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Rapid Report

Molecular basis of the effect of potassium on heterologously
expressed pacemaker (HCN) channels

Ezana M. Azene, Tian Xue and Ronald A. Li
Institute of Molecular Cardiobiology, The Johns Hopkins University School of Medicine, 720 Rutland Avenue/Ross 844, Baltimore, MD 21205, USA

Hyperpolarization-activated cyclic-nucleotide-gated (HCN) channels modulate the firing rates of
neuronal and cardiac pacemaker cells. HCN channels resemble voltage-gated K* channels
structurally, but much less is known about their structure—function correlation. Although
modulation of K" channel gating by external K" is a well-known phenomenon, such a link has not
been established for HCN channels. Here we examined the effects of external permeant (K*, Na* and
Li*) and non-permeant (NMG") ions on HCN1 and HCN2 gating. Substituting 64 of 96 mm
external K™ with Na*, Li* or NMG" positively shifted steady-state activation (~13 mV), and
preferentially slowed activation of HCN1. Mutating the pore variant C-terminal to the GYG motif
in HCN1, A352, to the analogous conserved Asp in K" channels or Arg in HCN2 produced a
significant hyperpolarizing activation shift (by 5-15 mV), slowed gating kinetics (up to 6-fold), and
abolished or attenuated gating responses to external K*. Whereas Na*, Li* and NMG" substitutions
produced depolarizing activation shifts of HCN2 similar to those of HCN1, deactivation but not
activation of HCN2 was exclusively decelerated. We conclude that gating and permeation of HCN
channels are coupled, and that modulation of this ‘pore-to-gate’ coupling by external K* is isoform-
specific.
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The pacemaker current, I; (or I,), modulates cardiac and
neuronal pacing by regulating the rate of cell
depolarization. Despite the fact that I: has been recognized
for over 20 years (DiFrancesco, 1981), the encoding genes,
collectively known as the hyperpolarization-activated
cyclic-nucleotide-modulated (HCN) family, have only
been identified relatively recently (Gauss et al. 1998;
Ludwig et al. 1998; Santoro et al. 1998). To date, four HCN
isoforms (1-4) have been found; they have distinct
patterns of gene expression and tissue distribution
(Ludwig et al. 1998; Santoro et al. 1998; Santoro & Tibbs,
1999; Santoro et al. 2000). For instance, HCN1 is most
abundant in brain but it is also substantially expressed in
the sino-atrial (SA) node of the heart. HCN?2 is expressed
in both the ventricles and atria, but only very low levels are
found in the SA node. Different HCN isoforms may
heteromultimerize to form the native currents (Chen et al.
2001; Ulens & Tytgat, 2001; Xue et al. 2002).

HCN channels resemble voltage-gated K* (Kv) channels
structurally (Xue et al. 2002; Henrikson et al. 2003), but

much less is known about their structure—function
correlation. Although HCN channels contain the
glycine—tyrosine—glycine (GYG) motif found in K'-
selective pores (Doyle ef al. 1998) that is a prerequisite for
ion conduction (Xue et al. 2002), they conduct K*, Na*and
Li". The molecular basis of this non-selective profile is
unknown. It has been speculated that variant residues
flanking the GYG triplet may play a role in this difference
(Santoro & Tibbs, 1999; Kaupp & Seifert, 2001; see also
Supplementary material, Fig. 1). However, no direct
experimental evidence is available. Further, HCN channels
are activated by hyperpolarization rather than
depolarization (Ludwig et al. 1998, 1999a; Santoro et al.
1998; Santoro & Tibbs, 1999; Kaupp & Seifert, 2001).

Whereas modulation of K™ channel gating (e.g. C-type
inactivation that involves the pore) by external permeant
ions (K") is a well-known phenomenon (Yellen, 1998),
such a link has not been established for HCN channels.
This possibility is particularly intriguing given our recent
demonstration that the outermost pore rim of HCN
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channels participates in gating (Xue & Li, 2002).
Physiologically, K" is known to modulate the natural
pacemaking process, possibly through its effects on the
HCN-encoded pacemaker currents. The molecular basis
of this process, however, has not been studied.

In this study, we investigated whether permeation and
gating of HCN channels are coupled by examining the
effects of external permeant (K', Na* and Li") and non-
permeant (NMG") ions on HCN gating; the molecular
basis underlying such effects was further explored by
introducing site-specific mutations into the pore. Our
experiments reveal that HCN gating modulation by
external permeant ions is isoform-specific. These results
are discussed in the context of novel insights into the
molecular coupling between the pore and the gate of HCN
channels, and the mechanism by which native I; (thus
heart rate) may be modulated physiologically.

METHODS

Molecular biology and heterologous expression

mHCNI1 and mHCN2 (provided by Dr Steven Siegelbaum,
Columbia University) were subcloned into the pGH expression
vector (Santoro et al. 1998). Site-directed mutagenesis was
performed using PCR, and confirmed by sequencing (Li et al.
1999). cRNA was transcribed from Nhel- and Sphl-linearized
DNA using T7 RNA polymerase (Promega, Madison, WI, USA)
for HCN1 and HCN2, respectively. HCN conctructs were
heterologously expressed and studied in Xenopus oocytes as
described previously (Xue & Li, 2002; Xue et al. 2002).

Electrophysiology, protocols and data analysis

Two-electrode voltage-clamp recordings were performed at
23-25°Cas described previously (Xue & Li, 2002; Xue et al. 2002).
The recording bath solution contained (mm): 96 KCl, 2 NaCl,
2 MgCl, and 10 Hepes (pH 7.5). K* was replaced with equimolar
Na*, Li* or NMG" when needed.

Whole-cell currents were evoked by 3 s pulses from a holding
potential of =30 mV to test voltages ranging from —140 to 0 mV.
After each test voltage, tail currents were measured 3 ms after
pulsing to —140 mV. Capacity transients were removed using the
P/4]eak subtraction protocol. Tail current data for each individual
oocyte was plotted as a function of the preceding test voltage and
fitted to the Boltzman function using the Marquardt-Levenberg
algorithm in a non-linear least-squares procedure:

Mo = 1/{1 + exp[(V, — V},)/k]},

where V, is the test voltage, V, is the mid-point and k = RT/zF is
the slope factor of steady-state activation (1,,). The maximum
current from each fit was used to normalize the tail current data of
each oocyte.

For tail I-V, currents were recorded 3 ms after stepping to a family
of test voltages ranging from —100 to +40 mV preceded by a 3 s
prepulse to either —140 or —20 mV. The difference of tail currents
resulting from the two prepulse potentials was plotted against the
test voltages, and fitted with linear regression to obtain the reversal
potential (E,,). Assuming independent interactions of ions and
that Py was constant when external [K*] was kept constant, the
permeability ratio (Py/Px) for a given cation (X) was calculated

] Physiol 547.2

from the corresponding reversal potentials using the Goldman-
Hodgkin-Katz equation (Hille, 2001).

Activation (7,,) and deactivation (74..) time constants were
estimated by fitting macroscopic and tail currents with a mono-
exponential function. For estimating open and close rates, the
bell-shaped distribution of averaged 7, and 7., was fitted to:

7=1/(0ge """ + Bye"'™),

where a, and f, reflect the open and close rates at zero voltage,
respectively, V; is the test voltage, and V;, is the voltage at which the
rate constants change by e-fold. All data reported are
means * S.E.M. Statistical significance was determined for all
individual data points and fitting parameters using one-way
ANOVA and Tukey’s HSD post hoc test at the 5 % level.

RESULTS
Effects of K*, Na*,Li* and NMG* on HCN1 channels

Figures 1A and B shows that equimolar substitution of
external K" with Na*, Li" or NMG", while maintaining the
osmotic and ionic strength constant, produced
depolarizing steady-state activation shifts of HCNI1
(P < 0.05), indicating that channels open at more positive
potentials when external K* is reduced. In contrast to the
identical V, shifts (AV,,) (Fig. 4A; P > 0.05), the same ion
substitutions had differential effects on gating kinetics.
Replacing K* with the non-permeant NMG" induced a
larger decelerating effect on 7,, and «, than did
replacement with the permeants Na™ and Li"; T4, and S
were more modestly affected by these ions (Figs 1C and D
and 4B).

We next examined the permeation properties of WT
HCNI. As anticipated, E,., became more negative when
external K" was substituted by NMG" (Supplementary
material, Table 1). Using 32 mMm K™—64 mMm NMG™ as the
reference solution, we estimated the permeability ratios of
WT HCNI1 for K%, Na" and Li" from the corresponding
reversal potentials when NMG™ was replaced. We found
that the selectivity sequence of HCN1 estimated under
these conditions was K'>Na'>Li"* (P¢/Px=1,
Pyo/Py =0.12, Pyy/Px=0.02), similar to those reported
previously for cloned HCN channels and native I (Zagotta
& Siegelbaum, 1996; Ludwig et al. 19994; Santoro & Tibbs,
1999). Interestingly, this selectivity sequence roughly
parallels the accelerating effects of K¥, Na*, Li" and NMG"
on gating kinetics.

A352D abolished the gating effects ofion
substitutions

The above observations hint that HCN1 gating and ion
conduction are coupled. To seek experimental evidence,
we converted the neutral HCN1 pore variant C-terminal
to the GYG triplet, A352, to the analogous Asp conserved
in K'-selective channels (i.e. A352D; see also
Supplementary material, Fig. 1). This substitution was
chosen for two reasons. First, if the pore and the gate of
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HCNI channels are indeed coupled, pore mutations may
alter gating properties and/or their coupling to
permeation. Second, the K" channel-inspired substitution
provides an opportunity to test whether this charge variant

A K* Na*
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0.0

160 -120 -80 40 0
V_(mV)
D Activation at —=70 mV
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Isoform-specific modulation of HCN gating by potassium 351

in the pore is responsible for the non-selective profile of
HCNI1. In accordance with the first notion, A352D
significantly altered HCN1 gating (Fig. 2A—C): (1) activation
was negatively shifted (by 15 mV, P < 0.05); and (2) gating

Li* NMG*

4004

04

r ¥ T T T
-160 -120 -80 -40 0 40

V., (mV)

Deactivation at =50 mV

0.25 sec

Figure 1. Effect of K*, Na*, Li* and NMG* on HCN1 gating

Representative currents (A) through HCN1 channels in 96 mM K* (n = 9), 32 mm K*~64 mm Na* (n = 10),
32 mMmK*—64 mM Li* (n = 6) and 32 mM K*-64 mM NMG* (n = 14) (a,—120 mV; b, —100 mV;c,—80 mV;d,
—70 mV) normalized to the maximum currents recorded, and the corresponding steady-state activation
curves (B). Summary of 7, (open) and 7Ty, (filled) (n =10 (K"), 8 (Na*), 10 (NMG"), 6 (Li*)) (C), and
normalized activation and deactivation tracings (D) recorded under different ionic conditions as noted.
Thickened x-axes indicate voltage ranges over which all 3 ionic conditions differ significantly from 96 mm K*.
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kinetics were decelerated (by up to 6-fold, P < 0.05). More
interestingly, A352D almost completely abolished the
modulatory effects of varying external K™ on gating (see
also Fig. 4). Taken together, our observations suggest that
residue 352 is a determinant for the gating effects of
external permeant ions, and may be responsible for
coupling the HCN1 pore to the gate. However, the
permeability ratios of A352D channels for K¥, Na* and Li*
were not different from WT (Px/Px =1, Py./Px=0.13,
Py;/Py =0.02), indicating that this single variant is
insufficient to rationalize the non-selectivity of HCNI.
The HCN2-inspired substitution A352R (GYGR in HCN2)
produced similar changes in gating (i.e. 3-fold slowed
kinetics and activation negatively shifted by 5 mV, P < 0.05).
The gating responses of A352R channels to Na* substit-
ution were also significantly attenuated in comparison to
WT HCNI (Figs 2D-F and 4). The gating effects of NMG"
and Li" substitutions and selectivity of A352R channels,
however, were not studied because of the small current
amplitudes when K* was replaced by these ions.

0 160 120 80 40 0
V (mV)
n
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Effects of external K" on HCN2

Despite the fact that HCN1 and HCN2 share 85%
sequence homology, HCN2 has significantly slower gating
kinetics (Ludwig et al. 1998, 1999a,b; Santoro et al. 1998;
Santoro & Tibbs, 1999; Kaupp & Seifert, 2001). In
addition, minK-related peptide 1 (MiRP1), a #-subunit
for the rapid component of the cardiac delayed rectifier I,
has been demonstrated to preferentially regulate HCN1
and HCN2 properties (Yu et al. 2001). Given these isoform
differences, it is possible that external K* also modulates
HCN1 and HCN2 gating in an isoform-specific manner.
Our results show that this is the case (Figs 3 and 4).
Although Na*, Li* and NMG" substitutions all positively
shifted HCN2 activation in a manner similar to those
observed with HCN1 (P < 0.05), 7, and o, were unaltered
by these ions (P > 0.05). In contrast, 7 4., was exclusively
decelerated (P < 0.05). Interestingly, the effects of Na*, Li*
and NMG" substitutions on 74, and g, also follow the
HCN2 selectivity sequence K'>Na'>Li" > NMG"
(Px/Px = 1, Pxo/Px = 0.09, Pry/ Py = 0.02).

D K* Na*t

e e —— =1
— e e e e = =

160 120 80 40 0 120 80 40 0
(mV) V_(mV)

m m

Figure 2. HCN1-A352D abolished the effects of permeant ions on gating

Typical current tracings from the same protocol as shown in Fig. 1 (A), steady-state activation curves (n = 14
(K%), 7 (Na*), 11 (NMG"), 4 (Li")) (B), and gating kinetics (n = 7 (K*), 8 (Na*), 7 (NMG"), 6 (Li*)) (C) of
HCN1 A352D channels recorded under the same ionic conditions described in Fig. 1. D, E and F, same
descriptions as A, B and C, respectively, but for A352R channels (n =4 (K"), 4 (Na")). Thickened x-axes
indicate voltage ranges over which all 3 ionic conditions differ significantly from 96 mm K.
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Figure 3. Effect of K*, Na*, Li* and NMG* on HCN2

Same descriptions as Fig. 1 but for HCN2 channels. Unlike HCN1, Na*, Li* and NMG" substitutions
decelerated deactivation without affecting activation. For activation curves, n =14 (K"), 7 (Na"), 11
(NMG™), 4 (Li*). For kinetics,n = 7 (K*), 9 (Na"), 6 (NMG"), 7 (Li*).
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DISCUSSION

In Kv channels, C-type inactivation is known to involve
dynamic rearrangements of the outer pore (see Yellen,
1998 for review). It is generally accepted that the pore
narrows when sufficiently depolarized and becomes
dilated when hyperpolarized (recovery from inactivation).
Such pore constriction is inhibited by the presence of
permeant ions (such as K" and Rb") or pore blockers (e.g.
TEA™ and pore-blocking toxins) but not non-permeants
(like Na" and NMG"), presumably via a ‘foot-in-the-door’
mechanism (Yeh & Armstrong, 1978). In fact, Na*
channels slow-inactivate in a very similar fashion
(Townsend et al. 1997). Our finding that increasing the
external permeant accelerated HCNI1 activation and
opening rates is consistent with the notion that the HCN
pore is also involved in gating. Interestingly, the
modulatory effects of external ions also appear to follow
the selectivity sequence. Therefore, it is possible that HCN
activation involves a gating process that is analogous to C-
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Figure 4. Summary of the effects on V,, (A), and open and
close rates (B) of HCN1, HCN1-A352D, HCN1-A352R and
HCN2 channels by ion substitutions

Asterisks in A indicate significant V, shifts from 96 mm K*
(P < 0.05). Filled and open symbols in B represent ety and S,
respectively.
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type and slow-inactivation of K" and Na" channels. The
voltage dependence of the associated gating-induced
conformational changes of the HCN pore may be similar
such that it is constricted and dilated when depolarized
and hyperpolarized, respectively. However, the transition
during hyperpolarization is from closed to open in the case
of HCN channels, but from C-type or slow-inactivated to
closed (or N-type inactivated or open depending on the
exact voltage, but the pore is dilated in all these states; cf.
Fig. 8 of Xue & Li, 2002) for K" and Na" channels, and vice
versa during depolarization. The transitions between these
pore conformations of HCN channels, like K" and Na*
channels, may be modulated by external permeants as we
have demonstrated experimentally.

In support of this pore-to-gate coupling model of HCN
channels, covalent attachment of a bulky moiety to the
extra-pore S5-P linker of HCN1 significantly slowed
gating kinetics (Xue & Li, 2002). In addition, the HCN1
pore mutations A352D and A352R significantly altered
gating and attenuated its responses to external ions,
presumably by disrupting the associated pore motions
and/or their interactions with permeant ions. These results
further suggest that the lack of effect of ion substitutions
on 7, of HCN2 could be attributed, at least partially, to the
A-to-R variant in its pore. Interestingly, reducing K*
decelerated deactivation and destabilized closed channels
(as reflected by the positive V, shifts) of both HCN1 and
HCN2. At first glance, these results were inconsistent with
the foot-in-the-door hypothesis. However, the channel
close rate of HCN2 at zero voltage indeed increased with
decreasing permeants. Furthermore, given that multiple
processes determine the gating properties of voltage-gated
ion channels (e.g. C-type inactivation is also coupled to
activation), external permeants may influence
mechanisms other than HCN pore motions. Indeed, pore
motions may also be coupled to the opening of the
cytoplasmic gate at the inner pore (Rothberg et al. 2002),
both contributing to HCN channel activation. Clearly,
additional experiments are needed to prove this concept.
Irregardless, it is becoming increasingly apparent that
HCN and K" channels share a number of key structural
and functional features.

Our observations may have pathophysiological relevance.
For instance, accumulation of extracellular K* during
ischaemia, which already leads to membrane
depolarization unfavourable for I; activation, would
further shift its activation range negatively, thereby
slowing cardiac pacing (i.e. heart rate) to conserve
metabolic energy. Similarly, extracellular Na* and K" in
the central nervous system are known to vary significantly
during normal and pathological (e.g. epileptic events)
neuronal activity. These changes in K'/Na® can
subsequently alter neuronal excitability by modulating the
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hyperpolarization-activated currents in these tissues.
However, it should be noted that K" accumulation may
also augment currents simply by facilitating ion
conduction, implying that pacing modulation via
alterations of I;is a balance between these permeation and
gating processes. Further, the K concentrations used in
our experiments were higher than the physiological levels.
Further experiments are needed to verify that our present
results can be extrapolated to the physiological range.

Our present results with cloned channels differ from those
previously reported for native currents (DiFrancesco et al.
1986; McCormick & Pape, 1990; Wollmuth & Hille, 1992;
Ho ef al. 1993, 1994; Mangoni & Nargeot, 2001). For
instance, gating properties of I; measured from rod
photoreceptors were not dependent on external permeant
ions (Wollmuth & Hille, 1992). Such discrepancies may be
attributable to the different molecular composition of
these native channels. Given that different HCN isoforms
exhibit distinct sensitivity to modulations by ions, cAMP,
etc., and can co-assemble to form heteromultimers (Chen
et al. 2001; Ulens & Tytgat, 2001; Xue et al. 2002), our
results suggest that native I, depending on the tissues and
thus isoform compositions, may have a diverse range of
sensitivities to different regulatory mechanisms.

In summary, we conclude that external permeants
modulate HCN gating in an isoform-specific manner. This
phenomenon may come into play physiologically in the
modulation of cardiac and neuronal pacing. Furthermore,
our findings provide evidence that gating and permeation
of HCN channels are coupled, and that residue 352 is
probably a determinant of this coupling.
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