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The acid-sensing ion channels (ASICs) are proton sensitive, sodium channels that
belong to the epithelial sodium channel/ Degenerin family of ligand-gated ion
channels. Activation of the ASIC1a subtype in the central nervous system
increases neurodegeneration after ischemic stroke while ASIC3 subtype in the
peripheral nervous system is involved in perception of pain. They are emerging
targets for ischemic stroke, pain and inflammation. However, we lack selective
ligands to target ASICs.

In order to gain a better understanding of the channel and to develop selective
ligands we must first determine how ASICs are modulated by synthetic as well as
endogenous guanidine compounds. This study investigates whether a guanidine
dietary supplement, creatine, modulates ASICs. Creatine has been shown to
protect from ischemia and benefits patients suffering from muscular dystrophy,
osteoarthritis, and fibromyalgia. Furthermore, pain medications such as non-
steroidal anti-inflammatory drugs (NSAIDs) inhibit ASICs. Since supplements
and NSAIDs are available over-the-counter, the significant amount of the
population would consume them simultaneously.However, the interactions of
combination of creatine and NSAIDs on ASICs still remain elusive. Here we
sought to determine if creatine would modulate ASICla and ASIC3 proton
sensitivity and if the combination of creatine and NSAIDs would inhibit ASIC3.
Our results indicate that, creatine reduces human ASICla (hASIC1a) steady-state

desensitization and increases their recovery from desensitization. Creatine also



slows down the open-state desensitization of hASIC1la. The efficacy of hASICla
is increased by creatine at higher concentrations. This indicates that, creatine
increases channel's reactivation from desensitization by stabilizing the closed
conformation of hASIC1a.

Creatine's effect on rat ASIC3 (rASIC3) was calcium dependent. Creatine reduced
proton sensitivity of rASIC3 in the nominal calcium environment. As previously
reported, NSAIDs inhibited steady-state current of rASIC3 which is involved in
pain perception. However, creatine reduced NSAIDs efficacy on rASIC3.

To summarize, the creatine's effect depends on the desensitized state of hASICla
and creatine increases the availability of channels for opening. While in rASIC3,
creatine reduces proton sensitivity in nominal Ca?* and antagonizes NSAIDs
inhibitory effect. Thus, the use of creatine should be monitored in diseased states

and when it is consumed along with NSAIDs.
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CHAPTER 1

INTRODUCTION

1.1 Brief history of ion channels & patch-clamp technique

Cell surface receptors are integral membrane proteins that play an important role in
transmitting extracellular signals to the intracellular environment®. lon channels are an important
part of cell surface receptors which allow the flow of ions across the cell membrane and transmit
electrical signals into chemical signals. Hence, they are important in maintaining membrane
potential, signal transmission and ionic balance. lon channels are water filled pores that allow
cells to conduct ions across the cell membrane®. Hodgkin & Huxley in 1952 gave a mathematical
model to describe ion channels quantitatively®>. In this model, an ion channel is explained in
terms of an electrical circuit where changes in membrane voltage are due to flow of sodium and
potassium ions across the membrane®. They described the action potential propagation in squid

giant axon with this model®’

. The electrochemical gradient of ions across the cell membrane
leads to the movement of ions. Later, Erwin Neher and Bert Sakmann first developed the patch-

clamp technique in the 1970s, when they recorded currents from the membrane of frog muscle



fiber®®. They measured the current flowing through a single ion channel by isolating a patch of
membrane'®**. In voltage-clamp experiments, the voltage is kept constant and current flowing
through ion channels that is required to maintain the constant voltage is measured®’. The
relationship between potential difference (V), conductance (1/R) and current (I) is best described
by Ohm's law™ which states that the current flowing through a conductor between two points is
directly proportional to the potential difference (Figure 1)**.

Depending upon the activity, ion channels are categorized as voltage gated or ligand
gated ion channels. VVoltage-gated ion channels are activated by changes in membrane potential
while ligand-gated ion channels open upon the binding of a ligand, which leads to changes in
channel conformation, or protein structure. Ligand-gated ion channels are subdivided into
subtypes depending on the chemical structure of the ligands that bind to them. The classical
ligand-gated ion channel families are the ionotropic glutamate receptors and the cys-loop
receptors. Another group is the epithelial sodium channel/ Degenerin (ENaC/DEG) family of ion

channels.

1.2 ENaC/DEG family of ion channels

The epithelial sodium channel/ Degenerin family of ion channels includes sodium
selective and amiloride sensitive channels (Figure 2). This family includes, constitutively open
ENaCs which are expressed on the apical membrane of epithelial cells in the kidney and are
involved in maintaining sodium homeostasis***°. The mechanosensitive channels in

Caenorhabditis elegans®*’

and Phenylalanine—Methionine—Arginine—Phenylalanine (FMRF)
amide (peptide) gated channel in snail Helix Aspersa®® also belong to the ENaC/DEG family.

Another member of this channel family is activated by extracellular protons and is called the



acid-sensing ion channels'*??. The subfamilies in ENaC/DEG superfamily have about 15-20%

amino acid sequence similarity®.

1.3 The acid-sensing ion channels (ASICs)

The acid-sensing ion channels are proton sensitive Na* channels® and were first observed
in 1981 as sodium (Na*) currents generated in response to changes in pH**%. Later, these
channels were further studied and cloned from human and rat brain®®%, The ASIC1a%,
ASIC2a%"% ASIC2b%, ASIC3%?13 subytpes were cloned. The ASIC1a channel is expressed
throughout the brain and induces cationic current with more permeability for Na* ions
(Na">Ca*>K*)%. The hASIC3 channel with biphasic response to lower pH was cloned?*#**°
which showed that along with expression in sensory neurons it is also expressed in the lungs,
testis and plays an important role in human physiology™®. The crystal structure of chicken ASIC1
(cASIC1) shows that functional ASIC is a trimer (Figure 3) formed by 3 subunits consisting of
the large extracellular domain, two transmembrane domains with amino (N-termini) and
carboxyl termini (C-termini) present on the intracellular side of the plasmamembrane®>*. The
transmembrane domain (TM2) forms the lining of the pore of the channel. The three ASIC
subunits that form a functional channel can be homomeric or heteromeric. The crystal structure
describes the channel as a hand holding a ball with palm, thumb, knuckles, finger and 3 ball form
the different domains of the channel®*?, The Na" ions can pass through the channel by

hydration®. The selectivity filter for ASICs is formed by G-A-S (Glycine-Alanine-Serine) which

is conserved in all subtypes™.



1.3.1 ASIC subtypes

Currently known ASIC subtypes include ASICs 1,2,3, 4 and 5 which are encoded by five
different genes?**>%, Further, ASIC1 and ASIC2 have splice variants, ASIC1a, ASIC1b,
ASIC2a and ASIC2b*" (Figure 4). The ASIC subtypes share 45-60% sequence similarity
amongst them?*. The ASIC human and rat orthologs are about 100% identical for ASIC1, ASIC2
and ASIC4 and approximately 83% identical for ASIC3%*. Except for ASIC2b and ASIC4, all
ASIC subtypes can form functional homomers. ASIC2b can assemble with other ASIC subunits
to form heteromeric channels®. This feature of being homomeric or heteromeric channels,
modulates these channel's sensitivity towards pH. The ASIC sensitivity to pH ranges from pH
5.0 to 7.0 is dependent on the type and distribution of channel in an organism. For example,
ASICs found in neurons of the amygdala are sensitive to pH of 7.2*° while homomeric ASIC2a
are less sensitive to protons and have a pHso of 4.4%"%. The homomeric ASIC1a has a pHs of
about 6.2%2 while homomeric ASIC3 has a higher sensitivity to protons with pHso of 6.7%.
Though Na” is the primary cation that is conducted through ASICs, homomeric ASICla is

142 \vith a permeability ratio of 18:1%,

permeable to Ca’* ions
The ASIC subtypes demonstrate different activation and desensitization properties.
Repeated activation of homomeric ASIC1a with a ligand results in attenuation of current due
tachyphylaxis*’. This phenomenon takes place because of the long-lived inactive state produced
by protons binding to ASIC1a*. Tachyphylaxis has been shown to be dependent on pH and
extracellular Ca** concentration. The hill coefficients of steady-state desensitization of ASIC1a is

high, indicating that more protons are bound in desensitized conformation®. Similarly, pH less

than physiological pH of 7.4, induces desensitization in ASICs and residues that are involved in



activation and desensitization overlap®. The desensitization of ASICs particularly renders it
inactive and is said to play an important role in preventing damage after ischemic stroke*.

The ASICs activity is tightly regulated by calcium®. The Ca?* allosterically modulates
the channel and removal of just extracellular Ca** leads to channel opening*®“*®. Reduction in pH
or extracellular calcium, increases the number of open channels along with an increase in the rate
of channel opening®®*®. The spermine in low Ca®* potentiates ASIC1a currents*®. The ASIC3
response to acidification has two components which include transient peak current and sustained
current?*°, The transmembrane domain 1 (TM1) and amino terminal (N-terminal) play an
important role in generating sustained current evoked at low pH solutions® while TM2 domain
and C-terminal negatively regulates it™. At the pH range close to physiological pH, ASIC3
exhibits sustained current which is important in causing persistent pain, since this current is non-
desensitizing and it is also non selective to Na* ions®*. Reduction in extracellular Ca**
concentration and a reduction in pH, leads to protonation of the Ca?* binding site which opens
ASIC3 channel producing non-desensitizing current. This current persists, until the Ca**
concentrations are returned to normal*®*’. The lactic acid produced due to anaerobic metabolism
has been shown to activate ASIC3 by chelating Ca?**’. The rASIC3 ligands like GMQ can
activate ASICs at physiological pH. Similarly, inflammatory mediators have been shown to

modulate ASIC3 and influence pain perception

1.3.2 Physiological importance of ASICs in ischemic stroke and pain:
The ASICs are expressed in central nervous system (CNS) in the cortex, hippocampus

and amygdala®*™°. They are also expressed in sensory neurons of peripheral nervous system

53,56

which includes dorsal root ganglion®>°. In the CNS, ASIC1a plays an important role in synaptic



plasticity®>>". A study by Wemmie et al., suggested that ASIC1a is necessary for fear
conditioning™. ASIC1a null mice showed decreased fear conditioning. ASIC1a expressed in
CNS plays an important role in tissue damage after ischemic stroke by increasing influx of Na*
and Ca®* ions™. Ischemia is characterized by acidosis, an increase in intracellular calcium, and
the formation of reactive oxygen species®. The findings from Yang et al., indicated that
pharmacological blocking of ASIC1a by Psalmotoxin-1 reduces the infarct size after ischemic
injury in piglets®®. ASIC1a also mediates hypersensitivity to pain following thermal and
mechanical stimuli®. The role of ASIC1a in hypersensitivity to pain is further evident from the
fact that blocking of ASIC1a by Psalmotoxin-1 (PcTx-1) reduces the pain hypersensitivity®".
Pain is a perception of discomfort and in most cases, one of the very first symptoms of a
disease. The factors causing pain include noxious peripheral stimuli like heat and cold or

20213059 and mediates acidic and

chemicals®?. ASIC3 are primarily expressed in sensory neurons
primary inflammatory pain®®!. ASIC3 blockade by APET-x2, a sea Anemone peptide, reduces

the pain sensitivity to heat induced hyperalgesia®™®. ASICs sense the changes in the extracellular
environment in pain pathologies®’. The GMQ and agmatine can activate ASICs and cause pain®®

® Thus, ASICs can be selectively targeted and inhibited to prevent ischemic damage and to

alleviate pain.

1.3.3. The acid-sensing ion channel ligands:
ASICs have multiple binding sites, and a variety of ligands can interact with ASICs**%6%
™ The ASIC crystal structure describes different domains in the channel which are important in

ligand binding. Various endogenous molecules, toxins and synthetic compounds can modulate

the ASIC activity.



Protons & Amiloride

Protons are the main activators of ASICs?*?. Recently, protons have been termed as
neurotransmitters with ASICs as their postsynaptic receptor that leads to influx of Na* and Ca**
ions>. This indicates their role in synaptic plasticity. The finger and thumb domain of ASICs
containing acidic amino acid residue pairs (aspartate and glutamate) was particularly found to be
important in proton binding”. The concentration of protons at physiological pH is 40 nM**. The
constant exposure to protons desensitizes ASICs which become non responsive to further
stimuli*®4®
The classical, non-selective blocker of ENaC/DEG family of ion channels is amiloride.
Amiloride is a potent, non-selective, and reversible pore blocker of ASICs?*#. It is a potassium
sparing diuretic that is used in hypertension and congestive heart failure. Along with ASICs
amiloride can also block Na*/H* exchangers’’ and Na*/Ca®* exchangers’®. Hence it limits the use
of amiloride as a potential drug for targeting ASICs.The 1Cs, of amiloride for ASICs is in the
range of 10-100 pM and varies depending on the ASIC subtype®. Amiloride block is voltage-
dependent (8 of 0.5)"*®2 and it can also bind in the extracellular domain with high affinity to
stimulate the channel . This explains the multiple interactions of amiloride with ASICs. Another

ligand, the non-amiloride blocker A-317567, has also been shown to inhibit ASICs to prevent

pain response®.

Divalent Cations
The divalent cations like Ca?* Mg?*, and Zn?* inhibit ASICs*®*3# Both Pb** and Cu®*

85,86 Ca2+

ions have been shown to inhibit ASIC1a channels in cultured neurons is widely

studied and is an important cation which regulates ASICs. The reduction in extracellular Ca®*



concentration potentiates ASIC current by removal of calcium block**. In reduced Ca**
conditions, ASIC response to extracellular acidity dramatically increases. In toadfish ASIC1,
reducing pH or increase in Ca”* concentration was shown to increase the frequency of channel
opening™®. The protons compete for high affinity Ca®* binding. This depicts that extracellular
Ca®* regulates ASICs allosterically*®. However, it has been also shown that, in ASIC1a, the
region in extracellular domain involved in mediating proton sensitivity and Ca®* dependent
activation is different’®. Furthermore hASIC1a is also sensitive to extracellular Ca** and the
activity of compounds that modulate desensitization and proton sensitivity of hASIC1a, is

dependent on extracellular Ca****®".

Natural Venom Toxins

The toxin isolated from Psalmopoeus cambridgei,- tarantula venom psalmotoxinl
(PcTx1), has been shown to block homomeric ASIC1a channels®. It has been shown to act as an
analgesic in rodents®®®!. The psalmotoxin-1 bound chicken ASIC1 structure at low pH shows
that toxin binds at the subunit interface®. The PcTx1 binding to ASIC1a and ASIC1b differs and
is dependent on conformational state®’. It shifts steady-state desensitization (SSD) to more
alkaline pH and reduces proton sensitivity®’. The APETx2 toxin from the sea anemone
Anthopleura elegantissima, inhibits homomeric ASIC3 channels®. Also, it has been shown that
APETx2 produces analgesic effects in rats when applied peripherally®. Recently, a study
proposed a rASIC3 model which describes the two possible binding sites for APETX2 in
rASIC3%. According to the model, one site is located in the upper palm region away from the
central vestibule and the other site is just above the wrist region which can modulate the pore

opening. Another toxin called MiTx from Texas coral snake Micrurus tener tener, has been



shown to activate ASIC1a®*. The toxin mambalgin-1 from black mamba Dendroaspis polylepis
polylepis, inhibits currents mediated by ASIC1a%. These are examples of interesting sources for

ASIC ligands.

Peptides, dynorphins and polyamines

The inflammatory mediators like polypeptide molecules Phe-Leu-Phe-GIn-Pro-GIn-Arg-
Phe amide (neuropeptide FF)), and Phe-Met-Arg-Phe amide (FMRF-amide) stimulate current
elicited by homomeric ASIC1a and ASIC3 channels primarily by slowing down the
desensitization’®", In inflammatory conditions, expression of neuropeptide FF increases, which
can modulate currents in rat DRG neurons. The arginine-phenylalanine-amide (RF-amide)
related peptides alter SSD profile of hASIC1a indicating the importance of ASICs in pain and
ischemia”. Also, dynorphins reduce steady-state desensitization of ASIC1a and thus potentiate
the currents, leading to reduced neuroprotection®*. The polyamine spermine, which is a
metabollite in the arginine degradation pathway, increases ASICla activity by reducing steady-
state desensitization and increasing activation from desensitization®®. Also, spermine stimulates
ASIC1a currents in reduced Ca** concentrations and is found to increase neuronal injury after

ischemic stroke.

NSAIDs

The nonsteroidal anti-inflammatory drugs (NSAIDs) are the established medications for
treating pain and inflammation. Their primary mechanism of action is to inhibit the
cyclooxygenase (COX) enzyme involved in prostaglandin synthesis. The NSAIDs also inhibit

ASICs at therapeutic concentrations®. Ibuprofen, aspirin and diclofenac have been shown to



inhibit ASIC1a and ASIC3 currents in sensory neurons as well as heterologously expressed
channels®™. They also reduce the expression of ASIC transcripts in sensory neurons during
inflammation®>*®. Diclofenac and aspirin inhibit steady-state current of rASIC3 and have no
effect on peak current. The 1Cs, for diclofenac in heterologously expressed cells is about 92
1M but in hippocampal neurons it is about 622 uM®. Diclofenac along with the effect on peak
current, also shifted the SSD curve of ASICs to a more alkaline pH and reduced recovery from
desensitization but aspirin didn't have any effect on the SSD curve of ASICs. This indicated that
diclofenac might stabilize the desensitized state of the channel®®.
Guanidinium compounds

The new class of compounds with a guanidinium group act on ASICla and ASIC3 at the
non-proton ligand sensing domain® %%, This site is different from a proton binding site, and
ligands that bind here can modulate pH sensitivity of the channel or can activate channels at
physiological pH. These include synthetic compounds such as 2-guanidine-4-methylquinazoline
(GMQ) and the endogenous arginine metabolites, agmatine and arcaine®® . Amiloride, which is
a guanidine compund can also bind to the non proton ligand sensing domain and potentiate
ASICs’2. These compounds can activate rASIC3 at neutral pH. GMQ modulates the pH
dependence of ASIC3 by shifting the activation and SSD curves of ASIC3 to produce window
current. Window current is a pH range where ASIC3 can activate but do not desensitize.
Similarly, GMQ produces pain after paw injection in rats’®. Recently, our lab showed that,
CASIC1 is sensitive to GMQ and it shifts the proton dependence of cASIC1%". GMQ stimulates
CASIC1 when it is in a persistent-desensitized state after PcTx-1 application®’. A variety of drugs

in the market are guanidine compounds which include antihypertensives, antihistaminics,
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antiinflammatory and, antiviral drugs. Similarly, large group of dietary supplements like
creatine, arginine and, guanidinopropionic acid are guanidine compounds. The arginine amino
acid in these ligands contain positively charged guanidine group that can interact with negatively
charged residues in the channel. Figure 5 shows the structural similarity of creatine with other
ASIC guanidinium ligands. The modulation by guanidine ligands provides a novel mechanism by
which ASICs can be stimulated.

This suggests that ASICs can be modulated by a vast number of ligands through potentially

multiple binding sites.

1.4 Creatine- dietary Supplement

Creatine is a guanidine compound and is produced in the body, particularly by the liver
and kidneys from the amino acids glycine, arginine and methionine®. It can also be obtained in
the diet through fish and meat. Creatine is a common dietary supplement that is available at
many supermarkets or pharmacies and is used primarily by the fitness community to increase
lean body mass. It is considered as very safe due to less side effects. Ninety-five percent (95%)
of the body's creatine is stored in skeletal muscles, with the rest in the liver, kidneys, brain and
heart. Creatine is transported in the brain and skeletal muscles via the creatine transporter
(CrT)®. In the muscles, creatine combines with ATP to form phosphocreatine (pCr) and ADP.

100

The pCr is polar and thus keeps the creatine in muscles . To generate energy, pCr acts as an

intermediate by donating a phosphate molecule to ADP to form ATP'®, Creatine kinase (CK) is

192 Creatine

an important enzyme in the brain and skeletal muscles, which regulates energetics
metabolizes to creatinine, which is completely eliminated from the body. Creatine monohydrate

is the most commonly available form of creatine which is used as a dietary supplement. It is
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usually taken in a dose of 20 g/day (59 g.i.d.{4 times a day}, loading dose) for five days
followed by 5 g/day (5 g.d. {Once a day} maintenance dose)'***%. Creatine intake, though

generally safe, should be monitored by persons with impaired kidney function.

1.4.1 Creatine in neuroprotection and pain pathologies

The pathophysiological conditions in which creatine has a beneficial effect includes

ischemic stroke, osteoarthritis, and muscular disorders which involve perception of pain'®™*’.

108

Creatine has been shown to be protective in ischemic damage in mice™". Creatine-

199 Total brain creatine is

phosphocreatine improves the anoxic damage in rat hippocampal slices
found to be reduced in patients suffering from acute ischemic stroke than normal volunteers**.
Creatine has been beneficial in improving symptoms of muscular disorders and osteoarthritis.

The creatine supplementation improves the muscle strength in patients suffering from muscular

111 Also, children suffering from muscular dystrophy showed improved hand grip

dystrophy
strength after creatine supplementation'*?. Creatine supplementation in women with
osteoarthritis reduced knee stiffness and pain'®’. Creatine improved muscle function in patients

suffering from fibromyalgia'*®

. Also, oral creatine supplementation improved headache,
dizziness, and fatigue in patients suffering from traumatic brain injury'**. With all these
beneficial effects the mechanism by which creatine acts in stroke, osteoarthritis, and muscular
dystrophy is not known.

In this proposal, we will study the effect of a guanidinium compound, creatine, on human

ASICla (hASIC1la) and rat ASIC3 (rASIC3) channel subtypes and determine if creatine

combination with NSAIDs can modulate the rASIC3 channel.
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1.5 Specific Aims:

The neuroprotective effect of creatine has been previously reported where prophylactic
oral supplementation of creatine reduces infarct size in a mouse model of ischemic stroke'®,
Studies have also reported usefulness of creatine supplementation for patients suffering from
osteoarthritis and muscular pain in turn improving their muscle strength and reducing the
pain'®*° Though it is known that creatine improves cellular energetics, the exact mechanism
by which it is beneficial in ischemic stroke and muscular disorders is not clear.

In ischemic events and pain associated with inflammation, the extracellular pH decreases.
Acid-sensing ion channels (ASICs), which are proton sensitive channels, can sense this reduced
pH causing influx of Na* and Ca*" ions. They are expressed in the central and peripheral nervous
systems. The ASIC1a subtype in the CNS is involved in acidity induced neuronal death and
inhibition of ASIC1a channel has been found to be neuroprotective. The ASIC3 subtype in the
periphery senses drop in extracellular pH and is known to mediate an inflammatory pain via pain
pathway. The NSAIDs, which inhibit cyclooxygenase enzyme, have been shown to inhibit
ASICs. The ligands like amiloride, agmatine, arcaine and GMQ, which are known to modulate
ASICs, are guanidinium compounds. Hence, we speculated that creatine, since it is a guanidine
compound, exerts its beneficial effects via ASICs.

We hypothesized that creatine reduces ASIC 1a and 3 proton sensitivity and increases NSAIDs
potency on rASIC3.

The overall goal of this project is to characterize the creatine activity on acid-sensing ion
channel and to determine the mechanism of ASIC modulation by creatine. We have tested the

hypothesis with the following specific aims.
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(1) To characterize the effect of creatine on human acid-sensing ion channel 1a (hASIC1a). (2)
To characterize the effect of creatine on rat acid-sensing ion channel 3 (rASIC3) and to assess

the effect of creatine and NSAIDs combination on ASIC3.

1.6 Significance

This study will focus on the effect of creatine alone on ASICla and ASIC3 and in
combination with NSAIDs on ASIC3, the knowledge of which can be used to identify novel
ligands that can modulate ASICs to have beneficial effects. We anticipate that, successful
completion of this project will provide an insight into the action of creatine on ASICs and open
the door to the use of dietary supplements, based on the rational hypothesis driven research, as
for the use in neuroprotective and nociceptive treatments

In the United States, stroke is the fourth leading cause of death and 1 out of 19 deaths is

due to stroke!®

. The available treatments for stroke include the use of tissue plasminogen
activator (tPA) and/or surgical treatments. The tPA has to be given to the patient within 3 hours
after an ischemic attack. Hence it is critical to find novel therapeutic agents for ischemic stroke.
According to the American Academy of Pain Medicine, more Americans suffer from pain than
they do from heart disease, diabetes and cancer combined™"*?°. The currently available
treatments for pain include non-steroidal anti-inflammatory drugs (NSAIDs) and opioid
analgesics. In patients suffering from chronic pain, NSAIDs can have serious side effects if taken
for a long period of time. Thus, there is a need of agents which can enhance the effect of
NSAIDs with least side effects.

ASICs have been identified to play a critical role in mediating damage after ischemia and

musculoskeletal pain. However, there are very few ligands available which can antagonize these
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channels. The natural venoms which antagonize ASICs are expensive and amiloride is non-
selective for ASIC subtypes and can also inhibit ENaCs . The large extracellular domain of
ASICs offers several ligand binding sites apart from protons®3, This study will determine the
action of a guanidinium compound, creatine, which is a dietary supplement, on ASICst. The
effect of creatine on ASICs will be determined alone and in combination with established pain
medications like NSAIDs. Determining the mechanism by which creatine can modulate ASICs,
will help in understanding its use as a prophylactic in reducing the risk of stroke in patients
suffered from transient ischemic attack (T1A) and to alleviate pain. This will also explain the
mechanism of ASIC modulation by creatine and its use in diseased conditions and in
combination with NSAIDs. Creatine is easily available and is proven to be clinically safe. Thus,
establishing the effect of creatine on acid-sensing ion channels will provide a new avenue for the

use of creatine.
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Figures and Legends
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Fig. 1 Schematic of ion channels in the form of an electrical circuit ( Adapted from Hille B.
1997) (a) Transmembrane ion channel depicted as an electrical circuit. (b) An electrical circuit

showing resistance; R, Capacitor; C, Resting potential; Vrest.
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Fig. 2 Phylogenetic tree of the epithelial sodium channel (ENaC)/Degenerin (DEG) family
of ion channels (Adapted from Kellenberger S.and Schild L. 2002). ENaC- Epithelial sodium
channel. DEG-Degenerin; ASIC- acid-sensing ion channel; FaNaCh- FMRF- amide gated

channel; BLiNaC- Brain liver and intestine sodium channel.
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Fig. 3 The acid-sensing ion channel crystal structure. Chicken acid-sensing ion channel 1
(cASIC1) trimer crystal structure. Each subunit is represented by different colors and has two
transmembrane domains with intracellular amino and carboxyl termini. PDB code 4ANYK (PDB

code from Baconguis and Gouaux 2014).
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Fig. 4 ASIC subunits and activation profiles. (a) Topology of ASIC1a protein. (b) Homomeric
ASICl1la current profiles in heterologous cells (Cos-7 cells) (c) Proton-evoked currents from (i)
DRG neurons, (ii) Heteromeric ASICs, (iii) ASIC3-/- DRG neurons, (iv) heteromeric
ASIC1a/ASIC2a, and (d) ASIC1a currents are primaruly found in neurons (Welsh M.J. et al.

2002, Wemmie, J.A. et al. 2006).
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Fig. 5 Chemical structure comparison of acid sensing ion channel ligands (guanidine

compounds and NSAIDs) and creatine. Red box represents guanidine group in the structure.
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2.1 ABSTRACT

Acid-sensing ion channels (ASICs) are proton sensitive sodium channels that open in response to
lowered extracellular pH and are expressed in the central and peripheral nervous systems. Hu-
man ASICla (hASIC1la) has been associated with pathologies, including neurodegeneration fol-
lowing ischemic stroke, and pain. A growing number of ligands that contain a guanidine group
have shown efficacy in modulating ASIC activity. Furthermore, many of the available over-the-
counter dietary supplements are guanidine-containing ligands. These ligands have been proposed
to supplement established treatments for pain and neurological diseases. We considered that an
over-the-counter dietary supplement creatine, may be efficacious at hASICla. Here, we show
that hASIC1a is sensitive to creatine, a guanidine dietary supplement. In the presence of creatine,
the hASIC1a pH sensitivity was reduced. However, 10 mM creatine reduced desensitization of
hASICla, by influencing the steady-state pH desensitization profile, resulting in more channels
in the closed state that could be activated by low pH, while at the same concentration reduced the
activation pH sensitivity of hASICla. When controlled for desensitization, creatine at higher
concentration also increased the efficacy of hASICla channels by about 40%, indicating that
creatine increases recovery from desensitization. Creatine also increased hASIC1a recovery after
desensitization at conditioning pH 7.2 and slowed down the open-state desensitization. Our data,
taken in the context of neuroprotection following stroke, suggests that creatine’s actions via

ASICla neurodegeneration is best administered as a prophylactic rather than a therapeutic.
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2.2 INTRODUCTION

An emerging target for limiting neurodegeneration following ischemia and possibly
neuroprotection are the acid-sensing ion channels (ASICs)*™. ASICs are proton sensitive chan-
nels that sense changes in extracellular acidity leading to the influx of Na* and Ca*" ions>®. Of
the multiple ASIC subtypes, ASIC1a is robustly expressed in the central nervous system and
mediates low pH-driven neuronal death through the resulting influx of calcium’. Inhibiting the
activity of neuronal ASIC1a has been shown to reduce neuronal cell death following ischemia®®
suggesting that inhibiting ASIC1a can be neuroprotective®. The interest in ASIC has been further
solidified with the resolution of the ASIC three-dimensional structure'®*2. Furthermore, the large
ASIC extracellular domain may house additional ligand-binding sites. The ASIC ligand
amiloride, a guanidine group containing antagonist is both potent and inhibits all ASIC sub-

types™. Along with amiloride, other guanidine compounds such as 2-guanidine-4-

14-16 15,17 6,18,19

methylquinazoline™ ™, agmatine™"and, the other closely related polyamines and peptides
have efficacy on acid-sensing ion channels.

A preventative dietary supplement that could minimize neurodegeneration would be of
significant clinical importance in the prevention of stroke-induced neuronal death. One such die-
tary supplement that has demonstrated efficacy in neuroprotection is creatine, an over-the-
counter guanidine-containing compound. Creatine is a commonly used nutraceutical/dietary sup-
plement available through a variety of formulations. Endogenously, creatine is produced from
glycine, arginine, and methionine?. Additionally, creatine has been the subject of peer-reviewed
research and clinical trials to assess the beneficial effects of this dietary supplement in age-

associated diseases®’. Furthermore, studies have shown that prophylactic creatine oral supple-

mentation reduces infarct size in a mouse model of stroke?. Creatine restored the energy defi-
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ciency in an anoxic model in neonatal mice, demonstrating creatine’s neuroprotection®. Fur-
thermore, total brain creatine is reduced in patients suffering from acute ischemic stroke than
normal volunteers®. The possible mechanism of creatine’s neuroprotective effects and if there
are other pathways to elicit these neuroprotective effects remains unclear.

Due to creatine’s possession of a guanidine group like other ASIC ligands, we hypothe-
sized that creatine inhibits the activity of human ASICla (hASIC1a). We sought to assess the
creatine efficacy on hASIC1la using whole-cell patch clamp electrophysiology and the endoge-
nously expressed hASIC1a found in human embryonic kidney (HEK293t) cells. We observed a
reduction in the proton sensitivity of hASIC1 in the presence of 5 and 10 mM creatine. Further-
more, we saw a shift in the hASIC1a steady-state desensitization curve to acidic pH values with
10 mM creatine, indicating that creatine increases recovery after desensitization. Additionally,
creatine reduces open-state desensitization at 5 and 10 mM. Also, the typical desensitization ob-
served with repeated stimulation of hASIC1a at pH 6.0 is reversed as the conditioning pH de-
creases. This suggests that creatine’s modulatory effects occur when the channel is in a desensi-
tized state. Our results suggest that hASIC1a is influenced by the creatine and it changes the pro-
ton sensitivity and desensitization of ASIC1la possibly by stabilizing the closed state of the chan-
nel. The observed reversal of ASIC desensitization at high concentrations of creatine suggest that
the dietary supplement may be more suited as a prevention and higher concentration after an is-

chemic event could be detrimental.
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2.3 MATERIALS AND METHODS

2.3.1 Cell culture: Human embryonic kidney cells constitutively expressing simian virus 40
(SV40) large T-antigen (HEK293t) were obtained from (American Type Culture Collection,
USA). They endogenously express hASIC1a subtype®. HEK293t cells were cultured in Dulbec-
co's Modified Eagle Medium (DMEM) (Life Technologies, New York, USA) with 10% fetal bo-
vine serum (Denville Scientific Inc., New Jersey, USA) and 1% penicillin-streptomycin (Cellgro,
Virginia, USA) in a CO, (5%) incubator at a temperature of 37 °C. HEK293t cells were plated
(cell confluency, 200,000 cells/ml) in a 35-mm tissue culture dish and were allowed to adhere to

square glass coverslips for 24 hours prior to electrophysiology recording.

2.3.2 Chemicals: Creatine monohydrate was obtained from Sigma-Aldrich (#C-3630). Creatine
test solutions were prepared fresh on the day of recording. The pH and osmolarity of all test solu-

tions was adjusted using N-methyl D-gluconate (NMDG) and sucrose solution, respectively.

2.3.3 External and internal (pipette) solutions:

The extracellular solution used for recording consisted of (in mM): NaCl (150), KCI (5), HEPES
(5), MES (5). The CaCl; (1 mM) was added to extracellular solution on the day of recording. The
internal (pipette) solution consisted of (in mM): KCI (100), MgCl, (5), EGTA (10), HEPES (40),
NaCl (5) buffered to pH 7.4. N-methyl D-glucamine and HCI were used to adjust the pH of re-

cording solutions.

2.3.4 Whole-cell patch-clamp electrophysiology: External and internal (pipette) solutions used
in this study were described previously. Patch pipettes were pulled from borosilicate glass capil-

lary tubes (Sutter Instruments P97 brown filament puller) and were fire polished to 3-10 MQ re-
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sistance. Patch-clamp recording was performed on an inverted microscope with a computer driven
pinch-valve array of perpendicular capillary tubes using an Axopatch 200B amplifier and
pCLAMP10 data acquisition and analysis software (Molecular Devices), filtered and sampled at 5
and 10 kHz, respectively. All recordings were performed at room temperature and at a holding
potential of -70 mV. Data are presented and analyzed using OriginLab 8.0 and GraphPad Prism 6.

For direct activation, patched cells were activated with pH 6.0 (Control) solution followed
by pH 8.0 and 7.4 solution contaning 5 mM creatine (Fig.1). Cells plated on coverslips were
placed in an external solution and test solution (pH 5.5, 7.0, 6.75, 6.5, 6.25, 6.0) in the absence
and presence of creatine were applied for 5 seconds with a washout period of one minute between
exposures to generate a hASIC1la activation pH-response profile while being normalized to pH
5.5 (Fig.2). Each pH-response profile was generated with exposure to control followed by expo-
sures from high pH to low pH. For 10 mM creatine, the maximal peak current amplitude was ob-
tained using pH 5.0 and creatine. For the hASICla steady-state pH-activation profile, patched
cells were exposed to pH 8.0, 7.75, 7.4, 7.25, 7.0, and 6.75 in the presence and absence of creatine
for 1 minute prior to exposure to pH 5.5 in the absence of creatine(Fig.3). The responding low pH
mediated current was normalized to the response observed at pH 8.0. To assess the effect of
channel desensitization on creatine efficacy, we exposed patch-clamped cells to pH 5.0, followed
by the test solution, and finally an additional exposure to pH 5.0 solution. The test peak current
amplitude was normalized to the average of flanking currents (Fig.4). The data was plotted for 5
and 10 mM creatine. The open-state desensitization was assessed in hASICla by exposing patch-
clamped cells to pH 6.0 at conditioning pH of 8.0 followed by pH 6.0 solution containing 5 or 10
mM creatine at 1 minute intervals (Fig.5). The currents were scaled for comparison and overlayed

to determine the difference in desensitization in the absence and presence of creatine. The
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hASICla channel was repeatedly activated with pH 6.0 to determine the desensitization from a
conditioning pH 8.0, 7.4 or 7.2. A control response was obtained using pH 6.0 in the absence of
creatine and were followed by pH 6.0 with 5 or 10 mM creatine (Fig.6). A one-minute washout
separated each recording. Where applicable, each open-state desensitization profile was fit with a
monoexponential function to compare changes in desensitization in the presence and absence of

creatine.

2.3.5 Data analysis: Data was analyzed using GraphPad Prism6 and OriginLab 8.0 software. The
current elicited in the absence and presence of creatine at test pH was normalized to the maximum
peak current amplitude observed with their respective pH solution controls. Two groups were
analyzed using the unpaired student t test. The concentration-response profiles were compared
using sum-of-square F-test in prism 6 (GraphPad). The kinetics of desensitization at different
conditioning pHs in the presence and absence of creatine were fitted to the exponential equation
(One phase decay). The time constants (1) are reported. The desensitization kinetics data was ana-
lyzed by one way ANOVA followed by Tukey's multiple comparison test. Data are the mean £

SEM.
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24 RESULTS
2.4.1 Creatine failed to activate hASICla channel.

Nonproton ligands, which contain a guanidine group, have been shown to directly acti-
vate acid-sensing ion channels, specifically ASIC3'®. Although there has been no reported evi-
dence that these guanidine compounds activate hASIC1a, we applied 5 mM creatine to hASIC1a
at conditioning pH 8.0 and 7.4. At both conditioning pH values, we failed to observe creatine
mediated direct activation of hASIC1la (Fig.1). Hence we sought to determine its effect on the

proton sensitivity of the channel.

2.4.2 Creatine reduced hASIC1la pH sensitivity.

We performed pH activation and steady-state desensitization experiments to determine
creatine's influence on the proton sensitivity of the channel. We exposed patched HEK293t cells
that express hASIC1la to lower pH values to generate an activation profile. A rapid reduction of
pH from alkaline conditioning solution (pH 8.0) resulted in a transient inward current (Fig.2a).
The peak current amplitude of endogenous hASIC1la increased as the pH was decreased (Fig.2e).
The hASIC1la half-maximal value of activation (activation pHso) was 6.52 + 0.02 with a Hill co-
efficient of 2.13 + 0.17. After establishing a control response for hASIC1a, we sought to deter-
mine the effects of creatine on the activation profile of this acid-sensing ion channel. Addition of
3mM creatine did not affect the pH sensitivity of the channel and a pHsp was 6.39 + 0.03 (n>4, p
= 0.520) with a Hill coefficient of 1.89 + 0.23 (p = 0.61) (Fig.2b,2e). Additions of 5mM creatine
to the test solutions were used to assess the effect of creatine on the channel’s proton sensitivity
(Fig.2b, 2e). At this concentration, creatine reduced proton sensitivity in the hASIC1a to a de-

termined pHsp of 6.26 + 0.03 (n>4, p<0.0001 compared to the control) with a Hill coefficient of
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1.65+ 0.17 (n>4, p=0.032 compared to control). Furthermore, the inclusion of 10 mM creatine
further reduced the activation pHso, a value of 6.11 &+ 0.06 (n>4, p<0.0001 compared to control)
and Hill coefficient of 0.98 = 0.11 (n>4, p<0.0001 compared to control) (Fig.2¢c, 2¢). These val-

ues are summarized in Table 1.

2.4.3 Creatine at 10mM shifts hASICl1a SSD profile to lower pH values.

After determining the effect of creatine on an activation profile of hASIC1a, we sought to
determine its effect on the steady-state desensitization (SSD) profile of hASIC1a. This is critical,
unlike other ligand-gated ion channels, as protons are always present in solution and influence
the activity of acid-sensing ion channels. Thus, a steady-state desensitization profile provides an
estimate of the number of channels available for opening after exposure to increasing acidic test
solutions as insults. The SSD profile of hASIC1a was obtained by exposing patched cells to dif-
ferent conditioning pH (for 1 minute) prior to activating with pH 5.5. The currents measured
were normalized to the maximum peak current amplitude observed at pH 5.5. The control re-
sponse to conditioning pH resulted in an hASIC1a SSD pHs value of 7.32 + 0.01 with an asso-
ciated Hill coefficient of 6.91 + 1.13 (Fig.3a, 3e). Near physiological pH (~ pH 7.35), about 30%
of the hASIC1a protein was found in the desensitized state and unresponsive to exposures of low
pH. We sought to determine if creatine influenced steady-state desensitization of hASICla. With
3 mM creatine, the hASICl1a SSD pHsp was 7.30 £+ 0.02 (n>4, p = 0.1235) and a Hill coefficient
of 2.69 £ 0.35 (p = 0.044) (Fig. 3b, 3e). With conditioning pH and 5 mM creatine, the hASIC1
SSD pHsp was not significantly different than the control. At 5 mM creatine, the hASICla SSD
pHso was 7.36 + 0.02 (p = 0.1217) with a Hill coefficient of 9.86 + 3.75 (p = 0.3685) in at least

four distinct cells (Fig.3b, 3e). In the presence of 10 mM creatine, there was an observed increase
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in availability of channels to be opened by acidity (Fig.3c,3e). The hASICla SSD pHso with 10
mM creatine in the conditioning solution was 7.21 + 0.02 (p = 0.0007, compared to the control)
with a Hill coefficient of 5.38 £ 1.08 (p = 0.3944, compared to control), reflective of a significant

reduction of hASICla SSD pHsg by creatine.

2.4.4 Creatine increases efficacy of hASICla at 10 mM

Our coapplication of low pH and creatine to assess changes in pH potency may introduce
a confounding influence of channel desensitization. To control for desensitization in hASICla
channel, we exposed patched cells to test solutions by flanking with pH 5.0 as a control. The re-
sponse to test pH solutions with or without 5 or 10 mM creatine was normalized to the response
obtained by average of pre and post exposure to pH 5.0 solution. Creatine activation curve at 5
mM did not increase the efficacy of the channel. With 10 mM creatine, we observed an increase
in efficacy of hASIC1a by about 40% which was significantly different compared to control (p =
0.0076) (Fig.4). We could not determine the pHsp values for efficacy. The traces for control, 5
mM and, 10 mM creatine efficacy in supplementary Fig. 1,2, and 3 show the effect of creatine on
efficacy of hASICla. We observed the differences in steady-state currents elicited by control pH
5.0 in efficacy experiment. The graph of percentage of steady-state current [(Iss/Ipeak)*100] vs
first and last (9th) application of pH 5.0 solution for control and test was plotted. The intermedi-
ate applications with increasing pH solutions contained, no creatine (Black square), 5 mM crea-
tine (Red circles) or 10 mM creatine (Blue traingle), represented in supplementary figs 1,2 and 3.
When intermediate applications contained 10 mM creatine, steady-state current for last pulse was
significantly increased from 12% (control) to 56% (10 mM creatine) (p = 0.0125) (supplemen-

tary Fig.4). Data represented as mean = SEM (n > 4).
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2.4.5 Creatine delays open-state desensitization of hASICla.

During our studies, we observed striking differences in channel kinetics in the current
generated in the presence of creatine (Fig.5a, 5¢). The hASICla steady-state currents observed
while in the presence of low pH 6.0 and creatine at 5 and 10 mM creatine were distinct from
their respective control and washout currents. To assess the changes in desensitization during the
course of hASIC1a exposure to creatine, we measured the percent desensitization (%Des) fol-
lowing the peak current amplitude at 0.5, 1, and 3 seconds (Fig.5, Table 2). The overlay of cur-
rent profiles shows the difference in desensitization profiles observed after application of 5 and
10 mM creatine (Fig.5a, 5¢). The bar graph represents percent desensitization calculated after 5
mM (Fig.5b) and 10 mM (Fig.5d) creatine application. The influence of creatine on the percent
desensitization at 0.5 seconds (%Des 5) was not significantly different from the control in the
presence of 5 or 10 mM creatine. The measured %Des at 1 second for 5 mM creatine and 10 mM
creatine was not significantly different compared to the control. The 10 mM creatine %Des for
control at 3 sec (83.96 + 1.14, n=4, p= 0.0013) was significantly different than the control %Des
for 10 mM creatine at 3 seconds (91.26+0.60). These values are summarized in Table 2. The
overall, the observed differences in %Des values in the presence of creatine suggest that the crea-

tine slows down the hASIC1a open-state desensitization at 10 mM.

2.4.6 Creatine increases recovery after desensitization at conditioning pH 7.2.
One limitation with hASIC1a is that it undergoes desensitization with repeated exposure
to low pH solutions®. The creatine effect on hASIC1a desensitization has not been studied be-

fore. After an initial exposure of patched HEK293t cells to pH 6.0, we repeated applications of
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pH 6.0 with the dietary supplement for 5 seconds with a recovery period of 1 minute between
exposures (Fig.6). The conditioning pH values of 8.0, 7.4 and 7.2 were used.

Because of channel desensitization, the hASIC1a peak current amplitude dimin-
ished over time from the initial pH 6.0 peak current amplitude in the control, 5 mM, and 10 mM
creatine recordings at conditioning PH 8.0 (Fig.6a). The control peak current amplitude appeared
to plateau to approximately 50% of the initial peak current amplitude. In the corresponding re-
cording applications with creatine present, the pH 6.0 peak current amplitudes at 5 mM and 10
mM creatine concentrations diminished as well, indicating desensitization. However, these peak
current amplitudes were not significantly different compared to the control. The one way ANO-
VA to compare the means for exponential decay suggest that, means of + 5mM creatine and +
10 mM creatine are not significantly different from control at conditioning pH 8.0. The time con-
stants (1) for exponential decay are summarized in Table 3.

At a conditioning pH of 7.4, hASIC1a peak current amplitude diminished with higher
magnitude compared to conditioning pH 8.0 (Fig. 6b). For a 7.4 conditioning pH, the control
peak current amplitude diminishes to approximately 30% of the initial peak current amplitude.
The repeated applications of creatine (5 mM and 10 mM) in the presence of low pH exhibited
desensitization. However, only the initial response to pH 6.0 and 5 mM creatine fractional open
value was 0.89 +£0.02 of the initial pH 6.0 peak current amplitude and was significantly different
than desensitization observed in the absence of creatine at the equivalent application, a 0.80 +
0.03 fraction of the respective pH 6.0 peak current amplitude (p = 0.045). The one way ANOVA
to compare the means for exponential decay suggest that, the means of + 5mM creatine and + 10
mM creatine are not significantly different from control. The time constants (1) for exponential

decay are summarized in Table 3.
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At conditioning pH of 7.2, the peak current amplitude with pH 6.0 diminished to about
47% of the initial peak current amplitude (Fig 6c). At conditioning pH 7.2, most of the hASIC1a
channels are desensitized. However, 5 mM and 10 mM creatine increase recovery from desensi-
tization significantly at conditioning pH of 7.2 and the current diminished to about 65% of the
initial peak current for 5 and 10 mM creatine. The one way ANOVA to compare the means for
exponential decay suggest that, means of + 5mM creatine (p= 0.032) and + 10 mM creatine (p=
0.030) are significantly different from control. For conditioning pH 7.2, we were unable to fit the
test data (5 and 10 mM creatine) to one phase decay equation. This suggests that creatine altered
desensitization that differs from exponential decay. The time constants for exponential decay for

control, 5 mM creatine and 10 mM creatine at varying conditioning pHs are listed in the Table 3.
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2.5 DISCUSSION

We have demonstrated that the creatine reduces the proton sensitivity of hASIC1a at 5
and 10 mM (Fig.2) but also shifts steady-state desensitization curve to lower pH values at 10
mM (Fig.3). When controlled for desensitization, creatine at 10 mM concentration increases
hASICla efficacy by about 50% (Fig.4), suggesting that creatine is able to recover channels from
desensitization. ASICla open-state desensitization kinetics is also influenced by creatine (Fig.5),
as creatine slowed the open-state desensitization. Also, at acidic conditioning pH, when most of
the channels are in the desensitized state, creatine increases recovery from desensitization
(Fig.6). These effects of creatine were similar to the effects observed with spermine on hASICla

channel®

. Spermine, an endogenous polyamine, has been shown to activate hASICla channel
and modulates channel desensitization to increase the channel’s recovery. Similarly, Alijevic and
Kellenberger show that 2-guanidine-4-methylquinazoline (GMQ) (1 mM) shifts the hASIC1a
activation curve and steady-state desensitization curve to more acidic pH values, suggesting that

GMQ binding site is accessible in desensitized state of the hASIC1a channel®

. Also, peptides
like RF-amide and dynorphins were shown to shift steady-state desensitization profile of
hASIC1a to acidic pH values®®. But other polyamines putrescine and spermidine don't affect
hASIC1a significantly'®. We observed that the shifts in hASIC1a pH sensitivity and effects on
desensitization occurred at high creatine concentrations (5 and 10 mM).

Creatine is an endogenous guanidine compound?” that is a commonly used dietary sup-
plement?®. Typically, the suggested supplementation of an over-the-counter creatine consists of
two phases: a loading phase and a maintenance phase. In the loading phase, creatine intake regi-

men is 20 grams/day for 5 days. This is typically followed by a maintenance phase consisting of

a daily dose of 5 grams of creatine”*°. Within the loading phase of creatine, the serum levels of
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creatine are 2.17 + 0.66 mM®. Although the measured serum levels of creatine are lower than
our experimental concentrations, the concentrations used support that the studied creatine con-
centrations are physiologically relevant and that the observed effects in our report may occur at
in vivo acid-sensing ion channels. Furthermore, 5 mM creatine has been shown to exert
neuroprotective effect in a hippocampal cell culture model of neuronal degeneration®. Thus, the
concentrations we have selected are similar to clinically relevant serum creatine concentrations
and could be achieved by individuals that ingest this dietary supplement.

The local concentration of creatine where ASIC1a is found is not known. Human ASICla
is found in the central nervous system at synapses, where local concentrations of ligands and
neurotransmitters would be the most robust. One published report found evidence to suggest that
creatine was released in response to excitatory action potentials®>. The authors observed that re-
moving calcium attenuated the resulting creatine release providing evidence to support that crea-
tine may be released in a manner similar to conventional neurotransmitters. However, the quanti-
ty of creatine released into the synapse correlates with these concentrations to modulate the acid-
sensing ion channel remains unclear. One possibility is that the creatine concentration following
excitatory stimulation is high, similar to the proton concentration fluctuations following an ac-
tion potential. Li et al.>* estimate that within a sufficiently small region in the brain, pH fluctu-
ates to hASIC1la activating values (pH 6.5) with the addition of a few proton ions. Perhaps crea-
tine supplementation further increases the amount of the guanidine dietary supplement in the
synapse in addition to the released creatine.

One aspect of hASIC1a activity that should be taken into account is the sensitivity of the
channel to high concentrations of creatine. The creatine concentration studied here, 10 mM, is

higher than what is observed in patients or athletes who ingest creatine as a supplement. In the
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steady-state desensitization studies, the hASICla SSD pHs, value is decreased, significantly,
from 7.32 to 7.2. At pH 7.32, hASIC1a has 50% of the channels in the protonated-desensitized
state, while 10 mM creatine hASIC1a had fewer than 20% of the channels in the desensitized
state. Similarly, when desensitization was introduced in the channel, creatine at 10 mM concen-
tration, increased hASIC1a efficacy by about 40%. We also observed a significant increase in
steady-state current from first application to last (9th) application of control 5.0 solution in 10
mM cretine efficacy curve. The steady-state current in ASICs is a non-desensitizing current
which mediates damage after ischemic stroke and pain. This, under physiological conditions,
suggests that high levels of creatine may not be as beneficial as lower (5 mM) creatine concen-
trations. This is the opposite of what was observed for hASIC1 in the presence of 5 mM creatine.
There was no significant change in the SSD pHso, when hASICla was exposed to 5 mM creatine
compared to the control. If a novel therapeutic were to be used that targets hASIC1la by modulat-
ing the steady-state desensitization properties of the channel, the compound should increase the
percentage of channels that are in the desensitized state. However, creatine may act to increase
the number of ASICs in the closed state. This would explain both reduced pHs of steady-state
desensitization and reduced number of the channels in the desensitized state while in the pres-
ence of the dietary supplement.

In case of ischemic stroke, local brain pH is reduced. Creatine reduced hASIC1a proton
sensitivity, which suggested that the dietary supplement has potential as a neuroprotective agent.
However, the mechanism of creatine’s suggested loading/maintenance dosing regimens suggest
that creatine may not be efficacious following an ischemic event. Administration of creatine to
reach this concentration may be difficult to achieve and not safe for a patient following a stroke.

Creatine may have maximal efficacy as a prophylactic, preventative treatment for ischemia and
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22,23,35 and

stroke. Studies have shown that creatine is neuroprotective in cases of ischemic stroke
other age-related diseases 2*. In vitro, creatine has been shown to protect cells from excitotoxicity
and creatine concentrations as high as 10 mM do not affect the cells adversely®?. However, the
mechanism by which creatine mediates this neuroprotection has not been clear. Some have at-
tributed the neuroprotective effect of creatine to its role in supporting brain energy or metabo-
lism®. To regenerate the energy stores in neurons, time is a factor. Our results suggest that crea-
tine modulation of hASIC1a occurred rapidly. A non-ion channel mechanism would require time
for creatine to be transported and converted to ATP. If creatine had only an effect on the cell en-
ergy, the short duration of our recording protocols would fail to observe these effects.
Furthermore, the effects of creatine on hASIC1a desensitization are of interest. Specifi-
cally, the ASIC1a subtypes of these proton-sensitive ion channels undergoes desensitization and
tachyphylaxis, which is the reduction of peak current amplitude following repeated exposures to
lower pH (increased protons). Proton tachyphylaxis had been observed early in the history of

the acid-sensing ion channel®

and has become a fundamental property of the ASIC1a subtype.
Expressed hASICla in HEK293t cells show desensitization at conditioning pH values pH 8.0,
the physiologically relevant pH 7.4 and pH 7.2 (Fig.6). The desensitization of hASICla was
more striking at pH 7.2. Furthermore, it was at this pH that we observed creatine’s recovery from
desensitization. One possible explanation for this is that creatine prevents additional hASIC1a
proteins from entering a desensitized state?®. From a pH 8.0 conditioning pH, exposures to a low
pH environment in the absence and presence of creatine showed similar profiles. At conditioning
pH 7.4, desensitization profile in presence of creatine began to diverge from the control and at

7.2 conditioning pH creatine significantly reduced desensitization. Thus, creatine may prevent

channel desensitization by shifting the acid-sensing ion channel to a closed state that can be acti-
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vated by low pH. Finally, at conditioning pH 7.2, creatine reduces the extent of tachyphylaxis.
This prevention of tachyphylaxis, if encountered in vivo, would counteract the neuroprotective
effects that creatine may accomplish by resetting ASIC1a for further activation.

In conclusion, creatine modulates endogenous hASIC1a by reducing the pH sensitivity of
activation and modulating the desensitization of the channel. The reduction in pHs, of steady-
state desensitization, increase in efficacy at 10 mM and recovery from desensitization from low
conditioning pH suggests that creatine can result in ASIC1a channels available for activation af-
ter persistent acidification. Furthermore, it is reasonable to consider that creatine may exacerbate
the effects of ischemia, similar to the polyamine spermine if administered following the ischemic
event. Creatine’s utility as a neuroprotective agent may be before the insult occurs, limiting the
dietary supplement’s efficacy to that of a preventative measure. Thus, under strict adherence to
suggested use, creatine may be a simple dietary supplement that may have an effect through
ASIC-mediated pathway. Additional characterization of creatine’s activity on other ASIC sub-
types will be required to assess the overall role of creatine in the ischemic stroke and possibly

other ASIC-mediated disorders.
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Table 1. Summary of hASICla activation pHsy and Hill coefficients in the presence and ab-
sence of creatine. Creatine was present in the activating pH test solutions (Activation) or the

conditioning pH (Steady-state desensitization). Italics indicate significance.

Activation Steady-state Desensitization
pHso P value Hill, n P value pHso P value Hill, n P value
Control  6.53 £ 0.02 - 2.13+0.17 - 7.32+£0.01 - 6.91+ -
1.13
Creatine
+3 mM 6.39+0.03  0.520 1.89+£0.23 0.61 7.30+0.02 0.1235 2.69 + 0.044*
0.35
+5 mM 6.26 + <0.0001 1.65+0.17* 0.0317 | 7.36+0.02 0.1217 9.86 + 0.3685
0.03*** 3.75
+10 mM 6.11 + <0.0001 0.99 + <0.001 721+ 0.0007 538+ 0.3944
0.06*** 0.11%** 0.02%** 1.08
*, p<0.05
** p<0.01

*** p<0.001 Compared to control.
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Table 2. Summary of hASICla percent desensitization in the presence and absence of crea-

tine at 0.5, 1 and 3 sec after peak current. Italics indicate significance.

5 mM Creatine

10 mM Creatine

Time %Des, control  %Des, creatine P val- | %Des, control %Des, creatine P value
ue

0.5 19.82 +1.76 20.42 + 4.63 0.9094 21.55 + 4.59 19.33+2.52 0.6864

sec

1 sec 50.64 +2.91 40.82+4.12 0.1234 52.13 +5.39 39.50 + 3.59 0.0990

3sec 87.73+1.70 83.24 +1.63 0.1239 91.26 + 0.60 83.96+1.14** 0.0013

** 0<0.01

Compared to control
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Table 3. Summary of time constant tau (t) for hASIC1la desensitization at conditioning pH

8.0, 7.4 and 7.2.
7 value for desensitization
Condition 8.0 P value 7.4 P value 7.2
Control 3.53+1.41 3.64+1.54 2.44+1.0
+5 mM Creatine 5.4+1.8 0.4447 6.05+2.21 0.4054 ND
+10 mM Creatine | 4.52+1.0 0.5876 4.0+1.3 0.8604 ND
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2.6 FIGURES AND LEGENDS
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Fig. 1. Creatine failed to activate hASIC1la at conditioning pH of 8.0 and 7.4. Patched
HEK?293t cells were exposed to a Control (pH 6.0, conditioning pH 8.0) and 5 mM creatine (red)
at activation pH of 8.0 and 7.4 (conditioning pH 8.0) to determine the direct activity of creatine

on hASICla.
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Fig.2. Creatine reduced hASIC1la proton sensitivity (a) Control, (b) + 3 mM creatine, (c) +5
mM creatine, and (d) + 10 mM creatine, represents whole-cell patch-clamp recording current for
hASICla activation. (e) Summary of activation profiles of endogenous hASIC1a recorded in
HEK?293t cells. Switching from conditioning pH 8.0 to increasingly acidic test solutions generat-
ed the hASIC1a pH activation profiles. The hASIC1la pH-response profiles for control (black
square) had a calculated pHsp value of 6.53 + 0.02 with a Hill coefficient of 2.13 + 0.17, + 3 mM
creatine (green star) had a calculated pHs, value 6.39 + 0.03 and Hill coefficient of 1.89 £+ 0.23,+
5 mM creatine (red circle) had a calculated pHso value of 6.26 + 0.03 and Hill coefficient of 1.65
+0.17, and +10 mM creatine (blue triangle) had a calculated pHs, value of 6.11 + 0.06 with a
Hill coefficient of 0.99 + 0.11. Data represented as mean = SEM of at least four individual cells

per data point. Vertical and horizontal scale bars are in picoAmperes and seconds, respectively.
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Fig.3. Creatine at 10 min shifts steady-state desensitization curve to more acidic pH (a)
Control, (b) +5 mM creatine, and (c) + 10 mM creatine, represents whole-cell patch-clamp cur-
rent recordings for hASIC1la steady-state desensitization. (d) Summary of steady-state desensiti-
zation (SSD) profiles of endogenous hASIC1a recorded in HEK293t cells. Exposing patched
cells to varying conditioning pH values before applying a pH 5.5 solution generated steady state
desensitization curve. The SSD profiles of control (black square) had an SSD pHsg value of 7.32
+ 0.01 with a Hill coefficient of 6.91+1.13, + 3 mM creatine (green star) had an SSD pHs, value
of 7.30 + 0.02 with a Hill coefficient of 2.69 + 0.35, + 5 mM creatine (red circle) had an SSD
pHso value of 7.36 + 0.02 with a Hill coefficient of 9.86 + 3.75, and + 10 mM creatine (blue tri-
angle) had an SSD pHs value of 7.21 + 0.02 with a Hill coefficient of 5.38 + 1.08. Data repre-
sented as mean = SEM (n > 4). Vertical and horizontal scale bars are in picoAmperes and se-

conds, respectively.
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Fig. 4. Creatine increases efficacy of hASICla at 10 mM

Summary of efficacy profiles of endogenous hASIC1a recorded in HEK293t cells in the absence
and presence of creatine. Recordings were generated by switching between conditioning pH 8.0
to increasingly acidic test solutions, which were flanked with exposures to pH 5.0. Responses in
the presence of 5 mM creatine (red circles) had maximal response of 89.31 + 7.8% compared to
control. In the presence of 10 mM creatine (blue triangles) the response increased significantly to
140.7 £ 11.3% of the control (91.44 £+ 4.15%) (p= 0.0076). Data represented as mean + SEM of
at least four individual cells per data point, with the percent peak current compared to an average

of the pre- and post- pH 5.0 peak current amplitudes (see Supplementary Figs. 1, 2, and 3).
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Fig.5. Creatine slows the open-state desensitization of hASICla (a) Overlay of control and +
5 mM creatine traces obtained after activation with pH 6.0 solution. (b) Bar graph indicating %
desensitization of hASIC1a at 0.5 sec, 1 sec and 3 sec after peak current amplitude. The percent
desensitization (%Des) at 0.5,1, and 3 sec after 5mM creatine application was not significantly
different compared to control (50.64 £ 2.9%). (c) Overlay of control and + 10 mM creatine traces
obtained after activation with pH 6.0 solution. (d) Bar graph indicating percent desensitization of
hASICla at 0.5 sec, 1 sec and 3 sec after peak current amplitude. The %Des value, at 3 sec of the
10mM creatine exposure at pH 6.0 value was 83.96 * 1.14 (p= 0.0013) was significantly differ-

ent when compared to %Des of the control (91.26 +0.60%) (**p < 0.01).
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Fig.6. Creatine recovers endogenous hASIC1la from desensitization in conditioning pH of
7.2. Summary of repeated activation of hASIC1a is shown along with a reduction in peak current
amplitude at pH 6.0 (control), and in the presence of either 5 or 10 mM creatine from a condi-
tioning pH 8.0 (a). Summary of normalized peak current amplitude to the control (pH 6.0 peak
current amplitude) along with pH 6.0 and 5 or 10 mM creatine conditioning pH 7.4 (b). Only the
initial application of 5 mM creatine in the presence of low pH was determined to be statistically
significant when compared to the equivalent point in the absence of creatine (desensitization at
the second exposure: 0.80 * 0.03; desensitization in the presence of 5 mM creatine at the second
exposure: 0.89 £ 0.03, p = 0.045). Summary presentation of repeated activation of hASICla wth
pH 6.0 in the absence (control) or presence (5 or 10 mM creatine) at conditioning pH 7.2 (c). A
one-way ANOVA used to compare the means between control, with 5 mM (p = 0.032) and 10
mM (p = 0.030) creatine being significantly different than the control. A [1ges Was not determined
for pH 6.0 with 5 or 10 mM creatine from a conditioning pH 7.2 as these data deviated from
monoexponential decay. All peak current amplitudes were normalized to the first control pulse in
the absence of creatine. Only one repeated application protocol was performed per individual cell

(n>4). Data are shown as the mean + SEM.
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Supplementary Fig. 1. Control whole-cell patch-clamp recording of creatine efficacy on the
hASIC1a efficacy assessment to account for the effects of channel tachyphylaxis. Observed
responses to pH from an individual cell expressing hASIC1a in the absence of creatine. The trac-

es show test pH responses to reducing pH solutions in between exposures to the control (pH 5.0).
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Supplementary Fig. 2. Whole-cell patch-clamp recordings of hASIC1a in the presence of 5
mM creatine to account for the effects of channel tachyphylaxis. Observed responses to pH
from an individual cell expressing hASIC1a in the presence of 5 mM creatine (red), which are

found between exposures to the control
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Supplementary Fig. 3. Whole-cell patch-clamp recordings of hASIC1a in the presence of 10
mM creatine to account for the effects of channel tachyphylaxis. Observed responses to pH
from an individual cell expressing hASIC1a in the presence of 10 mM creatine (blue), which are

found between exposures to the control.
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Supplementary Fig. 4. The hASICla steady-state current is more robust with 10 mM crea-
tine. Summary of the percentage of steady-state current observed after the initial and last appli-
cation of control pH 5.0 is shown. Data were pooled and analyzed from experiments shown in
Supplementary Fig. 1, 2, and 3 for control (black square), in the presence of 5 mM creatine (red
triangle), and in the presence of 10 mM creatine (blue triangle). The initial steady state current
amplitude for the control (black square) was 2.49 + 0.95%, in the presence of 5 mM creatine (red
circles) was 7.70 = 4.43%, and in the presence of 10 mM creatine (blue triangles) was 11.2 +
3.53%. The mean current amplitude for the pH 5.0 at the end of the recording protocol are 15.60
+ 9.60% for the control, 22.23+ 6.20% when in the presence of 5 mM creatine, and 57.94 +
8.40% when in the presence of 10 mM creatine. The measured hASIC1a steady-state current
amplitude for 10 mM was statistically significant compared to the control (p = 0.0125). Data are

presented as the mean + SEM from four or more individual cells (*p < 0.05). SS, steady-state.
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3.1 ABSTRACT:

Acid-sensing ion channels (ASICs) are sodium channels which are sensitive to extracellular
protons. They are expressed in the central and peripheral nervous system. The ASIC3 subtype
has been involved in pathophysiological conditions such as pain and epilepsy. A variety of
synthetic and endogenous ligands modulate ASIC3 subtype. Most of these ligands have been
observed to contain a guanidinium moiety. We tested the effect of a dietary supplement, creatine
on rat ASIC3 (rASIC3). Creatine is available over the counter and is used primarily by the
fitness community to build lean body mass. Creatine supplementation has also shown beneficial
effects in patients suffering from muscular dystrophy, osteoarthritis and fibromyalgia. We
hypothesized that creatine will modulate ASIC3. We observed that creatine reduced rASIC3
proton sensitivity in the nominal calcium environment, but didn't alter rASIC3 pH dependence in
the presence of calcium. Also, we determined the modulation of rASIC3 by creatine in the
presence of established pain medications like NSAIDs. NSAIDs inhibit rASIC3 steady-state
current. We observed that 5 mM creatine reduced NSAIDs inhibition of rASIC3. Our data
suggests that rASIC3 is modulated by creatine and the simultaneous use of creatine and over the

counter medications like NSAIDs should be monitored considering the ASIC3 mediated effects.
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3.2 INTRODUCTION:

Acid-sensing ion channels (ASICs) are proton-gated channel which are expressed in
brain as well as dorsal root ganglia (DRG)*™. They belong to the epithelial sodium channel/
Degenerin (ENac/DEG) family of ion channels* with four different ASIC genes (ASIC1-4) that
encode six subunits® and not much is known about ASIC5°”. The crystal structure of ASICs
shows that the functional channel is a trimer with a large extracellular domain, two
transmembrane domains with intracellular amino and carboxyl termini®**. The large
extracellular domain of ASICs offers multiple ligand binding sites apart from protons.

ASIC3, also known as DRASIC, is expressed in DRG sensory neurons and is involved in
pain perception. It has been shown to play a significant role in acidic and inflammatory pain*#*°.
In inflammatory conditions, reduction in pH causes activation of ASICs*2*3!®, Under hypoxic
conditions, cells produce lactic acid due to anaerobic respiration. The lactic acid chelates
extracellular Ca** and potentiates ASIC3 currents'’. Previously it has been reported that ASIC3
can be activated by guanidine group containing synthetic ligand 2-guanidine-4-
methylquinazoline (GMQ), endogenous agmatine and arcaine*®*#*°. The residues E79 and E423
in the palm domain have been shown to play an important role in binding of a non proton
ligand®®.

Creatine, an endogenous compound containing a guanidine moiety, plays an important
role in building muscle mass and is extensively used as a dietary supplement®. Creatine has been
shown to be beneficial for patients suffering from muscular dystrophy, osteoarthritis and
fibromyalgia®**. It improve muscle strength and overall health of patients. Creatine's exact

mechanism of action is not known, but it is thought to exert these beneficial effects by improving
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energy balance of cell and acting as an instant source of energy in the form of
phosphocreatine???%2729,

Due to these beneficial effects of creatine and ASIC3 involvement in pathologies as well
as creatine's structural similarity to other ASIC ligands, we hypothesized that creatine would
modulate rASIC3. Furthermore, the commonly used antiinflammatory medicines called as non-
steroidal antiinflammatory drugs (NSAIDs) have also been shown to inhibit sustained
component of rASIC3 current®®!, Both creatine and NSAIDs are widely used and available over
the counter. Thus, we sought to determine how creatine and NSAIDs would together modulate
ASICs. Although ASICs and the kidney are usually not the focus of research, NSAIDs and
creatine may act at ASICs with unknown consequences.

We sought to understand the interaction of creatine with rASIC3, and its effect on the
proton sensitivity of the channel. We observed that, creatine modulation of rASIC3 depends on
extracellular Ca** concentrations. Also, creatine was found to reduce the inhibitory effect of
NSAIDs on rASIC3. These observed effects indicate the importance of determining the dietary

supplement and over the counter medication interactions, which would further help in

understanding ASIC3 modulation.
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3.3 MATERIALS & METHODS:

3.3.1 Cell line selection and rASIC3 expression: The Chinese Hamster Ovarian (CHO-K1)
cells were used to heterologously express rASIC3-pNEH with n-terminal GFP tag (Gift from Dr.
Eric Guoaux, Vollum Institute, Portland, OR). CHO-K1 cells do not express ASICs; hence form
the ideal cell line for recording heterologously expressed channels. The cells were cultured in
Ham's F-12 medium (Life technologies) supplemented with 10% fetal bovine serum and 5% pen-
strep and kept in an incubator at 37°C with 5% CO,. The CHO-K1 cells were plated at 200,000
cells/ml in 35 mm dish containing cover-slips. Twenty four hours after plating, cells were
transfected with Lipofectamine LTX and pNGFP-rASIC3-pNEH cDNA. The green fluorescent
cells expressing rASIC3 channels were selected for recording using whole-cell patch-clamp

electrophysiology. The recordings were performed 24-48 hours after transfection.

3.3.2 Chemicals: Creatine monohydrate was obtained from Sigma-Aldrich. Creatine test
solutions were prepared fresh on the day of recording. The pH and osmolarity of all test solutions
was adjusted using N-methyl D-gluconate (NMDG) and sucrose solution, respectively.

Diclofenac Sodium and Aspirin were obtained from Sigma-Aldrich.

3.3.3 External and internal (pipette) solutions:

The extracellular solution used for recording consisted of (in mM): NaCl (150), KCI (5), HEPES
(5), and MES (5). The CaCl, (1 mM) was added to extracellular solution on the day of recording.
The internal (pipette) solution consisted of (in mM): KCI (100), MgCl, (5), EGTA (10), HEPES
(40), NaCl (5) buffered to pH 7.4. N-methyl D-glucamine and HCI were used to adjust the pH of

recording solutions.
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3.3.4 Whole-cell patch-clamp electrophysiology: For electrophysiology recordings patch
pipettes were pulled from borosilicate glass capillary tubes (Sutter Instruments P97 brown
filament puller) and were fire polished to 3-10 MQ resistance. Patch-clamp recording was
performed on an inverted microscope with a computer driven pinch-valve array of perpendicular
capillary tubes using an Axopatch 200B amplifier and pPCLAMP10 data acquisition and analysis
software (Molecular Devices), filtered and sampled at 5 and 10 kHz, respectively. All recordings
were performed at room temperature and at a holding potential of -70 mV. Data are presented
and analyzed using OriginLab 8.0.

The activation profiles of rASIC3 were generated in ImM Ca?* (Fig. 1) and the nominal
Ca®" environment (Fig. 2). Cells plated on coverslips were placed in an external solution (pH 8.0)
and test solution (pH 5.5, 7.0, 6.75, 6.5, 6.25, 6.0 for ImM Ca?*) and (pH 5.5, 7.8, 7.0, 6.75, 6.5,
6.25, 6.0 for nominal Ca*) in the absence and presence of creatine (1, 5 and, 10 mM) were
applied for 5 seconds with a washout period of one minute between exposures to generate a
rASIC3 activation pH-response profile while being normalized to pH 5.5. Each pH-response
profile was generated with exposure to control followed by exposures from high pH to low pH.
The responding low pH mediated current was normalized to the response observed at pH 5.5. The
concentration-dependent effect of diclofenac (1, 10, 100, 300, 500, 1000 puM, Fig. 4) and aspirin
(1, 10, 100, 300, 500, 1000 puM, Fig. 5) was recorded at condioning pH 8.0 and activation pH 5.5
with increasing concentrations of NSAIDs. The effect of diclofenac and aspirin in the absence of
creatine was assessed in rASIC3 by exposing patch-clamped cells to pH 4.5 at conditioning pH of
8.0 followed by pH 4.5 test solution containing 500 uM diclofenac (Fig. 6) or 500 UM aspirin

(Fig. 7) at 1 minute intervals. The washout current was obtained with pH 4.5 solution.The 5 mM
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creatine was added in the test solution with 500 uM diclofenac or 500 pM aspirin to determine

the creatine's effect.

3.3.5 Data Analysis: Data was analyzed using GraphPad Prism6 and OriginLab 8.0 software. The
current elicited in the absence and presence of creatine at test pH was normalized to the maximum
peak current amplitude observed with their respective pH solution controls. Two groups were
analyzed using the unpaired student t test. Statistical significance was determined for a minimum

of four individual cells and is presented as the mean + SEM.
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3.4 RESULTS:

3.4.1 Creatine does not shift activation pH dependence of rASIC3 in the presence of 1 mM
Ca".

To determine the effect of creatine on the proton dependence of rASIC3 in the presence of 1mM
calcium we performed an activation experiment. The reducing pH solutions were applied to
patched CHO-K1 cells expressing rASIC3 and conditioning pH of 8.0 was used. A rapid
reduction from alkaline conditioning pH solution to activation pH, produces transient inward
current. The peak current amplitude of rASIC3 increased with decrease in pH (Fig.1a). Data
obtained was normalized to the current generated by application of control pH of 5.5 (Fig.1b).
The rASIC3 half-maximal value of activation (activation pHs) was 6.62+0.04 with a Hill
coefficient of 1.33+0.21. The effect of 3, 5 and, 10 mM creatine on the pH dependence of
rASIC3 was measured. Creatine did not alter the activation pHso and Hill coefficient of rASIC3

significantly. The pHspand Hill coefficient values are summarized in Table 1.

3.4.2 Creatine influences the pH dependence of rASIC3 in the nominal Ca*" environment.
The ASIC activity depends greatly on extracellular Ca?* ion concentration and it is tightly
regulated by Ca®*. Hence we sought to determine the effect of creatine in the nominal calcium. In
the nominal calcium environment, reducing pH solutions were applied to patched CHO-K1 cells
expressing rASIC3 and conditioning pH of 8.0 was used. The reduction in extracellular Ca®*
greatly increases the rASIC3 response by shifting the pH dependence of the channel (Fig.2a).
The reduced Ca*" increases rASIC3 proton sensitivity evident by shift in pHso to a determined
value of 7.38+0.08 with a Hill coefficient of 0.7+0.1 (n>4) (Fig. 2¢). We determined the effect of

1, 5 and 10 mM creatine on rASIC3 activation profile in the absence of Ca®*. The 5 mM creatine
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significantly altered the rASIC3 proton sensitivity (Fig. 2b) and shifted the pH50 to 7.0+0.11
(n>4, p=0.0314, compared to the control) with a Hill coeffcient of 1.4+0.32 (Fig. 2c) suggesting
that 5 mM creatine reduces rASIC3 proton sensitivity in nominal calcium conditions. The 1 and
10 mM did not alter the proton sensitivity of rASIC3 in nominal calcium environment. The pHsg
and Hill coefficient values are summarized in Table 2. Fig.3 represents the rASIC3 activation

pHso changes in extracellular calcium and relative pHsg in presence of creatine.

3.4.3 Diclofenac and aspirin inhibit rASIC3 steady state current in concentration-
dependent manner.

After we determined the effect of creatine on rASIC3 pH dependence, we sought to determine
the effect of diclofenac and aspirin on rASIC3 at conditioning pH 8.0 and activation pH 5.5. The
diclofenac concentrations (1, 10, 100, 300, 500, and 1000 pM) and aspirin concentration (1, 10,
100, 300, and 1000 uM) were used to determine concentration dependent effect. Diclofenac (Fig.
4a, 4b) and aspirin (Fig. 5a, 5b) both inhibited steady-state current of rASIC3 in a dose
dependent manner. The diclofenac and aspirin are poorly soluble in water and hence the
complete inhibition of steady-state ASIC currents was not observed. Since ASIC steady-state

currents are more evident at pH 4.5, we performed further experiments with activation pH 4.5.

3.4.4 Diclofenac at 500 uM and activation pH 4.5 inhibits steady-state currents of rASIC3,
and 5 mM creatine reduces this effect of diclofenac

After determining the effect of NSAIDs on rASIC3 steady-state current, we sought to determine
if 5 mM creatine would increase the inhibitory effect of 500 uM diclofenac. In our previous

experiments we observed the concentration-dependent inhibition of steady-state current of
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rASIC3 by diclofenac. Hence, we chose a 500 puM concentration of diclofenac to determine the
combinatorial effect with 5 mM creatine. We used pH 4.5 solution, since steady-state current
elicited by rASIC3 is distinctly observed at this pH. The diclofenac at 500 pM inhibited steady-
state current of rASIC3 by about 40% which was significantly different from control (p = 0.006)
but didn't have any effect on peak current amplitude of the channel (Fig. 6a, 6b.) The 5 mM
creatine along with 500 uM diclofenac reduced the inhibitory effect of diclonac but only 9%
inhibition was observed which was not significantly different than control (p = 0.33) (Fig. 6c,
6d). This result indicated that creatine antagonizes diclofenac's inhibitory effect on rASIC3

steady-state current.

3.4.5 Aspirin at 500 uM inhibits steady-state currents of rASIC3 produced by an activation
pH 4.5, and 5 mM creatine reduces this effect of aspirin.

After determining the effect of creatine and diclofenac together, we wanted to determine the
effect of aspirin and creatine on rASIC3 steady-state current. The control pH of 4.5 was used.
The aspirin at 500 uM inhibited steady-state current of rASIC3 by 45%, which was significantly
different than control (p = 0.0117) (Fig. 7a, 7b) but didn't have any effect on peak current
amplitude of the channel. The 5 mM creatine along with 500 pM aspirin reduced inhibitory
effect of aspirin and 23% inhibition was observed, but it was not as robust as we observed with
diclofenac. Also, the inhibitory effect of aspirin + 5 mM creatine was significantly different from
control (p = 0.0312) (Fig. 7c, 7d). This showed that creatine antagonizes aspirin's inhibitory

effect on rASIC3steady-state current but not as robustly as diclofenac's inhibitory effect.
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Table 1. Summary of rASIC3 activation pHsy and Hill coefficients in the presence and
absence of creatine at 1mM calcium concentration. Creatine was present in the activating pH

test solutions (Activation). Italics indicate significance.

Activation (1 mM Ca?")

pHso P value Hill, n P value
Control 6.62 = 0.04 - 1.33+0.21 -
Creatine
+1 mM 6.7+0.1 0.4857 1.3+0.3 0.9374
+5mM 6.7+0.1 0.4857 1.51+05 0.7512
+10 mM 6.74 £ 0.04 0.0781 28+0.8 0.1258
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Table 2. Summary of rASIC3 activation pHsy and Hill coefficients in the presence and
absence of creatine in nominal calcium concentration. Creatine was present in the activating

pH test solutions (Activation). Italics indicate significance.

Activation (Nominal Ca?")

pHso P value Hill, n P value
Control 7.38 £ 0.08 - 0.7+0.1 -
Creatine
+1 mM 7.57 £ 0.06 0.1062 0.7+£0.1 1.0
+5mM 7.0+£0.11* 0.0314 0.64 +0.11 0.7005
+10 mM 7.28+0.1 0.4646 1.4+0.32 0.0818

*, p<0.05
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3.5 DISCUSSION:

The purpose of this study was to determine if creatine modulates rASIC3 and the effect
of combination of creatine and NSAIDs on rASIC3. We determined the activity of creatine on
rASIC3 in the presence of Ca?* and nominal Ca”* environment. Our data suggest that creatine
reduces rASIC3 proton sensitivity in the nominal Ca?* environment, but has no effect in the
presence of Ca**. Furthermore, our results indicate that creatine diminishes the inhibitory effects
of NSAIDs on rASIC3 sustained current.

Creatine is a guanidinium compound which is similar to synthetic and endogenous
ASIC3 modulators such as GMQ, agamtine and arcaine'**®*°. Other than guanidinium
compounds, NSAIDs like diclofenac and aspirin inhibit sustained component of rASIC3 and act
as antinociceptives®®3!. ASIC3 plays an important role in pathophysiology of pain and
inflammation®**2. It is primarily expressed in the DRG neurons in the peripheral nervous system
and has been shown to be involved in perception of pain'**®. Creatine has been shown to be
beneficial in mitigating pain associated with fibromyalgia, osteoarthritis and muscular
dystrophy?2*2>%44 Hence it was important to determine the effect of creatine on rASIC3.

ASIC3 current is biphasic with a fast transient inward current and sustained current
which is non-desensitizing and persists until the acidic pH is removed**“®. The sustained current
is important in persistent pain sensation*>*’. The ASIC3 subtype is also tightly regulated by
Ca®*,and Ca*" is required to keep the channel in the closed state"*34°,

Since the presence of calcium plays an important role in ASIC3 currents we first wanted
to analyze the effect of creatine on rASIC3 activation profile in the presence and absence of
Ca**. Our activation profile studies showed that in the presence of Ca2", creatine failed to affect
the pH dependence of rASIC3 at 1, 5, and 10 mM concentrations (Figure 1). This observation
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suggested that in presence of Ca2", rASIC3 conformation is not favorable for creatine binding
and thus creatine failed to modulate rASIC3 proton sensitivity.

We further determined the rASIC3 activation profile in the nominal Ca** environment. In
ischemia, ASICs cause influx of Ca* ions and extracellular Ca?* concentration reduces.
Furthermore, in inflammatory and ischemic conditions, lactate produced due to anaerobic

glycolysis, chelates extracellular Ca®**"**

, activating rASIC3, leading to pain sensation. In the
nominal Ca** environment, rASIC3 activation profile shifted to alkaline pH value of 7.38+0.08
which is very close to physiological pH (Figure 2 and 3). This observation indicates that, in the
nominal Ca?* conditions, channel will conduct even at physiological pH possibly producing pain.
In nominal Ca?* conditions, the 5 mM creatine shifted the pH dependence of rASIC3 to acidic
pH values indicating the modulatory effect of creatine on rASIC3 proton sensitivity in the
absence of Ca2". This observation suggests that, in the absence of Ca** due to change in channel
conformation, creatine is able to influence the channel. Hence, we speculated that creatine might
stabilize the closed state of the channel.

Next we analyzed the effect of NSAIDs on rASIC3 currents. Consistent with previous
findings, our data indicate that diclofenac and aspirin inhibit rASIC3 sustained currents in a dose
dependent manner (Figure 4 and 5). Since creatine has been shown to mitigate the pain
associated with various diseased conditions, we investigated whether creatine can potentiate the
inhibitory effects of NSAIDs on rASIC3 sustained currents. We analyzed the inhibitory ability of
NSAIDs at 500uM concentration. Consistent with our previous results both diclofenac and
aspirin inhibited rASIC3 sustained currents. We observed that creatine abolished the inhibitory

effects of NSAIDs on sustained currents of rASIC3. These findings were contradictory to our

hypothesis. These results indicate that, creatine binds to rASIC3 channel and allosterically
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modulates it, which further hinders in the binding of NSAIDs. Hence we speculate that, though
creatine doesn't have a direct effect in the presence of calcium, it does modulate the channel
allosterically which further changes the sensitivity of rASIC3 to ligands like NSAIDs.
Furthermore, previous studies have shown that in absence of Ca®*, diclofenac shows
reduced inhibition of rASIC3 sustained currents. In presence of Ca** diclofenac also shifts the
SSD profile of ASICs to a more alkaline pH, indicating that it stabilizes desensitized sate of the

channel®

. Our results suggest that creatine stabilized the closed conformation of the channels.
These observations indicate that the NSAIDs reduced inhibition in the presence of creatine could
be due to stabilization of two distinct channel conformations by each of them.

To summarize, the results of this study reveal that modulatory effects of creatine on

rASIC3 proton sensitivity depends on extracellular Ca®* concentration and it abolishes the

inhibitory effects of NSAIDs possibly because of allosteric modulation of the rASIC3 channel.
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3.6 FIGURES AND LEGENDS:
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Figure 1. Creatine failed to influence proton sensitivity of rASIC3 in the presence of 1 mM
Ca*".

(a) Representative whole-cell patch-clamp recording current for rASIC3 activation in the
presence of 1mM Ca?*. (b) Summary of activation profiles of heterologously expressed rASIC3
in CHO-K1cells in the presence of 1mM Ca**. Switching from conditioning pH 8.0 to
increasingly acidic test solutions generated the rASIC3 pH activation profiles. The rASIC3 pH-
response profiles for control (black square) had a calculated pHsg value of 6.62 + 0.04 with a
Hill coefficient of 1.33 £ 0.21, + 1 mM creatine (green star) had a calculated pHsp value of 6.7 +
0.1 and Hill coefficient of 1.3 £ 0.3, + 5 mM creatine (red circle) had a calculated pHsp value of
6.7 = 0.1 and Hill coefficient of 1.51 + 0.5, and +10 mM creatine (blue triangle) had a calculated
pHso value of 6.74 £ 0.04 with a Hill coefficient of 2.8 + 0.8. The pHso and Hill coefficient

values are summarized in Table 1. Data represented as mean = SEM (n > 4).
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Figure 2. Creatine reverses the effects of nominal calcium environment on rASIC3.

(a) Control, (b) +5 mM creatine represent whole-cell patch-clamp recording current for rASIC3
activation in nominal Ca?* environment. (c) Summary of activation profiles of heterologously
expressed rASIC3 in CHO-K1cells in nominal Ca**. Switching from conditioning pH 8.0 to
increasingly acidic test solutions generated the rASIC3 pH activation profiles. The rASIC3 pH-
response profiles for control (black square) had a calculated pHsp value of 7.38 £ 0.08 with a Hill
coefficient of 0.7 £ 0.1, + 1 mM creatine (green star) had a calculated pHsy value of 7.57 + 0.11
and Hill coefficient of 0.7 £ 0.1, + 5 mM creatine (red circle) had a calculated pHso value of 7.0
+ 0.11 (p = 0.0314) and Hill coefficient of 0.64 + 0.11, and +10 mM creatine (blue triangle) had
a calculated pHsp value of 7.28 = 0.10 with a Hill coefficient of 1.4 + 0.32. The pHso and Hill

coefficient values are summarized in Table 2. Data represented as mean + SEM (n > 4).
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Figure 3. Comparison of rASIC3 activation pH in the absence of calcium.

The calculated rASIC3 pHsp values were generated in the absence of calcium for control, 1 mM
creatine, 5 mM creatine and 10 mM creatine. Activation pHso were determined in the presence of
increasing concentrations of pH (data in Figure 2). The 5 mM creatine significantly reduced the
pHso of rASIC3 in nominal Ca®* (p = 0.0314). Data represented as mean = SEM (n > 4,*P<

0.05). For reference, the rASIC3 pHsg in the presence of 1 mM calcium is shown (dashed line).
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Figure 4. Diclofenac inhibits rASIC3 steady-state current in a concentration-dependent
manner at activation pH 5.5.

(a) Increasing concentrations of diclofenac were applied to patched rASIC3 expressing cells
along with activation pH 5.5. The graph of the percentage response vs Log of concentration was
plotted. (b) Represents whole-cell patch-clamp recording current for rASIC3 indicating

inhibition of steady-state by increasing diclofenac concentrations.
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Figure 5. Aspirin inhibits rASIC3 steady-state current in concentration-dependent manner
at activation pH 5.5.

(a) Increasing concentrations of aspirin were applied to patched rASIC3 expressing cells along
with activation pH 5.5. The graph shows the percentage response on Y axis vs. log of
concentration on X axis (b) Represents whole-cell patch-clamp recording current for rASIC3

indicating inhibition of steady-state by increasing aspirin concentrations.
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Figure 6. Diclofenac inhibition of rASIC3 steady-state current at activation pH 4.5 in
absence and presence of 5 mM creatine

(a) Typical whole-cell patch-clamp recording showing inhibition of rASIC3 steady-state current
by 500 uM diclofenac. The 500 uM diclofenac inhibits steady-state current by about 40% (p=
0.006). (B) Normalized peak current amplitude of control (pH 4.5), test (pH 4.5 + 500 uM
diclofenac), and washout (pH 4.5) with 1 minute between each pulse. Data represented as mean
+ SEM (n=> 4, ** p<0.01). (c) Typical whole-cell patch-clamp recording showing inhibition of
rASIC3 steady-state current by 500 puM diclofenac + 5 mM creatine. The 5 mM creatine reduces
steady-state current inhibition by 500 uM diclofenac to about 9% (p = 0.33). (d) Normalized
peak current amplitude of control (pH 4.5), test (pH 4.5 + 500 uM diclofenac + 5 mM creatine),
and washout (pH 4.5) with 1 minute between each pulse. Data represented as mean = SEM (n=>

4).
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Figure 7. Aspirin inhibition of rASIC3 steady-state current at activation pH 4.5 in absence
and presence of 5 mM creatine

(a) Typical whole-cell patch-clamp recording indicating inhibition of rASIC3 steady-state
current by 500 uM aspirin. The 500 yuM aspirin inhibits steady-state current by about 45% (p =
0.0117). (B) Normalized peak current amplitude of control (pH 4.5), test (pH 4.5 + 500 uM
aspirin), and washout (pH 4.5) with 1 minute between each pulse. Data represented as mean *
SEM (n=> 4, * p<0.05). (c) Typical whole-cell patch-clamp recording showing inhibition of
rASIC3 steady-state current by 500 M aspirin + 5 mM creatine. The 5 mM creatine reduces
steady-state current inhibition by 500 pM aspirin to about 23% (p = 0.0312). (d) Normalized
peak current amplitude of control (pH 4.5), test (pH 4.5 + 500 UM aspirine + 5 mM creatine),
and washout (pH 4.5) with 1 minute between each pulse. Data represented as mean £ SEM (n=>

4, * p<0.05).
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CHAPTER 4

General Discussion

Dietary supplements, or nutraceuticals are over the counter products that are available to
supplement the diet. They include vitamins, minerals, amino acids, fish oil and a variety of
synthetic and natural products®. Creatine is an endogenous compound and a dietary supplement.
Along with muscle building, it has also been shown to be beneficial as a prophylactic in vivo
model of ischemic stroke and has been shown to protect from excitotoxicity in vitro®>. Creatine
is generally considered as safe dietary supplement. The ASIC1la subtype previously has been
shown to worsen the symptoms of ischemic stroke by allowing the influx of Na* and Ca**
ions®’. A variety of ligands have been shown to modulate ASIC1a activity. The ASIC1a
inhibitor psalmotoxin-1 reduces the damage in ischemia due to hypoxia’. Spermine, which is a
polyamine, that activates ASIC1a, has been shown to worsen ischemic stroke®. Pharmacological
inhibition of ASIC1a or knockdown of ASIC1a expression has been shown to protect from
ischemic stroke.Our results indicate that creatine modulates ASIC1a activity by affecting channel

desensitization and proton sensitivity.
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The ASIC3 subtype is involved in a perception of pain sensation and is expressed in
DRG neurons in PNS**. It primarily senses acidic and inflammatory pain'®. Inflammatory
mediators can also modulate ASICs and contribute to pain sensation'?**4** The exact
mechanism of creatine's effects on ASIC3 has not been characterized. The canonical NSAIDs
inhibit cyclooxygenase enzyme along with ASICs to lessen the pain sensation'**®. Creatine has
been shown to mitigate the pain and inflammation associated with various disorders™®°.
Whether this action is mediated through ASIC3 remains unknown. There is a possibility that a
significant amount of the population takes creatine and NSAIDs together since both are available
over-the counter. NSAIDs may contribute to kidney issues as well as creatine can worsen the
kidney damage. Combined use of both NSAIDs and creatine may be problematic, but
hypothesis-driven research has not been done to confirm anecdotal concerns. Thus, combined
use of these two compounds leading to a loss in kidney function is speculative at best. Though
this interaction is not ASIC mediated, NSAIDs and creatine may modulate ASIC3 with unknown
consequences. The findings of our study reveal that creatine alters the proton sensitivity of
rASIC3 under nominal Ca** conditions and reduces the inhibitory effects of NSAIDs suggesting

that, there might be a potential interaction between NSAIDs and creatine which needs to be

investigated further.

Modulation of ASIC1la by creatine

The first part of the present study investigated the interaction of creatine with hASIC1a to
determine if creatine could modulate the channel. Because of creatine's neuroprotective effects,
we hypothesized that creatine inhibits hASIC1a channel by reducing the proton sensitivity of

hASIC1a. The conditioning pH of 8.0 was used for all experiments, so that all ASIC channels
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were in closed state. The activation profile analysis suggested that, creatine at 5 and 10 mM
shifts the pH dependence of hASIC1la to lower pH values and thus reduces proton sensitivity of
hASIC1la when desensitization is not introduced in the channel (Chapter 2, Fig.2). This denotes
that, in the presence of creatine, a reduction in hASIC1a current will be observed and lower pH
will be required to activate the channels thus indicating reduction in their proton sensitivity. This
could play some role in ischemic stroke when the reduction in external pH leads to activation of
ASICs causing Na" and Ca®" influx.

Along with the effect on activation of channels, creatine at higher concentration of 10
mM shifted the pH dependence of steady-state desensitization (SSD) of hASIC1a to lower pH
values (Chapter 2, Fig.3) . But we did not observe any effect on SSD at 5 mM creatine. The SSD
gives the number of channels that are available for opening after exposure to acidic pH. The shift
in SSD to lower pH values suggests that creatine increases the availability of channels for
opening and recovers hASICla from desensitization. The observed recovery could be due to the
increase in the number of closed channels. We speculate that creatine may have an affinity for
the desensitized state of the hASIC1a channels and shifts them to closed state, thus making them
available for opening. Creatine at 10 mM shifted the SSD profile of hASIC1a to acidic pH values
indicating that, at higher concentration of creatine, more number of ASIC1a will be available for
opening. However, creatine at 5 mM did not alter the SSD profile of ASICs. Hence monitoring
the use of dietary supplements is important. This argument can be supported by a study which
showed that prophylactic creatine supplementation was neuroprotective in a mouse model of
ischemic stroke but creatine administered after stroke failed to show neuroprotection®’. From
these results we can speculate that, clinically, creatine might be effective as a prophylactic agent

in ischemic stroke when brain pH is neutral. After ischemic events, brain pH is lowered, and
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most of the ASIC1a are in desensitized state. Creatine administered post ischemic stroke can
increase the activation from desensitization and in turn the ASIC1a availability for opening
leading to higher influx of Na* and Ca*" ions.

Previously, it has been shown that GMQ shifts the pH dependence of ASICla to more
acidic value and GMQ binding site in hASIC1a might be accessible in desensitized state and
thus, GMQ is able to bind the desensitized channel?’. Similarly, creatine may have an affinity for
the desensitized channel and is able to stabilize the channels to a closed state, making them
available for further acid stimulation. The peptides like RF-amide, FMRF-amide, and dynorphins
have been shown to modulate ASIC1a desensitization by shifting the ASICla desensitization
curve to lower pH values and in turn increase the recovery from desensitization”®. The B sheets
11-12 linker of ASIC1a in palm domain is important in desensitization and modulation of ASICs
by peptides?. Similarly, we show that creatine has an affnity for desensitized channel and
stabilizes closed conformation of hASIC1a.

The effect of creatine on hASIC1a efficacy was also studied where test pulse was
bracketed with control activation pH 5.0 to compensate for desensitization. The 5 mM creatine
did not increase efficacy of hASIC1a but 10 mM creatine increased hASIC1a efficacy by about
40% (Chapter 2, Fig.4) . This suggested that 10 mM creatine is able to recover desensitized
channels. Hence clinically, in case of persistent acidification, creatine at higher concentration is
able to rescue the channels from desensitization. This phenomenon is important in ischemic state
where constant low pH can desensitize the channels and presence of creatine can rescue them
worsening the damage. Thus we speculate that, at higher concentrations, creatine can have

deleterious consequences in ischemic diseased state.
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The other aspect we looked at is the open-state desensitization of hASIC1a. The 5 and 10
mM creatine applied along with a pH 6.0 lead to difference in channel desensitization kinetics.
Creatine slowed down the open-state desensitization kinetics of hASIC1a (Chapter 2, Fig.5).
Hence, creatine reduces the number of channels in desensitized state and further contributes to
the modulation of desensitization and proton sensitivity of hASICla. This indicates that, at
higher concentration, creatine can have serious side effects. This effect is similar to one observed
with spermine. Spermine delays the open-state desensitization and contributes to neuronal
damage after ischemia®®. The diarylamides significantly facilitate the ASIC1a open-state
desensitization, which indicates their potential use as neuroprotectives®’.

The desensitization of hASIC1a causes tachyphylaxis that is indicated by a reduction in
current after repeated exposure to low pH solution. The CI" ions have been shown to facilitate
tachyphylaxis of hASIC1a?®. Ligands like spermine and dynorphins shift steady-state
desensitization curve to acidic pH and reduce desensitization at acidic conditioning pH of 7.2
and, in turn, increase neuronal injury after ischemia®®. Hence, we determined the effect of
creatine on desensitization at varying conditioning pH of 8.0, 7.4 and 7.2. At conditioning pH
8.0, creatine at 5 and 10 mM didn't have any effect on hASIC1la desensitization. But at
conditioning pH of 7.4 and 7.2, creatine reduced desensitization (Chapter 2, Fig. 6). At
conditioning pH 7.4 and 7.2, most channels are in desensitized state. When activated with low
pH solution with creatine, we speculate that creatine binds to the desensitized channels and it
pushes the channels to the closed state by stabilizing the closed conformation. This makes more
channels available for opening after repeated exposure to low pH solution and attenuates
desensitization. The conditioning pH 7.4 and 7.2 also mimic the physiological state in case of

diseased states like ischemia where local pH is reduced®. The tachyphylaxis reversal effect of
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creatine was observed at 5 and 10 mM creatine concentration at conditioning pH 7.2. According
to Chen and Grunder, tachyphylaxis depends on the binding of protons to the channel?® .The
hASIC1a channel can have short lived or long lived desensitized state depending on how much
protons bind®. Creatine may have an effect on proton binding of the channel and hence reverses
tachyphylaxis.

The hASIC1la subtype, when activated, undergoes two desensitization states,
short-lived (t = 0.5 s) and long lived (t = 229 s)®. These states can influence the recovery of
channels for further stimulation by acid. Ideally, the compound for neuroprotection should
increase the channels in the long-lived desensitized state so that fewer number of channels will
be available for opening after acid stimulation. The ASICla ligand PcTx-1 has more affinity for
the open and desensitized states of the channel and shifts the SSD curve of ASICl1a to a more
alkaline pH to increase its proton sensitivity and thus contributing to neuroprotection”*32.

From our results, it is clear that, creatine has an affinity for the desensitized state of
hASIC1la and stabilizes the closed conformation (Chapter 4, Fig. 1). This increases number of
hASIC1la channels in closed state that can be opened by the low pH solution. Thus, we speculate
that, clinically, creatine may have some beneficial effects when administered as a prophylactic. If
creatine is given post ischemic stroke (where brain pH decreases significantly), we anticipate that
it may reactivate desensitized ASICs and increase influx of N*" and Ca”* ions further leading to

neuronal death.

Modulation of ASIC3 by creatine
Once we tested the effect of hASIC1a, we sought to determine its effect on rASIC3. The

ASIC3 subtype is primarily expressed in the PNS and is expressed in A fibers in sensory nerve
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endings that innervate the skin, heart and visceral organs®**". ASIC3 has been shown to play an
important role in acidic and inflammatory pain'®. rASIC3 is modulated by Ca?* and extracellular
concentration of Ca?* plays an important role in maintaining ASIC3 in the closed
conformational state®***. Also, inflammation reduces the extracellular Ca** concentration that
can activate ASICs. Hence we wanted to determine the effect of creatine in the nominal Ca**
environment to mimic physiological conditions.

Our results indicated that creatine, while in the presence of Ca?*, did not shift the pH
dependence of rASIC3 at 1, 5, and 10 mM concentrations (Chapter 3, Fig.1). In nominal Ca?*
the activation profile of rASIC3 shifted to higher pH values, suggesting that in low Ca?*
environment channels are open even at physiological pH (Chapter 3, Fig.2). At5 mM
concentration, creatine shifted the rASIC3 activation profile to acidic pH values, and influences
the proton sensitivity of the channel in the absence of Ca** (Chapter 3 , Fig.2). The increase in
Ca®" ions extracellularly shifts the activation profile ASICs to acidic pH values indicating that

Ca®" stabilizes the closed state of the channel*?

. Hence we speculated that creatine may stabilize
the closed state of the rASIC3 channel.

NSAIDs including aspirin and diclofenac, are known to inhibit the cyclooxygenase
enzyme'**®. Also, they have been shown to inhibit ASIC3 sustained current. Our results were
consistent with previous findings that, diclofenac and aspirin inhibit the rASIC3 sustained
current (Chapter 3, Fig.4 and Fig. 5). Since, both NSAIDs and creatine mitigate pain and

inflammation*¢°

, We investigated their combined effect on rASIC3. Creatine (5 mM) reduced
the inhibitory effect of diclofenac and aspirin on rASIC3 sustained current (Chapter 3, Fig.6 and
Fig.7). This observation suggests that creatine antagonized the NSAIDs effect. Creatine may

bind to ASICs and cause conformational changes which can further modulate NSAIDs activity.
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Since we didn't see the effect of creatine on proton sensitivity in the presence of Ca** , we
speculate that creatine reduction of the inhibitory effect NSAIDs could be due to allosteric
modulation of channel.

Diclofenac has been shown to inhibit ASICs non-competitively by inhibitng the open
channel®™. Diclofenac also shifted the SSD curve for ASICs to higher pH values, suggesting that
diclofenac favors the desensitized state and shifts channels to the desensitized
conformation™. The diclofenac inhibitory effect was reducd in low Ca** conditions. Our
activation curve data in the nominal Ca?* suggest that creatine may stabilize the closed
conformation. Also, it is known that Ca®* stabilizes the closed state of the ASIC3 channel®*“°.
Thus we speculated that, inhibition of diclofenac effect by creatine could be due to stabilization
of possibly two different states. Since the binding sites for NSAIDs and creatine are not known
the exact mechanism still remains elusive. Determination of the combinatorial effect would be an
important finding since both creatine and NSAIDs are available over the counter and significant
amount of the population may consume these drugs and supplement concomitantly. The National
Center for Complimentary and Integrative Health has described the drug-supplement interactions
along with reduced or increased effectiveness, side effect of drugs*. Thus, it is important to let a
healthcare provider know about the dietary supplements being consumed to avoid unwanted
effects.

Taken together, our results indicate that creatine alters the hASICl1a and rASIC3
desensitization and proton sensitivity, respectively. While the effect of creatine on hASIC1la is
concentration dependent, its effect on rASIC3 is influenced by the presence of Ca?*.
Furthermore, (a) creatine increases the efficacy of hASICl1a and (b) reduces the efficacy of

NSAIDs on rASIC3. Thus, in conclusion, if we consider the role of ASICs in ischemic stroke

134



and pain, the use of creatine as a dietary supplement should be monitored in these diseased states

and when used in combination with other over the counter medications.

4.1 Future directions

The findings of this study have revealed aspects of ASIC modulation by the dietary
supplement creatine. In the future, the experiments could be performed on neuronal cell line to
determine the effects of creatine on endegenously expressed ASICs and ASIC heteromers.
Furthermore, this study would reveal the effects of these channels on the overall activity of
neurons (e.g., action potential generation and the resting membrane potential). The experiments
can be performed in an in vivo ischemic model to determine the effect of creatine.

It has been found that the extracellular Ca** concentration reduces from 1.2 mM to 0.1
mM in focal ischemia due to Ca®" influx into the cell**. Since Ca?* is the key factor in ASIC
modulation, as well as in many of the diseased states, further experiments should be done to
explore creatine's effects in variable Ca®* concentrations.

We showed that creatine primarily modulates desensitization of hASICla. Mutating the
conserved residues in ASICs that regulate channel desensitization® will further delineate
creatine's effect.

Since the binding sites for creatine and NSAIDs are not known, determining the binding
site would predict their possible interactions. To further understand the effects of creatine on
ASICs, determining the effect of creatine in ASIC3 knockout mice and understanding the
effectiveness of NSAIDs in presence of creatine in vivo would further delineate the ASIC and

creatine interactions.
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Figures and Legends
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Fig. 1. Proposed mechanism of hASICla modulation by creatine.
(a) Creatine stabilizes the closed conformation of hASIC1a and reduces the steady-state
desensitization. (b) Increased availability of hASIC1a in closed state leads to the proton

mediated opening of channels. (C) Creatine slows-down the open-state desensitization.
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Abstract

The human voltage-gated proton channel (Hvl) is a membrane protein consisting of four
transmembrane domains and internal amino- and carboxy-termini. The protein is activated by
membrane depolarization, similar to other voltage-sensitive proteins. However, the Hv1 proton
channel lacks a traditional ion pore. The human Hv1 proton channel has been implicated in
mediating sperm capacitance, stroke, and most recently as a biomarker/mediator of cancer
metastasis. Recently, the three-dimensional structures for homologues of this voltage-gated
proton channel were reported. However, it is not clear what artificial environment is needed to
facilitate the isolation and purification of the human Hv1 proton channel for structural study. In
the present study, we generated a chimeric protein that placed an enhanced green fluorescent
protein (EGFP) to the amino-terminus of the human Hv1 proton channel (termed EGFP-Hv1).
The chimeric protein was expressed in a baculovirus expression system using Sf9 cells and
subjected to detergent screening using fluorescence-detection size exclusion chromatography
(FSEC). The EGFP-Hv1l proton channel can be solubilized in the zwitterionic detergent
Anzergent 3-12 and the nonionic n-dodecyl-p-D-maltoside (DDM) with little protein aggregation
and a prominent monomeric protein peak at 48 hours post infection. Furthermore, we
demonstrate that the chimeric protein exhibits a monomeric protein peak, which is
distinguishable from protein aggregates, at the final size exclusion chromatography purification
step. Taken together, we can conclude that solubilization in DDM will provide a useable final

product for further structural characterization of the full-length human Hv1 proton channel.
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Introduction

Membrane proteins make up nearly 40% of pharmaceutical targets* and make up to 30%
of the human-genome®. Determining the three-dimensional crystal structure of membrane
proteins provides a map of the protein’s architecture and a template for designing drugs that can
selectively target these proteins. X-ray crystallography has assisted these efforts by providing the
structure of membrane proteins **. To achieve this goal, a membrane protein must be purified,
maintained in its native conformation, and form well-ordered protein lattices to yield meaningful
diffraction data. Complicating this endeavor is the realization that not all membrane proteins, in
their wild-type configuration, are suitable for protein crystallization studies. Thus, the need for
precrystallization screening of protein constructs is crucial before undertaking large-scale studies
to solve a membrane protein’s structure. One technique that has utilized small cell culture
volumes (2 ml) coupled with fluorescently labeling of the protein is the fluorescence-detection
size exclusion chromatography method, FSEC °’. The use of FSEC in a variety of protein
expression systems (e.g. human embryonic Kkidney cells, Saccharomyces cerevisae,
Spongidoptera frugiperda cells) has led to a variety of membrane protein structures. Thus, this
assessment of protein stability is well suited for novel membrane proteins where the three

dimensional structure has evaded resolution.

The human voltage-gated proton channel is a member of the voltage-sensing proteins
(VSPs), which include voltage-gated ion channels and the voltage-gated phosphatases 2. Proton
currents generated by membrane depolarization were first observed in marine dinoflagelates °,
snails *°, and in isolated microglia from neonatal brain cell culture **. The voltage-gated proton

current in microglia was sensitive to divalent cations, such as zinc, and tetraelthylammonium
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(TEA) *. In 2006, the mammalian genes encoding the mouse voltage-sensor domain-only
protein (MVSOP) gene ** and the human homologue (Hv1) ** were cloned. All voltage-gated
proton channels consist of four transmembrane domains, with the voltage sensor residing in the
4" membrane-spanning segment, that facilitates the efflux of protons from the acidic cell interior
4 Furthermore, these proton channels are functional as monomers but can form dimers *°. There
are homologous voltage-gated proton channels throughout the evolutionary chain. Unlike other
voltage-gated ion channels, the Hv1 proton channel lacks the typical re-entrant pore loop domain

or the transmembrane segments S5 and S6.

The Hv1 proton channel plays an important role in normal function and pathologies. The
channel plays an important role in male fertility by alkalinizing sperm cytoplasm, leading to
sperm capacitation within the female reproductive tract *°. The production of reactive oxygen
species following stroke is enhanced by the presence of the Hv1 proton channel on microglia
through balancing the net cellular loss of negative charge with protons®’. Furthermore, the Hv1
proton channel helps phagocytes generate superoxides required for the clearance of pathogens®®.
Recently, it was discovered that the Hv1 proton channel is overexpressed in metastatic breast
cancer cells and helps in cancer cell proliferation, migration, and may serve as a cancer

biomarker for the severity of cancer progression **%°.

One barrier to obtaining the structure of a complete Hv1 proton channel is identifying a
suitable environment for purifying properly folded protein. The fluid mosaic architecture of
plasma membrane provides the optimal environment for membrane protein stability. However,
maintaining this environment may not be possible while purifying sufficient quantities for

crystallographic study. Detergents are a common means to isolate membrane proteins. However,
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detergents are inherently destructive to that same membrane and alter protein folding. Non-ionic
detergents, such as maltosides, mimic the cellular membrane hydrophilic-lipophilic environment
suited for stabilizing the protein in a functional state. Many non-ionic detergents have been
screened for membrane protein isolation. The choice of detergent depends on its physico-
chemical properties such as polarity of head group, length of side chain and critical micelle
concentration®. Previous studies have indicated that alkyl maltosides are preferred over a similar
chemical class of alkyl glucosides for the determination of [J-helical-rich membrane proteins %.
With respect to channel proteins, these integral membrane proteins find stability within octyl-
glucosides more frequently than other classes of detergents 2%, but there are exceptions that may
be more related to the types of proteins studied. The voltage-sensing domain (Ci-VSD) of the
voltage-sensing phosphatase of Ciona intestinalis (Ci-VSP) was stable in the detergent
Anzergent 3-14, which differs from dodecyl maltoside ?*, and the wild-type Hv1 proton channel
was stable in a combination of maltosides *°. Although these detergent classes are most
successful as far as membrane proteins are concerned, their utility in the purification of the Hv1

proton channel for structural studies is unclear.

Recently the crystal structures of two voltage-sensing proteins were reported that provide
the first glimpse of these unique protein’s architecture. The isolated Ci-VSD was solved using a
combination of detergents along with protein crystallography to reveal the structure of the
protein to 2.5 A resolution . The other voltage-sensor protein structure that was solved utilized
an engineered chimeric receptor of the mouse mVSOP. A functional chimeric mouse mVSOP
was generated consisting of removal of the first 74 N-terminal residues, the replacement of the
C-terminal coiled-coiled [J-helices with the leucine zipper protein GCN4, and the replacement of

a amino acids spanning the middle of second transmembrane domain to the middle of third
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transmembrane domain®. This chimeric mVSOP protein structure was solved to 3.45 A
resolution using a single detergent in the buffer solution used for crystallography. Despite these

recent advances, the full-length Hv1 proton channel crystal structure remains elusive.

Here we assessed the stability of a full-length human voltage-gated proton channel (Hv1)
with an N-terminal enhanced green fluorescent protein, termed EGFP-Hv1, expressed in the
baculovirus expression system of Spongidoptera frugiperda cells (Sf9 cells) in non-ionic and
zwitterionic detergents. We used fluorescence-detection size- exclusion chromatography (FSEC)
to assess the time-dependent stability and monodispersity of the EGFP-Hv1 in several
detergents. The chimeric EGFP-Hv1 proton channel was observed to be ideally isolated at 48
hours post infection, as the protein is susceptible to non-specific protein cleavage that separates
the fluorescent tag from the proton channel. Our data show that solubilization and purification of
EGFP-Hv1 protein was most stable using dodecyl maltoside, as shown in our FSEC and SEC
analysis. Our results suggest that this frequently used detergent should be the focus of protein

solubilization and stability protocols for the human Hv1 proton channel.
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Results:

1. Chimeric EGFP-Hv1 proton channel is functional when expressed in CHO-K1 cells.

We initiated our studies by first assessing the function of a chimeric EGFP-Hv1 proton
channel where the green fluorescent protein is located at the amino terminus of the channel. The
Hv1 proton channel has been subjected to both amino- and carboxy-termini deletion as well as
tagging with fluorescent proteins #’. Incorporation of the amino-terminal EGFP protein to the
Hv1 proton channel could alter the channel’s activity. Thus, we assessed the chimeric channel’s
functionality using whole-cell patch clamp electrophysiology. The acquired Hv1 proton channel
cDNA was subcloned into the mammalian expression vector pNGFP-EU ° using PCR to
engineer Xhol and BamHI restriction sites at the 5” and 3” end of the Hv1 proton channel cDNA.
The resulting vector, pNGFP-Hv1, was used to transfect CHO-K1 cells. Chimeric channel
expression was observed after 24 hours using fluorescent microscopy (Figure 1A). However, we
were unable to determine if the EGFP-Hv1 proton channels were located in the plasma
membrane. Using intracellular and extracellular solutions with pH values of 5.5 and 7.0,
respectively, we observed outward Hv1 proton channel current using depolarizing voltage-steps
(-60 mV to +130 mV) (Figure 2B). Voltage steps from -60 mV up to 0 mV failed to yield
measurable current. Although the EGFP-Hv1 proton channel yielded voltage-dependent proton
current when expressed in CHO cells, this does not rule out that the Sf9 expression system

generated properly folded and functional protein.

2. EGFP-Hv1 protein is most stable 48 hours after infection and n-dodecyl-B-D-maltoside

stabilizes protein at 24 hours.
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After establishing that the chimeric EGFP-Hv1 proton channel was a functional protein
construct, we initiated studies to determine solution conditions that would stabilize solubilized
human Hv1 proton channel protein when expressed in a baculovirus expression system. We
conducted a time course to establish the optimal time for chimeric EGFP-Hv1 protein
production. To focus on these time points, we chose the commonly used n-dodecyl-B-D-
maltoside (DDM) to solubilize the harvested and isolated aliquots of infected Sf9 cells. This non-
ionic detergent, DDM, has a critical micelle concentration of 0.12 mM and is one of the most
frequently used detergent in membrane protein crystallography . Aliquots of the EGFP-Hv1
proton channel culture were taken at four time points following infection: 24, 48, 72, and 96
hours. At 24 hours, a single, monodisperse peak of EGFP-Hv1 chimeric protein was observed
and corresponds to the molecular weight of EGFP-Hv1 monomer with the elution volume of
16.83 ml (Figure 1A). The protein void peak, indicative of non-specific protein aggregation, was
negligible in comparison to the EGFP-Hv1 proton peak. We used a purified polyhistidine tagged

EGFP as our control, which is similar to the EGFP used in our chimeric EGFP protein construct.

At 48 hours, a single monodisperse peak of EGFP-Hv1 chimeric protein was observed at
16.79 ml elution volume with the emergence of free EGFP when solubilized in a DDM
solubilization buffer (Figure 1B). The free EGFP peak’s appearance suggests that there is
cleavage and separation of EGFP and the Hv1 proton channel by the time aliquots of the protein
culture are taken. Compared to solubilization of the 24 hour EGFP-Hv1 infected cell culture,
there was an increase in protein aggregation as seen by the robust protein void peak. The FSEC
analysis after 72 hours of infection indicates that there is partial degradation of EGFP-Hv1

chimeric protein because two protein peaks are observed at 15.34 ml and 16.73 ml elution
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volume respectively (Figure 1C). A diffuse protein peak emerged at 12.59 ml elution volume that

was absent at the earlier time points.

At the 96 hour time point, there was near complete reduction of the EGFP-Hv1 protein
peaks at 15.46 and 16.67 ml elution volume seen in Figure 1C. Furthermore, the higher
molecular weight protein peak was increased (12.61 ml eluton volume). The major protein peak
in the 96 hour protein sample is the free EGFP peak, suggesting that at this time most of the
protein that is detecteable is cleaved EGFP as a result of nonspecfici protein degradation. (Figure
1D). Furthermore, the increase in free EGFP at 72 and 96 hours of culture suggested that these
time points would yield low quantities of intact EGFP-Hv1 proteins as the polyhistidine affinity
tage is on the amino-terminus of EGFP. Thus, the chimeric EGFP-Hv1 proton channel was stable
with minimal nonspecific protein cleavage of the chimeric receptor at 48 hours after Sf9 cell
infection. Although our initial study used a detergent that is frequently used for both
solubilization and crystallization experiments, n-dodecyl-B-D-maltoside may not yield or
generate well-ordered protein crystals. Hence, we screened additional non-ionic and zwitterionic
detergents for the maintenance of monodisperse chimeric EGFP-Hv1 proton channel protein at

24 and 48 hours of infected Sf9 cell culture.
3. B-Octylglucoside fails to maintain the monodispersity of protein.

Another common detergent used in the crystallization of membrane proteins is a group
consisting of the octyl-glucosides, which include the detergent n-octyl-B-D-glucoside (B-OG).
This non-ionic glucoside has a critical micelle concentration of 23.4 mM ?® and has been used to
determine the crystal structure of a variety of membrane proteins. As the detergent consists of a

glucose head group and shorter alkyl chain than DDM, we solubilized the EGFP-Hv1 chimeric
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protein to assess the protein’s stability in this second most frequently used detergent. Based on
the time-course study using DDM, we focused on aliquots of infected Sf9 cells that were

harvested at 24 and 48 hour time points.

The FSEC analysis of the EGFP-Hv1 chimeric protein showed that the protein was eluted
at 16.75 and 16.87 ml elution volumes in B-OG detergent at 24 and 48 hours, respectively
(Figure 2A and 2B). At both time points, we observed EGFP-Hv1 proton channel protein peaks
that lacked monodispersity, characterized by increases in chromatographic “shoulders” around
the protein peak. The protein void peak differed between the two time points. At 24 hours, the
EGFP-Hv1 proton channel chimeric protein peak was the same amplitude as the protein void
peak. The ratio of protein void peak to chimeric protein, however, increased at the 48 hour mark.
This suggests that the EGFP-Hv1 chimeric receptor is not stable if solubilized in n-octyl-B-D-

glucoside and formed protein aggregates once removed from the plasma membrane.
4. LDAO fails to maintain the monodispersity of protein at 48 hours

We continued to explore other detergents, based on their physicochemical properties. The
next detergent used was the zwitterionic detergent n-dodecyl-N,N-dimethylamine-N-oxide
(LDAO). At the time of their review, Newstead and colleagues determined that LDAO
accounted for nine membrane protein structures 2. The detergent consists of a 12 carbon alkyl
chain and a electrical neutral head group consisting of a zwitterionic amine oxide. We observed
that the EGFP-Hv1 chimeric protein was stable at 24 hours when solubilized in LDAO
solubilization solution. The resulting chromatogram showed a symmetrical peak that eluted at
16.49 ml and had a small protein void peak (Figure 3A). Solubilization of the 48 hour aliquot

resulted in a main protein peak that eluted at 16.47 ml elution volume (Figure 3B). Although the
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elution volumes between the 24 and 48 hour aliquots were similar, the protein void peaks were
not. The ratio of protein void versus EGFP-Hv1 proton channel chimeric protein was increased,
suggesting that when more protein is present there was a corresponding increase in protein
aggregation. Although the protein quantity will be reduced if pursued, our data suggests that
LDAO may be a candidate for large-scale protein purification of the EGFP-Hv1 proton channel

chimeric protein when harvested at 24 hours.
5. Anzergent 3-12 stabilizes the EGFP-Hv1 chimeric protein at 24 and 48 hours.

In a recent report, the voltage-sensing domain (VSD) of the Ciona intestinalis voltage-
dependent phosphatase (Ci-VSP) expressed in E. coli** was purified and used to form diffraction
quality protein crystals for structure determination®. In those reports, a variety of detergents
were used to solubilize and purify the voltage sensor domain. Of the 14 detergents used, two
showed the most promise, with resulting purified protein exhibiting homogeneity and
monodispersity. These were Anzergent 3-12 and 3-14, which have alkyl chains of 12 and 14
carbons, respectively. They provide a different chemical backbone than the other detergents used
and are zwitterionic (where the charges remain in the headgroup and not in the carbon chain).
Both Anzergents demonstrated utility for solubilization and reconstitution of the Ci-VSD.
However, these detergents have not been assessed for stabilizing the intact Hv1 proton channel.
Thus, we sought to characterize the stability of the chimeric EGFP-Hv1 proton channel using
Anzergent 3-12. The FSEC profiles of the chimeric EGFP-Hv1 proton channel protein provide
evidence to suggest that Anzergent 3-12 has potential for stabilizing the solubilized chimeric
protein (Figure 4A and 4B). A single, monodisperse peak was observed at 16.73 ml when the 24

hour aliquot was analyzed (Figure 2A). There was a protein void peak using Anzergent 3-12,
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which differs from DDM and LDAO at the same time point. There was no discernable free

EGFP in the solubilized sample.

At 48 hours, EGP-Hv1 chimeric protein was eluted at 16.53 ml as a single peak (Figure
4B). The EGFP-HvL1 protein peak differed at the 48 hour mark when solubilized in Anzergent 3-
12, as the symmetry of the peak was reduced with the emergence of a low-molecule weight
shoulder. Furthermore, the protein void was more robust than the chimeric EGFP-Hv1 proton
channel peak. These results indicated that Anzergent 3-12 was suitable for solubilizing the
EGFP-Hv1 containing cells at 24 hours, but may also be vulnerable to protein aggregation and
reduced protein stability if solubilized using samples isolated at time points greater than 24

hours.

6. Large-scale purification of chimeric EGFP-Hv1 proton channel is stabilized by n-

dodecyl-B-D-maltoside.

Based on our data, the small-scale assessment of the chimeric EGFP-Hv1 proton channel
showed that n-dodecyl-[J-D-maltoside provided sufficient stability to warrant large-scale study.
Next, we considered if a large-scale of infect Sf9 cells culture (2 liters) would generate sufficient
protein and retain stability when isolating the chimeric EGFP-Hv1 proton channel. we generated
and purified the chimeric EGFP-Hv1 proton channel from 4 liters of Sf9 cell culture at 48 hours.
The isolation of the EGFP-Hv1 proton channel was performed with cobalt metal affinity resin
(Figure 6A). We utilized a 20 mM imidazole wash buffer that resulted in a protein peak with 200
mMAU absorbance. The EGFP-Hv1 proton channel was eluted with 250 mM imidazole solution
and resulted in a robust protein peak (~600 mAU). The resulting protein was retained using 3 ml

fractions. Five fractions that made up the resulting EGFP-Hv1 proton channel peak were
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collected, combined, and analyzed using size exclusion chromatography using a Superose 6
100/300 column. The resulting chromatogram gave no indication of a protein void peak, which
suggests that larger quantities of the protein, while in DDM solution, should remain stable and

not form significant protein aggregates (Figure 6B).

Protein began to elute from the after the 8 ml elution volume mark and increased steadily.
The first peak was observed at 14.46 ml elution volume. This peak lacked monodispersity. The
major peak eluted at 16.99 ml elution volume and represents the major peak. Despite using the
same SEC protein column, the resulting EGFP-Hv1 proton channel protein eluted at a higher
elution volume than the protein in the FSEC studies. The discrepancy is due to the difference in
tubing lengths separating the column from the fluorescence detectors on the FSEC (HPLC) and

SEC (FPLC) instruments.
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Discussion:

The human Hv1 proton channel though belongs to voltage-gated ion channel family but it
differs from typical voltage-gated ion channels. We sought to characterize the Hvl proton
channel’s expression and monodispersity when solubilized in commonly used detergents using
the fluorescence-detection size exclusion chromatography assay. To express the chimeric EGFP-
Hv1 proton channel, we used a baculovirus/insect expression system. The Hv1 proton channel
studies have used other expression systems to produce the protein. E. coli, Picchia pastoris, and
mammalian cells have been used to express either Hv1l proton channel, the Hv1 truncated C-
terminal domain, Ci-VSP %*?° The Ci-VSD protein was overexpressed in E-coli X-10 gold cells
2% Similar to our chimeric EGFP-Hv1 proton channel, the recent mVSOP protein structure was
generated using the baculovirus expression system 2. The insect expression system provides an
environment with lipid composition that most closely mimics the plasma membrane environment
in mammalian cells, with similar post-translational modifications **. Furthermore, we observed
that despite the variety of detergents used, the most commonly used class, the maltosides,

provided the most stable environment for the purified protein.

In preparing the chimeric EGFP-Hv1 proton channel for expression in CHO-K1 cells, we
subcloned the chimeric protein gene into a mammalian expression system for functional
assessment. Based on our electrophysiological studies, the chimeric EGFP-Hv1 proton channel is
functionally similar to the human Hv1 proton channel activity in previous reports. Our greatest
concern for studying the channel’s function was how well the Hv1 proton channel would tolerate
a fluorescent protein at the protein’s N-terminus and whether the chimeric receptor would target

to the plasma membrane. Previous reports have shown that the full length Hv1 proton channel
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can be transiently expressed in HelLa cells and the protein is localized to intracellular
compartments 2’. Removal of the N-terminus had no effect on receptor localization. However,
the removal of the C-terminus led to the more global localization of the Hv1 proton channel #'. In
our study, we focused solely on the N-terminally tagged Hvl proton channel. With our
fluorescent microscopy, we can confirm that the chimeric receptor was expressed throughout the
CHO-K1 cells at 24 hours after transfection. Furthermore, our whole-cell patch-clamp
experiments suggested that the chimeric EGFP-Hv1l proton channel reaches the plasma
membrane to mediate outgoing proton current, as observed with current following membrane
depolarization. Since we did not modify the C-terminus of the protein, this outcome was

expected.

Although the EGFP-Hv1 proton channel generated voltage-dependent proton current
when expressed in CHO cells, this does not rule out that protein expressed in the Sf9 expression
system is properly folded and functional. There is a possibility that the expressed EGFP-Hv1
proton channel protein, when expressed in Sf9 cells, is non-functional even if present in the
plasma membrane. Consideration and caution should be taken when performing structural
experiments where the protein expression system differs from the expression system used for
functional studies. In the case of the recently solved chimeric mVSOP protein structure, the
investigators utilized the baculovirus expression system (Sf9 cells) for protein generation.
Furthermore, two functional assays were used to test protein function: whole-cell patch clamp
electrophysiology using HEK?293t cells; and proton flux studies by reconstituting the purified
protein in liposomes °. As a measure of retained function following generating chimeric protein,
coupling FSEC and whole-cell patch clamp electrophysiology is a powerful screening protocol to

focus on the protein constructs, especially those modified to enhance protein stability and crystal
160



formation that is stable and functional. As the protein structure is pursued, the use of FSEC,
coupled with electrophysiology (either in-house or via collaboration/contract research
organization) should be used in the pursuit of the full-length Hv1l proton channel’s three-

dimensional structure.

The mVSOP/Hv1 proton channels have been the focus of structural studies with protein
crystallographic success coming from the structure determination of the Hv1 proton channel C-
terminus and the recent Ci-VSD and chimeric mVSOP structures. The Hv1 proton channel C-
terminal domain (residue 221-273) was expressed in E. coli and yielded a protein crystal with x-
ray diffraction to 2.5 A resolution® and was improved in subsequent studies ***. This provided
a glimpse of the how the Hv1 proton channel may form dimers while in the plasma membrane.
The recently determined structure of Ci-VSD in the active and resting state provided coordinates
of the structural changes that occur within these voltage sensing transition states. The crystal
structure of the chimeric mVVSOP showed the proton channel in its resting state at resolution of
3.45 A and shows that the chimeric channel was observed to be a dimer when expressed in
HEK293T cells for electrophysiology. However, the chimeric protein forms trimers upon
crystallization, which might be due to the leucine-zipper motif of the transcriptional activator
GCN4 protein added to the construct at protein’s C-terminus %. Despite this surprise, the
chimeric mVSOP protein had the fundamental characteristics of the voltage-gated proton
channel.

The Hvl proton channel C-terminal domain has been implicated in affecting the
channel’s sensitivity to temperature **. However, what is clear in our studies is that the human
voltage-gated proton channel is not a stable dimer once extracted from the plasma membrane. Of

the three reports mentioned™>***?, the resulting Hv1 proton channel, once purified, was present
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as a monomer, instead of a dimer, when in the absence of cross-linker reactions. With exposures
to cross-linking reagents with increasing concentrations, each of these studies shows that the Hv1
proton channel can dimerize. Thus, the dimeric form of the Hv1 proton channel may be stable
while in the plasma membrane, but loses this stability once removed from the lipid environment.
Such is the case when membrane proteins are solubilized in detergent, a less than ideal substitute
for the plasma membrane. We observed evidence of a mixed population of monomeric and
dimeric protein in our final size exclusion chromatography purification (Figure 6). While a more
robust peak is observed at the corresponding elution volume for monomeric EGFP-Hv1 proton
channel, we observed a peak that corresponds to a dimer of the EGFP-Hv1 proton channel.
However, this peak was not as robust as the monomeric EGFP-Hv1 proton channel peak. With
the trimerization of the chimeric mVSOP, there remains the possibility that the monomeric Hvl
proton channel could still multimerize during crystallization.

Based on our FSEC assessment of the chimeric EGFP-Hv1 proton channel stability, we
observed that Anzergent 3-12 (zwitterionic) and dodecyl maltoside (nonionic) detergents
provided the most promising chromatographic profiles at 48 hours. With protein expression and
purification, there is a balancing act between robust protein expression and minimal protein
aggregation. In our time course experiments, we observed that the void peak increased at each
24-hour interval. Although there was no void peak at 24 hours, there was the least amount of
protein expressed. Considerably more protein is produced by 48 hours, with a void peak similar
to the protein peak. Harvesting protein at the 24 hour time point would reduce the amount of
protein lost to aggregation, but would require more culture and greater cost to obtain sufficient

protein for subsequent structural studies. Once taken to larger cell culture, we observed a
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significant and robust monomeric EGFP-Hv1 proton channel peak. The isolation and purification
of the chimeric protein was done in the presence of the nonionic detergent dodecyl maltoside.
The stability of the human voltage-gated proton channel in either Anzergent 3-12 or
dodecyl maltoside is not surprising. Previous reports suggested that these two detergents, or
similar detergents, provide a stable environment for the protein. Full-length human Hv1 proton
channel was purified and reconstituted following solubilization and purification from Pichia
pastoris using a combination of maltosides %°. For solubilization, dodecyl maltoside was used to
extract the protein from the plasma membrane and a working concentration of 1 mM of DDM
was used for affinity resin conjugation and elution. At the final size exclusion chromatography
step, a shorter maltoside, decyl maltoside (DM), was used. From this final purification,
subsequent reconstitution of the protein was performed and the protein remained functional. The
recent structures of the Ci-VSD and the chimeric mVSOP are examples of the complexity
involved in stabilizing a protein outside of the plasma membrane and for forming diffracting
protein crystals. Li and colleagues used different combinations of detergents to solubilize the
protein, to complex the protein with a monoclonal antibody, and to grow protein crystals. The
protein crystals that would reveal the active state of the protein, Ci-VSD R217E in complex with
antibody, were obtained using the detergent LDAO. The essentially wild type protein was
purified using a combination of LDAO and decyl maltoside %. The chimeric mVSOP protein
was solubilized in DDM, with purification and crystallization being performed in CYMAL-5
detergent 2°. The reports for the Ci-VSD and chimeric mVSOP proteins suggests that maltosides
are best used for solubilization and that crystallization may require additional detergents to
generate diffraction quality protein crystals. Our metal affinity chromatography and SEC

purification utilized DDM and yielded a robust monomeric EGFP-Hv1 proton channel peak.
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Thus, our findings are consistent with previous reports regarding the voltage-sensing
protein/proton channel stability up to the size exclusion chromatography step. The protein
crystallization studies will most likely require the use of multiple detergents that facilitate crystal
formation.

The utility of Anzergent 3-12 in stabilizing the EGFP-Hv1 proton channel is similar to
what was observed for a homolog of the Hv1 proton channel protein and the corresponding
crystal structures. Li et al. in 2012 truncated a voltage-sensing phosphatase, thus removing the
phosphatase domain and focusing on the voltage-sensor domain 2*. Fourteen detergents were
screened to isolate the voltage-sensing domain and five of those detergents provided the greatest
solubilization of the Ci-VSP domain, which included Anzergents 3-12 and 3-14. For this
truncated construct, the solubilized Ci-VSP protein was monodisperse, homogeneous, and was
stable a week after concentration. Our detergent screen was not focused on the EGFP-Hv1
proton channel stability after the final size exclusion chromatography purification. However, we
did observe similar higher molecular weight protein products after concentration and SEC
analysis . In the Ci-VSP purification, dodecyl maltoside yielded not only the monomeric
protein, but also higher molecular weight products closer to the void. In our assessment using the
detergent, we did not observe a protein void, but did see a higher molecular weight product near
the monomeric EGFP-Hv1 proton channel peak. We did not observe this peak in our initial
FSEC screen at 48 hours post infection. One possible explanation may be that when the EGFP-
Hv1 proton construct is concentrated prior to SEC analysis, there is opportunity for the protein to
aggregate or dimerize. This aggregation/dimerization could be managed in future studies by
molecular modification of the protein construct. This includes minimizing disulfide formation

4

from free cysteines by reaction with iodoacetamide *, site directed mutagenesis, or further
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modification of the elution buffer by addition of reducing agents dithiothreitol (DTT) or B-
mercaptoethanol.

In conclusion our study demonstrates the feasibility of expressing a functional chimeric
EGFP-Hv1 proton channel in a baculovirus expression system and confirms that both dodecyl
maltoside and Anzergent 3-12 could be used for purification of this full-length proton channel.
Future studies will focus on improving the protein’s monodispersity and the generation of Hv1
proton channel protein crystals for structural determination. The identification of novel ligands
may also enhance the stability of these fascinating membrane proteins and lead to the

determination of the human Hv1 proton channel’s crystal structure.
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Materials and Methods:

Subcloning of Hvl proton channel gene and generation of Hvl baculoviral
expression system. The full-length human voltage-gated proton channel (Yuriy Kirichock,
University of California San Francisco, via Addgene) was subcloned into a modified pFastBacl
vector (Life Technolgies, Grand Island, NY, USA) containing an amino terminal enhanced green
fluorescent protein and polyhistidine tag (Eric Gouaux, Vollum Institute, Portland OR).
DH10Bac supercompetent cells (Life Technologies) were transformed with the pFB-GFPHv1
plasmid DNA according to manufacturer’s protocol to generate bacmid DNA. The resulting
EGFP-Hv1 bacmid DNA was then used to transfect Spongidoptera frugiperda (SF9) insect cells
using Cellfectin transfection reagent (Life Technologies). After 96-hour incubation at 27° C,
EGFP-Hv1 P1 bacuovirus was isolated and passed through a 0.22 um filter. The isolated P1
virus was stored at 4° C until used. P2 baculovirus was obtained by inoculating Sf9 cell culture
(1.0 x 10° cells/ml) with 150-200 ul P1 virus and harvested using filtration at 96 hours post
infection.

Solubilization Buffer. Protein solubilization buffer consisted of 150 mM NaCl, 20 mM
Tris-Cl, and 20 mM detergent. Elution buffers for HPLC assessment were similar to
solubilization buffer, but with 1 mM detergent in most cases. Four detergents were identified for
the solubilization and stability screen. These include n-dodecyl-p-D-maltoside (C12M), n-Octyl-
B-D-glucopyranoside (B-OG), n-Dodecyl-N,N-Dimethylamine-N-Oxide (LDAO), and n-
Dodecyl-N,N-Dimethyl-3-Ammonio-1-Propanesulfonate/N,N-Dimethyl-1-N-(3-Sulfopropyl)-1-
Dodecanaminium Hydroxide, Inner Salt (Anzergent 3-12). All detergents were obtained from
Anatrace/Affymetrix. The protease inhibitor phenylmethylsulfonyl fluoride (PMSF) was

supplemented to each solubilization buffer and filtered using a 0.22 um filter, aliquoted, and
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stored at -20° C. The frozen solubilization buffers were thawed prior to use and any remaining
buffer was discarded.

Fluorescence Detection Size Exclusion Chromatography (FSEC) assay. Sf9 cell
culture (100 ml at 1x10° cells/ml) were infected with P2 baculovirus and 1 ml aliquots of
infected cells were collected at four time points using centrifugation: 24, 48, 72, and 96 hours.
The supernatant was removed and cells were stored at -80° C for subsequent FSEC analysis. To
solublize the isolated cells, the cells were thawed and resuspended in solubilization buffer and
placed on a rotisserie rotator for 1 hour at 4° C. Crude solubilized samples were subjected to
centrifugation prior to column injection to remove any insoluble or aggregated material. The
supernatant was transferred to a clean, capless, microcentrifuge tube and placed in an automated
sample injector of a Shimadzu HPLC equipped with a fluorescence detector and UV absorbance
detector. Solubilized protein samples were passed through a Superose 6/10-300 GL size
exclusion chromatography column (GE Biosciences). The FSEC apparatus was was equilibrated
with elution buffer for 2 hours using a flow rate of 0.5 ml/min. Aliquots of the solubilized
samples (75 [11) were injected onto the sizing column using an autosampler. Column eluants
were analyzed using the fluorescence detector (Shimadzu) with excitation/emission wavelength
parameters of 487/507 nm, respectively >*°. Under these parameters, only the enhanced green
fluorescent protein is observed, which can be attributed to intact chimeric protein or cleaved
EGFP. Chromatograms were plotted using OriginLab 8.0 for further assessment.

Transfection of CHO cells with Hv1-pNGFP-EU construct: The full length Hvl
proton channel gene was subcloned into pNGFP-EU vector at the EcoRI and BamHI sites at the
5'and 3' ends, respectively °. Chinese Hamster Ovarian cells (CHO-K1, Eton Biosciences) were

plated at a cell confluency of 200,000 cells/ml in a 35 mm tissue culture dish and were allowed
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to adhere to glass coverslips (overnight) prior to transfection. Cells were transfected using 1 ug
PNEGFP-Hvl cDNA using Lipofectamine LTX according to manufacturer’s instructions.
Transfected cells expressing the chimeric EGFP-Hv1 proton channel were imaged using an
EVOS fluorescent microscope (Life Technologies) and assessed for function 24-48 hours after
transfection.

Metal affinity and size exclusion chromatography: A 2-liter Sf9 cell culture was
infected with 20 ml of the chimeric EGFP-Hv1 proton channel P2 virus and incubated at 37°C
with shaking at 125 rpm for 48 hours. Cells were isolated using centrifugation. Collected cells
were sonicated and membranes were isolated using ultracentrifugation. Isolated membranes were
homogenized using a Dounce homogenizer in a sonication buffer consisting of (mM): NaCl
(150), Tris-Cl (20) at pH 8.0, and DDM (40). Homogenized membranes and buffer were mixed
further at 4°C for 1 hour. Insoluble material was separated from the membrane solubilized
supernatant using ultracentrifugation. Cobalt metal affinity chromatography resin was
equilibrated with equilibration buffer consisting of (in mM): NaCl (150), Tris-Cl (20) at pH 8.0,
and DDM (20). Once equilibrated, the cobalt resin was added to membrane supernatant and
allowed to rotate for 1 hour at 4°C. Chimeric EGFP-Hv1 proton channel protein bound resin was
washed with wash buffer (equilibration buffer supplemented with 20 mM imidazole). Final
elution of the chimeric EGFP-Hv1 proton channel protein was achieved using elution buffer
(equilibration buffer supplemented with 250 mM imidazole). Eluting protein fractions (3 ml)
were collected during the wash and elution steps. Desired fractions were collected from affinity
chromatography and concentrated prior to loading onto a FPLC for size exclusion

chromatography using a Superose 6/10-300 GL (GE) column at an elution rate of 0.5 ml/min.
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Electrophysiology: Whole-cell patch clamp electrophysiology was used to determine the
functionality of Hv1 proton channel construct. Patch pipettes were pulled from borosilicate glass
using flaming brown pipette puller (Sutter Instruments P97 brown filament puller) and were fire
polished to a resistance ranging from 16-22 MQ in the described extracellular and internal
solutions. Extracellular solution consisted of (in mM): HEPES (100), MgCl, (1), CaCl, (1),
75mM N-methyl-D-glucamine, or NMDG (75) buffered to pH 7.0. The internal (pipette) solution
consisted of (in mM) NMDG (75), MgCl, (1), EGTA (1), and MES (100) buffered to pH 5.5%.
The recording was performed using pPCLAMP data acquisition and analysis software, filtered and
samples at 5 and 10 kHz, respectively. Patched cells were subjected to whole-cell capacitance
and 95% series resistance compensation. All the recordings were done at room temperature and
holding potential of cells was set to -60 mV. The recording protocol consisted of an initial
holding potential of -60 mV and proton currents were observed as voltage steps were applied
from -60 mV to +130 mV in 10 mV increments. Data is presented and analyzed using OriginLab

8.0 software.
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Figure and Legends
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Figure 1. Expression and functional analysis of chimeric EGFP-Hv1 Hv1 proton channel
transiently expressed in Chinese hamster ovary (CHO) cells. (A) Cells expressing the EGFP-
Hv1 proton channel 24 hours post transfection as seen through a fluorescent microsope (FITC
filter cube). (B) Typical whole-cell patch clamp recordings of expressed chimeric EGFP-Hv1
proton channel. Whole cell patch clamp recording were performed 24 hours post transfection.
The EGFP-Hv1 proton channels were clamped at an initial VVh of -60 mV, and subjected to +10
mV voltage steps (500 ms duration) to +130 mV. The voltage step to +80 mV and corresponding
response is highlighted in red. Scale bars are in milliseconds (ms) and pico-Amperes (pA),

respectively.
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Figure 2. Fluorescence-detection size exclusion chromatography time course analysis of
chimeric EGFP-Hv1 proton channel solubilized in dodecyl maltoside. Crude supernatant of
EGFP-Hv1 proton channel containing plasma membranes from Sf9 cells were analyzed at (A) 24
hours, (B) 48 hours, (C) 72 hours, and (D) 96 hours. Chromatogram peaks associated with
protein void (Void), chimeric protein (EGP-Hv1), and free monomeric EGFP (EGFP) are shown.
Chimeric protein (black) and free monomeric EGFP (green) are scaled for comparison. Elution

volume (ml) and Fluourescence are shown. a.u.= arbitrary units.
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Figure 3. FSEC analysis of Hvl channel protein solubilized in BOG detergent. (A) 24 hours
and (B) 48 hours after infection in SF9 cells. Chromatogram peaks associated with protein void
(Void), chimeric protein (EGP-Hv1), and free monomeric EGFP (EGFP) are shown. Chimeric
protein (blue) and free monomeric EGFP (green) are scaled for comparison. Chromatogram
profiles are scaled for comparison. Elution volume (ml) and Fluorescence are shown. a.u.=

arbitrary units.
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Figure 4. FSEC analysis of Hvl channel protein solubilized in LDAO detergent. (A) 24
hours and (B) 48 hours after infection in SF9 cells. Chimeric protein (orange) and free
monomeric EGFP (green) are scaled for comparison. Chromatogram profiles are scaled for

comparison. Elution volume (ml) and Fluourescence are shown. a.u.= arbitrary units.
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Figure 5. FSEC analysis of Hv1 channel protein solubilized in Anzergent detergent. (A) 24
hours and (B) 48 hours after infection in SF9 cells. Chromatogram peaks associated with protein
void (Void), chimeric protein (EGP-Hv1), and free monomeric EGFP (EGFP) are shown.
Chimeric protein (purple) and free monomeric EGFP (green) are scaled for comparison.
Chromatogram profiles are scaled for comparison. Elution volume (ml) and Fluorescence are

shown. a.u.= arbitrary units.
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Figure 6. Isolation and purification of the chimeric EGFP-Hv1 proton channel. (A) Cobalt
metal affinity chromatography elution profile of isolated EGFP-Hv1 proton channel is shown.
Axes of the chromatography profile are labeled Elution volume (ml) and Absorbance at 280 nm
(mAu), respectively. Equilibration, wash, and elution with increasing concentrations of
imidazole are depicted (dashed line). Small grey vertical marks along the x-axis represent protein
3 ml protein fractions. (B) Size exclusion chromatography profile of chimeric EGFP-Hv2 protein
is shown. Chromatography axes are the same as panel A. Chimeric monomeric EGFP-Hv1
proton channels is labeled. Small grey vertical marks along x-axis indicate the 0.3 ml protein

fractions obtained using a Superose 6/10-300 GL (GE) column.
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