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Abstract

REGULATION OF HCN CHANNEL FUNCTION BY DIRECT cAMP BINDING AND
SINGLET OXYGEN
By Vinay Kumar Idikuda, MS
A dissertation submitted in partial fulfillment of the requirement for the degree of Doctor of
Philosophy at Virginia Commonwealth University School of Medicine.
Virginia Commonwealth University, 2018

Major Director: Lei Zhou, Ph.D., Associate Professor, Department of Physiology and
Biophysics

Hyperpolarization-activated, cyclic-nucleotide gated ion channels (HCN channels) are activated
by membrane hyperpolarization and modulated by cyclic nucleotides. HCN channels are important
to maintain the resting membrane potential and input resistance in neurons and have important
physiological functions in the brain and heart. Four mammalian HCN isoforms, HCN1-4, and the
isoform cloned from sea urchin, spHCN, have been extensively studied. Among these, only
SpHCN channel shows a voltage dependent inactivation. Previous studies have shown that the
ligand binding in mMHCNZ2 channel is activity dependent: cAMP binding increases along with
channel opening or channels in the open state have higher binding affinity for cAMP. But to date,
information pertaining to the ligand binding to an inactivated ion channel or desensitized receptor
is lacking. To address this gap, we used fluorescently labelled cAMP analogues in conjunction
with patch clamp fluorometry (PCF) to study the ligand binding to the spHCN channel in various
conformational states. We show that inactivated spHCN channel shows reduced binding affinity
for cAMP, compared to that of the closed or open channel. Parallelly, we noticed significant

changes to channel function when a combination of laser and photosensitizer was used to study



Xiv

ligand binding. A reactive oxygen species called singlet oxygen has been confirmed to be the major
player in this process. Both photo-dynamically generated and chemically generated singlet oxygen
modifies SpHCN channel by removing the inactivation. The effect of singlet oxygen on channel
can be abolished by the mutation of a key histidine (H462) residue in the ion conducting pore.
Taken together, these two projects expanded our understanding about the physicochemical nature
of fluorophores from two aspects: (i) the release of photon as a valuable tool to study the
conformational dynamics in proteins; (ii) the generation of singlet oxygen as an effective

modulator of protein function.
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INTRODUCTION
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A. Overview of HCN channels:

Hyperpolarization-activated, cyclic-nucleotide gated ion channels (HCN channels) belong to the
superfamily of voltage gated potassium channels. In this superfamily, HCN channels along with
cyclic nucleotide gated ion channels (CNG channels) and Ether-a-go-go channels (EAG channels)
form the subgroup of cyclic nucleotide regulated ion channels. HCN channels have been identified
in many vertebrates (e.g., human, mouse, rat, etc...) and invertebrates (sea urchins, cnidarians,
lobsters, etc.), recently a prokaryotic channel with high sequence similarity to CNG and HCN
channels has been identified. In the mammals, HCN channels are known to play important roles
in cardiac and neuronal physiology. HCN channels are mixed cation conducting channels that open
upon membrane hyperpolarization and in turn depolarize the membrane, hence they serve as a
negative feedback mechanism. HCN channels are modulated by intracellular second messenger
3’, 5’ cyclic adenosine monophosphate (¢cAMP), which acts as co-agonist along with voltage to
make the channel activation faster and more complete. This dual gating by voltage and ligand,
makes HCN channels an exciting target molecule for the study of allosteric effects of voltage and

ligand gating, two of the most intriguing questions in the ion channel biophysics.

B. [If/ln current - The historical perspective

In the late 1960’s and 1970’s, there was a quest to understand the electrical currents underlying
the pace-making in the heart. The initial school of thought was that the pacemaker depolarization
in the heart occurred concurrent to the decline in potassium conductance during a diastole
(Weidmann, 1951). In 1969 Noble and Tsien showed that in sheep purkinje fibers, during a cardiac

action potential, depolarization occurs due to a depletion of the outward potassium current 2 and
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this was believed to be the pacemaker current or lx2. This potassium current depletion hypothesis
was further corroborated by various other studies. Although the experimental evidence for
‘potassium-current” model proposed by Nobel and Tsien was strong enough, there were some
apparent inexplicable observations in the above mentioned studies, such as (i) lack of a true current
reversal at reversal potential (Ex) for potassium (ii) the disappearance of current in sodium *# and
(iii) presence of a biphasic current near Ex * Moreover, the decline in potassium currents would
not lead to a depolarization per se. All these observations suggested that the pacemaker current
may not be a pure potassium current.

The potassium current hypothesis prevailed until the hyperpolarization activated In or lscyclic
nucleotide gated ion channel (HCN channels) mediated currents were first identified in rabbit
sinoatrial nodal (SA node) cells. In 1976, a time dependent inward current was identified in the
frog sinus-venosus preparations at voltages negative to the maximum diastolic potential, which
was called the “pacemaker current” >°. Similar observations were made in the rabbit SA node cells
by Irisawa and Noma ’. Although the ionic nature of this current that led to the “pacemaker
potential” was still elusive at that point of time, the experimental evidence indicated that sodium
could be one of the underlying charge carrier species. Later on, in 1979, Brown et al found an Ik>
(inward or pacemaker current found in purkinje fibers) like component in the rabbit SA nodal
preparation which was important not only for “pace-making” but also for modulation of heart rate
by catecholamines like adrenaline %89, For its funny behavior, this current component was called
the funny current or I. Interestingly, striking similarities exist between the purkinje fiber Ik> and
the SA nodal I+. Similar to Ik, I+ also displayed a sodium dependence, could be blocked by Cesium
(Cs™) and showed a lack of reversal potential near the Ex (equilibrium potential for potassium)

suggesting that these two were the same current component. Later on, the funny current Irwas also
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termed as In (hyperpolarization activated currents) by Yanagihara and Irisawa °. Yet another
feature that was notable with I+ was the modulation by adrenaline. Brown et al (1979) have
identified that intracellular cAMP elevation by adrenaline causes the acceleration in the heart rate
possibly by increasing It ®1!. Conversely, muscarinic stimulation slows down the heart rate by
decreasing the cCAMP levels 2. The modulation of I, by hormones (adrenaline, acetylcholine and
serotonin) was identified by many groups *-%°, and was speculated to be due to changes in
intracellular cAMP concentration. Finally, using excised patches from cardiac pacemaker cells,
DiFrancesco and Tortora showed that I current could be modulated directly by intracellular cAMP
levels °. Thus, a possible molecular mechanism and putative substrate for heart rate modulation
by autonomous nervous system was identified.

Subsequent to these findings, a reinterpretation of the Ik> current revealed that the pacemaker
current was an inward activating current (based on the Cesium block of Ik2). The reason for the
misinterpretation was that this inward current was contaminated with the outward potassium
current (mediated by inward rectifier potassium channels) which was active at the hyperpolarizing
test voltages. The conundrum was finally solved by using Barium (a known inward rectifier
blocker) to block the outward potassium current component and consequently resolving the
underlying inward current component I+/In. I+ was found to be a mixed cationic current with both
sodium and potassium among the conducting species, this explained the observed sodium
dependence of pacemaker current. The Kinetics of Ir were found to be of hodgkin-huxley type 178,
Finally, I+ was established as the hyperpolarizing current that is activated during the diastolic
depolarization. Nevertheless, the molecular substrate that led to this current was not known.

Despite many studies indicating the pace-making nature of the I, it is evident that I is not solely

responsible for pace-making. Blocking I+ alone with cesium could not completely attenuate pace-
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making ability of the heart, suggesting a much more complicated interplay of ionic currents during
the cardiac action potential. I¢/ln was also identified in various non-cardiac tissues as well. The
most notable of these were the identification of I in the sensory neurons ° and other neuronal cell
types including thalamocortical neurons 22!, photoreceptors of the salamanders ?? etc. Today, It
has been identified in various tissues and is believed to play important roles in the oscillatory
activity in the brain including regulation of sleep-wake cycle in the thalamus, pacemaking in the
heart and cellular physiological functions such as the maintenance of resting membrane potential
and input resistance in the neurons, etc. 2. Some of these functions will be elaborated later in the
text in detail. During the next decade with the advancement of molecular biology, the genes
encoding the funny currents were unveiled and HCN channels were found to be the source or
molecular correlate of I+. This led to the opening of a new avenue at the molecular level for the

study of structure and function of HCN channels.

C. The molecular identification of HCN channels:

In the late 1990°s, HCN channel gene(s) have been cloned by several groups from various sources.
It was initially identified from the mouse brain cDNA library using yeast two hybrid system and
was named as mBCNG-1 (Brain Cyclic nucleotide gated 1). Immunochemistry using mouse brain
has shown that BCNG-1 was expressed in the hippocampus, neocortex and cerebellar cortex 24,
Based on alignment of primary sequences mBCNG-1 was found to be part of a novel class of
voltage gated potassium channels. Subsequently, partial cDNA clones of mBCNG-2, 3, and 4 have
also been reported and characterized by electrophysiology 2°. Simultaneously, Ludwig et al., have
cloned three related genes encoding for hyperpolarization activated cation channel (HAC 1, 2, 3).

Among these, HAC2 was identical to previously identified BCNG-1, and HAC-1 was identical to
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BCNG-2 %, Later on, Ishii et al screened the rabbit SA node cDNA library and have cloned HAC-
4 which showed 96% homology with BCNG-3. Electrophysiology studies have shown that HAC-
4 was the molecular correlate of It or the pacemaker current in the heart 2. Another notable
contribution was the cloning of cDNA encoding SPIH from the cDNA library of sea urchin testes
which had a sequence similarity with HCN channels and hence named as spHCN. Heterologous
expression of spHCN channels in HEK cells produced a hyperpolarization dependent currents
which were sensitive to intracellular cAMP 28, the biophysical properties of spHCN channel were
strikingly unique. Later on, HCN channel homolog genes have been cloned from human brain,
heart and testes 2% and also from other species including Drosophila melanogaster 3! and very
recently from Aplysia 2. To date four mammalian HCN channels have been cloned, HCN1-4.
They show about 90% sequence similarity with each other. The cloning of HCN channel genes
has given an opportunity to study the biophysical properties of the HCN channels at molecular

level in heterologous expression systems.
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D. The voltage-dependent gating in HCN channels

Four mammalian isoforms of HCN (1-4) channels have been characterized so far and have been
studied very well in heterologous systems. Moreover, extensive biophysical characterization has
also been done for the invertebrate SpHCN channel owing to its unique properties. The biophysical
properties of HCN channels are unique, with clear differences across different isoforms. The most
unique property of HCN channels is the opening upon membrane hyperpolarization. Despite their
structural similarity to potassium channels which are activated upon membrane depolarization, A
closer look at the inward current that is generated by the activation of HCN channels, reveals two
current components, one a fast activating but minor instantaneous current component (linst) and the
other a slowly activating steady state hyperpolarizing current (In). The ionic nature and the
physiological role of fast activating instantaneous current has been debatable and simultaneously
very elusive. Further details regarding the instantaneous current are discussed in the next section
of the text.

The half maximal activation voltage (the voltage potential at which half of the channel
population is open) for HCN channels ranges from -70 to -100 mV. The wide range of activation
voltages is a result of various factors including the source (native vs heterologous), the choice of
expression system (oocytes, mammalian cell lines, stable cell lines) and the experimental
conditions (pH, ionic composition of the solution, etc.).

The values of time constant of activation for the In were found to vary with different
experimental conditions and the expression system from a few milliseconds to seconds. Among
the mammalian HCN channels, HCN1 has fastest kinetics with HCN4 being the slowest 272933

whereas, HCN2 and HCN3 show intermediary kinetics. For example, the heterologously expressed
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hHCN2 and hHCN4 (both show expression in the SA node) in HEK cells show time constants of
179 ms and 679 ms, respectively in the absence of CAMP and at -140mV 33,

Stieber et al., have generated stably expressing HEK cell lines of all four human HCN
isoforms and reported that the hHCN1 has the fastest kinetics whereas hHCN4 is the slowest
isoform among the four, an observation that is consistent with the previous reports. The I from
native cells like thalamocortical neurons, and SA nodal cells where HCN2 and HCN4 are the major
isoforms, shows slower activation kinetics in the range of few hundreds of milliseconds, whereas
in the hippocampal CA1 neurons, the Tac values were around 30 msec. Moreover, the kinetics
were different between the currents from heterologous expression systems and the currents from
the native systems 1°2>2634 This intrinsic variability and apparent inconsistency in Kinetics could
arise from the different subunit composition in native HCN channels and potential roles of
auxiliary subunits and post translational modifications (glycosylation, phosphorylation, etc.).
Heteromeric complex of HCN1 and HCN4 channels % and HCN 1 and HCN2 have also been
reported 3. Taken together, the cellular microenvironment and subunit composition of HCN
channels can result in differential biophysical properties that are tuned towards a specific function

in a specific cell type.

E. The ligand-dependent gating in HCN channels: requlation by cyclic nucleotides

As mentioned earlier, in addition to membrane hyperpolarization, HCN channels can be regulated
by direct binding of intracellular cyclic nucleotides like CAMP to the cyclic nucleotide binding
domain (CNBD), which is a ligand-gating process and independent from the cyclic nucleotide
dependent phosphorylation 6. Membrane hyperpolarization alone is sufficient and necessary to

open the HCN channels. However, the channel opening and kinetics can be fine-tuned depending
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on the intracellular cAMP concentration. The CNBD is a highly conserved domain and has been
previously identified in various other proteins including bacterial catabolite activating protein
(CAP) ¥, ¢cGMP dependent protein kinases and the cyclic nucleotide gated ion channels (CNG
channels). A highly conserved acidic arginine residue (R591 in mHCNZ2) in the CNBD is known
to be critical for cyclic nucleotide binding3-38-40, Negatively charged phosphate group of the cyclic
nucleotide interacts with this conserved residue*'#?. Mutating R591 to an acidic glutamate residue
(R591E) abolished cGMP effects in CNG channel and likewise abolished cAMP effect on HCN
channel suggesting that the Arginine is critical for cAMP binding®®.

The extent and type of modulation that cCAMP exerts on HCN channels is isoform specific. For
example, in mammalian HCN, cAMP shifts the half maximal voltage of activation to positive
voltages, whereas in the spHCN channel cAMP relieves the inactivation 2>2843, Among the four
mammalian HCN isoforms, the effect of CAMP is variable. HCN2 and HCN4 show a strong
response (about 12-15 mV shift toward positive voltages in V1/2) to cAMP compared to weak
responses in HCN1 and HCN3 (2-7 mV shift).

The molecular mechanism underlying the cAMP dependent gating of HCN channels is
intriguing. In the absence of cAMP, the CNBD of HCN channels has an auto-inhibitory effect on
the channel opening. Binding of cAMP to this domain relieves this intrinsic inhibition and thereby
facilitates channel opening by shifting the voltage dependent gating towards positive voltages.
This inhibitory effect of CNBD has been elegantly demonstrated by deleting the CNBD from
HCNI and HCN2 (HCN1 ACNBD and HCN2 ACNBD), which led to activation at depolarized
voltages (~24 mV). Furthermore, both the CNBD deletion mutants and the C-linker deletion

mutants open upon hyperpolarization, suggesting that these domains are not essential elements of
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voltage dependent gating in HCN channels but rather form an integral part of ligand dependent
modulation of channel gating 44°.

Experimental evidence suggests that the differences in the basic voltage dependent gating
between HCN1 and HCN2 (HCN1 opening at more positive voltages than HCNZ2) are due to
differences in the sequences in transmembrane core and the COOH terminus (both C-linker and
CNBD together) of the channel together. Swapping the -COOH terminus and the transmembrane
core of HCN1 with HCN2 could reverse the differences in basal voltage dependent gating between
both the channels. On the other hand, differential sensitivity of different isoforms to cAMP is
largely due to differences in COOH terminus. Swapping just the COOH terminus between HCN1
and HCN2 could completely reverse the cAMP effects on the channels®. These results were
consistent with the observations from native HCN channels in SA nodal cells, where enzymatic
digestion of the intracellular C-terminus using Pronase also accelerated the channel opening,
suggesting that the C-terminus has an auto-inhibitory effect on the channel 7,

Cyclic Guanosine monophosphate (cGMP) can also facilitate HCN channel activation similar
to that of cAMP. cGMP binding also shifts the activation curve of HCN2 by 12-14 mV towards
positive voltages. Nevertheless, the apparent affinity for CAMP (K. 0.6 M) was at least 10 fold
greater compared to that of cGMP (K. 6 uM) 8. Surprisingly enough, cGMP does not activate
currents in the spHCN channel 2. cGMP binds to the channel through a hydrogen bond with a
threonine residue in the beta roll of CNBD, the homologous residue in SpHCN is a valine which
explains the insensitivity of spHCN to cGMP “4° Recently, it has been shown that cyclic
dinucleotide (c-di-GMP and c-di-AMP) can bind to an allosteric site on the C-linker region of the
channel and antagonize the effects of CAMP in hHCN4 and shift the half maximal voltage to the

control levels *°. However, surface plasmon resonance (SPR) studies and isothermal calorimetry
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(ITC) with isolated C-linker/CNBD did not show any direct evidence of dinucleotide binding,
suggesting that the intact/full length channel is probably necessary to see the allosteric effects of

cyclic dinucleotides 2.

F. lon selectivity and permeability of HCN channels:

Under physiological conditions, HCN channels are non-selective cation channels i.e., when they
open, HCN channels permeate both sodium (Na*) and potassium (K*) into the cell 17192252,
Although HCN channels are mixed cation channels, they preferentially permeate K. The ratio of
sodium to potassium permeability is approximately 1:3, this results in a reversal potential of -20
to -30 mV under physiological conditions 126536 Not just Na* and K*, other monovalent cations
like Lithium (Li*), Rubidium (Rb*) and Thallium (TI%) also permeate through the HCN channel
albeit to a lesser extent 18536 QOn the contrary, large cation like Cesium (Cs*) blocks the channel
pore from the extracellular side®’.

The presence of potassium in the extracellular solution can affect the permeability of
sodium. The lack of potassium in the extracellular solution shuts off sodium permeability and a
corresponding increase in K results in an increased Na conductance suggesting a role of anomalous
mole fraction i.e. interaction between the permeant ions 88, Interestingly, there are some isolated
reports of calcium entry through HCN channels in DRG neurons and rat ventricular myocytes.
Furthermore, the entry of calcium through the HCN channels has been shown to be important for
activity evoked neuronal secretion in the DRG neurons %61, The precise physiological role(s) of
calcium permeability is yet to be fully understood.

There have been many attempts to measure the single channel conductance of HCN

channels. The challenge with HCN channels though is the small conductance and potentially slow
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kinetics of opening and also significant run down in current with time making it difficult to get an
accurate estimate 2, Earlier studies on isolated SA nodal cells have estimated the conductance to
be 0.97-1 pico-Siemens (pS). Adrenaline can increase the open probability of the channel ?but not
the single channel conductance. Similar values have been reported by various other studies. For
example, ~ 0.67 pS for the native HCN channels in hippocampal neurons ®3, 1.5pS for HCN2
channels heterologously expressed in HEK cells ®, 1.67 pS for HCN2 channels expressed in
Xenopus oocytes ®° and -2.5 pS in HCN2 expressed in oocytes ®. Interestingly, conductance values
that are significantly higher than the values mentioned above have been reported by some studies.
For example, heterologously expressed HCN channels in CHO cells have shown different
conductance values when expressed alone (34.63 pS for HCN2, 17pS for HCN4) versus when
expressed together (21pS for HCN2+ HCN4 together) suggesting a potential role for
heteromerization. High conductance values have been reported from single channel recordings
obtained from native tissues like atrial cardiomyocytes (~19 pS) ¢ and 9.7 pS in hippocampal
neurons 8 as well. Using a novel and interesting approach of employing patch clamp fluorometry
to estimate single channel conductance in macro-patches, Chang et al have reported values of
~0.46 pS for HCN1, 1.46 pS for HCN2 and 0.8 pS for spHCN. These values were further
confirmed using non stationary noise analysis (NSNA)®. Further studies are necessary to
understand the underlying reasons for the vastly different values reported by various groups. One
of the several reasons could be the tissue specific expression of some of the accessory proteins that
can modulate the channel conductance. Some of the accessory proteins and modulating factors are

discussed below.
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G. Regulation of HCN channels by other factors:

In addition to voltage and cyclic nucleotides, the activity of HCN channels is modulated by other
factors including pH, Phosphatidylinositol 4, 5-bisphosphate (P1P2), local microenvironment, etc.,
These factors add an extra layer of complexity by fine tuning the HCN channel activity as and
when necessary to orchestrate a physiological process. Phosphatidylinositol 4, 5-bisphosphate
(PIP2) is a membrane phospholipid that modulates activity of various ion channels including HCN
channels °-"2, Studies in both heterologously expressed HCN channels and native HCN channels
have shown that PIP2 can right shift the activation curve (~20 mV shift in mammalian cells and
~10 mV shift in spHCN channel). Correspondingly, PIP2 presence slows down the channel
activation and deactivation kinetics. The effects of PIP2 are independent of cAMP, although both
CAMP effects and PIP2 effects seem to converge at some point mechanistically ">’ Moreover,
the rundown phenomenon observed in inside-out patches with HCN channels can be partly
attributed to the loss of PIP2, because application of exogenous PIP2 delayed run down
significantly but did not completely eliminate it 4.

HCN channels have are regulated by tyrosine kinases like Src kinases via phosphorylating
Tyrd76 in HCN2 and Tyr531 in HCN4. The Src kinase mediated modification has been shown in
both native as well as recombinant HCN channels. Furthermore, Src directly interacts with HCN
channels via SH3 domain "8, Some Serine-Threonine kinases for example P38 MAP Kinase
phosphorylate HCN channels 8 . Both these kinases shift the V0.5 to positive voltages but whether
these observed effects are through direct phosphorylation is yet to be understood.

Protons are yet another important factor that regulates HCN channel function, pH mediated
regulation of HCN channels has been first reported in thalamocortical neurons 8283, Intracellular

alkaline pH potentiates the Ih current whereas acidification dampens it. Later on studies on HCN
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channels heterologously expressed in HEK cells showed that an intracellular histidine (His 321,
close to S4 region on cytosolic side) determined the pH sensitivity 8. Intracellular acidification
shifted V0.5 10 mV to hyperpolarized voltages whereas alkalization shifted the V0.5 10mV to
depolarized voltages. In a more physiological context, activation of Ih in rat taste cells upon
acidification of extracellular pH was reported. This was a proposed mechanism for sensing sour
taste %,

Among the co-factors that regulate HCN channels, the most significant one apart from P1P2
is TPR containing Rab8b interacting protein (TRIP8b). TRIP8b interacted with the C-terminus of
HCN1 channel in yeast two hybrid screens ®. Many splice variants of TRIP8b exist and have
isoform specific effects on HCN channel function and expression. TRIP8b is expressed heavily in
the layer V pyramidal neurons of neocortex and CA1 pyramidal neurons in hippocampus where
they show a low to high expression gradient from soma to the dendrites 88, Interestingly, HCN1
shows the same trend in expression gradient ®. Furthermore, TRIP8b interacts with SNL tripeptide
region of the channel and negatively regulates its expression®°, Interestingly, similar to HCN1
knockout mice, brain specific knockout of TRIP8b produced an antidepressant effect in mice %-
92_

Recently, a neuronal scaffolding protein SH3 and Ankyrin repeat domain 3 (SHANKS3) has
been shown to modulate HCN channel expression in embryonic stem cell derived human neurons
9, Loss of or mutations in Shank3 gene has been previously shown to be involved in the etiology
of Autism spectrum disorder (ASD) and Phelan McDermid syndrome %% HCN channels co-
immunoprecipitated with SHANK3 suggesting that they may be in physical contact with the
Ankyrin repeat domain of SHANKS protein. Loss of just a single copy (haploinsufficiency) of

Shank3 gene was sufficient to affect HCN channel expression 3. Recently, our lab has also shown
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that two isoforms of Shank3 (Shank3A and Shank3C) when co-expressed with mHCN2 channel
increase the expression of mMHCN2 in Xenopus oocytes. Furthermore, Loss of a single copy of
SHANKS in mice led to an increase in excitatory/inhibitory balance ratio in ventro-basal (VB)
thalamocortical neurons *°.

Apart from the factors mentioned above, HCN channels are regulated by extracellular
chloride ions where lack of external chloride reduced the current amplitude significantly, an
arginine residue is key to the binding of chloride to HCN channel on the extracellular side 1%,
MiIRP1 an auxiliary subunit increases the expression of HCN 1, 2 and 4 channel and has isoform
specific effects on the activation kinetics 191193 HCN1 interacts with cytoskeletal protein filamin
A 194 whereas HCN4 was shown to interact with a lipid raft component Caveolin both these
interactions modify the kinetics of the channel. Glycosylation has also been shown to affect the
HCN channel subunit heteromerization %1% and surface expression 1%. Taken together, HCN
channels are both spatially and temporally regulated by the tissue/cellular micro-environment

according to the physiological need.

H. HCN channel structure:

Although the biophysical studies provided valuable mechanistic information, a holistic
understanding can be gained with high resolution structural information. There have been many
studies trying to tease out the structural details of the HCN channels and valuable information was
also obtained. Recently, a high resolution 3.5 A Cryo-EM structure of full length human HCN1
channel was solved %, This has given the structural basis for understanding the unique biophysical
properties of the HCN channel including gating and selectivity and ligand binding. Prior to the

cryo-EM structure of the full length HCN1 channel, many groups have crystallized the C-terminal-
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fragment (C-linker-CNBD) of various HCN channel isoforms #8-°010° The X-ray structure of the
MHCNZ2 at 2.4A revealed that the C-Linker was primarily composed of six alpha helical domains
connected through small loops. The CNBD on the other hand is made of alpha helical loops
interspersed with an eight strand jelly roll like antiparallel B-roll. Addition of CAMP promoted the
tetramerization of C-terminus. The cyclic nucleotides bind in the fold between the beta roll and
the C-helix of the CNBD “8. The phosphate group of the cAMP interacts with a conserved arginine
residue in the B-roll 4%, and the purine ring interacts with the C-helix, which correspond well
with the functional studies. CAMP binds to the channel in anti-conformation, whereas cGMP binds
the channel in Syn-conformation making a hydrogen bond with a threonine residue in the p-roll.

Similar structural arrangement was found in the crystal structure of HCN4 C-terminus solved
at 2.4 A resolution and addition of cCAMP promoted the tetramerization of HCN4 C-terminus
similar to HCN2. Moreover, sequence alignment and mutational analysis has revealed a
methionine residue (Met-572) between the p4 and B5 loops which was critical for stronger
response of HCN2 to cAMP compared to HCN4 1%, Following this, a comparative crystal structure
analysis of cytosolic fragments of HCN1 (solved at 2.9A), HCN2 (solved at 2.3A) and HCN4
(solved at 2.5A) has shown that the HCN1 C-terminus tetramerizes at basal CAMP levels whereas
HCN2 and HCN4 require saturating CAMP levels to tetramerize. These results suggest that HCN1
favors tetrameric form even in the apostate (absence of CAMP) which can at least in part explain
the differential sensitivity of HCN isoforms to cAMP

The cryo-EM structure of HCN1 channel has further confirmed the structure of the ligand
binding pocket of the HCN channels which was consistent with the earlier studies. Moreover it
appears that binding of cAMP leads to a rotation of CNBD to open the gate. As mentioned earlier,

contrary to the other voltage gated potassium channels, HCN channels open upon membrane
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hyperpolarization, the cryo EM structure of full length HCN1 shows that the S4 helix (voltage
sensor) is unusually long which allows the S4-S5 linker in a depolarized state to contact C-linker
and thereby forcing it to close the intracellular gate. In addition, the selectivity filter of HCN1 has
only two ion binding sites due to a non-canonical confirmation thereby making it less selective

compared to the KCsA channel with 4 ion binding sites 1%,

I. Voltage-insensitive, instantaneous current (linst) conducted by HCN channels

In addition to the hyperpolarization-activated current, HCN channels also show a voltage
independent component called instantaneous current. Native instantaneous HCN current (linst)
was reported in some of the very early studies on these channels. The instantaneous component of
HCN channels was observed in rod photoreceptors and was found to have an inward rectification
as well as a potassium dependence. Both the components were found to be blocked by Cesium 8.
Subsequently, an instantaneous current component was reported in the interneurons of medicinal
leech that could be blocked by cesium and sodium free saline 0. linst was also observed in the
rabbit SA nodal cells and initially was defined as the background current (Iv) or leak current 1,
An instantaneous current component was also reported in the rat midbrain dopaminergic neurons
and could be blocked by Barium and Cesium by about 15-42% °°. Notably, all these early
observations were made in native tissues and there was a need to study the instantaneous current
in heterologous systems to better understand its biophysics.

To this end, two studies have reported instantaneous current observed with mutant HCN2
channels expressed in heterologous systems. In the first study, the serine 306 residue in the voltage
sensor (S4 domain) of mMHCN2 was mutated to glutamine (S306Q), which resulted in a large

instantaneous current. Usually the voltage sensor of voltage gated ion channels is made up of basic
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residues. In mHCNZ2 channel a serine residue is present in between the 5th and 6th basic residues
of S4 segment, rather than a basic residue in Ky channels. Mutation of this serine to a basic residue
resulted in a complete loss of the channel function, which suggests that S306 is essential for
channel 112113 In a subsequent study, the same group performed alanine scanning on the S4-S5
linker of mMHCNZ2 and identified three residues to be important for channel gating. These three
residues were mutated and among the mutants, Y331A was found to produce a large instantaneous
current and also conducted an outward current even at potentials positive to the reversal potential
114" Clearly, the channel’s ability to close has been compromised in the mutant channel. Proenza
et al. showed that instantaneous current can be found in both HCN2-GFP expressing HEK cells
and also HEK cells just expressing GFP, but they should have different ion selectivity because of
different reversal potentials. The study has also shown that the expression of instantaneous current
was dependent on the chloride concentration and demonstrated a close correlation between linst
and the expression of the HCN2 channel. One of the key findings of the study was the similar
reversal potentials between Ih and linst (close to 16mV), suggesting that both these components
are carried by the same channel and have similar ion selectivity 1%°.

In a study by Gary Yellen’s group hinted that two distinct populations of HCN channels
carry linst and Ih. Both spHCN and mHCN2 show a component of instantaneous current in
heterologous expression systems. The instantaneous component of the current could be blocked
by a known blocker of HCN channel ZD7288 at depolarizing voltages. Impressively, the blockade
of the instantaneous component was immediate whereas the Ih reduction was progressive. This
large difference in the blocking kinetics suggested that the instantaneous component of the current
is carried by a distinct subset of channel populations. Nevertheless, the block of instantaneous

current by pore blockers like Cesium suggests that the instantaneous current flows through the
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same main conduction pathway as In 118, It was also reported that the linst carried by spHCN could
be modulated by cAMP but not the linst carried by mHCNZ2, which requires further clarification.
Above all, the instantaneous current may be constitutively active at physiologically relevant
voltages and might indeed play a major role in controlling cell excitability.

Recently, singlet oxygen (excited energy state of molecular oxygen) was shown to modify
mHCNZ2 in a state-dependent manner. Singlet oxygen generated from photosensitizers (FITC-
conjugated cAMP) modified mMHCN2 channel in the open state, which leads to a substantial
increase in the instantaneous current and a decrease in Iy, in addition to slowdown of the channel
deactivation. Alanine replacement of a critical histidine (H432) near the intracellular gate in S6
abolished the effect of singlet oxygen, suggesting the possibility that this histidine residue is the
target for singlet oxygen mediated modification and the key for generation of instantaneous current
in the mouse HCN2 channel 7.

J. Physiological role of HCN channels- Insights from Knockout mouse models:

Early studies have shown that Ih isolated from neurons is a key determinant of the resting
membrane potential (RMP) in neurons (Mayer & Westbrook, 1983; Pape, 1996). Negative
feedback is a classic property of HCN channels %8 it can oppose both depolarizing and
hyperpolarizing voltage changes by activating at hyperpolarizing voltages and deactivating at
depolarizing voltages. Blocking In with ZD7288 leads to a hyperpolarizing shift in the resting
membrane potential in superior colliculus neurons 1*°, confirming the key role by Ih in maintaining
the resting membrane potential. Yet another important role of Ih is to lower membrane input
resistance. The presence of HCN channels on the dendrite will lead to dampening of the EPSPs by
lowering the membrane resistance *2°. Thus, corresponding to the activation of HCN channels, a

given current input leads to a smaller change in the membrane potential. Thus, Dual patch-clamp
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recordings of the hippocampal CA1 neuron soma and dendrite shows a higher input resistance in
dendrites compared with that of soma. This differential Rinput correlated with the expression pattern
of HCN channels (higher HCN expression in soma than dendrites. Blocking HCN channels with
cesium increased the excitability of the neurons, most likely due to an increase in input resistance,
and a larger voltage change with the same subthreshold current injections®’.

Tissue specific knockout mice are very useful tools for precise delineation of the
physiological role of HCN channels especially its isoforms in the excitable tissues like neurons.
Over the years, knockout models have provided valuable information regarding the isoform
specific physiological role of the HCN channel. Neurons from various regions of the HCN1
knockout mice have shown a shift in the resting membrane potential towards the hyperpolarizing
voltages. Concurrently, an increase in the input resistance was also observed. The lack of HCN1
isoform has altered the kinetics of In observed in the layer 11 stellate cells. Interestingly, HCN1 KO
did not abolish Ih completely form these neurons, suggesting that in stellate cells, HCNL1 is not the
only isoform that is expressed and the I observed is a combination from different HCN channel
isoforms. Furthermore, the altered kinetics in knockout neurons further strengthens this argument
118,121_

HCN1 knockout mice have been instrumental in our understanding of the role HCN
channels play in motor learning. Global HCN1-/- have shown deficits in motor learning in visible
platform water maze test and accelerating Rota-rod test, but these motor learning deficits were not
observed when the HCN1 knockout was restricted just to the forebrain. These results suggest that
the HCNL1 expressed in the cerebellar purkinje cells is important for motor learning. Another
hallmark observed in the mutant neurons was a decrease in the membrane conductance in the

cerebellar purkinje cells (in other words an increase in Rinput). The cells from the knockout mice
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have an unstable membrane potential when hyperpolarization currents are injected. These findings
reiterate that HCN channels regulate the resting membrane potential in the neurons by modulating
the input resistance via a feedback mechanism. Consequently the membrane potential of the
neurons from normal mice always stays closer to the threshold spike potential and also allows
them to integrate the inhibitory and excitatory inputs 22,

Global HCN4 knockout was embryonically lethal in mice, which makes it harder to study
the isoform specific role for HCN4. Embryonic lethality indicates the indispensable role of HCN4
in the generation of the cardiac rhythmic firing action potentials 2. Nevertheless, this problem
was circumvented by employing conditional knockouts by knocking down the HCN4 gene through
a temporally controlled manner. It was striking that knocking out HCN4 only in the adults makes
the mice viable.

Thalamo-cortical neurons from HCN2 global knockout mouse models show a shift in the
resting membrane potential towards hyperpolarizing voltages. The HCN2-/- mice displayed whole
body tremors. Neurons from these mice have shown an increased propensity for oscillations. The
HCNZ2-/- neurons did not show the characteristic sag that is observed upon hyperpolarization in
WT cells expressing HCN channels. Resting membrane potential in the thalamocortical neurons
of HCN2-/- mice exhibited a hyperpolarizing shift of 12mV. On the other hand, cardiac specific
HCN2 KO leads to the syndrome of sinus dysrhythmia '?*, suggesting an important role by HCN2

in the cardiac tissue as well.

HCN’s role in neuropathic pain: In addition to being a key component in regulating working

memory and other essential neuronal functions in the central nervous system, HCN channels also

play important roles in the peripheral nervous system. One of the most studied roles of HCN is the
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sensation of neuropathic pain. In a spinal nerve ligation (SNL) rat model for the study of pain, an
increase in the HCN magnitude was observed in injured neurons compared to that of the control
neurons. This increase in Ih was attributed to the increase in the open probability of the HCN
channels through a 10 mV shift towards depolarizing voltages in the voltage-dependent channel
activation. Simultaneously, a 10 mV shift in depolarizing direction was observed in the resting
membrane potential of SNL neurons, suggesting that HCN channels regulate the membrane
potential in these neurons. Blocking the HCN channels by employing ZD7288 resulted in the
allodynia which suggests that the increased Ih in the neurons forms the molecular basis for
neuropathic pain. However, the specific HCN isoform that is responsible for the pain sensation
could not be dissected due to non-discriminative blocking of all HCN isoforms by ZD7288 1%,
Subsequently, many other studies have employed blockers like cesium, Ivabradine and ZD72888
in various pain models and confirmed the importance of the HCN channels in sensing neuropathic
pain 126-130,

HCN knockout mice helped identify the specific HCN isoform involved in mediating
neuropathic pain. HCN2 tissue-specific KO from the nociceptive small somatosensory neurons
caused a dramatic decrease in the pain related behavior such as the hind paw withdrawal test upon
injection of formalin, PGE2, or Carrageenan and in chronic constriction injury model (CCIl model),
confirming the importance of HCN2 in regulating pain in peripheral neurons. In all these behavior
tests, blocking of Ih by ZD7288 resulted in reduced pain sensation in the WT mice. A still
mysterious observation was that the membrane properties of the mutant neurons remained
unaltered 31,

In contrast to HCN2, the expression of HCN1 is more specific to the large somatosensory

neurons. Specifically knocking out HCN1 from the large somatosensory neurons resulted in lack
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of cold allodynia in mice. The response to heat and inflammatory allodynia was similar to the wild-
type, suggesting a specific role for the HCN1 in mediating cold allodynia. Moreover, HCN1 plays
an important role in regulating the frequency of action potential firing in small somatosensory
neurons 132, Pathological conditions inducing neuropathic pain lead to the activation of HCN
(either by increased open probability or increased expression) in the peripheral neurons, which

leads to depolarizing shift in RMP and thereby causing hyper excitability in these neurons.

Role in neurotransmitter vesicle filling: In a recent study, HCN channels were shown to regulate

the vesicular neurotransmitter levels in a squid giant glutamatergic neuronal synapse, the calyx of
held. The inward current through the HCN channel located in the dendritic terminal of presynaptic
neurons (leads to an increase in the local sodium concentration in the presynaptic terminal. This
sodium gradient is necessary for the vesicular transporters to replenish their proton gradient and
thereby keep their VGLUT activated. Blocking the presynaptic HCN channels leads to small
mEPSC whereas in the absence of the blocker the mEPSCs were larger on average 3. Thus it
would be interesting to see if similar to the giant squid system, in the mammalian nervous system,
HCN channels are present on the presynaptic terminal could be regulating the neurotransmitter

levels in the vesicles.
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K. Overview of research directions:

1. cAMP-binding to spHCN channel:

A simple implementation of ligand-gating is that the open channel has a higher binding affinity
for the ligand than the closed channel does, which had been confirmed in mammalian HCN2
channel. Different from mammalian HCN isoforms, the spHCN channel exhibits strong voltage-
dependent inactivation which can be abolished by cAMP binding. Here we report that the
inactivated spHCN channel shows reduced binding affinity for cAMP, compared to that of the
closed channel. The decrease in cCAMP binding is voltage-dependent but proceeds a much slower
rate than the voltage sensor moves. A single point mutation near the channel’s gate, F459L,
abolishes inactivation and concurrently reverses the profile of CAMP binding. Finally, locked-open
and locked-closed spHCN channel show opposite changes in cAMP binding. Taken together, our
study demonstrates intricate communications between the channel’s gate at different

conformations and the ligand binding and thus provides new insights for channel inactivation.

2. Modification of sSpHCN (m2, CNG) channel by 102:

Photochemically or metabolically generated singlet oxygen (*0;) broadly reacts with
macromolecules in the cell. Because of its short life time and working distance, 'O holds the
potential as an effective and precise tool at nanoscale for basic research and clinical practice.
However, a working model for 1O, modification at the molecular level has been unavailable. Here
we investigate the modification of SpHCN channel by photochemically and chemically produced
10,. In a state-dependent manner, millisecond-long laser pulses transform the gating properties of
the spHCN channel in complex with photosensitizers. Alanine replacement of a histidine residue

located near the activation gate within the channel’s pore abolishes key modification effects.
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Application of a consortium of chemicals including O, scavengers or generators supports the
involvement of O, and excludes other reactive oxygen species. This study provides a much-
needed working model and essential insights for O,-mediated modification of bio-

macromolecules.

3. HCN-Shank3 interactions

Shank3, a scaffolding protein highly enriched in excitatory synapses, has been linked to
neuropsychiatric disorders. Shank3 deficiency is known to cause impairments in synaptic
transmission, but its effects on neuronal electrical properties remain unclear. Here we focus on
thalamocortical neurons in the ventrobasal (VB) nucleus in the thalamus. We found that Shank3
deficiency leads to decreases in the expression of hyperpolarization-activated, cyclic-nucleotide-
gated (HCN) channels. VB neurons from the Shank3 knockout mouse strain that displays more
severe behavioral phenotypes demonstrate increased input resistance, negatively shifted resting
membrane potential, and abnormal spike firing in both tonic and burst modes. Impressively, these
changes closely resemble those of HCN2-/- VB neurons. Additionally, Shank3 deficiency impairs
the excitatory/inhibitory balance in VB neurons but has a limited impact on the thalamic reticular
(RTN) neurons. Therefore, HCN channelopathy plays an instructive and more direct causal role

downstream from defective Shank3 in altering basic electrical properties of affect
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CHAPTER 2

Materials and Methods:

Functional expression in Xenopus oocytes and electrophysiological characterization

The cDNA sequence encoding spHCN was generously provided by Drs. Reinhard Seifert and U.
Benjamin Kaupp from the Center of Advanced European Studies and Research (caesar) (Gauss et
al., 1998). The spHCN cDNA was inserted into the pPGEM-HE vector for expression in Xenopus
oocytes (Liman and Buck, 1994). mMessage machine (Ambion) was used for cRNA synthesis.
25-30 ng of cRNA encoding the spHCN channel was injected into each oocyte at stage VI. For
patch-clamp recording, the electrode solution (extracellular) and bath solution (intracellular) were
symmetrical and contained 110 KCI, 2 NaCl, 10 HEPES, and 1 EDTA (all in mM; pH 7.4 adjusted
by KOH). A Model 2400 patch clamp amplifier (A-M Systems) was used in all voltage-clamp
recordings. Current signals were filtered at 5 kHz and digitized by Digidata 1320A (Axon
Instruments) at 10 kHz. The WinWCP program was used for data acquisition
(http://spider.science.strath.ac.uk/sipbs/software_ses.htm). All experiments were carried out at
room temperature.
For the voltage-dependent channel activation curve shown in Fig. 4B, the Boltzmann equation was
used to fit the normalized Ih (tail) amplitudes:

[Normalized 1] _h=A2+ (A1-A2)/ (1+exp ((V-V_o (1/2))/slope))
, Where Al and A2 represent the peak and the offset values, respectively.
For the measurement of K+/Na+ selectivity, K+ ions in the bath solution (in contact with the
intracellular side of the membrane) were replaced by Na+. Na+ in the pipette solution was also

replaced by K+. We used the following equation to calculate the ratio of K+/Na+ selectivity:
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REV

Pk _ [Na], - exp®/"[Na;

- REV
pNa

expR/F[K]; - [Kl,

, Where REV is the reversal potential. [K]i and [Na]o are both zero.

Patch-clamp fluorometry (PCF)

The PCF setup was assembled based on an Olympus 1X71 microscope equipped with a 100X oil
lens (Olympus, Plan N 100X, N.A. 1.25). A 473-nm Diode-pumped solid-state (DPSS) laser
(Ultralasers Inc.) was used as the excitation light source. The following filter set was used for the
recording of FITC fluorescence signal: exciter, D480/30; dichroic mirror, DC505LP; emitter,
D510LP (Chroma Technology). Optical signals were detected by a 16-bit EMCCD camera
(Cascade 1K by Photometrics Inc.). The laser light source, the CCD camera exposure, and the
amplifier for patch-clamp recording were synchronized by TTL signals. As confirmed by
histogram of the intensities of all pixels, the optical signals were collected within the linear range
of the CCD camera. The ImageJ program was used to analyze the fluorescence images (Schneider
etal., 2012).

For routine quantification of the intensity profile of the excitation light, a fluorescent plate
(Chroma Technology Corp.) was mounted at the focal plane of the objective lens. The fluorescence
image of the plate was recorded with the same optical configuration (473 nm laser, filter sets and
dichroic mirror, EMCCD camera). Exposure time and gain of the camera were reduced to prevent
saturation (65,535 for a 16-bit camera). The peak area of the excitation light was marked on the

computer monitor to help position the membrane patch held within the glass pipette
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Chemicals

All chemicals were ordered from Sigma-Aldrich or Fisher Scientific unless otherwise specifically
noted. 8-FITC-cCAMP (Fig. 1B) was ordered from Biolog.de (Catalog number: F002). The stock
solution (1 mM) was made by adding 1 ml ddH20 to the vial containing 1 umol 8-FITC-cAMP.
The stock solution of Rose Bengal (1 mM) was made by adding ddH20 and stored as aliquots at
-200C. The stock solution was protested from light and diluted in the bath solution just prior to the
experiments. Hydrogen peroxide was diluted in the bath solution to a final concentration of 10 mM
just before experiments. Sodium hypochlorite was also diluted directly in the bath solution to
obtain a final concentration of 10 mM. Both hydrogen peroxide and hypochlorite have to be freshly
prepared just before experiments. Stock solution of Xanthine was made in NaOH and diluted to 5
mM in bath solution. 15 mU of Xanthine oxidase in bath solution was added through a separate
perfusion line. Hydroxyl radical was generated by mixing 1 mM FeSO4 with 15 mM hydrogen
peroxide which were also delivered to the recording chamber through separate perfusion lines.
Stock solution of FeSO4 was prepared in ddH20.

The experimental configuration for solution mixing is shown in Fig. 25. Briefly, the solutions
containing H202 and CIO- were delivered through a double-barrel glass pipette. The tip of the
glass pipette was positioned as a distance from the double-barrel as indicated. For the adjustment
in the Z-dimension, the lower edge of the double barrel and the pipette tip are adjusted to the same

focal plane.
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List of related chemicals:

Rose Bengal (Fisher Scientific # R323-25);

H202 (Fisher scientific # BP2633);

Iron (11) sulfate heptahydrate (Acros Organics; #423731000);
Sodium hypochlorite (Alga Aesar; #3336936);

Potassium superoxide (Acros Organics; #AC325501000);
Xanthine (Alfa Aesar; #A1107714);

Xanthine oxidase (EMD Millipore; #68215110U).

STATISTICS

All statistical tests were performed using the OriginPro program. Error bars in the graph represent
the amplitude of one standard error of the mean (SEM). Data were presented as mean + SEM.
Standard t-test was used to evaluate the statistical significance of the results of two independently
collected pools of data (unpaired; for example, CAMP vs. FITC-cAMP) or a group of data before
and after certain treatments (paired; for example, before and after laser pulses). p> 0.05 was

considered as statistically non-significant (n.s.). ***, p<0.001; **, p<0.01; *, p<0.05.
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CHAPTER 3
Inactivated channel gate allosterically reduces ligand binding in sea urchin spHCN channel

Vinay Idikuda, Weihua Gao, Zhuocheng Su, Qinglian Liu, and Lei Zhou
Department of Physiology and Biophysics, School of Medicine, Virginia Commonwealth
University, Richmond, VA, USA

2.1 Abstract:

A simple interpretation of ligand-gating is that the open channel has a higher binding affinity for
the ligand than the closed channel does, which had been confirmed in mammalian HCN2 channel.
Different from mammalian HCN isoforms, the SpHCN channel exhibits strong voltage-dependent
inactivation which can be abolished by cAMP binding. Here, we report that the inactivated spHCN
channel shows reduced binding affinity for cCAMP, compared to that of the closed channel. The
decrease in CAMP binding is voltage-dependent but proceeds a much slower rate than the voltage
sensor moves. A single point mutation near the channel’s gate, F459L, abolishes inactivation and
concurrently reverses the profile of cAMP binding. Finally, locked-open and locked-closed
spHCN channel show opposite changes in cAMP binding. Taken together, our study demonstrates
intricate communications between the channel’s gate at different conformations and the ligand

binding and thus provides new insights for channel inactivation.
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2.2 Introduction:

HCN channels encode the Ifor Iy current isolated from cardiac myocytes and neurons from the
nervous systems. Four mammalian HCN isoforms, HCN1-HCN4, and the isoform cloned from sea
urchin, spHCN, have been extensively studied. Both heterologously expressed and native HCN
channels show unique biophysical properties including the channel activation upon membrane
hyperpolarization, a mixture of permeability for K+ and Na+ ions, and the direct sensitivity to
intracellular cAMP. At the cellular level, HCN channels contribute to the maintenance of resting
membrane potential, synaptic transmission, dendritic signaling integration, action potential
generation and propagation. At the physiological level, HCN channel are involved in maintenance
of normal heart rate, working memory and motor learning, sensation of inflammatory and
neuropathic pain etc.

The biophysics of HCN channels matches well the organization of the channel. Each
functional HCN channel contains four subunits. Within each subunit, there is a transmembrane
(TM) domain, homologous to that of the Kv channel, and the C-linker (CL) and the CNBD. Crystal
structures of CL-CNBD provide an atomic view over the local interactions between cAMP and
CNBD and the assembly of four protomers 485019 Recent publication of the cryo-EM structure
of HCN1 provides the first atomic view over the whole molecule. These structures provide a static
view over the conformations adopted by protein at certain energy minima and can be used as a
solid and trustable starting point for computational and theoretical investigations. Undoubtedly,
these structural advances are important step stones towards the understanding of the biophysics of
ion channel.

But the allosteric communications between subdomains within the whole channel molecule in

response to external stimuli, mainly voltage and ligand (cyclic nucleotides), remains to be
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uncovered. To interpret the cAMP-dependent gating in HCN channels, we adopted the notion that
the dynamic, state-dependent interaction between ligand and the full-length channel protein holds
the key. This fits with the contemporary model for protein allostery, namely the pre-existing
equilibrium or the conformation selection model, that incorporates both protein structure and
protein dynamics in the interpretation of protein function 34238 Technically, we used the method
of patch-clamp fluorometry (PCF) which enables simultaneous monitoring of the channel activity
and the binding of the fluorescently labeled cAMP 139140 \We showed that the open HCN2 channel
binds to cAMP with higher affinity than the closed channel 1. Moreover, by combining the
evidence from an open channel blocker and mutagenesis experiments, we confirmed that the
rotation of the last transmembrane segment S6 controls the opening of the gate and at the same
time modulates the binding of cCAMP through the coupling mechanism involving the elongated a-
helix from S6 to the C-linker region 42,

spHCN shares key biophysical features with mammalian HCN channels ° in the presence
of CAMP. Researches on spHCN channel have provided important insights into the structure-
function relationship of HCN channel, such as the movement of S4 during channel activation, the
recording of gating current, the hysteresis or mode shift in channel gating, and the coupling
between the gate and movement of S4 and the binding of cAMP #31431% 'However, in the absence
of cAMP, spHCN goes through a fast voltage-dependent inactivation process, which has been
attributed to a “slippery” coupling between the gate and the movement of the voltage sensor. Here
we utilized the PCF method to investigate the binding of cCAMP to inactivated spHCN channel and

the intriguing allosteric communication between the gate and the CAMP binding domain.
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2.3 Results:

Inactivated spHCN channel show decreased binding of cAMP than closed channel does

In the absence of cCAMP, the spHCN channel briefly opens in response to hyperpolarizing voltage
steps and then quickly inactivates (Fig. 1a, black trace). Application of cCAMP removes this
voltage-dependent inactivation and makes the spHCN channel behave like HCN1 or HCN2
channel (Fig. 1b and 1a red trace) 28. To monitor the dynamic interaction between cAMP and the
SpHCN channel, we used 8-NBD-CAMP as the fluorescent marker. The fluorescence intensity of
NBD increases over 90 folds upon the binding of 8-NBD-cAMP to the hydrophobic CNBD 41,
After the start of the optical recording, we consistently observed a rundown of the fluorescence
intensity without applying any voltage-step (Fig. 1c), accompanied by a change in the channel
behavior. Results using CAMP labelled with a different fluorophore, FITC-cAMP, show a similar
trend of change upon a hyperpolarizing voltage step (Fig. 2). To circumvent the issue of
photodynamic modification of the channel, we applied 2 mM of Trolox to the bath solution when
collecting the results shown in ¢ and d. Furthermore we used a photodynamic transformation
resistant mutant SpHCN channel, spHCN/H464A to further confirm the observation (Fig3).
Moreover, to ensure that most of the channels were in the closed state and to approach a
more stable recording of the optical signal, we continued the optical recording and laser pulses at
the holding potential of +80 mV for 7 seconds before applying the hyperpolarizing voltage step to
-100 mV. Impressively, corresponding to the voltage-dependent channel inactivation, the binding
of CAMP was significantly reduced compared to the cAMP binding to the closed channel (Fig.
1d). Following experiments were repeated in the absence of Trolox but still with the 8-second

continuous optical recording at the holding potential of +80 mV. Averaged results show that upon
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the voltage-step to -80 mV, the cAMP binding was decreased by 31.4 + 0.02 % compared to that
of the closed state. The process is time-dependent and can be fit by a single-exponential function
(Fig. 1e). Conversely, corresponding to a depolarizing voltage step from -80 to +80 mV, the
binding of cCAMP recovered back to the level of the closed state (Fig. 1f). These changes in the
binding of spHCN channel to cAMP in response to voltage steps are totally opposite to those of

the mMHCN2 channel, which does not show any voltage-dependent inactivation.
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Fig. 1. Inactivated spHCN channel shows decreased binding of cCAMP.
A. In response to a hyperpolarizing voltage step from +40 mV to -80 mV, the WT spHCN channel
transiently opens and then inactivates (black trace; no cAMP). Adding cCAMP (10 uM) to the bath solution
abolishes the inactivation so that the channel shows typical voltage-dependent activation and deactivation
(red). B. Current traces of the WT spHCN channel in response to a series of voltage steps from -40 to -130
mV at a -10 mV interval. Top, current traces in the absence of cCAMP. Inset shows zoomed view over the
transient activation-inactivation. Bottom, current traces with cAMP. C. Raw PCF results of the WT spHCN
channel. 2 mM Trolox was added to bath solution to alleviate photo bleaching and photodynamic
modification of the channel. The membrane patch was held at +80 mV for 6 seconds to stabilize the optical
signal preceding the hyperpolarizing voltage step from +80 to -100 mV. From top to bottom, voltage
protocol, current trace, laser pulses and exposure of fluorescence image collection, normalized fluorescence
intensity. Three representative images (a, b, c¢) are shown in D. D. Raw fluorescence images of the
membrane patch along the hyperpolarization voltage step (a, b, ¢ in C). E. Averaged results showing the
significant reduction in CAMP binding (31.4 + 0.02%); paired t-test; p<0.0001; n=12) upon the voltage step
from +80 to -80 mV. The fluorescence intensity was normalized to the averaged value of the last three
images before the voltage step. Green trace shows the single-exponential fit of the time-dependent decrease
in CAMP binding. F .Averaged results showing a significant recovery in cAMP binding (51.1 + 0.03%;
paired t-test; p<0.0001; n=12) upon the depolarization voltage step from -80 to +80 mV. Green trace shows

the single-exponential fit of the time-dependent increase in CAMP binding.
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Fig. 2. Measuring cAMP binding to the WT spHCN channel using FITC-cAMP, a
fluorescent cAMP labeled with a different fluorophore than NBD-cAMP
A. Top, voltage protocol. Middle, current traces of the WT spHCN channel in the absence (black)
and presence of 1 uM FITC-cAMP (red) in the bath solution. Bottom, protocol of laser pulse and
image collection. 10 msec laser pulses were used to minimize the photodynamic modification of
the spHCN channel. B. Top, chemical structure of the FITC-cAMP. Bottom, fluorescence images
showing the binding of FITC-cAMP to the WT spHCN channel. Timing of the image collection is
shown in A C. Normalized fluorescence intensities show a significant reduction in cAMP binding
upon the voltage step from 0 mV to -100 mV and a significant recovery (N=8; P<0.001) of cCAMP
binding upon the voltage step from -100 to +40 mV. Fluorescence intensities were normalized to

the value of image a.
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Fig. 3. Inactivated spHCN channel shows reduced binding of cAMP in a photodynamic effect
resistant sSpHCN/H462A mutant.
A. In response to a hyperpolarizing step from 0 mV to -100 mV, spHCN/H462A channel transiently
opens and then inactivates (black trace; no cAMP), Adding cCAMP (10uM) abolishes the inactivation
(red). B. Top, Voltage command and image collection protocol. Bottom, current traces of
SpHCN/H462A channel in the presence of 0.5 UM 8-NBD-cAMP to a hyperpolarizing voltage steps
from OmV to -100 mV. The current trace shows inactivation even after a series of laser pulses. C.
Averaged results showing the reduction in cAMP binding upon the voltage step from 0 to -100 mV.
A significant reduction (39.6£0.03%; N=8, P<0.0001) in fluorescent intensity was observed in
response to a hyperpolarizing voltage step. The fluorescence intensity was normalized to the averaged

value of the last three images before the voltage step.
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FA459L abolishes channel inactivation and reverses the decrease in cAMP binding to
increase
F459 is located in the S6 of spHCN and aligned precisely to the first proline of the PVP motif in

voltage-gated potassium channel. It was reported previously that replacing F459 by leucine
(F459L) effectively abolished the voltage-dependent inactivation of spHCN. Noticeably,
SpHCN/F459L also responds to cAMP, reflected in the faster channel activation and slower
channel deactivation (Fig. 4a, 4b). Next, we studied the binding of CAMP to spHCN/F459L mutant
channel during the processes of activation (Fig. 4c) and deactivation (Fig. 4d), using the same
protocol as used for the WT spHCN channel. Indeed, the binding of cCAMP to spHCN/F459L
channel was increased by 51.1 + 0.03% during channel activation, in contrast to the decrease in
CAMP binding observed in the WT spHCN channel (Fig. 4e). In contrast, CAMP binding decreased
(34.78 £ 0.03 %) during the deactivation of spHCN/F459L (Fig. 4f), comparable to that of MHCN2
channel but again opposite to that of WT spHCN channel. Thus, the F459L mutation by itself
makes the spHCN channel behave just like mMHCNZ, in the aspects of voltage-dependent activation
in the absence of cCAMP and the dynamic increase in CAMP binding during channel activation.
For both WT spHCN and spHCN/F459L channels, the time course of the changes in cCAMP
binding in response to voltage can be fit with a single exponential function (Fig. 5; Fig. 6). For the
WT spHCN channel, corresponding to more negative hyperpolarizing voltage steps, the time
constant of the decrease in CAMP binding decreases by ~3 folds, from 3.02 £ 0.21 seconds at -60
mV to 1.075 + 0.19 seconds at -120 mV, which supports the decrease in CAMP binding as a
voltage-driven process. As indicated by the value of AAF, the relative decrease in cAMP binding
reaches a plateau at the voltage of -80 mV. For the spHCN/F459L channel, although the direction
of the change in cCAMP binding is opposite to that of the WT channel, the time constant of the

change in cAMP binding is also voltage-dependent: from 6.96 + 0.94 seconds at -60 mV to 4.14 +
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0.89 seconds at -120 mV. Again, the relative increase in CAMP binding reaches a plateau at the
voltage of -80 mV. Noticeably, the absolute value of the time-constants of CAMP binding are in
seconds, much longer than that of the movement of voltage sensor which largely finishes within

50 msec after the voltage step 1%°.
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Fig. 4. A single point mutation in S6, F459L, abolishes the channel inactivation and reverses the
decrease in cCAMP binding upon membrane hyperpolarization.
A. Current traces of the spHCN/F459L mutant channel recorded in response to a series of
hyperpolarization voltage steps (no cAMP). B. Current traces of the spHCN/F459L channel recorded
in the presence of 10 uM cAMP. Notice the changes in channel kinetics (faster activation and slower
deactivation) compared to the traces shown in A. C. Top, current traces of SpHCN/F459L in response
to the hyperpolarization voltage step from +80 to -80 mV. To approach more stable optical recording
results, laser pulses and image collection were started before the hyperpolarization voltage step.
Bottom, averaged results corresponding to the dashed blue box shown in C indicate a significant
increase upon the voltage step from +80 to -80 mV. (58.4 £ 0.05%; paired t-test; p<0.0001; n=12) in
AAF. D. Top, current traces of sSpHCN/F459L in response to the depolarization voltage step from -80
to +80 mV. E and F. Averaged results corresponding to the dashed blue box shown in D indicate a
significant decrease in AAF upon the voltage step from -80 to +80 mV (34.78 £ 0.03%; paired t-test;

p<0.0001, n=12).
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Fig. 5. Comparing the decrease (WT spHCN) or increase (SpHCN/F459L) in cAMP binding in
response to the same set of hyperpolarization voltage steps.
A. The membrane patches were held at +80 mV for 5 seconds before the application of hyperpolarization
voltage steps from -60 to -120 mV at a -20 mV interval. Fluorescence intensities for each patch were
normalized to the value of the last three images just before the voltage steps. At -60mV, paired t-test:
p<0.0001, n=12. B. Percentage of the decreases in fluorescence intensity vs. hyperpolarization voltage
steps. Averaged results of the WT spHCN channel shown in A are used in the calculation. C. Time
constant of the decrease in fluorescence intensity of the WT spHCN channel vs. hyperpolarization
voltage steps. The profiles of the decrease in fluorescence intensity after the hyperpolarization voltage
steps shown in A were fitted by a single exponential function. D. Normalized fluorescence intensity for
the spHCN/F459L mutant channel. At -60mV, paired t-test: p<0.0001, n=13. E. Percentage of the
increases in fluorescence intensity of the sSpHCN/H462A mutant channel vs. hyperpolarization voltage
steps. Averaged results shown in D are used in the calculation. F. Time constant of the increase in
fluorescence intensity of the sSpHCN/H462A channel vs. hyperpolarization voltage steps. The profiles of
the increase in fluorescence intensity after the hyperpolarization voltage steps shown in D were fitted by

a single exponential function.
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Fig. 6. Comparing the increase (WT spHCN) or decrease (SpHCN/F459L) in cAMP binding in

response to the same set of depolarization voltage steps.

A. The membrane patches were held at hyperpolarized potentials from -60 to -120 mV for 5 seconds
before the application of the depolarization voltage step to +80 mV. Fluorescence intensities for each
patch were normalized to the value of the last three images just before the voltage steps. B. Percentage
of the increases in fluorescence intensity vs. hyperpolarized holding potentials. Averaged results of the
WT spHCN channel shown in A are used in the calculation. C. Time constant of the increase in
fluorescence intensity of the WT spHCN channel vs. hyperpolarized holding potentials. The profiles of
the increase in fluorescence intensity after the depolarization voltage step shown in A were fitted by a
single exponential function D. Normalized fluorescence intensity for the sSpHCN/F459L mutant channel.
E. Percentage of the decreases in fluorescence intensity of the spHCN/H462A mutant channel vs.
hyperpolarized holding potentials. Averaged results shown in D are used in the calculation. F. Time
constant of the decrease in the fluorescence intensity of the SpHCN/H462A channel vs. hyperpolarized
holding potentials. The profiles of the decreases in fluorescence intensity after the depolarization voltage

step shown in D were fitted by a single exponential function.
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ZD7288 but not Cs blocked the decrease in cAMP binding to inactivated spHCN channel

Since F459 is located in the S6 and close to the activation gate in SpHCN channel, the above results
of CAMP binding suggest that the movement of the gate might be allosterically coupled to the
binding of cCAMP. Previously, we had investigated such a mechanism for mHCN2 channel 2. To
introduce local structural perturbations in the vicinity of the activation gate, we used a specific
HCN channel blocker, ZD7288, which is a commonly used blocker for HCN channels 14’. Previous
studies have mapped the binding site of ZD7288 to the inner activation gate in the S6 of SpHCN
channel #148.14% Tq probe any putative allosteric effects between the movement of the gate and
CAMP binding, we applied 60 uM ZD to the bath solution of excised patches and measured the
profile of cCAMP binding in response to hyperpolarizing voltage steps (Fig 7a). Indeed, in the
presence of ZD7288, the reduction in cAMP binding was significantly dampened (~10% with
ZD7288 vs. ~40% in the absence of ZD7288 at the voltage of -80 mV (Fig. 7b and 7c).

Other than ZD7288, Cs+ in the milli-molar range is another popularly used blocker for
HCN channels >"1%°, The binding site for Cs+ has been mapped to the region near the extracellular
opening of the ion conducting pore °31°2, But Cs+ needs to be applied from the extracellular side
so that we added 2 mM Cs+ to the pipette solution, which is in contact with the extracellular side
of the membrane. Opposite to the observation with ZD728 8, no apparent changes in the profile of
cAMP binding was observed (Fig. 7e and 7f). These observations strengthened the notion that the
movement of the inner activation gate is allosterically coupled to the binding of CAMP to the
binding domain.

Locked-open and locked-close spHCN channels show opposite changes in cAMP binding

In spHCN channel, inactivation occurs via the closure of the same activation gate near S6 . The

decrease in the CAMP binding in spHCN channel could be a direct consequence of this rapid re-
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closure of the gate. Moreover, we need to establish the relative binding affinity to CAMP between
closed and open spHCN channel. To address these questions, we adopted the strategy of “locking”
the spHCN channel specifically in the open or closed state though applying Cd2+ to cysteine-
replacement mutant channels (spHCN/H462C-L466C for locked open or spHCN/H462Y-Q468C
for locked closed) 148153 (Fig. 8a, 8b). For the WT channel, cAMP is required to maintain the close-
to-normal open state in the presence of 1uM Cd2+ (on top of cAMP) (Fig. 8c). For the lock-open
or lock-closed channel, exposure to Cd2+ traps the channel either in the open or closed state, in
the absence of cCAMP (Fig. 8d & 8e).

Next, we investigated the binding of cCAMP to the lock-open or lock-closed channel.
Because of the instability of the membrane seal in the presence of Cd2+ and also to avoid photo
bleaching of the dye, we started from a simple protocol of collecting three images along the -100
mV voltage step, before and after application of Cd2+ (Fig. 9a). For the WT spHCN channel, we
observed a decrease in CAMP binding during the -100 mV voltage step and some recovery upon
the voltage-step back to 0 mV, before and after exposure to 1 uM Cd2+. Impressively, for the
lock-open channel, exposure to 1 uM Cd2+ switched the direction of the change in CAMP binding
from decrease to increase (Fig. 9b). In contrast, for the lock-close channel, application of 2 uM
Cd2+ locked the channels in closed state but did not change the decrease in cCAMP binding (9d and
9e). Similar changes in cCAMP binding were observed when we used a long duration pulse protocol
(Fig 10).These results provide further support for the allosteric communication between the status

of the activation gate and the binding of cCAMP to the binding domain.
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Fig. 7. Both ZD7288 and Cs+ can block the spHCN current but only ZD7288 affects the
binding of cAMP.
A. ZD7288 blocks the currents of the WT spHCN channel. Top, voltage step, laser pulse, and image
collection protocol. Bottom, current traces before (black) and after (red) 60 uM ZD7288. B.
Normalized fluorescence intensity before (black) and after (red) ZD7288 application. VVoltage step,
+80 to -80 mV. C. Normalized fluorescence intensity before (black) and after (red) ZD7288
application. VVoltage step, +80 to -100 mV. D. 2 mM Cs+ was added to the pipette solution to block
the WT spHCN current from the extracellular side. Top, voltage step, laser pulse, and image
collection protocol. Bottom, current traces collected with Cs+ added to the pipette solution. E.
Normalized fluorescence intensity without (black) or with Cs+ (red). Voltage step, +80 to -80 mV.
Because the pipette solution was not exchanged during the experiments, control results and Cs+
results were collected from different patches. F. Normalized fluorescence intensity without (black)

or with Cs+ (red). Voltage step, +80 to -80 mV.
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Fig. 8. Strategy to specifically lock the spHCN channel in either open or closed state.
A. Alignment of primary protein sequences of representative HCN and other potassium channels in
the region encompassing the selectivity filter and the last transmembrane segment (S2 in KcsA or S6
in other channels). Relevant residues are shown in bold and marked with different color. B. Current
traces of the WT spHCN channel. Black, control in the absence of cCAMP and Cd2+. Red, 10 uM
CAMP. Blue, 10 uM cAMP and 1uM Cd2+. C. Mutations introduced to the S6 of the spHCN channel
to make the lock-open (H462C-L466C) or lock-closed (H462Y-Q468C) channel. D. Current traces
of the lock-open spHCN channel. Black, control in the absence of cCAMP and Cd2+. Red, 10 uM
CAMP. Blue, 1 uM free Cd2+ without cAMP. The lock-open effect was persistent after the washing
off of cAMP with bath solution containing Cd2+ E. Current traces of the lock-closed spHCN channel.
Black, control in the absence of cAMP and Cd2+. Red, 10 uM cAMP. Blue, 2 uM Cd+2 and 10uM

CAMP.
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Fig. 9. The inactivated WT spHCN channel, the lock-open and the lock-closed spHCN
channels show three different levels of cAMP binding.
A. ZD7288 blocks the currents of the WT spHCN channel. Top, voltage step, laser pulse, and
image collection protocol. Bottom, current traces before (black) and after (red) 60 uM ZD7288.
B. Normalized fluorescence intensity before (black) and after (red) ZD7288 application.
Voltage step, +80 to -80 mV. C. Normalized fluorescence intensity before (black) and after
(red) ZD7288 application. Voltage step, +80 to -100 mV. D. 2 mM Cs+ was added to the pipette
solution to block the WT spHCN current from the extracellular side. Top, voltage step, laser
pulse, and image collection protocol. Bottom, current traces collected with Cs+ added to the
pipette solution. E. Normalized fluorescence intensity without (black) or with Cs+ (red).
Voltage step, +80 to -80 mV. Because the pipette solution was not exchanged during the
experiments, control results and Cs+ results were collected from different patches. F.
Normalized fluorescence intensity without (black) or with Cs+ (red). Voltage step, +80 to -80

mV.
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Fig. 10. Profiles of cAMP binding to the lock-open and lock-closed spHCN channel along a
hyperpolarization voltage step.
A. Top, current traces of the WT spHCN channel in the presence of 1 uM 8-NBD-cAMP, before (black)
and after (red) the application of 1 UM Cd*? to the bath solution. Bottom, protocol of voltage step, laser
pulse, and image collection. The membrane patches were held at 0 mV for 1 second before the
application of a hyperpolarization voltage step to -100 mV B. Normalized fluorescence intensity of the
WT spHCN channel. Fluorescence intensities are normalized to the averaged intensity of first three
images collected before the hyperpolarization voltage step. A significant decrease in fluorescence
intensity was observed before (black; N=10, p<0.001) and after (red; N=9; P<0.001) the application of
Cd*2 C. Current traces of the lock-open spHCN channel in the presence of 1 uM 8-NBD-cAMP, before
(black) and after (red) the application of 1uM Cd*2 D. Normalized fluorescence intensities for the lock-
open spHCN channel show a decrease in CAMP binding before the application of Cd*? (black). But after
the channel being locked in the open state by Cd*?, a significant increase in fluorescence intensity
indicating an increase in CAMP binding was observed (red) (P=0.0066; N=8). The fluorescence intensity
was normalized to the average intensity of first three images collected before the hyperpolarizing voltage
step. E. Current traces of the lock-closed spHCN channel in the presence of 1 uM 8-NBD-cAMP, before
(black) and after (red) the application of 2 pM intracellular cadmium (Cd*?). F. Normalized
fluorescence intensity for the lock-closed spHCN channel showing a significant decrease in fluorescence
intensity both before (black; n=4; paired t-test, p<0.01) and after (red; n=4; paired t-test, p<0.01) the
application of Cd*2. The fluorescence intensity was normalized to the average intensity of first three

images collected before the hyperpolarizing voltage step.
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2.4 Discussion:

HCN channel bridges membrane excitability with intracellular signaling pathways and thus plays
important roles in the nervous and cardiovascular systems. At the molecular level, dually regulated
by voltage and ligand, HCN channels exist as an elegant model for studying ion channel related
protein allostery. Here we addressed the coupling of the activation/inactivation gate with the
binding of cCAMP in the full-length spHCN channel. Surprisingly, CAMP binding to spHCN
channels decreases in response to the hyperpolarizing voltage step. We tackled the allosteric
communication between the gate and cAMP binding in spHCN channels by from three directions:
1) The spHCN/F459L mutant channel that does not show inactivation; 2) Cs+ and ZD7288, two
different blockers that act on different regions in the ion conducting pore; and 3) The strategy of
locking the channel in either open or closed state. The experimental results provide direct support
for the allosteric communication between the activation gate and the binding of cCAMP.

Clearly, the decrease in cCAMP binding is a voltage-dependent process, as indicated the gradual
decrease in the time constant from ~3 seconds at -60 mV to ~1 second at -120 mV (Fig. 6C). Thus,
a coupling mechanism should exist between the movement of the voltage sensor and the binding
of cAMP. However, the S4 does not seem to directly communicate with the CNBD, because the
kinetics of the decrease in cCAMP binding upon membrane hyperpolarization is much slower than
the movement of the voltage sensor. Previous recording of gating current from spHCN channel
showed that majority of charge displacements finishes within 50 msec 1. It is likely that certain
structural rearrangements downstream from the movement of S4 affect the binding of CAMP. As
supported by our results, the activation/inactivation gate in S6 plays a critical role in the allosteric
modulation of the cAMP binding and at the same time controls the opening or closing of the ion

conducting pathway.
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Without cAMP, the spHCN/F459L channel still behaves like mMHCN1 or mHCN2 channel.
Sequence alignment shows that F459 is aligned to the first Proline in the critical “PVP” motif in
the S6 of Ky channels and very close to the proposed activation gate for HCN channels 148153157,
The observations with the F459L mutant channel is quite intriguing because a single mutation
effectively abolishes the voltage-dependent inactivation and switches the direction of cCAMP
binding. Alanine replacement of the corresponding residue in the mHCN2 channel, F431A,
reduced cAMP binding and prolonged channel deactivation, which might share certain
mechanistic connections with spHCN/F459L %2, The location of F459, close to the activation gate
and in contact with a critical hydrophobic pocket that involves residues from the S4-S5 linker of a
neighboring subunit, and together with the impacts on gating by F459L, are comparable to a
disease-causing L269F mutation in the muscle-type nicotinic AChR epsilon subunit . L269F
causes pathologic channel openings in the absence of Ach and excessive Ca2+ entry. Interestingly,
L269 is located in the m2 segment that corresponds to the S6 helix in Kv or HCN channels and
engages in hydrophobic interactions with neighboring subunits 1°8-160,

To further delineate the binding of CAMP in various conformational states, we adopted the
strategy of locking the spHCN channel in either open or closed state which was first developed by
Gary Yellen’s lab. They reported that the gating currents recorded from these gate-locked channels
still show certain dependency on voltage, which indicates a relatively free movement of the S4
from the gate and thus a weak coupling between the voltage sensor and the gate in HCN channels
146, On the other hand, the Q-V curves of the lock-open or lock-closed channel do shift in opposite
directions, supporting the retrograde communication between the gate and the movement of the
voltage sensor. Such retrograde communication has been reported for other types of ion channels

like Na channel %%, From the angle of gate - ligand binding, our measurements of the cAMP
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binding to locked-open or locked-close spHCN channels, together with previous study of state-
dependent binding of cAMP to mMHCN2 channel, complement well to the study addressing the gate
- voltage sensor communications in more traditional voltage-gate K or Na channels.

As an important negative feedback mechanism, voltage-dependent inactivation and ligand-
dependent desensitization are gating mechanisms frequently adopted by different types of ion
channels. From the aspect of the ligand binding in inactivated spHCN channels, our study provides
useful insights for the interpretation of inactivation and desensitization. We confirmed that the
interaction between cAMP and spHCN channel is dynamic and depends on the functional state:
closed, inactivated, and open, and obtained direct evidence for the involvement of the
activation/inactivation gate located near the intracellular end of S6. Therefore, for the study of
protein allostery, the intimate coordination among adjacent and discrete domains and the

interpretation at the whole molecule level should still be an important direction to pursue.
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CHAPTER 4

Singlet oxygen modification abolishes voltage-dependent inactivation in a sea-urchin
hyperpolarization-activated cyclic nucleotide-gated (spHCN) channel

Vinay ldikuda*, Weihua Gao*, Khade Grant, Zhuocheng Su, Qinglian Liu, and Lei Zhou

3.1 ABSTRACT

Photo-chemically or metabolically generated singlet oxygen (*O2) broadly reacts with
macromolecules in the cell. Because of its short lifetime and working distance, O, holds the
potential to be an effective and precise tool at the nanoscale level for basic research and clinical
practice. Here we investigate the modification of the spHCN channel by photo-chemically and
chemically produced 0. The spHCN channel shows strong voltage-dependent inactivation in the
absence of cCAMP. Millisecond-long laser pulses transform the gating properties of the spHCN
channel in complex with photosensitizers by abolishing the channel inactivation and increasing
the voltage-insensitive current component. Alanine replacement of a histidine residue located near
the activation gate within the channel’s pore eliminates key modification effects. Application of a
variety of chemicals including O, scavengers or 'O generators supports the involvement of 1O
and excludes other reactive oxygen species. This study provides new insights into the

photodynamic modification of ion channels by 1O,.

Running Title: Singlet oxygen abolishes voltage-dependent inactivation in sSpHCN channel.

* contributed equally
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3.2 INTRODUCTION

Molecular oxygen (0O2) is indispensable for sustaining most forms of life on earth. Molecular
oxygen has three electronic configurations, the triplet ground state (°%) and the first and the second
singlet excited states (*A and 1X) 192183 Singlet oxygen (102, mainly referring to the A state
because of the longer lifetime) is highly reactive and oxidizes a wide range of molecules from
pollutants in the water/air to most macromolecules in the cell, including DNA, protein, and
unsaturated lipids. Biological production of 1O, can occur through photochemical processes which
involves three elements: photosensitizer, oxygen, and light 1%, or metabolic processes without
light 165188 In cells from the skin and the eye, intracellular compounds including flavins and
NADH/NADPH are efficient photosensitizers %7, 10, can be generated under sunlight, especially
UVA light (320-400 nm). This process has been linked to the aging and the development of cancer
in these cells 168189 In liver tissues, 1O, can be generated in the dark through the oxidation of triplet
carbonyls catalyzed by peroxidase *’°. Enzymatic generation of 'O2 has also been observed in
stimulated neutrophils, macrophages, and plants 171172,

10, is very unstable in aqueous solution, with its lifetime in microseconds and effective range in
nanometers. Low levels of 02 may function as an intriguing intracellular second messenger by
modifying the function of molecules in the vicinity %2172, High-levels of 'O, can used to
specifically ablate the function of certain biomolecules and cells. 'O, holds the potential as a
powerful tool with high spatial and temporal precision. For example, commonly used fluorescent
molecules, such as fluorescein (FITC) and certain fluorescent proteins, are effective
photosensitizers. In chromophore assisted light inactivation (CALI), fluorophore-tagged antibody
recognizes and forms a complex with the target protein 3. Upon light illumination, O, is

generated and specifically abolishes the function of the proteins in close vicinity 3174, Similarly,
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in photodynamic therapy (PDT), light is guided to the target tissue to excite the pre-administered
photosensitizers. Target cells are damaged by 1O, but are eventually killed through a combination
of apoptosis, necrosis, and acutely triggered local immune response. PDT has been approved by
FDA to treat cancers of the esophagus, lung and skin, and other diseases related with the skin and
eyes 175,
In spite of its broad application potential, little is known about how 'O, modifies targets at the
molecular level. Oz is not a radical and does not share similar chemical mechanisms with well-
studied reactive oxygen species including hydrogen peroxide (H20-), superoxide and hydroxyl
radical, and nitric oxide (NO) . The volatile chemical nature of 2O, the wide range of molecules
that react with 1O, and the heterogeneous distributions of oxygen and photosensitizer together
make 'O a challenging research target. Most of the research on O have been carried out at
cellular and tissue levels in the presence of complex intracellular signaling pathways, including
several studies on the modification of ion channels and transporters by 10, 17"~ To produce
observable effects, these photodynamic studies often require long light exposure - up to minutes,
in contrast to the extreme short life of 1O, in microseconds. A sensitive and well-defined working
system for studying 1Oz becomes necessary.

The hyperpolarization-activated, cyclic-nucleotide regulated (HCN) channels encodes the
In (or If) current that was originally isolated from neurons and cardiac cells 2381, Four mammalian
isoforms, HCN1 to HCN4, and an isoform from sea urchin, spHCN, have been cloned and
extensively studied??%28, Each functional HCN channel contains four subunits, with each subunit
having a six-helix transmembrane domain that is homologous to that of the voltage-gated K
channel and a canonical cyclic-nucleotide binding domain (CNBD) in the C-terminus. Thus, HCN

channels are equipped with the gating machinery for both voltage- and ligand-dependent gating
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processes. In our study of the dynamic and state-dependent interaction between cAMP and full-
length HCN channel, we applied the patch-clamp fluorometry technique and used different
fluorescently labeled cAMP molecules 141142, We have previously shown that laser pulses applied
to the mMHCN2 channel in complex with FITC-cAMP prolonged the channel deactivation and
introduced a prominent expression of voltage-insensitive, instantaneous (linst) current 1> This
observation leads us eventually to the establishment of 'O, as the major player and the
identification of a critical histidine residue near the activation gate in S6. The linst carried by the
HCN channel refers to the increase in current amplitude after the voltage step, without the typical
time-dependency as observed with most voltage-gated ion channels. linst refers to the increase in
current amplitude immediately after the voltage step, without the typical time-dependency as
observed with most types of voltage-gated conductance. The linst carried by the HCN channel has
been detected in both native and heterologous expression systems, but the corresponding molecular
basis for the decoupling between the gate and the voltage sensor remains unclear.

Here we expand the investigation to spHCN channel, which shows strong voltage-
dependent inactivation in the absence of cCAMP, a unique feature that differentiates it from the
mammalian forms. cCAMP binding removes the inactivation in sSpHCN channel so that it behaves
similarly to HCN1 or HCN2 channel. We found that 'O, modification removes the voltage-
dependent inactivation of spHCN channel. This photodynamic modification is state-dependent and
relies on the same homologous histidine residue near the activation gate. Finally, a consortium of
chemical processes that generate or quench Oz were used to establish the involvement of 1O, as

the major player.
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3.4 RESULTS:

Laser pulses abolish the voltage-dependent inactivation of the spHCN channel

We used the inside-out configuration of the patch-clamp technique to record currents from spHCN
channels expressed in Xenopus oocytes. The intracellular side of the channel is exposed to the bath
solution whereas the extracellular side is contact with the pipette solution. Unlike the mammalian
HCN isoforms, the spHCN undergoes significant voltage-dependent inactivation which can be
removed by the addition of CAMP (10 puM) to the bath solution (Fig. 11A; 12A), with an EC50 of
0.74 uM (Gauss et al., 1998). The definitions of linst, Ih, the macroscopic current (Imacro; In+linst),
Ih (tail) (Ih or the voltage-sensitive component within the tail current), and the steady-state current
(Iss) are illustrated. Using patch-clamp fluorometry, we found that the fluorescent cAMP analog
8-FITC-cAMP bound to spHCN (Fig. 11B, 11C) but had minimal impacts on channel gating, most
likely due to the bulky and charged FITC group. Therefore, in the presence of 1 uM 8-FITC-
CAMP, spHCN channels showed strong voltage-dependent inactivation (trace O in Fig. 11D; the
last trace before laser pulses).

As shown in the zoomed view during the 100 msec laser pulse (Fig. 11E; within the dashed red
box), increases in the total or microscopic (Imacro) current were observed. After the laser pulse,
the Imacro amplitude continued to increase, indicating a continuing shift of the equilibrium from
the closed or inactivated state to the open state. The FITC moiety was required for the
photodynamic transformation process because the same laser pulse applied to the spHCN channel
in complex with cAMP did not increase current (Fig. 11F; 11G). In addition, light-activated current
was not observed in patches from cells which contained no spHCN channel but were exposed to

FITC-cAMP, indicating that spHCN was required (Fig12C)
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Figure 11. Photodynamic modification of spHCN channel in complex with 8-FITC-cAMP
A. voltage command for channel activation (-100 mV) and tail current recording (+40 mV). Bottom,
WT spHCN channel shows strong voltage-dependent inactivation (black) which can be abolished by
CAMP binding. B. Top, bright field image of a piece of membrane patch (indicated by an arrow) held
within the glass recording pipette. Bottom, fluorescence signal from the 8-FITC-cCAMP in complex
with the spHCN channel. Membrane from uninjected oocytes (no channel expressed) only shows
fluorescence intensity at background level. C. Top, schematic drawing of the patch-clamp recording
at inside-out configuration. Bottom, chemical structure of FITC. D. Top, voltage command and
timing of laser pulse. Bottom: current traces before and after laser pulse application. Control trace
before laser pulses (labeled 0) is shown in black. Numbers represent the order of applied laser pulses.
E. A zoomed view over the moment when laser pulses were applied. Red box in dash represents the
100 msec laser pulses. F. Laser pulses have no effect on the spHCN in complex with regular cAMP.
G. Averaged results (N=8) showing the effect of laser pulses on the amplitude of macroscopic current
measured at -100 mV (see Fig. S1D for the description regarding macroscopic current, In, and linst).
The horizontal box with the label of laser pulse indicates the episodes with laser pulses. The data
points represent the index of current trace and are slightly behind the laser pulse in terms of timing.
Current amplitudes were normalized to the maximal current measured in the presence of 10 (1M
CAMP. The first trace after laser pulse with FITC-cAMP is already significantly different from the
last control trace (P=0.0003, Paired T-test). NS, not significant. H. Averaged results (N=10) showing
the effect of laser pulses on the time constant of deactivation. The first trace after laser pulse with
FITC-cAMP is already significantly different from the last control trace (P= 0.00007, Paired T-test).

NS, not significant.
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Fig. 12. Characterization of the WT spHCN channel, correlation between the linst and Iss
(tail) after photodynamic modification, and effects of photodynamic modification on cell
membrane without spHCN channel.
A. Top, voltage steps used for channel activation. Tail Currents were recorded at +40 mV.
Bottom, current traces recorded in presence of 10 uM cAMP. Boltzmann Fit for the IV curve
showing an average half maximal voltage (V12) of 63.15 + 0.8 mV (N=5).
B. Cross-plotting the amplitudes of linst and lssof WT spHCN channel after photodynamic
modification. Four sequential laser pulses were applied in the middle of the voltage step. Each
point shows amplitudes of the Iss (tail) of the present current trace (measured after laser pulse at
+40 mV) and the linst OF the following current trace (measured before the next laser pulse at -100
mV).
C. Top, voltage command and timing of laser pulse (during voltage step). Bottom: current traces
recorded from uninjected oocytes before and after laser pulse application. Black, last control
current trace before laser pulses. Green, current traces in response to laser pulses.

D. Control results for laser pulses applied before voltage step.
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As previously demonstrated with the mHCN2 channelst!’ | laser pulses significantly prolonged

the time constant for deactivation of spHCN (Fig. 11H). After photodynamic modification, the

Tdeactivation Was still less than 100 msec, much shorter than the interval between two adjacent current

episodes (15 seconds). Thus, the slowdown in deactivation did not contribute to the increases in
the voltage insensitive current component (Fig. 13A). The effects of photodynamic modification
were long-lasting: they could still be seen 5 minutes after end of laser pulses and the washing off
of FITC-cAMP (Fig. 14A). There was noticeable variability from patch to patch in terms of the
extent of photodynamic modification of channel inactivation removal and the fraction of linst
within Imacro. The geometry and position of membrane patch and the attachment of intracellular

particles to the membrane are factors affecting the efficiency of the photodynamic modification.

Both linst (measured at -100 mV) and Iss (+40 mV) are conducted by spHCN channel:

Similar to previous study on the mHCN2 channel, laser pulses led to a prominent expression of Iss
after the complete deactivation of Ih(tail) at +40 mV (Fig. 13A-13B). Because the light-activated
SpHCN current is long lasting, it can also be measured as linst in the following current trace, at the
very beginning of the voltage jump from 0 to -100 mV. Importantly, the amplitudes of Iss (+40
mV; present trace) and the linst (-100 mV) of the subsequent trace are tightly correlated (Fig. 12B).

To confirm the linst and Iss are conducted by spHCN channel but not due to non-specific
conductance after photodynamic modification, we applied ZD7288, a HCN channel specific
blocker, to the intracellular side (bath solution) (Fig. 13A, 13B). In sequence, the current traces
correspond to control trace before laser pulse and regular cAMP (black; 1), maximal current in 10
MM regular cAMP (grey; 2), current trace with the 3rd laser pulse (blue; 3), current trace after the

stop of laser pulses (green; 4), and current trace in the presence of ZD7288 (red; 5). The difference
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between the green trace after photodynamic modification and the red trace with ZD7288
demonstrate the block of linst, In, In (tail), and lss. Averaged results are shown in Fig. 13C, 13D.
Moreover, both linst and Iss can be upregulated by cAMP applied to the bath solution (after the
stop of laser pulses; Fig. 14A), which provides another evidence supporting the identity of sSpHCN
channel behind linst and Iss.

To further test whether the linst is carried by the spHCN channels, we measured the K*/Na*
selectivity of linst. HCN channels are weakly selective for K*, with Px/Pna between 3 and 4. We
first measured the Pk/Pna Of the maximal current before laser pulses (in the presence of CAMP;
Fig. 13E, 13F). With the K" solution in the pipette (extracellular), we measured currents with K*
in the bath solution (intracellular) and then replaced K* in the bath with Na* to determine the
reversal potentials. The shift in the reversal potential from 1.3 £ 0.3 mV (K%) to -27.8 £ 1.2mV
(Na*i) (N=4) confirmed the weak selectivity for K* by spHCN channels. Then we measured Pk/Pna
using a voltage ramp from +40 mV to -20 mV, which was chosen to minimize Ih activation (Fig.
13G, top). The current traces recorded before laser pulse (light magenta and light cyan in Fig. 13G,
bottom) should correspond mostly to non-specific conductance, since both the reversal potentials
and the holding current at 0 mV were close to zero with [Na+]i solution. After laser pulse
treatment, there was a significant increase in current amplitude, and the reversal potential was
shifted from 0.9 + 0.2 mV (K%j) to -26.5 + 0.9 mV (Na*i) (N=4). Therefore, the similar Px/Pna
between In and linst provide additional evidence that after photodynamic modification linst Was

mainly carried by spHCN channels.
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Figure 13. In and linst Share similar sensitivity to ZD7288, a HCN channel specific blocker, and
K+/Na+ selectivity

A. Top, voltage protocol. Bottom, four current traces in sequence showing control (no cCAMP), 10 uM
CAMP, the 3rd trace with laser pulse (with 1 uM FITC-cAMP), after laser pulses stopped and
washing off FITC-cAMP, ZD7288 (100 uM).
B. Zoomed views showing the linst (top) and the Ih (tail) and Iss (bottom).
C. Averaged results showing that laser pulses applied in the presence of FTIC-cAMP increase the
amplitude of Imacro, which can be blocked by ZD7288.
D. Averaged results showing that laser pulses applied in the presence of FTIC-cAMP increase the
amplitude of linst, which can also be blocked by ZD7288.
E. Top, voltage protocol for Ih activation (0 to -90 mV) and a voltage ramp (-50 to 50 mV) used for
the measurement of reversal potential. Bottom, current traces recording from the same membrane
patch with symmetrical [K+]in/[K+]out (magenta) or [Na+]in/[K+]out (blue). 10 UM cAMP was
added to the bath solution on the intracellular side.
F. Cross-plot of current amplitude vs. membrane potential during the voltage ramp for Ih.
G. Top, a voltage ramp (+40 to -20 mV) was used for the measurement of reversal potential of linst.
Bottom, current traces recorded from the same membrane patch with symmetrical [K+]in/[K+]out
(magenta, left) or [Na+]in/[K+]out (blue, right). Current traces in light colors are recorded before
laser pulses. Current traces in dark colors are recorded after laser pulses stopped and in the absence
of FITC-cAMP.
H. Cross-plot of current amplitude vs. membrane potential during the voltage ramp for the linst after

laser pulses.
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Fig. 14. linst and Iss after photodynamic modification can be blocked by ZD7288 and be
upregulated by cAMP.
A. Top, protocol of voltage step and laser pulse (before voltage step). Bottom, four current
traces in sequence showing control (no cCAMP; black), regular cAMP (10 puM; grey), after laser
pulses stopped and washing off FITC-cAMP (green), and ZD7288 (100 uM; red).
B. Zoomed view showing the linst (top) or the Ih (tail) and Iss (bottom).
C. Averaged results of Imacro (left) and linst (right) in response to laser pulses (before voltage

step) and ZD7288.
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Photodynamic modification of the spHCN channel in the closed state

In the above experiments, laser pulses were applied in the middle of the hyperpolarizing voltage
step, when most of the channels were in the inactivated state. Laser pulses directly initiated a time-
dependent channel opening process. Next, we studied the effects of laser pulses on the channel in
the closed state by applying laser pulses preceding the hyperpolarizing voltage step when most of
the channel channels were in the closed state (Fig. 15A In the presence of 1 [IM FITC-cCAMP,
laser pulses (100 msec) did not lead to immediate channel opening; however, in response to the
following hyperpolarization voltage step, channel inactivation became less prominent (Fig. 15B,
top). After a number of laser pulses, the inactivation was completely abolished and replaced by a
continuous activation phase, similar to the activation of mammalian HCN channels or the spHCN
channel in the presence of saturating concentrations of cCAMP. Correspondingly, the amplitude of
the macroscopic current and the In component increases (Fig. 15B, bottom; 15C, 15D).
Interestingly, different from the laser pulses applied during the voltage step to mainly inactivated
channel, laser pulses applied to closed spHCN channel results in more pronounced increase in Ih
but only small increase in linst (Fig. 17).

To confirm whether the above changes in ionic current were indeed carried by the spHCN channel
on the membrane, we added 100 uM ZD7288 to the bath solution or 2 mM Cs+ to the pipette
solution. Similar to the results of laser pulse during voltage step, ZD7288 blocked the increases in
Imacro and linst upon photodynamic modification with laser pulse before voltage step (Fig. 14B-
14D). Alternatively, Cs+ applied to the extracellular side can effectively block the inward HCN
current in a voltage-dependent manner (Fain et al., 1978; Barnes and Hille, 1989). Indeed, we

observed a complete block of ionic current during the -100 mV voltage step after laser pulses,
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which excluded the contribution by non-specific leak conductance to the increase in linst after
photodynamic modification (Fig. 13E, 13F). To highlight the effects of photodynamic
modification in the presence of Cs+, we monitored the current trace in response to the depolarizing
voltage step from -100 to +40 mV. The significant increase in Ih (tail) and the non-deactivating
Iss confirmed the impacts of the photodynamic modification. Averaged results for the application
of Cs+ are shown in (Fig. 18).

A single point mutation, H462A, abolishes effects of photodynamic modification

Among the 20 amino acids, histidine is believed to be the major target of 102 (Matheson et al.,
1975). Previously, we have identified a histidine residue critical to photodynamic modification in
the mHCN2 channel, H434, which is located in the last transmembrane domain (S6) and close to
the activation gate of HCN channels (Wu et al., 2012). Alanine replacement of H434 abolishes
most effects of photodynamic modification on mHCN2 channels. In spHCN channels, the
corresponding residue is H462. We started from a basic characterization of the spHCN/H462A
mutant channel. The mutant channel behaves similarly to the WT channel, including the binding
of FITC-cAMP and the response to CAMP (16A, 16B). In contrast to the WT spHCN channel,
laser pulses applied in the presence of FITC-cAMP exerted minimal effects on the inactivation of
the spHCN/H462 mutant channel and largely failed to initiate the transition of the channel from
the inactivated state to the open state (Fig. 16C). Laser pulses applied to the closed channel do
have a moderate impact on the opening of the channel, reflected in moderate increase in Imacro (Fig.
16D). Compared to the WT channel, the extent of changes in the H462A mutant channel after
photodynamic modification was much smaller (Fig. 16E, 16F). Thus, for both spHCN and
mHCNZ2 channels, the same conserved histidine residue in S6 appears to be critical for the

photodynamic modification and the enhancement of voltage-insensitive linst and lss components.
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Figure 15. Photodynamic modification of the spHCN channel in the closed state and the
sensitivity of modified spHCN channels to Cs+.

A. Top, voltage command and the timing of laser pulses. Laser pulses were applied preceding the
hyperpolarization voltage step when most of the channels should stay in the closed state. Bottom,
current traces recorded with 1 UM FITC-cAMP in the bath solution. The last control trace before laser
pulse is shown in black and labeled 0.
B. Zoomed views of the region within the red box shown in A.
C. Averaged (N=15) results showing the effect of laser pulses on the amplitude of macroscopic current.
D. Averaged (N=15) results showing the effect of laser pulses on the time constant of deactivation.
E. During the -100 mV voltage step, Cs+ applied to the extracellular side of the membrane blocks the
spHCN current after photodynamic modification (laser pulse during voltage step). The following
depolarizing voltage step from -100 to +40 mV released the block by Cs+ and revealed the effects of
photodynamic modification. Photodynamic modification leads to slowdown in channel deactivation
and increases in Iy (tail) and Iss. Black, last current trace before laser pulse. Green, traces with laser
pulses.
F. Laser pulses were applied preceding the hyperpolarization voltage step. Cs+ blocks the macroscopic
current at -100 mV. The voltage step from -100 to +40 mV released the Cs+ block and revealed the

effects of photodynamic modification.
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Figure 16. spHCN/H462A mutant channel shows minimal responses to photodynamic modification.
A. Top, voltage steps used for channel activation. Tail currents were recording at +40 mV. Bottom, current
traces recorded in the presence of 10 uM cAMP. B. Averaged voltage-dependent activation curve of WT
(black, N=5, V1/2 63.15£1.8 mV) and spHCN/H462A mutant (red, N=6, V1/2 63.15+ 2.1 mV) channels.
C. SpHCN/H462A mutant channel shows almost no responses to laser pulses applied in the middle of the
-100 mV voltage step. A zoomed view shows the current trace at the moment when laser pulses are applied
(inside the box). D. Laser pulses applied proceeding the -100 mV voltage step leads to small increases in
macroscopic current but have no effect on channel inactivation. A zoomed view shows the current trace
near the start of the -100 mV voltage step (inside the box). E. Averaged results showing the effect of laser
pulses (applied in the middle of the -100 mV voltage step) on the macroscopic current amplitude of the
WT (N=8, black) and spHCN/H462A mutant (N=5, red) channels. The first trace after laser pulse with
FITC-cAMP is already significantly different from the last control trace (P= 0.017, Paired T-test) in Wild
type channel compared to spHCN/H462A mutant channel. NS, not significant (P-value 0.33, paired T-test).
F. Averaged results showing the effect of laser pulses (applied before the -100 mV voltage step) on the
macroscopic current amplitude of the WT (N=7, black) and spHCN/H462A mutant (N=5, red) channels.
The first trace after laser pulse with FITC-cAMP is already significantly different from the last control
trace (P=0.017, Paired T-test) in Wild type channel and spHCN/H462A mutant channel. (P-value 0.0008,

paired T-test), but the mutant channel still shows inactivation.
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Fig. 17. Laser pulses applied before and in the middle of the hyperpolarizing voltage
step have different impact on linst and In (tail).

A. Top, voltage command and timing of laser pulse (during voltage step). Bottom: current
traces before and after laser pulses. Black, current trace before the 1% laser pulse. Green,
current traces in response to laser pulses.

B. Top, voltage command and timing of laser pulse (during voltage step). Bottom: current
traces before and after laser pulses. Black, current trace before the 1% laser pulse. Green,
current traces in response to laser pulses.

C. Ratio of In/linst plotted as a function of current trace index. Laser pulses started from
the fourth episode. Red, laser pulse before voltage step (N=16). Black, laser pulse after

laser pulse (N=10).
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Fig. 18. Cs* blocks linst and In after photodynamic modification.

. WT spHCN current traces recorded before laser pulses. Black, control; blue, 10 uM cAMP.
2 mM Cs* applied to the glass pipette or the extracellular side of the membrane blocks
spHCN currents at -100 mV. The block by Cs* can be released by a depolarizing voltage
step from -100 to +40 mV.

. Current traces showing the effect of laser pulse (during voltage step) on the WT spHCN
channel in the presence of Cs*. Black, last control current trace before the 1% laser pulse.
Green, current traces in response to laser pulses.

. Averaged results showing the effect of laser pulses (during voltage step) on Iss (tail) (N=6).
. Averaged results showing the effect of laser pulses (during voltage step) on I (tail) (N=5).

. Current traces recorded with 2 mM Cs* added to the pipette solution. Black, control; blue,

10 uM CAMP.
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Application of Rose Bengal and 102 quenchers/generator supports the involvement of 102

To confirm the above observations are the result of a photodynamic process, we chose Rose
Bengal, a popular photosensitizer, in the absence of FITC-cAMP or regular cAMP. 100 nm Rose
Bengal was applied to the bath solution in inside-out excised patch clamp experiments from cells
expressing SpHCN (Fig. 20A). We found that laser pulses during the hyperpolarization voltage
step triggered an increase in Imacro, lss, and linst, Similar to our observation with FITC-cCAMP in the
bath solution (Fig. 20B, 20D). When applied before voltage step to closed channels, laser pulses
removed channel inactivation and introduced a prominent increase in Imacro (Fig. 20C; 20E). In
contrast, the spHCN/H462A mutant channel showed minimal responses to laser pulses with Rose
Bengal in the bath, which is comparable to results with FITC-cAMP (Fig. 21).

To further confirm the involvement of 102 in the photodynamic modification of spHCN channel,
we separately tested O, quenchers including sodium azide (1 mM) and Trolox-C (1 mM). In the
presence of these 102 quenchers, the effects of photodynamic modification were significantly
diminished (Fig. 20F, FITC-cAMP; 20G, Rose Bengal; Fig. 22, Rose Bengal; laser pulses during
voltage step; Fig. 23, Rose Bengal; laser pulse before voltage step). In addition, we tested the
effects on Rose Bengal on membrane patches pulled from uninjected oocytes. No obvious effects
on the leak conductance was detected even with higher concentration of Rose Bengal (200 nM)
and more laser pulses (up to 10) (Fig. 19). Taken together, these results provide further support for

the identity of 102 as the critical player in the modification of the spHCN channel.
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Fig. 19 Rose Bengal with laser pulses has no effects on empty membrane patch without spHCN
channel.
Top, protocol of voltage and laser pulse (during voltage step). 100 msec laser pulse duration Bottom, leak
currents recorded from membrane patches pulled from uninjected Xenopus oocyte. Rose Bengal (200 nM)
was applied to the bath solution. Black, control trace before laser pulse. Red, current trace with the 5" laser

pulse. Green, current trace with the 10" laser pulse.
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Figure 20. Application of a general photosensitizer (Rose bengal) and 102 quenchers (sodium
azide and Trolox C) support the involvement of 102.
A. Schematic drawing of the experiment configuration. Rose Bengal was applied to the bath solution
which is contact with the intracellular side of the channel. B. 100 nM Rose Bengal was applied to the
bath solution. Laser pulses applied in the middle of -100 mV voltage step abolishes WT channel
inactivation. C. Reponses of WT spHCN channel in the presence of Rose Bengal to laser pulses applied
proceeding the voltage step. D. Averaged results showing the effect of laser pulses (in the middle of the
-100 mV voltage step) on the macroscopic current amplitude of the WT (N=8, black) and spHCN/H462A
mutant (N= 8, red) channels. The first trace after laser pulse with Rose Bengal is already significantly
different from the last control trace (P= 0.001, Paired T-test) in Wild type channel, but not in the
spHCN/H462A mutant channel (P=0.38, Paired T-test) E. Averaged results showing the effect of laser
pulses (before the voltage step) on the macroscopic current amplitude of the WT (N=5, black) and
spHCN/H462A mutant (N=5, red) channels. The first trace after laser pulse with Rose Bengal is already
significantly different from the last control trace (P= 0.01, Paired T-test) in Wild type channel, but not
in the spHCN/H462A mutant channel (P= 0.38, Paired T-test) F. Averaged results showing the effect of
Sodium Azide (N=7, blue) and Trolox C (N=8, purple) on the photodynamic modification (FITC-cAMP)
of WT spHCN channels. The first trace after laser pulse with FITC-cAMP is already significantly
different from the last control trace (P= 0.001, Paired T-test) in the absence of quenchers, but not in the
presence of 1mM Sodium Azide (P= 0.07, Paired T-test) channel still shows inactivation. G. Averaged
results showing the effect of Trolox C (purple) on the photodynamic modification (N=11, Rose Bengal)
of WT spHCN mutant (N=7, red) channels. The first trace after laser pulse with Rose Bengal is already
significantly different from the last control trace (P= 0.001, Paired T-test) in the absence of quencher,

but not in the presence of the quencher (P= 0.08, Paired T-test).
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Fig. 21. Rose Bengal mediated photodynamic modification of WT spHCN and spHCN/H472A
mutant channels.

A. Representative current traces showing the effect of laser pulses (during voltage step) on the WT

spHCN channel in the presence of 100 nM Rose Bengal. Black, last control current trace before the

1st laser pulse. Green, current traces with laser pulses.

B. Representative current traces showing the effect of laser pulses (during voltage step) on the

SpHCN/H462A channel in the presence of 100 nM Rose Bengal. Black, last control current trace

before the 1st laser pulse. Green, current traces in response to laser pulses.

C. Averaged results showing the effect of laser pulses (during voltage step) on the Iss (tail) of the WT

(N=6, black) and spHCN/H462A mutant (N=7, red) channels.

D. Averaged results showing the effect of laser pulses (during voltage step) on the Ih current of the

WT (N=6, black) and spHCN/H462A mutant (N=8, red) channels.

E. Representative current traces showing the effect of photodynamic modification on the WT spHCN

channel (before voltage step) in the presence of 100 nM Rose Bengal. Black, last control current trace

before the 1st laser pulse. Green, current traces in response to laser pulses.

F. Representative current trace showing the effect of photodynamic modification on spHCN/H462A

channel (before voltage step) in the presence of 100 nM Rose Bengal. Black, last control current trace

before the 1st laser pulse. Green, current traces in response to laser pulses.

G. Averaged results showing the effect of laser pulses (before voltage step) on the Iss (tail) of the WT

(N=7, black) and spHCN/H462A mutant (N=5, red) channels.
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Fig.

22. Effect of singlet oxygen quencher Trolox-C on the photodynamic modification of

inactivated spHCN channels mediated by Rose Bengal.

Top, current traces of the WT spHCN channel before (black) and after adding (blue) 10 uM
CAMP. Bottom, responses of the WT spHCN channel to laser pulses (during voltage step) in
the presence of 100 nM rose Bengal (green).

Top, current trace recorded from the WT spHCN channel before (black) and after adding 10
MM cAMP (blue). Bottom, responses of WT spHCN channel to laser pulses (during voltage

step) in the presence of Rose Bengal and 2 mM Trolox-C (green).

. Averaged results showing the effect of laser pulses on Iss (tail) without (N=11, black) or with

(N=6, purple) 2 mM Trolox-C.

. Averaged results showing the effect of laser pulses on Iy (tail) without (N=11, black) or with

(N=6, purple) 2 mM Trolox-C.
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Fig

A

. 23. Effect of Trolox-C on the photodynamic modification of closed spHCN channels
mediated by Rose Bengal.

. Top, current traces of the WT spHCN channel before (black) and after adding 10 uM cAMP

(blue). Bottom, responses of the WT spHCN channel to laser pulses (before voltage step)

in the presence of 100 nM Rose Bengal (green).

Top, current traces recorded from the WT spHCN channel before (black) and after adding

10 uM cAMP (blue). Bottom, responses of the WT spHCN channel to laser pulses (before

voltage step) in the presence of Rose Bengal and 2 mM Trolox-C (green).

. Averaged results showing the effect of laser pulses on Imacro Without (N=9, black) and with

(N=6, purple) 2 mM Trolox-C.

Averaged results showing the effect of laser pulses on Iss (tail) without (N=9, black) and

with (N=6, purple) 2 mM Trolox-C.

Averaged results showing the effect of laser pulses on In (tail) without (N=9, black) and

with (N=6, purple) 2 mM Trolox-C.
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Chemically generated 02 modifies WT spHCN but not spHCN/H462A mutant channel

To further confirm the involvement of 102 and exclude the involvement of other reactive oxygen
species, we tested the effect of H202 alone, ClO- alone, or H202 together with CIO-, a chemical
reaction that has been widely used to generate 102 (Fig. 24A). Separately applying H202 or CIO-
had no obvious effects on the function of the spHCN channel. In contrast, exposing the membrane
patch to freshly mixed H202 and CIO- leads to an immediate increase in macroscopic current
amplitude (Fig. 24B; 24D). To make the modification effects more observable, we noticed that the
isolated membrane patch has to be mounted near the opening of the double-barrel glass pipette
where H202 and CIO- solutions flow out and mix (Fig. 25A). This is consistent with the fact that
102 has a very short life time in microseconds. Again, we repeated the same experiments on the
SpHCN/H462A mutant channel and observed no obvious responses to the chemical mixture of
H20, and CIO™ (Fig. 24C; 24D). Thus, for both WT and H462A mutant spHCN channels, the
chemically generated 102 reproduced modifications effects by photodynamic processes but in the
absence of light stimulation and photosensitizer.

Finally, we set out to study the sensitivity of the spHCN channel to hydroxyl radical and
superoxide, the other two reactive oxygen species (Fig. 24E). We applied hydrogen peroxide and
iron sulfate to the bath solution. After 6 minutes of incubation, we didn’t observe any obvious
changes in the function of the channel (Fig. 24F). To test the involvement of superoxide, we added
Xanthine and Xanthine oxidase to the bath solution (Fig. 24G). Again, no obvious changes in the
current traces were detected. Averaged results are shown in Fig. 25B-25C. Taken together, in
conjunction with the results of 102 quenchers and generators, these observations support the
involvement of 'O, in the photodynamic modification of spHCN channel and exclude the

contribution from other reactive oxygen species.
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Figure 24. The WT spHCN (not spHCN/H462A) channel responds to chemically generated
102 but not to other reactive oxygen species.
A. Chemical generation of 102 by mixing hydrogen peroxide and sodium hypochlorite. B. Top,
current traces of WT spHCN channel recorded under control condition (black), in the presence of
10 mM H20> only (red), or 10 mM H202 and 10 mM NaClO (green). Bottom, current trace
recording before and after 10 uM cAMP illustrating the maximal current. C. The SpHCN/H462A
mutant channel shows no response to H202+NaClO. D. Averages results showing the responses to
H>0> only followed by H202+NaClO by WT (N=3, black) or H462A mutant (N=3, red) spHCN
channel. E. Reaction schemes for the generation of hydroxyl or superoxide radicals. F. WT spHCN
channel shows no response (N=3) to mixture of FeSO4 (1 mM) and H20- (15 mM) which generates
hydroxyl radical. G.WT spHCN channel shows no response (N=3) to mixture of xanthine (5 mM)

and xanthine oxidase (20 mU; 6 minutes of incubation) which generates superoxide.
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Fig. 25. Configuration of the perfusion system for H20O2 and CIO™ and averaged results of
effects of hydroxyl and superoxide radicals.

A. Top, configuration of the perfusion system and positioning of the recording pipette. A
double-barrel glass pipette was used to deliver H2O, and CIO" in each of its tube to the
membrane patch. The X-Y position of membrane patch was adjusted according to the
picture. The membrane patch was lowered to the same focal plane of the lower edge of the
double-barrel pipette.

B. Averaged results showing the effect of 1 mM FeSO4 + 15 mM H202 on Imacro.

C. Averaged results showing the effect of 5 mM Xanthine + 15 mU Xanthine oxidase on

|macr0-
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3.5 DISCUSSION:

Here we studied the modification of the spHCN channel by singlet oxygen, which had been
generated through either a canonical photodynamic process or a chemical process in the absence
of light. In the absence of cCAMP, photodynamic modification of the spHCN channel abolishes the
voltage-dependent channel inactivation and increases the hyperpolarization-activated Ih and the
voltage-insensitive linst. These modification effects can be reproduced by exposing the spHCN
channel to a chemical mixture of hypochlorite and hydrogen peroxide, which together with a
consortium of chemicals including 02 quenchers and generators of other ROS, help establish O,
as a critical player in the photodynamic modification of the spHCN channel.

Remarkably, for both sSpHCN and mHCN2 channels, a highly conserved histidine residue
located near the activation gate in S6 appears to be critical for the photodynamic modification.
Both mHCNZ2/H434A and spHCN/H462A mutant channels show minimal responses to the light
pulses applied during the hyperpolarization voltage command. For the spHCN/H462A channel,
light pulses applied to the channel in the closed state moderately increase current amplitude but
largely failed to remove the inactivation of the channel. This difference between the WT and the
H462A mutant channel should not be attributed to the binding of FITC-cAMP, which shows no
obvious difference between WT and H462A mutant channels (Fig. S11). Moreover, the
spHCN/H462A mutant channel shows minimal responses to the O, generated through another
photosensitizer (Rose Bengal) or through a chemical process (H202+ClO-). Therefore, H462 in
the spHCN channel could be the major substrate being modified by 'O.. It is known that the
imidazole ring in histidine reacts with 'O, at a very fast reaction rate (5 x 107 M-1s-1) 182183 The
pair of electrons occupying the highest molecular orbital in 102 show high reactivity towards

electro-rich chemical structure, especially those with conjugated double bonds'™. It is possibly
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that the 1O,-Histidine reaction involves the formation of endo-peroxide as an intermediate and
ends in a complex mixture of products, of which the mechanism are being investigated by both
experimental and theoretical approaches'®. Further studies are needed to pinpoint the chemical
nature of the reaction between O, and H462. Alternatively, it is possible that H462 is only one of
several residues targeted by singlet oxygen whereas the histidine to alanine mutation limits the
express of linst and Iss (tail). Other than histidine, tyrosine, methionine, cysteine, and tryptophan
can also react with 1O, (Kim et al., 2012).

Previously we had shown that the photodynamic modification of the mHCNZ2 channel in the open
state slows down the channel deactivation and increases the instantaneous component, whereas the
major effect on the closed channel is the decrease in the I amplitude ', For the spHCN channel,
photodynamic modifications on both closed and inactivated channels abolish the channel
inactivation. Photodynamic modification of closed spHCN channel leads to more pronounced
increases in Ih but only slight increase in linst. These state-dependent responses to photodynamic
modification for both mHCN2 and spHCN channel could be attributed to the difference in the
accessibility of the critical residues to 'O at different conformations and might reflects subtle but
critical structural reorganizations during the gating process. For the spHCN channel, the
inactivation has been attributed to the re-closure of the same activation gate, due to a loose
coupling or slippage between the voltage-sensor and the gate*>146, Notably, H462 in spHCN and
H434 in mHCNZ2 are located in S6 and very close to the activation gate in both channels.

10, is one of the least understood ROS, partially due to its volatile chemical nature and the complex
cross-interactions with signal transduction pathways 7. It is often difficult to pinpoint whether
the contribution is truly mediated by 'O but not by other ROS. Here to confirm 1O, as the major

player behind the photodynamic modifications, we applied a popularly used photosensitizer (Rose
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Bengal) and a chemical process to generate 1O, (hydrogen peroxide and hypochlorite), which
produced comparable changes in channel behavior especially in terms of removing the channel
inactivation. The involvement of O is further supported by the application of 'O, quenchers
(Sodium azide and Trolox-C) which effectively abolish the photodynamic modification effects.
Moreover, we used a consortium of chemicals to exclude the direct involvement of hydrogen
peroxide, superoxide, and hydroxyl radicals. Taken together, this study helps provide further
insights into the modification of ion channels by 'O, a ubiquitous but still mysterious signaling

molecule.
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CHAPTER 4

ONGOING STUDIES, GENERAL DISCUSSION, FUTURE DIRECTIONS AND
CONCLUSIONS
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Ongoing studies: Photodynamic transformation of retinal CNGA1 channel:

Role of singlet oxygen in the eye: The physiological role of singlet oxygen is still relatively
unexplored and thus possesses a tremendous research potential. To this end we have studied how
singlet oxygen modifies CNGAL channel. Cyclic nucleotide gated ion channels (CNG channels)
belong to the superfamily of voltage-gated potassium channels and play a central role in the photo-
transduction pathway in the photoreceptors of the retina!8. Photoactive chromophores including
all-trans retinal are abundantly present in the eye and are effective photosensitizers. When exposed
to light including UV radiation, retinal or other intracellular photosensitizers, can generate reactive
oxygen species including singlet oxygen. As protective mechanisms against these reactive species,
the eye tissue is equipped with robust antioxidant species like lutein, zeaxanthin and other
carotenoids®®. But, an age related decline in the function of antioxidant mechanisms and thereby
gradual loss of vision has been long known but the underlying molecular mechanism remain
elusive'®-18  Earlier we have shown that mHCN2 and spHCN channels are sensitive to
modification by singlet oxygen (*O,). Considering the potential abundance of singlet oxygen
production in the eye, the evolutionary closeness and structural similarity of CNG channels to
HCN channels®®!84 we hypothesized that singlet oxygen can modify CNG channels. Our
preliminary results show that bovine CNGAL channels undergo photodynamic transformation in
a state dependent manner. Brief light stimulation of Rose-Bengal, a popularly used singlet oxygen
generator, could enhance the opening of bovine CNGAL channels, both in presence or absence of
the ligand cyclic guanosine monophosphate). The effects of singlet oxygen seem to be more
pronounced when the concentration of cGMP is below saturating level. We would like to extend
this study to understand the mechanistic effects of singlet oxygen at single molecule level. Some

potential directions that can be explored to this end are:
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Preliminary results:

We used the inside-out configuration of the patch-clamp technique to record currents from bovine
CNGAL channels expressed in Xenopus oocytes. Unlike the HCN channel isoforms, CNGALl
channels are not strongly voltage gated. CNGA1 channels are ligand gated channels with cGMP
being the primary ligand. We measured the dose-response relationship between CNGA1 channels
and its ligand cGMP and the EC50 was found to be 32.6uM (Fig 26). We then tested the effects
of singlet oxygen on CNGAL channels. We generated singlet oxygen using a popular
photosensitizer called Rose Bengal. Interestingly, we found that singlet oxygen generated by photo
activation of Rose Bengal could modify the channel biophysical properties (Fig 27a). In the
presence of 100nM Rose Bengal and sub-saturating concentrations of ligand, after the laser pulse,
we observed an increase in the current amplitude. This laser induced increase in current amplitude
was not washable as opposed to the ligand induced current, suggesting that the photo-dynamically
generated singlet oxygen can modify the channel irreversibly. Furthermore, the effects of singlet
oxygen seem to be not voltage dependent (Fig 27b). Similar effects were also observed when we
generated singlet oxygen in the absence of the ligand cGMP (data not shown). We then measured
the effects of singlet oxygen in the presence of saturating concentrations of cGMP. Surprisingly,
we found that singlet oxygen generated in the presence of saturating cGMP concentrations
decreased the current amplitude through CNGAL channel (Fig 28). Moreover, some of the
channels remained in the open state even after cGMP has been washed away. Further studies are

needed to exactly pinpoint the effects of singlet oxygen on the CNGA1 channel.
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Dose-response curve of CNGA1 activation by cGMP
A 80 mV B

0mV

10- S
0.8] Kip=32.6uM

-80 mV
0.61

300,00 cGMP
100, cGMP

[l 301 cGMP 0.41

0.2-

No cGMP
10uM cGMP

P

0.01—

Normalized macroscopi current

4nA 10 100
1sec cGMP (MM)

Fig 26 Dose-response curve of CNGAL activation by cGMP
A. Top, Voltage protocol. Bottom, raw current traces recorded under different
cGMP concentration.

B. Dose response, curve is fitted by Hill equation. K1/2, 32.6 £0.6 uM
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Fig 27 Singlet oxygen generated using Rose Bengal modifies CNGAL channel in
presence of 30 uM cGMP
A. Top, voltage step protocol and the timing of laser pulses (applied at +80 mV).
Bottom: the last current trace before (blue) and current traces after laser pulses (green).
After washing off Rose Bengal and cGMP, remaining currents (red) indicate permanent
modifications left on the channel.
B. Laser pulses were applied at the holding potential of -80 mV. Top, voltage and laser

pulse protocol. Bottom, current traces before (blue) and after laser pulses (green).
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Fig 28 Singlet oxygen generated using Rose Bengal modifies CNGA1 channel
in the presence of 200 uM cGMP

A. Top, voltage step protocol and the timing of laser pulse. Bottom: the last

current trace before (blue) and current traces after (green) laser pulse application

in the presence of 200 nM Rose Bengal in the 200 mM (saturating) cGMP. Some

of the channels remain in persistently open state after wash (red trace).

B. Averaged results showing a decrease in the current amplitude subsequent to

the laser pulse application. The current amplitude was normalized to the traces

before the application of laser
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4.2. General Discussion:

The precise mechanism of how ligands or regulatory proteins bind to and activate their receptors
has been an area of debate for many years. The central hypothesis has been that ligand binding
begets a conformational change in the receptor, but whether the corresponding conformational
change is induced by the ligand (Induced Fit model) or the ligand preferentially chooses one of the
many infinite number of microstates that the receptor fluctuates in and then stabilizes this
conformation (Conformational selection) is not yet clear %18, Technical advances in NMR, X-
ray crystallography and also MD simulations have shown that the proteins are dynamic in nature
undergoing many conformations with different levels of potential energies. This ensemble of
various levels of conformational energies gives rise to an energy landscape of proteins®1%
Ligand binding is believed to shift the equilibrium of this conformational ensemble towards a
particular conformation. Furthermore, the ligand binding at one region leads to a conformational
change or a functional consequence at a distant site in the protein; a mechanism known as allostery.
Much progress has been made in understanding protein structure and function but the mechanism
of how proteins achieve allostery is still under intense scrutiny. Crystal structures which provide a
snapshot of one of the many conformations adopted by the protein do not provide enough
information pertaining to the protein’s function, especially to understand complicated aspects such
as protein allostery, therefore functional assays are need of the hour. Techniques such as patch
clamp fluorometry (PCF) provides one such opportunity to test both the receptor/channel function
and the conformational changes associated with it simultaneously.

Ligand dependent gating in HCN channels is a classic example of an allosteric effect of
ligand on the receptor. Binding of cCAMP to the CNBD opens the channels gate located further

away from the ligand binding pocket. Much work has been done on the mammalian HCN channels,
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especially mMHCN2 and many interesting aspects of ligand dependent gating have been uncovered.
Previous studies have shown that cAMP binding to the HCN channel in the resting/deactivated
state is not as strong as that of the activated state, in other words ligand binds preferentially to the
open channel and thus stabilizes it in the open conformation. This idea that the ligand binding
depends on the functional state of entire protein but not just the conformation of an isolated domain
(CNBD) could be the most appropriate argument to explain the protein allostery.

Currently, the information related with the ligand binding to an inactivated
channel/receptor is lacking. Studying cAMP binding in spHCN channel using fluorescent cCAMP
analogues is an ideal way to address this gap in the knowledge. Our research shows that CAMP
binding to the inactivated spHCN channels is significantly weaker compared to the closed state
suggesting that the inactivated state in SpHCN channel could be a state distinct from the closed
state. The original line of thought was that the inactivated state occurs due to closure of the
activation gate of the channel®®, but our results support the notion that the inactivated state could
be yet another distinct state with potential alterations resting in the other parts of the channel such
as CNBD. Using the lock open state and the spHCN/F459L mutant channels, we show that the
open channel has higher cAMP binding compared to that of the closed state. Thus, the three distinct
states of sSpHCN exhibit starkly different ligand binding profiles with the cAMP binding preference
decreases in the order active/open state > deactivated state/closed state > inactivated state. To
circumvent the argument that the differential binding was due to changes in local environment
(including the alterations in fluorophore properties upon binding to the membrane, changes in the
lipid environment of the membrane) that indirectly affects quantum efficiency of fluorescence

release, we choose FITC or Alexa conjugated cCAMP as the marker for CAMP binding.
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As shown above, studying ligand binding using fluorescently labelled cAMP analogues in
HCN channels has given valuable information. Nevertheless, caution should be exercised when
the photosensitizer tagged molecules are used. Other than the release of fluorescent light, many
photosensitizers generate singlet oxygen molecules a phenomenon known as photodynamic effect
(PDT). Singlet oxygen can modify the protein molecule under study and thereby can be a caveat
in interpreting the data. SpHCN channel can be modified by singlet oxygen, where it removes the
inactivation of the channel. Thus, we had to take extreme caution in our data interpretation. To
circumvent this issue we repeated our CAMP binding studies in the presence of Trolox-C which
can quench singlet oxygen molecules. The binding profile of spHCN channel was similar both in
the presence and absence of the quencher Trolox-C suggesting that the changes in cCAMP binding
we observed are not artefacts of photodynamic transformation. Furthermore, a photodynamic
effect a mutant spHCN channel which is resistant to the photodynamic effect, shows similar cCAMP
binding profile to that of WT spHCN further strengthening the argument that the results we
obtained were not a result of the singlet oxygen effect on the channel. Finally, the effects of singlet
oxygen on bio-macromolecules should be taken into consideration and if possible ruled out
wherever fluorescently labelled compounds are used in the experiments and especially when

performing functional studies.
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Future Directions:

Further establish the effects of singlet oxygen on CNG channels at various cGMP concentrations.
Also test whether modified channels show altered sensitivity to cGMP.

To test whether singlet oxygen has an effect on the open probability of CNGA1 channels. We
will employ either single channel recordings or Non stationary Noise Analysis (NSNA).

To tease out the residues that underlie the channel modification, we would like to target
candidate residues through site directed mutagenesis.

To test if naturally occurring singlet oxygen quenchers like beta carotene and other Xanthophylls
have protective effects on the channels under physiological conditions.

Furthermore, it would be interesting to study the effects in primary cells like rods and cones from

mouse retina.
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4.4 Conclusion:

Ligand binding to the receptor is at the core of most signal transduction events. Understanding the
molecular determinants and the mechanistic details underlying ligand binding could be important
in designing new drugs that either facilitate or impede the corresponding channel/receptor
function. Fluorescently labelled cAMP analogues can be used as probes to study ligand binding in
HCN channels. On the other hand, care should be taken in designing and interpreting these
experiments, photodynamically generated singlet oxygen can modify properties of bio-
macromolecules such as HCN channel in a spatially and temporally specific manner. Photo
modification of native channels in neurons by singlet oxygen can be developed into a useful

biophotonics/optigenetics tool.
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Appendix

SHANKS3 encodes a scaffolding protein that is highly enriched in the post-synaptic density (PSD)
of excitatory synapses 919, The full-length Shank3 protein contains 1,731 amino acids (a.a.)
which fold into highly conserved domains that mediate protein-protein interactions: an Ankyrin
repeat domain, a SH3 domain, a PDZ domain, a proline-rich domain, and a sterile alpha motif
(SAM) domain 1°. Due to multiple intragenic promoters and alternative splicing, a complex array
of Shank3 isoforms exists. These isoforms are often differentially affected by mutations and
deletions in the Shank3 gene discovered from human patients, which have been modelled by over
a dozen knockout or transgenic mouse lines 2%, Most of these knockout mice reproduced key
features of ASD, including obsessive-compulsive disorders, deficits in social interaction, and
increased levels of anxiety 7. At the synapse level, the affected neurons show morphological
defects including thinner and shorter PSD, sparse spine density, and impaired synaptic
transmission 198292204 However, crucial gaps still remain in the understanding of the impacts of
Shank3 deficiency on the cellular physiology, especially the basic electrical properties of affected
neurons.

Biophysical basis of SHANK3 and HCN Channel Interactions:

The increase in HCN channel expression when co-expressed with SHANKS3 is an intriguing
observation, with numerous open questions yet to be answered. Further investigation on other
HCN channel isoforms is necessary, at the same time the mechanistic details underlying the
increased expression have to be explored. Considering the fact that the increased expression at
protein did not correlate with an increase in mRNA levels, post translational modifications and

protein trafficking of the protein to and from the membrane should be studied. Whether SHANK3
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stabilizes HCN channels on the membrane or increases the trafficking to the membrane or slows
down the channel recycling from the membrane are open questions. Yet another interesting aspect
of SHANKS regulation is whether SHANKS interaction with HCN channel affects the cCAMP
binding of the channel, to this end the HCN/R591E mutant that does not bind the cAMP will be
necessary to tease out these differences in the absence of CAMP. To test these interesting questions

the following experiments will be planned:

RESULTS

To study the impact of Shank3 on the expression of HCN2 channel, we started from the
heterologous expression system of Xenopus oocyte and co-injected the cRNAs encoding HCN2
and Shank3. We separately tested two isoforms, Shank3A and Shank3C (Fig. 29A), of which the
related knockout mice, Shank3A4-9 and Shank3AAA-16, respectively, are characterized later in
this study %29, Two-electrode voltage clamp (TEVC) measurements were used to measure the
whole-cell HCN current. As shown in Fig. 29B-C, co-expressing either Shank3A or Shank3C
significantly increases the HCN current amplitude (20.4 = 5.8% for Shank3C and 30.1 + 6.5% for
Sahnk3A). Shank3C or Shank3A has minimal effects on the gating kinetics but shifted the V1/2
value — the voltage step that leads to half maximal opening - towards hyperpolarization by ~4mV
(Fig. 29D). To check the surface expression of HCN2, we co-expressed EGFP-tagged HCN2
channel with Shank3 and subjected the injected cells to confocal microscopy (Fig. 29E). The
presence of Shank3A or Shank3C clearly increases the fluorescence intensity of HCN2-EGFP.
However, under the whole-cell configuration, the arc of fluorescence signals does not exclusively
correspond to the signal from the membrane but also the HCN2-EGFP molecules in the vicinity.

To further clarify the membrane expression, we applied patch-clamp fluorometry on isolated
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membrane patches pulled from the cell surface and obtained direct support for the enhancement of

HCN channel surface expression upon co-expression with Shank3 (Fig.29F).

Future Directions:

Express HCN1 in Xenopus oocytes with or without SHANK3 and measure the currents using two
electrode voltage clamp, to see if SHANKS3 can affect the surface expression of other isoforms of
HCN channels.

Express the R591E mutants and see whether the increased expression in HCN channels is
consistent with the WT channels.

Determine the exact physical location of the interaction between SHANK3 and HCN channel,

using a combination of yeast two hybrid system and site directed mutagenesis.
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Figure 29. Effect of SHANKA and SHANK3C co-expression with HCN channels
Shank3 isoforms improve the surface expression of recombinant HCN2 channel in Xenopus
oocyte. A. Schematic drawings of the genomic structure of Shank3 gene and two splicing
isoforms, Shank3A (full-length) and Shank3C (missing Ankyrin and SH3 domains in the N-
terminus). B. Representative HCN2 current (top; no Shank3) recording from whole oocytes
by TEVC. A series of hyperpolarizing voltage steps (bottom) were used to activate the
channel. C. HCN2 current recorded from oocytes co-injected with Shank3A (top) or Shank3C
(bottom). D. Summary of Shank3 effects on the function of HCN2 channel. Values of V1/2,
HCN2:-92.2 + 1.1 mV; HCN2 + Shank3C, -96.0 £ 1.5 mV; HCN2 + Shank3A, -97.2 + 0.6
mV. E. Confocal images of whole oocyte expressing (from left to right) HCN2 alone,
HCN2+Shank3A, HCN2+Shank3C, and un-injected cell. F. Fluorescence images of

membrane fractions pulled from oocyte surface and held within the glass patch-clamp pipette

in the inside-out configuration. Statistics are shown in the right.
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