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ABSTRACT. Natronomonas (Natronobacterium) pharaohelorhodopsin (NpHR) is an inward light-driven

Cl~ ion pump. For efficient ClI transport, the existence of Gbinding or -interacting sites in both
extracellular (EC) and cytoplasmic (CP) channels is postulated. Candidates include Arg123 and Thr126
in EC channels and Lys215 and Thr218 in CP channels. The roles played by these amino acid residues
in anion binding and in the photocycle have been investigated by mutation of the amino acid residues at
these positions. Anion binding was assayed by changes in circular dichroism and the shift in the absorption
maximum upon addition of Clto anion-free NpHR. The binding affinity was affected in mutants in
which certain EC residues had been replaced; this finding revealed the importance of Arg123. On the
other hand, mutants in which certain residues in the CP channel were replaced (CP mutants) did not show
changes in their dissociation constants. The photocycles of these mutants were also examined, and in the
case of the EC mutants, the transition to the last step was greatly delayed; on the other hand, in the CP
mutants, L2-photointermediate decay was significantly prolonged, except in the case of K215Q, which
lacked the O-photointermediate. The importance of Thr218 for binding oft€the CP channel was
indicated by these results. On the basis of these observations, the possible anion transport mechanism of
NpHR was discussed.

Halorhodopsin (HR) (1—5) and bacteriorhodopsin (BR) retinal initiates the photocycle with retinal isomerization to
(6—8) are transmembrane, seven-helix proteinslatobac- the 13¢is form, and the early intermediates (K and L) are
terium salinarum and these proteins bear retinal as a produced. In the next step, a proton is transferred from the
chromophore. These proteins act as an inward-directedprotonated Schiff base to Asp8% a counterion of the
electrogenic light-driven chloride ion pump (HR) and an protonated Schiff base; at the same time, another proton is
outward-directed proton pump (BR), respectively. Because released from the proton-releasing group to the extracellular
of its high stability and abundance, BR has become a modelspace (M-intermediate)L4). The Schiff base is then repro-
system for studying membrane protein structure, protein tonated by proton donor Asp®6located on the cytoplasmic
folding, bioenergetics, photochemistry, and the mechanismsside (N-intermediate), followed by proton uptake from the
of proton transport, 9—11). However, much less informa-  cytoplasmic space. The retinal isomerizes back to the all-
tion is available regarding the molecular mechanism of Cl trans form, and Asp9®& is reprotonated (O-intermediate).
transport by HR. Finally, a proton is transferred to the proton-releasing group

lllumination of BR elicits a linear and cyclic type of from Asp8%R, which returns BR to its original state. The
photochemistry commomy termed the “photocyde”_ Ac- crystal structures of unphotolyzed BR and various photoin—
cording to this process, illumination excites BR, followed termediates have been obtained at high resolutién-18).
by relaxation via various photointermediates to an original, The essential mechanism of the type of proton transport
unphotolyzed BR statél2, 13). Photoexcitation of altrans- carried out by BR has thus been established.

The photocycle ofNatronomonas (Natronobacterium)

: . A pharaonisHR (NpHR) has intermediates analogous to BR
from the iniry of Education, Culture, Sports, Seience and Teehnor. (19, 20). In the case ofH. salinarum HR (HSHR), the
ogy, Japan. O-intermediate does not accumulate, presumably for kinetic
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The X-ray crystal structure of HSHR was determined at a
resolution of 1.8 A 26, 27). The structure is most similar to
that of BR @8) and pharaonisphoborhodopsingpR, also
called “sensory rhodopsin 11"20, 30), and the root-mean-
square deviations (rmsds) on the main chajna@ms are
0.74 and 0.89 A for BR ang@pR, respectively, when the
calculations are confined to the pentahelical C-G bundle. The
crystal structure revealed that'G$ still hydrated by a cluster
of three water molecules that form hydrogen bonds with the
five neighboring amino acid residues, including R108.
The anion itself interacts with the proton of the protonated
Schiff base and the hydroxyl group of ST It is of note
that anion binding is observed in the crystal only at this
position of the EC channel, implying that this Cis
transported to the cytoplasmic space by the photon.

It is assumed that a CGlbinding or -interacting site in the
cytoplasmic (CP) channel is required for the release of Cl
to the cytoplasmic space, and this candidate has been
suggested to be the Arg200/Thr28% pair in CP @2). After
release, the uptake of Cthrough the EC occurs at the stage
of O-decay, resulting in transport of Cirom the outside to
the inside of the cells. With regard to uptake, Hi%9% has
been suggested to be an important resid. (

Although many HRs have been identified and reported
(2, 32—34), the investigations carried out to date have been
conducted primarily using HsHR3%, 36) and NpHR (9,

20, 35, 36). Here, we used NpHR, which offered several
advantages: (i) NpHR is more stable than HsHR; (ii) the
retinal isomeric composition does not change with the light
or dark adaptation condition8€); (iii) NpHR transports not
only halide ions but also nitrate at approximately the same
rate B7); and (iv) a system of expression of archaeal
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rhodopsins has been reported udisgherichia colias a host
cell, which has been shown to be successfully applied to
the preparation of large amounts of NpHB8(40).

In this paper, we focused on addressing the following two
issues using a mutation approach. The first issue was to

clarify the Cr'-binding site in the unphotolyzed (ground) state Ficure 1: Putative Ct-binding (interacting) site adapted from the

of NpHR. Amino acid residues relevant to the bound site x_ray structure of HsHR (halorhodopsin frarh salinarun) (PDB
(i.e., Arg123'PHR Thr126'*HR and Ser13®HR) were chosen  entry 1E12) 26). (A) Side view and (B) alternate side view of

(see Figure 1) according to the X-ray crystal structure of HSHR rotated~90° about the vertical axis in panel A. The residues
HsHR and the results of a previous studg2) Here shown in parentheses correspond to residues in NpHR (HR from

N. pharaonis examined here). The region extending above the
Arg123wHR Thr128"®"R, and Serl3®"R correspond t0  retinal is the cytoplasmic side, and in the opposite direction, the
Argl08*HR - Thri112sHR  and Serl1%HR respectively.

extracellular side is shown.
Arg108*HR interacts with Cf, forming a hydrogen bond
through one water molecul@®). The reasons for focusing

on this arginine__resid_ue are as follows: (i) it is. positively Construction of Expression Plasmids of Mutants Bearing
charged, and (ii) it is a superconserved residue among, Histidine Tag.Mutant plasmids for the expression of

archaeal rhodopsins. The second issue to be addressed Wa8rg123WHR Thr126PHR, Arg218%HR and Thr218PHR mu-

the i.dentification of the putative CJinterac_ting (.binding) tants were constructed with a Quikchange site-directed
site in the CP channel, whereby the candidate is thought tomutagenesis kit (Stratagene Cloning Systems) and the

be Lys215/Thr21%"® (corresponding to Arg200/Thr203™ modified pET-21c{) vector to utilize the histidine-tagged
see Figure 1). Spectrum changes in circular dichroism (CD) region. The sequences of the primers designated to replace
studies and investigation of the visible absorption induced the Arg123, Thri126, Lys215, and Thr218 codon with other
by the addition of anions, as well as flash-photolysis amino acid codons weré-8CG ATG TGG GGC AAA (for
experiments, revealed that these putative binding (or interact-Lys)/CAC (for His) TAT CTG ACG TGG-3and 3-CCA

ing) sites were indeed correct. On the basis of these CGT CAG ATA TTT (for Lys)/GTG (for His) GCC CCA
observations, the putative HR Ctransport mechanism is  CAT CGT-3 for the R123 mutant,'sGGC CGC TAT CTG
considered in the Discussion. GTG (for Val) TGG GCC CTT TCG-3and 3-CGA AAG

Fod

Arg108
(Arg123)

MATERIALS AND METHODS
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GGC CCA CAC (for Val) CAG ATA GCG GCC-3for the Tokyo, Japan) was used to cut the UV light. A photomul-
T126V mutant, 5ATG TTC AAT ACG CTG AGG (for tiplier (R2949; Hamamatsu Photonics) was used to detect
Arg)/CAG (for His) CTG CTG ACC GTT GT-3and 3- the monitoring light passing through the sample. To select
AC AAC GGT CAG CCT (for Arg)/ICTG (for His) CAG the measuring wavelength and exclude the scattered actinic
CGT ATT GAA CAT-3 for the K215 mutant, and'5ACG flash from the sample, two monochromators were placed
CTG AAG CTG CTG GTC (for Val) GTT GTC ATG TGG  behind the monitoring light source and in front of the
CTC-3 and 3-GAG CCA CAT GAC AAC GAC (for Val) photomultiplier. The output of the photomultiplier was
CAG CAG CTT CAG CGT-3for the T218V mutant. The  amplified by a homemadé—V converter with an offset
mutations introduced into the plasmid were confirmed by voltage. In a computer equipped with an A/D converter, the
DNA sequencing using a DNA sequencing kit (Applied amplified data were stored and averaged. The observed data
Biosystems, Foster City, CA), and each mutated plasmid waswere recorded between26 and 136 ms every 0s for
introduced into BL21(DE3) cells. Transformed cells were WT and T126V, and between44 and 218 ms every 0/5

selected by ampicillin resistance. for other mutants. The original data were collectee-300
Protein Expression and Purification of NpHRhe protein times for each sample. Then, data points on a logarithmic

expression and purification procedures usthgoli BL21- time scale were picked up from the observed data for the

(DE3) cells harboring the plasmid have been described in following data analysis.

detail in a previous pape4d(). Fractions of the proteins using Data Analysis of PhotocyclingVe adopted two methods

Ni—NTA agarose (Qiagen, Hilden, Germany) were collected to determine the lowest number of exponential terms required
by elution (flow rate, 56 mL/h) with buffer E50 mM Tris- to fit the observed kinetic data. One of these methods
HCI (pH 7.0), 300 mM NacCl, 150 mM imidazole, and 0.1% employed SVD analysis with Igor software (WaveMetrics,
n-dodecyl 5-p-maltopyranoside [dodecyl maltoside (DM)] Inc.). Independently, the data observed at all wavelengths
(Dojindo Lab, Kumamoto, Japan)The yields of the wild- from 410 to 710 nm were fitted simultaneously with the
type and mutant NpHRs were almost the same, as was thafollowing multiexponential equation:

of T126V, as reported previousiyl).

Preparation of the Blue Specie¥he anion-free blue
species of wild-type NpHR and the mutants were prepared
by interchanging the buffer with buffer C [10 mM 2-mor-
pholinopropanesulfonic acid, MOPS (pH 7.0), and 0.1% DM]  Considering the results of these two methodswas
by passing the species over a Sephadex-G25 column (2.5etermined. Herez; of eq 1 represents the decay time
cm x 20 cm, Amersham Pharmacia Biotech, Uppsala, constant of theth component that is expressed astRe
Sweden) at a flow rate of 2 mL/min. After the buffer photochemically defined intermediate, according to Chizhov
exchange, the protein concentration of the mutants wasand Engelhard20).
estimated using an extinction coefficieagq) of 50 000 Mt
cm* for wild-type NpHR @2). op Ap b

CD and Absorption Measuremenite CD spectra of both Po(NPHR) = P = P, =~ B = Po(NPHR)
wild-type and mutant NpHRs were measured with a Jasco
J-725 spectropolarimeter (Jasco, Tokyo, Japan) in the-300
750 nm region at 25C at a scanning speed of 200 nm/min,
and accumulation was carried out twice. The measuring n
medium was buffer C containing various concentrations of B(1) = FCZaMAeJ—(l) i=1-—n) 2
NaCl (0.1, 0.2, 0.5, 1, 2, 3, 4, 5, 10, 20, 30, 50, 100, 150, =
200, 400, 600, and 1000 mM). The protein concentration
was 18uM. The path length of the optical cuvette was 10

n

AAGLY) = T B((1) exp(—tiz) (1)

The R is permitted to be a mixture of physically defined
photointermediates. TH& (1) term in eq 1 is formulated as

where

mm. The absorption spectra were measured with a UV mini 1
1240 spectrometer (Shimadzu, Kyoto, Japan). &= - .

Flash Photolysis Spectroscopa computer-controlled 1
flash-photolysis apparatus was constructed as described in Tm|_| (e, — 1)
a previous pape#@). An actinic light source = 532 nm, melmeL

7 ns, ~5 mJ pulse) was the second harmonic of the

fundamental beam of a Q-switched Nd:YAG laser (Surelite and A¢j(1) stands for the absorption difference between P
I-10; Continuum). This actinic laser flash was polarized and R(NpHR) at wavelengtii when all B(NpHR) mol-
vertically with a Glan laser polarizer (PLU-10; Optics for ecules in the cuvette are photolyzdg. is the fraction of
Research) placed just in front of the sample cells (10 mm  the B molecule that is activated by the flash to undergo the
10 mm quartz cuvette), and the interval of the measurementsphotocycle. Equation 2 indicates that tBespectra of the

was 1 s. The absorbance of the sampieli M NaCl nth, i.e., the last, component is given by

[containing 10 mM MOPS (pH 7.0) and 0.1% DM] was 0.5

at the absorption maximum, and the temperature was B,(4) = Fea,Ae,(4)

maintained at 20C. The source of the monitoring light was 1

a 150 W xenon arc lamp (C4251; Hamamatsu Photonics, a, = 3)
Hamamatsu, Japan), and the beam of the monitoring light " on

was perpendicular to that of the actinic flash. In the case of |_| 1-17, /7))

the measurement at 66050 nm, a Y43 filter (Toshiba, m=1
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meaning thaF:Aeq(4) can be determined from,(4), which 8.0 :

is already known from the fitting with eq 1. On€gAeq(A) AWT \ o] B 12K

of the nth component is determineBAe,-1(A) of the (— 40 I \

1)th component can be easily determined usin@.€then, l

we can determiné-:Ae¢i(4) for all components iteratively 0.0 0.0

under an appropriate order of time constants €., ..., ) bf' J 77

in the photocycle. The negative part BfA«(4) should 40 1

originate from only the depletion obBy the flash excitation. ‘ . a0

The criterion for determining the order, thus, is the absence ‘ — 80 ‘

of a negative part except for the Bbsorption band. Then, 40| CR123H ] D.T128v

we examined all possible sequences of their order for the | 40 \ :

calculation ofF:A¢i(4), and the best sequence was chosen. 00

Finally, the addition of thé. times spectrum of the original "B ’ \/ 0.0

NpHR gives the spectrum of.PThe value ofF. was £ \/ 1 W \\/ /

determined so that the evaluated spectra, composed of mainlyy -40 -4.00 ]

a single physically defined intermediate, would conform to 5 . . . . . . . .

the skewed Gaussian functiof4j. g 80 e 8.0 ea ‘

RESULTS B 4o \ { 40 \
Titration of the Wild-Type and Mutant NpHRs with % 00 0.0

Chloride on Visible CD and Absorption Spectiehe CI- M W" w W

free form (blue species) of the wild type and the mutant 40 | 40 ]

NpHRs were titrated with NaCl to obtain the CD spectra in , , , ‘

the visible region (456700 nm). Figure 2 shows the spectra 8.0 : . : : 300 400 Wasvoe(l)en 1?1021 700

obtained in the presence of Ocat M NaCl. As shown in G.T218V \ ghamm

this figure, a bilobe in the visible region is shown. This result 40

is a good agreement with CD spectra of NpHR purified from

N. pharaonis(42) and a previous report4b). A similar 0.0

relationship between the exciton band and the oligometic b/

states of BR has been reportetb{48), suggesting that 4.0

NpHR also forms an oligomer. In this study, therefore, by

. . T 300 400 500 600 700
gel filtration on agarose columns and dynamic light scatter- Wavelength /nm

ing, the apparent molecular mass of the wild-type NpHR Ficure 2: Chloride-dependent changes in the circular dichroic

!.Ise_d i_n this Study_w_as determined to be 3480 kDa, spectra of wild-type NpHR (A) and mutants [(B) R123K, (C)
indicating the association composed 6fBL monomers even  R123H, (D) T126V, (E) K215R, (F) K215Q, and (G) T218V]. For
in the DM detergent (data not shown). Therefore, Figure 2 measurements carried out under-@ee conditions, spectra were

indicates that all mutants, and wild-type NpHR, exist not as obtained in 10 mM MOPS (pH 7.0) and 0.1% DM. The protein

; ; concentration was 18M. For the measurements of the @ound
Elngc)momers but associated at all salt concentratiafs41, form, 1 M NaCl was used. The volume changes due to the addition

of the concentrated NaCl solution were corrected. The measure-
The magnitude of the negative component of the exciton ments were carried out at 2&. The arrows indicate the spectral
band of R123K (Figure 2B) was smaller than that of the Shift resulting from the addition of Cl
positive component. The reason for this result is not known, , i
but it is possible that replacement of Arg2®® with Lys (except for R12_3H), although the magnitude of the shift was
may have altered the structure around the retinal. The Very small. This result might have been related to the
addition of NaCl, except in the case of R123H (Figure 2C), asymmetric CD spectrum of the exciton coupling; |nd.eed, it
changed the CD band in two ways: (i) the crossover points Was noted that for HsHR, the addmon of halogen anions to
were blue-shifted, and (i) the magnitude of the positive the blue HsHR induced a red shift of the absorption
component of the exciton band increased with the negative Maximum @8), as was the case with the R123K mutant.
component being held steady (this trend remained basically 1€ observed shifts in the wavelength of the absorption
constant among samples). For the K215R, K215Q, and Maximum A\A) were analyzed using the following adsorption
T218V mutants, the spectrum changes were almost the samdSotherm equation:
as those of wild-type NpHR.

The interaction with NaCl was also examined from another M=Al ——
perspective. Figure 3 shows the visible spectrum changes Ky + [anion]
obtained by titration with NaCl. With the exception of R123K
and R123H, the addition of NaCl shifted the maximum where Almax and Kq represent the maximum shift of the
wavelength to a shorter wavelength, with increases in the wavelength and the dissociation constant, respectively. The
extinction coefficient; these findings are consistent with the estimatedKy values are shown in Table 1. When the Hill
blue shift of the crossover point of the CD spectra. R123K coefficient @0) was introduced, this value for the wild type
was found to have the opposite tendency compared to theand mutants was estimated to be unity and no changes in
other NpHRs with respect to the maximum wavelength shift were observed.

[anion]
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1.2 1.0 B Rz suggesting that the R123H mutation changes only local
1.0 > o8l structure corresponding to the @binding site of the
08 / chromophore Z6). On the other hand, when Lys215 or
0sl | °° Thr218, the putative Ckinteracting residues in the CP
‘ 0.4 channel, was mutated, essentially no changes in binding
04 02 affinity were observed. These findings revealed that in the
02 ' unphotolyzed state, Clbinds to the site composed of
0o~ %6500 600700 Arg123¥#HR and Thr126PH® in the EC channel, and not to
1.0 . : 1.0 the putative site composed of Lys2®5R and Thr218pHR
og| O 123H 05 D.T126V in the CP channel.
' Flash-Induced Absorbance Changes in Wild-Type and

06 06 Mutant NpHRs.As described in Materials and Methods,
0.4 04 flash-photolysis experiments were performadliM NaCl;

o in those experiments, the wild type and all of the mutant

o 02 02 NpHRs were considered to be in the “@ound form,

® o9 ‘ 0.9 ‘ o because th&, values were 5 mM for the wild type and-80

'g 1,0400 0o 790 1_300 0 %o 7 mM for all of the mutants. Because the R128ER mutant

2 E. K215R F.K215Q . indicated no visible spectral shift after titration of Cho

< 08 08 flash-photolysis experiments were carried out. The scattered
06 06 laser flash caused a strong artifact at the beginning of the
0.4 0.4 trace, and therefore, the optical data were reliably evaluated
02 02 after 10us. The flash-induced differe_nce_ spectra_for_ wil_d-
' type and mutant NpHRs are shown in Figure 4, indicating
0.0 0.0 the presence of two positive bands (490 and 640 nm) and a

400 500 600 700 400 500 600 700

1.0 Wavelength /nm
G.T218V

negative band at 580 nm, due to the depletion of the original
NpHR. The positive bands at 490 and 640 nm are assigned

08 7 to the L- and O-intermediates, respectively. Since the decay
0.6 lifetime of the K-intermediate is 0.4s (20), we could not
observe this intermediate.
0.4 . . .
Figure 4 reveals the following features characteristic of

02 and common to two types of mutants. One type of mutant

0.0 SN was termed the “EC mutant”, in which an amino acid residue
400 500 600 700 constituting the putative Clbinding site in the EC region

Wavelength /nm (Arg123¥PHR and Thr126PHR) was mutated. The other type
FiGure 3: Chloride-dependent changes in the absorption spectrum of mutant was termed the “CP mutant”, in which a putative

of wild-type NpHR (A) and mutants [(B) R123K, (C) R123H, (D)  anjon-interacting site in the CP region, Lys2 or

T126V, (E) K215R, (F) K215Q, and (G) T218V]. The armows 51 gwHR \was mutated. The EC mutant had two photo-
indicate a spectral shift resulting from the addition of NaCl. . ! o . .
Concentrations of NaCl were 0, 0.1, 0.2, 0.5, 1, 2, 3, 4, 5, 10, 20, intermediates (L and O), which was also the case in wild-

30, 50, 100, 150, 200, 400, 600, and 1000 mM. The experimental type NpHR, but the rate of photocycling, especially the rate
conditions were the same as those described in the legend of Figureat the last step, was slower than that of the wild-type protein.

2. On the other hand, the CP mutant lacked the O-intermediates,
and the cycling rate appeared to be prolonged, except in the
Tab_le 1: Shifts of Absorption Maximalay upon Addition of case of K215Q.
\éﬁré?ﬁsasalts to Anion-Free NpHR Samples, dtgvalues for CI The _data observed at all Wa_velengths from 41_0 to 710 nm
were fitted simultaneously with multiexponential eq 1 as
Amax (NM) described in Materials and Methods, and the number of
none NaBr NaCl NaN® Kqfor CI” (mM) exponential terms was three for the wild type, R123K,
wild type 600 576 577 562 5 T126V, and K215Q and two for K215R and T218V. The
R123K 569 571 575 570 39 flash-photolysis data were analyzed as described above.
.Frellgg\% 558741 556752 556773 555742 _32 Figure 5 shows the results of the data analysis. The left-
K215R 509 576 574 569 5 most column shows thB spectra, and the spectra qfdPe
K215Q 600 578 576 571 4 shown in the order of their appearance after the flash. For
T218V 603 577 573 566 7 wild-type NpHR, the spectra of;Rand B were almost the

2 The values ofimax Of the anion-bound form were obtained in the ~same, and the absorption maximum was ca. 520 nm in both
presence b1 M salt (pH 7.0 and 25C). The determination of the  cases. Therefore, the main components of these two inter-
dissociation constants is described in the téQata from ref41. mediates are identified as L1 and L2. The spectrum of P

had two absorption maxima, indicating thati® composed

In the case of the R123H mutant (note that Arg¥98 of two physically defined intermediates that attain equilib-
was located in the EC channel), an insensitive visible rium at a rate much faster than the rate of decay. The
absorption shift after addition of Clwas observed compared spectrum was separated with the aid of skewed Gaussian
with other mutants, although the oligomeric structure was fitting (44), and the results are shown in the right portion of
not changed as shown in the exciton band of the CD spectraFigure 5. This separation indicates a mixture of L- and
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Ficure 4: Flash-induced light minus dark difference spectra of thetund form of wild-type NpHR (A) and various mutants of NpHR

[(B) R123K, (C) T126V, (D) K215R, (E) K215Q, and (F) T218V]. The first spectrum showing the most substantial depletion at 580 nm
was that obtained 1f0s after the flash. Because of the large scattering effects of the laser flash, this range of time was the shortest to be
measured. The last duration for the acquisition was 103 ms for wild-type NpHR and the T126V mutant, and 122 ms for the other mutants.
The experimental conditions were the same as those described in the legend of Figure 2. Because R123H does not bindavith Cl
experiments were carried out using this mutant. The d@jaMere acquired every 10 nm, and the spectra picked up in a logarithmic time
scale from 1Qus to 120 ms are shown.

O-intermediates, with a larger contribution from the O- each intermediate. In the L1 L2 transition, the time
intermediate. In the case of R123K, although the spectra of constant of the wild type was slightly different from that of
P. and B appeared to include a minor component showing Chizhov and Engelhard2(Q). This may come from the
absorption of a longer wavelength, these components weredifference in experimental conditions such as sample prepa-
identified as L1 and L2. Pof this mutant was not the ration using the recombinant system and pH.
O-intermediate, because the absorption maximum was almos

the same as that obfNpHR). Therefore, we recognized this bISCUSSDN
intermediate as NpHHor as N, according to Chizhov and We examined the binding of Cland other anions to blue
Engelhard 20)]. The spectrum of Pof the T126V mutant anion-free NpHR by CD and analysis of the visible absorp-
appeared to contain a small amount of a component showingtion spectra (Figures 2 and 3 and Table 1). The CP mutants
absorption at the longer wavelength, but we identified this exhibited changes similar to those of the wild type. On the
component as NpHRN), i.e., as the main component. For other hand, the EC mutants (especially the Arg123 mutant)
K215R and T218V, simulation using two exponential terms exhibited spectrum changes that differed from those of the
was sufficient to fit the data, and both intermediatesa(f wild type: R123H exhibited no binding and R123K weak
P,) were recognized as L1 and L2, respectively, thus binding. In the case of R123K, the positively charged lysine
indicating a lack of the O-intermediate, as shown in Figure residue might have played a role in the red shift of the
4. On the other hand,s;Pf K215Q was found to have a absorption maximum upon addition of Cto anion-free
ternary complex of O, L2, and NpHE). In Figure 6, the NpHR instead of the positively charged arginine residue. It
summarized scheme of sequences of intermediates is showmvas noted that the pattern of binding estimated from the shift
together with the decay time constant (in microseconds) of in the absorption maximum (Figure 3) agreed well with that
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Ficure 5: Results of the global fitting of the flash-photolysis data of wild-type NpHR (A) and mutants [(B) R123K, (C) T126V, (D)
K215R, (E) K215Q, and (F) T218V]. The dat@) were taken from those shown in Figure 4. The column at the far left represeris the
spectra (explanation given in the text). The second column from the left shows the spectravbidh was the first spectroscopically
identified photointermediate after the flash. The spectra,arE shown in the third column. The right-most column shows the spectra of

Ps, which was the third spectroscopically identified photointermediate. Some of the spectra are composed of two physically identified
photointermediates. The dotted lines show the spectra of the components (physically defined intermediates), shown separately from the P
spectra using the skewed Gaussian function described in the text.

of the binding isotherm with only one binding site. This Previously, we examined the contribution of Ser{¥36
suggests that there is only one binding site near the Schiff (Ser11%5s"R) to CI- binding, and mutation at this position
base in the EC region. Since the observed color change migh{S130A, S130C, and S130T) was found to increase the
have been influenced only by the changes near the chro-dissociation coefficient to 89159 mM CI (49). Taken
mophore, we cannot rule out the possibility of another together, the previous results and the results presented here
binding site far from the chromophore. However, the crystal suggest that anion binding preferentially takes place in the
structure of HsHR revealed only one @inding site 26). following order: Arg123PHR > Ser130PHR > Thr12@WHR,

We therefore concluded that there is one anion-binding site This finding is partially consistent with a previous observa-
in the EC region near the Schiff base in the unphotolyzed tion that the hydroxyl group of Thr1¥$"R (Thr126'HR) was
state of NpHR, which was the same as that of HsHR. This shown to be superfluous for Cbinding in the case of HsHR
anion is thought to be transported by a photon to the (22). Note that the X-ray crystal structure of HsHR revealed
cytoplasmic space through the CP channel. that the hydroxyl group of Thr11%"R (corresponding to
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Ficure 6: Summary of the photocycling scheme of wild-type
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NpHR and the mutants. The numbers indicate the time constants
of the respective transitions, measured in microseconds. The

Sato et al.

212 215 218
hop-Nph(NpHR) DMFNTLEKLLTVVN

197 200 203
hop-Hsa(HsHR) EIFDTLRVLTVVL

hop-por ETFGTLEILTVVL
Hop-sha EIFGTLEILTVVL
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hop-5G1 DIFNTLKVLTVVL
hop-mex DIFNTLKVLTVVL

Ficure 7: Alignment of the amino acid residues of NpHR and
HsHR around the putative Ghinding (interacting) site in the CP
region. These residues are located in the F-helix and are occluded
from access to the cytosol in the dark. Protein comparisons were
carried by using the Pileup program in the University of Wisconsin
Genetics Computer Groups (GCG) package. The references to
halorhodopsin and the sources, from the top, are as follows: hop-
Nph, N. pharaonisHR (GenBank entry J05199); hop-HsH,
salinarumHR (GenBank entry X04777); hop-por, port hR (Gen-
Bank entry D43766); hop-sha, shark hR (GenBank entry D43765);
chop3-Hva, cruxhalorhodopsin-3 (GenBank entry D31881); hop-
SG1, SG1 hR (GenBank entry X70292); and hop-mex, mex hR
(GenBank entry D11136).

for HR. These two changes weaken ®inding, and Ct is
translocated from the EC binding site to the @iteracting
site in the CP region; this site is formed by LysdaiR
(Arg2007sHR) and Thr218PHR (Thr203'HR) located in helix
F. Mutation at these positions causes a loss of the interacting

numbers enclosed in boxes show the time constants that differed(0r binding) site, and induces the significantly slow decay

largely from those of wild-type NpHR.

Thr128'HR) interacts with palmitate, and not with the bound
Cl~ (26). However, our results indicated that Thri2& does
play a role in binding in the case of NpHR.

of L2, which in turn gives rise to the lack of the O-

intermediate due to the kinetics. The observation that a
mutation in the CP region modulated the decay of the L2-
intermediate suggests that during the decay of the L2-
intermediate, Cl is translocated into the CP channel. K215Q

The flash-photolysis data are summarized in Figure 6. The bears the complex component gf Bnd in this mutant, the
characteristic features of the EC mutants (R123K and T126V) presence of the O-intermediate was detected. This finding
were as follows: (1) the time constants of the transition from indicated that the O-intermediate was present in small

L1 to L2 and the rate of decay of L2 did not essentially
differ from those of wild-type NpHR, and (2) the greatest
difference from the wild-type protein was the significant slow
transition in the last intermediate of the photocycle, which
was assigned to NpHRN). On the other hand, it was of

amounts in this mutant, although it is unknown whether the
K215Q pumps Cl. On the other hand, the T218V mutant
completely lacked the O-intermediate. This result suggests
that the threonine residue (Thr28R) makes a more
significant contribution to the interaction of CINote that

note that the photocycle of the CP mutants (except for this threonine residue was conserved for all HRs (see Figure
K215Q) lacked the O-intermediate. This probably means that 7). In a light-driven Ct-transporting D85T mutant of BR,
the O-intermediate was not accumulated kinetically becausethe arginine residue (corresponding to Lys?t%5) was not

the rate of L2 decay was very slow.

On the basis of the observations reported here, the

following hypothetical mechanism of Clransport by HR
appears to be reasonable. Esséi) (also presented his

found to be important24).

If the cytoplasmic opening or outward tilting of helix F
occurs during the L2~ O transition phase, as in BR and
ppR (NpsRIl) 60—-55), hydrophilicity may increase along

scheme on the transport mechanism. At the unphotolyzedthe cytoplasmic region of helix F, and water may enter along

state, ClI binds to the EC binding site due to interaction
with a Schiff base, Arg128"R (Arg108*sHR), Thr12@WwHR
(Thr111s"”) and Serl13¥HR (Ser11%5sHR), The greatest

the helix. This might in turn give rise to the hydration of
CI~ in the CP interaction site, which induces the dissociation
of CI~ from the threonine residue, and then, the @

contribution to binding among these residues was found to released into the cytoplasmic space. We could not rule out
be made by the arginine residue. In fact, the crystal structurethe possibility of an additional force leading to the release

of HsHR revealed that the=€0 and NH groups of this
arginine residue form hydrogen bonds withr @rough one
water molecule for each hydrogen borzb),

lllumination induces the retinal conformational change
from all-transto 13-cis 15-anti, which results in the distortion

of CI~ from the interacting site, which would push the anion
outside of the protein. Hackmann et @6} observed large
changes in the amide | bands of a Fourier transform infrared
spectrum during the L2~ O transition, and these changes
were indicative of large conformational changes in HR, thus

around the surroundings of the retinal Schiff base close to providing support for opening of the F-helix. The mutant
the Cl-binding site and the change in the orientation of its lacking this interacting site was unable to efficiently release

NH dipole. As already shown in the case of BR)), the
orientation of the guanidinium of Arg128'™R might change,

Cl~. The interaction between Chnd the NH dipole of the
Schiff base might hinder the conformational change of the

or a conformational change around the arginine residue mightretinal from 13eis to all-trans, which is the basic process
take place, although no direct evidence has been reportedf O-intermediate formation, because the NH dipole is
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oriented toward the extracellular side in the tadlns 9.
conformation. In other words, the release of @hight be
indispensable for formation of the O-intermediate. For this 4

reason, the CP mutants showed a slow decay of L2.

After the release of Clto the cytoplasmic space, the
F-helix might return to its original position. During the decay
of the O-intermediate, Clenters the protein toward the
original binding site through the EC channel. Previously, we 12.
suggested the hypothesis that this process is passive, based
on stopped-flow experimentd(). In this context, it becomes
relevant to consider why R123K and T126V have an
intermediate of NpHR(or an N-intermediate). If the con-
formational change around Arg1I'®8R takes place (which
may be one factor leading to the translocation of €bm
the EC to the CP space, as described above), then restoration
to the original conformation should occur. It then becomes
reasonable to suggest that the transition from' HRHR
could be associated with the restoration of some residues
around Arg128rHR or its own orientation, as assumed by
Essen 27). This prompt restoration may require the coopera-
tion of the threonine residue, or of other residues around
the EC binding site.

The K215R mutant of NpHR has the same residue pair at 17.
the interacting site in the CP channel as wild-type HsHR
(see Figure 7). Surprisingly, the introduction of arginine at
this position was found to substantially retard the L2 decay. 4g
The X-ray crystal structure of HSHR revealed an interaction
between Arg20¢HR and Asp197HR which might reduce
the positive charge of the guanidiniur®gj. The residue in
NpHR that corresponds to this AspI97R is Asn212PHR
whereas in the case of the K215R mutant, the positive charge
of the introduced Arg cannot be offset. This suggests that
the presence of a positive charge at this position is not
favorable for efficient CI pumping. To investigate this
possibility, a K215R/N212F"R double mutant would be
necessary, but unfortunately, this mutant was not expressed. 21.
The question of why lysine is located at this position of all
HRs, except for in the case of HsHR (see Figure 7), despite .,
its disadvantageous positive charge remains to be answered.
Future studies will still be needed to clarify the role played
by this residue. In addition, the putative Ctransport
mechanism described above requires further confirmation.
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