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ABSTRACT 

The visual pigments of the cones perceive red, green, and blue colors. The monkey green (MG) 

pigment possesses a unique Cl− binding site; however, its relationship to the spectral tuning in 

green pigments remains elusive. Recently, FTIR spectroscopy revealed the characteristic structural 

modifications of the retinal binding site by Cl− binding. Herein, we report the computational 

structural modeling of MG pigments and quantum-chemical simulation to investigate its spectral 

redshift and physicochemical relevance when Cl− is present. Our protein structures reflect the 

previously suggested structural changes. AlphaFold2 failed to predict these structural changes. 

Excited-state calculations successfully reproduced the experimental red-shifted absorption 

energies, corroborating our protein structures. Electrostatic energy decomposition revealed that 

the redshift results from the His197 protonation state and conformations of Glu129, Ser202, and 

Ala308; however, Cl− itself contributes to the blueshift. Site-directed mutagenesis supported our 

analysis. These modeled structures may provide a valuable foundation for studying cone pigments. 
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    Retinal proteins, which represent seven-transmembrane photoreceptors found in a variety 

of organisms from microbes to animals, including humans, serve crucial roles in the expression of 

biological functions, such as ion transport and vision1-7. The two major groups of retinal proteins 

responsible for vision are rhodopsin and cone pigments4. Rhodopsin distinguishes between 

darkness and light8, whereas cone pigments perceive red, green, and blue colors with individually 

distinct absorption maxima9. The retinal chromophore is responsible for light absorption in these 

retinal proteins, suggesting that the protein environment surrounding the retinal chromophore 

contributes significantly to the differences in the absorption maxima. 

Mammalian cone pigments are further divided into four groups, S, M1, M2, and L, based 

on the region of absorption maxima4. The L group, which contains the green and red cone pigments 

responsible for color vision, exhibited absorption maxima at longer wavelengths. FTIR 

experiments have confirmed that L-group proteins bind a chloride ion (Cl−) near the retinal binding 

site10, which is characteristic of the L group not observed in other cone pigments11-13. 

Several studies have determined the crystal structures of rhodopsin14-19, but no 

experimental structures of cone pigments have been reported. This may be attributed to the low 

protein expression, which makes protein samples difficult to obtain. The extremely low thermal 

stability of cone pigments than that of rhodopsin is an additional impediment to conducting 

research. To obtain structural information on the cone pigments, two authors (K.K. and H.K.) and 

their collaborators successfully prepared a protein sample of monkey green (MG) cone pigment 

utilizing a mammalian (HEK293 cell line) expression system and performed FTIR experiments20-

23. Spectral analysis revealed that Cl− binding significantly altered the structure of MG near the 

retinal binding site. Additionally, they demonstrated that MG undergoes a 30 nm spectral redshift 

when transitioning from the Cl− free form (λmax = 503 nm) to the Cl− bound form (λmax = 532 nm). 
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These experimental results strongly suggest that Cl− binding significantly contributes to the longer 

absorption wavelengths of L-group cone pigments. However, the molecular mechanism 

underlying the spectral shift associated with Cl− binding remains unknown. As previously 

mentioned, one of the reasons for this is the absence of the three-dimensional structure of cone 

pigments.  

Numerous theoretical studies based on quantum chemical calculations have been 

previously conducted on the mechanism of spectral tuning24-27, wherein the retinal chromophore 

modulates absorption energy. However, fewer theoretical studies were performed on cone 

pigments28-34 than on rhodopsin35-46. This is attributed to the unavailability of the crystal structures 

of the cone pigments. To circumvent this problem, one of the authors (K.J.F.) and his collaborators 

employed a computational method, called homology modeling47, to predict the three-dimensional 

structure and analyzed the spectral tuning mechanism underlying human color vision30, 31. They 

observed that differences in the protein electrostatic potentials developed on the retinal π-chain 

were the primary source of changes in the absorption energies of red, green, and blue cone 

pigments. Furthermore, they demonstrated that the difference in the absorption energies between 

red and green cone pigments is mostly determined by the orientation of the OH groups of the three 

polar amino acids31. This result was consistent with the results of mutagenesis experiments 

conducted by Asenjo et al.48, thus benefiting our understanding of the spectral tuning mechanism 

in L-group cone pigments. However, their study did not focus on the effects of Cl− binding to L-

group proteins on the absorption energy. Since then, several computational studies focusing on 

cone pigments32-34 have been reported; however, none have discussed the effects of Cl− binding 

on spectral shifts. 
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In this study, we aimed to elucidate the molecular mechanism underlying the spectral 

redshift induced by Cl− binding in MG, an L-group cone pigment. Our computational approach 

consisted of two steps: construction of the MG protein structure and determination of its absorption 

energy in terms of protein electrostatic effects. Additionally, we experimentally measured spectral 

shifts using MG mutants to validate the computationally predicted amino acid contribution.  

The initial structure of MG was constructed via homology modeling using the crystal 

structure of bovine rhodopsin (Protein Data Bank (PDB) ID: 1L9H16) as a template. For homology 

modeling, the MG and bovine rhodopsin sequences were aligned. The results are presented in 

Figure S1 of the Supporting Information (SI). The characteristic amino acids of MG and bovine 

rhodopsin are summarized in Figure 1a, together with the corresponding amino acids for cone 

pigments other than MG. As shown, Asp17, Gln114, His197, and Lys200 in MG are conserved in 

L-type cone pigments but not in bovine rhodopsin, where they correspond to Gly3, Ser98, Glu181, 

and Gln184, respectively. The comparison thus enables us to deduce that these four amino acids 

unique to L-type cone pigments create a protein environment favoring Cl− binding. 

A homology model of MG was derived from sequence alignment; however, due to 

methodological limitations, this structure does not include a retinal chromophore or chloride ion. 

Therefore, a retinal chromophore was manually inserted at Lys312 in the resulting structure. Based 

on FITR experimental results, the chloride ion was placed in the vicinity of His197 in the Cl− 

bound form22. 

To refine these structures, molecular dynamics (MD) simulations were performed, 

followed by geometry optimization using our own N-layered integrated molecular orbital and 

molecular mechanics (ONIOM) method49. Figure 1b depicts the three-dimensional structures of 

MG in the Cl− bound and free forms constructed in this study. In addition to the presence or absence 
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of a chloride ion within the protein, these two structures differ in the protonation state of the amino 

acids. Figure 1c summarizes the protonation states of the charged amino acids in the Cl− bound 

and free forms of MG: In the Cl− bound form, His197 and Asp17 are cationic and anionic, 

respectively, whereas both are neutral in the Cl− free form. As previously mentioned, these two 

amino acids are characteristic of the L-type cone pigments. Notably, in the Cl− free form, the 

numbers of cations and anions do not match, but adding chloride ions to the protein surface 

neutralizes the charge balance of the entire system. 

A comparison of the structures of the two MG proteins revealed a significant change in the 

loop structure around the retinal binding site, represented in orange in Figure 1b. The distance 

between the oxygen in the main chain of His197 and the nitrogen in the main chain of Ser202 was 

measured to represent the loop structure. Figure 1b demonstrates the distance to be 3.88 Å for the 

Cl− bound form, whereas it was 7.14 Å for the Cl− free form. This indicates that a β-sheet is 

produced in this loop region in the Cl− bound form, whereas it is unfolded in the Cl− free form. 

This result is consistent with our previous understanding based on the FTIR results22. As depicted 

in Figure 1a, bovine rhodopsin also exhibits a loop structure formed by β-sheets near the retinal 

binding site. The distance between the β-strands forming this loop structure was measured to be 

4.14 Å. Figure S2 depicts the structural superposition of MG and bovine rhodopsin, confirming 

that structure of bovine rhodopsin is more similar to the Cl− bound form than the Cl− free form. 
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Figure 1. (a) Comparison of amino acids among bovine rhodopsin, MG, and other cone pigments. 

The crystal structure of bovine rhodopsin illustrates each amino acid (PDBID: 1L9H16). 

(b) Computationally constructed MG structures in the Cl− bound (left) and free (right) 

forms. Orange represents the β-sheet structure in the loop region near the retinal 

chromophore. The detailed structure around the Cl− binding site is also shown. His197, 

Gly204, Tyr284, and three water molecules interact with the chloride ion. (c) The 

protonation state of each amino acid in the Cl− bound and free forms of MG employed in 

the calculations. (d) Comparison of the MG structure predicted by AlphaFold2 with our 

constructed structures. Left: superposition of the AlphaFold2 structure and our Cl− bound 

structure, right: superposition of the AlphaFold2 structure and our Cl− free structure. 

 

In the Cl− bound form, His197, an amino acid in close proximity to the chloride ion, is 

protonated to a cationic state. Conversely, in the Cl− free form, His197 is deprotonated to a charge-

neutral state. In contrast, the Cl− free form of Asp17 may be anionic (COO−) or neutral (COOH). 

Therefore, we attempted to develop a comparable computational model for the scenario wherein 

Asp17 is anionic in the Cl− free form. The resulting structure resembled the Cl− bound form, with 

the loop structure near the retinal binding site folded in the β-sheet; however, this loop structure 

was significantly unfolded when Asp17 was neutralized (see Figure S3 for details). Thus, these 

calculations strongly suggest that the difference in the protonation state of Asp17 is crucial for the 

structural change between the Cl− bound and free forms of the loop. 

The structure of the Cl− binding site was then investigated. As illustrated in Figure 1b and 

Figure S4, the chloride ion is stabilized by the interaction of His197, Tyr284, Gly204, and three 

additional water molecules in an octahedral configuration. His197 has been previously reported as 
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the counter ion of the chloride ion50, but the interaction of Tyr284 and Gly204 with the chloride 

ion has not been studied. In addition to His197, the present calculations strongly suggest that 

Tyr284 and Gly204, play key roles in the Cl− binding of MG. 

In recent years, AlphaFold2 has garnered significant attention as a computational method 

for highly accurate prediction of three-dimensional protein structures51. We compared the structure 

determined by our method with that predicted by AlphaFold2. Notably, neither retinal nor chloride 

ions are present in the structure predicted by AlphaFold2, as AlphaFold2 could only handle amino 

acids. Therefore, the AlphaFold2 structure corresponds to that of the Cl− free form. However, as 

illustrated in Figure 1d, the structure of MG as determined by AlphaFold2 differed from our 

structure of the Cl− free form. The loop region near the retinal binding site was not unfolded in the 

AlphaFold2 structure. These results indicate that AlphaFold2 has not yet achieved reliable 

modeling of chromophores- or ion-containing proteins. 

Absorption energy calculations using the symmetry-adapted cluster-configuration 

interaction (SAC-CI) method52 were performed on the constructed MG structures in the Cl− bound 

and free forms. Both the Cl− bound and free forms of MG exhibited large oscillator strengths f in 

the first excited states (f = 1.05 and 1.08 for the Cl− bound and free forms, respectively), indicating 

π–π* excitations with the highest occupied molecular orbital (HOMO) to lowest unoccupied 

molecular orbital (LUMO) transition as the main configuration, consistent with our previous 

results for retinal proteins42. As reported in Figure 2a, SAC-CI calculations yielded excitation 

energies of 2.43 and 2.32 eV for the Cl− free and bound forms, respectively, matching the 

experimental values (Cl− free: 2.47 eV (503 nm), Cl− bound: 2.33 eV (532 nm)) with a deviation 

of 0.01-0.04 eV. Notably, the present excited-state calculations exhibited a spectral redshift of 0.11 

eV from the Cl− free form to the Cl− bound form, thereby reproducing the experimental value of 
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0.14 eV (Figure 2b). Additionally, we calculated the absorption energies using time-dependent 

density functional theory with the CAM-B3LYP functional (TD-CAM-B3LYP)53 and the 

complete active space second-order perturbation theory (CASPT2)54 (Figure 2a) and discovered 

that the spectral redshift resulting from Cl− binding was also observed in these calculations (Figure 

2b), although the magnitude of the spectral shift was marginally different (TD-CAM-B3LYP: 0.08 

eV and CASPT2: 0.12 eV). Thus, the redshift induced by Cl− binding results from our protein 

structures and is independent of the electronic structure calculations. These calculations strongly 

supported the validity of the MG structures. 
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Figure 2. (a) Absorption energies calculated for the Cl− bound and free forms of MG using the 

TD-CAM-B3LYP, SAC-CI, and CASPT2 methods. (b) The calculated spectral redshift 

associated with Cl− binding of MG. The absorption energy values in (a) are used. The 

contribution of the electrostatic effect of each amino acid to the absorption energy of MG 

in (c) Cl− bound and (d) Cl− free forms. (e) The contribution of each amino acid to the 

spectral shift induced by Cl− binding. Positive and negative values represent the 

contribution to the spectral blueshift and redshift, respectively. (f) Schematic illustration 

of the orbital energy changes of retinal due to protein electrostatic effects. Based on the 

difference in the distribution of HOMO and LUMO, the first excited state of the retinal 

exhibits an intramolecular CT character. Therefore, the LUMO is specifically destabilized 

by the negative electrostatic potential from the protein in the vicinity of the retinal Schiff 

base, thereby increasing the HOMO–LUMO gap. 

 

We investigated the physicochemical contributions that generate spectral differences in the 

Cl− bound and free forms based on the accurate reproduction of the absorption energies. To achieve 

this, the electrostatic energy contribution of each amino acid in the MG protein was calculated. 

The contribution of each amino acid to the absorption energy is determined from the electrostatic 

energy difference between the excited and ground states of the retinal chromophore, as follows: 

( )e g

Retinal

a b b

i

a i b ab

Q q q
E

r 

−
=   ,   (1) 

where 
aQ  denotes the atomic charge of atom a in amino acid i, 

e

bq  and 
g

bq  represent the charges 

of atom b in the retinal chromophore in the excited and ground states, respectively, and 
abr  is the 

interatomic distance between the retinal and amino acid i. In this study, 
iE  represents the protein 
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electrostatic energy. Figures 2c and 2d illustrate the contribution of each amino acid to the MG 

absorption energy in Cl− bound and free forms, respectively. The positive and negative values on 

the y-axis indicate blueshift and redshift contributions to the optical absorption of the retinal 

chromophore as a function of amino acids, respectively. The combined contribution from each 

amino acid is positive for both the Cl− bound and free forms, indicating that the electrostatic effect 

of the entire protein contributes to the blueshift. This finding is consistent with our previous 

results30. Because the first excited state of the retinal chromophore possesses an intramolecular 

charge transfer (CT) character along the retinal π-chain, the LUMO of the retinal chromophore is 

specifically destabilized when the protein electrostatic potential is applied along the retinal π-

chain42 (Figure 2f). Thus, the HOMO–LUMO gap increased, contributing to the spectral blueshift. 

Figure 2c depicts that the Cl− bound form exhibits substantial blueshifts owing to Glu129 and the 

chloride ion, and large redshifts owing to Val133, Ser134, His197, Lys200, and Ser202. In contrast, 

a large blueshift owing to Glu129 and His197 and a large redshift owing to Val133, Ser134, and 

Lys200 were observed in the Cl− free form, as illustrated in Figure 2d. Notably, the Cl− free form 

does not include the contribution from the chloride ion, and the change in the His197 protonation 

state results in the opposite contribution to the spectral shift than the Cl− bound form. All the amino 

acids discussed herein were close to the retinal binding site. 

To further investigate the effect of Cl− binding, the difference in the protein electrostatic 

energy 
iE  between the Cl− bound and free forms was calculated as follows: 

Bound Free

i i iE E E = −  ,   (2) 

where 
Bound

iE  and 
Free

iE  represent the protein electrostatic energy of an amino acid i  in the Cl− 

bound and free forms, respectively. Calculating 
iE  assists in determining which amino acids 
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contribute to the spectral redshift from the Cl− free form to the Cl− bound form. Notably, Eq. (2) 

uses the value of the Cl− free form as the reference value; therefore, the positive and negative 

values of 
iE  imply a contribution to the blueshift and redshift after Cl− binding, respectively. As 

depicted in Figure 2e, the largest negative value of 
iE  was observed at His197 (−0.167 eV), 

indicating that His197 was the largest redshift contributor induced by Cl− binding. As previously 

mentioned, His197 is considered a cation in the Cl− bound form and neutral in the Cl− free form. 

This difference in the protonation state brings a substantial contribution to the spectral shift. In 

addition to His197, large redshift contributions were observed for Glu129 (−0.096 eV), Ser202 

(−0.067 eV), and A308 (−0.041 eV). In contrast, the chloride ion exhibited the largest positive 

value of 
iE  (0.154 eV), which contradicts our intuition that the chloride ion itself contributes to 

the redshift. As stated previously, the counterion of Cl− is His197; therefore, considering His197 

and Cl− as a single fragment, their combined contributions yield a negative value of −0.013 eV. 

These results indicate that although the sole direct contribution of Cl− is the blueshift, the pair of 

Cl− and His197 contribute to the redshift by altering the protonation state of His197 to a cation 

through Cl− binding. 
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Figure 3. Structural comparison of Cl− bound and Cl− free forms of (a) Glu129, (b) Ser202, and 

(c) Ala308. 
1R , 

2R , and 
3R  are the distances between the oxygen of the carboxyl group in 

Glu129 and the nitrogen of the retinal Schiff base, the oxygen of the OH group in Ser202 

and the nitrogen of the retinal Schiff base, and the oxygen of the carbonyl group in Ala308 
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and the nitrogen of the retinal Schiff base, respectively. 
1R  = 2.76 Å, 

2R  = 4.12 Å, and 
3R  

= 4.56 Å in the Cl− bound form, and 
1R  = 2.74 Å, 

2R  = 3.25 Å, and 
3R  = 4.37 Å in the Cl− 

free form. 

 

The analysis using Eq. (2) demonstrates that His197 is a single amide with the largest 

contribution to the redshift. However, the second, third, and fourth largest, which originate from 

Glu197, Ser202, and A308, respectively, are especially the most effective because they are larger 

than the combined contributions of His197 and Cl−. The combined spectral shift from these three 

amino acids was −0.204 eV, indicating that they accounted for a large contribution to the overall 

spectral shift of the protein (−0.161 eV). Therefore, we analyzed the molecular mechanism 

underlying the large redshift contributions of Glu197, Ser202, and A308. First, we compared the 

Glu129 structure between the Cl− bound and free forms. As depicted in Figure 3a, a difference 

was observed in the carboxyl group orientations of Glu129 between the Cl− bound and free forms. 

The distance between the oxygen of the carboxyl group and the nitrogen of the retinal Schiff base 

is defined as 
1R ,  and 

1R  = 2.74 and 2.76 Å for the Cl− free and bound forms, respectively. In the 

Cl− bound form, the negatively charged carboxyl group is distant from the retinal Schiff base, 

indicating that the negative electrostatic potential developed on the retinal π-chain is smaller. Thus, 

the redshift contribution of Glu129 results from the weakening of the negative electrostatic 

potential in the Cl− bound form relative to the Cl− free form. Next, the Ser202 structure was 

compared between Cl− bound and free forms. As illustrated in Figure 3b, a significant difference 

was observed in the OH group position. The OH group of Ser202 in the Cl− free form is close to 

the retinal π-chain, and 
2R , defined as the distance between the oxygen of the OH group and 

nitrogen of the retinal Schiff base, is 3.25 Å. In contrast, the OH group of Ser202 in the Cl− bound 
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form was distant from the retinal Schiff base (
2R  = 4.12 Å) because of hydrogen bond formations 

with the water molecule coordinated to the chloride ion. The oxygen atom of the OH group in 

serine is polarized to a negative charge. Thus, the position change of the OH group of Ser202 

relative to the retinal Schiff base leads to a difference in the magnitude of the electrostatic potential, 

resulting in a spectral shift. A similar analysis of Ala308 (Figure 3c) exhibited a difference in 
3R , 

defined as the distance between the carbonyl oxygen (C=O) of the main chain of Ala308 and the 

nitrogen of the retinal Schiff base: in the Cl− free form, 
3R  = 4.37 Å, whereas in the Cl− bound 

form 
3R  = 4.56 Å. Because the carbonyl oxygen is also polarized to a negative charge, the shifting 

away of the carbonyl oxygen of A308 from the retinal Schiff base in the Cl− bound form weakens 

the effect of the negative electrostatic potential, thereby leading to a redshift. These calculations 

suggest that the redshift owing to Cl− binding results from the weakening of the negative 

electrostatic potential developed on the retinal π-chain, especially near the Schiff base region, 

owing to conformational changes in the amino acids around the retinal binding site. 

Computational prediction of the MG structure and spectral shift analysis allowed us to 

identify the amino acids involved in the spectral shift associated with Cl− binding. To verify the 

effects of these amino acids, site-directed mutagenesis experiments on MG were performed and 

their absorption spectra were compared with those of the wild type (WT). The absorption spectra 

measured for the 17 MG mutants are depicted in Figure 4. Considering the Cl− bound form, the 

absorption maxima of A308S (λmax = 501 nm) and H197A (λmax = 504 nm) exhibited a substantial 

blueshift compared with that of the WT (λmax = 532 nm). This indicated that Ala308 and His197 

were significantly involved in Cl− binding. To further investigate the amino acids involved in the 

redshift induced by Cl− binding, the magnitude of the spectral shift from the NO3− bound form, 

which mimics the Cl− free form22, 23, to the Cl− bound form was estimated for each mutant, defined 
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by 
Bound Free

max max  = − . If the spectral shift of the mutant is smaller than that of the WT, the mutated 

amino acid is considered to be directly involved in the Cl− binding-induced redshift. The analysis 

revealed that the spectral shifts   in H197A, H197Y, S202A, and A308S (−0.03, −0.05, −0.04, 

and −0.06 eV) were significantly smaller than those in the WT (−0.14 eV), strongly suggesting 

that His197, Ser202, and Ala308 are largely responsible for the redshift associated with Cl− binding 

in the MG. This result is consistent with the predictions of the computational analysis described 

earlier. Therefore, the mutagenesis experiments confirmed the high reliability of our computational 

prediction of amino acid contributions. 
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Figure 4. Absorption spectra of MG mutants. Black and red lines represent absorption spectra in 

Cl− bound and NO3− bound forms, respectively, and the difference in absorption maxima 

(
Bound Free

max max  = − ) is also depicted. The position of each amino acid within the MG 

structure is indicated by a sphere. Spheres indicating amino acids are represented by red, 

pink, yellow, and blue in the order of magnitude of the redshift. 
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In summary, the molecular mechanism of the spectral redshift associated with Cl− binding 

was clearly demonstrated by computationally constructing the protein structures of Cl− bound and 

free MGs and by analyzing the electrostatic energy of the proteins. This study demonstrated for 

the first time that a change in the loop structure of MG cannot be reproduced by the presence or 

absence of a chloride ion alone, but is rather caused by a change in the protonation state of both 

His197 and Asp17 (Figure 5). The binding of a chloride ion to MG alters the protonation state and 

conformation of the amino acids (His197, Glu129, Ser202, Ala308) surrounding the retinal binding 

site, thereby weakening the negative electrostatic potential developed near the retinal Schiff base 

and producing a spectral redshift. The computationally predicted amino acid contributions were in 

excellent agreement with the results of the mutagenesis experiments, indicating that this study has 

made a significant contribution toward elucidating the spectral tuning mechanism of cone 

pigments. 

As shown in Figure 4, the experimental spectra of the MG mutants showed a spectral shift 

relative to that of the WT even in the absence of Cl− binding. This suggests that factors other than 

Cl− binding, such as retinal distortion and the hydroxyl dipole, contribute to spectral tuning. 

Although it would be interesting to investigate the cause of the spectral shift in detail, this would 

require further structural construction of the MG mutants. Such studies will be conducted in our 

future work. 

Finally, we compare the spectral tuning of MG with that of other photobiomolecules. We 

previously investigated the molecular mechanism of the spectral shift between the inner (B850) 

and outer rings (B800) constituting the photosynthetic light-harvesting 2 complex (LH2) of purple 

bacteria and found that electronic coupling and CT between chromophores are the major 
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contributors to the spectral shift, whereas the electrostatic effect from the protein environment is a 

only minor one55 (e.g., Figure 6 of Ref. 55). In contrast, this study demonstrates that protein 

electrostatic effect induces the spectral tuning of MG. These results imply that the physicochemical 

factors underlying the spectral tuning of MG and LH2 are essentially different. As shown in Figure 

2f and in our previous studies42, 56 (e.g., Figure 3 of Ref. 42 and Figure 2 of Ref. 56), the first 

excited state of the retinal chromophore has an intramolecular CT character. Consequently, the 

retinal chromophore is highly sensitive to the electrostatic potential from the protein environment 

and thus exhibits a spectral shift. In contrast, the excited states of chromophores such as 

bacteriochlorophylls and carotenoids in LH2 exhibit minimal intramolecular CT; thus, the spectra 

of these chromophores are less affected by the electrostatic potential from the protein environment. 

These findings support the hypothesis that biomolecules employ different physicochemical 

strategies to modulate their absorption wavelengths and enhance their adaptation to the living 

environment. 
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Figure 5. Schematic illustration of the changes in the protonation state and protein structure 

induced by Cl− binding. 
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