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ABSTRACT. FTIR difference spectra were recorded for the photoreactions of halorhodopsin from
Halobacterium salinarumat 170 and 250 K. Obvious differences at the two temperatures were noted in
neither the visible spectra nor the FTIR bands of the chromophore. However, perturbation of Aspl141 is
observed in the L intermediate at 250 K but not at 170 K. We named these photoproducts La (at 170 K)
and Lb (at 250 K). The spectrum of Lb is distinct from that of La also in the different shifts of water
O—H stretching bands, and larger changes in the bands from the protein backbone with different sensitivities
to varying the halide. These results suggest that the photocycle of halorhodopsin contains two L states,
La and Lb, in which the structure of protein and internal water molecules is different but chloride stays
at the same site close to the Schiff base.

Halorhodopsin is a heptahelical membrane protdin (  the Schiff base to Asp85 of the extracellular side of the retinal
which functions as a light-driven chloride pump Halo- Schiff base in the L-to-M process, followed by proton
bacterium salinarumLike the homologous proton pump, transfer from Asp96 of the cytoplasmic side of the Schiff
bacteriorhodopsin, halorhodopsin contains a retinal chro- base in the M-to-N process. The unique structural features
mophore bound through a protonated Schiff base to a lysineof the L state are revealed by Fourier transform infrared
residue in the seventh helix. Different halorhodopsins were (FTIR)! spectroscopyl(0, 11), as well as by solid state NMR
also found inNatronobacterium pharaoni§2) and other (12). The blue-shifted L intermediate is also important for
microbial speciesd). By using light energy, these proteins the anion transport function of halorhodopsirHnsalinarum
pump chloride ions from the extracellular medium to the (13). It forms only from the all-trans species, and only in
cytoplasm 4, 5), in the opposite direction from the proton the presence of chloride or another transportable anion. The
translocation in bacteriorhodopsin, and thus generate anphotocycle of halorhodopsin &f. salinarumdoes not contain
outside-positive membrane potential like that in bacterior- the M intermediate, obviously because the acceptor of the
hodopsin. The two halorhodopsins and bacteriorhodopsin proton from the Schiff base is missing. The most recent study
have similar primary sequences 7), but the most important by Var6 et al. (L4) shows that the photocycle is described
residue for the proton-transfer reaction in bacteriorhodopsin, by a series that contana K intermediate, two kinetically
Asp85, is replaced in the halorhodopsins with threonine. distinguishable L species with the same visible spectra, and
When the Asp85 of bacteriorhodopsin is replaced with the N intermediate that decays with the same time constant
threonine, the mutant transports chloride with a photocycle as the second L state. In ti salinarumprotein, at least,
similar to that ofN. pharaonishalorhodopsin ). the previously observed O intermediate was ascribed to the

In bacteriorhodopsin, photoisomerization of the all-trans photoproduct from the 13-cis species, and shown not to be
chromophore to the 13-cis form initiates a cycle of photo- involved in the photocycle of the all-trans species. According
chemical reactions in which the consecutive intermediatesto the proposed chloride transport moddy,( 15), the
are identified and named-O (9). One proton moves from  transition from the first L state to the second changes the
access of the chloride ion from the extracellular to the
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tion of the L intermediate at 170 KL{), but FTIR spectra
have not been measured for halorhodopsin at this tempera-
ture. The FTIR study we report here for halorhodopsin from 1,2,3

H. salinarum suggests that in the two L states that are /\/ (@)
described the protein assumes two different conformations e

but the chromophore structure is the same.

MATERIALS AND METHODS

Preparation of Halorhodopsin.Membrane fragments 2
containing halorhodopsin were prepared frbimsalinarum [ (b)
strain L33, which was transformed with a plasmid containing ,@
the H. salinarumhop structural gene under the control of 5 g1
the bop promoter, by the method described previoussy. ( 3

Halorhodopsin, enriched in the membrane fraction, was
finally purified by discontinuous sucrose gradient centrifuga-
tion, and suspended in the buffer containing 0.2 M NaCl
and 10 mM phosphate (pH 7.0).

Manipulation of the Sample for FTIR Spectroscopgr
the FTIR measurements, the membranes containing halo-
rhodopsin were centrifuged and suspended in 10 mM NacCl,
NaBr, or Nal in 2 mM phosphate buffer (pH 7.0). A film
was prepared by drying a GfL aliquot of the suspensions
on a Bak window (18 mm in diameter) under mild vacuum, .
and hydrated with BD, H,*O, or D;O as described 400 w0 600 o0
previously by Chon et al1@). The absorbance ratio at 274 Wavelength (nm)
and 574 nm recorded in the film was2.0. 9

FTIR and Visible Spectroscopic Methodshe sample Ficure 1: Difference spectra in the visible region after the

. . illumination of HR with >600 nm light at 170 (a) and 250 K (b).
holder was mounted in an Oxford cryostat DN1704, equipped Curves 13 in part a are spectra after illumination for 1 and 2 min

with an Oxford ITC-4 temperature controller. FTIR spectra and after incubation in the dark for a further 10 min, respectively.
were recorded in a Bio-Rad FTIR FTS60A/896 spectrometer Curves 13 in part b are spectra after illumination for 1 and 16

at 2 cn! resolution. The spectra in the visible region were min and after incubation in the dark for a further 10 min,
recorded for the hydrated films in a Shimadzu MPS-2000 respectively. The difference spectra recorded at 170 K for samples
spectrometer. Light for illumination of the samples was uMinated at170€) and 250 K {-) are overlapped in part c.
provided ly a 1 kW halogen-tungsten lamp through one of
several Toshiba cutoff filters, V42 and R62 which pagk0

and >600 nm light, respectively. Light adaptation was
performed by illumination with the V42 filter for 15 min at
273 K. Measurements of the spectrum under continuous
illumination at 250 K were taken as described previously
(19). The sample window was tilted 4%elative to the probe
light, and the>600 nm light from a slide projector was
focused on the sample at an angle of @0th respect to the
probe light, with a germanium window to protect the detector.
The spectra were recorded by collecting 166 interferograms . T i :
both before and during the illimination for 2 min. The same &fter the illumination for 16 min (curve 2; compare with
procedure was repeated 10 times at 250 K. All the succes-CUrve 1 at 1 min). This is because the photoproduct is not
sively recorded difference spectra exhibited the same shapeStable and decays to the HR state, as is seen in the reduced
Difference spectra at 170 K were obtained as reported by amphtude recorded at 10 min after gessat|on of the illumina-
Chon et al. {8). All the photoproducts from illumination at  tion (curve 3). To compare the difference spectra of the
170 K decayed completely by incubating at 273 K for 20 Photoproducts minus the unphotolyzed state under the
min, as revealed by the absence of any bands in the differencddentical conditions, the sample after the illumination at 250
FTIR spectrum between the spectrum after warming to this K for 16 min (corresponding to curve 2 in part b) was rapidly
temperature and that measured before cooling (data nOWcool_ed to 170 K and a difference spectrum was calculated
shown). The illumination regime was repeated five to eight relative to the spectrum that was recorded at 170 K before
times for averaging. The results also indicate that the stablethe illumination at 250 K (c). The shape of this difference
13-cis state produced by red light illumination at ambient SPectrum (dotted line in part c), with a maximum at 501 nm
temperaturezoy 21) is not included in the photoproducts at and a minimum at 592 nm, is almost identical with that from

0.08

tion of light-adapted halorhodopsin (HR) witt600 nm light

at 170 (a) and 250 K (b). At 170 K (a), illumination for 1
min (curve 1) is sufficient to attain a photosteady state, as
confirmed by lack of additional spectral shifts upon further
illumination for 2 min (curve 2). The difference spectrum
of the photosteady state photoproduct does not change after
10 min in the dark at the same temperature (curve 3),
indicating that the photoproduct is stable at this temperature.
On the other hand, at 250 K (b), the spectral change proceeds
more slowly, and does not attain a photosteady state even

170 and 250 K. the photoreaction at 170 K (solid line in part c). These
spectral shapes reflect the formation of the blue-shifted L
RESULTS intermediate 14). Contributions from the K and N interme-

Photocycle Intermediates at 170 and 250 Kigure 1 diates, which exhibit red-shifted spectra, are seen to be
shows spectral changes in the visible region upon illumina- negligible.
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Ficure 2: Difference FTIR spectra in the 166800 cn! region Ficure 3: Difference FTIR spectra in the 186500 cnt! region
after the illumination of HR with>600 nm at 170 (a) and 250 K  after the illumination of HR in KO (—) and DO (:*+) with >600
(b). The details for the illumination are described in the text. The nm light at 170 (a) and 250 K (b).
amplitudes were normalized to the bands at 1525 and 1170.cm
The multiplication factor to part a is 0.96 for part b. 1192 cnvt for L and at 1186 cmt for N (10). The negative
) band at 1007 crt of HR, due to the methyl in-plane bending

~Same Chromophore Structure in the Two L Stal#® ipration of the retinal, which is present at 1009-¢rin the
difference FTIR spectra in the 16600 cnT region | jntermediate of the light-adapted form of bacteriorhodopsin
corresponding to these illumination regimes are shown in (BR) but absent in its N intermediat@), is present in the
Figure 2. The spectrum at 170 K (a) was recorded as thespectra recorded at both 170 and 250 K. The 967\dmand,
difference before and after the illumination with600 nm which may contain the NHOOP vibration, in view of its
light. The spectrum for the relatively unstable photoproduct gensitivity to BO substitution (not shown), is also present
at 250 K (b) was recorded as the difference before the j, poth spectra. As a whole, the structure of the chromophore
illumination and the photosteady state under illumination g yery similar at 170 (a) and 250 K (b). Their spectral
with the same light as at 170 K. The spectrum at 250 K is features resemble more those of the L intermediate of
very similar to those recorded previously under similar pacteriorhodopsin than its N intermediate, as expected from
conditions (6, 22, 23). Several features in the spectrum at  their similarity to the L of bacteriorhodopsin in the visible
170 K are different, however, from those at 250 K. This yggjon,
difference does not arise from the different method for the  pittarent Protein Structure in the Two L Staté&emark-
recording because the same difference spectrum was obtainedyq gifferences were noticed, however, between the spectra
for the spectrum recorded by the constant illumination at 4: 170 and 250 K in the 18661500 cnt! region (parts a
170 K (data not shown), as was done for the spectrum at nq 1, of Figure 3, respectively, solid lines), which are shown
250 K. Also, the spectrum recorded without constant i corresponding spectra of the films hydrated withOD
illumination at 250 K exhibited the same shape, although (jotted lines). The negative band at 1633 &in both spectra
with lower amplitudes (data not shown). (a and b), which shows a clear shift in®by about 8 cm,

Light-adapted halorhodopsin contains about 20% of the is due to the &N stretching vibration of the protonated

13-cis species2d). Its contribution to these difference spectra Schiff base, as was previously shown by resonance Raman
is negligible, from the absence of both a negative band spectroscopy24, 26, 27). This band is invariant in both
around 1185 cm' characteristic of the 13-cis species and a spectra, and exhibits the features of the chromophore that
positive G=C stretching band below 1525 chwhich would persist at both temperatures. About 20% of the band intensity
correspond to the exclusively red-shifted photoproducts from that remained in BD could be due to kD retained in the
the 13-cis specied ). A positive C-C stretching vibration  dried films containing salts. The=eN stretching vibration
band is located at 1190 crhin the spectrum at 170 K (a), band of the halorhodopsin L intermediate in resonance
at a very slightly higher frequency than 1189 ¢mt 250 K Raman spectra was shown to be at 162® or 1644 cm*

(b). The smaller intensity of the 1211 cfband in the (29). The 1645 cm! band at 170 K (a) and the 1642 cin
negative side at 170 K (a) may be a result of cancellation band at 250 K (b) are shifted in,D by 2—3 cnX. However,

by this positive band which is located closer to the 1211 such a small shift does not constitute proof that this band is
cm ! band at 250 K (b) than at 170 K (a). In bacterio- from C=N stretching vibrations. The=€N stretching band
rhodopsin, the corresponding positive band is observed atin L may be very small and hardly distinguishable from
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Ficure 4: Difference FTIR spectra in the 3763550 cn1? region

after the illumination of HR in HO (—) and H!80 (++) with >600
nm light at 170 (a) and 250 K (b).
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amide | bands as judged by the much smaller intensity of
the G=C stretching bands of the retinal of L, relative to the
corresponding band of HR. The bands at 1743dnd 1737
(+) cm ™t in the spectrum at 250 K (b), which shift by10
cmtin D,O, are assigned to the=€D bond of a carboxylic
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band is absent at 170 K (a). The positive bands at 1549 and
1540 cmt at 170 K (a), which are only slightly affected by
D,0, might be due to the<€C stretching vibration48, 29).

The corresponding bands are revealed only in the spectrum

?Cid' Aspl4lisonly a ca}ndidgte for thgse bands as the Onlyin D0 at 250 K (b) because of overlapping amide Il bands.
intramembrane carboxylic residue, which may be present as The observed features of amide | and amide Il bands in

a protonated carboxylic residue as its homologue Asp115 in
bacteriorhodopsin 30). These bands are absent in the
spectrum from the photoreaction at 170 K (a), except for
the spectrum in iodide with small intensities (see also Figure
5a). These frequencies are slightly higher than the corre-
sponding bands at 1735-f and 1728 ¢) cm™* of Asp115

in the L minus BR spectrum of bacteriorhodopsa®,(31).

The 17006-1600 cnt! region contains amide | (a coupled
mode of the &0 stretching and NH bending vibrations
of the peptide backbone) and a coupled mode of the\NC
stretching and N-H bending vibrations of the guanidium
group in arginine 22), both of which can be shifted inJ0,

the spectrum at 250 K (b) are similar to those of the M minus
BR spectrum of bacteriorhodopsiBQ). In contrast to the
unchanged chromophore, many differences are detected in
the protein moiety between the photoproducts at 170 (a) and
250 K (b). These two photoproducts are named La and Lb,
respectively. The intensity changes of amide | and amide |l
in the 1800-1500 cn1? region correspond to one or a few
bonds. These changes might be the results of differences of
hydrogen bond strengths in a few peptide carbonyls and
amides of the backbone between La and Lb.

Structural Changes of Water in the Two L Intermediates.
Figure 4 shows the spectra in the 3#&550 cm'? region

if the respective groups are exposed to the solvent. Theat 170 (a) and 250 K (b). Part of a negative band at 3628

spectrum at 170 K (a) exhibits positive bands at 1690 and
1662 cm™. The spectrum at 250 K (b) exhibits more bands,
positive bands at 1690, 1666, and 1653 émnd negative
bands at 1697, 1673, and 1659 ¢mThe bands at 1697
(—) and 1690 ) cm™ in the spectrum at 250 K, which
were previously ascribed to the=@N stretching vibrations

of Arg108 @2, 23), did not show any shifts in D, which
would be expected for the protons of arginine-N at this
position. The 1697 cmt band at 170 K (a) appears with a
very much smaller intensity than at 250 K (b).

The bands in the 16601500 cn1* region are mostly due
to amide Il (a coupled mode of the=€N stretch and N-H
bending vibrations of the peptide backbone) and theCC
stretching vibrations of the retinal. A positive band at 1557
cm ! at 250 K (b) disappears from this region in@(dotted
line in b), and therefore can be assigned to amide Il. This

3629 cn1?, due to the depleted HR state (solid lines) in both
spectra a and b, is shifted byl0 cnT* upon hydration with
H,'80, in common for both spectra (dashed lines). The level
of exchange with K20 is less than half for the bands at
3628-3629 cmt, suggesting a contribution from nonex-
changeable water or a protein—®l bond to these bands.
This resembles the €H stretching band at 3637 crhin a
chloride-binding mutant of bacteriorhodopsit8). A broad
negative feature with a trough at 3577 ¢hin the spectrum

at 170 K, which shifts in K20 (a), is not detected in the
spectrum at 250 K (b). Instead, the spectrum at 250 K (b)
exhibits positive bands at 3647 and 3605 ¢énThe former
band, which does not shift in £fO, must be ascribed to a
hydroxyl group of the protein. The latter band shows a clear
shift in H,'®0, even if one considers the cancellation due to
the nearby negative band. These positive bands are absent
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in the spectrum at 170 K (a). It appears that these internal DISCUSSION

water molecules experience different structural changes in . )
La and Lb. For bacteriorhodopsin, the locations of water WO L Substates in the Photocyckhe difference FTIR

i for the photoproducts of halorhodopsin of
molecules were determined by the FTIR spectra of relevant SPECtra measured
mutant proteins. This approach has not yet been applied to'}- Salinarumat 170 and 250 K, named here La and Lb,

identify the locations of those water molecules in halo- _respecti_velyf are distinguished by several specific features
thodopsin in the vibration modes ascribed to the protein and internal

i ) ] water molecules. These photoproducts share a common
Different Halide Effects for La and LiBraiman etal.22)  yisible spectrum and FTIR spectral features ascribed to the
have reported on bands in the FTIR spectra that were affectecchromophore in L. Previously, time-resolved visible spec-
by replacing Chloride Wlth bromide or |0d|de Figure 5 ShOWS troscopy q_4) revealed two Sequentia' L states (Ll and L2)
the effects of halides on the bands in the spectra at 170 (a)in equilibrium with the preceding K intermediate and the
and 250 K (b) in the 17601500 cnt! region, where the  subsequent N intermediate, respectively. The latter evolved
C=N stretching vibration of the Schiff base, the amide | and decayed in parallel with the late L. The two L states
and amide Il bands, and the=@ stretching bands of  exhibited the same blue-shifted maxima in the visible spectra,
arginine @2) are present, in three halides, chloride (solid in contrast to the red-shifted K and N intermediates. In this
lines), bromide (dashed lines), and iodide (dotted lines). It regard, we tentatively assigned the two different FTIR spectra
is obvious that the negative band at 1524625 cm® in at cryogenic temperatures to the two L states defined by
chloride is shifted slightly toward a lower frequency upon room-temperature time-resolved visible spectroscdgy. (
replacement with bromide, and further with iodide. This If this assignment is correct, the observed differences between
halide sensitivity for the &C stretching bands reproduces La and Lb would provide important insights into the
the previously reported spectrum at 250 33, The 1549 mechanism of chloride transport (see below). However, direct
cm 1 band due to the €C stretching vibration of Laat 170  evidence supporting it is difficult to produce. On one hand,
K exhibits similar halide sensitivity. The halide-dependent the same shape of the Lb minus HR spectrum appeared in
shift of the positive band at 1557 cthin Lb at 250 K (b) the spectrum recorded at room temperature where N would
could be due to either the shift of amide Il or the overlapped be present (not shown). The absence of any contribution of
C=C stretching vibration in Lb. A negative band in chloride N is probably due to the fact that the illumination with red
at 1633 cm in the spectrum at 250 K (b), which is due to light deplgted the N intermediate with a visible absorption
the C=N stretching vibration band of the HR state, shifts Pand similar to that of HR, and accumulated the equally
progressively toward lower frequencies in bromide at 1632 Stable Lb.
cm! and iodide at 1631 cm, also as reported previously ~ Recently, time-resolved FTIR spectroscopy of halorhodop-
(33). The same trend was observed for the same band in theSin produced a tentative L minus HR spectrum for the
spectrum at 170 K (a). Since the=®! stretching vibration ~ Photoproduct in the time domain when the majority of L
of L could not be identified (see above), the effects of halide should be L2 84). The Lb minus HR spectrum that we
species on it cannot be evaluated. ?ea:jsurei 5 Z_Ggy f;rg;laé )to 1% ;V;tfé;eiréggt 8 tqeé* Ego;;ment
The negative band at 1697 chin the spectrum at 250 K ands at ; o ' ’ '
(b) shifts toward a lower frequency in bromide and iodide, 1189 (+), and 967 ) cm . The agreement between the

as reported by Braiman et a23). These replacements appear low-temperature photoequilibrium spectra and the time-
' o ' _ resolved transient spectra strongly argues that Lb is equiva-
to shift also the positive band at 1690 chslightly toward b gy arg a

s lent to L2. On the other hand, time-resolved FTIR spectros-
a lower frequency, although the previous authors regardedCopy @4) did not show the presence of L1. According to

the latter shift to be within an experlmental error. In the. the time-resolved visible spectroscopic stuiig)( L1 should
spectrum at 170 K (a), the corresponding negative band ispe present in a mixture with K. The signals due to La may
very faint, indicating no changes of this mode. Hence, the pe masked by the intense bands of K present in the same
1690 cnt! band of La is due to a different mode from the {jme domain. The bilobe with 1737 and 1741 dnbands
1690 cm* band of Lb. This band shifts slightly to a higher  characteristic of Lb produced by the photoreaction at 250 K
frequency upon replacement of chloride by bromide. How- did not appear by simply warming of La produced at 170 K
ever, the effect of iodide in La is more complex because it to about 250 K, where about one-third of La decayed to HR
causes the appearance of a negative band at 1686(e  (data not shown). However, these results do not necessarily
lodide probably causes a slight conformation change in exclude a possibility that La is not a direct precursor to Lb.
addition to that caused by simple replacement of chloride, Probably for kinetic reasons, L of bacteriorhodopsin produced
as reflected also by the appearance of a bilobe at 17344 ( at 170 K which is similar to L at ambient temperatugs)

and 1737 ¢) cm™%, which is not observed with chloride and  also decays to all-trans bacteriorhodopsin without conversion
bromide, in the La minus HR spectrum (a). A new band to the next intermediate, M, by warming8). In view of
appears when chloride is replaced with either bromide or the lower temperature range of its stability, La must be
iodide around 1650 cn on the positive side of the spectra produced earlier than Lb in the photocycle of halorhodopsin.
at 170 K (a). Intensity increases are detected for bands atThe presence of K and N as the equilibrium partners might
1682 (), 1666 (+), 1659 (), 1653 (), and 1642¢) cm cause the complication in the relationship of La and Lb. This
in the spectra at 250 K (b). These intensity increases mightmust be solved in future studies.

be regarded as protein conformation changes associated with Different Protein Structure in La and LAlthough the
different halide species. As a whole, different modes are chromophore is unchanged, the two L states exhibit differ-
affected differently by halides in the two states. ences in protein structure. The changes of protein bands in
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the 18006-1500 cn1? region containing amide |, amide |l,
and protonated carboxylic acid were more extensive in Lb
than in La (Figure 3), suggesting structural changes of the
protein moiety between the Lb and La. The perturbation of
the G=0 stretching vibration at 1744-) and 1737 ¢) cm™?!

in Lb ascribed to Asp141 is completely absent in La (Figure
3). Thus, the &O stretching frequency of Aspl4l in
halorhodopsin at 1744 crh remains unchanged in the La
state, but shifted to 1737 crhin Lb. This difference between
La and Lb reflects the progression of the perturbation in the
cytoplasmic domain.

Possible sites for the interaction with halides might be
evaluated from the effects of different halides on specific
vibration bands for halorhodopsin (Figure 5). Previously, the
1697 ) and 1690 ) cm! bands were assigned to Arg108
from a specific mutant proteir2@, 23). In this respect, the
different effects of halide on the 1690 ciband between

La and Lb and the absence of the negative band of the halide

sensitive band at 1697 crhmight be ascribed to the different
interactions of chloride with Arg108. However, this conclu-
sion is not completely justified. The absence of an L
intermediate in the photocycle of the R108Q mutant makes
it impossible to test whether these bands are due to Arg108,
as previously propose@8®). The bands did not exhibit the
shifts in D,O (Figure 3) expected for the=EN stretching
vibrations of the guanidium group of an arginine, i.e., for
Arg108. Also, the equivalent group, Arg82, in bacterio-
rhodopsin mutants that bind chloride, is not involved in the
chloride binding site 7, 38). The R108Q mutant of
halorhodopsin is inactive in chloride transpd8), but this

is not evidence for the direct binding of chloride to Arg108,
because the possibility that the imbalance of electric charge
in R108Q perturbs the global structure necessary for the
transport cannot be excluded. In bacteriorhodopsin, the
normal proton release absent in the mutant R82Q is recovere
by the additional mutation in the R82Q/D212N double
mutant 89), probably through restoration of the balance of
electrical charges. Actually, the photocycle of the R108Q
halorhodopsin mutant is too different from that of the wild
type to attribute the inactivation of transport simply to
replacement of Arg108. Another site for chloride binding,
Thr203 in the cytoplasmic domaid(), is still a candidate.

To relate the two L states to the different accessibilities as
was proposed previouslyl4, 15) or even to different
functional roles, firm assignments of these vibrational bands
to specific residues are required.

Differences between La and Lb were also seen in their
water O-H stretching vibrations (Figure 4). The location
of these water molecules will be discussed on the basis of
the results on bacteriorhodopsin, because they have not bee
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Possible Site for the Interaction with ChloridEhe C=C
stretching frequency, which is inversely proportional to the
wavelength for the maximum absorptiotigy) in the visible
spectrum 42), is dependent on the electron delocalization
in the conjugated double bond system of the retinal chro-
mophore 43). The changes in the electron delocalization
might be achieved mainly through the electrical interaction
of the retinal Schiff base with its counterion, as was
evidenced by the halide size-dependent shift of thg in
the visible spectrum of the retinal Schiff base in organic
solvent @4) and the mutant pigment of bovine rhodopsin,
in which the counterion of the Schiff base was replaced with
a neutral residuedf). The halide size-dependent shift of the
C=C stretching frequency of HR and La shows that chloride
is present at a site close enough to exert an electric effect
on the retinal, probably through the Schiff base. The identical
spectra in the visible region between La and Lb (Figure 1)
further suggest that chloride stays at the same site through
the La and Lb states. A recent X-ray crystallographic study
with bacteriorhodopsind@) showed that Asp85 is linked to
the Schiff base through an intervening water molecule
hydrogen bonded to one of its carboxyl oxygens, and its other
carboxyl oxygen forms a hydrogen bond to the OH of Thr89,
which is located across the retinal. In halorhodopsins, Thr89
and Asp85, which belong to the same helix and might
protrude in the same direction, are replaced with smaller
residues, Serl115 and Thrll1l, respectiv8y Thus, halo-
rhodopsin may have enough space to accommodate chloride
ion at the site for the negative charge of Asp85 in bacteri-
orhodopsin. The site of chloride in L must be closer to the
Schiff base than in HR, in view of the blue-shiftégd.x value
in the visible spectrum.

Relation of the Function of the Two L Staté specific
processes between the intermediates that depend on the
oncentration of chloride were detected for halorhodopsin
f H. salinarum(14), in contrast to the chloride-transporting

D85T mutant protein of bacteriorhodopsi8),(and halo-
rhodopsin ofN. pharaonig19) whose O decay is suggested
to be a step for the uptake of chloride. Photovoltage
experiments withN. pharaonishalorhodopsin show ion
movement across the membrane with a time constantlof
ms, which may correspond to chloride release and occur after
or during the L-to-N decay. No charge translocation in the
100us time range corresponding to the L1-to-L2 transition
was observed(7). Although no such study on halorhodopsin
of H. salinarum has been published, here also, chloride
release may occur during the decay of the-hbequilibrium
state. Protein structural changes for preparation of the
movement of the chloride, which is initially bound close to
the Schiff base on the extracellular side and must gain access
to the cytoplasmic sidelf), may be induced without changes

assigned by use of mutants of halorhodopsin, as was dondn the chromophore. This is similar to the protein changes

for bacteriorhodopsinl(l). The O-H stretching band at 3628
cm ! of a water molecule does not change between La and
Lb. This originates most likely from a water molecule that
hydrates the bound chloride ion, as observed for the chloride
binding form of the D85T mutant protein of bacteriorhodop-
sin (18), though other possibilities cannot be excluded. In
contrast, the depleted HR band at 3577 ¢rand the Lb
band at 3605 cnt are specific to each transition. The former
is similar to the band due to a water molecule close to Thr46
in bacteriorhodopsin4().

observed without a change of the protonation state of the
Schiff base in the | state of bacteriorhodopsin, the protein
having progressed to the N state with the chromophore
remaining in the M state4g).

In the photocycle of bacteriorhodopsin, the L intermediate
was suggested to be a state with a constrained and strongly
hydrogen-bonded protonated Schiff baskl (12). The
structure of the chromophore inherent to the L intermediate
relaxes upon the deprotonation of the Schiff base in the M
intermediate, and the subsequent N intermediate with the



Two L States in the Halorhodopsin Photocycle

reprotonated Schiff base is different from the L intermediate
with respect to the conformation of the chromophore, even
though both are in the 13-cis form, as detected by FTIR and
NMR spectra 12, 25, 49). In halorhodopsin, on the other

hand, the photocycle lacks the M intermediate with the
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21. Zimayi, L., and Lanyi, J. K. (1987Biophys. J. 521007
1013.

22. Braiman, M. S., Walter, T. J., and Briercheck, D. M. (1994)
Biochemistry 331629-1635.

23. Ridiger, M., Haupts, U., Gerwert, K., and Oesterhelt, D. (1995)
EMBO J. 14 1599-1606.

unprotonated Schiff base, because of the absence of a proton-24. Maeda, A., Ogurusu, T., Yoshizawa, T., and Kitagawa, T.

accepting residue. By low-temperature spectroscopy of
bacteriorhodopsin, the spectrum of the L intermediate is
recorded at 170 K but not above 230 K where the M and N

intermediates are stabilized. In halorhodopsin, the persistent

(1985) Biochemistry 242517-2521.

25. Pfefferle J.-M., Maeda, A., Sasaki, J., and Yoshizawa, T.
(1991)Biochemistry 306548-6556.

26. Smith, S. O., Marvin, S. J., Bogomolni, R. A., and Mathies,
R. A. (1984)J. Biol. Chem. 25912326-12329.

presence of the proton at the Schiff base would not produce 27. Pande, C., Lanyi, J. K., and Callender, R. H. (198@phys.

the relaxed chromophore, and thus, the L state of the

chromophore would be preserved. Indeed, Lb of halorhodop-
sin assessed at 250 K (Figures 1 and 2) was completely 29

identical with La with respect to the structure of the
chromophore as exemplified by the identical visible spectra.
The protein part acquires structural changes, while chloride
is present at the same site close to the Schiff base.
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