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ABSTRACT Photoacoustic spectroscopy was applied to study the energetics and the kinetics of the slow intermediates of
the bacteriorhodopsin photocycle. An analysis of the modulation frequency dependence of the photoacoustic signal
allowed us to estimate the enthalpy changes and the kinetic parameters associated with those intermediates. The effects
of pH, salt concentration, and protein aggregation were studied. Three photoacoustic transitions were found. The two
low frequency transitions were attributed to O and My, respectively. The third transition was interpreted as resulting
from a protein conformational change undetected spectrophotometrically. The frequency spectra were simulated
between 5 and 180 Hz at pH’s 5.1, 7.0, and 8.9 assuming a branching in the bacteriorhodopsin photocycle at the My,
level. The enthalpy changes associated with My, and O Were computed and compared with the experimental values.

INTRODUCTION

Bacteriorhodopsin (BR) is the protein-pigment complex
found in the purple membrane of Halobacterium halo-
bium (for a review, see references 1 and 2). Absorption of a
photon by the light-adapted form of bacteriorhodopsin
initiates a photocycle during the course of which protons
are translocated across the purple membrane. Nagle et al.
(3) have shown that the interpretation of the light-induced
absorption changes is not unambiguous. Initially, the pho-
tocycle was thought to be linear (BRy; —— Ko ——
Lsso —— My, —— Ogo —— BRsy) (4), but Dencher
and Wilms (5) and more recently Lozier et al. (6),
Sherman et al. (7), and Renard and Delmelle (8) provided
some experimental evidence supporting a branched model.
Although many kinetic models have been proposed (3),
some interconnections between the intermediates are still
equivocal.

The energy variations associated with the intermediate
formation have been barely investigated. Very little is
known about the thermodynamics of the conversion of
visible light into chemical energy. Two experimental tech-
niques were used to approach the problem. Ort and Parson
(9) used a capacitor microphone calorimeter and measured
rapid enthalpy changes occurring during the bacteriorho-
dopsin photocycle. Garty et al. (10, 11), on the other hand,
applied photoacoustic (PA) spectroscopy to follow the
kinetics of heat production during the photochemical reac-
tions occurring on a millisecond timescale. Identification of
spectral regions with varying photoactivities allowed the
authors to estimate the energy stored in the intermediates.
The modulation frequency dependence yielded informa-
tion about the chronology and the extent of the enthalpy
changes. Although Garty et al. (10) considered the possi-
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bility of a branching, they discussed their results in terms
of a linear model.

In the present study, the PA frequency spectra of purple
membrane suspensions are described with special emphasis
on the effects of pH, salt concentration, and protein
aggregation. The data are analyzed quantitatively by
applying the theoretical background established by Malkin
and Cahen (12) to a branched photocycle. The enthalpy
changes associated with the slow intermediates are evalu-
ated on that basis.

MATERIALS AND METHODS

PA Measurements

Purple membrane suspensions were introduced into a closed aluminium
chamber similar to the one described by Ducharme et al. (13). The
sample was illuminated with a 300-W xenon lamp (VIX 300 UV; Varian
Associates, Inc., Palo Alto, CA). The light beam was modulated by a
mechanical chopper (model 192; EG&G Princeton Applied Research,
Princeton, NJ) between 5 and 420 Hz. The light was focused through a
cylindrical lens on the aperture slit of a monochromator (f/3.5; Farrand
Optical Co. Inc., Valhalla, NY) adjusted at 570 + 10 nm. The light flux
on the sample was 110 W/m? A pyrodetector was used to monitor the
variations of the light intensity.

Heat was generated in the outermost layer of the membrane suspension
following the absorption of monochromatic light. The sample layer that
contributes to the PA signal is approximately given by (2a/w)'/?, where
is the thermal diffusivity (14). The pressure modulation within the closed
chamber was detected by a microphone (type 4166; Briiel et Kjaer Ltd.,
Naerum, Denmark) to which was directly connected a preamplifier (type
2619; Briiel et Kjaer Ltd.). The output signal was then fed into a lock-in
amplifier (model 5204; EG&G Princeton Applied Research). The refer-
ence signal came from the mechanical chopper. Its frequency was
precisely measured with a CMC 608 frequency meter (Pacific Industries
Inc; Computer Measurements Co; San Fernando, CA). The PA signal
was recorded with a 3-s time constant against the chopper frequency.

The determination of the enthalpy changes associated with bacterio-
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rhodopsin intermediates required a photoinactive reference sample (10).
A bleached purple membrane suspension mixed with black ink was used
to match the optical and thermal properties of the photoactive sample.
The bleaching was performed in the presence of NH,OH as previously
described (15).

The lock-in amplifier phase was adjusted at each modulation frequency
to obtain a maximal in-phase signal with the reference sample. This phase
value was adopted for recording the in-phase PA spectra from the
photoactive samples. The magnitude signal represents the square root of
the sum of the squared in-phase and out-of-phase components. Actually, a
signal was detected at the microphone output even when the wavelength
of illumination was not absorbed by the sample. This background signal
was systematically measured at 700 nm for each frequency of modulation.
It was then substracted from the 570-nm signal.

Materials

Purple membrane fragments from Halobacterium halobium (strain
R, M,) were isolated as previously described (16). They were suspended
in 66 mM phosphate or Tris-HCI buffer with or without 4 M NaCl. The
bacteriorhodopsin concentration was 7.5 x 10~* M as determined at 570
nm with a spectrophotometer (559; Perkin-Elmer Corp., Coleman Instru-
ment Div., Oak Brook, IL) (¢ = 63,000 M~'cm™'), using quartz cells
with a 0.1-mm light path. 80 u! aliquots were used for each photoacoustic
measurement.

The purple membrane solubilization was carried out at room tempera-
ture for 48 h, using Triton X-100 as a detergent. The protein-detergent
ratio was 1:35 (wt/wt) in 66 mM phosphate buffer, pH 5.1. Solubilization
shifted the absorption maximum to 550 nm but no new band appeared at
380 nm, indicating the lack of any chromophore loss (17). During the PA
measurements at pH 5.1, a 5% bleaching was systematically observed.
This 5% reduction of the signal amplitude was taken into account in the
evaluation of the data.

Simulation

The PA frequency spectra were simulated on a TRS-80 microcomputer
(model 1, Basic Microsoft level II; Radio Shack, Tandy Corp., Fort
Worth, TX). The experimental and the theoretical curves were fitted
using the least-square method. All the experimental values were taken
into account in the fitting procedure.

RESULTS

Experimental Results

Malkin and Cahen (12) have established a relationship
between the PA signal intensity (p) and the energy varia-
tions associated with the formation of the photochemical
products.

p = K(w) - I(w,A) - (Nhv — Zi$;AE)) . (1)

I(w, \) is the light absorbed by the thermally active layer (see
Materials and Methods) at wavelength A and chopping
angular velocity w; K is a constant that depends upon the
instrument and the sample. N, &, and ¢ are the Avogadro’s
and Planck’s constants, and the speed of light, respectively. ¢;
and AE,; are the quantum yield and the internal energy
change associated with the formation of intermediate i. The
summation is extended over the intermediates that store
energy for periods longer than 1/w. The expression Z;¢;AE;
is therefore frequency and wavelength dependent. Its deter-
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mination implies a precise evaluation of K and of 7(w, A). The
best approach is to use a suitable nonphotoactive reference for
which ¢; = 0 (10). In those conditions, the PA signal is p, =
K(w) « I(w,A) - Nhy, and Eq. 1 can be rewritten

29 AE;

Nhy 2)

P/t =1 —

since K (w) - I(w, A) is identical for the two samples. p/ p¢
represents the ratio of the heat dissipated in the photoac-
tive sample to that dissipated in the photoinactive sample.
Neither ¢; nor AE,; are directly accessible experimentally.
The measurement of the ratio, p/p,.s allows only to
evaluate Z,¢,AE;.

Our measurements were performed on purple mem-
brane sheets dispersed in buffer (¢ = 7.5 x 10~*M). Sam-
ples were illuminated at 570 nm since this wavelength
corresponds to the maximal absorption of bacteriorhodop-
sin. The chopping frequency was varied from 5 to 420 Hz.
At higher frequencies, the signal-to-noise ratio deterio-
rated rapidly. The reference sample consisted of a bleached
membrane suspension (see Materials and Methods sec-
tion).

Figs. 1 and 2 show the influence of the chopping
frequency on the amount of dissipated heat. The frequency
spectra were measured at pH 5.1, 7.0, and 8.9. Fig. 1
concerns the in-phase signals, the phase being defined with
respect to the inactive sample (see Materials and Methods
section). Fig. 2 shows the variations of the magnitude
signal. In both figures, at 5 Hz, p = p,r as expected since at
low frequencies all energy is eventually recovered as heat,
1/w being longer than the photocycle itself. Increasing the
chopping frequency reduces the amount of heat dissipated
and at 420 Hz, p;, = 0.8 x p/' (in-phase) and py = 0.88 x
o~ (magnitude). The complex patterns observed between 5
and 420 Hz are associated with the formation of the
intermediates (12). Each experimental value is subjected
to large errors owing to the low sensitivity of the technique
and to the corrections that have to be made. Therefore, it
was necessary to adopt a quantitative test for the definition
of a transition in a given pattern; a variation larger than the
SEM was considered as a transition. Each value in Figs. 1
and 2 represents the mean over at least five different
experiments. Three transitions are detected. Their fre-
quencies are given in Table I for the in-phase and the
magnitude signals at pH’s 5.1, 7.0, and 8.9 respectively. A
pH increase reduces the extent of the low frequency
transition, since the amount of heat dissipated in the
in-phase signal is 87% at pH 5.1 and 94.5% at pH 8.9. At
pH 8.9, the low frequency transition is almost unobserv-
able. A similar effect is observed with the magnitude
signal.

The second transition is characterized by a lifetime of
2.1 = 0.1 ms (in-phase). The plateau associated with the
end of the transition represents 85.5 + 1.5% of the
dissipated heat. These two values are almost unperturbed
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FIGURE 1 Photoacoustic in-phase frequency spectra (5420 Hz) of

purple membrane suspensions (7.5 x 107*M) at pH’s 5.1, 7.0 (66 mM
phosphate buffer), and 8.9 (66 mM Tris-HCI buffer). The in-phase PA
signals were measured at 570 nm. The dissipated heat represents the ratio
of total heat dissipated in the photoactive sample to that dissipated in the
reference sample.

by pH variations. The lifetime associated with the third
transition is also pH independent (Table I). Moreover, the
plateau that occurs at 80% of dissipated heat remains
constant at the three pHs. This indicates that the corre-
sponding ¢ - AE is also pH independent.

Malkin and Cahen (12) have previously shown that the
appearance of a transition in the frequency spectra can be
associated with the formation of an intermediate. The low
and middle frequency transitions correspond to lifetimes in
therange of 7.6 + 1.0and 2.1 + 0.1 ms, respectively. These
values are in agreement with the decay rates of O, (8)
and M,,, (7) as measured by flash photolysis. The 215 +
20 Hz transition does not correspond to the lifetime of any
known intermediate. It could represent a protein confor-
mational change undetected spectrophotometrically (18).

Fig. 3 shows the frequency dependence of the quadra-
ture signal. The reported values were not directly mea-
sured, but were computed from the data of Figs. 1 and 2,
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FIGURE 2 Photoacoustic magnitude frequency spectra of purple mem-
brane suspensions (7.5 x 107*M) at pH’s 5.1, 7.0 (66 mM phosphate
buffer), and 8.9 (66 mM Tris-HCl buffer). The magnitude PA signals
were measured at 570 nm.

using the relationship

p o \2 ( 0 )2 Il/z
i ={l— —|— . 3
(pref)qnad [(pref)mag Pref [ in )

As expected on basis of the analysis carried out by Malkin
and Cahen (12), a bell-shaped curve is observed with the
quadrature signal when a transition is detected in the
in-phase signal. At pH 5.1 (dark dots), maxima are
observed at 20, 90, and 300 Hz. An important maximum
corresponds to a large transition in the in-phase frequency
spectrum. On the contrary, when the in-phase transition is
weak (20 Hz, pH 8.9), no maximum is observable in the
quadrature signal (clear dots, 20 Hz, Fig. 3).

The effect produced by 4 M NacCl is shown in Fig. 4 in
the case of the magnitude signal. The total variation of
dissipated heat is inferior to 5% over the whole frequency
range. A similar trend seems to occur in the results
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TABLE 1
TRANSITION FREQUENCIES, LIFETIMES, AND PERCENTAGES OF DISSIPATED HEAT EVALUATED FROM PA
FREQUENCY SPECTRA OF PURPLE MEMBRANE SUSPENSIONS AT DIFFERENT pHS

pH 5.1 pH7.0 pH 8.9
Frequency T Dls;::::tcd Frequency T Dls::;ted Frequency T Dls::zted
Hz ms % Hz ms % Hz ms %
In-phase — —_ 1003 — — 100 —_ — 100
19 8.4 — 24.5 6.5 — 20 8 —
— — 87 — — 89 — — 94.5%
80 2.0 — 80.5 2.0 — 71.5 2.2 —
— — 84 — —_ 86.5 — — 86
195 0.8 — 220 0.7 — 225 0.7 —
— — 79.5 — — 80 — — 80
Magnitude — — 100 — — 100 — — 100
23.5 6.8 — 23 6.9 — 21 7.6 _
— — 91.5 — — 93.5 — — 96.5*
84.5 1.9 — 109 1.5 — 88 1.8 —
— — 90 — —_ 89 — — 89
270 0.6 — 233 0.7 — 240 0.7 —
— — 88.5 — — 87.5 — — 87.5

*Estimated values.

$100% implies that the light energy absorbed by the sample (210 kJ/E) is entirely dissipated as heat.

obtained by LeGrange et al. (19) at least at pH 7.7. At pH
8.9, the effect is even smaller (=3.5%). The transitions
observed at 23.5 and 84.5 Hz at pH 5.1 in the absence of
NaCl get smeared at high salt concentration. By contrast,
in the 200-Hz region, an endothermic transition is clearly
apparent.

Fig. 5 concerns bacteriorhodopsin monomers (pH 5.1).
At pH 7.0 the pigment bleaches rapidly in the light. At
higher pH’s, a chemical bleaching occurs even in darkness.
The slight absorbance reduction observed at pH 5.1 was
taken into account in the evaluation of the data. Two
transitions are detected at 25 and 81 Hz. These frequencies
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FIGURE 3 Photoacoustic quadrature frequency spectra of purple mem-

brane suspensions at pH’s 5.1 (®) and 8.9 (O) in 66 mM buffer. The
quadrature PA signals were computed from Figs. 1 and 2.

214

are close to those corresponding to the native membrane
suspensions but the variations of dissipated heat are small-
er. The 260-Hz transition is clearly endothermic as in the
case of 4 M NaCl.

ANALYSIS

Theoretical Background

A recent analysis of the bacteriorhodopsin photochemistry
has outlined the complexity of the photocycle (3). Neither
a unidirectional unbranched model nor a unidirectional
model with simple branching straight back to BR;, from
any intermediate is satisfactory for interpreting all experi-
mental data presently available. Lozier et al. (6) have
stressed the point that two M-like states seem to be
required. Korenstein et al. (20) have even proposed a
model involving two L and two M states. At present, any
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FIGURE 4 Effect of 4 M NaCl on the PA magnitude frequency spectra
of purple membrane suspensions at pH’s 5.1 (®) and 8.9 (O) in 66 mM
buffer. The magnitude PA signals were measured at 570 nm.
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FIGURE 5 Photoacoustic magnitude frequency spectra of bacteriorho-
dopsin monomers. The purple membrane suspension was solubilized with
Triton X-100 in 66 mM buffer at pH 5.1. The magnitude PA signals were
measured at 550 nm.

model is open to criticism. The justification of a branched
model relies on the observation of the pH effect on the O
formation (7, 8).

The chopping frequency was limited to 420 Hz due to
noise problems in the detection system. Hence, interme-
diates Ky, and L, were not detectable since their
lifetimes fall in the microsecond range. Only the reactions
enclosed in the dashed box of Fig. 6 were considered. They
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FIGURE 6 Upper, branched pathway model of the slow part of the
photocycle of bacteriorhodopsin. k; and &, describe the forward and
reverse transformation between M, and M,. Intermediates Ko, and Ls,
were not considered in the model. Lower, energy diagram of the bacterio-
rhodopsin photocycle. The photon absorption by BRg,, leads to the
formation of intermediates, M, and M,, with a photochemical quantum
yield, ¢, via intermediates Ko and L. The model assumes AEy =
AEy, ~ AE,, (see text). AEy and AE, represent the molar internal
energy changes of M and O with respect to the ground state. The
magnitude of AE\ and AE in the figure are arbitrary.
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were assumed to be first-order reactions characterized by
the rate constants k,, k,, and k;. M should be considered as
a generic representation of the two states, M, and M,,
which both absorb at 412 nm (7). The interconversion
between the two species is described by the rate constants
k; and k.. The parameter a evaluates the equilibrium
between M, and M, (M, = aM; M, = [1 — alM; a = k;/
k. + k¢). M, goes back straight to BR;,,, whereas M,
decays via Og,. The lower part of Fig. 6 shows the
energetic scheme. AEy and AFE, represent the molar
internal energy changes of M,,, and O, with respect to
the bacteriorhodopsin ground state. The model assumes
AEy, = AEy, = AE.

The differential equation that describes the variation of
M,,, concentration can be written

%’=¢1—ak,M—(1 —a)k; M, (4)
where ¢ is the photochemical quantum yield, and 7 the
absorbed light intensity. The differential equation corre-
sponding to O, is given by

‘L—? - ak,M - k,0. (5)
The light source is modulated, and 7 is a function of the
chopping angular velocity, w. Since the lock-in is sensitive
to the first harmonic of the Fourier series of the response,
the general solution of M and O can be written as a sum
over a sinusoidal and a cosinusoidal term. By substitution
of this solution into Eqs. 4 and 5, the coefficients can be
evaluated. The PA signal can be analyzed in terms of the
thermodynamic parameters of the photochemical reac-
tions. The rate of heat production (Q) is equal to the
absorbed light energy flux minus the rate of energy stored
in the photochemical products. The energy stored in M and
O at time ¢ is given by

E(t)=M(t) - AEy + O(2) - AE,, 6)

where AE\, and AE, represent the molar internal energy
changes of M,,, and O, with respect to the ground state
(Fig. 6), whereas M (t) and O(¢) are the molar concentra-
tions at time . The heat production rate (Q) can thus be
written

Q=thI—AEMdEAtz—AEo%. (7)
Since p = K(w) - Q, it follows that p/p, s = Q/ Q.. The
in-phase signal is actually the sinusoidal component of
Q/0. Eq. 8 is obtained by substituting in Eq. 7 the
dM /dt and dO/dt expressions expressed in terms of the sin
and cos coefficients

Qo - _¢AEM+¢AEM [k, + (1 — a)k;)?
OQurfin Nhy Nhy o + [ak, + (1 — a)k,)?
AE, ¢pakw® aky + (1 — a)k; + k, ®)
- Nh, o + k2 & + [ak, + (1 — a)k;)*
215



This equation serves to simulate the PA frequency spectra
associated with the photosystem described in Fig. 6.

Estimation of the Parameters

The simulation procedure depends on seven parameters
(Eq. 8). ¢ = 0.3 is a good estimate of the quantum yield
value (21-24), and several reports have shown that ¢ is pH
independent (16, 25, 26). The evaluation of « is more
difficult. Sherman et al. (7) have estimated this parameter
assuming that the extinction coefficients of M, and O,
were even. Recently, the ratios between a(pH 5.1)/a(pH
7.0) and a(pH 7.0)/a(pH 8.7) were measured (8). How-
ever, up to now, no absolute value of « is available. k, has
been evaluated as a function of pH (8), but k, and k, have
not been determined in experimental conditions similar to
ours. Concerning M,,,, Sherman et al. (7) observed a
single rate constant at pH 5 and 7. This would imply k, =
k; or alternatively k, » k;. At pH 9.0, they observed that
the M,,, decay is biphasic and that the rate constant ratio
is equal to 2.0 (7).

Considering the unknown values that appear in Eq. 8, an
hypothesis had to be made to perform the simulations: at
pH 5.1, a« was assumed equal to 1.0 with k; « k..
Consequently a(pH 7.0) = 0.85 (k; <« k;) and a(pH 8.9) =
0.41 (k; = 2 k,) (8). In absence of precise k, values, the PA
results were used as an approximation. The values adopted
for the simulations are given in Table II.

Simulation of the Experimental Curves

Fig. 7 compares the simulated curves with the experimen-
tal points at pH’s 5.1, 7.0, and 8.9. The best least-square fit
was obtained at pH 8.9 since R = 0.994, whereas it
amounts to 0.975 and 0.988, respectively, at pH’s 5.1 and
7.0. Only one transition is detected in the simulated curves
due to the fact that k, and k, fall in the same order of
magnitude (8). The discrepancy between the simulated
and the experimental data is understandable considering
the model simplicity and the approximations involved in
the evaluation of the parameters. Simulation of various
theoretical models will be discussed elsewhere (8).

The simulation provides an estimation of the enthalpy
changes associated with the intermediates M,;, and Oy,
(Table III). In the data analysis, it is assumed that the total
amount of light energy absorbed by the sample (210 kJ/E
[einstein]) is actually used in the photocycle, i.e., stored by

TABLE 11
PARAMETER VALUES USED FOR THE
SIMULATION OF THE PA FREQUENCY SPECTRA

1oL

"l

100

dissipated heat (%)
1

|

'."' 1 i [ ] [ d =

5 10 20 50 100 L]

frequency (Hz)

FIGURE 7 Comparison between the experimental and simulated fre-
quency spectra of purple membrane suspensions at pH’s 5.1, 7.0, and 8.9
in 66 mM buffers. The parameters values are given in Table II; pH 5.1,
R = 0975;pH 7.0, R = 0.988; pH 8.9, R = 0.994.

the intermediates. It can be seen that AE), is not signifi-
cantly influenced by pH contrary to AE, that, at pH 8.9,
drops at 50% of its pH 5.1 value. On the other hand, if « is
assumed equal to 1 at pH 8.9, AE, = 0.08 and this would
correspond to]| AE | = 4 kcal/mol. If k,/k, is assumed equal

TABLE 111
COMPARISON BETWEEN THE EXPERIMENTAL
AND SIMULATED VALUES OF THE MOLAR
ENTHALPY CHANGES OF M,;; AND O,

pH 5.1 pH7.0 pH 8.9 pH 5.1 pH7.0 pHS89
¢ 0.3 0.3 0.3 AEy Experimental 26 22.1 23
a 1 0.85 0.41 (kcal - mol~')  Simulated 26.7 24 26.5
k(s7") 503 506 225 AE, Experimental 21.1 18.1 —
ky(s7™Y) 150 193 112 (kcal - mol™") Simulated 19.6 11.8 9.3
k(™) 0 0 450
216 BIOPHYSICAL JOURNAL VOLUME 44 1983



to 2, AE, is 0.04, and this would represent an even smaller
internal energy variation.

DISCUSSION

The experimental technique adopted in the present study
has been outlined by Garty et al. (10). The PA frequency
spectra described here are comparable with those pub-
lished previously (10, 11, 19). The similarity is striking at
frequencies higher than 70 Hz. By contrast, at lower
frequencies, significant differences are noticeable. At low
ionic strength, we observed an exothermic 21-Hz transition
at the three pHs tested. An endothermic transition was
detected by Garty et al. (10, 11) at pH’s 7.0 and 9.9 at 30
Hz, but this transition was not reported in another paper
(19). Both situations were actually observed by this group
(Dr. D. Cahen, personal communication). In our study, we
never detected an endothermic low frequency transition.
This partial discrepancy remains unexplained. As com-
pared with the results previously published (10, 19), our
experiments were performed with a slightly higher mem-
brane concentration (7.5 x 10~* M against 4.8 x 10~* M),
a lower intensity of light (110 W/m? against 250 W/m?).
The microphone has good characteristics in the low fre-
quency domain.

The conclusions that can be drawn from Fig. 2 concern-
ing the photocycle kinetics overlap those deduced from Fig.
1. However, the Fig. 2 data allow the computation of the
quadrature signal. To the best of our knowledge, this
represents the first experimental support to the theoretical
analysis carried out by Malkin and Cahen (12).

Significant errors can be introduced in the evaluation of
the intermediate lifetimes from PA frequency spectra
(Figs. 1, 2, 4, and 5) especially when several transitions are
present at frequencies close to one another (8, 10). Nev-
ertheless the O, lifetimes deduced from the PA spectra
(Table I) at pH’s 5.1, 7.0, and 8.9 are in good agreement
with flash photolysis results. Indeed the lifetimes were
found equal to 6.7 ms at pH 5.1, 5.2 ms at pH 7.0, and 9.1
ms at pH 8.9 (8). The shortest value was observed at pH
7.0 and this is also in agreement with PA data.

The ratio of dissipated heat between the photoactive and
inactive samples is proportional to ¢ - AE. The plateaus
that appear in the PA frequency spectra allow an estima-
tion of the internal energy changes associated with the
intermediate formation. The internal energy variations are
identified with the enthalpy changes since the volume and
pressure variations during the photocycle are negligible
(10) and since no electric work is performed. The M,,,
plateaus and the corresponding ¢ - AE are pH indepen-
dent. Since the photochemical quantum yield is constant in
the 5-9 pH range (16, 26, 27), it implies that the M,,,
enthalpy is unaffected by pH (Table III).

Figs. 1 and 2 show that the O, transition is very
sensitive to pH. This corresponds to an effect either on the
enthalpy of the reaction and/or on the amount of Og,
formed. The pH effect on O, was also observed by flash
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photolysis (7, 8). This justifies the branched model chosen
in the present study. This model (Fig. 6) does not satisfy all
criteria imposed by the spectroscopic data available (3),
but it integrates the pH dependence of O, and the dual
pathway in the decay of M,,, (7, 8, 20).

Table 111 compares the values of AE\y, and AE, obtained
experimentally with those deduced from the simulation.
The experimental data are expressed in kilocalories per
mole assuming that each plateau corresponds to ¢ - AF
(10). The pH effect concerns AE, at pH 5.1, the agree-
ment is satisfactory as expected since at this pH o = 1. At
pH 7.0, the influence of the branching is important and
AE, (simulated) differs markedly from AE, (experimen-
tal). AE, (experimental) represents a straightforward
evaluation of the enthalpy variations, i.e., a value asso-
ciated with an unbranched model. At pH 8.9, E, is
unmeasurable experimentally (Fig. 1), and the simulated
value is significantly smaller than at pH S5.1. Note that
AEy and AE represent global enthalpy changes in which
some endothermic contributions could be implied.

At low salt concentration, an exothermic transition is
detected at 215 Hz. This represents an event occurring 0.7
ms after the onset of illumination. The 215-Hz transition
represents probably a protein conformational change since
no intermediate has been observed with such a lifetime.
The interpretation is supported by the observation of
Becher et al. (18) who have shown spectrophotometrically
that a conformational change was associated with the
Lsso-M,,» transition. At high ionic strength, the 215-Hz
transition becomes endothermic. The variation suggests
that the amino acid residues involved in the protein modifi-
cation are accessible to the aqueous medium (18). More-
over, the conformational change occurring at 4 M NaCl,
represents an increase in molecular disorder since an
exothermic transition implies a positive entropy change for
a spontaneous reaction.

The frequency effect is much smaller at 4 M NaCl than
at low ionic strength (Fig. 4). Consequently, the positions
of the plateaus are difficult to determine. However, at 4 M
NaCl, Oy, is undetected at pH 8.9, the response being
constant from 5 to 40 Hz. Similar observations were
performed by Garty et al. (10) at 200 mM KCI (pH 7.0).
On the other hand, we have observed by flash photolysis
that both the decay rate constant and the concentrations of
O are reduced by high ionic strength (8). In fact, O
becomes undetectable at pH 8.0 and higher in 4 M NaCl
(8, 28). If the M,,, concentration is salt independent (29),
the salt effect observed on the transition represents a
salt-induced decrease of the enthalpy change.

When purple membrane sheets are solubilized in deter-
gent, the transitions are smaller than in the case of native
membranes. Mantele et al. (30) have reported that the O,
concentration observed with monomers is accordingly
smaller. The transition frequencies are not significantly
different from those of Fig. 1. Flash photolysis data of
Dencher and Heyn (17, 31) have shown that the M,,,
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lifetimes are similar in native and monomer bacteriorho-
dopsins. Our data on O, lead to the same conclusion.

The values given in Table III are difficult to compare
with other published data. Honig (32) and Birge (33) have
estimated relative free energy changes associated with
each intermediate, but nothing is known about the corre-
sponding entropy variations. Flash calorimetry data
reported by Ort and Parson (9) were obtained at 4°C and
at this temperature, the concentration of O, is almost
unmeasurable. These authors observed an endothermic
final event in the photocycle, but the intermediate identifi-
cation is difficult due to the temperature of the experi-
ments and the lack of kinetic data. Recall, however, that an
endothermic transition was observed by Garty et al.
(10, 11) in the low frequency region of their PA spectra.
On the other hand, Cooper and Converse (34) measured
the enthalpy change associated with the Meta I-Meta 11
conversion in bovine rhodopsin. The absolute value is
similar to our data relative to the M,,;,-Og, transition but
the Meta [-Meta II transition represents an endothermic
process.
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