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Photocontrol of the Hv1 proton channel 

 

Andreas Rennhack*, Elena Grahn*, U. Benjamin Kaupp, Thomas K. Berger 

Department of Molecular Sensory Systems, Research Center Caesar, Ludwig-Erhard-Allee 2, 
53175 Bonn, Germany 

 

Abstract 

The voltage-gated proton channel Hv1 is expressed in various human cell types, including macrophages, 

epithelial cells, and sperm. Hv1 opening leads to proton efflux that alkalizes the cytosol. Here, we 

describe light-activated Hv1 inhibitors (photoswitches) that allow controlling its activity with high 

spatiotemporal precision. The photoswitches comprise a light-sensitive azobenzene moiety and 2-

guanidinobenzimidazole (2GBI), a known Hv1 inhibitor. In the dark, photoGBI inhibits heterologously 

expressed Hv1 channels. Blue light, which isomerizes the azobenzene group from trans to cis 

conformation, releases inhibition. We demonstrate photocontrol of native proton currents in human 

macrophages and sperm using photoGBI, underlining their use as valuable optochemical tools to study 

the function of Hv1 channels. 

 

*equal contribution 

Corresponding author: Thomas K. Berger, thomas.berger@caesar.de 
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Molecules that can be switched by light between active and inactive forms are powerful tools to control 

cellular processes with high spatial and temporal precision. One class of particularly useful 

photoswitches is based on an azobenzene scaffold attached to an effector molecule that can activate or 

inhibit target proteins, e.g. ion channels or receptors [1, 2, 3]. Azobenzenes exist as trans and cis 

isomers; irradiation by UV light converts trans to cis, and blue or green light converts cis back to trans. A 

change in azobenzene conformation alters the affinity or accessibility of a covalently attached activator 

or inhibitor to its target. A favorable property of azobenzenes is that they are photostable and resist 

photobleaching during long or repetitive light stimulation. Furthermore, azobenzenes can be chemically 

modified and, thereby, their substrate specificity, excitation wavelength, isomer stability, or solubility 

can be tuned. Azobenzene-based photoswitches have been successfully developed to control voltage- 

and ligand-gated ion channels [4, 5, 6, 7, 8, 9, 10]. More recently, the approach has been extended to 

control signal transduction pathways and enzymatic reactions [11, 12, 13, 14]. 

Here we develop a light-controlled, azobenzene-based inhibitor of the voltage-gated proton 

channel Hv1, which mediates proton extrusion and serves important physiological roles in various cells. 

In macrophages, Hv1 regulates the intracellular pH (pHi) during production of reactive oxygen species 

[15, 16, 17]. In B lymphocytes, Hv1 regulates B-cell-receptor signaling [18]. In lung epithelial cells, Hv1 

regulates the pH of the airway surface mucosa [19]. In several types of cancer, Hv1 is overexpressed, but 

its physiological role is unclear [20, 21]. Finally, in human sperm, Hv1 has been suggested to play a role in 

capacitation that enables egg fertilization [22]. A common denominator of these various cells is that 

changes in pHi or extracellular pH (pHo) are important ingredients of signaling. However, other proton 

transport pathways, like sodium-proton exchangers, also participate in pH regulation, and the functional 

consequences of Hv1 activation under physiological conditions have been difficult to investigate (see for 

example [23] for discussion). A light-controlled Hv1 inhibitor might facilitate further studies of Hv1-

mediated pH control in cells. 

We chose 2-guanidinobenzimidazole-based (2GBI-based) Hv1 inhibitors (2GBI, Fig. 1A) as 

building block to synthesize light-sensitive molecules. The block of Hv1 relies on the guanidine and 

imidazole moieties of 2GBI that interact with amino-acid residues deeply located in the open channel 

pore [24, 25]; these 2GBI moieties, therefore, are not suitable for chemical modification. By contrast, the 

benzene moiety tolerates relatively large modifications without affecting the blocking efficiency [25]. 

Therefore, we covalently attached an azobenzene group to the 5(6)-position (tautomerization) of the 

benzimidazole core (Fig. 1B). We reasoned that the elongated trans form can reach the blocking site in 
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the channel pore, whereas the more bend cis form is either sterically hindered to reach the blocking site 

or blocks proton currents less efficiently (Fig. 1C). Synthesis started from commercially available 4-

nitrobenzene-1,2-diamine (1), which was treated with dicyandiamide in refluxing HCl aq to yield 5(6)-

nitro-2GBI (2) (Scheme 1). The guanidine moiety was protected as its bis-pivaloyl congener (3). Nitro 

reduction yielded aminobenzimidazole (4), from which all light-sensitive 2GBI derivatives (photoGBI1-4) 

were synthesized by sequential azo-coupling and deprotection (Scheme 1).  

The electron-donating amino group at the 4’-position improves the photochemical properties in 

two respects. First, it red-shifts the absorption spectrum (λmax > 450 nm); therefore, the photoswitch can 

be controlled by wavelengths that do not cause cell damage (450-500 nm). Second, the amino group 

speeds up the intrinsic cis-to-trans relaxation time [26, 27], which allows studying physiological 

processes on a sub-second timescale using a single light source. Furthermore, optimal compounds would 

be both water-soluble and membrane permeable, and combine a high blocking efficacy with a large 

light-dependent modulation. Such physicochemical properties can be tuned by substitutions at the 4’-

amino group. However, because these properties cannot be predicted precisely, we synthetized and 

tested several analogs. In photoGBI1, we introduced an N,N-dimethylamino group at the 4’-position. In 

photoGBI2, one of the N-methyl groups was replaced by an N-hydroxyethyl group. To enhance water 

solubility, in photoGBI3, the N,N-dimethylamino group was replaced by an N-hydroxyethyl group, 

resulting in a secondary amine structure at the 4’-position. To promote membrane permeability, in 

photoGBI4, the N-hydroxyethyl group was replaced by the more lipophilic N-hydroxybutyl group. 

Compared to azobenzene, the UV-VIS spectra of the photoGBIs are red-shifted (λmax ranging from 452 to 

468 nm); the extinction coefficients (ελmax ranging from 27,616 to 34,117 M-1cm-1) are characteristic for 

N-substituted 4’-aminobenzene-based photoswitches (Table S1 and Fig. S1). 

We studied the pharmacological action of these compounds on a shorter, sperm-specific variant 

of human Hv1, called Hv1Sper. The variant activates more rapidly than Hv1 [28], facilitating 

pharmacological characterization. Proton currents were recorded in the voltage-clamp mode from 

excised inside-out membrane patches of Xenopus laevis frog oocytes. A voltage step from -60 mV to 

+80 mV activated Hv1Sper, giving rise to proton outward currents (black traces, Figs. 2A,B and S2A-D). 

When photoGBI1-4 solutions were bath applied, proton currents were strongly reduced (red traces; Fig. 

S2A-E, 20 µM photoGBI1-4, n = 4-6; Fig. 2B, 50 µM photoGBI4, n = 6). The effective block confirms that 

2GBI-based inhibitors can be modified at the benzene group without drastic changes in blocking 

efficiency [25]. Photoisomerization diminished the proton-current blockage for all compounds, 

demonstrating a change in blocking efficiency by light. The light-dependent relative release of inhibition 
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was most pronounced for photoGBI2-4 (Fig. S2E,F). The kinetics of currents evoked by switching 

photoGBI3 and photoGBI4 was best fit with a double-exponential function, whereas kinetics evoked by 

switching compounds photoGBI1 and photoGBI2 was more complex (Fig. S2A-D). We focused on 

characterizing compounds photoGBI3 and photoGBI4. Both compounds rapidly release inhibition in 

response to light (Fig. S2C,D,G,H; 20 µM; photoGBI3, τon fast = 9 ± 4 ms, τon slow = 230 ± 150 ms, n = 6; 

photoGBI4, τon fast = 5 ± 3 ms, τon slow = 0.9 ± 0.5 s, n = 4). Due to fast thermal relaxation from cis to trans, 

the initial inhibition is rapidly restored in the dark (photoGBI3, τoff fast = 23 ± 10 ms, τoff slow = 190 ± 180 ms, 

n = 6; photoGBI4, τoff fast = 17 ± 12 ms, τoff slow = 0.7 ± 0.7 s, n = 4). Light-induced release of inhibition could 

be repeatedly induced without diminishing current amplitudes (Fig. S3A). Furthermore, the block was 

reversible: after wash out, proton currents returned to initial amplitudes (Fig. S3B). Excised patches from 

oocytes that did not express Hv1Sper did not show any proton currents and showed no response to light 

in the presence of any photoGBI (Fig. S3C). 

 We measured the inhibition of Hv1Sper currents at various concentrations of photoGBI4 in the 

dark and under light conditions (Fig. 2A-C). Light irradiation decreased the maximal inhibition from 89% 

to 57% and the IC50 increased from 9 to 13 µM (Fig. 2C). We next recorded an action spectrum of 

photoGBI4 (Fig. 2D). Irradiation with 430 nm light released the current block maximally. Compared to the 

absorption spectrum, the action spectrum was shifted by about 15 nm towards lower wavelengths. This 

difference might reflect a different dielectric environment, e.g. a lower polarity in the binding pocket 

compared to water. Polar solvents can shift the absorption spectrum of azobenzene (Fig. S4). 

Alternatively, photoisomerization might be more efficient for the first molecular electronic transition 

(”hidden” absorption peak at around 420 nm) than at the second transition (peak at 462 nm, Fig. S1). 

Hv1 inhibitor 2GBI acts as open-channel blocker [24] that reaches the blocking site only in the 

open state of the channel. This blocking mechanism can be gleaned from electrophysiological recordings. 

Open-channel blockers, once bound, prevent channel closure and consequently slow down channel 

deactivation, a mechanism termed “foot-in-the-door” (Fig. S5A) [29]. In fact, photoGBI3 significantly 

increased the fast and slow deactivation time constants from 18 ± 5 to 28 ± 7 ms and from 100 ± 40 to 

140 ± 30 ms, respectively (Fig. S5B,C; paired t-tests, p = 0.0001 and p = 0.02 for fast and slow 

components, n = 7). Another characteristic feature of open-channel blockers is a biphasic time course of 

channel activation, which becomes noticeable when channel activation is faster than the diffusion of the 

inhibitor to its blocking site. Hv1-F150A, a channel mutant with fast activation, shows biphasic activation 

kinetics in the presence of 2GBI [24]. Likewise, in the presence of photoGBI3, activation kinetics of Hv1-
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F150A also becomes biphasic (Fig. S5D). In summary, like its parent compound 2GBI, photoGBI3 blocks 

Hv1 by an open-channel mechanism. 

The blocking site of 2GBI is located at the intracellular side of Hv1, strongly suggesting that 

photoGBI switches are also intracellular blockers. The chemical congener Cl-GBI is membrane-

permeable, which allows for convenient extracellular application [25]. To test membrane permeability, 

photoGBIs were applied to the extracellular side of the membrane during outside-out patch-clamp 

recordings (Fig. S6). Compounds photoGBI2 and photoGBI3 did not block currents when applied 

extracellularly; even after 5 min incubation time, only a minor modulation of the proton current 

occurred upon light stimulation of photoGBI2 (Fig. S6B,C). By contrast, photoGBI1 and photoGBI4 

blocked the proton current upon extracellular application within a few minutes, indicating that 

substituents attached to the azobenzene core can render these compounds membrane-permeable (Fig. 

S6A,D). 

Because of its membrane permeability and large photoswitch effect, we tested whether 

photoGBI4 blocks native proton currents in cells that express Hv1 or Hv1Sper. Macrophages express Hv1 

and show sizeable proton currents ([30], Fig. 3A). Bath application of 100 µM photoGBI4 reduced the 

outward proton current of THP-1 macrophages by 42 ± 6% (Fig. 3A,B; n = 3). Light stimulation released 

this inhibition, leading to a reduced inhibition of 27 ± 6%. Human sperm express full-length Hv1 and a 

proteolytically cleaved variant Hv1Sper [28]. Bath application of 100 µM photoGBI4 reduced the outward 

proton current recorded from sperm by 55 ± 11% (Fig. 3C,D; n = 6), and light stimulation released this 

inhibition, leading to an inhibition of 24 ± 14%. Thus, photoGBI4 is suitable for photocontrolling native 

proton currents by blocking Hv1. 

Here, we report on the synthesis and characterization of inhibitors, photoGBIs, that block proton 

flux through Hv1 channels in a light-dependent manner. The inhibitors contain an azobenzene moiety, 

mediating photoisomerization, a 2GBI moiety, mediating high-affinity block of Hv1 currents, and 

substituents at the azobenzene part that tune the inhibitor´s physicochemical and spectroscopic 

properties. In the dark, photoGBIs block Hv1 proton currents, whereas during irradiation with light, the 

block of Hv1 is released. PhotoGBIs have favorable features. The electron-donating amino group in the 

4’-position of the azobenzene moiety results in a red-shifted absorption spectrum (400-460 nm) that is 

ideal for light stimulation in living cells. This strategy has been previously employed to obtain red-shifted 

switches for potassium channels and glutamate receptors [31, 7], avoiding UV damage and allowing for 

deeper penetration of biological tissue. The cis form of these photoswitches is thermally unstable and 
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rapidly relaxes to the trans conformation in the dark. Thus, a single wavelength is sufficient to control 

switching between conformations. 

Several photoswitches that have been developed previously were covalently tethered to a target 

protein, either directly via a thiol-reactive group or remotely via a protein tag fused to the target protein 

[32, 33, 34]. These strategies are advantageous, because they provide specificity for the target protein. 

At the same time, tethered photoswitches require genetic engineering of the target protein, precluding 

application on natively expressed proteins. Non-tethered photoswitches like photoGBIs do not require 

genetic manipulation, making them applicable to a large range of organisms and cell types, including 

human sperm. PhotoGBIs freely diffuse and their target specificity is solely provided by high binding 

affinity of the blocking site. Due to its particular architecture, Hv1 might have a unique blocking site: Hv1 

consists of only a voltage-sensor domain (VSD) and lacks the pore domain of “classical” voltage-gated ion 

channels. Thus, protons permeate Hv1 through the VSD, and the blocking site for 2GBI and its congeners 

is located within the VSD. Because no other native channel uses the VSD for ion permeation, this unusual 

ion pathway of Hv1 might inherently endow photoGBI with specificity for Hv1. 

For further studies of Hv1-mediated proton flux, photoGBI4 seems to be the best choice. The 

block by photoGBI4 is strong and its modulation by light is fast and relatively large. Moreover, photoGBI4 

is membrane permeable and can reach its intracellular blocking site even when applied from the outside. 

The photoswitches described here, in particular photoGBI4, should become useful tools to dissect the 

physiological role of Hv1 in pH-regulating pathways. For example, is Hv1 involved in the activation of the 

pH-sensitive CatSper Ca2+ channel in human sperm? How rapidly do changes in pHi follow the block or 

unblock of Hv1? On a final note, the photoGBIs hold promise to control Hv1 activity not only temporally, 

but also locally in different cellular compartments. Thereby, photoGBIs might allow studying rapid 

propagation of pH changes inside cells. 

 

METHODS 

Additional methods can be found in the Supporting Information. 

Synthesis 

Synthesis and spectra for all compounds can be found in the Supporting Information. 

 

DNA constructs and expression in Xenopus oocytes 
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DNA constructs were cloned and sequenced using standard techniques. Hv1Sper and Hv1-F150A 

encoded on the pGEMHE vector for expression in oocytes was linearized with Nhe1 and transcribed 

using the T7 mMessage mMachine kit (Ambion, Austin, TX). Xenopus laevis oocytes were purchased from 

EcoCyte (Castrop-Rauxel, Germany), generously donated by C. Volk (Bonn Rhein-Sieg University), or 

harvested from our own frog colony. Housing and surgical procedures on Xenopus frogs were performed 

according to the district veterinary office and the German law of animal protection (license 84-

02.04.2016.A077). Oocytes were kept at 12 °C in ND96, containing (in mM): NaCl 96, Na-pyruvate 2.5, 

KCl 2, CaCl2 1.8, MgCl2 1, 2-(4-(2-hydroxyethyl)-1-piperazinyl)-ethanesulfonic acid (HEPES) 5, and 

gentamicin 100 mg/l, titrated to pH = 7.5 with NaOH). One to three days prior to patch-clamp recordings, 

oocytes were injected with 50.6 nl of RNA encoding Hv1Sper or Hv1-F150A. Immediately before the 

experiment, the cells were manually devitellinated. 

 

Electrophysiology 

Patch pipettes were pulled from borosilicate capillaries (Hilgenberg, Malsfeld, Germany) using a DMZ 

puller (Zeitz Instruments GmbH, Martinsried, Germany) and fire polished with a Narishige MF-830 

microforge (Narishige, Tokyo, Japan). Proton currents from Hv1 expressed in oocytes were recorded 

from excised patches in the inside-out or outside-out configuration at RT using an Axopatch 200B 

amplifier (Molecular Devices, Union City, CA). The initial resistance of the pipettes used for these 

recordings was 0.9-3.5 MΩ. Data were acquired with a Digidata 1440A acquisition board (Molecular 

Devices) connected to a PC running ClampEx (Molecular Devices). Light was applied through an inverted 

IX71 microscope (Olympus, Tokyo, Japan) equipped with a 60x oil immersion objective (Olympus Apo N, 

NA 1.49). The action spectrum (Fig. 2D) was recorded using a monochromator (Photon Technology 

International, Bensheim, Germany) equipped with a xenon lamp and set to a spectral bandwidth of 20 

nm. All other recordings were performed using a Spectra X (Lumencor, Beaverton, OR) or a M450LP1 LED 

(Thorlabs, Newton, NJ) as a light source. Photoswitchable inhibitors were diluted in the recording 

solution from a 50 mM stock in dimethyl sulfoxide (DMSO) before bath application. Light intensities were 

measured with a PS19Q sensor connected to a FieldMax-TOP power meter for visible light (Coherent, 

Dieburg, Germany) at the level of the recording stage. For excised patch-clamp recordings, the bath and 

pipette solution contained (in mM): 2-(N-morpholino)ethanesulfonic acid (MES) 100 (pH 6) or HEPES 100 

(pH 7), methane sulfonic acid (MS) 40, tetraethylammonium chloride (TEA-Cl) 5, and ethylene glycol-bis-

(2-aminoethylether)-N,N,N’,N′-tetraacetic acid (EGTA) 5. The pH was adjusted to 6 or 7 with TEA 

hydroxide (TEA-OH); the osmolarity was 190 - 220 mOsm. Human semen samples were donated by 
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healthy adult males with their prior written consent and the approval of the ethic committee of the 

University of Bonn (042/17). The sperm cells were purified by a ‘swim up’ procedure (Strünker et al., 

2011) in artificial human tubular fluid (HTF) containing (in mM): NaCl 93.8, Na-lactate 21.4, HEPES 21, KCl 

4.69 , NaHCO3 4, glucose 2.78 , CaCl2 2.04, Na-pyruvate 0.33, MgSO4 0.2, and KH2PO4 0.37, adjusted to pH 

7.35 with NaOH at 37°C. Subsequently, human serum albumin (3 mg/ml) was added to the purified 

sperm sample. For patch-clamp recordings, several microliters of a 1*107 sperm cells/ml sample were 

pipetted onto a poly-L-lysine-coated (PLL) 5 mm cover slip immersed in a HEPES saline-based buffer (HS) 

containing (in mM): NaCl 130, D-mannitol 15, KCl 5, CaCl2 2, MgSO4 1, and HEPES 20; pH was adjusted to 

7.4 with NaOH). Sperm were allowed to settle and adhere to the coated glass for 5 minutes and were 

observed under an IX71 inverted microscope equipped with a 60x water immersion objective (Olympus 

UPlanSApo). Only sperm that showed flagellar beating and that had their head stuck to the cover slip 

were used for recordings. After sealing, the bath solution was exchanged to the recording solution 

containing (in mM): N-Methyl-D-glucamine 120, MES 100, TEA-Cl 5, and EGTA 2, titrated to pH 6 with 

MS. The intracellular pipette solution was the same as the bath solution. THP-1 cells were pipetted into 

the bath chamber and allowed to settle for 10 min in physiological extracellular solution containing (in 

mM): NaCl 140, KCl 6, MgCl2 1, CaCl2 1.5, glucose 5.5, and HEPES 20, adjusted to pH 7.4 with NaOH. 

Currents from THP-1 cells were recorded with the same intracellular pipette solution as sperm cells, and 

with a bath solution containing (in mM): N-Methyl-D-glucamine 120, HEPES 100, TEA-Cl 5, EGTA 1, 

adjusted to pH 7 with MS. Relative inhibition (Fig. 2C, 3B,D, S2E, S6E) was calculated as the ratio between 

the steady-state outward current after and before inhibitor application. Relative release of inhibition 

(Fig. S2F) was calculated as the difference between the relative inhibition in the dark minus the relative 

inhibition during light. The change in proton current (∆I, Fig. 2D) was calculated as the difference 

between the outward current with and without light. Kinetics of the photoswitch response (Fig. S2C,D) 

and the tail current (Fig. S5B) was fitted with a double-exponential function (𝐼(𝑡) =  𝐼𝑠𝑠𝑠𝑠 ∙ 𝑒
− 𝑡
𝜏𝑠𝑠𝑠𝑠 +

𝐼𝑓𝑓𝑠𝑓 ∙ 𝑒
− 𝑡
𝜏𝑓𝑓𝑠𝑡). Two-tailed paired t-tests were performed with Igor Pro (Wavemetrics, Portland, OR). 

Throughout the manuscript, we report mean ± SD. 

 

UV-VIS spectra 

Baseline-corrected spectra of the respective compounds (20 µM concentration) were obtained in a 

solution containing (in mM): HEPES 100, MS 40, TEA-Cl 5, and EGTA 5, adjusted to pH 7 with TEA-OH, on 
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a Varian Cary 5000 (Agilent, Santa Clara, CA). Extinction coefficients were calculated according to 

Lambert-Beer. 

 

 

ASSOCIATED CONTENT 

Supporting Information 

The Supporting Information is available free of charge on the ACS Publication website at DOI: 

Supporting Figures 1-6, photoGBI synthesis and 1H and 13C NMR spectra. 
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Figure 1. Strategy for photocontrolling Hv1. A. 2-guanidinobenzimidazole (2GBI), an intracellular open 
channel blocker of Hv1. B. Structure of photoswitchable 2GBI-derivates, containing an azobenzene 
moiety coupled to 2GBI. Arrows indicate switching from trans (top, red) to cis conformation (bottom, 
blue) by light and the reversal reaction by thermal relaxation. C. Cartoon showing block of Hv1 without 
light (trans conformation) and release of block with light (cis conformation). 

 

 

Scheme 1. Synthesis of 2GBI-based photoswitches (photoGBI). Conditions: a) Dicyandiamide, HCl, H2O, 
reflux. b) Piv2O, py, 80 °C. c) NH4(HCOO), Pd/C, MeOH, RT. d) 1. HCl aq, NaNO2, H2O/EtOH, 0 °C, 2. N-
alkylanilines, 0 °C to RT. e) 1 M NaOH aq, MeOH 60 °C. 

 

 

 

Figure 2. Characterization of photoGBI4. A. Structure of photoGBI4. B. Excised inside-out patch-clamp 
recording from a frog oocyte expressing Hv1Sper. Hv1Sper current elicited by a depolarizing voltage step 
before (black) and after (red) bath application of 50 µM photoGBI4 under symmetric pH conditions 
(pHi = pHo = 7). Blue bar indicates light stimulation (438 and 475 nm, ~23.7 mW/mm²) C. Dose-response 
curve of photoGBI4 determined in the dark (black) and under light stimulation (blue; 438 and 475 nm, 
~23.7 mW/mm²). Data points were fitted with the Hill equation. Dark: IC50 = 9 ± 1 μM, h = 2.5 ± 0.7, 
max = 0.89 ± 0.04; light: IC50 = 13 ± 1 μM, h = 2.4 ± 0.5, max = 0.57 ± 0.03 (n = 3-7). D. Action spectrum 
(normalized ∆I) and normalized absorption of photoGBI4 (10 µM). The change in Hv1Sper current (ΔI, 
inset) during a depolarizing voltage step from -60 to +80 mV upon light stimulation was determined for 
wavelengths between 400-570 nm (n = 3). Error bars represent SD. 

 

 

Figure 3. Light-induced release from proton current inhibition by photoGBI4 in macrophages and 
sperm. A. Whole-cell recording of proton currents from a THP1 macrophage elicited by a depolarizing 
voltage step before (black) and after (red) bath application of 100 µM photoGBI4. Blue bar indicates light 
stimulation (450 nm, ~23 mW/mm2). B. Relative inhibition of proton currents in THP1 macrophages by 
100 µM photoGBI4 is significantly reduced under light stimulation (paired t-test, p = 0.007, n = 3). 
C. Whole-cell recording of proton currents from a human sperm cell elicited by a depolarizing voltage 
step before (black) and after (red) bath application of 100 µM photoGBI4. Blue bar indicates light 
stimulation (438 and 475 nm, ~23.7 mW/mm2). D. Relative inhibition of proton currents in human sperm 
by 100 µM photoGBI4 is significantly reduced under light stimulation (paired t-test, p = 1x10-5, n = 6). 
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