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ABSTRACT

The Lar-family of receptor protein tyrosine phosphatases (RPTPs); including
Lar, RPTPc and RPTP9, are utilized in signal transduction pathways during neural
development. Fundamentally, the processes of axon guidance and synaptogenesis are
carried out by rearrangements of the actin cytoskeleton for extension and maturation of
structures. To determine whether this regulation is conserved in other tissues, we
utilized interdisciplinary approaches for a structure/function analysis of Lar-RPTPs in
the Drosophila musculature. We find that the single fly ortholog, Dlar, is localized to
the muscle costamere in wandering L3 larvae. The costamere has important functions
in muscle integrity and force transmission during contractions. Further, depletion of
Dlar in the musculature causes aberrant sarcomeric actin patterning and mislocalization
of the major transmembrane receptor of the costamere, integrin dimers. Ablation of two
additional proteins from the musculature; including the guanine nucleotide exchange
factor, Trio, and the basement membrane protein, Glutactin (Glt), results in similar
disruptions to the muscle architecture. Thus, Trio and GIt provide links to actin through
the Rho family of small GTPases and the BM membrane which is intimately involved

in integrin signaling. We show that the actin cytoskeletal aberrations cause deficits in



larval locomotor function. Additionally, we find that the cytosolic domains of Dlar are
particularly important for muscle function and have implications in integrin signaling
versus physical receptor/ligand interactions which agree with x-ray crystallographic
analysis of the FN4-6 repeats. A proteomic approach was utilized to find novel binding
partners and resulted in identification of basement membrane proteins as conserved
Lar-RPTP ligands. Finally, we offer a model for Dlar signaling that results in the low
affinity integrin conformation induced by inside-out signals arising from actin

remodeling.
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CHAPTER 1
INTRODUCTION
Tyrosine phosphorylation in metazoans

The reversible phosphorylation of tyrosine is a post-translational modification
utilized for signal transduction and mediated by the opposing actions of protein tyrosine
kinases (PTKSs) and protein tyrosine phosphatases (PTPs). In broad terms, the role of
phosphotyrosine (P-Tyr) is to provide a docking site for Src homology 2 (SH2) or
phosphotyrosine-binding (PTB) domains. These domains are found in signaling
proteins ranging from enzymatic kinases, phosphatases and GTPases; to small adaptor
or scaffolding proteins 2. Tyrosine phosphorylation is particularly important to
metazoans, as it plays a central role in growth and developmental pathways °.
Accordingly, aberrant tyrosine phosphorylation can lead to human diseases, such as
cancer and diabetes .

The first tyrosine-specific kinase activity was discerned in the Rous Sarcoma
virus protein, Src kinase (v-Src) >°. Pioneering studies on cellular Src kinase (c-Src) in
chicken were driven by the revelation that v-Src is similar to c-Src but with
constitutively active kinase activity "*8. Comparison of these kinases led to two major
discoveries: (1) identification of conserved mechanisms of activation and regulation
for kinases as a whole and (2) recognition of tyrosine kinases as proto-oncogenic

proteins *!°. Briefly, two major phosphorylation sites control Src activity. First,

autophosphorylation of a tyrosine residue in a highly conserved region called the

1



activation loop causes displacement from the substrate pocket, thereby allowing the
active site access to substrate '!. Second, a carboxy-terminal P-Tyr site in c-Src that is
absent from v-Src, negatively regulates kinase activity by providing an intramolecular
docking site to an amino-terminal SH2 domain !!!2,

The activation state of c-Src is determined by the P-Tyr balance, and is therefore
regulated by both PTKs and PTPs. Due to the cellular localization of ¢c-Src to the plasma
membrane, a number of receptor PTPs (RPTPs) have been found to dephosphorylate
c-Src in vitro, including, RPTPa (PTPRA), RPTPA (PTPRL) and leukocyte common
antigen-related molecule (LAR/PTPRF) °. RPTPs are members of the Class I or
classical PTPs, which include the cytoplasmic PTPs and the RPTPs. Class I PTPs have
a highly conserved active site CXsR sequence where the catalytic Cys acts as a
nucleophile and Arg participates in phosphate binding !>. RPTPs are single-pass
transmembrane proteins that combine the adhesive properties of a cell adhesion
molecule (CAM) to the catalytic activity of either single or tandem phosphatase
domains. Typically, the membrane proximal domain (D1) is catalytically active and the
membrane distal (D2) is a pseudophosphatase that plays a regulatory role. This
structure allows for coupling of ligand binding to downstream signaling.

The Lar-RPTP family
RPTP research in mammals is complicated by the diversity of their extracellular

domain features, with the 22 human RPTPs subdivided into eight groups (Fig. 1B).

Many RPTPs are orphan receptors and the known ligands encompass a range of



proteins including: ECM proteins, CAMs and growth factors. One example of this
diversity is seen in the type Ila family, or Lar-RPTPs, which are arguably the best
characterized RPTPs. The Lar-RPTPs are capable of binding several structurally
distinct ligands (summarized in Table 1), which will be discussed further below. The
three vertebrate family members: Lar/PTPRF, RPTP6/PTPRD and RPTPo/PTPRS
share ~ 90% amino acid sequence identity in their PTPase domains and ~75% sequence
identity with the invertebrate ortholog, Drosophila Lar (Dlar). Overall, Lar, RPTPc
and RPTPo share 75% residue conservation across their receptor and PTPase domains
(Dlar - 50%) (Supplementary Table 1) '%. The ectodomains of Lar-RPTPs resemble
CAMs and include three immunoglobulin-like (Ig) domains followed by four to nine
fibronectin type III (FNIII) repeats '°. Further diversification is achieved through
alternative splicing of four mini-exons A-D (meA-meD) which encode short peptides
(Fig. 1A). The receptor is expressed as a proprotein and is cleaved by endoproteases
that recognize a site in the C-terminus of the extracellular domain, the cleavage
products associate at the membrane non-covalently '°. Additional proteolytic
processing results in shedding of the ectodomain, internalization of the tandem
phosphatase domains and regulation of downstream protein-protein interactions '7-2°,
Structural insights into the type Ila ectodomains (ECDs) have revealed highly
flexible inter-domain regions, with the exception of the Igl and Ig2 domains, which
adopt a rigid horseshoe conformation !*2, The ligands of the Igl and Ig2 domains are

heparin sulfate proteoglycans (HSPGs) and chrondroitin sulfate proteoglycans



(CSPGs), which elicit antagonistic effects on the developing nervous system >2%, The
ligand-binding site resides on a highly positively charged region of the Ig]l domain via
the negatively charged HS and CS chains. This region has the same binding affinity to
both HSPGs and CSPGs (Kq4 10-20 nM). However, the physiological effects of these
proteoglycans differ: CSPGs inhibit neurite outgrowth through trans interactions
whereas HSPGs act in cis to cause receptor oligomerization and increased local
phosphatase activity 2.

The interdomain region between Ig2 and Ig3 displays both heterogeneity and
flexibility by alternative splicing. Inclusion of meA inserts an additional six residues
into the Ig2 domain and meB increases the 1g2/Ig3 linker by an additional four residues.
The mini-exons modulate trans-synaptic binding to a number of post-synaptic adhesion
molecules including: dendritic neurotrophin receptor tyrosine kinase C (TrkC), IL-1-
receptor accessory protein-like 1 (ILIRAPL1), Interleukin-1 receptor accessory protein
(ILIRACcP), Slit- and Trk-like receptors 1-5 (Slitrks1-5) and synaptic adhesion-like
molecule 5 (SALMS) and SALM3 (Tablel) 2%, An additional trans-synaptic Lar
interaction involves a tripartite complex composed of trans-synaptic NGL-1/Netrin G1
which allows for a Netrin G1/Lar cis interaction on the pre-synapse. This interaction
requires both the Ig and FNIII domains of Lar and promotes synapse formation

Similar to the Ig domains, the FNIII domains are alternatively spliced. Isoforms
include deletions of entire FNIII domains or inclusion of meC which adds nine residues

to the FN5 domain !#*°, The additional nine residues disrupt the binding of laminin-



nidogen to Lar during cell spreading in Hela cells (Pauline O’Grady, Thai, & Saito,
1998). A secreted isoform of Lar (LarFN5C) includes an amino-terminus absent from
full-length Lar, inclusion of meC and the C-terminus of the FN5 domain. LarFN5C
promotes neurite outgrowth by its homophilic association with full-length Lar *’.
RPTPS$ is also capable of homophilic interactions which modulate synapse formation
38, Lastly, the post-synaptic membrane receptor, Netrin-G ligand-3 (NGL-3), binds Lar-
RPTPs via FN1-2 domains at excitatory synapses (Table 1) (Kwon, Woo, Kim, Kim,
& Kim, 2010; Woo et al., 2009). As organizers of synaptic formation and maturation,
Lar-RPTPs and their ligands are implicated in a number of human neuropsychiatric
disorders including autism spectrum disorders and schizophrenia .
RPTP Research in Flies

The implication that RPTPs function in neural development came from
characterization of expression patterns in nervous tissue in the early 1990s, including:
Dlar, PTP99A, PTP10D and PTP69D in Drosophila; chick RPTPc (CRYPa); and
human RPTP{ and RPTPS ***3. However, the functional significance of this expression
was elucidated by work in the Drosophila embryo. Drosophila is an amenable model
organism for RPTP research, with eight RPTPs in the genome compared to 22 in
mammals (Fig. 2) *6. The “neural specific” Drosophila RPTPs mentioned above,
including PTP52F characterized in 2001, are highly expressed in both central and
peripheral nervous tissue *’. Dlar, Ptp69D and Ptp52F single mutants display motor

axon pathfinding defects during innervation of body wall muscle targets *’ . In



contrast, mutants of Ptp994 and Ptp10D lack a phenotype unless in combination with
mutants of Dlar, Ptp69D and Ptp52F. Double, triple or quadruple mutants reveal
intricate interactions that can be synergistic or antagonistic. Specifically, motor neurons
exit the CNS and defasciculate into five nerve branches: ISN, SNa, SNb, SNc and SNd,
which innervate specific muscle targets. Dlar single mutants display ISN truncations
which increase in severity and penetrance with the concomitant loss of PTP99A and/or
PTP69D. Loss of PTP10D in addition to the Dlar Ptp69D Ptp99A triple mutant
suppresses ISN defective guidance cues (Qi Sun, Schindelholz, Knirr, Schmid, & Zinn,
2001). Additionally, Dlar mutants display aberrant SNb and SNd branches, but
concomitant loss of PTP99A will suppress the Dlar phenotype in the SNb branch *°.
Ptp69D single mutants also disrupt SNb guidance cues but display a phenotype distinct
from the Dlar SNb phenotype. In this instance, concomitant loss of PTP99A enhances
the Ptp69D SNb phenotype instead of suppressing it *°. In the SNa branch, Ptp69D

Ptp99a or Ptp69D Ptp10D double mutants display aberrant axon guidance !

.ptpl0
Ptp69D double mutants also reveal RPTP function in the CNS with aberrant axon
crossing at the midline, the additional loss of Dl/ar and/or Ptp99A4 (triple or quadruple)
mutants exacerbates the phenotype 2.

The remaining neural phosphatase, PTP52F, is unique in that it displays defects
to both the motor axons and the CNS with a single null mutation ¥’. Similar to Dlar

single mutants, P#p52F mutants display truncations to the ISN branch that are

exacerbated by the removal of either PTP69D or PTP10D. However, there is not a



synergistic effect in Dlar Ptp52F double mutants. In the SNb branch, Pp52F in
combination with either Ptp10D or Ptp69D double mutants result in a stall phenotype
distinct from the Dlar SNb phenotype. Again, Dlar Ptp52F double mutants do not
display synergistic effects in the SNb. In the SNa branch, PTP52F alone or in
combination with Dlar, PTP69D or PTP10D (but not PTP99A) increases the SNa stall
phenotype. Finally, in the CNS, loss of PTP52F results in a novel phenotype in the
longitudinal tracts that can be suppressed by the concomitant loss of Dlar *7.

The mechanisms underlying axon extension are still poorly understood but are
known to involve rearrangements of the actin cytoskeleton resulting in growth at the

53, Several lines of evidence implicate Lar-RPTP family members

leading edge
participate in actin regulation through a number of proteins. Examples include the
intracellular Abelson tyrosine kinase (Abl), abl loss-of-function suppresses the Dlar
SNb and SNd phenotype while gain-of-function mimics Dlar mutants >*. The Abl
substrate Enabled (Ena), a member of the Ena/vasodilator-stimulated phosphoprotein
(VASP) family, is a regulator of actin dynamics. Ena mutants mimic D/ar mutants.
Both Abl and Ena are Dlar substrates, and Dlar is a substrate for Abl 3. Additionally,
the actin binding protein Profilin (chickadee) binds directly to Ena and genetically
interacts with Abl in Drosophila neural development >,

An additional link between Lar-RPTPs and cytoskeletal dynamics and actin

assembly is through the Rho family of GTPases. Drosophila Trio is a guanine

nucleotide exchange factor (GEF) with two Dbl homology domains that activate both



Rho and Rac GTPases. Loss of Trio or Rac exacerbates the Dlar SNb bypass phenotype
37, Trio genetically interacts with Abl/Ena in the CNS where heterozygous trio and abl
mutants display synergism in the developing longitudinal tracts and commissures,
while heterozygous ena mutants can partially rescue trio mutants 3. Trio, Ena and Dlar
genetically interact in the developing visual system where photoreceptor neurons (R7-
R8) form synapses with specific regions of the optic lobe in the brain . Utilizing a
Dlar mutant background, single copies of either ena or frio mutants were assessed for
dosage sensitive interactions, both exacerbate the Dlar phenotype *°.

Experimentation in the Drosophila visual system has highlighted the
complexity of Dlar signaling pathways. Additional subsets of photoreceptor neurons
(R1-R6) are targeted to the optic lobe through distinct Dlar binding proteins, N-
cadherin and Dliprin-a %*!, N-cadherin is a homophilic CAM that interacts with the
cytoskeleton through the actin binding protein, B-catenin. The domain requirements for
Dlar in R1-R6 targeting include both the Ig and FNIII domains; however, N-cadherin
and Dlar interact via their intracellular regions. Liprin-a is a scaffolding protein that
co-localizes with Lar at focal adhesions and binds to the Lar D2 domain 2. Dlar and
Dliprin-o. also modulate synapse formation at the neuromuscular junction (NMJ)
whereby NMJ size is sensitive to the gene dose of Dlar and Dliprin-a functions

downstream of Dlar .



Studying RPTP function in the Drosophila musculature

Despite high expression of the mammalian Lar-RPTPs in neuronal tissues, the
overlapping expression patterns obfuscate their function in motor axon guidance.
While RPTPo and § single mutant mice are viable, RPTPc/d double mutant mice die
at birth from respiratory failure. This is attributed to defective late stage extension of
motor neurons, which causes abnormally thin skeletal muscle in the diaphragm and
limbs ®. The authors note that Lar-RPTP expression is not limited to nervous tissues.
Northern blot analysis reveals that mRNA of human Lar/c/6 is differentially expressed
in heart, kidney, brain, muscle, and other tissues **. A similar study in rodent utilizing
RNA in situ hybridization localized RPTPc and RPTPS mRNA to tissues of neuronal

and mesodermal origin, including the striated musculature .

However,
characterization in non-neuronal tissue in both vertebrates and invertebrates is sparse
due to early lethality caused by defective neural development *°.

To determine if RPTPs function in skeletal muscle tissue, we utilized the
UAS/GALA4 system to examine tissue specific knockdown by RNAi in Drosophila
muscle *. In muscle tissue, the main components of the contractile machinery and the
accessory proteins that stabilize and relay signals are conserved between flies and
humans. Specifically, our studies focus on a specialized site in striated muscle called
the costamere. The costamere is composed of transmembrane complexes that

physically stabilize the internal architecture, as well as transmit signals between the

internal and external environments. The vertebrate costamere contains two adhesive



protein complexes, the dystrophin-associated protein complex (DPC) and the integrin-
mediated adhesion complex ®’. Patients with muscular dystrophies, such as Duchenne
Muscular Dystrophy, present mutations in DPC proteins and an upregulation of
integrins, while patients with cardiomyopathies display both aberrant expression and
localization of integrin subunits %°. The specific function of each of these adhesive
complexes remains unclear. Our research has found a role for Dlar in integrin
organization at the larval costamere.
Integrin adhesion complexes in muscle

Integrins are a major class of cell adhesion molecules responsible for cell-cell
and cell-matrix interactions in metazoans. Transmembrane integrin receptors are
heterodimers comprised of a and 3 subunits. Each integrin subunit has a large ECD, a
single transmembrane helix and a short cytoplasmic tail. The human genome includes
18 o and 8 B subunits and 24 distinct heterodimers have been identified as of yet 7!,
Eight of the 24 known vertebrate integrin dimers recognize RGD-containing ligands 2.
In Drosophila there is evidence for just four heterodimers: aPS1, aPS2, or aPS3 with
BPS and aPS3pv 7. The aPS2BPS dimer interacts with two RGD-containing proteins,
lamininW and Tiggrin (Tig) ’*7°, in addition to the KGD-containing Thrombospondin
(TSP) 7.

The composition of the heterodimer is determined by temporal and spatial
specificity, allowing for distinct extracellular (fibronectin, collagen and laminin) and

intracellular (kinases and adapter proteins) integrin-binding partners. Integrin adhesion
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is usually indirect because binding occurs through the ECM. The ECM is composed of
proteoglycans, including: perlecan and agrin, and fibrous proteins, such as: laminin,
collagen and fibronectin ”’. Links to the actin cytoskeleton are through proteins that
bind to integrin tails, including: talin, vinculin and paxillin 7%,

Besides providing a structural link between the ECM and the actin cytoskeleton,
integrin receptors function as a hub for inside-out and outside-in signaling. Integrin
receptor activity is determined by the ability to engage in adhesive interactions based
on receptor conformation. An active conformation is extended and the inactive
conformation is bent (Fig. 3) 780, These conformational shifts can be induced by
intracellular binding partners or by the chemical environment of the ECM to promote
or terminate processes such as cell survival or growth 8182, In striated muscle, integrin
receptors are found at the myotendinous junction (MTJ), the intercalated disc (ICD),
the neuromuscular junction (NMJ), and the costamere. These integrin receptors in the
fly musculature are composed of aPS1BPS and oPS2BPS heterodimers %, Ablation
of the common BPS subunit or the aPS2 subunit causes embryonic lethality, muscle
detachment from tendon cells and disruption of the costamere *°. Ablation of the aPS1
subunit causes larval lethality, but does not present defects in muscle attachment or
costamere function . Due to this early lethality associated with the aPS2BPS complex,

studying their long-term functions in muscle homeostasis is challenging.
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Organization and structure of dissertation

We sought to determine the role of Dlar in muscle maintenance during the
Drosophila late larval L3 stage by genetic and biochemical methods. The first results
section, Chapter 3: Genetic Investigation of Dlar Function in Muscle Tissue,
characterizes Dlar localization and loss of function by histochemical examination of
larval muscle tissue. We utilized rescue assays to attempt to determine the domains
required for function in the muscle. Next, Structural Analysis of RPTP Type lla FN
Domains 4-6 examines the sequence conservation of specific FNIII domains and
utilizes x-ray crystallography to undertake a structure/function relationship of Dlar loss
of function on integrin localization in larval muscle. Last, Detecting Physical
Interactions of Lar-RPTPs examines the results of co-immunopreciption (co-IP) and

pull-down experiments from both larval and mammalian cell lysates.
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A LAR Family of RPTPs

extracellular | intracellular
@ Immunoglobulin
LAR ; ;
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Figure 1. Schematic representation of Receptor Protein Tyrosine Phosphatase
domain structure. (A) The Lar-RPTP domains with alternative splice sites of mini-
exons. (B) The human genome contains 22 RPTPs subdivided into eight groups. Key
to the right.
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LIGANDS OF THE TYPE IIA FAMILY

TABLE 1

Ligands Cis/ RPTP . f/_ Domains lj“un.ctlonal
Trans miniexon significance
HSPGs Cis LAR/c/d - Igl-2 Axonal growth
CSPGs Trans  LAR/o/d - Igl-2 Axonal growth
- meA/ :
TrkC Trans c _meB Ig1-3 Synapse formation
IL1IRAPL1 Trans ) + meA Ig1-3 Synapse formation
3> + meA/ .
IL1IRACP Trans LAR/G + meB Igl-3 Synapse formation
Slitrk1-5 Trans LAR/c/6 + meB Ig1-3 Synapse formation
SALMS Trans  LAR/o/d - meB Igl-3 Synapse formation
SALM3 Trans  LAR/o/d + meB Igl-3 Synapse formation
NGL-1/ Trans/ .
Netrin-G1 Cis LAR - ECD Synapse formation
Laminin- Trans LAR - meC FN5 Cytoskeletal
nidogen reorganization
LARFNSC Trans LAR + meC FNS5 Neurite outgrowth
o - o - ECD Synapse formation
NGL-3 Trans  LAR/o/d - FN1-2 Synapse formation
Syndecan .
(HSPG) Cis Dlar Igl-2 NMJ
Dallylike
(HSPG) Trans Dlar Igl-2 NMJ

The known ligands of mammalian and Drosophila Lar-RPTP family orthologs. The
binding affinity between RPTPS and IL1RAcP is much stronger than the Lar/c and
IL1RACP affinity (6 > Lar/c). Lar-RPTP domains involved in binding including the
presence or absence of mini-exons. Functional significance of Lar-RPTP binding.
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Figure 2. Schematic representation of Drosophila Receptor Tyrosine Phosphatase
domain structure. There are eight RPTPs in the Drosophila genome. Type designated
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CHAPTER 2
MATERIALS AND METHODS
Fly husbandry

The following stocks were obtained from the Bloomington Drosophila Stock
Center (BDSC): wild-type (WT) strain refers to w!!’® (BL-3605) or y,’ w!/’® (BL-6598)
(also GAL4 driver line alone or crossed to WT); Dlarl3.2/CyO (BL-8774); wg®
1/CyO, twi-2xEGFP (BL-6662); 24B-Gal4 (BL-1796), mef2-Gal4 (BL-27390);
elav*!’’>-Gal4 (BL-8760); da-Gal4 (BL-55850); UAS-Lar.K (BL-9149); UAS-Dlar
RNA#* (BL-34965); UAS-Dlar RNAi*"° (BL-40938); UAS-Dlar RNAi**° (BL-43979);
UAS-trio RNAi?”7 (BL-27732); UAS-trio RNAi*® (BL-43549); UAS-Ptp10D RNAi
(BL-39001); UAS-Ptp69D RNAi; UAS-Ptp994 RNAi; UAS-mys RNAi (BL-27735);
UAS-if RNAi (BL-27544). The following stocks were obtained from the Vienna
Drosophila Resource Center (VDRC); UAS-Dlar RNAi'” (107966kk), UAS-Glt
RNAi"* (v15428GD), UAS-GIt RNAi"" (v101918KK). Dlar5.5/CyO was a generous
gift from Kai Zinn. Stocks and fly crosses were raised at 25°C on standard cornmeal
medium unless otherwise indicated. Dlar13.2 and Dlar5.5 alleles were balanced over
GFP-marked balancer chromosome and mutant larvae were selected by the absence of
GFP using a Nikon M 165 fluorescent stereomicroscope or a Fluorescence Adapter and
Filter Kit (Nightsea, Lexington, MA).

Cloning for Dlar transgenic fly lines utilized a pUC57 + Dlar full-length

construct. A G-block containing the PTPD1 C—A active site mutation flanked by
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restriction sites was digested and cloned into the pUCS57 + Dlar cut vector.
Additionally, the FN5S KGD—AAD mutation was cloned in the same manner. The
Dlar constructs were then moved into the pUASTattB vector and their sequences
verified before sending to Rainbow Transgenic Flies, Inc. (Camarillo, CA) for micro-
injection. The remaining stocks for generation of rescue fly lines were obtained from
BDSC: yw, UAS-Dlar(4Fn4-6) (BL8588); yw, UAS-Dlar(APTPDZ2) (BL8590); and
UAS-trio(lll) (BL9513). Dlar13.2 and Dlar5.5 were maintained over CyO-tm6-tb
balancer. The 24B-Gal4 and UAS-Dlar constructs were placed over a CyO-GFP
balancer.
qPCR analysis

To verify knockdown of UAS-RNAI lines, we utilized quantitative real-time
PCR (qPCR). Crosses were set with the ubiquitous da-Gal4 driver and reared at 29°C
to maximize expression of RNAi. Between 1 and 5 larvae were homogenized for each
biological replicate and total RNA was extracted and purified using the RNeasy Mini
Kit (Qiagen). 150 ng — 600 ng of RNA was used to make single stranded cDNA using
the SuperScript III First-Strand Synthesis System Kit (Invitrogen). The cDNA solution
was diluted 1:10, 1:25 or 1:50 and mixed with iQ SYBR Green Supermix (Bio-Rad).
Primers for the qPCR reactions were synthesized by Integrated DNA Technologies
(IDT, Coralville, IA) (Table 1). qPCR assays were carried out on the CFX96 Touch

Real-Time PCR Detection System with CFX Manager Software (Bio-Rad). Three
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technical replicates for each biological sample were averaged to generate Ct values.

The differential normalized fold change was performed using the AACt method.
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TABLE 2

PRIMERS USED FOR QPCR

Gene Forward primer Reverse primer

rp49 5’-GCCCAAGGGTATCGACAACA-3’ 5’-GCGCTTGTTCGATCCGTAAC-3’
Dlar 5’-CCCAGATGGTCGACAATAGCG-3>  5’-CCGGCTCCCATCGATGTGTA-3’
Glt 5’-AGCCTCACTAGCCACCAAC-3 5’-CTTCCAGAGGCGGTGCTC-3’

trio 5’-TGAAACCCATCCAAGAGCCG-¥ 5’-GATTGCCGTCCATTTTGCCG-3’

Immunohistochemistry and imaging

L3 larvae were collected from the side of a food vial, filleted and fixed, as
previously described 7. The following primary antibodies were obtained from
Developmental Studies Hybridoma Bank (DSHB); anti-Dlar (1:10), anti-PTP10D
(1:5), anti-PTP99A (1:5), anti-PTP69D (1:5), anti-aPS2 (1:50), anti-BPS (1:50), anti-
Trio (1:10), anti-talin (1:5), anti-enabled (1:50), and anti-spectrin (1:5). Anti-vinculin
(1:200) was purchased from Santa Cruz Biotechnology.

Custom Dlar antibodies were raised in rabbits against extracellular Dlar domain
fragments; Ig12 and FNS5. The purified proteins were sent to Pocono Rabbit Farm and
Laboratory, following their 70-day protocol. We purified the exsanguination on an
affinity chromatography column created by covalent attachment of antigen to Pierce™
NHS-activated agarose. Custom integrin antibodies were generated by GenScript
(Piscataway, NJ). Briefly, peptides were used as antigens in rabbits, followed by

affinity chromatography purification. The following peptides were used as antigens:
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anti-aPS2 intracellular peptide CRNRPTDHSQERQPL, anti-BPS-1 intracellular
peptide =~ CKERMNAKWDTGENP, and anti-BPS-2  extracellular  peptide
QSMRLALRVNEKHNC. Glutactin (Glt) antibodies were raised in rabbits against
peptides and affinity purified by GenScript. The following peptides were used as
antigens: anti-Glt-1 n-terminal peptide SVGLRPDYNDYSDEC, anti-Glt-2 n-terminal
peptide 2  PELDRLRLSESRGEC, and anti-Glt-3  c-terminal  peptide
CQQHPEQSLPEEQPT.

For fluorescence microscopy, phalloidin, DAPI, and Alexa Fluor® secondary
antibodies were used [1:400 (Thermo Fisher Scientific)], as previously described .
Additionally, tyramide staining was utilized for Dlar and Trio signal enhancement
(Vector Labs, Burlingame, CA). Confocal images were collected on an Olympus
Fluoview 300 (UMKC) or a Zeiss 700 (KSU) and processed in ImageJ.

Phenotypic quantitation and analysis

For quantitation of sarcomeric actin defects, crosses were reared as above at
25°C. L3 larval fillets were fixed and stained with phalloidin. Larvae were scored as
percent defective based on a total of 80 muscles per larvae omitting hemisegments near
the anterior and posterior, as well as dorsal muscles to circumvent quantitation of
artifacts from dissection. Percent defective for each cross was analyzed for 20 larvae
in GraphPad Prism 6.0 by comparing the mean of each group to wild-type using the

Man-Whitney t-test. For rescue, we utilized the GAL4/UAS system to drive Dlar or
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Trio expression in muscle in a Dlarl3.2/Dlar5.5 mutant background. Rescue crosses
were carried out at 25°C and non-GFP L3 larvae were collected for dissection.

Larval locomotion was analyzed as previously described %. Briefly, L3 larvae
were reared as above, collected from the side of a food vial and placed on apple juice
agar medium containing bromophenol blue for contrast enhancement. After 30 s
acclimatization, larval movement was recorded with a Kodak EasyShare C195 camera
(14 megapixels; 640 x 480 video capture resolution) for 30 — 360 s. Videos were
analyzed in an ImageJ Plugin wrMTrck (ImagelJ: http://imagej.nih.gov/ij/ and

wrMTrck: http://www.phage.dk/plugins/wrmtrck.html). Parameters to subtract

background and filter light are as follows: rolling ball radius of 0.7, boxes
corresponding to ‘light background’ and ‘sliding paraboloid’ were checked; Kalman
Stack, acquisition noise variance estimate = 0.05, bias to be placed on the prediction =
0.97. The measured pixels/s was converted to mm/s. 20 larvae per cross were analyzed
using a one-way ANOVA in GraphPad Prism 6.0.

Immunoprecipitation and pull-down

HI8 or 1 w!118 fly lines. Larvae were

L3 larvae were harvested from either w
homogenized with a glass homogenizer in 50 mM Tris pH 7.5, 150 mM NacCl, 0.1%
Triton X-100, 1 mM PMSF, 20 uM leupeptin, 10 uM pepstatin A and +/- of the
following; 1| mM EDTA, 1 mM EGTA, 1 mM CaCl; and 1 mM MgCl,. Lysates were

centrifuged at high speed for 5 minutes. Supernatant was pre-cleared with either of the

following; Rat IgG and protein A-agarose (Sigma-Aldrich) or Rat IgG attached to
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NHS-activated agarose. Coupling efficiency was assessed by SDS-PAGE and
coomassie stain. After pre-clear, immunoprecipitations were carried out with
monoclonal antibodies against aPS2, BPS and Dlar (DSHB). The antibodies were
incubated in supernatant and subsequently precipitated with protein A-agarose. Protein
was eluted with 4x SDS + B-mercaptoethanol gel running dye and run on a 7.5% SDS-
PAGE gel. Bands of interest were excised, reduced and alkylated, then subjected to in-
gel trypsin digestion by standard methods. Extracted peptides were analyzed by
capillary LC-tandem mass spectroscopy (LCMS) by Dr. Andrew Keightley (UMKC).
The mass spectrometer (Thermo Finnigan Linear lon trap LTQ) was operated in data
dependent mode, with 8 dependent scans per survey scan. Protein identifications were
made using Mascot protein identification software (Matrix Science) searching against
Swiss-Prot release 57.15 database (3-02-2010, 515,203 sequences) or a custom
Drosophila-only database downloaded from NCBI. Mass tolerances for database
searches were 1.6 Da for peptide mass (precursor m/z), and 0.9 Da for peaks in the
MS/MS scans. Protein identifications were considered acceptable when peptide
matches exceeded the threshold for 95% confidence *°. Additionally, purified rabbit
anti-Dlar Igl2 antibodies were utilized as above, except the gel was shipped to the
Recombinant DNA/Protein Resource Facility, Oklahoma State University (OSU, Dr.
Steve Hartson), for identification using LC-MS/MS and run on either an Oribtrap
Fusion Tribrid or an LTQ Oribtrap XL Hybrid Fourier Transform Mass Spectrometer

(Thermo Scientific). Alternatively, rabbit antibody was covalently attached to NHS-
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activated agarose for IP and subsequent MS analysis of the resin (OSU). Pull-down
experiments were performed with Dlar Igl2 and Dlar FN5 over-expressed in
Escherichia coli, purified and covalently attached to NHS-activated agarose. DlarEcto
and Glt were expressed as Fc fusion proteins in HEK293 cells, purified and either
precipitated with protein A-agarose or attached to NHS-activated agarose. Either
purified proteins or NHS-attached proteins were incubated in pre-cleared larval lysates.
Polyacrylamide gel or NHS agarose were analyzed by MS at OSU. For LC-MS/MS on
the LTQ Oribtrap XL, peptide and protein identification was carried out in Scaffold
version 4 (Proteome Software), Benjamini-Hochberg p < 0.05.
Protein expression and purification

Dlar FN5 (residues 706-812) was amplified by PCR from a Drosophila cDNA
library and cloned into a pT7HMP vector. Protein expression in Escherichia coli
BL21(DE3) cells resulted in a hexahistidine fusion protein with a human rhinovirus 3C
protease cleavage site. Following homogenization and lysis of cells, protein was
purified by batch binding on nickel sepharose resin. After proteolytic cleavage of the
hexahistidine tag, protein was purified by immobilized-metal affinity and ion exchange
chromatography. Dlar FN4-6 (residues 611-907) was purified as above, except the
construct was obtained from IDT as a gBlock™. Dlar Igl2 (residues 32-237) was
expressed and purified as previously described *!. Briefly, the obtained clone comprises
a modified pET32 vector (Novagen), called pET32HP, expressing a thioredoxin tag, a

hexahistidine tag and a human rhinovirus 3C protease cleavage site (Bouyain et al.
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2010). Expression in Escherichia coli Origami2(DE3) cells (Novagen) allows for
proper formation of disulfide bonds. Purification of the cleaved protein was achieved
by immobilized-metal affinity, ion exchange and size-exclusion chromatography. The
remaining constructs were cloned into pET32HP and purified as above; Dlar FN4-5
(residues 608-812) was cloned by PCR and Mlar FN5 (residues 710-810) was
purchased from GeneScript.

Transient expression of proteins in HEK293 cells from a pHLSEC2Fc vector
results in a fusion protein of Human IgG Fc. Conditioned media is dialyzed against 20
mM Tris pH 7.5, 150 mM NaCl and affinity purified on protein A-agarose .
Alternatively, Fc fusion proteins can be dialyzed against 10mM Hepes pH 7.5, 150 mM
NaCl for subsequent AlphaScreen™ (Perkin Elmer) or against Hank’s Balanced Salt
Solution (HBSS) for cell binding assay. For AlphaScreen™, additional proteins were
transiently expressed in HEK293 cells from a pFcYTS vector comprising fusions of
chicken IgY Fc, which does not bind to protein A, followed by a Twin-Strep-tag®
(tandem Strep-tags joined by a linker sequence
(WSHPQFEKGGGSGGGSGGSAWSHPQFEK)) °2. Conditioned media is dialyzed
against 10mM Hepes pH 7.5, 150 mM NaCl. The following proteins were transiently
expressed in HEK293 cells; DlarEcto, Dlar Igl2, Dlar FN46, Dlar FN5, Glt (full-
length), Gltnl, Gltn2, Gltc3, Dally and Cd98Hc. Western blotting with rabbit anti-
human IgG Fc or Strep-Tactin®-AP (Iba Lifesciences Goettingen, Germany)

confirmed expression of fusion proteins.
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X-ray crystallography

Crystals were grown by hanging drop diffusion at 20°C. Conditions of
crystallization and cryoprotection are listed in Table 2. X-ray diffraction data was
collected at the Advanced Photon source of Argonne National Laboratory from the
Southeast Regional Collaborative Access Team (SER-CAT) beamlines 22-BM and 22-
ID. Data processing was done with HKL2000 software **. Structure solutions were
obtained using the PHENIX suite software **, models were manually built in COOT
software and refined by PHENIX *°. For graphical representations of structures PyMol

software (www.pymol.org) was utilized. The model for Dlar FN5 was obtained by

single-wavelength anomalous diffraction (SAD) from Zn*" ions bound to the KGD
motif. PHENIX AutoSol and AutoBuild routines gave a BAYES correlation coefficient
of 40 £ 11 and figure of merit of 0.517. The initial model was used for molecular
replacement-SAD, new BAYES correlation coefficient of 75 + 3.35 and figure of merit
of 0.733. Both HPTPRD(FN4-6) and Mlar(FN5) were solved by molecular

replacement in PHASER PHENIX utilizing the Dlar FNS5 as the initial model.
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TABLE 3

CRYSTALLIZATION AND CRYOPROTECTION CONDITIONS

Protein Conc. (mM) Crystallization conditions Cryoprotection conditions
100 mM HEPES pH 7.0, 100 mM HEPES pH 7.0,
) 200 mM Ammonium acetate,
200 mM Ammonium acetate, .
Dlar FN5 1 3mM Zine acetate SmM Zinc acetate,
25% (w/v) PEG 3350 25% (w/v) PEG 3350,
’ 10% (w/v) PEG 400
. 200 mM Magnesium formate,
Human PTPRD FN4-6 1 200 mM Magnesium formate, 20% (w/v) PEG 3350,
20% (w/v) PEG 3350, o
15% (v/v) glycerol

Mouse Lar FN5

100mM Na-cacodylate pH 6.5,
1.4 M Na-citrate tribasic dehydrate

100mM Na-cacodylate pH 6.5,
1.4 M Na-citrate tribasic dihydrate,
30% (w/v) sorbitol




Binding assays

The PerkinElmer AlphaScreen (Amplified Luminescent Proximity
Homogeneous Assay) technology is used to detect interactions between fusion-tagged
proteins. We utilized StrepTactin-coated donor beads, an engineered streptavidin and
protein A-coated acceptor beads to detect binding between Fc-fusion and FcYTS-
fusion proteins. Upon excitation at 680 nm, the donor bead containing phthalocyanine
converts ambient oxygen to a reactive form of O2, singlet oxygen. An acceptor bead
within 200 nm of singlet oxygen transfers energy to thioxene derivatives, resulting in
a luminescent signal at 520-620 nm. In a 96-well conical bottom plate (Thermo Fisher
Scientific) fusion proteins are incubated together for one hour, followed by a one-hour
incubation with acceptor beads. After addition of donor beads, the reaction is
transferred to an opaque 96-well microplate (PerkinElmer Life Sciences) and allowed
to equilibrate for an additional 1 hour. Signal detection takes place in an EnSpire
multimode plate reader (PerkinElmer Life Sciences). Control reactions contained Fc-
only and Rb anti-Dlar Ig12 (or FN5) antibodies.

For cell binding assays with Human IgG Fc fusion proteins, HEK293 cells were
trypsinized from a confluent T-25 plate and resuspended in 10 mL of media, then
diluted 1:10 with media. Acid washed, autoclaved 18-mm coverslips were placed into
each well of a 12-well plate and covered with 1 ml of media plus 0.5 mL of the diluted
cell solution. Cells were transfected with 0.5 — 1 pg of pHLSEC2 vector containing

DlarEcto with an Emerald-tagged transmembrane sequence. Cells are ready for binding
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assay in two days. To 1 mL of dialyzed Fc fusion protein in HBSS add 10 pL of normal
goat serum and 0.5 pl of goat anti-human Fc — AlexaFluor 568 and incubate on ice for
30 m in the dark. Media was aspirated from wells, washed with HBSS, followed by
addition of the Fc fusion protein conjugated to AlexaFluor to each well and incubated
for 30 m in the dark. After incubation, conjugate was removed then coverslips were
washed with HBSS and fixed in 4% (v/v) paraformaldehyde and DAPI for 15 — 30 m.
After PBS wash, coverslip is removed from the well with forceps, washed with water,
blotted dry on a kimwipe and mounted onto a glass coverslip with 1 drop of Aqua

Poly/Mount solution (Polysciences, Inc. Warrington, PA).
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CHAPTER 3
GENETIC INVESTIGATION OF DLAR FUNCTION IN MUSCLE TISSUE
Overview

Focal adhesions (FAs) are comprised of integrin dimers that link the ECM to
the actin cytoskeleton. Skeletal muscle fibers form two distinct FA complexes, one at
the myotendinous junction (MTJ) and the other at the costamere. Drosophila myofibers
are attached through the ECM at both ends to tendon cells which contact the epidermis.
The contractile unit of a muscle fiber is the sarcomere, which spans from Z-disc to Z-
disc. The sarcomere is made up of thin filaments, filamentous actin (F-actin), and is
interdigitated by thick filaments, myosin. The contractile force of actin and myosin are
transmitted laterally by the costamere at Z-discs to the MTJ which translates to
movement via tendon cell attachment to the exoskeleton, comparable to muscle-
tendon-bone force transmission in vertebrates. I present data that show heterodimers of
the larval muscle costamere are perturbed by Dlar depletion.

Dlar functions in larval muscle integrity

To determine if Drosophila RPTPs function in muscle tissue, the GAL4/UAS
system was utilized for muscle-specific knockdown of RPTPs by RNA interference
(RNAI) (Brand 1993). In neural development, D/ar and Ptp69D are classed as lethals
and Ptpl0D and Ptp99A are viables, displaying no phenotype upon deletion .
Therefore, crosses to the ubiquitous da-GAL4 driver act as a control to confirm that
only the UAS-DIar’**® RNAi and UAS-Ptp69D RNAi crosses are lethal (Fig. 4,D). Next,

crosses to the muscle-specific drivers, 24B-GAL4 and mef2-GAL4, resulted in pupal
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lethality in UAS-Dlar’**’ RNAi (Fig. 4,D). The remaining RNAI lines crossed to 24B-
GAL4 and mef2-GAL4 were viable as determined by the presence of adults eclosing
indicating that lethality was specific to Dlar ablation and not to RPTP ablation in
general (Fig. 4,D).

Pupal lethality resulted in no adults for analysis; therefore, examination of
muscle tissue was carried out on late larval third instar (L3) stage. The larval muscle
pattern is established during embryogenesis. The abdominal segments (A2-A7) have a
stereotyped pattern of 30 muscles per hemisegment (Fig. 5A, superficial muscles only)
%, 24B-Gal4 > UAS-Dlar’*® RNAi larvae are smaller in size but display normal muscle
patterning and intact muscle-muscle attachments compared to W7 (size difference of
Dlar-depleted flies will be discussed further below) (Fig. 5A,B). Closer examination
reveals sarcomeric patterning defects and overall decreased muscle integrity marked
by split, broken or tearing myofibers, and enlarged spaces between adjacent myofibers
(Fig. 5D). In addition, wildtype muscles have regularly spaced nuclei whereas
knockdown displays irregular nuclear spacing, an additional indicator of muscle
disease (Fig. 5D) *7.

Immunofluorescene with anti-Dlar FN5 antibodies show Dlar localization in
larval body wall muscles, specifically in the sarcolemma, near the costamere (Fig. 6).
The presence of the costamere complex in the Drosophila larval musculature was
recently confirmed %72, Mammalian Lar associates with FAs in the breast cancer cell

line, MCF7 %. Additionally, on the basal surface of the Drosophila follicular
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epithelium, Dlar is localized to the junction of three cells, which is the basal membrane
iteration of FAs %%,
Ablation of Dlar results in costameric integrin mislocalization

The integrin dimers of the Drosophila larval costamere are comprised of BPS
encoded by myospheroid (mys) and aPS2 encoded by inflated (if). In follicular
epithelia, Dlar and mys mutant clones display loss of F-actin polarity and BPS
mislocalization resulting in a round egg phenotype. Further, decreasing the mys gene
dosage by half in a Dlar null background increases the penetrance of the phenotype
9899 To determine if this interaction is conserved in the larval muscle costamere, we
utilized immunofluorescence to visualize BPS integrin localization in Dlar-depleted
muscle (Fig. 7). In WT larval muscle, BPS is found at MTJs (Fig. 7A) and
circumferentially where the membrane aligns with Z-discs (Fig. 7C). Dlar knockdown
larvae display normal BPS distribution at the MTJ (Fig.7B), consistent with the absence
of Dlar protein there (Fig. 6A). However, the costameric association of BPS is lost and
instead is broadly distributed across the sarcolemma (Fig. 7D). To control for off-target
effects of Dlar RN A1, we examined the larval muscle of two additional UAS-Dlar RNAi
lines (BL40938 and BL43979) crossed to the 24B-GAL4 and mef2-GAL4 driver. F-
actin staining of muscle in all D/ar-depleted larvae show hypercontraction indicated by
a shortening of sarcomeres (Fig. 8B,C) and mislocalization of BPS at the costamere
(Fig. 8A’-C’,A”-C”). Additionally, oPS2 immunofluorescence phencopies BPS
localization in all UAS-Dlar RNAi lines crossed to muscle drivers (not shown).

Moreover, the actin and integrin defects are caused by Dlar depletion specifically as

33



24B-GAL4 < UAS-Ptp69D RNAi larvae exhibit normal integrin distribution at both
MASs and costamere (Fig. 8A,B).

Examination of integrin depletion in larval muscle requires utilization of the
temperature sensitive muscle driver, mef2-GAL4/GALS0, because integrin knockdown
is lethal before larval hatching '°°. Careful rearing at 18°C until 1% instar larvae hatch
followed by incubation at 29°C for staging allows mys- and if-depleted larvae to reach
L3 stage. Severe muscle detachment in the mys-depleted muscle show either complete
loss of sarcomeric patterning or intense Z-disc staining (Fig. 9A). Examination of Dlar
localization by immunofluorescence in and mys-depleted muscle shows a similar
pattern: the protein is mislocalized in muscles with severe sarcomeric patterning defects
but remains associated with Z-disc in muscles that maintain normal sarcomeric
patterning. Previous characterization of integrin null mutants revealed that the muscle
detachment phenotype of if occurs later in development and is less severe than mys

mutants (discussed in Chapter 1) 'O,

Hence, the ablation of if results in a
hypercontraction phenotype that is more similar to the hypercontraction phenotype
observed after Dlar depletion (Fig. 9B). The localization of Dlar in if-depleted muscle
is partially disrupted, with some Z-disc association as well as accumulation on the
lateral surface (Fig. 9B). Taken together, severe disruption of the actin cytoskeleton
results in Dlar mislocalization; however, we cannot determine whether Dlar
localization is dependent on integrin localization from these experiments.

Integrin adhesion complexes (IACs) include cytosolic proteins that link integrin

to the actin cytoskeleton and participate in signaling. The proteins that make up the
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integrin adhesome and their downstream functions are specific to the cellular context
of the IAC. One protein found to be indispensable to the IAC in all cellular contexts
thus far is Talin (rhea), a large homodimer composed of an N-terminal “head” and C-
terminal “rod” '°>!1%3, The head region contains a four-point-one, ezrin, radixin, moesin
(FERM) domain that binds to an array of proteins incuding: BPS tails, the plasma
membrane and actin °*, The rod domain has additional actin binding sites and tension
reveals ancillary sites; namely for vinculin, another actin binding protein 95197,
Integrin activation is negatively regulated by tyrosine phosphorylation which decreases
Talin binding affinity and results in decreased integrin ligand binding (inside-out
signaling) '%''% In Drosophila, mys or if mutant embryos lose Talin localization at

t " rhea

muscle membranes indicating early Talin recruitment is integrin dependen
mutant embryos have strong muscle detachment, but integrin localization does not
require Talin. We next examined Talin localization in Dlar knockdown larvae and
found Talin retains a wildtype localization at the costamere and MTJ (Fig. 10). This
differs from previous work in Drosophila where mutations in genes that influence
costamere integrity, results in mislocalization of Talin in conjunction with PPS °2. This
is also interesting because if BPS was a substrate for Dlar, dephosphorylation should
result in increased Talin binding; whereas, it appears that Talin localization is
maintained despite BPS mislocalization. Talin has integrin independent functions, but

this may indicate that Dlar helps maintain integrin localization but does not disrupt

early recruitment of costamere proteins 2,
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Dlar-interacting proteins in muscle maintenance

To determine if known Dlar-interacting proteins functioned with Dlar in the
larval musculature, we utilized a reverse genetic approach. The widely expressed Dlar-
interacting protein called Trio is a Rho guanine nucleotide exchange factor (GEF)
protein consisting of spectrin-like repeats, tandem Dbl homology (DH) and Pleckstrin
homology (PH) sequences and a src homology 3 (SH3) domain °’. Mammalian Trio
has a C-terminal serine/threonine kinase and Ig-like domains that are absent in fly Trio
13 Trio was identified by a yeast interaction-trap assay and binds to Lar-PTPD2, the
non-catalytic PTPase domain '>!''%; however, Drosophila Trio is phosphorylated on
tyrosine residues and could be a Dlar substrate '4. In vivo, Trio and Lar co-localize at
FAs . In mice mutants, #rio knockout causes abnormal muscle and neural
development 5. Drosophila trio mutants display abnormal muscle patterning in the
embryo, in addition to axon guidance defects in the CNS, PNS, and visual system 16117,
In the Drosophila embryo, loss of Trio or Rac function (but not Rho) in a Dlar mutant
background exacerbates the Dlar phenotype in motor axon guidance ''°.

To determine Trio localization in the larval muscle, we dissected WT L3 larvae
for immunolocalization and find that Trio protein localizes to Z-discs (Fig. 12C).
Larval muscle tissue from UAS-trio®”” RNAi and UAS-trio*® RNAi crossed to mef2-
Gal4 drivers display hypercontracted muscle (Fig. 11B,C,E,F) and mislocalization of
integrin subunits at the costamere (Fig. 11B’,C’,E’,F’). To determine if the localization
of Dlar was dependent on Trio, examination of 24B-GAL2 > UAS-trio RNAi was

assessed with anti-Dlar FNS5 antibodies (Fig. 12A,B). Additionally, mef2-GAL4 > UAS-
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Dlar’** RNAi L3 larave were stained with Trio antibodies (Fig. 12C,D). Neither protein
is required for the localization of the other. Surprisingly, Talin is absent from Z-discs
in Trio knockdown (Fig. 13) and Trio is mislocalized in aPS2 knockdown. These
observations suggest that Trio may function in a Dlar-independent pathway.
Alternatively, Trio may have multiple inputs at the costamere which results in the
additional mislocalization of Talin.

Genetic analysis of Glt in larval muscle

Our initial proteomics experiments identified a basement membrane (BM)
protein called Glutatactin (Glt) in the Dlar and integrin immunoprecipitates (Chap. 5).
Glt is a tyrosine sulfated glycoprotein first identified in the Drosophila embryo as a
component of BMs surrounding both neural and muscle tissue. Glt is a member of a
family of cell surface glycoproteins that have an acetylcholine esterase domain that
lacks a functional catalytic site, which includes: neuroglians, gliotactin, neurotactin and
thyroglobulin !'8!!%, These proteins participate in cell adhesion through interactions
with the cholinesterase domain. Glt acts as a repulsive signal for a subset of motor
neurons '2°; but most recently, Glt was identified as a costamere associated protein by
the Vigoreaux Lab (unpublished data).

To examine localization of Glt in larval muscle tissue, we used custom
antibodies raised against peptides found in the N- and C-terminal regions of Glt (see
materials and methods). These reagents show Glt localizes to the BM surrounding
larval muscles (not shown). Glt is synthesized in the fat body and muscles for

incorporation into BMs %120 Importantly, muscle-specific depletion of UAS-GIt'**
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RNAi and UAS-GIt"”! RNAi phenocopies Dlar knockdown displaying hypercontraction,
costameric integrin mislocalization and aberrant nuclear positioning (Fig. 14A,B). Dlar
is mislocalized in Glt knockdown (Fig. 14C,D) but appears normal in Trio knockdown
despite loss of sarcomeric patterning (not shown). This may indicate that Dlar is
downstream of GIt and upstream of Trio. Alternatively, Trio may function
independently of Dlar and Glt. Finally, disruption of the BM may result in Dlar
mislocalization independent of a specific Dlar/Glt interaction.
aPS2BPS integrin mislocalization results in decreased muscle function

To determine the functional significance of hypercontraction and integrin
mislocalization we utilized a locomotion assay optimized by our lab to measure the
speed of larval crawling 3. Decreased locomotor activity in L3 stage was described for
dystrophic tn mutants displaying sarcomeric patterning defects and BPS mislocalization
87.121 Results of the locomotion assay are represented in Figure 16. First, we analyzed
Dlar13.2/Dlar5.5 and trio®/trio’ mutants. Larval crawling is a complex behavioral
outcome that is a coordinated response of the neuromuscular system to stimuli.
Therefore, decreases in larval crawling speeds can be attributed to muscle integrity or
injury, but also to cognitive impairment or improper innervation. D/ar and trio mutants
display defective neural development in embryogenesis. We find impairment of larval
crawling (Fig. 15A), with the largest decrease in #rio mutants consistent with previous
findings in the neural system and in our muscle phenotypic results indicating that Trio
likely receives multiple inputs. The three UAS-Dlar RNAi lines (BL34965, BL40938,

BL43979) crossed to the 24B-GAL4 driver show decreased crawling speeds compared
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to the driver line crossed to WT (Fig. 15B). Similar to our characterization of muscle
defects, all trio and Glt RNAi lines crossed to the 24B-GAL4 driver display decreased
larval crawling speeds (Fig. 15C,D). It is necessary to note that Trio depletions in both
the neural and muscular systems result in aberrant synaptogenesis, so it is impossible
to attribute the decreases in crawling speeds solely to muscular defects. Likewise,
muscular expression of Glt influences innervation of target muscles; however,
depletion of Glt protein was not assessed '2°.
Muscle-specific depletion of Dlar results in smaller pupae

The “thin” pupal phenotype characterized by Ball et. al., comprises an inability
of the larval muscles to shorten and this results in pupae which are long and thin !2!,
Examination of the larval musculature revealed aberrant striations that were later
shown to be progressive muscle wasting from breakdown of the costamere °2. In
contrast, the muscles and pupae of 248 > Dlar’*’RNAi flies appeared smaller overall
(Fig. 5C, 16A,B). To characterize the size phenotype and to rule out off-target effects
of the RNAi line, we took pupal case measurements (Fig. 16). Briefly,
Dlar13.2/Dlar5.5 pupae are smaller in both length and width resulting in a length/width
ratio similar to WT (Fig. 16C). The early muscle driver, mef2-Gal4, crossed to three
UAS-Dlar RNAi lines results in decreases to both length and width compared to WT or
mef2 > GItRNAi (Fig. 16D). 24B-Gal4 > GItRNAi results in the greatest decreases in
both length and width compared to WT (Fig. 16E). Importantly, the neural driver,
C155-Gal4 > UAS-Dlar**RNAi pupae that have no significant change in length or

width compared to WT. Thus, the changes in size are most likely attributed to the
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muscle-specific function of Dlar. Additionally, the pupal size of both mef2 >
Dlar**RNAi and 24B > Dlar’”RNAi are slightly smaller than Dlar mutant pupae
possibly due to lethality in earlier stages in mutant flies which would have both neural
and muscular defects. The size phenotype of Dlar knockdown pupae are not observed
in GIt or Trio (not shown) depleted flies; indicating, that in muscle, Dlar has an
additional function or functions independently.
Structure/function analysis of Dlar in muscle integrity

To determine if the muscular expression of Dlar could rescue hypercontracted
muscle we expressed UAS-Dlar lines using a 24B-Gal4 driver in a Dlar-/- background
(Dlar13.2/Dlar5.5). The hypercontraction phenotype was quantitated as described in
Chapter 2 and reported as percentage defective. Overall, a statistical increase in
percentage defective is observed for Dlari3.2/Dlar5.5, 24-Gal4 > UAS-Dlar RNAi, 24-
Gal4 > UAS-Trio RNAi and 24-Gal4 > UAS-GIt RNAi (Fig. 18). However, the
percentage defective only reaches ~25% as a maximum whether ablation was of Dlar,
Trio or Glt and is not significantly increased in all RNAI lines. This may represent a
threshold where a higher number of defects results in lethality at an earlier stage.
Conversely, the percentage defective may indicate a low penetrance of the actin
phenotype.

For rescue, UAS-Dlar WT as a control for muscle-specific expression with 24B-
Gal4 in a Dlar-/- mutant background. These results were compared to the following
UAS- lines to determine the domain requirements of Dlar in muscle tissue: UAS-Dlar

AFN4-6, UAS-DIarX¢P~444  UAS-Dlar®'%*%* and UAS-Dlar APTPD2. First, all UAS-
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Dlar constructs expressed with a muscle driver cannot rescue the lethality of the D/ar-
/- background. The UAS-Dlar AFN4-6 and UAS-DlarX“P~444 were constructed to test
the hypothesis that the FN4-6 domains have a ligand binding site specific for the
Dlar/integrin genetic interaction in muscle and in the follicular epithelia (further
discussed in Chapters 1 and 4) 122, Further, that this may represent a physical
interaction between Dlar and integrins with the conserved KGD tripeptide found in the
fifth FNIII domain of Dlar (further discussed in Chapter 4). The remaining two lines
will determine whether Dlar phosphatase activity is important in muscle function. We
compared Dlari3.2/Dlar5.5; 24B-Gal4 to the Dlari3.2/Dlar5.5; 24B-Gal4 > UAS-
lines. We found that the mutant line with 24B-Gal4 alone decreases from ~20% to
~10% making it similar to the driver crossed to WT; although, still statistically more
defective than WT alone (Fig. 18). This may indicate a variability in the actin defect in
the mutant line. Regardless, a modest rescue for the following UAS-Dlar constructs
was observed: UAS-Diar WT, UAS-DlarAFN4-FN6, and UAS-Dlar®6P—444 indicating
that muscle expression of Dlar can partially rescue hypercontration of the D/ar-null. It
also indicates that the FN4-FN6 domains and the KGD motif is not required for Dlar
function, as the KGD—AAA substitution rescued similar to WT while removing the
entire FN4-FN6 region only accounted for a slight decrease in the ability to rescue.
The phosphatase activity of Dlar is limited to the membrane proximal, DI
domain. We utilized an active site mutation in the D1 domain where the cysteine
residue of the CXsR site is mutated to an alanine to abolish catalytic activity. The UAS-

Dlar©!%%4 expression driven by 24B-Gal4 results in a decrease in percent defective but
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it is not statistically relevant, indicating that phosphatase activity may not be necessary
for Dlar function in muscle integrity (Fig. 19). This is correlative to previous studies

utilizing a neural driver to express a UAS-Dlar©'%%S

mutant for rescuing the lethality
of Dlar-/- mutant flies. However, the C155-Gal4 expression rescued nearly to UAS-
DlarWT levels '?2. Further, truncation of the PTP D2 domain, UAS-DiarAPTPD2,
resulted in earlier lethality with no 3" instar larvae for dissection. The D2 domain lacks
catalytic activity but has a regulatory function as removal of the D2 domain causes an

122 We surmise that an

in vivo increase of PTPase activity compared to Dlar wildtype
important cytosolic Dlar-binding partner is necessary for muscle function or that the
unregulated PTPase activity causes a recessive gain-of-function when expressed in the
muscle. To discern between the two possibilities, it would be necessary to test another
construct involving the PTPD2 truncation in addition to the C1638A point mutation in
the D1 domain. Reiteratively, experiments utilizing a UAS-DIlarPTPD2 truncation and
neural driver in the Dlar-/- background cannot rescue lethality '*2. Additionally, a gain-
of-function occurs when a neurally-expressed UAS-DIarD2C1929S in Dlar-/-
background increases the SNb bypass phenotype (discussed in Chapter 1) 122,
Conclusions

The most striking finding of the work presented here is that the receptor
phosphatase Dlar localizes to costameres of Drosophila larval muscles. This result is
in stark contrast to earlier published works from which Dlar appeared to be almost

exclusively found in neural tissues. Furthermore, knocking down the expression of Dlar

using a muscle-specific driver results in hypercontraction, mislocalization of
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costameric integrin subunits and decreased locomotor activity in the L3 stage. Thus,
these experiments suggest that Dlar plays a role in the maintenance of muscle tissues.
The signaling properties of Dlar on cytoskeletal rearrangements has been well
documented during neural development as well as during oocyte elongation %98 We
primarily focused on the mechanism of Dlar during oocyte elongation because of the
demonstrated genetic interaction between Dlar and integrins during this process.
Integrins interact with ligands that include the RGD — and to a lower extent KGD —
peptides and the FN5 domain of Dlar includes one such stretch of amino acids that is
conserved in vertebrate homologs of Dlar. Thus, we speculated that the FN5 domain of
Dlar serves as an integrin-binding site. The results of the rescue experiments and
structural analysis (Chapter 4) indicates that these proteins likely do not physically
interact. Other regions of the Dlar ECD have been implicated in axonogenesis and
synaptogenesis in the neuromuscular system (Igl12) and the developing visual system
(FN7-9), and there are now more than ten distinct ligands identified for the verterbrate
orthologs which interact with regions encompassing the entire ECD (discussed in
Chapter 1). Consequently, further deletions of the ECD should enable identification of
the region involved in muscle integrity. An important finding is the earlier lethality
imparted by the expression of the UAS-DIlarAPTPD?2 in Dlar-/- background, indicating
a necessary function on PTPase regulation or unknown cytosolic binding partner in the
L3 musculature.

One problem we encountered was the variability of the hypercontraction defect

which makes it difficult to assess the results of rescue experiments. Going forward it
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may be necessary to use a different phenotypic measure. For neural expression,
Krueger et. al. utilized lethality as a measure of rescue; however, our assays indicate
that muscular expression cannot rescue lethality of Dlar-/- *2. However, we could
compare the pupae of mutants to knockdowns using both 24B-Gal4 and C155-Gal4
drivers to determine which pupal stage they are not able to progress past. We could
follow lethality more carefully to determine if the pupal stage is the only lethal stage
and determine the timing of stage progression, as delayed puparium formation was
ascribed to muscular dystrophic larvae '2!. Further, we could determine the locomotor
function of the C155 > DlarRNAi larvae to see if a difference can be measured between
the muscular and neural contributions for locomotor function and utilize this for rescue
experiments. Additional locomotor experiments could measure length of stride to
ascribe locomotor defects more closely to muscle dysfunction.

Another important result of this analysis is seen in the pupal case measurements.
Mutations that cause either muscle wasting or hypercontraction typically results in an
elongated pupal cases due to failed muscle-dependent morphogenic movements 87123,
We do not see the characteristic increase in axial ratio (length/width) in any of the
mutant or RNAi pupae despite gross mislocalization of costameric integrin subunits.
Additionally, our sarcomeric patterning defects are less severe than the dystrophic tn
mutants and Dlar-depleted muscle do not display talin mislocalization. Further
examination of the costameric and Z-disc associated proteins should be carried out in
Dlar-, trio- and Glt-depleted muscles to determine which proteins are affected.

Additionally, pupal examination may lead to important information about the lethality
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of both Dlar-/- and Dlar RNAi. The Dlar-specific decrease in size is another interesting
finding and will be discussed further in the Final discussion (Chapter 6).

The other costameric complex is the DPC, disruption of this complex in
vertebrates results in muscular dystrophies. Dystroglycan is a transmembrane receptor
of the DPC. In flies, Dg-depleted muscle results in hypercontraction similar to Dlar-
depleted muscle; however, locomotor defects were not reported for Dg-depleted larvae
124 Dosage sensitive interactions of a single Dlar mutant alleles in combination with
DPC components, IAC componenets or trio/Glt transheterozygotes should allow

definitive answers about the genetic interactions of these proteins at the costamere.
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Figure 4. RPTPs are broadly distributed proteins. (A-C) Immunohistochemical
stainings of wildtype stage 13 embryos. Arrows indicate nerve cord and peripheral
neurons. (B) PTP69D and (C) Dlar are found in neural and other tissues compared to
the neural-specific receptor (A) Neuroglian (Nrg). (D) Schematic representation of
GAL4/UAS knockdown experiments by RNAi and results of crosses at 29°C. A cross
was considered viable by the presence of adults eclosing after pupation.
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24B-GAL4, 24B-GAL4,
UAS-Dlar RNAi UAS-Dlar RNAi

Figure 5. Dlar is required for sarcomeric patterning and muscle integrity in L3
stage. (A) Schematic representation of the interior view of the superficial muscles in
two larval hemi-segments. Top is dorsal, left is anterior. (B-D) Immunofluorescence of
F-actin in L3 muscle. (B) WT 10x image of two hemisegments. Dashed line to highlight
relative size of single hemisegment. (C) 24B-Gal4 > UAS-Dlar349 RNAi 10X image.
Overall muscle patterning is normal. (D) Composite image from six 20x images
depicting six hemisegments of 24B-GAL4 >UAS-Dlar*** RNAi muscle. Overall muscle
patterning is maintained. Sarcomeric patterning defects (dashed line), splits in
myofibrils (arrowhead), broken or tearing muscle (boxes), increase in distance between
adjacent dorsal myofibers (solid braces).
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Figure 6. Dlar is localized to the larval muscle membrane at Z-discs. (A-C) WT L3
larval body wall muscles. Dlar (affinity purified Rb anti-Dlar FNS5) imaged by
immunofluorescence in (A-A”’) 20x images of ventral lateral muscles and (B-B”) 60X
images indicating Dlar localization loosely associated with Z-discs (white arrowhead).

(C) 60x XZ image of perinuclear and membrane staining of Dlar at Z-discs (white
arrowhead).
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Figure 7. Dlar is required for the localization BPS integrin at costameres. (A-B)
20x images of vental lateral muscles in L3 stage. (A’, A”) WT and (B’, B”) 24B-GAL4
> UAS-Dlar**’ RNAi display characteristic BPS localization by immunofluorescence at
MASs (white arrow). (C-D) 60x images. F-actin staining in (C) WT compard to (D)
knockdown muscle displays loss of sarcomeric patterning (dashed line) and shortening
of sarcomeres (solid brace). BPS co-localizes with Z-disc (arrowhead) in (C’, C) WT
muscle compared to (D, D) 24B-GAL4 > UAS-Dlar’**® RNAi muscle.
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S mei2-GALY, - mef2-GAL4, S ouB.GAL4,
UAS:DJar RNAi UAS-DIar*® RNAT UAS-PTP69D RNAi

Figure 8. BPS is mislocalized in additional Dlar RNA. lines. (A-D) Confocal images
of ventral lateral muscles. F-actin staining in (A) WT compared to loss of sarcomeric
patterning (dashed line ) in knockdown muscle of two additional Dlar RNAI lines, (B)
mef2-GAL4 > UAS-Dlar*” RNAi and (C) mef2-GAL4 > UAS-Dlar®*®® RNAi (A) WT
BPS localization at Z-disc (arrowhead). The integrin mislocalization phenotype is not
100% penetrant with some muscles in Dlar RNAi (C’,C”) showing wildtype BPS
localization (arrowhead) and some muscles showing areas of less severity (B’,B”)
(braces). The integrity of the sarcolemma is disrupted in both RN A lines (B’,B”,C’,C”)
(arrows). (D) 24B-Gal4 > UAS-Ptp69D RNAi have wildtype sarcomeric patterning and
BPS integrin mislocalization.

50



mef2-GAL4/80, mef2-GAL4/80,
UAS-mys RNAi UAS-if RNAi

F-actin

Figure 9. Dlar localization in integrin knockdown._(A-C) Immunolocalization of
Dlar by immunofluorescence. (A-B) BPS knockdown shows muscle detachment
resulting in complete loss of Dlar localization at Z-discs. (C) aPS2 depleted larvae
display moderate Dlar mislocalization.
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mef2-GAL4,
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Figure 10. Dlar-depleted larvae display wildtype Talin localization. (A-B)
Immunolocalization of talin in mef2-gal4 > Dlar*° RNAi 3™ instar larval vental lateral
muscles 6 and 7. (A) 20x image shows normal talin distribution at MAS (boxed). (B)
60x image shows talin maintains Z-disc association in hypercontracted muscle
(arrowhead).
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Figure 11. Integrin is mislocalized in trio-depleted L3 musculature. (A,D)
Immunofluorescence of aPS2 (A) and BPS (B) localization in WT L3 muscle. Both
mef2-Gal4 > UAS-Trio’”” RNAi (B,E) and mef2-Gal4 > UAS-Trio*** RNAi (C,F) have
aberrant sarcomeric actin patterning (B,C,E,F) and mislocalization of costameric
integrin (B’,C’,E’,F’).
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Figure 12. Dlar and Trio localize independently in L3 muscle. (A-B)
Immunofluorescence of Dlar in WT (A) and 24B-Gal4 > UAS-Trio RNAi (B) L3
musclulature. Immunofluorescence of Trio in WT (C) and mef2-Gal4 > UAS-Dlar’*¥’

RNAi (D).
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24B-GAL4,
UAS-Trio*35 RNAi

. 4B-GAL4,
UAS-Trio*% RNAi

Figure 13. Talin is mislocalized in Trio knockdown. Immunofluorescence of Talin
in WT (A) and 24B-Gal4 > UAS-Trio435 RNAIi (B) L3 musculature. Talin patterning
is lost at Z-discs (B”) compared to WT (A’).
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Figure 14. BPS and Dlar are mislocalized in Glt-depleted muscle. (A-B)
Immunofluorescence of BPS in WT (A) and 24B-Gal4 > UAS-GIt RNAi (B) L3
musculature. (C) Immunofluorescence of Dlar in WT (C) and 24B-GAL4 > UAS-Glt
RNAi muscle.
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TABLE 4

ANTIBODY STAINING OF DISSECTED L3 MUSCLE

aPS2

BPS

Dlar

Trio

Talin

F-actin

Elav-GAL4

UAS-Dlar RNAP%

24B- or mef2-
GAL4

UAS-Dlar RNA#

UAS-Dlar RNAi**’

UAS-Dlar RNAi*"

UAS-GIt RNAi'"

UAS-GIt RNAi"*

UAS-trio RNAi*”

UAS-trio RNA#"

UAS-Dlar

UAS-Ptp69D
RNAi

UAS-if RNAi

Mutant line

Dlar!3?/Dlar’?
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Elav-GALA4 is a neural specific driver compared to muscle drivers 24B-GAL4 or mef2-
GAL4 and the heterozygous knockout Dlar'*>%/Dlar’>. Symbols: o, e, ¢ for wild type,

aberrant, or partial localization of protein by immunolocalization with the following
antibodies; anti-aPS2 (1:50), anti-BPS (1:50), anti-Dlar FN5 (1:50, Rb 29293), anti-
Trio (1:10), anti-Talin (1:5). F-actin staining with phalloidin (1:400) is either wild-type
(o) or aberrant (®) where aberrant represents hypercontracted myofibrils.
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Figure 15. Decreases in larval crawling speeds are associated with neural and
muscular defects. (A-D) Measurement of Drosophila 13 larval crawling speeds in
mm/sec. Detection and analysis in the Image] Plugin wrMTrck (Imagel:
http://imagej.nih.gov/ij/) and wrMTrck: http://www.phage.dk/plugins/wrmtrck.html).
(A) Dlar and trio L3 mutants display significant decreases in larval crawling speed
compared to WT. (B-D) All muscle-specific knockdowns by RNAi of (B) Dlar, (C)
Trio and (D) Glt display significant impairment of larval crawling compared to the
driver line crossed to WT.
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Figure 16. Smaller pupae are a result of the muscle-specific ablation of Dlar.
Representative images of WT (A) and 24B > Dlar349RNAi (B) shows a decrease in
both length and width. (C) Pupal case measurements of Dlari3.2/Dlar5.5 show overall
decrease in size indicated by the change in length and width but not in length/width
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ratio compared to WT. (D) The ablation of Dlar by the late muscle driver, mef2-Gal4,
results in decreases in both length and width with the largest decreases attributed to the
greatest decrease in Dlar protein (QPCR results of BL34965 line) compared to WT (24B
> WI1118) or mef2 > GIltRNAi. (E) Ablation with the early muscle driver, 24B-Gal4,
results in greater decreases in size. Additionally, ablation of Dlar with the neural driver,
C155-Gal4, does not cause a change in pupal size despite the lethality of the cross
indicating that the decrease in size is likely due to the muscle specific function of Dlar.
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Figure 17. Mutants and muscle specific knockdowns display actin defects in L3
musculature. Schematic of muscles per larvae quantitated for percentage defective to
the left. (A) Dlar-depleted and D/ar mutant L3 musculature display increased number
of sarcomeric patterning defects compared to WT. (B), Trio and Glt knockdown by
RNAI1 with 24B-Gal4 results in an increase in aberrant sarcomeric patterning

compared to driver line crossed to WT.
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Rescue Assay
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Figure 18. Strucutre/function analysis of Dlar in muscle. The following UAS-Dlar
constructs expressed with 24B-Gal4; DlarkCP—AAA  DarCl638A  and Dlar AFN4-6
rescued sarcomeric actin defects at or better than the UAS-DIlar WT in a Dlar mutant
background. Importantly, UAS-DIlar APTPD?2 is lethal before the L3 stage indicating
an important function in muscle tissue. Additionally, expression of UAS-Trio rescues
the Dlar actin phenotype in a Dlar mutant background indicating Dlar and Trio likely
function in the same signaling pathway in L3 muscle.
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CHAPTER 4
STRUCTURAL ANALYSIS OF RPTP TYPE [IA FN DOMAINS 4-6
Overview

In the Drosophila follicular epithelia, the genetic interaction between Dlar and
mys modulates the polarity of actin filaments 8. The Dlar fragments sufficient for
rescue of the aberrant actin polarity phenotype in a Dlar-null background were
narrowed to the FN4-6 domains '??>. Given our finding that Dlar depletion in larval
muscle results in integrin mislocalization and actin hypercontraction, our investigation
focused on this region. Sequence analysis uncovered a tripeptide, Lys-Gly-Asp (KGD),
in the Dlar FN5 domain that is conserved in the Lar-RPTP homologs across species
(Fig.19C). We hypothesized that the FN5 domain of Dlar and integrins may directly
interact via the KGD tripeptide. Herein, we report our X-ray crystallographic findings
of the KGD in Lar-RPTPs for structural comparison to the RGD containing tenth FNIII
repeat of human fibronectin (HFN10).

The crystal structure of Dlar FN5

The adhesive function of the RGD tripeptide to the cell surface was first
discovered in the ECM protein, human fibronectin (HFN) '>>12°. HFN is a large
glycoprotein that interacts with cell surface receptors and other ECM protein such as
integrin, collagen and heparin sulfate proteoglycans (HSPGs). HFN consists of three
types of domains, type I (FNI), II (FNII), or III (FNIII) which differ by size, structure

and the presence of disulfides '?’. HFN is a dimer, each subunit is composed of 12 FNI,
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2 FNII, and 15 to 17 FNIII modules, with the RGD tripeptide located within the tenth
FNIII (FN10) domain !2°. FNIII are the largest of the three repeats found in fibronectin
and include typically 90-100 amino acid residues forming a beta sandwich (Fig. 19A).
This motif is widely spread in animals particularly in extracellular proteins and also in
yeast and bacteria '8, The Dlar FN5 domain and the HFN10 share 30% conservation
(Supplementary Table 1) and sequence alignment reveals that the KGD is near the C-
terminus and may lie in a flexible loop similar to HFN10 (Fig. 19C).

Specificity of integrin binding is also determined by the flanking sequences and
3-D presentation. In fibronectin, binding to integrin is further stabilized by interactions
in the preceding ninth FNIII (HFN9) domain. HFN9 contains the “synergy” region
comprised of residues 1373-1380 with the sequence DRVPHSRN and lies in the C’/E
loop. To determine if Dlar possesses the structural characteristics of an integrin ligand,
we sought to find a crystallizable region of the ECD encompassing the FN5 domain.
The following constructs were over-expressed in E. coli; FN4-7, FN4-6, FN4-5, FN5-
6 and FN5. The FN4-6, FN4-5 and FN5 were soluble, but only the FN5 yielded
diffraction quality crystals. Interestingly, a ~5 molar equivalent of Zn>* was required
to crystallize Dlar FN5 (Fig. 20). We used the anomalous signal from bound Zn?" ions
to calculate experimental phases and obtain an initial model. The final structure was
solved by molecular replacement and refined to a resolution of 1.3 A (R/Rfree =
18.7%/19.3%). Overall, the Dlar FN5 adopts the prototypical FNIII B-sandwich. Two
loop regions could not be modeled presumably because they can adopt multiple

conformations (dashed lines, Fig. 20). Two Zn*" were found in the crystal structure
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labeled “1” and “2” in the figure. The first Zn>" is bound by His-745 in strand C and
Asp-766 in strand C’ at a crystal contact and may be an artifact of crystallization. The
second is coordinated by residues within a single FN5 domain, including the Asp-796
from the KGD motif and two histidine residues, His-745 and His-747, from strand C.
Although the KGD lies in the F/G loop, the side chains are not accessible for binding
with the Asp-796 positioned downward against the B-strand and the Lys-794 pointing
back toward the molecule instead of out in the solvent in contrast to the Arg-1493 and
Asp-1495 side chains of HFN10. In addition, the KGD is not in the apex of the loop as
seen in fibronectin (Fig. 19A,B) but shifted further C-terminally toward strand G.
However, the atypical integrin binding proteins; lamininE, tiggrin and thombrospondin,
(TSP), can still interact with integrins by RGD/KDG-independent mechanisms. The
human TSP-1 crystal structure revealed a mechanism for integrin binding that utilizes
calcium to regulate the availability of the RGD motif for binding '*°.
Structural determination of the mammalian orthologs

We sought to increase our understanding of the KGD motif in Lar-RPTPs by
assessing the conservation of zinc binding in the mammalian orthologs. Zinc
coordination in PTPRD and PTPRS is possible with His at position 747 and
replacement with Gln at position 745, which is a weak and less common zinc
coordinating residue '*°. Zinc coordination in Lar is abolished by Gln replacing His at
position 745 and Val/Thr at 747. Only two fragments were crystallizable, mouse Lar
FN5 (Mlar FN5) and human PTPRD FN4-6 (HPTPRD FN4-6). The Mlar FN5 crystal

structure was solved by molecular replacement using Dlar FN5 as the model and
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refined to a resolution of 1.7 A (R/Rfree = 19.5%/22.5%) (Fig. 21). Mlar FNS5
crystallized in the absence of zinc, but sorbitol from the cryoprotectant is found
between the C/C’ and E/F loops. Overall, the Mlar FN5 adopts the FNIII B-sandwich
and the KGD motif is found in the F/G loop. The KGD is shifted C-terminally toward
strand G, with Asp-747 pointed downward even in the absence of Zn?". The loop is
short and the KGD is not available for binding.

HPTPRD FN4-6 crystals were obtained in the absence of zinc. The structure
was solved by molecular replacement with Dlar FNS5 as the model and partially refined
to a resolution of 1.87 A (R/Rfree = 24.0%/28.6%) (Fig. 22 is the partially refined
structure). The overall structure is an extended conformation. The KGD conformation
is very similar to the Mlar FN5 KGD motif conformation with the side chains orientated
in the same directions and not available for binding. Comparison to the crystal structure
of HFNO-10 shows that the HFN9/10 interface has a small degree of rotation and
exposed surface area with the G-F-C-C’ beta-strand face of HFN9 and HFN10 aligned
(Fig. 23) !*!. In contrast, the HPTPRD FN4 is rotated compared to FN5. This causes a
shift in the location of the interdomain chain of amino acid residues to be located near
the F/G loop instead of away (Fig. 23). The negative Lys of the KGD is now stabilized
by the positive Glu in the interdomain linker. In addition, the interactions between the
interdomain loops are flip-flopped. The A/B loop region of FN4 is SPSST stabilizing
the front region near the interdomain linker and F/G loop. The FN4 E/F loop is LEKWT
in the middle. The C/C’ loop of FN4 is on the backside. The HFN9/10 interface is

different with the RGD extended outward and not contacting any residues in either
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domain 9 or 10; it is noted that the RDG motif contacts symmetry units. Stabilization
of the 2 domains resides in the E/F loop of HFN9 and A/B loop and the G tail leading
into HFN10 domain. This might account for the difference in the E/F loop sequence
conservation. As loops can be highly variable in length and sequence, the HFN10 E/F
is SGLKPG with PG highly conserved in the E/F loop of the FNIII repeats of
fibronectin. The Dlar FNS5 sequence for E/F loop is TGLQPD, with the L being most
highly conserved followed by the P and then D/E in the orthologs. The rotation of FN4
in comparison to the FN5 domain is also significant in the location of the synergy site
which lies in the C’/E loop which resides at the top of HFNO on the same side as the
RGD in HFN10, whereas the C’/E loop of FN4 is now on the opposite side of the KGD
in FNS.
Conclusions

In this chapter we analyzed the sequences and crystal structures of the FN5
domains of three orthologs representing the spectrum of the type Ila Lar-RPTPs. FNIII
domains are ubiquitous and have low sequence homology; however, the same FNIII
domain across species has much higher homology indicating some sequence specific
functions between different FNIIIs !*2. Mammalian Lar FN5 binds laminin-nidogen in
vitro, and Dlar FN4-6 is implicated in epithelial polarity in concert with integrin in the
Drosophila oocyte. We have uncovered that the FN5 domain of the nine FNIII repeats
has a conserved KGD motif in the F/G loop reminiscent of HFN10, the prototypical
integrin ligand. However, we show that the KGD motif in the FN5 domains do not

display the three-dimensional presentation required for integrin binding. This was later
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confirmed by genetic rescue experiments in Drosophila where the KGD—AAA amino
acid substation as well as deletion of the entire FN4-6 region were able to rescue the

aberrant actin phenotype almost as well as full-length Dlar (Chapter 3).
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FN10 1418 DV RDLEVVAATP SLLISWDAPAVT- - - - - \ YIRITYGE--TGGN-SPVQEFTVPGS 1468

Dlar 710 GD KATPL SIHIS KPPLEKDRNG | HIHAQELRDEGKGFLNEPFKFDVV 768
CLAR 710 AP EVESV AlR KLP I SNKQHGQ =TYVKLENNEPRGQPVIKDVMLS 768
HLAR 710 GP EVEPL AVH.Y KLPVPSKQHGQ TYVRLENGEPRGLPI IQDVMLA 768
MLAR 710 GP EVEPL AVHIS KLPVPNKQHGQ Ig TYVRLENGEPRGQP I IQDVMLA 768
ZLAR 710 AP RKLEVEAL AIRVTWKPPLSGKQHGQ IYSRLENGEPRGHPNIMDVALP 768
CPTPRD 720 GP RK EVEAV S AVKIS RSPVPNKQHGQ HYVRMENGEPKGQPMLKDIMLA 778
HPTPRD 713 GPPRKVEVEAVNS SVKS RSPVPNKQHGQ QVHYVRMENGEPKGQPMLKDVMLA 771
MPTPRD 713 GPPRKVEVEAVNATJAVKVSWRSPVPNKQHGQ HYVKMENGEPKGQPMLKDVMLA 771
ZPTPRD 708 APPRGVDVVVLNA SARIS KPPVAERQHGK TYARRTAGERTVSPRIREHLLR 766

CPTPRS 708 APPRKVEVEVLNS AIQIF RSPVQNRQHGQ HYVRMENGEARGLPQIKDIMLA 766
HPTPRS 722 APPRKVEAEALNAFA IR RSPAPGRQHGQ HYVRMEGAEARGPPRIKDVMLA 780
MPTPRS 708 APPRKVEAEALNA AIRIL RSP TPGRQHGQ IQ HYVRMEGAEARGPPRIKDIMLA 766
ZPTPRS 713 AP RRIEVEVLIS Al KIM RSLLPGKQHGQ IQIHYVRVENGESRGLPL IKDVMLA 771
FN10 1469 KS - - - = = = = - - - TATIsGlkPcvoMTI TH YRV SKPISINYRT- 1509
Dlar 769 DTL - - =« = ===~ EFNVTG PDTK¥S IQVAAL -AAIVVKTPGG 810
CLAR 769 EAQWRAEDSVDHETVIGG LPETTYSVTMAAY -KPKVITTTGA 819
HLAR 769 EAQWRPEESEDYETTISGETPETTMSVTMAAY -KPKIVTTTGA 819
MLAR 769 EAQ--------- ETTISGETPETTNS | TMAAY -KPKVVTTTGA 810
ZLAR 769 EAQWKIEESTEYEAVIAGEASETSYMSVTMAAY -KAKVVTTTGA 819
CPTPRD 779 DAQWEYDDTTEHEMI ISGEQPDTTYSF TMTAY -KPKLVSTTGA 829
HPTPRD 772 DAQWEFDDTTEHDMI 1 SG PETSMSLTMTAY -KPKLVSTTGA 822
MPTPRD 772 DAQWEFDDTTEHDMIISG PETSYSLTMTAY -KPKLVSTTGA 822
ZPTPRD 767 DPQQPQNDS IEHEVILTDEWPNTENXSV TMAAF -KPIVIRTKPS 817
CPTPRS 767 DAQ--------- EMVIAGEQPETANS | TMAAY -KPKVVTTKGA 808
HPTPRS 781 DAQWETDDTAEYEMV I TNEQPETANS | TMAAY -KPKVVVTKGA 831
MPTPRS 767 DAQ - - - - - - - - - EMVITNEQPETANS | TMAAY -KPKVVVTKGA 808
ZPTPRS 772 DAQ - - - - - - - - - EMV.GG PDTTNS | TMAAY -KPKLVLTKGA 813

Figure 19. The RGD tripeptide lies in a flexible loop region. (A) Ribbon diagram of
FN10 (PDB ID: 1FNF) with labeled strands, A-B-E behind and G-F-C-C’ in front. The
RGD is in a flexible loop '*!. (B) Stereodiagram of Co trace of FN10 depicting
accessibility of RGD loop 3!, (C) Sequence alignment showing conserved residues in
blue and the RGD/KGD in red. Secondary structure based on FN10 structure.
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Dlar FN5

Figure 20. Dlar FNS crystal structure. Ribbon diagram of Dlar FN5 depicting the
KGD and Zn*" (gray spheres) coordinating residues. D796 coordinates a Zn** (labeled
2) with residues, H745 and H747. Another Zn*" (labeled 1) is coordinated between
H745 and D766 at a crystal contact.
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Mlar FN5

Figure 21. Mlar FNS crystal structure. Ribbon diagram of Mlar FN5 depicting the
KGD and sorbitol molecule from the cryoprotectant.
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HPTPRD FN4-6

Figure 22. Partially refined HPTPRD FN4-6 crystal structure. Ribbon diagram of
partially refined HPTPRD FN4-6 depicting the FN5 domain in context to the flanking
domains.
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HFN HPTPRD

Figure 23. Comparison of interdomain interfaces. Ribbon diagrams of HFN9-10
(light cyan) '*! and HPTPRD FN4-5 (brown) show extensive contacts between the
9/10 interface compared to the 4/5 interface.
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TABLE 5

DATA COLLECTION AND REFINEMENT STATISTICS FOR DLAR FNS5,
MLAR FN5, AND HPTPRD FN4-6 CRYSTAL STRUCTURES

Dlar FN5 H;:;Z_IED Milar FNS
Data collection
Beamline APS 22-ID APS 22- APS 22-1D
Wavelength (A) 1 1 1
Unique reflections 22,118 29,323 13,899
Resolution (A) 50-1.3 100-1.9 50-1.7
Space group P21212, Cla1 P3224
Unit cell
40.58, 144.730, 86.11,
a, b, c(A) 42.66, 34.64, 86.11,
51.35 95.10 29.34
90.0, 90.00, 90.0,
a, B,y (°) 90.0, 130.92, 90.0,
90.0 90.0 120.0
Rsym® 0.115 (0.290) 0.065 (0.531) 0.119 (0.412)
Completeness® (%) 98.0 (94.1) 97.5 (90.8) 98.5(92.3)
Redundancy 13.0 (9.4) 7.4 (7.5) 21.3 (15.1)
I/ol 12.7 (6.6) 18.9 (3.6) 27.7 (4.2)
Refinement
Molecules
in the asymmetric 1 1 1
Unit
Resolution (A) 32.81-1.3 34.09 - 1.87 2731-1.7
Ruwork®/Rfiee 0.186/0.191 0.242/0.285 0.198/0.226




“TABLE 5 — Continued.”

DATA COLLECTION AND REFINEMENT STATISTICS FOR DLAR FNS5,
MLAR FN5, AND HPTPRD FN4-6 CRYSTAL STRUCTURES

Dlar FNS Hg;f_lzl) Milar FNS
Refinement
Number of atoms 830 2,367 884
Protein 735 2,221 763
Ligand 2 0 12
Water 93 146 109
R.m.s. deviations
Ideal bonds (A) 0.011 0.008 0.008
Ideal angles (°) 1.48 1.15 1.46
&Vj;mge B factors 18.05 32.19 20.96
Protein 16.71 32.08 19.55
Ligand 11.29 0 27.74
Water 28.71 33.81 30.09
Ramachandran
statistics
Favored (%) 97.6 95.3 96.9
Allowed (%) 24 33 3.1

Rsym = Zn Zi|li(h) - <I(h)>|/ Zp Z; Ii(h), where Ii(h) is the ith measurement of reflection

h and <I(h)> is a weighted mean of all measurements of h.

®Values in parentheses apply to the high-resolution shell.
°R = Zn|Fobs(h) — Featc(h)| / Zn|Fobs|. Rwork and R were calculated from the working and
test reflection sets, respectively. The test set constituted 5% of the total reflections not

used in refinement.
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CHAPTER 5
DETECTING PHYSICAL INTERACTIONS OF LAR-RPTPS
Overview

Identification of a conserved KGD in the fifth FN III domain of Dlar led us to
speculate that Dlar and integrins may physically interact. However, genetic rescue
experiments in the Drosophila musculature and structural analysis of the motif has
shown that the KGD does not have the three-dimensional presentation of an integrin
ligand. Despite this, there are distinct regions capable of participating in protein-protein
interactions. The mammalian orthologs have binding sites in the Igl-2, Igl-3, FN1-2,
FN5 and some interactions require both the Ig and FNIII domains. Additionally, the
Dlar FN4-6 and the Dlar FN7-9 domains have been implicated in epithelial polarity
and R-cell targeting in the brain '?2; however, only ligands to the Igl-2 have been
identified. Hence, we have undertaken a comprehensive effort to identify Dlar-binding
partners.

Dlar binding partners in L3 stage

Transient extracellular interactions are hard to capture. They have low affinity
and post-translational modifications are important for binding. For this reason, yeast-
two-hybrid assays which take place in a yeast nucleus are not adapted for extracellular
protein modifications. To detect potential binding partners of Lar-RPTPs, we
performed a series of immunoprecitation (IP) and affinity isolation experiments
followed by protein identification via mass spectrometry (MS). The initial set of IP

experiments are indexed in Table 6. First, mouse monoclonal antibodies against Dlar,
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aPS2, and BPS from Developmental Studies Hybridoma Bank (DSHB) were incubated
in lysates made from L3 WT larvae (see materials and methods). Low yield required
visualization by silver stain which rendered many bands beyond the limit of detection
of the spectrometer (Thermo Finnigan Linear Ion trap LTQ) via LC-tandem mass
spectroscopy (LCMS). Integrin heterodimers were detected by the presence of BPS in
the anti-oPS2 IP and both aPS2 and aPS3 in the BPS IP and were utilized as a control
to indicate that the lysis conditions had not disrupted complexes. Analysis by western
blot and MS indicates that Dlar runs at the same molecular weight as Myosin Heavy
Chain (MHC) (Fig. 24). Additional pre-clearing steps were added to remove excessive
amounts of MHC, but this did not result in Dlar identification by MS. Switching to
polyclonal anti-Dlar Ig12 (Rabbit 29295) and anti-Dlar FN5 (Rabbit 29293) allowed
detection of Dlar (4-6% coverage) in the anti-Dlar Ig12 IP, and MHC as the only other
identification. For this reason, these initial experiments were not comprehensive and
only reflect bands unique from the control, anti-myc and anti-MPTPRG, lanes.
Experiment S7-173 (Table 6), resulted in identification of aPS2, aPS3 and a BM
protein, Glutactin (Glt), in the Dlar and integrin IPs, supporting continued work on the
project.

The mouse monoclonal IPs were repeated and analyzed by LC-MS/MS on an
LTQ Orbitrap LX mass spectrometer (Thermo Scientific) for greater sensitivity (Table
7), resulting in a 1-2% Dlar coverage. Optimization of the protocol was achieved
through attachment of the rabbit polyclonal antibody against the Dlar Igl2 to NHS-

activated sepharose. The SDS-PAGE step becomes unnecessary because the heavy and
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light IgG chains remain on the resin during elution allowing for analysis of total protein,
resulting in an increase to ~20% coverage for Dlar. All groups represent three technical
replicates, raw data is processed through a peptide searching database, Mascot v2.2.04
(Matrix Science). Quantitative analysis of anti-Dlar, anti-aPS2, anti-BPS or NHS-anti-
Dlarlg12 compared to control (anti-myc or NHS-Rabbit IgG) was verified in Scaffold4
v4.8.7 (Proteome Software) by selecting the following parameters: T-test (Benjamini-
Hochberg p < 0.05), fold change by category, normalization (minimum value: 0.5), and
protein/peptide FDRs to 1%. Analysis of experiment 1353 utilizing stringent pre-
clearing with Rat IgG, anti-MHC and protein A/G agarose results show that Dlar
peptides are not statistically significant. Accordingly, experiments 1390 and 1412
utilized protein A//G agarose or NHS-resin for pre-clearing and results in Dlar
identification that is statistically significant (Fig. 25). However, no known Dlar-binding
proteins were identified nor were hits replicated between the two experiments. In
contrast, integrin dimers are detected in the 1353, 1390 and 1412 integrin IPs (not
shown).

The final series of experiments from fly lysates are indexed in Table 8, LC-
MS/MS was carried out on an Orbitrap Fusion Tribrid Mass Spectrometer (Thermo
Scientific). The NHS-anti-Dlar Ig12 IPs were repeated with the incorporation of zinc
into the lysis buffer based on the Dlar FN5 crystal structure. In addition to the IPs, pull-
down experiments were carried out with purified proteins attached to NHS-activated
sepharose; these included Dlar FN45, Dlar Igl12, the Dlar ECD (sDlar — for soluble)

and the FN1-FN3 domains of the mouse CAM, contactin 4 (CNTN4), as a control. Pull-
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down experiments utilizing capture by protein A agarose were carried out with purified
sDlar and Glt Fc-fusion proteins from large scale transfections of HEK293 cells. The
sDlar/Glt series included +/- EDTA/EGTA versus +/- divalent cations as Glt has
multiple metal binding sites !'8. NHS- experiments utilized in-solution digestion from
resin and protein A agarose required in-gel digestion to remove the excess bait. Each
sample was run in three replicates. The raw data was processed with MaxQuant
v1.5.3.8 33 while the statistical analysis was carried out in Perseus 1.2.0.16 (Max
Planck Institute of Biochemistry). Both normal intensities and label-free quantification
(LFQ) intensities were analyzed in Perseus because the experiments were carried out
over a long period and there may have been differences in handling. The LFQ
intensities are normalized before statistical analysis and was designed to handle large
datasets that have orders of magnitude differences in protein abundance >, Statistical
threshold was determined on normalized data by T-test (Benjamini-Hochberg FDR p
<0.05), replicates were averaged and log2-transformed. Protein hits that were enriched
at least 10-fold compared to control were considered statistically significance
(Supplementary Table 2).

The results of the Glt-Fc pull-downs show enrichment of just four proteins. Two
of these proteins are alpha subunits of the basement membrane (BM) protein Collagen
IV (Col IV): Collagen type IV al (Col4al) and Viking (Vkg) !*3. Col IV is the most
abundant component of the BM, but Col IV enrichment is restricted to the Glt pull-
downs. Col4al is an integrin ligand and mutations in the integrin binding site are

implicated in muscular dystrophies in mice '*¢. A Glt/Col IV physical interaction could

80



account for the intergrin and actin phenotypes observed in Glt-depleted muscle.
Additionally, Dlar is highly enriched in the Glt-Fc; however, all peptides belong to the
ECD only and may represent contamination from the sDlar-Fc run on the spectrometer.
To support this conclusion, Glt peptides are not statistically significant in Dlar IPs and
pull-downs. This leads to speculation that disruption of the BM surrounding muscle
may result in integrin/actin phenotypes in the absence of a specific physical interaction.
More specifically, Dlar may interact with BM proteins and the integrin phenotype
observed in Dlar-depleted muscle is the result of disruption to the BM.

The improved protocol and instrumentation results in robust protein
identification in the Dlar IPs and pull-downs (Supplementary Table 2). Dlar Ig12 pull-
downs identify three HSPGs, known Lar-RPTP ligands (Table 1). First, an in vivo Dlar
ligand called Syndecan (Sdc), a membrane-bound HSPG which associates with Dlar
during the formation of the NMJ 2*?%. The next HSPG is a member of the glypican
family called Division abnormally delayed (Dally). There are only two glypicans in
flies and the other, Dallylike (dlp), is another in vivo Dlar ligand and has been
implicated in NMJ formation with Sdc ?. Last, a secreted HSPG that is incorporated
into BMs, terribly reduced optic lobes (Trol), is the homolog to the mammalian
proteoglycan Perlecan (Pcan). Trol and Wnt/Wingless (Wg) are implicated in
bidirectional regulation of NMJ maturation '*’. Pcan binding partners include Laminin,
Fibronectin, integrins and Dytroglycan (Dg), again supporting the hypothesis that Dlar

binds to BM proteins in muscle. An additional link to Wnt/Wg signaling is through a
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non-HSPG protein identified in the Dlarlg12 pull-down called Secreted Wg-interacting
molecule (Swim), a secreted lipocalin (Mulligan et al., 2012).

Our use of Dlar fragments from the ECD to make custom antibodies worked
well for visualization in tissues but inadvertently may compete for important binding
partners during co-IP. For example, the high affinity of Rabbit anti-Dlar Ig12 and anti-
Dlar FN5 for sDlar, used as a control in alpha assays (discussed below), shows an
increase of 500-fold and 90-fold over background; respectively. In this case, the
recognition of the epitope by antibody could dislodge physiological binding partners
accounting for the lack of statistically significant HSPG peptides in the anti-Dlarlg12
IPs leaving the protocol without a real positive control. However, identification of one
protein from both the NHS-sDlar pull-down and anti-Dlarlgl2 [P warrants
examination. Cd98Hc is a subunit of a conserved amino acid transporter which also
functions in cell fusion and cell adhesion '*%, Cd98 is a transmembrane glycoprotein
that can regulate integrin activation by binding to BPS tails through the Cd98Hc subunit
possibly providing the physical link between integrins and Dlar through a tripartite
complex or integrin signaling pathway '3%14,

Validation of MS hits from L3 stage

To validate protein-protein interactions identified by IP or pull-down, we
utilized three approaches: 1) Fc fusion pull-downs, 2) AlphaAssay and 3) cell surface
binding assays. Fc-fusion pull-downs were utilized to investigate the Dlar/Glt
interaction by expressing the sDlar, Dlar FN4-6 and full-length Glt as both Fc- and

Hgh-fusion proteins. We find the Dlar and Glt bind in the presence of divalent cations,
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but the binding is completely abolished with very low amounts of detergent indicating
a non-specific interaction and confirming the Dlar IP and pull-down results (Fig. 26).
However, membrane receptor/ligand interactions can be low affinity (Kd ~ 1-100uM),
resulting in disruption of biologically significant interactions from wash steps '#.
Therefore, a no wash binding assay called Amplified Luminescent Proximity
Homogeneous Assay (Alpha) technology (Perkin Elmer) was utilized for further
validation of Dlar binding partners.

The AlphaScreen utilizes coated beads to increase avidity by binding multiple
tagged-proteins. Further, the proteins are expressed as Fc and FcYTS fusion proteins
in HEK293 cells, resulting in divalent proteins which further increase the avidity when
bound to protein A coated donor beads and streptactin coated acceptor beads;
respectively (Fanslow et al., 1992). FcYTS is the Fc region of an IgY, this allows dimer
formation but does not recognize protein A. The Twin-Strep-tag® (TS) portion binds
the homotetramer, streptactin. In addition to sDlar and Dlar FN4-6 from the Dlar/Glt
Fc pull-downs, we utilized Dlar FNS5 and Dlar Ig12 expressed in HEK293 cells. Glt has
three distinct regions and the following Glt truncates were created: Gltnl is the N-
terminal carboxylesterase domain (aal8-603), Gltn2 is the carboxylesterase domain
and Thr-rich middle region (aal8-617) and Gltc3 is the Thr-rich middle region and c-
terminal GIn/Glu-rich regions (aa601-1026). Finally, we began verification of the other
IP and pull-down hits from larval lysates beginning with Cd98HC, Swim and Dally.

AlphaAssay detection is through laser excitation at 680 nm of Donor bead and

Acceptor bead emission at 520 — 620 nm (Fig. 27). FcYTS fusion proteins are incubated
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with Fc only protein to obtain background luminescence which is subtracted from the
emission of the FCYTS/FC fusion protein reactions. Interactions are considered
significant when emission is = 2 times over background. For positive controls we
utilized anti-Dlar Igl2 which binds sDlar and Dlar Igl2. In addition, anti-Dlar FN5
binds to sDlar, Dlar FN4-6 and Dlar FNS5. This conveniently confirms the specificity
of our antibodies. The assays included +/- Zn>" and +/- heparin (as a surrogate for HS)
to determine binding is zinc- or HS-dependent.

Thus far, the AlphaAssays have not validated the MS hits. The yield of Dlar
from initial mouse monoclonal antibody IPs was too low to accurately interpret binding
partners over background contamination and the Glt/Dlar interaction should not have
been investigated without identification in subsequent experiments. The expression of
Swim from HEK293 cells was barely detectable by western blot against the Fc or TS
epitopes and should be repeated with higher concentration. CD98Hc and Dally
expression was confirmed by western blot, but both result in emission < 2. However,
over-expression of UAS-Dally at the Drosophila NMJ results in Dlar-AP binding
indicating that a physiologically relevant positive control is needed to validate the assay
parameters %,

The low affinity and transient protein-protein interactions at the cell surface are
thought to be stabilized by clustering in the membrane. The last validation experiments
utilize expression of membrane proteins at the cell surface by expressing a Dlar
construct consisting of the Dlar ECD, a transmembrane region and an intracellular

emerald. To detect binding at the plasma membrane, Fc-fusion proteins are incubated
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with anti-human Fc conjugated to AlexaFluor 568 to form a tetramer. The tetramer is
incubated with the Dlar-emerald expressing cells, washed and then fixed. Controls are
Dlar-emerald alone and anti-Dlar Igl2 incubated with anti-rabbit IgG conjugated to
AlexaFluor 568. The following Fc-fusion proteins were assayed for cell surface binding
in the presence of heparin: sDlar, APLP, Dally, GIt, Nrg and Vap33. Confocal
microscopy confirms the expression of Dlar-emerald and co-localization of Dlar-
emerald with anti-Dlarlg12, but no Fc-fusion proteins have been confirmed.
Lar-RPTP binding partners in mammalian cell lines

To identify a possible conserved ligand for the FN4-6 domains, pull-down
experiments were carried out from the following mammalian cell line lysates: B35 (rat
neuroblastoma), C2C12 (mouse myoblast), C6 (rat glioblastoma), HEK293 (human
embryonic kidney), and Neuro2a (mouse neuroblastoma). Lysates were incubated with
the following purified proteins attached to NHS-resin: the FN4-FN7 domains of mouse
LAR (MLar FN4-7) and mouse PTPRD (MPTPRD FN4-7) for bait and the FN1-FN3
domains of mouse CNTN1 (MCNTNI1 FN1-3) or mouse CNTN6 (MCNTN6 FN1-3)
as negative controls. The raw data was processed in MaxQuant and analyzed in Perseus
as described above except only LFQ intensities were analyzed because all the samples
were processed the same way around the same time frame (Supplementary Table 3).

The most conspicuous results include in two basement membrane proteins,
collagen al chain (Collal) from Lar/C2C12 and Perlecan (hspg2) from Lar/C2C12,
PTPRD/C2C12 and Lar/Neuro2a. Another is the non-integrin transmembrane receptor

of the costamere, Dystroglycan (Dg), from both Lar and PTPRD/C6 cells. Dg is

85



implicated in muscular dystrophies and has roles in neural development as well. Pcan
is not the only conserved hit between flies and mammals, Lactadherin from the Lar and
PTPRD/C6 pull-downs is the homolog to hemolectin from the NHS-sDlar and NHS-
anti-Dlarlg12 experiments. Both proteins have roles in immune response and additional
proteins from both mammals and flies function in immune response including: Plexin
B2, Alpha-1-macroglobulin, complement c3 and Inter-alpha trypsin inhibitor, heavy
chain 1 in mammals; and '*>"1%* C-type lectin 27kD and serine proteases (Jon25Bi,
25Bii, 25Biii, 65Ai, 65Aii, 66Ci, 99Ciii, 99Fi, 99Fii) in flies 143146, Validation has
not been undertaken for MS identifications from the mammalian cell line pull-downs.
Conclusion

In this chapter, we have presented optimization of an IP protocol to recover
statistically significant peptide hits for Dlar from larval lysates. Results from both Glt
and Dlar proteome experiments confirm that Dlar and Glt do not physically interact
despite a similar phenotype in the L3 musculature resulting in hypercontraction and
integrin mislocalization. Both Dlar and Glt interact with BM proteins and it is
conceivable that disruption of the BM can account for the muscle phenotypes.
However, lack of validation of any Dlar MS/MS hits is a problem. We cannot assess
the experimental design without a true positive control. To this end, we have cloned
Dlp for expression in HEK293 cells as an Fc- and FcYTS fusion protein. Dlp is an in
vivo ligand and Dlar/Dlp binding could confirm the validity of the AlphaAssay or cell
surface binding assays. HEK293 protein expression may not represent the native post-

translational modifications of Drosophila receptor and BM proteins. Alternatively,
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expression could be carried out in Sf9 or S2 cells. Validation of mammalian cell
complexes is conceptually straight forward. The cell lysates should not have the
abundance of proteins found in a larval lysate. Further, HEK293 expression of

mammalian proteins should more closely represent the native proteins.
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TABLE 6

LCMS EXPERIMENTAL INDEX

Experiment Pre-clear Control Bait Bait Bait Buffer
" 50mM Tris 7.5, 150mM NaCl, 10% (v/v)
anti-
protein A/G ) . ) glycerol, 0.5% (w/v) Na deoxycholate,
S7-169 anti-myc anti-Dlar aPS2/anti- .
agarose 8PS 0.5% (v/v) TritonX-100, 0.5mM CaCl,,
0.5mM MgCl,
Rat IgG, 50mM Tris 7.5, 150mM NaCl, 10% (v/v)
. lycerol, 0.1% (w/v) Na deoxycholate,
S7-173 anti-MHC, anti-myc anti-Dlar anti-aPS2 anti-BPS g . ?( ) Y
protein A/G 0.1% (v/v) TritonX-100, 0.5mM CaCl,,
agarose 0.5mM MgCl,
Rat IgG, 50mM Tris 7.5, 150mM NaCl, 10% (v/v)
. lycerol, 0.1% (w/v) Na deoxycholate,
$7-181(1) anti-MHC, anti-myc anti-Dlar anti-aPS2 anti-BPS g ) (w/v) Y
protein A/G 0.1% (v/v) TritonX-100, 0.5mM CaCl,,
agarose 0.5mM MgCl,
Rat IgG, _ _ 50mM Tris 7.5, 150mM NaCl, 10% (v/v)
$7.181(2) anti-MHC anti- anti- anti- glycerol, 0.1% (w/v) Na deoxycholate,
protein A/G MPTPRG Dlar Ig12 Dlar EN5 0.1% (v/v) TritonX-100, 0.5mM CaCl,,

agarose

0.5mM MgCl,
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LCMS experiments were carried out at the UMKC Core Facility (see materials and methods). Lysates were prepared from WT
L3 larvae and homogenized in the buffer indicated above plus protease inhibitors. Anti-myc, anti-Dlar (DSHB), anti-aPS2
(DSHB) and anti-BPS (DSHB) are mouse monoclonal antibodies. Anti-MPTPRG, Rb 29295 anti-Dlar Ig12 and Rb 29293 anti-
Dlar FNS5 are polyclonal custom antibodies, affinity purified from exsanguination. Capture was carried out with protein A/G
agarose (Pierce). Protein was eluted from agarose with 4x SDS loading buffer, run on SDS-PAGE and visualized with silver
stain.



Figure 24. MHC is a high molecular weight contaminant. (A-B) Dlar and integrin
IP experiment. After capture with protein A/G agarose, proteins were eluted with 4x
SDS loading buffer. Elution fractions were loaded onto a gel in duplicate and run on
SDS-PAGE. Gel was cut in half for silver stain (A) and analysis by LCMS.
Remaining half of gel was transferred to PVDF for western blotting (B). (A) Silver
stain gel for LCMS (experiment S7-169 in Table 6) leads to identification of MHC
(dashed box) which is a 225 kDa protein. (B) Western blot with anti-Dlar Ig12 shows
Dlar protein in anti-Dlar, anti-integrin and anti-myc IPs.
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TABLE 7

LTQ ORBITRAP LX EXPERIMENTAL INDEX

Experiment Pre-clear Control Bait Bait Bait Buffer
. 50mM Tris 7.5, 150mM NacCl, 10% (v/v)
Rat 1gG, anti-
. . . . ) glycerol, 0.1% (w/v) Na deoxycholate, 0.2%
1353 MHC, protein anti-myc anti-Dlar anti-aPS2 anti-BPS .
(v/v) TritonX-100, 0.5mM CaCl,, 0.5mM
A/G agarose
MgCl,
1 [0)
Protein A/G . . . . 50mM Tris 7.5, 150mM NaCl, 10% (v/v)
1390 anti-myc anti-Dlar anti-aPS2 anti-BPS glycerol, 0.1% (w/v) Na deoxycholate, 0.2%
agarose (v/v) TritonX-100, 0.5mM CaCl,, 0.5mM
MgCl,
. 50mM Tris 7.5, 150mM NaCl, 10% (v/v)
NHS-anti-
1412 NHS-Rat I1gG NHS-Rb IgG Dlar le12 glycerol, 0.1% (w/v) Na deoxycholate, 0.2%
arlg

(v/v) TritonX-100, 0.5mM CaCl,, 0.5mM
MgCl,

LTQ Oribtrap XL LC-MS/MS experiments were carried out at the OSU Core Facility (see materials and methods). Lysates
were prepared from WT L3 larvae and homogenized in the buffer indicated above plus protease inhibitors. Anti-myc, anti-Dlar
(DSHB), anti-aPS2 (DSHB) and anti-BPS (DSHB) are mouse monoclonal antibodies. Capture was carried out with protein
A/G agarose (Pierce). Protein was eluted from agarose with 4x SDS loading buffer, run on SDS-PAGE and visualized with
coomassie stain. NHS-anti-Dlar Ig12 (Rabbit 29295) is a custom polyclonal affinity purified antibody attached to NHS-

activated agarose.
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Figure 25. Volcano Plot. Comparison of Dlar IPs with monoclonal mouse anti-Dlar
(A) and NHS-Rabbit anti-Dlarlg12 (B). Highlighted green squares represent Dlar.
Dlar in (B) has larger magnitude fold change (x-axis) and higher statistical

significance (y-axis).
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TABLE 8

ORBITRAP FUSION TRIBRID EXPERIMENTAL INDEX

Experiment Pre-clear Control Bait Bait Buffer
NHS-anti 50mM Tris 7.5, 150mM NaCl, 10% (v/v) glycerol,
-anti-
1431 NHS-Rat IgG NHS-Rb 1gG Dlar le12 0.1% (w/v) Na deoxycholate, 0.1% (v/v) TritonX-
ar
& 100, 0.5mM CaCl,, 0.5mM MgCl,
. 50mM Tris 7.5, 150mM NaCl, 10% (v/v) glycerol,
NHS- NHS-anti- ]
1491a NHS-Rb IgG 0.1% (w/v) Na deoxycholate, 0.1% (v/v) TritonX-
sepharose Dlar Ig12
100, 1mM CaCl2, 1mM MgCl2, 100uM Zn(OAc):
NHS- NHS-anti- 50mM Tris 7.5, 150mM NaCl, 1% (v/v) TritonX-100,
1454a NHS-Rb IgG
sepharose Dlar Ig12 1mM CaClz, 1mM MgCl,, 100uM Zn(OAc),
NHS- NHS-anti- 50mM Tris 7.5, 150mM NacCl, 1% (v/v) TritonX-100,
1454hb NHS-Rb 1gG
sepharose Dlar Ig12 1mM CaClz, 1mM MgCl,, 100uM Zn(OAc),
Lasa NHS- NHS-Rb IgG NHS- NHS- 50mM Tris 7.5, 150mM NaCl, 1% (v/v) TritonX-100,
c
sepharose (from 1454a) Dlar Ig12 Dlar EN45 1mM CaClz, 1mM MgCl,, 100uM Zn(OAc),
1491b NHS- NHS-CNTN4 NHS-Dlar 50mM Tris 7.5, 150mM NacCl, 1% (v/v) TritonX-100,
sepharose FN1-3 FN45 1mM CaClz, 1mM MgCl,, 100uM Zn(OAc),
NHS- NHS-CNTN4 50mM Tris 7.5, 150mM NaCl, 1% (v/v) TritonX-100,
1491c NHS-sDlar
sepharose lg1-3 1mM CaClz, 1mM MgCl,, 100uM Zn(OAc),
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“TABLE 8 — Continued.”

ORBITRAP FUSION TRIBRID EXPERIMENTAL INDEX

Experiment Pre-clear Control Bait Bait Bait Buffer
protein A 50mM Tris 7.5, 150mM NaCl, 1% (v/v)
1452 Fc sDlar-Fc Glt-Fc .
agarose TritonX-100, ImM EDTA, ImM EGTA
protein A 50mM Tris 7.5, 150mM NacCl, 1% (v/v)
1453 Fc sDlar-Fc Glt-Fc .
agarose TritonX-100
. 50mM Tris 7.5, 150mM NacCl, 1% (v/v)
protein A .
1456 Fc sDlar-Fc Glt-Fc TritonX-100, 1mM CaCl;, 1mM MgCl,,
agarose

100uM Zn(OAc);

Oribtrap Fusion Tribrid LC-MS/MS experiments were carried out at the OSU Core Facility (see materials and methods).
Lysates were prepared from WT L3 larvae and homogenized in the buffer indicated above plus protease inhibitors. NHS-anti-
Dlar Ig12 is Rb29295 custom polyclonal antibodies, affinity purified from exsanguination and attached to NHS-activated
sepharose (GE Healthcare). NHS-Dlar Ig12 and NHS-Dlar FN45 are overexpressed in E. coli, purified, and attached to NHS-
activated sepharose (materials and methods). NHS-resins are centrifuged after incubation, washed three times and frozen in
liquid nitrogen. sDlar-Fc (refers to the entire Dlar ECD) and Glt-Fc were expressed as Fc fusion proteins in HEK293 cells.
Capture was carried out with protein A agarose (Sigma). Protein was eluted from agarose with 4x SDS loading buffer, run on
SDS-PAGE and visualized with coomassie stain.
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TABLE 9

MAMMALIAN CELL CULTURE EXPERIMENTAL INDEX

Cell culture Pre-clear Control Control Bait Bait Buffer

CNBr- MPTPRD 50mM Tris 7.5, 150mM NaCl, 1% (v/v)

Cé6 CNTN11gl1-3 CNTN61g1-3  Mlar FN4-7 .
sepharose FN4-7 TritonX-100, 1mM CaCl,, 1mM MgCl,
CNBr- MPTPRD 50mM Tris 7.5, 150mM NacCl, 1% (v/v)

B35 CNTN11gl1-3 CNTN61g1-3  Mlar FN4-7 .
sepharose FN4-7 TritonX-100, 1mM CaCl,, ImM MgCl,
CNBr- MPTPRD 50mM Tris 7.5, 150mM NaCl, 1% (v/v)

C2C12 CNTN11g1-3 CNTN6Igl-3 Mlar FN4-7 .
sepharose FN4-7 TritonX-100, 1mM CaCl,, ImM MgCl,
CNBr- MPTPRD 50mM Tris 7.5, 150mM NaCl, 1% (v/v)

N2A CNTN11gl1-3 CNTN61g1-3  Mlar FN4-7 .
sepharose FN4-7 TritonX-100, 1mM CaCl,, 1mM MgCl,
CNBr- MPTPRD 50mM Tris 7.5, 150mM NacCl, 1% (v/v)

HEK292 CNTN11gl1-3 CNTN61g1-3  Mlar FN4-7 .
sepharose FN4-7 TritonX-100, 1mM CaCl,, 1mM MgCl,

Oribtrap Fusion Tribrid LC-MS/MS experiments were carried out at the OSU Core Facility (see materials and methods).
Control and bait proteins were overexpressed in E. coli, purified by standard methods and attached to CNBr-activated

sepharose (GE Healthcare). After incubation in cell culture lysates (homogenized in indicated buffer plus protease inhibitors),
resin was washed three times and frozen in liquid nitrogen.



A Protein A Agarose pull-down, with divalent cations
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hgh-DlarFN46.

250
150
100
75
50

DlarFN46-Fc - - +

- 0.5mM MgCl2, 0.5mM CaCl2

150
1 hour binding / 1 hour capture

L

Detergent abolishes binding even
in the presence of metals.

100

75

50

- - ¥ - - - + -
- - - 4+ - - -+
. . . -

Figure 26. Dlar/Glt binding is abolished in the presence of 0.1% Triton x-100.
(A-B) Western blot probed with anti-Hgh antibodies.
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Excitati Pratelle Fc-fusion FcYTS Streptegel Emission
xcitation - c
Acceptor =
680 nm Doney P TR FoYTS S 520 - 620 nm
bead bead

Figure 27. AlphaAssay detection. Upon laser excitation at 680 nm causes a
photosensitizer in the Donor beads to convert O to a singlet state. The singlet oxygen
molecules react with the chemiluminescer of the Acceptor bead which leads to
emission at 520 — 620 nm.
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CHAPTER 6
FINAL DISCUSSION

We have found a novel function for Dlar in muscle integrity. Dlar localizes to
the larval costamaere. Ablation of Dlar in muscle tissue causes hypercontraction and
mislocalization of costameric integrin subunits in L3 stage. Additionally, L3 larvae
have reduced crawling speeds compared to W7T. We find two additional proteins that
display the phenotypes of the Dlar-null with the expression of RNAi by a muscle
driver: the BM protein, Glt, and the Z-disc associated GEF, Trio. However, dystrophic
tn mutant larvae which display muscle wasting associated with unbundling of
myofibers from reduced costamere integrity have characteristics that are missing in the
Dlar-null phenotype. First, tn mutants have a characteristic “thin” pupal phenotype
which is characterized by an increased length/width axial ratio due to the inability to
complete the muscle contractions necessary for pupation. In contrast, the Dlar-null
pupae are smaller in both length and width maintaining a length/width ratio similar to
WT pupae. Both 24B > Glt RNAi and 24B > trio RNAi pupae are normal size in both
length and width. All t7io and Glt RNAi lines are pupal lethal with the 24B-Gal4 driver.
However, only one Dlar RNAi line (BL34965) is pupal lethal with the muscle driver.
The BL34965 line shows the largest decrease in Dlar by qPCR when compared to the
other two RNAI lines (BL40938 and BL47939). Additionally, the Dlari3.2/Dlar5.5
mutants are pupal lethal. The question is whether the pupal lethality of the
Dlarl3.2/Dlar5.5 is solely attributed to defective neural development compared to the

muscular expression of the Dlar RNAi causing lethality because of off-target effects or
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more robust knockdown of Dlar. However, considering that the #7i0 and G/t RNAi lines
are pupal lethal, an examination of the pupae may identify the determinants of lethality.
Further, comparison of pupae from Dlar RNAi knockdown by both muscle and neural
drivers could distinguish between the contribution of each toward pupal lethality.

The next characteristic of tn mutants are the disruption of costamere associated
proteins including BPS, talin, vinculin and spectrin. Talin localization is normal in Dlar
knockdown, but aberrant in Trio knockdown. This can be due to several possibilities
1) Dlar and Trio do not function in the same pathway in muscle tissue, 2) Dlar and Trio
function in the same pathway but Trio receives multiple inputs and/or 3) the Dlar RNA1
investigated was not the strongest RNAI line and represents incomplete Dlar ablation.
The last is the simplest to address, Talin localization in Dlari3.2/Dlar5.5 mutants
should be compared to Talin localization in the Dlar RNAI lines with both muscle and
neural drivers. Next, dosage sensitive Dlar/trio crosses and double mutants or
knockdown could further delineate whether Dlar and Trio genetically interact in muscle
tissue. Talin localization in the GIt RNAI lines should be examined as well. The
localization of vinculin and spectrin by immunofluorescence would help determine
whether the Dlar-null represents a disruption of the costamere assembly. Other
components of the Z-disc including muscle LIM protein 84B (Mlp84B) and D-titin
contribute to muscle integrity '2>. However, mlp84B and Dtitin mutants exhibit the
pupal axial ratio of /» mutants indicating that we are probably looking for a different

protein association.
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The non-integrin component of the costamere is the DPC, the transmembrane
receptor of the DPG is dystroglycan (Dg). Dg mutants have a hypercontraction
phenotype similar to Dlar RNAi. Dg mutants display both neural and muscular defects.
Knockdown by RNAi with a muscle driver results in hypercontraction and the neural
driver does not. However, Dg-depleted larvae do not display reduced locomotor
function and display some attachment defects, unlike the Dlar-null phenotype. Dg
staining reveals localization to the sarcomeres, t-tubules and post-synapse; whereas,
Dlar localization is more limited. Integrin localization and pupal size were not
described for Dg mutants '**, Both Mlar and HPTPRD pull-down Dg from C6 cell
lysates indicating these proteins may interact. A Dlar/Dg double mutant could
determine a genetic interaction. Also, confirmation of the physical interaction by
binding assays.

One of the greatest impediments to the genetic characterization of Dlar in
muscle, is the inconsistency of the actin phenotype. Due to this, the rescue experiments
are not robust. It is advisable to find a different parameter to measure. The muscular
expression of Dlar cannot rescue the lethality of the Dlar mutant. For this reason,
possibly a locomotor assay would have been a better option, dependent on the results
of characterization of the locomotor function of the Dlar RNAi knockdown with a
neural driver. Additionally, the rescue of the integrin mislocalization could be an
option.

Another complication with the genetic characterization of Dlar in muscle is the

proposed interaction with Glt. As with Trio, Glt-depletion results in the characteristics
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of Dlar-depletion, however we do not pull-down GIt with Dlar and vice versa in
statistically relevant amounts in improved Dlar/Glt proteomics experiments. However,
both Dlar and Glt proteins seem to associate with components of BMs, suggesting that
the disruption of the BM surrounding the musculature could contribute to the actin and
integrin phenotypes observed without specific physical interactions. Validation of the
MS hits by binding assays will elucidate these interactions. First, a confirmed in vivo
binding partner needs to be utilized as a positive control because the Dlar interaction
with our anti-Dlar antibodies do not represent the low affinity, transient interactions
associated with cell surface binding. AP-fusion proteins were utilized to detect in vivo
interactions of Dlar with both DIp and Sdc at the NMJ. We tried similar experiments at
the larval costamere without success but determined that either the endogenous
complex was preventing binding or that we had not identified binding partners. Again,
a proper positive control could help determine whether this assay could work at the
costamere, such as Sdc-AP or DIp-AP in addition to utilization of over-expression of
Dlar in the muscle by 24B-Gal4.

One result of the rescue experiments is the determination that the FN4-6 and
KGD tripeptide are not important for function in muscle tissue. This was confirmed by
the x-ray crystallographic structures of Dlar and the mammalian orthologs indicating
that Lar-RPTPs are not integrin ligands. Additional rescue experiments utilizing
different truncations of the ECD to determine which fragments are important would
help identify the type of ligands to search for in the proteomics data. Likewise, the

lethality of the APTPD2 domain indicates that this region is important to function in

101



the muscle. Additional experiments could include identification of Dlar substrates by
pull-down with the PTPase domains. Our attempts to express the PTPase domains in
E. coli were unsuccessful and may require mammalian or S2 cell expression. Future
experiments to identify Dlar binding partners could include protein expression in S2
cells to ensure proper post-translational modifications. Further, pull-down experiments
with the ECD fragments could be carried out with S2 cell lysates instead of larval
lysates which may help maintain the low affinity interactions.

Last, the largest decrease in overall size of Dlar-null flies are seen in the
BL34965 line; however, the Dlar mutants are also smaller than WT indicating that this
aspect of the phenotype is not an off-target effect of RNAi. The size phenotype was not
observed in the Trio or Glt knockdowns. Feeding assays could determine if there is
nutritional component to the decrease in size. Alternatively, Dlar may function in the
insulin signaling pathway in Drosophila. It was established in 1992 that Lar can
dephosphorylate the insulin receptor kinase in vitro, and more recent studies have
implicated both PTPRS and PTPRD in insulin signaling 4714,

Taken together, we propose the following model for Dlar function in muscle
tissue. Dlar interacts with the BM which provides support to the underlying tissue.
When BMs are defective, the adjacent layers lose integrity. Mutations to integrins and
BM proteins result in similar phenotypes. Therefore, BM/Dlar interactions lead to
signaling through the GEF Trio. Trio signaling leads to cytoskeletal reorganization
through small GTPases. Inside-out integrin signaling causes low affinity integrin

conformation and loss of binding to integrin ligands in the BM.
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APPENDIX

Supplementary Tables

Supplementary Table 1: Percent Identity Matrix - created by Clustal2.1

Receptor and phosphatase domains

1: sp|P16621|LAR_ DROME 100.00 50.35 51.48 50.05
2: sp|P10586/PTPRF_ HUMAN 50.35 100.00 70.32 67.77
3: sp[P23468PTPRD HUMAN 51.48 70.32 100.00 72.75
4: sp|Q13332|PTPRS._ HUMAN 50.05 67.77 72.75 100.00

—

: sp|P10586|PTPRF_HUMAN 100.00 70.32 67.77
: sp|P23468PTPRD HUMAN 70.32 100.00 72.75
3: sp/Q13332]PTPRS HUMAN 67.77 72.75 100.00

N

Phosphatase domains

1: spP16621[LAR_ DROME 100.00 75.18 75.18 76.08
2: sp|P10586[PTPRF_HUMAN 75.18 100.00 89.93 90.83
3: sp|Q13332/PTPRS HUMAN 75.18 89.93 100.00 92.81
4: sp|P23468PTPRD_HUMAN 76.08 90.83 92.81 100.00

—

- sp|P10586|PTPRF_HUMAN 100.00 89.93 90.83
: sp/Q13332[PTPRS. HUMAN 89.93 100.00 92.81
3: sp|P23468PTPRD HUMAN 90.83 92.81 100.00

[\

FN5 domain

1: Dlar 100.00 38.61 37.62 39.60

2: HLAR 38.61 100.00 70.00 64.55
3: HPTPRD  37.62 70.00 100.00 70.91
4: HPTPRS 39.60 64.55 70.91 100.00

—

: HLAR 100.00 70.00 64.55
:HPTPRD  70.00 100.00 70.91
3: HPTPRS 64.55 70.91 100.00

N

Fibronectin FN10
1: 1ITTF_A|PDBID|CHAIN|SEQUENCE 100.00 25.88 30.43 29.35 26.09
2: Dlar/710-810 25.88 100.00 42.42 40.40 43.43
3: HLAR/710-819 30.43 42.42 100.00 70.00 64.55
4: HPTPRD/713-822 29.35 40.40 70.00 100.00 70091
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5: HPTPRS/722-831 26.09 43.43 64.55 70.91 100.00

1: ITTF_APDBID|CHAIN|SEQUENCE 100.00 30.59
2: Dlar/710-810 30.59 100.00
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Supplementary Table 2: Statistically significant proteins with signal sequences from Orbitrap Fusion Tribrid LC-MS/MS from fly

lysates. Peptide and proteins identifications from MaxQuant and verification and analysis in Perseus.

Sample Control Student's T-test
Enrichment intensity (log2) Intensity (Log2) significant Gene names Pulled from
3,378 28.15678 20.03162 sDlar_Rb_IgG Alpl sDlar vs RblgG
2,091 28.97246 21.32706 sDlar_Rb_lIgG Alp1l sDlar vs RblgG LFQ
860 26.78905 20.03162 anti-Dlar_Rb_IgG Alpl anti-Dlar vs RbigG
1,500 28.64031 21.32706 anti-Dlar_Rb_IgG Alpl anti-Dlar vs RblgG LFQ
615 26.22823 19.80595 Dlarlgl2_RblgG Alp1 Dlarlg12 vs RblgG
11,511 26.18573 16.83467 Dlarlgl2_RblgG Alpl Dlarlg12 vs RblgG LFQ
566 26.14418 19.80595 DlarFN45_RblgG Alp1l DlarFN45 vs RblgG
7,328 25.73412 16.83467 DlarFN45_RblgG Alp1l DlarFN45 vs RblgG LFQ
21 21.46219 18.43224 anti-Dlar_Rb_IgG alpha-Est2 anti-Dlar vs RbigG
12 21.04434 18.52814 anti-Dlar_Rb_IgG alpha-Est4 anti-Dlar vs RblgG
24 21.74526 18.55659 sDlar_Rb_IgG Caix sDlar vs RblgG
19 19.23932 16.27402 Glt-Fc_Fc Caix Glt-Fc vs Fc
23 22.18997 19.05711 sDlar_Rb_IgG CD98hc sDlar vs RblgG
47 22.91561 19.05711 anti-Dlar_Rb_IgG CD98hc anti-Dlar vs RbigG
339 24.50996 18.68266 sDlar_Rb_IgG cgl0211 sDlar vs RblgG
60 25.63362 21.54656 sDlar_Rb_lIgG cgl0211 sDlar vs RblgG LFQ
302 24.39316 18.68266 anti-Dlar_Rb_IgG cgl0211 anti-Dlar vs RbigG
70 25.80154 21.54656 anti-Dlar_Rb_lgG cgl0211 anti-Dlar vs RblgG LFQ
86 21.13333 16.67632 Dlar-Fc_Fc CG13492 sDlar-Fc vs Fc
17 20.9239 18.08106 sDlar_Rb_IgG CG1371 sDlar vs RblgG
101 26.37013 21.75397 sDlar_Rb_lIgG CG2233 sDlar vs RblgG
19 27.27293 24.32065 sDlar_Rb_IgG CG2233 sDlar vs RblgG LFQ




901

38
69
85
36
13
15
191
38
187
37

21
62
74
17
36
16
22
24
31
45
29
14
12
36
17

25.3981
25.00599
25.07545
24.34881
23.23427
27.02179
21.93557

24.1047
22.72542
22.42609

23.51485

25.3435
25.06595
24.76309
21.88606
20.26385
20.30575
21.12288
21.33342
22.63823
21.72205
20.99438
27.86331
26.78407
26.19935

21.75397
20.77828

20.6344
20.77828

20.6344
24.32065
16.68377
20.45928
17.49358
18.80447

20.4807
21.21833
20.76782

21.9512
18.31079
17.47684
17.19364
17.94264

17.9096
18.82978
18.34757
18.34757
25.37262
23.21021
23.38929

anti-Dlar_Rb_IgG
Dlarlgl2_RblgG
Dlarlg12_RblgG
DlarFN45_RblgG
DlarFN45_RblgG
anti-Dlar_Rb_IgG
Glt-Fc_Fc
Glt-Fc_Fc
DlarFN45_RblgG
DlarFN45_RblgG

sDlar_Rb_lIgG
DlarFN45_RblgG
DlarFN45_RblgG
sDlar_Rb_IgG
sDlar_Rb_IgG
Dlarlgl2_RblgG
Dlar-Fc_Fc
sDlar_Rb_lIgG
sDlar_Rb_lIgG
sDlar_Rb_IgG
sDlar_Rb_lIgG
anti-Dlar_Rb_IgG
sDlar_Rb_IgG
DlarFN45_RblgG
DlarFN45_RblgG

CG2233

CG2233

CG2233

CG2233

CG2233

CG2233

Cg25C

Cg25C

CG32302

CG32302
CG32521-RB;CG32521-
RC

CG4115

CG4115

CG42486-RA

CG5080
CG6933-RA;CG6933-RC
CG7300

cg7953

CG8563-RA
CG9572-RB;CG9572-RA
Cht5

Cht5

Clect27

Clect27

Clect27

anti-Dlar vs RblgG
Dlarlg12 vs RblgG
Dlarlg12 vs RblgG LFQ
DlarFN45 vs RblgG
DlarFN45 vs RblgG LFQ
anti-Dlar vs RblgG LFQ
Glt-Fc vs Fc

Glt-Fc vs Fc LFQ
DlarFN45 vs RblgG
DlarFN45 vs RblgG LFQ

sDlar vs RblgG
DlarFN45 vs RblgG
DlarFN45 vs RblgG LFQ
sDlar vs RblgG

sDlar vs RblgG
Dlarlg12 vs RblgG
sDlar-Fc vs Fc

sDlar vs RblgG

sDlar vs RblgG

sDlar vs RblgG

sDlar vs RblgG
anti-Dlar vs RbigG
sDlar vs RblgG
DlarFN45 vs RblgG
DlarFN45 vs RblgG LFQ




LOT

13

18

11

294,537
84,203,749

20.05828
26.68016
21.12912
33.28099
36.09203

17.46348
23.80902
18.69379
20.68782
17.84328

antiDlar(lg12)_RblgG

sDlar_Rb_lIgG
Dlarlgl2_RblgG
Glt-Fc_Fc
Glt-Fc_Fc

Cpr64Ad
CtsB1
Dally

Glt

Glt

anti-Dlar(lg12) vs RblgG a
sDlar vs RblgG

Dlarlg12 vs RblgG LFQ
Glt-Fc vs Fc

Glt-Fc vs Fc LFQ

81
12
154
15
15
16
72
50
84
39
44
48
43
28
23
75
61
99
48

21.57778
21.48075

22.2149
21.71079
20.78237
20.96564
22.32674
22.10348
26.37494
25.03456
24.85253
25.24198
24.83904
21.87609
21.80629
24.24133
24.04143
24.51875
23.80449

17.17867
19.01214
17.17867
19.01214
18.05059
18.20141
18.05059
18.20141
21.94646
21.37836
21.07326
21.37836
21.07326
18.53061
18.68608
19.92638
19.92713
19.92638
19.92713

Dlarlgl2_RblgG
Dlarlgl2_RblgG
DlarFN45_RblgG
DlarFN45_RblgG
Dlarlgl2_RblgG
Dlarlgl2_RblgG
DlarFN45_RblgG
DlarFN45_RblgG
sDlar_Rb_lIgG
Dlarlgl2_RblgG
Dlarlgl2_RblgG
DlarFN45_RblgG
DlarFN45_RblgG
sDlar_Rb_lIgG
DlarFN45_RblgG
Dlarlgl2_RblgG
Dlarlgl2_RblgG
DlarFN45_RblgG
DlarFN45_RblgG

Jon25Bi

Jon25Bi

Jon25Bi

Jon25Bi

Jon25Bii

Jon25Bii

Jon25Bii

Jon25Bii
Jon25Biii
Jon25Biii
Jon25Biii
Jon25Biii
Jon25Biii

Jon65AI

Jon66Ci
Jon99Ciii;Jon65Aii
Jon99Ciii;Jon65Aii
Jon99Ciii;Jon65Aii
Jon99Ciii;Jon65Aii

Dlarlg12 vs RblgG
Dlarlg12 vs RblgG LFQ
DlarFN45 vs RblgG
DlarFN45 vs RblgG LFQ
Dlarlg12 vs RblgG
Dlarlg12 vs RblgG LFQ
DlarFN45 vs RblgG
DlarFN45 vs RblgG LFQ
sDlar vs RblgG
Dlarlgl2 vs RblgG
Dlarlgl2 vs RblgG LFQ
DlarFN45 vs RbigG
DlarFN45 vs RblgG LFQ
sDlar vs RblgG
DlarFN45 vs RblgG
Dlarlgl2 vs RblgG
Dlarlg12 vs RblgG LFQ
DlarFN45 vs RblgG
DlarFN45 vs RblgG LFQ




p—
S
oe]

42

34

79

14

67
3,803,606
67,091
21,871
15,509
805
25,693

351,509
4,030,657
1,612,329

12,513
8,533
10,472

3,389
462,069
55,112
586,695
1,582,110
11

13

21.5871
21.39263
21.904
21.857
21.74743
37.27396
32.01704
32.11539
26.5796
25.30069
38.18935

39.91277
35.01633
35.54472
29.24141
30.30324
27.35624

25.44746
31.14327

28.5229
31.38206
31.88004
20.78485
23.81763

17.85711
17.85711
17.53839
19.19548
17.53839
22.12249
20.90323
22.12249

16.9304
18.61043
28.03538

27.14277
19.80689
21.25153
19.80689
21.25153

18.0998

17.31921

18.0998
17.60577

18.0998
17.60577
18.39534
21.27333

sDlar_Rb_lIgG
anti-Dlar_Rb_IgG
Dlarlg12_RblgG
Dlarlgl2_RblgG
DlarFN45_RblgG
sDlar_Rb_IgG
anti-Dlar_Rb_IgG
anti-Dlar_Rb_IgG
anti-Dlarlgl2_RblgG
anti-lg12_RblgG
DlarFN46_CNTN4FN13

DlarFN46_CNTN4FN13
Dlar-Fc_Fc

Dlar-Fc_Fc

Glt-Fc_Fc

Glt-Fc_Fc
antiDlar(lg12) RblgG

anti-Dlar(lg12)_RblgG
Dlarlg12_RblgG
Dlarlgl2_RblgG
DlarFN45_RblgG
DlarFN45_RblgG
sDlar_Rb_lIgG
Dlarlg12_RblgG

Jon99Fii;Jon99Fi
Jon99Fii;Jon99Fi
Jon99Fii;Jon99Fi;Jon44E
Jon99Fii;Jon99Fi;Jon44E
Jon99Fii;Jon99Fi;Jon44E
Lar

Lar

Lar

Lar

Lar

Lar

Lar
Lar
Lar
Lar
Lar
Lar

Lar
Lar
Lar
Lar
Lar
Loh
Lsplalpha

sDlar vs RblgG

anti-Dlar vs RblgG
Dlarlg12 vs RblgG
Dlarlg12 vs RblgG LFQ
DlarFN45 vs RblgG

sDlar vs RblgG LFQ
anti-Dlar vs RblgG
anti-Dlar vs RblgG LFQ
anti-Dlar(lg12) vs RblgG
anti-Dlar(lg12) vs RblgG LFQ
DlarFN46 vs CNTN4FN13
DlarFN46 vs CNTN4FN13
LFQ

sDlar-Fc vs Fc

sDlar-Fc vs Fc LFQ

Glt-Fc vs Fc

Glt-Fc vs Fc LFQ
anti-Dlar(lg12) vs RblgG a
anti-Dlar(lg12) vs RblgG LFQ
a

Dlarlg12 vs RblgG
Dlarlgl2 vs RblgG LFQ
DlarFN45 vs RblgG
DlarFN45 vs RblgG LFQ
sDlar vs RblgG

Dlarlg12 vs RblgG




601

13
30
22
14
13
18
31
11
13
58
37
20
12
20

141
84
162

23.70957
24.66221
24.19746
30.30062
21.53274
21.53787
21.43781
20.74222

20.8637

27.8649

28.7631
28.13531
20.47853
21.04634

22.42936
22.38459
22.57247

21.11
21.27333
21.11
27.68224
18.95229
18.66364
18.0193
18.32239
18.32239
23.79759
25.14802
25.14802
18.03159
18.03159

17.48385
17.95657
17.48385

Dlarlgl2_RblgG
DlarFN45_RblgG
DlarFN45_RblgG
sDlar_Rb_lIgG
Dlarlgl2_RblgG
Dlarlgl2_RblgG
sDlar_Rb_IgG
Dlarlgl2_RblgG
DlarFN45_RblgG
sDlar_Rb_lIgG
sDlar_Rb_lIgG
anti-Dlar_Rb_IgG
Dlarlgl2_RblgG
DlarFN45_RblgG

Dlarlgl2_RblgG
Dlarlgl2_RblgG
DlarFN45_RblgG

Lsplalpha
Lsplalpha
Lsplalpha
Lsplgamma
Muc558B
Muc558B
Muc68Ca
NimC1
NimC1
Nw

Nw

Nw
PGRP-SB1
PGRP-SB1

spl51
spl51
spl51

Dlarlg12 vs RblgG LFQ
DlarFN45 vs RbigG
DlarFN45 vs RblgG LFQ
sDlar vs RblgG
Dlarlg12 vs RblgG
Dlarlg12 vs RblgG LFQ
sDlar vs RblgG
Dlarlg12 vs RblgG LFQ
DlarFN45 vs RblgG LFQ
sDlar vs RblgG

sDlar vs RblgG LFQ
anti-Dlar vs RblgG LFQ
Dlarlg12 vs RblgG
DlarFN45 vs RblgG

Dlarlg12 vs RblgG
Dlarlg12 vs RblgG LFQ
DlarFN45 vs RblgG




0TI

69
289
1,263

11

22.18483
24.80302
24.84953

20.10482

17.95657 DlarFN45_RblgG
19.13796 Dlarlgl2_RblgG
17.70813 Dlarlgl2_RblgG

17.70745 DlarFN45_RblgG

spl51
Swim
Swim

Vago

DlarFN45 vs RblgG LFQ
Dlarlgl2 vs RblgG
Dlarlg12 vs RblgG LFQ

DlarFN45 vs RbigG
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Supplementary Table 3: Statistically significant proteins with signal sequences from Orbitrap Fusion Tribrid LC-MS/MS from
mammalian cell line lysates. Peptide and proteins identifications from MaxQuant and verification and analysis in Perseus

Control
Sample intensity Intensity Student's T-test Gene Protein - Cell
Enrichment (log2) (Log2) significant Name line Fly homolog
59 27.99016 23.91841 PTPRD_CNTN1+6 Alm PTPRD - C6 tep2, tep4?

75,160 33.38998 22.16261 PTPRD_CNTN1+6 Apod PTPRD - B35 nlaz
13 25.77442 23.20596 PTPRD_CNTN1+6 Bsg PTPRD - C6 bsg
18 29.24459 26.37393 LAR_CNTN1+6 Bsg LAR - C6 bsg
821 28.29807 21.58786 PTPRD_CNTN1+6 c3 PTPRD - C2C12  tep2, tepl, tep4?
164 27.65492 22.5549 LAR_CNTN1+6 Cd99 LAR - C6 no significant hit
47 29.88983 26.04015 PTPRD_CNTN1+6 Chrdl1 PTPRD - C6 sog
50 2287581 1897136 LARCNTNI+6  Collal  LAR-C2C12  CoMal/vkg
13 24.89712 22.35587 PTPRD_CNTN1+6 Ctsb PTPRD - C6 ctsb1
18 27.36611 24.4576 LAR _CNTN1+6 Ctsb LAR - C6 ctsb1
32 25.97482 22.49776 PTPRD_CNTN1+6 Ctsd PTPRD - C6 cathD, cg10104, 17134
25,506 31.89558 21.74891 PTPRD_CNTN1+6 Ctsf PTPRD - B35 cg12163
26 25.35642 22.08314 LAR _CNTN1+6 Ctsf LAR - C6 cg12163

96,839 34.46069 22.97988 PTPRD_CNTN1+6 Dhh PTPRD - B35 hh
PTPRD -
10 27.90518 25.55421 PTPRD_CNTN1+6 Emb Neuro2a dip-eta
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25.01954

22.44803

LAR_CNTN1+6

Emb

LAR - Neuro2a

dip-eta

29.73688

26.30634

LAR_CNTN1+6

Grn

LAR - C6

no significant hit

1,119
16

13
28
19
49
145
17

17

25.27803
25.57039
33.09388
25.32334
23.174
26.85043
25.85816
28.54004
27.91974
27.82469
28.59783
24.82886
33.10878
25.53668
29.24923
26.92298
27.36595
25.3963

25.08257

22.38131
22.06979

30.5823
22.50592
19.43974
23.95673
22.69468
25.91737
25.49579
23.11092
21.57727
22.08617

30.5823
22.21152
26.31835
23.03936
22.39017
22.56957

22.23932

PTPRD_CNTN1+6
PTPRD_CNTN1+6
PTPRD_CNTN1+6
PTPRD_CNTN1+6
PTPRD_CNTN1+6
LAR_CNTN1+6
PTPRD_CNTN1+6
PTPRD_CNTN1+6
LAR_CNTN1+6
PTPRD_CNTN1+6
LAR_CNTN1+6
PTPRD_CNTN1+6
LAR_CNTN1+6
LAR_CNTN1+6
LAR_CNTN1+6
PTPRD_CNTN1+6
LAR_CNTN1+6
PTPRD_CNTN1+6

LAR_CNTN1+6

lgf2r
Il1rap
Itgal
Itga5
Itgab
Itgab
Itga7
Itgb1
Itgb1
Itihl
Itihl
Lgals1
Lgals1
Lgmn
Lrpapl
Ltbp3
Ltbp3
Mé6pr

Mgp

PTPRD - C6
PTPRD - C6
PTPRD - C6
PTPRD - C6
PTPRD - C6
LAR - C6
PTPRD - C6
PTPRD - C6
LAR - C6
PTPRD - C6
LAR - C6
PTPRD - C6
LAR - C6
LAR - C6
LAR - C6
PTPRD - C6
LAR - C6
PTPRD - C6

LAR - C6

lerp
tollo
mew

if

mew
mew
mew
mys

mys

stj?

stj?
galectin
galectin
PIG-K
CG8507
frac, dpy
frac, dpy
no significant hit

no significant hit



el

12 24.98802 22.46601 PTPRD_CNTN1+6 Mlec PTPRD - C6 cg9257
14 32.98019 30.31883 LAR_CNTN1+6 Mlec LAR - C6 cg9257
63 28.1032 23.95673 PTPRD_CNTN1+6 Mrc2 PTPRD - C6 tfc, fw, cg12111?
161 27.52753 22.446 LAR_CNTN1+6 Mrc2 LAR - C6 tfc, fw, cg12111?
425 27.62742 21.57571 PTPRD_CNTN1+6 Mxra7 PTPRD - C2C12  cg7407?

3,090 27.1048 19.06883 PTPRD_CNTN1+6 Oaf PTPRD - B35 oaf
48 26.73518 22.85765 PTPRD_CNTN1+6 Oaf PTPRD - C6 oaf

11

11
784,844
839

282

12

11

59
194,025
102,498
623

245

12

11

32.6785
28.9749
35.27284
29.19387
27.86591
27.9741

26.88309
26.6569
34.306
33.6345
28.17455
27.87929
28.82854

21.59905

30.31883
26.56358
21.6996
22.46202
22.2226
25.49579

24.4576
22.58327
22.13026

22.0969
21.73938
22.37801
26.37393

19.19614

PTPRD_CNTN1+6
LAR_CNTN1+6

PTPRD_CNTN1+6
PTPRD_CNTN1+6
PTPRD_CNTN1+6
PTPRD_CNTN1+6

PTPRD_CNTN1+6
LAR_CNTN1+6

LAR_CNTN1+6

PTPRD_CNTN1+6
PTPRD_CNTN1+6
PTPRD_CNTN1+6
PTPRD_CNTN1+6

PTPRD_CNTN1+6

PTPRD -
Psap Neuro2a
Psap LAR - C6
Ptprd PTPRD - B35
Ptprd PTPRD - C2C12
Ptprd PTPRD - C6
PTPRD PTPRD - HEK293
PTPRD -
Ptprd Neuro2a
Ptprd LAR - C6
Ptprf LAR - B35
Ptprf PTPRD - B35
Ptprf PTPRD - C2C12
Ptprf PTPRD - C6
PTPRF PTPRD - HEK293
PTPRD -

Ptprf Neuro2a

sap-r
sap-r
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27,479 34.13958 23.91841 LAR_CNTN1+6 Ptprf LAR - C2C12
598,607 37.06527 23.76291 LAR_CNTN1+6 Ptprf LAR - C6
23,097 31.62318 21.57571 LAR_CNTN1+6 PTPRF LAR - HEK293
148,840 33.87482 21.96419 LAR_CNTN1+6 Ptprf LAR - Neuro2a
24 25.69123 22.52002 PTPRD_CNTN1+6 Serpincl PTPRD - C6 spn42Da
29 25.1102 21.7578 LAR_CNTN1+6 Slclad LAR - C6 Eaatl, Eaat2
37 25.78014 22.15934 LAR_CNTN1+6 Slc1a5 LAR - C6 Eaatl, Eaat2
11 26.61246 24.19382 LAR_CNTN1+6 Vps37b LAR - C6 Vps37b
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