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The hyperpolarization-activated, cyclic nucleotide-modulated (HCN) channel gene family is
known to contribute significantly to cardiac pacemaking via pacemaker currents. To date, there
are four mammalian HCN isoforms (HCN1-4) identified. The importance of HCN channel function
to normal cardiac automaticity in mice was recently corroborated in humans diagnosed with idio-
pathic sinus node dysfunction. While the importance of HCN channels is widely recognized amongst
cardiologists and scientists of the field, the specific mechanism of HCN channel opening or closing
remain elusive. It is known that HCN channels are activated via hyperpolarization, and it is recently
discovered that there is a voltage-independent step in the opening or closing of the channel (and
at the same time a rate-limiting step). One of the leading theories for HCN channel closing is the
cation-pi interaction between Phenylalanine and a positively charged component in the channel. In
this proposal, we introduce some basic HCN structures and channel dynamics, then outline the basic
principles of measuring current traces with patch clamping. Finally, we characterize the use of new
constructs of mutant HCN channels expressed in Xenopus laevis (i.e., frog) oocytes. We also present
a four-state cyclic allosteric scheme in the absence of cAMP for the mechanism in regulating HCN
channel opening and closing. Our goal is to compare and contrast mutant HCN channel current
traces with wild type HCN channels in order to gain a better understanding of HCN regulation of

currents and ultimately suggest a fitting model for its mechanisms.

PACS numbers:

I. MOTIVATION

To date, heart disease is still the leading cause of death
in the United States. Many such physiological disorders
originate from dysfunctional rhythmicity of the heart.
These include, but not limited to, different forms of ar-
rhythmias such as supraventricular tachycardia, atrial
fibrillation, and ventricular fibrillation. Understanding
the direct and indirect causes of these disorders is one of

FIG. 1: Simplistic drawing of HCN channel and its pore re-
gion. The drawing shows the approximate location of the
F378A mutation in the protein channel.

the most actively researched topics in medicinal and sci-
entific research. Eric Accili’s lab at UBC is particularly
interested in studying the underlying mechanism for the
pacemaking sinoatrial node cells.

The motivation behind this project is to gain a better
understanding of the specific mechanisms in the closing of
the HCN channels. This is traditionally done using patch
clamp [1], a electrophysiological technique where current
from a tiny area of surface membrane of a living cell can
be recorded. By setting a wide range of voltage in which
HCN channels are normally opened or closed, current
traces from different HCN channels can be recorded and
compared against one another. In addition, one can gain
insight into the model for the activation and deactivation
of the channel.

What we hope to do with this project, is to use patch-
clamping to measure current traces from different new
mutant HCN channels. These mutant HCN channels
are generated with the purpose of analyzing the possi-
ble cation-pi interaction exhibited in the phenyl group
of the amino acid phenylalanine in the pore region (Fig-
ure 1. It has previously been shown that the mutation
F378A slows down channel closing, and controls directly
voltage-independent step of the cyclic model. However,
the mutant channel showed very little difference in the ac-
tivation of the channel (opening rate of the channel stays
relatively constant). Since the mutation only slows down
the closing of the channel, it is logical to conclude that
a two-state system is too simple to model the channel
mechanism. To test and confirm the effects of the phenyl
group on phenylalanine, the newly generated mutants
will include changes from phenylalanine to isoleucine, to
leucine, to tryptophan, to tyrosine, and to a stop condon,
for reasons detailed in the subsequent sections.



By having a better understanding of the voltage-
independent step of the HCN channels, one can see how
the channel is specifically activated or deactivated. The
presence of a rate-limiting voltage-independent step in
both channel opening and closing may serve an impor-
tant physiological function by preventing channel kinetics
from becoming excessively rapid at extremely negative
or positive potentials. A limit to the rate of opening of
HCN could ensure that there is a limit to the rate of
spontaneous firing in many cell types, including cardiac
ventricular myocytes [5]. On the other hand, removal of
the limiting voltage-independent step allows total voltage
dependency. Furthermore, a more detailed view into the
structural mechanism of the opening and closing of HCN
channels may allow us to design drugs that specifically
target these channels to treat against certain physiologi-
cal disorders in the future.

II. THEORY

Since this project is heavily biology-orientated
equipped with physical and mathematical analysis, it is
important to bring everyone to the same page. In this
section, we will explain the basic functions of the heart
and its pacemaking capabilities, as well as outlining the
structural and functional properties of HCN channels.
Furthermore, a brief introduction of the cation-pi inter-
action and the mutants chosen for this experiment will
be included to enhance our understanding of the subject.
And finally some key concepts of the popular electrophys-
iology technique patch clamping will be addressed.

A. The Human Heart and
Hyperpolarization-activated, Cyclic
Nucleotide-modulated (HCN) Channel

The primary function of the heart is to supply blood
and nutrients to the body. The regular beating, or con-
traction, of the heart moves the blood throughout the
body. Each heartbeat is controlled by electrical impulses
traveling through the heart. If the heart’s electrical sys-
tem fails to function properly, the heart cannot beat reg-
ularly and this results in a rhythm disorder, or arrhyth-
mia. The electrical system regulating heartbeat consists
of two main areas of control and a series of conducting
pathways: The sinoatrial, or SA, node is located in the
right atrium (Figure 2). It provides the main control and
is the source of each beat. The SA node also keeps up
with the body’s overall need for blood and increases the
heart rate when necessary, such as during exercise, emo-
tional excitement, or illness such as fever. The SA node
is sometimes called the ”natural pacemaker” of the heart.

Hyperpolarization-activated cyclic nucleotide-
modulated (HCN) ion channels are crucial in gen-
erating electrical rhythmicity in several types of neurons
[1, 4, 7, 9, 14, 15] and in sinus node cells of the heart
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FIG. 2: Electrical system of the heart

FIG. 3: Cartoon structure of HCN channel showing its struc-
tural components [2]

[3, 12]. HCN channels belong to the superfamily of cyclic
nucleotide-gated channels [15]. Structurally, HCN chan-
nels are composed of four subunits, encoded by a family
of related genes HCN1 HCN4 [10, 15], arranged around
a central pore. Each subunit contains a cyclic nucleotide
binding domain (CNBD) located at the intracellular C
terminus [17], as well as a cytosolic N- and C- termini, 6
transmembrane segments (S1-6) with a putative voltage
sensory (S4) and pore region between S5 and S6. HCN
channels are primarily activated by hyperpolarizing
membrane voltage. In addition, they can be further
activated by the second messenger cAMP [6, 13] (Figure
3). Furthermore, measurements of HCN2 tail current
kinetics revealed a voltage-independent closing step that
becomes rate limiting at hyperpolarized voltages; and
the rate of this closing step is decreased by cAMP. These
results are consistent with a cyclic allosteric model in
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FIG. 4: Cation-pi orbital interaction. Surfaces colored by
electrostatic potential. Image adapted from [8]

which voltage independent closed-open transition is
subject to allosteric regulation by both voltage sensor
movement and cAMP binding [5]. Moreover, in the
hyperpolarizing phase of the action potential cAMP
would progressively bind to the HCN channels, thereby
increasing their conductance. This first slows hyperpo-
larization and later promotes pacemaker depolarization
when the cAMP unbinds [11]. With relevance to the
rate of opening and closing, recent data shows that when
phenylalanine (F) at position 378 in HCN1, an amino
acid in the pore region, was exchanged with alanine (A)
(henceforth denoted as F378A), the closing rate of the
channel when hyperpolarized is slowed considerably.

B. Cation-pi interaction and HCN Mutant
Channels

Back in 1999, Gallivan and Dougherty reported re-
sults from a quantiative survey of cation-pi interactions
in high-resolution structures in the Protein Data Bank
[8]. Through their studies, they concluded that when
a cationic side-chain is near an aromatic side-chan, the
geometry is biased toward one that would experience a
favorable cation-pi interaction (Figure 4). These interac-
tions are involved in control of ion channels, G-protein-
coupled receptors, transporters, and enzymatic catalysis.

Voltage Clamp

FIG. 5: Two-electrode voltage clamp. Two microelectrodes
impale a Xenopus oocyte. One electrode monitors mem-
brane potential (V,,) and the other passes enough current
(I») through the membrane to clamp V,, to a predetermined
command voltage (Vcommand)-

We hypothesize that cation-pi interaction between the
face of an electron-rich system like benzene and a charged
amino acid in the pore region of HCN may be crucial in
the voltage-independent closing step.

To confirm, or reject, the contribution of cation-pi in-
teractions in channel closing, we will proceed to generate
several channel mutants and collect current traces from
them. The mutant selection was chosen with regards to
their structural properties. The chosen amino acid in
the pore region at position 378 is originally phenylala-
nine (F), a molecule that contains a benzene group. We
decide to substitute it with alanine (A), isoleucine (I),
leucine (L), tryptophan (W), tyrosine (T), or stop con-
don (STP) due to their respective amino acid structure
similarities or differences. We predict that the mutation
F378A will show the same data as previously observed;
while F3781 and F378L will also slow down the closing
mechanism due to the absence of phenyl groups on either
amino acid On the other hand, the mutation F378 W and
F378T should have minute or no effect on the closing
of the HCN channel due to their possession of a phenyl
group, as well as the fact that they are both large non-
polar amino acids, similar to phenylalanine. This will
also test whether the orientation of the pi-electron cloud
has any contribution to the closing of the channel be-
cause the phenyl groups are orientated differently in these
amino acids. Finally, mutation F-to-STP may very well
result in a non-functional channel.

C. Patch-Clamp Technique

The patch-clamp technique is a variation of the
voltage-clamp technique which measures current across
cell membranes. This approach for recording whole-cell
currents was introduced by Erwin Neher and Bert Sak-
mann, who received the Nobel Prize in Physiology or



Medicine in 1991. In this voltage-clamping technique,
specialized electronics are used to inject current into the
cell to set the membrane voltage to a value that is differ-
ent from the resting potential. The device then measures
the total current required to clamp V,, (membrane volt-
age) to this value. A typical method of voltage clamping
involves impaling a cell with two sharp electrodes, one for
monitoring V,, and one for injecting the current (Figure
5). When the voltage-sensing electrode detects a differ-
ence from the intended voltage, called the command volt-
age, a feedback amplifier rapidly injects opposing current
to maintain a constant V,,. The magnitude of the in-
jected current needed to keep V,, constant is equal, but
opposite in sign, to the membrane current. Thus, this
provides an accurate measurement of the total membrane
current (I,,,).
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FIG. 6: The two graphs are raw data from whole-cell patch
clamp electrophysiology. (Top is the wild type channel; bot-
tom is the mutant F378A channel.) Each injected cell is stim-
ulated by different voltages to induce channel opening. Five
replica were done for both mutant and wildtype. In both
cases, the initial increase in the current magnitude is caused
by a hyperpolarizing voltage resulting in HCN channel open-
ing. The current returns to normal at different rates when
normal membrane voltage is applied due to different rates of
channel closing. As seen above, the mutation in phenylala-
nine causes a slower deactivation where the channel closes
more slowly.

In the case of HCN channels, when membrane poten-
tial is hyperpolarized, the ion channel opens to allow dif-
fusion of ions and thus current flows through. This can
be detected using voltage clamp. (The detected current
is called macroscopic current.) However, in our experi-

ment we are interested in a single HCN channel activity,
instead of the whole cell membrane which encompasses
hundreds of such channels. This is where patch-clamp
technique comes in. In this method, a glass micropipette
electrode with a smooth, fine-polished tip that is approxi-
mately 1 micrometer in diameter is pressed onto the sur-
face of the cell. Applying suction to the inside of the
pipette forms a high-resistance seal between the circu-
lar rim of the pipette tip (a patch pipette) and the cell
membrane (a patch). This allows us to potentially iso-
late one channel for recording. Figure 6 from shows an
example of the current traces that can be obtained from
patch-clamp (data from the Accili Lab). As mentioned,
the mutant F378A channel shows a much slower closing
rate than that of the wild type channel.

III. PROPOSED EXPERIMENTS

We adopted several approaches in generating the pro-
posed mutants, including quick-change mutagenesis, two-
step overlapping site-directed mutagenesis, as well as
phusion PCR technique. In the end, we voted in favor of
the two-step overlapping site-directed mutagenesis com-
bined with phusion PCR technique, which showed the
most promise in the few weeks of trial and error. Briefly,
primers were designed to incorporate the mutation within
them and ordered from Integrated DNA Techonlogies,
Inc. Subsequent PCRs (using phusion technique) are
performed to achieve the desired mutant DNA sequence.
These DNAs are then digested and incorporated into
maxi cells via transformation. Ultimately, they will be
set to express in Xenopus oocytes. From there, we
will perform patch-clamp experiments and record cur-
rent traces from these mutants. Finally, we will try to fit
these data to the four-state cyclic model proposed earlier.

IV. MATERIALS AND SCHEDULE

Though the F378A mutation has already been made
and is readily available at the Accili lab, the proposed
mutations have yet to be produced. The mutagenesis
of the HCN channels have been reportedly difficult to
achieve, and much of the time spent was focused on trou-
bleshooting the failure to generate adequate mutant DNA
sequences for sufficient expression of the mutant protein.
Fortunately, there has been significant progress in gener-
ating these mutants and our goal is to have mutant stocks
ready to use for testing by the end of November. All PCR
reagents and patch-clamping equipments are provided by
the Accili Lab at UBC.
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VI. PLANNED SCHEDULE

Following is the planned schedule, the months are in
bold, items for each months are listed underneath.
September
dicussion of possible projects and direction of research
design and order specific primers
October
Site-directed Mutagenesis via PCR
literature research and learning fundamental concepts of
electrophysiology
Trouble-shooting in PCR protocols and trying various
different methods
November
Continuation of mutagenesis / troubleshoot
Write up research proposal
Prepare a lab presentation for lab meeting and PHYS449
course
December
Finish generating the mutants
Oral presentation for Acilli Lab
Patch-clamp analysis
January
Fit already obtained data and possible new data gener-
ated
Process and correlate all data
February
Test cyclic model with data obtained
Write final Thesis paper
Start Presentation
March

Finish final Thesis paper
Finish final presentation

VII. APPENDIX - GLOSSARY OF TERMS

e Cardiac myocytes - The type of cell found in cardiac
muscles.

e Depolarization - A change in a cell’s membrane po-
tential, making it more positive, or less negative.
In neurons and some other cells, a large enough
depolarization may result in an action potential.

e '378A - Mutation from Phenylalanine (F) to Ala-
nine (A) at position 378 in the amino acid sequence
of the protein.

e Hyperpolarization - Opposite of depolarization,
and inhibits the rise of an action potential; a change
in a cell’s membrane potential that makes it more
negative.

e Phusion PCR - Phusion High-Fidelity PCR Mas-
ter Mix is a convenient 2X mix containing Phusion
High-Fidelity DNA Polymerase, nucleotides and
optimized reaction buffer including MgCl2. Only
template and primers need to be added by the user.

e Transformation - In molecular biology transforma-
tion is the genetic alteration of a cell resulting from
the uptake, incorporation and expression of ex-
ogenous genetic material (DNA) that is taken up
through the cell wall(s).[1] Transformation occurs
most commonly in bacteria and in some species oc-
curs naturally.

e Wild type - refers to the phenotype of the typical
form of a species as it occurs in nature. Typically
the control in biological research.

[1] Banks, M.I, Pearce, R.A., and Smith, P.H. (1993).
Hyperpolarization-activated cation current (Ih) in neu-
rons of the medical nucleus of the trapezoid body:
voltage-clamp analysis and enhancement by nore-
pinephrine and cAMP suggest a modulatory mechanism
in the auditory brain system. J. Neurophysiol. 70, 1420—
1432.

Perez-Revuelta, B., Fukumori, Akio., Lammich, Sven.,
Yamasaki, Aya., Haass, C., Steiner, H. (2009) Require-
ment for Small Side Chain Residues within the GxGD-
Motif of Presenilin for gamma-Secretase Substrate Cleav-
age. Journal of Neurochemistry. 112, 4, 940-950.
Brown, H.F., DiFrancesco, D., and Noble, S.J. (1979).
How does adrenaline accelerate the heart? Nature 280,
235-236.

[4] Chan, C.S., Shigemoto, R., Mercer, J.N., and Surmeier,

D.J. (2004). HCN2 and HCN1channels govern the regu-
larity auf autonomous pacemaking and synaptic resetting
in globus pallidus neurons. J. Neurosci. 24, 9921-9932.

[5] Chen, S., Wang, J., Zhou, L., George, M.S., and Siegel-

[6

[7

baum, S.A. (2007). Voltage sensor movement and cAMP
binding allosterically regulate an inherently voltage-
independent closed-open transition in HCN channels. J.
Gen. Physiol. 129, 175-188.

Craven, K.B., and Zagotta, W.N. (2006). CNG and HCN
channels: two peas, one pod. Annu. Rev. Physiol. 68,
375-401.

Cuttle, M.F., Rusznak, Z., Wong, A.Y., Owens, S.,
and Forsythe, I.D. (2001). Modulation of a presynaptic
hyperpolarization-activated cationic current (I(h)) at an
excitory synaptic terminal in the rat auditory brain stem.
J. Physiol. 534, 733-744.



8]

(13]

Dougherty DA. Cation-pi interactions in chemistry and
biology: a new view of benzene, Phe, Tyr, and Trp. Sci-
ence. 271(5246):163-168

Ingram, S.L., and Williams, J.T. (1996). Modulation of
the hyperpolarization-activated current (Ih) by cyclic nu-
cleotides in guinea-pig primary afferent neurons. J. Phys-
iol. 492, 97-106.

Kaupp, U.B., and Seifert, R. (2001). Molecular diversity
of pacemaker ion channels. Annu. Rev. Physiol. 63, 235—
257.

Kusch, J., Biskup, C., Thon, S., Schulz, E., Nache,
V., Zimmer, T., Schwede, Frank., and Schwede, F.
(2010). Interdependence of Receptor Activation and Lig-
and Binding in HCN2 Pacemaker Channels. Neuron.
67,75-85.

Ludwig, A., Zong, X., Stieber, J., Hullin, R., Hofmann,
F., and Biel, M. (1999). Two pacemaker channels from
human heart with profoundly different activation kinet-
ics. EMBO J. 18, 2323-2329.
Robinson, R.B., and Siegelbaum,

S.A. (2003).

(14]

(15]

[16]

(17]

Hyperpolarization-activated cation currents: from
molecules to physiological function. Annu. Rev. Physiol.
65, 453-480.

Saitow, F., and Konishi, S. (2000). Excitability increase
induced by beta-adrenergic receptor-mediated activa-
tion of hyperpolarization-activated cation channels in rat
cerebellar basket cells. J. Neurophysiol. 84, 2026-2034.
Santoro, B., S. Chen, A. Luthi, P. Pavlidis, G.P. Shumy-
atsky, G.R. Tibbs, and S.a. Siegelbaum. (2000). Molec-
ular and functional heterogeneity of hyperpolarization-
activated pacemaker channels in the mouse CNS. J. Neu-
rosci. 20:5264-5275.

Santoro, B., and Tibbs, G.R. (1999). The HCN gene fam-
ily: molecular basis of the hyperpolarization-activated
pacemaker channels. Ann. N'Y Acad. Sci. 868, 741-764.
Zagotta, W.N., Olivier, N.B., Black, K.D., Young, E.C.,
Olson, R., and Gouaux, E. (2003). Structural basis for
modulation and agonist specicity of HCN pacemaker
channels. Nature 425, 200-205.



