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ABSTRACT

Optogenetics has emerged as a powerful tool for controlling cellular processes with light.
Two optogenetic approache®re designedsing theflavin-containingphotoreceptor
Cryptochrome 2 (Cry2) fromArabidopsis thalianahat control protein function and target
distinct cellular eventsThese approachéscus onthe membraneébound receptor tyrosine
kinase, Eph receptor, and a membrassociated proteimpverse Bin, Amphiphysin, and Rvs (|
BAR). Eph receptorare crucial for celcell communication, prdieration, and migrationA
light-activated EphA1l recept¢EphA1Cry2)was createthy fusing Cry2 to the intracellular
domains of EphAleceptoy enabling blue lightlependent oligomerization and auto
phosphorylation of the receptdtey cell signaling targetsereidentified andcharacterizedh
response to lighstimulated EphACry2 activation The optogenetic regulation of Eph receptor
RTK signaling without the need for extermigiand bindingpromises to be an effective means of
controlling individual Eph receptanediated activities and creates a path forward for the

identification of new Epfdependent function3he secondlevelopedptogenetic approach



involvedmembrane remodeling ligigiated tools called CRBARS; this optogenetic system
combines the membrasiending affinity of the iBAR domain a negative membrarmurvature
generating domaimith the homeoligomerizing capability of Cry2. Usinghmortalizedcell

lines and primary neuron cultures, the GBAR optogenetic tool evokes membrane dynamic
changes associated with cellular activity. Moreover, ezag showrto act as a relay between

the plasma membrane and the actin cytoskeleton and theseforémportant mediator @RY-

B A R switch function. CRYBARSs hold promise as a useful addition to the optogenetic toolkit

to study membrane remodeling in live cells. Overall, these optogenetic approaches offer precise
spatial and temporal control over cellular signaling and membrane dys)apening up new

possibilities for studying cellular functions and developing novel therapeutic strategies.
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CHAPTER 1
Review of Literature
Optogenetics

Optogenetics is a burgeoning fietd/olving light stimulation of a protein or protein
fusion to control its function and signaliigig. 1.1) (De Mena et al., 2018Beginning with
studies of lighinduced neuronal activityWilliams & Deisseroth, 2013pptogenetics has
evolved to include experiments such as spatial gradient sh@sog et al., 2018)rotein
condensate disruptidiernandezCandia et al., 2021and gene regulatigifughes, 2018;
Konermann et al., 2013Ysing light as an exogenous stimulus has significant benefits when
working with live cells, as it eliminates the need for chemical induction or ligtimdilation and
provides superior spatial and temporal control of molecular procd3sddena et al., 2018;
Kramer et al., 2021 Due to the prolific research and design of different optogenetic tools, a
database called Optobase has been developed as a way for researchers to collect, organize, and
searchenable these too(¥olar et al., 2018)

Many classes of optically active proteins have been utilized as optogenetic tools.
Rhodopsins are a large family of ligkgnsitive proteins found in microbes (type I) and animals
(type 1) that regulate ionic potential within a cglbshi et al., 2019; Koyanagi & Terakita,
2014) Phytochromes, lightxygenvoltage (LOV) sensors, and cryptochromes make up the
family of photoreceptors that engage in lighimulated dimerizatio(De Mena et al., 2018; Rost
et al., 2017)This section will briefly review commonly implemented optogenetic systems used
in cellkbased research with a special focus on Cryptochrome, the bluadigdted

photoreceptor utilized in Chapters 2 and 3.
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Figure 1.1 Overview of optogenetepplications An array of optogenetic toolssing proteins
have been designed control cellular processesuch as membrane recruitmgrdgceptor
activation, nuclear localization, gene editirggne transcription, and ion infltkrough light
gated ion channeld hese tools can be implemenfed fluorescent imaging of cells, gene

therapy througtviral vectors andneuronal stimulation ofnice braingWilliams & Deisseroth,

2013) Created with biorender.com.



Rhodopsins

Rhodopsins, commonly shortened to opsins, are expressed in all organisms and can detect
and respond to lighype | microbial rhodopsswoptically regulate ion channel activitirectly
and have been used to control neuronal membrane potéDegdseroth, 2015; Mattis et al.,

2011) Type Il rhodopsingound in animals ar&-protein coupled recepto(&PCR) that

indirectly regulate ionic potentiahportant for optical signalinfKoyanagi & Terakita, 2014)

Both types of rhodopsi nsdelicesand aachromopghers, etmal,t r an s m
tethered to the @rminal helix. Upon light stimulation, the retinal undergoes isomerization that
activates the opsin through a conformational chdgghi et al., 2019)

Channel rhodopsins (ChR), a type | rhodopsin, have been extensively used in
optogenetics due to their ability to produce action potentials across a membrane in response to
light (Deisseroth & Hegemann, 201 0ne of the first studies using optogenetic ChR involved
expression of ChR carried by lentivirus into the lateral hypothalamus of mice brains. Light
stimulation with an optical fiber produced a change in actin potential within neurons that
produced a wakalness behavioral effect in sleeping m{gelamantidis et al., 2007Many
optimizations to ChR have been used to regulate not only neurons, but also myocytes, with light,
including redlight sensitive opsins that are excited in cells deep inside tissues; however, more
studies will have to further optimize expression lswaeid light intensity in order to fully take
advantage of these naturally optically active t¢Kksrathanos et al., 2016)

Different kinds of Type Il animal opsins have different sensitivities to various
wavelengths of light, and each have a different efficiency of stimulation, where both depend on
the opsinds pho {Koyanag dnTeakitd, 20p4Gqqoupled opsins are

considered bistable pigments and are stably reversible to their dark state after light activation.



Some opsins are considered bleaching pigments, as the opsin releases its chromophore in

response to light stimulation and effectively is bleached (no longer active). The irreversibility of

the bleaching pigments has been hypothesized to be attributedlaogé conformational

change of the opsin, correlating to a larger efficiency in downstream signaling, but conversely
preventing structural stability and therefore reversib{ltgyanagi & Terakita, 2014 Modified

opsins can be expressed in animals to overcome this bleaching effect, such as thrediktaoh

opsin from box jellyfish, AJell yOp, 06 that pro
(Bailes et al., 2012)

Manipulation of opsin structure has led to increased light sensitivity and efficiency of
signal transduction within the field of optogenetics. Factors including the class of opsin and the
organism the opsin comes from are important when selecting areaptagswitch, as the
sensitivity to the range of wavelengths and the kinetics of light activation could vary. In one
study, stegfunction opsins were used since their liglstivated ion channels stay open for about
30 minuteGong et al., 20200ptical stimulation of opsins has been of interest in therapies
relating to heart disease, such as ventricular fibrilla8oyle et al., 2018; Karathanos et al.,

2016) and neurodegenerati ve diDeissaratlte20]15) such as A



Phytochromes

Found in plants and bacteria, phytochromes can activate and heterodimerize with its
binding partner, phytochrome interacting factor (Pif), in response to red anthinased light,
controlling transcription and protein localization and signaling, simaother optogenetic
systemgDe Mena et al., 2018; Lehtinen et al., 2022y itself, phytochrome consists of dimers;
its photasensing Nterminal domain interacts with a bilin chromophore, and its functioral C
terminal domain binds with c¢cGMP. Bacteri al p h
phytochromes from planind cyanobacteriabindchyt ochr omobi Il in (POB) an
(PCB) (Chernov et al., 2017)To become activeedlight stimulation induces a conformational
change in phytochrome from its inactive form (Pr) into its active form (Pfr). Heterodimerization
of Pfr with Pif leads to an optogenetic system that can modulate the poodédin interactions of
transcription facta (Chernov et al., 2017; De Mena et al., 20I8)is system is unique in that
nearinfrared light stimulation reverses heterodimerization through the absorption of a photon by
phytochromeFig. 1.2 (De Mena et al., 2018 he kinetics of activation and deactivation are very
fast, in the range of millisecondBj6rling et al., 2016)thus many studies with phytochrome

protein fusions have been desigri€thernov et al., 2017)
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Figure 1.2 Schematic of a phytochrorif optogenetic system. PhyB and Pif are individually
fused to dranscription factor (DNAbinding domain (DBD) and transcriptional activation
domain (AD), respectively). Upon red light stimulation 3@ &ém, PhyB and Pif heterodimerize,
bringing the two transcription factors together to induce gene transcription. Uporimfeared
light stimulation >720 nm, the PhyRif heterodimer breaks apart, ending transcripti@e

Mena et al., 2018)Created with biorender.com.



Of the five members of the phytochrome family-EA phytochrome B (PhyB) is most
used in optogenetic systerfhernov et al., 2017 he first study of a PhyRif system utilized
a fusion of PhyB to a Gal4 DNAinding domain (DBD) and a fusion of Pif3 to a GAL4
transcriptional activation domain (AD), expressed in yeast. Red light exposure, in conjunction with
the inclusion of PCB in edium, induced clonal growth in a tvixybrid assay and a significant
increase in LacZ reporter gene expression. LacZ expression was reversed tneohlitgrt
exposurgShimizuSato et al., 2002)This system has been used for recruitment of proteins to the
plasma membrane, first described by Toettcher et. al. in @0dettcher et al., 2011PhyB is
tethered to the plasma membrane by a CAAX sequence and a protein of interest fused to Pif allows
for the protein to be associated with the plasma membrane upon light exposure. Several studies
have utilized this design, such as recruitment of B @a i ty protein to a z
epithelium(Buckley et al., 2016and recruitment of a mitotic cyclin to different organelles to
control cell cycle progressidiX. Yang et al., 2013)Applying this to protein signaling, Toettcher
et. al. adapted their PHif system to recruit a RasGEF, Son of Sevenless (SOS), to Ras. Under
red light exposure, a SGSf fusion was recruited to membratethered PhyBCAAX through
PhyB-Pif interactionsMembraneadjacent SOS was then able to activate memHranad Ras,
resulting in activation of the MAPK/ERK pathway, reversible withriza light(Toettcher et al.,

2013)

In addition to heterodimerization using PhyB, bacterial phytochromes can undergo
homodimerization through BV photoisomerization. A study utilizing this design describes the
fusion of a human phosphodiesterase and the photosensory domain of a bacterclroimg.

Similar to PhyB, red light stimulation induced the phosphodiesterase activity of hydrolyzing

cAMP and cGMP by skifold, and exposure to faed light ceased hydrolys{§asser et al., 2014)



Another study fused the photosensory domain of cyanobacterial phytochrome 1 and two separate
tyrosine kinase domains to take advantage of
the receptor kinase domain. MAPK/ERK signaling pathway was theratadiin response to red
light and deactivated with faed light(Reichhart et al., 2016)

Utilizing red and faired lightfor optogenetic activation providdse advantage of the
light penetrating deep into tissue, whereas visible light can only affect the surface of tissues or
thin layers of cell§N. Yu et al., 2019)This has led to advances in noninvasive technology since
tissue is effectively transparent to infrared/redrared light and does not have to be directly
exposed to tissue, as opposed to visible light that might require LED insertion into body parts,
such as the braifN. Yu et al., 2019)Interestingly, IR light systems have been shown to exhibit
lower phototoxicity and less extraneous scattering as visible light sy@tatmsrniuk et al.,

2021)



LOV domains

Light-OxygenVoltage (LOV) domains are flavinontaining domains part of the Period
ARNT-Singleminded (PAS) domain family and are found in bacteria, fungus, and plants
(Pudasaini et al., 2015%everal different types of LOV domains exist, but for all, the central
mechanism of action occurs on the flavin chromophore and the cysteine in the GXNCRFLQ
motif. Blue light absorption at 450 nm excites the flavin, generating a radical which induces a
covalent linkage between the flavin and cystdimata et al., 2002; Pudasaini et al., 2018)V
domains have been exploited in optogenetics for theirlibe sensitivity, and depending on
the type of optogenetic system of interest, utilizing different kinetic parameters can afford a
multitude of options for the system. Fast protein activakioetics requires intense light but that
also means rapid on/off control of protein function. Slower stimulation kinetics affords the
benefit of less intense light but a decreased control of optogenetic fugEibowski et al.,

2009)

Two mechanisms of LOV domain photo activation have been utilized for optogenetic
systems: signal transduction and dimerizaffeloresibarra et al., 2023)The first, signal
transduction, involves the LOV domain and an effector protein tethered together by a helical
linker. In the dark, the close association with the LOV domain inhibits the effector from signal
transduction. Upon blue light stimulation, tb@nformational change associated with the LOV
domain assists in unfolding of the helical linker, allowing the effector to physically move away
from the LOV domain and undergo signal transductiudasaini et al., 201.5An example of
this describes the design of a lightlucible nuclear export system (LEXY) by Niopek et. al.
(Niopek et al., 2016)LEXY -tagged proteins of interest were exported out of the nucleus in

response to blue light through the sequestration of the nuclear export receptor, CRM1. In this



design,the @ er mi n al AdLQV2 Was madified with a nuclear export signal (NES).

Under dark conditions, the NES is tightly secured next to the LOV domain, rendering it inactive.
Upon blue |light exposure, the JU helix unwind
the LOV doman out of the nucleus. To prevent nuclear export, LEXY was tethered to chromatin

via a H2B histone anchor. Blue light stimulation resulted in CRM1 binding to exposed NES and
sequestration of CRM1 to chromatifig. 1.3A) (Niopek et al., 2016)

Many optogenetic designs have explored the ability of LOV domains to-reomdéor
heteredimerize. Briefly, heterodimerization systems have coupled LOV domains orldad%d
peptides to certain proteins that can bind to complementary proteins or DNA bilodiragns to
mediate a multitude of various cellular procegdeyasawa et al., 2023%lozter et al.
developed a system coinadhable lightinducible dimerization tags (TULIPssing a
synthetically designed interaction between AsLOV2 domain and a PDZ dofh&rinteraction
is stimulated by light; therefore, the system has the ability to recruit protein of interests to
cellular localizationsKig. 1.3B) (Oakes et al., 2017; Strickland et al., 201&)other popular
system utilizing AsLOV2 domain involves its fusionEocoli SsrA peptide, which shares
similarities in sequence to the LOV domainods
protein, SspB, promoting localization or cellular signali@gntas et al., 2015; Johnson et al.,
2017) Opposed to lighinduced association, LOVTRAP undergoes ligittuced dissociation of
phototropin 1 LOV2 domaiwith Z-domainrderived affibody(Zdk1). In dark conditions, Zdk1
binds LOV2 with high affinity and light stimulation interrupts this interaction, enabling a
proteinZdklfusion to be releasdti. Wang et al., 2016 50me LOV domains can homo

dimerize with itself, similar to cryptochromes; these systems are useful for activating receptor

10



tyrosine kinases through atpbhosphorylatiofKhamo et al., 2019ajvhich will be further

described later in this chapter.

A

Nucleus

Blue Light
LOVpep 4—'
Dark

Cytosol

Figure 1.3 Examples of LOV domain optogenetic syst¢A)sRegulation of nuclear transport
of a nuclear export receptor (NER)rough a NESnodified LOV domailNESLOV2GFP is
tethered to a histone core. Upon blue lighimination, NES is exposedllowing NER binding
and sequestratio(Niopek et al., 2016)B) Recruitment o& protein of interest (POlp the
plasma membrane vimembrandgethered LOVpep and@DZ interaction(Oakes et al., 2017)

Created with biorender.com.
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Cryptochrome

Cryptochrome areblue lightdependent photorecepsdhat are genetically similar to
photolyasegKennedy et al., 2010Thefamily of cryptochromesre naturally found in plants
and some animals and absebtue light (436490 nm) using its chromophore, fla\i@he et al.,
2015; Kennedy et al., 201@ryptochromes have a photolyase homology region (PHR), in
addition to a second domain, the cryptochromtei@inal extension (CCE), that is unique to
cryptochromes. The PHR domain at théekminus binds to the chromophore, flavin adenine
dinucleotide (FAD)which absorbs blue light and acts as the catalytic cofédtdriu et al.,

2008) Although still not fully understood, it has been postulated that the electrons within FAD
are excited by blu#ght photons and this results in electron shuttling and subsequent
conformational changes in the proté8thwinn et al., 2020; X. Yu et al., 201@pr full-length
cryptochromes, this conformational change can lead to phosphorylation and activation of the
protein into the open form, which can then bind and interact with signaling proteins to regulate
transcription and translatiqiX. Yu et al., 2010)Although cryptochromes share homology to
photolyases, they do not repair DNA like photolyases. Instead, their function in plants include
flowering control and fruit development; functions in both plants and animals include
magnetoreception and circadidrythm (H. Liu et al., 2008; X. Yu et al., 2010)

The residues that nezovalently bind the flavin in the PHR domain (LLDAD) are highly
conserved throughout all cryptochromes in spefgied.iu et al., 2008) The residues that are
proposed to be involved in electron transfer are three tryptophan (W) residues near the flavin
bindingsite(Fig. 1.9 ( So |l ov 6 y o v. A kght-stemulated re@of reattjon involving a
disulfide bond has also been hypothesized to induce conformational changes in the protein. For

phosphorylation of cryptochromes, ATP binds in the HAiBding site of the PHR domain,

12



which transfers electrons from ATP to the flavin upon photoexcitation. This electron transfer

might facilitate phosphorylation of serine residues by ABrautigam et al., 2004)

e 2 Flavin .
J

Figure 1.4 Active site oCryptochrome Zrom Arabidopsis thalianaPhotoexcitatiorinduces
electron transfe(red) from (1) flavin to W400(Il) W400" to W377 and(lll) W4377" to W324
Protontransfer (green) occurs at D3%hd thethreeW residuesReused with permission by
Scientific ReportsCC B¥NC-ND 3.0 https://creativecommons.org/licensesfioynd/3.0/

(Sol ovébyov et al ., 2014)

Detailed mechanisms into cryptochrome oligomerization are also not fully understood,
even though this lighdependent protein has been used in numerous optogenetic systems and the
focal point of many optogenetic switch@é Yu et al., 2010)Positivelycharged residug¥?2,

K5, K6) on the Nterminal PHR domain mediates ligtépendent cryptochrome and CIB1

13



heterodimerization. @erminal CCE domain also contains positivelyarged residugf487,
R489)that mediate cryptochrome homodimerization, in additbanegativelycharged residue
(E490)that suppressdimerization(Duan et al., 2017)The negative charged residue on the C
terminusreduce oligomerization but desnot completely prevent clusterinigloreover, larger
clusters of cryptochrome have been shaowtake longer to dissociate than smaller clusters,
indicating there may be stabilizing interactions in the protein structure that promote
oligomerization(Duan et al., 2017Many design details should be considered when proposing
optogenetic switches involving cryptochromes. For many optogenetic systems, cryptochrome 2
(Cry2) fromArabidopsisthalianais utilized as the lightensitive switclfHughes, 2018)This
dynamic, versatile protein has been used in a multitude of experiments, including but not limited
to gene expression and transcriptional cor{ti@rnandezCandia & Tucker, 202QYeversible
proteinprotein interactions and signalii@he et al., 2015; Duan et al., 201iRhibition of
protein signalingBugaj et al., 2015)and protein condensate dissociafiblernAndezCandia et
al., 2021)

As cryptochrome can homoligomerize with itself Fig. 1.5A), many different mutants
have been developed to control and manipulate this oligomerization @rdiyer et al., 2021;
Taslimi et al., 2014a)n most optogenetic designs witlmy@, the PHR domain is used since this
region is where most monomer interaction oc¢ennedy et al., 2010a; Kramer et al., 2021)
In some designs, increasing the clustering ability of Cry2 is desirable if efficient ppotedin
interaction is the goal. The Cryolig mutant has greater clustering ability compared to wildtype
Cry2 and has been used in many different optogenetictmsgiiKramer et al., 2021; Taslimi et
al., 2014) By mutating a negatively charged residue to a neutral residue (E490G), repulsion of

the Cry2 monomers decreadd@aslimi et al., 2014)A more positively charged-@rminus
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further increases homodimerization ability, such as the case in Cry2high, a E490R mutant. In the
same study, reduced clustering of Cry2 was achieved by adding negatively charged residues
(EED) to the Gterminus of Cry2 (Cry2lowjDuan et al., 2017)A weaker clustering ability

might be more optimal for some designs, as larger clusters resulting from better oligomerization
take longer to dissociate. If constructs are membbamoued, some high background clustering in

the dark from overexpression ajrestructs can hinder control of the optogenetic swibaran et

al., 2017)

A
Light Cry2
Cry2 Cry2 Cry2
h
Dark Cry2
Cry2
B
Light
Cry2 Cry2
h
Dark

Figure 1.5.Schematic ofA) Cry2-Cry2 homaoligomerizationand (B) Cry2-CIB heterc
oligomerization beforandafter blue lightstimulation and the reversible dissociation of

oligomerization in the darlCreated with biorender.com.
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Another study by Park et al. mentions that quaternary structure and conjugation of the
fluorescent protein (FP) tagged to Cry2 can affect the clustering of(BeyR et al., 2017)
Conjugation of the FRagged to the @erminus of Cry2 showed a larger clustering effect than
that at the Nlerminus of Cry2. In the same study,-ee8idue peptide added to the&@minus of
Cry2 also increased clustering. THeamino acid of the peptide, Leucine, was determined to
play a critical role in increased clustering due to its hydrophobicity. From there, they determined
that the Phenylalanine at position 507 of Cry2 was also crucial for efficient clustering due to its
hydrophobicity(Park et al., 2017)The size of the FP also affects clustering, as@el, bulky FP
fused to Cry2 can prevent Cry2 interactions and optimal clustering due to steric hir{@aace
et al., 2017; Park et al., 201Another consideration is the finding that Cry2, modified to tether
to the membrane, rapidly clusters better than the cytosolic Cry2. Plasma meftntuadeCry2
has been shown to have slower clustering dynamics than Cry2 on the ER membrane, which can
be ontributed to protein and lipid concentration of the membrédhks et al., 2015)To disrupt
Cry2 homaeoligomerization, a rapamycibased chemically inducible dissociation can be utilized
with a fusion of Cry2 and FKBPapamycin bindingFRB) domainHernandezCandia et al.,

2021) Cry2FRB forms clusters after light stimulus by Cry2 interactions, btexqessed with
the FRB ligand, FK50®inding protein (FKBP), rapamycin induces binding of FKBP to the
FRB domain of CryZFRB and disrupts the fusion clusters into mononldesnandezCandia et
al., 2021) This method of Cry2 cluster dissociation can be used immediately afteaditjdted
cluster formation and eliminates the requirement for-pgist relaxation in the dark in order to
reverse clustering, which can take up to 30 min(esn et al., 2017; Hernand€andia et al.,

2021)
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In addition to homeoligomerization, blue light stimulation initiates Cry2 hetero
dimerization with its binding partne€ryptochromeinteracting basic heltoop-helix protein 1
(CIB1 or CIB), that is tethered to the plasma membrdig. (1.3) (Kramer et al., 2021)A
common truncation of CIB1, CIBN, contains only the first 170 amino acids and lacks the nuclear
localization sequence; this mutant exhibits lower background association of Cry2 in the dark and
does not contain the basic heloop-helix domain that binsl DNA (Kennedy et al., 20107
complication with this optogenetic approach is that Cry2 can also homodimerize; before and
after light stimulation, this can cause undesirable clusters to form in the cytosol instead of
recruitment to the membrang&dditionally, light stimulation results in hornand hetere
dimerization, and each association cannot be separate@xpcessedChe et al., 2015)n
order to block Cry2 clustering but retain C+¢2B interactions, the CryERB fusion was
recruited to the membrane by interaction with CIB1 under light stimulation, but upon rapamycin
induction, FKBP ligand associated with FRB and disrupted -©my2 interactions but not the
Cry2-CIB1 interaction. Even though this method involves transfection and overexpression of
three different protein fusions, it is a novel way of maintaining membrane interactions while also
tightly controlling the signaling of repéor proteingHernandezCandia et al., 2021)
Extensive reviews of these optogenetic designs have enumerated the different uses of Cry2 and
its optimizations in various regulatory techniq@es Mena et al., 2018; Hughes, 2018; Kramer
et al., 2021; X. Yu et al., 2010)hese have all given way to many options for using effective

and controllable Cry2 in optogenetic switches.
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Eph Receptors

Receptor tyrosine kinases (RTK) are transmembrane proteins that transduce critical
signaling pathways within cells to regulate cell communication, growth, development, and
mobility (Hubbard & Miller, 2007)Erythropoietinproducing hepatocellular carcinoma (Eph)
receptors are the largest family of receptor tyrosine kinagksl4 types classified into two
groups, type A and type . Arvanitis & Davy, 2008)The type of receptor is determined by
which type of ligand it binds: EphAAQL-A8, A10) receptors bind ephrinA (A%), and EphB
(B1-4, 6) receptors bind ephrinB (Eg). EphrinA is tethered to the membrane extracellulayly
a glycosylphosphatidylinositol (GPI) anchephrinB contains an extracellular binding domain,
a transmembrane sequence, and an intracellularbiditng motif(L.-Y. Liang et al., 2019)
When a cell moves close to a neighboring cell, the ephrin on one cell can bind to the Eph
receptor on the other cell via its ligand binding domain (LBD), also referred to as a globular
domai n. The HagmhinalrLBD; eygicineiah éegion KCRD)and two consecutive
fiboronectintypel | | domains are part of the receptords
transmembrane region (TM). The intracellular portion of the receptor consists of the
juxtamembrane region (JM), tyrosine kinase domain (DY), e r-motif domé&ln (SAM), and
the Gterminal PDZbinding motif(D. Arvanitis & Davy, 2008; Hughes & Virag, 2020;-¥.

Liang et al., 2019; J. S. Yang et al., 2018)

Membranebound Eph receptors on one cell are activated by binding to ephrin on a
neighboring cel(Fig. 1.6. Ephrin ligands have different affinities to its receptor, depending on
the types of each ligand and receptor. In its inactive form, an Eph receptor is in a conformation
where the kinase domain interacts with dMeregion, shielding the tyrosine residues within the

KD from interacting with adjacent receptqkimanen et al., 2010; Wiesner et al., 2006)on
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ephrin binding, the activated Eph receptor dimerizes with another eppinimeceptor
heterocomplex. In fact, structural studies have shown that Eph receptors can feordeigh
oligomers of active dimerdimanen et al., 2010Next, the receptor interactions promote the
phosphorylation of tyrosine residues in i region by ATP, and then the dissociation of the

JM from the kinase domain allows for the tyrosine residue in the kinase domain to be
phosphorylated. The kinase domain is then activated to phosphorylate downstream signaling
proteins(Himanen et al., 2010; Nievergall et al., 2012; Wiesner et al., 2006)gh receptor
concentrations, activated eph#iph receptor clusters can recruit unbound Eph receptors to these
high-order clusters, and these unbound clustered receptors can still be phosphorylated and induce
downstream signaling in the absence géiid bindingWimmerKleikamp et al., 2004)in

studies using exogenous ephrin treatmentsclugered ephrin using the immunoglobulin Fc
(ephrinFc) is required to activate Eph receptors; monomeric ephrin is not sufficient to produce

receptor clusterin@Davis et al., 1994)
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Figure 1.6.Schematic of the signaling outconoé€Eph receptor and ephrifhe main

structural domains of Eph receptor are the ligandding domain and the kinase domain. Eph
receptors are activated and dimerize upon binding to ephrin ligand, indtaiwgrd signaling

of various pathways. Ephrins also undergo reverse signaling upon receptor binding. Forward
signaling pathways lead to processes such as cell migration, cell rounding, and proliferation.

Reverse signaling can induce cell migration, ceheslon, and proliferationCreated with

biorender.com.

20



Although Eph/ephrin signaling crosstalk has been studied extensively, elucidating the
role of each receptor has been difficult. First, each of 14 types of Eph receptors mediates
different, and sometimes the same, signaling cascades as the other Ephsid8efitdcphA2
and EphA4 receptors regulate the MAPK signaling pathway and focal adhesion kinase (FAK)
(D. Arvanitis & Davy, 2008)EphA2 receptor and EphB1 have been shown to upregulate Racl,
while EphB6 has been shown to downregulate Racl in T(€&quale, 20105econd, Eph
receptor expression profiles agecific to cell typeFor example, EphA2 expression is high in
angiogenic vascular cells and cardiac progenitor cells, but expression is low in embryonic
guiescent vascular cellBarquilla & Pasquale, 2015EphA1l receptor has almost no expression
in human embryonic kidney (Hek) ce(ldamazaki et al., 2009put CD4+ T lymphocytes
readily express EphALl recepi@asheim et al., 2005EphB receptors are highly expressed in
red and white blood cells and in dendritic cédsirling & Lamb, 2019)Third, a single ephrin
ligand has promiscuous binding to more than one Eph receptor. EphrinA5 can bind to either
EphA2 or EphA4 but the resulting biological effect is different. Activated EphA2 promotes cell
adhesion, but EphA4 activation induces celadbesion and roundingy. Wang et al., 2018)

Some types of Eph receptors have the ability to bind different types of ephrins. While most Eph
receptors bind the ligand to their complementary class (A or B), EphA4 can bind ephrinB, and
EphB2 receptor can bind ephrinfBasquale, 2010Yhis promiscuity introduces difficultiy

vitro andin vivoto ensure that only the receptor of interest is activatechanther receptors.

To add more complexity to Eph/ephrin signaling, Eph receptors not only-tionewize
with themselves, but they can also interact amsdashion with other membrastound proteins
and receptors. i€interaction between Eph and ephrin, dimerization of two different types of

Eph receptor, and interactions between Eph and other RTKs can occur andliffedetat
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signaling outcomefD. Arvanitis & Davy, 2008; L=Y. Liang et al., 2019)Cis-interaction

between an ephrin and Eph receptor has been shown to inhibit Eph receptor activation. In retinal
axons, EphA3 and ephrinA5 eiisteractions prevents EphA3 tyrosine phosphorylation and
silences forward signalin@arvalho et al., 2006 Another Eph receptor crosstalk includes the
ability of an Eph receptor to dimerize with a different type of Eph receptor. Different types of
EphA receptors, such as ephrinAétivated EphA3 and EphA4, can heterodimerize to produce
the same cellular respandor example growth cone collapse in spinal motor neurons

(Marquardt et al., 2005Dther cisinteractions with Eph receptors include dimerization with
another membranrassociated receptor. Eph receptors have been show to interact with growth
factor receptors, chemokine receptors, integrins, and NMDA recepigrsl(7) (D. Arvanitis &

Davy, 2008; Cecchini & Cornelison, 2022) neural progenitor cells, treatment with ephrinAl
stimulated an interaction between EphA4 plateletd e r i ved growt h factor
( P D G FtRabpromoted proliferation and differentiation of the c@&ls Chen et al., 2020)

Another study found that EphB receptors associate with NMDA receptors without the
requirement for EphB activatidipalva et al., 2000)Further studies elucidated the role of EphB
interactions with NMDAR; in mature neurons, EphB2 regulates NMDAR localization levels at

synapses and has the ability to bind and phosphorylate NMDIaR et al., 2011)
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Another factor to consider when studying Eph receptor signaling is that endocytosis and
degradation of activated ephifitph receptor complexes can abolish forward and reverse
signaling within the cel{leguchi & Maru, 2019)For ephrinA and Eph receptors, this can affect
the signaling due to the metalloprotease ADAM1@/&guchi et al., 2014; leguchi & Maru,

2019) When ephrinA binds to EphA receptor, ADAM12 cleaves the memipaned section of
ephrinA, severing the cetlell link. This mechanism is thought to promote celadéesion by
cleaving the Eph/ephrin connection and additionally inducing endocytosie &jph/ephrin
complex, which signals downstream targets to reduce protrusion formation and increase cell
retraction(leguchi et al., 2014; leguchi & Maru, 2019)aking these factors into account along
with the consideration that the ephrin/Eph regulatory mechanism is yet to be fully understood,
the relationship between Eph receptor and the activation of its cascade of signaling does not
seem to be linear but clolbe closer to a feedback loop of signal{iievergall et al., 2012)

Eph forward signaling is of particular inter@sthe biochemical communityue to the
diverse downstream pathways that are initiated by Eph activation. Phosphorylated tyrosine
residues on the kinase domain interact with Src Homology 2 (SH2) domain proteins, leading to
signal activation of many different pathwa¥aucciardo et al., 2014\nsurprisingly, mutations
of all classes of Eph and ephrins can lead to various diseases including many types of cancer.
Due to the importance of these pathways on cell growth, replication, and development, Eph
receptorsignalinghave been extensively studi@@arquilla & Pasquale, 2015tphreceptors
and ephringlay a critical role in heart development and angiogenesis; recent studies have shown
that since Eph receptors mediate cardiomyocyte communication between epithelial tissues,

controlling Eph/ephrin signaling O6 Ne a | e Eph eedeptqrs ate @ldo 2rycial for
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neurogenesis and neuronal reff&iein, 2009) leukocyte migration as part of immune response
(Darling & Lamb, 2019)and actin cytoskeleton remodelif@ucciardo et al., 2014)

Many Eph receptor signaling cascades include, but are not limited to, Rho GTPase,
ERK/MAPK, Racl, Cdc42, and FAK-{g. 1.6. Some of these signaling proteins are
upregulated or downregulated depending on the type of Eph receptor and the type of cell
(Gucciardo et al., 2014; J. S. Yang et al., 20ERK/MAPK signaling pathway regulates cell
proliferation, and both EphA and EphB receptors have been shown to promote ERK
phosphorylation and subsequently cell prolifera{l@asquale, 2010; Pratt & Kinch, 200@)ne
of the main functional endpoints of Eph receptor activation is ECM reorganization (cell
migration and adhesion), which includes the modulation of proteins such as integrin, actin, and
focal adhesions. EphA2 receptor activation, found to produceoceiting and dadhesion, has
been shown to dephosphorylate and inactivate focal adhesion kinase (FAK), a kinase that recruits
ECM proteins to the membrane. From these studies, FAK and integrin activation are inhibited by
EphAZ2 receptor, resulting in cethunding and migratiotMiao et al., 200QRhoA is another
common signaling target of EphA receptors, such as EphA1l receptor. RhoA is activated by
phosphorylation either directly or indirectly as a result of ephriméiliced EphA1l receptor
activation, and the RhoA effector, ROCK, is subsequentlyated by the active Rhe&TP
(Yamazaki et al., 2009Y his pathway results in cell galhesion and rounding. In general,
RhoA/ROCK has also been implicated in ECM reorganization involving ezrin, radixin, and
moesin (ERM) proteins, which mediate the association of actin to the plasma membrane
(Hartmann et al., 2015Dther signaling pathways of interest that lead to ECM reorganization are

the PI3K/Akt, Racl, Cdc42, FAK, and Grfi8asquale, 2010ECM proteins are regulated by
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many other proteins other than the Eph receptor, but overexpression of Eph receptors in the cell

can yield insights into the outcome of receptor activation.
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Optogenetic Applications

As described above, studying Eph receptor activation and signaling can be a daunting
task, as expression and signaling crosstalk differ for each Eph receptor in different cell types and
even in different stages of developmdfridogenous or ovarxpressed Eph receptors can be
stimulated with exogenous ephiiiit, an engineered clustered form of ephrin, to activate
receptors and produce downstream signglayis et al., 1994; Yamazaki et al., 200
simplify the complex web of signaling pathways, optogerattovation of specific Eph
receptors will more precisely delineate Epgnaling outcomes, leading to a better understanding
of the impacts oEph-dependent cell signaling cascadlescke et al., 2017 0ptogenetics uses
light to control protein function and calignaling photoactivation of cell signaling pathways
providesexceptional spatiotemporal control and can bypass the need fomsotedule
activation of cell signaling pathwaysuch as ephrin ligandsight-activatedexperimental
approaches improve precision while lowering toxic effe€tsaditional experimental
approachegHughes, 2018; Rost et al., 201Through optogenetics, regulating the activation
and signaling of Eph receptors would allow scientists to control recgigtaling outcomes that
are unique to eaateceptorthat are otherwise upegulated or dowdnegulated in certain diseases,
such as cancer, heart disease, and neurodegenerative diskeases & Virag, 2020)

A studyin optogenetic EphB2 receptors have exploited reversible Cry2 clustering to
activate Eph receptors and downstream signaling pathways without the need-forepphin
binding(Locke et al., 2017)The lack of the requirement for ligafehding activation is
convenient as optogenetic clustering via Cry2 serves as the atrtificial activation mechanism. In
this case, the extracellular domains of the Eph receptor are not necessary in the construct;

althowgh the cysteineich domain and the fibronectin type Il domains have been found to
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promote clustering of wildtype Eph receptors, the clustering ability of the Cry2 is more than
sufficient to produce receptor activation and cellular respfirseke et al., 2017)The

difference in the biological effect of clustering between wildtype Eph receptors and dgpbpto
construct is the presence of reverse signaling. Activation without the ligand means that no
reverse signaling can occur, and the absence of the {lgadohg domain ensures no extraneous
ephrin signaling upon receptor clustering. Locke et al. showed that their OptoEphB2 construct
exhibited superior tyrosine phosphorylation through clustering aneptiaigphorylation of the
kinase domains upon blue lightmosure, with little to no dark background phosphorylatkig.(
1.8B) (Locke et al., 2017)Their construct consisted of antBrminal ¢Src derived

myristoylation domain, replacing the witgipe transmembrane domain, tethered to the
intracellular domain of EphB2. Cry2o0lig and the fluorescent protein mCherry were then tethered
to the Gterminusof EphB2 Fig. 1.8A). They had found that the wilype Cry2 did not generate
high-order clusters required for receptor activation, so they utilized the Fadjglymerizing

Cry2 mutant Cry2olig for its clustering ability. In Hek293 cells, their constiustered readily

upon blue lightFig. 1.8C and exhibited cell rounding. They also expressed their construct in
neurons, and blue light activation of OptoEphB2 produced an increase in filopodial protrusions
along dendritegLocke et al., 2017)The same team then used OptoEphB2 to study memory
formation in mice, as EphB2 has been expressed in the area of the brain where the site of fear
conditioning memory is active, the lateral amygdala (LA), and has been associated with fear
memory formationOptoEphB2 was expressed in the LA via an ae&ssociated virus and upon
light stimulation, downstream phosphorylation of Src increased and fear conditioning behavioral

studies showed an enhancement of {tergh memory formatiofAlapin et al., 2018)
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Figure 1.8 Optogenetic EphB2 receptdA) Schematic of OptoEphB2 construct design and
activation in response to blue ligiB) Quantitation of tyrosine phosphorylation in OptoEphB2
immunoprecipitates of Hek293 cell lysati3) TIRF image of Hek293 cells expressing
OptoEphB2 before blue light exposure (top) and three 250 ms pulses of blue light 4.5 seconds
apart (bottom)Reused with permission Byology OpenCCBY 3.0

https://creativecommons.org/licenses/by/8L@cke et al., 2017)

As of 2024, OptoEphB2 is currently the only optogenetic Eph receptor described in the
literature, aside from our EphA1Cry2 constructs further detailed in Chapter 2. Similar
optogenetic designs have been applied to other receptor tyrosine kinases asiindliasitg
with OptoEphB2 construct design. For example, the intracellular domains of a murine FGFR
were tethered to the plasma membrane usimgrastoylation domainpandthe phytochrome
CPH1 was fused to the-€rminus of the receptor. Red light stimidatinduced
homodimerization of CPH1 and activation of FGFR, leading to MAPK/ERK pathway signaling

(Reichhart et al., 2016 Another design using a LO¥omain incorporates the intracellular
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domains of a RTK fused-@rminal to the LOVdomain(Grusch et al., 20145even different
LOV-domains were tested with FGFR and found that the VfAU1 Worfnigida produced the

best signaling response from FGFR that was additionally spatially and temporally controllable.
Two other RTKs, EGFR and rearranged during transfection (RET), were also tested with VIAU1
and found to induce similar signaling output upon bigietIstimulation(Grusch et al., 2014)

A unique way of clustering RTKs is to fuse Cry2 not to the receptor, but to a SH2 domain
that can bind to the receptor. Bugaj et al. fused Cry2 to the SH2 domainef PLCand under
blue light stimulation, clustering of the SH2 domains enhanced binditing afomain to
endogenous RTKSs, activating the recep{@wsgaj et al., 2015)This approach would be useful
to study a RTK activity in cells with high expression of the a particular RTK of interest;
however, activation may not be specific as SH2 domains have promiscuous binding to other
RTKs. Another way of clustering RTK that is more specific is to utilize €1 hetere
oligomerization is a twqpart system. Described by Duan et al., the intracellular domains of TrkA
were fused Nerminal with Cry2mCherry to create a cytosolic construct. CIB1 was tethered to
the plasma membrane recruit the receptor domainsttee membrane. Under blue light
stimulation, the cytosolic CryZrkA would be recruited to the membrane via GGIB1
interactions and also cluster via C+g2y2 oligomerization, activating the recep{buan et al.,

2018) While this approach has more control of receptor activation, the system still requires co
transfection of the Cry2 and CIB1 constructs. Fusing Cry2 to the intracellular domains of a RTK
seems to be the simplest design to induce receptor dimerizatianstitimaintaining

spatiotemporal light activation.
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BAR domains

Bin/amphiphysin/Rvs (BAR) domaioroteins are a large group of proteins containing a
BAR domain that generate membrangvature of the plasma membrane and intracellular
organelles. BAR domains are named for three of its proteins within the family: Bin1,
amphiphysin 2 (a splice variant Binl), and Rvs (membrar@ssociated yeast proteins)
(Stanishnev&onovalova et al., 2016 he proteins in the BAR family (simply called BAR
proteins in this review) share a functional commonality of membrane association and subsequent
membrane shaping due to the presence of the BAR domain; therefore, they are critical for
membrane morphologgnd dynamics. The BAR domain itself consists of a dimer of curved
helices that is attributed to its ability to curve membranes; in fact, positively charged residues are
present on the outside curved areas which assist in the domain binding to melf#rsoresy,
2011; Salzer et al., 2017; Simunovic et al., 20BAR domains generate membrane curvature
by association of these positively charged residues with negatively charged phospholipids on the
membrane. The biological result of BAR domamembrane association varies depending on the
length, curvature, and thending affinity of the helices within the doma@imunovic et al.,
2015) in addition to BAR protein interactions with other proteins. These interactions, stimulated
by BAR protein recruitment to the membrane, assist in actin cytoskeletal rearrangement and
structure formation. Src homology 3 (SH3) domains commonly found in BARIps interact
with prolinerich regions within actirassociated proteins including dynamin and actin assembly
factors(Carman & Dominguez, 2018pome actin assembly factors that interact with BAR
proteins include nucleation promoting factors of the Arp2/3 complex, formins, Wiskistth
syndrome protein (WASP), WASP family verprokhemologous protein (WAVE), vasodilator

stimulated phosphoprein (VASP), and VASRamily proteins. Some BAR proteins also
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regulate cytoskeletal remodeling through direct or indirect interactions with the Rho GTPases
Racl and Cdc4@arman & Dominguez, 2018)

BAR domains generate positive membrane curvature through the interaction between two
monomers, each a coiledo i | of t hr ee -Helices(Petedet @.200d)h@a r al | el
monomers interact through mainly hydrophobic residues, and the resulting dimer resembles a
crescent shape. Due to its shape and the positively charged residues on its concave surface (the
inside of the crescent), these domains generate positiveungwvehen bound to membranes
(Fig. 19A) and therefore possess the ability to form invaginations within §Statishneva
Konovalova et al., 2016 he function of many BAR proteins is the formation of contacts
between synapses and processes for signal transduction in neurons. In neurons, amphiphysins
play a role in endocytosis, but in muscle cells, they help form and stabilitsules(E. Lee et
al., 2002) Amphiphysinfrom Drosophilahouses its BAR domain between residues 35 and 240
(Fig 19B) (Salzer et al., 2017)esidues Nerminal and @erminal to this domain are
disordered. The Nerminal residues ¢26) have been proposed to form an amphipathic helix,
and the proteins that contain this helix on the end of the BAR domain has been c&A&I N
(Peter et al., 2004Proteins that contain aBIAR domain also include endophilin and sorting
nexins(Peter et al., 2004; Simunovic et al., 20IBdophilins additionally contain a Src
homology 3 (SH3) domain that interacts with other proteins in a variety of regulatory processes
(Fig. 19B). Endophilin A modulates endocytosis, and endophilin B1 activates cell apoptosis
through interactions with Bax and subsequent release of cytochrdme&XC Yang et al., 2023)
Sorting nexins (SNX) assist in trafficking proteins during endocytosis and proteolysis. A portion

of SNXs contain BAR domains (SNBAR) essential for trafficking proteins from endosomes to
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thetrans-Golgi network or the plasma membrane as part of the-gsdsomal pathwafHanley

& Cooper, 2020)

A B
BAR domain
Arfaptin == N-BAR = FCHO1,2 (FBAR
PICK1 =PDZz N-BAR = PSTPIP1 (F-BAR ==SH3
Amphiphysin i N-BAR s SH3 PSTPIP2 F-BAR ==
Endophilin i N-BAR =SH3 GAS7 SH3====_ F-BAR =
APPL1,2  N-BAR =PH===_PTB Pacsin 1-3 (F-BAR ===SH3
Snx9, 18 SH3===PX= N-BAR i ClIP4/Toca F-BAR ===HR1===SH3
IRSP53  (LIBAR. =GaD=8H3=Z Fer, Fes (F-BAR ) FX===SH2==Kinase
MIM, ABBA (IBAR S sIGAP1-4 (F-BAR ===SH,
Pinkbar (HBAR ====§Ha: % Nostrin  (_F-BAR ==SH3

Figure 1.9. BAR protein structures artieir membrane curvaturéA) TheBAR/NBAR and F
BAR domains generate positive membrane curvature upon membrane birigiig.domains
induce negative membrane curvature. Positively charged residues are colored in blue, and
negatively charged residues arerad. Reused with permission #®\cta Natirae Copyright ®
2016 Parkmedia Ltd, CC BY 4.(https://creativecommons.org/licenses/by/4Stanishneva
Konovalova et al., 2016}B) Yellow box: Domains of selectBAR proteins. Purple box:
Domains of selectBAR proteins. Green box: Domains of sele®@ARprotein Reused with
permission byCellular and Molecular Life ScienseCC BY4.0

https://creativecommons.org/licenses/by/4{SHlzer et al., 2017)
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F-BAR, short for FCHBAR, proteins also generate positive membrane curvatures and
are crucial for the curvatures of cellular structures such as filopodia and lamellipodia; these
structures are in turn critical for cell mobility amdgration(Stanishnevaonovalova et al.,

2016) The BAR domain of BBAR proteins lies @erminal to the far Nerminal FESCIP4
Homology(FCH) region, named for its presence in the FES and CIP4 proteins. In contrast to the
classical BAR domainsc-BAR domain monomer s -helicesthatygieldpn i s ed ¢
elongated, shallower crescent shape than the BAR diigerl(9A) (Shimada et al., 2007; Zhao

et al., 2011)Many FBAR proteins contain €erminal SH3 domains as well, which have been
found to bind prolingich proteins associated with the actin cytoskeleton, specifidébikott-

Aldrich syndrome protein (WASRINd WASP family verprolinédomologous protein (WAVE)

(Fig. 19B) (S. Liu et al., 2015; Salzer et al., 201FFBAR proteins such as CIP4 and FBP17
mediate actin polymerization at the membrane and can even interact with dynamin to initiate
scission of vesicles during endocyto&ss Liu et al., 2015)CIP4, FBP17, and otherBFARS can

also selectively bingphosphoinositidefor prejudice to certain membrane regig8tanishneva
Konovalova et al., 2016The protein Nervous Wreck (Nwk) functions differently than other F
BAR proteins; instead of forming invaginations or tubules, Nwk induces membrane scallops or
ridges by deforming the edges around actin filaments through positive curvature, resulting in
protrusions(Becalska et al., 2013)

Inverse BAR domains {BAR) are structurally similar to BAR domains in that they also
contain a di mer wihelides(Staaishmewkéonosalowafet alt, A0l 6 elike U
BAR domains but similar to-BAR domains, the-BAR dimer shape is less curved, and since
positively charged residues lie on the convex surface (outside of cuB&IR Homains generate

negative membrane curvatufdd. 1.9A) (Zhao et al., 2011Due to its convex structureBAR
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proteins form membrane protrusions instead of invaginations.-BAd&ldomain itself strongly
binds phosphoinositides within membrane regions, specificathgghatidylinositol 4,5
bisphosphatéPIP,). I-BAR domain mechanism of action to form tubular structures involves
binding to PIR and subsequent clustering of PtRrough oligomerization of the BAR domains
(Nepal et al., 2021; Saarikangas et al., 208ditionally, FBAR proteins contain &WASP-
homology 2 (WH2) domain that interact with actin monomers to seed actin polymerization
mediated by Arp2/3Kig. 19B) (Saarikangas et al., 2011; Zhao et al., 20LBAR domains

were first discovered in the proteins missingmetastasis (MIM) and insulin receptor kinase
substrate p53 (IRSp53). All fiveBAR proteins participate in protrusion formation, e.g.
filopodia and lamellipodia, emphasizing their role imoskeletal reorganizatiofZhao et al.,
2011) IRSp53 has been shown to form complexes with Cdc42 and Eps8, an actin bundling and
capping protein, to induce filopodia formati(®cita et al., 2008)t also interacts with Rac
through its iBAR domain and the WAVE complex through its SH3 domain to induce actin
nucleation during lamellipodia formatigMiki et al., 2000) Actin-bundling protein with

BAIAP2 homology(ABBA) proteins are also involved in lamellipodia formation through Racl
interactions, especially in the processes of glial ¢Bllzheng et al., 2010MIM proteins share
close homology to ABBA proteins and are critical for membrane ruffling, filopodia, and actin
stress fiberg¢Saarikangas et al., 2011; Zhao et al., 20Bmbrane ruffling is modulated by the
phosphorylation of central tyrosine residues by Src kinase and interaction with cortactin. In cilia
formation and maintenance, MIM is implicated in Sonic hedgehog (Shh) signaling and Gli
mediated transcriptio(Bershteyn et al., 2010; Saarikangas et al., 2QhI)eurons, MIM is
integral in the formation and elongation of protrusions on dendritic s(ff@asikangas et al.,

2015) An interesting iBAR protein nameglanar intestinal and kidney specific BAR domain
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protein (Pinkbar) does not form protrusions like othRBAR domains, but instead creates planar
sheetlike assemblies at the membrane. These proteins are mainly expressed in intestinal and
kidney epithelial cells and are thought to stabilize the planarbrane at celtell junctions.
Enrichment of Pinkbar in Rab13 vesicles further suggests that Pinkbar is trafficked by these
vesicles to intercellular junctions in order to sculpt and bolster the structural integrity of these
junctions(Pykalainen et al., 2011)

Upon the discovery and subsequent investigations into BAR proteins, researchers have
sought an answer to an important questibhow do BAR domains sense and generate
membrane curvaturénitial generation of membrane curvature starts with binding of BAR
domains to the membrane via electrostatic interactioriBAN proteins can generate
asymmetric curvature through insertion of its amphipathic helix directly into the membrane
(Peter et al., 2004)nitial propagation then continues with the incorporation of more BAR
proteins to the membrane, forming a scaffold through interactions of the BAR domains with the
membrane and with each other. Propagation continues until a threshold is reacheBAfRr N
domains, 20% surface density is required before protrusion formation can(®itounovic et
al., 2015) FBAR domains bind to flat membrane surfaces and interact with each other laterally
to form flat scaffolds, which then arrange into helices alongside tubule forn&thonada et al.,
2007) I-BAR domains have been shown to both sense and generate negative membrane
curvature, depending on concentratieBAR proteins at low concentration can sense pre
existing curved membranes and then recrBAR and other proteins for propagation; wlese
at high concentration of protein, the proteins oligomerize and actively propagate curvature
(Breuer et al., 2019; Zhao et al., 2011BAR scaffolds recruit actin for flament and tubule

formation; therefore, their role in protrusion formation is transient after curvature propagation.
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Conversely, the insertionoFfRARGs amphi pathic helix into the
interaction with membrane, allowing for persistence of membrane curvature needed for tubule

and liposome formatio(Peter et al., 2004)
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Optogenetic Applications

Few optogenetic investigations have explored igigiulated membranginding
proteins, and only one study has engineered optogenetic BAR pr@@nes et al., 2020Jones
et al. designed two opBAR constructs using aBAR domain and anBAR domain with
iLID and SsrA/SspB as the liglilependent switch for membrane recruitméing.(1.10A). For
the FBAR construct design, SspB and tdTOM was fusegixhinal to the BAR domain
(residues 4288) of FBP1{tdTomSspBmicreFBP1BAR). To induce membrane recruitment
of FBAR, phototropic 1 LOV2 domain was tethered to the plasma membrane via a CAAX box
at the Nterminus, tagged with EGFP, and fusete@ninal to SsrAiLI D-EGFRCAAX). In the
dark, opteFBAR is cytosolic, but upon blue light stimulation, SsrA releases from the LOV
domain and is available to bind to Ssp&gruiting FBAR to the membrane for association. In
COS7African green monkey kidney cellsght-activated optd=BAR produced membrane
tubules characteristic of FBPIRreviously, they had integrated fldingth FBP17 into the
construct but observed membrane tubule formation in the dark as FBP17 has a higher affinity to
membranes than theBAR domain alone. Using only theBAR domain in their construct
showed minimatlark background activation and a robust response in only 10 seconds of blue

light stimuation (Jones et al., 2020)
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Figure 1.10. Design of opteFBAR and optdBAR constructs(A) Opto-FBAR is recruited to the
plasma membrane upon blue light stimulation via SspB (prey) and iLID (bait) interactions.
FBAR proteins then cluster and generate positive membrane curv@li@ptoIBAR is phote
caged by pdDronpalin the dark, but is released with blue light, allowing iLID and SspB
interactions. IRSp53 binds to the membrane and induces negative membrane c(joaeset

al., 2020) Created with biorender.com.
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After the success of their opEBAR construct, Jones et al. attempted the same construct
design with the-BAR domain of IRSp53 (residues3D0) in order to induce negative membrane
curvature in response to light; however, their initial construct strasggciated with the plasma
membrane and formed protrusions in the absence of light. Another design replaced residues 300
370 of IRSp53 with iLID [RSp53(hv) to remove the 18-3 binding sites contributing to auto
inhibition of IRSp53. To remedy this, aging system was implemented uspiwptodissociable
dimeric Dronpa 1 (pdDronpalln the dark, the two monomers of pdDronpal interact with each
other forming a dimer; light stimulation triggers dissociation of the monomers. By inserting
IRSp53(hv) between the monomers of pdDrongaiD¢onpatiRSp53(hvipdDronpal, the
domains of IRSp53 responsible for membrane association were caged in the dark, cytosolic and
unable to bind membranes. With SspB tethered to the plasma membrane, light illumination
releasedRSp53(hv) from the dpDronpal photocage and allowed the construct to bind SspB at
the membraneHig 1.10B). Transfected U20S cells illuminated with light produced rapid and
robust filopodiallike protrusions that increased in number and length when compared to the dark
state. Additionally, they found that their og®AR colocalized with actin at the site tifese
protrusions, either through direct interactions or protein associgfionss et al., 2020)

An optogenetic approach designed by Redchuk et al. directly controls actin localization
through fusing a lightlependent switch directly to actin itséedchuk et al., 2020)n this
system, intrabodies coupled with the iRIS system were used to regulate actin recruitment to the
membrane and subsequent polymerizatiig. 1.11A). Intrabodies (iB) are antibodies that bind
to proteins within the cell and have been primarily used in knockdown studies of proteins. The
duaklight controlled system iRIS utilizes tiAe.OV2 domain with a nuclear localization

sequence (NLS) attached -inteacting psoteid QPABleahdiax . Th e
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GFPRlabeled iB that binds actin (iB(actin)) were fused to thefhinal end oAd.OV2-NLS. In
dark conditions, the actiiiRIS construct was localized to the cytosol and formed actin fibers.
After blue light exposure, the NLS attachedAshOV2 was released, and the construct was
translocated to the nucleus. Upon red light exposure, the QPAS1 protein within tHREtin
construct was recruited to the plasma membrane via interaction with a mestdthemned
phytochrome BphP1 (BphRQZAAX) (Redchuk et al., 2020AIthough this approach may seem
complicated, the ability to regulate actin localization spatially and temporally by three modes
with only a twoeplasmid cetransfection and light as the stimulus is relatively-imasive and
does not involve enzymaticquesses, maintaining the metabolic integrity of the cell.

Other similar approaches hawsedlight-activated heterodimers to recruit Renzymatic
proteins to the plasma membrane. Although GFP has no regulatory or enzymatic function,
recruitment of GFP to the plasma membrane in high concentrations can cause membrane
perturbations, such as changesurvature and surface tensieshik et al., 2019)Using the
iLID system, opteGFP was recruited and localized to the plasma membrane with light to one
side of a macrophad€ig. 1.11B). Lateral accumulation of optGFP polarized the cell by
inducing membrane curvature and reducing tension at the membrane. In response, the

macrophage migrated in the opposite direction of igilmulated GFP localization. Migration

was proposedtobeas ul t of i ntegrin bl activation, in
of light exposure as aresultofogB# P 6 s mec hani cal f dMeshikstalgn t he
2019)

Another approach uses th8 AR domaininteracting protein, ezrin, as its protein of
interest. Ezrin is part of the ezsradixinrmoesin (ERM) protein family and as an adiin

membrane linking protein, plays a role in cell mobility and poldiiisai et al., 2018)Like I-
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BAR do mai ngerminal EERMmdmain Bihds to PIRN the cytosol, ezrin adopts a
closed conformation where the FERM domain interacts wit@-tesrminal ERM association
domain (CERMAD). Upon FERM binding to PIR C-ERMAD is phosphorylated, dissociates
with FERM, and the €EERMAD actinbinding site is accessib(Bretscher et al., 1995)

Although foundin vitro that ezrin cannot sense negative membrane curvature, it does interact
with I-BAR domains for recruitment to negatively curved membréngai et al., 2018)Opto

ezrin has been designed for use in studying midges present in motile cili@’asunaga et al.,
2022) In order to underline the importance of ezrin in ciliogenesis, tBREIAD domain of

ezrin was fused to PhyB, and the FERM domain of ezrin was fused with its binding partner, Pif
(Fig. 1.11C). In multiciliated cells undergoing maturation, exposure to 660 nm red light during
the stages of ciliogenesis maintained cilia structure and function due to the fidelity of ezrin
domain presence. In contrast, far-figiht exposure at a later developrtedrstage dissociated the
two ezrin domains, resulting in thesdiption of rootlet tilting and polarityasunaga et al.,

2022) This study provides a unique approach to investigating the role of membrane linker

proteins in later stages of development without disrupting earlier developmental stages.
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Figure 1.11. Examples of other optogenetic designs usingerymatic proteingA) Opto

actin, or iB(actin}iRIS, forms actin fibers in the cytosol when in the dark. Blue light (460 nm)
exposes NLS and opaetin is translocated to the nucleus. Red light (740 nm) induces
heterodimerization of QPAS1 to BphRRAX, localizing actin to thplasma membran&eused
with permission bjlature Communication€C BY 4.0
https://creativecommons.org/licenses/by/4R#dchuk et al., 2020)B) Blue light activation on
one side of cell leads to lateral recruitment of a protein of interest to the lit side as a result of
iLID-SsrA and SspBAAX interactiongMeshik et al., 2019 Created with biorender.coniC)

Pif fused to the FERM domain of ezrin interacts with PhyB fused to-teerhal of ezrin

(CTD) in the presence of red light (660 nm), reconstituting ezrin function. Far red light (740 nm)
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causes dissociation of PfhyB interaction and breaks apart the ezrin domains, knocking down

ezrin function(Yasunaga et al., 2022y reated with biorender.com.
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CHAPTER 2
Optogenetic Regulation of EphAl RK Activation and Signaling
Introduction
Erythropoietinproducing hepatocellular carcinoma (Eph) receptors are the largest family
of receptor tyrosine kinases (RTK) with 14 different types of this transmembrane batein
Arvanitis & Davy, 2008) Each Eph receptor includes an extracellular domain, comprising of the
ligand-binding domain on the ferminal, a cysteineich region, and two consecutive fibronectin
type-lll domains that are adjacent to the transmembrane region of the Eph reEeptarlj
(Hughes & Virag, 2020and an intracellular portion consisting of a juxtamembrane region,
followed by a kinase domain, a sterile alpha motif (SAM) domain, and ending in -diRDidg
motif at the Gterminus. Each of the two classes of Eph receptors, EphAAGAA10) and
EphB B1-5), is classified by the binding of their corresponding ligands, ephrinA and ephrinB,
respectively(D. Arvanitis & Davy, 2008; L. Y. Liang et al., 2019 phrinA and B both contain
an extracellular receptdoinding domain that interacts with the ligabthding domain on the
Eph receptor; however, ephrinA is anchored to the membrane by a glycosylphosphatidylinositol
(GPI) posttranslational modification,rad ephrinB has a transmembrane domain with an
intracellular PDzZbinding motif on the @erminus(Darling & Lamb, 2019; L. Y. Liang et al.,

2019)
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Figure 2.1. Schematic of Eph receptor and ephrin and theidibectional signaling. Ephrin
binds to the extracellular ligantdinding domain of the Eph receptor expressed on a neighboring
cell. This interaction activates reverse signaling by the ephrin ligand inelhard forward

signaling by the Eph receptor in the other cell.

The ephrin/Eph system incorporatesibiectional signaling pathway, triggered by the
binding of ephr-imding domainfig 2.1 pom@rs signalirgy aativéites
kinase signaling through autophosphorylation of the tyrosine kinase domain, leading to
downstream signaling. Reverse signaling is activated through cell surface displayed ephrin
ligands and controls ephrgpecific pathways ithe host cell. This distinctive type of signaling
has implications for cektell communication, includingell repulsion, migration, differentiation,

and proliferation(Barquilla & Pasquale, 2015; Darling & Lamb, 2019; Gucciardo et al., 2014;
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Hughes & Virag, 2020; Lai & Ip, 2009; L. Y. Liang et al., 2019; Lisabeth et al., 201 &gural
development for example, forward signaling mediates axonal growth cone collapse, and reverse
signaling induces growth cone survival, which in tandem can regulate migration of axons to their
target destinationd.ai & Ip, 2009; Lisabeth et al., 2013)

These complex, overlapping signals make it difficult to determine the effects of
individual Eph receptor activation and disentangle subsequent downstream signaling. As a result,
Eph and ephrin signaling crosstalk is not completely understood, and this k#gbe impacts
of Eph/ephrin signaling activation are sometimes contradi¢teguchi & Maru, 2019)To
simplify the complex web of signaling pathways, synthetic biology strategies for the control of
specific Eph receptor types could more precisely delineate Eph signaling outcomes, leading to a
better understanding of the impacts of Ej@pendent cellignaling cascade@d.ocke et al.,
2017) Optogenetics comprises one such strategy that could be applied to the control of Eph
receptor signaling.

In this work, we use cryptochrome 2 (Cry2), a blue lgépendent photoreceptor found
in Arabidopsis thaliangdKennedy et al., 2010d create a light responsive EphA1l receptor
mimic. Cry2 has been used in numerous protein fusion experiments due to its ability to homo
oligomerize in the cell cytosol in response to blue light stimuldBomgaj et al., 2015;
HernandezCandia et al., 2028nd enables direct regulation of various cellular processes solely
by control with light(Duan et al., 2017; Hughes, 2018; Kennedy et al., 200 @yior studies of
optogenetic control of Eph receptor domains, Locke et. al. described an optogenetic EphB2
receptor, named OptoEphB2, consisting of only the intracellular domains of EphB2 fused C
terminal to Cry2 and the fluorescent protein, mChérocke et al., 2017)in these studies, a

mutant of Cry2, Cry2olig, was used to improve lightialized oligomerizatior(Taslimi et al.,
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2014) For this study, EphAl was selected as the receptor of interest due to its role in cell
adhesi on and migration, c¢anc arragguilloetal.e20Klj o n,
Gucciardo et al., 2014; leguchi & Maru, 2019; Naj et al., 2011; Yamazaki et al., 200@ugh
EphA1 was the first Eph receptor discovered in 1@8rai et al., 1987)its specific function in
different cell types has yet to be fully investigafeyuchi & Maru, 2019)Its complementary

ligand, ephrinAl, has also been studied for its reverse signaling effect, which similarly promotes
cell deadhesion and migratiod. S. Yang et al., 2018 previous studies of wiltype EphALl,
ephrinAXFc stimulation was required to activate the receptor and produce cellular response
(Yamazaki et al., 2009)To create a lightctivated EphA1l that functions in the absence of
ephrinAl ligand stimulation, we coupled CryZ2olig with various truncations EphAl and

investigated their ability to oligomerize and undergo Ridpendent autophosphorylation.
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Material and Methods
EphA1Cry2 construct design

Forward and reverse primers for the four EphAl constructs were designed and amplified
by PCRusing human EphAl template (P2170Big. All.1; Table All.1). Construct PM
EphA1Cry2andPMEp h A1 Cry 2@ pri mer s i ncl usdgegehcanthep| as ma
3606 end. The ami PMaisBGAIKEKRKBNLNEDE (Resh,f1999; Thaa et al.,
2015) and theamino acid sequender PMbis MGSSKSKPK(Locke et al., 2017)Select
regions of EphA1 (excluding the extracellular regions ofHdWhA1Cry2 construct) were cloned
into Cry2oligmCherry (Addgene: #60032) using Nhel and Bmtl restriction sites. The
extracellular region of IMEphA1Cry2 was cloned into Cry2otmCherry @ing Bsrgl and Notl.
The constructs were transformed into compeier@oli, purified, and characterized via Sanger

sequencing.

Cell culture preparation
HEK293T cells and Neuro2a cells were cul tu
(DMEM) (Gibco) supplemented with 10% fetal bovine serum (FBS) and 1%
Penicillin/Streptomycin (PenStrep) (Gibco) in an incubator at 37°C and 596Ge0s were
plated on glasbottom dishes for imaging orBell plates for lysis and transfected with each
construct using Calfectin (Signa Gen Laboratories). For ERK and Akt immunostaining,
HEK?293T cells were serustarved in DMEM with 0.1% FBS for 2 hmuprior to light exposure

and lysis.
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NeuroZ2a differentiation

Neuro2a cells were seeded at 60% confluency in 1 mL DMEM with 10% FBS and 1%
PenStrep on 35 mm glabsttom dishes. The media was replaced after 24 hours with DMEM
with 1% FBS and 20 uM retinoic acid. The media was replaced daily for 3 days. On the third
day, cells were transfected with either PIEphA1Cry2 or Cry2olig using Calfectin (Signa Gen
Laboratories) in differentiation media and used for imaging the next day. Cells were serum

starved in 1x PBS for-2 hours prior to imaging.

Kinase translocation reporter subcloning and experiment

ERK-KTR-mNeonGreerand AktKTR-mTurquoise2vas subcloned from Addgene plasmid
#129631 (ChaveAbiega, 2022) into a phCMV vector (GenelanfiBable All.1). HEK293T

cells were transfected with 1000 ngkdfR (ERK-KTR or Akt-KTR) or cotransfected with

1000 ng of each constru@Mb-EphA1Cry2por Cry2olig)using Calfectin (Signa Gen
Laboratories). The following day, cells were serstarved with Leibovitz's 115 medium for 1

2 hours. Cells were then incubated in 1 mL of 20 mM Hoechst 33342 nuclear stain in DPBS,
washed with 1 mL DPBS, and placed back in biédia for imaging. For ERIKTR and Akt

KTR only cells, a 1@minute prestimulus period was imagedhen cells were stimulated with

500 ng/mL of epidermal growth factor (EGF).

Microscopy and imaganalysis
HEK?293T cells and Neuro2a cells were imaged on a Leica DMi8 Live Cell Imaging
System, equipped with an OKOLab stagp live cell incubation system, LASX software, Leica

HCX PL APO 63x%/1.40 to 0.60 numerical objective oil objective, Lumencor LED lighhengi
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CTRadvanced+ power supply, and a Leica DFC900 GT camera. The mCherry channel (553 nm,
50% power, 200 ms exposure) was used for pre, during, antigiastisualization. GFP

channel (480 nm, 50% power, 50 ms exposure) was used for Cry2 activation. Ireages w
captured in 30 sec intervals.

Live-cell confocal images of HEK293T cells were collected on Zeiss LSM 700 laser
scanning microscope equipped with a stageincubator and ZEN Black 2012 software. Images
were captured on the mCherry channel (553 nm) and GFP channel (480 nm) fortiblue lig
illumination in 30 sec intervals. For ERKTR cell experiments, ERIKTR was visualized on
the GFP channel (5% power), and the nuclear stain was visualized on the DAPI channel (395

nm, 5% power).

Western Blotting

Transfected HEK293T cells were lysed with 1:100 HALT protease & phosphatase
inhibitor (Thermo Scientific) in MPER (Thermo Scientific) either in the dark or immediately
after illumination with blue light using a homemade LED lightbox for a specified pefitihe.
After 10 min of shaking, total cell lysates were centrifuged for 15 min at 4°C. Laemmli SDS
sample buffer (Alfa Aesar) was added to supernatants and incubated at 65 °C for 10 min. Cell
lysates were separated by 10% SBSGE gel electrophoresis @transferred to a
polyvinylidene fluoride membrane (70V for 90 min on ice). Membranes were blocked with 5%
bovine serum albumin (BSA) in 1x T+isuffered saline (TBS) with 1% Tween (TBST) for 1
hour, room temperature. Blots were then incubated with pyiaraibody in a 1:1000 dilution
with 5% BSA in TBST overnight at 4°C: tyrosine phosphorylation using phosphotyrosine mouse

monoclonal Ig pY99 (Santa Cruz Biotechnologies); mCherry expression using@nérry
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rabbit polyclonal Ig (Rockland Inc.); GAPDH expression using GAPDH mouse monoclonal Ig
(Invitrogen); MAPK phosphorylation usindipsphep44/42 MAPK T202/Y204 rabbit

monoclonalg (Cell Signaling Technologiesiptal ERK expression using p44/42 ERK1/2 rabbit
monoclonal Ig (Cell Signaling Technologies); Akt phosphorylation usiAgtpr308 rabbit
monoclonal Ig (Cell Signaling Technologies); total Akt using Akt (pan) rabbit monoclonal Ig
(Cell Signaling Technologs). Blots were washed with TBST 3x for 5 mand incubated in
corresponding secondary antibody for 1 hour room temperature: gosdlanitiantibody

(Invitrogen) or rabbit artinouse antibody (Invitrogen). The membranes were again washed with
TBST 3x for 5 min, incubated with a chemiluminescent sabes for 5 min, and imaged with an

Azure cSeries imaging station.

Image and stistical analyses

Fiji Image J for Windows was used to analyze cell microscopy images and western blot
imagegSchindelin et al., 2012Ftatistical significance (p values) was determined using an
unpairedt est ( Wel chbés correction) with GraphPad P
S.D. plots were constructed using GraphPad Prism version 10.2.0 for Windows, GraphPad

Software, San [@go, California, USA (www.graphpad.com).

RNA Sequencing Preparation

HEK?293T cells werglated on 35 mm-@vell dishes and either not transfected with
construct or transfected with Cry2oligorPMbp h A1 Cr y 2 . Each transfect.
either kept in the dark or illuminated witiue light using a homemade LED lightbox 8§ min.

Separate notransfected dishes were stimulated with 5 pL of ephrift&{EFEH5251; Acro
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Biosystems) for 30 min. Each condition was performed in triplicate. Cells under dark conditions
were trypsinized, pelleted, and lysed in the dark. llluminated cells or cells treated with ephrinAl
Fc were trypsinized, pelleted, and lysed immediately afteutation. RNA was purified from

cells using the reagents and protocol fr@eneJET RNA Purification Kit (Thermo Scientific,
#K0731) Total RNA concentration was determined using Molecular Devices SpectraMax
instrument. RNA samples were shipped overnight on dry ice to Azenta Life Sciences NGS,

South Plainfield, New Jersey, USA (genewiz.com).

RNA Sequencing Analyses

Azenta Life Sciences analyzed RNA samples and provided differentially expressed gene
counts, gene ontology datmd statistical analysiSequence reads were trimmed to remove
possible adapter sequences and nucleotides with poor quality using fastp v.0.23bhd8M|
de-duplication was performed using fastp v.0.23.1 simultaneously. Trimmed afuptieated
reads were then mapped to the Hosapiens GRCh38 with ERCC genes reference genome
available on ENSEMBL using the STAR aligner v.2.52hique gene ih counts were
calculated by using featureCounts from the Subread package v.1.5.2. Only unique reads that fell
within exon regions were counted.

Data from thegene hit counts was used for downstream differential expression analysis.
Using DESeq2, a comparison of gene expression betweeordéiondefined groups of
samples was performed. The Wald test was used to generaliges and log2 fold changdhe
formula forLog?2 fold change of the normalized mean hit cousts

Log2(Group 2 mean normalized counts/Group 1 mean normalized counts) = Log2FoldChange
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Genes witha BenjaminiHochbergadjusted pvalue < 0.05 and absolute log2 fold change > 1
were called as differentially expressed genes for each comparison.

A gene ontology analysis was performed on the statistically significant set of genes by
implementing the software GeneSCF v:i2l The goa_human GO list was used to cluster the

set of genes based on their biological processes and determine theirataiggtiicance.
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Results and Discussion
Design ofephA1Cry2 constructs

Four optogenetic EphA1 receptor constructs were created and screened for their
membrane localization and their ligattivated clustering and RTK tyrosine
autophosphorylation propertigsig. 2.2A). We based the first optogenetic construct on previous
optogenetic receptor desigrisd. 2.2A.1) (Locke et al., 2017)This constructRM-EphA1Cry2
contains a plasma membrane localization sequence (labeled PM) fused itetherds of the
intracellular protein kinase domain and SAM domain of the EphA1l receptor; Cry2olig is tethered
to the Gterminus via a glycineich linker sequence, followed bgCherry fluorescent protein.
Two separate PM localization sequences were used (denoted PMa and PMb): PMa represents a
Lyn myristoylation domain with the amino acid sequence MGCIKSKRKDNLNDDE and PMb
represents the membrane llization sequence MGSSKSKRKocke et al., 2017)The second
construct PM-E p h A 1 Qs yéntical to the PMEphAL1Cry2 construct except the SAM
domain was removed; o i ndi c &ig22A.2tThethirddnd ence o
fourth constructsiM-E p h A1 Cr y 2-BphA&lerg?d iriclivie the intermembrane (IM) region
(Fig 2.2A.3& 4). IM-E p h A 1 Caontainsithe intracellular protein kinase and SAM domains
with the additional extracellular fibronectin type Il domakig( 2.2A.3 without the external
' igand binding domai n.IM-EphAdCr2eomntand allinyacetfulai n t h e
and extracellular receptor domains, with Cry2ati€herry was fused between the
intermembrane region and the protein kinase donfagn 2.2A.4). The proposed scheme for
optogenetic EphAL receptor activation and signaling is detailEdyure 2.2B: upon blue light
exposure, Cry2olignediated oligomerization should induce RTK clustering and

autophosphorylation and subsequent activation of downstream signaling.
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Figure 2.2 (A) Schematic of fullength wildtype EphAl receptor domains (top) and EphA1Cry2

constructs (bottom, labeled4). (B) Schematic of the hypothesis of EdhA1Cry2 construct

activation and signaling. When exposed to blue light, the constructs oligomerize via Cry2

interactions and the adjacent protein kinase domains-phtwsphorylate each other, activating

downstream phoswrylation of signaling proteins that induce cell rounding and migration

through the RhoA/ROCK pathway agither promote omhibit proliferation through the

Ras/Raf/MEK/MAPK pathway.
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Optogenetic EphA1 constructs were initially tested via transfection in HEK293T and
subsequent activation and imaging on a widefield microsdeigeZ.3A). Hek293T cells were
used forconstruct studies as thimmortalized cell line is prolific for quickxperiment
turnaround Hek293 cells were also used as the initial cell line for OptoEmioB&truct
validation(Locke et al., 2017and forotherEphAl receptostudies(Yamazaki et al., 2009)
Additionally, Hek293 cells &ive low endogenous EphAl receptapressior{Miao et al., 2001)
For each construct, the resulting images were analyzed to determine the extent of membrane
localization and lightctivated clustering in response to light. As anticipated, the cytosolic
Cry2olig control showed higbrder clustering in the cytosol aftentin of blue light exposure
compared to the cell pi&timulus at 0 minKig. 2.3A,row 1). By contrast, inspection of plasma
membrane localization revealed that the PBfdnA1Cry2 construct was not well localized to the
plasma membranéig. 2.3A row 2), whereaPMaEp h A1 Cr y2 o was membr ane
(Fig. 2.3D, row 3). To quantify membrane localization and cluster formation at the membrane
upon light stimulation, the fluorescent intensity was measured at the membrane and cytosol over
time of light exposureHig. 2.30). Both the PMe&EphA1Cry2and PMEp h A1 Cr y2 g exhi b
an increase in fluorescent intensity at the membrane and a decrease in fluorescent intensity in the
cytosol Fig. 2.3D). Conversely, the Cry2olig control exhibited an increase in fluorescent
intensty in the cytosol and a decrease in intensity at the membrane, due to recruitment and
localization of Cry2 oligomers within the cytosélig. 2.3D). Construct clustering at the
membrane did improve slightly for PMEphA1Cry2 Fig. 2.3B row 1), but PMBEp h A1 Cr vy 2
construct showed a notable improvement in localization and clustering upon light expagure (
2.3, row 2; Fig. 2.3D comparedto PM&E p h A1 Cr y 2 ggEphARGry2 land IMM

EphA1Cry2® construct exhibited meodsteranqie | oc al
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response to light activatiofrig. 2.3B row 3& 4). We also investigated the ability of our

constructs to be activated with spatially restricted illumination and undergo dark reversion.

Constructs PMEPhAL1Cry2, PMEP h A1 Cry2 pEp b At CPWMBp were confi
spatially activated, and both PNEPPA 1 Cr y 2 p Ep @ ARKb Yy 2 construct a
were reversiblesee Fig. Al.2 and Movie All.1). In addition, we performed a cell rounding

assay for constructs PMgphA1Cry2, PMEEp h A1 Cr y2 pEp B AU CPWMB p as pr e
studies have found EphA1l receptor activation promotes cell roufidargazaki et al., 2009)

All three constructs exhibited a decrease in cell area after light stimulation compared to the

Cry2olig control éee Fig. Al.3). Going forward, only constructs that showed a strong

membraneadjacent light activated clustering response were selected for further analysis.
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Figure 2.3. Optogenetic clustering of EphA1Cry2 constructs. HEK293T cells were transfected

with (A) Cry2olig (top row), PMd&phA1Cry2 (middle row), or PMEp h A1 Cry2 o (botto
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row); and (B) PMbEphA1Cry2 (toprow), PMMEp h A1 Cr y 2 o ( s-EpbAd@rgl r ow) ,
(thirdrow),orIMEp h A1 Cr y 2 p ((AB Widetien intagesvof transfected cells were

taken preillumination (0O min) and after blue light exposure (480 nm, 50 ms exposure, 30 sec
intervals over 5 min). Images collected on mCherry channel (553 nm, 200 ms exposure). Scale
bar: 10 um.(C) Representative image of relative fluorescent intensity quantitation using regions

of interest in the cytosol (magenta box, 2.5
em) of-EphARMGry2m tr ans f(B)Quaatithtiohd Kerdlagive intergs | |

of region of interests (C) in the cytosol (black) and at plasma membrane (blue) over 5 min (330
sec) of blue light exposure, taken every 30 sec. Data was collected for Cry2olig, PMa

EphA1Cry2, PMEEp h A1 Cr y2 pEpAICPWMDp constgedantt s using
graphed using GraphPad Prism. Error bars represent standard deviationcaistakenfrom

two separate dishe@inpaired ttest, *p < 0.05).
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Tyrosine phosphorylation in response to light activation
Next, we investigated global tyrosine phosphorylation to capture the extent of light
activated RTK activation of the selected constructs: #HdaA1Cry2, PMEEp h A1 Cr y 2 @, anc
PMObEp hA1Cr vy 2. Aphasphgtasise (pdyr) wastern blots of light dark
conditions for PMe&EphA1Cry2, PMEEp hA1Cr y 2 pEp B A CPWMB ®p construct
an upward trend in phosphorylation for each construct over time compared to no change in
phosphorylation for Cry2oligHig. 2.3A,B). When performing an initial compaois blot
between PMaand PMBEphA1Cry2, we noticed very light phosphorylation bands at the
molecular weight of the PMEphA1Cry2 construct but a dark band at around 50 kDa that was
not present in the PMBphA1Cry2 lanesKig. 2.3C). The lower molecular weight band is most
likely due to degradation of the construct; as a result,-EptA1Cry2 was not investigated
further. For constructs PMaphA1Cry2, PMEEp hA1 Cr y EZ@p,h ARNb y 2 p, a sl i g
decrease in tyrosine phosphorylation whserved between the 20rmand 30 min time points
and smaller error for 30 min than the 20 min time pdtig.(2.3B). Based on these data, we
performed a separate western blot for tyrosine phosphorylation for cells in the dark or exposed to
30 min of blue light stimulation for the three constructs in FigureR3§: 2.3D). Each construct
exhibited a significant log fold change increase of phosphorylation after light exposure compared
to the Cry2olig controlRig. 2.3E). AlthoughPMBEp h A1 Cr y2 @ exhi bited t he
phosphogrosine band intensity, it exhibited the lowest background phosphorylation with
intensities at time 0 min comparable to Cry2olig intensiftég. 2.3B) and additionally showed
the largest log fold change amongst the three EphA1Cry2 constigit2.BE). As a result,

PMOEphA1Cry2m was selected as the | ead constru
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Figure 2.4. Analysis of EphA1Cry2 tyrosine phosphorylati@). HEK293T cells were

75

transfected with either Cry2olig, PMaphA1Cry2, PMeEp h A1 Cr y 2 d,p hArl CP MI2 o
and lysed under dark conditions (0 min light) or after exposure to either 10, 20, or 30 min of
LED blue light. Western blots of whole cell lysates wecahated with pTyr99 antibody for

tyrosine phosphorylation and GAPDH antibody for total protein expression in triplicate. Bands
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at ~130 kDa are endogenous ban@). Quantitation of normalized pTyr band intensities at the
molecular weight of each construct (~115 kDa) to GAPDH (A). Intensities were measured using
Fiji ImageJ and plotted using GraphPad Prism. Error bars represent standard deviation; n=3
blots (C) HEK293T cells transfected with either PNEhA1Cry2 or PMEEpPhA1Cry2 were

lysed under dark conditions) (or after 30 min of LED blue light exposure (+). Western blots of
whole cell lysates were incubated with pTyr antibfmytyrosine phosphorylation and GAPDH
antibody for total protein expressiofD) HEK293T cells transfected with either PMa

EphA1Cry2 or PMEEPhAL1Cry2 were lysed under dark conditiof)sof after 30 min of LED

blue light exposure (+). Western blots of whole cell lysates were incubated with pTyr antibody
for tyrosine phosphorylation, &°PDH antibody for total protein expression, and mCherry for
construct expression. Red boxes indicate bands at the construct molecular (g#ight.
Quantitation of normalized yF band intensity to GAPDH (D), shown as the log fold change of
light vs. dark condition. Error bars represent standard deviation, ble%s (unpaired ttest; *p

< 0.05, **p < 0.001).
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EphA1Cry2 phosphorylates ERK upon light activation

EphA2 has been characterized in independent studies as both a promoter and an inhibitor
of proliferation through the Ras/Raf/MEK/MAPK signaling casc@diao et al., 2001; Pratt &
Kinch, 2002) Studies involving EphA2 signaling have found an increase in MAPK activation
upon ephrinAidependent EphA2 stimulatiqd@. Chen et al., 2021; Pratt & Kinch, 200R)
contrast, according to Miao et al. EphA receptors function as the opposite of growth factors to
inhibit the cascade that leads to an increase in prolifer@@o et al., 200%)as such, EphA2
has been proposed as a therapeutic target for cancer to due to this cascade, and upregulation
could yield a decrease in the progression of certain cafM&s & Wang, 2012)Although
EphA1l has also been hypothesized to promote tumorigenesis and methesgjasts & Maru,
2019) EphAL1 receptor activation of signaling proteins associated with cell proliferation is less
well defined. To identify downstream signaling events specific to proliferation, we investigated
whether light activation of EphA1Cry2 impacts phosphorylatiorxtaeellularsignal regulated
kinase (ERK), also called mitogexttivated protein kinases (MAPK3,known signaling target
for EphA receptor¢Fig. 2.5) (Miao et al., 2001)Interestingly, we found an increase in ERK
phosphorylationupon PMEp h A1 Cr y 2o | i ght withardwithautseroam ov er
starvation of cellgFig. 2.5A,B). To confirm this result, we also utilized an ERK kinase
translocation reporter (KTR) to visualize ERK dynamics within a cellcanborate the
western blot resultd={g. 2.6A,B). When ERK is phosphorylated by upstream receptor signaling
proteins, pERK translocates into the nucleus and phosphorylates nucleakKERK
Phosphorylated ERKTR then translocates out of the nucleus into the cyt®3gl 2.6C). The
KTR translocation event can be quantified by measuring and then calculating the ratio of the

fluorescent intensity within the cytosol to the nucleus (C/N ratio) of the associated mNeonGreen
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fusion Fig. 2.5C). As a positive control, ERKKTR was transfected in HEK293T cells and then

treated with epidermal growth factor (EGF) to stimulate endogenous EGF receptors in the cell

and promote phosphorylation of ERK. The cells transfected with-ERR exhibited an

immediate increase in C/N ratio after EGF stimulation, peaking at about 158ige2.3A,D).

This response is consistent with previously reported C/N changes of this reporter and other

similar ERK reporter§ChavezAbiega et al., 2022; Dessauges et al., 20Bg)comparison,
PMbEphA1Cry2@® | ight activation resulted in a s
light exposureKig. 2.5B, D; Movie All.2), which is consistent with the ERK phosphorylation

western blat (Fig. 2.5). Taken together, these results indicate light-induced PMb
EphA1Cry2® construct activation stimulates do
activation of Cry2olig did not show a trend in C/N change over tkige 2.5B,D), also

corroborating the western blot dakd. 2.5). We note that the general trend of increasing ERK

activity upon light simulation mirrors that of similar optogenetic RTK proteins, such as

optoFGFR(Dessauges et al., 2022)
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Figure25. ERK phosphoryl ation in r(A&BWeserskadd o EphA
PMb-E p h A 1 (left) ahdpCry2olig(right) transfected HEK293T cell lysates over 5 min time

intervals of light stimulationimmunostained for ERK phosphorylation (pMAPK44/42) and

ERK1/2 loading controlA) Cells were not serusstarved prior to lysis. (B) Cells were serum

starved for 2 hours prior to light exposure and ly§fs. B) Bottom graphsQuantitation of
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normalized MAPK44/42band intensity t&ERK1/2 Error bars represent standard deviation,

n=3 blots (unpaired ttest to 0 min time point; *p < 0.05*p < 0.01, ***p < 0.001).
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Figure 2.6.ERK-KTRtranslocationn n r esponse to EpABMNoOGocgl2 p act i
images of HEK293T cells transfected witf) énly ERKKTR with 500 ng/mL EGF stimulug)(
ERKKTR+PMBEp h A1 Cr y 2 gKTR & @ry20lig taken pre (O min) and post blue light

(480 nm, 30 sec intervals, over 30 min). Images collected on DAPI channel (nuclear stain),
mNeonGreen channel (ERKTR), and for B) mCherry channel PMEp hA1Cr y 2 and

Cry2olig). Scale bar: 10 un{C) ERK-KTR is localized to the nucleus in itsmphosphorylated
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state. Endogenous ERK activation upon kinase activity leads to nuclear translocation, which in
turn translocates ERKTR out of the nucleus into the cytosol. Right images: Example
guantification using Fiji ImageJ to measure the fluorescent intensity afytbeol (cyan ROI)

and nucleus (yellow ROIJD) Quantitation of fluorescent intensity of the cytosol divided by the
intensity within the nucleus (C/N) change over time. ERIR @A) included 10 min pratimulus

imaging. Error bars represent standard ddioa; n=6 cellstaken from three separate dishes
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EphA1Cry2 phosphorylates Akt upon light activation

Akt, formerly protein kinase B, is a serine/threonine kinase that regulates cell
proliferation and metabolisifiNitulescu et al., 2018Activation of Akt is mediated by various
receptors through the activationpifosphoinositide -Binase (PI3K, which phosphorylates
phosphatidylinositol 4/bisphosphatéPIP,) to phosphatidylinositol 4 BrisphosphatéP1Ps).
Kinases such &@-phosphoinositidelependent kinase(PDK1) and integrifinked kinase (ILK)
then assist the phosphorylation of Akt by £I&milar to ERK, Akt activates mTORC1
(mammalian target of rapamyatemplex 1) through the phosphorylation of the mTORC1
inhibitor, tuberoussclerosis complex 2 (TSCR)itulescu et al., 2018mMTORC1 promotes cell
growth and proliferation through the activation of protein translation and inhibition of autophagy
and apoptosifNitulescu et al., 2018; Winter et al., 2014)study in mTORC1 activation has
found that the PI3K/Akt and Ras/ERK pathways can act concomitantly with each other and have
an additive effect on mTORCL1 activation compared to activation of one pathway(\Mirer
et al., 2011)Conversely, under constitutively active Raf or MEK, Ras/ERK pathway has been
found to inhibit the PI3K/Akt pathway leading to inhibition of cellular growthNIRA-3T3
fibroblasts constitutive Raf signaling upregulated EphA2 receptor expression, which was
required for PI3K/Akt inhibitio(Menges & McCance, 2008n glioma and prostate cancer
cells, ephrirAl stimulation of EphA2 receptor inhibited cell migration, while overexpression of
EphA2 induced migration in the absence of ligand stimulation through the phosphorylation of
residue S897. Furthermore, phosphatigin of EphA2 resulted in Akt activation and
tumorigenesis in brain cancer cgldiao et al., 2009)As we found that our EphA1Cry2
construct activated the ERK/MAPK signaling pathway, we hypothesized that-igéependent

EphALl receptor activation would also modulate the PI3K/Akt pathway. We first intstaitex
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for Akt phosphorylation over time and found that light stimulation of our f8dbA1Cry2p
resulted in an increase in phosphkt compared to no change in phosphorylation for Cry2olig
(Fig. 2.7. We then utilized an AKKTR in the same fashion as the ERRRR by analyzing
transfected HEK293T cells for C/N ratibif. 2.8AB; Fig. All.6). Consistent with the previous
KTR study from ChaveAbiega et al., AkKTR showed a sharp increase in C/N ratio
immediately after EGF stimulatidiChavezAbiega et al., 2022)Compared to ERKTR, Akt-

KTR exhibited an overall lower response and sustained phosphorylation over 30 min, as opposed
to a decrease in signal at ~18 min for ERRR (Fig. All.7A). PMb-EphA1Cry2plight

activation resulted in a slow increase in AKIR translocation over 30 min with a lower
response than ERKTR (Fig. 2.8C, Fig. All.7B). Cry2olig showed no trend in C/N change
over time Fig. 2.8C, Fig. All.7C). The slow increase in Akt over 30 min of light exposure is
observed in both the analysis of western blot phosphorylation arERtC/N ratio change.
Interestingly, a dip in Akt phosphorylation was observed at 25 minutes (1500 sec) in both the
western bt and the KTR C/N graph. This could be caused by Ras inhibition of Akt from

sustained active Raf or through other regulatory mecharf/dersges & McCance, 2008)
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Akt) loading control Cells were serurstarved for 2 hours prior to light exposure and lysis.

Bottom graphsQuantitation of normalizedAktband intensity taotal Akt Error bars represent

standard deviation, n=8lots (unpaired ttest to 0 min timgoint; *p < 0.05 **p < 0.001).
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Figure 2.8.Akt-KTR translocation n r esponse to E@ABYXCb@ocay 2 acti v
images of HEK293T cells transfected wig) 6nly AkKtKTR with 500 ng/mL EGF stimulug)(

AktKTR + PMBE p h A1 Cr yAktddTR +aCnyBolig taken pre (0 min) and post blue light

(480 nm, 30 sec intervals, over 30 min). Images collected on DAPI channel (nuclear stain),
mTurquoise2 (mTurg23hannel Akt-KTR), and for B) mCherry channel (PMEp h A1 Cr y 2 i

and Cry2olig). Scale bar: 10 urfC) Quantitation of fluorescent intensity of the cytosol divided

by the intensity within the nucleus (C/N) change over thkeKTR @A) included 10 min pre

stimulus imagindollowed by EGF stimulation (red arrowferror bars represent standard

deviation; n=6 celldaken fromwo separate dishes
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RNA sequencing analysis

RNA sequencing (RNASeq) is a sensitive and informative method to shidipgical
responsgto a treatment through analysis of their RNA transcript@oeh et al., 2018)RNA-
seq involves the isolation and fragmentation of RNA strands, including coding anddiog
transcripts, followed by reverse transcription of RNA into complementary DNA (cDN#E.
cDNA transcripts are then ligated with an adaptor and pramaglified via PCR for next
generation sequencing (NG&ig. 2.9A) (Gunter et al., 2022; Koch et al., 2018gquenced
transcripts are mapped to a known reference genome, and hit counts for each identified gene are
guantified. The genes analyzed to be significantly expressed in the sample can be sorted into
ontological categories for a broad interpretation of genetic 8#&aZ.9B). RNA-seq can be
used tocatalog the transcriptome atell population, elucidate the structure of certain genes, or
guantifythe expression level gfenesn a treatment sample compared to a control satkaeh
et al., 2018)

To utilize RNA-seq for the analysis of our EphA1Cry2 construct, we sent total RNA
samples of transfected and Amansfected HEK293T cells BENEWIZ Multiomics &
Synthesis Solutions from Azenta Life SciencBisese samples were sequenced and analyzed per
Azentaworkflow (Fig. 2.9; gene hit counts and ontological determination, along with quality
control data, were provideddble All.2; Fig. All.8-12). Significant differentially expressed
genes (DEGs) of a Atreatmentodo group compared
DEGs yield information about genes that are eitheragjilated or dowanegulated in response
to a treatment, such as EphA1Coghstruct activation. We collected data from 7 different
experimental conditions and compared gene counts of the treatment group to those of the control

group [Table 21). HEK293T cells transfected withPMbp h A1 Cr y 2 or Cry2o0lig
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lysed in the dark or after 30 min of blue light stimulation. HEK293T cells not transfected with
construct were also lysed in the dark or after light stimulation. For an additional control
condition, nortransfected cells were treatfmt 30 minwith ephrinAXFc, a preclustered form

of ephrinAl that can bind to and activate endogenous EphA1l receptors.
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sequences were evaluated for quality and mapped to a reference genome. Hit counts
corresponding to exons were removed; only gene hit counts were reported and analyzed for gene

ontology.Provided by Azenta Life Sciences.

Six condition comparisons were analyzed for DEGs: bh A1 Cr y 2 | i ght Vv s
PMBEphA1Cry2mp | i ght vBphArgr2gdhepAdstandlagetht ; P Mb
CryZ2olig light vs. dark; ephrinA%timulated vs. no transfection dark; no transfection light vs.
dark (Table 2.). PMbEp h A1 Cry 2 transfected cells under |
upregulation of 30 genes and no downregulated genes. In comparison to CryZ2olig transfected
cells under light, about 82% of DEGs (933 genes) withinthe-ENjoh A1 Cr y 2 g | i ght ¢ «
were significantly upregulated, and 17% of DEGs (199 genes) were downregulated. The
comparison between PMbp h A1 Cr y 2mgitidn ang the ephrimAstimulated condition
yielded the most upregulated and downregulated genes amongst all comparisons, with 1732
upregulated genes and 366 downregulated genes in response-&e PMbA 1 Cr y 2 g | i ght
condition. Interestingly, CryZ2olig lightondition exhibited a downregulation of 73 genes
compared to its dark conditiofgble All.3); we hypothesize this downregulation is contributed
to sequestration of proteins such as transcription factors within the large Cry2olig clusters,
preventing gene expression and other signaling pathwdtheugh significantly downregulated
geneswere identified, no significant ontological processes were reportabpheinAl-
stimulation compared to the no transfection dark condition resulted in no significant DEGs.

While HEK293 cells do not endogenously express high levels of EphA1l receptor, endogenous
EphA2 receptor is expressed in Hek293 o@liso et al., 2001)Although ephrinA1Fc has

been shown to activate EphA2 recedfratt & Kinch, 2002)no genes were significantly ugr
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downregulated in response to ephrinRd stimulation of endogenous EphA2 receptor. The no
transfection light condition only had three downregulated genes compared to its dark condition

(Table All.4); any significant DEGs as a result of light stimulation could be an endogenous

response to extended blue light exposure.

Table 2.1.Comparison of significant upregulated and downregulated genes, including the total

significant differentially expressed genes (DEGs). Genes wem@ ulownregulated in cells

under Condition 1 (Atreatment o c orcdinttirmd)o
condition).
Condition 1 Condition 2 Upregulated Downregulated  Total significantly
(treatment) (control) Genes Genes DEGs
PMbEph A1 C|PMbEphA1lC 30 0 30
Light Dark
PMbEp hAlC Cry2olig 933 199 1132
Light Light
PMbEp h AlC EphrinAl- 1732 366 2098
Light stimulated
Cry2olig Cry2olig 2 73 75
Light Dark
EphrinAl- No Transfection 0 0 0
stimulated Dark
No Transfection No Transfection 0 3 3
Light Dark

89

c

om



RNA-seq of total RNA transcripts yields hit counts of coding andaamting transcripts.
Of these genes reported, the log fold change of gene expression of the treatment group compared
to thecontrol group was provided along with therglue adjusted for variations of transcript
yield between samples. For the coding transcripts, gene ontology analysis categorized these
transcripts by similar roles or functions of its encoded protein withitl.alte comparison
between PMEPhALCry2p | i ght and dark conditions yieldec
DEGs. The 11 categories most upregulated by light stimulatiednitfEphA1Cry2p
transfected cells were associated with cellular respiratiomamabrane potential regulation
(Fig. 2.10. The two most upregulated processes were mitochondrial ATP synthesis and ATP
biosynthesis; four of the top upregulated processes involve phosphate transport. The individual
genes upregulated were also related to ATP synthesis, cellular respiraticon) amehibrane
transport Table 2.2; Table Al.5). As activation of Eph receptors (including our EphA1Cry2
construct) requires ATP and phosphate transfer, the upregulation of these processes after
construct activation is not entirely surprisivghile the significant DEGs between light and dark
conditions ofPMb-EphA1Cry2yp transfected cells were not associated with cellular signaling,
this could be caused by the drastic change in ATP concentfatiomeceptor activation which

masks other smaller signaling activities occurring in the background.
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Figure 2.10.Gene ontologwpnalysisfoPMB-Ep h A1 Cr y2 g | i ght -akis. dar k ¢
represents thdogl0(adjusted fvalue) of light condition compared to dark condition for

statistically significant values only (p < 0.05).
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Table 2.2 SignificantDEGsof interestfor PMEEp hA1 Cry 2 | i ght condi ti

dark condition. The encoded protein andfitsctionare provided.

Gene Name Log2 Adj p- EncodedProtein Protein Function  Reference
FoldChange value
MT-ATP6 1.09 0.00 Mitochondrial ATP synthesis  (Ganetzky
complex V et al., 2019)
MTCO1P12 1.19 0.01 Cytochrome c oxidase Cellular (Mani et al.,
subunit | respiration 2020)
MT-CYB 1.06 0.00 Cytochrome b Mitochondrial ~ (Mori et al.,
electron transport ~ 2015)
MT-ND1 1.21 0.00 Mitochondrially- Cellular (Ng et al.,
encoded NADH respiration 2020)
dehydrogenase 1
MT-TL1 1.38 0.00 Mitochondrial tRNA“  Protein synthesis (Keilland et
al., 2016)
MT-TY 1.41 0.00 Mitochondrial tRNA"  Protein synthesis (Lim et al.,
2020)
SLC34A3 1.17 0.00 Sodiumdependent Na"and PG* (Wagner et
phosphate transporter transport al., 2014)
SLC9A3 1.03 0.00 Sodiunthydrogen Na" and K (Klisic et
antiporter 3 transmembrane  al., 2002)
transport

Comparisons betweentfMb-Ep h A1 Cr y 2 oo | and Gry2olig lght controli o n
groups can yield information on the major differences in signaling activitb-E p h A1 Gr y 2
transfected cells under light stimulation exhibited a significant increase in nucleosome assembly
compared to Cry2olig light conditiofrig. 2.11). Nucleosome assembly is tightly associated
with DNA replication as newly replicated DNA is wound into nucleosome by his{@ses
Cardona & Zhang, 2018)n fact, all 15 upregulated genes in the nucleosome assembly
ontological category wergenes coded for histonegaple All.6). The second largest
differentially regulated process is response to CAMP. Activation of adenyl cyclaseintegmh
coupled receptors converts ATP to cyclic AMP (CAMP); cAMP is a messenger protein that
modulates various cellular processes, such as iamehactivation and gene expression

(Sasson&Corsi, 2012) An upregulation of response to cAMP could be related to the processes
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upregulated irPMb-E p h A 1 Clight &.cdark comparison, e.g. ATP synthesis and ion
membrane transport. Other processes such as response to oxidative stress and inflammatory
response could be caused by the lack of ATP present as a result of thetosagion ofPMb-

Ep h A1l Cihs2salso evident in the highly upregulated genes coding the proteins
Interleukin 17F which functions as an inflammatory response, and heat shock proteins A6 and
A7, which are activated in response to oxidative stigablé 2.3 (S. H. Chang & Dong, 2009;
Guan et al., 2021)he increased expression of heat shock proteins could also be related to the
reduced concentration of ATP in the cell. Increased thyroglobulin expression levels may be
related to the increased response to CAMP, as cCAMP activates protein kinase Anvinich
activates CREB promoting the expression of steroid genes such as thyroglNimdiaides &
Chrousos, 2023)An increase in thyroglobulin is associated with increased cell metabolism and
cell growth, specifically of the skin, hair, and ndil r pi | e The apregulatiof &f these

processes suggests that activatioRMib-E p h A 1 Cresyl gpcell growth and proliferation.
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Figure 2.11.Gene ontologwnalysis foPMb-E p h A 1 QighgV&.@ry2oliglight condition. X
axis represents thdéogl10(adjusted fvalue) of first condition compared to second condition for

statistically significant values only (p < 0.05).

Table 2.3.Topup-regulatedDEGsby Log2FoldChangbor PMbEp h A1 Cry 2o | i ght <co
comparedo Cry2olig lightcondition. The encoded protein andfitmctionare provided.All

genes have an adjustedsplue of 0.00.

Gene Name Log2 EncodedProtein Protein Function Reference
FoldChange
IL17F 4.09 Interleukin 17F Inflammatory response (S. H. Chang &
Dong, 2009)
TG 3.92 Thyroglobulin Metabolismandcell ( Prpi | et
growth
HFE 3.64 HFE Iron absorption (Barton et al.,
2015)
HSPAG6 3.6 Heat Shock Protein Stress Response (Guan et al., 2021)
A6
HSPA7 3.52 Heat Shock Protein Stress Response (Guan et al., 2021)
A7
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The downregulation of certain genes can reveal additional informatibiolagical
effect of EphAl receptor activatiomdble 2.4. The highest downregulated gene was found to
beFOXE3J a gene encoding a transcriptional regulator critical for proper epithelial
differentiation(Hannenhalli & Kaestner, 2009; Reis et al., 201Mher downregulated proteins
include thioredoxin (gen&XNDC2), a reactive oxygen species scavenger; sodjlutose
transporter A4 (gen&LC5A4; T-cell immunoglobulin and mucin doma(TIM3) (gene:
HAVCR2; andCYFIP-related Rac Interact¢CYRI) (gene:FAM49A), a regulator of the
WAVE-regulatory complexJavadirad & Mokhtari, 2021; Wagner et al., 2014; Whitelaw et al.,
2019; Zhai et al., 2021Df particular interest is the downregulation of CYRI, CYRI acts as an
inhibitor of the WAVEregulatory complex (WRC) by competitive Racl binding, which results
in inhibition of the Arp2/3 complex. As the Arp2/3 complex is critical for the branching of F
actin to produce lamellipodia, a downregulation of CYRI could result in an increase in

lamellipodia formatior{Whitelaw et al., 2019)

Table 2.4.Top dowrregulatedDEGsby Log2FoldChangior PMbEp h A1 Cry2 g | i ght
condition comparetb Cry2olig lightcondition. The encoded protein andfitectionare

provided.All genes have an adjusteevplue of 0.00.

Gene Name Log2 EncodedProtein Protein Function Reference
FoldChange
FOXE3 -4.06 Forkhead box Cell-cycle control, (Reis et al., 2010)
transcription factors differentiation
TXNDC2 -2.42 Thioredoxin Response to oxidative (Javadirad &
stress Mokhtari, 2021)
SLC5A4 -2.16 Sodiumglucose Na" transmembrane (Schéfer et al., 2018
transporter transport
HAVCR2 -2.00 T-cell Antigen recognition,  (Zhai et al., 2021)
immunoglobulin immune response
and mucin domah3
FAM49A -1.74 CYFIP-related Rac Rac1 inhibition (Whitelaw et al.,
interactor 2019)
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Other upregulated genes of interestB@GRL/EGR4 FOS, ETV4andCREBS which
encode the proteins early growth response factor (EGR1/E@RIN cFos Fos), ETS
translocationvariant 4 (ETV4)andcAMP responsive element binding prot&iiCREBS),
respectively Table 2.5. All five of these proteinare transcription factors that play a role in cell
proliferation, cell migration, and angiogenesis; their expression is a result of Ras/Raf/MEK/ERK
activation and itself promotes or inhibits the expression of various @ereggias et al., 2014;
Lavoie et al., 2020; B. Wang et al., 20289s is considered a pretmcogene for its role in
cancer proliferation anchetastasigLavoie et al., 2020ETV4 is a part of the PEA3 subfamily
of transcription factors, itself a part of the larger family of E26 transformapexific (ETS)
transcription factorghat is activated by ERK and binds to and initiates transcription through
ETS DNA-binding motifs; the genes transcribed through these motifs are involved in cell
proliferation and play a role as oncogenes in some types of daaveie et al., 2020)The
transcription activator CREB5 can be activated by cAMP and in turn promotes the expression of
the RTK, Met(S. Wang et al., 2020YJpregulation of EGRE0s, ETV4 and CREBS5 have all
been found to promote tumorigenesis within cancer @fetlguas et al., 2014; Lavoie et al.,
2020; B. Wang et al., 2021¢rowth factor receptor bound proteinGrbH7, GRB7 is an adaptor
protein that interacts with RTKs and integrins for signal transduction. Phosphorylated Grb7 can
activate Akt and ERK to induce proliferation, cell invasion, and cell migration. Activating
transcription factor 3 (AT3) is another transcriptfantor that regulates gene expression of
growth factors, cytokines, and CREB. Additionally, both Akt and MAPK can interact with and
posttranslationally modify ATF3. Its expression is typically induceder stress conditions
found in tumor microenvironmengsiai et al., 2010)Interestingly, ATF3 can upregulate the

expression of EphA1 receptor through CREB, which in turn stimulates angiog@vasisla et
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al., 2008) The upregulation of genes described here are most likely a result of signaling in

response teMb-E p h A 1 Clight &tipation. In contrast, the EphA2 receptor ligand, ephrinA4

(gene:EFNA4), was downregulated in responséPtdb-E p h A 1 Cactiva&tiop. This

downregulation could be due to overexpression of the EphAl receptor gene leading to negative

regulation of an EphA receptor ligafid. N. Arvanitis & Davy, 2012)

Table 2.5 Significant DEGs of interesor PMBEp h A1 Cr y 2

| i ghttocondi ti or

Cry2olig lightcondition. The encoded protein andfiisictionare provided.All genes have an

adjusted pvalue of 0.00.

Gene Name Log2 EncodedProtein Protein Function Reference
FoldChange
EGRI* 2.77 Early growth response Proliferation (B. Wang et al.,
factor 1 2021)
GRB7 2.67 Growth factor receptor Proliferation (Chu et al., 2019)
bound protein 7
EGR4* 241 Early growth response Proliferation, (Fraguas et al.,
factor 4 differentiation 2014)
ATF3 2.09 Activating transcription  Metabolism, stress (Hai et al., 2010)
factor 3 response
FOS* 2.20 Protein eFos Proliferation (Lavoie et al., 2020)
(proto-oncogene)
GPR3 1.89 G proteinrcoupled Response to cCAMP (Valverde et al.,
receptor3 2009)
ETV4* 1.39 ETS translocation Glycolysis, (Lavoie et al., 2020)
variant 4 proliferation
CREB% 1.29 CAMP responsive Proliferation (S. Wang et al.,
element binding proteir 2020)
EFNA4 -1.5 EphrinA4 Angiogenesis (Lin et al., 2021)

*genes associated with ERK signaling pathways

For the comparison #Mb-Ep h A1 Cry 2@ | i ght epbrimAlli ti on comp
stimulated conditionupregulated ontological processes include regulatiograo$cription and
gene expression, response to cCAMP and inflammation, differentiation and proliferation, and

nucleosome assembligi§. 2.12 Table All.7). These processes share overlap with the processes
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upregulated bPMb-Ep hA1Cry2 e | i ght condition .compared

Ontological processes unique to the ephriséiinulated comparison are ciliudependent cell
mobility and response to lipopolysaccharide. Heat shock protein A6 and Aitaridukin 17F
werethree of the top upregulated proteins, similar to the Cry2olig light comparison. The other
two top upregulated proteins wek®P ribosylation factotike GTPase 14ARL14) (gene:

ARL14 andtransglutaminase (TGM7) (gene:TGM?7) (Table 2.6. ARL proteins are part of the
Ras superfamily and mainly regulate membrane trafficking and development. ARL14 has been
implicated in cancer progression; specifically, an upregulation of ARL14 has been found in
endometrial cancdd. Zhang et al., 2020Transglutaminases are enzymes that crosslink proteins
via a transferase reaction for the stabilization of protein assemblies, especially those in the
extracellular matrix. Transglutaminases play a major role in blood clot formation and
keratinization, with are integral for wound healing. They can also regulate interleukins and
growth factors in addition to interacting with integrins. ARL14 and TGM7 may play regulatory
roles in signaling upoRMb-E p h A 1 Cactiatiop, but the link between Eph receptor

signaling and their gene expression is still unclear.
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Figure 2.12.Gene ontologwnalysis folPMb-E p h A 1 dighyVva.ghrinAl-stimulated
conditions. Xaxis represents théog10(adjusted fvalue) of first condition compared to second

condition for statistically significant values only (p < 0.05).

Table 2.6. TopupregulatedEGsby Log2FoldChanglor PMbEp h A1 Cry 2 g | i ght <co
comparedo ephrinAlstimulatedcondition. The encoded protein andfitsictionare provided.

All genes have an adjusteevplue of 0.00.

Gene Name Log2 Encoded Protein Protein Function Reference
FoldChange
HSPAG6 9.64 Heat Shock Protein At Stress response (Guan et al., 2021)
ARL14 8.07 ADP ribosylation Membrane trafficking (J. Zhang et al.,
factorlike GTPase 14 2020)
TGM7 7.35 Transglutaminase 7 Cytoskeletal (Grenard et al.,
organization 2001)
IL17F 7.08 Interleukin 17F Inflammatory response (S. H. Chang &
Dong, 2009)
HSPA7 7.00 Heat Shock Protein Al Stress Response  (Guan et al., 2021)
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Thetop downregulated gerencoding proteins in responseRMbB-E p h A 1 Clight 2 o
activationcompared to ephrinA&timulated catrol were postaglandin D synthagTGDS),
tropomyosin 3 (TPM3), kinesirelated protein 12 (KIF12) holinergic receptor nicotinic
gamma subunfCHRNG), and Rab26T@ble 2.7). PTGDS, a glycoprotein important in
prostaglandins metabolism, has been found to regulate MAPK and STAT3 and is downregulated
in some types of cancefidu et al., 2022)TPM3 forms strands with itself and associates with
actin filaments, recruiting and activating aetimding proteins such as troponin, Arp2/3
complex, and ADF/cofilin. Its function within the cell is to regulate actin dynamics and actin
myosin interactiog, specifically during muscle contractiirawlor et al., 2010)KIF12 is a
motor protein that moves along microtubules to transport organelles within the cell and to move
chromosomes along the mitotic spindlée/ e | j al i | Vi s.CHRNGisasubunieof . , 20
muscle nicotinic acetylcholine receptor (AChR)hich regulates blood pressure and cell
proliferation and differentiation during developmentbbvine preadipocytesn upregulation of
CHRNG inhibited cell proliferation and differentiati¢pu et al., 2023)therefore, a
downregulation of CHRNG could promote proliferation and differentiation. Rab26 is a small
Rab GTPase that plays a crucial role in membrane trafficking and cell mobility/adhesion through
the endocytosis of membrane receptors. Its functidhardegradation of active phosphorylated
Src kinases through autophagy leads to an inhibition of cell migration and adhesion.

Unsurprisingly, Rab26 is undexpressed in highly invasive breast cancer cells.
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Table 2.7.Top dowmegulatedDEGsby Log2FoldChangbor PMbEp h A1 Cry2 g | i ght
comparedo ephrinAlstimulatedcondition. The encoded protein andfiisictionare provided.

All genes have an adjusteevplue of 0.00.

Gene Name Log2 Encoded Protein Protein Function Reference
FoldChange
PTGDS -3.03 Prostaglandin D Metabolism, lipid (Hu et al., 2022)
synthase transport
TPM3P6 -2.34 Tropomyosin3 Cytoskeletal (Lawlor et al., 2010)
regulation
KIF12 -2.18 Kinesinrelated protein Organelle (Veljalil
12 transport al., 2023)
CHRNG -2.11 Cholinergic receptor Differentiation, (Du et al., 2023)
nicotinic gamma cell growth
subunit
RAB26 -1.85 Rab26 Autophagy, cell (H. Liu et al., 2021)
trafficking

Other significant DEGs of interest are listedleible 2.8 ATF3(Log2FoldChange:
4.09) TG (5.05) EGRL (2.65), EGR4(4.67) GRB7(3.41) FOS(2.68),CREB5(1.95), andcETV4
(1.48)genesare alloverexpresseth response teMb-E p h A1 Cr y Simulation compared
to not only the Cry2olig light control condition, but also the ephriséithulated control
condition. GC chemokine ligand 5 (CCL5) (gen@CL5) is a chemokine that is highly
expressed in immune cells. CCL5 transcription is regulated by CREB, and its binding to the
GPCR CC chemokine receptor 5 (CCR5) activates downstream signaling pathways PI3K/Akt,
Ras/Raf/MEK/ERK, NFeB, HIF-U andJAK-STAT. CCL5 upregulation is assocéak with
inflammation and cancer through these signaling pathways that promote proliferation, cell
invasion, inflammation, and angiogene@sng et al., 2022)Transmembrane proteir25
(TMEMb52) (geneTMEMS52 also regulates proliferation and migration; however, unlike
CCRL5, TMEMb52 attenuates these processes. In cancer cells, suppression of TMEM52

expression induces the cleavage of extracellHeadherin, which activates EGFR and Akt/ERK
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downstream signaliny. Lee et al., 2021)Underexpression of TMEM52 has been detected in
renal cell carcinomas, the same type of cancer where overexpressed EphAl receptor was
correlated with metastasis and poor progn@isee et al., 2021; Toma et al., 201FMEM52

was also significantly undexxpressed in response to our EphA1Cry2 construct activdtion.
(gene:JUN), part of the same family of transcription factors as Fos, is phosphorylated by ERK
and can form dimers with Fos and ATF2 to activate downstream-BiNding motifs such as

the TPA response elemgMtRE) or the cCAMP response element (CRE). Transcription of these
genes, called the immediate early genes (IEGS), result in the transition of a cell from G1 phase to
S phasdLavoie et al., 2020)Paired box 5 (PAX5) (gen®AX5H is a transcription factor crucial

for controlling cell proliferation, differentiation, and viability. PAX5 undergoes many alterations,
such as podranslational modifications and alternative splicing, for the control of its
spatiotemporal expression. ®to this, PAX5 expression and its activation or repression of other
genes is extensive and complex. One role studied in breast cancer cells is thm&Uoe
expression of Eeadherin, which promotes the transition of carusdls from a mesenchymal to
epithelial phenotype. This transition yields an -amiiasive property, suppressing tumor
metastasi¢Nasri Nasrabadi et al., 2028Ithough the biological processes triggered by
upregulation of PAX5 are contradictory to the other upregulated effects described above, PAX5

could contain alterations that would result in the regulation of other processes.
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Table 2.8 Significant DEGs of intere$ty Log2FoldChangbor PMbEp h A1 Cry2 o | i ght
condition comparetb ephrinAlstimulatedcondition. The encoded protein andfiisction are

provided.All genes have an adjustedvplue of 0.00.

Gene Name Log2 Encoded Protein Protein Function Reference
FoldChange
CCL5 6.39 Ci C chemokine Adhesion migration (Zeng et al., 2022)
ligand 5
CCR4 4.16 C-C chemokine Angiogenesis (Lavoie et al., 2020)
receptor 4
PAX5 3.82 Paired Box 5 Proliferation, (Nasri Nasrabadi et
differentiation al., 2022)
JUN* 1.81 Transcription factor Proliferation (Lavoie et al., 2020)
Jun (proto-oncogene)
TMEM52 -1.877 Transmembrane Tumor suppressor (Lee et al., 2021)
protein 5

*genes associated with ERK signaling pathways
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EphA1Cry2 activation in differentiated Neuro2a cells

We also investigated the effectsof PP h A1 Cr y2 @ acti vation in o
than HEK293T cells. Neuro2a (N2a) cells were selected as the N2a cell line is a mouse neural
crestderived cell line commonly used to study neuronal differentiatioritamdlated signaling
pathwaygqTremblay et al., 2010Differentiated N2a cells transfected with PMp h A1 Cr y 2 o
show reversible, localized clustering at the membrane of the nedik@ptocessesHig.
2.13A). Small protrusions along these processes were identified at time 0 min of the PMb
EphA1Cry2p transfected cells and retract into
protrusions returned after 10 min in the dark conditkig.(2.13B; Movie A1.3). Based on
these results, the EphA1Cry2 construct could be applied for the induction of morphological

changes relevant to synaptic structural plasticity.
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Figure 2.13.0ptogenetic clustering of transfected N2a c€l9.Widefield images of

differentiated N2a cells transfected with PEMlp h A1 Cr y 2 g and @ghty 20l i g t ak
exposure (0 min), after 10 min of blue light exposure (480 nm, 50 ms exposure, 30 sec intervals),
and 10 min poslight exposure (Post). Images cafted on mCherry channel (200 ms exposure,

553 nm). Scale bar: 10 ur(B) Zoomed region of interest (cyan box) of neurdika process of

a cell in (A). Scale bar: 10 ungC) Top: Thresholdmages of PMMEp hA1 Cr y 2 tr ansf e
cells (at 0 min and 10 min of light exposure) from (B) used to count protrusions along neuronal

like processes of differentiated N2a cells. Bottom: Log fold change in protrusion number on the
neuronatlike processes. 1Min of light exposure and pelght exposure were quantified in

respect to protrusion number at time 0 min of light exposure. Error bars represent standard

deviation, n=10 cellsaken from two separate dish@spaired ttest; ***p < 0.0001, **p <

0.01, ns. = not significant).
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Discussiorand Summary

Eph receptors are the key to many signaling pathways that regulatgatelprogression
and cell migratior{L. Y. Liang et al., 2019)In our studies, we designed constructs of an
optogenetic EphA1 receptor using Cry2olig that clustered in response to blue light stimulus. We
found that this lighinitiated clustering resulted in activation by aptwosphorylation of the
EphA1 r dycosinekimased@amain and induced downstream ERK signaling in HEK293T
cells. We also found that expression of our PBMMp h A1 Cr y2 @ construct in
modulation of protrusive activity along the neurchie¢ processes of the cells.

Previous studies on EphALl receptor have elucidated its role in cell mobility and
morphology(leguchi & Maru, 2019; Yamazaki et al., 2008pecifically, ephrinAl stimulation
of EphAL receptor resulted in activation of the RhoA/ROCK pathway, which promotes cell
rounding and migratiofYamazaki et al., 2009RhoGTPases are associated with the integrin
linked kinase (ILK) pathways and help regulate the actin cytoskeleton through GTP binding and
hydrolysis(Yamazaki et al., 2009Df the Rho GTPases, RhoA regulates actomyosin
contractility and stresBber formation, and Racl regulates lamellipodia formation by the
WAVE-mediated ARP2/3 complgBeco et al., 2018; Kunschmann et al., 20E)hAL has
been shown to interact with ILK, a kinase that binds to integrin and promotes signaling
transduction from the ECM to the cytosol. Activated EphALl inhibits ILK activity, which
inactivates Racl, thereby inhibiting cell spreading in an egep®dent mannefYamazaki et
al., 2009) Removal of the SAM domain prevented the binding of ILK and eliminated the cell
spreading defeqtYyamazaki et al., 2009Conversely, studies of the SAM domain in EphA2
receptor found that a deletion of the SAM domain results in an increase in the ability of the

receptor to dimerize and activate even in the absence of epHfnAtimulation(Singh et al.,
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2017y A ®SAM mutant of EphAl receptor specifica

domain but associated morphological change were inhiprtachazaki et al., 2009)

Interestingly, our results indicate that activation of receptor tyrosine kinase domains via
EphA1Cry2olig clustering can induce cell rounding with and without the presence of the SAM
domain. While a pathway of EphAl signaling has been propdsgdchi & Maru, 2019)

further elucidation of EphA1l signaling pathways is still needed to determine the effect of EphAl
activity. The benefit of our optogenetic constructs is that the EphA1l signaling is simplified to
include only forward signaling, as the extracellular regluage been removed.

Other studies in EphA receptor signaling reported ephriméiiced EphA receptor
activation resulted in an inhibition of the Ras/Raf/MEK/MAPK pathway that regulates cell
proliferation(Miao et al., 2000, 2001 hese studies were also conducted in HEK293T cells;
however, EphA2 receptor is the predominate endogenously expressed EphA receptor in
HEK293T cells and the other cell types ugklibao et al., 2001)Juxtaposing these results,

EphA2 specific signaling was reported in the same cell types as promoting the MAPK pathway
and forming a complex with the adaptor proteins SHC and (&tzt & Kinch, 2002)Our
light-activated PMEE p h A1 Cr y 2 @ ¢ o n s tandAktpghosphordatian.emiichE R K
upregulates proliferatioMebratu & Tesfaigzi, 2009; Nitulescu et al., 20IBhis finding may

not be surprising as EphALl receptor has been found-tegipgated in certain types of cancer
(leguchi & Maru, 2019)As EphALl receptors are essential for angiogenesis, tumors may increase
expression of EphA1 receptor to promote proliferation. Coupled with a decrease in cell adhesion
and an increase in cell migration, EphAL recepitivated proliferation would induce

metasasis of a tumor cell if EphAl1 was overexpresdeduchi & Maru, 2019)EphAl

expression is wpegulated by the ATF3, which has been found to be induced under stress
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conditions(Masuda et al., 2008R study of expression patterns in clear cell renal cell carcinoma
(ccRCC) consistently showed that a lower EphA1 expression in tumor cells corresponded to a
more positive prognosidoma et al., 2014)n hepatocellular carcinoma (HCC), a common liver
tumor, upregulated EphAl promotes Akt/mT@ativated transcription of the chemokine,
stromal cellderived factor 1 (SDR). SDF1 is then secreted by the tumor cell and binds to the
CXCR4 receptor on aendothelial progenitor cell, leading to chemotaxis and tumorigef¥ésis
Wang et al., 2016)

Based on our RNAequencing results, many proteins related to inflammatory response,
proliferation, differentiation, and migration are upregulated in response to ouaditjeited
EphA1 construct, consistent with studies on ephristithulated EphA1l regdor signaling
outcomegHolen et al., 2010; Masuda et al., 2008; Pratt & Kinch, 2002; Y. Wang et al., 2016;
Yamazaki et al., 2009Proliferation is promoted by the upregulation of EGR1, EGR4, Grb7,
Fos Jun, ETV4and CREBS. In facEGR1,EGR4, Grb7Fos, Junand CREB5S have been
found to be upregulated in cancer cells and associated with metéStasist al., 2019; Lavoie
et al., 2020; B. Wang et al., 2021; S. Wang et al., 202§)A6, HspA7, IL17F, and AT3 are
upregulated in response to stress factors, especially those found in tumor microenvir@@ments
H. Chang & Dong, 2009; Guan et al., 2021; Masuda et al., 2Bl@) TG serum levels are
indicative of tumor metastasis in thyroid canceP r pi | e Dowarégulationdfcdrtain
genes can also exacerbate tumorigenesis; suppression of TMEM52 in cancer cells increases
invasion and survival, promoting tumorigeng¥sLee et al., 2021)As a tumor suppressor,
Rab26 downregulation would attenuate cancer invasion and migfhtidiu et al., 2021)
CYRlundere x pr essi on would also increase cancer

negative regulation of actin polymerizatifWhitelaw et al., 2019)The upregulation or
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downregulation of these geniesresponse to EphAl expression or activation could also be
modulated bycis-interactions with otheendogenousecefptor. EphA receptors have been shown
to interact along the plasma membrane with FGiREegrins, and CXCH to promote the
activation of downstream signaling targets of MABKdsmall GTPasefD. N. Arvanitis &

Davy, 2012) Interactions with these receptors endogenously caffidt the level of expression
of signal transduceis their signaling outcomesStudies involvingreceptor knockoutseceptor
mutants, oreceptorinteraction inhibitors coulélucidate the role these interactionsygla
proliferation.

Similar to EphA2 receptor, constitutive or dysregulated EphA1l receptor downstream
signaling can result in tumor progression and metastasis. As anticancer drugs are becoming more
selective to cancer typspecific targeting, a drug selective for EphAl reocepbuld be utilized
for drug delivery. An EphA2argeting peptide has been synthesized for the inhibition of tumor
growth(S. Wang et al., 2012This short peptide (YSA) with amino acid sequence
YSAYPDSVPMMScan not only inhibit ephrinA binding to EphA2 receptors, but also induce
EphA2 activation and endocytosis, resulting in lower receptor levels at the plasma membrane
and internalizing the peptide within the cell. A fusion of the anticancer drug paclitétehis
peptide resulted in a novel drug delivery system that effectively reduced tumor growth and
proliferation through an increase in internalized di@igwang et al., 2012; Y. Wang et al.,

2015) As EphA1l and EphA2 receptors can both bind ephrinAl, YSA peptide (or a modified
version of YSA) may be able to selectively bind and internalize EphA1l receptor, providing a
novel drug delivery system for tumors that overexpress EphALl receptor.

Although there have been few studies on EphA receptors in neurons, the research on their

ligand, ephrinAl, has suggested that stimulation of ephrinAl results in neuron mi¢Batioo
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Cordero et al., 2013Dne of the major EphA receptors in neurons is EphA4, a homolog of

EphAl and EphA2, that has been shown to interact with Ejhiitai et al., 2003)Through

binding of ephrinA3 on a neighboring astrocyte, EphA4 forward signaling on a dendritic spine

can decrease its spine length and wi{lflarai et al., 2003)This may also be the case with PMb
EphA1Cry2®, as the constructds activation res
processes of N2a cells. In primary neurons, EphA1 activation could result in a decrease in spines
which would prime the neuronrfdeadhesion and migratigHolen et al., 2010; Murai et al.,

2003) As Eph receptors are integral in esdlll communication during neurogenesis, their

dysfunction can play a role in neurological disorders and neurodegenerative disieagest

al.,,2019) Recently, researchers have found that Al
detected via bi omar(K.drWangietal., 2015naah anaysis od recery e n o me
genome studies, the EphAl locus was found to be highly associated w{tbaiasquillo et al.,

2011; Naj et al., 2011; H. F. Wang et al., 20I8)e Aallele of EphAl was correlated with a

decrease in hippocampal atrophy in mild cognitive impairment patients and was associated with

a higher glucose cerebral metabolic rate in certain parts of the(Brdi Wang et al., 2015)

In vivoexperiments on mice brains have also been conducted using ephrinAl. When
ephrinAlFc was injected into the lateral ventricle, neural stem/progenitor cells proliferated and
migrated to the part of the brain that contained a lesion. These cells themtdferkinto
astrocytes or dopaminergic cells, and an overall increase in angiogenesis occurred. Behavioral
abnormal ities used as a model for Parkinsonos
injection(Jing et al., 2012)A recent study has also identified EphAl as an upstream activator
for Connexin32 tyrosine phosphorylation, an important process for gap junction trafficking in the

brain. Dysfunction of Connexin32 has been linked to Chavtaoie-Tooth disease, a familyf
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disorders that cause degenerative nerve dafTagase et al., 2019Dverall, understanding the
role EphAl plays in neurons, astrocytes, and glia could yield new insights into
neurodegenerative diseases.

While ephrin signaling in the heart has been a recent highlight in research, Eph receptor
signaling has not been widely studied in card
role in the heart and myocardial infarction has been conduateaice with simulated
myocardial infarction (MI), ephrinAEc intramyocardial injections improved negative factors
resulting from coronary artery ligation, such as reduced infarct size and a decrease in percent
necrosis of affected tissyeDr i es et al ., 2.0nferkstingl@EpNid eeteptart a l
was found to be upregulated-fifdd after the ephrinAZ-c injection. Although this upregulation
was hypothesized to be a compensation for endocytosis of the receptor after ligand binding,
studies on EphALl in cardiomyocytesuld be exploredising our EphA1Cry2 construgDries et
al ., 2011; Har t mann e tSubskquent reddarthbon thiOtopt ecaehlede t a
that an EphA2 knockout in mice produced opposite effects as the eptirmidjlection,
worsening factors resulting from simulated MI. A suggested explanatibat EphA2
stimulates the prinflammatory response of leukocyte migration to injur 6 Neal et al . |,
EphA receptors are known to regulate immune cell migration to injury sites, and EphAl
specifically is involved in migration of-€ells (Darling & Lamb, 2019; Holen et al., 2010)

Connexins play an integral rate®t only in the brain, but also gap junctions in the heart. Since
EphALl receptors have been linked to connexin32 phosphorylation in the liver and brain, it would
be of interest to investigate the role of EphAl in cardiomyodyiiesase et al., 2019Another

protein of interest, ROCK, has been shown to play a critical role in heart cells and cardiovascular

diseasdHartmann et al., 2015)ncrease activity of ROCK has been linked to myocardial
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infarction and cardiac fibrosis and could potentially be a biomarker of various heart diseases
(Dong et al., 2013; ¥M. Zhang et al., 2006)The connection betwe@onnexin and ROCK, and
its upstream activator EphA1, could lead to new insighitsheart disease.

The potential future studies using optogenetic Eph receptors are vast. We have show
here that our EphA1Cry2 construct induced ERK and Akt phosphorylation in response to light
activation.Locke, et. alshowed that OptoEphB2xhibited increased filopodia in the dendritic
region after light stimulation through the Arg kinase pathway of actin polymeriZatake et
al., 2017) Other optoEphA constructs could be designed and validated in HEK293 cells and
transfected int@pecialized cell lines. EphA4 receptor could be studied in N2a cells or primary
neurons to optically regulate spine retracfibai & Ip, 2009) To confirm the results of previous
studies involving ephri\1 stimulation of EphA2 during MI, an optogenetic EphA2 construct
based on the EphA1Cry2 design could be utilized for ephrind&pendent EphA2 signaling
investigationgDries et al., 2011; DuSablon et al., 20X@)her EphA receptors can be applied to
this optoEph design to delineate epkiridependent activatiowith potential to further
investigatecis-interactions with receptors, for exampletoEphAlto optoEphA4dimerization

or optoEpIA to optoFGFR dimerization.
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CHAPTER 3
CRY-BARs: Versatile light-gated toolsfor the remodeling of membrane architectures
(Reproducedn part with permission froriVurz, A.l., Bunner, W.P., Szatmari, S.Z., Hughes,

R.M. (2022).JBC. 298(10), 102388)

Introduction

Membranebound architectures, including filopodia, lamellipodia, and dendritic spines in
neur ons, ar e abiltyte tiacsait and responddo extradellulér sues. As such,
chemists and biologists have developed numerous optogandtcthemeapptogenetic tools to
control cellular architecturaga manipulation of plasma membrane dynan(iishuk et al.,
2021; Klewer & Wu, 2019; Ueda & Sato, 201Bpwever, these tools have to date incorporated
a relativelysmall fraction of the numerous proteins involved inlibéding and dismantling of
these architectural features.darticular, nonenzymatic proteins have been overlooked: while
numerous optogenetic strategies exist for enzgmadiatedcontrol of membrane dynamics
(Khamo et al., 2019b; O6Banion et al.,, 2018,
far fewer have incorporatetbnenzymatic proteins as the basis of optogesatitch action
(Redchuk et al., 2020As mechanical control of membraaechitecture by nonenzymatic
proteins is a critical componeot cellular signalingHughes & Kumar, 2016xddressing this
oversight will be @ridge to a more comprehensive understanding of cetlyl@mics and
function.

In recent years, the critical role of proteins involvediembrane curvature inducing and
sensing has come to ligi&ntonny, 2011) In particular, BAR (Bin, Amphiphysin, and Rvs)

domain containing proteins possess diverse activities at the plasandrandLinkner et al.,



2014; Prévost et al., 2015; Pykalainen et al., 2011; Saarikangas et al., 2011, 2015; D. Yu et al.,
2011; Zhao et al., 2011as such, a heightened understandinipege roles has invited recent
investigations of their suitabilitior control with optogenetic tools. In a recent work, Jones et al.
(Jones et al., 202@sed a twecomponent approach (iLID/SspB) to desigiigat-activated
switch enabling recruitment of the extendea CIP4 homology BAR domain from FBP17 to
the plasmanembrane and a hybrid twsmmponent approach (iLID/SspB/pdDronpal) enabling
recruitment of the inverse BAR-BAR) domain from IRSp53 to the plasma membrane. These
switches, designed to have minimal interaction with thengethbrane in the absence of light,
promoted either positivd-es CIP4 homology BAR; FBP17) or negativeRAR; IRSp53)
membrane curvature in response to light activation.

The MTSS1 (Missing in Metastasis 1) protein is considéregrototype of-BAR
proteins(Li et al., 2016) but, to the best of olknowledge, has not previously bempplied in
anoptogeneticontext. In this work, we investigated the potential ofMfieSS1 FBAR domain
to serve as an actuator of membraneghitecture and plasma membrane dynamics. We
demonstrate that theBAR domain from MTSS1, in conjunctiomith the Cry2 photoreceptor
protein(Che et al., 2015; Kennedy et al., 2010a; Park et al., 2017; Taslimi et al., 204¥) the
basisof a versatil e opiBARM)e tfiocr acpgmnrtoracclihl i(nigC RiYe ml
cellular architecture. Inontrast to previous approaches, we have not soughintmize the
interaction between our constructs andglesma membrane. Instead, CHBBAR combines the
intrinsic membranebinding affinity of the BAR domain(Saarikangas et al., 2008j)th the
homaooligomerizing capability of Cry2Che et al., 2015)esulting in anembrandocalized
switch that induces membrane remodeling in response to blue light. We also provide insight into

the mode of action of CR\BAR by showing that ezrin, @membraneand cytoskeletalelay
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protein, is linked to thability of CRYi BAR to induce lightactivated membrarme@modeling and
restriction of cellular dynamics by acting asetay between CRYBAR activation and the actin

cytoskeleton.
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Material and Methods
Plasmids and cloning

Cloning of FBART Cry2i mCh, Cry2 mCH I-BAR, I-BARi Cry2Zi mCh WH2, and Cry?2
MCH MTSS1 constructs wasonducted using a previously described cloning sci{&alem et
al., 2020) Briefly, the FBAR domain from MTSS1, the WH2 domdimom MTSS1, and MTSS1
were PCR amplified from humafiTSS1 complementary DNA obtained from the Ariz@tate
University DNA repository (DNASU IDHsCD00746054). Merminal FBAR genes were
cloned intoCry2PHR mCherry (Addgene; #26866) using Nhel and Xiestriction sites
(Kennedy et al., 2010af-terminal FBAR, WH2, and MTSShenes were cloned into
Cry2PHR mCherry using Bsrgl andotl restriction sites. The eziiGFP expression construct
was a gift from Stephen Shaw (plasmid pHJ421; Addge2@680(Hao et al., 2009) The actin
expression construct (pCABGFPactin; Addgene; #21948) was a gift from Ryohei Yasuda.
CIBNi GFR CAAX (pCIBN(deltaNLSypmGFP; Addgeng26867) was a gift from Chandra
Tucker. Midi prep quantities of DNA of each construct were created Escherichia coland

collected for cell transfection.

Cell lines and transfection

HEK293T cells (passage 8) used for these experimentspuerkased from American
Type Culture Collectionandweceu | t ur ed i n Dul beccobés modi fied
containing 10% fetal bovine serum (FBS) and 1% penicshreptomycin. Cultures were
transfected at 70% confluenayth the Lipofectamine 300fkagent (Invitrogen) following the
manufacturerdéds suggested protocol s. Briefly,

for cell imaging o6-well culture plates for lysis, plasmid DNA was combined inlaratio
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(1250 ng per pl aMMBiMd) fiom |l bvedelbyot h@ptaiddi ti on
reagent. For singlegansfections, 2500 ng of plasmid DNA was used per transfection. In a
separate vial, 3.75 alddefd LiopdRENIE & Mipd e tOPA@ 0D 2
solutions wereombined and allowed to incubate at room temperaturgdfonin, followed by

dropwise addition to cell culture. Feerini GFP and actinGFP cotransfection with CRBAR,

2000 ng of CRYBAR DNA and 1000 ng of GFP DNAweeedded to 100 ¢l of DI
with subsequent additon8f ¢l of Cal Fectin (SignaGen Labora
incubation at room temperature, the solution was addgalvise to cell cultures. Each

transfection solution remainexh cells overnight. Transfected cells were maintained ac37

and 5% CO2 in a humidified tissue culture incubator, in culedium consisting of DMEM

supplemented with 10% FBshd 1% penicilliiistreptomycin

Neuron cultures and transfection
Postnataldissociated cortical neuron cultures were prepared as previously described
(Bunner et al., 2021;-¥.. Chang et al., 2017jrom newborn B6 miceNeurons were plated into
35 mm glass bottom Petri dishes dt million/ml density in culture medium consisting of Basal
Medium Eagle supplemented with 10% bovine calf serunilé&tgenicilliri streptomycin. On
day in vitro 2 (DIV2),culturemedium was changed to Neurobasal A medium, supplemented
with B27-plus reagenfinvitrogen), Glutamax, and 1% penicillistreptomycin. Neurons were
transfected withth€r y BAR opt ogeneti c systewmsin 6 €g pl asm
Lipofectamine LTX reagent. On DIV7, culture mediwas removed and neurons were placed
in imaging solutionMg-free HEPESouffered artificial cerebrospinal fluigbun et al., 202).)

Live-cell imaging was performed before and after illuminatising a Leica DMi8 Live Cell
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Imaging System. Animal ug@otocols were approved by East Carolina University Institutional

Animal Care and Use Committee.

Fixed and livecell imaging preparation

Fixed cell experimentsmmediately prior to fixation, transfected HEK293T celisre either

kept in dark conditions or continually illuminatadth LED blue light (Sunlite LED Par30
Reflector, item #80024 W, 120 V, Z2@kced®1D cnzfrora tell calfusishes) for

5 min. Cells were washed withu | b e ¢ ¢ (BBS) (WitB &lcium and magnesium; 1x 1

ml), then fixed forlO min at room temperature with prewarmed 4% paraformaldehyde solution
in DPBS (37°C; prepared from 16%araformaldehyde [Electron Microscopy Sciences]).
Following fixation, cells were washed with DPBS and then storddHBS at 4C.

Live-cell experimentsTransfected HEK293T cell media were replaced with HBS in

L ei b o visSmedaum. Cells were allowed to equilibrate in the-tedl incubation system

(OKOLab) for 10 mirprior to beginning the illumination sequence.

Imaging

Confocal microscopyConfocal images of fixed cells were collected withedss LSM 700 laser
scanning microscope using ZBack 2012 software. EzfitGFP and actinGFP livecell

images wereollected with a Zeiss LSM 700 laser scanning microscope equipped with a stage
top incubator andEN Black 2012 software. Fluorescence images wel@rized and overlaid
using FIJI softwaréSchindelin et al., 2012quippedvith Bio FormatgLinkert et al., 201Q)
Widefield microscopyA Leica DMi8 Live Cell Imaging System, equipped with@KOLab

stagetop live cell incubation system, LASX softwatagica HCX PL APO 63x%/1.40 to 0.60
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numerical objective oibbjective, Lumencor LED light engine, CTRadvanced+ paugiply,
and a Leica DFC900 GT camera, was used to acopages. Exposure times were set at 200 ms
(mCherry, 553 nmand 50 ms (GFP, 480 nm), with LED light sources at po%ser, and

images were acquired every 30 s over specified tionese.

Western blotting

Transfected HEK293T c¢ e MIPER lysisbufer (Thgere@ d wi t h
Fisher Scientific) containing 1Malt proteasigphosphatase inhibitor cocktail (Thermo Fisher
Scientific). After 10 min on ice, lysates were collected egtrifuged for 15 min (94 rcf; 4 C).
The supernatants wecembined with Laemmli SDS sample buffer (Alfa Aesar) erctibated
at 65°C for 10 min. The resulting lysates wetgbjected to electrophoresis on a 10% SDS
PAGE gel andhen transferred onto polyvinylidene fluoride naameg20 V, 800 min).
Membranes were then blocked for 1 h Wb bovine serum albumin (BSA) in 1x Tisiffered
saline(TBS) with 1% Tween (TBST), followed by incubation wghimary antibody (anti
mCherry antibody [Cell Signaling]:1000 dilution in 5% BSATBST; anttGAPDH antibody
[Invitrogen] 1:1000 dilution in 5% BSIATBST) overnight at °C on a platform rocker. The
membranes were thevashed 3x for 5 min each with TBST and incubated thiéhappropriate
secondary antibody in 5% B$ABST (1 h;room temperature). After washing 3x for 5 min with
TBST, the membranes were exposed to a chemiluminescent substrate for 5 min and imaged with

an Azure cSeries imagirggation.
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Statistical analyses

Statistical significance (p values; Fig$84 10, and 11) wadetermined using a ongay
ANOVA (Holmi Sidak methodin SigmaPlot v. 13.0 (Systat Software, Inc). Mean = S.D. plots

were constructed using GraphPad Prism version 8.2\Wiftdows, GraphPad Software, San

Diego, California, USAwww.graphpad.com
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Results and Discussion

Increased MTSS1 activity has been associated with exeénciseed enhancement of
synaptic functior{Chatzi et al., 2019)This prosynaptic plasticity effect of MTSS1 is attributed
to the presencef an FBAR domain within its structure. MoreoverBIAR domains have also
been shown to promote formation astdbilization of dendritic spine§ig. 3.1A), leading to
improvedsynaptic function and resilience against neurodegener@amrikangas et al., 2015)
To gain insights into the molecular mechanisms ¢batrol membrane expansion associated
with cell morphologychanges, we fused théBIAR domain of MTSS1 with a blughti sensing
domain (Cry2PHRFig. 3.1, B& C), creating dight-activatable iBAR protein (CRY BAR).
For this investigation, we engineered fp@rmutations of the CRNBAR switch:1-BART Cry2i
mCh, FBART Cry2i mChH WH2, Cry2 mCH I-BAR, and Cry2mCH MTSS1 §ig. 3.1C), where
I-BAR = residues 1 to 250 of MTSS1, WH2 = residues 605&of MTSS1, and MTSS1 = the
intact 759 residue proteiitach construct was confirmed by Sanger and Nexg@guencing

and expressed predominantly at the expectel@cular weightKig. Al 11.1).
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i I-BAR CRY2PHR mCherry
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iv. CRY2PHR mCherry I-BAR WH2

Figure 3.1. (A) I-BARmediated initiation of dendritic spine generation in neurons
Phosphoinositide (PIP2) signaling recruitBAR domain proteins to the plasma membrane,
inducing a proteprotrusion. Subsequent recruitment of actin (brown crosshatches) and actin
binding and remodeling proteins promotes protrusion elongation. Matureritierspines

(purple nodules on dendrite) are mushreshaped bulbous protrusions and major sites of
excitatory synaptic transmission in the mammalian br@) Diagram of MTSS1, anBAR
domain containing protein. The f&rminal FBAR domain (250 amincacals) is comprised of
three alpha helices. MINB1 and MIMS2 represent theBAR domain dimerization interface as
determined from Xay crystallography (40). C, schematic of GBAR optogenetic switches: (i)
The Nterminal FBAR domain (250 amino acids)fissed to photoreceptor protein CRY2, which

is fused to the red fluorescent mCherry protein for visualization purposes. (ii) At the C terminus,
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proline-rich and WH2 domains can be included for actin recruitment. (iii) Theriinal FBAR
domain is fused to the C terminus of mCherry. (iv) The intact MTSS1 protein (gB2&R; |
black, internal domains as shown in panel B; and yellow, WH2) is fodbé C terminus of
mCherry. Graphic (A) generated with BioRender (https://biorender.com/). BAR, Bin,
Amphiphysin, and Rvs:BAR, inverse BAR; MTSS1, Missing in Metastasis 1; PIP2,
phosphatidylinositol 4/hisphosphate; PRD, prolinech domain; SRD, s&e-rich domain;

WH2, WiskotitAldrich syndrome homology region.
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CRYi BAR constructs were initially probed for thegsponse to blue light in the
presence of CIBNCAAX, amembrandocalized binding partner to Cry2, in humambryonic
kidney 293T (HEK293T) cells. As anticipated, ligidtivation of the Cry2mCh control resulted
in rapidrecruitment to thg@lasma membrané-igs. 3.2A and 3.3A). Light-activated recruitment
to CIBNi CAAX was also observed fail the FBAR-containing constructd=(gs. 3.2 and 3.3, B
and C). Interestingly, the-BAR domairi containing constructsBART Cry2i mCh and CryR
mCH I-BAR, while exhibitinglight-activated recruitment to the plasma membr&ig. 3.2, A
and C), had significant prelocalization to the plasma membrane in the dark. We attributed this to
the phosphatidylinositol 4;bisphosphate (PIP2)inding propensity of the BAR domain
(readily observed in the preillumination image#$-ig. 3.2, A and C). Because of the significant
prelocalization othese constructs to the plasma membrane, we then investigated whether they
might exhibit lightactivated recruitmentjia Cry2 homeoligomerization, in the absence of
CIBNi CAAX. These experiments revealed significant lightivatedclustering/membrane
recruitment Fig. 3.2, B and D in theabsence of CIBNCAAX. By contrast, CryPmCH
MTSS1,which also accumulated in nonlight regpive clusters, didot exhibit lightactivated
membrane recruitment in tladsence of CIBNCAAX (50 of 50 cells pooled from six replicates;

Fig. 3.2D). As a result, this construct was not pursfigther.
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A Time (min) B Time (min)
CIBN-GFP-CAAX

IBAR-Cry2-mCh

IBAR-Cry2-mCh-WH2

Cry2-mCh

with CIBN-GFP-CAAX without CIBN-GFP-CAAX

C Time (min) D Time (min)
CIBN-GFP-CAAX

Cry2-mCh-IBAR

Cry2-mCh-IBAR-MTSS1

Cry2-mCh

with CIBN-GFP-CAAX without CIBN-GFP-CAAX

Figure 3.2. Light-activated responses of CRYAR constructgdA) HEK293T cells were
cotransfected with CIBNGFPi CAAX and CRYBAR fusions-BAR Cry2i mCh or IBAR

Cry2i mCH WH2 or Cry2Z mCh and imaged on a widefield fluorescent microscop&R
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labeled as IBAR in figurdB) HEK293T cells were transfected with OBAR fusions-BAR

Cry2i mCh and iBAR Cry2i mChH WH2 or Cry2 mCh and imaged on a widefield fluorescent
microscope(C) HEK293T cells were cotransfected with CIBBFPi CAAX and CRIYBAR

fusions Cry2mCH I-BAR and CryPmCHhH MTSS1 or CrymCh and imaged on a widefield
fluorescent microscopéD) HEK293T cells were transfected with QAR fusions Cryi2

mCH I-BAR and CryPmCH MTSS1 or CryPmCh and imaged on a widefield fluorescent
microscope. Imageacquired every 30 s (50 ms exposure of 480 nm light and 200 ms exposure of
553 nm light every 30 s). White arrows indicate example areas ofdagivated recruitment.

The scale bars represent 10 microns.
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Figure 3.3. Analysis of lightactivated responses of CRYAR constructgA) Cry2i mCh

construct shows large decrease in cytosolic fluorescence intensity in the presence of plasma
membranéanchored CIBNGFPi CAAX (CIB) but not in its absend®) Cry2i mCH I-BAR

construct shows a decrease in cytosolic fluorescence intensity in both the presence and absence
of plasma membrainanchored CIB, indicative of significant horoigomerization at the

plasma membrangC) I-BAR Cry2i mCh construct shows a decrease in cytosolic fluorescence
intensity in both the presence and absence of plasmdraeéhanchored CIBN, indicative of
significant homeoligomerization at the plasma membrane. Blue arrows indicate beginning of
blue light illumination (50 ms exposure of 480 nm light every 30 s); black arrows indicate end of
blue light illumination. Graphshow changes in normalized cytosolic mCherry fluorescence in
HEK?293T cells. Cells were initially imaged on mCherry chanried@0 s), illuminated with 470

nm light for 10 min (3330 s), then imaged on mCherry channel again for 10 miri (%&D

s). (D) quantitation of the fluorescence of ROIs (n = 6 cells) at the time points: immediately

before light exposure (0 min), then 1 min, 5 min, and 10 min of light exposure. Inset cell image:
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representative ROI inside the cytosol of HEK293T cell transfectedBi#tRI Cry2i mCh; this
image is duplicated from Figure 2A to demonstrate measurement methodology. The scale bar

represents 10 microns; ROI dimensions: 4.02 x 4.02 microns.
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Homo-oligomerization of the CRYBAR constructs-BART Cry2i mCh andCry2i mChH
[-BAR results in membrangeformation and restriction of cellular dynamibsough membrane
rretraction(Movie Alll.1, A and B). These effects are reversible in the dark. To demonstrate
this using CryPmCH I-BAR, we conducted a 10 mlight activation sequence, followed by a 30
min observatiomperiod in the absence of blue light. Rapid restrictiomembrane dynamics was
observed during the 10 min bllight activation period, with full reversibility of membrane
rounding achieved after 30 mintime absence of blue ligfFig. 3.4 and MovieAlll. 2). We
subsequently demonstrated that &ffect can be selectively induced using localized
illumination ofthe cell on a confocal microscoded. 3.5 and MovieAl I1.3). Wealso
investigated whether the presence of a WH2 doifma@sent in IBART Cry2i mChH WH2 but
not in FBART Cry2i mCh and CryPmCH I-BAR) impacted the membramemodeling
capabilities of the optogenetic switch. Ligittivation of an Nlerminal FBAR domain without a
C-terminal WH2 domain (BARi Cry2i mCh) promoted itaccumulation in numerous filopodia
like protrusions that rapidlgoalesced with continued light exposurg( 3.6A). By contrasta
construct that paired an-tédrminal FBAR domain with &Cterminal WH2containing domain I
BART Cry2i mChH WH2) did not accumulate in filopodilike protrusions Fig. 3.6). The
interaction between WH2 and monomeric actin and associated com(®axemla et al., 2002)
which would disfavor the preassociatiohl-BAR andPIP2 required for CRYBAR function, is
likely responsible for the observed failure to accumulate gil#sna membrane. Analogously,
a recent investigation of tHeBAR protein IRSp53 revealed that thiBAR domain ofiRSp53,
expressed as a fusion to GFP, localized to filopadnereas the C terminus of IRSp53 was
entirely cytosoliqPipathsouk et al., 202T)aken together, these results illustrate the modular

nature ofl-BAR proteins, where the #&rminal FBAR-containingdomain is required for
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membrane binding and localizatiand the WH2 domain is required for recruitment of actin
polymerizing components that promote protrusion formation and elond&@amikangas et al.,
2011) Only upon expression as isola&tities are the competing contributions of these
domains tesubcellular localization apparent. Finally, a sijeside comparison of light
activation of {BART Cry2i mCh, FBART Cry2Zi mCh WH2, and Cry2mCH [-BAR
demonstrated thathile robust membrane recruitment is associated with #igtivation of
Cry2i mCh I-BAR and IBARi Cry2Zi mCh(Movie Alll. 4), Cry2Z mCH I-BAR induces a more
robust effecbn cell membranes, as evidenced by impact on total cel(Rige8.4B). We
attribute this to enhanced PIP2 binding ahgstering capability of the BAR domain when in

the Gterminal position of the optogenetic fusion protein.
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Figure 3.4. Reversible lightactivated membrane remodeling with GBAR.(A) HEK293T

cells transfected with CryZnCH I-BAR were subjected to blue light illumination for 10 min

(activation), followed by 30 min without blue light (dark recovery). Membrane retraction and

reshaping is observed during blue light illumination, follovagdecovery in the absence of blue

light. The scale bar represents 10 microfi®). quantification of changes in percent cell area

during alternating cycles of light activation (10 min) and dark recovery (30 min) from n = 6 cells

per construct pooled fronitee replicate measurements. Statistical analysis conducted with one

way ANOVA{ 2px 0.001; n.s., not significant [p > 0.05]).
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Figure 3.5. Localized light activation of membrane remodeling with CBRAMR.(A) HEK293T

cells transfected with Cry2nCH I-BAR were subjected to restricted blue light illumination
(yellow circles) using a confocal microscope. Clustering of BAR is apparent in the areas
illuminated 25 frames pddtlue light stimulation. An overlayf the cell outline is shown before
(green) and after (red) blue light illumination. The scale bar represents 10 mi¢B)ns.
Quantification of fluorescence intensity changes in illuminated versus nonilluminated cell areas
for n = 3 circular ROIs (area = 64 microns2) per condition. Blue arrow indicates time of
applied restricted blue light illumination (488 nm laser at 5% power). Error bars represent
standard deviations. Differences are statistically significant {@ag ANOVA, p < 0.05)

beginning at the &3 s time point4) and beyond.
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Figure 3.6. Light activation of Nterminal FBAR Cry2 fusions with and without a-términal

N W

Relative Mean Protrusion Number

o =

WH2 domain(A) HEK293T cells transfected witrFBAR Cry2i mCh or IBAR Cry2i mCH

WH2 were subjected to blue light illumination (50 ms pulse every 30 s) using a widefield
microscope.-BAR Cry2i mCh rapidly coalesces into dynamic filopodial structures. The scale
bars repreent 10 microns(B) The presence of a-@rminal WH2 domain results in a cytosolic
distribution, reducing impact on filopodial dynamics. The scale bars represent 5 migpns.
Average number of protrusions at time 0, 5, or 10 min of light exposure frof®rtells pooled
from three replicate measurements. Statistical analysis conducted withayn@NOVA { px

0.001;2p = 0.002; n.s., not significant [p > 0.05]).
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We postulated that the dynamic membragmodelingactivity observed with CRY
BARs might be due to its interaction with proteins that link the plasma membrane with the
cytoskeleton. Ezrin is one such protein that has both-tiiding and cytoskeletebinding
domaingTsai et al., 2018)We hypothesized that clustering of the Rie2ind CRY BARS
mightimpact dynamics by also clustering ezrin, resulting in restrictiaytokkeletalassociated
phenomenon such asembrane ruffling. To investigate this, we cotransfe@g® mCH |-
BAR with an ezriit GFP fusion. In the presenoélight, we observed colocalization of e4rin
GFP with Cry2mCH' I-BAR clusters at the plasma membraRgg(3.7). Thiseffect was
pronounced in the light, and absent in the dadicating that CRYBAR activation actively
restricts ezridynamics. CRYBAR activation accompanied by ezgaquestration also resulted
in increased cethickness Fig. 3.8), with no such effect being observed in cells expressing the
Cry2i mCh control. Accompanying liveell experimentslemonstrate that, while not exclusively
so, the accumulation @fizrin near the cell membrane largely followed that of CBRAR during
light activation and exhibits a close tempaedhtionship with CRYBAR activation Fig.
All 1.2). The CRY BARIT ezrin link implies that CRYBAR impacts actin dynamics as well. To
explore this, we performed liveell imagingof CRYi BAR light activation in the presence of a
GFPRlabeledactin Fig. 3.9). Actin-rich protrusions were observed to coalesgen CRY BAR
activation Fig. 3.9A) but were not generallgolocalized with CRYBAR. Interestingly, in the
dark, CRY BAR is present in filopodia tips and lamellipodial edgeand interspersed with
actin Fig. 3.9A). However, upon lighactivation, their spatial relationship changes, as rounded
CRYi BAR clusters and actirich regions at the cell membrabecome distinctRig. 3.9A, inset

and Movie Al I1.5).
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Figure 3.7. CRY BAR activation linked to ezrifA) HEK293T cells cotransfected with Ciy2
mCH I-BAR and ezrinGFP were subjected to blue light illumination or dark followed by
fixation. Confocal microscopy reveals colocalization of CBAR and ezrinGFP as a result of
CRY BAR activation. The scale bar reggents 10 microngB) Plot of the log ratio of membrane
ROI versus cytosol ROI intensity (n = 6 cells per construct), normalized intensity for each
channel. ROI dimensions: 1.4 x 1.4 microns. Statistical analysis conducted withagne
ANOVA ¢ 7px 0.00% n.s., not significant [p > 0.05])C) Representative images of ROIs

positioned in the cytosol (cyan) and at the membrane (red). The scale bar represents 10 microns.
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Figure 3.8. CRY BAR activation and cell thickness. HEK293T cells cotransfected with Cry2
mCH I-BAR and ezrinGFP were subjected to blue light illumination or dark followed by
fixation. Cellular thickness was analyzed for n = 6 cells per experimental condaipAverage
cellular thickness of CryiznCherry I-BAR transfected HEK293T cells before and after
illumination. (B) Average cellular thickness of Ciy@CH transfected HEK293T cells before
and after illumination(C) Analysis of average cellular thickness at hafdght (oneway
ANOVA:Z g = 0.001;2p = 0.002, n.s., not significant [p > 0.05)D) Representative images of
Z-projections of ezrinGFP distribution in Cry2mCherry I-BAR transfected cells before and

after illumination and fixation. The scale bars represent 10 microns.
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Figure 3.9. Coalescence of actirich protrusions in response to CREFAR activation(A)
HEK293T cells cotransfected with CiyBCH I-BAR and actinGFP were illuminated with 488
nm light (5% power) for 10 min on a confocal microscope. Individual images of channels for
mCherry (top row) and GFP (second row) in addition to an overlay (mChergdinGFP in
green; inset in white box) showed a coalescence of-aatiiched protrusions in conjunction
with CRY BARinduced membrane rounding after 10 min light exposure (arrow in left cell
inset). Cry2mCH I-BAR is also enriched at the tips of ae#irriched protrusions in images
before light illumination (arrows in right cell inset). After 10 min of light exposure, iGngZi
I-BAR is retracted into the cell and no longer observed in protrusions (right cell inset, fourth
column). Full cell image scale beepresents 10 microns. Inset image scale bar represents 5
microns.(B) HEK293T cells cotransfected with CiyBCh and actinGFP were illuminated

with 488 nm light (5% power) for 10 min on a confocal microscope. Individual images of

channels for mCherrydp row) and GFP (second row) in addition to an overlay (mCherry in
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red; GFP in green). CryiznCh and actinGFP exhibit no change after 10 min light exposure.

The scale bar represents 10 microns.
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Having investigated the CR'BAR response in immortalized cell culture, we next
evaluated the capability of the sengmreport membrane expansion dynamics in neurons. For
this, dissociated postnatal cortical neuron cultures preparedrfesvborn mice were transfected
with Cry2f mCH I-BAR, or cotransfected with CIBNGFR CAAX, according to protocolve
developed for expressing optogenetic sensors in primdiyres(Bunner et al., 2021).ight
activation of Cry2mCH I-BAR, but notCry2i mCh, resulted in elongation of neuronal
processes thamight indicate early staggpinogenesisHig. 3.10, MoviesAl Il.6 and Al l1.7).
There was no apparent benefitdivation ofCry2i mCh I-BAR in the presence of CIBN
GFR CAAX, providing additional evidence that activation of Ciy2CH |-BAR aloneis
sufficient for effecting membrane dynami€sd. 3.10C). Accordingly, wholecell illumination
of neurons transfecteglith only Cry2 mCHh I-BAR results in abundant membranahsster
formation throughout neuronal procesdeig (Al ll. 3A). Notably, oligomerization of-BAR
domain proteins is essentfal their membraneemodeling activitiegNepal et al., 2021)n the
contextof CRYi BAR, optimal membraneemodeling is achieved vthe homaooligomerization
of Cry2. By contrast, recruitment GRYi BAR to CIBNi GFR CAAX, while not completely
detrimental to CRYBAR activity, results in less membraaetivity than activation of CRY
BAR alone Fig. 3.10C). This ispresumably because of a combination of reduced CRY2
homooligomerization in the presendeiB, a phenomenon thaas been previously described
(Che et al., 2015)rnd possible orientatiaffects of the Cry2CIB interaction on the-BAR
domain.CIBNi GFR CAAX has a similar membrane distribution@&®Yi BAR and could

interfere with CRY BAR activity at thecell membranéFig. Alll. 4).
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Figure 3.10. CRY  BAR plasma membrane recruitment in neurons: &nel 10 mirpost 480 nm
light illumination of processes in dissociated hippocampal neuron cult{fgsleurons
cotransfected with Cry2nCH [-BAR or Cry2mCh and CIBNGFPi CAAX (GFP channel
shown).(B) Neurons transfected with CriyhCH I-BAR or Cry2mCh. White arrows indicate
example protrusions. The scale bars represent 10 mic(Gh.og fold increase in length of
protrusions of CryPmCH [-BAR and CryPmCh expressing neurons with or without CIBN
GFPi CAAX (CIB) after 10 min of 480 nm light illumination (n = 10 neurons per construct;
neurons from three separate cultures; number of prainssper neuron analgd: Cry2a mCH I-
BAR + CIB: range 24141, average 65; Cry2nCH |-BAR: range 3b75, average 50; Cryi2

mCh + CIB: range 3#116, average 61; Cry2nCh: range #417; average 10. Statistical
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analysis conducted with ofveay ANOVA:Z Zpx 0.001;2p = 0.04; n.s.: p > 0.05). Error bars

represent standard deviations.

Finally, using localized illumination conditions, we demonstrated thati@rgz2i I-BAR
can be selectively activatedmeuronalprocessesHig. 3.11 and MovieAlll. 8). Takentogether,
this work provides evidence that the QrgCh I-BAR molecular optogenetic tool is suitable
for the targeted manipulation of cytoskeletal structures and dynamics at the plastheane.

To our knowledge, this switch represents the &ipgtlication of the-BAR domain fromMTSS1
in anoptogenetic switch. In comparison to prior work in this a@RYi BAR has the advantage
of being a singleomponenswitch, which can reduce experimental complexity and facilitate its
implementation into transgenic model organisms.n&te that the mechanisms eBAR

domain proteins are nobmpletely understood, and there are structural and mechanistic
differences in the-BAR domains across different proteif®aarikangas et al., 2009)s a result,
one carreasonably anticipate that thieorporation of BAR domains from different-BAR-
containing proteins and their orthologs could produce diffengpérimental phenotypes within
the same optogenetic background. This intriguing possibility illustrates the valuesafng
multiple optogenetic variations of BAR domairoteins. Potential applications of CRBARs
include sitedirected mutagenesis of thd8AR domain, which could provide valuable structure
function information regardinthe mechanism of the BART plasma membrane interaction, and
investigation of membrane deformatialependent ceBlignaling pathways, such as calcium

signaling(Tu et al., 2016)
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Figure 3.11. Localizedight activation of CRYBAR in neurons/A) Neurons transfected with
Cry2i mCH I-BAR were subjected to restricted blue light illumination (white circles) using a
confocal microscope. Clustering of CHBAR is apparent in the areas illuminated 15 min post
blue light stimulation (irradiation with 488 nikaser at 5% power at the 120 s mark). The scale
bar represents 10 micron) Aplot of fluorescence intensity from four illuminated ROIs versus
four nonilluminated regions is shown at right (error bars = standard deviation; differences are
statisticallysignificant [oneway ANOVA, p < 0.05] beginning at the 263 s time poihahd

beyond). Blue arrow indicates time of blue light illumination.
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Overall we describe the development of a familyopfogenetic switches, collectively
named CRYBAR, thatcomprise a versatile platform for controlling membrdgeamics in live
cells with high spatial and temporal resolution. These switches combine hothbetero
oligomerization of the CryiZCIB photoreceptor system withe innate PIP-bindingaffinity of
the FBAR domain. As theifunction varies depending on the presence of various functional
elements, such as WHitnding domains, we anticipatieat a modular approach can be
undertaken to adapt thesptogenetic switches for other applications, including éoeuitment
of enzyme and receptaictivating andinhibitory domains. Finally, CRYBARSs are suitable
tools to studymembrane dynamics not only in immortalized cells but alsensitive and
difficult to transfect primary cultures, suchraurons. Therefore, the CRBAR optogenetic
switches weeport here are expected to have wide applicability for investigating cellular

processes associated with membrane dynam@variety of experimental paradigms.
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CHAPTER 4
Conclusion

Optogenetics has emerged as a powerful tool in the field of cellular and molecular
biology, offering precisspatiotemporal control over cellular processes through the use of light
sensitive proteinéDeisseroth, 2015; Joshi et al., 2019; Redchuk et al., 2020; Rost et al., 2017)
The development and applicationvafriousoptogenetic tools have significantly advanced our
understanding of complex cellular processes, particularly in the fields of cell signaling and
membrane dynamidBugaj et al., 2015; Jones et al., 2020; Locke et al., 2@8bih optogenetic
Eph receptor (EphA1Cry2) aneBIAR domain (CR¥BAR) highlight the versatility and
potential of optogenetics in controlling specific cellular functions with high spatial and temporal
precision. A benefit of optogenetic regulation of certain proteins is the lack of requirement for
exogenous stimulation with chemicals or ligands.

In the case of EphA receptor activation, selectively activating EphALl receptors can be a
challenging task due to the simultanebuwding andactivation of EphA and EphAZeceptors
by their ligand, ephrinA1To overcome this limitatiorgnoptogenett EphA1l receptowas
successfullyengineeredhrough a Cry2 fusigrenabling selective activation of EphAl receptors
in response to light stimulatioihis approach not only provides a neway to studyoverall
EphAlreceptor signal transductidnut alsodelinede signaling outcomes resulting from ephrin
independent activatiohe EphA1Cry2 construct dimerizes and phosphorylates upon light
stimulation, promoting the phosphorylation of the downstream signaling proteins MAPK and
Akt. Juxtaposing studies have indicated that EphA receptor activation either promotes or inhibits
proliferation through the Ras/Raf/MEK/MAPK pathw@Miao et al., 2001; Pratt & Kinch,

2002) Our studiesfound that in the absence of ephrin ligand, EphAl recejgectivation



induces ERK phosphorylation, in addition to Akt phosphorylation. ERK and Akt have been
shown to patrticipate in signaling crosstalk; therefore, investigations into their crosstalk
regul ation and feedback | oops,omodulateany, coul d
proliferation. RNA sequencing of our EphA1Cry2 construct and control conditions also
elucidated upand downrregulated genes associated with EphA1l receptor activation.
Differentially expressed genes induced by construct-bighivation are thasthat promote
proliferation, differentiation, and cell migratiohhe EphA1Cry2 construcvas also expresseal
Neuro2a, neuronal precursor cells; under light stimulation, EphA1Cry2 reduced the number of
protrusions along neuronbke processes. Further investigations into EphA1l receptor signaling
include transfecting EphA1Cry2 constructs in other cell lingsh @s various types of
carcinomas, primary neurons, or cardiomyocytesuBgoupling receptor activation from ligand
binding, this approach provies a valuable tool for dissecting the specific functions of Eph
receptors and identifying novel Ejglependensignaling outcomes

Our otheroptogeneticstudyfocused on the design and implementatiohgbit-gated 4
BAR domainrcontaining tools, called CRBARSs, derived from the fusion of Cry2 an@AR
domainsAs BAR domains can sense and generate membrane curvatureB AR allow for
the spatial and temporabntrol of membrane dynamics with light through a-ooestruct
system. Other optogenetic BAR domains required agard system for the recruitment of BAR
domains to the plasma membrgdenes et al., 2020however, after initial studiegt,was
discovered that the utilization of CA2IB hetereoligomerization was not needed for this
optogenetic switchTheseCRY-BARs utilize the innate ability ofBAR domains to bind to
PIP> on the plasma membrane in response to clustering, resulting in robust membrane

recruitment and perturbations of membrane dynamics. Usinggtasadvantage, membrane
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remodeling and retractiomere inducedn HEK293T cellsoy CRY-BAR without theneed for

CIB. In primary neurondight-activated CRYBAR increase protrusion length along processes.

Actin was also found to beolocalized with CRYBAR and additionallydentified ezin as an

important mediator of CRBARs 6 i nteraction between the plas
cytoskeletonFurther research aims tontinue utilizing CRYBARS to investigate neuronal

processes involving cytoskeletal dynamics.

Taken togethethesestudies illustate the power of optogenetics fucidatingcomplex
cellular processes with higipatiotemporgbrecision. By enabling the manipulation of specific
cellular activities with light, optogenetic tools offer opportunities to unravel the intricacies of cell
signaling and membrane dynamics.r@searchersontinue to refine and expand the optogenetic
toolkit, these tool$old great promise for further advancing our understanding of fundamental

biological processes and deveailog novel therapeutic strategies for a wide range of diseases.
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procedures must be conducted as described in the approved Animal Use Protocol. Modifications of
these procedures cannot be performed without prior approval of the ACUC. The Animal Welfare
Act and Public Health Service Guidelines require the ACUC to suspend activities not in accordance
with approved procedures and report such activities to the responsible University Official (Vice
Chancellor for Health Sciences or Vice Chancellor for Academic Affairs) and appropriate federal

Agencies. Please ensure that all personnel associated with this protocol have access to this approved
copy of the AUP/Amendment and are familiar with its contents.

Sincerely yours,

Sl

Susan McRae, Ph.D.
Chair, Animal Care and Use Committee
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Appendix I1: Supporting Information for Chapter 2: Optogenetic Regulation of EphA1

RTK Activation and Signaling

__| Ligand-Binding Fibronectin Type lll || Intermembrane Protein Kinase | | SAM
(LB) Domain (FN3) domains (IM) Region (PK) Domain Domain

MERRWPLGLGLVLLLCAPLPPGARAKEVTLMDTSKAQGELGWLLDPPKDGWS
EQQQILNGTPLYMYQDCPMQGRRDTDHWLRSNWIYRGEEASRVHVELQFTV
RDCKSFPGGAGPLGCKETFNLLYMESDQDVGIQLRRPLFQKVTTVAADQSFTI
RDLVSGSVKLNVERCSLGRLTRRGLYLAFHNPGACVALVSVRVFYQRCPETLN
GLAQFPDTLPGPAGLVEVAGTCLPHARASPRPSGAPRMHCSPDGEWLVPVGR
CHCEPGYEEGGSGEACVACPSGSYRMDMDTPHCLTCPQQSTAESEGATICTC
ESGHYRAPGEGPQVACTGPPSAPRNLSFSASGTQLSLRWEPPADTGGRQDV
RYSVRCSQCQGTAQDGGPCQPCGVGVHFSPGARGLTTPAVHVNGLEPYANY
TFNVEAQNGVSGLGSSGHASTSVSISMGHAESLSGLSLRLVKKEPRQLELTWA
GSRPRSPGANLTYELHVLNQDEERYQMVLEPRVLLTELQPDTTYIVRVRMLTPL
GPGPFSPDHEFRTSPPVSRGLTGGEIVAVIFGLLLGAALLLGILVFRSRRAQRQR
QQRQRDRATDVDREDKLWLKPYVDLQAYEDPAQGALDFTRELDPAWLMVDTV
IGEGEFGEVYRGTLRLPSQDCKTVAIKTLKDTSPGGQWWNFLREATIMGQFSH
PHILHLEGVVTKRKPIMIITEFMENGALDAFLREREDQLVPGQLVAMLQGIASGM
NYLSNHNYVHRDLAARNILVNQNLCCKVSDFGLTRLLDDFDGTYETQGGKIPI
RWTAPEAIAHRIFTTASDVWSFGIVMWEVLSFGDKPYGEMSNQEVMKSIEDGY
RLPPPVDCPAPLYELMKNCWAYDRARRPHFQKLQAHLEQLLANPHSLRTIANF
DPRMTLRLPSLSGSDGIPYRTVSEWLESIRMKRYILHFHSAGLDTMECVLELTA
EDLTQMGITLPGHQKRILCSIQGFKD

Figure All.1. Amino acid sequence of human EphA1l receptor (schematic at top) with the
domains of the receptor colamoded in the sequendd/ithin the protein kinase domafhlue),
the bold italicized sequence is the catalytic loop, and the bold underlined sequence is the

activation loop.



TableAll. 1. Primer sequenceassedfor constructdesign.Nucleotide sequences of ttestriction

sites, linkerplasma membrane (PMequenceand the primers used f@phA1Cry2constructs

and ErkKTR and AkKTRare labeled and dor-coded

Description

Nucleotide sequence

Restriction sites
Nhel sequence
Bmtl sequence
Bsrgl sequence
Notl sequence
Linker
PMa sequence
PMb sequence

PMa-EphA1Cry2
Forward Primer
Reverse Prime
PMa-Ep h A1l Cr
Forward Primer
Reverse Prime
PMb-EphA1Cry2
Forward Primer
Reverse Prime
PMb-Ep h A1l Cr
Forward Primer
Reverse Prime
IM-Ep h A1l Cr
Forward Primer
Reverse Prime

IM -EphAl1Cry2
Forward Primer
(extracellular)
Reverse Prime
(extracellular)
Forward Primer
(intracellular)
Reverse Prime
(intracellular)

Akt-KTR-mTurg2
Forward Primer

Reverse Prime

ERK-KTR-
mNeonGreen
Forward Primer

Reverse Prime

gctagc

gctagc

tgtaca

gcggeegce

ggcggeageggeggeageggeggeage
atgggctgcattaaaagcaaacgcaaagataacctgaacgatgatgaa
atgggcagcagcaaaagcaaaccgaaa

tacgajctag@tgggctgcattaaaagcaaacgcaaagataacctgaacgatgatammtgtccaggggectgactgge
tcgtagctag@ctgecgecgctgecgecgetgecoraagtecttgaatcecctgaatac

tacga@ctag@atgggctgcattaaaagcaaacgcaaagataacctgaacgatgata@maccctgcacagggagcctiy
tcgtagctaggctgeccgecgcetgccgecgcetgecguecatctgagcecactcaggct

tacgajctag@tgggcagcagcaaaagcaaaccgasggtgtccaggggectgactgga
tcgtagctag@ctgecgecgctgecgecgetgecoraagtecttgaatcecctgaatac

tacgajctag@tgggcagcagcaaaagcaaaccgagggaccctgcacagggagcecttg
tcgtayctag@ctgecgecgcetgccgecgcetgeecgnecatctgagecactcaggct

tacgactag@tgcccccctcggecccccgaaac
tcgtagctag@ctgecgecgctgecgecgetgecoraagtecttgaatcectgaatact

tacgayctag@tggagcggcgctggeccctg
tcgtayctagmctgecgecgcetgecgecgctgeecggeggteacgcetgectetgetg
tacgdgtacaggcggcagcggeggceageggeggcggeaccgatgtggatcgagag
tcgtaycggccgcaagtecttgaatccctgaat

*bold black text is the sequence for EphAl receptor

cgtcgacttaacagatctcgagatggcagaggcaccggce
ctagccatgaattcgaagcttctcattacccgctccccatggtttggtacag

cgtcgacttaacagatctcgagatgaaaggccgcaag
ctagccatgaattcgaagcttctcattacttgtacagctcgtceatg
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PMa-EphA1Cry2A Cry2olig
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Figure All.2. Spatiotemporal light activation of EphA1Cry2 constru¢fg.Confocal images of

HEK?293T cells transfected with Cry2olig, PNEhA1Cry2, PMEEp h A1 Cr y 2 ¢, oTr
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EphA1Cr y 2 glluminakoa (0 mim)raed after blue light exposure (480 nm, 30 sec

intervals for 10 min) only inside circular region (yellow). Images collected on mCherry channel

(200 ms exposure, 553 nm). Scale bar: 10 um. Right column: Quantitétilba relative

intensity of inside and outside the region of interest (ROI) over blue light exposure starting at 90

sec (blue arrow). Error bars represent standard deviation; n=3 regions (unpabesd,t*p <

0.05).(B) Widefield images of HEK293T cetlansfected with Cry2olig, PMEp h A1 Cr y 2 @, o1
PMbEphAl1Cry2@ before | ight exposure (0 min), a
exposure, 30 sec intervals), and 10 min pigéit exposure (Post). Images collected on mCherry

channel (200 ms exposyr553 nm). Scale bar: 10 pum.
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Figure All.3. Cell rounding assay in response to EphA1Cry2 light activai@hWidefield

images of HEK293T cells transfected with Cry2olig, PBfdA1Cry2, PMeEp h A1 Cr y 2 o,

PMbEphAl1Cry2@p before |ight exposure (0 min)
ms exposure, 30 sec intervals). Images collected on mCherry chab8eirti, 200 ms

exposure). Cell areas were measured by tracing the cell around the membrane (yellow) using

Fiji ImageJ. Middle column shows the trace of the cell area (yellow) at time 0 min overlaid with
the cell at time 5 min. Scale bar: 10 pyfB) Quantitation of the percent area change (% change

in the cell area at 10 min over cell area at 0 min) of transfect HEK293T cells in (A). Error bars

represent standard deviation, n=6 cells (unpairgddt; ***p < 0.001).
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