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ABSTRACT: Time-resolved resonance Raman spectra were observed for neutral and alkaline bacteriorhodopsin 
(bR) with a double-beam flow apparatus. The delay time ( t d )  between the pump and probe beams was 
changed from 15 to 1200 ps,  and the probe-only spectra were observed before and after individual pump-probe 
spectra in order to rectify the bleaching effect of bR during the measurements. In the 457.9-nm probed 
spectra, the intensity of the 1566-cm-' band of M412 increased until t d  = 190 p s  and then decreased with 
a decay constant (Td)  of 1.7 ms a t  pH 7.0. However, a t  pH 10.5, its intensity was maximum a t  td = 15 
p s  and decayed monotonously. In the first 300 ps, ca. 40% of M412 decayed with 7 d  = 0.39 ms, whereas 
its decay curve a t  later time was very close to that of neutral M412. The slower decay component in this 
study corresponds to the so-called fast decay component of M412 (M?. The reversal of positions of the pump 
and probe beams gave a spectrum identical with the probe-only spectrum, indicating that a possible long-lived 
intermediate (7d > 3 s) contributes little to the present spectrum, although a t  pH 10.5 the presence of a 
small amount of bR460 was suggested from the probe-only spectrum. Accordingly, the presence of a very 
fast decaying M species (M'g was deduced a t  alkaline pH. In the 514.5-nm probed spectra, the 1190-cm-' 
band characteristic of the N (or P or L') intermediate did not grow in conformity with the decay of Mvf, 
suggesting that is not converted into N or the 1190-cm-' band of N is very weak. The two C=C stretching 
bands of L550 at  1551 and 1542 cm-l decayed similarly, and this decay behavior agreed with the rising kinetics 
of the 1566-cm-' band also with the reported kinetics of the slow rising component of M412. The efficiency 
for generation of later photointermediates a peared 1.6 times higher a t  pH 10.5 than a t  p H  7.0, and the 
increment is ascribable to generation of M' P . 

Bacteriorhmiopsin (bR) is a retinal-containing protein found 
in the purple membrane of a light-harvesting bacterium, 
Halobacterium halobium. This protein transforms light en- 
ergy into electrochemical energy by transporting protons across 
the membrane (Oesterhelt & Stoeckenius, 1973), and due to 
its unique nature for the function, the physicochemical prop- 
erties of bR have been extensively investigated [see Stoeckenius 
and Bogomolni (1 982) for a review]. Light-adapted bR570 has 
all-trans-retinal bound to Lys-216 via a protonated Schiff base, 
and upon absorbing a photon, it undergoes a cyclic reaction 
involving trans to cis isomerization at the C13=C14 bond and 
successive deprotonation of the Schiff base. Transient optical 
spectra (Lozier et al., 1975) indicated the presence of four 
distinct intermediates, at least, in the photochemical cycle of 
bR, that is 

although some modifications were suggested by others (Ot- 
tolenghi, 1980; Birge, 198 1; Stoeckenius & Bogomolni, 1982). 
The ejection of protons from the cell membrane to the outside 
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takes place at  a rate comparable to that for the formation of 
M412 (Lozier et al., 1976; Ort & Parson, 1978; Grzesiek & 
Dencher, 1986), while preceding proton movement between 
amino acid residues was credited for the formation of L550 
(Engelhard et al., 1985). The uptake of protons from the other 
side of the membrane occurs in the relaxation process of M412 
to bRS7@ Accordingly, the rising and decaying kinetics of M412 
would be a key step for the unidirectional proton pump of bR. 
In order to elucidate this step, we investigated transient res- 
onance Raman spectra of bR by using a double-beam flow 
apparatus. 

Resonance Raman (RR) scattering from bR provides the 
vibrational spectra of the retinal Schiff base that are sensitive 
to the surroundings of the retinal-Schiff base as well as to its 
isomeric structure [see Mathies (1984); Smith et al. (1985a), 
and Stockburger et al. (1986) for a review]. The Schiff base 
C=N stretching mode (vCSN) serves as a diagnostic for its 
protonation (Lewis et al., 1974) and indeed indicated that only 
M412 among various species in the photochemical cycle has 
the deprotonated Schiff base (Marcus & Lewis, 1977; Aton 
et al., 1977; Braiman & Mathies, 1980; Bagley et al., 1982). 

Mathies and co-workers analyzed the RR spectra of about 
20 isotope-substituted retinals (Mathies, 1984; Smith et al., 
1985b) and of their complexes with bacterioopsin in the all- 
trans (Smith et al., 1987b) and 1 3 4 s  forms (Smith et al., 
1987a). Accordingly, the vibrational assignments of Raman 
bands have nearly been established. It was pointed out (Smith 
et al., 1985a) that the in-phase CI2-D and C14-D in-plane 
bending mode of a dideuteriated derivative is sensitive to an 
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isomeric structure about the CI3=Cl4 bond, and from their 
frequencies, K590, L550, and M412 were inferred to have the 
13-cis form, while bR570 and 0 6 4 0  were deduced to adopt the 
13-trans form. 

Recently, the presence of multiple forms was suggested for 
M412 from the biphasic nature of its decay (Ohno et al., 1981; 
Li et al., 1984; Groma & Dancshazy, 1986) and of its for- 
mation (Hanamoto et al., 1984; Scherrer & Stoeckenius, 1985; 
Grzesiek & Dencher, 1986), although the two forms cannot 
be distinguished by resonance Raman (Deng et al., 1985) or 
by visible absorption spectra. Low-temperature photolysis 
studies showed that the yield of M412 increased when the pH 
was raised above 10, suggesting a catalytic action of an amino 
acid residue with pK, = 10 on the formation of M412 (Kalisky 
et al., 1981). Additional photointermediates called N, P, and 
R350 are proposed in the relaxation process of M412 to bR5,,, 
(Xie et al., 1987; Drachev et al., 1986; Dacshazy et al., 1986). 
These intermediates are considered to have longer lifetimes 
at alkaline pH and higher ionic strength. Besides these natural 
intermediates, it was found in RR studies that an M-like 
intermediate having the all-trans unprotonated Schiff base was 
generated upon laser illumination to M412 (Stockburger et al., 
1979; Grieger & Atkinson, 1985). 

In order to clarify intermediates involved in the photocycle 
of bR before and after M412, we undertook the present study. 
In our previous study (Maeda et al., 1986) we pointed out that 
an L-like species with a long lifetime was accumulated in the 
spinning cell at alkaline pH, but such species was not recog- 
nized in the single-beam flow experiments. In this study the 
double-beam flow technique was adopted to explore RR 
spectra of microsecond to millisecond intermediates. We found 
that some M species decays much faster than the conventional 
fast-decaying M412 and does not yield the N intermediate, 
although its formation is postulated in a new comprehensive 
interpretation of bR photocycle based on transient absorption 
spectra by Kouyama et al. (1988). 

EXPERIMENTAL PROCEDURES 
The purple membrane (PM) was isolated from H. halobium 

R I M l  by the standard method (Oesterhelt & Stoeckenius, 
1974) and suspended in 10 mM phosphate (pH 7.0) or 10 mM 
carbonate buffer (pH 10.5) containing 0.2 M KCl so that the 
final solution could give A568 = 1.8 cm-'. Before the mea- 
surement of RR spectra, the sample was sonicated for 15 s 
to make it free from aggregation of the PM sheets and then 
illuminated by a slide projector for 1 min for light adaptation. 
Since the yield of intermediates decreased as the bR aged, the 
measurements were carried out within a month after isolation 
of PM. 

Transient R R  spectra were measured with a double-beam 
flow apparatus described elsewhere (Ogura et al., 1987). The 
photocycle of bR was initiated by the pump beam (598 nm, 
55 mW at sample, beam diameter 80 pm) that was generated 
by a dye laser (Spectra Physics Model 375) with Rhodamine 
6G pumped by an Are laser (Spectra Physics Model 164). 
Raman scattering was excited by the probe beam (514.5 or 
457.9 nm) from an Ar+ laser (NEC GLG3200). Its power 
was set to be as low as possible (1.4 mW at sample; beam 
diameter 20 pm). The delay time ( t d )  between the pump and 
probe beams was determined by measuring a flow rate of the 
sample and the center-to-center distance between the pump 
and probe beams with a microscope installed behind the sample 
point. Raman spectra were observed with an OMA 11 system 
(PAR 1215) and a diode array detector (PAR 1420) attached 
to a double monochromator (Spex 1404). Raman shifts were 
calibrated with indene. 
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FIGURE 1: Transient RR spectra for the flowing sample of bR at pH 
7.0 (left) and pH 10.6 (right). The spectra at the top (A and A') 
were observed only with the probe beam (457.9 nm, 1.4 mW), but 
others were obtained in the presence of the pump beam (598 nm, 5 5  
mW). The inserted traces represent the ordinate-expanded (4 times) 
spectra of (A) and (A'). The delay times were determined by 
measuring the center-to-center distances of the two beams by using 
a microscope and are noted at the left side of the individual spectra. 
Five milliliters of the bR buffered solutions containing 0.2 M KC1 
was flowed with the rate of 3.23 m/s, and the sample reservoir was 
kept at 1 3  O C .  The ordinate scales are normalized to spectrum A 
or A' on the basis of the average intensity of the 1529-cm-' bands 
in the probe-only spectra observed before and after individual 
pump-probe spectra. The exposure time of detector was 1.6 s, and 
the accumulation time was 160 s. 

About 5 mL of the sample solution was circulated to a 
capillary cell (0.8-mm i.d.) through a silicon tube by a per- 
istaltic pump (Cole-Palmer Model 7553-20). The temperature 
of the sample was monitored by putting a thermocouple di- 
rectly into the solution in the reservoir; the sample was kept 
at  13 "C in a water bath. The flow rate was determined to 
be 4.76 m/s for the 514.5-nm probe experiment and 3.23 m/s 
for the 457.9-nm probe experiment from the observed volume 
rate and the cross section of the capillary cell. Accordingly, 
it takes ca. 3 s for one turn of sample circulation. Upon 
variation of the delay time, two independent series of exper- 
iments were carried out; one is the ascending order of the delay 
times, and the other is their descending order. This is to 
confirm that incomplete light adaptation does not affect the 
results. Samples were renewed for every series of experiments. 
In order to rectify an effect of slight bleaching of bR during 
the measurements, the probe-only spectrum was observed 
before and after each pump-probe spectrum with identical 
instrumental conditions, and the average of two spectra was 
regarded as the corresponding probe-only spectrum. 

RESULTS 
Figure 1 shows the 457.9-nm probed double-beam transient 

RR spectra in the C=C stretching region of bR at pH 7.0 
(left) and pH 10.5 (right). Only the spectra at the top [(A) 
for pH 7.0 and (A') for pH 10.51 were observed without the 
pump beam. In spectra A and A', the in-phase C=C 
stretching mode (vC4) is observed at 1529 cm-' for bR570, 
and in their ordinate-expanded spectra the C=NH stretching 
mode ( v ~ = ~ ~ )  of the protonated Schiff base is identified at 
1639 cm-'. Each pump-probe spectrum was normalized by 
dividing it with the intensity ratio of the 1529-cm-' band in 
spectrum A or A' to that in the corresponding probe-only 
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FIGURE 2: 457.9-nm probed difference spectra of bR at pH 7.0 (left) 
and pH 10.6 (right). These spectra were obtained by subtracting the 
corresponding probe-only spectra from the individual pump-probe 
spectra shown in Figure 1. In this calculation an appropriate factor 
was multiplied with the subtrahend so that the contribution at 1529 
cm-I is depleted in the difference spectra, and therefore intensity 
normalization explained in Figure 1 is reserved. Each spectrum is 
specified by the delay time denoted at the left. 

spectrum so as to remove the bleaching effect. In this sense 
the transient spectra shown in Figure 1 are normalized to 
spectrum A or A'. The delay times between the pump and 
probe beams are specified at  the left side of each spectrum. 

At pH 7.0 the uC4 band of M412 appears at  1566 cm-' in 
the pump-probe spectra (B-I) but not in the probe-only 
spectrum (A). However, at pH 10.5, a weak feature is rec- 
ognized even in the probe-only spectrum (A'). One may argue 
that this suggests the presence of a small amount of an M-like 
species as a thermal mixture or as a long-lived M412 species 
(MS). However, the relative intensity of the 1566-cm-' band 
to the 1529-cm-' band was unaltered when the laser power 
of the probe beam was reduced to 0.7 mW. Furthermore, 
when the pump beam was placed at the downstream side of 
the probe beam, a RR spectrum identical with spectrum A' 
was observed. Therefore, it is unlikely that the 1566-cm-' band 
of spectrum A' arose from a photointermediate generated by 
a probe beam. On the other hand, Druckmann et al. (1982) 
reported that the unprotonated form of unphotoreacted bR 
(bR,) gave the absorption maximum at 460 nm and the uw 
RR band at 1565 cm-'. Although the pK, for the Schiff base 
proton is as high as 13, a small amount of bR460 might be 
present at pH 10.5 and give rise to the RR band at 1566 cm-' 
in the probe-only spectrum. The presence of a small amount 
of bR460 is practically equivalent to a slight reduction of an 
effective concentration of bR but does not affect the discussion 
below. 

In the presence of the pump beam at pH 10.5 (B'-1'), the 
1566-cm-' band is remarkably intensified and the u ~ - ~  mode 
of the deprotonated Schiff base is also recognized at 1620 cm-'. 
In order to delineate the contribution of M412, difference 
spectra were calculated by subtracting the corresponding 
probe-only spectra from the individual pump-probe spectra. 
In this calculation an appropriate factor was multiplied with 
the subtrahend so that the 1529-cm-I band of the parent bR570 
could be deleted in the difference spectrum. The results are 
shown in Figure 2. Since all the spectra are normalized as 
explained for Figure 1, the relative intensity of the 1566-cm-' 
band in Figure 2 measures the relative amount of Md12 gen- 
erated. 
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FIGURE 3: Time profile of the 1566-cm-' band, in which its band 
intensities in Figure 2 are plotted against the center-to-center delay 
times. The ordinate scale is represented in terms of the maximum 
peak height of the 1566-cm-' band relative to the maximum peak 
height of the 1529-cm-' band in the corresponding probe-only spectra, 
although the spectra in Figure 2 are already normalized by the intensity 
of the 1529-cm-I band of the probe-only spectrum. The solid and 
open markers denote the values obtained in the series of the descending 
and ascending orders of the delay time, respectively. The broken line 
was calculated from eq 1 by putting Myf = 1.42, Tvf = 0.39 ms, IU~ 
= 1.46, and T~ = 2.3 ms, while the solid line was obtained by replacing 
t with t - 200 and A@ = 0, M' = 1.55, and Tf = 1.7 ms. The dotted 
line indicates a single-exponential decay curve (My '=  0, M y  = 2.3, 
and rV = 1300 ps) that was adjusted to best reproduce the data points 
between 300 and 1200 ps of bR at pH 10.5. 

At pH 7.0 a weak feature appears at  the lower frequency 
side of the 1566-cm-' band until 124 ps  (A-D), and as it 
becomes weaker, the 1566-cm-' band becomes stronger. 
Accordingly, this side band is attributed to the precursor of 
M412, namely, L550. Since the rise time of the slow rising 
component of M412, which dominates at pH 7.0 (90%), is 
reported to be 94 p s  (Scherrer & Stoeckenius, 1985), this 
observation confirms the correctness of the time scale in the 
present experiments. Such a feature is less pronounced at  
alkaline pH and disappears at shorter delay times than at 
neutral pH. At pH 7.0 the intensity of the 1566-cm-' band 
increases until t d  = 186 ps  and then decreases. In contrast, 
at pH 10.5, the intensity of the 1566-cm-' band is maximum 
at the earliest delay time in this experiment, and it decreases 
monotonously as the delay time becomes longer. This clearly 
indicates that the rising time of M412 is less than 15 p s ,  in 
agreement with the observations for the fast rising M412 re- 
ported by Rosenbach et al. (1982) and Scherrer and Stoeck- 
enius (1985). The intensity of the v ~ = ~  band at 1620 cm-I 
runs parallel with that of the 1566-cm-' band. 

In order to make the kinetic behavior of M412 clearer, the 
peak intensities of the 1566-cm-' band in Figure 2 are plotted 
against the delay time in Figure 3, where open and closed 
markers indicate the data from two independent series of 
experiments, that is, data obtained in the ascending and de- 
scending orders of the delay times. The ordinate is scaled in 
terms of the relative intensity of the 1566-cm-' band to the 
1529-cm-' band, although the intensities of the 1566-cm-' 
bands in Figures 1 and 2 are already normalized by the in- 
tensity of the 1529-cm-' band of the probe-only spectrum. The 
two kinds of data are in agreement within experimental error, 
indicating that the observed data involve no contribution from 
degradation of bR or accumulation of any photoproducts. 

It is evident that the kinetics of M412 are different between 
at  pH 7.0 and 10.5. First, the formation of M412 is faster at  
alkaline pH than at neutral pH and thus agrees with earlier 
remarks (Lewis, 1978; Kalisky et al., 1981; Rosenbach et al., 
1982; Hanamoto et al., 1984; Scherrer & Stoeckenius, 1985). 
Second, at  alkaline pH we see very fast decay of M412 in the 
time range from 15 to 300 ps. A single-exponential decay 
curve that best reproduces the data for 300-1200 ks of bR at 



1350 Biochemistry, Vol. 28, No. 3, 1989 Nakagawa et al. 

~ 1 p H 7 . 0  pH10.5 

FIGURE 4: Transient RR spectra for the flowing sample of bR at pH 
7.0 (left) and pH 10.6 (right). Spectra A and A' were obtained only 
with the probe beam (514.5 nm, 1.4 mW), but spectra Band B' were 
obtained in the presence of the pump beam (598 nm, 55 mW) at the 
delay time of 10.5 fis. Traces C and C' are the difference spectra 
obtained so as to yield zero intensity at  1529 cm-I; (C) = (B)  - 
0.64(A), (C') = (B') - 0.45(A'). 

pH 10.5 is drawn with a dotted line, and it is apparent that 
deviations of the data points for 15-300 ps from the curve are 
evidently beyond the statistical errors deduced from the 
scattering of points obtained from two independent experi- 
ments. Therefore, we fitted the observed points by using a 
linear combination of two exponential functions: 

(1) M = wf exp(-t/r,f) + M' exp(-t/.rf) 

The broken line in Figure 3 indicates the curve of eq 1 with 
Mvf = 1.42, 7,f = 0.39 ms, M'= 1.46, and Tf = 2.3 ms, while 
the solid line indicates the curve for a single-exponential 
function (A!'" = 0, M' = 1.55, and Tf = 1.7 ms) in which t was 
replaced by t - 200 because the maximum population of M412 
is achieved around t = 200 ps at neutral pH. It is emphasized 
that at alkaline pH ca. 40% of M412 present at t d  = 15 ps 
disappears within 300 ps. This has never been noticed in 
previous studies (Ohno et al., 1981; Lam & Packer, 1983; 
Kouyama et al., 1988; Scherrer & Stoeckenius, 1985), because 
all of them analyzed the spectral changes in a millisecond time 
period. In those studies the presence of two kinds of M412 was 
postulated; the fast (Mq and slow decay components (MS) had 
the decay constant of a few milliseconds and 10 ms, respec- 
tively, and the decay constant of the slow one lengthens at  
alkaline pH. In the time range from 400 to 1200 ps, the M412 
species at both pH 7 and 10.5 seems to have a decay constant 
of 1.7-2.3 ms, which agrees with that of conventional Mf. 
Consequently, at alkaline pH we have to admit the presence 
of another M species (Mvf) that decays with a decay constant 
of 0.39 ms, and its population is appreciably large at pH 10.5. 

Figure 4 shows the 5 14.5-nm probed transient RR spectra 
of bR at pH 7.0 (left) and pH 10.5 (right). Spectra A and 
A' were observed without the pump beam, whereas spectra 
B and B' were observed in its presence with the delay time of 
10.5 ps. The intensities of spectra B and B' are scaled by the 
average of two probe-only spectra in the same way as explained 
for Figure 1. Although the intensities of the 1529-cm-' bands 
in spectra A and A' are similar, those in spectra B and B' are 
fairly different. This difference was reproducible. Since the 
pump laser was fairly strong and accordingly bR molecules 
in the laser beam are considered to be in photoequilibrium 
between bR570 and K590, the observed intensity difference of 
the 1529-cm-I band should reflect a difference in the rate 
constant for the first irreversible thermal reaction (probably 
K590 to L550), which leads to an effective change of the pho- 
toequilibrium. Anyway, the efficiency for generation of later 

FIGURE 5: 514.5-nm probed difference Raman spectra of bR at pH 
7.0 (left) and pH 10.6 (right). Only the spectra in the C=C 
(1580-1500 cm-I) and C-C stretching regions (1210-1 170 cm-I) 
are depicted for each delay time. The intensities of all spectra are 
normalized in the same sense as in Figure 2 on the basis of the 
probe-only spectra observed before and after individual pumpprobe 
spectra. 

photointermediates upon light illumination differs between pH 
7.0 and 10.5; the greater the intensity reduction of the 
1529-cm-' band is, the higher the efficiency for the practical 
photoreaction is. The intensity ratio of the 1529-cm-' band 
in the presence of the pump beam to that in its absence was 
0.65 for neutral bR and 0.45 for alkaline bR in Figure 4. 
Spectra C and C' show the difference spectra calculated from 
spectra A and B and spectra A' and B', respectively, in the 
same way as in Figure 2 and correspond to spectra of L550 at 
pH 7.0 and 10.5. The C=C stretching modes are observed 
as a doublet at 155 1 and 1542 cm-' and the C-C stretching 
mode (vC+) at 1190 cm-' is observed at both pH values. The 
intensities of these bands are weaker in spectrum C' than in 
spectrum C despite the fact that the efficiency of the photo- 
reaction is higher at alkaline pH. This is probably due to the 
faster decay of L550 at alkaline pH. 

The pump-probe spectra similar to spectra B and B' were 
observed for various delay times and scaled on the basis of the 
corresponding probe-only spectra. Then the spectra of tran- 
sient species were calculated, and their vc4 and vCx regions 
for a variety of the delay times are depicted in Figure 5, where 
the intensities are normalized by the corresponding probe-only 
spectra as explained for Figure 2. The kinetic behaviors of 
the vC4 and vc-c bands appear alike at both pHs, and the 
two bands are generally weaker at pH 10.5 than at pH 7.0. 
This intensity difference is more prominent at delay times less 
than 250 ps, being consistent with the behaviors of the lower 
frequency side bands of vC4 in Figure 2. For clarifying the 
kinetic properties of these bands, the relative intensities of the 
vC4 and vc-c bands are plotted against the delay time in 
Figure 6. 

In the previous kinetic RR spectra by Marcus and Lewis 
(1978), the resonance enhancement pattern and kinetic be- 
havior of the 1551-cm-' band were different from those of the 
1542-cm-I band, and therefore the two bands were assigned 
to different photointermediates. We also reproduced their 
results previously (Ogura et al., 1987), but more careful ex- 
amination revealed that insufficient light adaptation resulted 
in dissimilar kinetics of the two bands; the 1542-cm-' band 
contains the intensity contribution from the 1537-cm-I band 
of bR548 more than the 1551-cm-' band at the initial stage of 
the flow experiment, but such difference disappears later due 
to gradual light adaptation by laser irradiation (Nakagawa 
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decrease of the 1566-cm-' band of MVf shown in Figure 3. 

DISCUSSION 
Characterization of the successive intermediate that follows 

M412 is currently under extensive discussion. Drachev et al. 
(1 986) measured light-induced difference absorption spectra 
in the 500-600-nm region in the millisecond time range and 
suggested the presence of intermediate P, while Dancshazy 
et al. (1986) observed a difference peak at 350 nm and called 
the intermediate R35o. Kouyama et al. (1988) characterized 
an intermediate, N, which has a major absorption maximum 
at 550-560 nm with lower absorbance than bR570 and con- 
sidered that N,  P, and R350 are identical. Accordingly, for 
simplicity, we adopt the notation N for this intermediate. The 
N intermediate has a lifetime as long as 10 s at alkaline pH 
and high ionic strength, but its lifetime is deduced to be less 
than 1 ms at  neutral pH. Fodor et al. (1988) determined the 
chromophore structure of N to be the 13-cis protonated form 
from time-resolved RR spectroscopy and argued that M412 

decays directly to N with a lifetime of 4 ms. According to 
Fodor et al. (1988), the RR spectrum of N has characteristic 
bands at  1186, 1530, and 1548 cm-'. However, as noted 
previously, the 1190-cm-' band did not grow in conformity with 
the decay of the 1566-cm-' band of M"? Since ca. 40% of M412 
present at  t d  = 15 ps is depleted at  t d  = 400 ps (Figure 3), 
appreciable intensity increase should be observed at 1190 cm-' 
in that time range if M" were converted into N. Consequently, 
we infer that M" is not a precursor of N or that the 1186-cm-' 
band of the corresponding N species is unexpectedly weak. 
Since the intensity of the 1529-cm-' band of the parent bR570 
in the normalized pumpprobe RR spectra before difference 
calculation (for example, Figure 4B) increased slightly in the 
time range 200-400 ps, Mvf might be converted into bR570 
directly or into an unknown species which is less intensity- 
enhanced in RR spectra upon excitation at  514.5 and 457.9 
nm. 

In our previous R R  study with a spinning cell for alkaline 
bR (Maeda et al., 1986), an L-like RR spectrum was observed 
except for the location of the vC4 band at  1529 cm-I, and 
it was ascribed to L', an intermediate with a long lifetime. The 
RR spectrum of L' was remarkably close to the spectrum of 
N reported by Fodor et al. (1988). One may deduce that the 
slight increase of the 1190-cm-' band of alkaline bR at longer 
delay time (Figure 6B) is due to formation of this species. 
However, when the pump beam (598 nm) was placed at  a 
downstream side of the probe beam (514.5 nm), the observed 
spectrum was the same as that obtained without the pump 
beam. Since it takes ca. 3 s for a molecule to run one cycle 
of the flow system, the N or L' species would not have a 
lifetime as long as 3 s under the present solution conditions 
(0.2 M KCl, pH 10.5) and thus would not be accumulated. 

Kouyama et al. (1988) proposed a new relaxation route to 
N to bR570 that includes photoreaction of N to NL and thermal 
reversible reaction of NL to NM. According to their inter- 
pretation about the relaxation from N to bR570, the kinetically 
defined Mf and MS (defined from the decay behavior but not 
from the rising behavior) correspond to M412 and N,, re- 
spectively. As explained above, the M species identified in 
the present experimental conditions did not remain after one 
cycle of sample flowing. Consequently, we deduce that the 
1566-cm-' band shown in Figure 2 arises either from Mvf or 
Mf. 

The intensity reduction of the 1529-cm-' band due to in- 
corporation of the pump beam (Figure 4) indicates that the 
amount of molecules forwarded to the photocycle is 35% and 
55% of bR present at pH 7.0 and 10.5, respectively. This value 
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FIGURE 6:  Time profiles of the 155 1 -, 1542-, and 1 190-cm-l bands 
in the difference spectra shown in Figure 5 .  The left and right sides 
represent the results at pH 7.0 and pH 10.5, respectively. The meaning 
of the open and solid markers is the same as for those in Figure 3. 
(A and B) The relative intensities of the 1190-cm-' band to the average 
of the 1551- and 1542-cm-I bands are plotted against the delay time. 
The error bars were estimated for the 119O-cm-' band on the basis 
of the background noise. The estimated error increases at longer delay 
times since the 1190-cm-' band becomes weaker. (C and D) The 
maximum peak heights of the 1551- (circles), 1542- (triangles), and 
1190-cm-' bands (squares) relative to the maximum peak height of 
the 1529-cm-I band of the corresponding probe-only spectra are plotted 
against the delay time. 

et al., 1989). In the present experiment bR was sufficiently 
light-adapted, and therefore the results from two series of 
experiments, that is, the ascending and descending orders of 
the delay times, are in agreement with each other as shown 
in Figure 6. The intensity ratio of the 1551-cm-l band to the 
1542-cm-' band remained unaltered over the time range ex- 
amined, although both bands diminished in intensity monot- 
onously as the delay time increased. This is apparent in the 
plots C and D. Therefore, both the 1551- and 1542-cm-' bands 
are assigned to Lsso as suggested previously (Argade & 
Rothschild, 1983; Alshuth & Stockburger, 1985; Smith et al., 
1984). This conclusion is unaltered as the pH is raised. 

The decay profile of the 155 1-cm-' band shown in Figure 
6C gives rise to the decay constant of ca. 190 ps for t d  < 400 
ps, while that in Figure 6D gives also 190 ps for t d  < 150 ps. 
It is stressed that the decay kinetics of the 1551-cm-' band 
at pH 7.0 is consistent with the rising kinetics of the 1566-cm-' 
band shown in Figure 3. On the other hand, the presence of 
two kinetic components are reported for the formation of M412 

(Hanamoto et al., 1986); the corresponding decay constants 
of L,,, at  10 "C are 22 and 152 ps for the fast and slow 
components, respectively. Accordingly, L550, which contributed 
to the RR spectra shown in Figure 5, gives rise solely to the 
slow rising component of M412 while the L species corre- 
sponding to the fast rising component of M412 has already 
disappeared from spectra A and A' in Figure 5. 

The time dependence of the 1190-cm-' band is also illus- 
trated in Figure 6C,D. One would realize intuitively that the 
kinetic behaviors of the 1190- and 1551-cm-I bands are alike, 
but in order to demonstrate it more clearly, the relative in- 
tensities of the 1190-cm-' band to the average of the 1551- 
and 1542-cm-I bands are plotted against the delay time in 
Figure 6A,B. At pH 7.0, the relative intensity remains un- 
altered until 400 ps, but at  pH 10.5 the value at td = 0 is 
slightly larger than that at  pH 7.0 and it appreciably increases 
with the delay time. This may suggest that a species which 
gives rise to the 1190-cm-' band accumulates slowly, but one 
can definitely conclude that the intensity increase of the 
1190-cm-' band at alkaline pH does not match the intensity 
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for neutral pH happens to agree with the reported quantum 
yield (0.3-0.4) (Goldschmidt et al., 1976, 1977; Becher & 
Ebrey, 1977; Hurley & Ebrey, 1978; Alshuth & Stockburger, 
1985), which is considered to be pH independent between pH 
5 and 11 (Renard & Delmelle, 1981; Rosenbach et al., 1982). 
There is no possibility that an accumulation of a long-lived 
photointermediate causes the apparent greater intensity re- 
duction of the 1529-cm-' band at alkaline pH. As indicated 
in Figure 3, the decay behavior of the 1566-cm-' band in the 
range 400-1200 I.LS is little altered between pH 7.0 and pH 
10.5, implying that the difference between the neutral and 
alkaline bR exists in the presence of the very fast decay com- 
ponent at alkaline pH. The ratio of the maximum peak height 
of the 1566-cm-I band at pH 10.5 to that at pH 7.0 in Figure 
2 is 1.8, which is noticeably close to the ratio of the efficiencies 
for generation of later photointermediates at alkaline and 
neutral pHs (0.55/0.35 = 1.6). It is reported that the amount 
of the fast rising component of Md12 (7 = 8.7 I.LS at 20 "C) 
increases from 10% at pH 7.0 to 70% at pH 10.5 (Scherrer 
& Stoeckenius, 1985). Accordingly, it is plausible that Mvf 
corresponds to the fast rising component of MdI2 and most of 
the increment in the efficiency of L and M formation at al- 
kaline pH comes from the contribution from the species that 
generates Mvf. 
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