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Cardiac pacemaking is produced by the slow diastolic
depolarization phase of the action potential. The hyper-
polarization-activated cation current (Iy) forms an
important part of the pacemaker depolarization and
consists of two kinetic components (fast and slow).
Recently, three full-length cDNAs encoding hyper-
polarization-activated and cyclic nucleotide-gated
cation channels (HCN1-3) have been cloned from
mouse brain. To elucidate the molecular identity of
cardiac pacemaker channels, we screened a human
heart cDNA library using a highly conserved neuronal
HCN channel segment and identified two cDNAs encod-
ing HCN channels. The hHCN2 cDNA codes for a
protein of 889 amino acids. TheHCN2 gene is localized
on human chromosome 19p13.3 and contains eight
exons spanning ~27 kb. The second cDNA, designated
hHCN4, codes for a protein of 1203 amino acids.
Northern blot and PCR analyses showed that both
hHCN2 and hHCN4 are expressed in heart ventricle
and atrium. When expressed in HEK 293 cells, either
cDNA gives rise to hyperpolarization-activated cation
currents with the hallmark features of native I;. h(HCN2
and hHCN4 currents differ profoundly from each
other in their activation kinetics, being fast and slow,
respectively. We thus conclude that hHHCN2 and hHCN4
may underlie the fast and slow component of cardiac
I+, respectively.
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Introduction

hyperpolarization and is carried by both Nand K.
Elevation of intracellular cAMP levels shifts the voltage
dependence of; in the positive direction resulting in
increased inward current at a fixed negative membrane
potential. This is an important mechanism responsible for
the acceleration of the heart rate in response to sympathetic
stimulation (Brownet al, 1979). Muscarinic stimulation
slows the heart rate, in part due to a decrease in CAMP level
and a resulting reduction of thecurrent (DiFrancesco and
Mangoni, 1994; Wickmaret al., 1998). cAMP regulates
the current by direct binding to the channel (DiFrancesco
and Tortora, 1991). An current has also been detected
in a variety of neuronal cells (Pape, 1996;thiuand
McCormick, 1998). In the brain, a major function of the
current is to control the rate of rhythmic oscillations of
single neurons and neuronal networks (neuronal pace-
making).

Recently, three full-length cDNAs encoding hyper-
polarization-activated cation channeldAC1, HAC2 and
HAC3 Ludwig et al., 1998; corresponding tmBCNG-2
MBCNG-1andmBCNG-4 Santorocet al., 1998) have been
cloned from mouse brain. In addition, a partial sequence
representing a putative fourth member of the gene family
was identified from mouse brairmBCNG-3 Santoro
et al,, 1998). To avoid misunderstandings due to different
naming of the same proteins, in this report we will use
the recently proposed consensus nomenclature for cloned
I channels (Clapham, 1998; Bief al., 1999a). According
to this nomenclaturd; channels are designated as hyper-
polarization-activated cyclic nucleotide-gated (HCN)
channels. The family members are named as follows:
HCNL1 corresponds ttHAC2 (MBCNG-), HCN2 corres-
ponds toHAC1(mBCNG-3, HCN3corresponds t61AC3
(mBCNG-3.

The primary sequences of HCN1-3 have an overall
identity of ~60%, indicating that all three channels derive
from a common evolutionary ancestor. HCN channels
belong to the superfamily of voltage-gated cation channels
characterized by the presence of six transmembrane helices
(S1-S6) and an ion-conducting P region between the fifth
and sixth segment. In addition, HCN channels, like the
cyclic nucleotide-gated (CNG) channels, contain a cyclic
nucleotide-binding domain (CNBD) in the C-terminus
conferring channel modulation by direct interaction with
cAMP or cGMP (for recent reviews see Zagotta and

Cardiac pacemaking determines heart rate and rhythm andSiegelbaum, 1996; Clapham, 1998; Batlal, 1999a,b).

is generated by the slow membrane-depolarization phase In contrast to the central nervous system, there is only
occurring between action potentials (DiFrancesco, 1993; limited information available on the types of HCN channels
Irisawa et al, 1993). An important part of the ionic underlying cardiad currents. Northern blot anih situ

conductance underlying cardiac pacemaker depolarizationhybridization experiments indicated that a transcript
was identified in the late 1970s and early 1980s (Brown corresponding to HCN2 is present in mouse heart (Ludwig
et al, 1977; Yanagihara and Irisawa, 1980; DiFrancesco, et al., 1998). However, it is not known whether the cardiac

1981) and termed (f for funny) or synonymously;, (h for
hyperpolarization activated); is activated by membrane
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HCN2 isoform is identical to its neural counterpart, or
whether other types of HCN channels are expressed in
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heart. In this paper, we report the cloning of two full-
length cDNAs encoding HCN channels from human heart

in human heart. hHCN2 was also abundant in brain,
whereas only a weak signal on longer exposure times was

tissue. When expressed in human embryonic kidney detected for hHCN4 in this tissue. The length of the

(HEK) 293 cells both cDNAs are translated into functional
hyperpolarization-activated cation channels with distinct
properties.

Results

Cloning of two cardiac pacemaker channels

In an attempt to identify the molecular identity of the
cardiacl; channel, we screened a cDNA library prepared
from the atrioventricular node region of human heart with
a highly conserved portion of the mouse brain HCN1

hHCN2 and hHCN4 transcripts are 3.4 and 7.5 kb, which
is consistent with the length of the cloned cDNAs. The
expression of the two HCN channels in human cardiac
tissues was further examined by RT-PCR with two primer
pairs amplifying specifically h(HCN2 and hHCN4, respect-
ively. RT-PCR conditions were chosen that should be
able to differentiate semiquantitatively a difference in
mRNA expression levels. To prove this and to compare
the expression of the two HCN channels with that of a
well-known cardiac ion channel, we used a primer pair
specific for human GIRK4 under the same conditions.

channel encoding the transmembrane segments S1-S6 an@IRK4 is a subunit of the cardiac acetylcholine-activated

the CNBD (Ludwig et al, 1998). The cDNA clones
obtained fell into two classes defined &$8{CN2 and
hHCN4 The open reading frames (ORFs) of thidCN2
andhHCN4cDNAs predict proteins of 889 and 1203 amino
acids, respectively. Both proteins contain six putative

potassium channelxc,) and was shown to be expressed
predominantly in the heart atrium and only marginally in
the ventricle (Krapivinskyet al, 1995). Both hHCN2-

and hHCN4-specific products were easily amplified from
ventricular and atrial mMRNA. The GIRK4 product was

transmembrane segments, a pore region and a CNBDalso generated readily from atrial mRNA, but only in

(Figure 1A) characterizing them as members of the family

very low amounts from ventricular mRNA indicating the

of HCN channels. The overall sequence identity between validity of the PCR assay. Taken together these results

hHCN2 and hHCN4 is ~70%. The homology is highest
in the transmembrane region and the CNBD with a

suggest thahHCN2andhHCN4 mRNAs are widespread
throughout the human heart ventricle and atrium.

sequence identity of 90%. The sequences of the putative

pore regions are identical between hHCN2 and hHCN4
except for one conservative substitution. In contrast,
both channels diverge markedly from each other in their
cytoplasmic N- and C-termini. Notably, the C-terminus of
hHCN4 is ~250 amino acids longer than that of hHCN2.
An interesting feature of the two cDNAs is the extra-
ordinarily high GC content at the’ ®nd of the translated
sequence (87% for hHHCN2 and 77% for hHCN4 over the
first 500 nucleotides); this is reflected in the high occur-
rence of proline and glycine amino acid residues in either
N-terminus.

Genomic structure of the human HCNZ2 gene
A search of the DDBJ/EMBL/GenBank database with the

Electrophysiological characterization of the

expressed hHCN2 and hHCN4 channel

For a functional characterization of the two channels,
HEK 293 cells were transfected with expression vectors
carrying the full-length coding sequence of hHCN2 and
hHCN4, respectively. In whole-cell voltage—clamp mode,
hyperpolarizing voltage steps negative to —60 mV induced
inward currents in hHCN2- (Figure 3A) and hHCN4-
(Figure 3B) expressing cells. No hyperpolarization-activ-
ated current was observed in cells transfected with empty
expression vector (not shown). The peak tail current
amplitudes of hHCN2 and hHCN4 showed a sigmoidal
dependence on the test voltage (Figure 3C). The membrane
potential of half-maximal activationV,») obtained by fits

hHCN2sequence identified the cosmid clones F18382 andto Boltzmann equations was —97 1 mV (n = 11) for

R33683, which contained most of the huntd8N2 gene.

the hHCN2 and —10% 1 mV (n = 20) for the hHCN4

These cosmids, which have been localized to chromsomecurrent. The slope of the voltage dependence was some-
19p13.3, belong to a contig constructed as part of an what steeper in hHCN2 (-6.3 0.5 mV,n = 11) than in
ongoing project to map and sequence the entire humanhHCN4 (-11.0*= 0.6 mV, n = 20). It should be noted

chromosome 19 (Ashwortlet al, 1995). However, the
two cosmids did not cover theHCN2 gene completely.

that the hHCN4 current did not reach a true steady state
even after 3 s pulses. For this reason the actual difference

To close the gap between the cosmids we amplified thein V4, and slope factor between hHCN2 and hHCN4 may
intervening genomic sequence by PCR. The amplicon hadbe smaller than predicted from our fits. Both channels

a length of 1.2 kb and contained exon 5 of hHCN2. An
additional sequence gap roughly in the middle of cosmid

exhibited marked differences in their activation kinetics.
The hHCN2 current (Figure 3A) activated much more

F18382 was reported to be unsequencable, i.e. recalcitranguickly than the hHCN4 current (Figure 3B, note also the
to many sequencing chemistries. We subcloned and ana-different time scale). The current traces of either channel
lyzed the corresponding segment, it contained 57 bp type could be fitted with a single exponential function

colinear to nucleotides 99-155 of tHEHCN2 cDNA,

when the initial delay in current activation was excluded.

demonstrating that the reported gap contains part of exon 1.Time constants for hHCN2 activation ranged from

The complete genomic structure 6HCN2 comprises
eight exons spanning ~27 kb (Figure 1B). The sizes of
introns ranges from ~13 kb (intron 1) to ~370 bp (intron 6).

Tissue distribution of hHCN2 and hHCN4 mRNA

Northern blot analysis demonstrated that b&tHCN2
(Figure 2A) anchHCN4mRNA (Figure 2B) are expressed
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196 £ 11 ms (1 = 11) at —140 mV to 463 45 ms f =
11) at —110 mV. In contrast, hHCN4 activated with a
distinctly slower time course with time constants ranging
from 659 = 49 ms 6 = 16) at —140 mV to 23+ 9 s
at =110 mV ¢ = 16) (Figure 3D).

To determine the ion selectivity of hHHCN2 and hHCN4,
we measured the current/voltagéVf relationship of the
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hHCN4 TNGDC S -GBGATESGSSHGHLEDSAEERRL L EDR' RPG .‘A.. PEQQPPQPASA 177
v
hHCN2 [§------------] AG ------- SIMQRQFG GVNKFSLRMFGSQKAVEREQERVKSA IIHPYSDFRFYWDF 216
hHCN4 |SCEQPSVDTAI QILPE e A IMQRQFG PGVNKFSLRMFGSQKAVEREQERVKSA IIHPYSDFRFYWDL 267
hHCN2 [TMLUHMVGNLIIIPVGITFFKDE[THPWIVFNVVSDTFFLMDLVLNFRTGIVI[EDNTEIILD ' SIPVDYIFL| 306
hHCN4 |TMLLI|MVGNLIIIPVGITFFKDENTJI|PWIVFNVVSDTFFLIDLVLNFRTGIVIVEDNTEI ILD ISSIPVDYIFL| 357
— 81— s2 — 53—
hHCN2 IDSEVYKTARALRIVRFTKILSLLRLLRLSRLIRYIHQWEEIFHMTYDLAS OIL i LLLCHWDGCLQFLVPMLQDFag 396
hHCN4 VE IDSEVYKTARALRIVRFTKILSLLRLLRLSRLIRYIHQWEEIFHMTYDLASA \L MLLLCHWDGCLQFLVPMLQDF' 447
sS4 v
hHCN2 Eﬁﬁi [ALFKAMSHMLCIGYGRQA] WLTMLSMIVGATCYAMFIGHATALIQSLDSSRRQYQEKYKQVEQY| 486
hHCN4 SI | IALFKAMSHMLCIGYGRQA! LTMLSMIVGATCYAMFIGHATALIQSLDSSRRQYQEKYKQVEQY| 537
—— PoreH—— —SF — S6
hHCN2 (MSFRKLEPDFROKIHDYYEHRYQGKMFDEDSTLGE PLREEI FNCRKLVASMPLFANADPNFV EVFQPGDYIIREGT| 576
hHCN4 MSFHKL'PDIP RIHDYYEHRYQGKMFDEHS I LGEI|SEPLREEI[INFNCRKLVASMPLFANADPNFV! EVFQPGDYIIREGT| 627
hHCN2 [IGKKMYFIQHGVVSVLTKGNK GSYFGEICLLTRGRRTASVRADTYCRLYSLSVDNFNEVLEEYPMMRRAFETV it RLDRIGKK 666
hHCN4 |IGKKMYFIQHGVVSVLTKGNK GSYFGEICLLTRGRRTASVRADTYCRLYSLSVDNFNEVLEEYPMMRRAFETV RLDRIGKK| 717
hHCN2 [NSILLHKVQHDLNSGVF] w A w Q ----------------------------------------- RVG. 715
hHCN4 NSILLHKVQHDLNSGVF SATPTPTPVIWTPLIQAPLQAAAATTSVAIALTHHPRLPAAT 807
hHCN2 BPPPQVTSA-----------m--=------mmmmmm— oo IATLQ EFCP ———————————————————————————— 740
hHCN4 [PPPGSGLGNLGAGQTPRHLKRLQSLIPSALGSASPASSPSQVDTPSSSSFHIR !E ISAPAGLSPLLPSSSSSPPPGACGSPSAPTPSA 897
hHCN2 ----- PLVGPLALG--- - -- - RP[HPGP. sp -------- A u~ ---------- 799
hHCN4 GVAATT FGHFH SLSSS PLQPIGAR GLPEHFLP"P‘ QLGQPPGELS 987
hHCN2 AAPTAGRALFAR] - - - - = === - = = o oo o oo oo e 819
hHCN4 TG PEPPSLVAGASGGASPVGFTPRGGLSPPGHSPGPPRTFPSAPPRASGSHGSLLLPPASSPPPPQVPQRRGTPPLTPG 1077
hHCNZ RASRP. ASQP»I' GAPGHARSTREAS- [SYTPRLRPTFA- Hsl---------- EW'D GELpPODSA- - - - - - 877
hHCN4 QDLKLI] ASQP“I'QDG——— TLRRASPHSSGESMAAFPLFPRABGESEGSGSSGGLGH GEPY T PRKT|SISGSLPPP 1164
hHCN2 - -----mmmmim oo mm e ‘ 889
hHCN4 LSLFGARATSSGGPPLTAGPQREPGARPEP R uﬂ 1203
1 2 3 5 67 8
<O \g — 1kb
v <&
NH, | ['[2f [3]]4] [s] [rfe] [-cooH
— 25 aa

Fig. 1. Primary structure of the human HCN2 and HCN4 channels and organization biGNR gene. A) Sequence alignment of hHCN2 and
hHCN4. The six putative transmembrane segments (S1-S6), the pore region and the CNBD are underlined. The pore helix (PoreH) and the
selectivity filter (SF) are delineated according to 8teeptomyces lividangotassium channel crystal structure (Dogleal., 1998). Exon—intron

splicing sites of hHCN2 are marked by filled triangleB) Organization of the hHCN2 gene (upper) and corresponding distribution of exons in the

domain structure of h(HCN2 (lower). Upper: exons 1-8 are depicted by black boxes, the start and stop codons are indicated. Lower: transmembrane

segments S1-S6 are numbered 1-6, P indicates the pore region.

fully activated channels (Figure 3E). The reversal potential
at 30 mM extracellular K was —23.8+ 0.8 mV (0 = 7)
and —22.4+ 2.2 mV (h = 6) for hHCN2 and hHCN4,
respectively. The relative permeability ratio for Neersus

K* (Pno/Pk), as determined by the Goldmann—-Hodgkin—
Katz equation, was 0.19 for hHHCN2 and 0.22 for hHCN4,
close to the value observed for natie

A well-established feature of the native pacemaker
current is the enhancement by cAMP resulting from a
shift of the activation curve towards positive voltages.
In accordance with these findings, in whole-cell mode
measurements cAMP increased both the hHCN2 and the
hHCN4 current by shifting the activation curves
15-16 mV in the positive direction (Figure 4A and B).
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Fig. 2. Expression of HCN channel mRNAs. (A, B) Northern blot
analysis of mRNA from human heart (He), brain (Br), placenta (PI),
lung (Lu), liver (Li), skeletal muscle (Sk), kidney (Ki) and pancreas
(Pa). The blot was labeled with a probe specific for (HCKH2 &nd
hHCN4 B) and phosphorimaged for 16 h. The size of the transcripts
is indicated in kilobasesQ) RT-PCR analysis. RT-PCRs with human
heart ventricle (V), atrium (A) or without mRNA (C) as template was
performed with primer pairs specific for hHHCN2, hHCN4 or GIRKA4.
The sizes of amplicons were 230, 233 and 335 bp for HCN2, HCN4
and GIRK4, respectively.

The V4, values for the hHCN2 and the hHCN4 current
were =97+ 1 mV (n = 11) and =109t 1 mV (n = 20) in

the absence, and -81 2 mV (nh = 11) and =94+ 3 mV

(n = 16) in the presence of 1 mM cAMP, respectively.
Analogous to the nativés current (DiFrancesco, 1991),
CAMP also accelerated the activation kinetics of both
channel types (Figure 4C and D). The hHCN2 current
induced by a step to —140 mV was fitted by a single
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Fig. 3. Electrophysiological properties of the expressed hHCN2 and
hHCN4 channel measured in whole-cell voltage clandp. (HCN2
channel currents. Upper: voltage protocol. Cells were clamped from a
holding potential of —40 mV to various voltages (—140 to —50 mV in
10 mV increments) for 1.5 s followed by a step to —140 mV. Lower:
current traces of a cell expressing hHCNB) 6tHCN4 channel

currents. Upper: voltage protocol. As in (A) except 8s long
prepulses. Lower: hHCN4 current trace€) (Activation curves of
hHCN2 (open circles) and hHCN4 (filled circles) currents. Tail

exponential with a time constant of 179 ms in the absence currents measured immediately after the voltage step to —140 mV,

and 69 ms in the presence of 1 mM intracellular cAMP.
Similarly, the hHCN4 activation kinetics at —140 mV

arrow in (A) and (B), were normalized and plotted as a function of the
preceding membrane potentiaD)(Voltage dependence of activation
kinetics. Current traces at voltages ranging from —140 to —110 mV

accelerated with a time constant of 679 ms in the absencefrom hHCN2- or hHCN4-expressing cells were fitted with a single

to 447 ms in the presence of 1 mM cAMP. Cyclic AMP
did not increase further the amplitude of either the hHHCN2
or the hHCN4 current when the channels were fully
activated by hyperpolarization. For example, the maximal
current at =140 mV for hHCN4 was 1.5 0.3 nA
(n = 16) in the absence of CAMP and 1:20.2 nA (h =
10) after perfusion with 1 mM cAMP. These values are
not statistically differentgg >0.05).

Next, we determined the direct modulation of the two

exponential. The time constants for (HCN2 (open circles) and hHCN4
(filled circles) activation are plotted against the corresponding
potentials. E) Determination of the/V relationship of the fully

activated hHCN2 (open circle) and hHCN4 (filled circle) channel as
described in the Materials and methods.

were already maximally activated by voltage. These results
are in accordance with the effect of cAMP in whole-cell

mode measurements (Figure 4A and B) showing a shift
in the activation curve towards more positive voltages but

channels by cAMP using excised inside-out patches. In no increase in the maximal current.

inside-out patchesy;, was shifted by ~20-30 mV to
more hyperpolarizing voltages with respect to tg,

Finally, we determined the blocking efficiency of Cs
on the two pacemaker channels. The nativehannel is

measured in whole-cell mode. A similar phenomenon has blocked by low concentrations (0.1-5 mM) of extracellular

been observed for expressed HCN channels (Lu@ivéd,
1998) and also for the native channel (DiFrancesco and
Mangoni, 1994). Application of 1QuM cAMP to the

Cs' (DiFrancesco, 1982; Denyer and Brown, 1990).
Similarly, the expressed hHCN2 and hHCN4 channels
activated by a step to —140 mV were blocked between

intracellular side of the patch resulted in accelerated 80 and 90% by 0.5 mM Csand ~95% by 2 mM C5s

hHCN2 (Figure 4E) and hHCN4 (Figure 4F) channel

(Figure 5A, B and E). In contrast, neither current was

opening at —120 and —150 mV. cAMP increased either sensitive to 2 mM B& or 20 mM tetraethylammonium
current at =120 but not at =150 mV when the channels (TEA), two classic potassium channel blockers.
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20s ® Fig. 5. (A, B) Effect of extracellular C§, TEA and B&* on the two

HCN currents. HHCN24) and hHCN4 B) currents were evoked

from a holding potential of —40 mV with a step to —140 mV for 3 and

4 s, respectively. Current traces in the absence and presence of 0.5 and
2.0 mM extracellular Cs are shown. (C, D) Inhibition of whole-cell
current by extracellular tetraethylammonium (TEA). hHCN®) énd

hHCN4 D) current traces in the absence and presence of 20 mM TEA
are displayed.H) Percentage inhibition of the current at —140 mV by

0.5 and 2 mM C§, 2 mM B&" and 20 mM TEA. Inhibition of the

hHCN2 and hHCN4 currents is represented by open and filled bars,
respectively, with the number of experiments shown in brackets above.

Fig. 4. Modulation of the hHCN2 and hHCN4 current by cAMP.

(A, B) The voltage dependence of activation was determined from tail
currents in whole-cell mode as described in legend to Figure 3C.

(A) hHCNZ2 (open circles) andB) hHCN4 currents (filled circles)

were measured after intracellular perfusion for 1 min with 1 mM

cAMP. For comparison the activation curves determined in the absence
of cAMP (Figure 3C) are indicated by dotted lines. All curves

represent fits of the tail currents by Boltzmann functions.

(C, D) Acceleration of channel activation kinetics by cAMP. In whole-
cell mode, the hHCN2 curren€) and the hHCN4 current)) were

fully activated by a step to —140 mV from a holding potential of

—40 mV in the absence of cAMP (no symbol) or after intracellular The hHCN4 channel probably represents the human full-
perfusion for 1 min with 1 mM intracellular cAMP (open and filled length clone homologous to the partial cDNA sequence
circle, respectively). Normalized current traces are shown averaged . .

from 11 cells under each condition (C) and from 16 and 10 cells in MBCNG-3 (Santoro et al, 1998). This partial cDNA

the absence respective presence of cAMP (D). (E, F) Direct isolated from mouse brain codes for 500 amino acids of
modulation of hHHCN2 ) and hHCN4 E) channels by cAMP the core region of a HCN channel and its sequence is
measured in inside-out patches. Currents were evoked by clamping 98% identical to hHCNA4.

e o 20 Ty Tolowed by & ek The hHCN2 and hHCN4 CDNAS were cloned from a
absence (no symbol) and the presence oficAMP in the bath I|brary prepared from human heart conduction tissue. The
solution [open circle (E), filled circle (F)]. relative high expression diHCN2 and hHCN4 mRNAs

on Northern blots (Figure 2A and B) indicates that the
two channels are expressed not only in the conduction
tissues but also in contractile myocytes. This conclusion
The molecular nature of the channel(s) involved in the is consistent with the RT-PCR experiments demonstrating
cardiac Iy current was not known until now. Here, we significant expression of both HCN mRNAs in cardiac
report the cloning of two pacemaker channels from human ventricle and atrium. It is also compatible with previous
heart, hHHCN2 and hHCN4 with different activation results describind; currents in ventricular (Yuet al,
kinetics. The hHCN2 clone has an overall sequence 1995; Bakeret al., 1997; Hoppeet al, 1998) and atrial
identity of 94% with mHCN2 from mouse brain (Ludwig (Thuringeret al., 1992; Porciattiet al., 1997) myocytes,

et al, 1998). No tissue-dependent alternative splicing as well as in the different conduction tissues (DiFrancesco,
events have been detected in the large number of hLHCN21993). The ventricular myocytéd; current has aVy,
clones examined indicating that identical HCN2 channels between —95 and —135 mV, which is consistent with the
are present in heart and brain. Vy» values of the two HCN channels. In contrast, the

Discussion
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current of sinoatrial node cells displays a varying but hHCN2should make it possible to screen genomic DNA
distinctly more positive/y, ranging from —65 to =90 mV.  samples of patients to detect possible links between these
The reason for the differiny/,,, values betweet; from diseases and mutations of thelCN2gene. Naturally, the
ventricular and sinoatrial node myocytes is unknown. gene encoding hHCN4 will also be a candidate in the
Both hHCN2 and hHCN4 exhibit properties correspond- search for genes underlying defects of cardiac pacemaking.
ing to those of nativel; channels, i.e. activation at Gene targeting may help to elucidate the precise role and
hyperpolarized membrane potentials, permeation of Na relative importance of the two HCN channels for normal
and K*, cAMP-dependent positive shift of tha/ relation- pacemaking activity.
ship plus acceleration of channel activation and finally
block by extracellular Cs. However, apart from these
basic characteristics the two channels display profoundly
different activation kinetics. The hHCN2 channel activates molecular cloning of hHHCN2 and hHCN4
comparably quickly, whereas hHCN4 activation is mark- A cDNA library was prepared from the atrioventricular node region of
edly slower. Two kinetically distinct components of native @ human hea&t U,Stig‘gézgchk’;‘ﬁ‘”dveCtgf ('”Vitmgenzj-, Cot'onies?we ) y
 with time constants in the range of hundreds of mill- 1€'2 SrSener win £5-abeled probe coresporting f amio S
seconds and seconds, respectively, have been described iphe independent clones were recovered and analyzed by restriction
neurons (Solomon and Nerbonne, 1993) and heart cellsmapping and partial sequencing. Sixteen clones were classified as
(D rangescital, 1960 Marioket ol 100, LGt ol - S s w5108 o5 P ot i s e
1996). This raises the pOSSIbI_lIty that na.twf.emay be class designatedqhHCN4, two of ther?]' contained the full-length (?oding
generated by the CO”PGFted action of two distinct Channels'sequence. The'duntranslated region (UTR) ¢1CN4comprised ~2.6 kb
Moreover, the zebrafish mutasio (Bakeret al., 1997) and was characterized by restriction mapping and partial sequencing.
displays a reduced heart rate due to a diminidhedrrent. The total length of thétHCN4cDNA was 6.8 kb. Two clones containing
Smo cardlomyocytes show  severe reducton In the fastS sire OXF 1or, sech s s lmneat o b e
Kinetic component O.ff (time constant ~300_ms)’ whereas witﬂ Sequzgnase v. 2.0 (Amershgm) and automated sequenci?}g on a?]
a slow component (time constant 2 s) remained unchanged ag) prism 310 with BigDye terminator chemistry (Perkin Elmer) and a
It was concluded that; is due to the activity of two LI-COR 4200 system (Li-Cor Biotechnology).
channels and that tremomutation selectively affects one
of them. Taken together, the description of nativevith Genomic structure of hHCN2

L . - .. The exon-intron organization of the humdCN2 gene was determined
two kinetic components and in particular the genetic by comparing thehnHCN2 cDNA with the sequence of cosmid clones

evidence from thesmomutant strongly support the idea  F18382 (accession No. AC005559 for the telomeric and AC005577 for
that two populations of channels with differing activation the centromeric part) and R33683 (accession No. AC004449) from the
kinetics contribute to thé; current. Hence, the results of DDBJ/EMBL/GenBank database. The segment between cosmids F18382

; i~ and R33683 was PCR amplified with the primers HAC1F9(&GCGC-
this study suggest that HCN2 and HCN4 may underlie o) crsccAGGAGAAGGT-3) and HACIRA (5TCAGCATGGC-

the fast respective slow componentlpf .. CGTGACGAAGTTGG-3). Cosmid R31514, which overlaps the above
The structural basis for the differing activation kinetics cosmid clones (http://www-bio.lInl.gov/bbrp/genome/genome.html) was

of the two channels is not yet known. The core region used as template. The gap in the reported sequence of cosmid F18382

including the transmembrane segments, pore and CNBD between the‘telomeric and centromeric part was filled by subcloning
9 9 P and sequencing thécd (nucleotide 17768 of AC005559Met (nucleo-

1 0,
is 90% homologous between the two channel types. An ye 144 of AC005577) fragment of cosmid F18382. Cosmids F18382
Intriguing p053|b|“tY_ is that the long N'_ or _C'termmus _Of and R31514 were kindly provided by the Human Genome Center at the
hHCN4 interacts with the channel activation mechanism Lawrence Livermore National Laboratory, CA.
slowing it down. Further experiments will be necessary
to test this hypothesis. : . .
. Poly(A)" RNA from human heart left ventricle and right atrium

Native pacemaker channels probably form tetre}mers. was isolated and reverse transcribed using oligo(dT) primers. PCR
The'pre$ence Of.bOtIhIHCNZ a'nq.hHCN4 MRNASs in amplification was performed for 30 cycles (annealing temperature
cardiac tissues raises the possibility that the two channels59°C) with 10 ng cDNA and the following primer pairs: 209F'<(5
may form heteromeric complexés vivo. Although we CGCCTGATCCGCTACATCCAT-3 and 209R (SAGTGCGAAGG-

: T ; M AGTACAGTTCACT-3) corresponding to amino acids 342-348 and
can not rule out this possibility, our experimental findings 411-418 of hHCN2: 415F (SCCCGCCTCATTCGATATATTCAC-3)

do not support the existence of heteromeric channels: Theand 415R (GAGCGCGTAGGAGTACTGCTTCAB corresponding to
expression of each subtype alone gave rise to functionalamino acids 393399 and 463-469 of hHHCN4; GIRK4AFGECCTGA-
channels indicating that the formation of hHCN2 and é%%é?é%%ACATCA-?()j_and GIRK4R (%Cfggl(:ng?GGTdG?’TS%Tgés .

i e - corresponading to amino acids —. an —. (o)
hECN‘ll hgmomel_rs .IS SuffICI?nt_ '[Of make ta pz:\jcemgkber GIRK4 (DDBJ/EMBL/GenBank accession No. X83582; Ashfetdal.,
channel. ,ur preliminary analysis of currents induce . y 1994). To exclude the amplification of potential contaminating genomic
Coexpress_lorl of hHHCN2 and hHCN4 Supports the thlon DNA primer pairs spanned at least one intron.
that two distinct hHHCN2 and hHCN4 channel populations A Northern blot containing 21g poly(A)* RNA from multiple human
are formed. In addition. the data from tlseno mutant tissues (Clontech) was sequentially hybridized wiR-labeled cDNA

' ; ; probes corresponding to nucleotides 765-1016 of h(HCN2 and nucleotides
(Baker et al, 1997) favor the hypOthESlS that native 4513-4910 of hHCN4 and exposed to a BAS-MP image plate (Fuiji)
pacemaker channels may be homomeric rather than heterosy, 16 h.
meric complexes.
Several inherited disorders of pacemaking, such as Expression of HCN channels and electrophysiological
various forms of congenital sinus node dysfunction have ;iceo;‘:]’:?rges coding regions cHCN2 (nucleotides -9 to 2961) and
- . 1 | | u 1 —

been d(.escrlbed. (Sara.CheCk and Leonard, ]?972' Lehmam}\HCN4 (nucleotides 565-4281) were inserted into tBecRI-EcaRV
and Klein, 1978; Mackintosh and Chamberlain, 1979). The and theEcarI-xhd sites respectively, of the pcDNA3 vector (Invitrogen)

determination of the complete exon—intron organization of yielding the expression plasmids hHHCN2/pcDNA3 and hHCN4/pcDNA3.

Materials and methods

RT-PCR and Northern blot analysis
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Two pacemaker channels from human heart

HEK 293 cells were transiently transfected using a calcium phosphate Doyle,D.A., Cabral,J.M., Pfuetzner,R.A., Kuo,A., Gulbis,J.M., Cohen,
method as described by Biet al. (1996). Currents were measured at S.L., Chait,B.T. and MacKinnon,R. (1998) The structure of the
room temperature 2-3 days after transfection using either the whole-  potassium channel: molecular basis of Konduction and selectivity
cell or inside-out patch—clamp technique. The extracellular solution  Science280, 69-77.

contained: 110 mM NaCl, 0.5 mM Mgg&l 1.8 mM CaCj, 5 mM Hoppe,U.C., Jansen,E., &amp,M. and Beuckelmann,D.J. (1998)
HEPES, 30 mM KCI, pH 7.4 (NaOH). The intracellular solution Hyperpolarization-activated inward current in ventricular myocytes
contained: 130 mM KCI, 10 mM NaCl, 0.5 mM Mggll mM EGTA, from normal and failing human hearSirculation, 97, 55-65.

5 mM HEPES, pH 7.4 (KOH). Thé/V relation of the fully activated Irisawa,H., Brown,H.F. and Giles,W. (1993) Cardiac pacemaking in the

HCN channels (Figure 3E) was determined as follows: steps to test sinoatrial nodePhysiol. Rev.73, 197-227.

voltages (range —100 te-40 mV) were applied after a prepulse to  Krapivinsky,G., Gordon,E.A. Wickman,K., Velimirovic,B.,

—140 mV (1.5 s for h(HCN2 or 3 s for hHCN4; protocol A) or after a Krapivinsky,L. and Clapham,D.E. (1995) The G-protein-gated atrial

prepulse to —20 mV (protocol B). Tail current amplitudes were measured K™ channellacy, is @ heteromultimer of two inwardly rectifying &

immediately after the test pulse. The difference of tail currents between  channel proteinsNature 374, 135-141.

protocol A and protocol B was determined and plotted against the test Lehmann,H. and Klein,U.E. (1978) Familial sinus node dysfunction with

potential. Data were acquired at 1 kHz using a List EPC7 amplifier and  autosomal dominant inheritand8r. Heart J, 40, 1314-1316.

pCLAMP software (Axon instruments). Average values are given as Liu,Z.W., Zou,A.R., Demir,S.S., Clark,J.W. and Nathan,R.D. (1996)

mean= SEM. Characterization of a hyperpolarization-activated inward current in
The DDBJ/EMBL/GenBank accession numbers for the reported  cultured pacemaker cells from the sinoatrial node.Mol. Cell.

sequences are AJ012582 for hHCN2, AJ132429 for hHCN4 and  Cardiol., 28, 2523-2535.

AJ133727-AJ133734 for exons and adjacent introns of hHCN2. Ludwig,A., Zong,X., Jeglitsch,M., Hofmann,F. and Biel,M. (1998) A

family of hyperpolarization-activated mammalian cation channels
.Nature 393 587-591.
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