ROYAL SOCIETY

OF CHEMISTRY

PCCP

View Article Online

View Journal | View Issue

“In situ” observation of the role of chloride ion
binding to monkey green sensitive visual pigment
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Long-wavelength-sensitive (LWS) pigment possesses a chloride binding site in its protein moiety. The
binding of chloride alters the absorption spectra of LWS; this is known as the chloride effect. Although
the two amino acid substitutions of His197 and Lys200 influence the chloride effect, the molecular
mechanism of chloride binding, which underlies the spectral tuning, has yet to be clarified. In this study,
we applied ATR-FTIR spectroscopy to monkey green (MG) pigment to gain structural information of the
chloride binding site. The results suggest that chloride binding stabilizes the B-sheet structure on the
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extracellular side loop with perturbation of the retinal polyene chain, promotes a hydrogen bonding
exchange with the hydroxyl group of Tyr, and alters the protonation state of carboxylate. Combining
with the results of the binding analyses of various anions (Br~, I~ and NOz™), our findings suggest that
the anion binding pocket is organized for only Cl™ (or Br™) to stabilize conformation around the retinal
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Vertebrate cone pigments are classified into four classes on the
basis of their primary sequence and spectral properties (Amax):
S (SWS1, Aimax = 415), M1 (SWS2, Zax = 455), M2 (Rh2, Amax = 508),
and L (LWS, Amax = 571)." All pigments possess a common
chromophore, 11-cis-retinal, which is attached by a Schiff-base
linkage to a protein moiety. However, 11-cis-retinal enables
cone pigments to detect/absorb a wide range of wavelengths
through a specific interaction with the protein moiety. This
unique phenomenon, involving the interaction of a common
chromophore and various visual pigments, results in a wide
spectral-width and is termed as an opsin shift.>* In addition,
it is well known that cone pigments in the L group have a
chloride (C17) binding site in their protein moieties and shift
the absorption maxima to a longer wavelength (~40 nm).
Previous studies revealed His197 and Lys200 to contribute to
Cl -binding and that His197 is the primary residue for the CI™
effect.” The crystal structure of bovine Rh revealed that these
sites are located in the second extracellular loop (ECL2), which
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chromophore, which is functionally relevant with absorbing long wavelength light.

forms a B-sheet structure and is close to the Cys203(45.50)-
Cys126(3.25) (the numbers in parenthesis denote the residue
position in the Ballesteros-Weinstein scheme®) disulfide bond
linking the luminal end of Helix3.® Therefore, the Cl~ binding
site is strongly suggested to be in the vicinity of the retinal
Schiff base. However, the structural basis underlying the bind-
ing mechanism of CI™ and its effect on spectral tuning is poorly
understood due to the unavailability of structural studies on
cone pigments.

Previously, we succeeded in structural analysis of monkey red
(MR) and green (MG) pigments by using low-temperature FTIR
spectroscopy, from which we revealed important structural differ-
ences, such as MG specific amide-I vibration, MR specific X-H
stretch,” and unique hydrogen bonded internal water molecules in
both MR and MG.? In particular, strong hydrogen-bonded water
molecules were observed for both MR and MG after formation of
the batho-intermediate state, which was not observed in case of
Rh® and monkey blue (MB) pigment.'’ Presumably, these water
molecules would participate in the Cl™ binding site near the
retinal chromophore. Since low-temperature FTIR spectroscopy
requires the protein samples as a hydrated film at 77 K, “in situ”
detection of structural change induced by the ion binding is
challenging due to the restrictions on molecular interactions at
such low temperatures.

To characterize the functional role of ClI™ in the L group
pigments, we studied specific interactions of CI~ with MG-pigment
using attenuated total reflection (ATR)-FTIR difference spectroscopy.
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The ATR mode allows the measurement of vibrational signals
from the evanescence field and minimizes contribution from the
water background. This technique has been widely used to inves-
tigate the structural changes of membrane proteins induced by
ligand (ion or substrate) binding."*™® In this study, Cl™-binding-
induced structural change of MG-pigment was detected, which
enabled us to identify the region that binds to the Cl™ and its
subsequent effect on the protein conformation.

Results

Cl -Binding-induced difference ATR-FTIR spectroscopy of
monkey green (MG) sensitive visual pigment at
physiological condition

Fig. S1 (ESIt) shows the absolute infrared absorption spectrum
of MG-pigment adsorbed onto the ATR crystal and Fig. 1a shows
the Cl™-binding-induced difference infrared spectrum measured
in the buffer containing 200 mM phosphate (pH 7.25) and
10 mM NaCl against the buffer without NacCl as reference. The
dissociation constant (Ky) reported for Cl™-binding is 0.1 mM
for iodopsin,"* which is 100-fold lower in concentration than
that in our experimental conditions. Therefore, the spectral
changes observed in Fig. 1 are representative of a fully occupied
binding site. In fact, a similar Cl"-binding spectrum was obtained
at 25 mM NaCl condition (see Fig. S2, ESIt). CI~ perfusion-
induced difference FTIR spectroscopic analysis has been already
reported for Halorhodopsin from Natronomonas pharaonis (NpHR),
a light-driven CI~ pump'>'® used to investigate the anion
transport mechanism during the photocycle and spectral tuning
from the anion free form (blue NpHR) to the anion bound form
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Fig. 1 (a) The ion-binding induced difference FTIR spectrum of MG. The
difference spectrum was measured in the presence and absence of 10 mM
NaCl at room-temperature in the 1780-1120 cm™ region. (b) The ion-
binding induced difference FTIR spectrum in H,O (black curve at pH 7.25)
and D,0O (red curve at pD 7.25) of MG. One division of the y-axis corre-
sponds to 0.001 absorbance unit.

3382 | Phys. Chem. Chem. Phys., 2018, 20, 3381-3387

View Article Online

PCCP

(NpHR576) (see Fig. S3 black line, ESIT). In Fig. S3 (ESI{), the
pair bands at 1525(+)/1511(—) em™" correspond to C—C
stretching vibration band of retinal chromophore, which is
consistent with a blue shift in Ayay.'> Furthermore, the pair
bands at 1674(—)/1658(+) cm ™' may correspond to local struc-
tural perturbation of a-helix induced by Cl -binding.

In the present measurement (see Fig. 1a and Fig. S3 red line,
ESIt), the pair bands at 1547(—)/1532(+) cm " correspond to a
C—C stretching vibration of the retinal chromophore, and
down-shift with Cl -binding is consistent with red-shift in
the visible region. Along with the vibrational bands of NpHR,
Cl -binding-induced polypeptide backbone alterations are evident
from several vibrational bands in the amide-I region, that is,
binding and/or dissociation of Cl™ also provides MG-pigment
perturbation of the o-helix. It should be noted that a dominant
positive band appears at 1620 cm ™. This band frequency corre-
sponds to an amide-I vibrational mode of a typical B-sheet.
Moreover, it is well known that C-C stretching vibrations of the
retinal chromophore appear at around 1200 cm . In Fig. S4
(ESIt), we could identify the bands at 1197 cm™ " as one of the
C-C stretching vibrations of the retinal chromophore as observed
during the measurements of 9-cis-retinal bound form of MG-
pigment, where the band is shifted from 1197 to 1206 cm ™"
(Fig. S4b, ESIt). This band could be assigned to the C;4-Cys
stretching vibration.'” Although conventional light-induced differ-
ence FTIR spectra have been intensively examined to identify the
vibrational bands by use of isotope labeling and site-directed
mutation, ATR-FTIR spectra still lag far behind as a means of
explaining the structural changes based on the vibrational bands
in the difference spectra.

Amino acids hydrogen-deuterium exchange ATR-FTIR
spectroscopy of MG-pigment

To investigate the origins of vibrational bands observed in a
difference spectrum, an H/D exchange experiment was per-
formed in D,0O media (Fig. 1b, red line). As shown in Fig. 1b,
the 1231 cm ™ band exhibited up-shift to 1239 cm™" (see Fig. S5b,
ESIt), suggesting that the band originated from the C-O stretch-
ing vibration of a Tyr residue although some vibrational bands
exhibited down-shift in D,0O. The hydroxyl group of Tyr can take
four different bond forms, ie., free, hydrogen-bond donor,
acceptor, and donor-acceptor forms, and each hydrogen-bond
form provides a different vibrational mode in the following
frequency regions: 1260-1250, 1280-1260, 1240-1220, and
1255-1235 em™ ."® Thus, the Tyr side chain with 1231 em™'-
band would play the role of a hydrogen bond acceptor for
Cl™-binding (Fig. 1b).

As shown in Fig. 1b, small down-shifts were observed in the
1700-1600 cm™ " region in D,O, relative to H,O, as expected
for amide-I bands. The B-sheet specific amide-I bands at
1620(+) cm " and 1695(+) cm ' are slightly down-shifted in
D,0 relative to H,0, i.e., by 5 and 3 cm ™', respectively. The range
of band shift is consistent with the previous report.'® It should
be noted that the positive band corresponding to the CI~ bound
form is predominant, suggesting that Cl -binding might relate
to the structural stability of MG-pigment, particularly in the
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Fig. 2 (a) The ion-binding induced difference FTIR spectra of MG. Upper panel: CI” -minus- anion free difference spectra in H,O (black curve) and D,O

(red curve) in the 1780-1550 cm™* region. Lower panel: Cl~ -minus- anion free difference spectra in pH 7.25 (black curve) and pH 5.84 (blue curve) in the
1780-1550 cm™* region. One division of the y-axis corresponds to 0.0002 absorbance unit. (b) The ideal model traces of pH titration for a carboxylate
group in the presence (solid line) and absence (dashed line) of Cl™. Y-axis shows the population of protonated and/or deprotonated state of a carboxyl

group, and x-axis shows the pH values.

B-sheet structure. In fact, recent mutagenesis studies of His197
on Macaca fascicularis green cone visual pigment (mfas green)
indicated that the presence of a histidine residue at this
position could result in increased stability of the B-sheet.>

The positive band at 1745 cm ™" is shifted to 1735 cm ™" due
to H/D exchange effects. Fig. 2a represents an expansion of the
1750-1730 cm™ " region (Fig. 1b). The bands originating from a
protonated carboxyl group, observed in H,O (black curve) and
in D,O (red curve), are slightly sharp without a shoulder band.
Indeed, these bands are well fitted by only one-component of
Gaussian distribution (Fig. S6 bold curve, ESIt). This may
indicate that one carboxyl group contributes to form the CI™
binding site in the ECL2 of MG-pigment. Notably, the negative
band does not appear in the C=O0 stretching vibration region
of protonated carboxyl groups, suggesting that this carboxylate
can be protonated upon Cl -binding and, in contrast, depro-
tonated by the Cl™ dissociation. However, a counterpart band
as a deprotonated C=O stretching vibration is not confirmed
around 1400 cm ™" region due to the overlap of several bands.
The protonation of carboxylate induced by Cl -binding also
occurs in pharaonis phoborhodopsin (ppR, sensory rhodopsin II
(pSRID)).>" To examine the effect of protonation in detail, pH
dependent experiment was performed, in which the acidic pH
may contribute to protonation of the carboxylate both in the
presence and absence of Cl™ (Fig. 2a, blue curve). Even at pH
5.84, the positive band at 1745 cm™ ' was unaltered, indicating
that pK, value of CI” bound form is more than 8.0, while that of
the CI” unbound form is less than 5.0 in the solution. This
indicates that the pK, of the carboxyl group would be elevated
considerably by binding of Cl™ (Fig. 2).

Taking into account of the X-ray crystal structure of Rh, one
strong candidate for this carboxyl group is Asp206, which is located
on the ECL and can form an ion-pair with Arg193. Remarkably,
this ion-pair is conserved among most opsins including

This journal is © the Owner Societies 2018

cone pigments, and Asp206 mutations have been observed in
several cases of retinitis pigmentosa.>*>* It was reported that
mutations on the ion-pair either result in opsin proteins that do
not bind to 11-cis-retinal or, if they do regenerate, undergo
rapid retinal Schiff base hydrolysis in the dark state.>>® There-
fore, this ion-pair would be affected by binding of CI™ in the
case of cone pigments in terms of stabilization, which results in
rearrangement for more optimized structural formation.

Comparison of each anion-binding-induced difference
ATR-FTIR spectroscopy of MG-pigment

The CI™ binding site is not specific to CI” and can accommodate
different monovalent anions, including nitrate, perchlorate, and
thiocyanate.””*® Thus, it is valuable to investigate the difference
in the binding mechanisms of several types of anions based on
the structural information. Fig. 3 shows the comparison of four
types of anion binding-induced difference FTIR spectra. As
shown in the red curve in Fig. 3b, the nitrate binding-induced
difference FTIR spectrum exhibits o-helix specific amide-I pair
bands at 1658(—)/1649(+) cm ', while vibrational bands originat-
ing from B-sheet or retinal chromophore do not appear as
compared to the spectrum of the CI” bound form (black curve).
This result strongly suggests that nitrate can also bind, but not in
the vicinity of the retinal polyene chain. In fact, the spectral
feature of CI” -minus- NO; ™~ (Fig. 3c, red curve) closely resembles
the CI” -minus- anion free spectrum (Fig. 3c, black curve)
except for the amide-I band region. The pair bands at
1658(—)/1649(+) ecm ™", which are located in the amide-I region
specific to a-helix, would originate from an o-helix, suggesting
the nitrate binding-induced structural perturbation on an
a-helix in the extracellular side. Moreover, the signal intensity
of the amide-I band specific to -sheet in the CI” -minus- I"™
difference spectrum (Fig. 3d, red curve) decreased, although the
overall spectral feature was quite similar to that of CI™ -minus- anion
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Fig. 3 The comparison of ion-binding induced difference FTIR spectra of
MG. Each black spectrum corresponds to Cl™ -minus- anion free difference
spectra in the 1780-1120 cm™* region. Red spectrum in (b) corresponds
to difference between nitrate (10 mM) and anion free. Red spectrum in
(c) corresponds to difference between Cl™ and nitrate. Red spectrum in
(d) corresponds to difference between Cl™ and I”. Red spectrum in (e)
corresponds to difference between Cl™ and Br™. One division of the y-axis
corresponds to 0.0005 absorbance unit.

free (Fig. 3d, black curve). This may indicate that binding of I
also contributes to the -sheet structural stability, similar to the
Cl™ bound form. In contrast, there is no structural alteration
between CI™ and Br™-binding forms (Fig. 3e, red curve), strongly
indicating the same binding manner for both ions. Therefore,
these results suggest that the anion binding pocket accommo-
dates CI™ and Br™, but notI” or NO;~ which cannot interact with
the protein moiety like CI™ (or Br™).

Discussion

The binding of Cl” induces several polypeptide backbone
changes in MG, particularly in its B-sheet structure, perturba-
tion of the retinal polyene chain, changes in the hydrogen
bonding network of a hydroxyl group of Tyr, and the alteration
of protonation state of carboxyl group. The positive 1620 cm ™"
band corresponds to the B-sheet-specific amide-I band. Appearance
of this band may indicate that C1"-binding possibly contributes
to the structural stability of MG-pigment, which is in agreement
with the recent mutagenesis study>® reporting that the presence
of Cl™ is able to enhance the formation of the -sheet. The band
located at 1197 cm ™', probably originating from the C;4~C;5
stretching vibration of the retinal chromophore, would be
affected by Cl -binding coupled with the hydrogen bonding
change of Tyr (probably Tyr284(6.51)), whose C-O stretching
mode was observed as the positive 1231 cm ™" band because the
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location of Tyr284(6.51) is close to C14-C;5 according to the
X-ray crystal structure of Rh. In addition, this hydrogen bonding
change would cause perturbation in internal water molecules.
Cl™ or other monovalent anions can form hydration structures in
the bulk water to stabilize their negative charge. This hydration
energy partly depends on the strength of interaction between an
anion and water molecules since hydrated interaction is explained
by a typical ion-dipole interaction.>® Moreover, the hydration
structure of an anion inside a protein can be different compared
with that in bulk water; thus, partial or complete dehydration may
occur inside the protein. Previously, we found a strongly hydrogen
bonded water molecule, which changes its structure after photo-
isomerization of retinal only in MR and MG, but not in Rh and
MB, using light-induced difference FTIR spectroscopy.®° In the
previous studies on pHR*® and cone pigments,® we discussed Cl~
being weakly hydrated by internal water, but photoisomerization
perturbs the local structure of the binding site, resulting in
formation of a strong H-bond with water. Hence, one would come
up with a speculation that partial dehydration of Cl™ occurs upon
its binding in the vicinity of the retinal chromophore, but the C1™
still can interact with a hydrophilic amino acid having a dipole
moment (one candidate is Tyr284(6.51)) as compensation for loss
of hydration energy.

In addition, CI -binding-induced structural changes in
protein are possibly accompanied by the protonation change
of a carboxyl group, whose C—=0O stretching band was observed
at 1745 cm™ ", One possible candidate of this carboxyl group is
Asp206 as reference of Rh structure. Asp206 can form an ion-pair
with Arg193 on the ends of ECL. This ion-pair (Arg193/Asp206)
is conserved in almost all vertebrate opsins and might be pre-
sent in other GPCRs as well. In addition, mutations at Asp206
in Rh are found in patients with Autosomal Dominant Retinitis
Pigmentosa (ADRP).>*>* However, it should be noted that this
disease is related to rhodopsin mutation and not to cone
pigments, so the functional role of this ion-pair between rod
and cone pigments may be different. From the present results,
this ion-pair is affected by binding of CI™ in the case of cone
pigments in terms of stabilization, which induces rearrange-
ment for more optimized structural formation.

It has been assumed that the chloride binding site in cone
pigments accommodates various monovalent anions as well as
Cl™ including a relatively large anion such as nitrate. However,
the nitrate bound form exhibits ~40 nm blue shift in the
absorption maximum compared to that of the CI” bound form in
the case of iodopsin.*° From the present anion exchange induced
difference FTIR spectra, however, it was elucidated that the I or
NO; -binding forms can induce perturbation to o-helix and/or
B-sheet while there is no structural alteration between the Cl™
and Br -binding forms. This strongly suggests that the anion
binding pocket accommodates CI~ and Br~, but not I or NO;~
due to the larger size of the anions. It should be noted that the
anion (Cl~, Br~, and NO; ) binding-induced difference spectra
for NpHR show very similar spectral features (Fig. S7, ESIT),
which are fully consistent with the previous results."” Indeed, the
intensity of anion-exchange-induced difference spectrum between
each anion is smaller than that of the anion -minus- anion-free
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Fig. 4 Structural model of the Cl™ binding site of MG. (left) B-Sheet structure on the extracellular side is stabilized by binding of Cl™. Four amino acids;
His, Arg, Asp, and Tyr would be key residues for binding of Cl™. (right) In the case of anion free form, the structure of the anion-binding site is flexible,

resulting in the unfolding of the B-sheet structure.

spectra (Fig. S7, ESIt), which is contrary to the case of MG-
pigment (Fig. 3). Perhaps, the obtained spectra in NpHR can be
induced by the change of the electrostatic interaction with the
retinal Schiff base rather than by perturbation of the anion
binding site. In fact, it is reasonable to consider that the anions
play a role as a counterion of the Schiff base in NpHR. More-
over, according to the crystal structures of NpHR, each anion is
located in the vicinity of the retinal Schiff base with similar
architecture around the anion binding site.>* Therefore, anion
binding sites among L group pigments would be positively
charged, where C1~ (or Br™) is accommodated for stabilization
of the structure, which is contrary to the case for NpHR.

Fig. 4 illustrates the structural model for the anion binding
site, which was constructed based on our experimental results.
From the present study, it was elucidated that a chloride ion
contributes to stabilization of B-sheet structure near the retinal
binding pocket. The binding of ClI” has been also known to
stabilize the protonated Schiff base of the retinal chromophore
in gecko P521 cone-type visual pigment by increasing the pK,
value.®” If the disruption of this electrostatic interaction
between protonated Schiff base and counterion, Glu129, takes
place in the absence of Cl, the retinal chromophore is released
from the opsin moiety corresponding to thermal destabiliza-
tion. Moreover, the B-sheet structure is stably located near the
retinal binding pocket without binding of CI™ in the case of
rhodopsin as observed in the crystal structure.® The amino acid
identity around the retinal chromophore between rhodopsin
and MG-pigment is about 40%; also, our previous light-induced
difference FTIR spectra showed that the protein backbone struc-
ture and/or hydrogen bonding network, constituted by amino
acid residues and internal water molecules, are significantly
different from each other.”® Furthermore, the B-sheet specific
amide-I band observed at 1620 cm™ ", which is a relatively low

This journal is © the Owner Societies 2018

frequency, indicates a stronger hydrogen-bonding structure than
the original antiparallel B-sheet structure or probably a structure
comprising intermolecular extended chains with water solvent.
Therefore, we assumed that the p-sheet structure among L-group
pigments possess their own structural motif.

In this study, we did not detect the vibrational signals of His and
Lys, both of which play the role of a CI~ binding site.* Although
C-N stretching vibration of His appears at 1000-900 cm " fre-
quency region in general, it should be noted that the high
concentration of phosphate (200 mM), used for suppression of
protein swelling, obscures the His signal in the present study.
Further, ATR-FTIR experiments with other buffer compositions or
site-directed mutants of His will lead us to unveil the characteristic
behavior of His upon the chloride binding. Moreover, according to
the homology model of human green pigment, Lys200 side chain
faces the outside from the putative Cl~ binding site.*> Combined
with the minor chloride effect of Lys mutation in 2, Lys200 may
influence stabilization of the chloride binding site indirectly rather
than interacting directly with chloride. Thus, further spectral
measurement of Lys200 mutants would reveal the local structural
differences in the CI™ binding site, particularly by focusing on the
B-sheet specific amide-I band.

Conclusion

Binding of CI™ to the L-group pigments alters the absorption
spectra, and the molecular mechanism of the Cl™ effect was
studied by applying ATR-FTIR spectroscopy to the MG pigment.
The present study demonstrated that C1 -binding plays a critical
role for stabilizing the secondary structure of the B-sheet, which
protects the retinal binding pocket from the solvent on the
extracellular side. Structural flexibility in the extracellular loop
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region of animal rhodopsins allows a specific electrostatic
interaction, leading to the absorbance of long wavelength light.

Methods

Pigment purification and ATR-ready sample preparation

The ¢cDNA of monkey green (MG) pigment was tagged by the
Rho1D4 epitope sequence and introduced into expression vector
pcDLSx296. This was expressed in the HEK293T cell line and
regenerated with 11-cis-retinal as previously reported.”® The
reconstituted pigment was extracted with buffer A [2% (w/v)
n-dodecyl B-p-maltoside, 50 mM HEPES, 140 mM NacCl, and
3 mM MgCl, (pH 6.5)], purified by adsorption on an antibody
conjugated column, and eluted with buffer B [0.06 mg mL ™" 1D4
peptide, 0.02% n-dodecyl B-p-maltoside, 50 mM HEPES, 140 mM
NaCl, and 3 mM MgCl, (pH 6.5)]. For the ATR-FTIR analysis, a
solubilized sample was reconstituted into phosphatidylcholine
liposomes with a 30-fold molar excess, followed by suspension in
buffer C [2 mM phosphate and 10 mM NacCl (pH 7.25)].

ATR-FTIR measurements

The sample was placed on the surface of a diamond ATR crystal
(nine internal total reflection). After it was dried in a gentle
stream of N,, the sample was rehydrated with solvent contain-
ing 200 mM phosphate (pH 7.25) buffer with 10 mM NacCl at a
flow rate of 0.5 mL min~'. ATR-FTIR spectra were first recorded
at 2 cm™ ! resolution, using an FTIR spectrometer (Agilent, CA,
USA) equipped with a liquid nitrogen-cooled MCT detector
(an average of 1150 interferograms).>'* After recording the
FTIR spectrum in the second solvent without salt, the differ-
ence FTIR spectrum was calculated by subtracting the data
obtained for the first and second solvents. The cycling proce-
dure was repeated four to ten times, and the difference spectra
were calculated as the averages of the presence -minus- absence
spectra of salt. The spectral contributions of the unbound salt,
the protein/lipid shrinkage and the water/buffer components
were corrected.
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