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ABSTRACT: Photochemical cycles of acidified bacteriorhodopsin (bRgs) at 21 & 1 °C were studied by
picosecond and nanosecond spectroscopies. The sample solution “bR¢qs” was a mixture of all-trans (57%)
and 13-cis (40%) components of bRgs (bRZ:" and bR}3, respectively) and a small amount of bR (3%).
Predominant excitation of bR was achieved with the use of 630-nm light. The time constant for the
formation of an acidic form of the K intermediate (K,4) was found to be shorter than 30 ps. The lower
limit of the time constant was estimated at 2 ps. The quantum yield for the formation of K,q was shown
to be 0.09 £ 0.01, which is smaller than the yield of KL (0.30 £ 0.03) in a suspension at neutral pH. The
absorption spectra of bR25:", bR, K, ., and an acidic form of L (L,4) were obtained from nanosecond
time-resolved difference spectra measured with several excitation wavelengths (630, 532, and 266 nm). The
time constant for the K, ;g — L,q4 conversion process in the acidified sample (1.5 & 0.3 us) is nearly equal
to that for the KL — L conversion at neutral pH (1.3 £ 0.3 us). On the other hand, the time constant

for the L,y — M process is much longer at low pH than at neutral pH. Difference absorption spectra

between bR{3s™* and the relevant photoproducts at-low pH resemble those at neutral pH.

I)hotochemical cycles of bacteriorhodopsin (bR) have been
extensively studied on aspects of the light-driven proton pump
and of analogous visual processes (Honig, 1978; Stoeckenius
et al., 1979). Three intermediates, K, L, and M, have been
established in the photochemical cycle of a light-adapted purple
membrane in Halobacterium halobium by low-temperature
spectrophotometry and time-resolved spectroscopy at physio-
logical temperatures (Kung et al., 1975; Lozier et al., 1975;
Iwasa et al., 1980). Precursors of K have also been reported
(Kaufmann et al., 1976; Applebury et al., 1978; Ippen et al.,
1978; Matveetz et al., 1985; Nuss et al., 1985). Intermediates
in the photochemical cycle of a dark-adapted purple membrane
(6'°C or Batho-bR!3) were found in both room temperature
and low-temperature experiments (Dencher et al., 1976,
Sperling et al,, 1977; Kalisky et al., 1977; Iwasa et al., 1981).

The purple membrane is converted to a “blue” membrane
at low pH (Oesterhelt & Stoeckenius, 1971). The blue color
of the membrane is due to an acidified bacteriorhodopsin,
bR, which has an absorption maximum at 605 nm (pH 2.5).
It has been shown that the blue sample “bRs” is a mixture
of bacteriorhodopsins with all-trans- and 13-cis-retinals (60:40)
(Mowery et al., 1979; Maeda et al., 1980; Smith et al., 1985)
and that the sample contains a small amount of neutral form
bRses. It was shown that the photochemical cycles of bRy
in low-pH suspension and those of bR in neutral-pH sus-
pension are different from each other by a laser photolysis
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study (Mowery et al., 1979). Because of the low time reso-
lution of the experimental system used in the study, primary
processes within 80 us could not be investigated (Mowery et
al., 1979). The results showed that the transient spectra de-
pend on the excitation wavelength and that the kinetics were
complicated because of the coexistence of bR and bRgys and
intermediates in each photocycle. It is also known that 9-cis
(Maeda et al., 1980; Fischer et al., 1981) and 11-cis isomers
(Maeda et al., 1980) are formed by continuous irradiation with
>610-nm light at temperatures between 0 and 25 °C.

In a preceding paper, we reported on the results of picose-
cond and nanosecond laser photolyses of bR4ys at room tem-
perature (Kobayashi et al., 1983). We used a 630-nm pulsed
laser for selective excitation of the “bRys” sample, which
inevitably contained a small amount of bRsg. Three transient
species, i.e., a precursor of an acidic form of K, the acidic form
of K (K,q4), and an acidic form of L (L,.q) were observed,
and it was confirmed that the conversion from L, 4 to M was
blocked. In this paper we describe the effect of pH on the time
constants for these conversion processes and the quantum yield
for the formation of K,y We obtained also the absorption
spectra of bRgys with all-trans- and 13-cis-retinals (abbreviated
hereafter to bR24 and bR Y, respectively) and of the pho-
tochemical products of bR13< by calculation using the ob-
served transient difference spectra.

MATERIALS AND METHODS

Materials. Purple membrane fragments of H. halobium
R;M, were purified according to the process described by
QOesterhelt and Stoeckenius (1974). The acidic form of purple
membrane “bR,s” was prepared by the deionization of purple
membranes. Membrane suspensions (absorbance at 560 nm
= 0.8-1.2, 2-mm light path length) were deionized on a
cation-exchange column of 20-mm diameter and 80-mm length
(acidic form of Dowex 50W) at room temperature. The
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suspensions were washed with distilled water several times just
before the deionization treatment. The resin was alternately
treated with 1 N NaOH and 1 N HCI 3 times and then
washed with distilled water until the pH of water-washed
supernatant became neutral. The deionized suspensions were
kept in plastic tubes to avoid contact with glass. The sus-
pensions of “bR,s” thus obtained were transparent and stable
enough for stationary and transient absorption measurements.
The absorption maximum (605 nm) of the sample agreed well
with that of the acidified purple membrane in polyacrylamide
gel at pH 2.0 (Mowery et al., 1979), while the pH of the
sample was measured to be 5.5 with a pH meter. Therefore,
the absorption maximum is not dependent on the pH of the
bulk solution but on the local pH near the membrane surfaces
(Kimura et al., 1984).

Molar Extinction Coefficient of “bRgys”. A sample solution
of “bRgys” (I) was converted to a neutral pH solution (IT) by
the addition of aqueous sodium hydroxide. Solution IT was
light-adapted with a tungsten lamp until the absorption
maximum shifted to 568 nm. The molar extinction coefficient
of “bRggs” (a mixture of chromoproteins with all-trans-retinal
and those with 13-cis-retinal) was obtained by using the ab-
sorbances of the regenerated bR g (€pax = 6.27 X 10* mol™
dm? cm™!; Rehorek & Heyn, 1979) and sample solution I.

Laser Photolysis. The light source for picosecond spec-
troscopy was a passively mode-locked (Kodak 9740 dye in
chlorobenzene as a saturable absorber) Nd:YAG laser (1064
nm, Quantel, YG472). The second harmonic of the laser was
focused into an acetone cell to stimulate the first Stokes of
the Raman scattered light by acetone {630 nm, 20-ps full width
at half maximum (fwhm), 76-90 uJ; Iwai et al., 1984], which
was used for the excitation of samples. From the intensity and
absorption cross section it was estimated that 73 + 7% of the
bRs molecules were excited in the irradiated area of 2 mm?.
A picosecond continuum was generated by focusing the fun-
damental light into a D,O cell and was divided into two beams
with nearly equal intensity, one of which was used for a probe
and the other for a reference. The probe light, with pulse
energy slightly less than 10 nJ, was focused on an area slightly
less than 0.2 mm? at the center of the excited region. The path
length of the probe light was 2 mm in the sample. The probe
and reference lights were separately detected by two multi-
channel photodiode arrays (MCPD, 512 channels, Union
Giken) coupled with a grating polychromator (Union Giken,
f = 20 cm, 600 grooves/mm). The output signals of the
MCPD’s were transferred to a microcomputer (NEC,
PC8001)-minicomputer (DEC, MINC 11) analyzing system.
Details of the experimental system for the measurement of
picosecond time-resolved absorption spectra were described
elsewhere (Iwai et al., 1984).

The time dependence of absorbance change of bRy was
measured with the use of the picosecond spectroscopy appa-
ratus for time standardization of the delay time (£5 ps).
Twelve to sixteen pairs of excitation and nonexcitation data
were averaged and used for the calculation of the transient
spectra.

Excitation light sources for nanosecond spectroscopy were
the fourth (266 nm, 5-ns fwhm, 0.5 mJ) and second (532 nm,
S-ns fwhm, 0.5 mJ) harmonics of a Q-switched Nd:YAG laser
(Quanta-Ray, DCR-1A) and the first Stokes Raman scattering
of 532-nm light by acetone (630 nm, 5-ns fwhm, 90 uJ). The
excitation light pulses were focused on an area of 4 mm?2. A
probe light source was a xenon flash lamp (300 W, 500 us,
Varian Xenon Illuminator VIX 300F). The path length of
the probe light was 3 mm in the sample. Qutput signals of
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Table I: Molar Fractions of bR, bR, and bR in the Sample
and Fractions of Photon Number Absorbed by the Three
Components out of the Total Absorbed Photon Number

bREG:" bRyGs™ bR s
1t 0.57 0.40 0.03
F{630 nm)® 0.77 £ 0.07 0.22 £ 0.07 0.01

F{(532 nm)® 0.45 £ 0.02 0.50 £ 0.02 0.05
Fy(266 nm)® 0.57 0.40 0.03

2Molar fractions for bR, bRL3ES, and bRes are denoted by f's (i
=T, C, and P, respectively). °Fractions of photon number absorbed
by component i were calculated by F; (A) = fié (\)/Ifre’ () + fce©
(N) + feek (V]

a photomultiplier (Hamamatsu Photonics, R666S or 1P28)
coupled with either a Shimadzu Bausch & Lomb monochro-
mator (f = 17 cm, 1350 grooves/mm of grating) or a Ritsu
MCI10N monochromator (f = 10 cm, 600 grooves/mm of
grating) were digitized by a transient recorder (Iwatsu,
DM901) and averaged with a microcomputer (NEC,
PC8001). Details have been described elsewhere (Iwai et al.,
1984).

All measurements were performed at 21 £ 1 °C. Samples
were stirred after one or two laser shots to avoid photochemical
and/or thermal damages.

RESULTS

The sample solution “bRys” contains bR, bRLSS, and
a small amount of bRss. The molar fraction of bR} in
“bRggs” is 0.4 (Mowery et al., 1979; Maeda et al., 1980; Smith
et al., 1985). These values were obtained by the method
described in the Appendix. The fraction of bRse (fp) in
“bRgps” was determined to be 0.03 from the concentration of
KL intermediate (Shichida et al., 1983) formed by a 532-nm
excitation pulse. Table I shows the molar fractions of the
components in “bRggs” and fractions of photon number ab-
sorbed by the components out of the total number of absorbed
photons. The fractions of the three components excited depend
on the excitation wavelength. Intermediates in the three
photocycles were distinguished from each other by the analysis
of the excitation-wavelength dependence of the transient
spectra and the temporal behaviors.

Picosecond Time-Resolved Spectroscopy with 630-nm
Excitation Light. Figure 1 shows the time-resolved difference
spectra following 630-nm excitation of the “bRy5” sample. Of
the three components in bR s, mainly bR25" is excited by the
630-nm light. The highly sensitive detection system enabled
us to use excitation light sources with low pulse energy (76-90
pJ). The intensities of the scattered excitation light pulses were
smaller than those of probe pulses. The spikes at 630 nm
shown in Figure | are due to the scattered excitation light
pulse, the intensity of which fluctuates from shot to shot.
Negative and positive absorbance changes appear in the
550~680- and S00-520-nm regions, respectively, 21 ps after
excitation (Figure 1d). All the spectra between 43 and 217
ps (Figure 1f-1) resemble that at 100 ns (Kobayashi et al.,
1983). The increase in absorbance at longer wavelengths
observed at 43 ps is due to the formation of the K intermediate
in the acidic form (K,qq4). We could not detect small spectral
changes due to the S (or J) — K (Applebury et al., 1978;
Matveetz et al., 1985) and K — KL (Shichida et al., 1983)
conversions, which had been observed in the photocycle of
bacteriorhodopsin in neutral pH suspension.

Parts a and b of Figure 2 show the time dependencies of
the absorbance changes averaged over the 570-620- and
640~690-nm spectral regions, respectively. Curves 1, 2, 3, and
4 are the best fitted convolution curves obtained for exponential
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FIGURE |: Picosecond time-resolved difference spectra following 630-nm excitation of “bRggs” at 21 % 1 °C. The delay times for observation
are (a) —118, (b) —49, (c) -33, (d) 21, (e) 35, (f) 43, (g) 66, (h) 125, and (i) 217 ps. Twelve to sixteen pairs of excitation and nonexcitation
data were averaged. The downward spikes in spectra d—i are due to the scattered excitation light pulse.
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FIGURE 2: Picosecond kinetics of transient absorption of “bRggs”
following the 630-nm excitation at 21 £ 1 °C. Absorbance changes
were averaged over (a) 570-620- and (b) 640-690-nm regions. Solid
curves 1, 2, 3, and 4 were obtained by convolution of the excitation
pulse (20-ps fwhm), probe pulse (30-ps fwhm), and exponential decay
functions of 10, 20, 30, and 40 ps, respectively.

decay functions of 10, 20, 30, and 40 ps, respectively, with the
fitting parameter of the amplitude of absorbance change,
where the pulse widths of the probe and excitation lights were
set at 20 and 30 ps (fwhm), respectively. The time constant
was obtained at 10 ps for both the experimental data in Figure
2 by the least-squares best fitting method. The upper limit
of the time constant is 30 ps. The time constant (r) was also
estimated by 7/At = Ad 4/ AA, where At is the time reso-
lution of the picosecond apparatus (36 ps) and AA is the
absorbance change that would be observed if the resolution
time were much shorter than the lifetime of the precursor of
K, The observed absorbance change (AA ) is —0.045 at
600 nm. The absorbance change (AA) due to the 73 £ 7%
bleaching of the sample is calculated to be —0.87 & 0.07 on
the assumption that there is no absorption due to transient
species in the bleaching spectral region. If there is transient
absorption, the value of |A4| would be smaller than 0.87. The
lower limit of the time constant was therefore estimated to be
2 ps.

Figures 1 and 2 show that there is a precursor of K, 4, which
has absorption in the 500-520-nm region. It appears within
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FIGURE 3: Nanosecond time-resolved difference spectra following
630-nm excitation of “bRgys” at 21 & 1 °C. Curves 1, 2, 3, and 4
show the transient spectra 150 % 50 ns, 500 £ 100 ns, 1.5 £ 0.25
us, and 7 £ 0.5 us after excitation, respectively. Data obtained by
16 laser shots were averaged for each observed wavelength.

21 ps after excitation (Figure 1d) and disappears at 43 ps
(Figure 1f). Matveetz et al. (1985) also observed a hypso-
chromically shifted transient absorption (410-510 nm) 0.5 ps
after excitation of bacteriorhodopsin in neutral pH suspension
and assigned it to the S, < S, transition. Therefore, the
precursor of K,q is attributed to S, in bR

Nanosecond Time-Resolved Spectroscopy with 630-nm
Excitation Light. Figure 3 exhibits the time-resolved dif-
ference spectra observed between 150 ns and 7 us after the
630-nm excitation. The transient spectra 150 ns (curve 1) and
217 ps (Figure 1i) after excitation resemble each other (Ko-
bayashi et al., 1983). The time dependence of the difference
spectra shows that an absorption around 670 nm due to K, 4
decays within 7 us and an absorption around 520 nm appears
(curve 4). The spectral change is due to the formation of the
species blue-shifted from bR2hJ".

Figure 4a—h shows the kinetics of the transient absorbance
change between 0 and 9 ps at several wavelengths. The time
dependence of A4 at all observed wavelengths and the time-
resolved difference spectra between 0 and 9 us are summarized
as follows: (i) AA decreases with time in wavelength regions
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FIGURE 4: Kinetics of transient absorbance change following 630-nm
excitation of “bRegs” at 21 £ 1 °C. The monitoring wavelengths are
(a) 400, (b) 480, (c) 530, (d) 570, (e) 590, (f) 610, (g) 650, (h) 690,
(i) 420, (§) 500, (k) 540, (1) 570, (m) 610, and (n) 680 nm. Sixteen
and thirty-two shots were averaged for curves a—f and h and for curve
g, respectively. Eight laser shots were averaged for curves i-n. Time
resolutions are 50 and 500 ns for curves a—h and i—n, respectively.

longer than 600 nm. (ii) A4 increases with time in wavelength
regions between about 450 and 580 nm. (iii) An isosbestic
point lies between 580 and 590 nm. (iv) |AA| at all observed
wavelengths decays exponentially with the same time constant
(117) of 1.5 £ 0.3 ps.

The time constant for the conversion process of K, — the
blue-shifted species in the acidified sample is very close to that
for the KL — L conversion in neutral-pH suspension (1.3 +
0.3 us; Kobayashi et al., 1983). The change in the difference
spectrum observed between 150 ns and 7 us after excitation
is attributed to the conversion from K, 4 to the acidic for of
L (Lacid)'

Figure 4i-n shows the kinetics of the transient absorption
up to 180 us after the 630-nm excitation. The initial spikes
in Figure 4j~1,n are due to K, ;4. Figure 4j,k shows the lifetime
of L,.q¢ is much longer than 180 us.

Nanosecond Time-Resolved Spectroscopy with 532-nm
Excitation Light. All components of “bRgs” (bR&h", bRL3SHS,
and a small amount of bRsg) are excited by the 532-nm light.
Figure 5 shows the time-resolved difference spectra 100 ns,
7 us, and 90 us after 532-nm excitation. The transient ab-
sorption spectrum at 100 ns is different from those of the
630-nm excitation at 150 ns (Figure 3) because of the for-
mation of K, KL, and a photoproduct of bRA3$*. The
absorption in the 610-700-nm region (curve 1 in Figure 5)
decays with a time constant of 1.3 & 0.1 us, which agrees with
the recovery of the absorption in the 460-500-nm region (1.3
£ 0.2 us). These time constants are close to those of the
630-nm excitation experiments (1.5 £ 0.3 us). The time
constants for the K,y — L,.q and KL — L conversions are
the same (1.3 & 0.2 ps). Therefore, the K, ;4 — L, and KL
— L conversions are insensitive to pH. The lifetime of the
photoproduct of bR}3<* is much longer than 9 us, as shown
by the 266-nm excitation experiment (see below).
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FIGURE 5: Nanosecond time-resolved difference spectra following

532-nm excitation of “bRggs” at 21 ® 1 °C. Curves 1, 2, and 3 show

transient spectra 100 ns, 7 us, and 90 us after excitation, respectively.

Thirty-two laser shots were averaged for each observed wavelength.
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FIGURE 6: Nanosecond time-resolved difference spectra following
266-nm excitation of “bRggs” at 21 £ 1 °C. Curves 1, 2, 3, and 4
show transient spectra 100 ns, 7 us, 200 us, and 1.8 ms after excitation,
respectively. Sixty-four laser shots were averaged for each observed
wavelength.

The difference spectrum 90 us after 532-nm excitation has
a positive A4 in the 380-420-nm region (curve 3 in Figure
5) die to M, which is absent after the 630-nm excitation
(Figure 4i). M could be formed by 532-nm excitation of a
small amount of the neutral form bR in the low-pH sample.
The lifetime (32 £ 10 us) of the neutral form L in low-pH
suspension measured at 550 nm agrees with the formation time
of M (33 £ 8 us) measured at 415 nm. The time constant
for the L — M conversion in low-pH suspension is about 3
times shorter than in neutral pH suspensions (102 % 12 us;
Kobayashi et al., 1983).

Nanosecond Time-Resolved Spectroscopy with 266-nm
Excitation Light. The excited bRsg in sample “bRgys” is
negligibly small (Table I). Figure 6 shows the nanosecond
time-resolved difference spectra of “bRgs” following the ex-
citation by a 5-ns pulse at 266 nm. An absorbance change
maximum (630-640 nm) and an isosbestic point (610 nm) at
100-ns delay time are shifted to shorter wavelength from those
in Figure 3 (curve 1;150 ns after excitation). The shift could
be due to an intermediate in the photocycle of bR, The
time constants for the decay at 650 nm and the rise at 500
nm are both 1.2 £ 0.2 us. The intermediate in the photocycle
of bRéés"“ (Cuacia) does not decay up to 7 us (absorbance change
maximum around 610-620 nm shown by curve 2 in Figure
6).

An intense absorption was observed at wavelengths shorter
than 450 nm just after excitation (<5 ns). This was not
observed under 532- or 630-nm pulse irradiation. The decay
time constants for the transient absorbance changes at 420
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FIGURE 7: L-minus-K difference spectra. Open circles are differences
in absorbance change between AA4(7 us) and A4(100 ns) following
630-nm excitation at 21 £ 1 °C. The solid line is an L-minus-K
difference absorption spectrum at 18 °C (Shichida et al., 1983). The
dotted line is a spectrum of solid line 870 cm™! shifted to the lower
wavenumber.
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FIGURE 8: Absorption spectra of bR (open circles), bRggs™ (solid
circles), K, (solid curve), and L, 4 (dotted curve) at 21 £ 1 °C.

13-cis

and 600 nm are 6 = 1 ms. An unknown transient, T, With
an absorption around 420 nm evidently changes into bR2"
and/or bR} with a time constant of 6 + 1 ms. We esti-
mated that time constant for the bleaching recovery at 620
nm to be 15 £ 5 ms from the data of Mowery et al. (1979).
This is longer than the lifetime of T,y Therefore, T,y is an
intermediate in a new photocycle driven by UV light.

Intermediates K,z and L, in the Photocycle of bR
Open circles in Figure 7 show the difference in absorbance
change, A(AA)%%%* between AA(7 us) and A4(100 ns) of
“bRgps” induced by 630-nm excitation. The solid line in Figure
7 shows the L-minus-K difference spectrum of bacterio-
rhodopsin in neutral-pH suspension at room temperature
(Shichida et al., 1983). These two difference spectra coincide
with each other if one is shifted by 870 cm™. The spectra of
K, and L, g at room temperature are therefore assumed to
be equal to the spectra of K and L shifted by 870 cm™ to lower
wavenumber. The molar extinction coefficients of K4 and
L,.q at their peaks were assumed to be equal to those of K
and L, respectively. The absorption spectra with the assumed
extinction coefficients of K,y (¢*K) and L,y (¢*L) are shown
in Figure 8. The concentration of K, 4 formed by 630-nm
excitation and the quantum yield were estimated to be 2.6 X
1076 mol dm™ and 0.09 % 0.01, respectively, with the use of
the extinction coefficients.

The difference in absorbance change, A(AA4)%2*, between
AA(7 us) and AA(100 ns) of “bRgys” induced by 532-nm
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FIGURE 9: Difference spectrum AA4266% — A4eltr a¢ 21 + | °C, The
spectra AA6¢%(100 ns) — C358(eAK — ¢T)] and AA6X(7 us) -
C5x (AL — ¢T)] were averaged.

excitation (data not shown) differs from A(AA4)%%* (open
circles in Figure 7). The spectrum of A(AA)*?%* is given by
a superposition of the L,.¢-minus-K,.q4 difference spectrum
and L-minus-KL difference spectrum:

A(AA)532°X - (GAL _ GAK)C?&%“I + (eL — el(L)ClS<3L2ex] (1)
where eAL, 2K & and KL are the molar extinction coefficients
of K,gd, Lacias L, and KL, respectively, at room temperature.
The concentrations of K, and KL (C33¥* and Ci*, re-
spectively) were found to be 3.7 X 107 and 1.5 X 107 mol
dm™3, respectively, by the least-squares best fitting method.

The spectrum of A(AA4)?%* between AA(7 us) and A4(100
ns) induced by 266-nm excitation of “bRggs” is similar to the
open circles in Figure 7. The formations of KL and L were
not clearly found because the absorbance change induced by
266-nm excitation (Figure 6) is smaller than that induced by
532-nm excitation (Figure 5). Observed temporal changes in
the 10 ns to 9 us time region are attributed to the K, 44 — L4
conversion. The concentration of the intermediate in bR{3<™*
photocycle is apparently constant in the 10 ns to 9 us time
region.

Absorption Spectra of bR and bRYE™. The molar ex-
tinction coefficients of bRZL (¢T) and bR (€) are shown
in Figure 8. They were obtained with the method described
in the Appendix. The absorption spectrum of bR (A =
610620 nm) agrees with the fluorescence excitation spectrum
of bacteriorhodopsin at pH 2.6 (A, = 613-614 nm; Kouyama
et al., 1985). The absorption spectrum of bR < resembles
that of L,4 and, its peak wavelength (550-570 nm) is shorter
than that of bRZ4<.

Intermediate C,.; in the Photocycle of bRL3S™. A difference
absorption spectrum, A4 — A4(bR%), shown in Figure 9 is
obtained by correction for the absorbance change, A4(bR23),
due to the photochemical process of bRZh:" by using the fol-
lowing equation with excitation wavelength A = 266 nm:

AA(DRET) = (A - DO at 100 ns
@
AA(bRYF) = (Al - DOMRI at 7 us

Here €T is the molar extinction coefficient of bR25". The
concentration (CA%) of K, generated by the excitation at A
= 266 nm was determined to be 1.3 X 107¢ mol dm™ with

AR = AAAP/ (AL ~ K] ©

The spectral shape in the 580-650-nm wavelength region
resembles those measured by Kalisky et al. (1977) and by
Iwasa et al. (1981). A photoproduct of bR{3¢® (C,q) cor-
responds to ¢1°C (Dencher et al., 1977; Kalisky et al., 1977)
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and Batho-bR!? (Iwasa et al., 1981) in neutral-pH suspension.

The formation yield of C,;.4 was found to be nearly equal to .

that of '%C obtained by the reported absorbance change
(Kalisky et al., 1977). The spectroscopic and kinetic properties
of the 13-cis pigment are less sensitive to pH than those of
the all-trans pigment.

DiscussIioN

The sample solution of the acidified bacteriorhodopsin
“bRgys” is a mixture of bR&5S™ (57%), bR{3<™ (40%), and bR sgq
(3%). Absorption spectra of bR and bR are shown in
Figure 8. The 630-nm light drives mainly the photochemical
cycle of bR¥Y. The 532- and 266-nm pulses drive the pho-
tochemical cycles of bR, bR.3*, and bRse (Table I).

Picosecond Phenomena. In a preceding paper we described
the effect of pH on the L — M process in the microsecond
region (Kobayashi et al., 1983). The newly found pH effects
on picosecond processes are the following: (i) the singlet (S,)
lifetime of bR25ST (2-30 ps) is longer than that of bRy [0.7
£ 0.1 ps, Downer et al. (1984); 0.7 £ 0.3 ps, Matveetz et al.
(1985); 430 £ 50 fs, Nuss et al. (1985)} and (ii) the quantum
yield of K, 4 (0.09 £ 0.01) is smaller than that of K [0.30 +
0.03, Becher and Ebrey (1977)]. Kouyama et al. (1985)
reported that the fluorescence intensity of bacteriorhodopsin
at pH 2 was about 13 times stronger than at pH 7. The larger
fluorescence yield is due to the decrease in the nonradiative
decay rate at low pH. bR may be fluorescent more than
bR {35 because the spectroscopic and kinetic properties of the
all-trans pigment are sensitive to pH more than those of the
13-cis pigment; i.e., (i) the pH-dependent shift in the ab-
sorption maximum is larger in the all-trans pigment (40-50
nm) than in the 13-cis pigment (20~-30 nm), and (ii) the yield
of K, (0.09) is smaller than that of KL (0.3) though the
yields of C,.q and ¢19C are nearly equal to each other. The
singlet lifetime of bR21{" is estimated to be 6.7-17 ps from the
reported singlet lifetime of bRsg (0.38—-1.0 ps) and the
fluorescence quantum yield [(4.5 £ 0.2) X 107] on the as-
sumption that the fluorescence yield of bR is equal to that
of bRy [(0.7-1.2) X 107, Kouyama et al., (1985)]. The
singlet lifetime of bR&1" obtained in the present study (2-30
ps) is consistent with this estimate.

Braiman and Mathies (1982) reported that the K inter-
mediate has a 13-cis chromophore. By analogy with photo-
isomerization of stilbene there may be a phantom excited state
(Hammond et al., 1964) with a twisted 13—14 carbon—carbon
bond. bR" in S, could relax rapidly to the phantom excited
singlet state (Sp). The reaction sequence in the picosecond

time domain is give in Scheme I, in which bR&&"(FC) rep-

resents bR34¢" in the Franck-Condon state. The increase in
the fluorescence yield and the decrease in the formation yield
of K with the decrease in pH are attributed to a decrease in
k3, and possibly also in ks/(k4 + ks). Intermediate S (or J)
was not detected in the photolysis of bRgys. The formation
time of K,y agrees with the singlet lifetime determined from
the kinetics of the bleaching recovery in the 560-620-nm
spectral region. Further study must be performed to clarify
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whether or not the acidic form of S (or J) exists in the
bleaching process of “bR¢ys”.

Nanosecond to Microsecond Phenomena. The formation
of Kgq is observed in time-resolved experiments at room
temperature (Figures 1-6). Maeda et al. (1981) reported that
three intermediates, one red-shifted and two blue-shifted, are
formed with >610-nm light irradiation of acidified bacterio-
rhodopsin at three different temperatures: —190, -72, and 0
°C. The final species formed at 0 °C was assigned to bR s,
which has a 9-cis chromophore (Maeda et al., 1980). The
difference absorption spectrum at —72 °C is different from that
at 0 °C and resembles the spectrum 7 us after 630-nm ex-
citation at 21 £ 1 °C in the present study (curve 4 in Figure
3). The blue-shifted species at ~72 °C and the red-shifted
species formed at —190 °C were assigned to L,q and K, 4,
respectively. The shift of the isosbestic point from 625 + 5
nm at 21 £ 1 °C to 610 nm at -190 °C may be due either
to larger formation efficiency of C,.q4 or to a change in the
molar extinction coefficient of K4 at low temperature.

The time constant and quantum yield for the K,iq — L,.q
conversion are the same as those for KL — L in neutral-pH
suspension. On the other hand the L — M process is highly
sensitive to pH. Presumably, the proton of the Schiff base in
L,.q cannot be released because a relevant proton-acceptor
site has already been protonated. It must be noted that in
low-pH suspension there is a neutral form L different from
L,qq4- The efficiency ®, ., (the concentration ratio of M and
L, Cy/CL) was determined to be 0.41 by using the value of
Cy obtained from the absorbance change at 410 nm 100 us
after excitation. The low efficiency and the short conversion
time (32 & 10 us) are due to opening of a new decay channel
from L to bR%}" and/or bRES" (X):

AL —m)

L M

HL—x) X

The rate constants k; . and k; .y are obtained to be 1.3 X
10* and 1.8 X 10* 57!, respectively.

L,.s and bR} have similar absorption spectra. If L, q
is actually bR3s™, then the L4 — bR25" conversion process
could correspond to the dark adaptation of the acidified bR.
The recovery time of bR24:" following 588-nm excitation of
bRgos is 15 = 5 ms (Mowery et al., 1979). Thus the the fast

dark adaptation of bR¢gs can be explained.

Let us consider the photocycle of bR}ZFS. C,.q may be
converted to bRggs on the analogy of the $1%C — bR con-
version in neutral-pH suspension. Figures 8 and 9 show that
the absorption spectrum of C, 4 resembles that of bR24¢", and
therefore C,.q may actually be bR2L", ,

A new intermediate, T4y, appears in the <450 nm wave-
length region immediately after 266-nm excitation (<5 ns).
T4y is not formed by 532- or 630-nm light, and it cannot be
an excited state because of its long lifetime (6 £ 1 ms).
Kalisky et al. (1977) claimed that M is formed by a multi-
photon process with visible light. T4y, may be M which is
formed by the excitation of bR with 266-nm light be a
single-photon process.

In “bRggs” the early stages of the photochemical cycles for
bR, BRI, and bR are independently initiated by light.
The obseved transient difference spectra can be explained in
terms of the superposition of changes caused in the three
photochemical cycles shown in Figure 10.
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FIGURE 10: Photochemical cycles of bR2, bR13<®, and bRy in
low-pH suspension at 21 £ 1 °C. C, 4 and L,;4 may actually be
bR and bR, respectively. The lifetimes of intermediates are

shown in brackets. The symbols * and ** show the lowest and the
higher excited states, respectively.
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APPENDIX
all-tr 3-cis

The molar extinction coefficients of bR4bs (¢I) and bR}3:
(€%) and the molar fraction of bRy (f,) were determined from

AA(100 ns)* =
OB (AK — €N + CUBE(AC = ©) + CIF(KE - D) (4)
AA(T ps)* =

COF(AL — )] + CAB(AC = ) + P - ) (5)
O COREO = FT (N @a:FcN)@acFp(N) Py (6)

B = f1e7 + fee + fpf Q)]

Here A and / represent the excitation wavelength (630, 532,
or 266 nm) and the light path length (0.3 cm), respectively.
The concentrations of K, ;4 (Cxa) and KL (Cg;) were obtained
by eq 1 and 3. The quantum yields for the formations of K, 4
(®ax) and KL (Pkp) are 0.09 (this work) and 0.3 (Becher &
Ebrey, 1977), respectively. The molar fraction of component
i (=T, C, and P) is denoted by f;, where f; + fp and fc are
known to be 0.6 and 0.4, respectively (Mowery et al., 1979;
Maeda et al., 1980; Smith et al., 1985). The fraction of photon
number absorbed by component i is denoted by F; [=fi¢-
(N)/Zfie(M)]. The molar extinction coefficient of “bRggs”
(¢B) has been determined (see Materials and Methods). -
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Transient Kinetics of Reduction of Blue Copper Proteins by Free Flavin and
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ABSTRACT: Rate constants have been determined for the electron-transfer reactions between reduced free
flavins and flavodoxin semiquinone and several blue copper proteins. Correlations between these values
and redox potentials demonstrate that spinach plastocyanin, Pseudomonas aeruginosa azurin, Alcaligenes
sp. azurin, and Alcaligenes sp. nitrite reductase have the same intrinsic reactivities toward free flavins, whereas
stellacyanin is more reactive (3.3 times) and laccase considerably less reactive (~12 times). Electrostatic
interactions between the negatively charged flavin mononucleotide (FMN) and the copper proteins show
that the interaction site charges for laccase and nitrite reductase are opposite in sign to the net protein charge
and that the signs and magnitudes of the charges are consistent with the known three-dimensional structures
for plastocyanin and the azurins and with amino acid sequence homologies for stellacyanin. The results
demonstrate that the apparent interaction site charge with flavodoxin is larger than that with FMN for
plastocyanin, nitrite reductase, and stellacyanin but smaller for Pseudomonas azurin. This is interpreted
in terms of a larger interaction domain for the flavodoxin reaction, which allows charged groups more distant
from the actual electron-transfer site to become involved. The intrinsic reactivities of plastocyanin and azurin
toward flavodoxin are the same, as was the case with FMN, but both stellacyanin and nitrite reductase
are considerably less reactive than expected (approximately 2 orders of magnitude). This result suggests
the involvement of steric factors with these latter two proteins which discriminate against large reactants
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such as flavodoxin.

Txe electron-transfer reactions and spectroscopic properties
of the intensely blue copper proteins have been the focus of
considerable research [for reviews, see Holwerda et al. (1976),
Solomon et al. (1983), and Adman (1985)]. Most kinetic
studies have utilized reactions with inorganic and small organic
reductants and oxidants, although in some cases protein—
protein interactions have been examined (Farver et al., 1982;
Augustin et al., 1984; Takabe et al., 1984; Beoku-Betts et al.,
1985). Both temperature (Sailasuta et al., 1979) and pH
(Rosenberg et al., 1976) effects have been investigated. Ionic
strength effects, which are known to be large in other systems,
have also been studied to some extent [cf. Sisley et al. (1983)].
This previous work has led to the conclusions that electron-
transfer rate constants are relatively insensitive to pH [cf. also
Ugurbil and Mitra (1985)] and that the apparent charge at
the electron-transfer site has the same sign as the overall
protein charge at pH 7 [cf. Holwerda et al. (1976) and Sisley
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et al. (1983)], although one exception to this has been reported
with stellacyanin (Cummins & Gray, 1977).

The most commonly used copper proteins for kinetic analysis
have been plant plastocyanins, bacterial azurins, tree (Rhus
vernicifera) laccase, and stellacyanin. All but laccase are
simple, low molecular weight proteins containing a single
copper atom. Amino acid sequences of azurin, plastocyanin,
and stellacyanin indicate that they are homologous, although
the sequences are difficult to align because of insertions and
deletions (Boulter et al., 1977; Norris et al., 1983). The
three-dimensional (3-D) structures of azurins (Adman et al.,
1978; Norris et al., 1983) and plastocyanin (Colman et al.,
1978; Guss & Freeman 1983) show that both proteins have
very similar copper binding sites and that there is considerable
conservation of 8-type secondary structure and indicate where
insertions and deletions are likely to have occurred. Laccase
is a large oxidase that contains, in addition to the intensely
blue or type 1 copper, a paramagnetic but otherwise spectrally
invisible type 2 copper and a diamagnetic, UV-absorbing type
3 binuclear copper center. Previous kinetic studies have in-
dicated that stellacyanin is significantly more reactive, and
the type 1 copper center in laccase is considerably less reactive,
than plastocyanin and azurin [cf. Holwerda et al. (1976)]. On
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