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ABSTRACT. The hypothesis was tested whether in bacteriorhodopsin (BR) the reduction of the steric
interaction between the 9-methyl group of the chromopladirgans-retinal and the tryptophan at position

182 causes the same changes as observed in the photocycle of 9-demethyl-BR. For this, the photocycle
of the mutant W182F was investigated by time-resolved-Wi$ and pH measurements and by static and
time-resolved FT-IR difference spectroscopy. We found that the second half of the photocycle was similarly
distorted in the two modified systems: based on the amide-I band, the protonation state of D96, and the
kinetics of proton uptake, four N intermediates could be identified, the last one having a lifetime of
several seconds; no O intermediate could be detected; the proton uptake showed a pronounced biphasic
time course; and thelfy of group(s) on the cytoplasmic side in N was reduced from 11 in wild type BR

to around 7.5. In contrast to 9-demethyl-BR, in the W182F mutant the first part of the photocycle does
not drastically deviate from that of wild type BR. The results demonstrate the importance of the steric
interaction between W182 and the 9-methyl group of the retinal in providing tight coupling between
chromophore isomerization and the late proton transfer steps.

In the light-driven proton pump bacteriorhodopsin (BR; tion and reprotonation of the Schiff base occur during the L
reviewed by Mathies et al., 1991; Lanyi, 1992, 1993; — M; and M, — N transition, respectively, and the retinal
Oesterhelt et al., 1992; Rothschild, 1992; Ebrey, 1993; Krebsis reisomerized to thall-trans geometry in the O intermedi-

& Khorana, 1993) the isomerization of tladi-trans retinal, ate. Additionally, multiple sequential M intermediates have
which is bound to the protein via a protonated Schiff base, been identified at low temperature (Friedmann et al., 1994),
to the 13eis geometry upon absorption of a photon initiates and for the D96N mutant an M state after, Mas been
the two important proton transfer steps, i.e., deprotonation identified which has a protein conformation similar to the
of the Schiff base with concomitant protonation of D85, and N state (Sasaki et al., 1992). As in any ion pump, changes
reprotonation of the Schiff base with concomitant deproto- of binding constant and of accessibility of groups mediating
nation of D96. The thermal reisomerization of the retinal the transport control the unidirectional ejection and uptake
to all-trans, the reprotonation of D96, and the deprotonation of ions. Thus, the isomerization of the chromophore induces
of D85 complete the cyclic photoreaction. Although reaction pK, changes of the Schiff base and of the carboxyl groups
models using branched and parallel pathways (Eisfeld et al.,D85 and D96 (Brown et al., 1993; Cao et al., 1993). In
1993; Song et al., 1994) cannot be excluded, a linear cycleaddition, it changes the accessibilty of the Schiff base from
which includes back-reactions appears sufficient to describethe extracellular to the cytosolic side (Ames & Mathies,
most experimental and mechanistic aspects of the photore-1990; Va6 & Lanyi, 1991; Kataoka et al., 1994; Tittor et
action (Lanyi, 1992, 1993): BR>K <L <> M; — M, < al., 1994). This molecular switch is thought to occur during
N < O — BR. Itis assumed in this model that the proton the irreversible or quasi-irreversible ;M= M, transition.

of the Schiff base is the one being transported. Deprotona-Therefore, in order to understand the molecular mechanism
of bacteriorhodopsin, it is important to gain information on
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photocycle (Weidlich et al., 1995). A drastic increase of 0.04
the lifetime of the N intermediate and decoupling of 410 nm
chromophore reactions from proton transfer steps were 0.02

observed. Based on the three-dimensional model of bacter-
iorhodopsin (Henderson et al., 1990) and recent FT-IR results
providing evidence for the steric interaction between the

660 nm

absorbance change

9-methyl group and W182 (Yamazaki et al., 1995), we have -0.02

suggested that it is the perturbation of this steric interaction

that causes these alterations. If this is correct, one would -0.044

expect that introduction of an amino acid smaller than A. W182F

tryptophan at position 182 would produce similar effects. 0.06 - :
By performing time-resolved U¥vis and proton uptake 0.02

experiments and static and time-resolved FT-IR investiga-

. . . . . 410

tions, we compare in this article the photoreactions of 0.014 4

9-demethyl BR and the mutant W182F. Whereas differences §> 660 nm

between the two systems are observed for the early part of & 0

the photocycle (up to W), the later part is similarly °

influenced in the following respects: four N species can be ‘gf -0.011 pyranine

L ) s _— S 550 nm

distinguished, the last one exhibiting a lifetime of several 5 (8x)

seconds, very little O accumulates, and the proton uptake % .0.021

kinetics show a characteristic biphasic behavior. We con-  © B. 9-desmethyl BR

clude that, whereas proton transfer from the cytosol to the 20.03 ; , . - . .

Schiff base is facilitated, the reisomerization of the chro- 5 4 3 2 A 0 1 2

mophore is inhibited, resulting in a photocycle with much log time (s)

longer relaxation time. Ficure 1: Time-resolved abssorbance changes of the mutant
W182F and of 9-demethyl-BR at 410 nm (M intermediate), 550

MATERIALS AND METHODS nm (depletion signal), and 660 nm (O intermediate). The net

absorbance changes at 457 nm due to the pH indicator dye pyranine

. . are also shown.
The preparation of purple membranes containing 9-de-

methylretinal as chromophore has been described previously1995). Spectral resolution is 2 and 4 thfor the static
(Weidlich et al., 1995). The preparation of the bacterio- and time-resolved measurements, respectively.
rhodopsin mutant W182F has been published (Yamazaki et

al., 1995). Time-resolved U¥vis measurements at selected RESULTS

wavelength and time-resolved pH measurements were per- Time-Resaled UV~ Vis MeasurementsFigure 1 com-
formed according to Brown et al. (1994b). In order to avoid pares the transient absorption changes of the mutant W182F
the generation of photoproducts by the probing beam, which and 9-demethyl-BR (9-H-BR) at 660 nm (O intermediate),
is a special problem because of the drastically prolonged 550 nm (depletion of initial state), and 410 nm (M interme-
photocycle (see Results), the intensity of the measuring light diate). In addition, the absorption changes of the pH
was greatly reduced. This forced us to limit the electronic indicator dye pyranine are shown. From the depletion
bandwidth. In one series of time-resolved YVis experi- signals, it is clear that in both systems a very long-lived
ments using in this case samples suitable for infrared intermediate with an absorbance at 550 nm 0f-80% of
measurements, a shutter was used operating synchronouslie initial state decays only after 10 s in 9-H-BR and 5 s in
with the data acquisition. This allowed us to increase the W182F. In 9-H-BR the efficiency of the photoconversion
intensity of the probing beam and, correspondingly, the iS reduced by a factor of approximately 5 (Weidlich et al.,
electronic bandwidth. In this way, the earlier part of the 1995). Therefore, in order to obtain a sufficient signal/noise

; ; io, ially for the weak pyranine dye signal, the
photocycle (from 1us onward) could be also investigated. atio. especially | ,
The probing beam caused measurable absorbance decrea%ewo.n'c. bandwidth had to be .r(.aduced. This cagsed a
from 30 to 100 ms after opening of the shutter, depending istortion in the early part of the rising phase of the signals
on the wavelength used. The corresponding time courseso.f 9-H-BR (up to approximately 50s). The decay of the

were subtracted from the flash-induced signals, reproducin signal at 410 nm of W182F is comparable to that of WT
gnais, repr gBR, and that of 9-H-BR is slightly slowed down. The major
the traces for the later part of the cycle obtained with low

T . . . (faster) component of the decay of the depletion signal
measuring intensity and purple membranes in suspension

e roughly paralles the M decay in both systems. Furthermore,
At the end of the data acquisition, the shutter was closed very little, if any, absorbance changes at 660 nm are

and the system allowed to relax for 60 s before a new signal gpserved, indicating that negligible amounts of O are
was measured. The reproduction of the time course for the accumulated. The dye signal reflects increase (decrease of
later part of the photocycle demonstrates that the state ofapsorbance) and decrease (increase of absorbance) of proton
the samples used for infrared measurements does notoncentration. The latter, since it is slow, has been shown
influence the observed kinetics. The methods for obtaining to reflect the actual uptake process by the protein, whereas
static and time-resolved rapid-scan FT-IR spectra from the former is delayed with respect to the proton ejection
hydrated film samples have been described (Weidlich et al., process (Heberle et al., 1994; Alexiev et al., 1995). Similarly
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to the decay of the depletion signals, the proton uptake
signals exhibit pronounced biphasic behavior in both proteins,
with the same time constant as the slow phase of the
depletion signal. A difference between the two systems,
however, is also evident: whereas for the W182F mutant
the fast decay of the proton signal parallels that of the
depletion signal, for 9-H-BR the plateau of the proton signal
is delayed relative to the depletion signal. Also, the rising
phase of the signals at 550 and 410 nm differ in the two
systems. As has already been reported by Yamazaki et al.
(1995), the effective M rise is considerably slowed down in
the mutant and maximum M is only accumulated after
approximately 2 ms (35Qs for WT BR). This was
attributed to an L/M equilibrium shifted toward L. In 9-H-

BR the rise of M, however, is considerably faster than in
the mutant (and a corresponding faster phase is observed in
the depletion signal). This can be seen even though the
electronic bandwidth is reduced. It is important to note that
in both systems the final phase of proton uptake which
parallels the decay of the long-lived intermediate amounts
to approximately 20% at pH 6.4. This fraction is pH
dependent. In both systems the decay is somewhat slowed
down at pH 7.8 (from 3.8 to 5.5 s for 9-H-BR and from 1.6 1800 16'00 14'00 12'00 10'00 8(')0
to 3.6 s for W182F). More importantly, at the higher pH

the amplitude of the slow phase of the proton signal increases wavenumber /cm’'

from 20% to 60% (data not shown). FIGURE 2: Static BR— L FT-IR difference spectra of WT BR

In order to better describe the rise of the M state, we (n-BR, a), of 9-H-BR (b), and of the mutant W182F (c) measured
repeated the measurements on 9-H-BR with higher light at 170 K.
intensities. As mentioned in Materials and Methods, in this
case data acquisition has been synchronized with the opening
of a shutter for the probing beam. Since we could use a
larger electronic bandwidth, we were now able to resolve
more clearly two phases in the M rise, the fast phase having
a half-time of about & with an amplitude amounting to
approximately 65% of the total amplitude, and a correspond-
ing fast phase has also been observed in the depletion signal
at 550 nm (data not shown). This fast phase of M rise was
not detected by Yamazaki et al. (1995), probably due to the
limited electronic bandwidth they used.

FT-IR Experiments.The photocycle of 9-H-BR had been
characterized before by static and time-resolved FT-IR
spectroscopy. We performed similar experiments with
W182F. The static K and M spectra of the mutant obtained
at low temperature had been reported earlier (Rothschild et
al., 1989). Our measurements agree with the earlier results
and are not reproduced here. Figure 2 compares the L
spectra of WT BR, 9-H-BR, and the mutant W182F. The
spectra of the wild type BR and the mutant are almost
identical. Only the positive lobe of the band at 1730 ¢ém c: W182F
which is caused by an environmental change of protonated
D115, is more pronounced in the mutant, as described by L L L L
Yamazaki et al. (1995). It is not surprising that this residue 840 810 780 750 720
is influenced by the mutation of W182, since, according to
the three-dimensional structure, D115 is very close to W182
(Henderson et al., 1990). The spectrum of 9-H-BR, taken
from Weidlich et al. (1995), has already been discussed.
Unlike the other two systems, 9-H-BR does not show the to W86, but for the 756750 cm? difference band an
typical 11-12 HOOP modes at 960 (negative) and 951 unequivocal assignment could not be made (Rothschild et
(positive) cntt. In all three spectra a feature around 750 al., 1989), although the possibility was discussed that it might
cm is evident which had previously been assigned to be due to W182. Since this difference band is nearly absent
tryptophans (Roepe et al.,, 1988). Figure 3 shows anin the spectrum of the mutant, our data support this
expanded view of this spectral range. The difference bandassignment. It should be mentioned that, in contrast to the
at 741 (negative) and 746 (positive) chtould be assigned  earlier report in which mutants expressedscherichia coli

a: n-BR

- o
0 )
o ~

b: 9-H-BR

c: W182F

wavenumber /cm’

Ficure 3: Enlarged view of Figure 2, showing the HOOP bands
of tryptophan.
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FIGURE4: Static steady-state FT-IR differeence spectra of WT BR FIGURE 5: Enlarged view of Figure 4, showing the HOOP bands
at pH 9 (n-BR, a), showing the BR> MJ/N transition with of tryptophan.
dominating N contribution, of 9-H-BR at neutral pH (b, BR N

transition), and of the mutant W182F at neutral pH (c, BRN the spectral features observed in the N/M mixture with
transition). dominating N are similar to that of low-temperature M
had been used, the mutant expressedHalobacterium (Rothschild et al., 1989), the differences cannot be caused
salinarium shows normal photochemical conversion. In by variable photoproduct compositions. For WT BR, the
addition, the band appears more clearly in the L spectrum, spectrum is similar to the L spectrum; only the difference
which had not been shown before. Therefore, the assignmenband due to W86 is somewhat shifted to higher frequencies.
is now unequivocal. The residual band at 756 ¢in the This is mainly due to the positive part which has its peak
spectrum of the mutant has been shown to be not caused byow at 750 cm?. In the spectrum of the mutant, similarly
a tryptophan vibration (Roepe et al., 1988). It is important to the corresponding L spectrum, the difference band at
to note that the difference band at 756/750 émssigned to  higher frequencies is again missing, corroborating its as-
W182 is equally present in the spectrum of 9-H-BR. signment to W182. Interestingly, in contrast to the L spectra,
Steady-state illumination of WT BR at 268 K and pH 7 removal of the 9-methyl group influences both W182 and
produces a mixture of mainly M and a small amount of N, W86: the corresponding bands have very low intensities or
whereas, as we have shown previously, illumination of 9-H- are even missing in the spectrum of 9-H-BR. In the N
BR at this pH generates N. In the wild type protein the spectrum of the mutant a clear difference band is visible at
amount of N can be made to dominate by increasing the pH 797 (negative) and 814 (positive) cfn This band is not
to 9 (Fahmy et al., 1993). In Figure 4 the steady-state spectrapresent in the spectra of WT BR and of 9-H-BR. From a
of WT BR (pH 9, mainly N), 9-H-BR (pH 7, N), and the ~ comparison with spectra of monosubstituted benzene, we
mutant (pH 7) are compared. It is clear that the mutant assign this band to the HOOP mode of 5 adjacent hydrogens
spectrum represents an almost pure N spectrum, characterizeL-in-Vien et al., 1991) from the newly introduced phenyl-
by the strong fingerprint band at 1186 tha band due to  alanine. Interestingly, this band is missing in the corre-
protonated D85 at 1753 crh and the strong negative sponding L spectrum.
amide-l mode at 1668 cm. The larger intensity of the For 9-H-BR, the M— N transition was studied by rapid-
positive fingerprint band as compared to that of WT BR scan FT-IR spectroscopy at 263 K. We performed similar
indicates that more N is produced. However, the negative experiments for the W182F mutant, shown in Figure 6. The
band at 1740 cmt due to deprotonated D96 has ap- spectrum obtained at-6l7 ms after the flash is very similar
proximately the same intensity in the two spectra. This to that of 9-H-BR. From the band at 1762 chit can be
indicates that, as in 9-H-BR, D96 is only partially deproto- estimated that about 25% M are present. In contrast to the
nated in the N state produced by steady-state illumination. steady-state spectrum, a clear negative band due to depro-
The 11-12 HOOP modes present in the L spectra of WT tonated D96 is now visible, in addition to the positive band
BR and of the mutant can also be seen in the correspondingat 1753 cmi due to protonated D85. However, unlike for
N spectra. Again, they are missing in the N spectrum of 9-H-BR, there is now a negative band amide-I at 1668cm
9-H-BR. Bands caused by tryptophans around 750'aran Its intensity is still considerably lower than that of the
also be seen in the N spectra. The extended spectral rangeorresponding band of N in WT BR. The fully developed
reveals now clear differences in the spectra (Figure 5). Sinceband, which appears only in the later spectra, is one of the



Mutant W182F of Bacteriorhodopsin and 9-Demethyl BR Biochemistry, Vol. 35, No. 33, 199640811

©
®
/

b: 84-95 ms

c: 500 ms

d: 1000 ms

1668

W182F, 263 K W182F, 300 K
1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
1800 1700 1600 1500 1400 1300 1200 1100 1000 900 1800 1700 1600 1500 1400 1300 1200 1100 1000 900
wavenumber /cm’ wavenumber /cm’

FiGUREe 6: Time-resolved rapid-scan FT-IR difference spectra of Figure 7: Time-resolved rapid-scan FT-IR difference spectra of
the mutant W182F measured at 263 K. The respective time rangesthe mutant W182F measured at 300 K. The respective time ranges
of the spectra are given. are given.

characteristics of N of unmodified BR. Since the intensity . S

at 1762 cm? is almost unchanged in the spectrum taken S already reprotonated. This is in contrast to Q—H—BR where
84—95 ms after the flash, little M decay occurs in this time & Slower phase of reprotonation could be discerned. The
range, as in 9-H-BR. In spite of that, the negative amide-I Presence of a shoulder at 1762 crdue to protonated D85
band at 1668 cri is increasing. The spectra taken at 500 N M and the lower intensity of the fingerprint band at 1185
and 1000 ms after the flash show the gradual decay of M CM ' as compared to that in the 236 ms spectrum show
with a concomitant increase of the fingerprint band at 1186 that under these conditions<{8 ms) a small amount of M
cm L, i.e., increase in N. D96 becomes reprotonated in the IS Still present, in agreement with the time-resolved-tV
same time range. The 1000 ms spectrum now shows the"S measurements. Thus, the N state of this M/N equilibrium
full intensity of the negative amide-I band, typical of the N 1S characterized by an already reprotonated D96.

state. It must be noted, however, that after this time, as

judged from the intensity of the ethylenic mode, a small DISCUSSION

fraction of N has already decayed. One could argue that We had described earlier the consequences of removing
the 6-17 ms spectrum contains, instead of an early N, the 9-methyl group of the retinal on the photocycle (Weidlich
contributions from L. However, a close inspection of the etal., 1995). A long-lived N intermediate with a decay time
amide-| bands reveals that the spectral features are ratheof several seconds was formed, and three N states differing
characteristic of an N-like intermediate. The L difference in the protein properties but not in the chromophore structure
spectrum (Figure 2) exhibits a small negative band at 1658 could be distinguished. No O intermediate could be detected.
cm . In the rapid-scan spectrum, the negative band is As compared to WT BR, the extent of photolysis was
located at 1662 cnt and its intensity is considerably larger. reduced by a factor of 5 with a 20 ns laser pulse used for
Since the presence of approximately 25% M has beenexcitation. The apparent M amplitude was further reduced
deduced for this spectrum, the size of the putative L band by a factor of 3, which had been explained by a fast phase
would be further reduced. The shift of the negative band of the M decay. Some aspects of the early part of the
from 1668 to 1662 cmt can be explained by the overlap photocycle are also influenced. At 80 K, instead of the K
with the strong negative band at 1658 ¢npresent in the photoproduct, an intermediate similar to the KL state was
M spectra (e.g., Weidlich et al., 1995). The position at 1668 stabilized. Furthermore, at 213 K and high pH, conditions
cmtis only observed after complete M decay. Thus, both under which normally low-temperature M is obtained, a
the small size and the frequency (1658 ¢jrof the amide-I mixture of L and M was produced. We postulated that the
band in the L spectrum argue against the presence of L inobserved alterations are caused by removal of steric interac-
the rapid-scan spectrum. From the time-resolved FT-IR datation between the chromophore and the protein, and suggested
we can discern, as in the case of 9-H-BR, three N intermedi- that this interaction is between W182 and the 9-methyl group.
ates. We also have performed time-resolved rapid-scanlif this hypothesis were correct, one would expect that
measurements at 300 K (Figure 7). In the first spectrum reduction in size of the amino acid side chain at position
after the flash accessible to the measuremenB(&s), the 182 causes similar alterations in the photocycle as removal
lack of a negative band at 1740 chdemonstrates that D96  of the methyl group at position 9 of the retinal. Obviously,
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the time-resolved UV vis data, the time-resolved FT-IR times of D96, which is somewhat slower in 9-H-BR. The
spectra at 263 and 300 K, and the steady-state FT-IR spectralow phase resulting in the final proton uptake corresponds
at 268 K in the present work show that the later parts of the to the K, increase concomitant with N decay. Thus,
photocycle are very similar in the two modified systems. reducing the steric interaction with the protein near position
Both show a long-lived N decaying in the time range of 9 of the retinal has two important consequences: (1) the time
several seconds (N decay of 9-H-BR is somewhat slower constant for reisomerization of the retinal from di8+o all-
than that of W182F). Since M completely decays long transis increased 200- to 250-fold, and (2) thi mof the
before N does, it is clear that the M/N equilibrium is group(s) located between D96 and the aqueous phase in N
interrupted for the later forms of N (Weidlich et al., 1995). is lowered from 11 to about 7.5. Whereas the first observa-
So far, three forms of N could be identified from the FT- tion could be explained reasonably by an increase of the
IR data at 263 K, the last one being characterized by barrier to the transition state due to an entropy reduction
complete reprotonation of D96. Since no corresponding (the reduced steric interaction enables many conformers of
absorbance changes are resolved in the-ui¢ measure-  the chromophore in N differing in twists around single bonds
ments, it can be concluded that the absorption maximum of (Weidlich et al., 1995)), the last finding cannot directly be
N is not influenced by the protonation state of D96. linked in a straightforward manner to the reduction of the
Assuming the same classification of the N states as deducedteric interaction. Apparently, it consists of an influence of
for 9-H-BR, one has to assume that, in order to explain the the region of the 9-methyl group on residue(s) rather far
presence of the negative amide-I band at 1668 crthe away, influencing their environment in N and thereby
transition from N to N, is faster than in 9-H-BR. However, modifying the K.. From this, one has to conclude that the
it cannot be excluded that in W182F alreadyeXhibits some  retinal-protein interaction also influences the surface of the
negative intensity at this position. But otherwise, both protein. Such an influence of an interaction in the interior
systems behave very similarly at 263 K. The presence of of the protein on reactions at the protein surface has been
20—30% M in the first two 263 K spectra is explained by described in some BR mutants (e.g., Brown et al., 1994a;
the M/N equilibrium prevailing for this time range. This |Luydlam et al., 1995). Since it has been shown that with the
equilibrium also explains the small amount of M presentin formation of the M intermediate the cytosolic loop C-D or
the 2-8 ms spectrum measured at 300 K. The large amountg-F undergoes a rearrangement (Steinhoff et al., 1994, 1995),
of N observed at both temperatures, however, demonstratest js conceivable that modification of the steric interaction
that there must be an M- N transition considerably faster results in the modification of this rearrangement. Further,
than in WT BR. This fast decay of M competes with itS  recent experiments examining the effect of hydrostatic
slow rise, resulting for the mutant and for 9-H-BR in an pressure and of modification of the cytosolic part of helix F
apparent low M amplitude, which was already deduced from gyggest that this part of the protein undergoes movements
UV —vis measurements. during the rise and decay of the N intermediate, which could
Proton uptake is biphasic in both systems, the smaller andjnfiyence the cytosolic surface (W& Lanyi, 1995; Brown
slower phase occurring concurrently with the N decay. The gt a1, 1995). Such a movement has also been inferred from
pH dependence of the two amplitudes suggests that thegitfraction experiments (Dencher et al., 1989; Koch et al.,
proton uptake occurs with & near the pH, resulting first  1991: Nakasako et al., 1991; Subramaniam et al., 1993; Han
in & proton equilibration of the uptake system with the bulk ¢t g1 1994; Kataoka et al., 1994), and from photoacoustic
followed by a shift of this equilibrium to complete repro-  gygdies using thermal beam deflection (Schulenberg et al.,
tonation. This can be represented by the following scheme:1994). It is interesting to note that deuterium NMR
NCD + H* < N© — BR. Only if the pH is not too far experiments indicate that the 9-methyl group changes its
from the [Ka of N, the amplitude of P and thus the  qrjentation only by 4 in the M intermediate (increase with
amplitude of the fast phase of the proton uptake depend onyegpect to the membrane normal) (Ulrich et al., 1995; Watts
pH: rising or lowering of the pH decreases or increases the gt 51 1995). Thus, it could be that the interaction between

fast phase of the proton uptake signal. The slow phasehis methyl group and W182 serves as pivot for the retinal
corresponds to the remainder of the reaction, i.e., 86N 15 ement which then induces the protein conformational

BR transit_ion. The comparison of the proton uptake signals changes. Delaney et al. (1995) suggested that the 13-methyl
with the time-resolved FT-IR spectra measured at 300 K group and L93 have this function in the photocycle.

clearly shows that reprotonation of D96 is decoupled from In orinciol dditional i di Id exist b
proton uptake. Thus, one or several additional groups N Principle, an additional intermediate could exist between

between D96 and the aqueous phase of the cytosolic siddV @nd O with a red-shifted absorption maximum but a 13-
are required to explain the data. Similar conclusions basedCiS chromophore. In the previous discussion it has been
on time-resolved proton uptake and spectral measurementdaCitly assumed that in the formation of the O intermediate
at high pH have been reached previously (Cao et al., 1993b;the_ reisomerization of _the _retlnal is th(_a r_ate-llml_tlng step,
Brown et al., 1994b). In contrast to WT BR for which the which appears suggestive since the steric interaction between

effective [Ka of these group(s) in N has been determined to the chromophore and the protein has been altered and a long-
be around 11 (Zifayi et al., 1993), for N of the two lived N intermediate has been identified. From the present

modified systems theKy, must be around 7.5 as deduced data, however, it cannot be excluded that the formation of
from the increase of the amplitude of the slow phase of the this additional intermediate represents the rate-limiting step
proton uptake signal at pH 7.8. Reprotonation of D96 occurs N the O formation.  Since no clear evidence for this is
from these group(s). At 300 K, the fast phase of proton available, this possibility will not be further discussed.
uptake, which is triggered by but still slower than reproto-  If the proton uptake process is considered also, a fourth
nation of D96, is somewhat slower in 9-H-BR than in the N intermediate has to be included in addition to the three
mutant. This may be caused by the different reprotonation deduced from the FT-IR spectra:



Mutant W182F of Bacteriorhodopsin and 9-Demethyl BR
M, < N; < N,<>N;—N,—BR

where the different N states are characterized in the following
way: Ni: D96 deprotonated, amide-l mode at 1668 ém
not fully developed, no proton uptake:Nas N, in addition
amide-l mode at 1668 cn fully developed; N: as N, in
addition D96 reprotonated;/N as N, in addition major part

of proton uptake.

From the time-resolved UVvis and FT-IR studies it is

clear that the irreversible step among the N states occurs

with the Ns — N4 transition. The NNy/N3 equilibrium
favors N, but has still considerable contribution by,M he
decay of the signal at 410 nm corresponds to the decay of
this equilibrium, and thus to the IN— N, transition. A
careful comparison of the data obtained for WT BR at high
pH (Zimanyi et al.,, 1993) with the data presented here
suggests that ¥ can be identified with B and N with

Na.

Removal of the 9-methyl group has a significant influence
on the early part of the photocycle, explained by reduction
of its steric interaction. In contrast to 9-H-BR, the photo-
cycle of the mutant is very similar to WT BR in the
corresponding time range. The efficiency of the photore-
action is normal, and at low temperature the typical K
intermediate with its strong HOOP modes is formed.
Similarly, the HOOP modes in L are identical to those of
WT BR. Thus, the W182~ F mutation does not produce
exactly the same steric effects as removal of the 9-methyl
group. Apparently the lack of the methyl group somehow

Biochemistry, Vol. 35, No. 33, 199640813

Direct experimental evidence for the interaction of the
9-methyl group with W182 has been documented recently
by the observation of a characteristic band at 3486'af
the L intermediate, which is missing in 9-H-BR, that was
attributed to the NH stretch of W182 (Yamazaki et al., 1995).
Since disappearance of this band could be caused by either
an altered interaction of the chromophore with W182 or an
altered interaction of the NH group of W182 with the protein,
we chose a more intrinsic monitor for tryptophan perturba-
tion. In FT-IR spectra of samples containing deuterated
tryptophan or of tryptophan mutants, wagging modes around
750 cm! could be assigned in K and M spectra (Roepe et
al., 1988) and those of W86 could be identified (Rothschild
et al., 1989). In this work, we could unequivocally assign
the corresponding mode in the L and N spectra (a similar
band is also observed in the K and M spectra; Roepe et al.
1988) to W182. However, unlike the NH stretch of W182,
the corresponding wagging vibration observed in the L
spectrum is not influenced by removal of the 9-methyl group.
It should be noted that the two vibrations characterize
different parts of the indole ring. It appears reasonable that
the NH stretch will be especially influenced by changes in
hydrogen bonding of the NH group, whereas the wagging
modes may be more sensitive to alterations in the steric
interactions via van der Waals contact. Presumably, this
explains the different behavior of the two modes. Inthe N
spectrum, however, a clear effect of removal of the 9-methyl
group is observed. The wagging modes of both tryptophans,
i.e., W182 and W86, are missing or are very weak. This
shows that the corresponding perturbations of these groups

creates a region of reduced van der Waals contact betweercharacteristic of WT BR do not take place, an observation

the retinal and the protein, allowing for greater flexibility of
the chromophore even though the protein is rather rigid.

explained by reduced steric interaction. From the three-
dimensional model of bacteriorhodopsin (Henderson et al.,

Replacement of W182 by F does not create a corresponding1990) it is not surprising that W86 is also influenced, since

“hole”. At higher temperature or at later times, however,

it is located opposite to W182, with the chromophore

when the protein has been able to react to the isomerization,sandwiched in between. Although the perturbations of the

the two modifications have very similar consequences. This
shows that at early times the interaction of the retinal close
to Gy with the protein is different from that at later times.
Additional evidence for this is obtained from the data on
the Trp vibrations (see below). Contrary to the early part
of the photocycle for which reasonable agreement between
WT BR and the mutant is obtained, drastic differences
between the two systems are observed for the rise of M. It
is considerably slowed in the mutant, an effect ascribed to a
shifted L/M, equilibrium (Yamazaki et al., 1995). For 9-H-
BR, however, the early phase of M rise appears even
somewhat accelerated as compared to WT BR and the
amplitude of M is considerably larger. Therefore, the L/M
equilibria differ in the three systems. From the larger M
amplitude in 9-H-BR it can be concluded that another
mechanism must explain the slow phase of M rise. If the
linear reaction model is accepted, it can only be explained
by a reduction in the rate constant of the ™ M, transition.

two tryptophans, as deduced from the wagging modes, are
very similar in L and N, the 9-methyl group influences them
differently in the two states. Due to the longer times
involved in the N formation in addition to the reduction of
the steric constraints, the protein has now enough degrees
of freedom in the neighborhood of the methyl group to
accommodate the distortions caused by the isomerization of
the chromophore without perturbing W86 and W182. In-
terestingly, in the N spectrum of the mutant W182F, we were
able to detect wagging modes of the corresponding phenyl-
alanine, which shows that now F182 is perturbed. The
interaction of the 9-methyl group of the chromophore with
F182 is evidently sufficient to retain the perturbation of W86
observed for WT BR. Since the modes due to F182 are only
observed in the N spectrum, it is not surprising that this is
the state most drastically influenced by the mutation.
Prolonged lifetimes of the N intermediate have been
described for other modifications. The question arises

Thus, clear differences exist between the two modified whether the similarity observed for 9-H-BR and the W182F

systems. One possible interpretation for this could be an
altered structural arrangement of the Schiff base and the
proton acceptor D85 in L. Such altered arrangements have

already been deduced for other mutants (Brown et al., 1994a).

Interestingly, our data show that modification of the steric

interaction influences also the important step disconnecting
the Schiff base from the extracellular side and connecting it
to the intracellular one.

mutant is accidental. However, there is very specific
agreement in a multitude of observed alteratiefast M
decay, four N intermediates, long lifetime of N, similar
kinetics for proton uptake on the cytosolic surfatkeat point

to a common molecular cause. The FT-IR spectra and the
time courses of proton uptake indicate that proton transfer
from D96 to the Schiff base is facilitated in the two systems.
Therefore, the question arises which are the disadvantages
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one has to trade in. Apparently, the advantage of fast protonGanter, U. M., Charitopoulos, T., Virmaux, N., & Siebert, F. (1992)

transfer is counterbalanced by a disadvantageBysquuc-
tion of the external groups and, most importantly, by the
slow reisomerization of the chromophore, that limits the
number of protons transported at high light intensities.

Photochem. Photobiol. 5&7—62.

Han, B.-G., Vonck, J., & Glaeser, R. M. (1998jophys. J. 67
1179-1186.

Heberle, J., Riesle, J., Thiedemann, G., Oesterhelt, D., & Dencher,
N. (1994)Nature 370 379-382.

In this paper we have substantiated our earlier conclusionHenderson, R., Baldwin, J. M., Ceska, T. A., Zemlin, F., Beckmann,
that steric interactions between the chromophore and the  E- & Downing, K. H. (1990)J. Mol. Biol. 213 899-929.

protein play an important role in optimizing the photocycle

Kataoka, M., Kamikubo, H., Tokunaga, F., Brown, L. S., Yamazaki,
Y., Maeda, A., Sheves, M., Needleman, R., & Lanyi, J. K. (1994)

of bacteriorhodopsin. We have emphasized especially the 3 Mol. Biol. 243 621—638.

importance of the region arounds ©f the chromophore
interacting with W182. Perturbation of this interaction, by

changing either the chromophore (9-H-BR) or the protein

(W182F), has very similar effects on the later part of the

Koch, M. H. J., Dencher, N. A., Oesterhelt, D., Rfp H.-J., Rapp,
G., & Biildt, G. (1991)EMBO J. 10 521-526.

Kdnig, B., Arendt, A., McDowell, J. H., Kahlert, M., Hargrave, P.
A., & Hofmann, K. P. (1989Proc. Natl. Acad. Sci. U.S.A. 86
6878-6882.

photocycle (N rise and decay). Since the two modifications krebs, M. P., & Khorana, H. G. (1993) Bacteriol. 175 1555~

of the interaction are not identical, the earlier part of the
photocycle is differently influenced. An important result is

the observation that the reduced steric interaction influences

in the N state of both systems thKof the proton acceptor/

1560.
Lanyi, J. K. (1992)J. Bioenerg. Biomembr. 2469-179.
Lanyi, J. K. (1993)Biochim. Biophys. Acta 118241—-261.
Lin-Vien, D., Colthup, N. B., Fateley, W. G., & Grasselli, J. G.
(1991) inThe handbook of infrared and Raman characteristic

donor group(s) located between D96 and the aqueous phase frequencies of organic moleculescademic Press, Boston.

close to the surface of the protein. Interestingly, for
rhodopsin the retinalprotein interaction near the 9-methyl

group is also of importance (Ganter et al., 1989). Removing
this interaction abolishes the conformational changes of the

Ludlam, C. F. C., Sonar, S., Lee, C.-P., Coleman, M., Herzfeld, J.,
RajBhandary, U. L., & Rothschild, K. J. (1998jiochemistry

Mathies, R. A., Lin, S. W., Ames, J. B., & Pollard, W. T. (1991)
Annu. Re. Biophys. Biophys. Chem. 2891-518.

cytosolic loops detected recently in the metarhodopsin Il state Nakasako, M., Kataoka, M., Amemiya, Y., & Tokunaga, F. (1991)
(Ganter et al., 1992; Farahbakhsh et al., 1993; Resek et al., FEBS Lett. 29273-75.

1993) which are thought to be of importance for the
interaction of activated rhodopsin with transducin’ (kget
al., 1989; Franke et al., 1990).
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