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ABSTRACT The amplitudes of the conductivity transients in photoexcited purple membranes were studied as a function
of the energy of the actinic flash to determine the optical cross section of the process giving rise to the conductivity
transient. Heating of the solution by the absorbed light causes an additional conductivity change and serves as an
internal actinometer; the experiment directly yields the ratio of the cross section of ion release/uptake to that for light
absorption. In effect, this counts the number of bacteriorhodopsin (bR) molecules involved in the conductivity transient
per photon absorbed. At pH 7 in 0.4-0.5 M NaCl, where the conductivity signals are dominated by nonproton ions, the
ratio is between 3 and 4, i.e., excitation of any one of several chromophores generates the same ion release signal. The
simplest interpretation is that at pH 7 cooperative conformational changes cause a transient change in the surface
charge distribution near all the affected bR molecules, resulting in the transient release of numerous counterions. As a
comparison, at pH 4 where the signals are due to protons alone, the cross section data indicate that only a single bR
molecule is involved in the proton movements. In this case, the results also show that the sum of the primary forward and
reverse quantum yields (for the reactions: bR « K) is 0.88 + 0.09.

INTRODUCTION

Bacteriorhodopsin (bR) is the light-driven proton pump
and the sole polypeptide component of the purple mem-
brane (PM) in Halobacterium halobium (1). In native
PM, the bR molecules are arranged in trimers, which form
a hexagonal two dimensional crystal lattice (2). Each bR
contains a retinal molecule covalently coupled to the
protein via a Schiff base with a lysine residue. Neighboring
chromophores in a trimer interact, as indicated by the
circular dichroism band at 600 nm (3, 4).

The trimeric structure of the PM is not an absolute
requirement for proton pumping since bR monomers in
lipid vesicles translocate H* (5). Nonproton ions also move
on and off the protein during the photocycle. This was
suggested by Slifkin et al. (6, 7) from light modulation
conductivity experiments and subsequently proven in our
laboratory by direct observation of the conductivity tran-
sients after an actinic flash (8-10). Above pH 7 or at ionic
strengths above 0.2 M, the nonproton ion signal corre-
sponds to release followed by uptake with quantum yields
far in excess of 1 (8—10). This large nonproton ion release is
abolished when bR is solubilized in detergent (9) or
reconstituted as monomers in phospholipid vesicles (11),
and thus appears to be associated with the aggregated
structure of the PM.

Earlier we postulated that the nonproton signals were
due to conformationally driven changes in the surface
charge distribution in the PM during the photocycle which
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cause concomitant changes in the population of counter-
ions trapped near the membrane surface (9). Observation
of quantum yields as high as 10 ions per photon absorbed
(9) would be difficult to explain on the basis of one bR
molecule since the total charge transiently released
approaches the total net charge of the protein. That is, one
would have to postulate that nearly the entire net charge on
one bR molecule’s surface would have to be transiently
neutralized during the photocycle, allowing transient
release of the counterions. However, if the conformational
changes causing the nonproton ion release also occur in
other bR molecules neighboring the one excited by light, it
could explain the high ion yields since the observed signals
would be the sum of the responses from several bR
molecules. Ahl and Cone (12) observed linear dichroism
changes which implied that excitation of one chromophore
induced rotations not only in itself but also in its neighbors.
This supports the possibility of cooperativity in light-
induced conformational changes during the photocycle.
Here, direct experimental evidence is presented indicat-
ing that more than one bR molecule is involved in the
nonproton ion release. The optical cross section for the
nonproton ion signal at pH 7 is 3 to 4 times as large as that
for the production of heat from degradation of the
absorbed light. The cross section for heating is the same as
the absorption cross section of a single bR molecule. At pH
4, where the signal is known to be solely due to protons (8),
the cross sections for proton uptake and for thermal
heating are similar. Hence at pH 4, the H* movements
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involve only a single bR molecule. The simplest interpreta-
tion for the cross section of the nonproton ion movements is
that excitation of one bR stimulates in two or more
neighboring molecules the conformational changes which
transiently alter the surface charge distribution of all
affected bR molecules. The resulting transient release of
counterions generates the observed conductivity signals.

MATERIALS AND METHODS

The conductivity apparatus, calculations, and bacteriorhodopsin prepara-
tion have been described previously (9, 10). In addition to the Phase-R
1200 VXH dye laser (Phase-R Corp., Durham, NH) normally used for
the conductivity experiments, a Candela SLL-250 dye laser (Candela
Corp., Natick, MA) was used to obtain higher energy flashes. Both lasers
used Rhodamine 590 dye (Exciton Chemical Co., Dayton, OH), lasing
nominally at 590 nm. The flashes were attenuated with culture flasks
containing metal sulfate salt solutions (30 mM CrSO,, 22 mM NiSQ,, 13
mM CoSO,, and 8 mM CuSO, in 10 mM H,SO, and dilutions thereof
[A. C. Ley, personal communication]). All experiments were performed
at 16.0° or 17.0°C. Calculations were performed on Osborne 1 and IBM
PC-AT computers.

RESULTS AND DISCUSSION

The conductivity of a solution is proportional to the sum of
the concentration of each ion times a factor related to its
mobility. The actinic flash induces changes in both terms
of the product: (a) concentration changes due to ions
transiently released from the PM surface and, (5) mobility
changes due to the minute heating of the solution due to the
light energy absorbed by the bR molecules. The former
appears as a time-resolved transient; the latter as a shift in
the baseline during and after the flash. For a given flash
energy, and hence temperature rise, the thermal step will
scale with the bulk conductivity (which is measured for
each sample). The thermal baseline shift thus can be used
to determine the total number of photons absorbed in the
sample. In practice, the thermal step is measured long after
the photocycle is over when all intermediates have decayed
back to bR, so the entire energy of the absorbed photons
has been converted to heat (8). Hence, the conductivity
method has an internal actinometer; no absolute measure-
ment of light energy is necessary.

By measuring the amplitude of the transient signal as a
function of light energy, the optical cross section can be
determined. In essence, one measures the effective “target
size” for the particular observable quantity. At low light
intensity, the response will be linear; at very high intensity
it must saturate since every target is hit and increasing the
number of photons can give no more additional response.
The analysis of this problem, with application to photosyn-
thetic systems, has been given in detail by Mauzerall
(13, 14) using Poisson statistics and will be used here.

In our experiments, the flash duration is 0.5 us and even
at the highest light intensities available, each bR receives
on average <10 hits per flash, i.e., 50 ns between successive
hits. Since the excited state in bR decays to spectroscopi-
cally distinct intermediates in a few picoseconds (15),
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multiple hits during the excited state lifetime can clearly
be neglected. The operational parameter is then the prod-
uct of the optical cross section (¢) times the total number of
photons per unit area (E), i.e., the integral of the flash
intensity over time. After Mauzerall (13, 14), the product
oE is denoted x, which by definition is the average number
of hits per target. The probability that a target is hit n
times is given by the Poisson factor P, = x" exp (—x)/n!.
Note that the cross section is the target size for the
particular observable process and is not necessarily equal
to the cross section for absorption of a single chromophore.
For example, in photosynthetic systems, the measured
cross section for oxygen evolution is the cross section per
trap (13) and involves several hundred chlorophyll mole-
cules (16).

For the simple case where one or more hits gives the
same effect and for optically thin samples, the yield vs.
flash energy is the cumulative one hit Poisson sum (13),
i.e., 1 — P, the latter term being the fraction of targets not
hit at all, multiplied by an amplitude scale factor:

Y =Y,[1 — exp (—boE)], 1)

where Y| is the amplitude of the signal at saturation, and
the optical cross section has been explicitly separated into
the true absorption cross section ¢ times a factor b. For the
case of no photoreversal, the b factor is equal to the
forward quantum yield of the primary photoreaction which
eventually leads to the observed signals.

The effect of a 0.5 us flash on light-adapted bR (bR')
will be more complicated because the photocycle interme-
diates are interconvertible by light. In addition, they will
have different cross sections at the actinic wavelength since
their absorption spectra are different (15, 17-20). At the
excitation wavelength (590 nm), however, all relevant
species but one have almost the same extinction coefficient
(15, 17, 18, 20); that of L is less by about a factor of 2. The
simple case of Eq. 1 assumes that the cross section is
constant and independent of the number of hits. Were
there photocycle intermediates such as L or especially M
present to any appreciable extent during the flash, then the
light saturation would be complex, since the sample would
tend to become invisible to the laser wavelength as the
blue-shifted intermediates accumulated. All these effects
would make the saturation curve (amplitude vs. flash
energy) deviate below that expected from Eq. 1 since more
light would be needed to drive the system into saturation. A
derivation of the expected saturation behavior is given in
the Appendix for a scheme involving all intermediates
important on the microsecond timescale at room tempera-
ture.

The primary photochemistry of bR is currently in
dispute, specifically over the question of the nature of the J
intermediate (15, 20,21) and of the forward quantum
yield for bR — K. Several reports (18, 19, 22) claim that
the forward quantum yield is 0.3 and that of the photore-
versal of K to bR is ~0.7. Other workers (15, 23, 24) cite
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evidence for the forward quantum yield being closer to 0.6.
Since the cross sections measured in the experiments
presented here depend on the forward and reverse quan-
tum yields (see Appendix), an estimate can be made on the
value of the sum of the two.

To calculate the average number of hits, we proceed as
follows. Since the quantum yield of fluorescence for bR is
very small (<107%) (15, 25), all photons absorbed are
eventually degraded to heat. This causes a small tempera-
ture rise, which in turn increases the bulk conductivity (K)
of the sample by a small amount (AK). Using the thermal
coefficient of ionic mobility, dIn A/dT (which is 0.022
°C~! for all small ions except H* and OH ™), the average
number of hits is:

xr=(o7E) = (AK/K) p C/[ne(dInA/dT)},  (2)

where p is the density of the solution (gm/cm?), C is the
heat capacity per gram, n is the number of bR molecules
per cm® and e is the photon energy. With the bR concentra-
tion, By, in uM and AK/K in ppm, Eq. 2 reduces to:

xr = 0.938 (AK/K)/B, 3)

Note that the cross section contained in x4 above is that for
thermal heating, which is equal to the absorption cross
section of a single bR molecule. The experimental proce-
dure is to measure the transient signal amplitude while
varying the flash energy, using the thermal step at each
point to calculate x;. The data are then fit to Eq. 1, with
the saturation amplitude, Y, and the factor b as adjustable
parameters.

Fig. 1 shows the results of experiments at pH 4, where
the conductivity transients are known to be solely due to
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FIGURE 1 Light saturation of bR at pH 4. Circles, triangles (2 separate
experiments): in 5 mM NaCl, 3.8 uM bR. Squares: in 10 mM NaCl, 5
M bR. Signal amplitudes are calculated from nonlinear least squares fits
to the conductivity transient and are scaled to 5 uM bR. The horizontal
axis is the relative light intensity, o E, which equals the average number of
photons absorbed per bR (see Eq. 2). Note that this is calculated directly
from the conductivity data, not from external measurement of the actinic
flash energy. The two curves are calculated using Eq. 1 with the optical
cross section equal to 3 times (/eft) and 0.88 times (right) the thermal
heating cross section, which is the absorption cross section for a single bR
molecule. The right curve is the nonlinear least squares best fit to the data
points. The saturation amplitude for both curves is 182.1 nmho. Each
point represents the average of typically 64 flashes, except for the points
at the lowest and highest flash energies, for which the number was greater
or lesser, respectively, by multiples of 2.
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H* (8). Optical spectra of light-adapted samples showed a
maximum at ~570 nm and the ratio of absorbance at 605
nm to that at 568 nm was very similar to the ratio for the
samples at pH 7 described below. This indicates that the
amount of the blue acid form of bR which absorbs
maximally at 605 nm (26) is negligible in the pH 4
samples. Fig. 1 includes data at 10 mM NaCl (squares)
and 5 mM (circles and triangles), the latter measured on
two different days to check reproducibility. The solid
curves are calculated using the nonlinear least squares best
fit b value of 0.88 + 0.09, and also for b = 3. Note that in
this experiment, the highest flash energy was sufficient to
generate an average of four hits per bR, which should be
within 98% of saturation for a simple cumulative one hit
Poisson distribution. Thus, the saturation amplitude is
fairly well constrained by the data and this places strict
limits on the values of b which can fit the data.

As shown in the Appendix, the observed cross section
will be the product of two terms: the sum of the forward
and reverse quantum yields of the primary photoreaction,
and the true absorption cross section, i.e., o, = (91, + P4)
a,. If N bR molecules act cooperatively in generating the
conductivity transients, then o, will be No,. Hence the b
value from the fit to Eq. 1 is simply (¢, + ¢,) NV, which for
Fig. 1 was 0.88. If N was 3, for example, it would mean
that the sum of the quantum yields would have to be 0.29.
This is too low; the forward yield, ¢,,, is between 0.3 and
0.6 by itself, and the reverse yield is if anything larger than
the forward yield (19). The same arguments rule out N =
2. The best explanation of the observed b value is that for
H* uptake at pH 4, N is 1 and the sum of the primary
quantum yields is 0.88.

One potential complication in this experiment is the
presence of dark-adapted bR (bRP), particularly when the
succession of actinic pulses used in signal averaging is
delivered at low energy. Dark adaptation during the flash
sequence can be ignored since even at pH 4, where dark
adaptation is faster, that time (100 s; [27]) is much greater
than the pulse spacing (5 s). At moderate to high flash
energies, the actinic light is sufficient to drive all bR to bR*
after a few flashes. (The first eight flashes are routinely
discarded for this reason.) The data at low flash energy can
be used to check for the presence of significant amounts of
bRP by calculating the power law dependence of the signal
amplitude on ¢E. For a simple scheme bR? — bR* — K
where all bR starts as bRP, the signal amplitude (propor-
tional to the population of K and subsequent interme-
diates) should be quadratic in ¢E in the limit of low energy,
independent of the various primary quantum yields. This
prediction was confirmed by numerical integration of the
scheme in Eq. A-1 (including bRP) as a function of energy
for oE < 0.2. Log-log plots of the calculated intermediate
population vs. oE gave slopes 1.94 and 1.91 using values of
the forward quantum yields of 0.3 and 0.6, respectively. In
contrast, the data of Fig. 1 gave a best fit slope of 0.6 + 0.1;
by eye the slope had to be 1 or less. Even with the
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considerable scatter in the data, due to the low signal to
noise ratio at 0 E < 0.2, the observed data conclusively rule
out a quadratic power law. These considerations argue
against the presence of any appreciable amount of bRP in
these experiments.

The yield of ions per hit is obtained by fitting the ratio of
the transient amplitude to the thermal step using the
following function of the average number of hits:

R = Ry [1 — exp (—bxy)]/(bxy) )

This is simply Eq. 1 divided by the average number of hits
(see reference 13). The limiting ratio at zero flash energy,
R,, is directly related to the quantum yield of the ion
transiently released (8):

¢Ag = Ry Noe/(1,000 Cp) 3_ cAi (dIn A/dT),  (5)

where NV is Avogadro’s number, ¢; and A, are the concen-
tration and equivalent conductance of ion i, ¢ and Ag are
the quantum yield and effective equivalent conductance of
the ion transiently released (see reference 9) and the other
terms are defined above. It is important to note that the
quantum yield referred to in Eq. 5 is a product yield for ion
release/uptake. These events occur in time beyond the K
intermediate. The quantum yields referred to previously
(¢,» and ¢,) are different: they have to do with photocon-
versions between bR' and the early intermediates of the
photocycle.

Due to the low ionic strength of the samples of Fig. 1, the
thermal baseline shift was very small, particularly at low
flash energy, and use of Eq. 4 was precluded by the large
scatter in the data. A rough lower bound on the quantum
yield of H* uptake is 0.13 or more. This was calculated by
averaging the observed ratios in the range x; = 0.05 t0 0.3,
where the ratios should be close to the limiting value. The
major uncertainty is that the effective equivalent conduc-
tance for a proton is not known since this sample contained
no external buffers. The above yield assumes the mobility
of a free proton; the presence of trace buffer species would
lower the effective equivalent conductance of protons since
buffer ions have smaller mobilities than H*. This would
increase the calculated quantum yield. The previous mea-
surement of the quantum yield for protons at pH 4 in
acetate buffer was 0.4 (8).

Fig. 2 shows the results for bR in 0.5 M NaCl at pH 7
(two samples). Under these conditions, the transient signal
is known to be dominated by the large nonproton ion
release (9, 10). Here the best fit for b was 3.17 + 0.38.
(The two data sets gave b values of 3.16 and 3.22 when fit
separately). The solid curve to the right is calculated using
b = 1 for comparison. For these samples, the highest x
value attained was 1.5 which is only 77% of saturation for
b = 1. Also, there is scatter in the signal amplitudes. Hence
the saturation amplitude is not as well constrained as in
Fig. 1 and this could influence the best fit b value.
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FIGURE 2 Light saturation of bR in 2.3 mM imidazole, 0.5 M NaCl,
pH 7. Circles: 12.7 uM bR; triangles: 19.7 uM bR. Signal amplitudes are
scaled to the higher bR concentration. Solid curves calculated from Eq. 1
using optical cross sections 3.17 times (left) and 1.0 times (right) the
thermal cross section. The left curve is the best fit to the points. The
saturation amplitude for both curves is 457.3 nmho.

However, it is very clear that the data are very far from the
b =1 curve.

Because the samples of Fig. 2 are at high ionic strength,
the thermal amplitudes are well determined at all flash en-
ergies and Eq. 4 can be reliably used to fit the data. This
has the advantage that the fit is insensitive to the satura-
tion amplitude: the function is constrained by the limiting
ratios at low flash energy. The results are shown in Fig. 3
and the curves are calculated for the best fit b = 4.22 +
0.24 and b = 1. Error bars on the data points are shown
only when the error was larger than the symbol itself.
Despite the lower signal to noise ratio at low flash energy,
the limiting ratio is quite well determined. To fit the data
with b = 1, the limiting ratio would have to be well below
the observed data points. The difference in the b value
between the fits to Figs. 2 and 3 can be attributed to the
fact that this parameter is most sensitive to the high energy
portion of the data in Fig. 2, but the low energy region in
Fig. 3.

The main point is that in both cases, using two different
forms of the light saturation function, the observed b value
(=[¢12 + #IN) is between 3 and 4. If the primary quan-
tum yields are similar at pH 4 and 7, these factors will

SIGNAL/HEAT RATIO
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FIGURE 3 Light saturation of ion yield per hit. Ratio of transient
amplitude to thermal baseline shift, directly related to quantum yield.
Data from Fig. 2, replotted using Eq. 4. Error bars indicated except where
error less than symbol size. The solid curves are calculated for optical
cross sections 4.22 times (/eft; best fit) and 1.0 times (right) the thermal
cross section. The limiting ratio at low flash energy is 2.97 for both
curves.
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cancel out in the ratio of the observed cross section of ion
release (Fig. 2) to that for H* uptake (Fig. 1). This ratio
directly measures the ratio of the number of bR molecules
involved in the two processes. Since there must be at least
one bR involved in the proton uptake, this gives an absolute
requirement that the number of bR molecules involved in
the ion release transient must be 3 to 4. Within the
limitation that the sum ¢,, + ¢, is not very different at the
two pHs, this conclusion is insensitive to the individual
values of the quantum yields ¢,, and ¢,. Thus, the
conclusion is independent of the details of the composition
of the photostationary state formed during the actinic
flash. Using the standard deviations of the fits as the
errors, the number of bR molecules involved in the nonpro-
ton ion release is 3.7 + 0.6. Note that regardless whether
the sum of quantum yields is different at pH 4 than pH 7,
the maximum value of ¢,, + ¢, is 2, so the absolute
minimum number of bR molecules involved in the pH 7
signals is 1.5 to 2.

Fig. 4 shows the results of similar experiments with bR
in 0.4 M NaCl at pH 7. As in Fig. 3, the ratio of the
transient amplitude to the thermal step is plotted. The
curves are calculated using b values of (left to right): 5,
4.09 (best fit), 3 and 1. Due to the lower bR concentration,
the signal to noise ratio was lower, as seen in the scatter at
low flash energy and in the higher error of the fit b
(+£0.53). The curves calculated for b6 = 5 and 3 show
clearly that the actual value is bracketed within this
range.

The limiting signal to heat ratios from Figs. 3 and 4 are
2.97 and 3.43, respectively. Assuming that the transient is
due entirely to counterion release, these ratios correspond
to quantum yields of 3.5 and 3.9 ions per photon absorbed.
This is about half the yield observed at the same pHin 1 M
NacCl (9).

The error limits noted above are purely the statistical
errors generated by scatter in the data. The major source of
systematic error in determination of optical cross sections
is normally the difficulty of ascertaining the number of
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FIGURE 4 Light saturation of ion yield per hit. bR (10 uM) in 2 mM
imidazole, 8.9 mM Na phosphate, 19 mM glycinamide, 0.4 M NaCl, pH
7. Data are plotted according to Eq. 4 as in Fig. 3. From left to right, the
solid curves are calculated using cross sections 5, 4.09, 3 and 1.0 times the
thermal cross section. The best fit to the data is for b = 4.09. The limiting
ratio for all curves is 3.43.
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photons actually absorbed by the sample. Thus, a great
advantage of the method used here is that no measurement
of the absolute flash energy, corrections for reflections at
optical surfaces, etc. are required. The thermal heating
directly observed in these experiments is determined only
by the absorbed light. In the signal to heat ratios of Figs. 3
and 4, all geometrical factors, effects of inhomogeneous
illumination and the like explicitly cancel out. The major
sources of systematic error are eliminated by virtue of
determining the optical cross section relative to that of
thermal heating.

Secondly, the points of Figs. 1 and 2 clearly correspond
to cross sections which differ by a multiplicative factor, i.e.,
they are shifted relative to one another on the logarithmic
horizontal axis. Systematic errors might shift the absolute
value of the cross section, but since these errors should
affect the experiments of Figs. 1 and 2 in the same way, the
relative horizontal displacement of the two data sets would
still be preserved.

All of the above calculations have assumed that the
optical cross section is isotropic. However, on the 0.5 us
timescale the PM fragments are essentially immobile and
this could result in complications from photoselection. This
problem has been analyzed by Nagle et al. (28), and using
their equations, the light saturation curve was calculated
by numerical integration. The worst case deviation from
isotropic behavior for unpolarized flashes is only 10% near
the upper part of the saturation curve, and this assumes the
actinic light is perfectly collimated. In reality, the actinic
pulse undergoes reflections off the brass walls of the
thermostat and is scattered by the bR itself, all of which
tends to homogenize the light. For this reason, deviations
due to photoselection have been ignored. In addition, since
our data are plotted versus the experimentally measured
average number of hits, not the flash energy alone, any
effects of photoselection are automatically taken into
account.

The data presented above indicate that the sum of
primary quantum yields is 0.88 + 0.09 at pH 4. This can be
compared with other reported quantum yield data, assum-
ing that these parameters do not change greatly between
pH 4 and pH 7. The ratio of the forward to the reverse
quantum yield is 0.4 at room temperature, as reported by
Goldschmidt et al. (18). Even if the forward yield is simply
assumed to be less than the reverse, the result of this
experiment is that the forward yield would have to be
<0.44. Birge and Cooper (29) determined the sum of the
quantum yields to be 1.02 + 0.19 at 77°K using photocalo-
rimetry. Subsequent global optimization of their data (30)
showed that the ratio of the forward to reverse quantum
yield is 0.445 + 0.031. Using this ratio, and the sum
observed here, one calculates that the forward quantum
yield, @5, is 0.27 + 0.03. This is clearly more consistent
with the values near 0.3 (19, 22) than those of 0.6 or more
(23, 24). Assuming that the room temperature data and
77°K data are comparable, this calculated value of ¢,,
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would correspond to an enthalpy difference of 17 to 20
kcal/mol between bR and X (see e.g., Table III of refer-
ence 29).

The clear conclusion from these experiments is that the
optical cross section for the nonproton ion release is larger
than that of a single bR molecule by a factor between 3 and
4, i.e., excitation of any one or all of these chromophores
gives the same observable response. (At present, the signal
to noise ratio limitations of our apparatus do not permit the
light saturation of the small proton component of the signal
to be examined at pH 7 in 0.5 M NaCl) The most
straightforward interpretation is that several bR molecules
function as a unit in generating the surface charge changes
which lead to transient nonproton ion release. It is tempt-
ing to infer that the bR trimers are the functional unit, but
the cross section data itself obviously cannot distinguish
between bR molecules within one trimer from those in
adjacent trimers. The possibility that several bR molecules
might be involved in the nonproton ion release fits very well
with the idea that the cause of the signal is a conformation-
ally driven change in the surface charge distribution: the
larger the affected area, the larger the number of counter-
ions released and bound. This question and the evidence for
conformational changes during the photocycle has been
discussed previously (10).

Apparent cooperative interactions between nearby bR
molecules in the PM have been reported, starting with the
exciton interaction between chromophores in the trimers
(3, 4). Subsequently, Rehorek and Heyn (31) showed that
regeneration of bR by addition of retinal to the apo-protein
is highly cooperative, with a Hill coefficient of 3. Evidence
also exists of cooperative interactions during the photocy-
cle, e.g., the dependence of M decay kinetics on the
fraction of the bR present as M in the photostationary state
(32) and the experiments of Ahl and Cone (12) noted
above. The experiments presented here demonstrate func-
tional cooperativity involving excited bR molecules and
neighbors in the generation of transient ion movements. To
our knowledge, this is the first direct proof of cooperative
interactions involving the chromophore and events at the
surface of the PM in actively cycling conditions.

APPENDIX

Light Energy Dependence of the Population

of bR Photocycle Intermediates
After a Flash

The effect of illumination of a light-adapted bR (bR"%)
sample is to initiate a cycle of spectroscopically distinct
intermediates which exist on timescales from picoseconds
to milliseconds. Besides the light-independent (dark) reac-
tions, in which intermediates decay into each other, during
the flash conversions can take place wherein one interme-
diate absorbs a photon and is converted into another
intermediate or back to bRL. Only those bR molecules
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present after the flash as one of the various intermediates
will go on to complete the photocycle. These in turn are the
only source of the observable transient conductivity
changes. Hence, we need to calculate the total fraction of
bR which exists as one or another of the intermediates
after the flash as a function of the actinic flash energy E.

On the 0.5 us timescale of our laser flash, only the
following intermediates will be relevant at room tempera-
ture:

bR J K K’ L
0.7 ps 5ps <150 ns 22ps

(A-1)
Note that K’ is the KL intermediate observed by Shichida
et al. (20) which is spectroscopically similar to the classical
K precursor to L (17). The precursor to K’ decays in <150
ns and has been included since it might live long enough to
undergo photoreversal to bR™. If there were no photorever-
sal, the observed light energy dependence of the signal
amplitude would show a simple Poisson saturation (Eq. 1)
with a cross section given by the absorption cross section
multiplied times the forward quantum yield (c.f., Mauzer-
all [14]).

The nature of J is the subject of current debate in the
literature. Polland et al. (15) cite it as the first ground state
intermediate, whereas Birge et al. (21) argue that it is a
metastable form of the excited singlet state. For the
experiments here, the distinction is moot: J decays is 5 ps
and hence does not live long enough to undergo photorever-
sal even at the highest light energies used here, wherein the
bR molecules are hit once every 50 ns on average. Whether
J is an intermediate directly on the pathway to K, or if it is
an alternate pathway for relaxation of the excited singlet
back to bRY, will of course affect the yield of later
intermediates. For our purposes, this can be taken into
account by using as effective forward quantum yield ¢,, for
the formation of K from bR".

The flash is assumed to be a square pulse of total energy

E (in photons per unit area) = j;T I(t) dt where T is the
flash length. If we divide the flash into short intervals dt,
the number of photons illuminating the targets in the
interval is simply E (dt/ T). The number of hits received by
species i is Poisson distributed and the loss in concentration
of species i to species j caused by photoconversion during
the interval dt is:

Aci(t) = c(t) ¢;;[1 — exp (0,E dt/T)], (A-2)

where ¢, ; is the quantum yield for conversion of i to j and g,
is the absorption cross section of i. In addition to the light
driven changes, the first order dark decay of i to j will give
a loss term:

Acj(t) = k;ci(2) dt (A-3)

For the bR photocycle, the first order rate constant k; will
generally be O unless j = i + 1. The total change in c(t) is
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obtained by summing the losses and gains from all possible
light-driven and dark decay processes which couple species
i to other intermediates.

If the interval dt is made very short, the exponential
terms in Eq. A-2 can be linearized. Taken to the limit dt —
0, one obtains a set of coupled linear differential equations
for the concentrations of each intermediate as a function of
time. Neglecting J, the result for the population of bR" is:

4
dbRY/dt = [-bR (1) 1,0, + 2_ (1) ¢ 0] E/T, (A-4)
i=2

where 1 refers to bRY, 2 to K, 3 to K’, and 4 to L.

Noting that the total bR is conserved (B, = bR" + K +
K’ + L) this equation can be recast into one for the rate of
change of the sum of K, K’, and L:

dK + K'+ L)/dt

=[Byp0, — (K+ K + L)¢ ,0,]E/T + f(t), (A-5)

where ¢, 05 = 8,020, + £:03103 + 40104 and f(2) is an
error term:

4 4

16 - (%) EMY

-2 j=2

(005 — #uoi)g; i) — gici(D].  (A-6)

Here, the g, are weighting factors (between 0 and 1) which
we will set proportional to the steady state populations of
species i present at high light flash energy. To the extent
that the error term is small, Eq. A-5 is a simple first order
differential equation which can be readily integrated to
give the total K + K’ + L present at the end of the flash,
ie,att="T:

, 120,
K(T) + K'(T) + L(T) = B, (¢xz"| " ¢A6A)
{1 — exp [(—oy,0, — ¢A”A)E”- (A-7)
This is a simple Poisson saturation curve with a cross
section involving the absorption cross sections of bR, K,
K’, and L as well as the quantum yields for the forward and
reverse reactions.

To a good approximation, the population of L can be
ignored. Its formation time is ~2 us at room temperature
(20, 33, 34) so even if all bR molecules were converted to K
at time zero, only 16% of the total would be present as L at
the end of the 0.5 us flash. However, the actual population
of L will be considerably less since the forward quantum
yield is <1 and the precursors of L are not formed at ¢ = 0
but continuously throughout the flash. Furthermore, at the
actinic wavelength used (590 nm), the absorption cross
section of L is about half that of bR (15, 17, 21) which
reduces the importance of possible photoreversal from L to
bRL.

The error term f(¢) is expected to be small on the
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following general grounds. At high light flash energies, the
concentrations of each species will approach their steady
state values and will be proportional to the weighting
factors g;. Therefore, each difference term in the summa-
tion in Eq. A-6 will tend to O regardless of the multiplica-
tive factor involving the quantum yields and absorption
cross sections. At low light energy, the population of all
intermediates is small, and the error term which depends
on their differences will likewise be small. As a test, the
exact differential equations were integrated numerically
including all species except J and allowing K a lifetime of
the maximal value of 150 ns. The resulting populations of
intermediates present at the end of the flash (¢ = T') were
calculated as a function of the flash energy E and fit to a
simple cumulative Poisson saturation (Eq. 1). In all cases,
including a range of assumed values of the assorted
quantum yields for the forward and reverse photoreactions,
the numerically synthesized sum of K, K’, and L fit the
functional form of Eq. A-7 to within a few percent, which is
less than the experimental error of the data reported here.
Note that if K and K’ are essentially identical in terms of
photoreversal, i.e., if ¢,; 0, = @5, 05, then the error term ()
will be equal to 0. In this case, the saturation curve has the
same form as Eq. 1 of Mauzerall (14), which was derived
for photoreversal involving two species using a kinetic
scheme. Mauzerall’s rate constants o/ are equal to the
terms ¢o E/T in our notation since he included the quan-
tum yields in his cross sections, whereas here, the cross
sections are the true absorption cross sections to which the
quantum yields have to be added as multiplicative factors.
At the actinic wavelength used (590 nm) the reported
extinction coefficients for bRY, K, K’, and J are all very
similar (16, 21). Hence ¢,, 0, and o, can be taken as
approximately equal. Neglecting Jand L, g, = 0 in the sum
defining ¢,0,. Taking g, = 1 — g3 = ¢5,/(dy + ¢3), the
cross sections then factor out of the composite term for K
and K’ and ¢, is then equal to the self-weighted average of

¢, and ¢y,

Oa =2 &5 021/(¢3) + ¢2)). (A-8)
From Eq. A-7, this means that the observed cross section
for the conductivity transients will simply be o, (¢,, + ¢,)-
For a process which involves bR molecules as individuals,
o) = Opg, and the b value obtained from the fits to the data
is a direct measure of ¢,, + ¢,. In the numerical calcula-
tions referred to above, using values of the various quan-
tum yields between 0.3 and 1, the fits to the synthesized
populations of K’ + K + L gave b values within 2% of that
expected from ¢,, + ¢, using Eq. A-8 to calculate the
latter.

The ratios of signal amplitudes at different flash ener-
gies may be used to estimate the sum of quantum yields. At
low flash energy, the signal amplitude (proportional to
K + K’ + L) depends only on ¢,, as can be seen by
linearizing the exponential term in Eq. A-7. However in
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the saturation region (g, E > 1), the ratios will depend on
how much the sum of quantum yields differs from 1. For
the experiment in Fig. 1 where the data extends to ¢ E = 4,
the ratio of the observed amplitude at ¢ E = 4.2 to that at
sE =1is 1.8 + 0.1. From this, one estimates that ¢, + ¢,
is between 0.74 and 0.9, which is consistent with the best fit
b value of 0.88. '
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