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Abstract
Heliorhodopsin (HeR), a recently discovered new rhodopsin family, has an inverted membrane 
topology compared to animal and microbial rhodopsins. The slow photocycle of HeRs suggests 
a light-sensor function, although the function remains unknown. Although HeRs exhibit no 
specific binding of monovalent cations or anions, recent ATR-FTIR spectroscopy demonstrated 
binding of Zn2+ to HeR from Thermoplasmatales archaeon (TaHeR) and 48C12. Even though 
ion-specific FTIR spectra were observed for many divalent cations, only helical structural 
perturbations were observed for Zn2+-binding, suggesting a possible modification of HeR 
function by Zn2+. The present study showed that Zn2+-binding lowers thermal stability of 
TaHeR, and slows back proton transfer to the retinal Schiff base (M decay) during its 
photocycle. Zn2+-binding was similarly observed for TaHeR opsin that lacks the retinal 
chromophore. We then studied Zn2+-binding site by means of ATR-FTIR spectroscopy of site-

directed mutants. Among five and four mutants of His and Asp/Glu, respectively, only E150Q 

exhibited completely different spectral feature of -helix (amide-I) in ATR-FTIR spectroscopy, 

suggesting that E150 is responsible for Zn2+-binding. Molecular dynamics (MD) simulation 

built a coordination structure of Zn2+-bound TaHeR, where E150 and protein bound water 

molecules participate direct coordination. It was concluded that the specific binding site of Zn2+ 
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is located at the cytoplasmic side of TaHeR, and Zn2+-binding affects structure and structural 

dynamics, possibly modifying the unknown function of TaHeR.
Rhodopsins are integral membrane proteins that bind retinal chromophores.1 In addition to 

type-1 microbial and type-2 animal rhodopsins, a previously unrecognised diverse family, 

heliorhodopsins (HeRs), was recently discovered through the use of functional 

metagenomics.2,3 HeR 48C12, the first reported HeR, has an inverted membrane topology 

compared to type-1 and -2 rhodopsins, no ion-transport activity, and its slow photocycle 

suggests a light-sensor function, although there is currently no information about any 

interaction partner(s) of HeRs.2

Crystal structures of HeR from Thermoplasmatales archaeon (TaHeR),4 and 48C125,6 

showed that HeRs form a dimer, where a long -sheet in one molecule covers the extracellular 

surface of another molecule.4-6 The structure of the transmembrane region resembles that of 

type-1 rhodopsins, despite limited sequence homology. The crystal structure of 48C12 at pH 

4.3 observed binding of anions such as acetate at the cytoplasmic side.6 On the other hand, an 

ATR-FTIR study demonstrated no binding of monovalent cations and anions to TaHeR at 

physiological pH.4 Similar results were observed for Co2+ and Mg2+, whereas clear binding 

signals were detected for Zn2+, Cu2+, Ni2+, Cd2+, Mn2+ and Ca2+.7 Among these divalent cations, 

only Zn2+ binding accompanies helical structural perturbation. Therefore, we concluded that 

Zn2+ binds to TaHeR with two modes; specific binding (Kd = 0.2 mM) with helical structural 

perturbation, and non-specific binding (Kd > 5 mM).7 Non-specific binding is common for 

other divalent cations such as Cu2+, Ni2+, Cd2+, Mn2+ and Ca2+, while structural changes of -

helix suggests a possible modification of HeR function by Zn2+. Similar results were obtained 

for HeR 48C12.7

Suggested functional correlation of Zn2+ binding to HeRs raised various questions. How 

are static and dynamic molecular properties of HeRs altered by Zn2+? Where is the binding site 

of Zn2+? In this study, we first compared thermal stability of TaHeR and photocycle dynamics 

between the presence and absence of Zn2+. We also tested if Zn2+ binds or not to the opsin, the 

protein without the retinal chromophore. We then studied the binding site of Zn2+, especially 
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specific binding. Binding of Zn2+ did not change the color of TaHeR,7 suggesting that the Zn2+ 

binding site is distant from the retinal chromophore. From the ATR-FTIR spectra of Zn2+ 

binding to HeRs, tetrahedral coordination with carboxylate and imidazole groups was suggested. 

Figure 1 shows that TaHeR contains two aspartates, seven glutamates, and five histidines. If 

carboxylate and histidine both participate in the coordination of Zn2+, then the binding site must 

be in the cytoplasmic region since histidines are not present at the extracellular surface. Among 

the five histidines, H23 and H82 are located near the retinal chromophore,4-6 whose mutations 

induce a change in colors.8 As Zn2+-binding does not alter the color of TaHeR, H23 and H82 

may not be the candidates. In this study, we attempted to identify the binding site of Zn2+ by 

systematic mutation. We mutated all histidine residues including H23 and H82. Among nine 

carboxylates, E108 is the Schiff base counterion, whose mutation is sensitive to color.8-10 

Therefore, we selected two carboxylates at the cytoplasmic side (E150 and E227), and at the 

extracellular side (D128 and E186). Among five and four mutants of His and Asp/Glu, 

respectively, only E150Q exhibited completely different spectral feature of -helix (amide-I). 

We thus concluded that E150 coordinates Zn2+ upon its specific binding. The binding mode and 

influence of protein structure were further examined by molecular dynamics (MD) simulation. 

Results and Discussion

Static and dynamic properties of TaHeR in the presence of zinc. 

Figure S1 compared thermal stability of solubilized TaHeR molecule (0.1 % DDM) with 

and without divalent cations. In the absence of divalent cations, absorption spectra of TaHeR 

(max = 542 nm) are identical at 20-50 oC, but the visible absorption at 500-600 nm diminishes 

at >70 oC, and UV absorption at 300-400 nm increases (Figure S1a). This suggests thermal 

denaturation of TaHeR, and Tm was determined to be 79.5 oC (Figure 2). Temperature 

dependence of absorption spectra of TaHeR was similar in the presence of 0.5 mM Mg2+ (Figure 

S1b), whose Tm was determined to be 79.2 oC (Figure 2). In contrast, temperature-dependent 
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spectral feature was highly different in the presence of 0.5 mM Zn2+, where decrease of visible 

absorption took place at lower temperatures (Figure S1c). From Figure 2, Tm value was 

determined to be 71.1 oC. This result indicates that Zn2+-bound TaHeR is more unstable than 

the unbound form. 

We then measured photocycle of TaHeR in the absence and presence of 0.5 mM Zn2+. 

Figure 3 shows appearance of similar intermediate states; K is converted to M at 10-6-10-5 sec, 

M is converted to O at 10-4-10-3 sec, and O is reverted to the original state in the time scale of 

10 sec. Nevertheless, we observed clear kinetic difference, especially on the decay of the M 

intermediate. The observed time constant of the M decay was 0.15 and 0.44 ms in the absence 

and presence of Zn2+, respectively, indicating the retarded reprotonation of the Schiff base for 

the Zn2+-bound TaHeR. Proton accepting group (PAG) in the M intermediate of TaHeR has not 

been identified.2,4 Protein bound water cluster is the strong candidate of PAG,4-6 whereas there 

is no experimental evidence. The present result suggests that Zn2+ stabilizes protonated PAG in 

the M intermediate. On the other hand, there was little influence of Zn2+ for the formation of 

the M intermediate and the decay of the O intermediate.

Difference FTIR spectra of TaHeR upon Zn2+ binding.  

The results of Figures 2 and 3 clearly showed the effect of Zn2+ binding on thermal stability 

and photochemistry of TaHeR, respectively, where the samples were solubilized by detergent 

(0.1 % DDM). To gain structural insights, we next applied ATR-FTIR spectroscopy. Stimulus-

induced difference ATR-FTIR spectra provide vibrational information upon structural changes 

of protein to stimuli, which is not only light, but also binding of ions and ligands.11 By this 

method, we studied molecular mechanism of ion bindings to rhodopsins,4,7,12-20 stator complex 

of flagellar motor,21,22 V-type ATPase,23,24 KcsA potassium channel,25,26 voltage-gated proton 

channel,27 and sodium-calcium exchanger,28 as well as ligand bindings to peptide transporter,29 

and M2 muscarinic acetylcholine receptor.30-32 In the measurements, purified proteins in 

detergent are reconstituted into lipids, whose protein:lipid molar ratio is from 1:20 to 1:50. In 

the previous study, however, we found that the reconstitued sample with a protein:lipid molar 

ratio of 1:20 exhibits significant protein-lipid shrinkage upon binding of divalent cations, so 

that accurate difference FTIR spectra were not obtained.7 In contrast, we were able to obtain 

reproducible cation-binding difference FTIR spectra if lipids were not added. We interpret that 

TaHeR molecules are surrounded by endogenous lipids upon removal of detergent by Bio-

Beads. 
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In this study, we first examined whether Zn2+ binds to the opsin of TaHeR, the apo-protein 

without retinal. We prepared TaHeR opsin according to the same procedure, but without adding 

all-trans retinal. Figure S2 compared absolute absorption spectra of TaHeR and TaHeR opsin, 

both of which were prepared in the absence of additional lipids. Vibrational bands at ~1740 

cm-1 mainly originate from ester C=O stretches, and thus a marker band of lipids. Presence of 

this peak for TaHeR (black line in Figure S2) indicates that TaHeR molecules are surrounded 

by endogenous lipids. This peak is smaller in TaHeR opsin than that in TaHeR, suggesting that 

lipid contents are smaller in TaHeR opsin sample. Nevertheless, very similar amide-I (1654 cm-

1) and -II (1544 cm-1) bands implicate that TaHeR opsin is properly folded as well as TaHeR.

Figure 4 compares the difference ATR-FTIR spectra, where positive and negative signals 

correspond to the presence and absence of Zn2+, respectively. As His6-tag was not removed, the 

difference spectra contain the signals of Zn2+ binding to His6-tag. Nevertheless, similar spectral 

feature indicates Zn2+ binding to TaHeR opsin, as well as retinal-bound TaHeR. In particular, 

similar spectral feature in the amide-I region implicates the existence of the specific binding of 

Zn2+ to TaHeR opsin. It should be noted that the negative and positive peaks in amide-I were 

upshifted by 2 and 11 cm-1, respectively. This suggests that binding site of Zn2+ and helical 

structural changes upon Zn2+ binding are similar between the presence and absence of the 

chromophore retinal, but folded protein structure is somehow loosen in TaHeR opsin.

We then measured Zn2+ binding to various mutants of TaHeR, which were prepared by the 

same methods for the wild-type TaHeR. Figure S3 compared absolute absorption spectra of 

TaHeR mutants. Ester C=O stretches at ~1740 cm-1 are smaller in all mutants than that of the 

wild type, suggesting that lipid contents are smaller in the mutant samples, but very similar 

amide-I (1655 cm-1) and -II (1544 cm-1) bands suggest that all mutants are properly folded as 

well as the wild type. In the present study, we did not remove His6-tag, so that the difference 

spectra possibly contain the signals of Zn2+ binding to His6-tag. Figure S4 compares the 

difference spectra of the wild-type TaHeR with and without His6-tag, where sharp peak at 1116 

cm-1 is characteristic of the Zn2+ binding to His6-tag. Figure 5 shows essentially similar 

difference spectra for five histidine mutants (H23F, H82F, H100F, H152F, and H225F), and 

four carboxylate mutants (D128N, E150Q, E186Q, and E227Q), to that of the wild type (black 

line). This suggests similar spectral feature of Zn2+ binding to the non-specific binding site and 

His6-tag. The specific binding of Zn2+ to TaHeR can be seen by the amide-I bands, where the 

1659 (+)/1649 (-) cm-1 of the wild-type TaHeR (black line) shows helical structural perturbation 

by weakening the hydrogen bond upon Zn2+ binding.7 Most of the obtained spectra exhibit 
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similar spectral feature with the up-shifted frequencies like TaHeR opsin (Figure 4). 

Nevertheless, only one exception was seen for E150Q. In case of E150Q, we observed spectral 

down-shift in the amide-I region. It should be noted that the spectra of amide-I region in D128N, 

E186Q, and E227Q also differ from that of the wild type, but they exhibit spectral up-shift in 

the amide-I region as well as the wild type and the wild-type opsin (Figure 4). The unusual 

spectral feature only observed for E150Q strongly suggests that E150 is related to the specific 

binding of Zn2+, and the most straightforward interpretation is that E150 constitutes the 

coordination group of Zn2+ binding in TaHeR. 

In addition to the amide-I bands, the ATR-FTIR spectra of the wild-type TaHeR contain 

the bands at 1600-1550, 1430-1400, and 1150-1000 cm−1, characteristic for carboxylate COO− 

antisymmetric vibration, carboxylate COO− symmetric vibration, and vibrations of the histidine 

imidazole ring, respectively (Figure S4). Characteristic vibrations of carboxylate and histidine 

strongly suggest the involvement of Asp/Glu and His for the binding of Zn2+ to TaHeR, and the 

present mutation study provided the experimental support for E150 as the binding site. No clear 

reduction of carboxylate COO− antisymmetric and symmetric vibrations should be noted for 

E150Q (Figure 5) despite the removal of the COO− group. Non-specific binding of Zn2+ to 

carboxylates may be predominant in these bands. Zn2+ binding near E150 is consistent with the 

observation of the spectral changes in the histidine imidazole ring, as His is located only in the 

cytoplasmic side (Figure 1). However, all histidine mutants exhibited similar amide-I bands to 

those of the wild type (Figure 5). This suggests that histidine does not constitute the direct 

coordination site, but Zn2+ binding alters the environment of His. 

Upon binding of Zn2+, carboxylate COO− antisymmetric and symmetric vibrations appear 

at 1602 and 1421 cm−1, respectively (Figure S4), and the frequency separation (181 cm−1) 

became wider than that of the Zn2+-free form (151 cm−1). This suggests that Zn2+ is coordinated 

by the anionic carboxylate with a monodentate or, possibly, a pseudobridging mode.27,33 No 

clear signal at 1800-1700 cm−1 implies that involvement of the protonated carboxylic acid in 

the Zn2+-binding can be excluded under the present experimental conditions. We next examined 

the structural changes of TaHeR upon Zn2+ binding to E150 by means of molecular dynamics 

simulation.
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MD simulation of Zn2+ binding to TaHeR.  

MD simulation clearly indicated the structural changes of TaHeR due to the Zn2+ 

coordination to E150 especially in the TM4 and TM5 helices. Figure 6A shows the overlayed 

representative structure of TaHeR and Zn2+-binding TaHeR of monomer B. Note that a little 

difference was found for monomer A. This point will be discussed later. For TaHeR, the helix 

structure of TM4 was kept near the loop region connecting to TM5. On the other hand, the helix 

structure of Zn2+-bound TaHeR was partly undone by 1 turn including Zn2+-binding E150 

compared with TaHeR. In order to quantify the degree of the helices, Figures 6B and C show 

the population of the alpha-helix and 3-10 helix structures based on the DSSP method.34 In the 

case of Zn2+-bound TaHeR, the alpha-helix population was rapidly dropped around E150 to 

T156 region compare with TaHeR (Figure 6B). The 3-10 helix character was observed around 

E150 to T156 for TaHeR, while the 3-10 helix population was disappeared in the same region 

for Zn2+-bound TaHeR (see Figure 6C). These features are consistent with the ATR-FTIR 

experiments, where the amide-I vibrations were modulated owing to the Zn2+-binding. This 

structure change was caused by the exposure of E150 from the inside of the helix interface to 

the bulk water owing to the coordination to the Zn2+ ion. In TaHeR, E150 formed a hydrogen 

bond with R105 in TM3, which had a tight hydrogen-bonding network including E227 in TM7 

and W106 (Figure 6D). On the other hand, in Zn2+-bound TaHeR, R105 formed hydrogen bonds 

with E227 and E108, and E150 was separated from the hydrogen bonding network (Figure 6E). 

Since E150 tied TM4 to TM3 in TaHeR, TM4 structure was relaxed without the hydrogen bond 

to R105 in TM3, resulting in the partial collapse of the helix region.

The structural changes around TM4 further cause the change in the accessibility of water 

molecules inside the protein. In TaHeR, a water cluster is located at the region surrounded by 
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TM1, TM2, TM3, and TM7. In Zn2+-bound TaHeR, bulk water molecules can enter a space 

among TM3, TM4, TM5, and TM6 and sometimes exchange with the water molecules in the 

water cluster (see movie file in Supporting Information). This might result in the change of the 

surrounding environment of the Schiff base. In Figure 7, the hydrogen-bonding network nearby 

the retinal Schiff base is illustrated. As can be seen in these figures, the hydrogen-bonding 

networks are different from each other. For TaHeR, the retinal Schiff base formed a hydrogen 

bond with E108 (Figure 7A), while for Zn2+-bound TaHeR, it formed a hydrogen bond with a 

water molecule (Figure 7B). This change may affect the reprotonation of the Schiff base for 

Zn2+-bound TaHeR as described before in relation to the observed time constant of the M decay. 

The leak of the water molecules may also be related to the stability of the protein structures of 

Zn2+-bound TaHeR. As the temperature of the system increases, water molecules often invade 

into inside the helix bundle and nearby the Shiff base, resulting in the less thermal stability.

Figures S5A and B show the C root-mean-square deviation (C-RMSD) values of 3 s 

MD simulations. For TaHeR, there was a small difference in C-RMSD values between the two 

monomer units. Their behavior is consistent with the overall C-RMSD value. However, for 

Zn2+-bound TaHeR, there was a gap between C-RMSD values of these monomers despite the 

homodimer. C-RMSD value of monomer A was less than that of monomer B. This asymmetric 

behavior was also clearly found in the C root-mean-square fluctuation (C-RMSF) values as 

illustrated in Figures S5C. C-RMSF of the monomer B in Zn2+-bound TaHeR became large in 

two regions of [90-105] and [205-230], which involve TM3 and TM7, respectively. These large 

fluctuations originated from the lack of the tight hydrogen-bonding network among E150-

R105-E227 as found in TaHeR. When E150 bounded to Zn2+, the packing of TM3, TM4, TM7 

was loosened, and then the amino-acid residues in TM3 and TM7 can move to fluctuate. Note 

here that the asymmetric behavior was also found for C-RMSF of the monomer A in TaHeR, 

though the relative magnitude was less compared to C-RMSF of the monomer B in Zn2+-bound 

TaHeR. It is quite interesting that the degree of the asymmetry was enhanced by the Zn2+-
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binding. Even though the asymmetric behavior might depend on the initial structures, we did 

not observe the alternation of the asymmetry within relatively long-time 3s MD simulation. 

Since the biological role of the Zn2+-binding is still unknown, it is not confirmed that the 

asymmetry of the response to the Zn2+-binding has physical or biological meaning. In future 

work, we’ll explore the meaning of Zn2+-binding and the selectivity of Zn2+ among several 

metal cations.

Zn2+ binding site to TaHeR.  

Based on the present experimental and computational results, we propose that the specific 

binding site of Zn2+ is located at the cytoplasmic side of TaHeR, where E150 directly 

coordinates Zn2+. On the other hand, the present MD simulation based on the X-ray structure 

implicates no direct coordination of His to Zn2+, and the remaining coordination groups are 

likely to be protein bound water molecules. One experimental support of the His coordination 

was the spectral resemblance between TaHeR and the voltage-gated proton channel 

(Hv1/VSOP), the latter of which is inhibited by Zn2+. In Hv1/VSOP, Zn2+ is coordinated by a 

tetrahedral geometry with ligands of carboxylate and imidazole groups in addition to a water 

molecule.27 However, as suggested by the present MD simulation, it is likely that His alters 

hydrogen-bonding network upon Zn2+ binding, rather than direct coordination. The binding site 

is considerably distant from the retinal chromophore, being consistent with no color change of 

TaHeR upon Zn2+ binding,7 and similar binding to TaHeR opsin (Figure 4). MD simulation 

clearly indicated the structural changes of TaHeR due to the Zn2+. Interestingly, MD simulation 

showed substantial relocation of hydrogen-bonding networks, but Zn2+ binding never alters 

visible absorption (Figure S1).7 In this regard, identical absorption of the E108D mutant with 

that of the wild type may be noted,9 whose mechanism was discussed based on the crystal 
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structure.10 Effect of changes in hydrogen-bonding networks on color tuning will be studied by 

quantum-chemical calculations in future.

The crystal structure of HeR 48C12 at pH 4.3 observed binding of acetate at the 

cytoplasmic side.6 As HeR 48C12 also binds Zn2+ specifically,7 possible link of these binding 

sites is intriguing. Corresponding glutamate in HeR 48C12 is E149, and according to the crystal 

structure, E149 does not constitute the acetate binding site.6 It should be however noted that the 

cytoplasmic domain of HeRs is comprised of water-containing hydrogen-bonding network.4-6 

Such hydrogen-bonding network is able to accommodate various ions such as Zn2+ and acetate. 

Upon illumination of HeRs, the M intermediate is formed with the deprotonated Schiff 

base, whose proton acceptor has not been identified.2,4 Protein bound water cluster is the strong 

candidate of the proton acceptor,4-6 and the present flash photolysis results showed that Zn2+ 

does not affect proton release from the Schiff base (M rise), but slows back proton transfer to 

the Schiff base (M decay) (Figure 3). This suggests that Zn2+ stabilizes the proton-containing 

hydrogen-bonding network. Zn2+ does not affect the decay of the O intermediate (Figure 3), 

suggesting that the event does not include the region of Zn2+ binding. 

Conclusions

HeRs exhibit no specific binding of monovalent cations or anions,4 but recent ATR-FTIR 

spectroscopy demonstrated binding of Zn2+ to HeR from Thermoplasmatales archaeon 

(TaHeR) and 48C12.7 Here we showed that Zn2+-binding lowers thermal stability of TaHeR, 

and slows back proton transfer to the retinal Schiff base (M decay) during its photocycle. ATR-

FTIR spectroscopy revealed that Zn2+-binding was similarly observed for TaHeR opsin that 

lacks the retinal chromophore. ATR-FTIR spectroscopy of site-directed mutants suggests that 

E150 is responsible for Zn2+-binding. Molecular dynamics (MD) simulation built a 

coordination structure of Zn2+-bound TaHeR, where E150 and protein bound water molecules 

participate direct coordination. The specific binding site of Zn2+ is thus located at the 

cytoplasmic side of TaHeR, and Zn2+-binding affects structure and structural dynamics, 
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possibly modifying the unknown function of TaHeR. Functional role of Zn2+ binding is now 

intriguing. If the function of TaHeR is affected by Zn2+ binding, TaHeR probably senses 

intracellular Zn2+ concentration, as the Zn2+ binding site is located at the cytoplasmic side of 

membrane.

Although function of HeRs has been fully unknown, we recently reported that a viral HeR 

from Emiliania huxleyi virus 202 (V2HeR3) is a light-activated proton transporter.35 Three 

environmental viral HeRs from the same group as well as a more distantly related HeR 

exhibited similar proton-transport activity, indicating that HeR functions might be diverse 

similarly to type-1 microbial rhodopsins. In addition, regulation of glutamine synthetase and 

photolyase by HeRs from Actinobacteria bacterium and Trichococcus flocculiformis, 

respectively, were recently reported.36,37 Further experimental and theoretical study will lead to 

better understanding of structure and function of HeRs, which deepen our knowledge of 

rhodopsins.1,38

Methods

Sample preparation.  

The wild-type and mutant TaHeR proteins with an N-terminal His6-tag were prepared as 

reported previously.4,7 Although the construct additionally contained a thrombin cleavage site 

after the N- terminal His6-tag, we performed all experiments without cleaving the site in the 

present study. Briefly, the proteins were expressed in Escherichia coli strain C43 (DE3), and 

cells were disrupted by passage through a French press (Ohtake), following ultracentrifuged for 

125,000 × g, 1 hour at 4 °C to obtain membrane fraction. The lysed membranes were solubilized 

with a buffer of 50 mM MES (pH 6.5), 300 mM NaCl, 5 mM imidazole, and 2 % (w/v) n-

dodecyl-β-D-maltopyranoside (DDM; anatrace). The supernatant was isolated by 

ultracentrifugation for 1 hour at 140,000 × g and incubated with Co2+-NTA Sepharose 

Superflow resin (QIAGEN). After binding, the resin was washed with Co2+-NTA wash buffer: 

50 mM MES (pH 6.0), 300 mM NaCl, 5 mM imidazole, and 0.1 % DDM. The protein was then 

eluted with Co2+-NTA elution buffer: 50 mM MES (pH 6.0), 300 mM NaCl, 500 mM imidazole, 

and 0.1 % DDM, and the collected fractions were dialyzed against a buffer containing 50 mM 
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HEPES (pH 7.0), 100 mM NaCl, and 0.1 % DDM. Detergent in the purified TaHeR opsin was 

removed by using Bio-Beads (SM-2, Bio-Rad) for further ATR-FTIR spectroscopy.

The wild-type TaHeR opsin with an N-terminal His6-tag was overexpressed in Escherichia 

coli C43 (DE3) strain as described previously4 except that all-trans retinal was not 

supplemented in the culture to produce TaHeR opsin. The other sample preparation methods 

were identical to those of the wild-type TaHeR above.

Thermal stability measurements

The thermal stability curves of the TaHeR were measured by monitoring absorption at 

542 nm in absence or presence (Zn2+ and Mg2+; 0.5 mM conc.) using a UV-Vis 

spectrophotometer (V650, Varian, Japan). Typically, the measurements were performed in a 

buffer containing HEPES 50 mM, NaCl 100 mM, DDM 0.1%, pH 7.0) with a sample of optical 

density of the 0.4 at 542 nm. Desired, sample was heated at rate of 1°C min–1 from 20°C to 

90°C using the cuvette sealed with adhesive sheet to prevent evaporation in an external Peltier 

thermostatted single cuvette holder. The sample was kept at desired temperature (20, 25, 30, 

35, 40, 45, 50, 55, 60, 65, 70, 75, 80, 85 and 90°C) for 5 min, before measuring the absolute 

absorption spectra. The decrease in optical density at 542 nm (which correspond to retinal 

covalently-bound opsin) due to heating was fitted to sigmodal function to get the melting 

temperature (Tm, mid-point of the transition state).

Laser flash photolysis

The time-evolution of the transient absorption changes of photo-excited TaHeR was 

observed as described previously.2,4 For TaHeR, the purified protein was resuspended in a 

buffer containing 50 mM Tris–HCl (pH 8.0), 100 mM NaCl and 0.1 % DDM. TaHeR were 

reconstituted into a mixture of POPE and POPG (molar ratio = 3:1) with a protein-to-lipid molar 

ratio of 1:50 where DDM was removed with BioBeads (SM-2, Bio-Rad). For TaHeR, the 

sample solution was placed in a quartz cuvette and was excited with a beam of second 

harmonics of a nanosecond pulsed Nd3+: YAG laser ( = 532 nm INDI40, Spectra-Physics). 

The excitation laser power was 3 mJ/pulse. The intensities of the transmitted probe light from 

a Xe arc lamp (L8004, Hamamatsu Photonics, Japan) were measured before and after laser 

excitation with an ICCD linear array detector (C8808-01, Hamamatsu, Japan), and transient 

absorption spectra were obtained by calculating the ratio between them. 30-50 identical spectra 

were averaged. To obtain the detailed time evolution of the transient absorption change after 

photoexcitation, the change in the intensity of monochromated output of a Xe arc lamp (L9289-
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01, Hamamatsu Photonics, Japan) passed through the sample was observed by a photomultiplier 

tube (R10699, Hamamatsu Photonics, Japan) equipped with a notch filter (notch-wavelength = 

532 nm, NF03-532E-50×50, Semrock). The signal from the photomultiplier tube was averaged 

and stored in a digital-storage-oscilloscope (DPO7104, Tektronix, Japan). The obtained kinetics 

data were fitted by multi exponential curves individually.

ATR-FTIR Spectroscopy

ATR-FTIR spectroscopy is good at monitoring structural dynamics of proteins in aqueous 

solution.11,39 Cation-binding to TaHeR was monitored by ATR-FTIR spectroscopy as described 

previously.4,7,12,27 In ATR-FTIR spectroscopy, rhodopsins are normally reconstituted into lipids. 

However, we found that the reconstitued sample with a protein-to-lipid molar ratio of 1:20 

exhibits significant protein-lipid shrinkage upon binding of divalent cations, so that ion-binding 

induced spectral changes were masked by absolute absorption spectra. Therefore, we did not 

add lipid as well as the previous study.7 We removed the detergent with Bio-Beads (SM-2, Bio-

Rad), so that TaHeR molecules are presumably surrounded by endogenous lipids. 

The protein was placed on the surface of a silicon ATR crystal (Smiths, three internal total 

reflections) and naturally dried. The sample was then rehydrated with the buffer at a flow rate 

of 0.6 ml min-1, and temperature was maintained at 20 °C by circulating water. The perfusion 

buffer is composed of 150 mM NaCl and 10 mM HEPES-Na, pH 7.0 (buffer A), to which 0.5 

mM Zn2+ was added (buffer B). ATR–FTIR spectra were recorded at 2 cm-1 resolution, using 

an FTIR spectrometer (Agilent) equipped with a liquid nitrogen-cooled mercury-cadmium-

telluride (MCT) detector (an average of 1710 interferograms per 15 min). Cation-induced 

difference spectra were measured by switching buffer A and buffer B. The buffer containing 

the EDTA/EGTA mixture (buffer W) was perfused after Zn2+ perfusion to complete the 

removal of Zn2+ in the flow path, before measuring the Zn2+-free form (using a flow of Zn2+-

free buffer). The difference spectra were calculated as the average of the presence minus 

absence spectra of the cation. The spectral contributions of the unbound salt, the protein-lipid 

swelling/shrinkage, and the water-buffer components were corrected.

MD simulation

The X-ray crystal structure of TaHeR (PDB ID: 6IS6)4 was chosen as the initial structure. 

TaHeR was treated as a dimer located in the membrane environment.4 The dimer TaHeR was 

placed in the lipid bilayer using membrane builder in CHARMM-GUI,40 and then about 25000 

TIP3P water molecules were also placed in the periodic box. In addition, 42 Na+ and 48 Cl– 
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ions were added to reproduce neutral cell environmental conditions. The lipid bilayer contained 

60 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC), 60 1-palmitoyl-2-oleoyl-sn-

glycero-3-phosphoethanolamine (POPE), and 30 cholesterol molecules in both upper and lower 

sides, respectively. For the Zn-containing system (Zn2+-bound TaHeR), the initial structure in 

which Zn coordinating to E150 was created from the substitution of the protonated E150's 

proton to Zn cation. Note that 2 additional Na cations were randomly removed from the system 

to maintain charge neutrality. At first, energy minimization was performed, and the resultant 

optimized structure was used as the initial one of Zn2+-bound TaHeR. The ff14SB, Lipid14, 

and Amber force fields were used for the amino acids, the lipids, and the atomic ions in the 

system, respectively.41-43 For the retinal Schiff-base residue in the HeR, the restrained 

electrostatic potential (RESP) charges calculated by Gaussian 16,44 with B3LYP-D3/Def2-

TZVP level,45-50 was applied. The force field parameters were used as the ordinary rhodopsin 

parameter set developed by Rothlisberger et al.51

The MD simulation and analysis were performed by the CUDA version of pmemd program 

in Amber 16 program package.52-55 The trajectory of MD simulation was analyzed by cpptraj 

program.56 A long-range Coulomb interaction was evaluated by using the particle mesh Ewald 

method with 10.0 Å cutoff in real space. The SHAKE algorithm was applied, and the time step 

was taken 2 fs per one step. During the dynamics, the Langevin thermostat with a collision 

frequency of 1 ps–1 was used for the temperature controlling method. The MD simulation 

procedure is as follows: an energy minimization, gradually increase the temperature of the 

system to 300 K in 400 ps, and 10 ns for equilibration at 300 K. After that, 3 μs MD simulation 

was performed until the averaged structure was converged.
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Figures

Figure 1.  Location of glutamates, aspartates, and histidines in TaHeR. Top and bottom sides 
correspond to the C-terminal and N-terminal sides that face the extracellular and cytoplasmic 
region, respectively. 
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Figure 2.  Thermal stability of TaHeR in the absence of divalent cations (black), and presence 
of 0.5 mM Mg2+ (blue) or Zn2+ (red). The absorbance is measured at 542 nm, and the samples 
are kept for 5 min at each temperature before the measurements.
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Figure 3.  Kinetic changes of TaHeR at 409, 549, and 605 nm in the absence (upper panel) 
and presence (lower panel) of 0.5 mM Zn2+.
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Figure 4.  Difference ATR-FTIR spectra for TaHeR (black) and TaHeR opsin (red). Positive 
and negative signals represent the measurements in the presence and absence of 0.5 mM Zn2+, 
respectively.
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Figure 5.  Difference ATR-FTIR spectra for TaHeR (black) and TaHeR mutants (red). 
Positive and negative signals represent the measurements in the presence and absence of 0.5 
mM Zn2+, respectively.
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Figure 6.  (A) The overlayed representative structure of natural TaHeR (blue) and Zn2+ 
coordinated TaHeR (orange). The Zn2+ and E150 is highlighted by pink circle and arrow. (B) 
Alpha-helix and (C) 3-10 helix structure distribution during the MD simulation. The blue and 
orange lines indicate TaHeR and Zn2+-bound TaHeR, respectively. (D) The hydrogen bonding 
network nearby E150 for TaHeR and (E) that for Zn2+-bound TaHeR.
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Figure 7.  (A) The hydrogen bonding network nearby the retinal Schiff base for TaHeR and 
(B) that for Zn2+-bound TaHeR, respectively. Some portions of TMn structures were omitted 
to show the retinal clearly.
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