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Plant and animal cells live in differelnic milieus and evolvedifferent dectrical
membrane propertieds membrane transpoirt plants and animals has diversified
throughthe poplation of ion channel tailor signaling strategies, the glutamate
receptor superfamily has emerged to conserve a prominent rolé‘iar@eelectrical
signaling. lonotropic glutamate redeps (iGIuRs) in the mammalian central nervous
system are ligangated cation channels. Their specificity for glutamate as a ligand
required to promote ion channel opening is critical to fast excitatory synaptic
transmissiorandis indispensable for higher cognitive function.

Plant glutamateeceptorlike channel§GLRs) are alsdnvolved in C&" and electrical
signalingfor a breadth of biotic and abiotic stress responses, sexual reproduction, and

cell-cell communication evenes determined by genetic analyst®weverthe



biophysical underpinnings@®®L R6 s celbsigealing mavenly begun to emerge. We
addressed the evolutionary conservations of function withigltiiamate receptor
superfamilyand their specialization for pitamembrane transport by means of genetics
and arelectrophysiological characterizat of GLR1 encoded by the moss
Physcomitrium patens (F3L.R1) using wholecell patch clamp and &aimaging

We present a role ?¥pGLR1 in moss development as a homomeric ion channel
involved inlight signal transductiothat suggesta conservation ofuinction withGLRs
found inangiosperms at the physiological level. At the molecular level, we identify the
extracelular ligand binding domain oflant GLRs retains statural homology to
iGIuRsd without theglutamate specificity while CORNICHONhomolog poteins
(CNIHs) also have a conserved role in glutamate receptor gatiadgurther estalish
distinctive properties 0ELRs in ion channel gatingnd ion selectivity derivfom the
transmembrane channel pore. The pooeks as a direct gate and-opts tle ion
selectivity necessary for a membrane depolarization in plant cells by yielding a strong
anion permeability with weak mormation and C& permeability. By targeted
mutagenesis, thepGLR1 selectivity filter was swapped out for the mammalian GIuA2
(Q-form) selectivity filterconvertinga predominantly anieselective channel poorly
responsive to ligands into a primarily cationic channel significantly potentiated by the
ligand ACC(1-aminocyclopropanéd-carboxylic aci¢l. These results map the molecular
evolution of glutamate receptors shaping the ion channel properties conserving plant

GLRGs role in C&" and electrical signaling.
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Motivation

Glutamate receptors are an evolutionarily conserved superfamily of ion channels
crucial for cell signaling and cetlell communication. Glutamate receptors from the moss
Physcomitrium patergre uniquely situated to @ff perspective not only griant
physiologyd aiding efforts to improve gendracosystem health and agronanyut
also on human physiolodgyecause of homology tonotropic glutamate receptors
(iGIuRs).

Many human diseases resulting from improper ion celaiumction, known as
channelopathies ave been traced back to iGluRgalfunctioning iGIuRs are common
culprits of neurodegenerative diseases like amyotrophic lateral sclerosis (ALS),

Al zhei mer 6s di sease, s c hil6y lnperigheral tssuesa n d
iGluRs are also associated witiseases. There is mounting evidence suggesting iGIUR
expression in a vast array of cancer tissues is responsible for cell prolifgbation
Additionally, iGIuRs are promising therapeutic targets for adiingsdiabetes,

osteoporosis, and heart arrhythnf@ga®). The cause of iGluRssociated diseases is often
rooted in an aberrant €gpermeability of the channel.

Amidst intensive efforts studying iGluRs to identify the distinct moleculaisba
underlying channelopathies, many undetermined molecular mechanisms still govern
iGIuR function. Such absent molecular determinants include factors influendihg Ca
permeatioiL0). A biophysical investigation of plant glutamate receptorsssane as a
powerful hypothesis generator alldminate fresh perspectives to appreciate the

determinants of iGIuR (mal)function by identifying evolutiohadonserved mechanisms

Xii



key to sigmling functions or otherwise give physiological context to the evolutionary
divergence in animald he recent emergence of moss as a model for designer
pharmaceuticals underscores the translational research impact moss glutamate receptor
analysis, in partular, can have on humgag).

As an early langlant,mo s seeotuttionaryimplicationsextend into
angiosperms whemxpansion and redundancy of gene families, like Ghs)per
scientific discovery. Identification of similar conservations of function can guide future
studies on seed plant developmtatt cansignificanty impactcarbon capture and crop
yield, and do so by studying a plant vitally important to the preservation of terrestrial
ecosystems.

Mosses were among the first classifications of plants to transition from aquatic to
land environmaets, suggestingignificant adaptation® perceive and cope with
environmental stres¥Vhen one considers moss asdf)mportant bieindicator of
ecosystem healfl§2) a new source of sustainable fuel cells; and {@yce for curtailing
greenhouse gasmissions it is evident that knowledge of the cell signaling strategies
employed by mosses unlocks their ecological benefit to present insights for tackling

ecological threafd 2).
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Chapter 1: Introducti on

1.0 Membrane transport and ion channels

Membrane transport is the process of transportingaodssolutescross the cell
membranelon channels arkey elements of membrane transporinésgral membrane
proteins that mediate ionic fluxeewn electrahemical gradientsypassing an energetic
barrier imposed by the lipid cell membraA& aqueous pore spanning the membrane
allows ions to flowthroughat rates of 1Dions per secondaster than can be
accomplished by other passive transport mechartisroaghcarrier protein®r active
transpot mechanisms working againgectrochemical gradientising pumps, or co
transporterd 3, 14) Anionchanned s ma i nthat optemtzelits leiadogical role are
its ion lectivity and channel gatingpn selectivityis the preferenctor spedfic ionic
speciego permeate through a channel dhdstrates the concept that the channel
determines what i@are permeant. The channel excludes the flow of an undesirable ion
type while permitting a desirable one to pass. lon channels exist along a sgemtnum
being highly selective, strongly favoring one ionic species, to beingelective where
multiple diffusing ions experience little difficulty to permeate. The other key feature,
channel gating, is the mechanism of opening and closing the ion ch@atie defines
under what conditions the selected ions may permeate. Various stimuli such as the
membrane voltage or ligand binding commonly initiate ion channel gating.

Membrane transpoét and the sum of ion fluxes across the membdane

contributes to ammplishing a myriad of cellular processes, principally, cell signaling.
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The transport of ionwhich carry an electrical chargeodulates the membrane potential

as an electrical signal. €dransportadditionallytriggers signal transduction pathways
baselonCd'ds second messenger functisignaing Col | ec
prompt a systemic response for transcriptional regulation, altering gene expression,
metabolismand hormone biosynthe§l&i 18). As electrical and C4 signaling reflect

the membrane transport network, an understanding of thesegrelling strategies

among eukaryotes brings thebadercontext of membrane transport into viefter

referencing animal models, | will briefly review electrical and*Gagnaling in plants.

1.1 Overview of electrical sgnaling and C&* signaling

Themembrane potentiaVfn) is the difference in electrical voltage between the
interior and exterior of a biological cef change i'vmad constituted by an ionic flux
across the membradeconfers an electrical signdssential tothe o n  ferlengeti® s
origins, the restingmis an important parametess it establishes the stagipoint for
membrane transport. Thénreflectsstanding gradients in electrical charge ahdmical
(solute)concentration® the twoelectrochemical gradientBiving passive ia
transpord making ionic flux directly dependent &m Reciprocally,on fluxesalso
shapegheVm

Along a continuous plasma membrane,\tnecan beexcited(or depolarized)
and seHpropagatéy activatingvoltagedependent ion channeBeciphering ths
excitable system underpinning nerve actioteptials earned Alan HodgkandAndrew

Huxleya share of the 1963 Nobel Priz6i 24) (with John Eccles who evaluated



chemical transmissioat the synapgeTheir work galvanized the study of ion channels
advancing all aspectdé mammalian physiologyVell-defined in animals, electrical
signalingfrequently directs behavioral respog@5) andis the core phenomena behind
action potentials that control muscle movements, a rhythmic heartbeat, and how nerve
impulses travel throughout the bramwhich the frequency of firing codes informatio
The work of Hodgkin and Huxley on excitable systats® paved the way to discoveries
il lTustrating that neighboring cells i1influe
electrical propagation a reliable mechanism for {drggance or celtell communication.
At cellular junctions, where two cells are physically separaedirical signaling
continues to display eonsistenpatternacross cell typesA membrane depolarization
evokesa neurotransmittér eeleasanto the extracellular space traggens liganegated
cation channels propagating the membrane depolarizatimnthe next cellFor
example, at the neuromuscular junction, a depolarization evokes the release of
acetylcholine activating acetylcholine receptors. At the presynaptic neuron, a
depolarization evokes the release of glutaraatevating ionotropic glutamate receptors.
The gatekeeper for any signal transduction to proceed is the translation of the electrical
signal(i.e. the membrane depolarizatianjo a chemical message. Caflux almost
alwaysfulfills this processmost notably performed by depolarization activatetf Ca
channelf6i 28). Single action potentials can stimulateasyilic Ca?* (cytC&™) increases,
tightly intertwining the relationship between electrical and*Gignaling(29).

C&* signaling then serves as a lonassagePoor diffusion rates of Gain

highly buffered cytosolic environments confinesQagnaling to an immediate spatial



rangg¢30).C&0s | ong | asting i mpacts on®based!| bi ol

signaling cascades ftranscriptional regulatiq@1). The fundamental features that make
Ca*a robust seawl messenger are conserved among eukarydt#e. urgently, rany
of the long standing questions asked to appreciatesitmaling are based on the

regulation of the proteins necessary fof'@ansport.

1.2 Electrical signaling in plants

Action potenials werefirst discovered in plants in 187&) and later recorded by
microelectrodes in 19383), two decades befofg¢astuk and Hodgki{34) recorded
action potentials from animal cells by impalifngg muscle fibersn 195Q With this
early success, electrical properties of plants wwgsnused as models to study neuronal
impulses(35). Althoughelectrical signaling in plants has been widely recognied,
remains poorly resolved as its physiological purpose and biophysical prerequisites have
posed a challenge to understand.

A variety of plant cell types qualify as excitable cellsdeynorstratingchanges in
Vmin response to environmental stimuli such as (Bfit40), temperatur@li 43),
pathogeng44), salinity or amino acidg5), and mechangensatio(¥6) by touch,
wounding, and herbivo(¢7). All such stimuli activate ion channels or other
transporter@8). Recent efforts to definelectrical signaling in plants have so far carved
out a dizzying variety of electrical signals tuned by various st{@g®jliThey are
generally classified into three categoriesaaffion potentials, variation potentiaésd

system potentials



An action wtential (AP) isanall-or-nothing depolarization ajuantalamplitude
and duration that seffropagates along the membrane, effectively connecting multiple
cells(13). APs in plants are known to occur from exposure to cold, touch or direct
electrical stimulatio(b0). While fitting thecriteria of an ARthe kinetics of APs in plants
are pronounceably slower than in animals and also vary between gpé&gige 1) For
comparisongardiac cells display action potentials of 200ms. In the nervous system, an
AP occurs ovemomentary time scales of2ms propagating at rates frorLQOm/s(51).
The algal genu€haraexhibits APs occurring oveinte scales of -3s with a
propagation rate of 20mm/s, three orders of magnitude slower than in nerves. Similarly,
cold shock and toueimduced APs are wellocumented itMimosa pudicdo propagate
at rates of 26B0mm/s.APs inArabidopsiswere shown to lddonger than ten seconds
with a propagation velocity of 1mm(52). In Physcomitrium paten¥mchanges
expected to be APs lasted over minutes when elicited by eith@ngfanred light or
abrupt light to dark transitio(39, 53) Compared to APs, variation potentials and system
potentials vary in biophysical propertji@scludingmagnitude, polarization, and kinetics;
but each demonstrates multicellular propagations covering long distances (Figure 2). Just
as applying various stimuli activat®n channels, an electrical propagation further

insinuates a process of ion channehatton and inactivation.
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Figure 1: Action potentials along the plasma membrane over an evolutionary span.
A.) The classical action potential recorded in neurons is fast and depolarizes the plasma
membrane to positive potentials. B.) The successitendfplants coincides with
variable action potential waveforms reflected in the dftgrerpolarization phase and
kinetics. The maximal membrane potential does not exceed Dh@/.epresentative
action potentiashown from a neuron ar€harawere elicitedby current injection. The
representative action potential frdPrpatensvas elicited by exposure to light stimuli
Therepresentative signal lirabidopsiswas elicited by direct voltage stimulation of 9V.
Numerical annotations within cladogram indicatelationary divergence in millions of
years. Adapted from Favre and Agosti, 208Z); Koselskiet al.,2008(39); Shimmenret
al., 1994(55); Ruszaleet al.,2011(56); Bean, 2007{51).

Variation potentials (VB), also known as slowave potentials (SWPs), are

different than APs and unique to plafsgure 2) VPs are graded electrical



depolarizations induced by physical damage to the tissue thastitaeelgh distant
undamaged cells. They are distinct frofRsAin their irregular waveform (Figure 2).
Based on data fromdl. pudicawhere VP propagation rates are four times slower than
APs at 56mm/s all VPs aregenerallyhypothesized to propagate slower as W&#). On
the contraryArabidopsisVPs have recently been described to propagate at 9.2cm/min
when elicited by herbivorinduced wounding, matching the AP stimulated by direct
voltagg50, 57)

A third type of propagating electrical signal is the system potd&iR)(Figure
2). A gradechyperpolarization of the membraokaracterizea system potential
differentiating it from APs or VPs. The conditions flPelicitation are also specific,
known to occuafter tissue woundingndupon thetwo stimulationof glutamate or

Ca&*. The first stimulation excites an A&nd the second produces the(SRure 2]58,

59).
A. B. C.
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Figure 2: The variety of electrical signals recorded in angiosperms€Downward
defections of membrane potentials correspond to a depolarization of the membrane.
Extracellular recordings of electrical signals performed by Zémmannret al.,2016(59).

Lastly, nonpropagating potentials may be electrical signals. Membrane potential
dynamics signifianly impact single cells likguard cells and pollen tubeshere

propagation is not possible guard cellsmembrane transport dictatas oscillatoryvm

anddrivesstomatal function for adjusting osmotic relati@mlregulating gas



exchangéUi 63). The correlations that can be observed indicatepeming of the
stomata apertures associ at ed wi t hypdrpobeizatph. aherefare, me mb r
aclosingof the stomata apertuceor r el at es with the plasma me
depolarizatio(64). The pollen tube receives special attention as an example where ion
signaling plays a key role in morphogesedihe growing pollen tube haemplete
dependence on distinct gradients ¢f BI, and C&" formed by a system of ion fluxes
choreographed by a network of ion channels, transporters, and pumps. Due to the
standing gradients, membrane potential gradient is hypothesized to exist with a
depolarized apical zone as a marker for growth po(&&fy

However,despite the description of various electrical signals in ptaete still is
a general dearth of information about the membrane potentiiding the molecular
propertieghat make it a useful signalh& second messenger functions of &hd
especiallyCa*, which areconsequential of the ion transport are more visible and better
appreciatedAs a case study,more thorouglexamination ofaon signalingas it relates to

the second messenger functiamshe pollertube can be found in Appendix B

1.3Ca?*signaling in plants

Ca"is a universal intracellular second messe(&fr Ca* signalingin plants
plays a prominent role in reproduction, cell groyahd n response to environmental
stres® to name a few general examples we can draw fqmatensandArabidopsis

covering the lineage of land plankske in animals, freelswimming sperm from the



mossP. patenslemongrate a dependence o@&*]cyt (67 69). In Arabidopsis non

matile sperm are delivered to the female ovule by thgtgwing pollen tube that display
an apical C& gradientwhich oscillates in particular patterns correlated withll growth
regimeg70i 72). Other tipgrowing plant cells, such as root hairs, show a similar apical
gradien{73). Moreover, an apical gradient of €éeaturing oscillatory patterns is a
phenomenolsoshared by tipgrowing protonema cells &f. pateng74). Environmental
stresses from salinify5, 76) light(77), herbivory and wound7, 78, 79) symbionts and
pathogen@0, 81) temperature and tou(@R), oxidative streg83), and osmoticum evoke
Ca* signals(84). Ca* elevatbns have been reported in a single cell compartmentalized
to the cytosol, chloroplast, nucleus, or occupying entire tig8bp£licited signals are
also unique to specific stim{@6, 87)are generated in a concentration dependent
manne(88), and vary by cell typ@&9).

The C&* signaling function foremost depends on its transport across the plasma
membrane and endomembranes by ion channels and pumps generétrgdants.
Ca&* transport is able toreate the conditions for afficient second messenggue to
steepelectrochemidadriving forcesgenerated in large part from low fre@a?*]cyt and
abundant CH stores in other cellular compartments like the apoplast and vaSmo#g!.
influxes of C&"into the cytosobjive rise to transient changes in the cytosolic
concentrationFollowing the generation of a @mgolicCa* signal by C&' influx, the C&"
buffering machiner§ primarily C&* transporters and pumps creating Geffluxd
enabledistinct signatures to devel@ver time and space by the use of stores in the

apoplast andrganelles that allocaf€a*] (90i 95). Of all the stores, the apoplast with



free concentrations up to 1mM Hasen proposed to the primary source of'@equired

for the signaling because inhibiting plasma membrarté @annels or chelating free

apoplastic C# largely abolishes all of the ensuing®Csignatur¢91). Thus, a C&

signal 6s gener at i on ?pemeable charinesaohtheplaamd beque
membrane a central function. Thendiey of the C&" permeable ion channels on the

plasma membrane will be discussed in greater detail below (Section 1.5).

A plethora of C& sensing proteins that decode thé'Ginature cements the
specificity of a given Cd signal. Universatiecodersriclude calmodulin (CaM),
calmodulinlike (CML), calcineurin Blike (CBL) proteins, CBLinteracting protein
kinases (CIPK)and the C&-dependent protein kinases (CDR&J). Many membrane
proteinscontain EFhands or other C&binding domainsnamely RBOHs an important
family of NADPH oxidases involved in ROS signal{@g). Othertransporters aralso
subjected to postanslational modifications through €&indingsitesor C&*-
dependent phosphorylatige.g the anion channel family SLA{47, 98) deepening the
sophistication of Cd signaling.

In light of the powerful signaling capabilitielsestowed by rapid and large
elevations of CH, these same attributes of Caignalingalso present riskdhe cell
must balance the influx reged for signaling, butaintain[Ca*]cyt within a
homeostatic rang€a* homeostasis anchoetevated Ca*]cyt to submicromolar levels
from a basal concentratidaypicaly less than 80nM. Excessive C4 presentdethal side
effects of ion toxicityand interferes with precipitation of phosphate compounds such as

Adenosine Triphosphate (ATRB, 95) An unchecked C4 concentration leads to
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apoptosisn all cells ands intimately tied to many humarathologies like heart disease,
diabetesand various neurological disorders. In ligitiC&*signalingg s uni,ver sal it
transcriptomic and computational studies have shown the genetic machinery in plants
involved in C&"signaling has been modifi€@D, 100) The evolutionary pressure to

maintain a low Ca*]cyt hasencouraged the dérsity of membrane proteins transiagt

Ca&*, whether it is across the plasma membrane or endomemBtanecells have

seemingly expanded the capacity foPCafflux out of the cytosol and into stores

safeguarding the potency of €aignalind99, 100) The primaryCa* efflux proteins

include:the auto-inhibited C&*-ATPase (A®\)(87, 101, 102) endoplasmic reticulum
Ca*-ATPase (ECA)L03), Ca&*/H* exchanges (€X) (104, 105) and the ritochondrial

Ca&"* uniporter complex (MCUQG)L06)

1.4 Coupling electrical and C&* signaling

Electrical and C4 signaling are two major cell sigisathat are intimately linked.
Therole of the two associated signals underiesftundamental thinking abowell-cell
communi@tion. In animal neuron&P propagation is unequivocally an electrical
phenomenowrharacterized by a fast depolarization that is regenerated from place to place
by voltagegated channels. In contra€zt* influx generates thical cell signal.
However,atheoretical model of electrical signaling in plants is far less resolved than in
animals Such a model would need to include the plant cell plasma mendbsane
biophysical propertieshemolecular identity of proteins involvad ion transporttheir

eledrophysiological characteristics, atigeir sequentiabrganization. An overlooked yet
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fundamental challenge to building such a modet@®ncilingthe demands of &
transport The movemenof thecharged second messenger is inherently predicted to
trarsiently produce subcellular Eaelevations (the generation of aCsignal) and
change th&/m(an electrical signaimultaneouslyCa"* signaling does not exist without
electrical signahg. To be clearCa"* signaling is inarguably critical for placell

signaling butits relationship tovmshould be considerét7)

It is worth addressing asngoing debate discussiifgan electrical mechanisror
cell-cell communicationof plant cellss conservedMobility of oligosaccharidg408),
abscisic aci(lL09), reactive oxygen specid4.0), and C&"itself have all been proposed
to underle a signal propagatioiarly on, Bosé s i n (1@0r)all)isglated
electrical activity as the core phenomenon underlining a signal propagation since the
activity once stimulated waasensitive to temperature. If signal propagat@s due to
chemical mobility, thermodynamic principles wouldedictslower propagation at lower
thermal energyi.e. such phenomena should have a thermatiQse to one)As other
possible explanations became evid@rduch as temperature sensitive membrane
protein® genetic experimentatiore-enforced the likelihoodf electrical propagation.
From wounded tomato plants, Wildehal, (1992)112)detailed transmission speeds
incompatible with chemical mobility and indicated an electrical propagation with genetic
evidence for the first time by koking outpin genesThese data begin to assant
electrical component into signal propagatibiow, the implementation of genetically
encoded CH probes into plants has further aroused new questioning into the precise

mechanismand some authors propas€a* induced C& release mechanigi®, 110)
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C&*propagations, frequently called "waves", appear to @xisiantsoutside the
realm of what was previously acknowledged. The work of Lionel Jaffe pioneered the
study ofintracellularCa* waves that come about by €ainduced C4'-releaseby
grouping them according to their speed as the chief metric: ultraslow, slow, fast and
ultrafast wave$113) Ultrafag waves travel at top speeofS6pum/s.Reported in
Arabidopsi® by the genetically encoded €andicator YGnane658 salt stress
induced C& waves propagated up to 400/s(75). In a separate study, aeguebased
GFP sensor measurements described systeriip@pagations from 50n/s to
300um/s(76). Faster still, C& waves illustrated by the group of Ted Farmer with
genetically encoded Gareporter GCaMP3 quantified propdiga rates at a blistering
9.2cm/min (150Qm/s) in response to herbiv@by). The conclusions ahis work by
Nguyenet al, were able to maintaithat the membrane depolarization preceded the
maximal[Ca*]cyt, aligning with an electrical propagation model caned among
animals. They further supported this conclusion through genetic knockouts of the plasma
membrane Hpump AHA1(114)validating prior H pump pharmadogy describing
fusicoccin as a variation potent(®MP) inhibitor(115). Impressively, mutarArabidopsis
pdkd plants defective in plasmodesmata integniéyelost the herbivoryinduced long
distance electrical propagatidi6) The mutants revealed no voltagated K channel
activity and a complete loss of the plasma membrane depolarization frooothe
shoot. In this study, wildype and mutant plasmodesmata showed equal cytosolic
accunulations of reactive oxygen speci@®O, H:0,) and C&". Losing only theVm

signal wassufficient to decrease the expression of the JAZ gene, a known herbivory
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induced transcriptional upregulation. Bricetial.,therefore showed the membrane
potential is affected by plasmodesmata disruption and disentangthéféect from
Ca&* suggestre thanan electrical signal can be independent of & €ignal(2013)
Another mutant plant expresgi a PLDP5 oveexpression ger@e which impairs
plasmodesmata conductaficavas later shown to limit the transmission ofasglic
Ca&*, emphasizing the sggstion the plasmodesmaray playan intricate role in
coupling of electrical and Ghsignaling via the connection of adjacent qals).

More alignedw t h Jaf f eds c havavasindeedibyoamotico n
stress. Using the genetically encoded YC3.6; @aves inArabidopsisplantlets traveled
at 58.5+18.9um/s. With the same protocol, osmetitiuced systemic Cawaves in the
mossP. patendraveledat4.5+3.8um/q84), falling in the fast to ultrefast range
matching the ra found within a single celthen monitoring fluorescence from thelle
permeable dy&ura-dextrarf118) Becauseystemic propagations and those within a
single cell report the same speed, it suggests, at leAgtatensanatomical differences
may not figure. However, perhaps the biophysical properties of membrane transport
betweerP.patensaandArabidopsisaccountor the differences in the propagation rate.
Additionally, the variety of propagating electrical potentials found inlafifsalludes to
a varety of iontransporters regulated by voltagéis dissertatiomow turns its attention
to focuson the evolubn of the membrane transport system to integrate the electrical

signaling with C3&' signaling.
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1.5 Evolution of membrane transport

The specialization of electrical and€signaling in plants compared to animals
is delineated by the evolution of theembrane transporters involved and their
biophysical propertigd19). The transport of H C&*, anions, and Kform the basis of

the unique electrical properties of plant cells.

Anion channels command membrane depolarizations in plant cells.
Hodgkin and Huxley demonstrated tvattagedependent ion transport

particularly of Nao is the keystone for animal célectricalsignalirg. As ion channels
allow the passive ion movemettte ion concentration gradients across the membrane are
part and parcel with the electrical membrane potentiad (o determine th&ansport
direction Accordingly, the ionic basis of animal APs depeodsn inwardly facing
NaCl gradient. The influx of Nathrough Na-selective channels, éectrochemically
conducive to depolarizing the plasma memb{a8g Fast voltagelependent Na
channels are even conserved in unicellular protists, the aquatic chlorabsec
Chlamydomyngsinddiatoms in additio to their expression in animaldowever, the
genetic material for fast voltagiependent Nachannels is akent from the more
terrestrial barophytic algae, mossesd developed land plants likeabidopsis(120,
121) This loss of fast voltagdependent signaling from the iselective 4domain
voltagesensitive ion channels suggests adapigaaling mechanisms for plant life.

To fit the physiological demands and surrounding milieu, the ionic basis of plant
electrical signals has seemingly adapféte major difference is thatnder norstress
conditions,a low concentration of extracelluldlaCl is preseraround plant cells. A
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marginal Na gradient existscompounding the absence of Ndannelsandleaving a
vacancy for what ions and transporters comman®th&he membrane transport events
occurring under salt stress can be found inexmpx C.). Atop the hierarchyf the
transport networlare the Rype ATPasegl22) In plants and fungi, this will be the™H
ATPase thaestablishes whas known as the proton motive force used to set the
electrochemicgbarameersdriving solutes through chaels and energizingo-
transporters. It is a motbwyperpolarizinghe membrane bgushingprotons out of the
cytosol and into the apoplast. This activity generate$ @oHcentration gradient and an
electrical charge diffence stabilizing a resting membrane poteiitiat is
hyperpolarizeccompared to animal cell models, with values frd®0mV to

-200mV (123, 124)As a result of the proton motive forces, particularly the negativ
resting merbrane potential, anion channel® apt to mediate the dominant depolarizing
current in plant cells through an efflux of the negatively charged kKohsan also act as a
depolarizing ion, yet the equilibrium potential for anions is signiflganore positive
thanfor K* permitting anions to depolarize the membranadceater extentCa*is
another ion capable dfiving a depolarizationbut arobust buffer systertessens the
capacity for a sustained depolarization.

The experimentally detmined model of plant APisolatese ach 1 onds act.i
(Figure 3) A [C&*]cytincrease initiates the depolarization, dependingpime degree on
crossing the plasma membrang mostly as a result of release from intéstare$125).

An anion efflux then drives the predominant depolarizing phase while the proton pump

(H*-ATPase) shuts down. Kefflux, like in animals, playthe major role inmembrane
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repolarizatbn. As previously mentioned,’Knflux does induce a depolarizatidsut
becauseheVmdepolarizes beyond the"Kquilibrium potentialts flux directionis

thereby reversed’hedescribedonic basishas been most comprehensively derifreth

giant characean cells GharaandNitella (126) However |t is now becoming cledhat

the trendsre consistent with other species along the evolutionary span from freshwater
algae to terrestrial angiosperri$ie ionic basidits the charophyt€327, 128)ncluding
Chara(125, 129) Nitellopsis obtus€130), the liverwortConocephalum conicum

L.(131), the mos$Physcomitriunpateng formerly known as?hyscomitrella pateng39,

132) and the flowering plarkrabidopsis thalianél33, 134) Importantly, the role of

anions as the primary depolarizing ion in plants is consistent across cell types in roots and

the singlecell models of guard cells and pollen tu&2y-(135).

Depolarizing Activity Hyperpolarizing Activity
NO;/CI H* K*
Out: .
) \
I ATP
n. K* Ca2t

Vm
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Figure 3: lon activities in plant cells. This picture demonstrates tlomic basis of

electrical membrane potential in plant seDirectionality of major ionic fluxes from a
typical plant cell (top) associated with its effect on the membrane pot@/apis

modeled below as a cartoon (bottom). The largest magnitude of depolarization is carried
by an anionic efflux. Influxes of Kand C&* also depolarize the membraifde

electrogenic H-ATPase is a hyperpolarizing motor that pushes protons out of the cytosol
into the apoplast. Outward'Kluxes play a role in repolarizing the membrane potential.

Evolution of anion channels
A lot is unknown about the function and molecular nature of plant anion channels.

Rigorous electrophysiological investigations of anion currents from protoplasts have
revealed categorically distinct ty@86 138). Among those with some known molecular
identity include depolarizatieactivatel anion channels designated by a 1.) slow action
(Stype),encoded by thelowly activating aion channel (SLAC) family and their
homologs (SLAH)anda 2.)rapid action (Rype) channels sometimes referred to as
quickly activating anion channels (QUAC-like) and known to be encoded fgnes for
aluminum activated malate transportessMTs)(139, 140)Both the SLAC and QUAC
families emerged with land plant evolution and are absent in arfima)sThe anion
selective mechanosensitive chanrielsiow known to be encoded tlye MSL family
homologous to bacterial small conductan@rhanosensitive channels (MsgS)
constitute the third class of anichannels with no animal equivalent. Many more anion
channel types have been proposed with roles extending beyond voltage control for
nutrition, metabolismand regulating turgor pressuiit2, 143) Other classificationsf
describecanion channelgclude inwardrectifying anion channels (IRAC), an outward
rectifying anion channel (ORAC)yherpolarizeeactivated aron channels (HAAC), and

light-activated anion channels (Reviewed by Roberts AB8} Tavarest al,
18



2011(137)). Additional orthologues exhibiting SLAC and QUAIRe characteristics may
also still be outstandingiowever, molecular identitgf the channels or transporters
mediating many of the described anion currents described from protoplasts have yet to be
discovered.

Some of théestcharacterized anion channels found in animals share homology
to anion channels in plants. Argualolye d the most important animal anion chargisl
the cystic fibrosis transmembrane regulator (CFTREANnel belonging to the ATP
binding cassette (ABC) family. With over one hundred ABC transporters encoded by the
plant genome, most are uncharacteriRedvocatively, CFTR pharmacology regulates
Arabidopsisanion currentd 44) Found throughout the plant andimalkingdoms are
the class of CLC transporters.dnimals they can be Cthannels or CIH*
exchangend45 147) ArabidopsisCLC-a localized to tonoplast and endomembsane
was onvincingly demonstrated to be a selectivesM exchangd148) It is unknown
if any plant CLG encode ion channelBhe cysloop ligandgated ion bannel
superfamily comprises the largest geanion channelsm mammalghat include GABA
receptors and Glycine receptors (GI{RP). GABAA receptorsthelarger subsedf CI
channelsmediate the primary inhibitory current adultneurons. Under special
condition® such as in immature neur@ansGABAA receptors cann fact mediate an
excitatory Cl efflux. The excitatory action dBABAa receptorss due to a reversed Cl
gradientmimicking the excitable basis of plant cells, rather than stemming from an
alternative molecular mechanism for mammalian cell excitafiify) No putative plant

GABAA receptordiomologous have been discoverbdt AMLTs (QUAC-type anion
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channels)however, do share a functionalaéino acid GABAbinding motif and are
regulated by GABA pharmacologhs1, 152)

The diversification oplantanion channels involved in membrane depolarization
supports the most parsimonious exyigon that theyplayed a fulfilling role inthe
adaptation omembrane transport strategregjured forplant cell signaling. Those anion
channels wh voltagedependent propertiés particulaty the fast inactivating Ryped
are reminiscent of neuronal Nehannelsandhave led to general speculation that plants
evolved to utilize anion channels fexciting electrical propagations. However, thés
never been prover formidable challenge to address that hypothesis remains to identify
the various anion channels hypothesized in protoplasts. Looking again at the ionic basis
of APs and VPs, only theolecular identity of channelscalized to the plasma
membrane directlgssociated with the depolaation phaséas beerrom the glutamate
receptor family andhe K" -selectivechannel AKT 1(133, 153, 154)neither of which are

thought to allow an anion permeation

Evolution of Ca?* channels
The relatively few C& permeable ion channels in plants that also have @adr

selectivity demarcateshie genetic and biophysical basis of@eansport in plant cells

compared to anima(89). In animal cells, a plethora of channel families mediaté Ca
transport such as NMD#A&ype ionotropic ghtamate eceptors (iGIuRsxyclic nucleotide
gated channels (CNGSs), transient receptteiptial channels (TR, P2X receptorghe

Ca, family that codes for voltagéependent Cachannels (VDCCsgind twoepore

20



channes (TPCs). Plus some highly G4 sdective channel families withd/PNa* >

1000 likeCa&*release Ca* activatedchannels CRACS), inositol 1,4,5trisphosphate
receptorsIPsRs), and ryanodine receptof@yRs)have prominentolesin C&*induced
Ca&*releaseThe understanding of €4ransport in plants is only insi infancy. Just five
families includingglutamate receptdike channels (GLRgY2, 155) cyclic nucleotide
gated channelCNGC9(156, 157) hyperosmolalitygated C&-permeable channels
(OSCAs)(158, 159)two-pore channelsTPCs)(160)and nechanosensitive chann@lél,
162) have beemproposedo mediate CH influx where none are known to be selective for
Ca* as they als permeate monovalent cations includitig A potential shortcoming in
assessing what transporters may be involved in a giv&ifi@ais the
electrophysiologial characterization of currents framidentified ion channels
endogenously expressing in plant protoplablese include voltaggependent channels
that are either hyperpolarizatiattivated C& channel§l63 166)or depolarization
activated C# channel§l67 171).

Table 1 summarizes tligfferences imnionchanneldetween plants and
mammalsas well as th@iew that plants lost some of the prominent catiod/Channels
of mammalsStrikingly, bothmammaliarand pgant cells express a family of glutamate
receptors (referred to as iGluRsmmammalsand GLRsm plants) that form functional ion
channels. Both iGluRs and GLRs are heavily associated with cell signaling andlkcell
communication events stemming from properties that generate a depolarization of the
plasma membrane amtevate] Caf*]cyt. iGIURS areamong the most wettharacterized

ion channels fosynaptic connectivityEven so, the biophysical properties of plant GLRs
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governing their ion channel gating and ion selectivity remain unresolved, leaving the
molecular mechanism underpinning their pgoation in membrane transpamknown
This observation yields intriguing questions of hibve molecular basis ehembrane
transport and cell signaling $iawlved between organisms with a central nervous
system, including mammalandorganismsuch as @ntswholack a nervous system

and face varying physiological demands.
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Table 1: Evolution of anion and C&* channelpopulations betweenan alga an early
land plant, a flowering plant, and from mammals (based on rodent and human
models) The quantity of genes for selected ion channels were identified by a literature
search, with references provided in brack&tsannotations ofCharawere published by
Nishiyamaet al.,2018(120) If reference isinlisted,gene anatations wer@btained
from Edel and Kudla, 201500)or Edelet al.,2017(99). The lonePpTMEM16 was

identified by accession number:

Pp3c7_22640V3.1 based on protein BLAST of

AtTMEM16.
Chara | P.patens Arabidopsis Mammals
Anion Channels
(Stype) 0/0 22 1/4  [172) |O
SLAC/SLAH ([(172),[(173)) [(141)
(R-type) 1 5 13 [172)] |O
ALMT/QUAC -like [(172) [(141)
MscS (MSL) 2 16 10 [175)] | O ([(176),
[(174) [(177))
Bestrophins 3 17 2 ([(141), 4 [179)
[(178]))
TMEM16/Anoctamin | 1 1 1 [152) |10 [180)
CLC 4 3 7 [182) |9 [183)
[(181)
GABAA Receptors 0 0 0 19 [150)
GlyR 0 0 0 5 [(184)
Ca?*/Cation
Channels
Glutamate Receptors| O 2 20 18
TPC 1 9 1 2
CNGC 7 8 20 6
MCA 0 ? 2 ?
Piezo 1 1 1 2
[(174)
OSCA 5 15 15 3 (TMEM®63)
[(185)
Orai 2 1 0 3 [186)
Catsper 3 0 0 4 [187)
TRP 0 0 0 27
VDCC (Ca) 0 0 0 10
P2X 0 0 0 7 [188)
4D-Na, 0 0 0 10 [189)
IP3 0 0 0 3
RyR 0 0 0 3 [190)
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1.6: lonotropic glutamate receptors

iIGluRs in neuronal physiology
lonotropic Glutamate Receptors (iGIuRs) are liggated cation channetlsat

electrechemically connect two neurons. Well defined biophysical properties and
substrate specificity foster high fidelity synaptic connectivity crucial for learning and
memory. Glutamate is the principaeurotransmitter ithe central nervous systeimt
mediates neurotransmission upon binding to its ion channel forming receptor protein.

The eighteen mammalian iIGIUR members are classified into four groups based on
ligand specificity; N methytD-aspartate (NMDA) receptors (NMDARS) (six members;
GluN1, GIuN2A:D, GIuN3A-B), alphaamino 3-hydroxy-5-methyt4-isoxazolepropionic
acid (AMPA) receptors (AMPARs)(four members; GluA), kainate receptors (KARS)
(five members; GluK®5), andd receptors (two members; GIuE2). Each group plays
distinctive roles in neurotransmission. NMDARS are cationic arfd zameable
channel§l91, 192) Posttranscriptionally edited Form channels derive the majority of
AMPAR and KAR characteristics that in their homomeric form are impermeableéto Ca
andweakly permeable to ams(PcicsAMPAR is 0.14 and KAR is 0.74)93). Only the
Q-form AMPARSs and KARs are permeable to’Cal receptorsare the least
characterized of the four subgroupsat appear to resemble the AMPARs and KARs as
non-selectivecationschannelsvhose C&" permeabilityis dependent on the-@rm(194i
196)

Under physiological conditiongn incoming electrical signal at the fgnapse,

manifested by a depolarization of the plasma membeatizates Ca to induce C4-
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dependenéxocytosis releasing glutamate into the synaptiit(di@7 199). Glutamate
binding to the no\tNMDARSs at the possynaptic membraniaitiates a rapid
depolarization carried by an influx of Neonsand propagates the electrical sigwhken
the voltage threshold i®achedo the adjacent neuron relaying the messagga*
influx at the possynaptic neuron follows wén glutamate plus glycine or-8er binds to
NMDARs generating an elevation pEa?*]cyt initiating second messenger functidos
transcriptional regaition (Figure 4)

d receptorhave longoeen consideredonligand gated channels whose
molecular participation in synaptic functiaras observed, but mechanisticallycertain.
In recent yeargjreceptor6 f u n c asiiooatr@pic iedeptors has beganted
through an endogenoligand-gating action evoked by{8e(200' 202). For simplicity,
an input ofd receptoron synaptic connectivity has been omitted from Figure 4 until a

physiological clarification is obtained.
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Figure 4: Glutamatergic signaling. High fidelity synaptic transision is moderated by
Glu and iGluRs at the poslynaptic membrane.

iIGIuR structure determination
Neuronal iGluRs, first cloned yollmannet al.,(1989)have experienced

rigorous structure determinatistudies incorporating electrophysiologyray
crystallographyand cryeelectron microscopfcryo-EM) (203) The collective effort has
revealed various structural conformations detailing the channel structure, permeation

pathway and gating scheme.

Architecture of iGIuRs
iIGIuRs are tetramers with a modular layout compridegdur structural layers; a

ligandbinding domain (LBD), an amino terminal domain (ATD) , a transmembrane
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domain (TMD)anda Gt er mi n a | domain (CTD) . Four i sof
di merso creating four extracellular | igand
central transmembng porgFigure 5) Intermediate between the receptor and the pore is
a third functional d omai (804,i206) t he TMD Kknown
The LBD and ATD are both extracellulanmains in a twdold symmetry.The
LBD is encoded by the S1 and S2 segments of each gene and is translated into the
clamshell i ke fAreceptoro with two globular | obe
(D2). The mouth of the lobes accommodates ligand bgndihe ATD layer sits on top of
the LBD. It is alsoorganized a apair of dimers but displays a subunit crossing over to
twist and alternate the dimer pairingamgling the proteinThe ATD is thought to be an
essential domain in NMDARSs for receptor asser(2ig, 207) membrane trafficking
and as a site for allosteric modulation, notably by*Z808, 209) Interestingly, for some
KARs, albeit under overexpression conditions, the ATD may be nonessential as mutants
with the ATD cleaved off remain functiorfalLO).
The TMD layer is made up of #&transmembrane spanning domains (M1, M3,
M4) and one reentry loop (M2). It is attached directly beldine LBD by polypeptide
linkers (SXtM1, M3-S2, S2M4). Achieving a fourfold symmetryfour M3 subunits
converge as a teepee acting as the figateo
As part of the TMD and comprising the permeation pathwayfitpeat e 6 ( M3) and
Aporeo (M2) are considered to be the effec
gates that need to open through the gating scheme (detailed below) to allow selective ion

permeationM1 and M4 flank the permeation pathway aainmunicateLBD movement
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influencing channel opening and the degree of desensitization. Part of their function is
attributed to their connection to the polypeptide linkers and the M4 flip/flop
cassett@11)

Finally, the Gterminal domain has not been verified by structure determination
studies. However, it is known to influence channel localization and regy2tin
Among the NMDAR family, the @erminal domain bears a prominent CaM complex the

dictates a C4 dependent inactivatigf13)

iIGIUR gating scheme
The iGIuR gating scheme consists of a continuum of transient conformational

arrangementmarked by several key statésgand bindng to the LBD initiates the

iIGIuR gating scheme to open the channel. Important for channel gating is the interplay
between the modular layers as ligand binding induces a conformationahgeanent of

the entire proteinUltimately, LBD mobility translate into a structural rearrangement of
the pore reflected by an ionic conductance.

The conform#onal states adopted by iGluiRsspecificallyreferringto AMPARS
unless otherwise stat@dinclude a "resting" or closed state, a-pative state, an open
state and a desensitized state. A closed configuration reflects-aaratucting ion
channel where the receptor is free of glutamate and the clarhkbélBD is fully open.
Glutamate binding to the LBD initiates the gating cycle transitioning into thagive
state where glutamate binding partially closes the clamshell, but still leaves the

transmembrane domain unaffected and poctudled. With sufficient ener@y

28



dependent on the specific ligaadd concentratiah theclamb el | ¢l oses a
bringing D1 and D2 closer together. More criticalhdividual D2 upper lobes move out
and away from a central axi805, 214, 215)This separatioexerts a stia to pull the
linkers connecting the LBD to the TMD and splay open a helical bundlestbby the

t r ans me mb rTaepere ifsaf thenealgo. needs to widen in ghenostate for

current to flow.

iIGIUR heteromerization
Heteromerization with differerthannel isoforms or auxiliary proteins adds to the

channel structure, forming aare diverse or larger compleXMPARs and KARs are
known to exist as homtetramers and diheteromers. NMDARSs are obligate hetero
tetramers, unknown to function asthomers, ad are even capable fairming
diheteromers and trineteromgt$6, 217) The dimerization itself is not

inconsequentié besides forming the central ion channel @orater-subunit contacts
bonding the dimers together affect the ligayading kineticsespecially in the
desensitization procgi8) Despite beindgetrameric receptor proteins, iGIUR subunits
are gated independentlgndingheteromerizatiothe abilityto tune the gating response
in a stoichiometric dependent man(219)

The most well studieduxiliary proteins are the TARRgransmembrane AMPAR
regulatory proteing) specificallyg?2 known as stargazip20d and theCORNICHON
homologs (CNIH(221). TARPs and CNIH are both positive regulatorsAMPARSs
working to maintain an open conductive char(f&ure 5C, 5D) Theyenhance

glutamate sensitivityslow desensitizatiomates enhance a steadyate current following
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anattenuated desensitization proces¥ relieve polyamine block by promoting
polyamine permeatid@22)223)224). Mutagenesis of TARPS illustrated that these
transmembrane proteins buttress against that iGluR aNi&ffect gating by interacting
with the extracellular LBBIrMD linkerg(225). The conserved role of TARPS in
C.eleganspeaks for their obligatory nature in synaptic fund@@6) The crycEM
structure of GIuA2 in complex with CNIH3 showed extracellulaa@d N terminal
domainssimilarly indicating annteraction with the extracellular channel donsé227)
Negative regulators like germline specific gene 1 (GsG1L) maintain a closed

configuration of the chann@?28, 229.

A. Topology

ATD

M3-52
Iz 52-M4

LBD

TMD

CTD COOH

Figure 5: iGIuR Structure. A.) Topology cartoon of a single sufitioutlining channel
domainsB.) Cryo-EM structure of homomeric GluA2 (PDB: 3KG2) illustrating the
modular design of a tetramer, individual subunits color coded by purple, mageeta, gr
and orange. Each subunit consists of four transmembranelapbeas, a receptor and an
amino terminal domairC.) top panel; bottorup view of GIuA2 depicting a central pore
formed by four subunits in a closed configuration representing-@owaucing channk
(PDB Accession code: 3KGZBottom panel; bottorup view of GIuA2 depicting an
open central pore in complex with the auxiliary protein stargazin that contribute an
additional four transmembrane helices on the periphery of the iGIuR TMD ddnoted
dashed circles (PDB Accession code: 5SWEO).
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Overview: molecular determinants of glutamate receptor ion alectivity
The iGIuR pore, the space where ions pass through the chanoemésifby the

re-entry loop M2 M2 consists of the selectivity filteranboring the key residues

determining ion selectivity in each iGIuR subfamilye bacterial glutamate receptor,

GIuRO, is a potassium selective ion channel expressing the consérsetb&ivity
ATTVGYGDO mot i f f-gatechkichanmel280) A glutamateo | t a g e
receptor from the freshwater bdelloid rotifedineta vagaAvGIuR1, is likewise &*
channeencoded by t he si i(281) Bhe seleclivitMil@ivoGiGloRs mot i f
found in mammals lost theatif conferring K selectivity in favorof a nonselective

cation permeability conducive to divalent {GaBa*, Mg?*) and monovalent cations
(Na",K',Cs) . The i GlIluR selectivity filter spans
constriction point and endingith a negatively charged entry poifrom the cytoplasmic
side.Non-NMDARs (AMPARs and KARs) and NMDARs have distinct ion selectivity

and ion permeation properties that can be explained in part by differences in the

selectivity filter(Figure 6).

Molecular determinants of ion ®lectivity in AMPARs and KARs
The Q/R/N site at the tip dfie poreis an essential residue that regusatiee

varying ion selectivityGenes for AMPARs and KARs exonically encode f@la (Q)
to be transcribed and translatétbwever, in postnatal mRNAan editing event converts
the GIn (Q-Form) to arArg (R-Form) in AMPARs and KARs. This editing event

switches AMPAR and KARs from C&* permeable cation channels@a*impermeable
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channels withthe slightanionic permeability. ACI- permeability is argued to come from
electrostatic forces on the extracellular side of the(@8&). The Q/R/N site also renders

the channel insensitive to polyamine block and yields a smail&ary

conductanc@11) Farther into the ion permeation pathway, the narrow constriction

exerts either electrostatiz steric hindrances to limit theamimum rate of ion

permeationAt the pore entry facing the cytosol, a highly conserved negatively charged
Asp has been speculated to play a role in cation vs. anion selé2g@fyRemarkably,

Asp to Asn mutations in GIuUA3 channels that neutralized the charge did not alter divalent
permeabity or appreciablyshift the reversal potential compared to wijge channels.

The mutation dighowever produce substdially greater outwardly recgifing

current$233).

Molecular determinants of ion ®lectivity in NMDARS
NMDARSs display a notable Gapermeability that makes their cell signaling

function unique to that of Gaimpermeable AMPARS. What accounts for selectivity
differences between AMPARs and NMDARB?NMDARSs, an encoded Asn (N) at the
Q/R/N site likewise plays a determining role inpermeability such that targeted
mutagenesis to GIn (Q) lowers C&" permeability234). Although the amino acid
encoded differs, the aligned position nonetheless plays a determining role irf'the Ca
permeabiliy. At the cytosolic entry poidt alignedto the conserved Asp IAMPARS)

a negatively charged Glu was indeed shown to be responsible for divalent

permeability235).

32



The effect of heteromerization on NMDRs electrophysiological properties
supports the role of pore lining residues to determine ion selectivity. Glublits lack
the conserved negatively charged residue within the pateheterdetrameric channsl
with GIuN3 show strongly attenuatedCpermeability. Relative &mnafor GIuN1-
GIuN2A heteromeric channels could be calculated between 2.8 gvdhéreaghe
PcanaOf GIUN1+GIUN3A heterotetrameric combinatiomss calculated to 0(811) In
another example experimefriheteromic NMDARSs consisting of GIUNGIUN2A-
GIuN3A yielded an estimated ot&Pmon= 0.6compared to 3.4 idiheteromeric
GIuN1-GIuN2A(236)

The higher C& permeability makes for a more complicated permeation pathway
involving more cation binding sites in around the selectivity filteReferring to GluN1,
tryptophan residues in the pore contribute to the narrow constriction and confers a
divalent cation selectivity over monalent cation@37, 238) A unique DRPEER maotif
in GluN1 peripheral to the pore and géteutside the selectivity filtér also serves as
Ca"* binding locaions aiding C&" permeability. This motif imposes a strongly negative
electrostatic potential attracting cations and was specifically shown to attenuate fractional
Ca&* currents when the charges were neutra(i28d, 240) Also ouside the pore, 815
residue in the M4 domaipermits high C& permeability and paxtipates inchannel
deactivation by exerting a conformational change on the pore. Théonué
GIuN1(G815A)/N2A narrowshe pore to 1.2 compared to 1.8 (241).

The pore is also the site opeonourted voltagedependent block from

intracellular, as well as extracellular, Rglnward currents are inhibited until the fg
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binding is ejected by depolarization. The ¥Mmteracts at two sites; the Q/R/N site and
the subsequemtownstream residue (N+1)dt formthe narrow constriction poi(#42)
The same residues essential fof'Galectivity also present a barrier for other divalent

ions suggesting these sites is actively involwvethe ion permeation pcess.

W ¢ t P
A- B >G1luRO WEFALVTLTIVGYGDRSP
>AvG1luR1l WSFMIVGYG-ME‘M

>Glual WFSL 0OG-CDISP
>Glua2 WFSLGR TSP
>GluA3 WFSLGR TSP
N> >Glua4 WFSLGR TSP
ot oo °1 SGRID1  WIVYGZ Ssv

S Bl s s >GRID2 WEVYGS VPY
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e LW >GluK3 WFGMGS LMP

W) | seictiy >GluK4 WEPVGG TAP

oy, fiter >GlukK5 WEPVGG IMP
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: >GluN2A  WLLWGL QNP
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>G1luN3B NLCYAILFGRTVSSKTP

Figure 6: iGIuR pore representation.A.) Molecular resolution of an AMPAR (GIuA2)
TMD with an open pore configuration depicting key selectivity filter residues and the
gate forminghe upper conduction pathwadubbled area (cyan) is representatof
volume available for the ion conduction pathway. Arrowcatiés the narrow
constriction. Adapted from Twomegt al.,2017229) B.) Sequence alignment of iGIuR
pore region flanked by the WGP matifth bacterial GIuRO andvGIluR1 Boxed in
residues contain the selectivity filer. Asterisk (*) denotes the Q/R/N site. Pagde A )
denotes the cytoplasmic entry poiAtignment generated by ClustalOmega.

1.7. Glutamate ReceptorLike Channel Introduction; GLR physiology

The discovery of lgtamate receptor homologs in plants was an eye opening
finding considering the absenceadtentral nervous systeniisd now clear the glutamate
receptor superfamily is an evolutionarily conserved family of ion channels, only absent in

archeabacteria and furigB1, 243247) Specifically,plantGLRs are conserved
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throughout the succession of land plants frometgangiosperms coinciding with a
substantl expansion in the numbef GLR coding sequence¥herearetwo genesn
themossof Physcomitriunpatens(P.patens)while the model flowering plant of
Arabidopsisthaliana (At) has twenty genes divided intarée cladeg®48) PpGLRs
phylogeneticlly cluster near thArabidopsisclade three intermediate to the most
ancestral glutamate rquer (Figure 7 (249, 250) Documented irArabidopsisGLRs

are expressed throughout the whole plant (being in the teat®s, and the stem and
petiole tissue) andxhibit subcellular localization to the plasma membrane, the vacuolar
system, endoplasmic reticulyand plastid¢41, 57, 71, 251253) Only a few Clade 2
AtGLRs AtGLR2.2/2.3/2.4/2.6) have shown a preferential expression exclusive to the
rootg254) The remainder of this chagtwill continue to disceer the current
understanding o&ELRs inArabidopsis Chapter 2 wilthendiscuss the role of GLRs in

P.patendn greater detalil.
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Figure 7: Evolutionary relationship of glutamate receptors.Phylogenetic tree
depicting theeighteen mammalian iGluRs (NMDARs, AMPARSs, KARIRS) twenty
ArabidopsisGLRs At), two P. patensGLRs (Pp), and one bacterial GIuRO. Phylogenetic
distances were calculated with ClustalOmega.

The abundance of coding sequences and ubiquitous expression beasapan
in diverse physiological processéewluding; light signal transduction and
photosynthes{455, 253) nitrogen sensing and metaboli§2b5 257), water loss for
drought tolerandd 8, 258), Abscisic acid biosynthes{48, 259) self
incompatibility(260), root morphogenedig52), seed germinatid261), and root
developmen{262) Early pharmacological approaches hinted at a major contribution of

GLRs might be mediated by €dluxes and through depolarizing thiasma

membrané63, 264)
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To date, the most fruitful research to uncover the roles of glutamate receptors in
plantshas been done by genetic analysis looking for differencesha@d electrical
signaling.GLR mediated C4 signaling inArabidopsishas been incorporatedplicitly
in pollen tube growtli71, 72) defense against herbivory, wounding and pathd§&ns
79, 81, 117)as wellas regulation of stomatal apertya65, 266)among others like
immune responsédl, 267) In response to herbivory or abiotic stidss 41, 268)a
depolarization of the membrane potential was associated with an elevdtes Pyt
.Reminiscent of iGluRlependent neurahtransmission, GLRIependent electrical
signals are systemic remmses traveling londistancesGLRs involvement was oriented
on the propagation through the undamaged tissue, and less so at the da2&§9 site

Consistent with a predicted ligamgditing mode, amino acid application has been
shown to be general stimulator to increap@a*]Jcyt and membrane
depolarization@70' 272) Theoutstanding parameter regarding amino acid induced
signaling is the variety of amino acids chlgeof stimulating a responsat, least a dozen
proteinogenic amino acids are GLR agonists: Glu, GHadb, L-Ser, Asn, Thr, Ala, Cys,
Met, Trp, Phe, Leu, TyThe physiological reason for thaisostlynonspecific response
is yet to & understood. Current hypothesipestulate a role for an amino acid sensor

monitoringmetabolic status or pigkg up on environmental chemical cues.

1.8 lon channel properties of Glutamate ReceptorLike Channels
Crystallization of isolatetlBDs from AtGLR 3.2 and 3.3 has verifigtle

evolutionary relationship between GLBRsd iGluRsrevealing structural homolodyy
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adoptinga bilobed clamshell shag@73)(274) (Figure 27A) As full-length proteins,

plant GLRs are predicted to share the modular design of iGluRs and dimerize into
tetrameric ion channe(§igure8). With limited the structural datahallenges to
understand plant glutamate receptors arise as they are poorly corisemvesammalian
iIGluRs, sharing between 5% and 19% ide@@p). The pore region, for example, is so
divergent from iGluRs it is impossible to predict ion select(@@g) (Figure9). Genetic
analysis of GLRs credibly firetheir role in a plethora of physiological functions, yet has
been unable to describe an underpinning molecular mecha®édare turning our
attention to the ion channel perties ofPpGLR1, the foundational data &iGLRs will

first be introduced.

NH,

Apoplast

Figure 8: Predicted GLR
structure. Topology of plant
GLRs matches modular
design of iGIuRs.
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M1 L1 M2, , L2 M3

GluN1l LWLLVGLSVHVVAVMLY LLDRFSPFGRFKVNSE -~~~ =~~~ EEEEDALTLS SAMWE'SWGVLLNSGIGEGAPRSFSARI LGMVWAGFAMI IVASYTANLAAF
GluA2 IWMCIVFAYIGVSVVLFLVSRFSPYEWHTEEFEDGRETQSSESTNEFGIFNSLWESLGAFMOQOGC-DISPRSLSGRIVGGVWWEEFTLIIISSYTANLAAF
GluKl IWMYVLLACLGVSCVLEVIARFTPYEWYNPHPC-~--NPDSDVVENNFTLLNSFWEGVGALMOQGS ~-ELMPKALSTRIVGGIWWFFTLIIISSYTANLAAF
PpGLR1 MWLTTGAFFFFTGLVVWEFLEHKK - -~~~ NRDFR= = = = = = === GRPKKQVVTTLWEFVFMTLFFSQN~~ERVNSTLGRAVLVIWLEFVVLIIISSYTASLTSF
AtGLR3.1 MWAVTASFFVIVGAAIWILEHRI - -~~~ NDEFR-======== GPPRROIITILWFTFSTMFFSHR-~ETTVSTLGRMVLLIWLEVVLIITSSYTASLTSI
AtGLR3.2 MWAVTAAFFLIVGSVIWILEHRI-~~~~ NDEFR~ === ===== GPPRKQIVTILWFSFSTMFFSHR~~ENTVSTLGRAVLLIWLEFVVLIITSSYTASLTSI
AtGLR3.3 MWAVTGCCFLEFVGIVVWILEHRT-~-~~-~ NDEFR---====== GPPKRQCVTILWFSFSTMFFAHR~~ENTVSTLGRLVLI IWLFVVLIINSSYTASLTSI
AtGLR3.4 MWAVTGGFFLEFVGAMVWILEHRF- -~~~ NQEFR~======== GPPRROLITIFWFSFSTMFFSHR-~-ENTVSSLGRFVLIIWLFVVLIINSSYTASLTSI
AtGLR3.6 MWLIAAASFLIVGAVIWCLEHKH----- NDEFR-======== GPPRROVITTFWFSFSTLFFSHR-~ETTTSNLGRIVLIIWLEVVLIINSSYTASLTSI

AtGLR3.7 LWCVVLVSFLVIAVVIWILEHRI - -~~~ NEDFR---=====~ GPPRROLSTMLLFSFSTLFKRNQ-~-EDTISNLARLVMIVWLFLLMVLTASYTANLTSI
A N

N A AAAA A

Figure 9: Sequence alignment of the continuous GLR transmembrane portion
comprising the channel pore (M2) and gate (M3) (between S1 and S2) to
representative iGluRs.Abovethe sequences; the asterisk (*) denotes the aligned Q/R/N
site, and the d@edatoplagmicentrdminBeltwedre t he al
sequences; a caret (") denotes a fully conserved amino acids residue.

lon channel properties ofAtGLRs
The standardor obtaining a functional ion channel characterization is the ability

to incorporate a heterologous expression system. This has proven to be a challenge for
investigating GLRg41, 71) When expressed Menopus laevisocytes, at least fifteen

of the twentyAtGLRs have been considered pore dead ion channels. The proposed pore
dead channels includedtGLR 1.2/1.3, 2.2/2.4/2.5/2.7/2.8%.and all of clade 3 being
3.1/3.2/3.3/3.4/3.5/3.6/3.7. When the pdanainof theseAtGLRswasindependently
transplanted into thkainitetype receptofKAR), GIuR6, only isoforms oAtGLR1.1

and 1.4 mediate@lu-gated currents. Sequences from the o@ieRs could not yield a
current despite Western blot analysis showing protein expression. The natural
interpretation being that most GLRs are not functional ionotropic rec€pi@jsAt the
beginning of the Ph.D. thesis presented herein, only two GLRs out of twenty had been
successfully expressed as fldhgth poteins in a heterologous systeAtGLR1.4was
characterized iXenopusocyte$272)andAtGLR3.4 in HEK293cellq278) These

separate investigations found differences regardingelectivity and suggested a high
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degree of diversity in terms of ligand gating properdd&LR1.4 was suggested to be a
nonselective cation channel gated by large hydrophobic amino acids, primarily
methionine AtGLR3.4 was suggested to be a highlyeste C&* channel most

responsive to asparagine. Currents from these channels were never recapitulated in a
second system to ameliorate the differences or broaden the experimental interpfetation.
report fromrice (Oryza sativa, Osfound Glu triggersCa* influx, first in roots,and then

in HEK293 cells expressinQsGLR2.1 Unlike AtGLRs,OsGLR2.1 showed faster &a
signals lasting less than one minute after applyindZ3Rj.

The difficulty in heterologous expression is possibly due to cell toxicity; post
translational modifications, failed protein foldiray from the absence of criticehannel
subunit¢41, 71) As previously noted, a prominent role for auxiliary subunits and subunit
heteromerization to alter iGIUR preyies provided grounds to testifGLRs may also

require a more elaborate complex to be operational.

Qualitative demonstration of AtGLR assemble with CNIH andheterodimerize
Only one family of auxiliary prieins, theCORNICHONhomolog proteins

(CNIH), have been identified in plants. When&xpressingAtCNIH with AtGLRs it
was discovereAtCNIH1 andAtCNIH4 synergistically exert a necessary functional
regulation ofAtGLR3.2 as well astGLR3.3 to produce a functional ion char(7&l). To
evaluate the general need of s€NIH proteins forAtGLR activity, clade AtGLRs
with or withoutAtCNIHs in COS7 cells and monitored GLR activity with the whalell

patch clamp experimer{#&l) (Erwan Michardunpublished)AtGLR3.2, AtGLR3.3,
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AtGLR3.4,AtGLR3.6 andAtGLR3.7were observed toot conduct any current when
expressed by themselves, even after the aditi 1mM Glud compatible with the
findings of Tapkenet al.,2008277) AtGLR3.1 was the exceptiomawing the behavior
of abona fideligand-activated channel as a homomer, therefore co-expressed the
clade 3AtGLRs withAtCNIH1+AtCNIH4 and examined cellG ability to conduct a
background current and their sensitivity to Glu. All GLRs test@adinduced
background currents when-eapressed witiAtCNIH1+AtCNIH4. The sensitivity to Glu
was dependent on the GLR expressed, with a respective-sgasdivity as follows:
(marginal or no activatiomMtGLR3.6=AtGLR3.3 <AtGLR3.2 <AtGLR3.4 <AtGLR3.1
(strong current activation by the ligand).

The necessity of heteromerization with other GLR subunits constitutes another
limitation in characterizing GLR functionality. Twioybrid experiments performed in
yeast previously suggested the ability of GLRs tonftweteromer$280). FRET analysis
in HEK293 cells showed an interactionAfGLR3.2 withAtGLR3.4and suggested
AtGLR3.3 may form heteromers with unidentified chanf2&R8). As a proof of princife
that GLRs can form heteronseithree GLRs that did not fornstave channels when
expressed alone in CO5cells, namelAtGLR3.3,AtGLR3.6 andAtGLR3.7, were co
expressed in pairs for patch clamp anal{Sisvan Michard unpublishell lonic currents
were recorded ithree heterodimer combinatioasd were potentiatl by Glu (1 mM).
The ability of heteromerization to produce functional ion channels serves as important
control for the combinatorial pairing 8tGLRs andAtCNIHs, especially considering

that thestoichiometriarelationship of iGIUR subunit dimerizati@amd TARP ceassembly
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differentially modulates gating propert{ed9, 281) Since many GLRs requitCNIHs
for functional expression, Michasirveyed possible GLR heteromers usktgNIH4 as
a current activator. The eexpressia study showed that heteromerization modulates
current amplitudes and sensitivity to Glu. This appeared particularly evident from data
analysis related to heteromers involvii§sLR3.7 andAtGLR3.2. WhileAtGLR3.7 gave
no current when expressed wAKCNIH4 alone, its ceexpression enhanced the whole
cell currents with all other GLRs tested. TASLR3.7 subunit also enhanced the Glu
activation of the current when-@xpressed with other subunits.-E€xpression of
AtGLR3.2 with other subunits also demontgtha pattern of a dominant channel. The
co-expression oAtGLR3.2 tended to decrease current amplitudéSI(R3.2+AtGLR3.4
currens were smaller thaAtGLR3.4 currents). And in contrastAdGLR3.7, the
presence oAtGLR3.2 subunit decreased Glu sensiyiwf the currents.

The systematic analysis of clade 3 GLRs revetilatbbligatory
heteromerization attributes three levels of functional diversity. First and secondly,
AtGLRs require the presenoéeither of two CNIH proteins or another GLR subunit.
Thirdly, the heterodimer combination impacts the ion channel gating illustrated by the
variousproportions obackground current compared to ligaactivated current. That is
to say, some heterodimers are leaky channels while other channels open and close
promptly by exposure to an amino acid ligand. Still uncertain in the end are the naturally

occurring heteromeric combinations.
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1.9: GLRs in Physcomitrium patens

The pivotal evolutionary leap fastablishingll terrestrial ecosystends plant
and animahliked was when plants first colonized the land nearly 500 million years
ago.Among the early colonizers were members of the bryophytes like mosses,
liverworts, and hornwor{282). Plants the diversified along the succession of land
plantsadaptingn physiology and the accompanying anatomy; for example, land plants
established true roots and a developed vasculature system. Perhaps the most significant
adaption was genomic reconstructiowhere thediploid sporophytemerged athe
prominent generatiom land plants. The physical and molecular diversification that
occurred is now thought to be accomplished by the expansion-eksteng gene
families rather than themergence of new genanilieg283, 284) New regulatory gene
networks (and their translated protein networks) promitieddaptive traits. Hence, the
existence of ancestral gemaay have evolutionarily conserved characteristics. Such
evolutionary conserved genes have already been identified beRyspnsand
Arabidopsisgn tip-growing cells as well as the sporophgteygesting the genetic basis
governing, for example, a tigrowing behavior, is the san{284). The family of GLRs
follows sut in that from only two genes encoded by the genoniepdtenghe
Arabidopsisgenome expanded to encode for twenty geGéfs inboth P.patensand
Arabidopsisare thought to be involved in the same physiological roles asatbeyctive
in tip growing cells an@lsohave rolesn sexual reproductionf both speciesbut the
molecular manifestation of the expanded genome remaiogeaguestion.

Significantly,there is an emerging acknowledgnt thatAtGLRs participate in many
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proteinprotein interactions as shown by theirightory heteromerization. @aim to
investigaten what capacityAtGLRs diversified fromPpGLRs and what evationary
conservations may exist.

The present thesis adopted an approach to study an evolutionarily ancestral GLR
from the mos$hyscomitrium paterss a model to address the functional properties of
GLRs.Genetic studies performed ihyscomitrium patensreviouslysuggestda
conserved function in Gadependent signal transductid?pGLRs were demonstrated to
participate in C& signaling during male gamete mobility and targeting toward the
female eg@67). Additionally, singleglrl andglr2 gene knockoutpresented additive
lossof-function phenotypes in sporophyte matigatas well as spore quantity and size.
Of two genes encodeBpGLR1 is expressed in all developmaindtagesnd is the only
one expressed ie haploidgametophytehatcomprises the dominant vegetatiisstie
of the plant life cycle, andontributing he bulk of the biomasa mossegFigure 1®\).
PpGLR2 is expressed only in tmeproductive tissues of tltploid sporophytés7,

285)Figure 1@,D).
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Figure 10: Expression of GLRs in noss.A.) Life cycle of P.patensHaploid spores
germinate into protonema that are classified into tWiayyges: chbronema and
caulonema. Choloroneardevelop from spores first and are identified by transverse cell
walls and an abundance of chloroplasts with roles in photosynthesis. Caulonema
differentiate from chloronema. Caulonema show oblique cell \aatishave faster

growth rates and thought to be necessary for territorial and nutrient procurement. They
later branch to develop buds forming the leafy gametop(8€s287) Reproductive
tissues belonging to the sporophyte develop from the gametophoRp@E.R1

expression patternddapted from Rensingt al.,202Q(288), Ortiz-Ramirezet al.,

201767), and Perroueét al.,201§285).
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Core Objective

The present thesis addresses the molecular evolution of membrane transport in
plants. The core objective of the data shown is to characterize the biophysicdigsoper
of GLR1 fromPhyscomitrium paten®cusing on the ion selectivity as well as the ion
channel gatingPaired with targeted mutagenesis, | aim to illustrate struéimeion
data forPpGLR1 mapping the molecular basis for GLR operation. The overalligto
advanceltie evolutionary relationships within the glutamate receptor superfamily by
identifying the conservations and diversifications of functhat allow for membrane

transport
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Chapter 2. Results
Part 1. Geneticanalysisof PpGLR1

We targeted the genetic basis of a GLR activity basgtie expression patterns
of PpGLRs where we expect only a single gene to be expressed in the gametophore.
Although phenotypes in the reproductive tissuere previously reported, no phenotypes

have been found in the vegetative tissues.

Phenotypic daracterization of PpGLR1
Here we described thBpglrl andPpglrl/2 havean etiolatiorrelatedsenescence

phenotype characterized by a loss of chlorophyll upon dark exp@sguee 11) The

fact thatthese mutants were generated by homologous recombination, ameetigey
generated from independent lin@3), strongly suggest the phenotype is dependent on
the mutation oPpGLR1 When tissues were+exposed to light (1&ours light/ 8 hours
dark), the chlorophyll content recovered showing the plants remeiaieleé and
chlorophyll synthesis could be reactivai&iigure 11B) Ppglrl plants deficient in
chlorophyllprovides the first genetic evidence of GLR involvement in {gjghal
transductionSupporting a role in senescengene expression analysisArabidopsis

plants indicated GLRs wengpregulated in senescent lea{289)
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Figure 11: Ppglrl and Ppglrl/2 gene knockout plants demonstrate senescence
phenotypeunder dark growth conditions. A.) Representative photographeach
genotypeWild-type (WT), glrl, andglrl/2, planted on three independent Jiffies Peat
Pellets.B.) Chlorophyll measurements corresponding to plants shoy)iaftera 4

week exposte to darkness (&k) and when returned to light cycles of 16hour light and
8hour dark per dafpor another 4 week@Recovery).Dark: WT, n=13glrl n=11;glr1/2,
n=13. Recovery: WT, n=gIrl n=3;glrl/2, n=7.

Similar studies of.patenghat exposed protonema coloniesleok conditions
found the senescence was related to a macroautophagy péthaagautophagy will
simply be termedautophagy from hereinBoth senescenezssociated genes and
autophagyelated(ATG) geneswere upregulated in plants living ihe dark. ATG5 was
identifiedas beinghecessar290) Among other physiological changes included
variations in amino acid concentratiansludingArg, Ala, Val, Lys, Ley Tyr, His, and
Glu (290) The most compelling factor motivating the further inquiry into GLR's
participation in autophagy is thiatalso plays an integral part lpatengdevelopment
through gamie differentiatiod drawing a striking parallel to the behaviorally defective
sperm fromglrl/2 that are impote®7, 291) In moss sperngtg5leads tanfertility

through a reduction in agplasmic volume and abnormal flagellar formation. To detect
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autophagy in the dark induced senesgdritandglrl/2 lines,chloronemacells

(identified by theappearancef a transverse cell wallyere challenged with
pharmacology commonly used to identihe occurrence of autophady64d, a cysteine
protease inhibitor, and concanamycin A (ConA) a vacuolaAHPase inhibitof292)
Incubaton of the autophagy inhibitor-84d (100nmM) with chloronemaunder dark
conditionsproduced an accumulation of autophagic bdiliegsible as protein
aggregate® evident inglrl, but not WT, only under dark conditions suggesting that
Po.GLR16s r ol e bmisdbperddnt od lely cuasdEiet1?). Protonema
placed in the dark foonly 24 hours with E-64d did not yield the same dramatic effect as
chloroplasts were still clearly present (Figure ti®ubationof ConA (100nM)with dark

treatedplantsalso resultedh the appearance of protein aggregateshloronemgFigure

14),
A. B.
Wild-Type I
Example 1 2 3 & Example 1 2 3

CONTRO

(7days CONTRO

dark) (7days
dark)

E-64d E-64d

Figure 12: Detection of autophagy in dark grownglrl plants by application of E
64d.A.) Example photographs of witype (WT)P.patenschloronemaafter week long
dark storage (CONTROL. Top row) or after wdeng dark storage and 2®¥ur

treatment with 10nM E-64d (E64d. Bottom row)B.) Example photographs gfrl
P.patenshloronema after week long dark storage (CONTROL. Top row) or after week
long dark storage and 2ur treatment with 1M E-64d (E64d. Bottom row).

Arrows point to stabilized autopgie bodies.
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Example: 1 2

Figure 13: glrl plants treated with E-64d under 24hour dark exposure retain
chloroplasts.Example photographs of light grovgirl choloronema treated with 10®1

E-64d for 24 hours.

Figure 14: Detection of

autophagy in dark grown girl

plants by application of

100nM concanamycin A 55’;‘;;°;ark
Example photographs of WT

(left column) andylrl (right
column)P.patenshloronema

after week long dark storage
(CONTROL; Top row) or after

week long dark storage and 24

hour treatment witi00nM
concanamycin A (ConA;
Bottom row). Arrows point to
stabilized autophagic bodies.

ConA

WT glrl
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Part 2: Basic characterization ofPpGLR1 in heterologous system of

COS-7 cells

Authorés Note:

The bulk of the experimental evidence presented in this thesis relies on
electrophysiology experiments and concepts. A sufficient primer for understanding the
core conceptsnplied in the design of the experiments and in the interpretation of the

reailts is offered in Appendix A

Copyright Notice

Figure 15, 16, and 1were incorporated into the publication by Oftamirezet
al., 2017.

Ortiz-Ramirez C, Michard ESimon AA, Daniel S.C. Damineli, Hernand€oronado M,
Becker JD, Feij6é JA2017) .GLUTAMATE RECEPTORLIKE channels are
essential for chemotaxis and reproduction in mo$éatuire, 549:9195

Patch clamp solutions:

A detailed list of the internal and externaligmns used for patch clamp experiments in
this chapter 2 part 2 can be found in Table 5 (d8-143). The major charge carriers are
indicated within each main figure.

Sincea singlePpglrl geneknockouthas a complete phenotypeof equal
magnitude tahe doublePpglr 1/2geneknockoud it provides genetic evidendleat
PpGLR1works asa functional homomeiThe value of identifying a homomeric GLR is
thatAtGLRs represent a difficult family of channels to address with twenty genes that
show a genetic tkindancy and compensation in addition to the functional diversification

achieved by undergoing heteromerizaf98). Studying the minimal complex as the
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model constitutes an experimental approach to identify the conserved features among

plant GLRsandprovides a reference to more precisely investigate struftinction

relationsand how they are altered by targeted mutagenesis or the addition of CNIH

proteins.Expression of a single gerfepGLR1, removes the possibility of

heteromerization between the tRpGLR isoforms and creates two opportunities to

optimize functional expregm systems that favorably express the single GLR. Fest,

showPpGLR1 is a functional ion channel when expressed in the heterologous system of

COS7 cell§67)without the need for CNIH proteinSecondprotoneman the early

developmental stage are able to be cultured and are usable for patch clamp on protoplasts.
An electrophysiological characterization BpGLR1 was conducted by

optimizing a heterologous expression system of JQ@8Iks for transient transfectionA.

basic characterization #pGLR1 addressing the properties of ion permeatdiitd

ligand-gating by gluamate (Gluproduced three unexpected findings:ApGLR1 is not

a strictly ligandgated ion channel like mammalian iGluRs, but is characterized by a

constitutive activity yielding a background conductance in the absence of exogenous

ligands; 2.) GLRmedited currents are moa@uéd by Glun a manner dependent on the

extracellular ion conditions; and PGLR1 is permeable to aniorsurthermore, the

genetic data indicating the homomerizatiolPpGLR1 was validated.

lon permeability and glutamate gating properties of PpGLR1
Considering the substantiated data that GLRs, inclugp@LR1, are involved in

Ca&* signaling, GLRs are expected to beQaermeable ion channels. To test for &'Ca
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permeability PpGLR1 expressing CO3% cells were challenged in wle-cell patch
clamp recordings to various extracelld@e*]. In this experimentan inward current
amplitude corresponding to the relative extracellular concentratisrobserved such
that Higher[C&*] yielded larger current amplitudesigEre 15A,B). Control cells
transfected with an empty mammalian expression v@&griacking the cDNA for
PpGLR1, showed minimal current when facing h[gre¢*] (Figure15C,D). To further
appreciate the cationic permeability, the ability to conductidtes while eposed to a
constan{C&'] was also analyzed. Perfusion of 130mM' athe extracellular
solutiord already containing 10mM &sand 10mM CB resulted in an inward current
that approximately doubdieat negative voltages (Figure)16-V curves from bothation
permeability experiments point toward a voltagdependent conductance where

instantaneous current equaled the current after 1.5sec of voltage stimulation.

53



PpGLR1

A B. 3mM
_._
Vim (mV) N 100pA
' ' ' £ - 500ms
R & 50 Y
[ parreovmmanraansf RS N opasnar] o
100 | Extracellular Solution m
150 | *— Ca2*3mM
200 - CaZ* 10mM e M
_ 70mN
250 8 Ca2t30mM e
—— [N A VAN s
300 C32+ 70mM N s, At
« Vm (mV) 100 D. pCI (empty vector)

50
-140 -120 -100 -80 -60 -40 -20

4 CI-PpGLR1

-50 Caz*70mM é

-100 - —— PpGLR S=——— :
<& 1501 —— Control 100 pA
= 200 - |

250 ls

Figure 15: PpGLR1 is permeable to C&*. A.) I-V curve from wholecell patch clamp
experimats onPpGLR1 expressing CO3 cells. A perfusion of variof€a*] of 3mM,
10mM, 30mM, and 70mM correlates to the current amplitude, (n=53C#0,30mM ;

n=4 C&*"70mM). Solution set, S1, was used. Extracelluls* @as paired with the
counterion glumnate upon exchanginglstions to keep extracellul&l” constant at

6mM. B.) Representative current traces corresponditiytim shown in panel A. CI}V
curve illustrating wholecell current amplitudes IRpGLR1 transfected cells (n=3) are
greater tanpClI (empty vector) transfected cells (n=3) in extracellular solution set 2
(Ca* 70mM, Gluc 134, and ObmM). D.) Representative traces from thé curve

shown in panel CAll error bars represent SE. Major charge carriers are indicated in the
panel nsetsCOS7 cells were clamped to a holding potential of OmV. Test pulses were
run for 1.5sec from140mV to +60mV in +20mV steps
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Figure 16: PpGLR1 is permeable to N&. A.) 1-V curve obtained from wholeell patch
clamp experiments oApGLR1 expressig COS7 cells. Aperfusion of increasinpNa']
potentiates current amplitude against a fixed gradient 6f(C@mM outside; 100nM
inside) and CI(10mM outside; 6mM inside), (n=3). Navas paired with the countéwn
gluconate upon exchanginglstions tokeep extracellular concentrations@d#* and CI
constant. Error bars represent SE. B.) Representative current traces corresponding to the
[-V curve shown in panel A. Solution set 3 was used. Major charge carriers are indicated
in the panel inseCOS7 cells were clamped to a holding potential of OmV. Test pulses
were run for 1.5sec froni40mV to +60mV in +20mV steps

In support of thePpGLR1 C&* permeability established by whetell patch
clamp, complimentary Gaimaging studies in COS3 cells usingrellow CaMeleon 3.6
(YC3.6) illustratedPpGLR1 has a role in cell signaling as its expression promotes
elevations of Ca?*]cyt (Figure17A,B). WhenPpGLR1 transfected cells were incubated
in a buffered C# -free media, exposure to €aesulted in changein[Ca*]cyt.
Incubation of cells in the C#& free media supplemented with Bgrevented the rise in
[C&*]eyt, suggesting G transport across the plasma membrane was responsible for the
increased cytCG4 (Figure 17A,B). Moreover, cell culture med@MEM) already

contains small amounts of €aeeded for cell nutritiofil.8mM in the form of CaG),

hence the restingCa?*]cyt levels betweepGLR1 and emptyector transfected cells
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could be analyzed. Cells expressP5LR1 revealed elevated steastgte[Ca?*]cyt
over emptyvector transfected cells highlighting a physiological valuBmBLR1 C&*

transport for C& homeostasisHigure 1B,C).

A B. C.
= Control Raw YC3.6 ratio ) *
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Figure 17: PpGLR1 elevateg Ca?*]cyt monitored with Yellow CaMeleon 3.6 A.)

Time course of the change[Ca*]cyt before and after the addition of ££14.5mM) in
the bath (indicated by the arrow). Thaxis shows the change in YC3.6 ratio. A
normalization was completed by averaging the values of YC3.6 ratio (cpVenus/CFP
ratio) before the Caincreaseand subtracting the average from all time points. Cells
expressind®pGLR1 (n = 4), control cellsr{ = 7), and cells expressiiRpGLR1 exposed
to GF* (1 mM; n = 7) are shown. The bold lines display the mean response for each
treatment, lte shaded area ddme the SEand thin lines denote individual replicates.
EGTA (1 mM) was added to the medium to creaté& @ae buffer. B.) Representative
images of YC3.6 ratio for control cells (pCl empty vector + pER.6) (top,
representative of 7 images), and celpressindPpGLR1 (pCIl-PpGLR1 + pEF1YC3.6)
without G#* (middle, representative of 4 images) or with*Gd mM; bottom,
representative of 7 images) at time 0, 2.5 and 5.0 min after the additioA" ¢l €&

mM) (color scale depicts raw YC3.6 ratio)) @iolin plot for YC3.6 ratios obtained
from control andPpGLR1 expressing cells prior to the addition ofCshowing a
steadystate difference in basgCa*]cyt, n = 29 (control)n = 15 PpGLR1). There was

a statistically significant difference betweerh e t wo sampl es ptestr f or me
for unequal variances,P = 3 x 108,

The prevailing hypothesis is that GLRs are amino acid gated ion channels. Yet,
heterologous expression BpGLR1 foremost produces a background ion conductance.
Both C&* (Figure 15 and N4 currents (Figre 16 did not equire activation by Glurhe

membrane voltage was sufficient stimulus to produce the cationic current characterizing a

constitutively active ion channel. Similarly, €amagingexperiments indicated
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perfusion of C& alone was enough for a ogiolicCa"* response. To challenge if the
principle neurotransmitteGlu, potentiates ionic currents RpGLR1 expressing CO3
cells,Glu (1000M, 1mM, 5mM) was exogenously applied in®Cadominant ionic
solutions (solution S4).

In a dosedependent manne@lu indeed potentiated inward currents
predominantly carried by Ga(Figure 18\). Potentiated currents could be subsequently
inhibited bythe cation channel pore blocker &(5007M) (Figure 18). A C&*
permeability andslu induced potentiation aligns with a mechanism compatible with the
direct generation of Casignal§67). However application of exogenouSlu
differentially altered®pGLR1 currenin multi-ion bathing conditionsAdding an anion,
either Cl or NOs,, to the C&" dominant bathing solution (S4) resulted mamntagonistic
effectof Glu with arundown of the curreramplitude(Figure 18,D). In these
experiments adding anions to the extracellular solution also produceehatdfshift in
the reversal potentigVrey) prior to Glu application suggesting an increased anion
permeability across the whetell membrane. No background current could be recorded
when C&" 30mM was in solutiomvith Na' (data not shown)Recognizing ligand
activation iniGluRs results in a conformational change in the pore domain and that the
pore blocker Gtf also inhibitsPpGLR1 currents in the presenceGiu, | could

hypothesize that anions are similarly occupying bigdites within the pore.
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Figure 18: Glu conditionally modulates PpGLR1 channel properties.A.) I-V curve of
whole-cell patch clamp experiments on C@%ells expressinBpGLR1 indicateGlu
(100mvI, 1mM, 5mM) potentiates an inward current wherd'Qeas the sole extracellular
bathing ion (n=3). B.) G4 current potentiated b@lu (2mM) was sensitive to channel
block by Gd* (500nM), (n=4). Current recordings were performed in the same ionic
conditions as A, but obtained by fast voltage ramps ffb#®@mV to +60mV over
2seconds after a brief conditioning pulsel&t0OmV for 500ms. Error bars or shaded area
represents SE. C.) When @Glas added to the extracellular solution witff'C&lu

induces a rusiown of the currend decreasing the current amplitude. Red arrow
indicates the reversal potential inanly solutions of panel (A). Note the leftward shift
in the reversal potential away frgpositive voltages toward Om\2.) Bar graphs
summarize theitferential effect ofGlu based on extracellular solutions with only?’Ca
(n=3) or when C& was supplemented with an anion; @E3) or NQ (n=3). 0OmM Glu
conditions correspond to the baselifé curve of panel A and @Error bars represent
SE. Data wa generated with solution set S4, S5, and\&§or charge carriers are
indicated in the panel insets. panel A and CCOS7 cells were clamped to a holding
potential of OmV. Test pulses were run for 1.5sec frdddmV to +60mV in +20mV
steps
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To invedigate the relevance of a possible anion permeability, channel properties
in native moss plants were analyzed by wkad# patch clamp experiments in protonema
protoplastsOrtiz-Ramirezet al., previously reported the double gene knockeypglrl/
Ppglr2 abolishes all ionic current in solutions of N&&*, and high concentrations of Cl
(67). Specifically interested in a Gdermeabilityy of an oherwise presumed cation
channed the ionic solutions were stripped to isolate @1 bi-ionic BaCb solutions
(Solution S7), Clis the only component to comprise the outward cusrebserved at
positive voltages. In those conditions, wilgpe (WT) protoplasts displayed significantly
larger background currents thBpglrl andPpglrl/2gene knockout (KO) mutants
revealing thaPpGLR1 expression alone controlled the dominant cticarried across

the plasma membraffégure 19).
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Figure 19: PpGLR1 commands an anion current in moss protonema protoplasts\.)
I-V curve and B.) representative current traces dim single KOglrl, and double KO
glrl/2in bi-ionic BaCb solutions. W' (n=30),Ppglrl (n=12) andPpglrl/2(n=4). Error

bars represent SE. Data was generatedsaitition set S7. Major charge carriers are
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indicated in the panel A insé®rotoplastsvere exposed to voltages freB0mV to
+60mV for 1.5sec

Cl is not the met relevant anion in terms of membrane transport and ionic
homeostasis in plants. NGndmalate play prominent roles aontrolling the membrane
voltage, nutritionand cell osmolarity. Extracellular anion substitution experiments on
COS7 cells expresag PpGLR1 show that outward current amplitude was strongest with
NOs coinciding witha leftwardshift in theVrey, revealing an ion selectivity among
anions in the sequence of BIG CI > malate. Substitution by the impermeable ion
gluconate decreasecktisurrent to the level of control cellaisfected with the empty
vectorindicatingPpGLR1 mediated the currentBecause of a role as a ligand;la
permeability could not be verified butay permeate like other aniohen applying
Gluin the singleon C&* dominant solutions (Figre 20, an outward current at positive
membrane voltages was also potentiated, which could be carried by Glif'oiQdt

inhibition of this current suggests it is not a leak artifact.
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Figure 20: Anion selectivity of PpGLR1. A.) I-V curves of anion substitution
experiments o®pGLR1 expressing cells where extracellularwzds exchanged for NO
(n=4), MaFf (n=4), and gluconat@=3). B.) Boxplots illustratthe median reversal
potentials(\VVrev) from each ion, Data pois indicate individual experiments. C.)
Representativeurrent trace<D.) I-V curves for pCl empty vector control cells where
extracellular Clwas exchanged for NO(n=3), MaF (n=3), and gluconate (n=3) as in a.
E.) Reversal potentia(®rev) obtainal from pCl transfected cells upon anion exchange.
Solution set S8 was used in GLR and emggtor control cells. Major charge carriers
are indicated in the panel A inset.
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Part 3: PpGLR1 ligand profile

Copyright Notice

Data contained withifrigure21 contributed to the publication by Mat al.,2020.

Mou W, Kao Y*, Michard E*, Simon AA*, Li D, Wudick MM, Lizzio MA, Feijo JA,
Chang C. (2020). "EthyleAadependent signaling by ACC ivalar pollen tube
attraction inArabidopsis. Nature Communications 11:4082.

*contributed equal work

With at least a dozen proteinogenic amino acids thought the activatedsltRs
physiological relevant ligand of GLRs hasnained uncertain. Insteatietbreadth of
GLR ligands has led to speculation that GLRs arecés®nl with signaling as an amino
acid sensor. The finding of a constitutive channel activity questions the overall
significance of ligandgating.Since glutamatéGlu) still possesssthe ability to modulate
the current properties, it was prudent to seneetential ligands that may be more
effective or serve specific physiological roles. Using th& @aaging protocol ofigure
17, changes in cgisolic Ca&f* concentration([Ca*]cyt) could be used as a readt for

thean experi ment mteractwittPpGhRLO s abi | i ty

Ligand Profile of PpGLR1 determined by YC3.6 imaging
As determined before, a basalPCHux was observeth PpGLR1 expressing

COS7 cellswithout the presence of any amino affttjure17). Only the addition of
C&* to PpGLR1 expressig cells was required to elevd@a*]cyt. All twenty

proteinogenic acids plus other several candidates were then tested by treating cells with
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the experimental ligand prior to addition ofZCéFigure 2). Time course traces were

analyzed on the peakgsial (the difference from the baseline to maximal YC3.6 ratio

independent of time) as well as the integrated area below the curve (indicting the overall

magnitude of C# flux). As in patch clamp recordings, Ghotentiated Ca?*Jcyt as

indicated by an imease in the YC3.6rato Thr ee

ot Wwereralsdoenfitbleec t or s o

more potent than Glfor elevating] Ca*]cyt, including 1-aminocyclopropand-

carboxylic acid (ACC)reduced glutathione (GSHd dithiothreitol (DTT)(Figure 2L
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Figure 21 Ligand Profile of PpGLR1 determined by YC3.6 imaging.A.) Panel of
agonists and antagonists determined by peak YC3.6 signal (top) and integrated area below
the curve (bottom)Box plots follow standard design; thap of box is 75th percentiléhe
bottom of lox is 25th percentile; horizontal gray bar is median; gray wss&eow the
maximum and minimunvalue within 1.5x the interquartile range) with outliers (open
circles) and mean (solid black circlesBE Statistical significance was determined using
Dunng t 6s test (sol i d<OW% soldblacktriangtes @<000B.) 0. 1,
Molecular structures of-aminocyclopropané-carboxylic acid(ACC) and glutathione
(GSH). C.) and D.) Time course traces of the change in YC3.6 signal RpBELR1
expressing COS cells showing response to€§14.5mM), agonists (C), or antagonists
(D). Arrow designates time of €zapplication. n=31 foPpGLR1 control cells (no ligand),
n=5 for allPpGLR1 treaments, n=10 for pCl control&P-5 and CNQX were administed
at 200mn M all other potential ligands were tested at504Q .

Other agonists identifiedere His oxidized glutathion¢GSSG), DSer, and Gly
(Figure 22. Time course analysis of the YC3.6 ratio revealistinct C&" signatures
among the different agasts and most strikingly between the primary neurotransmitters
(Glu, Gly, D-Ser)suggesting differempossiblemolecular interaction@~igure 23. Gly
evoked a distinctive Garesponse displaying a sharp increase in the YC3.6 ratio and a
fastdecay. Altenatively, Gluproduced a slower and longer increase in YC3.6 ratio. D
Ser yielded an elevation pEa*]cyt with a sigiature not matching either Glu or Gly, but
similar to Hisand GSS®f t he fAeffectorso, the -Semal | mo
Gly) are likely to be canonical ligands that fit the amino acid binding pocket. GSH,
GSSG, and DTT are expected to be allosteric regulators acting outside of the amino acid
binding pocket.

PpGLR1 antagonists were also elucidated as part of the ligand scredreng
cytosolicC&* responses below the amino acid free control lesgk found (Figure

21A,D). The antagonists included Asp, PRINQX (6-Cyana7-nitroquinoxaline2,3-

dione, and AR5 (D-(-)-2-Amino-5-phosphonopentanoic agid
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Figure 22: Ligand elicited Ca2* signatures.Time course of changes [[@&*]cyt within
PpGLR1 expressing CO$% cells reported by YC3.6 for variopsoposed agonists
Arrow designates time of Eaapplication Error bars represent SE.

Molecular basis ofPpGLR1 ligand gating
As evidence of ligangyating, a single residud R556was found to be critical for

the ACC potentiation diCa*]cyt. The Arg at position 556 ¢fpGLR1 isin the S1

segmengandis found in 100% all GLR and iGluR sequences. In crystalized GIuN1

L BDs , -cdrbme graup of ACC forms a salt bridge with the conserved294) In

Gl uA2, the same Ar g ser veaboglgroupbftlu pri mary
essentially serving as a hd@k5, 214) Mutagenesisf the conserved Arg in GIuA1 and

GluA4 abolished ligand binding ancbnsequentlythe ligandgated curren{95, 296)
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When thePpGLR1 R556 was mutated to ana®d(R556A),background CH elevations
were unaffected buhe ACC evoked Caresponse was severely attenuagegjgesting
an irteraction between ACC and R556snzecessary for the observed ACC evoked
elevations ifCa*]cyt (Figure 23\,B). This data estdishes a molecular manipulation of

the LBD altering the ACC effect on GLRs resultingaifunctionallydefective ionotropic

receptor.

A. B
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160 1 o g
— —&— R556A Control = 100 —8— PpGLR1+ ACC
g 140 —v— RS36A + ACC < —v— PpGLRI(R556A) + ACC
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3 80 g o]
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o 85
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Z 20 - e gﬁ%ﬂ
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Figure 23: R556 is a critical residue for ACGinduced [Ca?*]cyt elevations in COS7

cells reported by YC3.6.A.) Changdn YC3.6 ratio in control conditions (no ACC) and
when treated with 508V ACC B.) ACGinduced changes ifCE*]cyt reported by

YC3.6 comparing wildype PpGLR1 and R556A mutanBackground signal ®?pGLR1
andPpGLR1(R556A) mutant channel was subtracted from the total ACC induced signal
to normalize the AC@nduced signal frm potential differences in basal flux. Arrow
designates time of Gaapplication. Error bars show SE, n=5 each treatment.
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Part 4: PpGLR1 multimodal gating integrates igand, C&* permeation,

and voltage sensitivity, and CNIH

Patch clamp solutions:

A detailed list of the internal and external solutions used for patch clamp experiments in
this chapter 2 part dan be found in Table 6 (pg.4)4 The major charge carriers are
indicated within each main figure.

Theidentification ofan anion permealiy for PpGLR1 was a startling finding.
An anion selectivity for whas thought tobe acation or C&" channelwould instigate a
paradigm shift for considering how GLRs patrticipate in plant cell signaling. Yet, the
observed C4 permeability complicates IR mediated ion transpoi@ontinuingan
investigation of thgating properties d?pGLR1, the newly acquired pharmacological
toolkit can more precisely evaluate the ion selectiaitg channel gating properties. The
use of ACC as an agonist and Asp asatagonist provides specificity to authenticate
proposedPpGLR1 currents. Determining the ion selectivity between permeable cations
and anions, especially betweer?Cand anions, is paramount to informing on the
physiological roles of plant GLRs. Eaegonses and electrical membrane potential
changes are tightly coupled and often difficult to separate. Establishing the ion selectivity
and describing the molecular basigted channel workings can offeiophysical
evidence to separate GLRs contributiorO&* and electrical signalindn order to
solidify the ion permeability, standard electrophysiology solutions intended to clearly
separate cation from anion currents were established. This separation becomes difficult

when attempting to mimic physiolagil ion gradients. When anions are concentrated
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cytosolically and C# is concentrated extracellularly, tEenionandEca?* are

indistinguishabldy polarization They both occur at positive voltages and carry a
conventional A i n w aermeability and them sefectivifghe n c e i on
investigated througthe use of biionic solutions pairing one cation and a cowaeion

on the extracellular side. When cations and anions are both placed extracellularly the
equilibrium potentials move in oppositgettions, due to opposite charges, allowing for

one to designate what current is derived from an anion or a cation. Extracellular cations
yield a positive equilibrium potential and
yield a negative equilibrm pot enti al and carry an Aout war
design affords the ability to identify what is anionic current and what is cation current.
Because plant cells exist at resting membrane potentials never reaching positive voltages,
characterizig a channel at ngphysiological voltages at first appears flawed. However,
preliminary evidence sugges®®GLR1 is a norrectifying ion channel. This means the

ion channel will mediate passive currents accordirgjg¢otrochemicadiriving forces

withoutany biophysical discrimination on the direction of ion flux. Once ion selectivity

can be established, physiological ion conditions can be investigated to check gating

properties.

Ligand-gating in moss potoplasts
In bi-ionic BaCb solutions, the presea®f outward Clcurrents werenly

observed in WT protoplasts and lost in ghel andglrl/2 KO lines (Figure 18 The
outward Clcurrents of WT plants were also sensitive to kn®pGLR1 ligand® Asp

and AC@® authenticating them as genuiRpGLR1 currats(Figure 24. Although the
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effect on the currdramplitude appears anomalousbath agonists and antagonists
decreased the current. Nonetheless, GLR operation in protoplasts is consistent with the
ligand induced rundown described in heterologous egjmesThe use of ligand
pharmacology supports the interpretation that anion transport was mediated through an

amincacid sensitive receptor.
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Figure 24: Rundown of CI current in moss protoplasts evoked by GLR
pharmacology.A.) and C.)I-V curves from wole-cell patch clamp recordings @fT

moss protonema protoplasts before (black, circles) and after (red,-dpsideriangles)
ligand treatment (Asp or ACC, 56M). Error bars represent SE. Asp, n=4. ACC, n=3.
B.) and D.) Representative traces of fromresponding-V curve. Data was generated
with solution set S7. Major charge carriers are indicated in the inset between A and C.
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PpGLR1 properties assayed inheterologoussystem
Figure25 shows typical currents recording in standard Cafd€blutions

(standard solution 9PpGLR1 expressing cells display substantial outward background
currents that could be washedt when replaced with calcium gluconatenfirming the

pipette seal resistance did not contribute to leak curkFegiie25 A,B). Empty-vedor
transfected control cells displayed no current indicating endogenous anion currents are an
unlikely factor under these experimental conditidrgyre25,C). As another control,

ACC and Gluproduced the anomalous rundown of the outward anion curreet®d to

reaffirm their sasitivity to GLR pharmacology (Figure 26

A. PpGLR1 PpGLR1 pCI

—@—Ca% 75mM A Ca? 3mM —l— Ca* 75mM
NO; 150mM Gluconate 150mM NO; 150mM
. et 100pA

J25011“15

e

400 -
B. 300 1
<
£ 200 -
Vm (mV) ~
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Figure 25: PpGLR1 expressing COS7 cells conduct an anionic current abolished by
the perfusion ofgluconate and are not observed in control cell\) Example traces
obtained from wholeell recordings with major charge carriers indicated above
corresponding traceB) Corresponding-V curve,PpGLR1+ NG (n=23, solution (9),
Gluconate (n=4, solution S10), pCI + BI@=10, solution S9). Error bars represent SE.
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Figure 26: Rundown of NOs™ current in PpGLR1 expressing COS7 cels evoked by
GLR pharmacology. A. and B.) Representative current traobtained from wholeell
recordingdefore (control) and after administering respective ligafdh standard
solution se® where the njar charge carrier consisted of 75mM Ca(@docated
extracellularly. C.) Summary bar graphs indicating current at +60mV before (black) and
after ligand treatment (cyan) (58K1). ACC, n=4. Glu, n=3.Error bars represent SE.

To further characterize ttentribution of NQ and C&" to the total wholecell
current, bulk perfusionsuccessively substitutirepchion were complete@Figure 27.

From conditions of 75mM Ca(Ng, a large reduction of Gaions resulted in a marginal

shift of the reversal potgial (Vrev). The lack of shift in th&/revsuggests Ga
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contributes little to the membrane permeability and Bp&LR1 is selective for N&.
Likewise, washing N® concentrations from 150mM to 6mM removes the outward
currentyet maintains &revresemting theENGsz. Keeping 6mM N@ in the
extracellular solution clamped tlEENO; to OmV;therefore a substantial Ca
permeability could be identified if thérev exceeded OmV to more positive voltages.
Here, thevrevreached a maximally polarized valuet@3mV, and averaging14.15
mV + 3.07whereECa* =+ 168mV. Lopsided gradients favoring a driving force for
either the N@ current or the G4 current both reflected \érevmirroring theENQs..
Rather C& has a different effect aspermeant blocker. Rieiction of [C&'] augmented
the overall current amplitude along the voltage spectrush4fimV to +60mYy

suggesting Cd has a direct regulatory role ®pGLR1 anion currentéFigure 27)
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Figure 27: PpGLR1 is selective to N@, and C&*weakly contributes to theVrev. A.)
Example wholecell current recordings from a single cell showing both anionic aAtl Ca
current. Major charge carriers are indicated above representativeBaCerresponding
I-V curve. C&'75mM. NG 150mM (black circles; is soluth set S9. Perfusions were
balanced with NMDGfor removal of C&", S11, or gluconate for the removal of NO
S12). Error bars show SE. C.) Scatter plot depictirey of individual replicates; n= 15,
n= 9, n= 8 respectively. Mean value denoted by the ba

The initial ion selectivity assay left several open questions. Wimet, accounts
for the discrepancy between tMeevandENO; if Ca®*d s pemmnwabilityseemingly
contributes little to th&/rev? With the definedNOs gradient ENOs” equals-80mV, ard
theVrew only measured28.3t2mV (n=28). The only available data driven

interpretation is that Gamay contribute little to th¥rey, but to a sufficient degree
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preventing a completely selective anion channel. To challenge this hypoitnstsiad of
changingthe C&* concentrationa higher internaNOs™ concentration of 50mM was
loaded into the cytosol IpGLR1 expressing CO% cells movingeENOs™ to -40mV. The
expected outcome was that ¥Meevwould also shift +40mV, the difference BENOs”
betweenS9 and 3$4. The observed result was that ¥revwas left unaffected by the
higher internaNOs™ concentration and now matchENOs . The averag&revwas
measured a23.2+ 4.1mV (Supplemental Table Bupplemental Figure 1Lurrents

along the entir@oltage range tested were also susceptible to Asp (2mM) witB%43
(n=5) decrease for the currents recorded at +60ending pharmacological evidence
that the currents were mediatedRpGLR1. Thus, a second interpretation explaining the
discrepancy o¥/revto ENOs is that the ion permeation may be concentration dependent.
The next outstanding question from initial selectivity assays lattke C&* dependent
inhibition.

Exploring the C& dependent inhibition, experiments in“Canaging with YC3.6
shaved incubatindPpGLR1 expressing cells with €a(5mM) prevented successive
applications of C& to boosf{Ca*]cyt (SupplementaFigure 9. Basal[Ca*]cyt were
already elevated compared to when incubated with EGTA} Mg B&* (5mM). Like
EGTA, incubaibn of Mg?* or B&* did not prevent the elevation oE§*]cyt when
prompted with external Ga(SupplementaFigure 2.

As increasing the C4electrochemical gradient by perfusion of high external
concentrations had an inhibitogyfect on anionic currgs, sodid hyperpolarizing the

membraneln independent experimen®BpGLR1 expressing cells in standard solutions
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(solution S9) were exposed to a holding potential of OmV and applied a series of voltage
steps of 1.5secs from40mV to +60mV in 20mV incraents or from-80mV to +60mV

in 20mV increments until steagstate currents were achiev&®pGLR1 expressing cells
yielded stronger current amplitudes when avoiding exposure to hyperpolarizetigi®te
(-100mV,-120mV,-140mVFigure 28. The impact theestpulse polarization has on the
current amplitude illustrates the channel is not voliagependent. Thus far, all whele

cell recordings used to determine the cation permeability have maintained a holding
potential of OmV, so | challengedPpGLR1 voltage-sensitivity by toggling the holding
potential within the single recording. The ideal holding potential was found by allowing
t h e c erurdnidgsvolthge ® equilibrate in curreciamp mode when injecting zero

pA (Figure 2&). Becaus®’pGLR1 is themost heavily expressed ion channel on the
plasma membrane during heterologous expression, the resting membrane voltage is
largely determined by the permeabilityRiGLR1. By not imposing a membrane

voltage, ion flux througfPpGLR1 is also expected to etibrate. Allowing the cell to

rest at its freeunning voltageotentiated the outward anion current when applying a test
pulse(Figure 28). On the other handpembrane hyperpolarization forced an

irreversible rundowncompromising future studiesy@plenentalFigure 3. The impact
membrane hyperpolarization has on current amplitude demonstrates the constitutive

background current is a product of the OmV holding potential.
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Figure 28: Impact of test-pulse pulse polarization and holding potential on whole

cell current amplitudes of PpGLR1 expressing COS7 cells.A.) 1-V curve illustrating

the result of different voltage protocols in standard solution S9. Test pulses clamping

PpGLR1 expressing cells to hyperpolarized potentidld@ to-100mV) to +60mV

(cyan, triangles; n=22) results in a smaller current amplitudes along the entire voltage
spectrum compared to when test pulses are contained8@mV to +@mV (black,

circles; n=6). B.)-V curve ofPpGLR1 expressing CO$% cells undetwo different

holdingp ot ent i al s: O0mV ( bl arankingvatage @jares) or t he
triangles; n=3). C.) Representative current clamp recording illustrating the equilibration

of membrane poteiatl. Error bars represent SE.

The voltagesensitivity result was interpted to hypothesize that the membrane
hyperpolarizationpulls Gdi nt o t he por e e x erRuithergvidentes fi bl c
that anions and Gaoccupy the same pore comes from &'Gaduced anion current
rundown (data shown i@hapter 2Figure 39).

Insights on C# permeation offered some hints on the molecular mechanisms

determining GLR gatingBy weakening the Caelectrochemical gradientiow
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extracellular C& and a depolarizedm), ACC produced the canonical current increase
expected of amgonist PpGLR1 transfected cells bathed in ImM?Qaith 150mM NG
and clamped +40mV for 5min to fully equilibrate before adding ACCrfd)0saw ACC
application potentiate outward N@urrents(Figure 29. The average timir the

current amplitude to rstabilize was 940.7min (Supplementdigure 4. The R556A
mutantdefective in liganebinding stil produced a background currdmit was not
potentiated by ACCControl cells remained silent in these experimental conditions
(Figure 2%,B). ACC-induced currents once achieving a stesidye amplitude at
+40mV could be further potentiated upon successive iterations of 1.5 sec voltage steps
from -80mV to +60mV culminating in saturated currents shown inlthéwith
representative trac€bigure 2%€,D). TheVrevbefore and after ACC potentiation
remained constanindicating the C& permeability was not significantly increased
relative totheanion permeability (Figure 2€). Prior to ACC, the averagé&evwas
-28.3t2mV (n=28). From nine cells potentiated by ACBere avVrevmeasurement was
taken, the averagérevwas-31.08+4.98nV. In the subset that could be further
potentiated to garating levels, th&revwas measured a28mV+ 1.2 before runup and
32.75%2.72mV when steady state currents were achiévddr an average shift of

-4.75+1.7mV (n=4) (Table2).
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Figure 29: PpGLR1 NOs current is potentiated by ACC. A.) Repgesentative current
trace fromPpGLR1, PpGLR1 (R556A), and pClI control cell from a holding potential of
+40mV when applying ACC (508M) and B.) Summary bar graphs depicting the relative
increase in current amplitude at +40mV after ACC perfusip@&LR1, n=13. R556ANn=

3 C.)I-V curve ofPpGLR1 steadystate currents before (black,ales) and after ACC,

n=4. D.) Representative current traces correspondingM@urve shown in (C). Data
generated in solution set S13.

Alternatively, steadhstate currentsta-40mV could be rundown with
hyperpolarizing test pulses by either; applying short 1.5 sec puls&40rhV, or long
30sec exposures af00mV (Figure30). The continuablecay over the time periad

30sec illustrates the slow gating kinetics of Bp&LR1. A rundown of the current did
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not result in a change of ion selectivity either. In this subset of five cells, ACC activated

currents established\aevof -31.08 +4.9&V prior to hyperpolarizing pulses and

-31.72+6.51mV after rundown was cqietedd for an average shift 60.02+0.62mV

(Table 3.
A B C Pre- Post-
’ 2 400 B ’ | 30sec o o Pulse Pulse
r I |
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Figure 30: PpGLR1 currents from COS-7 cells potentiated by ACC could be

rundown by hyperpolarization. A.) I-V curve plotted from a representatwéole-cell
recordingfor n=5, bidogical replicates. Voltage protocol shown in the inset was repeated
every 5sec and every tenth ramp is graphed for simplicity, numenicatadion indicates
ramp numberB.) ACC potentiated currents also dis@eya slow decay when clamped

to -100mV for30sec. Voltage protocol show below current trace. C.) Difference in steady
state current recorded at +40mV before {puése) and after (pogtulse) a single 30sec
exposure atl00mV correspondig to trace shown in ,Bi=5.Error bars represent SE.

Data geerated in solution set S13.

79



Table 2: Vrev measurements fromPpGLR1 transfected cells in various ion channel
states background currents without ACC, with ACC (580), after runup by
depolarizing pulses in the presence of ACC (corresponding to curremts shbigure
29), or after current rundown in the presence of ACC after hyperpolarizing pulses
(corresponding to currents ingre 30).

Background -283 (n=28)
+ACC -31.08 (n=9)
+ACC/ runup -32.75  (n=4)

+ACC/rundown -31.72 (n=b5)

Although ACC didnot change the ion selectivity to favor e2Cselective
channel we have not excluded the posstgiACC potentiated currents confer a greater
overall C&" flux (as may be expected from ligand screening assay performedby Ca
imaging).Because the permeability of €as too lowto be reflected byrevanalysis,
the ENQs was exploited instead. In-mnic solutions comprised of only €aand NQ, a
bona fideCa* current could be found by holdinlge membrane voltage to N® s
equilibrium potential 0f80mV. At an ion's equilibrium potentiathat ion has zero net
current,andthereforeany changes) the measured current amptieimust come from
another ion. In thedai-ionic conditions, the only other possibility isTawhen
clamping to-80mV, ACC (50@rM) perfusionpotentiated an inward current (Figua®).
Of eight cells; two spontaneously in/deactivated reducing the current amplitude, four
in/deactivated instigated by supplementat'GamM), and tvo cells were not challenged

for in/deactivation. A slit population of cells expressiiRpGLR1 that showdvarious
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in/deactivation behaviors suggests thé'@ependent inhibition threshold could be
approximately 1mM extracellular €aNotably, prior to ACC perfusion, cells were
clamped ta80mV for 1:2minin an attempt to achieve an equilibrated channel state.

During thisperiod, currents inactivated.
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Figure 31: ACC potentiated Ca*

B time (min) current. A. and B.) Exampleurrent
% L . recordings of ACC potentiated curren
S o from wholecell configuration of
qé o - PpGLR1 expressing_ cells clamped-to
_a l 80mV ENGy) that either
< = -80 . :
& g in/deactivated spontaneously (A) or
~ ‘g 140 /\\\nj was instigated by Ga(B). Arrow
2 150 denotes time of G&(1mM) perfusion.
s . ., s . . Dashedines denotes presence of AC(
o
< time (min) (500mM). C.) Summary bar graph

showing mean relative current increas
from n=8. Solution Set S13 was used
Error bars represent SE.
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Impact of CNIH on PpGLR1 gating

Patch clamp solutions:

A detailed list of the internal and external solutions used for patch clamp experiments in
this chapter 2 part 4 for figures 32, 33, anct8d be found in Table 7 (pg.34 The

major charge carriers adescribed in the main text and depicted in Figure 32B.

Interactiors betweerAtCNIHs andAtGLRs havecritical roles for receptor
trafficking that underlieCa* homeostas{@1). In the heterologous systemiCNIHs
were obligatory to record an ionic current suggesting they may have additional roles in
ion channel gatig, a satisfactory conclusiamomparedo the work ofTapkenet al.,
2008277)who foundAtGLRs on thegplasma memlanebut wae not functional ion
channelsAlthoughPpGLR1 does not need the presence of CNIH AKBLRs do, two
CNIHs are found iP. patenggenome SincePpGLR1 has the ability to go to the plasma
membrane independently of CNIH, we askeBgCNIHs could modifyPpGLR1 gating

Because we are attempting to add a new component to the ion channel that is
physiologically present witRpGLR1, we also modified our experimental conditions to
mimic the natural ion current directions (standard solw&trS14). The anion is now
loaded into the pipette (dialyzing into thea@sal) and carriea n  fii nwar d*® curr e
remained extracellular aradlsopreseng anfinwardd current. Moreover, a particular
challenge with a constitutively active current is tieed to assess the portion of leak
current from a given patch. These ionic conditions are experimentally advantageous to
monitor the presence of artefactual leak currents as all ionic currents must be inward.

Outward current would indicate a pipette leak
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By co-expressind®pGLR1 withPpCNIHa in COS7 cells, thePpGLR1 mediated
background currents were substantially augmented bgukigaryproteib s pr,esenc e
suggestind®pCNIHa interacts witiPpGLR1, an effect very similar to the one observed

of AtCNIHs onAtGLRs (Figure 32

B. PpGLR1 : PpCNIHa PpCNIHa

200 7 - ' '

-140 -120 -100 -80 -60 -40 -20 0 | 20 40
o

% -200 A

A. Vm (mV)

-400 A

[(pA)

—@— PyCNHa
- PyGIR1
—A— PpGLR1 + PpCNIHa

-600

-800

-1000 -

Figure 322 PpGLR1 current amplitude is enhanced by ceexpression withPpCNIHa.
A.) I-V curve and B.) representative current traces from wbellepatch clamp
experiments on singularly expressifPgGLR1 (n=4)or PpCNIHa (n=3),or co
transfectedpGLR1:PpCNIHa (n=6) in COS/ cells. Error bars represent SE. Data
generated with standard solution set 9d&jor charge carriers are depicted panel B.

If AtCNIHs/ AtGLRs andPpCNIHs/ PpGLRs interactions derive from a common
ancestralnteraction, we can expect conserved molecular mechanisms. To test this
hypothesisAtCNIH4 was ceexpressed witPpGLR1. The background current remained
intact, but the current potentiation in pesise to exogenow@lu (1mM, 5mM) was
sensitizecand subseaently inhibited by G&" (1mM) (Figure33 and Figure 34 The
action of agene encoded b&rabidopsison GLR1 fromP.patenss suggestiveof an
evolutionarily conserved function of CNIH proteins intgimate receptor channel gating

Although bothPpCNIHa ard AtCNIH4 enhanced channel activifgpCNIHa enhanced

the steadystate current andtCNIH4 enhanced the ligarghting.Even amongAtCNIHSs,
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of which there five genes, it is uncertain if all CNIHs fulfill the same function. Some
AtCNIHs are speculated to bevolved in trafficking (bringing more channels to the
plasma membrane) while others are thought to be more involved in channel gating
(playing an active role in opening or closing the chairig)) If, or how, various CNIHs
operatdn different capacities remains an open question.

A, B.

Vm (mV)

-140 -120 -100 -80 -60 -40 -20

PpGLR1: AtCNIH4 ¢ AtCNIH4
=— Tem—
200pA 20054
250ms L
250ms
PpGLR1: AfCNIH4 + Glu AtCNIH4 +Glu
; I Do 00 | u
—&— PpGLR1 control
—a— PpGLR1 1mM Glu S Z 0|
¥— PpGLR1 5mM Glu 6 \ £ -600 | l
—8— PpGLR1+AtCNIH4 control "o, = -800 1

-1000 | 1
11200 | w—AYCNIH4+ Glu
=== PpGLRI : A{CNIH 4 +Glu

—&8— PpGLR1+ACNIH4 1mM Glu
—&— PpGLR1 + AtCNIH4 5mM Glu

-8

Figure 33: AtCNIH4 co-expression withPpGLR1 sensitizesGlu potentiation. A.) |-V
curve reporting relative current amplitude potentiatioriShy (1 ard 5mM) on singularly
expressinPpGLR1 (n=5) , orAtCNIH4 (n=3), or ceexpressinPpGLR1.AtCNIH4
(ImM, n=3; 5mM, n4) in COS7 cells. B.) and C.) &resentative current traces from
whole-cell patch clamgxperiments corresponding to B.) Summary bar grap
illustrating the measlu potentiated current amplitude of singularly expres&itgNIH4
or coexpressingAtCNIH4 with PpGLR1.Error bars represent SE. Data generated with
standard solution set S15.
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Figure 34: Glu potentiated currents from PpGLR1: AtCNIH4 co-expressing COS7
cells are inhibited by G&*. A.) I-V curve reporting current amplitude potentiation by
Glu (5mM) on ceexpressind®pGLR1:AtCNIH4 are inhibited by Gt (500mM)(n=3).
Error bars represent SE. B.) Representative current traces fromegtighatch clamp
experiments corresponding to Bata generated with standard solution set S15.
The disadvantage to this ionic solutions is the inability to draw conclusions on the
ion selectivity as all currents present as inward. | therefore turr@d timagng with
YC3.6 in COS7 cells.Applying Glu to PpGLR1 orPpGLR1:AtCNIH4 expressing cells

showedno discernable difference suggesting the overat €ignalwas not enhanced by

AtCNIH4 (Supplementaligure5).

In the next section, a gating fumn independent of the ligand and LBD
interaction will be pursued as the primary means of opening and closing the channel.
Three independent results frdPpGLR1 andAtGLRs, in addition to the LBD
mutagenesis, encourage the study of constitutively aatirergs over ligananduced
currents. First, liganghduced runup or rundown did not alter the ion selectivity. ACC

potentiated distindPpGLR1 anion currents with no palpable shift in thevtoward

85



EC&". In conditions of high G4, ACC and Glu inducedundown occurred at all

voltages, including the inward currents able to be carried BysGggesting an overall
increase of Cd permeation is unlikely. Second, currents either as background currents
mediated byPpGLR1 potentiated by cexpression witiPpCNIHa or Glupotentiated
currents iIPpGLR1/AtCNIH4 coexpressed cells likewise saw no increased capability to
elevated Ca'Jcyt. Lastly, the broader implications of the background currents are
observed in the heteromerization studies of clad#33 Rs. As obligatory heteromers
displaying a spectrum of gating tendencies, there were two dominant subunits. One
dominant channel subunit wA$GLR3.7.AtGLR3.7 did promote ligand activated
currents, but is not a functionabmomer The other dominant subunit wAg5GLR3.2

forced larger background currents insensitive to ligands suggesting the constitutive gating

mode is prevalent throughoBtpatensand Arabidopsis.

Part 5: lon selectivity and gating is determined by the channel pore

Patch clamp solutions:

A detaled list of the internal and external solutions used for patch clamp experiments in
this chapter 2 part &n be found in Table 8 (pg. @4 The major charge carriers are
indicated within each main figure.

While PpGLR1 was able to conduct a €aurrent(Figure15), chaptei2 part 2
demonstrated that anions are permeant. From the same experiments id%tbate
demonstrate #hC&* permeability, reversal potentia¥iev) analysis shows a discrepancy
compared to the predictions for a selective catichanneld indicative that another ion
species is more permeable tharf'Chn Figurel5, the averag¥revof PpGLR1

expressingCOS7 cells in 70mM C& within a fixed Ci gradient was +29.9 8.3mV

86



(with aECI=+7 mVECa&*= +169mV). To estimate a relaéiypermeability ratio of Ca
compared to CKP C&*/ CNd supposindPpGLR1 conforms to the ion indepenuee
assumptions allowed by tl@&ldmanHodgkinKatz (GHK) formalityy the GHK
equation (Equation 4) accordingltewis (1979(297)was fitted to the shift iWrevwhen
exchanging the bathing [E%from 3mM to 16nM, 30mM and 70mM. The averagérev
shift between 3mM and M C&*" measured 21.4 8mV. Permeability ratios were
individually calculated and then averagedapproximate theCe*/ CI'= 0.23+0.21

(n=4).

Challenging an anion selectivity oPpGLR1
To challenge iPpGLRL1 is therefore a predominantly anion selective channel, we

were motivated to perform the opposite perfusion by increg€ihign a fixed graient

of Ca&* (15mM). As expected, raising tfi€l] in the extracellular solution from 30mM to
60mM, and 120mM dramatically increased the outward current amp(figiere35).
Analysis ofthe currertvoltage (-V) curves revealed the measukgev,which shifted

from 0.1A41.3mV t0-29.044.30mV when exchanging 30mM for 120mM-Gilosely

tracked the predicted Nernsti&Cl (Figure 39). Additionally, Cf currents inrPpGLR1
expressing COS cells were aldshed by the antagonist AspniM), validating that

PpGLR1 mediated the&l current(Figure 35A,B) Again,with theassumptiorPpGLR1
conforms to the ion independence allowed by the GHK formality, the GHK equation was
fitted to the shift invrevpurely as an estimation reéncing théVrev. Individually

cdculated permeability ratios were then averaged to approximak @'/ CI
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=0.20t0.12 p=3), a value equivalent to the one deduced from previous experiments
perfusing differenfC&*] (Figure 15 P C&*/ CI'=0.23+0.2).

1500

A. B. = — - 120mM
Ca?*15mM 2000 ) 1000 - Cl-120mM ‘_? 1000
~ . Cl30mM < 1500 Cl- 120mM goq [V ==y < R
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\Ca 100mM) £ 1000 4 600 | B
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Figure 35. PpGLR1 is selectivefor Cl- over Ca*. A.) Representative ramp traces
(obtained from wholeell patch clampplotted asanl-V curve froma PpGLR1

expressing COS cellupon perfusion of Cin a fixed gradient of Ga. B.)

Representative steadyate current traces beforedaaiter the addition of Asp (1h),

inset in upper right corner displays statistics of current rundown observed at +38mV
(n=3). C.) Average-V curve of Cl perfusion. n=3 for all conditions. D.) Reversal

potentials Yrev) of Pp.GLR1 expressing cells (bladkrcles, dashed line; n=3) under
various[CI] compared to calculated Nernst potentials (red squares; solid line). Error bars
indicate SE. Data was obtained with solution S16 (major charge carriers are illustrated in
panel A inset). Data in panel A,C, D sveollected from the following fast ramp voltage
protocol: From a holding potential of OmV, a 0.5sec pulsé2®mV was applied before
ramping from120mV to +60mV over 2sec. Ramps were repeated every 15sec, cells
were reclamped to a holding potential @MV between ramps. Data in panel B was
collected from a typical voltage step protoapplyingtest pulsesf 1.5sec from80mV

to +60mV (before correction of liquid junction potentials) in +20mV steps.
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Vrevswere also tracked tBNOs uponperfusion ofNOs in a C&* gradient.
Perfusion of high extracellul§NOs7] also resulted in a leftward shift of theev
mirroring the shift observed by the @erfusion, likewise indicating a preference for
NOs over C&" (Figure 36. Intriguingly, a modified voltge protocoramping from
-60mV to +60mV minimizing exposure to negative voltages required to observe the
increase in outward curreriirom the independent anion perfusionbew the final
extracellular Cland NQ™ concentration reached 120mkquivalent with an equilibrium
potential of-35 mV, theVrevof PpGLR1 expressing cells subjected to thegérfusion
was measuredt-29.044.3ImV (n=3). Smilarly, the cells subjected to a NPerfusion
measured &revof -26.06+ 3.37mV(n=5) (Figure 3®). In solution set S17, nen
expressing contratells showed minimal current &&mV averaging 39.04L0.78pA
(n=5), revealing that endogenous ion channels from C@8§lls did not mediate a NO
current under our gerimental conditions (Figure B§. As acontrolfor validatingthe
authenticity of N@ currentsthat were recordedll cells patched were routinely expdse

to +60mV steps to check forantivating curren{98).
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Figure 36: PpGLR1 is selective for NQ over C&*. A.) Representative ramp trace
(obtained from wholeell patch clampplotted asanl-V curve froma PpGLR1

expressing COS cellupon perfusion of N@in a fixed gradient of G4 B.)

Representative steadyatecurrent trace from BpGLR1 transfected cedndanempty

vector transécted control celllustrating the continued observation that GD8ells

show minimal endogenous current under our experimental conditions (Both genotypes,
n=5). C.) Averagé-V curve of NQ" perfusion orPpGLR1 transfected cells. n=5 for all
conditions.D.) Reversal potentiald/¢eV) of Pb.GLR1 expressing cells (black circles,
dashed line; n=5) under various Bi€dncentrations compared to calculated Nernst
potentials (red squares; solid line). Error bars indicate SE. Data was obtained with
solution S17 (rajor charge carriers are illustrated in panel A inset). Data in panel A,C, D
was collected from the following fast ramp voltage protocol: From a holding potential of
0OmV, a 0.5sec pulse eBOmV was applied before ramping fre60mV to +60mV over
2sec. Rarmps were repeated every 15sec, cells weidaimped to a holding potential of
OmV between ramps. Data in panel B was collected fréypiaal voltage step protocol
applyingtest pulse®sf 1.5sec from80mV to +60mV (before correction of liquid

junction poentials) in +20mV steps.

Besides C&, monovalent cations also play important roles in membrane

transport. To test PpGLR1is also preferential to monovalent anions over monovalent
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cations | selected to quantify the relative permeability of Nédmpaed to Na
(PNGs/Na") because COS cells show no detectable endogenous currents for either of
the iong67). To approximaté®NOs/Na’, the shift inVrevwas measured when
exchanging from a symmetrgxtracellularand pipett€internal)NaNGs solutions
(150mM), to asymmetric NaNg&solutions witha dilutedextracellularsolution (30mM)

In thesebi-ionic solutions, the Nernstgaation predicts that a channal/brable to

cations will have &/revshift to the left toward negative potentials when diluting NaNO
ENa" moves from OmV te40mV. If the channel is favorable taian permeationthen
theVrevwill predictably shift totheright toward positive voltages when diluting NajO
ENGs moves from OmV to +40mV. Experimentally, a clear sbift-17.7#1.7mV (n=9)
towardENGs” was consistently observed upon exchanging 15Gom30mM NaNQ.

(Figure 37 Table 3. The estimate®NOs;/Na" equaled 3.3+0.4

A. B.
~ NaNO; 150
::fNaNOa 150\:| 600 NaNQO;150 1000 - NaNO, 150
N 400 A ,
— - 800 —
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I | I 27l I | :E\ 200 1
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Figure 37: PpGLRL1 is selective for NQ over Na'. A.) Representative ramp traces
from aPpGLR1 expressing CO3 cellplotted asanl-V curve Wholecell patch clamp
currentswere recordedpon dilution of extracelluldiNaNGs] from 150mM (black),
65mM (cyan), and 30mM (pink). B.) Representative stestdte current traces in
PpGLR1 transfected cells under 150mM or 30mM NaNEaNQ; dilution experiments
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utilized solution set 88 (major charge carriers before dilution are illustrated in panel A
inset). Data in panel A was collected from voltage ramigis a 0.5sec pulse 660mV
applied before ramping fros80mV to +60mV over 2sec. Ramps were repeated every
15sec, in the meanti cells were reset to a holding potential of OmV. Data in panel B
was collected from a typical voltage step protagmplyingtest pulsesf 1.5sec from
-60mV to +®mV in +10mV steps. Arrows lakesl withENGs or ENa' indicate the
equilibrium potentl for the given ion in the asymmetric conditions with NaksOmM

as the extracellular solution. In symmetric 150mM NaN@thENGQO; andENa' are

OomV.

Targeted mutagenesis of th®pGLR1 selectivity filter
To begin appreciating the molecular basis figr &énion selectivity of plant GLRs,

we looked at sequence alignments of GLRs compared to iGIuRs concentrating on the
residues flanked by thegnature WGP pore loop motifhe residuesligning the

predicted GLR por@ particdarly in the selectivity filted are poorly conserved to
iGluRs, and several GLRs show several positively charged residues which would be
favorable for anions penetrating througtigure 38. To test if the unconserved

selectivity filter may be responsible for the different ion seldgtia chimeric channel

was engineered by swapping out the predi®p@LR1 selectivity filter and cytoplasmic

entry residues for those from the?Cpermeable (€orm) GIuA2 (Figure 38.
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A.

>GluAl
>GluA2
>GluA3
>GluAd
>GRID1
>GRID2
>GluKl
>GluK2
>GluK3
>GluK4
>GluK5
>GluN1l
>GluN2A
>GluN2B
>GluN2C
>GluN2D
>GluN3A
>GluN3B
>PpGLR1
>PpGLR2
>AtGLR3.1
>AtGLR3.2
>AtGLR3.3
>AtGLR3.4
>AtGLR3.5
>AtGLR3.6
>AtGLR3.7

WFSWGVLL
WLLWGLVE]
WLLWGLVE]

WLLWALVE]
WLLWALVE]
NVCYALLF
NLCYAILF
WFVEMTLF
WFIFSTLF
WFTFSTMF
WFSFSTMF
WFSFSTMF
WFSFSTMF
----S-GL|

SGIGEGAP
NNSVPVQNP
NNSVPVQNP
NNSVPIENP
NNSVPVENP
GRTAAIKPP
GRTVSSKTP
FSQ--NERV
FSQ--RERV
FSH--RETT
FSH--RENT
FAH--RENT
FSH--RENT
ASQ--QCSS

WFSFSTLF]
LFSFSTLF,

FSH--RETT
KRN--QEDT

B.

* t
GluA2 (Q-form) WFSLGAFMQQGCDISP
PpGLR1 WEFVFMTLFFSQNER-V
PpGLR1SWAP WEVFMTLFQQGCDISP

Figure 38: Design of a GLRIGIuUR pore chimera. A.) Alignment of GIuR and GLR
sequences encoding the pore domain using Clustal Omega. B.) top; Alignment of amino
acid sequences from the aermeable GluA2 (Gorm) channel an®pGLR1 using
AlignMe(299). bottom; APpGLR1-GIuA2 chimera, name®pGLR1swap, was

engineered by swapping out the amino acid residues natthePpGLR1 selectivity

filter for the amino acids encoding the cation selective art i@ameable GIuA2.

Asterisk (*) denotes the Q/R/N site, dagger denotes th@lagmic entry point. In A, the
boxed residues, or in B, the grey shaded area, highlights the predicted selectivity filter.
Red residues signify a negatively charged residue, blue residues signify a positively
charged residue.

The pore chimeraRpGLR1swar) and the nomutatedPpGLR1 PpGLR1) were

expressed in CO3 cells and evaluated for its relative permeability of*@ampared to

NOs. A C&* permeability wadirst measured in the E4NOs™ bi-ionic condition

(Solution S9), wherenly NOs can driveoutward currents an@&™* predominantly drives

theinwardcurrents Vrevanalysis and current amplitudes suggesPp@LR 1swap had

gained a C&4 pemeability overPpGLR1 (Figure 3% When compared to currents

recorded irPpGLR1 expressing cell®pGLR1swapinward currents were greater,
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suggesting an increase in<permeability. In agreementrevof PpGLR 1swap currents
(-11.5m\4#4.5,n=6) was shifted to the right comparedRpGLR1 currents
(-34mV+7,n=3), showing that the chimera hadigad C&" permeability Currents in both
thePpGLR1 andPpGLR1swar Were sensitive to Gd, a classical Ca channel pore
blocker, lending credence to the hypothesis that both the anion andfthierCzind in

the same porérigure 39)

A PpGLR1 B PpGLR1 SWAP
' < 800 : o 80
—e— Background a, —e— Background
5 = 600 roune 5, 600 |
v Gd3+* & v Gd3+ b
400 - 400 1
200 4 200 1 I
-80 -60 -40 A/% g1 1 -80 -60 -40l/ A ¥
— 20 = 20 40 60 —F X 20 40 60
-200 A 200 1 Vm (mV
Vm (mV) iy
-400 - -400 1
600 1 pemmmmmmm—m—e—moeeees -600 -
600 i Ca2'75 |
i _— NO; 150;
| TR |
; [NOs6 i
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Figure 39 PpGL R1swap demonstrates a gain in C& permeability. A.) and B.)I-V
curve obtained from wholeell patch clamp experiments 8pGLR1 orPpGLR1swap
expressing COS cells. Outward N@ currents from both channels are sensitive t&'Gd
(LmM). PpGLR1swap currens revealed augmented Taermeabilityindicatedby the
larger inward currents and rightward shift of the reversal poteitial). Arrow in B
denotes thaverage/rev measuredn PpGLR1 expressing cell®pGLR1, n=3.
PpGLR1swar, N=6. Error bars represeBE. C. and D.) Representative traces
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corresponding td-V curve in A and B, respectivelfpata was generated in solution set

S9 (major charge carriers are diagramed in the dotted box), and collected from a typical
voltage step protocalpplying 1.5se¢ed pulses from80mV to +60mVin +20mV steps,

the holding potential in between test pulses was O0mV.

To further examine this hypothesis, the voltage dependency®ifiriibition
was investigatedSupplemental Figure 65d** (ImM) was found to be ineffecéawhen
cells received 1.5sec voltage pulses of +80 and +100mN/current analysisevealed a
minor voltage sensitivity. In the presencé®d**, tail currents measured -4t00mV were
inhibited after 1.5setest pulses frorB80 to OmV; mly after potentls depolarized of
OmV did currents recovéBupplemental Figuré). Although the differences in relative
current change are small, they may be proportional to the shigoutesswhich overall
is congruent with the slow kinetics of chanpedviously eportedShown in Chapter 2
part4, Figure 30.

Because an anion current was still observe@p@LR 1swar We further evaluated
the NQ/Na selectivity in NaN®dilution experiments and found tRpGLR 1swar
mutantalsogained a Napermeability comprisinghie background currents compared to
PPGLRL1. In cells expressinBpGLR1swap, the shift of theVrevupon dilution of NaN®@
was largely mitigated to average o®iyV (Figure 40 Table 3. It is possible that the
slightly positiveVrevwas partiallycontributedto by theextracellularCa* given the
greater permeability to aions.To supporthe conclusion that thack of shift in the

Vrevwas due to a gain in Na&urrent, the total current amplitude was analyzed to reveal

the PpGLR 1swar alsogained currenamplitudein the presence of NaNQOsimilar tothe
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observation tha®pGLR1swap expression yielded larger inward currents carried iy Ca

(Figure 432.
A. B.
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Figure 40: PpGLR1swar losses selectivity for N@ over Na'. A.) Representative ramp
traces froma PpGLR1swap expressing COS cellobtained from wholeell patch clamp
plotted asanl-V curve upon dilution of extracellul@gNaNGs] from 150mM (black) to
30mM (pink). B.) Representativsteadystate current traces fromPpGLR 1swap
transfected celinder 150mMor 30mM NaNQ. NaNQG dilution experiments utilized
solution set S18 (major charge carriers prior to dilution are illustrated in panel A inset).
Data in panel A was collected from voltage ramith a 0.5sec pulse e60mV applied
before ramping from60mV to +60mV over 2sec. Ramps were repeated every 15sec, in
the meantime, cells were reset to a holding potential of OmV. Data in panel B was
collected from a voltage step protoegiplyingtest pulsesf 1.5sec from60mV to

+50mV in +10mV steps.

The onlymostly conserved redue in the pore swap was E647 supplying the only
negative charged in the predicted selectivity filter of GLRs. Th&ations of E647A still
yielded background currentbsit no shift in theVrevreflected a norselective channel
(Figure 4.; Table 3. E647R was then tested to challenge if the electrostatics of this

residue determined selectivity. E647R transfected cells yield no discernable currents

(Figure 43.
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Figure 41: PpGLR1 (E647A) is non-selective forNOs over Na'. A.) Representa/e

ramp traces from PpGLR1 (E647A expressing COS cellobtained from wholeell

patch clamp plotted a |-V curve upon dilution of extracellul@NaNQs] from 150mM
(black), 65mM (cyan), and 30mM (pink). B.) Representative ststatg current trase

from aPpGLR1 (E647A transfected celinder 150mM or 30mM NaNONaNG

dilution experiments utilized solution set S18 (major charge carriers prior to dilution are
illustrated in panel A inset)-V curvein panel A waglotted from voltage ramps where
0.5sec pulse of60mV was applied before ramping fre80mV to +60mV over 2sec.
Ramps were repeated every 15sec, in the meantime, cells were reset to a holding potential
of OmV. Representative traces panel Bwerecollected from a voltage step protocol
applying 1.5sedest pulsesrom -60mV to +50mV in +10mV steps.

NaNO, 150 1000 1

NaNO; 150

20 40
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Figure 42: Current amplitudes recorded from PpGLR1 genotypes under
asymmetric 150mM [NaNGQs]. I-V curve of PpGLR1 (n=9),PpGLR1swar(n=5),
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PPGLR1ee47r(N=6), andPpGLR1 es47a (N=5) expressing OS-7 cells obtained from
whole-cell recordings illustrating differences in average current amplitude.

Table 3. Reversal ptentials PpGLR1 and PpGLR1 mutants measured in symmetric
150mM [NaNOs]o and asymmetric [NaNGs]o.

Channel Vrev(mV) Vrev (mV) Vrev(mV) |A

(filter motif) [NaNO;], [INEW[O N [INEW[O N (mV)
150mM 65mM 30mM

PpGLR1 -1.3+0.8 48+1.5 164+1.5 17.7 +1.7

FSQN-ERV (n=9) (n=9) (n=9)

PpGLR1gyap 23424 n.d 84+24 6.1+14

QQGCDISP (n=5) (n=5) (n=5)

PpGLR1(E647A) -0.5+0.4 n.d 0.842.2 1.3+2.3

FSQN-ARV (n=5) (n=5) (n=5)

lon selectivity of AtGLR3.2 and AtGLR3.4
AtGLRs show a different selectivity filter compared?GLR1 (Figure 38)

AtGLRs have two positively charged residues in the predicted pore selectivity filter

one more thaPpGLR1d hinting thatAtGLRs may also be conducive to anion
permeationso the ion selectivity oAtGLRs was also investigatefitGLR3.2 was

selected as modelAtGLR because in heteromerization studies (Seeduottion found

it was a dominant subtype of heteromeric combinations that drove a constitutively active
gating male.Under the same NaNQdilution experiments, alls coexpressing

AtGLR3.2 withAtCNIH1 andAtCNIH4 (as determinetb be the obligatory complex)

displayed a shift in thgrevfrom 0.5+0.3 to 24.12.6mV (Figure 43 Table 4.
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Figure 43: AtGLR3.2 is seéctive for NOs over Na'. A.) Representative ramp traces
from an AtGLR3.2 expressing CQO3% cellobtained from wholeell patch clamp plotted
asanl-V curve AtGLR3.2 mediated background currents carried by NaNO3 solutions
were dilutedrom 150nM (black) b 65mM (cyan), and 30mM (pink). B.) Representativ
steadystate current traces 8tGLR3.2transfected cells under 150mM or 30mM NaNO
NaNQs dilution experiments utilized solution set S18 (major charge carriers prior to
dilution are illustratedn panel Ainset).l-V curveA was collected from voltage ramps
with a 0.5sec pulse 660mV before ramping fror60mV to +60mV over 2sec. Ramps
were repeated every 15sec, in the meantime, cells were reset to a holding potential of
OmV. Data in panel B was collectéom a typical voltage step protocoheretest pulses
were applied for 1.5sec fro80mV to +60mV in +20mV steps.

AtGLR3.4 shows demonstrably different ion channel properties, so we also
challenged the ion selectivity 8#fGLR3.4. COS7 cells transfectéwith AtGLR3.4 with
two CNIHs AtCNIH1 andAtCNIH4) presented minimal background current prior to
applying a ligand in the form of Asn (1mM), which activated macroscopic currents.
Dilution of extracellular NaN®@solutions on cells expressing Asn activatedent
indicatedAtGLR3.4 was permeable to anions but showed little selectivity for anions over
cations indicated by an &8.9mV shift in thevVrev(Figure 44 Table 4. We further

controlled the anion permeability by challengiigLR3.4 mediated currésmfrom

solution set S9 featuringmnic Ca(NQ)2 conditions. Here, the Asn potentiation of
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