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ABSTRACT: The volume and enthalpy changes associated with proton translocation steps during the
bacteriorhodopsin (BR) photocycle were determined by time-resolved photopressure measurements. The
data at 25 °C show a prompt increase in volume followed by two further increases and one decrease to
the original state to complete the cycle. These volume changes are decomposed into enthalpy and inherent
volume changes. The positive enthalpy changes support the argument for inherent entropy-driven late
steps in the BR photocycle [Ort, D. R., and Parson, W. M. (1979) Enthalpy changes during the
photochemical cycle of bacteriorhodopsin. Biophys. J. 25, 355-364]. The volume change data can be
interpreted by the electrostriction effect as charges are canceled and formed during the proton transfers.
A simple glutamic acid-glutamate ion model or a diglutamate-arginine-protonated water charge-
delocalized model for the proton-release complex (PRC) fit the data. A conformational change with a
large positive volume change is required in the slower rise (M f N of the optical cycle) step and is
reversed in the decay (N f O f BR) steps. The large variation in the published values for both the
volume and enthalpy changes is greatly ameliorated if the values are presented per absorbed photon instead
of per mole of BR. Thus, it is the highly differing assumptions about the quantum or reaction yields that
cause the variations in the published results.

Bacteriorhodopsin (BR)1 is one of a large class of seven-
helix membrane proteins that function as signal transducers
in a wide variety of organisms (2). Their structure seems to
be delicately balanced such that photoisomerization of a
retinal pigment in the case of the rhodopsins, or the binding
of substrate in the case of receptor proteins, leads to
conformational changes. These trigger further events in a
cascade. Such properties alone would be sufficient to justify
the large amount of work on BR, but in addition, it is a
molecular machine. Whereas the other retinal proteins are
sensors, which essentially trigger preordained responses to
absorbed photons, BR uses the energy of the photon to pump
protons (chloride ions in the case of halorhodopsin) across
a membrane and against a gradient. BR is a 26 kDa single-
peptide chain that transforms the energy of the absorbed
photon to chemical potential energy. The photosynthetic
reaction center is far more efficient in converting photon to

chemical energy but requires three peptides and more than
one-half dozen pigment and redox molecules.

The proton path through BR is now known in some detail
(3). The highly successful X-ray crystallographic work,
including several intermediates in the photocycle (for
reviews, see refs 4–7) has been a breakthrough. Combined
with the extensive optical spectroscopic measurements (8–12),
this has led to models of six or seven reversible reactions
and one or two irreversible steps (Scheme 1). The kinetics
and molecular composition of these steps are known;
however, their energetics are far less well-known. The early
work of Ort and Parson (1, 13, 14) on enthalpy and volume
changes during the photocycle suggested that the last steps
in the cycle were entropy-driven because a large positive
enthalpy was found for these steps. Further efforts using
differing methodologies have not addressed these observa-
tions directly and have produced a highly variable set of data.
Here we show that this variability is much reduced when
the data are presented per absorbed photon rather than per
mole of BR. Most of the variability thus relates to differing
assumptions about the quantum or reaction yields. The work
presented here supports some of the results of Ort and Parson
with a more robust methodology. The inherent volume
changes are assigned to the charge neutralization and
formation on proton transfer in the various steps. Estimation
of these electrostrictive contributions to the volume changes
leaves a large positive volume change on an intermediate
reaction and its reversal on the final step. We associate this
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change with the tilt of helix F observed by Dencher et al.
(15), Subramaniam et al. (16), and Radzwill et al. (17).

MATERIALS AND METHODS

Sample Preparation. Halobacterium salinarium was grown,
and purple membrane patches containing BR were isolated,
according to literature protocols (18). The purple membrane
samples were stored at 4 °C in a 30% sucrose solution. Prior
to each use, an aliquot of the purple membrane sample was
washed with doubly distilled water, followed by centrifuga-
tion twice at 17000 rpm for 30 min, washed with the desired
buffer solution once, and finally resuspended in the buffer
solution. Following a mild sonication for 2 min, the resulting
purple membrane was light adapted by illumination under a
lamp for 20 min. Immediately following light adaptation,
the optical density of the purple membrane suspension was
measured and adjusted to ∼0.25 at 585 nm in a 0.1 cm quartz
cuvette, corresponding to ∼43 µM BR. The purple membrane
sample was deaerated under vacuum immediately before
being injected into the photopressure cell. This allowed the
interfacial film of air in the filled cell to dissolve, decreasing
its compressibility. Both 10 mM Tris and potassium phos-
phate were used as the buffer in the pH range of 7-8.5. For
each photopressure experiment, the calorimetric reference
(Sheaffer jet black ink) matched in absorbance at 585 nm to
that of the purple membrane sample was measured in the
same medium as the sample to calibrate the instrument
response and provide the impulse response for the signal
deconvolution.

Photopressure Experiments. The millisecond time-resolved
photopressure measurements were performed with a novel
pressure cell. The details of this cell, the methodology, and
the verification of its results have been published previous-
ly (19, 20). The thickness of sample in the cell was 2.1 mm,
and the diameter was 17.5 mm. The temperature was kept
constant within (0.01 °C by circulating a thermostated 10:1
water/ethylene glycol mixture.

The laser pulse with a width of 1 µs, peak at 585 nm, was
generated from a flash lamp-pumped dye laser (Candela). A
0.1 mM rhodamine 6G solution in HPLC-grade methanol
was used as the laser dye. The laser beam was truncated by
a 5 mm diameter aperture and then expanded by a concave
lens to fit the diameter of the cell. The energy of the laser
beam at the cell position was calibrated by a pyroelectric
probe (Laser Precision Corp.) and measured for each pulse
by reflecting a small portion of the beam into a silicon energy
probe (Laser Precision Corp.). Neutral density filters were
inserted into the laser beam to adjust the pulse energy flux
into the sample cell within the range of 0.16-0.24 mJ/cm2,
corresponding to ∼1 × 10-9 Einstein/cm2.

Contrary to opinions in the literature, a long excitation
pulse does not necessarily favor multiple excitations or
product excitation. It is the energy of the flux and the optical
cross sections of the reactant and product that determine these

effects (21). In our case, the flux was such that 10% of the
BR was photoexcited. Since the product K has almost the
same optical cross section as BR at 585 nm, the Poisson
distribution indicates that only 0.5% of the total BR or 5%
of K will be re-excited. This fraction will vary with the ratio
of the cross sections of products to reactants. Even if the
BR moves over a larger area than the reciprocal of the photon
flux density during the flash, only 10% of K will be excited.
Since the initial quantum yield is ∼0.65, the fraction of K
excited is 3-6% at most.

The direct volume change measurements were taken with
a pressure transducer (Entran Sensors and Electronics,
Fairfield, NJ) mounted in the back wall of the photopressure
cell. The small (∆V/V ∼ 10-6) volume change of the sample
upon laser excitation was converted to a pressure change in
the cell by the compressibility of the medium and the cell,
which was converted to a voltage signal by the pressure
transducer. The voltage signal was amplified 100-fold and
was low pass filtered at either 100 or 3K Hz, depending on
the time scale of the measurements, to reduce the random
noise (Tektronix ADA400A differential preamplifier). The
filtered signal was fed into an integrating digitizer (Hewlett-
Packard 3458A multimeter) with a variable sweep speed and
integration time at sensitivities of 16-21 bits per (100 mV
and recorded with a Hewlett-Packard 340 computer. The
laser was fired at a frequency of 0.2 Hz in the line-locked
mode with a digital delay/pulse generator (Stanford Research
System), and only one of every two laser pulses was used
to excite the sample. A shutter blocked the other pulse, and
a dark background signal was taken to subtract from the light
signal to cancel the residual 60 Hz pick-up, ∼5 µV, leaving
a residual noise of 0.5 µV. Thus the sample was excited every
10 s, thereby ensuring the BR sample photocycle was
completed after each pulse even at the lowest temperature.
The signal was usually averaged for 50-100 pulses, reducing
the noise to ∼50 nV.

Each series of photopressure measurements was conducted
within 36 h, and we observed that at the same temperature,
for the same purple membrane sample, the photopressure:
energy ratio was stable. After 36 h, the magnitude of the
signal decreased by only <5%, possibly due to slight
sedimentation of the purple membrane patches but not
bleaching, because the OD of the sample was checked after
the experiment, and no noticeable change was observed.

DATA ANALYSIS

A good reference material for the photopressure measure-
ment must undergo no photoreaction and release all the
energy of the absorbed photon as heat to the medium within
the instrument response time. Some of this response time is
inherent in the transducer (20 µs), and some is from filtering
in the electronics. The photopressure signal from the refer-
ence (PREF) can be expressed as

Scheme 1: BR Photocycle
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PREF ) n
FR ′ Ehυ

κ
I(t), n)E0

(1- 10-A) (1)

where E0 is photon flux, A is the absorbance of the solution
in the cell (0.21 cm × OD/cm), n is the number of photons
absorbed, F is the sensitivity of the pressure transducer, R′
equals thermal expansivity/(heat capacity × density), κ is
the compressibility, I(t) is the impulse response of the
instrument, and Ehυ is the energy per photon. We have
determined that the effective compressibility of the cell and
transducer is some 10 times that of water (19). Thus, the
effect of the temperature variation of κ of water is negligible,
unlike the case of photoacoustic pressure wave measurements
(22), and the effective κ can be absorbed into the constant
cell sensitivity, F.

For the purple membrane sample, the BR molecules
excited by the absorbed photons go through a photocycle,
characterized by optical methods, that includes many pho-
tointermediates with lifetimes ranging from 500 fs to ∼10
ms and returns to the ground-state BR (Scheme 1). The
photopressure signal time profile at temperature T, normal-
ized to the reference signal at 25 °C, can be described by
the convolution of the impulse or reference response with a
linear summation of exponential functions

PBR
T(t)

PREF
25

) ( a′T

a′25Ehυ
)(A0 +∑

i
Aie

-t⁄τi)I(t) (2)

where the time constant τi represents the lifetime of the
intermediates and the amplitude Ai of the components
includes both the enthalpy and volume changes of the
reactions (see eq 3). R′T refers to the thermal expansivity of
the medium at temperature T. Data were collected on three
or four different time scales (500 channels at 20 µs to 5 ms
per channel), to adequately sample the response. The
deconvolutions were done by reiterative nonlinear least-
squares fitting of the data. The convolutions used an exact
equation, not the linearized form, so results are exact as τ
f 0. The results were checked by a global fit. A global least-
squares minimization was done by fitting the observed time
course of the photopressure changes (measured at varied
temperature and for each temperature on different time
scales) with the τ′ values of each transition step in eq 2 and
replacing the A values with eq 3, thus giving Q and ∆H
directly. An empirical equation gave R′ as a function of
temperature. This increased the errors but gave more
confidence in the results.

It is understood that the rate constants are fitting parameters
and represent only functions of the actual rate constants. The
observed rate constants and apparent amplitudes of consecu-
tive reactions deviate from the true constants when these rate
constants are similar in magnitude (23). We obtained the
true amplitudes by using appropriate relations among the
amplitudes, rate constants, and apparent amplitudes. How-
ever, only the amplitudes and rate constants of the second
and third steps at pH 7 (see below) are sufficiently close
that they require a roughly 15% correction. The optical
kinetic data are often fit with more complex schemes, but
because of a limited S/N ratio, our present data do not require
these refinements.

The photopressure data were obtained from both the ink
reference and PM sample over several time scales at each

temperature. The normalized (eq 2) data were fit by least
squares, and the fitting residuals were examined. It was found
that a three-exponential function was sufficient to obtain
satisfactory fitting at the present S/N ratio. From the analysis,
both the amplitudes of the components and the lifetimes were
obtained. Each amplitude of signal Ai contains two parts,
heat Qi and volume change ∆Vi (24). If we assume the heat
released and the volume changes are temperature-indepen-
dent, we have

Ai )
1

a′25(R′TQi +∆Vi) ⁄ Ehυ (3)

A plot of Ai versus R′T/R′25 will give a linear plot with a
slope of Qi/Ehυ, and an intercept at R′ ) 0 of ∆Vi/R′25Ehυ.
Therefore, the enthalpy change (-Qi) of the photoreaction
and the volume changes (∆Vi) can be deduced. In this
experiment, the energy of the photon (Ehυ) is 205 kJ/mol
(585 nm), and R′25Ehυ is 22.0 Å3/photon.

The instantaneous component A0 involves the BR* f K
f L steps, because the lifetime of the K (1 µs) intermediate
is shorter than the time resolution of the instrument, ∼20
µs. The instantaneous heat Q0 can be expressed as

Q0 )�L(Ehυ +∆HL-BR)+ (1-�L)Ehυ )Ehυ +�L∆HL-BR

(4)

where φL is the quantum yield of the BR* f L step and
∆HL-BR is the enthalpy change (negative) from the L
intermediate to the ground-state BR, which is observed with
the 1 µs laser pulse. The external work done by the volume
changes is negligible, and the energy of the proton movement
across the molecule is dissipated on the microsecond time
scale so we are justified in equating the heat energy and
enthalpy changes.

For the following i steps

Qi )-�i∆Hi (5)

∆Vi )�i∆Vi (6)

where Qi and ∆Vi are the observed heat release of the ith
step directly from the fitting, ∆Hi and ∆Vj i are the molecular
enthalpy and volume changes related to the observed values
by the reaction yield φi. For a complete photocycle, we
require and find ∑iQi ) Ehυ and ∑i∆Vi ) 0.

RESULTS AND DISCUSSION

OVerView. Panels a and b of Figure 1 show the photo-
pressure signal from the purple membrane and the reference
upon illumination by a flash of light at two temperatures
(25 and 2.5 °C). The fit of the former by an impulse
component and three exponential components convolved with
the reference is also shown as a thin solid line on the signal
curve. The residuals of the fitting (trace C) are shown on
the same figure with an expanded scale on the right axis. A
small (<3%) slower component at 2.5 °C may also be
present. The biphasic purple membrane signal at 25 °C, under
all conditions, has a larger amplitude than the reference,
indicating a positive volume change component, which is
confirmed by the 2.5 °C trace. Figure 2 compares the kinetics
at different pHs, and in different buffers at 2.5 °C. The fitting
parameters are listed in Table 1. Only selected data at 25
and 2.5 °C (the magic temperature, i.e., the temperature of
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maximum density) are shown. The errors quoted are the
result of a sensitivity analysis of the fitting parameters. Any
single set of data can be fit with less error, but the global fit
over the complete time scale increases the error while
increasing self-consistency. This is because of the limited
S/N ratio of these data and the relative insensitivity of some
parameters to the least-squares control parameter. In this case,
A0 and A3 are well-defined while A1 and A2 are less so. We
used the best global fit as the deciding parameter. The plot
of the amplitudes versus the normalized thermal expansivity
in phosphate buffer at pH 8 (Figure 3) shows that the fast
rise is largely a heat effect and the time-resolved components
are largely volume changes (Table 2). The other data at pH
7 and with Tris buffer at pH 8.5 over the temperature range
are similar. The linearity of the plots supports the assumption
that ∆V and ∆H are temperature-independent over the
temperature range of the experiment.

An objection could be made that our photopressure
methodology has resolved only three components of the
photocycle whereas the optical measurements are fit with
models of at least four reversible and two irreversible steps
(10 rate constants) and individual steps are being continually
subdivided, now to nine steps (12). Some kinetic models
proposed that parallel or branched photocycles of both proton
pumping and non-proton pumping sequences could explain
the experimental results as well as the model including only
a single cycle but with reversible and irreversible steps (8, 25).
Hendler has made elaborate calculated fits to available data
and conducted a thorough review of all models (26). The

conclusion is that no one model fits all data. It is clear that
the problem cannot be resolved by the optical studies alone.
What is required is independent input from FTIR, photoa-
coustics, and similar methods. We stress two points. First,
the fact that there are more optically visible steps than actual
proton transfer steps is not unexpected. The retinal chro-
mophore is an excellent “reporter” group for any changes
in its environment, whether or not they have directly to do
with proton pumping. Only the proton transfers from and to
the Schiff base will have a direct and large effect on the
spectrum. Other proton transfers will have only indirect
effects. Thus, the number of steps observed will be a function
of the observational method. The time constants of these
observed steps may not necessarily be identical, or even
visible (9), in the various methodologies. Second, when one
observes with more specific methods, such as FTIR, the
number of observed time constants, within the signal-to-noise
ratio, is reduced to two or three. This is seen, for example,
in the data of Hessling et al. (27). Even the optical data can
be summarized into three steps at the 80% relative concen-
tration level in an alkaline solution (10). One must distinguish
between the fits to the particular observed data and the
complex global fits of the optical data with their myriad
parameters. We are concerned with the former case.

The following observations are clear from our data.

(1) A long time after the flash, the pressure changes for
the purple membrane (PM) samples and the ink reference
are the same; i.e., after completion of the BR photocycle,
the total heat released equals the energy of the photon [205
kJ/mol (Figure 1a)] and the total volume change is zero
within error (Figure 1b), as shown in the last column of Table
2. These data are consistent with and are required for a
complete photocycle with no energy storage in ion gradients.

FIGURE 1: Photoinduced pressure changes in a purple membrane
suspension or black ink reference at (a) 25 or (b) 2.5 °C (magic
temperature): (A) dots for the purple membrane and solid line for
the least-squares fit with three time constants, (B) reference, and
(C) residues of the fitting (right scale). The fitting parameters for
the data at 20 and 2.5 °C are listed in Table 1. Traces A and B are
averages of 100 flashes. A positive signal reflects a positive volume
change. The concentration of BR was approximately 40 µM. Both
of the samples were in 10 mM phosphate buffer (pH 8.0) with a
KCl concentration of 100 mM. The absorbance of the ink was equal
to that of the purple membrane at the excitation wavelength of 585
nm.

FIGURE 2: Photoinduced pressure changes in a purple membrane
suspension or black ink reference at 2.5 °C (magic temperature)
on a time scale of (a) 50 or (b) 2500 ms: (A) PM in phosphate
buffer (pH 8.0), (B) PM in phosphate buffer (pH 7.0), (C) PM in
Tris buffer (pH 8.4), and (D) reference. Thin solid lines are the fits
with parameters listed in Table 1.
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(2) At the magic temperature of 2.5 °C where thermal
expansivity R ) 0 (note that the magic temperature shifts
from 4 °C in pure water to 2.5 °C, due to the presence of
∼110 mM salt in the buffer), the pressure change in the ink
reference disappears (Figure 2a,b, trace D). The transient
pressure change of the purple membrane remains large and
positive, but the rise and decay kinetics of the changes are
slowed (Figure 2 and Table 1).

(3) Following photoexcitation at 2.5 °C, the volume of the
purple membrane increases in two steps (Figure 2a). Both
components of the expansion are kinetically first-order. The
decay of the volume change is a single exponential (Figure 2b).

(4) The amplitudes of the faster expansion and the final
decay depend on the ion of the buffer, indicating these proton
transfer steps involve external protons (to and from the buffer
species). The slower expansion (second step) depends much
less on the buffer (Figure 2a, traces A and C, and Table 1),
showing this is an internal change. The buffer ion has no
large effect on the rate of the volume increases. However,
pH plays a strong role in the decay kinetics (Figure 2b, traces
A and B, and Table 1). The contraction becomes slower at
higher pH because fewer protons are available for uptake. It
is also noted that at 2.5 °C, the pH of the Tris buffer is ∼9.2
(28), which may account for the slower decay in Tris buffer
than in phosphate buffer (the pH of which is less dependent
on temperature).

(5) There are substantial positive enthalpy changes (nega-
tive heats or cooling) at the slowest step but with appreciable

errors. These positive enthalpies support the concept of
entropically driven final steps in the BR photocycle (1).

Quantum Yield of Proton Pumping. Since all data are
normalized to absorbed photons, each amplitude component
is expressed in the form φi(R′∆Qi + ∆Vi). Thus, knowledge
of the reaction yields, φi, is required to obtain absolute molar
values of ∆Hi and ∆Vi. Ort and Parson (14) used enthalpy
and volume differences in different buffers, together with
the known aqueous molar volume changes of protonation
of phosphate dianion (+40 Å3) and Tris (-1 Å3) (29), to
calibrate their instrument sensitivity and also to calculate the
quantum yield of proton pumping. Yields of 0.25-0.42 were
obtained depending on the photon flux and salt concentration.
However, the calculations involved dividing differences in
observed values by differences of differences (∼3% of the
observed values) and thus have severe, unstated errors.

Observed from our data, the increase in ∆∆V1 (+8.4 Å3)
with the change from Tris to phosphate buffer near pH 8
(Table 2) is small, the same as that observed by Ort and
Parson. The inverse change in ∆∆V3 (-8.5 Å3) is in good
agreement for the deprotonation of the buffer. The direct
interpretation of our data produces a quantum yield (φ) of
0.2, similar to that of Ort and Parson at low ionic strengths.
We will discuss this assumption below.

We cannot apply the same argument to the values of ∆H
using the heat of buffer protonation because of the relatively
large errors in the observed enthalpy changes. For example,
the difference in protonation enthalpies of phosphate (-7.5
kJ/mol) and of Tris (-48 kJ/mol) is +40 kJ/mol (30), while
the observed difference (phosphate - Tris) in enthalpy
changes ∆∆H1 is +10 ( 15 kJ/mol and ∆∆H3 is +2 ( 13
kJ/mol (Table 2). The expected values would be +8 and -8
kJ/mol if the quantum yield were 0.2. Though these value
are still within the error range, we cannot determine the
quantum yield from these data.

An alternative but not exclusive explanation of these low
apparent yields is that buffer ions, particularly positive ions,
are bound to the highly charged surfaces of the PM (31, 32).
In that case, the ∆H values of protonation will be modified
by the differences in the energy of binding of the buffer ions
to the PM. The volume change by electrostriction is also
expected to be sensitive to the position of the ion. The high
local ionic strength at the binding sites will decrease the
electrostriction, to one-half in the case of contact ion pairs
of equal radii, because of overlapping electric fields. The
presence of the nearby protein could slightly increase the
level of electrostriction.

The quantum yield of the primary photoreaction (φK) has
been a focus of conflicting arguments for more than a decade,
but the high value of ∼0.65 has been widely accepted since

Table 1: Fitting Parameters for eq 2, the Kinetic Data of the Direct Photopressure Measurements at 2.5 and 20 °Ca

buffer pH temp (°C) A0 A1 τ1 (ms) A2 τ2 (ms) A3 τ3 (ms) ∑Ai

phosphate 7.0 20 0.72 0.50 0.08 0.38 1.4 -0.80 9.6 0.80
2.5 -0.06 0.51 0.6 0.20 12.5 -0.75 100 -0.06

phosphate 8.0 20 0.65 0.65 0.1 0.55 1.5 -1.0 33 0.80
2.5 -0.03 0.53 0.6 0.43 22 -1.0 300 0.07

Tris 8.4 20 0.80 0.20 0.1 0.53 1.9 -0.66 63 0.87
2.5 -0.08 0.23 0.4 0.36 22 -0.58 1500 0.06

a Buffer conditions: buffer concentration at 10 mM containing 100 mM KCl. The A values are in fractions of the reference amplitude. Signal filtering
was decreased to 3 kHz to acquire the fast τ values. At 25 and 31 °C and pH 8, τ1 is too fast to be well-determined so A0 and A1 cannot be separated
(data not shown here). Since the data are normalized to 25 °C, the ∑Ai value is expected to be 0.82 at 20 °C and 0 at 2.5 °C. The error is (5%. Note
that the data used to obtain values in Table 2 covered eight temperatures between 0 and 31 °C.

FIGURE 3: Amplitudes (normalized to the reference at R ) 1) of
the photopressure changes Ai vs R′T/R′25 with the A values for PM
in 10 mM phosphate buffer (pH 8.0) and 100 mM KCl. The thin
solid lines are the fitting to straight lines with eq 3. The fitting
parameters are listed in Table 3: (9) A0, (O) A1, (2) A2, and (0)
A3.
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1990 (33–37). The yields of the following dark-thermal
reactions are generally assumed to be 1. However, the yield
of proton pumping of the photocycle may not be the same
as that of the optical primary reaction. Very few absolute
yields of proton pumping measurements can be found in the
literature. Whole cells in 4.3 M NaCl have a yield of
∼0.6 (38, 39). Govindjee et al. claimed a quantum yield of
∼0.7 for PM in 0.5 M KCl and 0.25 in 0.01 M KCl (40).
Korenbrot and Hwang found a yield of 0.65 proton per
absorbed photon in oriented BR/lipid films in 5 × 10-4 M
NaHCO3 and 5 × 10-4 M CdCl2 at pH 5.8 (41). Ionic
conductivity showed a φ of 0.4 at pH 4 but could not be
used at more alkaline pH, because the movement of several
nonproton ions interferes with the measurements (42, 43).
Thus, the quantum yield of the proton pumping could be
smaller than the quantum yield of the primary step in the
photocycle.

Because of these uncertainties in the yields, we present
the data in observed, per absorbed photon, not molar,
quantities.

Enthalpy Change, ∆Hi. The φi∆Hi values for each step i
are simply the negative of the measured Qi, listed in Table
3, together with some other previously published values for
comparison. It is noted that the ∆H2 values in the literature
vary widely from -170 kJ/mol (1) (Ort and Parson, φ )
0.3, pyrophosphate, pH 8.5) to our value of -54 kJ/mol (φ
) 0.65, phosphate, pH 8.0). This disagreement and similar
disjunctions of other data are much ameliorated when the
values are presented in the measured units of kilojoules per
photon (Table 3). We believe that the variable, assumed
quantum or reaction yields cause most of the disagreement
in the literature.

Prompt Enthalpy Changes, ∆H0. The prompt Q0 accounts
for g90% of the total heat change (Table 2) and thus the
φ∆HL-BR; i.e., the difference in the enthalpy of the L state
and the BR ground state is small. An enthalpy storage is
observed in the L state, 26 ( 6 kJ/photon (Tables 2 and 3).
On the time scale of <50 µs (our instrument resolution time),
the prompt changes include BR* f K f L transitions. The
initial relaxation of the photoexcited state involves all-trans
to 13-cis isomerization of the retinal and concurrent changes

in the protein. It is accepted that the enthalpy storage in the
K intermediate is +20 to +40 kJ/mol (33, 35, 44, 45) with
a quantum yield for K formation of ∼0.65. The K f L
transition has a very small enthalpy change (45); therefore,
a heat release of g85% of the photon energy is expected
upon formation of the L state (∼1 µs).

Time-ResolVed Enthalpy Changes, ∆Hi. The fast rise step
has an enthalpy change φ∆H1 (L f M step) on average of
-12 ( 13 kJ/photon (Table 3). The large errors in ∆H1 and
∆H0 are caused by the closeness of τ1 to the resolution time
and the decrease in the observed Q at lower temperatures as
R f 0. Our ∆H1 values agree within this error with the
values of Ort and Parson (1) and Ludmann et al. (10) (Table
3). Varo and Lanyi (44) found a small but positive value.
The latter two were obtained by analysis of the temperature
variation of kinetics. These values, involving analysis of
complex, multicomponent system (approximately five spec-
tral forms and six to nine time constants), apply only to steps
considered to be at equilibrium. They are difficult to compare
with the direct measures in the simple three-step system. We
may not be comparing truly similar steps. Further, in the
latter papers, the concepts of quantum and reaction yields
are replaced by those of “fraction cycling”, with the
assumption that reaction yields are unity. The fraction cycling
was 25%, which implies that flux energies well into
saturation were used. A possibility is that intermediate K
was photoexcited causing unknown complications, e.g.,
photoreversals causing the appearance of “equilibria”.

The slow rise component has an enthalpy change φ∆H2

(M f N step) of -37 ( 9 kJ/photon for phosphate at pH
7-8, which is some 30% smaller than that of Ort and Parson
(1) and close to that of Varo and Lanyi (44) but larger than
that of Ludmann et al. (10), yet within twice our estimated
error (Table 3).

The φ∆H3 of the final step, N f O f BR, is positive,
+27 ( 9 kJ/photon, under these three conditions and close
to that of Ort and Parson (1) and of Varo and Lanyi (44)
but smaller than that of Ludmann et al. (10) (Table 3). The
reaction is entropy-driven as Ort and Parson claimed. The
large positive enthalpies (and entropies) assigned to the N
f O step by Ludmann et al. will not be visible in our

Table 2: Observed Volume Changes (∆Vi) and Heat Releases [Qi (∆H ) -Q)] of a Purple Membrane from the Fitting of Plots of Ai vs R′T/R′25 As
Shown in Figure 3 by eq 3a

buffer pH ∆V0 ∆V1 ∆V2 ∆V3 ∑∆Vi ∆Q0 ∆Q1 ∆Q2 ∆Q3 ∑Qi

phosphate 7.0 -1.3 (0.1) 10.8 (0.7) 5.7 (0.6) -15.8 (0.5) -0.6 (1.1) +193 (2) +18 (14) +40 (10) -31 (8) +220 (19)
phosphate 8.0 -1.3 (0.5) 13.5 (0.7) 8.9 (0.5) -20.8 (0.5) 0.3 (1.1) +184 (9) +14 (14) +34 (8) -24 (8) +208 (20)
Tris 8.4 0.7 (0.3) 5.1 (0.5) 7.8 (0.1) -12.3 (0.7) 1.3 (0.9) +196 (7) +4 (10) +49 (2) -26 (11) +223 (17)

a The units for the ∆Vi values are cubic angstroms per photon, and the units for the ∆Qi values are kilojoules per photon. The values in parentheses
are the standard deviations of the fits. The theoretical values for ∑∆Vi should be 0 and for ∑∆Qi should be 205 kJ/photon.

Table 3: φ∆H Data of This Work (errors of (10 kJ/photon except for the error of (6 for φ∆HL-BR) and Those Adapted from Ort and Parson (1), Varo
and Lanyi (44), and Ludmann et al. (10)a

buffer pH ionic strength
φ∆HL-BR

at <50 µs
φ∆H1

at ∼100 µs
φ∆H2

at ∼1 ms
φ∆H3

at ∼30 ms method

phosphate 7.0 100 mM KCl, 10 mM buffer -27 -18 -40 +31 photopressure
phosphate 8.0 100 mM KCl, 10 mM buffer -24 -14 -34 +24 photopressure
Tris 8.4 100 mM KCl, 10 mM buffer -27 -4 -49 +26 photopressure
pyrophosphate 8.5 200 mM KCl, 2 mM buffer -23 -9 -50 +39 photopressure (1)
pyrophosphate 8.5 2 mM buffer alone -29 -15 -50 +42 photopressure (1)
phosphate 7.0 100 mM NaCl, 50 mM buffer NA +10 -57 +36 temperature dependence of kinetics (44)
Tris 8.5 100 mM NaCl, 25 mM buffer NA -5 -15 +65 temperature dependence of kinetics (10)

a All in units of kilojoules per photon. The values from refs 10 and 44 have been calculated with a quantum yield of 0.65.
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measurements because of the small amount of O present at
pH 7-9. The small magnitude of O greatly increases the
error of the molar values quoted by Ludmann et al. Neither
of the papers on thermal effects of the kinetics has much
discussion of error.

We note that in Ort and Parson’s data analysis, the
expansivity R of the medium, a nonlinear function of
temperature, was neglected. Omitting this resulted in steeper
slopes (∼20%) of both signs when the amplitude of volume
change was plotted versus temperature. This could explain
the discrepancy between our data and those of Ort and
Parson. The presence of a large volume change can magnify
the effects on the slope, leading to a larger ∆Hi (24). Together
with a low quantum yield of ∼0.3, they thus calculated very
large enthalpy changes per mole, of both signs.

Volume Changes: Prompt, ∆V0, and Time-ResolVed Vol-
ume Changes, ∆Vi. The volume changes of the BR cycle
we obtained in this study and the data from the literature
are summarized in Table 4. As an example of the variation
of the data in the literature, the volume changes of the decay,
∆V3 (when presented in units of cubic angstroms per mole),
vary from -310 (46) (φ ) 0.12) and -32 (13) (φ ) 0.3) to
our value of -18 (φ ) 0.65) in Tris (pH 7.0-8.4). But when
they are expressed as φ∆V, i.e., ∆V per photon, the overall
agreement is striking, involving three different methodologies
(Table 4).

The small observed ∆V0 is consistent with the earlier
photoacoustic results of Zhang and Mauzerall (45) and
Logunov and El-Sayed (36). The values of Varo and Lanyi
(56) and that of Klink et al. (12) are larger, but the comment
on the difficulty of comparing data from analysis of thermal
(here pressure) variation of spectral kinetics and our direct
measures also applies here.

The values of ∆V1 are remarkably consistent, with the
exception of those of Schulenberg et al. (46). The same
occurs with their value of ∆V3.

The ∆V2 of Varo and Lanyi (56) is some 4-fold larger
than the other results which are in good agreement. The
above comment on analysis of kinetic data applies here.
Klink et al. (12) assigned volume changes to time-dependent
processes of electrostriction involving reorientation of mol-
ecules, but reorientation of molecules does not per se produce
a volume change. Electrostriction arises from the large
electrostatic pressure (>104 atm) developed in the dielectric
by the gradient of the electric field surrounding the ions. It
occurs as fast as charge formation since it proceeds with the
speed of sound and thus takes a few picoseconds for an
average protein. It is quite possible that the protein structure

relaxes following this shock, but we have no direct evidence
of such processes. We do argue that the strain placed on the
protein structure may well be an energy storage mechanism
and the source of protein conformation changes.

Calculation of Volume Changes. The volume change in a
proton transfer step can be explained by the electrostriction
effect (see more details in the Supporting Information).
Following our work on photosynthetic systems (24, 47–50),
our approach is to explain as much as possible via electros-
triction and then to resort to other contributions, such as
volume conformational changes.

A definite conclusion is that the difference in the proto-
nation volume change of the phosphate (P) and Tris (T) times
the quantum yield is 8 ( 1 Å3/photon. This leads to a φ of
0.21 ( 0.02 if the aqueous values for the buffers are used
[the molecular volume change of protonation of phosphate,
P, is +40 Å3 and of Tris, T, is -2 Å3 (29)], which was done
by Ort and Parson (14). This assumption fails for the
individual fits for ∆Vi (see the Supporting Information for
details). However, the data can be fit with the accepted φ of
0.65 if the molar volume changes of protonation of phosphate
(P) and Tris (T) are allowed to be different from the literature
values, which could be caused by the buffer ions binding to
BR. If φ is 0.65, the difference in volume change between
protonation of phosphate and Tris must be +12 Å3 per
molecule. Our estimate of the ∆V of electrostriction for
protonation of Tris using the Drude-Nernst equation (51)
and a radius of 1 Å (the charge is localized on the N) is -6
Å3, and that for the phosphate dianion (charge of -2 to -1)
with a radius of 1.5 Å is +12 Å3 for a P - T difference of
+18 Å3. The Drude-Nernst equation tends to give overly
small values for very small or multiply charged ions in
aqueous solution (52), most likely because of dielectric
saturation (53). The formation of ion pairs of the charged
species in the protein with the buffer ions will reduce the
volume change of protonation. Clearly, our calculations are
an approximation and are justified by their usefulness.

The results of these calculations (given in the Supporting
Information) are summarized in Table 5. Our ∆V data can
be accommodated quite well by what is known about the
proton transfer pathway and with a semiquantitative inter-
pretation based on electrostriction. We use our Drude-Nernst
estimation of the molecular protonation volume change of
+12 Å3 for phosphate and -6 Å3 for Tris to be self-
consistent. We assume φ ) 0.65. The estimation of ∆V1

depends on the model of the proton reaction complex (PRC)
used. Data are shown for six PRC models in Table S1. The
PRC models that give the acceptable fits are those (1) with

Table 4: φ∆Vj per Photon Data of Our Work (errors of (0.6 Å3/photon) and Those Adapted from Ort and Parson (13), Varo and Lanyi (56), Klink et
al. (12), Zhang and Mauzerall (45), Schulenberg et al. (46, 57)a

buffer pH ionic strength φ∆Vj0 φ∆Vj1 φ∆Vj2 φ∆Vj3 method

phosphate 7.0 100 mM KCl, 10 mM buffer -1.3 11 6 -16 photopressure
phosphate 8.0 100 mM KCl, 10 mM buffer -1.3 14 9 -21 photopressure
Tris 8.4 100 mM KCl, 10 mM buffer 0.7 5 8 -12 photopressure
phosphate 7.4 50 mM KCl, 50 mM buffer NA 16 6 -22 photopressure (13)
Tris 7.4 50 mM KCl, 50 mM buffer NA 4 6 -10 photopressure (13)
CAPS 10.0 100 mM NaCl, 50 mM buffer -17 5 33 -20 pressure dependence of kinetics (56)
Tris 7.0 150 mM NaCl, 15 mM buffer -12 12 10 -6 (Nf O) pressure dependence of kinetics (12)
Tris 7.0 10 mM buffer -1.1 NA NA NA photoacoustic (45)
Tris 7.0 10 mM buffer 35 28 NA -37 photothermal (46, 57) beam deflection

a All in units of cubic angstroms per photon (1 mL/Einstein ) 1.66 Å3/photon). Data reported in refs 12 and 56 have been corrected using a quantum
yield of 0.65.
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only one of the pair of glutamates protonated or (2) with
two glutamate anions and an arginine cation with a proton
and three water molecules with the charge totally delocalized
over a 2.5 Å radius.

For the slow rise, ∆V2, the proton transfer from Asp96 to
the Schiff base creates charge with a necessarily negative
volume change as does the loss of a proton from Asp85.
The protonation of the PRC can approximately cancel one
of the former three contractions. Thus, the estimation of ∆V2,
using the same value of the PRC as for ∆V1, results in an
expected change of -32 Å3 (sum of –37 and +5). To account
for the observed value of +8 Å3, a positive conformational
expansion of +40 Å3 is required given a φ of 0.65. This is
shown in the second row of Table 5. Our estimation of the
volume change created by a small tilt of a helix, +60 Å3,
could easily account for this change (see the Supporting
Information).

The estimation of ∆V3 involves three proton transfer steps,
but these involve the buffer, conformational changes, and a
known small volume change of retinal isomerization. An
important point for both our data and the fits is that they
require closure of the cycle, i.e., ∑∆Vi ) 0, which they do
with a total error of -3 Å3.

We note that the small observed and calculated ∆V values
in each of the steps are caused by cancelation of large
opposing changes occurring within the same time-resolved
step (Table 5). This particular order may have been selected
by evolution to reduce strain in the BR structure. The use of
D2O or a mutant which delays or speeds one of these pairs
of processes would allow separation of these signals and thus
give reliable estimates of the individual volume changes.

As we narrow these estimates of the electrostrictive volume
changes, it will be possible to obtain the κ/ε factor in the
Drude-Nernst equation. Since we can estimate κ from the
effect of pressure on the spectra (54), we can determine an
effective ε for the PM. The κ of BR has been measured by
ultrasound, to be 23 Mbar-1 (55), similar to that estimated
for the bacterial reaction center (50). Our present estimate
of the effective ε in BR is ∼8. The effective ε is a very
useful parameter since it incorporates the integral of the
spatially varying ε over all space. It may vary at the different
sites because of the varying number and rigidity of water
molecules. Using the effective ε, one can readily estimate
the electrostatic free energies of the steps. By comparison
to the observed enthalpies, we can estimate the entropic

contribution to these reactions, as we have done with the
photosynthetic electron transfer reactions (24).

CONCLUSIONS

(1) Positive enthalpy steps of +27 ( 15 kJ/photon are
found for the decay step of the photocycle. This is evidence
of an entropy-driven reaction as the last step of the cycle as
claimed by Ort and Parson (1).

(2) Our estimates of ∆V via electrostriction are consistent
with what is known of the proton pathway. The proton on
the PRC is either on a glutamate or on a totally delocalized
charged complex.

(3) The volume changes require a large positive confor-
mational expansion in the slow rise time scale, the M f N
step, and its recovery on the decay time scale. We fit the
data with an electrostriction factor, κ/ε, smaller in BR than
in photosynthetic reaction centers because of the presence
of water in the proton conduction path.
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