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Chloride Effect on lodopsin Studied by Low-Temperature Visible and Infrared
Spectroscopids
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ABSTRACT. To investigate the chloride effect on the spectral properties of iodopsin, we have prepared an
anion-free iodopsin (iodopsifiee) by extensive dialysis of an iodopsin sample against a buffer containing
no chloride, and visible and infrared difference spectra between iodénesirand its photoproduct at 77

K were recorded. The absorption maximum of iodogds@e in L-a-phosphatidylcholine liposomes was

528 nm, which was almost identical with that of the nitrate-bound form of iodopsin (526 nm, ioglopsin
NOs), but 43 nm blue-shifted from that of the chloride-bound form of iodopsin (iode@finThe iod/

batho visible difference spectrum obtained from iodofisée was similar in shape to that from iodopsin

NOs, but not to that from iodopsi€l. FTIR spectroscopy revealed that the chromophore vibrational
bands and the peptide bonds of the original state in iodefpsawere identical with those in iodopsin

NOs and were also similar to those in iodopgdhexcept for the ethylenic vibrations of the chromophore.

In contrast, those of the batho state in iodogsé® were similar to those in iodopsiiOs but considerably
different from those in iodopsifl. These results suggested that the binding of chloride but not nitrate
induces a conformational change in the protein and that the chloride binding site is situated in a position
where it directly interacts with the chromophore when the chromophore is photoisomerized. FTIR
spectroscopy also revealed that one of the four water bands observed in the batho/iod spectrum of iodospin
Cl is absent in the spectra of iodopdiee and iodopsitiNOs. Thus, in contrast to nitrate, a lyotropic
anion, chloride would bind to the binding site with water molecule(s) which could form a hydrogen-
bonding network with amino acid residue(s) near the chromophore, thereby resulting in the red shift of
the absorption maximum of iodopsin.

lodopsin gmax = 571 nm) is a visual pigment present in by comparing the low-temperature FTIgpectra of chloride-
chicken red-sensitive cone$)(and belongs to a family of  and nitrate-bound forms of iodopsin (iodop$dh and
long-wavelength-sensitive visual pigments among the four iodopsinNOs, respectively). The results showed no differ-
families (short, middle1, middle2, and long) of cone visual ences in the €C stretching and the hydrogen out-of-plane
pigments 2, 3). In contrast to the cone visual pigments of (HOOP) wagging, and the=€NH (and G=ND) stretching
other families and the rod visual pigment rhodopsin, it has bands were observed in the 11-cis form (original state) of
a chloride binding site in its protein moiety, and binding of these pigments. The difference was observed only in the
chloride causes a red shift in the absorption maximgm ( C=C stretching frequencies, and it correlated with the
5). The chloride binding site also accommodates various difference in absorption maxima between these pigments.
monovalent anions, but most anions except for halide anions 'Nus, the effects of chloride and nitrate originate from a long-
induce little shift 6) or a blue shift {) of the absorption range |nteract|0nl with the chromophore but _not from local
maximum. Recent extensive studies using nitrate as aProtein perturbations along the polyen_e chaln_ of the chro-
substituting anion showed that nitrate can bind to the Samemophor_e. The;e ob§ervat|ons are consistent with the ]‘act that
binding site competitively with chlorideBf but exhibits an the amino aC|.d r§3|dues .(H194 and K197) responsible for
~40 nm blue shift in the absorption maximum from that of the chloride t_)mdlng are S|tuated_ in the second extracell_ular
the chloride-bound form. Thus, it is of interest to investigate loop connecting the fourth and fifth transmembrane helices

. . o (10) (Figure 1). However, we found that the HOOP wagging
ch):/(\;r:he absorption spectrum of iodopsin is regulated by the bands, especially that containing theJ& wagging mode,

_ _ _ _ _ of bathoiodopsin, the chromophore photoisomerized state,
In the previous studie®), we have investigated the anion in the chloride-bound form are considerably different from
effect on the tuning mechanism of the absorption maximum those in the nitrate-bound forn@); Therefore, the binding
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Ficure 1: Two-dimensional model of iodopsin. The following
residues are highlighted: Lys309 forming a Schiff base with 11-
cis-retinal and His194 and Lys197 as the chloride binding sites of
visual pigments which belong to group L1Q). Membrane-

Hirano et al.

prepare a film sample for FTIR spectroscopy. The iodopsin
sample purified by Con ASepharose affinity and SP-
Sepharose ion exchange columns (Pharmacia) was adsorbed
again on a Con ASepharose column equilibrated with
buffer A [20% (w/v) glycerol, 0.6% CHAPS, 0.8 mg/mL
PC, 50 mM HEPES, 140 mM NaCl, 1 mM DTT, 0.1 mM
PMSF, 4ug/mL leupeptin, and 50 KIU/mL aprotinin (pH
6.6)] supplemented with 1 mM Mngand CaCJ. After the
column was washed with buffer A supplemented with 1.5
mM methyl o-p-mannoside to remove the other contaminat-
ing pigments, iodopsin was eluted with buffer A supple-
mented with 200 mM methyd-p-mannoside. The purified
sample was then dialyzed against buffer C [50 mM HEPES,
140 mM NaCl, 1 mM DTT, 0.1 mM PMSF, 4g/mL
leupeptin, and 50 KIU/mL aprotinin (pH 6.6)] with three
exchanges of buffer ewerl h and three times eweB h to
prepare the PC liposome containing iodopsin. The sample
was centrifuged, and the pellet was suspended in a 10 mM
NacCl solution. To prepare iodopskO; and iodopsirfree,

the purified iodopsin sample was dialyzed against buffer C
containing 140 mM NaN@or no salt instead of NaCl and
then centrifuged. The pellets were suspended in a 10 mM
NaNG; solution or distilled water. The suspensions were then
applied to a BafFwindow (18 mm, OYO-KOKEN), followed

by drying at 4°C overnight. About L of either HO, D,0O,

embedded aspartate and glutamate residues are shown in bold lettergr H2'%0 was put beside the film for humidification, sealed

containing Glu126 that corresponds to Glu113 of bovine rhodopsin.

by another Baf window with the aid of silicon rubber
O-ring, and placed in a brass cell holder. The extent of

of the anion could induce the protein conformational change sample hydration was monitored by the absorbance of the

that perturbs the chromophore binding site near thg C
position of the chromophore of bathoiodopsin.

The above conclusion was derived from comparative
studies with iodopsitCl and iodopsirNOs. Thus, we were

O—H (or O—D) stretching region of the IR absorption
spectrum. We measured all the FTIR difference spectra under
conditions in which the absorbances of the-i® region
(3400 cn1l) were in the range of 0-70.8. Under these

unable to determine which of the conformational changes conditions, about 1000 water molecules per molecule of

were derived from the binding of chloride or nitrate. Also,

iodopsin are present in the samples, assuming that the

we were unable to detect conformational changes, if binding extinction coefficient of the ©H stretching mode of the

of the chloride and nitrate was induced to similar extents. water molecule at 3500 crhis 100 (L2).

Therefore, it is necessary to investigate the effect of each  gpectrophotometryuVv—vis absorption spectra were re-
anion by comparing the data for each anion with those corded with a Shimadzu model MPS-2000 spectrophotometer

obtained from the anion-free iodopsin (iodop$iee), to
further our understanding of the role of chloride. For this
purpose, we have prepared an iodogfsge sample by
extensive dialysis of iodopsi@l and measured the difference
visible and infrared spectra between iodoplsee and its

interfaced with an NEC PC-9801 computer. The system for
the recording of absorption spectra was reported previously
(9, 13). FTIR spectra were recorded by a Bio-Rad FTS-60A/
896 spectrometer according to the methods described previ-
ously (4). An Oxford model DN-1704 cryostat was used

photoproducts at 77 K. The results showed that the spectrayy cool the sample. The temperature of the sample was

from iodopsinfree were surprisingly similar to those from
the iodopsiANO; but considerably different from those of
the iodopsinCl. Detailed analyses of the FTIR spectra
indicated that the binding of chloride but not nitrate induces

regulated to within 0.1°C with a temperature controller
(ITC-4, Oxford). The sample was irradiated with light from
a 1 kW tungsten halogen lamp (Rikagaku Seiki) which had
been passed through a glass cutoff filter (IR76 and VR68,

a conformational change in the protein to situate the binding Toshiba) or an interference filter (501 nm, Nihonshinku; 780
site near the chromophore binding site, and the binding of or 700 nm, Toshiba). The conditions of irradiation to obtain

chloride perturbs the chromophore structure when it is

photoisomerized. Together with the experimental data ob-

tained from the high-frequency region of the FTIR spectra,
we will discuss the unique character of iodopsin in the
chloride-bound form.

MATERIALS AND METHODS

Sample Preparationlodopsin was extracted from about
2000 chicken retinas by a mixture of CHAPS and PC and
purified by column chromatography®). In addition to the

the difference FTIR spectra in iodosp@i and iodopsin

NO; systems were identical with those reported previously
(9), while those in iodopsitiree are described in Results.
For each measurement, 128 interferograms were accumu-
lated. The difference FTIR spectra shown in the figures are
the averages of-816 measurements.

RESULTS

Visible and Infrared Absorption Spectra of lodopsin under
Various Conditions.Figure 2a shows visible absorption

standard procedure, the following steps were employed to spectra of iodopskCI (curve 1, dashed line), iodopsiree
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T | p—— site 6). The resulting spectra exhibited absorption maxima
" 7 at 571, 526, and 528 nm in iodops@i, iodopsinNOs, and
iodopsinfree samples, respectively. It should be noted that
the spectral shape of iodopdiree at wavelengths longer than
. the maximum scarcely changed upon addition of th8®]
N N EL 1 form of hydroxylamine, which confirms the previous obser-
2 ‘-\‘\400 500 600 700 vation (6)
To obtain the accurate infrared spectra, water contents of
the samples have to be significantly reduced. Thus, we next
0 M b prepared the film samples of these pigments upon drying
| | . the PC liposome suspension on the optical windows and then
. . . hydrated them by addition of a small amount of water on
b the film samples, as described for iodop§ihand iodopsin
NO;s (9). Figure 2b shows the visible absorption spectra of
. the hydrated films at room temperature. Although these
spectra are somewhat distorted due to the increased level of
scattering at shorter wavelengths, it is clear that the absorp-
tion spectra of iodopsh€| and iodopsiFNO; are similar to
those observed in the PC liposome suspension. On the other
hand, the spectrum of iodopsiree is considerably different
from that observed in the PC liposome suspension. That is,
the maximum shifted to 544 nm, which was 16 nm longer
than that in the PC liposome. We found that iodogfsge
in the hydrated film exhibited a maximum at a wavelength
FIGURE 2: Visible absorption spectra of iodopsGi (curve 1, between 540 and 570 nm depending on the sample prepara-
dashed line), iodopsifree (curve 2, solid line), and iodopshOs tions, although in all the preparations the 528 nm maximum
(curve 3, dotted line). (a) Difference spectra of the iodopsin samples ' . - -
in the PC liposome suspension are calculated from the spectraVas observed in the PC liposome suspension. These results
recorded before and after irradiation wit480 nm light at 4°C suggested that a certain amount of chloride was still present
in the presence of 10 mM hydroxylamine. The absorption maxima in the iodopsinfree sample and that the concentration of

gr:né)asgfesiOndrgp?ielctz(i:?ic\j/(;?g%%einineci Sﬁgxz"mgs ;{f_% ?e7nl<': e5§8:e Ctlrachloride could increase to reach the constant for binding of
calculated from tﬁe spec¥ra before and after irradiation wmop chioride .to lodopsinKq = 0.1 mM, 8) in the course of f"”.‘
nm light at 4°C in the absence of hydroxylamine. (b) Absorption Preparation. Therefore, a certain amount of the iodo@in
spectra of the hydrated films of iodopsin at room temperature. The state could be present in the iodopéiee film sample. If it
Amax values of iodopsirCl and iodopsirNO; are 568 and 525 nm, s the case, a mixture of iodopsfree and iodopsitCl can
respectively. The blue shift by2 nm from those of the liposome he gptically separated by selective irradiation. Thus, we tried

suspension is reproduced among the different film preparations. In ]
contrast, thémax Of iodopsinfree is located at a wavelength between to separate the two states by low-temperature spectroscopy.

540 and 570 nm, depending on the film preparations. In the figure, ~ Figure 3 shows the optical separation of iodogfsee and
the Amax is at 544 nm. iodopsinCl in the hydrated film of the iodopsifree sample

at 77 K. The film (curve 1 in Figure 3a) was first irradiated
(curve 2, solid line), and iodopsiNO; (curve 3, dotted line)  with 501 nm light to produce a photo-steady-state mixture
in the PC liposome suspension. The difference spectra showrcontaining mainly bathoiodopsin (curve 2 in Figure 3a). The
in the inset were calculated from the spectra recorded beforesample was then irradiated with 780 nm light (curve 3 in
and after irradiation with>480 nm light at 4°C. The Figure 3aj and, subsequently, irradiated with 700 nm light.
absorption maxima of iodopsi@l, iodopsinNO;, and The difference spectra calculated from the spectra before and
iodopsinfree were located at 573, 528, and 528 nm, after the respective irradiations are shown in Figure 3b. The
respectively. Thus, iodopsiinee exhibited an absorption difference spectrum that was calculated from the spectra
maximum similar to that of iodopsiNOs;, although it recorded before and after the irradiation with 780 nm light
exhibited a relatively large absorbance at wavelengths longer(curve 2 in Figure 3b) exhibited positive and negative
than the maximum as compared with iodophki@®;. Because =~ maxima at 548 and 646 nm, respectively. This spectral
the photoproduct produced by the irradiation of iodopsin feature is very close to that observed in the conversion of
displays some absorbances at wavelengths shorter than thbathoiodopsin to iodopsin in iodops@®l (dotted curve in
maximum, hydroxylamine was applied to the sample to Figure 3b), suggesting that the difference spectrum corre-
hydrolyze the retinal Schiff base of the photoproducts. The sponds to the photoreaction of iodop&ihcontained in the
resulting retinal oxime had an absorption maximum shorter
than that of the photoproducts, and therefore, the application 2We tried to selectively irradiate the bathoiodop&ih possibly
of hydroxylamine made it possible to calculate the maximum contained in the irradiated iodopsiree sample. Because the batho-

. . iodopsinCl was thought to have the most red-shifted spectrum among
more accurately. We added neutralized solutions of the HCI ;- broducts present in the sample, we tested lights of various

and HNQ forms of hydroxylamine into the iodopsi@l and wavelengths that caused only the photoreaction of bathoiod@}sin
iodopsinNO; samples, respectively. In the case of the under the criteria in which the repeated short irradiation 18 s)

iodopsinfree sample, we added a neutralized solution of the formed an isosbestic point§). As a result, we found that the 780 nm
’ irradiation formed the isosbestic point and provided visible and infrared

H2SQ, form of hydroxylamine, because the previous report gitterence spectra identical with those from the iodopGirsample as
indicated that sulfate ion did not bind to the chloride binding shown in Figures 3 and 4.
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Ficure 3: Optical separation of iodopsinee and iodopsitCl in

the hydrated film of iodopskfree at 77 K. (a) The hydrated film

at 77 K (curve 1) was irradiated with 501 nm light to produce a
photo-steady-state mixture which dominantly contains bathoiodop-
sin (curve 2). The film was then irradiated with 780 nm light to
revert bathoiodopshCl to iodopsinCl (curve 3). Finally, residual
bathoiodopsirfree which did not change upon irradiation with 780
nm light was converted to the original state by irradiation with 700
nm light (curve 1). (b) Difference absorption spectra calculated from
the spectra recorded after irradiations with 501 (curvedrve 2

— curve 1), 780 (curve'2curve 3— curve 2), and 700 nm light
(curve 3, curve 1— curve 3). The dotted and broken lines, which
can be superimposed on curvésald 3, respectively, represent
the difference spectrum between iodop€ihand bathoiodopsin

Cl and that between iodopsMO; and bathoiodopshNOs.

500

hydrated film of the iodopskiree sample. This is also
confirmed with the FTIR spectrum (see below). On the other
hand, the difference spectrum obtained by irradiation of the
sample with 700 nm light exhibits positive and negative
peaks at 512 and 624 nm, respectively (curve 3Zhis
spectrum is likely to originate from the difference between

Hirano et al.
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Ficure 4: Batho/iod FTIR difference spectra of iodop<dh (1),
iodopsinfree (2), and iodops#NO; (3) measured at 77 K. Curves

1 and 3 are the spectra obtained from the hydrated films of iodopsin
Cl and iodopsifNO;3 by irradiation with 710 and>670 nm light,
respectively, after production of the photo-steady-state mixtures
containing bathoiodopsin by irradiation with 501 nm light. The
spectrum of iodopsHClI is the same as that previously published
(9). The 1756-1550 and 1026800 cnt? regions of the spectrum

of iodopsinNO; were published previously9). Curve 2 is the
spectrum obtained from the hydrated film of iodopfiee by
irradiation with 700 nm light after irradiation with 780 nm light of
the photo-steady-state mixture produced by irradiation with 501
nm light. The dotted line superimposed on curve 1 represents the
spectrum obtained from the spectra before and after irradiation of
the photo-steady-state mixture with 780 nm light. The intensities
of these spectra are normalized by the 973 tmand.

iodopsinfree film contained iodopshEIl.® The difference
FTIR spectrum calculated from the spectra before and after
irradiation with 700 nm light (curve 2 in Figure 4) exhibits
spectral features different from those of bathof/@d The
positive 1504 and negative 1531 chbands are character-
istic for the C=C stretching (ethylenic) vibrations of the
batho and original pigment, which are different from those
of bathoiodopsirCl and iodopsinCl (1499 and 1524 cni,
respectively). On the other hand, they are identical with those
observed in iodopsiNO; (curve 3 in Figure 4). Because
the frequency of the €C stretching band correlates with

iodopsinfree and its batho intermediate. An interesting the absorption maximum in the visible region, these results
observation is that the spectrum is identical with that obtained indicated that the pigments detected by the spectra exhibit
from iodopsinNO;z (broken curve in Figure 3b), suggesting maxima that are almost the same as those of bathoiodopsin
that the environment around the chromophore is similar to NO; and iodopsifiNOs, but at wavelengths shorter than those

that in iodopsinNO;. However, some differences in the FTIR
spectra were observed between iodofisée and iodopsin
NQOs, indicating that iodopstifree is not the same species
as iodopsirNO; (see below).

We next measured the FTIR spectra of the film sample of
iodopsinfree under the same irradiation conditions as for
the visible absorption spectroscopy. Curve 1 in Figure 4 is
the batho/iod difference FTIR spectrum from iodop€ih
which was obtained by irradiation of an iodop<hfilm at
77 K. The difference FTIR spectrum calculated from the

of bathoiodopsirCl and iodopsirCl. Below, we compare
the IR spectra of the three species in detail.

Infrared Spectral Changes in the Chromophore Vibrations
among lodopsitCl, lodopsinFree, and lodopsitNOs. Fig-
ure 5 shows the batho/iod FTIR difference spectra obtained
from iodopsinCl, iodopsinfree, and iodopsiNO; in the

3 Because of the strong absorption of the PC liposome suspension,
we were unable to measure the difference FTIR spectra not only in the
water O-H region (3700-3400 cn1?) but also in the amide | region

spectra measured before and after irradiation of the iodopsin (1700-1600 cn™) using the PC liposome suspensions as samples. The

free film with 780 nm light could be superimposed on this
spectrum (dotted curve in Figure 4), indicating that these

spectrum in the latter region provides information about the secondary
structure of the protein. Therefore, a possibility that the protein structure
of iodopsinfree could change upon drying is not ruled out by the

are identical. These results strongly suggested that theexperiments.
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Ficure 5: Batho/iod FTIR difference spectra of iodop<h (1),
iodopsinfree (2), and iodopsHNO; (3) in the region from 1300

to 1100 cn? (a) and that from 1000 to 800 crh(b). Each spectrum
was taken from Figure 4.

1300-1100 and 10086800 cm! regions, where the €C

stretching and HOOP vibrations of the retinal chromophores,
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FiGURE 6: Batho/iod FTIR difference spectra of iodop<hh (1),

iodopsinfree (2), and iodopsiNO; (3) in the 1756-1690 cnt?
region. Each spectrum is taken from Figure 4.

iod-free spectrum is certainly different from that of batho/
iod-NQOg, these are relatively similar compared with that of
batho/iodCl. This tendency is also seen in the amide | region
(Figure 4) and the high-frequency region (see below).
Infrared Spectral Changes in the Protein Vibrations among
lodopsinCl, lodopsinFree, and lodopsitNOs. The observed
anion effect on the chromophore bands in batho state is
presumably accompanied by structural changes on the protein
side. We thereby examined the anion effects on the protein
vibrations such as protonated carboxylates, peptide carbonyls,
and bound waters. Figure 6 shows the batho/iod FTIR
difference spectra of iodopsi@l (curve 1), iodopsirfree
(curve 2), and iodopstNO3 (curve 3) in the 17561690
cm ! region. A pair of positive and negative bands at 1726

respectively, appear. The spectral features at the negative(+)/1733 (=) cm™* of iodopsinCl probably originates from

side due to the vibrations from the original pigment (iodop-
sin) look very similar, while those at the positive side are
relatively different. The negative 1234 and 1214 éipands
that were assigned to the;££Ci3 and G—Cy stretching
vibrations of iodopsirCl by resonance Raman spectroscopy
(16) also appear in iodopsifiee and iodopsitNO3. Simi-
larly, the 973 and 960 cm bands of iodopsiCI which were
assigned to the combination bands of theH; C;.H, and
C,4H wagging modes9, 16) are also seen in the spectra of
iodopsinfree and iodopsitiNOsz. The spectral features of
bathoiodopsin (positive sides) in the fingerprint region are
not very different, but those in the HOOP region are
significantly different. The intensity of the most prominent
830 cm! band of bathoiodopsi€l, which contains the GH
wagging mode g), is greatly diminished in the spectra of
bathoiodopsirfree and bathoiodopsiNOs. The 903 cm*
band assigned to the; 8 wagging mode does not change,
but the 908 cm® band assigned to the £ wagging mode

the C=0 stretching vibration of the protonated carboxylate
(—COOH) because it shifts to 1714)/1719 ) cm * upon
hydration with BO (data not shown). These bands did not
shift upon anion substitution, indicating that the carboxylic
acid is not involved in the anion binding domain. Thgd>
insensitive 1703-)/1698 cm! (—) bands of iodopsitCI
are likely due to the carbonyl=€0 stretching vibration of
the peptide bond. Although the negative 1698 &mand is
not changed, the positive 1703 chiband shifts to 1708 cni
in the spectra of iodopsiNO; and iodopsirfree. The anion
effect of the positive 1703 cn band probably corresponds
to those of the chromophore vibrations in the batho state.
Therefore, the binding of chloride changes the protein
conformation, thereby resulting in perturbation of the
structure of the photoisomerized chromophore in the batho
state.

Figure 7 shows the batho/iod FTIR difference spectra of
iodopsinCI (curve 1), iodopsiffree (curve 2), and iodopsin

shifted to the higher wavenumber when chloride was depletedNO; (curve 3) in the 37063400 cm* region. The G-H

or substituted for nitrate. The bathoiodop$iee displays
specific bands at 941 and 930 cinThese bands were not
yet uniquely assigned, but they contained theHCand/or

stretching vibration of water molecules can be identified by
hydrating the film sample with 18O so that the band is
downshifted by~10 cnt™. In the spectrum of iodopsi@l,

C1oH wagging modes, because replacement of retinal with only the positive 3485 cnt band and the negative 3430 ¢
11,12-D-retinal resulted in the disappearance of these bandsband are insensitive to JO substitution (not shown). All
(data not shown). Although the spectral shape of the batho/other D;O-sensitive positive bands at 3615, 3585, 3538, and
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T T T T T T | Mechanism of Anion Binding to lodopsimfter the
discovery of the chloride effect on the spectral properties of
iodopsin and gecko visual pigmemnt, (5), many attempts
were made to elucidate its molecular mechanism. Earlier
studies showed that the binding of chloride caused-46
nm red shift of the maximumeé( 17) and that a divalent
anion such as S@ did not bind to the binding siteg].
The binding of nitrate caused no shift in the maximum of
the anion-free iodopsirg}, although it was later confirmed
that nitrate can competitively bind to the binding site with
chloride @). On the other hand, the later studies on long-
wavelength-sensitive pigments in the photoreceptor cells by
means of microspectrophotometry showed that the binding
of chloride caused a red shift in the maximum, while that of
lyotropic anions such as NO, SCN-, and CIQ~ caused a
| { | | A L ) blue shift in the maximum from the anion-free iodopsii (
3700 3650 3600 3550 3500 3450 3400 The study presented here shows that iodofigr in PC
Wavenumber (cm'1) liposomes displays a maximum at 528 nm, which is almost
Ficure 7: Bathofiod FTIR difference spectra of iodop<dh (1), thg same as Fhat of iodopsNOs. These results are consistent
iodopsinfree (2), and iodopsiNO; (3) in the 3706-3400 cnrt with the earlier work §) and suggest that nitrate bound to
region. Solid and dotted lines represent the difference spectrathe binding site is apart from the chromophore binding site,
hydrated with HO and H'®O, respectively. thereby resulting in less electrostatic interaction between
_ nitrate and the retinal chromophore. Because the binding site
3525 cn* and negative bands at 3603, 3593, 3533, and 35125 |ocated at the putative extracellular loop (Figure 1), the
cm ! exhibited a downshift upon hydration with,#90, binding of chloride causes rearrangement of the protein
indicating that they represent the-® stretching vibration  conformation which allows approach of the binding site to
of water molecules. Thus, the hydrogen bonds of at leastthe chromophore binding site. This mechanism requires two
four water G-Hs are changed upon eitrans isomerization  conformational states of the chloride binding site and
of iodopsinClI. Spectral features of water-H stretching dynamic changes in the protein moiety upon binding of
vibrations are similar in iodopsiNO; and iodopsirfree, chloride.
where two positive peaks at 3615 and 3540 tand two While visible absorption spectra among different anions
negative peaks at 3593 and 3528 ¢rare downshifted upon  (Figure 2) originally provided the idea of the present
hydration with B*%0. The bands appearing in the 3650  mechanism, the FTIR spectra are consistent with the mech-
3550 cnt? region could originate from at least two water anism. The intensity of the HOOP band at 830 émwhich
bands in all the iodopsin samples, although the spectral contains the g@H wagging mode of bathoiodopsin was much
feature observed in iodopsf@l is different from those in  reduced in the spectra of iodopdiee and iodopsitiNOs,
iodopsinfree and iodopsitiNOs. The pair of positive and  suggesting that the retinal polyene chain of bathoiodepsin
negative bands at 3538-}/3533 (~) cm ! in iodopsinCI Cl has a specific interaction with the nearby protein. The
should correspond to the bands at 354(/8528 () cm™® presence of the specific interaction is also supported by the
in iodopsinfree and iodopsitNOs. Thus, the pair of bands  fact that the DO-insensitive band of bathoiodopsti at
at 3525 @)/3512 ) cm™t is unique in iodopsirCl, and 1703 cm! was shifted in the spectra of bathoiodopbi®;
this water molecule is probably remote from the chromophore and bathoiodopstfree (1708 cm?, Figure 6). Thus, the
binding site when chloride is replaced with nitrate or its level microenvironment of the chromophore in bathoiodogSIin

Rel. Diff. Abs.

is depleted. is different from those of bathoiodopsikO; and batho-
iodopsinfree, but the latter two are similar.
DISCUSSION FTIR spectroscopy also exhibited a unique water band in

~ the spectrum of iodopsi@l, which was absent in the spectra
In the study presented here, we have measured the visiblesf jodopsinNO; and iodopsirfree. This fact indicates that

and infrared spectra of iodopsfree and its photoproducts  at |east one water molecule is newly situated near the
at 77 K and compared them with those observed in iodepsin chromophore upon chloride binding. Because nitrate can bind
Cl and iodopsimNO;. The results showed that, in addition to the same binding site as chloride does but causes no
to the chromophore electronic bands, the chromophore appearance of this water band, these differences should be
vibrational bands as well as the peptide and water bands aresxplained by the difference in character between chloride
similar in iodopsinfree and iodopsitNO; systems, butthey  and nitrate. Nitrate is one of the lyotropic anions whose
are different from those of the iodops@i system. The likelihood of being hydrated is relatively low, while chloride
differences are more prominent in the batho state, where thetends to be hydrated. Therefore, it is an intriguing argument
11-cis chromophore is isomerized to the all-trans form. Thesethat chloride can bind to the binding site with water
results indicated that the binding of chloride causes a uniquemolecules so that the binding site tends to be connected with
change in the protein conformation in iodopsin. Thus, the the chromophore binding site through a hydrogen-bonding
comparisons of the spectra of iodops$iae with those of network, including water molecules. On the other hand,
iodopsinCl and iodopsifNO; elucidate the unique mecha- binding of only a lyotropic nitrate does not produce the
nism of chloride binding to iodopsin. hydrogen-bonding network. Thus, anion binding itself is
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likely to occur in a simple electrostatic manner between the binding site of iodopsin (His194), is situated withé A of
anion and the binding site (His194 and Lys197), while water the G4 position of the chromophore. Therefore, chloride
molecules may be necessary for the constitution of the would bind to His194 with water molecules to form a
binding site at the right position. hydrogen-bonding network system with residues constituting
The present spectroscopic measurements strongly suggeshe chromophore binding site. Upon photoisomerization of
that some displacement of the loop region, including the the chromophore, the.gposition of the chromophore tends
chloride binding site, occurs upon chloride binding. However, to be close to the chloride and/or water molecules within
the displacement may not be accompanied by a globalthe distance of direct interaction. Our future research will
conformational change in the protein. The amino acid aim to identify the amino acid residues involved in the
residues (H194 and K197) responsible for chloride binding network system.
are situated in the loop region that is fixed at one end by
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