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ABSTRACT. Halorhodopsin ofNatronobacterium pharaonighich acts as a light-driven chloride pump is
studied by time-resolved resonance Raman spectroscopy. In single-beam experiments, resonance Raman
spectra were obtained of the parent statgdBnd the first thermal intermediate R The parent state

is structural heterogeneous including ca. 88H4rans and 20%13-cisisomers. The resonance Raman
spectra indicate that thall-trans conformer exhibits essentially the same chromophoric structure as in
the parent states of bacteriorhodopsin or halorhodopsin ftalobacterium salinarium Special emphasis

of the resonance Raman spectroscopic analysis was laid ortlea@d G=N stretching region in order

to probe the interactions between the protonated Schiff base and various bound anions (chloride, bromide,
iodide). These investigations were paralleled by spectroscopic studies of retinal Schiff base model
complexes in different solvents in an attempt to determine the various parameters which contreethe C

and CG=N stretching frequencies. From these data, it was concluded that in the parent state the anion is
not involved in hydrogen bonding interactions with the Schiff base proton but is presumably bound to a
nearby (positively charged) amino acid residue. On the other hand, the anion still exerts an appreciable
effect on the chromophore structure which is, for instance, reflected by the variation of the isomer
composition in the presence of different anions and in the anion-depleted form. In contrast to the parent
state, the intermediate HR reveals frequency shifts of the=€N stretching in the presence of different
anions. These findings indicate a closer proximity of the bound anion to the Schiff base proton which is
sufficient for hydrogen bonding interactions. These changes of the-anfeomophore interaction upon
transition from HR7s to HRs20 may be related to the coupling of the chromophore movement with the
anion translocation.

A variety of halophilic archaebacteria contain retinal across the membrane which in turn is used to drive ATP
proteins which act as light-driven ion pumps (Lanyi, 1990; synthesis.
Oesterhelt et al., 1992a,b; Oesterhelt, 1995). The best The bacterial retinal protein ¢1. salinarium halorhodop-
characterized representative of this class of proteins issin (HR), functions as a light-driven chloride pump. The
bacteriorhodopsin (BR)which is the main membrane photocycle of HR is coupled to the electrogenic transport of
pigment in Halobacterium salinarium(Oesterhelt & Sto-  chloride across the membrane into the cell (Schobert &
eckenius, 1973). Upon irradiation with visible light, the Lanyi, 1982; Bamberg et al., 1984; Oesterhelt, 1995). The
retinal which is covalently attached to the polypeptide chain different functions of BR and HR are striking in view of
via a Schiff base linkage to a lysine residue undergoes antheir structural similarity including a~30% amino acid
all-trans—13-cis photoisomerization which is followed by identity and the samall-trans-retinal structure in the parent
a sequence of thermal reactions including conformational andstates (Lanyi et al., 1990). Moreover, the primary photo-
configurational changes of the retinal chain as well as a de- chemical process is as in BR afi-trans—13-cis isomer-
and reprotonation of the Schiff base. The structural changesization. Thus, it has been suggested that both photocycles
of the chromophore are linked to the translocation of a proton €xhibit common mechanistic features which trigger the ion
through the protein eventually leading to a proton gradient translocation (Oesterhelt et al., 1992b; Haupts et al., 1997).
On the other hand, the reaction sequence following the
photochemical process is different as compared to BR. In
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mophore, i.e., the photoactive center [for reviews, see Curry,to 0.1 M in the organic solutions of NRB-HCI| and NRB-
et al. (1985), Smith et al. (1985b), Stockburger et al. (1986), HBF, did not affect the infrared and Raman bands, the
Mathies et al. (1987), and Althaus et al. (1995)]. In addition, deuterated NRB-DCI and NRB-DBEomplexes in solution
time-resolved experiments can sensitively monitor the tem- were directly prepared by addingO (up to 0.1 M) to the
poral evolution of the intermediates, thereby providing organic solvents initially dried on molecular sieves. There
simultaneously structural and kinetic data of the photocycle. was no spectroscopic indication for iminium hydrolysis in
In a few studies, RR spectroscopy has also been appliedsuch samples. All solvents used were of spectroscopic grade.
to HR from H. salinarium (Smith et al., 1984; Alshuth et Spectroscopic Measurement®R spectra of HR were
al., 1985; Maeda et al., 1985; Diller et al., 1987; Fodor et measured with the 514-nm line of an *Ataser using a
al., 1987; Pande et al., 1989; Ames et al., 1992); however, scanning double monochromator equipped with a photon
such experiments were hampered by the instability of the counting system. The spectral resolution was 2.2'qmwith
protein and interference by the fluorescence background.0.2-cnt?! increments) or 3.0 cnt (with 1.0-cnT? incre-
Thus, high-quality spectra which are a prerequisite for ments). The signal-to-noise ratio was improved upon
structural and kinetic studies of the photocycle are difficult repetitive scanning so that the total accumulation time was
to obtain, and, so far, only two intermediates have been between 10 and 20 s per data point. The resetability of the
probed by this technique. In this respect, HR frhisitrono- monochromator during the experiments wa8.1 cnt? as
bacterium pharaoniss more appropriate for RR spectro- repeatedly checked by calibration against the position of the
scopic studies. This protein has been found homologous tolaser line. The sample was deposited in a rotating cell with
HR of H. salinariumas indicated by a-65% amino acid  variable rotational frequencies. All measurements were
identity (Lanyi et al., 1990). In addition, HR &f. pharaonis carried out at ambient temperature. Further details of the
offers the advantage that complexes with various anions asexperimental setup are described elsewhere (Hildebrandt et
well as the anion-depleted state can be prepared in a well-al., 1993).
defined manner, allowing for the investigation of specific  The single-scan spectra of each experiment were carefully
anion interactions with the retinal binding site (Scharf & compared and only combined if no spectral differences were
Engelhard, 1994). This is of particular importance as npoted. The spectra obtained in this way included a struc-
previous studies on HR from. salinariumhave provided  tyreless background which was removed by polynomial
conflicting results (Pande et al., 1989; Walter & Braiman, syptraction. The spectra were analyzed by a fitting program

1994). as described elsewhere (Hildebrandt et al., 199%ri2o et
In the present work, we report a RR spectroscopic study al., 1996).
of HR from N. pharaonisloaded by different anions. In Fourier-transform (FT) Raman spectra (1064-nm excita-

addition, we have extended the spectroscopic investigationstion)’ FT-IR, and IR-spectra of the model compounds were
to retinal Schiff base model compounds. In this way, it is measured with Perkin Elmer 2000, 1720, and 983 instru-
possible to gain more insight into the specific anton  ments, respectively. UWVis absorption spectra were
chromophore interactions in HR which in turn may contribute optained by a Cary 3 spectrophotometer. The mulls of the
to a better understanding of the anion pump mechanism ingplig samples for the infrared study were made either in
HR and, moreover, of the (light-driven) ion translocation Fyorolube or in Nujol. The concentrations of the NRB
processes in general. solutions were 2.2« 1074 M for UV —Vis and 2.2x 1072

M for infrared and Raman experiments. All manipulations
of the samples were carried out in the dark using a glovebox

Sample Purification and PreparatiorR from N. phara- under an argon atmosphere.
oniswas isolated and purified as described elsewhere (Scharf
& Engelhard, 1994). For RR spectroscopic measuremen'[s,RESULTS AND DISCUSSION

the protein (3Q:M), solubilized in 0.1% dodecyl maltoside, Resonance Raman Spectroscopy of Halorhodopéin.
contained 10 mM citrate/phosphate buffer (pH 6.1). H/D qqger to maintain a defined composition of the various states
exchange was achieved by centrifuging the sample andgt R in the exciting laser beam, the experimental conditions
resuspending the pellets inO-containing buffer. Prepara- ot the RR measurements had to be adapted to the specific
tion of the anion-depleted form and preparation of the \inefic and spectral properties of HR. In a RR experiment,
complexes loaded with specific anions followed the proce- {he photacycle is initiated by the laser line of the wavelength

dure described by Scharf and Engelhard (1994). The 3y according to a photochemical rate constégtas defined
complex obtained upon rebinding chloride to the anion- by eq 1:

depleted form exhibits the same spectral properties as the
native protein. Chromophore extraction and subsequent
determination of the isomeric composition were carried out lg=———¢
as described by Scherrer et al. (1989). \/Z_JENAhC

all-trans-Retinal was purchased from Sigmall-trans-

N-Retinylidenen-butylamine (NRB) and its tetrafluoroborate  wherey is the quantum vyield of the primary photoprocess,
salt (NRB-HBFR) were synthesized according to Favrot et ¢(1) the extinction coefficient of HRg at 4, Po the laser

al. (1979). The chloride salt (NRB-HCI) was prepared in power at the sample, andthe radius of the spherically
an analogous way by bubbling gaseous HCI through the NRB focused laser beam in the sample (Althaus et al., 1995).
solution. The solid NRB-DCI was obtained by H/D ex- h, andc denote the Avogadro number, the Planck constant,
change in CHOD solution and subsequent removal of the and the velocity of light, respectively. The residence time
solvent under vacuum. Since the addition g€Hrom 0.02 At of the sample in the laser beam is defined by eq 2:

MATERIALS AND METHODS
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At= avgR

()

whereR andvg are the radius and the rotational frequency
of the cell. As the product of both parametefg,and o,
controls the degree of photoconversion of 4ARthe ap-
propriate choice oPy andv, in a single-beam time-resolved
RR experiment allows for probing either the parent stiatet (

< 1) or a mixture of the parent and intermediate staltgst (

> 1) (Stockburger et al., 1979). In any casghas to be
adjusted in such a way that the thermal back-conversion to
the parent state Hfz; is essentially complete before the
photolyzed sample reenters the laser beam; i.e., the rotational
period of the cell (1) must be larger than the time constant
of the rate-limiting step of the photocycle (“fresh-sample”
condition)?

RR Spectra of the Parent State &R Figure 1 shows
the RR spectra of the chloride-bound HR inCHand DO
measured wittPy = 4.5 mW andvo = 60 s1. Assuming
the same quantum yield for the primary photochemical
process as in BR, i.e., 0.65 (Schneider et al., 1989nd T T ‘

At are calculated according to egs 1 and 2, yielding a value 1500 1540 1580 1620 1660
of 0.1 for lpAt. Under these conditions, one can estimate Av/cm

that these RR spectra should reflect about 95% the parentFlGUREl RR spectra in the<€C stretching region of the chloride-
state. bound HR7g solubilized in HO (A) and B;O (B). The laser power

The RR specta in Figure 1 display the region between 'o5,&:% W ad e rotaiona reauency of e cel 60 3he
1480 and 1680 cnt which is dominated by the €C
stretching vibrations of the retinal chain. These modes haveet al., 1985). This would imply that the two bands at 1525
been shown to be particularly useful to distinguish between and 1538 cm! originate from two structurally different
the various states of the retinal chromophore and for probing chromophores. In fact, we have determined the isomer
their time dependence (Smith et al., 1985b; Althaus et al., compositions of the chromophores extracted from halo-
1995). It can clearly be seen that in® (Figure 1A) the rhodopsin yielding 80%all-trans and 20%13-cisisomer.
dominant peak at 1525 crh (vc—c) is asymmetric and, in  This finding implies that the RR spectrum of BRincludes
fact, the band-fitting analysis reveals two components at both isomers in a ratio of 4. This value compares very well
1525.0 and 1538.4 cmi. According to the empirical  with that of the RR band intensities (5.5) taking into account
correlations between the wavelength of the absorption that the RR scattering cross sections of the 1525- and 1538-
maximum @may) and thevc—c frequency (Heyde et al., 1971; cm ! bands may be slightly different. Most remarkably, the
Rothschild et al., 1984), the 1525-ctnband corresponds latter band nearly disappears in@which would indicate
to the HRgstate. On the other hand, a stretching frequency a lower content of thel3-cisisomer. In fact, extraction
at 1536 cm?* would be related to a chromophore absorbing experiments from light-adapted samples igODyield 84%
at 555 nm which does not fit either to the primary all-transand 16%l3-cis corresponding to an isomeric ratio
photoproduct or to the first thermal intermediate (Varo et of 5.25. Assuming the ratios of the RR cross sections of
al., 1995). In addition, upon using a laser power between the C=C stretching modes of both isomers are the same in
4.5 and 1.5 mW, the RR spectra are indistinguishable in the protonated and in the deuterated forms, one would expect a
entire spectral range, and, in particular, the intensity ratio of band intensity ratio of 7.2 for Hs in D;O. Indeed, the
the 1525- and 1538-cm bands remains at a constant value lower intensity of the &C stretching mode of th&3-cis
of ca. 5.5. This implies that, in a good approximation, the form in DO relative to that of thall-trans isomer (and a
contribution of any photocycle intermediate to the RR potential stronger overlap brought about by opposite fre-
spectrum measured with 4.5 mW power can be neglectedquency shifts of both bands) may make it impossible to
so that it is regarded as an essentially pure spectrum of theidentify the 1538-cm! band in the RR spectrum by band
parent state HRg3 fitting. The overlap of both bands would also account for

On the other hand, it may be that the parent state is the increased intensity of the 1525-chpeak relative to the
heterogeneous as found for HR frd#n salinarium(Maeda other bands in this region, e.g., at 1576 and 1597'cm
The distribution between two retinal isomers in s

2In a good approximation, the “fresh sample” condition is fulfilled N0t @ unique feature of halorhodopsins, but it is well-known
fc;r Irotatil?vnea:jl f{ﬁtggggﬂgebiﬁge?_tﬁo ar:jd 20 ast_the a?CllJTulatio_n also for the parent state of BR which exhibits @ahtrans/
galc?ﬂgted to be less than O%%I (Vgro ee(ftaz\l mr;g% thlzrﬂzvlsand 13-CI.S ra.tlo Of. about 1:1 n the da_rk-adapted form. Upon
Engelhard, unpublished results). A long-lived species with a very low illumination (light-adaptation), BR is completely converted
amplitude which was inferred from flash photolysis studies is ascribed t0 the all-trans form due to an efficientl3-cis—all-trans
to the independent photocycle of the parg8tciscomponent of HR photoisomerization. An analogous process in HR must be

and is not enriched during the RR experiments. ; ; ; ;
3 A more detailed spectral analysis reveals a very weak contribution associated with a much smaller quantum yleld. In extraction

from the HR State reflected by a band at 1550 ¢rwith an intensity experiments, we have found that the same illumination
of 1.5% of that of the parent state. In®, this band is slightly higher. conditions, which in BR provide a complete conversion to
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Ficure 2: Overview RR spectra of the chloride-bound R
solubilized in HO (A) and DO (B). The laser power was 4.5 mW
and the rotational frequency of the cell 60ts

the all-trans form, yield only a slightly higherall-trans
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Ficure 3: RR spectra in the€C stretching region of the chloride-
bound (A), bromide-bound (B), and iodide-bound (C)d7t H,O.

The laser power was 4.5 mW and the rotational frequency of the
cell 60 s'1. The dashed lines represent fitted Lorentzian bands.

content (i.e., 80%) in HR compared to samples which have The 983-cm? band of HR¢(CI™) is sensitive toward H/D
been kept in the dark (77%). These results are in good exchange at the Schiff base although the signal-to-noise ratios
agreement with recent findings by Varo et al. (1995) and of the spectra do not allow for a decision whether i¥OD

Zimanyi and Lanyi (1997). In addition, we have found that

this band is shifted or just has lost intensity. Thus, at this

increasing the laser power in the RR experiments by a factorpoint, one may suggest that in® the 983-cm*! mode may

of 10 does not lead to a decrease of #8eciscontribution.
The overview RR spectra of HR(CI) in both HO and

include contributions of the NH o0.0.p. and/or internal
vibrations of the lysine residue in order to account for the

D0 are shown in Figure 2. The so-called fingerprint region H/D sensitivity.

between 1150 and 1250 ctris of particular interest because
the modes involved are dominated by-C stretches which

are sensitive markers for the configuration and conformation bending (Smith et al., 1985b).

of the retinal (Mathies et al., 1987; Althaus et al., 1995). In

On the other hand, the 969-cinband of HR.¢(ClI™) in
D,0 is readily assigned to a mode dominated byINi.p.
Its counterpart ipCHis
assigned to the 1351-crhband. This band in fact disappears

HRs7¢(Cl7), two prominent bands are observed at 1186 and in D,O while the weak band close to this position (1345

1204 cm! while weaker bands may contribute to the
shoulders at 1172 and 1212 ¢ In DO, these bands vary

only slightly. Both the frequencies and the relative intensities

as well as their isotopic shifts are very similar to those

observed for the parent states of bacteriorhodopsin andl).

halorhodopsin of. salinarium BRs7o and HR7s (Smith et

cm™Y) is attributed to a mode involving C(15H i.p. bending
in analogy to BR7e

The stretching coordinate of the Schiff base provides the
main contribution to the mode at 1632.8 thivc—y; Figure
In fact, upon H/D exchange, this band shows the
strongest frequency downshift in this region, i.e., 10.4Em

al., 1984; Alshuth et al., 1985; Maeda et al., 1985). This whereas the nearby bands at 1599.1 and 1578:2 mmeal
comparison strongly suggests that not only the configuration substantially smaller downshifts (1.9 and 2.1 ¢nrespec-

(all-trans) but also the conformation of the retinal Schiff base
is essentially the same in all three species, i.e.,aati
conformation (Smith et al., 1987).

Deviations from planarity of the polyene structure should
be reflected by the €H 0.0.p. modes which are expected
in the region between 1000 and 800 ¢n{Eyring et al.,
1982). The RR activity in this part of the spectrum of
HRs7¢(CI7) in H,O is very low, indicating a largely planar
structure of the chromophore. The only clearly identifiable
band is the one at 983 cthwhich appears to be present
also in the RR spectra of HR and BRo of H. salinarium
but with a much weaker intensity (Alshuth et al., 1985;
Althaus et al., 1995). Conversely, the RR spectrum ofBR
displays a sharp peak at 959 chwhich in HR;7g cannot be
detected unambiguously (Flgure 2).

tively). The frequency downshift of the=€EN stretching
mode at 1632 cnt is accompanied by a band-narrowing of
2.0 cnt which is slightly more than the average variations
of the half-widths of the other bands below 1600 érbut
clearly less than previously observed for thelg stretching
in BRs7o (Hildebrandt & Stockburger, 1984).

When in HR Ct is quantitatively replaced by Bror |-,
the RR spectra of HRs measured under the same conditions
as described above, reveal only minor changes indicating
that the overall chromophore structure remains largely the
same as in the Ctbound complex (Figure 3; Table 1). In
particular, the relative intensity and the frequency of the
C=NH" stretching mode at 1632 crhdo not appear to be
affected by the anion replacement since the frequency
variations of the fitted Lorentzian bands are within the
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Table 1: Frequencies of the=€C and G=N Stretching Modes of
Various States of Halorhodopsin

state anion Ve=c Ve=n

HRs7s CI- 1525.0 1632.8
Br- 1523.9 1632.2
- 1523.5 1632.4

HRs20 Cl- 1550.3 1651.5
Br- 1549.4 1649.4
1~ 1548.7 1648.9

a Frequencies are given in ¢ The accuracy is ca:0.3 cntt and
40.5 cn1? for the vc—c andve—y modes, respectively.

—
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Ficure 4: RR spectra in the €C stretching region of the HR in
H,O loaded with different anions (A, chloride; B, bromide; C,
iodide), measured with 25 mW laser power and 20 rstational
frequency of the cell. The component spectra of the paa#int
trans (denoted by “P”) andl3-cis states are represented by the
dotted ¢-~) and dashed-dotted+-) lines, respectively. The dashed

lines (----) represent the fitted Lorentzian bandshapes attributable

to the intermediate HE,.

accuracy of the fits. The only detectable alterations refer to

the G=C stretching mode. In the Br and I-bound
complex, this mode shifts down by ca. 1.1 and 1.5&m
respectively, as compared to the @lound form. A similar
tendency seems to hold for the=C stretching of thel3-
cis form although the frequency determination of this

Gerscher et al.

over, there is a distinct intensity decrease of the 1525icm
band (denoted by “P”) relative to that at 1540 ¢m This
finding implies that only theall-trans chromophore runs
through a photocycle or, at least, a phototransformation of
the 13-cisstate is much less efficient. As discussed above,
an alternative assignment of the 1540-érbands in these
RR spectra to an additional intermediate of HR’s photocycle
is not very likely since this frequency would correspond to
a species absorbing at ca. 550 nm which, however, was not
detected in transient absorption experiments (Varo et al.,
1995; Chizhov and Engelhard, unpublished results).

In the C=N stretching region, the RR spectra reveal
shoulders at ca. 1649 crhin all three complexes (Figure
4) which have grown-in concomitant to the 1550-¢rband
and, hence, are also attributed to the intermediatgdRhis
finding is in good agreement with previous results len
salinariumby Fodor et al. (1987) and Diller et al. (1987),
who also observed a substantial upshift of they mode
from the parent state to the first thermal intermediate.
However, thevc—y frequencies of the latter are still lower
than in HRy of N. pharaonis This may be taken as an
indication for subtle structural differences of the retinal and
anion binding sites in HE between both proteins.

An additional weaker band in this region at ca. 1636 tm
(at similar frequency in all three spectra of Figure 3) is
identified by the band-fitting analysis and attributed to the
C=N stretching ofl3-cisisomer. Following these assign-
ments, one can obtain RR spectra of the intermediateHR
by subtracting the spectrum of the parent statkt(ans) as
well as the 1636- and 1540-crhbands attributable to the
13-cisisomer. The underlying assumption is that the 1540-
cm! band exclusiely originates from thel3-cis isomer.
However, it cannot be ruled out that the=C stretching in
HRsy is split into two components similar to the corre-
sponding intermediate of HR frorml. salinarium which
exhibits a dominant band at 1552 chand a shoulder at
ca. 1542 cm® (Diller et al., 1987). Then, the 1540-cth
peaks in the spectra of Figure 3 would also include minor
contributions from HRBxo In this respect, the resultant
spectra, which are displayed in Figure 5, must regarded as
approximate. Thevc—c and vc—y frequencies of HRo
complexed with different anions are listed in Table 1.

Anion-Depleted HR.Removal of the anion from HR leads
to a significant red-shift of the absorption maximum to ca.
600 nm. Also the anion-depleted HR undergoes a photo-
induced reaction cycle (Scharf & Engelhard, 1994); however,
kinetic data and spectral properties of the intermediates
involved are not known in detail. Thus, the RR spectra of

component is much less accurate due to its weaker intensitythe anion-depleted form were measured under the same

and stronger overlap with the band of th#-trans form.
However, the intensity of this mode relative to that of the
all-trans state increases in the order of Ck Br~ < |~

RR Spectra of IntermediatedJpon increasing the laser
power P = 25 mW) and lowering the rotational frequency
of the cell ¢ = 20 s1), the photoconversion parametght
is raised to 1.7, and the dwell time is increased to 440

conditions as in the case of the anion-bound species (Figure
6A). However, even at a laser power as low as 4.5 mW,
the RR spectrum does not reflect a uniform state rather than
a mixture involving various intermediates. This conclusion
is drawn from a careful inspection of the=C stretching
region which reveals a broad peak including, at least, four
components. In particular, the shoulder at ca. 1534cm

Under these conditions, a substantial population of the first increases upon raising the laser power and lowering the

thermal intermediate H2, (Varo et al., 1995; Chizhov and

rotational frequency (Figure 6B), implying that it results from

Engelhard, unpublished results) in the RR probe beam isspecies formed during the photoinduced reaction cycle. In
expected. In fact, drastic changes are noted in the RR spectrarder to obtain crude spectra of the parent and the intermedi-

of the various anion-loaded HR complexes (Figure 4). All
three spectra display a new band at ca. 1550%nhich is
unequivocally attributed to the intermediate HRR More-

ate states, we have subtracted both spectra from each other.
The spectrum in Figure 6C, hence, should reflect largely the
parent state which stills reveals two bands in the@
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FicurRe 5: RR spectra of the HiZ, intermediates of the chloride-
bound (A), bromide-bound (B), and iodide-bound (C) HR isOH

by subtracting the contribution of parent stata-{rans and 13-

cis) from the RR spectra measured at high laser power (Figure 4).
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FIGURE 6: RR spectra in the €C stretching region of the anion-
depleted HR in HO. A, spectrum measured with 4.5 mW laser

power and 60 s rotational frequency of the cell; B, spectrum
measured with 25 mW laser power and 20 tational frequency
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Table 2: Spectral Parameters of Protonated Retinal Schiff Bases

Amax- ve=cl- ve=n/- VN-HI-
anion solvent nm cmt cmt cm?t
Cl- CDCl 440 1554 (0) 1652420.5) 2570 £580)
BF,~ CDCls 480 1552 (0) 1651+420) 3240 (-840)
Cl- CD«CN 440 1559 (1) 1655.5421.5) 2580 {520)
BF,~ CDsCN 450 1558(0) 1651.5419) 3240 (840)
Cl-  solid (IR) 1568 (1) 1657 (-26) 2580 (-562)
Cl- solid (Raman) 156241) 1652 (-20)

BF,~ solid (IR) 1543 1643 3240
BF;~ solid (Raman) 1543 1643

aVibrational frequenciesve=c, vc=n, andvn—n) were determined
from the IR spectra unless indicated otherwise. Frequency shifts upon
H/D exchange are given in parentheses. The accuracy of the frequency
determination is ca+0.5 cnt?! for the vc—c and vc—y modes. The
frequencies for the NH stretchings refer to the center of gravity of
the bands.

from those of the anion-bound complexes (1631.2%9m
On the other hand, the difference spectrum reflecting the
photocycle intermediates (Figure 6D) includes three bands
in the G=C stretching region, implying that there are at least
three different states involved. According to the frequencies
at 1533.9, 1540.6, and 1550.9 cinthese species should
exhibit blue-shifted absorption maxima relative to the parent
state. Inthe &N stretching region, there are two bands at
1643 and 1649 crt, i.e., at much higher frequencies than
in the parent state but again similar to those ofsidRf the
anion-bound HR.

Model Compounds.The IR and FT-Raman spectra of
NRB model compounds, complexed by HB#t HCI, were
measured in various solvents or in the solid state. The
frequencies of the €C, C=N, and N-H stretching modes
as well as the H/D isotopic shifts are listed in Table 2 along
with the absorption maxima of the retinat>z* transition.

In all cases, the spectral data, in particular the red-shifted
Amax (compared tdmax = 363 nm of the unprotonated NRB),
indicate that the retinal Schiff bases are protonated. On the
other hand, bottinax as well as the vibrational frequencies
vary in a considerable range depending on the kind of the
counterion and the molecular environment (e.g., solvent).

In order to sort out the various parameters which influence
the spectral properties of the protonated NRB, it is instructive
to consider the N-H stretching frequency which is the most
sensitive marker for hydrogen bonding interactions (Joesten
& Schaad, 1974). For NRB-HBF the spectral region
between 3500 and 2500 chreveals a complex vibrational
band pattern (Figure 7A) involving-€H and N—H stretch-
ing fundamentals as well as overtones and combination
modes. This spectrum has been previously analyzed in detail
by Baran et al. (1995) so that the-¥ stretching can readily
be assigned to the 3240-ctnband. The position of this
band is similar in CRQCN and CDC} and in the solid state.

In contrast, the spectrum of the corresponding chloride

of the cell. The pure spectra of the parent (C) and the intermediate COMplex does not show any strong bands above 3909 cm
(D) states were obtained after subtracting the component spectrabut a broad and poorly resolved hump of considerable

of the intermediates from the spectrum A and that of the parent
state from spectrum B, respectively. The dashed lines represent th
fitted Lorentzian bands.

stretching region. In analogy to the anion-bound complexes,
we assign the bands at 1516.7 and 1524.3'amthe CG=C
stretching mode of thall-trans and 13-cis component of
the parent state, respectively. The correspondirgNC
stretching vibration is found at a frequency not very different

intensity which is centered at ca. 2580 and 2570 tin

€CDsCN and CDC}, respectively (Figure 7B). In the solid

state, this peak is not so broad, but its frequency is very
similar to that of the dissolved species (2580 énspectrum

not shown). Comparable downshifts are also noted in the
deuterated complexes NRB-HB&nd NRB-HCI. While the
low frequencies indicate significant hydrogen bonding
interactions between the protonated Schiff base and the
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Ficure 7: IR spectra of NRB-HBF (A) and NRB-HCI (B) in

CDCl; in the G=C/C=N stretching (left panel) and N-H/C-H
stretching region (right panel).

chloride counterion (Joesten & Schaad, 1974), such effects

can be regarded to be relatively small for NRB-HBF
Previous studies have shown that the sensitivitygfy

Gerscher et al.

C=N bond order (upshift). The second effect appears to
dominate in NRB-HBE but the first one in NRB-HCI. Such
effects of chloride and tetrafluoroborate interactions were
already observed for nonconjugated iminium compounds
(Zine et al., 1995).

In conjugated iminium compounds, any alterations of the
charge density on the nitrogen should not only affect the
Schiff base but also affect the entire conjugated retinal chain.
In fact, the frequencies of the.—c modes vary in the same
direction as those ofc—y (Table 2). Moreover, changing
the polarity of the solvent (CDgHCDsCN) has a more
pronounced effect on the—c than on therc—y mode. This
is particularly true in the non-hydrogen-bonded NRB-HBF
system for which an upshift of 7 crh (0.5 cnt?) is noted
for the ve—c (vc=n) mode as compared to the hydrogen-
bonded NRB-HCI (5 cm! vs 3.5 cn?! for ve—c andve—n,
respectively).

The variations of thec—c frequency are related to changes
of the sensitivity of ther-electron delocalization in the retinal
chain not only upon hydogen bonding interactions but also
on the polarity of the environment. In the non-hydrogen-
bonded NRB-HBE complex, the change from a electron
donor (CRXCN) to an electron acceptor solvent (CRCI
increases the conjugation in the retinal chain which is
reflected by a 7-cmt downshift ofvc—c and a concomitant
red-shift of the absorption band. In the case of a strongly
hydrogen-bonded system (NRB-HCI) with a reduced positive
partial charge on the nitrogen, a similar strong effect of the
solvent on the conjugation is not expected (Elia et al., 1996).
In fact, the absorption maximum remains unchanged, which,

toward hydrogen bonding is related to a small contribution nowever, is in contrast to the 5-cidownshift of theve—c

of the N—H i.p. bending which in turn shifts up with

mode. Evidently, thé.—vc—c relationship (Heyde et al.,

increasing hydrogen bond strength (Baasov et al., 1987;1971; Kakitani et al., 1983; Rothschild et al., 1984) does
Lussier et al., 1987; Masuda et al., 1996). Thus, increasingnot hold strictly for NRB complexes upon varying the

hydrogen bond strength in the order HIHBr < HCI, as
reflected by a downshift of the NH stretching from 2930
cm~1 by more than 300 cr, leads to an upshift of the-—y
from 1633 (') by only 13 cm? (Lussier et al., 1987).
Consequently, one would expect that thel stretching in
NRB-HBF, should show up at a lower frequency than in
the corresponding HCI complex, i.e., below 1640ém
Instead, this mode is found at ca. 1651 ¢rm CDCl; and
CDsCN while that of the HCI complex is nearly at the same
position in CDC} and only slightly higher in CBCN (Figure

polarity of the environment since the solvent may exert a
different influence on ther andz* orbital energies.

In the solid state of NRB-HBF and NRB-HCI, the
strengths of hydrogen bonding interactions are the same as
in solution as reflected by the-\H stretching frequencies
(Table 2). However, the €C and G=N stretching modes
reveal significant frequency shifts which are attributed to
direct interactions of the anions with the delocalizedlec-
trons and between adjacent chromophores. In addition, there
may be conformational differences between the solid and

7). The tetrafluoroborate anion has a tetrahedral geometry,the dissolved state since the fingerprint regions of the FT-
and the overall size is significantly larger even than that of Raman and IR spectra display distinct changes between the
iodide. Thus, it is not capable of forming even a weak sglig NRB-HCI and NRB-BE as well as the dissolved
hydrogen bond, implying that positive charge on the retinal species [Figure 8; cf. Mathies et al. (1977)]. In particular,

Schiff base is not reduced.
As shown by Lpez-Garriga et al. (1986a,b), the formation

we note that the broad band at 1158 @mf NRB-HCI is
narrowed and upshifted to 1165 chin the NRB-HBR

of an adduct between a Schiff base and the strong Lewiscomplex. In addition, the spectrum of the latter complex

acid BF; leads to an even highee—y frequency than found

displays an extra band at 1173 thwhich may be assigned

for strongly hydrogen-bonded protonated Schiff bases. Thisto a mode calculated at 1178 chibut not yet observed in
observation was attributed to the electron withdrawing NRB model complexes (Smith et al., 1995). Also the nearby

capability of BR which leads to a rehybridization at the
nitrogen so that the €N bond order is increased. Conse-
quently, an increase of the=€N stretching force constant is

C—C stretching modes at ca. 1190 and 1200 tdiffer with
respect to frequencies and band widths in both species.
Anion—Chromophore Interactions in HR.The results

responsible for the frequency upshift. Extending this ex- discussed in the previous section have shown that¢he
planation to the NRB complexes, a decreasing hydrogen bondfrequencyper seis not a reliable indicator for hydrogen

strength has a 2-fold but opposing effect on they mode.
The G=N/N—H coupling is weaker because of the lower
energy of the N-H i.p. bending (downshift) whereas the

bonding interactions since it also depends on those param-
eters which directly affect the=eN stretching force constant.
Such parameters (e.g., the polarity of the chromophore

higher positive partial charge on the nitrogen increases theenvironment) should be largely unchanged in HR when
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1543 adapted chloride complex, one can estimait8&-aiscontent
' of 20%, 24%, and 29% for the complexes with-CBr-,
and I, respectively, and even 38% for the anion-depleted
form.

Previous studies on the binding of different anions insi4R
referred to the protein fromi. salinarium While Walter
and Braiman (1994) reported a downshift of they mode
by 1 and 3 cm! when CI is replaced by Br and I,
respectively, Pande et al. (1989) could not detect any
frequency difference for this mode between the-@hnd Br -
bound complex. Taking into account the far-reaching
similarities between the HR frori. salinarium and N.
pharaonis as far as the parent state is concerned, the present
results which are obtained from the present highly resolved
RR spectra confirm the conclusion by Pande et al. (1989).
It may be that the accuracy of the experimental approach by
Walter and Braiman (1994), i.e., deriving absolute band
frequencies by a band fitting of IR difference spectra, is not
sufficient to determine potential shifts as small as 3'tm
unambiguously. On the other hand, the previously reported
—T T T T T T 7-cnt upshift of ve—y of HRs7g upon replacement of Cl
1200 1300 1400 1500 1600 by nitrate (Maeda et al., 1985) may largely be due to a

Av/cm™ conformational change of the Schiff base group (Pande et
Ficure 8: FT-Raman spectra of solid NRB-HBFA) and NRB- al., 1989).
HCI (B). It is interesting to note that the BR mutant D85T téf

) _ _ salinarium reveals a different picture. The underlying
loaded with Ct, Br, or I, or in the corresponding NRB  gypstitution of the Schiff base counterion provides an anion
halide complexes (in the same solvent). In the latter case, phinding site and, moreover, transforms BR’s function to a
the substantial frequency variations by up to 13 &gfrom photoinduced anion pump (Sasaki et al., 1995). In this
ClI™ to I") of thevc—n mode and the much smaller shifts (7 ariant protein, however, the-—y stretching displays anion
cm?) of the ve—c mode (Lussier et al., 1987) can be gependence with a 4-crh downshift from Ct to Br-
attributed to the effect of different hydrogen bond strengths. reflecting a weakening of the hydrogen bonding interactions
Conversely, the lack of any frequency differences for the (chon et al., 1996). Most likely, in this case the anion is
ve=n mode in HR7(CI™), HRs7¢(Br7), and HR7¢(17) rules  rectly bound to the protonated Schiff base in D85T.
out any hydrogen-bonding interactions between the proto- The first thermal intermediate of HR, HR exhibits
nated Schiff base and the counterion. These findings imply gimilar anion-dependent downshifts for the—c mode as
that the halide ions are bound to an amino acid residue the parent state. However, the——y mode frequency

somewhat remote from the Schiff base. As discussed ingecreases from Clto Br- and I, i.e., in the order of
detail previously (Braiman et al., 1994, &ger etal., 1995,  gecreasing hydrogen bonding capabilities (Table 1). The
Oesterhelt, 1995), the anion binding site may be an arginine gyerall downshift is 2.6 cr which has to be compared with
(Arg-108 in H. salinariumcorresponding to Arg-123 ih. ca. 13 cm! in model systems (Lussier et al., 1987).
pharaonig. On the other hand, the anion is located close Evidently, in HRyo, the hydrogen bonding interaction
enough to the chromophore to exert a small but detectablepetyween the protonated Schiff base and the bound anion is
influence on the electron density distribution of the retinal stronger than in the parent state albeit still weak in
(Table 1). These effects are specially reflected by the shifts comparison with model compounds in solution. These
of the ve—c which decreases in the orderCt Br™ > 1= findings imply that theall-trans—13-cis isomerization which
(i.e., decreasing charge density), resulting in a weakeningprecedes the formation of HR brings the Schiff base in

of the electrostatic interactions. In the absence of complexedg|gser proximity to the bound anion (Haupts et al., 1997). It
anions, the downshift ofc—c is even more pronounced. may well be that subsequent relaxation processes of the
Since the concomitant frequency lowering of they mode  chromophore may displace the Schiff basalide ion pair

is very small (1 cm), also for this species hydrogen-bonding - toward the channel which provides access to the cytoplasm.
interactions can be ruled out. Instead, it is very likely that Fyrther time-resolved RR studies of the anion dependence
the drastically altered electrostatic interactions in the retinal of HR's photocycle which focus on the late intermediates
binding pocket upon removal of the counterion also induce of the photocycle are required to gain more insight into the

structural changes in the chromophore as suggested by aroupling between chromophore movement and anion trans-
increase of the RR activity in the-€H out-of-plane region  |gcation in HR.

(spectrum not shown).

Evidently, the bound anion plays an important role in ACKNOWLEDGMENT
stabilizing the structure of the chromophoric site. Further  We thank Professor K. Schaffner for continuous support.
support for this conclusion comes from the anion dependence
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