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ABSTRACT. NatronomonagNatronobacteriu pharaonishalorhodopsin (NpHR) is a transmembrane,
seven-helix retinal protein of the archaeal bacterium and acts as an inward light-driven chloride ion pump
in the membrane. The denaturation process of NpHR solubilizednagittyl-5-p-glucopyranoside (OG)

was investigated to clarify the effects of the chloride ion and pH on the stability and bleaching of the
NpHR chromophore. Initially, active NpHR solubilized withdodecyl$-p-maltopyranoside (DM) was
obtained from the recombinant halo-opsin (NpHO), which was expressEddherichia colicells, by

adding alltransretinal to the medium. Apparent molecular weight of the active NpHR solubilized with
DM, which was determined by gel-filtration chromatography and dynamic light scattering, indicated the
oligomeric state. The bleaching of NpHR in the dark by the addition of 50 mM OG in the presence and
absence of chloride was investigated. In the presence of 256 mM NacCl, the bleaching of NpHR was
strongly inhibited. On the other hand, in the absence of NaCl, an immediate decrease of absorbance at
600 nm was observed. Stopped-flow rapid-mixing analysis clarified the bleaching process in the absence
of chloride as DM-NpHR (oligomeric)< OG—NpHR (disassembled¥> intermediate—~ NpHO and

free retinal, and each rate constant were determined. The formation of an intermediate (450 nm) in the
dark was found to be strongly dependent on pH, as well as anion and detergent concentrations. The
disassembling and protonation of a Schiff base corresponding to the bleaching intermediate is also discussed.

Halorhodopsin (HR}, bacteriorhodopsin (bR), sensory Because the primary structures of HsHR ahdpharaonis
rhodopsin I, and phoborhodopsin (sensory rhodopsin II) are HR (NpHR) are very highly homologous (66%)2), their
transmembrane, seven-helix retinal proteins in the membranetertiary structures would be expected to be conserved. One
of the archaeal bacteriuni){ These four proteins have the of the greatest advantages of using NpHR is its stability,
same global fold, and an &llansretinal chromophore binds  which is higher than that of HsHR in a chloride-free system.
to a conserved lysine residue on the seventh helix via aln addition, anEscherichia coliexpression system for the
protonated Schiff base. bR (an outward-directed, light-driven archaeal retinal proteins including NpHR was recently
proton pump) has become one of the most typical model reported {3, 14). In this expression system, the use of a
systems for studying the membrane protein structure, folding, histidine-tagged protein rendered it possible to purify the
bioenergetics, photochemistry, and mechanism of protonretinal proteins in only one step, thereby allowing simple

transport 2, 3). and large-scale preparatiobX-17). In the case of recom-
On the other hand, HRs (an inward-directed, light-driven binant NpHR purified fromE. coli membrane, the visible

chloride ion pump) fromHalobacterium salinarurn(4, 5) circular dichroism (CD) exciton coupling corresponding to

and Natronomonas(Natronobacteriu pharaonis (6, 7) the self-assembling structure having a two-dimensional

alone have been extensively studied; however, several HRscrystalline is observed to be the same as that purified from
have been identified and reporte8—10). In 2000, the the N. pharaonismembrane.

crystall!ne structure of theH_. salinarum HR (HsHR) The HsHR during the dark and light adaptations in NaCl
determined at 1.8 A resolution had been reported).( contains about 45 and 75% atkns configuration (8). In
NaSQ,, there is no adaptation, and the &lins content of
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base) is thought to exis6). More recently, the roles played Gel-Filtration Chromatography of the DMNpHR Com-
by putative anion-binding sites in the cytoplasmic and plex.Superdex 200 pg resin (Amersham Biosciences, Hilden,
extracellular channels of NpHR have been investigated usingGermany) was applied to a chromatography column (inner
the wild-type protein and various mutant proteins, all of diameter, 1.5 cm; height, 75 cm). The DMIpHR complex
which were functionally expressed B coli cells 21). was eluted (flow rate, 1 mL/3 min) with buffer [L0 mM NaP
The thermal and photobleaching of bR and/or retinal- (pPH 8.0), 150 mM NaCl, and 0.1% DM]. The fractions were
binding process from the apoprotein without a retinal (opsin) collected in a volume of 0:51.0 mL for each tube. The
have been previously investigated in terms of the effects of reference materials for the calibration curves were Blue
light, ion species, temperature, pH, and detergeht@2— Dextran 2000 (Amersham Biosciences, Hilden, Germany),
25). In these experiments, the self-assembling states of bRWhich was used to determine the void volume and check
have typically been monitored using visible CD spectroscopy. the column packing, as well as several known standard
It is thought that, in the solubilized state and under light Substances, i.e., those in the Pharmacia Gel Filtration Kit
illumination, the purple membrane is disassembled into a [Thyroglobulin (MW 669 000), Ferritin (MW 440 000), and
monomeric state byn-octyl-3-p-glucopyranoside (OG); Catalase (MW 232 000), Amersham Biosciences, Hilden,
moreover, the stability of the membrane is considered to be Germany] and Albumin (MW 66 000), Ovalbumin (MW
much lower than that of the native structu4), On the 44 000), and Chymotrypsinogen A (MW 13 700) (Sigma,
other hand, the process of retinal binding from bacterio-opsin St. Louis, MO). Fresh Blue Dextran 2000 solution (1.0 mg/
to the intermediates in the detergent micelles has beenmlL) was prepared in the eluent buffer. The proper combina-
reported from the visible absorption shi2)( However, to tion of standard substances was dissolved in the eluent buffer.
date, there has been no comparative study of the stability The concentration of each protein ranged between 5 and 20
and refolding of the HR in detergent micelles. mg/mL (except for Ferritin, 1 mg/mL). The volume of these
In this paper, the denaturation processNofpharaonis calibration solutions was-12% of the total gel bed volume
HR (NpHR) solubilized with OG was investigated to clarify (V). A calibration curve oK, values versus log molecular
the effects of the presence of chloride ion and pH on the Weight was prepared according to the instruction manual.
stability and bleaching of the NpHR chromophore. We The K,, of each protein was calculated according to the
expressed histidine-tagged wild-type NpHREncolicells ~ following equationKay = (Ve — Vo)/(Vi — Vo), whereVe is
and elucidated the reversible intermediate between the nativethe elution volume for the protein and is the column void
and denaturized (bleached) structures in a nonionic detergentvolume, which is equal to the elution volume for Blue
OG, using stopped-flow rapid mixing. As mentioned above, Dextran 2000. The absorbance of each fraction was measured
NpHR and HsHR exhibit slight differences in stability in a using @ Nanodrop ND-1000 spectrophotometer (NanoDrop
chloride-free system, as well as in terms of lighark Technologies, Inc., Rockland, DE) (path length, 1 mm).
adaptation and anion selectivity for pumping. Thus, itremains DLS MeasurementsThe molecular mass of the DM
important to clarify the stability and assembly of NpHR under micelle and the solubilized NpHR in DM was examined by
solubilized conditions. Gel-filtration chromatography and DLS using DynaPro (Protein Solutions, Charlottesville, VA)
dynamic light-scattering (DLS) methods were also applied at 20°C. The buffer containing 0.1% DM, 10 mM MOPS
to measure the apparent molecular weid§, 7). On the (pH 7), NaCl <100 mM—1 M) with and without 45:M
basis of these experiments, the transient intermediate andNpHR was centrifuged at 10 000 rpm for 10 min. The
changes in the number of associated NpHR molecules duringintensity of light (780 nm) scattered at an angle of 9@s

the bleaching process are discussed below. measured. The measurement of the intensity of the light was
repeated at least 10 times. The data were analyzed on the
MATERIALS AND METHODS basis of the hydrodynamic radius, assuming that the particles

: ; L herical and of standard density, using Dynamics 4.0
Protein Expression and Purification of NpHRhe expres- were sp :
sion of the recombinant NpHR I. coli[strain BL21 (DE3)] and Dynal.S software, as described by Osawa e@d). (

and purification procedures have been described previously Time-Resaled Absorption Measuremeni&ime-resolved
(15). Fractions of the proteins separated with Ni-NTA- absorption changes caused by the manual mixing of chloride-
agarose (Qiagen, Hilden, Germany) were collected by elution free NpHR“® with OG were measured with a HITACHI
(flow rate, 56 mL/h) with buffer A [50 mM Tris-HCI (pH U-2000 spectrophotometer (Hitachi, Tokyo, Japan) after the
7.0), 300 mM NaCl, 150 mM imidazole, and 0.1%dode- samples were mixed for 20 s in the 30P00 nm region at
cyl-5-p-maltopyranoside (dodecyl maltoside, DM) (Dojindo 25 °C using a single accumulation and a scanning speed of
Lab, Kumamoto, Japan)]_ The samples were stored°&t 4 800 nm/min. The measuring medium was buffer B, which
for 1 month, and then the supernatant (BMpHR complex) contained various concentrations of NaCl. The path length
was collected by centrifugation (180§20 min). of the optical cuvette was 10 mm. In the pH titration
Preparation of the Anion-Deleted DMNpHR Complex. ~ €xperiment, 10 mL of 6-Mix buffer [citric acid, MES, MOPS,
The anion-deleted blue species of NpHR (NP were Tricine, CHES, and CAPS] containing 0.1% DM was used.
prepared by replacing buffer A with buffer B [10 mM Time-resolved absorption changes caused by the rapid
2-morpholinopropanesulfonic acid, MOPS (pH 7.0), and mixing of chloride-free NpHRU® with OG were measured
0.1% DM] by passage over Sephadex-G 25 in a PD-10 using an RA-2000 stopped-flow spectrophotometer (Otsuka
column (8.3 mL; Amersham Pharmacia Biotech, Uppsala, Electronics, Osaka, Japan) with a dead time of 1.3 ms. The
Sweden) at a flow rate of 2 mL/min. After buffer exchange, path length of the optical cell was 10 mm. The ratio of the
the protein concentration was estimated using an excitationmixing volumes of the protein and the 100 mM OG solutions
coefficienteggo of 50 000 Mt cmt (28). was 1:1. The final concentrations of protein and OG were 4
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uM and 50 mM, respectively. Rapid scan absorption changes
in the 340-660 nm range were measured using a photodiode
array at 1-s intervals after mixing, which gave the difference
spectra caused by the addition of OG until 256 s after mixing.
Singular value decomposition (SVD) treatme9)( was
performed to determine the number of spectral components,
as well as to remove the noise. Kinetic analysis and a global
fitting were performed using the Igor Pro 3.14 software
package (Wave Metrics, Lake Oswego, ORY)(

Extraction of Retinal from NpHR and High-Performance
Liquid Chromatography (HPLC) Analysisfter the addition
of 50 mM OG to the NpHR samples for 0 s, 50 s, 30 min,
and 3 h, the extraction of the retinal from the NpHR samples
was carried out as described by Shimono and co-workers
(30). A total of 100uL of the samples was mixed with 300
uL of 90% methanol and 5@L of 1 M hydroxylamine.
After denaturation, retinal oxime was extracted by adding
800uL of hexane under conditions of vigorous mixing. The
emulsion was centrifuged with a hand-rotating centrifuge,
and 506-200 uL of the upper phase was immediately
separated by HPLC. A silica column ¢ 150 mm, YMC-
0123, Yamamura, Japan) was used for HPLC with 12%
(v/v) ethyl acetate and 0.12% (v/v) ethanol in hexane as a
solvent at a flow rate of 1.0 mL/min, and the oximes were
detected at 360 nm. All reagents were HPLC-grade reagents
The molar compositions of the retinal isomers were calcu-
lated from the areas of the peaks in the HPLC patterns. The
extinction coefficients of altransand 13eis retinaloximes
(31) and that of the free retinal obtained in this study were
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Ficure 1: Absorbance at 280 nmaj and 578 nmY) of fractions
collected by gel-filtration chromatography. The dotted lines show
the absorbance at 280 nm of Blue Dextran 2000 and protein
standards. (Inset) The calibration curve using the globular protein
standards®) on Superdex 200 pg. The apparent molecular weight
of the DM—NpHR complex M) was estimated by substitutifg,,
which was calculated from the elution volum&c) for the
calibration curve.

100

PAGE was also performed, because the NpHR has three
cysteine residues. The results were identical to those obtained
by SDS-PAGE under reduced conditions. Thus, it was
concluded that the aggregation of the BIMpHO complex
was not ascribable to an intermolecular disulfide bond.

On the basis of the calibration of the apparent molecular

used to estimate retinal composition. Assignment of the peaksweight of the eluted protein and the elution volume of each

was performed by comparing the peaks with those in the
HPLC pattern from retinal oximes extracted by the same
method from bR kept in the dark.

RESULTS

Estimation of the Apparent Molecular Weight of the BM
NpHR ComplexThe purified NpHR on the Ni-NTA affinity
column and the reference proteins for the calibration of
molecular weight were fractionated by gel-filtration chro-
matography in the presence of 150 mM NacCl. The absor-

protein applied to this column (inset of Figure 1), kg of

each protein was calculated (see the Materials and Methods).
The K,y value of the main peak indicated that the apparent
molecular weight of the DMNpHR complex was ap-
proximately 340 kDa, which is larger than the molecular
weight of the NpHR monomer (32 kDa). Moreover, the
apparent molecular weight of the DMNpHR complex and

the DM micelles according to the DLS method was 400
430 and 66-100 kDa, under the assumption that the
monomodal particles were spherical. Therefore, these results

bance of these fractionations was observed at 280 and 578uggested the oligomeric state of the NpHR in the DM

nm (Figure 1). The absorbance at 578 nm could be attributed
to the functional NpHR. On the other hand, the absorbance
at 280 nm signified the total protein. The linear calibration

was obtained as shown in the inset in Figure 1. The NpHR
sample was separated into two peaks in elution volumes of
52 (void volume) and 63 mL when the absorbance was
observed at 280 nm. In regard to the main peak (elution

micelle system. This result was supported from previous
reports of the visible CD exciton coupling, corresponding
to the self-assembling structure having a two-dimensional
crystalline 5, 21).

Bleaching of DM-NpHR by OG in the Presence and
Absence of the Chloride lofrigure 2 shows the change in
the relative absorbance of chloride-free BMpHRC\e at

volume, 63 mL), absorbance at 578 nm was observed. ThisAmax (600 nm) after the addition of-650 mM OG at 25°C

leads to a highly pure NpHR preparation with a ratio of 1.28

in the dark. In the absence of OG, chloride-free BM

between an OD at 280 and 578 nm; these results agreed welNpHR?“¢ did not exhibit a rapid decrease in absorbance.

with the reported value (1.25) for the purified NpHR obtained
from the N. pharaonismembrane 48). Sodium dodecyl
sulfate-polyacrylamide gel electrophoresis (SBPBAGE)

When DM—-NpHRP'¢ was resolubilized to a 10 mM OG
solution, the absorbance of NpHR decreased; moreover,
when DM—NpHR°"¢ was resolubilized to a concentration

of these fractionations by this chromatographic approach wasof more than 25 mM OG, it exhibited almost total bleaching

performed to confirm the molecular weight of the denatured
proteins. A major band on SDSAGE with a mass of
approximately 32 kDa was detected for both of the two peaks

within 1 h. These results were in agreement with the critical
micelle concentration (cmc; 22 mM) of OBZ2). Thus, we
adopted a concentration of 50 mM OG in the following

obtained with elution volumes of 52 and 63 mL (data not experiments. Interestingly, as shown in Figure 2, a biphasic
shown). These results suggest that the fractions eluted earliedenaturation curve in the absorbance at the initial resolubi-
were pharaonishalo-opsin pHO), which does not retain a  lizing step of NpHR from DM to OG micelle system was

retinal inside the protein and is inactive. Nonreduced SDS observed within 20 s when concentrations of OG exceeding
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FiGure 2: Changes in the relative absorbance at the maximum 0.25 N Wa'wele'ngth/'nm N
difference in the absorbance of chloride-free NpHR with the
addition of 0 @), 5 (), 10 (#), 25 (a), and 50 ¥) mM OG. The
wavelengths measured were 635, 620, 620, 600, and 600 nm, 0.20 ]
respectively. The concentration of NpHR wasuMl. The final
solution in the sample contained-60 mM OG, 2 mM DM, and o
10 mM MOPS (pH 7.0). § 0.15 ¢ ]
=
10 mM were used. Decreasing the light scattering of the _§ 0.10 1
oligomeric DM—NpHR might have led to this result. <
The bleaching of DM-NpHR by the addition of 50 mM
OG in the presence and absence of chloride was also 0.05 ]
investigated as time-resolved absorption changes in the 300
700 nm region (Figure 3). These spectra were measured 0.00 T TIUIT IUTT TN T
before the g.Jaldditi(ongof OG? and fromp30 g 1 h after the 300 350400 450 300 330 600 630 700
addition of OG. In the presence of 256 mM NaCl (Figure Wavelength/nm
3C), a small discrete change at the initial step and a 025 T T T T T
subsequent slight decrease were observed. A similar degree
of stability of NpHR in the presence of more than 64 mM 0.20 :
NaCl was observed and is shown in Figure 4. These findings
indicate that the bleaching of NpHR induced by the addition é 0.15 i
of OG was strongly inhibited by the local structure of the _‘é’
chromophore, which has a chloride-binding site. In the § 0.10 ]
presence of 32 mM NaCl (Figure 3B), a gradual decrease in <
absorption at 580 nm and a concomitant increase in absorp-
tion at 380 nm were observed within this period of measure- 0.05 ]
ment. These two peaks did not indicate an unequivocal
isosbestic point. However, in the absence of NaCl (Figure 0.0 P T P UT DT FUUE P
3A), an immediate decrease initiated at 600 nm and an 300350 400 450 500 550 600 650 700
increase at 380 nm were observed. In addition, two isosbestic Wavelength/nm

points were observed at 420 and 505 nm, as well as a broadricure 3: Changes in the absorption spectra of NpHR during the

peak between these isosbestic points, thereby suggesting theleaching reaction by the addition of 50 mM OG at pH 7. The
presence of a structural intermediate. concentrations of NaCl were 0 mM (A), 32 mM (B), and 256 mM

. . . (C). The first spectrum obtained before the addition of OG, the
Strgctural Intermediate Obtained by the Bleaching of second spectrum obtained after the addition of OG at 30 s, and the
Chloride-Free NpHR'®. To measure the spectral changes following spectra obtained in 5-min intervals dritih are shown.

of chloride-free DM-NpHRP'Ue in the early stages after the Noise was obtained in the region near 325 nm because of a change
addition of OG, a stopped-flow rapid-mixing technique was in the stray light-cutting filter used in the spectrometer. The final
applied. Figure 5A shows a two-dimensional contour map I’ST?I\lxtll\Sl)gllz’nSthe sample contained 50 mM OG, 2 mM DM, and 10
of the spectral changes between 350 and 650 nm as a function '

of time after the addition of 50 mM OG. The interval used
for measurement was 1 s. As shown in this figure, when
chloride-free DM-NpHRP“¢with a visible absorption at 600
nm was resolubilized with OG, the absorption peak at 380
nm was generated with a maximum peak at 450 nm. This
result agrees with the detection of two isosbestic points
(Figure 3A). Thus, it was concluded that, by the addition of
OG, the chloride-free DM NpHR'Ue decreases as follows:

As mentioned above, it was found that the BMpHR is

in the oligomeric state, and the addition of excess OG led to
a discrete decrease in absorption as a result of a decrease in
light scattering because of disassembling of the oligomeric
state. In addition, we could observe a small decrease of the
negative exciton band (600 nm) of visible CD spectrum at
the beginning of exchange of DM and excess OG micelles,
which corresponds to the intermolecular exciton coupling
of NpHR chromophores (data not shown), suggesting dis-

DM NpHRb 450|380 1) ruption of the NpHR oligomer. Therefore, the reaction in
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Ficure 4: Decay curves of relative absorbance during the bleaching Wavelength / nm

of NpHR at theAmax The numbers signify the concentration of
chloride contained in each sample. NaCl concentratibprg, and
the identifiers are 0 mM (600 nm{; 1 mM (600 nm),00; 2 mM B.
(600 nm),<; 4 mM (595 nm),x ; 8 mM (585 nm),+; 16 mM

(580 nm),A; 32 mM (580 nm)@; 64 mM (580 nm)l; 128 mM

(580 nm),®; and 256 mM (580 nm)a, respectively. The solid 200
lines are the calculated curves. The conditions used for the sample
solution were the same as those described in the caption of
Figure 3.

250

150

eg 1 can be modified as follows: 100

DM —(NpHR™9),, — OG—(NpHR"9), — 1 50— l50 (2) s

Time / sec

where subscriptsn andn (m > n) denote the number of
NpHR monomers in the assembly. Kinetic analysis of the 350 400 450 500 550 600 650
two-dimensional contour map of the spectral changes was Wavelength / nm

performed by a combination of the singular-value decom-

e fig Ficure 5: Observed (A) and calculated (B) two-dimensional
position (SVD) approach and the global-fitting approach contour maps of differential absorbance during the bleaching

using a multiequnential function. On the basis of this reaction of chloride-free DMNpHR obtained from stopped-flow
analysis, three optimal rate constants, i.e., 0.114, 0.048, ancdtapid-mixing experiments. The sampling interval and the total
0.005 s?, were determined. Figure 5B shows the calculated observation times were 1 and 250 s, respectively. Differential
two-dimensional contour map drawn by three-exponential @bsorbance [Abs (tj- Abs (250 s)] was plotted. The calculated

- - - . map was obtained from three-exponential fitting after the SVD
fitting using the optimal rate constants. Figure 6 shows the analysis and the global fitting. The contour intervalg\#bs were

curve fitting of absorbance changes at 600, 450, and 3800.01. The final concentration of the mixed solution was 50 mM
nm using these three rate constants. This fitting indicates OG, 1 mM DM, and 10 mM MOPS (pH 7.0).

that decreases from chloride-free Np#Rto ;50 and an

. . . 0.20 T T T T T
increase fromgsoto Izgo Wwere dominant, because the fraction 001
of the fastest rate constant, 0.114,swvhich was attributed oo [T
to the decrease in the assembling number of components for 0.15 1 5 o0 ~— 1
assembly between DM(NpHRA®),, and OG-(NpHRPU),, 600 nm 3 o
accounted for only 5% of the total change at 600 nm. Thus, g 010 N M ]
the medium and the lowest rate constants (i.e., 0.048 and 5 0750 100 150 200 250 300
0.005 s?) were attributed to the formation ofsh and ko, 005 | Timelee ]
respectively. 450 nm

Effects of Chloride and pH on the Bleaching of NpHiR. 0.00 s
was found that the bleaching kinetics of NpHR because of #
the addition of OG depends upon the concentration of the 380 nm
chloride ion, as shown in Figures 3 and 4. This finding 005 TS T00 150 200 250 300
indicates that the equilibrium, chloride-bound NpHR Time / sec

chloride-free NpHR, should be introduced for chloride- Figure6: Absorption change at three wavelengths (380, 450, and
dependent bleaching. When the chloride concentration was600 nm) based on the results shown in parts A and B of Figure 5

higher than the chloride dissociation constant of NpMR (  obtained during the bleaching reaction of NpHR in the absence of
= ~5 mM), there was a small amount of chloride-free NaCl. The solid and broken lines show the observed and global-

. . - fitted dat tively. The inset ts th iduals bet
NpHR. In this case, the transienfd did not accumulate, tlh: be;_?i’traer?g?ﬁévgbﬁewgénjaetar_epresen S the residuals between

and thus, the formation ofsdy was slower than that of

chloride-free NpHR (0.00578). When there was no chloride On the other hand, to clarify the effects of pH on the
in the detergent system, all chloride-free NpHR changed to bleaching process of NpHR, the spectral changes in NpHR
I3g0 through an Jsp intermediate, as shown in eq 2. by the addition of OG were measured at pH 1.5 (Figure 7).
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0.20 j ! j ! j ) j Table 1: Ratio of the Retinal Isomer Compositions of Several
Samples during the Bleaching Process by the Addition of OG in the
Dark
0.15 — —
retinal isomer composition (%)
§ retinaloxime form3
fé 0.10 sample altrans 13<is retinal forms$
§ NpHRek e (NaCl free) 89 9 2
< l450 (50 SY 87 10 3
0.05 yellow species (30 mifi) 57 9 35
yellow species (3 i) 43 9 49
a Retinaloxime and retinal forms were extracted in the dark with
0.00 and without hydroxylamine by the denaturation treatment with organic
300 350 4(')0 450 5(')0 550 66 65'0 =00 %O(I;vent (see the Materials and Methodsncubation time with 50 mM
Wavelength / nm
020 A—C of Figure 7). However, it was clear that the production
of acidic Lso was strongly inhibited, which was in contrast
o1s to the transient formation ofd, of the chloride-free NpHR
: at a neutral pH (Figure 2), suggesting that the bleaching
o process that occurs betweeggland ksp may be inhibited
g by the protonation of NpHR. When the acidigsd was
S 010} . . .
S neutralized in the absence of chloride, the recovery of
2 NpHRP'Ue (600 nm) and the formation ofdo were observed
0.05 at the same time.
Isomerization and Binding of the Retinal to the Protein.
The retinal isomer composition of various NpHR samples
0.00 : was analyzed using HPLC; the results are shown in Table
3007350400450 300350 600650700 1. The retinaloximes were produced by the cleavage of
Schiff-base bonds by the reaction with hydroxylamine
025 Wavelength / nm (30-33). Four isomers of retinaloximes identified as all-
' T trans (15-syn 15-anti) and 13eis (15-syn 15-anti) were
detected. Four similar isomers have been detected when the
0.20 retinal was cleaved frompharaonisphoborhodopsin3g).
The HPLC elution pattern of these retinaloximes extracted
§ 0.15 from chloride-free NpHRU¢ was similar to that of NpHR in
8 the presence of NaCl. After the addition of 50 mM OG to
S oto the chloride-free NpHRefor 0, 50 s, 30 min, and 3 h, retinal
= | cleavage and an extraction treatment were carried out. These
incubation times corresponded to those of NFHRI4s, at
0.05 the initial stage of the yellow species (380 nm pigment) and
to the latter stages of the yellow species (380 nm pigment),
0.00 [ respectively. As shown in Table 1, the composition of the
300 350 400 450 300 350 600 650 700 retinal isomers of NpHR© and s did not change. This

provided evidence that the large blue shiftigfy from 600
Fisure 7: Change in the absorption spectra of NpHR during the to 450 nm in the dark was not the result of the isomerization
IGURE [ . . . .
bleaching reaction by the addition of 50 mM OG at pH 1.5. The of '_[he retinal, e.g., in th? case Qf thec&_—confl_guratlon,
concentrations of NaCl were 0 mM (A), 32 mM (B), and 256 mM  Which has been detected in deionized bR in a pink membrane
(C). The first spectrum obtained before the addition of OG, the under continuous illuminatior8é). Similarly, retinaloximes
second spectrum obtasined after the addition of OG at 30 s, andwere extracted from thads trapped at a low pH, suggesting
the following spectra obtained in 5-min intervals urtti h are that the retinal isomerization of acidigs$ in the dark and

%hﬁWSMTgignfcl) SnglMu“g_nN:& tgﬁﬁse?mﬂ% c;gtaggdagﬁjggg ?v%’] 2 its covalent binding as a Schiff base are similar to those of

Wavelength / nm

H,SO,. the native structure (data not shown). In contrast, the yellow
. _ species exhibited fewer aitans retinaloxime forms and
When the pH is changed from 7 to 1.5, thex of chloride- more nonretinaloxime forms, i.e., when extracted from NpHR

free NpHR largely blue-shifted from 600 to 542 nm (Figure samples without hydroxylamine using only the organic
7A). This absorbance at a low pH remained stable for at solvent with incubation time, which might be attributed to
least 2 h. The addition of 50 mM OG to the chloride-free the presence of the free retinal.

NpHR at the low pH induced a rapid decrease in absorbance

at theldmax (542 nm) and a subsequent increase in absorption DISCUSSION
at 450 nm as well as the appearance of absorption (450 nm) Bacteriorhodopsin and halorhodopsin exhibit two-dimen-
at a neutral pH. Similarly, the rate of increase at 450 nm sional crystal packing in the lipidic phase. The crystal
was reduced by the presence of the chloride anion (partsstructure ofHalobacterium salinarunHR (HsHR), which
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is highly homologous to the NpHR used in the present study, study. In a previous study, it was concluded that thisdf

has a trimeric structure as the fundamental assembling unitoR would be expected to exhibit a loosely folded protein
(11). In the present study, active recombinant NpHR was structure. The formation rate constant and the wavelength
successfully expressed B. coli cells and was purified in  at the isosbestic point are both similar to those of NpHR.
the solubilization state with a mild detergentdodecylf- Although the types of detergents used in these studies
p-maltopyranoside (DM). The apparent molecular weight of differed in terms of being anionic or nonionic, the charac-
the DM—NpHR estimated by gel-filtration chromatography teristics of these results nonetheless appeared to be similar.
was 340 kDa, suggesting the assemblage of NpHR monomerdreviously, similar absorption spectra for recombinant wild-
in the DM micelles. Using the apparent molecular weight type bR in DMPC/CHAPS/SDS-mixed micelles at an acidic
of DM—NPpHR, the association number of NpHR monomers pH were observed3g). At pH 1.9, the absorption spectra
contained in a single complex was estimated by various of bR displayed a transition to a species with.ax at 442
methods. The molecular weight of the NpHR monomer is nm in the absence of NaCl. That study concluded that this
32 000 Da according to ESI mass spectromeid).(Using conversion represents the formation of a free protonated
this value, the number of NpHR monomers was calculated Schiff base (PSB) because of the denaturation of the protein.
to be 10.6. The molecular weight of a single DM micelle is In contrast, in the presencé ® M NaCl, a main peak with

75 600 Da, and the aggregation number of DM is 13%).( almaxat 566 nm was observed at pH 1.9. The results of that
If the DM—NpHR complex were to be assembled together €xperiment suggested that anions can stabilize the PSB of
as one DM micelle, the number of NpHR monomers would the folded protein by electrostatic interactions. In our study,
be expected to be 8.3, although it is difficult to estimate the the visible CD spectra of NpHRI4sodid not produce exciton
accurate amount of the DM complex. It is known that the coupling. However, the exciton coupling of NpHR could be
visible CD spectrum of NpHR solubilized with DM detergent  Slightly recovered, even when the NpPtRwas reconstituted
indicates a bilobe pattern because of the intermolecular from the acidic lso by neutralization. These results suggest
exciton coupling of NpHRs1(5, 28). On the other hand,  thatthe ksoof the NpHR oligomer has loose packing around
discrete decreases in light scattering at the initial stage ofthe retinal instead of ordered intermolecular interactions,
OG mixing were observed (Figure 2). Similarly, it has been resulting in the formation of a free PSB just like that of bR
reported that solubilized HsHR obtained from tHe sali- in the mixed micelles; however, it should be noted that there
narummembrane has a single positive CD band in the visible Was a slightima difference between the acidic intermediates
region when 0.5% OG is use@@). These findings addition- ~ ©f bR and NpHR.

ally suggest a decrease in the association number of NpHR It has been reported that bRY-42) contains a %is
monomers in the OG micelle system. retinal under continuous illumination when it is transformed

aat low pH or in the deionized state. These species exhibit
absorption at approximately 43@90 nm as is the case with
the bleaching intermediate 44§ of chloride-free NpHR.
However, this NpHR intermediate was produced under
conditions of nonillumination. As shown in Table 1, it was
found that the bleaching intermediates§) of chloride-free
NpHR contains altrans and 13eis retinals. In addition, a
comparison of the referenc&1) in terms of the HPLC

The present study was the first to demonstrate, as base
on the resolubilization of the DMNpHR by the addition
of OG detergent, that the chloride-free NpttRspecies (600
nm) bleached to the yellow speciess) by way of an
intermediate (o) at neutral pH. However, the formation of
intermediate 4so was strongly inhibited by the chloride-
binding of NpHR, and yellow speciessh was also blocked

by the protonation of NpHR. The distribution of the released ; - - ; -

b . . o : elution pattern of retinaloxime isomers (&&ns, 7-cis-,
retinal n thg OG-resqu_blhzed NpHR was identified usINg g_cis, 11<is-, and 13eis-retinalssyn andanti-oximes) with
extraction with an organic solvent and cleavage of the Schiff that of the bleached NpHR in the dark concluded that the

base by reaction with hydroxylamine. In the absence of bleaching intermediate 4o of chloride-free NpHR did not

chloride, the ratio of the free retinal increased during the : : : ot
! : ) contain a Seisretinal. Investigation of whether NpHR
last half of the bleaching process (Table 1), which was ¢ pivite photoactivity is in p?ogress. P as0

_releaseg_ from th? Schiff #aﬁe of NpHR. Hdowevgr, tlhe In contrast, the process of the retinal binding of bacterio-
intermediate species4(}), which was generated transiently opsin (bO), which was reconstituted in the model lipid system

at a neutral pH, did not lead to an increase in free retinals . : ; :
eleased fom the Shi base. n adiion, hetghats. gt IS N, s been ivestgates e dar
cis isomerization ratio before and after the resolubilization 4o by way of the structural intermediates withy values
of NpHR by the addition of OG detergent was the same. ot 359 and 440 nm22, 42, 43). These intermediates that
The bleaching and retinal binding of bR has been reported occur during the retinal-binding process are apparently
under both dark and light conditions. In the case of similar to those observed in our study. However, the previous
photobleaching of the purple membrane by OG detergent, study concluded that the retinal-binding intermediatigo)|
the primary absorbance showed a direct change to a yellowwas constituted with the noncovalently bound retinal, because
species (380 nm); moreover, the structural intermediate with the bR mutant with a substitution for Lys-216 at the retinal-
a Amax Of approximately 450 nm was not observed) On binding site had a similar absorption maximum at 440 nm
the other hand, under dark conditions, the structural inter- (22). In our study, it was found that the bleaching intermedi-
mediate of bR, 4o has been observed during the denatur- ate of NpHR-1450has a covalently bound retinal, as identified
ation process by the addition of an anionic detergent, SDS by the HPLC analysis of retinaloximes (Table 1). In addition,
(37). The stability of this intermediate at pH 5 was higher NpHR—l4s at a low pH reverted to NpH®e (600 nm
than that at a neutral pH. This observation is thus similar to species) and rapidly exhibited a visible CD band with exciton
the characteristics of,do of NpHR observed in the present coupling by neutralization, as mentioned above. Thus, our
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results support the formation of free PSB, even in the
NpHR—I4s50 intermediate. Although thed, intermediate of
NpHR accumulated because of the addition of OG, the
bleaching process that led to the formation £ from l4so
strongly inhibited at an acidic pH. On the other hand, at pH
1.5, the absorbance of the chloride-free NpHR without OG
(542 nm) was stable, and this pigment gradually red-shifted
by addition of chloride (the opposite spectral shift of NpHR
at a neutral pH) such as a property of HsHR. There are only
two acidic amino acid residues (Asp156 and Asp252) close
to the retinal chromophore of NpHR. It is likely that the
PSB in the NpHR is highly protected by the local structure
that includes these two acidic residues. Future studies will
still be needed to clarify the roles played by these residues
and to elucidate the effects of the assembly of NpHR on its
stability and function.
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