spliced to generate multiple isoforms. 

(Figure legend continued on next page.)  
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Figure 1.2 legend continued: Only the isoforms mentioned in this review are 

shown here; for a more comprehensive list, see (5,7,8). Amino acid numbers are 

marked on dotted line for scale.  

While Trio and Kalirin have nearly identical domain structures, they have different 

tissue-specific and temporal expression profiles (9). Trio is ubiquitously 

expressed, whereas Kalirin is most highly expressed in the nervous system (3,9-

11). Additionally, Trio is abundant in the developing brain (12), while Kalirin 

predominates in the brain from postnatal development through adulthood (13). 

Finally, different isoforms of Trio vary in abundance in different contexts (7,8). An 

outstanding question in the field is how small differences between Trio and 

Kalirin, or the usage of different isoforms, drives Trio family proteins to perform 

their vast set of distinct tasks within a cell. 
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1.3 Trio family protein catalytic activities and membrane interactions 

Vertebrate Trio family proteins contain two GEF domains and a protein kinase 

domain, each of which can activate discrete signaling outputs. Several domains 

within Trio also regulate Trio GEF activities and mediate membrane binding, which 

brings Trio in proximity to its membrane-bound Rho family GTPase substrates. 

Trio family protein GEF domains 

The Trio family protein GEF domains catalyze exchange of GDP for GTP on 

specific Rho family GTPases, master regulators of the cytoskeleton (14). They are 

comprised of a tandem catalytic Dbl-homology (DH) domain and a regulatory 

pleckstrin homology (PH) domain, together forming the functional GEF unit. The 

Trio family GEF1 domain catalyzes GTP exchange on both Rac1 and RhoG in vitro 

(3,5,15-17), although  vertebrate Trio GEF1 catalyzes faster exchange on RhoG 

compared to Rac1 (18-20). In contrast, the Trio family GEF2 domain catalyzes 

GTP exchange on RhoA in vitro (3,5,21), although vertebrate Trio GEF2 does so 

at a much slower rate than that its GEF1 exchanges GTP on RhoG (22). Vertebrate 

Trio GEF1 can also catalyze GTP exchange on membrane-anchored Cdc42 (23), 

suggesting that the GEF1 and GEF2 domains may have additional Rho GTPase 

targets beyond just Rac1, RhoG, and RhoA.  

Loss of endogenous Kalirin or Trio reduces activation of their GTPase targets in 

cells and tissues, demonstrating that they are major cellular activators of these 

GTPases (24-27). It is unknown how the Trio GEF1 and GEF2 activities are 



 8 

balanced in the cell, especially since Rac1/RhoG and RhoA typically have 

opposing signaling pathways and outputs in cells (28,29).  It is also unclear 

whether the GEF1 domain preferentially targets RhoG over Rac1 in cells; an 

assessment complicated by the fact that RhoG can activate Rac1 via the Dedicator 

of cytokinesis protein 1- Engulfment and cell motility protein 1 (Dock180-Elmo) 

complex during integrin-mediated cell spreading and other processes (30,31). 

Therefore, whether Trio GEF1 activates Rac1 directly or preferentially through 

activation of RhoG signaling through Dock180-Elmo is unknown.  

GEF activity is modulated by accessory domains and phosphorylation 

Accessory domains also modulate the Trio and Kalirin GEF activities. For instance, 

the PH domain located within each GEF domain impacts catalysis by the adjacent 

DH domain. The DH1 and PH1 domains of Trio GEF1 coordinately engage Rac1 

during GTP exchange, and these direct PH1-Rac1 interactions are critical for 

efficient exchange (20). The Trio and Kalirin GEF1 domains share 92% sequence 

identity, so it is likely Kalirin GEF1 shares this regulation mechanism (32). Indeed, 

removal of the PH1 domain significantly impairs catalytic activity of the purified Trio 

or UNC-73 GEF1 domains, suggesting this mode of regulation is conserved 

(17,22,33). In notable contrast, the Trio PH2 makes intramolecular inhibitory 

contacts with DH2 to block RhoA binding, explaining why loss of Trio PH2 

enhances DH2 activity (22,34). Trio and Kalirin only share 67% identity between 

their GEF2 domains, so it is less clear whether Kalirin GEF2 shares this mode of 

regulation (32). The Trio and Kalirin SRs also impact GEF1 activity. For example, 
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Trio SRs 1-5 bind the GEF1 domain directly and inhibit exchange on Rac1 when 

added in trans to an in vitro exchange assay (35). Similarly, Kalirin fragments that 

contain portions of the SRs plus GEF1 exhibit reduced Rac1 exchange activity 

relative to purified GEF1 domain alone (36,37). These findings indicate that the PH 

domains and SRs regulate Trio and Kalirin GEF activities, but they raise questions 

of how these regulatory interactions are controlled to fine tune these activities in 

cells.   

Trio and Kalirin are phosphorylated by a diverse set of protein kinases (38-46). 

Phosphorylation events within the GEF domains directly impact GEF activity in 

vitro, indicating phosphorylation as a key mode of regulation (40,44). 

Phosphorylation of Trio and Kalirin on sites outside the GEF domains also impact 

active Rac1 levels in cells (45-47), although how these phosphorylation events 

impact GEF1 activity is less clear. The context and outcome of these events are 

further discussed below.  

Putative protein kinase domain 

Several vertebrate Trio and Kalirin splice isoforms contain a putative 

serine/threonine protein kinase domain that may have protein kinase activity. In 

support of this, Kalirin Duet is phosphorylated in 3T3 cells, and mutating a 

predicted key catalytic residue (K2713A) disrupts this event, suggesting 

autophosphorylation (38). Furthermore, expression of the Kalirin protein kinase 

domain in cultured rat hippocampal neurons enhances neurite outgrowth, while a 

predicted catalytically-inactive Kalirin protein kinase mutant blocks neurite 
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extension (48). These findings strongly suggest that Trio protein kinase activity has 

physiological roles, but the fundamental questions of how protein kinase activity is 

regulated and what substrates are targeted remain to be answered.   

Membrane localization and regulation of Trio family proteins  

Trio proteins contain a lipid-binding N-terminal Sec14 domain and two PH 

domains, each with the potential to bind phospholipids. Not surprisingly, Trio family 

proteins localize to diverse membrane regions, including membrane ruffles, cell-

cell junctions, and the trans-Golgi network (49-55). Interactions with lipids likely 

enable Trio proteins to interact with their Rho family GTPase targets, which are 

themselves targeted to the membrane by covalently attached isoprenoid moieties 

(56).  

 

The Kalirin Sec14 domain binds to phosphatidylinositols (PIs), including PI 3,4-

bisphosphate (PI(3,4)P2), PI3P, and PI4P (37,41,57), which are found in the 

plasma membrane, endosomes, secretory granules, and the trans-Golgi network. 

Loss of the Sec14 domain in Kal7 impairs its ability to promote changes in cell 

shape and dendritic spine length, indicating the importance of lipid interactions for 

Kal7 function (37,41). In addition, the Trio GEF1 domain binds PIs in the presence 

of free RhoG, but not Rac1 (19), suggesting that membrane interactions may be 

impacted in conjunction with substrate recognition by Trio GEF1. Whether Trio or 

Kalirin PH2 domains also bind to phospholipids has not been directly tested. 
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Nevertheless, these observations indicate that lipids are critical regulators of Trio 

and Kalirin function and may even regulate their catalytic activities.    

 

1.4 Trio family proteins in cell migration 

Considering their central roles in regulating Rho family GTPases, it is not surprising 

that Trio family proteins regulate cell migration. Knockdown of Trio in HeLa cells 

disrupts spreading on fibronectin and impairs chemotaxis towards serum (58). 

These defects are restored by Trio GEF1 domain expression, but not GEF2 

domain expression, indicating that Rac1 and/or RhoG signaling via Trio GEF1 may 

be the primary driver of this output (58). Similarly, loss of Kalirin or chemical 

inhibition of Kalirin GEF1 in smooth muscle cells significantly reduces serum-

evoked cell migration, implicating Kalirin GEF1 activity in this process (11). Since 

the process of cell migration involves both the extension of the leading edge of a 

cell (powered by Rac1), and retraction of the trailing edge (powered by RhoA) (59), 

it is interesting that Trio-driven migration is mainly powered by Trio GEF1 activity. 

Whether this is due to different intrinsic activities of the Trio family GEF domains, 

differences in protein localization, or protein:protein interactions is unknown.  

Trio family proteins employ both GEF activities to regulate neuronal cell migration. 

UNC-73 coordinates the migration of neuronal precursor cells during C. elegans 

development. (16,60-64). P cell neuronal precursors do not migrate normally to the 

ventral midline in unc-73 mutants, and optimal migration requires both UNC-73 

GEF1 and GEF2 activities (16,61,62,64).  In addition, brain-specific ablation of Trio 
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in mice with a nestin-Cre transgene (nestin-Trio-/- mice) also disrupts neuronal 

migration in the cerebellum (25). The activities of RhoA, Rac1, and Cdc42, key 

coordinators of cell migration, are all reduced in nestin-Trio-/- mice (25), providing 

in vivo evidence that Trio serves as a signal integrator to those three GTPases in 

the developing brain.  

Less is known regarding cell surface receptors or intercellular signaling partners 

that may regulate Trio GEF activities during cell migration. One interesting 

candidate is Supervillin4, which links the actin cytoskeleton to the plasma 

membrane. Trio employs its 6th and 7th SRs to bind Supervillin4 directly (65). 

Supervillin4 expression in HeLa cells induces Rac1 activation, and depletion of 

Trio prevents this, suggesting Supervillin4 signals through Trio to activate Rac1. 

Furthermore, loss of Trio, Supervillin4, or expression of dominant-negative Trio 

that interacts with Supervillin4 but cannot activate Rac1, inhibits initial cell 

spreading, implicating Supervillin4-Trio-Rac1 signaling in cell spreading (65).  

1.5 Trio family proteins in cell morphogenesis 

Trio family proteins employ their GEF activities downstream of cell surface 

receptors to regulate cell morphogenesis. The ability of Trio proteins to regulate 

these processes also depends on a collection of interaction partners and 

substrates in different cell types. Here we discuss the interaction partners and 

mechanisms by which Trio regulates changes in cell shape in different cell types.  
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Cytoskeletal reorganization and cell-edge protrusions  

Trio family proteins employ their noncatalytic domains to engage actin- and 

microtubule (MT)- binding proteins, including Supervillin4, CARMIL, Tara, Filamin, 

EB1, and Nav1; this impacts their regulation of their target GTPases, thereby 

modulating cell morphology and behavior (35,58,63,65-67). It remains unknown 

whether Trio family proteins bind actin or MTs directly.  

Overexpression of Trio-FL or the GEF1 domain alone decreases stress fiber 

formation in fibroblast cells and increases cortical actin filament numbers in HeLa 

cells (58,68). These phenotypes match those obtained by expression of 

constitutively active Rac1 and RhoG, consistent with a role for GEF1 activity in 

driving these changes (69-71). In contrast, Trio GEF2 domain expression 

increases stress fiber abundance in cells, which phenocopies the constitutive 

RhoA activation (58,68,72). It is unclear how the opposing outputs of the Trio GEF1 

and GEF2 domains are balanced in the context of Trio-FL. However, GEF1 activity 

appears to dominate, since the phenotypes resulting from Trio-FL expression most 

closely those following expression of the GEF1 domain alone. 

Trio family proteins also promote cell-edge protrusions in various cell types. The 

Trio and Kalirin GEF1 domains induce cell edge ruffling, protrusions, and/or 

lamellipodia formation, which are mediated by Rac1 or RhoG, depending on cell 

type and context (5,18,49,58,68,72,73). For instance, Trio or Kalirin GEF1 

expression induces normally spindle-shaped AtT20 cells to adopt a flattened, 

round morphology, with uniform radial lamellipodia (Ferraro et al., 2007), 



 14 

characteristics also observed in AtT20 cells with constitutively active RhoG or 

Rac1 (70). In addition, UNC-73 GEF1 activity, which acts on ced-10 (Rac1) or mig-

2 (RhoG), promotes epithelial cell edge protrusions during intercalation of 

epidermal cells (63,74,75). Finally, co-expression of a dominant-negative RhoG 

(F37A) with Trio GEF1 in fibroblasts eliminates Trio-induced lamellipodia (18), 

whereas Rac1 knockdown reduces the ability of Trio GEF1 to induce membrane 

ruffles in HeLa cells (58). Hence, while Trio family protein GEF1 domains clearly 

promote cell edge protrusions, whether this occurs via distinct Rac1 or RhoG 

signaling, or by integrating activation of both, is unclear.  Roles for the full-length 

Trio family proteins or the GEF2 domains in cell edge protrusion have not been 

extensively characterized.  

Axon pathfinding 

Significant changes in cell morphology occur in neurons as they elaborate axonal 

and dendritic processes to form connections with other neurons. Trio family 

proteins have widespread roles in regulating axon pathfinding. In the fly central 

nervous system, loss of dTrio function results in mistargeting of individual axons 

both in central and peripheral neurons (6,42,76,77). Similarly, thalamocortical 

axons (TCAs) in Trio-/- mice stall and misroute in the ventral telencephalon and, 

ultimately, do not reach their cortical targets (26).  

Both Trio family GEF1 and GEF2 activities mediate axon pathfinding processes 

that are often opposing, suggesting that specific Trio activities can be utilized 

depending on the needs of the cell. Trio acts downstream of the Deleted in 
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Colorectal Cancer (DCC) family of guidance receptors to mediate attractive growth 

of axons toward sources of the secreted guidance cue netrin (Fig. 1.3) 

(42,45,76,78,79). Deletion of Trio eliminates Rac1 activation by netrin in mouse 

cortical explants and blocks netrin-induced axon outgrowth in cortical, spinal cord, 

and cerebellar explants (25,78). Likewise, expression of DCC in neuroblastoma 

cells induces neurite outgrowth, but this is blocked by co-expression of a Trio9 

mutant lacking GEF1 activity (78). Treatment of rat cortical explants with netrin 

also induces Trio phosphorylation at Y2622 by Fyn (45). Accordingly, loss of Trio 

in rat cortical axons causes axon outgrowth defects that cannot be rescued with a 

nonphosphorylatable Y2622F Trio mutant, suggesting that Trio phosphorylation is 

important for netrin signaling (45). Additionally, loss of Trio reduces surface levels 

of DCC, indicating interactions with Trio may be critical for proper receptor 

localization (45). It is not understood whether or how Trio binds DCC directly. Trio 

family proteins also mediate signaling by the Robo/Sax3 family of receptors for 

repellent Slit ligands in C. elegans and vertebrates (Fig. 1.3) (26,80,81). Slit2 

induces growth cone collapse in cultured neurons and this response is not 

observed in Trio-/- axons (26). Application of recombinant Slit2 to mouse 

fibroblasts activates RhoA, but this response is absent in Trio-/- mouse embryo 

fibroblasts, confirming a requirement for Trio GEF2 in mediating Slit2 signaling 

(26). A major unresolved question is how the netrin/DCC and Robo receptors 

engage Trio differently to engage GEF1-mediated attractant responses or GEF2-

mediated repellent responses, respectively.  
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Fig. 1.3 Trio family proteins respond to axon guidance cues through guidance 

receptors. Figure adapted from Bircher and Koleske, 2021 

Trio family proteins respond to both attractive and repulsive guidance cues, 

which induces either axon outgrowth or growth cone collapse. (A) In the 

presence of netrin, the netrin receptor/Deleted in Colorectal Cancer (DCC) 

interacts with Trio - it is unknown if this interaction is direct. This interaction 

results in a Trio GEF1-mediated activation of Rac1, which is necessary for axon 

outgrowth (78). (B) Netrin stimulation also induces phosphorylation of Trio at 

Y2622 by Fyn protein Kinase, which leads to increased surface levels of DCC 

(45). While the roles of Trio in pathways (A) and (B) have not been explicitly 

connected, Trio-dependent stimulation of DCC at the surface (B) likely 

constitutes a positive feedback loop to amplify more netrin:DCC signaling in (A). 

(Figure legend continued on next page)  
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(Figure legend 1.3 continued) (C) In contrast, Slit binding to the  Robo/SAX-3 

receptors results in Trio GEF2-mediated RhoA activation, which causes growth 

cone collapse (26). 
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Dendritic arbor formation and spine structure 

Developing neurons form elaborate branched dendritic arbors studded with small 

protrusions called dendritic spines that serve as the receptive antennae for 

synaptic input.  Disruption of Kalirin or Trio leads to significant reduction of dendritic 

arbor development in mouse cortical layer 5 pyramidal neurons (48,82). Reduced 

dendritic arbors are also observed in cultured neurons following knockdown or 

knockout of Kalirin or Trio (48,82,83), demonstrating that both proteins act cell 

autonomously to control dendritic arbor development. Chemical inhibitors of Trio 

GEF1 activity reduce dendritic arbor development, suggesting a downstream 

requirement for activation of Rac1 or RhoG (48). Trio also regulates neurite 

morphology, using its SRs to impact Golgi-derived vesicle trafficking, discussed 

further below (52). Thus, Trio and Kalirin act via multiple catalytic and scaffolding 

roles to regulate dendritic arbor structure.  

 While ablation of Trio from cortical excitatory neurons yields smaller dendritic 

arbors, the remaining dendrites have higher densities of dendritic spines. However, 

dendritic spines on Trio-/- cortical neurons in vivo are also smaller and thinner, 

having a more immature appearance (82). Interestingly, overexpression of Kal7, 

the predominant Kalirin isoform in the postnatal brain, is sufficient to drive dendritic 

spine formation in a manner that depends on its GEF1 activity (84).  Kal7 is even 

capable of inducing dendritic spine like protrusions in inhibitory neurons, which 

normally lack them (84).  
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Adhesion at the synapse  

The postsynaptic proteins EphB2 tyrosine protein kinase and Neuroligin-1 engage 

their presynaptic partners EphrinB and Neurexin, respectively, to mediate synapse 

formation in a manner that also depends on Trio family proteins. First, EphB2 

phosphorylates Kal7 and recruits it to synaptic clusters in dendritic spines, and 

Ephrin signaling through Rac1 is dependent on Kalirin GEF1 activity in primary 

cultured hippocampal neurons (21,85). Secondly, overexpression of Neuroligin-1 

in hippocampal organotypic slices increases dendritic spine density and functional 

synapses, which also requires Kalirin (86). Finally, unc-73 regulates extension of 

muscle arms (87), the postsynaptic contact at the C. elegans neuromuscular 

junction. Collectively, these findings demonstrate that Trio family proteins play 

evolutionarily conserved functions in regulating post-synaptic development.  

1.6 Vertebrate Trio in tissue organization 

Vertebrate Trio regulates tissue organization by mediating signaling from 

transmembrane adhesion receptors including cadherins and Notch1 (Fig. 1.4) (88-

90).  Cadherins mediate cell-cell adhesions that are crucial for maintaining blood 

vessel wall integrity (91). Vascular endothelial (VE)-cadherins mediate homotypic 

interactions, or adherens junctions (AJs), between endothelial cells that comprise 

the vessel wall and provide a barrier to permeability (91). Two important processes 

regulate barrier permeability: (1) laminar flow and (2) heterotypic interactions with 

other non-endothelial cells (90-92). Through various signaling mechanisms, these 

distinct inputs reinforce existing adhesion sites and induce Rac1 activation to 
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recruit VE-cadherins to nascent adhesion sites (88). In the absence of flow or 

heterotypic cell interactions, endothelial cells lacking Trio make unstable and 

irregular AJs.(88) Recovery of these deficits requires Trio GEF1 catalytic activity 

and Rac1 activity, suggesting that Trio directly activates Rac1 in regulating VE-

cadherin based AJs (88). Importantly, Trio utilizes SRs 5 and 6 to bind the VE-

cadherin intracellular tail and co-localizes at AJs with VE-cadherin and sites of 

focally increased Rac1 activity (88). While these data suggest that VE-cadherin 

recruits Trio to AJs to induce local activation of Rac1 and reinforce AJs at cell-cell 

junctions with no stimulus, Trio also plays a role in strengthening AJs in response 

to laminar flow and heterotypic interactions.
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Fig. 1.4  Trio family proteins utilize both GEF domains to promote endothelial 

adherens junctions. Figure adapted from Bircher and Koleske, 2021 

Trio family proteins are important for maintaining adherens junction (AJ) integrity 

between endothelial cells. AJ formation and integrity are impacted by interactions 

with other types of cells (mural cells), laminar flow, and the basal remodeling of 

AJs. (A) Neural (N)-cadherin ligation between a mural cell and an epithelial cell 

induces Trio GEF1 to activate Rac1, increasing vascular endothelial (VE)-

cadherin recruitment to AJs between neighboring endothelial cells (90). How N-

cadherin signals to Trio, and how Rac1 activation increases VE-cadherin 

recruitment to AJs in this context, are unknown. N-cadherin ligation also 

increases Trio GEF2-mediated RhoA activation, increasing intracellular tension, 

and serving as a positive feedback (Figure legend continued on next page) 
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(Figure legend 1.4 continued) loop to reinforce the activity of Trio GEF1 (90). It is 

unclear how N-cadherin signals to Trio GEF2 and how intracellular tension 

influences Trio GEF1 activity. (B) Notch1 is cleaved upon interaction with ligand 

Delta-Like 4 (DLL4) under conditions of laminar flow, which allows the Notch1 

transmembrane domain (TMD) to colocalize with protein-tyrosine phosphatase 

(LAR), VE-Cadherin, and Trio. By an unknown mechanism, assembly of this 

Notch1:LAR:VE-Cadherin:Trio complex induces Trio GEF1 activation of Rac1, 

which strengthens AJs (89). (C) In basal conditions, AJs are constantly 

remodeled (91). Ligation of VE-cadherins in the formation of new AJs recruits 

Trio GEF1 to nascent AJs and subsequent local Trio GEF1-mediated Rac1 

activation to strengthen nascent adhesions (88). Trio binds directly to VE-

cadherin so this interaction likely drives Trio recruitment to AJs (88). 
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Notch1 is a single-pass transmembrane protein essential for maintaining AJ 

integrity. In response to laminar flow, Notch1 is activated in a process that also 

depends on its extracellular interaction with ligand Delta-Like 4 (DLL4) (89,92). 

This activation is followed by the initial cleavage of the extracellular domain by 

metalloproteases and subsequent cleavage of the intracellular domain by the g-

secretase complex (89,92). The remaining transmembrane domain can then form 

a complex with protein-tyrosine phosphatase (LAR), VE-cadherin, and Trio (89). 

Formation of this complex is associated with increased Rac1 activity and 

strengthened VE-cadherin based AJs (89). While Trio, LAR, and Notch1 are 

required for this process, it is unclear if Trio GEF1 activity is directly responsible 

for the Rac1 activation that increases barrier strength in this context.  

Neural (N)-cadherins mediate heterotypic interactions between endothelial cells 

and vascular smooth muscle cells or pericytes, collectively called mural cells. 

These interactions ultimately increase the formation of AJs between endothelial 

cells (90). When a mural cell adheres to an endothelial cell via N-cadherin, Trio 

GEF1 becomes activated as measured by its increased binding to nucleotide-free 

Rac1 and RhoA (90). This increase in activity promotes VE-cadherin recruitment 

to AJs, thereby strengthening barrier function (90).  

Trio is also implicated in the process of transendothelial migration (93,94), where 

bloodstream leukocytes migrate between endothelial cells to enter tissues, and in 

the formation of muscular tissue (95). Overall, Trio has a hand in multiple adhesion 

pathways and plays a clear role in regulating tissue formation, often utilizing its 
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GEF1 activity to do so. The impact of other Trio protein family members on tissue 

organization is less well understood.  

1.7 Trio family proteins in secretion and intracellular trafficking.   

Kalirin was first identified through its association with the neuropeptide processing 

enzyme peptidylglycine a-amidating monooxygenase (PAM), which is secreted 

along with neuropeptides in dense core vesicles (DCVs) (10).  Subsequent work 

has shown that Trio family proteins play widespread roles in regulating the 

secretion and trafficking of membrane-bound vesicles, which we review here.  

Secretion and endocytosis 

Trio and Kalirin control both secretion and endocytosis in cells. Trio and Kalirin 

both interact with PAM through their SRs, and co-expression of PAM with Kalirin 

in AtT20 cells, adrenocorticotropic (ACTH)-secreting pituitary tumor cells, 

increases ACTH secretion (96). Overexpression of the Trio or Kalirin GEF1 domain 

alone in AtT20 cells stimulates secretion, and this requires GEF1 catalytic activity 

(70), although exactly how GEF1 activity promotes secretion is unknown. Cyclin 

dependent kinase 5 (Cdk5) appears to be a key regulator of Trio in controlling 

secretion. The Cdk5 inhibitor roscovitine reduces active Rac1 levels in HEK293 

cells that express both Trio FL and PAM, and significantly reduces stimulated 

secretion of ACTH, prolactin, and growth hormone from cultured rat anterior 

pituitary cells (47). Kalirin and Trio are both phosphorylated by Cdk5 in vitro 

(44,47), suggesting that Cdk5 phosphorylates Trio to increase Rac1 activation and 
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regulate secretion, although the key regulatory sites and mechanism of this 

regulation are not known.  

Trio family proteins also regulate synaptic vesicle release in neurons. Glutamate 

release at excitatory synapses is deficient in Trio-/- neurons in vivo (82). In C. 

elegans, loss of unc-73 reduces the release of peptide neurotransmitters via DCVs 

(97), and genetic manipulation and rescue experiments indicate that signaling from 

UNC-73 GEF2 is necessary and sufficient to mediate DCV release and support 

normal locomotion in this context (97). It is not clear if the vertebrate Trio family 

members regulate DCV release via a similar GEF2-dependent mechanism. These 

data suggest that Trio family proteins may act through multiple outputs to 

coordinate vesicle release. Interestingly, Trio and Kalirin also regulate 

postsynaptic responses (46,82,98), and several studies have implicated Trio and 

Kalirin in endocytosis (37,99), indicating possible key functions for Trio family 

proteins on both sides of the synapse. 

Intracellular vesicle trafficking 

Trio regulates intracellular vesicle trafficking in cerebellar granule neurons (CGNs). 

Trio colocalizes with Golgi markers and uses its SRs to interact with Rabin8, an 

activator of the Rab8 and Rab10 GTPases, which are key regulators of Golgi-

derived vesicle trafficking (52). Loss of Trio in CGNs significantly impairs Rabin8 

activity and Golgi-derived vesicle trafficking. Since trafficking of membrane-

embedded cargo from Golgi outposts is essential for dendritic arbor development 

and maintenance (100), it is no surprise that this impaired vesicle trafficking also 
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correlates with deficits in neurite extension and reduced neurite length in Trio-/- 

CGNs (52). Indeed, a constitutively active Rab8 mutant rescues these neurite 

extension defects in Trio-/- CGNs (52). This provides an interesting connection 

between the role of Trio in vesicle trafficking and regulating cell morphology. 

Overall, it is still unclear whether the interactions between the Trio SRs and Rabin8 

are sufficient for regulating trafficking, or if other Trio catalytic activities are required 

as well.  

 

1.8 Disease-associated mutations and rare Trio variants 

Disrupted Trio and Kalirin function have been connected to human disease, 

including neurological disorders, cancer, and vascular disease. While Trio and 

Kalirin display high sequence similarity, their disease associations differ. Trio has 

been widely studied for its disease relevance in cancer and neurodevelopmental 

disorders (NDDs). In contrast, Kalirin has been implicated in a few instances with 

neurodevelopmental disorders, but also neurodegenerative disorders and vascular 

disease. Interestingly, recent whole exome sequencing studies have identified 

Trio, but not Kalirin, as having mutations associated with autism spectrum disorder 

(ASD) (101) and schizophrenia (SCZ) (102). Since Trio is more highly expressed 

during development than Kalirin (7,12), it is unsurprising that disruptions to Trio, 

but not Kalirin, would be associated with neurodevelopmental disorders. However, 

the molecular mechanisms driving these changes remain poorly understood.  
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Changes in expression level or genetic variants in Kalirin have been associated 

with SCZ, Alzheimer’s disease (AD), and vascular disease. mRNA levels of Kalrn 

are significantly decreased in the dorsolateral prefrontal cortex of SCZ patients 

(103). Re-sequencing analyses also revealed a significant association between a 

Kalirin P2255T mutation and SCZ, though the specific effect of this mutation is 

unknown (104). Kalirin has also been connected to AD pathology, as there are 

decreased levels of mRNA in the hippocampus of patients with AD  (105).  Finally, 

single-nucleotide polymorphisms in Kalirin are associated with risk of ischemic 

stroke and early-onset coronary artery disease, but the specific effects of the 

polymorphisms are unknown (106-109).  

Increases in Trio gene expression and protein levels occur in numerous cancers. 

The Trio gene resides in a chromosomal region that is commonly amplified in 

cancer, increasing its gene copy number. Trio mRNA levels are increased in 

carcinomas of the bladder, breast, liver, oral cavity, and cervix, in soft tissue 

sarcomas, and in glioblastoma (110-119). Higher Trio expression correlates with 

poor prognosis in individuals with glioblastoma, breast cancer, and hepatocellular 

carcinomas (112,115,116).  

Elevation of Trio levels or signaling is associated with cancer progression.  High 

Trio pY2681 levels correlate with poor prognosis in patients with colorectal cancer 

after surgery, supporting the idea that increased Trio-mediated signaling promotes 

cancer progression (40). Trio promotes cell proliferation by integrating signals from 

Gaq to the transcription factor Activator Protein (AP)-1 and promoting DNA 
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synthesis  (119). Indeed, loss of Trio impairs the ability of HeLa cell tumors to grow 

in vivo (119). Finally, depletion of Trio in multiple cancer cell lines also reduces 

invasive cell migration (115,117). Thus, Trio likely plays a role in several aspects 

of cancer progression, from invasive cell migration to cell proliferation.  

De novo mutations and ultrarare damaging variants in Trio are also associated 

with NDDs (101,102,120-122). Many of these Trio variants are heterozygous 

nonsense mutations that reduce Trio protein levels or missense mutations that 

disrupt Trio function (101,102,120,121). Behavioral and anatomical phenotypes 

related to loss of Trio protein, which mimics the nonsense mutations, have been 

thoroughly described (82). Interestingly, many of the Trio missense mutations 

associated with these disorders cluster in specific regions of the gene, and many 

directly impact Trio catalytic function (Fig. 1.5).  

Mutations in the Trio GEF1 or adjacent regions are associated with intellectual 

disability (ID), autism spectrum disorder (ASD), developmental delay (DD), SCZ, 

and microcephaly (101,120-122). Many of these mutations disrupt highly 

conserved residues at the Rac1-Trio DH1 binding interface that impact GEF1 

exchange activity (101,120-122). Interestingly, some mutations increase GEF1 

activity, while others impair it (101,120,121). For instance, the Trio K1431M 

mutation found in ASD increases GEF1 activity 8-fold (101,120) and disrupts the 

ability of Trio to support normal synapse development (101). Other variants in the 

GEF1 domain, like the mild ID- and microcephaly-associated E1299K, R1428Q, 

and H1469K,  compromise GEF1 activity (121). One variant associated with ID, 
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D1368V, which lies in the DH1 domain but outside the Rac1-DH1 interface, instead 

hyperactivates Rac1 in HEK293 cells (101).  Thus, functional studies of these 

mutations suggest that both increased and decreased Rho GTPase signaling 

mediated by Trio contributes to the pathology of NDDs. 

Mutations in other Trio domains, including the SRs and GEF2 domains, are also 

associated with NDDs. A cluster of mutations in SR8, including T1075I and 

R1078W/G/Q, are associated with distinct phenotypes in individuals with DD and 

macrocephaly (121). These mutations increase Trio GEF1-dependent activation 

of Rac1 (121), but it is not known how this gain of function allele contributes to 

macrocephaly. We elucidate the mechanism of the spectrin repeat mutation impact 

on GEF1 activity in Chapter 2. Finally, a single de novo mutation in the GEF2 

domain, associated with bipolar disorder (M2145T), increases GEF2 exchange 

activity four-fold, highlighting the importance of both GEF activities of the Trio 

protein (120). Taken together, these findings are clear examples that alterations in 

Trio catalytic activities lead to distinct NDD phenotypes.  
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Fig. 1.5 Trio family protein mutations. Figure adapted from Bircher and 

Koleske, 2021 

Specific locations of Trio mutations associated with various neurodevelopmental 

disorders. Interestingly, mutations to Trio cluster in distinct regions of the gene, 

many clustering around the first GEF domain. Solid lines indicate missense 

mutations; dotted lines indicate nonsense mutations. BPD – Bipolar Disorder; 

ASD – Autism Spectrum Disorder; ID – Intellectual Disability; DD – 

Developmental Delay; SCZ – Schizophrenia. Domains of Trio: Yellow – Sec14; 

Pink – Spectrin Repeats; Blue – Guanine Nucleotide Exchange Factor domains; 

Green – Src Homology 3 domains; Light orange – Immunoglobulin like domain; 

Dark orange – protein Kinase domain.
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1.9 Remaining questions and future challenges  

Genetic, biochemical and cell-based studies of Trio family proteins have revealed 

many important functions for these proteins, cellular contexts in which they act, 

and their key roles in human disease. However, many questions remain. Some of 

the biggest unresolved questions center on the catalytic functions of Trio. Why do 

many Trio isoforms contain two distinct GEF domains, especially when they act on 

distinct substrates that often have opposing cellular roles? Are the distinct GEF 

activities coordinated in cells and, if so, how? How do the accessory domains in 

Trio alter GEF activity, through phosphorylation, interactions with cellular binding 

partners, or autoregulation? Finally, does the Trio protein kinase domain have 

substrates and significant signaling outputs in cells? While some of these 

questions are addressable with current biochemical approaches, some will require 

advances in single-molecule enzyme assays and/or single molecule live cell 

imaging. Addressing these questions will reveal how distinct cell receptors and 

intracellular binding partners differentially impact Trio catalytic activities and help 

unveil the possible distinct functions of the various isoforms of each gene. With the 

exception of individual domains, the structures of the entire Trio proteins are 

largely unknown, in particular with regard to how their domains are arranged in 

three dimensions, the extent to which domain-domain interactions are regulated 

and how they are impacted by interactions with other cellular partners. Advances 

in electron cryo-microscopy and electron cryo-tomography should facilitate the 

three-dimensional reconstructions of specific Trio proteins and enable the field to 

study their structure and interactions in their native cellular context.   
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Overall, Trio family proteins play incredibly diverse roles in cells, and their 

disruptions are associated with cancer progression and neurodevelopmental 

disorders. The ubiquitous roles of these proteins in biological systems highlights 

the need to fully understand their exact function, and why disruption of their 

functions impacts development and yields disease.  
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Chapter 2 

Regulation of Trio GEF1 by the spectrin repeats 
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2.1 Overview 

De novo mutations and ultra-rare variants in TRIO are enriched in 

neurodevelopmental disorders (NDDs) (1,101,120,122,123)  and the pattern of 

these variants differs in different disorders. For example, de novo missense and 

rare damaging variants in the GEF1 domain and adjacent regulatory SRs are 

enriched in autism, intellectual disability, and developmental delay, suggesting that 

dysregulated GEF1 activity contributes to the pathophysiology of these disorders. 

Indeed, our lab and others have shown that some of these variants disrupt the 

ability of GEF1 to catalyze Rac1 activation (101,120-122). However, the role of the 

SRs in Trio function and the impact of disease-associated variants remains 

unknown.  

Previous studies demonstrated that expression of Trio GEF1 increased Rac1 

activity in cells, and resulted in dominant gain-of-function pathfinding defects in fly 

retinal axons (77,124). Appending additional regions of Trio, including the SRs, to 

GEF1 attenuated both Trio GEF1-dependent processes. These observations 

strongly suggest that the SRs reduce GEF1 activity in Trio. However, it remains 

unknown whether the SRs autoinhibit GEF1 activity directly or via the recruitment 

of cellular cofactor(s).  It is also unclear how variants in the SRs would impact this 

regulatory mechanism in vitro and in cells.  

We provide evidence here that SRs 6-9 directly inhibit Trio GEF1 activity in vitro 

and in cells.  Using a GDP-FL-BODIPY nucleotide exchange assay (125), we show 
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that inclusion of SRs 6-9 is sufficient to inhibit GEF1 activity in vitro, suggesting an 

autoinhibitory mechanism, and that NDD-associated variants in the SR8 and GEF1 

domains increase GEF1 activity by relieving autoinhibition. Using chemical cross-

linking and BioLayer Interferometry, we demonstrate that the SRs make contact 

with the pleckstrin homology (PH) region of the GEF1 domain and reduce the 

affinity of GEF1 for Rac1. Together, our findings provide a novel RhoGEF 

regulatory mechanism by which SRs disrupt Trio GEF activation by reducing 

interaction of Trio GEF with Rac1 and impairing catalytic efficiency. This 

mechanism appears to be commonly disrupted in NDDs, making it a potential 

target for therapeutic intervention. 

This work is my first author work in collaboration with my co-author, Ellen Corcoran. 

It was submitted to JBC in 2022 (2), and the following sections are taken directly 

from the submitted work. 

2.2 Results 

Inclusion of SRs 6-9 reduces Trio GEF1 activity. 

Genetic variants in SRs 6-9 are associated with NDDs, some of which were 

previously shown to affect Trio-mediated Rac1 activation in cells. To measure the 

impact of the SRs on GEF1 activity in vitro, we generated and purified Trio GEF1 

alone (42 kDa) or a Trio fragment containing SRs 6-9 appended to the GEF1 

domain (SR6-GEF1, 99 kDa) (Fig. 2.1A). Both proteins were monodisperse upon 
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Fig. 2.1 Inclusion of SRs 6-9 reduces Trio GEF1 activity on Rac1. Figure adapted 

from Bircher, Corcoran et al., 2022 

(A) Schematic of Trio proteins: Full-length Trio, SR6-GEF1, and GEF1. SR-

spectrin repeat; DH1-Dbl homology domain; PH1-pleckstrin homology domain; 

SH3-1 – Src homology 3 domain. Ig Ig-like domains. (B) Trio SR6-GEF1 and GEF1 

were purified and size exclusion chromatography was performed to verify that 

proteins were monodisperse. Dotted lines indicate peak elution volume used to 

calculate Stokes radii. Samples (approximately 5 µg) of purified components were 

(Figure legend continued on next page)  
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(Figure legend 2.1 continued) analyzed by SDS-PAGE and stained with 

Coomassie Blue to assess purity. (C) 100 nM of Trio GEF proteins were 

incubated with 12.8 µM Rac1 preloaded with 3.2 µM BODIPY-FL-GDP 

(concentrations optimized for best signal:noise ratio), and nucleotide exchange 

was tracked via the decrease in fluorescence over time. Trio SR6-GEF1 had 

approximately 10-fold lower exchange activity compared to GEF1 alone. 

Representative trace shown here, n=22 for overall quantification of rates. Traces 

in color, exponential fits overlaid in black. (D) GEF1 catalytic efficiency was 

determined by measuring the kobs of GEF1 at multiple concentrations. Sample 

traces shown with exponential fits overlaid in black. This analysis was performed 

for both GEF1 and SR6-GEF1 two times for quantification.  (E) The catalytic 

efficiency of SR6-GEF1 was nearly 90% lower than GEF1 (n=2). Values are 

reported as an average of two independent replicates.
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size exclusion chromatography and eluted at a position consistent with being 

monomers (estimated Stokes radius was 3.8 nm for GEF1, 5.6 nm for SR6-GEF1) 

(Fig. 2.1B). Using a fluorescence-based guanine nucleotide exchange assay, we 

measured the catalytic activity of GEF1 and SR6-GEF1. Purified 100 nM GEF1 

efficiently catalyzed exchange of BODIPY-FL-GDP for GTP on Rac1, with a first-

order dissociation rate constant kobs = 2.9 ± 1.1 x10-3 s-1 (Fig. 2.1C). Measurement 

of the rate constant kobs as a function of GEF1 concentration yielded a kcat/KM = 

2.1 x 104 M-1 s-1 (Fig. 2.1, D and E). SR6-GEF1 similarly promoted GTP exchange 

onto Rac1, but with a significantly reduced (~95% and 90%, respectively) kobs = 

1.6 ± 2.4 x10-4 s-1, and kcat/KM = 2.9 x 103 M-1 s-1 (Fig. 1,C and E). These 

observations indicate that inclusion of SRs 6-9 autoinhibits Trio GEF1 activity on 

Rac1 in vitro.   

NDD-associated variants in SR8 increase Trio GEF1 activity in the context of 

SR6-GEF1. 

We generated and purified SR6-GEF1 expression constructs containing single 

NDD-associated variants in either SR6 or SR8 and measured their ability to 

catalyze nucleotide exchange on Rac1 (Fig. 2.2, A and B). When tested at 100 

nM, all SR8 variants, except N1080I, increased the kobs by 3-7-fold over that of WT 

SR6-GEF1 (Fig. 2.2, C and D). In agreement with these findings, one 

representative SR8 variant, SR6-GEF1R1078Q, which had a significantly increased 

kobs = 1.4 ± 0.5 x10-3 s-1, had a kcat/KM = 4.4 x 103 M-1 s-1, a 1.5-fold increase in 
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Fig. 2.2 Mutations in SR6 and SR8 differentially impact GEF1 activity. Figure 

adapted from Bircher, Corcoran et al., 2022 

(A) Schematic of disease associated mutations in the SRs used in this study. (B) 

Mutants were generated in the context of SR6-GEF1 and purified. (C) Sample GEF 

assay traces of SR6-GEF1E883D and SR6-GEF1R1078Q. Traces in color, exponential 

fits overlaid in black. (D) SR8 variants in SR6-GEF1 have significantly enhanced 

catalytic rates, kobs, at equal molar amounts (100 nM) (except N1080I). * = 

significantly different from SR6-GEF1, p≤0.05 in an unpaired T-test (n=3) (E) 

Catalytic efficiency (kcat/KM) of representative SR6/8 mutants was determined by 

measuring the kobs values at different (Figure legend continued on next page) 
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(Figure legend 2.2 continued) concentrations of GEF, as shown in Fig. 1D. The 

catalytic efficiency of SR6-GEF1R1078Q is ~1.5-fold greater than that of SR6-GEF1, 

while that in SR6-GEF1E883D is ~2-fold slower (n=2). Values for GEF1, SR6-GEF1 

from Fig. 1 are shown again for reference, and all are reported as an average of 

two independent replicates.
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catalytic efficiency over WT SR6-GEF1 (Fig. 2.2E). Intriguingly, the SR6 variant 

SR6-GEF1E883D had a decreased catalytic efficiency of a kcat/KM = 1.7 x 103 M-1 s-

1, approximately 50% lower than WT SR6-GEF1 (Fig. 2.2E). These findings 

indicate that NDD-associated variants in SR8 are sufficient to relieve SR 

autoinhibition. 

GEF1 variant D1368V increases GEF activity only in the context of SR6-GEF1. 

Hypothesizing that the SRs might contact GEF1 to impact catalytic activity, we 

searched for GEF1 domain variants that might impact potential autoinhibition of 

GEF1 activity by SRs. Unlike GEF1 disease variants that lie in the GEF1:Rac1 

interface and decrease GEF1 activity (101,120,122), D1368V lies in the DH 

domain but is distal to the GEF1:Rac1 interface, so its impact is less well 

understood (Fig. 2.3A). However, a recent study demonstrated that introduction of 

the D1368V variant greatly potentiated the ability of the Trio9 splice isoform, which 

contains all of the SRs, to increase activity of a Rac1 reporter in cells (101). We 

introduced D1368V into SR6-GEF1, and found that it significantly increased 

catalytic activity, with a kobs = 1.21 ± 0.3 x 10-3 s-1 and kcat/KM = 5.1 x 103 M-1 s-1 

(Fig. 2.3, B-E), a 1.75-fold increase over the kcat/KM for WT SR6-GEF1.  In contrast, 

introducing D1368V into GEF1 alone did not impact its activity compared to GEF1 

(Fig. 2.3, B-E), indicating that the activating effects of D1368V require SRs 6-9. 

Together with data reported above, these are consistent with a model in which 

NDD-associated variants in SR8 and GEF1 relieve inhibition of GEF1 activity by 

the SRs.  
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Fig. 2.3 GEF1 variant D1368V increases GEF1 activity in the context of SR6-

GEF1. Figure adapted from Bircher, Corcoran et al., 2022 

(A) Crystal structure of Trio GEF1 (light and dark blue) and Rac1 (grey), accessed 

in PDB, ID = 2NZ8 (20). D1368, identified in the box, is distal to the Rac1 binding 

interface. (B) Samples (approximately 5 µg) of purified components were analyzed 

by (Figure legend continued on next page)  
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(Figure legend 2.3 continued) SDS-PAGE and stained with Coomassie Blue R250 

to assess purity. Gel bands for WT SR6-GEF1 and WT GEF1 are the same as 

shown in Fig. 1B. (C) Sample GEF assay traces of D1368V in the context of SR6-

GEF1 and GEF1. Traces in color, exponential fits overlaid in black. (D) D1368V in 

SR6-GEF1 increases catalytic rate, kobs, at equal molar amounts of GEF, but has 

no impact when inserted into GEF1 alone (**** = p≤0.0001, unpaired T-test for 

mutant vs WT in respective GEF1 or SR6-GEF1, n=3). (E) Catalytic efficiency 

(kcat/KM) of SR6-GEF1D1368V was determined by measuring the kobs values at 

different concentrations of GEF. Values for GEF1 and SR6-GEF1 shown again for 

reference. The catalytic efficiency, kcat/KM, of SR6-GEF1D1368V is ~1.75-fold greater 

than that of SR6-GEF1 (n=2).
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The SRs and GEF1 form distinct stable interacting domains.  

We used AlphaFold (126) to model Drosophila Trio, which is 48% identical to 

human Trio from the Sec14-GEF1 domains, and 54% identical to human Trio in 

SR6-GEF1 (Fig. 2.4A). Strikingly, the predicted structure has the SRs curving 

around the GEF1 domain, with SR8 closely apposed to GEF1 and the NDD-

associated mutations concentrated at this SR8:GEF1 interface. This model of 

SR6-GEF1 and additional analysis using DISOPRED predicted the existence of 

an unstructured loop between SR9 and GEF1, suggesting this flexible region may 

be capable of mediating interactions between the SRs and GEF1  (Fig. 2.4B) (127). 

We used limited proteolysis to probe for the presence of a flexible linker between 

the SR9 and the GEF1 domain that might be susceptible to partial proteolysis. 

Treatment of SR6-GEF1 at intermediate levels of trypsin yielded two major bands, 

identified by mass spectrometry as composed of SRs 6-9 and GEF1, respectively. 

This observation indicates that SRs 6-9 and the GEF1 domain each make up 

distinct folding units with increased relative resistance to protease (Fig. 2.4C). 

Together, these findings support a model in which the SRs fold over to make 

contact with GEF1. 

To test directly for possible interactions between the SRs and GEF1 domain, we 

incubated SR6-GEF1 with an 11.4 Å spacer lysine crosslinker, BS3 

(bis(sulfosuccinimidyl)suberate), and analyzed crosslinked peptides via mass 

spectrometry to identify sites in close enough proximity to crosslink. Several long-

distance crosslinks were observed between the SRs and the GEF1 domain; 

specifically, crosslinks between SR8 and the pleckstrin homology (PH) domain 
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were detected (Fig. 2.4D). Additionally, sites of NDD-associated variants in SR8, 

including amino acids T1075 and L1124, were among peptides crosslinked to 

GEF1, whereas those in SR6 displayed no crosslinks. Furthermore, Y1532 in the 

PH domain was contained in a crosslinked peptide to SR8; this residue makes 

contacts with the substrate Rac1 with the help of H1470 in the DH domain 

(originally listed as Y1472 and H1410 in the crystal structure (Fig. 2.5A) (20)). 

These results suggest that these residues, which normally make contact with 

Rac1, are occluded by interactions with the SRs. Overall, these observations are 

consistent with long-range contact between the SRs and GEF1, and that sites of 

NDD-associated variants in SR8 may directly contribute to this interaction. 
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Fig. 2.4 SRs and GEF1 form independent folding units, and SRs interact with 

GEF1. Figure adapted from Bircher, Corcoran et al., 2022 

(A) Alphafold model of Drosophila Trio, from Sec14-GEF1. Sec14 in dark gray, 

SR1-5 in light gray, SR6,8 in light pink, SR7,9 in dark pink, GEF1 in blue. 

Homologous mutations used in this study are modeled as black spheres, with 

amino acids labeled as Drosophila/human. This model predicts an interaction 

between SR8 and GEF1. (B) SR6-GEF1 only from Alphafold model, rotated to view 

flexible linker region between GEF1 and SR9. Probability of disorder was predicted 

using DISOPRED. The region (Figure legend continued on next page)  
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(Figure legend 2.4 continued) between SR9 and DH1 has high probability of being 

disordered (cutoff >0.5). (C) Limited proteolysis of SR6-GEF1. His-SR6-GEF1 was 

incubated with increasing concentrations of trypsin and select bands were 

identified using mass spectrometry. Relative abundance of identified peptides was 

plotted to determine composition of each band. SR6-9 and GEF1 form distinct 

stable domains. (D) SR6-GEF1 was incubated with lysine crosslinker BS3 and 

crosslinked peptides were identified using mass spectrometry. Each curved line is 

a uniquely identified peptide. Crosslinks were separated based on their N-terminal 

crosslink site and categorized based on domain. SR6 is not shown because no 

crosslinked peptides originating in SR6 were detected. Sites of mutations used in 

the study shown below for reference. Multiple crosslinks were observed between 

the SRs and GEF1 domain, indicating that the SRs interact directly with the GEF1 

domain. 
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The SRs reduce GEF1 binding to Rac1.  

Dbl family GEF domains all contain a PH domain, which interacts with protein and 

lipid binding partners to enhance the guanine nucleotide exchange catalytic activity 

of the DH domain (Fig. 2.5A) (20). We hypothesized that an interaction between 

SRs 6-9 and PH1 may impair the ability of GEF1 to bind Rac1. We used BioLayer 

Interferometry to measure the association of nucleotide free Rac1 with His-GEF1 

or His-SR6-GEF1 immobilized on a Ni-NTA affinity chip. GEF1 bound to Rac1 with 

a Kd = 151 ± 49 nM in nucleotide-free conditions (Fig. 2.5, B and C). SR6-GEF1 

had a reduced affinity for Rac1, with a Kd = 316 ± 87 nM (Fig. 2.5, B and C). Taken 

together with the crosslinking data, this supports a model where the SRs contact 

the PH domain to impair GEF1 binding to Rac1, which likely contributes to the 

reduction in observed GEF1 activity. 
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Fig. 2.5 Inclusion of SRs 6-9 reduce binding to Rac1. Figure adapted from 

Bircher, Corcoran et al., 2022 

(A) Crystal structure of GEF1 (light and dark blue) and Rac1 (dark grey)(from PDB, 

ID = 2NZ8 (20).  The Trio PH domain Y1535 hydrogen bonds with Trio DH domain 

H1470 to stabilize an interaction with D65 in Rac1 (expanded box). (B) His-GEF1 

or His-SR6-GEF1 were immobilized on an Ni-NTA biosensor and the association 

of different concentrations of Rac1 was measured. Representative traces shown, 

with data in color and one phase exponential fits in black. (Figure legend continued 

on next page)  
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Full concentration gradients (4-5 Rac1 concentrations) were performed at least 

three independent times and used to calculate a Kd. (C) Each association curve 

was fit to a one-phase exponential curve to get a kobs value. Each kobs value was 

plotted against Rac1 concentration and a linear fit was used to obtain kon and koff  

values, used to compute a kd. Representative values from the association curves 

in (C) shown. (D) The kd of GEF1 or SR6-GEF1 binding to Rac1 values obtained 

from linear fits in (C). SR6-GEF1 has a 2-fold weaker affinity for Rac1 than GEF1 

(* = p≤0.05, unpaired t-test). 
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SRs 6-9 inhibit GEF1-induced cell spreading. 

Trio GEF1 activates Rac1 to coordinate downstream cytoskeletal changes and 

mediate changes in cell morphology (3,5,21,128).  We first expressed Trio GEF1-

GFP in HEK293 cells and quantified its impact on cell morphology (Fig. 2.6, A-C). 

When matched for GFP expression levels, GEF1 expressing cells had significantly 

increased cell area compared to GFP controls (Fig. 2.6, A-C). Cells expressing 

GEF1 appeared to be more spread, with round lamellipodia encompassing the cell 

edge, a common result of Rac1 activation (Fig. 2.6B). Cells that expressed a 

catalytic-dead mutant of GEF1, GEF1 ND/AA (N1465A/D1466A), had 

indistinguishable area compared to the GFP controls, indicating a key role for 

GEF1 catalytic activity in this morphological change (129). In contrast to GEF1, 

SR6-GEF1 expressing cells had no measurable effect on cell area, but the SR8 

mutant SR6-GEF1R1078Q increased cell area over that of GFP and SR6-GEF1 WT 

(Fig. 2.6, B and C). Cells expressing SR6-GEF1R1078Q also appeared similar in 

morphology to those cells expressing GEF1 alone, with more full, rounded edges 

(Fig. 2.6B). In sum, inclusion of SRs 6-9 inhibits GEF1 activity in cells, impacting 

downstream Rac1-dependent characteristics like cell morphology, and disease-

associated variants can disrupt this inhibitory regulation.
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Fig. 2.6 SRs 6-9 reduce the impact of GEF1 on cell spreading. Figure adapted 

from Bircher, Corcoran et al., 2022 

(A) Schematic of constructs used, with mutants shown below. (B) Constructs in A 

were transfected into HEK293 cells and plated on fibronectin. Cells were fixed and 

stained using anti-GFP to visualize GFP expression and cell morphology. Cells 

expressing GEF1 and SR6-GEF1 R1078Q appeared to have more rounded edges 

and circular shapes. Scale bar = 10 µm. (C) Cell area, normalized to protein 

expression on a cell-by-cell basis, was quantified. Cell area increased upon 

expression of GEF1 and SR6-GEF1R1078Q, while expression of a catalytic-dead 

GEF1 mutant (ND/AA) or (Figure legend continued on next page)  
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(Figure legend 2.6 continued) SR6-GEF1 had no effect compared to GFP alone. 

Contrast adjusted between images shown to best visualize cell edge; cell edge 

outlined with white dashed line. One biological replicate was performed, 30-40 

cells were analyzed per group (** = p≤0.01, *** = p≤0.001, unpaired t-test between 

GFP control and each group).
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2.3 Discussion 

We provide evidence here that the Trio SRs 6-9 directly inhibit GEF1 activity via 

intramolecular interactions in vitro and in cells. We demonstrate that NDD-

associated variants in the SR8 domain and GEF1 release this autoinhibitory 

constraint, strongly suggesting that disruption of this GEF1 regulatory mechanism 

contributes to the pathophysiology of these disorders. Using chemical cross-linking 

and BioLayer Interferometry, we show that the SRs primarily contact the PH1 

region of GEF1, and that contact is associated with reduced binding affinity of Rac1 

in vitro. Our results provide a novel mechanism by which the Trio SRs autoinhibit 

the RhoGEF Trio in vitro and in cells. This discovery offers insight into how a key 

Trio function is regulated, making it a potential target for therapeutic intervention. 

Inclusion of Trio SRs autoinhibit GEF1 activity in vitro and in cells. 

Previous cell-based studies have shown that removing the SRs is associated with 

increased downstream Rac1 activity and Trio gain-of-function phenotypes in vivo, 

suggesting that the Trio SRs function to inhibit GEF1 activity (36,77,124). This 

hypothesis is supported by evidence that other RhoGEFs, like Tiam1, contain 

autoinhibitory N-terminally adjacent accessory domains (37,124,130).  In most 

cases, how autoinhibition occurs and how it is released to activate GEF activity is 

unknown. Our results show that inclusion of SRs significantly decreases GEF1 

catalytic activity in vitro and inhibits GEF1-dependent processes in cells, 
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suggesting that the SRs are sufficient to inhibit GEF1 activity via intramolecular 

interactions. 

SRs make direct contact with PH region of GEF1 and impair interactions with 

Rac1. 

Within GEF1, the DH1 domain contains the interface that promotes GTP exchange 

onto Rac1 and this is enhanced by the presence of the PH1 domain (17,22).  

Indeed, crystal structures of the Trio GEF1 domain (20) show that Y1532 in the PH 

domain complexes with H1470 in the DH domain to interact with Rac1.  Using 

chemical crosslinking, we demonstrate that SRs 7-9 contact the GEF1 PH domain. 

Mapping these crosslinked sites onto the GEF1 crystal structure strongly suggest 

that the SRs contact a peptide in the PH domain that contains Y1532 (20). 

However, chemical crosslinking lacks the resolution to determine whether the 

SR:PH interaction sterically blocks contact with Rac1 or works via an allosteric 

mechanism, preventing the PH domain from engaging Rac1.  In addition, whereas 

our catalytic rate measurements suggest a 90% decrease in activity, we observed 

only a 50% decrease in SR6-GEF1 binding affinity for Rac1 in a nucleotide free 

state, compared to GEF1 alone. We propose that this is because engagement of 

the SRs with GEF1 impairs other steps in the catalytic cycle, as demonstrated by 

our catalytic efficiency data, rather than solely impacting binding affinity for Rac1. 

Future studies will elucidate whether other components of the nucleotide exchange 

process are impacted by the SRs.     
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NDD associated mutations in SR8 and GEF1 disrupt SR-mediated GEF1 

inhibition. 

Two rare variant clusters in TRIO, one in SR8 (Fig. 2A) and one in GEF1, have 

been linked to distinct endophenotypes in individuals with NDDs (121). For 

example, TRIO SR8 variants are linked to developmental delay and macrocephaly 

in humans and cause increased Rac1 (GEF1) activity in cells, whereas most 

mutations in the GEF1 domain are linked to mild intellectual disability, 

microcephaly, and reduced Rac1 activity in cells. However, how SR8 variants 

increased Rac1 activity was completely unknown. We hypothesized that the 

increased Rac1 activity associated with SR8 domain variants resulted from 

disruption of SR-mediated GEF1 inhibition. We generated mutant SR6-GEF1 

constructs harboring distinct disorder-associated variants and found that nearly all 

SR8 mutants increased SR6-GEF1 catalytic activity 3-7 fold. Interestingly, the one 

exception, N1080I, disrupts binding to neuroligin-1 and blocks neuroligin-1 

mediated synaptogenesis (131), suggesting that this mutation involves the 

disruption of an entirely different regulatory mechanism. Interestingly, N1080I is 

not reported to have less severe or distinct phenotypes compared to the bulk of 

the other SR8 mutations (121).  We hypothesize that other sites, including N1080I, 

in the SRs serve as convergence points for upstream activators to regulate GEF1 

activity, and discuss this idea in Chapter 3. Together, these data demonstrate that 

many NDD variants in SR8 are sufficient to relieve SR-mediated GEF1 inhibition.  

We also found that a GEF1 domain variant associated with Rac1 activation in cells 

likely impacts SR-mediated GEF1 inhibition. Unlike GEF1 disease variants that sit 
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in the Rac1 interface and decrease GEF1 activity, this variant, D1368V, is distal to 

the Rac1 interface and hyperactivates Rac1 activity in cells when introduced in the 

Trio9S isoform (131) (101,120,122). Our results indicate that D1368V significantly 

increases GEF1 activity in the context of SR6-GEF1 but has no effect on GEF1 

alone. We propose that D1368V enhances SR6-GEF1 activity by disrupting SR 

autoinhibition. Indeed, modeling (Fig. 2.4A) predicts that the SR8 domain interacts 

with GEF1, and the activating SR8 and GEF1 variants lie at the interface of these 

two domains. 

NDD-associated variants in SR6 may reinforce SR-mediated GEF1 inhibition. 

We also generated two SR6-GEF1 constructs harboring individual disease 

variants in the SR6 domain, whose impact on Trio function remains completely 

unknown. While the rate constant (kobs) values obtained for each construct did not 

significantly decrease compared to WT SR6-GEF1, trends in the nucleotide 

exchange assays suggested exchange may be slower. We hypothesized that 

using a one-phase exponential decay fit to obtain the rate constant of each GEF 

construct at a single concentration (100 nM) was not precise enough to detect a 

significant measurement. Therefore, we measured the kobs over a span of GEF 

concentrations and obtained the catalytic efficiency from a linear fit (Fig. 2.1D). 

Measurement of catalytic efficiency, kcat/KM, of both wild-type SR6-GEF1 and SR6-

GEF1E883D revealed that SR6-GEF1E883D is decreased 2-fold compared to wild-

type SR6-GEF1. This suggests that NDD-associated variants in SR6 decrease 

GEF1 activity. While the explanation for this result is unclear, one possibility is that 

SR6 acts as a hinge region allosterically governing the flexibility of the helices 
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surrounding SR8, and that SR6 variants may decrease the ability for the SRs to 

release their inhibitory lock on the GEF1 domain. In addition, it is unknown how 

the severity of phenotypes associated with the SR6 mutations compare to those 

of the SR8 mutations. These observations highlight the importance of 

understanding how complex upregulation and downregulation of Trio GEF1 activity 

contributes to NDDs.  

The SRs may serve as a target for activators of Trio GEF1 activity.  

We demonstrated that the SRs inhibit Trio GEF1 activity, but it is unclear how 

inhibition may be released in a cellular context. SR domains are widely accepted 

as scaffolding proteins that coordinate cytoskeletal interactions with high spatial 

precision. Considering that Trio is known to act downstream of cell surface 

receptors to coordinate cytoskeletal rearrangements, we anticipate that the Trio 

SRs serve as a target of interaction partners to engage and activate Trio GEF1 

activity in cells. Trio SRs interact with diverse cellular partners, including synaptic 

scaffolding proteins (Piccolo and Bassoon) (132), cell-adhesion molecules (VE-

cadherin and Intercellular Adhesion Molecule 1 (ICAM1)) (88,93), and membrane 

trafficking proteins (RABIN8) (52). These SR binding partners may engage Trio to 

coordinate GEF1 activation and/or deactivation in a spatiotemporal manner. 

Indeed, several studies have shown that Trio interactions with binding partners 

impacts Rac1 activity in cells (88,93,131,133) (65). For example, VE-cadherin, 

directly binds Trio SR5 and SR6, and this interaction locally increases Rac1 activity 

in cells (88).  Similarly, the ICAM1 intracellular tail directly binds Trio GEF1, and 

the Trio/ICAM1 interaction potentiates ICAM1 clustering at adhesion sites, 
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promoting Rac1 activation in cells (93). Finally, the integral membrane protein 

Kidins220 regulates Rac1-dependent neurite outgrowth via interactions with the 

Trio SRs (133). While these studies suggest that the Trio signaling partners may 

engage and activate Trio GEF1 activity, the specific interaction interfaces and 

binding stoichiometry that mediates GEF1 activation and how they are impacted 

by disorder-associated variants is presently unknown. Based on our evidence that 

SR8 variants relieve an autoinhibitory constraint, we anticipate that SR8 may be a 

convergence point for upstream activators and coordinated regulation of GEF1 

activity. 

Conclusions 

TRIO has emerged as a significant risk gene for NDDs. Using biochemical and 

genetic tools, we identified a novel regulatory mechanism by which Trio SRs inhibit 

GEF1 activity and showed that disorder-associated variants are sufficient to relieve 

this autoinhibitory constraint. This discovery will serve as a model to understand 

how Trio GEF1 is regulated by physiological signals and how its disruption leads 

to NDDs. This mechanism may also offer a new target for therapeutic interventions 

for TRIO-associated NDDs.  

2.4 Methods 

Expression construct cloning and protein purification  

Human Trio SR6-GEF1 was PCR amplified and inserted into the pFastBac1 HTa 

vector (Invitrogen). Site directed mutagenesis was used to insert point mutations 
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into pFastBac1-Hta-SR6-GEF1 construct and confirmed by DNA sequencing. 

Primers used for cloning are included in Table 2.1. 

Recombinant baculoviruses were generated using Sf9 cells in the Bac-to-Bac 

expression system (Thermo Fisher Scientific). Baculoviruses were used to infect 

Hi5 cells at an estimated multiplicity of infection = 1 for 48 hours before lysis in 

lysis buffer (20 mM HEPES pH 7.25, 500 mM KCl, 5 mM 𝛽-mercaptoethanol 

(BME), 5% glycerol, 1% Triton X-100, 20 mM imidazole, 1 mM DTT, 1 mM 

phenylmethylsulfonyl fluoride (PMSF), 1x Roche cOmplete protease inhibitors 

EDTA free) for 20 min at 4°C. Lysates were affinity purified using nitrilotriacetic 

acid (Ni-NTA) resin (Qiagen) and eluted with 250 mM imidazole. Elution fractions 

were further purified over a Sephadex 200 (S200) Increase 10/300 GL column into 

assay buffer (20 mM HEPES pH 7.25, 150 mM KCl, 5% glycerol, 0.01% Triton X-

100, 1 mM DTT), aliquoted, and flash frozen in liquid Nitrogen for long-term storage 

at -80°C.  

Human Trio GEF1 and Rac1 were generated and affinity purified from bacterial 

cells as described in Blaise et al. (125). Point mutants were generated using site-

directed mutagenesis. Following affinity purification, eluted protein was further 

purified over an S200 increase column into assay buffer, aliquoted and flash frozen 

for long-term storage. Stokes radii of proteins were estimated based on the elution 

volume from the S200 increase column, calculated based on a standard curve 

generated by running protein standards (Protein Standard Mix 15-600kDa, 

Supelco).
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TABLE 2.1 PRIMER SEQUENCES AND VECTORS USED FOR GENERATING 

GEF1 AND SR6-GEF1 CONSTRUCTS. TABLE ADAPTED FROM BIRCHER, 

CORCORAN ET AL., 2022 

 

construct nt change primer seq fwd (5'-3') primer seq rev (5'-3') vector
R877W c2629t AGAGATGTAGACATGGCAACTTGGGTCCAGGAC GTCCTGGACCCAAGTTGCCATGTCTACATCTCT pFb-HTA
T1075I c3224t TTCCTGAAGGCTTGCATCCTTGCTCGGAGG CCTCCGAGCAAGGATGCAAGCCTTCAGGAA pFb-HTA
T1075P a3223c CCTGAAGGCTTGCCCCCTTGCTCGGAG CTCCGAGCAAGGGGGCAAGCCTTCAGG pFb-HTA
R1078W c3232t GGCTTGCACCCTTGCTTGGAGGAATGCAG CTGCATTCCTCCAAGCAAGGGTGCAAGCC pFb-HTA
R1078G c3232g GGCTTGCACCCTTGCTGGGAGGAATGCAG CTGCATTCCTCCCAGCAAGGGTGCAAGCC pFb-HTA
R1078Q g3233a CTTGCACCCTTGCTCAGAGGAATGCAGACGT ACGTCTGCATTCCTCTGAGCAAGGGTGCAAG pFb-HTA
R1145G a3433g TACGTGGTCTTTGAGGGGAGTGCCAAGCAGG CCTGCTTGGCACTCCCCTCAAAGACCACGTA pFb-HTA
E883D g2649t GTCCAGGACCTGCTGGATTTTCTTCATGAAAAACAG CTGTTTTTCATGAAGAAAATCCAGCAGGTCCTGGAC pFb-HTA
D1368V a4103t gtaacaaaacaatgtccaacaacctctggcaactgttcatatt aatatgaacagttgccagaggttgttggacattgttttgttac pFb-HTA
SR6-GEF1 WT GATCGAATTCCTGCGCATCTTCGAGAGGGAC GATCCTCTAGActaTTTCCCTTCAGGTGGATCGT pFb-HTA
N1080I a3239t gaagacgtctgcaatcctccgagcaagggt acccttgctcggaggattgcagacgtcttc pFb-HTA
L1124S t3371c tggtccagtaatgcgataccctgttctcccgttg caacgggagaacagggtatcgcattactggacca pFb-HTA

GEF1
see Blaise et 
al, 2021 pET-His-TT

Rac1
see Blaise et 
al, 2021 pGEX-6P1

px1-GEF1-GFP WT
GATCGTTAACGGCTCAGAGGTGAAACTTCGAGATGCTGCT
CATG GATCGCGGCCGCTCCCTTCAGGTGGATCGTCCGCTCCTGGATGA px1-HA-GFP

px1-SR6-GEF1-GFP WT
GATCGTTAACCTGCGCATCTTCGAGAGGGACGCCATCGAC
AT GATCGCGGCCGCTCCCTTCAGGTGGATCGTCCGCTCCTGGATGA px1-HA-GFP

px1-GEF1-GFP ND/AA

a4393g/a4394c
/a4397c/t4398
c GTG CCG AAG CGA GCC GCT GCC GCC ATG CAC CTC AG CTG AGG TGC ATG GCG GCA GCG GCT CGC TTC GGC AC px1-HA-GFP
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BODIPY-FL-GDP nucleotide exchange assays 

12.8 μM Rac1 was loaded with 3.2 μM BODIPY-fluorescein (FL)-GDP (Invitrogen) 

in 1X assay buffer (20 mM HEPES pH 7.25, 150 mM KCl, 5% glycerol, 1 mM DTT, 

0.01% Triton X-100) plus 2 mM EDTA to a total volume of 25 μL per reaction, then 

incubated for 1 hour at room temperature. BODIPY-FL-GDP loading onto Rac1 

was halted by the addition of 5 μL 30 mM MgCl2 per reaction for a total reaction 

volume of 30 μL and final MgCl2 concentration of 5 mM. Prior to initiating the 

reaction with 100 nM Trio GEF, 30 μL of GTPase (12.8 μM) plus MgCl2 (5 mM) 

mix or blank (3.2 μM BODIPY-FL-GDP, 2 mM EDTA, and 1X assay buffer) was 

added to appropriate wells.  During this incubation period, GEF1-containing 

proteins were prepared in 1X assay buffer, 4 mM GTP, and 2 mM MgCl2. Exchange 

reactions were initiated by adding 10 μL of 100 nM Trio GEF mixture (as stated 

above) to each well, for a total reaction volume of 40 μL. Real-time fluorescence 

data was measured every 10 seconds for 30 min monitoring BODIPY-FL 

fluorescence by excitation at 488 nm and emission at 535 nm, as per Blaise et al. 

(125). 

All catalytic exchange data are representative of at least three independent 

replicates. Results are shown as the mean ± standard deviation (SD) from multiple 

experiments. Unpaired t-tests were used to determine statistical significance (two-

tail p-value <0.05). Catalytic efficiencies (kcat/KM) of select GEF constructs were 

extracted from a linear fit of catalytic rate (kobs, sec-1) vs. GEF1 concentration (nM). 
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Two technical replicates were performed for each GEF construct, and the catalytic 

efficiency values were averaged.  

Protein structure predictions 

AlphaFold was used to access the predicted structure of Drosophila Trio, entry 

number AF-Q7KVD1-F1 (126). Mutations in human Trio were mapped onto the 

AlphaFold structure using a protein-protein alignment of full-length Drosophila and 

human Trio. DISOPRED was used to predict the probability of disorder of Trio 

SR6-GEF1, amino acids 788-1599 (127).    

Limited proteolysis 

SR6-GEF1 in 1X assay buffer plus 10 mM CaCl2 was diluted to 0.4 mg/mL and 

incubated with increasing concentrations of trypsin (0.001 mg/mL to 0.11 mg/mL) 

for 1 hour at room temperature in a 25 µL total reaction volume. Reactions were 

quenched with 8 µL quench buffer (50 mM Tris-HCl pH 6.8, 4% SDS, 10% glycerol, 

0.1% bromophenol blue, 5% BME, 1 mM PMSF, 4 mM EGTA, 4 mM EDTA) and 

immediately boiled for 10 minutes. Samples were immediately run on a 12% SDS-

PAGE gel, and proteins were visualized by Coomassie R250 staining. 

Major gel bands were excised and washed with 50:50 acetonitrile:water buffer 

containing 100 mM ammonium bicarbonate. Proteins in the gel were reduced with 

4.5 mM DTT at 37°C for 20 min and alkylated with 10 mM iodoacetamide at room 

temperature for 20 minutes in the dark.  Gel bands were washed twice with 50:50 

acetonitrile:water containing 100 mM bicarbonate and dried for 10 min in a 
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SpeedVac.  Trypsin digestion was carried out (1:100 molar ratio of trypsin to 

protein) by incubation with the gel piece at 37°C overnight. The digest samples 

were analyzed by LC–MS/MS using a Q-Exactive Plus mass spectrometer 

(ThermoFisher) equipped with a Waters nanoACQUITY ultra-performance liquid 

chromatography (UPLC) system using a Waters Symmetry C18 180 µm by 20 mm 

trap column and a 1.7 µm (75 µm inner diameter by 250 mm) nanoACQUITY UPLC 

column (35°C) for peptide separation (Waters). Trapping was done at 15 µL/min 

with 99% buffer A (100% water, 0.1% formic acid) for 1 min. Peptide separation 

was performed at 300 nL/min with buffer A and buffer B (100% acetonitrile, 0.1% 

formic acid) over a linear gradient. High-Energy collisional dissociation was utilized 

to fragment peptide ions via data-dependent acquisition. Mass spectral data were 

processed with Proteome Discoverer (v. 2.3) and protein database search was 

carried out in the Mascot search engine (Matrix Science, LLC, Boston, MA; v. 

2.6.0). Protein searches were conducted against the Trichoplusia ni protein 

database and the human Trio SR6-GEF1 sequence. Mascot search parameters 

included: parent peptide ion tolerance of 10.0 ppm; peptide fragment ion mass 

tolerance of 0.020 Da; strict trypsin fragments (enzyme cleavage after the C 

terminus of K or R, but not if it is followed by P); fixed modification of 

carbamidomethyl (C); and variable modification of phospho (S, T, Y), oxidation 

(M), and Propioamidation (C), and Deamidation (NQ).  Peptide identification 

confidence was set at 95% confidence probability based on Mascot MOWSE 

score.  Results were transferred to Scaffold software (Proteome Software, 

Portland, OR; v. 4) for further data analysis to look at peptide abundances in 
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reference to their start position. These were utilized to plot in a frequency 

distribution to determine band identity.  

Crosslinking mass spectrometry 

Crosslinking experiments were performed as in Sanchez et al. (134) with 

deviations noted below. 25 µg of protein was incubated in assay buffer with 100 

µM BS3 (bis(sulfosuccinimidyl)suberate) (Thermo Fisher) for 30 min on ice. The 

reaction was quenched by adding Tris pH 7.25 to 10 mM final concentration. 

Protein was then acetone precipitated and the pellet was alkylated with 

iodoacetamide and digested with trypsin. Peptides were desalted on a 100 µL 

Omix C18 tip (Agilent), dried, and reconstituted in 100 µL of 0.1% formic acid. Mass 

spectrometry was performed on an Orbitrap Exploris 480 equipped with an 

EasySpray nanoESI source, an EasySpray 75 µm x 15 cm C18 column, and a 

FAIMS Pro ion mobility interface coupled with an UltiMate 3000 RSLCnano system 

(Thermo Scientific). Each sample was analyzed at four different FAIMS 

compensation voltages (CV= -40V, -50V, -60V, -70V) to provide gas-phase 

enrichment/fractionation of crosslinked peptide ions (135). Each analysis was a 

separate injection (2.5 µL sample). The sample was loaded at 2% B at 600 nL/min 

for 35 min followed by a multi-segment elution gradient to 35% B at 200 nL/min 

over 70 min with the remaining time used for column washing and re-equilibration 

(buffer A: 0.1% formic acid (aq); buffer B: 0.1% formic acid in acetonitrile). 

Precursor ions were acquired at 120,000 resolving power and ions with charges 3-

8+ were isolated in the quadrupole using a 1.6 m/z unit window and dissociated by 
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HCD at 30% NCE. Product ions were measured at 30,000 resolving power. Peak 

lists were generated using PAVA (in house Python app), searched with Protein 

Prospector v6.3.23 (136), and classified as unique residue pairs using Touchstone 

(an in-house R library) at SVM.score ≥1.5 corresponding to a residue pair level 

FDR < 0.1% and then further summarized and presented as domain-domain pairs 

using Touchstone. The search database consisted of the human TRIO sequence 

(O75962) and a 10x longer decoy database. Tryptic specificity with 2-missed 

cleavages and tolerance of 10/25 ppm (precursor/product) were specified along 

with DSS/BS3 crosslinking for the Prospector search.  

BioLayer Interferometry 

Kinetic binding assays were performed using a ForteBio BLItz instrument 

(ForteBio, Sartorius). Ni-NTA biosensors were pre-hydrated in assay buffer for 10 

min prior to the experiment. Biosensors were first measured for a baseline signal 

for 30 seconds before loading His-GEF1 (0.5 µM) or SR6-GEF1 (2 µM) in assay 

buffer for 5 min (concentrations were optimized for reproducible loading and signal 

change). Biosensors were then re-equilibrated in assay buffer for 30 seconds 

before introducing varying concentrations of Rac1 (at least 4 concentrations per 

experiment) in assay buffer for 5 min to measure association. Association curves 

were fit to a one phase exponential curve, and rate constants were plotted against 

Rac1 concentration, and the linear fit of this data was used to calculate a Kd (koff = 

x-intercept, kon = slope; kd = koff/kon). Concentration gradients were replicated at 

least three times independently, and the Kd measurements of each interaction 
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were then compared using an unpaired t-test. Reported values are mean ± 

standard deviation. 

Measurement of GEF and SR6-GEF1 impact on cell morphology 

Polyethylenimine was used to transfect HEK293 cells with 0.5-4 µg of DNA in 6-

well dishes at a density of 3x105 cells per well. 24 hours after transfection, cells 

were trypsinized and replated at a density of 2.5x104 cells per coverslip on 

fibronectin-coated coverslips (10 µg/mL fibronectin). 24 hours post plating, cells 

were fixed and stained as in Lim et al. (137). Cells were fixed for 5 minutes in 2% 

paraformaldehyde in cytoskeleton buffer (10 mM MES pH 6.8, 138 mM KCl, 3 mM 

MgCl2, 2 mM EGTA, 320 mM sucrose). Cells were rinsed 3 times in Tris Buffered 

Saline (TBS) (150 mM NaCl, 20 mM Tris pH 7.4) and incubated with 5 µg/mL Alexa 

Fluor Wheat Germ Agglutinin 555 in TBS (Thermo Fisher) for 10 minutes to 

visualize the cell membrane when imaging. Cells were washed another three times 

in TBS, then permeabilized for 10 minutes in 0.3% TritonX-100/TBS and washed 

another 3 times in 0.1% TritonX-100/TBS. Cells were blocked for 30 minutes in 

antibody dilution buffer (ADB) (0.1% TritonX-100, 2% BSA, 0.1% NaN3, 10% FBS, 

TBS) and incubated with primary antibody (ADB containing a 1:2000 dilution of 

Goat Anti-GFP, Rockland) at 4°C overnight. The next morning, cells were washed 

in 0.1% TritonX-100/TBS 3 times and incubated in secondary antibody for 1 hour 

at room temperature (in ADB, 1:2000 Alexa Fluor 488 Donkey Anti-Goat, Abcam). 

Cells were washed once in 0.1% TritonX-100/TBS, once in TBS, and then mounted 

onto glass slides using AquaMount (Lerner Laboratories). After drying, coverslips 
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were sealed using clear nail polish and imaged using a 40x objective on a spinning 

disk confocal microscope (UltraVIEW VoX spinning disk confocal (Perkin Elmer) 

Nikon Ti-E-Eclipse), collecting a full z-stack of images for each cell. Identical 

microscope settings were used between imaging samples.  

After imaging cells, images were processed using ImageJ to generate a sum 

projection of the GFP channel for quantifying fluorescence. Images were then 

analyzed using CellProfiler to semi-automatically detect cell edges and compute 

cell area (138). Cell area was normalized for protein expression on a single cell 

basis by dividing the total area of the cell by the total GFP fluorescence of the cell. 

Normalized cell area was compared using an unpaired t-test to compare between 

GFP control and all other groups. One biological replicate was performed and 30-

40 cells were quantified per group. Statistical significance was determined using 

an unpaired t-test between the GFP control and all other groups, with a p-value 

cutoff <0.05.
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Chapter 3 

Trio and its interactors in a cellular context
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3.1 Overview 

This work is currently unfinished and is provided here as a starting point for future 

studies. The main objective of my work was to open potential avenues to answer 

fundamental, yet unresolved questions about Trio function in the larger context of 

the cell. Specifically, it is unclear how the Trio GEF functions are regulated within 

the cell and how specific intramolecular regulation or interactions with other 

proteins might affect GEF activity. This cellular perspective on Trio function serves 

as a nice complement to the predominantly biochemical work I completed in 

Chapter 2. I took two approaches to answer these questions: (1) generating a 

TRIO KO cell line and (2) identifying potential protein interactors that may impact 

Trio catalytic activity. Tony Koleske immortalized the TRIOfl/fl cell line and Juliana 

Shaw did work to validate this, originally published in Katrancha et al., 2019. Ellen 

Corcoran helped design cloning for protein activators. Amanda Jeng designed 

protein constructs for ADAM23 and L1CAM, and Amanda and Tony purified these 

proteins.  

3.2 Candidate interactors and specific cell signaling pathways  

The fundamental question I sought to answer for this part of my thesis was how 

interactions with candidate proteins might activate Trio GEF function via release 

of autoinhibitory mechanisms in a spatiotemporal manner. I am particularly 

interested in release of autoinhibition of GEF1 by the spectrin repeats (follow-up 

to Chapter 2).  
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A major class of candidate interactors are proteins whose expression levels 

change upon loss of Trio, suggesting they may function in the same biochemical 

pathway. Mass spectrometry was used to analyze proteins whose levels change 

upon loss of Trio in the mouse motor cortex, and Amanda Jeng later identified 

ADAM23 and L1CAM as intriguing hits (82). ADAM23 and L1CAM are both 

synaptic adhesion proteins that are involved in synaptic transmission and neurite 

outgrowth, respectively (139,140) (Table 3.1). 

Another class of candidate activating proteins are those that have been shown to 

function upstream of Trio and have downstream effects on RhoA or Rac1 activity. 

The best candidates are proteins that have been shown to interact with Trio in a 

cellular context or in vitro. Based on these criteria, we were interested in an initial 

set of proteins: ICAM1, VE-cadherin, Kidins220, and Neuroligin. Interactions 

involving ICAM1, VE-cadherin, and kidins220 are described in the introduction or 

cited works (ICAM1 and Kidins220 (93) (133); VE-cadherin and NLGN (Sections 

1.4-1.5) (Table 3.1). Significant recent work has further implicated Neuroligin as a 

strong candidate interactor, summarized below (131) .  

The neuroligin family of proteins are synaptic cell adhesion molecules that interact 

with neurexins to promote the formation of synapses (131). Neuroligin1 co-

immunoprecipitates with Trio9 in rat brain homogenate and HEK293 lysate. Trio9 

N1080I in HEK cells reduces amount of Neuroligin immunoprecipitated by ~50%. 

Replacing Trio and Kalirin with Trio9 N1080I in CA1 pyramidal neurons (rat) 

prevents Neuroligin-induced increases in dendritic spine number and other 
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downstream effects on glutamatergic synapses (131). Therefore, Neuroligin likely 

interacts with Trio, and disruption of this interaction reduces the effects of 

Neuroligin on downstream synaptogenesis. However, it is unknown if Trio interacts 

directly with Neuroligin, and if Neuroligin signals through Trio to directly promote 

GEF1 activity (Table 3.1). It is interesting to note that N1080I was the single SR8 

variant that had no effect on SR6-GEF1 activity in our Chapter 2 studies. How this 

variant impacts a direct biochemical interaction will be a very important question 

to answer.  

3.3 TRIOfl/fl fibroblast cell line as a model  

This preliminary work was performed by Anthony Koleske and Juliana Shaw, and 

published in Katrancha et al. 2019 (82). I summarize their work here as 

background.  

Several nonsense mutations to TRIO, which result in premature stops and 

predicted nonsense mediated decay, are associated with neurodevelopmental 

disorders (82,102). Multiple studies have investigated how knock-down of Trio 

impacts cell signaling and morphology (see Chapter 1), but there has yet to be a 

study investigating a true loss of TRIO, excised from the genome. To excise Trio, 

a mouse model was utilized that harbors two loxP sites in introns flanking the first 

GEF1 domain(25) (141). Introduction of Cre recombinase and subsequent 

recombination results in a premature stop preceding the first GEF domain of TRIO 

(Fig. 3.1, A). Primary embryonic fibroblasts were harvested from the TRIOfl/fl mice 

and immortalized for future studies.



 73 

TABLE 3.1 CANDIDATE PROTEIN ACTIVATORS OF TRIO GEF1 

 

Protein 
class

Known effect on Trio/Trio based 
signaling

Known interaction with Trio Reference

Neuroligin1 adhesion Effects of D1368V in Trio9s on 
synaptogenesis dampened with 
inhibition of Neuroligin 

Co-IP’s with Trio9; Co-IP reduced 
by 50% with N1080I mutation

Tian 2021

ICAM1 adhesion ICAM1 clustering increases amount 
of Trio pulled down by nucleotide 
free Rac1 and RhoG

Pulling down Myc-Trio FL or Myc-
Trio-GEF1 also pulls down ICAM1 
when both expressed in cells. 

Van rijssel 
2012

VE-
Cadherin

adhesion VE-cadherin recruits Trio to adherens 
junctions to induce activation of 
Rac1

GST SR5-6 interact with VE-
cadherin peptide AA726-765 
(purified proteins)

Timmerman 
2015

Kidins220 adaptor Overexpression of Kidins220 1-402 
increases active Rac1 in cells

GST-Sec14, GST-SR1-4, and GST-
SR5-9 all bind His-Kidins220 1-
402 (purified proteins)

Neubrand 
2010

ADAM23 adhesion Loss of Trio correlates with lower 
expression levels of ADAM23

GST-ADAM23 can pull down 
Trio9s from cell lysate 

Katrancha
2019

L1CAM adhesion Loss of Trio correlates with lower 
expression levels of L1CAM

Unable to confirm direct via 
pulldown from cell lysate

Katrancha
2019
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TRIOfl/fl fibroblasts were transfected with GFP-P2A-Cre and allowed 5 days for 

recombination and full protein loss to occur. Cells were fixed and stained for GFP 

and Trio DH2, and DH2 fluorescence was quantified to determine the level of Trio 

knockout. Trio protein levels decreased by 30% upon transient transfection of Cre 

(Fig. 3.1, B), suggesting that the Trio fibroblast model could be a tractable model 

system for studying the impacts of global loss of Trio in cells (82).  

3.4 Loss of Trio in fibroblasts changes cell morphology 

Fibroblasts are an excellent system to investigate cell morphology and related 

signaling pathways. Many of these pathways are very well characterized. 

Therefore, we can get information from simple cell morphological changes about 

what major pathways may be impacted by events such as TRIO loss. This may 

also give insight into what the major functions of Trio, or major catalytic activities, 

are: for instance, specific cell morphology changes are associated with increased 

Rac1 or RhoA activity. Finally, it provides a tractable system to understand the 

effects of other protein interactors on Trio signaling.
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Fig. 3.1 Loss of TRIO impacts cells shape. Figure adapted from Katrancha et al., 

2019 

(A) Schematic of TRIOfl/fl: loxP sites were inserted into introns flanking the first 

GEF domain of Trio (141). (B) Transient transfection of RFP-IRES-Cre into 

TRIOfl/fl fibroblasts results in a (Figure legend continued on next page)  
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(Figure legend 3.1 continued) loss of Trio protein. Trio protein was visualized 

using immunofluorescence against Trio DH2, and the fluorescence intensity was 

quantified. Originally published in Katrancha et al., 2019. (C) TRIOfl/fl cells 

transfected with GFP-P2A-Cre have altered cell morphology. Cell morphology 

was visualized using immunofluorescence against GFP, and cell area and 

compactness were quantified. Cells lacking Trio have an increased cell area and 

are more compact. 
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To understand how loss of Trio impacts cell morphology, I transfected GFP-P2A-

Cre into TRIOfl/fl fibroblasts. Cells were plated on fibronectin-coated plates and 

allowed to spread before fixing and staining to visualize GFP (the presence of Cre), 

actin (phalloidin), and focal adhesions (vinculin/talin). General aspects of cell 

morphology were quantified. Cells expressing Cre had an overall larger cell area 

(Fig. 3.1, C and D). However, they also exhibited fewer long protrusions and were 

more compact – shaped more like circles than stars (Fig. 3.1, D). Additionally, 

these cells appeared to have enhanced stress fibers, though this was not 

quantified (Fig. 3.2, A). The effects of loss of Trio on cell morphology were 

especially interesting, considering that they mimicked that of Trio GEF1 

overexpression (Figure 2.6).  However, since Trio has two GEF activities, it is 

unclear what activity may be responsible for the observed changes in morphology. 

Rescue experiments using full-length Trio with each catalytic-dead variant will be 

critical in understanding this phenomenon.   

Finally, to investigate cell adhesion pathways, I stained for vinculin and measured 

the distribution of focal adhesions. Focal adhesions are distributed about a cell 

differently depending on their maturity and their function in the cell (142). If a cell 

adhesion pathway were disrupted, we might expect the overall distribution of focal 

adhesions to change. However, no change in the distribution of focal adhesions 

was observed (Fig. 3.2, B). Total number of focal adhesions per condition was not 

analyzed, but would be useful to investigate in the future as well.  



 78 

Based on these preliminary results, it appeared that loss of Trio impacted general 

facets of cell morphology. However, these studies were severely limited in their 

scope due to the very low transfection efficiency of fibroblasts. This motivated me 

to generate a stable cell line of TRIOfl/fl cells expressing GFP-Cre. 
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Fig. 3.2 Loss of Trio enhances stress fibers but has no effect on focal adhesion 

distribution.  

(A) TRIOfl/fl cells transfected with GFP-P2A-Cre cells displayed enhanced 

abundance of stress fibers, visualized with fluorescent phalloidin. (B) TRIOfl/fl cells 

transfected with GFP-P2A-Cre displayed no change in focal adhesion (FA) 

organization. Focal adhesions (Figure legend continued on next page)  
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(Figure legend 3.2 continued) were visualized using immunofluorescent staining 

against vinculin. To determine the distribution of FAs, concentric cell outlines 

from the cell edge inward were drawn, scaled based on cell size. The quantity of 

focal adhesions relative to the total population was quantified, and showed no 

change between GFP and GFP-P2A-Cre transfected cells. 
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3.5 Generation of stable lines of Trio knockout cells 

I sought to generate stable Trio knockout cell lines (Trio KO) by stable expression 

of GFP-Cre in TRIOfl/fl fibroblasts. I infected cells with a GFP-Cre retrovirus and 

selected the infected cells by puromycin resistance. Western blot confirmed loss 

of Trio FL in this cell population, and genotyping confirmed recombination at the 

loxP sites in Trio (Fig. 3.3, A and B). The cells appeared to have altered 

morphology compared to their parental line, especially at confluency: Trio KO cells 

packed more tightly and were less elongated than their parental line (Fig. 3.3, C). 

However, this cell line was generated using a polyclonal parental cell population. 

As a result, it was ultimately difficult to discern whether the infection had isolated 

one abnormal clonal population of cells, or if the effects we saw were actually due 

to Trio loss.  

I subsequently isolated multiple monoclonal lines of the TRIOfl/fl parental cell 

population and infected these cells with the same GFP -Cre retrovirus. Attempts 

to validate this knockout gave unclear results, and have since been put on hold. 

The ambiguity of these results highlights obstacles in elucidating Trio function in a 

cellular context that must be considered for future studies. A big barrier to 

generating these cell lines is the lack of quality antibodies towards endogenous 

Trio. First, there are low levels of endogenous Trio in fibroblasts. Second, the 

antibodies we have towards Trio are polyclonal and affinity-purified, and as such,
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Fig. 3.3 Stable expression of GFP-P2A-Cre reduces Trio protein levels and alters 

cell packing morphology.  

(A) TRIOfl/fl cells stably expressing GFP- Cre (KO) were analyzed for total protein 

levels using western blotting. Trio DH2, IG, and Sec14 antibodies were used to 

verify loss of Trio protein. (Figure legend continued on next page)  

Figure 3.3

FL Trio

KO Pa
r

Ctrl

A B

C



 83 

(Figure legend 3.3 continued) Full length Trio was almost completely eliminated 

in KO cells. (B) Recombination was verified in Trio KO cells using genotyping, 

demonstrated by the appearance of a band in the KO lane but not in the parental 

line. (C) Confluent KO cells exhibit tighter packing than the parental TRIOfl/fl line. 
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are relatively non-specific. Another obstacle to consider is that these antibodies 

may also recognize Kalirin protein fragments. Therefore, attempts to use western 

blot to determine total loss of protein levels almost always resulted in mixed results 

and unclear conclusions. I would argue that for this cell line to be successfully 

developed, these antibodies need to be better purified (perhaps against Kalirin 

protein fragments), further validated, or redesigned completely.   

3.6 Trio interacts with ADAM23 cytoplasmic tail 

Amanda and Tony purified GST fusions of the intracellular tails of ADAM23 

(AA814-832) and L1CAM (AA1144-1257) (GST-ADAM23tail and GST-L1CAMtail) 

(Fig. 3.4, A and B).  

I first sought to investigate whether several candidate proteins identified via mass 

spectrometry directly interacted with Trio. I linked GST-ADAM23tail and GST-

L1CAMtail to aminolink beads and incubated them with HEK293 lysate 

overexpressing Trio9s. Bound Trio9s was visualized by blotting for the Trio DH2 

domain. GST-ADAM23tail was able to pull down protein at the size of Trio9s, 

whereas L1CAMtail was not, suggesting the ADAM23 cytoplasmic tail may interact 

with Trio9s (Fig. 3.4, C). It is still unclear which Trio9s domain interacts with 

ADAM23tail, and if this interaction is direct. Amanda is following up on these studies 

to investigate ADAM22 binding, identify the regions of Trio involved in binding, and 

investigate pathways involving the upstream protein Lgi1.
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Fig. 3.4 Trio9s interacts with ADAM23.  

(A) Schematic of full-length ADAM23 and L1CAM, with extracellular, 

transmembrane, and intracellular regions labeled. (B) Schematic of proteins 

purified and used in this study: the intracellular tails of ADAM23 and L1CAM. (C) 

Cell lysates overexpressing Trio-9s were incubated with GST fusion proteins 

linked to aminolink beads. Bound Trio-9s was visualized by blotting against Trio 

DH2. GST-ADAM23tail pulled down Trio9s, whereas GST or GST-L1CAMtail did 

not. 
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3.7 Generation of proteins to assay Trio GEF1 activation 

As mentioned previously, several proteins are top candidate interactors due to 

previous work demonstrating their impact on Trio GEF1 activity in cells. However, 

it is unclear whether these proteins directly interact with Trio, and if they impact 

GEF1 activity via directly relieving autoinhibitory constraint or regulating GEF1 

activity in a spatiotemporal manner. I therefore began generating DNA constructs 

for NLGN1, ICAM1, VE-Cadherin, and Kidins220 to test if these proteins have an 

effect on Trio GEF1 activity. Specifically, we are interested in whether these 

proteins can relieve the autoinhibition by the spectrin repeats in the context of SR6-

GEF1. Ellen Corcoran and Anthony Koleske are currently continuing to generate 

these constructs to purify recombinant protein, and these studies will be ongoing.  

3.8 Methods  

TRIOfl/fl cell line generation, transfection, and infection  

TRIOfl/fl fibroblasts were cultured and immortalized as described in (82). Clonal 

lines were developed by serial dilution of the TRIOfl/fl fibroblasts to isolate single 

cells in conditioned medium and individual clones were expanded.  

Lipofectamine was used to transfect TRIOfl/fl cells with 0.5𝜇g of GFP or GFP-P2A-

Cre. Transfected cells were allowed to grow for 5 days to ensure loss of Trio. GFP-

Cre retrovirus was generated using Bosc23 cells and was collected to infect 

TRIOfl/fl cells. Infected cells were selected using 1𝜇g/mL puromycin until control/ 

uninfected cells died.  
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Cell morphology analysis 

Cell morphology was analyzed using immunofluorescence as described in Chapter 

2.  

Focal adhesions were semiautomatically identified with CellProfiler (138) using 

vinculin as a marker, and their distribution was determined based on their distance 

from the cell edge and quantified using a custom MATLAB script.  

Western blotting and genotyping 

Infected or transfected cells were lysed in lysis buffer (2% SDS, 5% glycerol, 

250mM Tris pH 6.8) and western blotting was performed on lysate using 1:1000 

Trio DH2, Kinase, Sec14, or SR56 primary antibodies and 1:4000 goat anti rabbit 

HRP. Blots were imaged using a Chemidoc (Bio-Rad).  

For genotyping, infected cells were lysed in new gitshier buffer plus proteinase k 

(64mM Tris pH 8.8, 15.8mM (NH4)2SO4, 6.2mM MgCl2, 0.48% Triton X-100, 

0.14mM BME, 0.35mg/mL proteinase K) and genotyped to verify recombination.  

Tail binding pulldowns 

HEK293 cells were transfected with HA-Trio9s using PEI, collected 24 hours post 

transfection, and lysed in coIP buffer (1% NP-40, 25mM HEPES pH 7.25, 5% 

Glycerol, 1mM EDTA, 100mM NaCl). GST-ADAM23tail, GST-L1CAMtail, and GST 

were purified from bacterial cells as described in Chapter 2. Proteins were dialyzed 

into PBS and linked to aminolink beads at a final concentration of 1mg/mL. Lysate 
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was diluted to 1mg/mL in coIP buffer and incubated with GST-bound beads for 30 

minutes at 4°C (7.5𝜇L beads per 500𝜇L lysate) to minimize non-specific binding. 

500𝜇L precleared lysate was then incubated with 7.5𝜇L beads for 2 hours at 4°C. 

Beads were washed quickly five times, and any Trio9s bound to beads was 

visualized via western blot. 
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Chapter 4 

Future directions: a roadmap
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4.1 Overview 

In this chapter I discuss the most promising avenues for future projects related to 

regulation of GEF1 activity in Trio. These experiments are the cumulative result of 

numerous hours’ worth of discussions among Ellen, Tony, and me. They range 

from the ‘low-hanging fruit’ questions that are immediately born out of the findings 

described in this dissertation, to the more ambitious questions that have puzzled 

the field for years.  

4.2 Resolving finer structural details of SR6-GEF1 

Our discovery that SR6-9 interacts with GEF1 has led us to ask several more 

specific questions. First, do the SRs inhibit GEF1 activity via sterically blocking 

access to Rac1, or via an allosteric mechanism? There are a few discrepancies 

between the AlphaFold model and the crosslinking data – what does the interaction 

interface between SR6-9 and GEF1 actually look like? Do all of the NDD-

associated variants disrupt this SR6-9:GEF1 interaction, or do some act via a 

different mechanism? How do mutations to SR6 decrease GEF1 activity? Finally, 

are there structural subtleties that could provide information on why we only see a 

2-fold decrease in the SR6-GEF1:Rac1 binding affinity, but a 10-fold decrease in 

catalytic efficiency? All of these questions require structural approaches to be 

resolved. I think that small angle x-ray scattering (SAXs), size exclusion 

chromatography, chemical crosslinking, and cryo-electron microscopy (cryo-EM) 

will provide great sources of information to address these questions.  
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We hypothesize that the interaction between SR6-9 and GEF1 results in a fairly 

globular protein structure, but that disease-associated mutations that 

hypothetically disrupt this interaction may elongate the overall protein. SAXs and 

SEC are both great approaches to this. Experiments using SEC to estimate the 

Stokes radius of the proteins are straightforward and unlikely to fail based on the 

monodisperse nature of all of our SR6-GEF1 variants; I highlight the major barriers 

to SAXs experiments below.  

I attempted pilot experiments performing SAXs of wild-type SR6-GEF1 in 

collaboration with Kimmie Vish. To do these, I developed a purification scheme to 

generate highly purified product: following Ni-NTA affinity chromatography, I 

subjected the protein to anion exchange using a MonoQ column followed by size 

exclusion chromatography on a Superdex S200 Increase column. This yielded 

extremely pure protein. However, SAXs requires a significant amount of product 

at a moderate concentration (up to 2.5mg/mL). This purification scheme yielded 

sub-optimal amounts of protein, and the remaining protein was resistant to 

concentration in a minimal SAXs buffer (150mM KCl, 20mM HEPES pH 7.25, 1% 

glycerol; precipitates > 1mg/mL upon spin concentration). Careful optimization of 

the final concentrating steps in a SAXs-appropriate buffer will be likely to facilitate 

more successful SAXs experiments. From there, performing SAXs on mutants vs. 

WT SR6-GEF1 can provide insight into large-scale conformational changes that 

occur due to mutation. If our hypothesis is correct, we would expect to see more 

elongated structures in the SR6-GEF1 variants.  
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Chemical crosslinking may also provide fine details about intramolecular 

interactions that are disrupted due to disease associated mutations, and thus 

critical for autoinhibition. I performed chemical crosslinking experiments, identical 

to those described in Chapter 2, with three token mutants (SR6-GEF1E883D, SR6-

GEF1R1078Q, and  SR6-GEF1D1368V)  and am currently awaiting results.  

Finally, solving a structure of SR6-GEF1 would be most illuminating in the search 

for structural details related to the SR6-9:GEF1 interaction interface and how 

mutations impact protein structure. Due to limitations in protein yield, cryo-EM is 

the optimal approach. We already have a method to generate high-purity protein, 

so one merely needs to engage a cryo-EM expert to help optimize grid conditions 

and collect and analyze data.   

4.3 Activation pathways of Trio 

After resolving the mechanism of autoinhibition of Trio GEF1 by the spectrin 

repeats, we were immediately curious how this autoinhibition might be released in 

cells. Based on the literature, there are several ‘candidate’ activating proteins that 

may release this autoinhibition, which I detail in Chapter 3. In this section, I 

describe an experimental framework for testing these ‘candidate’ activating 

proteins and detail an approach to identify new potential activating proteins that 

have not yet been identified in the literature.  

The experiment for testing our existing ‘candidate’ activating proteins is simple: 

generate each protein and add it to a GEF assay with SR6-GEF1 and see if the 
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activity increases. Then one can dissect a mechanism of activation by determining 

binding affinity, stoichiometry, and interface between SR6-9 and the activating 

protein. We can then validate all of these details in vitro and in cells.  

Experiments to identify new candidate activators not previously described in the 

literature are a little less straightforward.  However, to start, we might hypothesize 

that a candidate activating protein utilizes interactions with the SRs to facilitate the 

autoinhibition release. Therefore, proteins that bind to SR6-9 would be great 

candidates for GEF1 regulation. I attempted pilot experiments to identify potential 

SR interactors: I tethered GST-SR6-9 to glutathione beads, incubated the beads 

with brain lysate, and analyzed bound proteins via SDS-PAGE. My results were 

ambiguous, and it was clear that non-specific binding needed to be mitigated 

before this experiment could yield any clear results. I also used GST-SR6-9 protein 

purified from bacteria, which we now believe is less soluble and pure than SR6-9 

purified from insect cells. Using higher quality protein tethered to the beads may 

reduce nonspecific binding. Ideally, this experiment would resolve major bands 

that could be later identified via mass spectrometry. One would then purify the 

SR6-9 interacting protein and test its ability to activate SR6-GEF1 catalytic activity 

in vitro, then proceeding with the same set of experiments outlined in the previous 

paragraph.  

An appealing expansion of this SR6-9:brain lysate pulldown experiment would be 

to tether SR6-9 disease-associated variants to beads and see if any interactions 

between WT and variant pulldowns differ. One could look for differences in major 
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bands on a pulldown gel visually, or perform a more thorough investigation using 

an approach like comparative mass spectrometry.    

It is possible that the SR6-9:brain lysate pulldowns identify SR-interacting proteins 

that don’t end up activating SR6-GEF1. These results could still be interesting and 

lend insight into aspects of GEF1 regulation other than release of autoinhibition. 

For instance, Rac1 activation is highly localized in a cell (143); perhaps a protein 

that binds SR6-9 positions Trio in an appropriate location of the cell for Rac1 

activation. Any investigation of major Trio binding partners has will help create a 

fuller picture of Trio GEF regulation in a cellular context.  

4.4. How are the two Trio GEF activities coordinated?  

A longstanding question in the field is how the two GEF domains in Trio, which 

target opposing GTPases, are coordinated. Very little biochemistry has been 

performed to answer this question; this is not totally surprising, since (1) many 

larger fragments of Trio are difficult to purify and solubilize and (2) there isn’t a very 

straightforward experiment to do to dissect these activities. However, the recent 

AlphaFold model of Drosophila trio (AF-Q7KVD1-F1 (126)) makes this question 

very enticing: not only do the SRs cradle the GEF1 domain, as shown in Fig. 2.4, 

but they also cradle the GEF2 domain (while there may not be as many possible 

interactions, the two GEF domains are placed adjacent to one another in space). 

This makes the idea of long-range intramolecular regulation (like between the SRs 

and GEF2 domain) particularly appealing and could explain how the multiple GEF 

activities are coordinated.  
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The simplest question to answer first is which GEF dominates, or has higher 

activity, when both are present. Previous work has shown that GEF2 has a four-

times lower exchange rate for RhoA than GEF1 does for RhoG when tested as 

individual domains (22). However, a detailed analysis of the activities of these 

domains when they are both in the context of the same protein has never been 

done. Due to our extensive work purifying and solubilizing Trio fragments, I believe 

that we are well positioned to generate protein fragments that contain both GEF1 

and GEF2. We also have a robust GEF assay to measure GEF activity that has 

been shown to measure the activities of both GEF1 and GEF2 (125), and a clever 

experiment could easily resolve some of these questions. 
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Conclusions 

In this thesis I describe a novel mode of regulation of Trio GEF1 activity by the 

adjacent SRs. I discuss initial work to understand this regulation in a cellular 

context, and highlight the best avenues for future work. Beyond just illuminating a 

mechanism of regulation, this work has incredible potential for future translational 

work. TRIO mutations are associated with multiple neurodevelopmental disorders, 

and understanding how these mutations directly impact Trio function will guide the 

development of therapeutics. 
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