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ABSTRACT: Bacteriorhodopsin (BR), a membrane protein founddalobacterium salinarumfunctions

as a light-driven proton pump. The Schiff base region has a quadrupolar structure with positive charges
located at the protonated Schiff base and Arg82, and the counterbalancing negative charges located at
Asp85 and Asp212. The quadropole inside the protein is stabilized by three water molecules, forming a
roughly planar pentagonal cluster composed of these waters and two oxygens of Asp85 and Asp212 (one
from each carboxylate side chain). It is known that BR lacks proton-pumping activity if Asp85 or Asp212

is neutralized by mutation, but binding of Chas different functional effects in mutants at these positions.
Binding of CI~ to D85T converts into a chloride ion pump (Sasaki, J., Brown, L. S., Chon, Y.-S., Kandori,

H., Maeda, A., Needleman, R., and Lanyi, J. K. (198s)ience 26973—75). On the other hand,
photovoltage measurements suggested that bindingafo@212N restores the proton-pumping activity

at low pH (Moltke, S., Krebs, M. P., Mollaaghababa, R., Khorana, H. G., and Heyn, M. P. (B&g#)ys.

J. 69 2074-2083). In this paper, we studied halide-bound D212N mutant BR in detail. Light-induced
pH changes in a suspension of proteoliposomes containing D212N\{CbH 5 clearly showed that ClI
restores the proton-pumping activity. Spectral blue-shift induced by halide binding to D212N indicates
that halides affect the counterion of the protonated Schiff base, whereas much smaller halide dependence
of the Amax than in D85T suggests that the binding site is distant from the chromophore. In fact, the K
minus BR difference Fourier-transform infrared (FTIR) spectra of D212N at 77 K exhibit little halide
dependence for vibrational bands of retinal and protein. The only halide-dependent bands werélthe C
stretch of Arg82 and some water-@ stretches, suggesting that these groups constitute a halide-binding
pocket. A strongly hydrogen-bonded water molecule is observed for halide-bound D212N, but not for
halide-free D212N, which is consistent with our hypothesis that such a water molecule is a prerequisite
for proton-pumping activity of rhodopsins. We concluded that halide binding near Arg82 in D212N restores
the water-containing hydrogen-bonding network in the Schiff base region. In particular, the ion pair formed
by the Schiff base and Asp85 through a strongly hydrogen-bonded water is essential for the proton-
pumping activity of this mutant and may be controlled by the halide binding to the distant site.

Bacteriorhodopsin (BR functions as a light-driven proton The essential parts of the proton-pumping mechanism have
pump inHalobacterium salinarunfl, 2). The chromophore  been examined by mutagenesis. For example, Asp96 on the
of this protein is alltransretinal that binds to a lysine residue  cytoplasmic side is a proton donor for the Schiff base in the
through a Schiff base linkage, and the tadlns to 13<is M to N transition, but it is known that the D96N mutant
photoisomerization triggers the photocycle for proton pump pumps protonsg). Glu204 and Glu194 constitute a proton
(2). The photocycle comprises a series of intermediates, release group in the extracellular side, but it is also known
designated as the J, K, L, M, N, and O states. BR is the bestthat the E204Q and E194Q mutants pump protéhsihese
studied molecular pump, where various methods have beerfacts indicate that terminal protonatable groups, such as
applied 8—5), and mechanisms for unidirectional translo- Asp96 and Glu204/Glu194, are not essential for the proton-
cation of protons have been establish&d2). pumping mechanism in BR. In contrast, D85N and D212N

mutants in the Schiff base region lack proton-pumping
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Ficure 1: X-ray crystallographic structure of the Schiff base region
in BR from PDB entry 1C3W ¥). The membrane normal is
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Shibata et al.

For example, the ND stretch of the Schiff base is upshifted
by 350 cm! by retinal photoisomerizatiorl), indicating
that the Schiff base loses a hydrogen bond with water402
(Figure 1) upon the retinal rotation around the €1314
bond. Although water402 looks symmetrically positioned
relative to Asp85 and Asp212 in Figure 1, comprehensive
mutation study revealed that water402 forms a strong
hydrogen bond with Asp85 (©D stretch at 2171 cnt),

but interacts with Asp212 weakly (€D stretch at 2636 or
2599 cm?) (24). This means that water402 bridges the Schiff
base and Asp85, but not Asp212. On the basis of this
assignment, we proposed that hydration switch of water402
from Asp85 to Asp212 leads to the primary proton transfer
from the Schiff base to Asp85 upon formation of the M
intermediate 26). The hydration switch model could explain
the reason why D212N lacks proton-pumping activity despite
the presence of the proton donor (protonated Schiff base)

approximately in the vertical direction of this figure. Upper and and the acceptor (Asp85), as association of water402 to
lower regions correspond to the cytoplasmic and extracellular sides, neutral Asn212 is not sufficient to drive the proton transfer.

respectively. Green spheres (401, 402, and 406) represent water "
molecules in the Schiff base region. Position of hydrogen atoms . In addition, a strong hydrogen bond of water402 to Asp85

of water and their hydrogen-bonding strengths (dotted lines) are in the unphotolyzed state is important for the proton-pumping

obtained from our previous FTIR studf4), where thick dotted
lines correspond to strong hydrogen bonds.

activity of BR. Among various BR mutants tested, only
D85N and D212N lack strongly hydrogen-bonded water
molecules (G-D stretch at <2400 cm?) and proton-

composed by three water oxygens and two oxygens from pumping activity 23, 24). Not only D85N but also the

Asp85 and Asp212 (one from each side chain).

chloride-pumping D85S does not possess such strongly

Asp85 and Asp212 are located at a similar distance from hydrogen-bonded water molecule€7(. Therefore, we
the Schiff base, whereas the Schiff base proton is transferredserred that the presence of a strong hydrogen bond of water

to only Asp85 in the L to M transition1). As described

is a prerequisite for proton pumping in BRg]. Interestingly,

above, neutralization of these aspartates (D85N and D212N)pis hypothesis is true not only for the mutants of BR but

abolishes the proton-pumping activity. Interestingly, replace-
ment of Asp at position 85 by Thr or Ser converts BR into
a CI- pump (11, 12). Although CI binding affinity is very
low for D85N, it can also bind Clat low pH (@3). In the
absence of C|, the absorption maximum of D85N is located
at~600 nm, but Cf binding shifts the absorption maximum
to ~570 nm, because Clbecomes the counterion of the
protonated Schiff basd.8). On the other hand, the absorption
maximum of D212N is located at580 nm at pH>7 (14),

also for other archaeal rhodopsir29{-32), archaeal-type
rhodopsins from eubacterid3—35) and eukaryotes3g, 37).

It is likely that the proton-pumping rhodopsins stabilize water
molecule(s) in the Schiff base region by strong hydrogen
bonding with its counterion such as Asp85, and light-induced
destabilization of the hydrogen bond of such water contrib-
utes to the energy storage for driving the proton pump. If
D212N pumps protons upon binding of chloride, we expect
the presence of strongly hydrogen-bonded water molecules-

suggesting that Asp212 is a weaker counterion than Asp85.(s) according to the hypothesis.

The M intermediate is not formed during the photocycle,

even though there are a proton donor (protonated Schiff base

and an acceptor (Asp85) in D212N. In the presence of Cl
at low pH, D212N has a purple color similar to the wild-

) FTIR spectroscopy can also study the environment of

chloride, because the halide dependence,(Bt~, and I)
of the spectral features provides detailed structural informa-

type. Photovoltage measurements suggested that D212N dog40" of the binding site. By revealing no halide dependence

not pump CI, but the proton-pumping activity seems to be
restored 15). These results imply different roles of two

of the N—D stretching vibration of the Schiff base and-O
stretching vibration of water molecules in theihtermediate

aspartates at positions 85 and 212, which cannot be predictecﬁ"c pharaonishalorhodopsingHR), we were able to propose

from the structure in Figure 1.

Fourier-transform infrared (FTIR) spectroscopy is a
powerful tool to investigate the detailed structure and
structural changes in the active center of rhodopsth8)(

In particular, N~-H and O-H stretching vibrations at 3860
2700 cnm! (N—D and O-D stretches at 27062000 cn1?
in D,O) directly monitor their hydrogen bond46). By

a new model of the early stage of chloride transp8dt).(
According to the model, removal of the hydrogen bonds with
the Schiff base and water(s) makes the environment around
chloride less polar in the lintermediate, which drives the
motion of chloride. On the other hand, clear halide depen-
dence was observed for the-¥D stretch of the Schiff base

in the halide-bound D85S, implying that halide is a hydrogen-

means of low-temperature FTIR spectroscopy, we have Ponding acceptor of the Schiff bas27.

identified these vibrations in the Schiff base region of BR,
which involve the N-D stretch of the Schiff basel (), the
O-D stretch of Thr89 18—20), the N-D stretch of Arg82
(22), and O-D stretches of water molecule®Z—25). They
provided useful information on how the hydrogen-bonding
network of the Schiff base region is altered in the photocycle.

In this article, we studied the halide-bound D212N mutant
of BR, particularly from the structural point of view. We

first measured the proton-pumping activity of D212N by use

of proteoliposomes. Light-induced pH changes clearly showed
the proton-pumping activity of D212N(C). Visible absorp-
tion spectra of halide-bound D212N showed small halide
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dependence. The K minus BR difference infrared spectra of phosphatidylcholine, type 1V-S) and 0.5 mM MOPS buffer

D212N at 77 K exhibit little halide dependence for vibra-
tional bands of retinal and protein. Almost no halide

(containig 2 M NaCl and 50 mM MgSQO,, pH 7.5).
Proteoliposomes were reconstituted by sonication of a

dependence of the Schiff base vibrations strongly suggestsmixture of liposomes and PM for 5 mid{). The lipid/BR
that halide is not a direct hydrogen-bonding acceptor of the (w/w) ratio was about 50 for both the wild-type and D212N.

Schiff base, unlike in D85S. On the other hand, halide-
dependent bands observed exclusively feeNCstretch of

Arg82 and some water ©D stretches suggested that these
groups constitute the halide-binding pocket. A strongly

hydrogen-bonded water molecule is observed for the halide-

bound D212N, but not for the halide-free D212N, which is

pH changes in suspension of proteoliposomes were measured
by glass electrode under illumination @600 nm (30°C)

by use of a HORIBA F-55 pH meter. The samples were then
illuminated after addition of CCCP to a final concentration
of 10 uM. Proton-pumping activities were calculated by
adding 10uL of 0.01 N HCI to the suspension.

consistent with our hypothesis that such a water molecule is  Uv—Visible Spectroscopybsorption spectra of D212N

a prerequisite for proton-pumping activity of rhodopsins. We

in the absence and presence of halides were measured for

concluded that halide binding near Arg82 in D212N restores the purple membrane suspension containing the D212N

the water-containing hydrogen-bonding network in the Schiff
base region.

MATERIALS AND METHODS

Plasmid Constructs and Site-Directed Mutagenesis.
fragment containing theop gene (1.6 kbp) was amplified

protein at 20°C by use of a SHIMADZU UV-2400PC U¥
visible spectrometer. Each sample contains 50 miySa
(2 mM boric acid buffer pH 10), 150 mM NaCl, NaBr, or
Nal (2 mM citric acid buffer pH 5).

HPLC Analysis.HPLC analysis was performed as de-
scribed previously34). Light-adapted D212N was prepared

by PCR and cloned into the vector pGEM-T easy (Promega) by illuminating the sample with500 nm light, while dark-

using the primer set (55gatccGACGTGAAGATGGGGC-
3, 5-ggatccGTGACCGTTCGATGC-R A cloned fragment

adapted D212N was prepared by keeping the samples in the
dark overnight at 4C. Extraction of retinal oxime from the

was confirmed by sequencing and then transferred to theS@MPple was carried out by hexane after denaturation by

vector pUC18 for mutagenesis, or the vector pMPK54 for !

transformation 38), which contains a gene conferring
resistance to the 3-hydroxy-3-methylglutaryl CoA reductase
inhibitor simvastatin inH. salinarum A point mutation
(Asp212— Asn) was introduced into thisopgene by PCR

methanol and 500 mM hydroxylamine at 4. Three
independent measurements were averaged, where experi-
mental accuracy was within 1.0% for light-adapted D212N,
and within 3.0% for dark-adapted D212N.

FTIR MeasurementsThe sample films of halide-bound

mutagenesis (Stratagene), and resultant mutation was conand halide-free D212N were prepared by drying the purple

firmed by sequencing the plasmids prior to transformation
of H. salinarum

Transformation for H. salinarumH. salinarum strain
MPK409 38) was transformed using the plasmid described

above. The transformation procedure was essentially as

described in a previous pape&9. Briefly, 10 mL of early

log phase cells were collected by centrifugation (6§)QD
min) and resuspended in 2 mL of spheroplasting solution.
100 uL aliquots were added to 10L of 0.5 M EDTA in
spheroplasting solution and gently mixed. After 20 mins3

ug of plasmid DNA in 10uL was added and incubated for
a further 10 min. An equal volume (120 in this case) of
60% polyethylene glycol 600 in spheroplasting solution was
added and mixed gently tilting the tube back and forth. After
20 min of additional incubation, 1 mL of regeneration salt

solution was added. Cells were pelleted in a microcentrifuge

at 5000 rpm for 5 min, and 1 mL of complex culture medium

membrane suspension in 2 mM citric acid buffer (pH 5)
containing 5 mM NacCl, NaBr, or Nal, and in 2 mM boric
acid buffer (pH 10) containing 1.6 mM NaQ,, respectively,

on a Bak window with a diameter of 18 mm. The films
were then hydrated by AL of H,0, D,O, or D,*®0, and the
sample was placed in a cell and then the cell mounted in an
Oxford DN-1704 cryostat. The hydrated film was illuminated
with >500 nm light for 1 min at 273 K to obtain the light-
adapted state of D212N. Low-temperature FTIR spectroscopy
was applied as described previously by use of a Bio-Rad
FTS-40 FTIR spectrometerl§—20). The K minus BR
spectra were measured by photoconversion between K and
BR at 77 K. Each spectrum was normalized to that of
D212N(CI) at the negative 1203 crhband corresponding

to a C-C stretch of the retinal chromophore. The normaliza-
tion factors were 0.95 for D212N(free) and D212N(Br

2.0 for D212N(I), 2.6 for D85S(Ct) and D85S(BT), 3.4

containing 15% sucrose was added to the resultant pellet.for P85S(), and 0.4 for the wild-type. The spectra of the

After incubation for 48 h at 37C, 100uL samples were
spread on plates containing 15% sucrose andud@nL
simvastatin. After 10 days of incubation at 4G, purple
colored colonies were picked and grown in complex cuture
medium with 1Qug/mL simvastatin, and after incubation for
24 h at 37°C, 100 uL samples were spread on plates
containing 25Qug/mL 5-FOA. After a week of incubation,
purple colonies were picked and grown again in complex
cuture medium containing 50g/mL uracil. The purple

wild-type and D85S mutant were reproduced from refs 23
and 27, respectively.

RESULTS

Measurement of Proton Transport in BR Liposonhéght-
driven proton transport was measured for proteoliposomes
of D212N(CI") by monitoring the pH changes with a glass
electrode. Figure 2 shows light-induced pH changes of
proteoliposomes containing the wild-type or D212N. In the

membranes were isolated and purified in the usual mannercase of the wild-type at pH 7, illumination caused a net

(40).
Light-Induced pH Change&iposomes were prepared by
sonication for 10 min at 4C with desiccated lipidsL{a-

alkalization of the medium, indicating that protons are
pumped toward inside the liposomes. Addition of 40
CCCP abolished the observed light-induced pH changes (data
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FIGURE 2: Time course of light-induced alkalization by proteoli- 400 500 600 700
posomes containing D212N (0.5 mM citric acid at pH 5) or the Wavelength (nm)

wild-type BR (0.5 mM MOPS at pH 7) under continuous illumina-

tion at >500 nm. Both D212N and the wild-type samples contain Ficure 3: Absorption spectra of halide-free (black line); @lound

2 M NacCl. After addition of 1uM CCCP, the signal was almost  (red line), Br-bound (blue line), andtbound (green line) D212N

abolished (dotted line) for D212N. BR in the purple membrane suspension at°@0 Halide-bound
forms were obtained in the presence of 150 mM halides at pH 5.

not shown). It is known that BR molecules reconstituted at One division of they-axis corresponds to 0.1 absorbance unit.

neutral pH prefer an inside-out orientation in liposomes, so

that illumination causes a net alkalizatiofil). Therefore,

the present study reproduced the previous report for the wild-

Table 1: Isomeric Composition (%) of the Retinal Chromophore by
the HPLC Analysis of D212N

type BR. light—adapted darkadapted
In the case of D212N at pH 5, illumination caused a net ali-trans 13<is ali-trans 13<is
alkalization similar to the wild-type (Figure 2). Addition of free 94 6 35 65
10 uM CCCP abolished the observed light-induced pH " 94 6 20 30
ST T o Br 94 6 64 36
changes (dotted line in Figure 2), which is completely - 94 6 63 37

opposite to the effect expected for a chloride pump).(

Similar pH changes for the wild-type ar}d D212N strongly |t should be noted that the previous report on thg of
suggest that D212N pumps _protons in the presence ofhajide-bound D212N was different from the present observa-
chloride. We also observed significant reduction of the pH tjon. Marti et al. reported that thénay is at 545 nm (Ct),
char?ges.for D212N at pH 7 (data not shown), where chloride 544 nm (Br), and 535 nm (1) (45), with the halide
binding is decreased. Thus, the present results_show thaﬁependence opposite to the present study. They expressed
D212N pumps protons in the presence of chloride, as is p212N in Escherichia coli and it is known that various
suggested by the previous photovoltage measurem&ts ( properties of BR can be modified compared to the native
Absorption Spectra of the D212N Mutant in the Presence state that is expressed iHalobacterium salinarum In
of Halides.Figure 3 shows visible absorption spectra of the particular, the phenotype of the Asp212 mutant is signifi-
light-adapted D212N in the purple membrane suspension.cantly influenced by the expression conditions, which was
In the absence of halides, the absorption maximum is locatedpointed out by Needleman et all4) and Krebs et al.46).
at 573.7 nm (pH 10; black line in Figure 3). The absorption Marti et al. reported that the light-adapted D212N contains
spectrum is similar for the halide-free D212N at pH 5. 5% 9<is and 11% 11eis retinal by HPLC analysis4®),
Addition of halides (at pH 5) shifts the absorption spectra which may indicate unusual protein folding and/or photo-
to shorter wavelengths, with thgn.x located at 563565 cycle. We thereby measured isomeric composition of the
nm. This fact indicates that halides affect the Schiff base retinal chromophore of D212N in the presence of various
counterion {4). Despite the spectra looking almost identical halides. Table 1 shows that the observed retinal isomers were
among the three halides, we noted that thgs is at 562.7 only all-trans and 13eis forms both for the dark-adapted
nm for CI-, 564.1 nm for Br, and 565.4 nm for1. A and light-adapted D212N. Thus, the present HPLC analysis
previous study reported that thg.x values of D85T are  emphasizes the importance of the expressid. isalinarum,
located at 555566 nm for the same three halide$3). not in E. coli, particularly in the study of the D212N mutant.
Therefore, the halide dependence of thg, for the D212N Table 1 also shows that D212N undergoes light adaptation
mutant (difference of 2.7 nm) is much smaller than that for like the wild-type, and the light-adapted D212N contains 94%
D85T (11 nm). The X-ray crystallographic structure of all-transform in the absence and presence of various halides.
D85S(Br) reported that Bris the direct hydrogen-bonding  From the HPLC analysis, we can safely state that the small
acceptor of the Schiff basd4). In contrast, halides probably  difference in theimax in Figure 3 does not originate from
bind to the Schiff base region of D212N in a manner different the different isomeric ratios.
from being a direct hydrogen-bonding acceptor of the Schiff K Minus BR Difference Infrared Spectra for D212N in
base. Consequently, halides act as a weaker counterion ofthe 1800-900 cm* Region.Visible spectral analysis of the
the protonated Schiff base. halide-bound D212N suggests that halide binds to the Schiff
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base region, but not in a hydrogen-bonding acceptor position.vibrations of the retinal chromophore at position €1213,

This is different from the mutant of Asp85, where halide is C8—C9, C14-C15, and C16-C11, respectively 47). A

a direct hydrogen-bonding acceptor of the Schiff base as waspositive 1195 cm! band of the K-intermediate originates
shown for D85S(BT) (44). To further study the structure of  from the C14-C15 and C16-C11 stretches. Similarity of
the halide binding site, we measured FTIR difference spectrathe spectra of halide-bound D212N (Figure 4b) to that of
of the halide-bound D212N. Figure 4 compares halide- the wild-type (Figure 4a) suggests that the retinal isomer-
dependent K minus BR difference spectra of the wild-type ization occurs from the alirans to the 13eis form. The

(a), D212N (b), and D85S (c) in the 180000 cnT1? region, absence of halide dependence implies that halides play an
which monitors local structure around the retinal chro- insignificant role in the retinal photoisomerization in D212N.
mophore at cryogenic temperatures. It is clearly seen thatlt is also the case for the hydrogen out-of plane (HOOP)
there is little halide dependence for D212N (Figure 4b). In vibrations of the retinal chromophore in the 1800 cn?
contrast, the spectra are considerably different among theregion. HOOP modes are sensitive to chromophore distor-
three halide-bound forms of D85S (Figure 4c). According tions, particularly in the K state, and unlike for D85S (Figure
to the X-ray structure of D85S(By (44), Br™ is located at ~ 4c), the absence of halide dependence shows that halide
the position of water402 in the wild-type BR (Figure 1), so hardly affects the retinal photoisomerization in D212N
that Br- is the direct hydrogen-bonding acceptor of the Schiff (Figure 4b). In summary, vibrations of the retinal chro-
base. Therefore, it is reasonable to expect that a differencemophore such as<€C and C-C stretches and HOOP modes

in the nature of the bound halide will affect the K minus are not affected by the variation in halide size. Therefore,
BR spectra significantly. Similarity of the spectra of D212N we infer that halides bind to the region distant from the retinal
(Figure 4b) to the wild-type (Figure 4a) as well as little halide chromophore. We note that, although the bands character-
dependence are fully consistent with the conclusion from izing the retinal chromophore are not affected by the halide,
visible absorption spectra that halide is not in a hydrogen- other bands exhibited in the 176@585 cn1* region shows
bonding acceptor position. halide dependence (Figure 5).

The largest bands at 153%+)/1520 (+) cm™t in Figure K Minus BR Difference Infrared Spectra for D212N in
4b probably originate from ethylenic=€C stretching vibra- the 1760-1585 cnm* Region.Figure 5 shows the K minus
tions of the retinal chromophore. A spectral downshift BR difference infrared spectra of halide-bound D212N in
indicates formation of the red-shifted K-intermediate in the 1766-1585 cni! region at 77 K. This frequency region
D212N. No clear halide dependence was observed for themonitors vibrations of protein except for the=®l stretch
band, though it is known that the band is correlated to the of the chromophore. The similarity of the spectra suggests
visible absorption spectra (Figure 3). The reason may be duesmall halide effect on these molecular vibrations. The bands
to the insufficient spectral resolution (2 ci of the present  at 1740 ()/1732 ¢+) cm™® (Figure 5a) downshift to 1728
FTIR measurements. The 1250150 cn1? region monitors (—)/1721 &) cm™* in DO (Figure 5b), which can be
C—C stretching vibrations of the retinal chromophore. Like identified as the &0 stretch of Aspl15 because of the
in the wild-type (Figure 4a), negative bands at 1256, 1216, similar band in the wild-type10). The bands of Asp115
1203, and 1168 cnt are attributable to the €C stretching were not affected by halides. The bands at 170)1694
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(+) cm™® are interesting. The K minus BR spectra of the
wild-type also possess the negative band at about 1701 cm
(16), but the amplitude of the negative 1701 dnband is
about 3 times larger in D212N than in the wild-type (data
not shown). The K minus BR spectra of the wild-type has
no positive band at about 1694 ctin(16). Since they are
not sensitive to PO hydration (Figure 5b), they may
originate from the €O stretch of Asn212. If this is the case,
the hydrogen bond of the =80 group of Asn212 is
strengthened upon K formation. Interestingly, no halide
dependence was observed for the bands. Therefore, we m
conclude that halide does not bind in the vicinity of Asn212
in D212N.

Only the bands at 1677)/1671 &) cm™in D212N(CI")

exhibit halide dependence in this frequency region (Figure
5a), suggesting that the respective group belongs to the halide

binding pocket. D212N(Br) and D212N(") possess the
negative band at 1675 and 1674 dmrespectively. Since
the bands disappear upon® hydration (Figure 5b), it is
unlikely that they can be ascribed to amide | vibrations.
Braiman et al. reported that the= stretching vibration

of arginine side chain appears in this region, and it downshifts

by ~70 cm! upon deuteration4@®). In addition, the &N

stretching vibration of arginine side chain in BR is observed

at~1660 cn1! from time-resolved FTIR study ¢fN-labeled
arginine 49). By use of mutant, they assigned the band to
Arg82, which is located in the Schiff base region (Figure 1)

(50). These facts strongly suggest that the halide-dependent

bands at 16801670 cn1* originate from the &N stretching
vibration of Arg82. Though not identified by isotope labeling
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Ficure 6: The K minus BR difference infrared spectra of the wild-
type (a), halide-free (b), Ctbound (c), Br-bound (d), and1-bound
(e) D212N in the 23862020 cnt! region. The samples were

in the present study, this is a reasonable interpretation hydrated with RO (red curves) or B0 (blue curves), and spectra
because positively charged Arg82 is a good interaction were measured at 77 K. Green-labeled frequencies correspond to

partner of halide inside the protein.

The following bands are observed in the 164®00 cn*
region: 1666 {), 1659 (), 1647 (+), 1638 (), 1623 (+),
1618 (), and 1611 ) cm *. The negative 1666 cm band
appeared in the frequency of the amide | vibrationogf
helix, while the bands at 1659-§/1647 ¢+) cm™! are
assigned as the amide | vibration@fhelix. No shift upon

those identified as ©D stretching vibrations of water. The
underlined frequency (2171 ci) in the wild-type also contains
the N-D stretch of the Schiff basd 7). One division of the/-axis
corresponds to 0.0017 absorbance unit.

unlike in the D85S mutant. This interpretation is further
tested by observing the ND stretching vibration of
the Schiff base in BD, which is a more direct probe

D,0 hydration (Figure 5b) is consistent with the assignment of the hydrogen-bonding strength of the protonated Schiff

of amide | vibrations. The bands at 1628)(1618 () cm™*

were previously assigned as the amide | vibration of Val49

for the wild-type 61). The spectral band of D212N at around
1620 cm! (Figure 5) is similar to that of the wild-type,

base.

X—D (N—D or O—D) Stretching Vibration Region of
D212N in the Presence of Halides the 1806-800 cnt*
region, halide-dependent bands were only observed at1680

suggesting that the same amide-I vibrations of Val49 are 1670 cnt?, which is most likely to be the €N stretch of
present in the spectra of D212N. No halide dependence wasArg82. We next examined a higher frequency region, where

observed for these amide-I vibrations.

The bands at 1638+)/1611 @) cm* probably originate
from the G=N stretching vibration of the Schiff base, because
they shift upon RO hydration. While the negative band
was not uniquely determined (presumably at 162818
cm™Y), the positive band at 1606 crhis assignable as
the G=ND stretch of the Schiff base in K inf (Figure

the N—D stretch of the Schiff base and=«D stretches of
water are observed inJD. The N-D stretch of arginine is
also present in this region, as was shown for the wild-type
BR (21). Figure 6 shows the K minus BR difference spectra
in the 2380-2020 cm* region in O. In the case of the
wild-type BR, the bands at 2359+], 2323 (), 2292 (),
2265 (), and 2171 ) cm* (red curve in Figure 6a) are

5b). The absence of halide dependence should be alsadentified as G-D stretching vibrations of water molecules
noted for these bands. We previously observed clearbecause of the spectral downshift in'&D (blue curve in

halide dependence for the=€I\ stretching vibrations of the
Schiff base in the D85S mutant of BR2Y), and we

Figure 6a) 22). From the frequency, these water molecules
form a strong hydrogen bond2%), and comprehensive

interpreted it as a direct interaction between the protonatedmutation study revealed that these water[D stretches

Schiff base and halide by hydrogen bonding. Therefore,

the absence of halide dependence for theNCstretch
of D212N can be interpreted in terms of the lack of a

originate from three water molecules in the Schiff base region
(Figure 1) @4). The negative 2171 cm band also contains
the N-D stretching vibration of the Schiff base, which was

direct hydrogen bond between the Schiff base and halide,idenitifed by use of §-1>N]Lys-labeled BR 17). The bands
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at 2292 (-)/2265 () cm* also contain the ND stretching ! : ! : L . !
vibrations of Arg82, which was identified by use &N-
Arg labeled BR 21).

The water bands completely disappeared in this frequency
region upon the mutation of Asp212 (D212N) as shown by
the identical red and blue curves (Figure 6b). We previously
suggested that neutralization of Asp212 significantly perturbs 8
the water-mediated hydrogen-bonding network in the Schiff %
base region, so that hydrogen bonds of water are weakened-Q
Figure 6b shows a negative peak at 2204 &mwhich is
most likely to be the N-D stretch of the Schiff base. The
frequency similar to that in the wild-type suggests that the
Schiff base forms a hydrogen bond, presumably with
water402, in D212N(free) even upon neutralization of
Asp212. The pair of bands at 2292-){2265 (+) cm*!
disappeared in Figure 6b, suggesting the absence of thez |
hydrogen-bonding alteration of Arg82. We infer that retinal O 2685 2553 0473
photoisomerization does not cause structural change in Arg82 :
because of the weakened hydrogen-bonding network of the
pentagonal cluster structure (Figure 1).

The spectral features in the 230R100 cm'* region are
hardly changed by halide binding (Figure-6€), showing a
negative peak at 2212 crhfor D212N(CI") and (Br), and T T T T
at 2214 cm? for D212N(I"). These peaks are likely to 2700 2600 2500 2400
originate from the N-D stretch of the Schiff base, and little -1
halide dependence clearly indicates that halide is not a Wavenumber (Cm )
hydrogen-bonding acceptor of the protonated Schiff base. Ficure 7: The K minus BR difference infrared spectra of halide-
The present observation for D212N is entirely different from free (a), Ct-bound (b), Br-bound (c), and1-bound (d) D212N

that for D85S. In the latter case, the strongest negative peaki? g‘?rggigrgg’goofgg?gt’g-(:J:\‘/eess)ag‘npéessp;"cetgg vr\]/)é(rjéarltweeis\f\lljﬁg J
1 2 ,
appears at 2166 crh for D85S(CP), 2209 cm for at 77 K. Green-labeled frequencies correspond to those identified

D85S(Br), and 2255 cm' for D85S(I"), and such strong a5 0-D stretching vibrations of water. One division of thexis
halide dependence shows a direct hydrogen bond of thecorresponds to 0.0017 absorbance unit.

Schiff base with halide Q7). This present observation is
consistent with the preceding analysis of theIT stretch completely disappeared for halide-free D212N (Figure 6b),
of the Schiff base (Figure 5). three negative (2684, 2652, and 2612 ¢émand three
In contrast to the Schiff base vibration, a prominent change positive (2675, 2631, and 2596 cfbands were identified
in the spectral features was observed for the water bands ags the G-D stretches of water molecules at 27600 cn1!
2350-2300 cntl. While no water bands are observed for along with a pair of peaks at 244F)/2424 () cm™* (Figure
halide-free D212N (Figure 6b), halide binding to D212N 7a). Since the wild-type also possesses three negative (2684,
induces the appearance of strongly hydrogen-bonded wate2652, and 2612 cnt) and three positive (2684, 2652, and
molecules. In fact, water bands were observed at 2347 (2612 cm) bands in the same frequency regid®,(24),
2312 () cm* for D212N(CI) (Figure 6c) and D212N(Bj) we infer that the water-containing hydrogen-bonding
(Figure 6d). The frequencies were slightly downshifted for network in the Schiff base region is also preserved in D212N-
D212N(I") (Figure 6e). Identical frequencies for Cand (free).
Br~ suggest that such a strongly hydrogen-bonded water Figure 7 panels bd show the spectra of halide-bound
molecule does not form a direct hydrogen bond with halide, D212N, whose spectral features are similar for the three
while halide binding itself lowers the frequency of vibrations halides, but different from D212N(free) (Figure 7a). We
of the water molecule. It should be noted that, from the identified the water bands at 2685), 2660 (+), 2614 (),
comprehensive studies of water vibrations of various rhodop- 2586 (), 2545 ), 2477 (), 2460 ), and 2401 ¢) cm™?®
sins, we found that strongly hydrogen-bonded water mol- for D212N(CI) (Figure 7b). Among the 5 negative bands,
ecules are always present in the rhodopsins exhibiting proton-the bands at 2685 and 2614 chwere completely halide
pumping activity 8). Therefore, we recently hypothesized independent, while the frequencies of the bands at 2545 and
that strongly hydrogen-bonded water molecule(s) is required 2460 cm* were altered by 10 and 20 cf respectively, in
for the proton-pumping function of rhodopsins. The present a halide dependent manner. The band at 2401 ¢Figure
observation is also consistent with our hypothesis, because7b) was also observed for D212N(Br(Figure 7c), but its
halide-free D212N (no proton pumping) has no such water, position is not clear for D212N() because of the noisy
but halide-bound D212N (proton pump) does possess aspectra (Figure 7d). We thus observed six negative bands of
strongly hydrogen-bonded water molecule. water for D212N(Ct) and D212N(Br), which is also the
Figure 7 compares ©D stretching vibrations of water  case for the wild-type24). On the basis of comprehensive
molecules in the 27302380 cn! region, which correspond  mutation study, we concluded that six water-D stretches
to moderately or weakly hydrogen-bonded water molecules. of the wild-type originate from three water molecules (water
While strongly hydrogen-bonded water—@ stretches 401, 402, and 406) involved in the pentagonal cluster (Figure
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Ficure 8: Schematic drawing of the structure of the deuterated Schiff base region in the wild-type (a), halide-free D212N (b); and ClI
bound D212N (c). There are no strongly hydrogen-bonded water molecules in the halide-free D212N (b), whereas the strongly hydrogen-
bonded water is present in the wild-type (a) and-6bund D212N (c) that possess proton-pumping activity.

1) (24). Because of the similar FTIR spectra of the halide- Therefore, the Schiff base forms a hydrogen bond even upon
bound D212N and weak halide dependence (Figure 4b), it neutralization of Asp212. The hydrogen-bonding acceptor
is likely that halide-bound D212N has three water molecules is most likely to be water. In Figure 8, we propose that such
in the Schiff base region similar to the wild-type, though a bridge water (similar to water402) is preserved in D212N-
hydrogen-bonding strengths of water are weaker than in the(free). X-ray crystallography of D85S(free) reported that the

wild-type. hydrogen-bonding acceptor of the Schiff base is a water
molecule as well§2, 53). In spite of the presence of the
DISCUSSION bridged water402, we did not experimentally observe hy-

In this paper, we studied halide-bound D212N mutant of drogen-bonding alteration of a strongly hydrogen-bonded
BR in detail. Light-induced pH changes in a suspension of Water (<2400 cn1?) (Figure 6b). One possibility is that there
proteoliposomes containing D212N at pH 5 clearly showed IS N0 frequency change for the strongly hydrogen-bonded
that chloride binding restores its proton-pumping activity. Water, even though itis present in the active site. However,
Spectral blue-shift by halide binding to D212N indicates that It IS quite unlikely, because the Schiff base moves upon the
halide affects the counterion of the protonated Schiff base, €tinal photoisomerization. Therefore, the-O stretches of
but the halide dependence on thexwas much smaller for ~ Water402 in D212N(free) (Figure 8b) are presumably at
D212N (difference by 2.7 nm) than that for D85T (11 nm) >2400 cm. It should be noted that the X-ray crystal-
(43). This fact suggests that the halide-binding site is distant l0graphic structure oAnabaenasensory rhodopsin (ASR)
from the chromophore in D212N. In the case of bromide- Showed the presence of such a bridged water between the
bound D85S mutant, X-ray crystallographic structure shows Schiff base and Asp7354), but the O-D stretching fre-
that Br is in direct hydrogen-bonding distance from the duencies are located aR500 cn1* (33). This was explained
Schiff base 44), which is consistent with our FTIR inves- N terms of less preferable orientation for the hydrogen bond.
tigation 7). Although there are no X-ray structures available =~ We observed four ©D stretching vibrations of water for
for the D212N mutants, the present FTIR study provided D212N(free), indicating that at least two water molecules
useful structural information. change their hydrogen bonds (Figures 6 and 7). According

The K minus BR difference FTIR spectra of D212N at to our structural model (Figure 8b), three water molecules
77 K exhibit negligible halide dependence for vibrational in the pentagonal cluster are preserved, but the hydrogen-
bands of retinal and protein. Almost complete absence of bonding network is considerably weakened. A key reason
halide dependence of the Schiff base vibrations strongly is the neutralization of the negative charge at the position
suggests that halide is not a direct hydrogen-bonding accepto212. In addition, the position of Arg82 must be important.
of the Schiff base, unlike in the case of D85S. On the other Asp212 and Arg82 contribute to the quadrupole in the Schiff
hand, halide-dependent bands were observed for thl C  base region of the wild-type, where water406 is the bridged
stretch of Arg82 and some-€D water stretches, suggesting water between them (Figure 8a). The-D stretch at 2292
that these groups contribute to the halide-binding pocket. A cm™* comes from a water molecule under strong hydrogen-
strongly hydrogen-bonded water molecule is observed for bonding conditions32, 24). Lack of a negative charge at
the halide-bound D212N, but not for halide-free D212N, position 212 may move Arg82 toward the extracellular side.
which is consistent with our hypothesis that such a water In fact, the pair of peaks assigned to Arg82 at 2299/ (
molecule is a prerequisite for proton-pumping activity of 2265 (+) cm™ disappeared in Figure 6b, suggesting the
rhodopsins Z8). On the basis of the present results, we try absence of hydrogen-bonding alteration of Arg82. Retinal
to construct the structural models of the Schiff base region photoisomerization does not cause structural change in Arg82
of D212N in the absence and presence of halide, explainingin D212N(free), presumably because of (i) a weakened
why only the latter possesses proton-pumping activity hydrogen-bonding network of the pentagonal cluster struc-
(Figure 8). ture, and (ii) movement of Arg82 out of the Schiff base

The Schiff Base Structure of Halide-Free D212Me region (Figure 8b). X-ray crystallography of D85S(free)
N—D stretch of the Schiff base of D212N(free) at 2204ém  observed that the neutralization of Asp85 caused movement
is similar in frequency to that of the wild-type (Figure 6). of Arg82 toward the extracellular sidéZ, 53).
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The Schiff Base Structure of Halide-Bound D21PlElide
binding restores the proton-pumping function for D212N,
in contrast to the case of D85T or D85S. Halide binds in
the direct hydrogen-bonding acceptor position in D85S, so
that the light-induced protein structural changes drive the
motion of halide 44). On the other hand, halide does not
bind in the direct hydrogen-bonding acceptor position in
D212N. Rather, halide binds near Arg82 in the Schiff base
region (Figure 8c). In other words, halide binding causes
the movement of Arg82 back into the Schiff base region. In
fact, we observed halide-dependent vibrations at 18860
cm ! (Figure 5a), which can be most likely interpreted as
C=N stretch of Arg82 48—50). However, it appears that
the C=0 stretch of Asn212 is halide independent (Figure
5), suggesting that halide does not bind to Asn212.

We observed six ©D stretching vibrations of water for
D212N(CI) and D212N(Br), similar to the wild-type,
indicating that three water molecules are involved in
hydrogen-bonding alteration (Figures 6 and 7). Therefore,
three water molecules probably constitute a pentagonal
cluster structure in the halide-bound D212N (Figure 8c), like
in the wild-type (Figure 8a). An important observation was
the appearance of a strongly hydrogen-bonded water mol-
ecule for the halide-bound D212N, where the-D stretch
is located at 2347 cn for D212N(CI") and D212N(Br),
and at 2338 cmt for D212N(I") (Figure 6). Identical
frequencies of this band for Cland Br suggest that this

Biochemistry, Vol. 46, No. 25, 2007533

absence (2424 crm) and the presence (2347 chhof halide
is only about 80 cmt, it may be essential.

We previously reported that, among various BR mutants,
only D85N, D85S, and D212N lack strongly hydrogen-
bonded water molecules (€D stretch at<2400 cm'') and
proton-pumping activityZ3, 24, 27. Therefore, we proposed
a hypothesis that the presence of a strong hydrogen bond of
water is a prerequisite for proton pumping in rhodops.(

We have extensively tested this hypothesis for various
rhodopsins by measuring-£€D stretches of water. We found

a perfect correlation between the presence of strongly
hydrogen-bonded water molecule(s) and proton-pumping
activity. For example, strongly hydrogen-bonded water
molecules are observed fpharaonisphoborhodopsin29),
proteorhodopsin 35), Leptosphaeriarhodopsin 87), and
azide-bound halorhodopsit32), which all pump protons.
Strongly hydrogen-bonded water molecules were not ob-
served forsalinarumhalorhodopsin 30), pharaonishalor-
hodopsin 80, 31), Anabaenasensory rhodopsir3@), Neu-
rosporarhodopsin 86), and bovine rhodopsirbg), which
have no proton-pumping acitivity. Clpumping D85S has
no strongly hydrogen-bonded water molecules as v#23)l. (
Thus, hydrogen-bonding strength of water molecules seems
to be very important for the proton-pumping function. It
should be noted that photon energy is stored first in its
isomerized form. In addition to the distorted chromophore,
the importance of a hydrogen-bonding network has to be

water molecule does not form a direct hydrogen bond with emphasized for light-energy storage. Since only about 10%
halide. In our model (Figure 8c), we propose that halide of light energy is spent on the electrochemical potential of
binding near Arg82 reconstitutes a pentagonal cluster transporting a proton5{), a small energy difference in
structure, in which water402 forms a strong hydrogen bond hydrogen-bonding stabilization may be crucial for the
with Asp85 in the wild-type-like fashion. The stretching pumping function.

frequency for this water (2347 cr) is much higher than in Our hypothesis and its successful application to various
the wild-type (2171 cm?), but it is sufficient to restore the  rhodopsins have provided a concept for the new roles of
proton pumping. The present model emphasizes the impor-internal water molecules. One of the important roles of
tance of (i) electrostatic interactions in the Schiff base region, internal water molecules is to occupy the empty space inside
particularly a quadrupolar structure, and (ii) a water- protein that may be energetically unfavorable. Internal water
containing hydrogen-bonding network. Regarding the former, molecules may assist the transport of ions inside protein by

the importance of charge balance should be particularly
noted, because the R82Q/D212N mutant pumps pro&ms (

raising dielectric constanB). In addition, we showed the
possibility that the hydrogen bond of water carries energy

and possesses strongly hydrogen-bonded water moleculegor the proton-pumping function, which can be monitored

(24). The charge balance must be important for the rear-
rangement of water molecules to form the strong hydrogen
bond in the Schiff base region. Such rearrangement of
hydrogen-bonding network presumably leads to the halide-
dependentmay (difference of 2.7 nm; Figure 3), where the
dipole between halide and Arg82 directly influences the
chromophore, or the interaction between the chromophore
and Asp85 is altered in a halide-dependent manner.

Role of Water Molecules in the Schiff Base Region for
the Proton-Pumping FunctionFigure 8 shows similar
arrangements of structural components of the Schiff base
region, but only the wild-type (Figure 8a) and halide-bound
D212N (Figure 8c) pump protons. D212N(free) does not
pump protons even in the presence of the proton donor (the
Schiff base), acceptor (Asp85), and an intervening water
molecule (water402) (Figure 8b). Why does not D212N(free)
pump protons? Stretching frequencies of water molecules
may give us a hint. The lowest frequency of water @
stretch was observed at 2424 ¢hfior D212N(free), which
we assumed to be the<D stretch of water402 interacting
with Asp85. Although the frequency difference between the

by FTIR spectroscopy.
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