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ABSTRACT. The chromophores of the D85T and D85N mutants of bacteriorhodopsin are blue but become
purple like the wild type when chloride or bromide binds near the Schiff base. In D85T this occurs near
neutral pH, but in D85N only at pH<4. The structures of the L and the unphotolyzed states of these
proteins were examined with Fourier transform infrared spectroscopy. The difference spectra of the purple
forms, but not the blue forms in the absence of these anions, resembled the spectrum of the wild-type
protein. Shift of the ethylenic band toward lower frequency upon replacing chloride by bromide confirmed
the contribution of the negative charge of the anions to the Schiff base counterion. These anions restored
the change of water, which is bound near the protonated Schiff base but is absent in the blue form of the
D85N mutant, though with stronger H-bonding than in the wild type. ThEeNGtretching vibration of

the Schiff base in KD and’H,0 was detected by Fourier transform Raman spectroscopy. The H-bonding
strength of the Schiff base in the unphotolyzed state was weaker when chloride or bromide was bound to
the mutants than with Asp85 as the counterion in the wild type. Thus, although the geometry of the
environment is different, there is at least one water molecule coordinated to the bound halide in these
mutants, in a way similar to water bound to Asp85 in the wild type.

Bacteriorhodopsin is a retinal protein which spans the or its protonation at low pH, brings about a considerable
cellular membrane ofalobacterium salinariumand func- red-shift of the absorption maximum in the visible, as
tions as a light-driven proton pump [see, for example, a recognized by change of the color of the chromophore from
review by Lanyi (1993)]. It consists of a single polypeptide purple to blue (Fischer & Oesterhelt, 1979; Mowery et al.,
chain folded into seven transmembramdielical segments  1979; Mogi et al., 1988; Brown et al., 1993; Turner et al.,
(Henderson et al., 1990). The retinal forms a protonated 1993).

Schiff base with Lys216 on the seventh helix near the center

of the membrane, with its chal_n roughly paf?‘!'e' to thg theall-transto 13<is form triggers a sequential reaction of
membrane plane. The counterion to the positive electric

I t icall d kinetically identified int di-
charge of the protonated Schiff base is a complex systemsevera Spectoscopicaty and inejcatly Icentriied Intermec

composed of two negatively charged aspartates (Asp85 anq’e1 tes, named K, L, M, N, and O, followed by recovery of the
Asp212) and a positively charged arginine (Arg82) (Mart nitial state (Lozier et al., 1975). One of the important steps

. . in determining the unidirectionality of the proton transport
etal., 1991). Replacement of Asp85 with a neutral residue, is the L-to-M conversion, in which the Schiff base proton is

transferred to Asp85. This process is part of the mechanism
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shown by Fourier transform infrared spectroscopy (FTIR) uL aliquots of the suspensions on a Bafndow 18 mm in
(Maeda et al., 1992a, 1994; Fischer et al., 1994; Yamazakidiameter in room air or under mild vacuum. These films
et al., 1995b, 1996; Hatanaka et al., 1996). Among these,were hydrated with 0.xL of water (or?H,0, H,'®0) and

the water molecule that exhibits an-®l stretching band at  sealed with another window, with a silicon rubber O-ring
3643 cn1! in the unphotolyzed state undergoes changes in between them. The sandwiched film was then placed in a
the K, L, and M intermediates (Maeda et al., 1992a; Fischer sample holder. The film of D85T made from the suspensions
et al., 1994). Replacement of Asp85 with Asn abolished in 10 mM NaBr in place of NaCl was denoted as D85T(Br).

this band (Maeda et al., 1994), suggesting that the water The sample holder was mounted in an Oxford cryostat
molecule is associated with Asp85. Resonance RamanpN1704, equipped with an Oxford ITC-4 temperature
measurements have revealed that H-bonding of the Schiffcontroller. FTIR spectra were recorded in a Bio-Rad FTIR
base with Asn in D85N is comparable to that in the wild- FTSE0A/896 spectrometer at 2 chresolution by co-adding
type protein that has a negative charge at the residue 85 (Rath 28 interferograms for each measurement. FT-Raman
etal., 1993). Itis likely, however, that in the D85N mutant spectra were recorded on a Bruker IFS66/S-FRA106/S
the water molecule is not accommodated in the same wayspectrometer at 2 cr resolution. Between 2 000 and
as in the wild type. 10 000 records were averaged. The measurements were at
The addition of an excess amount of chloride to the acid 22 °C, with the samples either as suspensions or encased in
blue membrane (at pH<2) and the mutants of Asp85 polyacrylamide gels equilibrated with the buffer specified,
replaced with Asn (at pH<4) or Thr (at pH as high as 6) in a 4-mm pathlength quartz cuvette. Spectra measured for
restores the purple color with a maximum near 565 nm (for the buffer, or a gel without BR, were subtracted. The spectra
the wild type and D85N) or 556 nm (for D85T) (Pet al., in the visible region were recorded in a Shimadzu MPS-
1991; Rath et al., 1993; Sasaki et al., 1995; this report). These2000 or a Shimadzu UV-1601 spectrometer.
observations indicated that bound chloride can function as  The light for illumination of the samples was provided

the counterion to the Schiff base, and interacts with it as it froma 1 kW ha|ogeﬁtungsten |amp through one of several
does in halorhodopsin where the residue that corresponds toroshiba cutoff filters, Y52, R62, and R65, which pass00-,

Asp85 is a Thr (Walter & Braiman, 1994). Although their  >600-, and>630-nm light, respectively, and an interference
local structure might be different, an inorganic anion as the filter, KL70, which passes 700-nm light.

counterion of the Schiff base gives the same balance of | jght adaptation of the samples was by illuminating with
electric charge near the Schiff base in these mutant proteins.. 5q0.nm light for 4 min at 274 K. The L intermediates of

as the wild type. Interestingly, we recently found that the 5 samples; except for the blue form of D85N, were produced
D85T mutant pumps chloride rather than protons (Sasaki etby the illumination with>600-nm light for 2 min at 170 K.
al., 1995). The conditions used for blue D85N are given in the Results
In the work reported here, we studied H-bonding changes section. The difference FTIR spectrum was calculated from
of the Schiff base and water molecules in the mutant proteins,the spectra before and after the illumination. Spectra are
D85N and D85T, with halides such as chloride and bromide depicted by normalizing to the intensity of the 1203ém
added, by means of FTIR spectroscopy. FT-Raman spec-hand, except for D85N in which this band is slightly shifted.
troscopy was used in measurements of theNCstretching  For the latter, the amplitude was adjusted instead by the
vibrations of the Schiff base. The results indicate that, in intensity of the 1742 crt band. The samples were warmed
spite of a different geometrical environment near the Schiff g apout 273 K to revert them to the initial states, and the
base, at least one water molecule is involved in the hydration sgme process was repeated four to five times for averaging.
of halide in these mutants, as Asp85 in the wild type.

RESULTS
MATERIALS AND METHODS

. ] o Purple Form of Mutants of Asp85Chloride binding near

The D85T protein was expressedHh salinariumPho81  he Schiff base will cause a blue-shift of the absorption
cells that lack all other bacterial opsins (Sundberg et al., maximum for mutants of Asp85. Figure 1 shows spectra in
1990), and D85N was expressedHnsalinariumL33 cells the visible region for D85N and D85T in 1 M MO, and
as described previously (Ni et al., 1990). These proteins 2 m NaCl, at two pH values. For D85N, the expected blue-
were purified as purple membranes by the method describedshift with chloride is observed at pH 3 but not at pH 6 (Figure
by Oesterhelt and Stoeckenius (1974). For the synthesis of1a). The skewed shape of the spectrum of this mutant with
[152H] derivatives, [15%H]retinal (provided by Kazuo  chjoride indicates that chloride binding is not saturated even
Yoshihara) was mixed with apoprotein that was prepared at 2 M NaCl. The calculated dissociation constant from
by illumination with >500-nm light in 2 M hydroxylamine titration experiments was 1.6 M (not shown). A minor pH
(pH 6.5) at 0°C followed by five washings in 2% bovine  gependent shift of the spectra is observed in sulfate, probably
serum albumin solution (Fraction V of Sigma) to remove a5 a result of changing isomeric composition. With the
the retinaloximes. membrane sheets we could not reproduce the earlier report

Wild-type or D85T membranes were suspended in 10 mM on the formation of a purple form of D85N in detergent
NaCl and 10 mM phosphate buffer (pH 6). Those of D85N micelles in 4 M NaCl at pH 6 by Rath et al. (1993). Almost
were suspended in the same buffer except that the pH waso chloride-dependent shift was observed by Marti et al.
3. These samples are designated as D85T(CI) and D85N-1991) for D85N at the higher pH but in 0.5 M NacCl,
(CI), respectively. The films were prepared by drying 50 consistent with Figure 1a. In contrast to D85N, the large
blue-shifts in Figure 1b demonstrate that D85T binds chloride

1 Abbreviations: FTIR, Fourier transform infrared; BRI-trans at both pH 4 and pH 6. At pH 4 the chloride binding in this
form of bacteriorhodopsin; HOOP, hydrogen-out-of plane. mutant is stronger, with a dissociation constant of 0.6 M,
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Ficure 1: Absorption spectra of D85N (a) and D85T (b) bacte- T T T T
riorhodopsins in the presence and absence of chloride. Solid lines, 1800 1600 1400 1200 1000 800
2.0 M NacCl; dashed lines, 1.0 M B8O,. The pH is as indicated. -1
The membrane suspensions were encased in polyacrylamide gels; Wavenumber (cm")
the buffer was 100 mM phosphate plus 100 mM succinate. FiIGURE 2: L minusBR spectra in the 1800-800-cthregion for
the wild type (a), D85N (b), D85N(CI) (c), and D85T(CI) (d). The

i i full length of the ordinate corresponds to 0.096 (a), 0.015 (b), 0.060
E)rl]gtasthp(:vg)n is 1.6 M. It was 0.6 M for bromide at pH 6 (©). and 0.033 (d) absorbance unit.

We ascertained by means of visible spectroscopy that theg; 1509 ot (not shown). The other bands were almost
same purple form of the mutant is produced in the films as jjentical in the two spectra with each other. These results
in 2 M NaClin the suspensions (as in Figure 1). The spectral jygicate that the blue form of D85N contains at least two

shapes of D85T at pH 6, and those of D85N at pH 3, were ittarant species with different absorption maxima but they
essentially the same in the films as in the SUSPENsIons, .onvert to the same L-like species.

indicating that chloride binds to this protein under both o
conditions. The effective concentration of chloride in the ~ 1he spectra of D8SN(CI) (c) and D85T(CI) (d) exhibited
films, once the salt became concentrated upon drying, wasPands characteristic of therhinusBR spectrum of the wild
therefore not far from 2 M. type (a), with regard to the bands at 174§ 742() and
. . . 1728@)/1739() cm* due to perturbations of Asp96 and
L Minus BR Spectra of the alfans Species.Figure 2 Aspl15, respectively (Braiman et al., 1988; Maeda et al.,

shows the 1808800 cn1? region of the difference spectra ;
recorded at 170 K upon illumination with600-nm light of ir?%?j)u:?: tLoetE:Cl iﬁi}ﬁggrﬁoﬁg@ zfstuzuéifggtoﬁi? e
the wild type (a), D85N (b), D85N(CI) (c), and D85T(CI) (Gerwert & Siebert, 1986).

(d). The spectra of D85T(CI) were virtually identical at pH
4 and 6 (not shown). The spectrum of D85T without added A negative C-C stretching vibrational band around 1180
salt was 30 times smaller in amplitude than the wild type ¢m *and an N-H in-plane bending vibrational band at 1342
(not shown). The earlier reported difference spectrum of cm™ in the light minusdark spectrum of the wild type are

the blue form of D85N obtained by illumination with600- characteristic of the photoreaction of tB;15synspecies

nm light exhibited two negative ethylenic bands, at 1519 of dark-adapted BR (Roepe et al., 1988). The same bands
and 1505 cm! (Maeda et al., 1994). These could arise from appear in the difference spectrum for the light-adaptation of
two different species. In the present study, they were the dark-adapted state of D85T(CI) and D85T(Br) (not
separated by recording FTIR spectra after illumination first shown). The absence of these bands in thmibus BR

with 700-nm light and therr 630-nm light. The difference  spectra of these species indicates that the photoreaction arises
spectrum with the ethylenic band at 1517 ¢rim Figure 2b only from the all-trans species. The rate for the dark-
was calculated by subtracting the spectrum after the secondadaptation was too rapid for the D85N mutants to record
illumination with >630-nm light from the spectrum after the the spectrum for the light-adaptation. We infer the absence
first illumination with >700-nm light. The difference  of the photoreaction of the 18s,15-synspecies from the
spectrum of the first photoreaction is different from the assumption that the bands described above would appear as
second one in exhibiting the negative ethylenic band only depletion bands if this species had undergone a photoreaction.
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The full length of the ordinate corresponds to 0.063 (a), 0.021 (b), °f P8ST(CI) hydrated with H®O is also shown in d by a dashed
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The spectrum of D85N in Figure 2b exhibits a more the chromophore retinal. The spectra were shown for the
intense negative band at 1169 crthan the chloride-binding  wild type (a), D85T(CI) (b), and D85T(Br) (c) (solid lines).
purple form. The same tendency is observed for D85T (not These ethylenic bands are shifted parallel toward the lower
shown). This is characteristic of blue pigments in general, frequency side in [13H]retinal-labeled BR (dotted lines),
such as the O photointermediate (Bousehel., 1992) or indicating the absence of the contribution of the other bands
the deionized blue membrane of the wild-type protein such as amide Il bands. The spectra of the BR regenerated
(Fahmy & Siebert, 1990). The positive band at 1697 &m  with the unlabeled retinal were also shifted by about T&tm
in D85N, presumably due to the=€D stretching vibration relative to the native BR (not shown) but in an extent not to
of Asn85, is not seen in the wild type (a) or in the Asp85 affect the conclusion above. The negative band of D85T in
mutants with chloride (c and d). The 1728-chiband due the presence of these anions (b and c) is located clearly at a
to the perturbation of Asp115 and the 952-énband due lower frequency than the wild-type band at 1529 ¢ra).
to a hydrogen-out-of-plane (HOOP) mode of the chro- The frequency shift for D85T(Br) (c) is slightly larger than
mophore are absent in the blue form of D85N (b) but are for D85T(CI) (b). Shift of the ethylenic mode to lower
restored in halides as the wild type. frequency reflectst-electron delocalization of the chro-

The L minusBR spectra of Asp85 mutants in chloride mophore (Kakitani et al., 1983). Thus, larger shifts with
are thus more similar to the wild type than to their blue forms, increased size of the anion (Br vs Cl, Figure 3) confirm that
indicating that the negative charge of the chloride in place the monovalent anions substitute for Asp85 as the counterion
of Asp85 is sufficient to maintain wild-type-like structures of the Schiff base in the unphotolyzed state of D85T, as
for both the L and unphotolyzed states. The spectrum in proposed explicitly for halorhodopsin (Walter & Braiman,
bromide also had wild-type-like shapes (not shown). How- 1994).
ever, closer inspection revealed small but significant changes Restoration of the H-Bonding Changes of Internal Water.
in the ethylenic modes of the chromophore, theeNC Spectra in the 37003450-cm! region (Figure 4) include
stretching mode of the Schiff base, and the Dstretching the O—H stretching vibrations of water which exhibit down-
mode of water molecules. These will be described below. shifts by about 10 crmit when HO is replaced with KO

Effects of Anions on the Ethylenic Vibrationshe 1576~ (Maeda et al., 1992a; Yamazaki et al., 1995b). The band at
1500-cn? region (Figure 3) contains the ethylenic mode of 3486 cm?, which is attributed to the NH stretching
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together with those irfH,O (dotted lines). The?H,O-

insensitive bands around 1662 chmay be due to amide I,

| (@ wrt since it exhibits the maximum intensity at 1665 and 1658

cmtin the absolute FTIR spectrum (Cladera et al., 1992).
. Hence, the contribution of amide | in the=@® stretching

........ region is negligible. The band at 1639 chof the wild

) - type (a) is completely shifted to 1621 chkin ?H,O. Hence,

it can be assigned to the=€N stretching vibrational mode.

Its frequency at 1639 cm is very close to that of both light-

adapted and dark-adapted BR at 1639 tin previous FT-

Raman spectra (Sawatzki et al., 1990). The centers of the

C=N stretching vibrational bands of D85N(CI) (b) are

located at 1636 cnt in H,O and 1621 cmt in 2H,0. They

are coincident with those obtained from resonance Raman

spectra (Rath et al., 1993). D85T(CI) exhibits relatively

sharp bands at 1631 ctin H,O and 1619 cmt in ?H,O

(c). These bands for D85T(Br) show the centers at 1627

and 1617 cm?, respectively (d).

The C=N—H stretching modes of the protonated Schiff
base in the mutants with bound chloride are located at
frequencies by about-38 cm! lower (b and c) than the
wild type. A further slight down-shift upon replacing
chloride with bromide (c vs d) is consistent with that
; . T T observed earlier for halorhodopsin (Walter & Braiman,
1580 1600 1620 1640 1660 1680 1994).

Wavenumber (cm™) Since the &N stretching mode of the protonated Schiff

FicUrRe 5: FT-Raman spectra in the 1680580-cnm* region for base is coupled with the=eN—H in-plane bending mode,

the C=N stretching vibrational modes of the Schiff base for the Whose frequency is raised with increasing strength of
wild type (a), D85N(CI) (b), D85T(CI) (c), and D85T(Br) (d) in  H-bonding of N—H with the counterion, the extent of the

H20 (solid lines) ancH,O (dotted lines). The amplitudes of the  ypshift of the G=N stretch mode reflects the strength of
spectra were adjusted at the 1009- and 1455idsands. Multi- |y honding of the Schiff base proton. When the proton on
plication factors to a were 2.20 for b, 2.75 for ¢, and 1.83 for d. . . . .
the Schiff base is replaced by deuteron, the coupling is
eliminated. The H-bonding strength of the Schiff base proton
can be estimated therefore from the down-shift of tkeNC
stretching frequency upon replacing the proton with deuteron
(H—D shift) (Kakitani et al., 1983; Baasov et al., 1987;
Rodman-Gilson et al., 1988). TheHD shifts of D85T(CI)
(c, 12 cnmY) and D85T(Br) (d, 10 cmt) are much smaller
than the wild type (a, 18 cm). The value for D85N(CI)
(b, 15 cnm?) is only slightly smaller than the wild type. The
H-bonding of the Schiff base with halides is thus weaker in
D85T than with the aspartate in the wild type but not so
much in D85N, as reported previously for Asp85 mutant
proteins in micelles by Rath et al. (1993).

16|21 1639

1662

Raman Intensity

vibration of the indole of Trp182 (Yamazaki et al., 1995a),
is specific to the L intermediate. It shifted to 3489 ¢hin
D85N (b) and D85N(CI) (c), and to 3487 ctin D85T(CI)

(d). The water molecule of the wild type which exhibits a
negative band at 3640 crh(a) was suggested to be located
in the immediate vicinity of Asp85, since in the blue form
of D85N this band is completely absent (Maeda et al 1994;
see also Figure 4b). D85T(CI), which has chloride as the
counterion of the Schiff base (d), shows a similar although
less intense band. As in the wild type, it is attributable to
water because it shifts to a lower frequency i3 (dashed
line). The corresponding band is located at similar frequen-
cies for D85N(CI) (c) and D85T(Br) (e) in 4.

H-Bonding of the Schiff BaseThe C=N stretching

vibrational bands can be identified as the bands sensitive to Bacteriorhodopsin mutants whose Asp85 is replaced with
both [152H] substitution of the retinal and deuteration of a neutral residue such as Asn, Ala, or Thr are known to bind
the Schiff base. However, all the bands of the regeneratedmonovalent anions, and the bound anions function as
mutant proteins in this region became much less intense thancounterions of the Schiff base (Marti et al., 1991, 1992; Rath
native mutant proteins, and that made the band assignment&t al., 1993; Sasaki et al., 1995). The observation of the
difficult. For this reason, we used FT-Raman spectroscopy anion-dependent shift of the ethylenic frequency (Figure 3)
with unphotolyzed samples (Sawatzki et al., 1990). These confirms this. Of these mutant proteins only D85T has been
spectra are free from any photoproducts, and the amide Idemonstrated so far to transport chloride instead of protons
bands are so weak that they do not interfere. Recordings(Sasaki et al., 1995). Inability of D85N to transport chloride

were done for the dark-adapted samples because the longs suggested also by the observation (Brown and Lanyi,
duration of the recordings (2 h with the wild type and 10 h unpublished result) that the photocycle of D85N does not
with the mutants) did not allow measurements with light- contain a red-shifted intermediate with chloride-dependent
adapted states in any case. The spectra in the-1800- decay even at pH 3, such as described for D85T both at pH
cm! region (not shown) are similar to that of the dark- 6 (Sasaki et al., 1995) and at pH 4. It is not clear why D85N

adapted BR reported by Sawatzki et al. (1990). Figure 5 is inactive in anion transport. One possibility is that the

shows the spectra in the 1760560-cnT? region (solid lines) H-bonding geometry of Thr at position 85 is unique and

DISCUSSION
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required for the binding of the anion appropriate for etal., 1994) on the basis of the structure of Henderson et al.
translocation. Stronger H-bonding of the Schiff base in (1990).
D85N than D85T is another possibility (the present results). The frequency region higher than 3600 ¢nreveals
The other possibility is that the critical difference resides in structural changes of weakly H-bonding water molecules
the pH dependence of the anion binding. For reasons that(Maeda et al., 1992a). The disappearance of the negative
are not yet clear, D85N shows halide binding, as revealed band at 3640 cmi due to the G-H stretch mode of a water
by blue-shift of its absorption maximum, only at and below molecule upon substitution of Asn for Asp85 indicates that
pH 4, while D85T binds the anions near neutral pH (Figure in the wild type the water molecule associates with the
1). Atsuch alow pH, and in both the presence and absencenegatively charged Asp85 (Maeda et al., 1994). Upon
of chloride, it appears that neither the blue nor the acid purple restoration of the negative charge at this location in D85N-
forms of the wild-type bacteriorhodopsin nor D85N has any (Cl), D85T(CI), and D85T(Br) (Figure 4), the corresponding
transport activity (Moltke & Heyn, 1995; Moltke et al., water band reappeared, although at a slightly lower fre-
1995). guency. These results indicate that water molecule will
The negative charge of Asp85 in the wild-type protein is assopiate with either the nggative charge of Asp85 or the
implicated not only in the formation of an electrostatic chloride bound close to residue 85.
interaction with the positively charged protonated Schiff base, 1he water band at 3640 crhis affected by the replace-
but also in the complex H-bonding network that includes Ment of any of the residues in the H-bonding network that
several important residues in the extracellular region, Asp212, forms complex counterion in the extracellular domain,
Arg82, Tyr57, Glu204, water, etc. (Marti et al., 1991; Asp212 (Kandori et al., 1995), Glu204 (Brown et al. 1995a),
Needleman et al., 1991; Balashov et al., 1993; Brown et al., Ar982 (Hatanaka et al., 1996), and Tyr57 (Fischer et al.,
1993: Maeda et al., 1994: Kandori et al., 1995; Govindjee 1_994). However, the Ioc_ation of the water molecule is most
et al., 1995; Richter et al., 1996; Hatanaka et al., 1996). The llkely between the Schiff base and Asp85, because the
local conformation in the absence of the negative charge of 'éPlacements of residues other than Asp85 cause only a shift
Asp85 (in the blue form) must therefore be different from of the O—H stretching mode rather than its abolition as in

that of the wild type. The chloride-free, blue form of D85N  the uncharged Asp85 mutants. ,

with theall-transchromophore contains two different species  1he lower frequency of the ©H stretch mode in the
distinguishable by their different ethylenic frequencies. Both ASP85 mutants in the presence of halides appears to be
of these LminusBR spectra of D85N are distinct from the related to the Iesser-HD shift of the G=N stretching mode
wild type, indicating that the absence of the negative charge ©f the protonated Schiff base. Thus, stronger H-bonding of
at position 85 brings about perturbations of the structure in water O-H is accompanied by yveaker H-bqndlng (.)f the
both the L and unphotolyzed states. The analogous queSCh'f,f base. Thgsg can_be ascrlbed to th_e slightly _d_lfferent
form of D85T shows an LminusBR spectrum similar to location of thg binding site of hal!de relative to position pf
the spectrum of D85N but with an amplitude about 4 times 85. _The positive charge of Arg82 is not essential for c;hlonde
smaller. D85T may have a generally similar structure to binding, since R82Q and D85N/D212N/R82Q (Marti et al.,

D85N but with a somewhat different arrangement between 1991, 1992) both bind a_nions (Brown et al_., 1995b), in
residue 85 and the Schiff base. TheninusBR spectra of contrast to the corresponding residue Arg108 in halorhodop-

the mutants thus restored a nearly wild-type-like shape uponSln which is a site for the binding of chloride {Eiger et
anion binding. The effects of the halides on the ethylenic al., 1995). The dlgtance bet'ween the water molecule qnd
frequencies indicate that their location is close to the Schiff Fhe protonateql Schiff b_ase will be th“? greater wher_l halide
ion irS the counterion, causing the H-bonding of the Schiff base
proton with the water molecule to be weaker than in the wild
unphotolyzed state but also in the L intermediate. type with A§p85. Cor_wersely, the H'bond“f‘g of the water
molecule with the halides will be stronger in the mutants.

Information about H-bonding of the Schiff base in the A hydrated negative charge close to position 85 seems to
D8SN and D8SA proteins in the presence and absence Ofyg crycial for the normal structure in both the unphotolyzed

chloride was reported earlier from resonance Raman SpeC-giate and the L intermediate. In the L state this water plays
troscopy (Rath et al., 1993). In terms of the-B shift, the a critical role in determining the pathway for the proton
interaction is particularly weak in D85A. The H-bonding gnduction from the Schiff base to Asp85, and not to
of the protonated Schiff base in D85N is as strong as that in Asp212, by binding strongly to the Schiff base and Asp85
the wild type, in spite of the fact that Asn does not have a (Kandori et al., 1995; Humphrey et al., 1995). The water
negative charge. It was proposed that one or a few waterojecule that hydrates the halide also forms strong H-
molecules intervene between the protonated Schiff base andoonding in the L intermediate, as the water of the wild type,
Ala, whereas the carbonyl of Asn forms a direct H-bonding ang may have the role of keeping the halide tightly bound
with the protonated Schiff base. However, they did not 4 nosition 85. Connection of the Schiff base-N with
propose the model for chloride binding. the counterion at position 85 with an intervening water
The weak H-bonding of the Schiff base in BR, as revealed molecule in the L intermediate (Maeda et al., 1994) can be
by N solid state NMR, has been attributed, however, to accomplished only by chain distortion of the &{3-chro-
intervening water molecules (de Groot et al., 1989). The mophore of the wild type (Schertler et al., 1991; Humphrey
presence of water molecules between the protonated Schiffet al., 1995). A similar structure of the L intermediate may
base and the counterion was suggested by the energybe necessary before transfer of halide to the cytoplasmic side.
calculations for a simple model with the protonated Schiff In D85T these interactions occur at neutral pH and result in
base and the carboxylate (Beppu et al., 1992; Scheiner &transport, but in D85N they can take place only at much
Duan, 1991) and for the entire bacteriorhodopsin (Humphrey lower pH and do not appear to be followed by translocation.

place of Asp85 maintains the structure not only in the
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