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Photochemically or metabolically generated singlet oxygen (1O2) reacts broadly with macromolecules in the cell. Because 
of its short lifetime and working distance, 1O2 holds potential as an effective and precise nanoscale tool for basic research 
and clinical practice. Here we investigate the modification of the spHCN channel that results from photochemically and 
chemically generated 1O2. The spHCN channel shows strong voltage-dependent inactivation in the absence of cAMP. In 
the presence of photosensitizers, short laser pulses transform the gating properties of spHCN by abolishing inactivation 
and increasing the macroscopic current amplitude. Alanine replacement of a histidine residue near the activation gate 
within the channel’s pore abolishes key modification effects. Application of a variety of chemicals including 1O2 scavengers 
and 1O2 generators supports the involvement of 1O2 and excludes other reactive oxygen species. This study provides new 
understanding about the photodynamic modification of ion channels by 1O2 at the molecular level.
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Introduction
Molecular oxygen (O2) is indispensable for sustaining most forms 
of life on earth. Molecular oxygen has three electronic configu-
rations: the triplet ground state (3Σ) and the first and the second 
singlet excited states (1Δ and 1Σ; Kochevar, 2004; Ogilby, 2010). 
Singlet oxygen (1O2, mainly referring to the 1Δ state because of 
its longer lifetime) is highly reactive and oxidizes a wide range 
of molecules, from pollutants in the water and air to most mac-
romolecules in the cell, including DNA, protein, and unsaturated 
lipids. Under physiological conditions, 1O2 can be produced either 
through photochemical processes involving three key elements 
(photosensitizer, oxygen, and light; DeRosa and Crutchley, 2002) 
or through metabolic processes involving other reactive oxygen 
species (ROS) and certain enzymes (Kanofsky et al., 1988; Mano 
et al., 2014; Onyango, 2016; Prasad et al., 2016). In the cells from 
the skin and eye, intracellular compounds including flavins and 
NADH/NAD PH are efficient photosensitizers, so 1O2 can be gen-
erated under the sunlight (da Silva et al., 2016). This process has 
been linked to aging and cancer development in these cells, es-
pecially after they get excessive exposure to UVA light (320–400 
nm; Baier et al., 2006; Bäumler et al., 2012). In liver tissues, 1O2 
can be generated in the dark through the oxidation of triplet car-
bonyls, a biochemical process catalyzed by peroxidase (Mano et 
al., 2014). Enzymatic generation of 1O2 has also been observed in 

stimulated neutrophils, macrophages, and plants (Steinbeck et 
al., 1992; Klotz et al., 2003).

1O2 is very unstable in aqueous solution, with a lifetime of 
microseconds and an effective range (working distance) of 
nanometers. Low levels of 1O2 within the cell may function as 
an intracellular second messenger by modifying the function 
of molecules in the vicinity (Klotz et al., 2003; Kochevar, 2004). 
But high levels of 1O2, especially the 1O2 generated through pho-
tochemical reactions, is cytotoxic and has been used as a tool to 
specifically ablate the function of certain biomolecules and cells. 
For example, commonly used fluorescent molecules, such as flu-
orescein (FITC) and certain fluorescent proteins, are effective 
photosensitizers. In chromophore-assisted light inactivation, flu-
orophore-tagged antibody recognizes and forms a complex with 
the target protein (Tour et al., 2003; Wojtovich et al., 2016). Upon 
light illumination, 1O2 is generated and specifically abolishes the 
function of the target protein in close vicinity (Liao et al., 1994; 
Tour et al., 2003; Sack et al., 2013). Similarly, in photodynamic 
therapy, light is guided to the target tissue to excite the pread-
ministered photosensitizers. Target cells are damaged by 1O2 but 
are eventually killed through a combination of apoptosis, necro-
sis, and acutely triggered local immune responses. Photodynamic 
therapy has been approved by the U.S. Food and Drug Adminis-
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tration to treat cancers of the esophagus, lung, and skin and other 
diseases related to the skin and eye (Agostinis et al., 2011).

In spite of its broad application potential, little is known about 
the mechanism of 1O2 modification at the molecular level. 1O2 is 
not a radical and does not share similar chemical mechanisms 
with well-studied ROS, including hydrogen peroxide (H2O2), 
superoxide, hydroxyl radical, and nitric oxide (NO; Schweitzer 
and Schmidt, 2003). The volatile chemical nature of 1O2, the wide 
range of molecules that react with 1O2, and the heterogeneous 
distributions of oxygen and photosensitizer together make 1O2 
a challenging research target. Previous studies have addressed 
1O2 modification of protein molecules including ion channels 
and transporters (Valenzeno and Tarr, 1991; Eisenman et al., 
2007; Babes et al., 2016; Jiang et al., 2017). To produce observ-
able effects, these photodynamic studies often required long 
light exposure on the timescale of minutes. This is in contrast 
to the extreme short microsecond lifetime of 1O2. Additionally, 
these experiments were performed using whole-cell or tissue 
preparations that contain complex intracellular signaling path-
ways, thus complicating conclusions at the molecular level. A 
sensitive and well-defined working system for studying 1O2 has 
become necessary.

Previously, we had studied 1O2 modification of mouse HCN2 
(mHCN2) channel (Gao et al., 2014). HCN channels encode the Ih 
(or If) current that was originally isolated from neurons and car-
diac cells (Robinson and Siegelbaum, 2003; Biel et al., 2009). Four 
mammalian isoforms, HCN1 to HCN4, and an isoform from sea 
urchin, spHCN, have been cloned and extensively studied (Gauss 
et al., 1998; Ludwig et al., 1998; Santoro et al., 1998). Each func-
tional HCN channel contains four subunits, with each subunit 
containing a six-helix transmembrane domain, which is homol-
ogous to that of the voltage-gated K channel, and a canonical cy-
clic nucleotide-binding domain (CNBD) in the C terminus. Thus, 
HCN channels are equipped with the gating machineries for both 
voltage- and ligand-dependent gating processes. We have applied 
the patch-clamp fluorometry (PCF) technique and used different 
fluorescently labeled cAMP molecules as a marker to study the 
state-dependent interactions between cAMP and the full-length 
mHCN2 channel (Wu et al., 2011, 2012).

We have previously shown that laser pulses applied to the 
mHCN2 channel in complex with the cAMP analogue FITC-cAMP 
slow down the channel deactivation and increase the voltage-in-
sensitive, instantaneous (Iinst) component (Proenza et al., 2002; 

Gao et al., 2014). The Iinst carried by the HCN channel refers to 
the current component that shows an immediate response to 
a change in the membrane potential but without much of the 
time-dependence typically observed with voltage-dependent 
gating (Fig. 1 A). Because of its insensitivity to voltage, the Iinst 
should be constitutively conductive regardless of the membrane 
potential. In both native and heterologous expression systems, 
the Iinst carried by HCN channels has been detected, but the cor-
responding molecular basis underlying the decoupling between 
the gate and the voltage sensor has been unclear (Macri and 
Accili, 2004; Mistrík et al., 2006; Proenza and Yellen, 2006). The 
photodynamic modification of mHCN2 channels was actually an 
effective approach for generating Iinst.

The study on the photodynamic modification of mHCN2 
channels led us eventually to the identification of 1O2 as the major 
player. Here we extend the investigation from mHCN2 to spHCN 
channel, which shows strong voltage-dependent inactivation in 
the absence of cAMP, a unique feature that differentiates it from 
the mammalian isoforms. cAMP binding removes the inactiva-
tion in spHCN channel so that it behaves similarly to HCN1 and 
HCN2 channels. We found that 1O2 modification removes the volt-
age-dependent inactivation of the spHCN channel in the absence 
of cAMP. The photodynamic modification is state dependent and 
exerts different effects on closed versus inactivated spHCN chan-
nels. Finally, we investigated several chemical processes to help 
establish 1O2 as the major player in this process.

Materials and methods
Functional expression in Xenopus laevis oocytes and 
electrophysiological characterization
The cDNA sequence encoding spHCN was provided by Dr. R. Sei-
fert and Dr. U.B. Kaupp from the Center of Advanced European 
Studies and Research (Caesar, Bonn, Germany; Gauss et al., 1998). 
The spHCN cDNA was inserted into the pGEM-HE vector for ex-
pression in Xenopus oocytes (Liman and Buck, 1994). mMessage 
machine (Ambion) was used for cRNA synthesis. 25–30 ng cRNA 
encoding the spHCN channel was injected into each oocyte at 
stage VI. For patch-clamp recording, the electrode solution (ex-
tracellular) and bath solution (intracellular) were symmetrical 
and contained 110 KCl, 2 NaCl, 10 HEP ES, 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 

Figure 1. Photodynamic modification of the spHCN channel in complex with FITC-cAMP. (A) Top: Voltage protocol for channel activation (−100 mV) and 
tail current recording (+40 mV). Bottom: WT spHCN channels show strong voltage-dependent inactivation in the absence of cAMP (black). With cAMP, the 
spHCN channel opens without any obvious inactivation (blue). The definitions of Iinst, Ih, Imacro, Ih(tail), and Iss are illustrated. Background leak conductance was 
not subtracted. (B) Top: Bright-field image of a piece of membrane patch (indicated by an arrow) held within the glass recording pipette. Bottom: Fluorescence 
image of the spHCN channel in complex with 1 µM 8-FITC-cAMP. Membrane patches from uninjected oocytes (no channel expressed) only show fluorescence 
intensity at background level (not shown). (C) Top: Schematic drawing of the patch-clamp recording under the inside-out configuration. Bottom: Chemical 
structure of 8-FITC-cAMP. (D) Top: Voltage step protocol and the timing of laser pulse. Bottom: The last current trace before (black; trace 0) and after (with 
color; traces 1–8) laser pulse application. Numbers from 1 to 8 represent the order of applied laser pulses and the corresponding current traces. The prominent 
increases in Iinst after the third laser pulse and in Iss after the fourth laser pulse are labeled (magenta). (E) A zoomed view over the moment when laser pulses 
were applied. Red box in dashed lines represents the laser pulses with 100-ms duration. (F) Laser pulses have no obvious effects on the spHCN channel in 
complex with regular 1 µM cAMP. (G) Averaged results (n = 13) showing the effect of laser pulse on the amplitude of Imacro. The horizontal box (with laser pulse 
labeled) indicates the current episodes with laser pulse treatment. Current amplitudes were normalized to the maximal value measured in the presence of 
10 µM cAMP before the application of laser pulses. (H) Averaged results (n = 13) showing the effect of laser pulses on the time constant of deactivation. ***, 
P ≤ 0.001. Error bars represent SEM.
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Figure 2. Ih and Iinst share similar sensitivity to ZD7288, an HCN channel–specific blocker, and K+/Na+ selectivity. (A) Top: Voltage protocol. Bottom: 
Four current traces in sequence showing control (no cAMP), 10 µM cAMP, the third trace with laser pulse (with 1 µM FITC-cAMP), after laser pulses stopped and 
washing off FITC-cAMP, and ZD7288 (100 µM). (B) Zoomed views showing the Iinst (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 
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signals were filtered at 5 kHz and digitized by Digidata 1320A 
(Axon Instruments) at 10 kHz. The WinWCP program (Univer-
sity of Strathclyde, Glasgow) was used for data acquisition. All 
experiments were performed at room temperature.

For the voltage-dependent channel activation curve shown in 
Fig. 4 B, the Boltzmann equation was used to fit the normalized 
Ih(tail) amplitudes:

 Normalized   I  h   = A2  +     A1 − A2  _ 
1  +  ex  p     

V −  V  1/2   _ slope   
  , 

where A1 and A2 represent the peak and the offset val-
ues, respectively.

Here we used a single-exponential function to obtain an esti-
mation of the deactivation kinetics mainly for comparison pur-
poses. It is known that the activation and deactivation of the HCN 
channels involves complex subunit–subunit coordination and 
does not follow a simple single-exponential (mono-exponential) 
kinetics. A double-exponential function will give a better fit, but 
because of a lack of physical meaning, it is not popularly used 
in the literature. The portion of the deactivation current trace 
is individually selected by putting the first cursor after the ca-
pacitance artifact and the second cursor when the current has 
reached a steady state (for examples, see Fig. S14).

For the measurement of K+/Na+ selectivity, K+ ions in the 
bath solution (in contact with the intracellular side of the mem-
brane) 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:

      P  K   _  P  Na     =     [  Na ]    o   −  exp     
REV _ RT/F    ⋅   [  Na ]    i    _________________  

 exp     
REV _ RT/F    ⋅   [  K ]    i   −   [  K ]    o  

  , 

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

PCF
The PCF setup was assembled based on an Olympus IX71 mi-
croscope equipped with a 100× oil lens (Olympus, Plan N 100×, 
NA 1.25). A 473-nm diode-pumped solid-state laser (Ultral-
asers) was used as the excitation light source. The following 
filter settings were used for recording FITC fluorescence sig-
nal: exciter, D480/30; dichroic mirror, DC505LP; and emitter, 
D510LP (Chroma Technology). Optical signals were detected 
by a 16-bit electron multiplying charge-coupled device (EMC 
CD) camera (Cascade 1K; Photometrics). The laser light source, 
the charge-coupled device (CCD) camera exposure, and the am-
plifier for patch-clamp recording were synchronized by tran-
sistor–transistor logic signals. As confirmed by histogram of 

the intensities of all pixels, the optical signals were collected 
within the linear range of the CCD camera. ImageJ (National In-
stitutes of Health) was used to analyze the fluorescence images 
(Schneider et al., 2012).

For routine quantification of the intensity profile of the exci-
tation light, a fluorescent plate (Chroma Technology Corp.) was 
mounted at the focal plane of the objective lens (Fig. S1, A and 
B). The fluorescence image of the plate was recorded with the 
same optical configuration (473-nm laser, filter sets and dichroic 
mirror, EMC CD 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 com-
puter monitor to help position the membrane patch held within 
the glass pipette (Fig. S1 C). The membrane patch was positioned 
to the center of the excitation light.

An optical power meter (Model 835; Newport) was used to 
measure the total light output of the objective lens (100× oil), 
which was ∼20 μW. Based on the profile of the fluorescence in-
tensity of the whole image, the light intensity near the tip of the 
glass pipette within a 10 × 10–µm2 square was ∼1,036 mW/cm2 or 
10,360 W/m2. The diameter of the pipette was ∼10 µm, and the 
resistance was ∼0.8 MΩ. The glass type was KIM AX-51.

Chemicals
All chemicals were purchased from Sigma-Aldrich or Fisher 
Scientific unless otherwise noted. 8-FITC-cAMP (Fig. 1 B) was 
purchased from Biolog.de (catalog no. F002). The stock solution 
(1 mM) was made by adding 1 ml ddH2O to the vial containing 
1 μmol 8-FITC-cAMP. The stock solution of Rose Bengal (1 mM) 
was made by adding ddH2O and stored as aliquots at −20°C. The 
stock solution was protected from light and diluted in the bath 
solution just before the experiments. Hydrogen peroxide was di-
luted in the bath solution to a final concentration of 10 mM just 
before experiments. Sodium hypochlorite was diluted directly in 
the bath solution to obtain a final concentration of 10 mM. Both 
hydrogen peroxide and hypochlorite had to be freshly prepared 
just before experiments. Stock solution of xanthine was made in 
1 M NaOH and then 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 ddH2O.

The experimental configuration for solution mixing is shown 
in Fig. S12 A. In brief, the solutions containing H2O2 and ClO− were 
delivered through a double-barrel glass pipette. The tip of the 
glass pipette was positioned at a distance from the double-barrel 

applied in the presence of FTIC-cAMP increase the amplitude of Iinst, which can also be blocked by ZD7288. Error bars represent SEM. (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 before light pulses. Bottom: Current traces 
recording from the same membrane patch with symmetrical [K+]in/[K+]out (magenta) or [Na+]in/[K+]out (blue). 10 µM cAMP was added to the bath solution on 
the intracellular side. (F) Cross-plot of current amplitude versus membrane potential during the voltage ramp for Ih. Averaged results: 1.3 ± 0.3 mV (K+

i); −27.8 
± 1.2 mV (Na+

i); n = 4. (G) Top: A voltage ramp (+40 to −20 mV) was used for the measurement of reversal potential of Iinst. 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 and mainly caused by nonspecific leak conductance. Current traces in dark colors are recorded after laser pulses stopped and in the absence of 
FITC-cAMP. (H) Cross-plot of current amplitude versus membrane potential during the voltage ramp for the Iinst after laser pulses. Averaged results: 0.9 ± 0.2 
mV (K+

i); −26.5 ± 0.9 mV (Na+
i); n = 4.
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as indicated. For the adjustment in the Z dimension, the lower 
edge of the double barrel and the pipette tip were adjusted to the 
same focal plane.

Related chemicals
Other chemicals were as follows: Rose Bengal (R323-25; Fisher 
Scientific); H2O2 (BP2633; Fisher Scientific); Iron (II) sulfate 

Figure 3. 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 µM 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. ***, P ≤ 0.001. (D) Averaged (n = 15) results showing the effect of laser pulses on the time constant of deactivation. *, P ≤ 0.05. Error bars represent SEM. 
(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 Ih(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. Detailed analyses are shown in Fig. S5.
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Figure 4. spHCN/H462A mutant channel shows minimal responses to photodynamic modification. (A) Top: Voltage steps used for channel activation and 
tail current recording. Bottom: Current traces of the spHCN/H462A mutant channel recorded in the presence of 10 µM cAMP. (B) Averaged voltage-dependent 
activation curve of the WT (black, n = 5; V1/2, −63.2 ± 0.8 mV) and spHCN/H462A mutant (red, n = 6; V1/2, −62.2 ± 0.8 mV) channels. (C) The spHCN/H462A 
mutant channel shows minimal responses to laser pulses during the voltage step from 0 to −100 mV. A zoomed view of the current trace is shown below. (D) 
Laser pulses applied before the voltage step leads to small increases in macroscopic current but minimal effects on channel inactivation. A zoomed view of the 
current trace is shown below. (E) Averaged results showing the effect of laser pulses (applied during voltage step) on the Imacro amplitude of the WT (n = 13, 
black) and spHCN/H462A mutant (n = 5, red) channels. ***, P ≤ 0.001. (F) Averaged results showing the effect of laser pulses (applied before voltage step) on 
the Imacro amplitude of the WT (n = 15, black) and spHCN/H462A mutant (n = 5, red) channels. ***, P ≤ 0.001. Error bars represent SEM.
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Figure 5. Applications of a popularly used photosensitizer, Rose Bengal, and 1O2 quenchers (sodium azide and Trolox-C) support the involvement 
of 1O2. (A) Schematic drawing of the experiment configuration. Rose Bengal was applied to the bath solution and in contact with the intracellular side of 
the channel. (B) In the presence of 100 nM Rose Bengal, laser pulses were applied in the middle of the voltage step from 0 to −100 mV. The current traces 
recorded before the application of laser pulses are shown below. (C) In the presence of 100 nM Rose Bengal, laser pulses were applied preceding the voltage 
step to −100 mV. The current traces recorded before the application of laser pulses are shown below. (D) Averaged results showing the effect of laser pulses 
(during the voltage step) on the Imacro amplitude of the WT (n = 8, black) and spHCN/H462A mutant (n = 8, red) channels. (E) Averaged results showing the 
effect of laser pulses (before the voltage step) on the Imacro amplitude of the WT (n = 5, black) and spHCN/H462A mutant (n = 5, red) channels. (F) Averaged 
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heptahydrate (423731000; Acros Organics); sodium hypochlo-
rite (3336936; Alga Aesar); potassium superoxide (AC325501000; 
Acros Organics); xanthine (A1107714; Alfa Aesar); and xanthine 
oxidase (68215110U; EMD Millipore).

Statistics
All statistical tests were performed using the OriginPro pro-
gram. Error bars in the graphs represent the amplitude of one 
SEM. Data are presented as mean ± SEM. Student’s 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 statistically nonsignificant; *, P ≤ 0.05;  
**, P ≤ 0.01; ***, P ≤ 0.001.

Online supplemental material
Fig. S1 shows the intensity profile of the excitation light and align-
ment of membrane patches. Fig. S2 shows effects of photodynamic 
modification on cell membrane without spHCN channel and illus-
tration of Iinst, Ih, Ih (tail), and Iss after photodynamic modification. 
Fig. S3 shows that the Iinst and Iss after photodynamic modifica-
tion can be up-regulated by cAMP and blocked by ZD7288. Fig. 
S4 shows that laser pulses applied before and in the middle of the 
hyperpolarizing voltage step have different impacts on Iinst and 
Ih (tail). Fig. S5 shows that Cs+ blocks Iinst and Ih after photody-
namic modification. Fig. S6 shows that WT spHCN channel is more 
sensitive to photodynamic modification than spHCN/H462A mu-
tant channel. Fig. S7 shows Rose Bengal–mediated photodynamic 
modification of WT spHCN and spHCN/H472A mutant channels. 
Fig. S8 shows effects of singlet oxygen quencher Trolox-C on the 
photodynamic modification of inactivated spHCN channels me-
diated by Rose Bengal. Fig. S9 shows effects of Trolox-C on the 
photodynamic modification of closed spHCN channels mediated 
by Rose Bengal. Fig. S10 shows that Rose Bengal with laser pulses 
has no effects on empty membrane patch without spHCN chan-
nel. Fig. S11 shows that WT spHCN and spHCN/H462A mutant 
channels show comparable binding of FITC-cAMP. Fig. S12 shows 
the configuration of the perfusion system for H2O2 and ClO− and 
averaged results for effects of hydroxyl and superoxide radicals. 
Fig. S13 shows raw data for the effects of laser pulses during volt-
age step on amplitudes of Imacro. Fig. S14 shows examples of single 
exponential fitting of deactivating tail current.

Results
Laser pulses abolish the voltage-dependent inactivation of 
the spHCN channel
We used the inside-out configuration of the patch-clamp tech-
nique to record currents from spHCN channels expressed in 
Xenopus oocytes. Unlike mammalian HCN isoforms, spHCN 
undergoes significant voltage-dependent inactivation. Inactiva-

tion of spHCN can be removed by addition of cAMP to the bath 
solution with a half-maximal effective concentration (EC50) of 
0.74 µM (Gauss et al., 1998; Fig. 1 A). The currents showed a volt-
age-independent instantaneous component, Iinst, and a steady-
state current after deactivation, Iss. The total or macroscopic 
current at the end of the hyperpolarizing voltage pulse, Imacro, is 
simply the sum of Iinst + Ih (see labels in Fig. 1 A).

Using patch-clamp fluorometry, we found that the fluorescent 
cAMP analogue 8-FITC-cAMP bound to spHCN (Fig. 1, B and C) 
but has a less significant effect on channel gating compared with 
cAMP (Fig. S11 C), most likely because of the bulky and charged 
FITC group. In the presence of 1 µM 8-FITC-cAMP, spHCN chan-
nels showed strong voltage-dependent inactivation (trace 0 in 
Fig. 1 D; the last trace before laser pulses). With 8-FITC-cAMP in 
the bath solution, we found that short laser pulses (100 ms) ap-
plied to the membrane patch triggered a time-dependent increase 
in current amplitude (green and other color traces; Fig. 1 D). The 
laser pulses were applied in the middle of the 2-s-long hyperpo-
larizing-voltage step when most of the channels were in the in-
activated state. As shown in the zoomed view during the 100-ms 
laser pulse (Fig. 1 E; within the dashed red box), increases in the 
microscopic (Imacro) current were observed. After the laser pulse, 
the Imacro amplitude continued to increase, indicating a continu-
ing shift of the equilibrium from the closed or inactivated state 
to the open state. The FITC moiety was required for the photo-
dynamic transformation process because the same laser pulse 
applied to the spHCN channel in complex with cAMP did not 
increase current (Fig.  1, F and G). In addition, light-activated 
current was not observed in patches from cells that contained no 
spHCN channel but were exposed to FITC-cAMP, indicating that 
spHCN was required (Fig. S2 A).

As previously demonstrated with the mHCN2 channels (Gao 
et al., 2014), laser pulses significantly prolonged the time con-
stant for deactivation of spHCN (Fig. 1 H). After photodynamic 
modification, the τdeactivation was still less than 100 ms, much 
shorter than the interval between two adjacent current episodes 
(15 s). Thus, the slowdown in deactivation did not contribute to 
the increases in the voltage-insensitive current component (Iinst; 
see labels on Figs. 1 D and S2 B). The effects of photodynamic 
modification were long lasting: they could still be seen 5 min 
after the end of laser pulses and the washing off of FITC-cAMP 
(Fig. S3 A). There was noticeable variability from patch to patch 
in terms of the extent of photodynamic modification of channel 
inactivation removal and the fraction of Iinst 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 (Fig. S13).

Both Iinst (measured at −100 mV) and Iss (+40 mV) are 
conducted by spHCN channel
Similar to previous study on mHCN2 channels, laser pulses led 
to an increase in spHCN Iss, measured after the completion of 

results showing the effect of sodium azide (n = 7, blue) and Trolox-C (n = 8, purple) on the photodynamic modification of WT spHCN channels. FITC-cAMP was 
the photosensitizer. (G) Averaged results showing the effect of Trolox-C (purple) on the photodynamic modification (n = 11) of WT spHCN mutant (n = 7, red) 
channels. Rose Bengal was the photosensitizer. For D–G, results are mean ± SEM; ***, P ≤ 0.001. Error bars represent SEM.
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Figure 6. The function of WT spHCN channel can be modulated by chemically generated 1O2 but not by hydroxyl or superoxide radicals. (A) Chemi-
cal generation of 1O2 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 H2O2 only (red), or in the presence of a mixture of 10 mM H2O2 and 10 mM NaClO (green). Bottom: Current traces recorded 
before chemical applications. (C) The spHCN/H462A mutant channel shows no responses to the chemical mixture of H2O2 and NaClO. Bottom: Current traces 
recorded before chemical applications. (D) Averaged results showing the responses to H2O2 or H2O2+NaClO by WT (n = 3, black) and H462A mutant (n = 3, red) 
spHCN channels. Error bars represent SEM. (E) Reaction schemes of the chemical generation of hydroxyl or superoxide radicals. (F) The WT spHCN channel 
shows no response to the mixture of FeSO4 (1 mM) and H2O2 (15 mM; n = 5). Bottom: Current traces recorded before application of chemicals. (G) The WT 
spHCN channel shows no response to the mixture of xanthine (5 mM) and xanthine oxidase (15 mU; 6 min of incubation; n = 6). Bottom: Current traces recorded 
before chemical applications.
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deactivation of Ih (tail) at +40 mV (Fig. 2, A and B). Because the 
light-activated spHCN current is long lasting, it can also be mea-
sured as Iinst in the following current trace, at the very beginning 
of the voltage jump from 0 to −100 mV. Importantly, the ampli-
tudes of Iss (+40 mV; present trace) and the Iinst (−100 mV) of the 
subsequent trace are tightly correlated (Fig. S3 B).

To confirm that the increased Iinst and Iss are conducted by 
spHCN channels, we applied ZD7288, an HCN channel–specific 
blocker (BoSmith et al., 1993), to the intracellular side (bath solu-
tion). In chronological order, the current traces in Fig. 2 (A and 
B) correspond to control trace before the laser pulse and cAMP 
(black; 1), maximal current in 10 µM cAMP (gray; 2), current 
trace with the third laser pulse (blue; 3), current trace after the 
end of the laser pulse (green; 4), and current trace in the pres-
ence of ZD7288 (red; 5). The difference between the green trace 
after photodynamic modification and the red trace with ZD7288 
demonstrates the block of the light-induced component of Iinst, 
Ih, Ih (tail), and Iss and supports that the light-induced increase 
in current were caused by spHCN. Averaged results are shown 
in Fig. 2 (C and D). Moreover, both Iinst and Iss were increased by 
cAMP applied to the bath solution (after the stop of laser pulses; 
Fig. S3 A), further supporting that the light-induced increases in 
Iinst and Iss were caused by spHCN channel.

To further test whether the Iinst is carried by the spHCN chan-
nels, we measured the K+/Na+ selectivity of Iinst. HCN channels 
are weakly selective for K+, with PK/PNa between 3 and 4. We 
first measured the PK/PNa of the maximal current before laser 
pulses (in the presence of cAMP; Fig. 2 E). 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 any changes in reversal potentials. The 
shift in the reversal potential of the Ih current from 1.3 ± 0.3 mV 
([K+]i) to −27.8 ± 1.2 mV ([Na+]i; n = 4) confirmed the weak se-
lectivity for K+ over Na+ by spHCN channels (Fig. 2 F). Then we 
measured PK/PNa using a voltage ramp from +40 mV to −20 mV, 
which was chosen to minimize Ih activation (Fig. 2 G, top). The 
current traces recorded before laser pulse (light magenta and 
light cyan in Fig. 2 G, 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++]

i) to −26.5 ± 0.9 mV ([Na+]i; n = 4). Therefore, 
the similar PK/PNa between Ih and Iinst provides additional evi-
dence that after photodynamic modification Iinst was mainly car-
ried by spHCN channels.

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 ap-
plying laser pulses preceding the hyperpolarizing voltage step 
when most of the channels were in the closed state (Fig. 3 A). 
In the presence of 1 µM FITC-cAMP, laser pulses (100 ms) did 

not lead to immediate channel opening; however, in response 
to the following hyperpolarization voltage step, channel inacti-
vation became less prominent (Fig. 3 B, top). Correspondingly, 
the amplitude of Imacro and the Ih component increased (Fig. 3 B 
[bottom], C, and D). Laser pulses applied to closed channels led 
to moderate increases in Iinst and Iss. Interestingly, different from 
the laser pulses applied during the voltage step to mainly inac-
tivated channel, laser pulses applied to closed spHCN channels 
resulted in more pronounced increases in Ih but only small in-
creases in Iinst (Fig. S4).

To confirm whether the above changes in ionic current were 
indeed carried by the spHCN channel on the membrane, we 
added 100 µM ZD7288 to the bath solution or 2 mM Cs+ to the pi-
pette solution. Similar to the results of laser pulse during voltage 
step, ZD7288 blocked the increases in Imacro and Iinst upon photo-
dynamic modification with laser pulse before voltage steps (Fig. 
S3, C–E). 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 by Cs+ during the −100-mV voltage step 
after laser pulses, which excludes significant contributions by 
nonspecific leak conductance to the increase in Iinst after photo-
dynamic modification (Fig. 3, E and F). To confirm that the chan-
nels were photodynamically modified, we monitored the current 
trace in response to the depolarizing voltage step from −100 to 
+40 mV, which removes Cs+ block. The significant increase in 
Ih(tail) and the nondeactivating Iss confirmed the impacts of the 
photodynamic modification. Averaged results for the application 
of Cs+ are shown in Fig. S5.

A single point mutation, H462A, abolishes effects of 
photodynamic modification
Among the 20 amino acids, histidine is believed to be the major 
target of 1O2 (Matheson et al., 1975). Previously, we identified a 
histidine residue critical to photodynamic modification in the 
mHCN2 channel, H434, which is located in the last transmem-
brane domain (S6) and close to the activation gate of HCN chan-
nels (Wu et al., 2012). Alanine replacement of H434 abolishes 
most effects of photodynamic modification on mHCN2 chan-
nels. In spHCN channels, the corresponding residue is H462. We 
started from a basic characterization of the spHCN/H462A mu-
tant channel. The mutant channel behaves similarly to the WT 
channel, including the binding of FITC-cAMP and the response to 
cAMP (Fig. 4, A and B; and Fig. S11). In contrast to the WT spHCN 
channel, laser pulses applied in the presence of FITC-cAMP ex-
erted 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. 4 C). 
Laser pulses applied to the closed channel did have a moderate 
impact on the opening of the channel, reflected in moderate in-
crease in Imacro (Figs. 4 D and S6). Compared with the WT channel, 
the extent of changes in the H462A mutant channel after photo-
dynamic modification was much smaller (Fig. 4, E and F). Thus, 
for both spHCN and mHCN2 channels, the same conserved his-
tidine residue in S6 appears to be critical for the photodynamic 
modification and the enhancement of the voltage-insensitive Iinst 
and Iss components.
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Application of Rose Bengal and 1O2 quenchers/generator 
supports the involvement of 1O2

To confirm that the above observations are the result of a photo-
dynamic process, we chose Rose Bengal, a popularly used photo-
sensitizer, 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. 5 A). 
We found that laser pulses during the hyperpolarization voltage 
step triggered an increase in Imacro, Iss, and Iinst, similar to our ob-
servation with FITC-cAMP in the bath solution (Fig. 5, B and D). 
When applied before voltage step to closed channels, laser pulses 
removed channel inactivation and introduced a prominent in-
crease in Imacro (Fig. 5, C and E). 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. S7).

To further confirm the involvement of 1O2 in the photody-
namic modification of spHCN channel, we tested whether 1O2 
quenchers, including sodium azide (1 mM) and Trolox-C (1 mM), 
would counteract the effect of laser light. In the presence of 
these 1O2 quenchers, the effects of photodynamic modification 
were significantly diminished (Fig. 5 F, FITC-cAMP; Fig. 5 G, Rose 
Bengal; Fig. S8, Rose Bengal; laser pulses during voltage step; Fig. 
S9, Rose Bengal; laser pulse before voltage step). In addition, we 
tested the effects on Rose Bengal on membrane patches pulled 
from uninjected oocytes (i.e., not expressing spHCN). No obvious 
effects of laser light on the leak conductance were detected even 
with higher concentration of Rose Bengal (200 nM) and more 
laser pulses (up to 10; Fig. S10). Collectively, these results identify 
1O2 in photodynamic modification of spHCN channels.

Chemically generated 1O2 modifies WT spHCN but not spHCN/
H462A mutant channel
To further confirm the involvement of 1O2 and exclude the in-
volvement of other ROS, we tested the effect of H2O2 alone, ClO− 
alone, or H2O2 together with ClO−, a chemical reaction that has 
been widely used to generate 1O2 (Fig. 6 A; Maetzke and Jensen, 
2006; To et al., 2014). Separately applying H2O2 or ClO− had no 
obvious effects on the function of spHCN channels; however, ex-
posing the membrane patch to freshly mixed H2O2 and ClO− pro-
duced an immediate increase in macroscopic current amplitude 
(Fig. 6, B and D). We noticed that the isolated membrane patch 
had to be mounted near the opening of the double-barrel glass 
pipette where H2O2 and ClO− solutions flow out and mix (Fig. S12 
A). This is consistent with the fact that 1O2 has a very short life-
time (microseconds; Skovsen et al., 2005). Again, we repeated 
the same experiments on the spHCN/H462A mutant channel and 
observed no obvious responses to the chemical mixture of H2O2 
and ClO− (Fig. 6, C and D). Thus, for both WT and H462A mutant 
spHCN channels, chemically generated 1O2 mimicked photody-
namic modification but in the absence of light stimulation and 
photosensitizer.

Finally, we tested the sensitivity of the spHCN channel to hy-
droxyl radical and superoxide, the other two ROS (Fig. 6 E). We 
applied hydrogen peroxide and iron sulfate to the bath solution. 
After 6 min of incubation, no obvious changes in the function 
of the channel were apparent (Fig. 6 F). To test the involvement 

of superoxide, we added xanthine and xanthine oxidase to the 
bath solution (Fig. 6 G). Again, no obvious changes in the current 
traces were detected (Fig. S12, B and C). Notably, all chemicals 
were purchased fresh from vendors, but otherwise no positive 
controls were done to certify the chemical reactivity. In conjunc-
tion with the results of 1O2 quenchers and generators, these ob-
servations support the involvement of 1O2 in the photodynamic 
modification of spHCN channel and exclude the contribution 
from other ROS.

Discussion
Here we studied the photodynamic modification of spHCN chan-
nels by 1O2, which had been generated through either canonical 
photodynamic processes or a chemical process in the absence 
of light. In the absence of cAMP, photodynamic modification 
of spHCN channels abolished the voltage-dependent channel 
inactivation and increased the hyperpolarization-activated Ih 
and the voltage-insensitive Iinst. These modification effects were 
mimicked by exposing spHCN channels to a chemical mixture of 
hypochlorite and hydrogen peroxide, which together with chem-
icals including 1O2 quenchers or generators of other ROS helped 
establish 1O2 as a critical player in the photodynamic modifica-
tion of spHCN channels.

Remarkably, for both spHCN and mHCN2 channels, a highly 
conserved histidine residue located near the activation gate in S6 
appears to be critical for the photodynamic modification. Both 
mHCN2/H434A and spHCN/H462A mutant channels show min-
imal responses to the light pulses applied during the hyperpolar-
ization voltage command. For spHCN/H462A, light pulses applied 
to the channel in the closed state moderately increased 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, as 
indicated by PCF measurements of binding (Fig. S11). Moreover, 
the spHCN/H462A mutant channel shows minimal responses to 
the 1O2 generated through another photosensitizer (Rose Bengal) 
or through a chemical process (H2O2 + ClO−). H462 in the spHCN 
channel could be the major substrate being modified by 1O2. It is 
known that the imidazole ring in histidine reacts with 1O2 at a 
very fast reaction rate (5 × 107 M−1 ⋅ s−1; Bisby et al., 1999; Méndez-
Hurtado et al., 2012). The pair of electrons occupying the highest 
molecular orbital in 1O2 show high reactivity toward electro-rich 
chemical structures, especially those with conjugated double 
bonds (Liu et al., 2014; Mano et al., 2014). It is possible that the 
1O2-histidine reaction involves the formation of endoperoxide as 
an intermediate and ends in a complex mixture of products, the 
mechanism of which is being investigated by both experimental 
and theoretical approaches (Méndez-Hurtado et al., 2012). Thus, 
further studies are needed to pinpoint the chemical nature of 
the reaction between 1O2 and H462. Alternatively, it is possible 
that H462 is only one of several residues targeted by singlet ox-
ygen. Other than histidine, residuals including tyrosine, methi-
onine, cysteine, and tryptophan can also react with 1O2 (Kim et 
al., 2008). Another explanation for the observations for spHCN/
H462A mutant channel is that the histidine-to-alanine mutation 
limits the expression of Iinst and Iss.
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Previously, we had shown that the photodynamic modifica-
tion of mHCN2 channels in the open state slows down channel 
deactivation and increases the component of Iinst, in contrast to 
the major effect on closed channels being the decrease in Ih (Gao et 
al., 2014). However, for spHCN channels, photodynamic modifi-
cations on both closed and inactivated channels abolish the chan-
nel inactivation. Photodynamic modification of closed spHCN 
channels leads to more pronounced increases in Ih but only a 
slight increase in Iinst and Iss. These state-dependent responses 
to photodynamic modification by mHCN2 and spHCN could be 
attributed to subtle but critical structural reorganizations during 
the gating process that alter the accessibility of critical residues 
to 1O2 at different conformations. For spHCN channels, its inacti-
vation has been attributed to the reclosure of the same activation 
gate, caused by a loose coupling or slippage between the voltage 
sensor and the gate (Shin et al., 2004; Ryu and Yellen, 2012). No-
tably, H462 in spHCN and H434 in mHCN2 are located in the S6 
and very close to the activation gate in both channels.

1O2 is one of the least understood ROS, partially because of 
its volatile chemical nature and the complex cross-interactions 
with signal transduction pathways (Sies et al., 2017). It is often 
difficult to pinpoint whether the contribution is truly mediated 
by 1O2 but not by other ROS. Here, to confirm 1O2 as the major 
player behind the photodynamic modifications, we applied a 
popular photosensitizer (Rose Bengal) and a chemical process 
to generate 1O2 (hydrogen peroxide and hypochlorite), which 
produced comparable changes in channel behavior, especially 
in the removal of the channel inactivation of spHCN. The in-
volvement of 1O2 is further supported by the application of 1O2 

quenchers (sodium azide and Trolox-C), which effectively abol-
ish the photodynamic modification effects. Moreover, we used a 
variety of chemicals to exclude the direct involvement of hydro-
gen peroxide, superoxide, and hydroxyl radicals. Importantly, 
all experiments were carried out on membrane patches without 
the interference from complex signaling pathways. Our study 
on the photodynamic modification of spHCN channels provides 
further insights into the modification of ion channels by 1O2, a 
ubiquitous but still mysterious signaling molecule.
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