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Excitation of the L Intermediate of Bacteriorhodopsin: Electric Responses
to Test X-Ray Structures

R. Téth-Boconadi,* A. Dér,* S. G. Taneva,! and L. Keszthelyi*

*Institute of Biophysics, Biological Research Centre, Hungarian Academy of Sciences, Szeged, Hungary; and finstitute of Biophysics,
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ABSTRACT The L intermediate of bacteriorhodopsin was excited, and its electrical response was measured. Two positive
components were found in it with respect to the direction of proton pumping: an unresolved fast component, and a slower one
(r = 7 us) of small amplitude. The fast component was assigned to a charge motion corresponding to reisomerization of the
retinal moiety, whereas the slow one was attributed to charge rearrangements reestablishing the ground state. Because three
x-ray crystallographic structures have recently been reported for the L intermediate, it seemed important to calculate the intra-
molecular dipole moment changes associated to bR — L for all three structures, so as to compare them with similar quantities
determined from the electrical signals. The results are discussed in terms of amino acid side chains possibly contributing to the
observed effect. We propose to use electrical signals as a verification tool for intermediate structures of the photocycle, and thus

for molecular models of proton pumping.

INTRODUCTION

Bacteriorhodopsin (bR), a paradigm for ion pumps and the
7-helix receptor family, is expected to be the first ion trans-
porting membrane protein whose function can be described
on the level of atoms, purely by physical methods (1-4).
Recent determination of x-ray structures (5) clearly repre-
sents an important step in this direction, and inspired mech-
anistic models of proton pumping (6—8). The question arises,
however, whether the currently available x-ray structures, de-
termined under far-from-natural conditions, represent a solid
basis on which one can build functional models reflecting the
complex dynamical behavior of a protein in action at room
temperature.

In this article, we address this problem via analyzing the
x-ray data available for the L intermediate structure in terms
of their compatibility with photoelectric signals associated
to L. For the time being, most of the x-ray data are piled up
in connection with this intermediate (9—12). At the first sight,
they look somewhat different from each other, which has
been attributed to methodological differences in sample
preparation and mainly in interpretation of the raw data (13).

Since even these small differences might give rise to
establish fundamentally different models of proton pumping
(13), it is important to find reliable experimental verification
tools that are able to select among different x-ray structures.
In a previous article (14), we suggested photoelectric signals
of bR (protein electric response signals (PERS)) (15) to use
as such a reference tool. From the kinetic traces, electric
dipole moment changes between photocycle intermediates
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can be determined, which can be directly compared with
similar quantities calculated from structural data.

Here we report on a study comparing the direction and size
of the charge displacement between the bR ground state and
the L intermediate, determined experimentally from photo-
electric measurements, and calculated from different x-ray struc-
tures available in the literature.

First we present electric signals corresponding to excita-
tion of the L intermediate, and establish that, similar to K and
M (16-22), and unlike N and O (23-25), the photoreaction
of the L form also results in a charge displacement opposite
to that of the overall pumping direction, corresponding to a
shortcut of the photocycle redirected from L to the ground
state.

In the next step we determine the sign of the electric dipole
moment change between bR and L, and compare it with the
same quantity derived from three different pairs of x-ray struc-
tures. General implications of the results are discussed.

MATERIALS AND METHODS

Purple membrane containing wild-type bR was separated from Halobacte-
rium salinarum strain R;{M;. The membrane fragments were oriented and
immobilized in polyacrylamide gel as described in Dér et al. (26). Slabs
measuring 1.6 X 1.6 X 0.18 cm® were cut and soaked in a solution (100 cm®
containing 50 uM CaCl, at pH 7.5) for overnight at least, and placed, in the
same solution, into cuvettes.

Two lasers were used for flash illumination: a frequency-doubled
Nd:YAG laser (530 nm) (Surelite, Continuum, Santa Clara, CA) and an
excimer laser-driven dye laser with fluorescein 27 (553 nm) (Lambda
Physik, Gottingen, Germany). The Nd:YAG laser provided the first flash and
the dye laser the second. A laboratory-built time generator controlled the
delay between the flashes.

The electric responses were picked up with platinized Pt electrodes
immersed in the solution and amplified by a homemade current amplifier
based on a Burr-Brown 3554 operational amplifier with band width set to
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300 kHz. The signals were digitized and averaged by computer-controlled
transient recorder (Lecroy, Santa Clara, CA) with 10,000 channels.

For the charge displacement/dipole moment calculations, the atomic
coordinates of the bR and L structures were taken from the published PDB
files (1EOP, 100A, and 1UCQ) (9-11), whereas the corresponding partial
charge values were adapted from earlier molecular dynamics simulations.
Partial charge data sets are provided in Supplementary Materials. For details
of their assay, see Humphrey et al. (27) and McKerell et al. (28). H atoms
were added to the structures by the molecule modeling software HyperChem
3 (Autodesk, San Rafael, CA). The calculations were restricted to amino
acids Arg-82, Asp-85, Leu-93, Trp-182, Asp-212, and Lys-216, and the
retinal moiety; water molecules and temperature factors were not taken into
account. The quantity ufy | = Y (z(i), — z(i)pr )q(i) was determined for all
the intermediate structures, where z(i) is the z coordinate of the ith atom, ¢(7)
the corresponding partial charge, and summation runs through all the atoms
considered.

RESULTS AND DISCUSSION

The L intermediate was generated by a flash exciting the
ground state (bR), and then it was subjected to a second flash
to investigate its photoresponse. The major problem in
studying PERS of a given intermediate is the separation of its
contribution from signals due to the unavoidable excitation
of the residual ground state (bR) and other intermediates
generated by the first flash (residual means the fraction not
excited by the first flash.) The population of these species
changes with the intensity of the first and the delay time of
the second flash. The ideal separation can only be approx-
imated. In this special case, we assumed that at the wave-
length of the second flash (553 nm) only the L intermediate
and the residual ground state were excited. Three excitation
measurements were performed: by the first flash only (Fig. 1,
trace a), by both flashes (trace b, at different delay times be-
tween them), and by the second flash (trace ¢). Traces a and ¢
show the well known PERS of bR in the given time range: a
large fast negative signal followed by positive components

5 - T T T T T |
O -
< 57
2
=]
2 104
3
o
-15
-20 i
T T T T T
0 10 20 30 40
time (us)
FIGURE 1 Traces of electric responses in the case of the L intermediate:

(a) only the first flash (530 nm); (b) double flash (the second flash, 553 nm,
at a 4-us delay); and (c¢) only the second flash. Solution: 50 uM CaCl,, pH
7.5, at 24°C.
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(29). In a simplified explanation, the negative signal is
assigned to the bR-K-L transitions, whereas the first positive
signal follows the L decay. At trace b, the sum of the re-
sponses for excitation of bR, the residual ground state (i.e., a
part P of the signal in trace c¢), and the intermediate appear at
the given delays (4 us in Fig. 1). In Fig. 1, the fast signal at
4 us delay is smaller in trace b than in trace ¢, meaning a
positive contribution from the L intermediate, confirming a
previous result (19).

Accurate determination of factor P is necessary to obtain
information on other possible components in addition to the
fast responses. Therefore, we recorded PERS generated by a
double flash in a delay range where the concentration of the
other intermediates was negligible. Subtracting these values
at different delays, the remaining signals are attributed to the
L intermediate. If the procedure is correct, then the ampli-
tudes of the fast signals follow the L decay.

The delay-time dependence of the amplitude of the fast
signals, recorded after the second flash in double excitation,
is shown in Fig. 2. The negative amplitude increases
according to the lifetime of L decay, then levels off for a
first plateau, and increases again to a second plateau with the
lifetime of the rate-limiting step of the photocycle. The ratio
of the first and second plateau values is P = 0.65. The
difference between traces (b — a) — P X c is assigned to the
PERS of the excited L intermediate. In Fig. 3, the positive
amplitudes of the fast signals calculated this way are nor-
malized to the electric signal assigned to L decay. Their close
agreement substantiates the outlined procedure. According
to Fig. 4, the L PERS consists of a large, fast positive signal
and another positive signal of 7.3 = 0.1 us lifetime with
smaller amplitude. The ratio of the areas of the slow and fast
signals is 0.061 * 0.001. The integral of line a for the whole
photocycle and, similarly, the integral of b — P X ¢, is
proportional to the transported charge. The second is smaller
with 18%, indicating that excitation of L stops the charge
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FIGURE 2 Delay-time dependence of the amplitudes of the fast current
signal excited by the second flash in the case of the L intermediate.
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FIGURE 3 Derived amplitudes (see text) from the fast-current signal for
L excitation (O) normalized to the electric signal (solid line) assigned to
L decay.

transport, i.e., shortcuts the photocycle with ~50% quantum
efficiency.

When interpreting the electric signals measured upon
excitation of L, it is worth recalling what is known about the
opposite process. PERS of ground state bR until L has two
negative components: the lifetime of the first is between 2.5
and 5 ps (22), whereas that of the second is ~2 us (29). The
first was assigned to charge motions during the bR — K, and
the second to that during the K — L transition (15). They were
attributed to primary charge separation upon light excitation
inducing all trans to 13-cis isomerization, and to some
unknown charge rearrangement during the K — L transition.

Taking these facts into account, the unresolved positive
fast signal of L obviously represents the charge motion cor-
responding to reisomerization of the retinal from 13-cis to
all-trans, whereas the small positive component of L must
represent a charge motion accompanying the conformational
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FIGURE 4 Electric response for excitation of the L intermediate.
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rearrangement reestablishing bR. The question arises whether
all these are commensurate with the x-ray structures pub-
lished so far, and, if yes, what kind of charge rearrangements
in the protein molecule contribute the most to the measured
electric signal.

Crystallographic structures of K and L intermediates have
already been determined, though L structures from different
groups (1EOP, 100A, 1UCQ) deviate somewhat from each
other (9-12). A careful comparison of the three reported L
structures is given by Lanyi (13). Although none of the three
models were found to be free from some degree of conflict,
an overall preference was given to 100A, on the basis of
mainly methodological considerations. In general, it was con-
cluded that low-temperature structures are probably relevant
to proton pumping of bR at ambient temperature.

Comparison of the published x-ray structures of the three
research groups agree in the finding that, besides retinal, only
a few amino acids are affected during the bR—L (or
L — bR) transition. Following Lanyi (13), we considered six
amino acids (Arg-82, Asp-85, Leu-93, Trp-182, Asp-212,
and Lys-216) and the retinal moiety as the main contributors
to the charge motion underlying the measured electric sig-
nals. Since PERS can be interpreted on the basis of intra-
molecular charge displacements (15,29,30), we calculated the
displacement of positive and negative charge centers—or, in
other words, the change of the electric dipole moment vector
of the bacteriorhodopsin molecule—between the ground
state and the L intermediate of all three crystallographic
structures. Unlike in Dér et al. (14), we considered only the z
component of the difference dipole vector (ugz_; ), since our
measurements were restricted to the detection of charge
displacements in the direction of the membrane normal.
Bearing in mind that the p-values may depend sensitively on
partial charges (PC), we calculated them according to two
different sets of PC (27,28) (Table 1, column 7). Having the z
axis of the x-ray structures pointing opposite to the overall
pumping direction (Fig. 5), 1UCQ yields a positive value,
whereas 100A and 1EOL give a smaller and a larger negative
value, respectively, for the resulting charge displacement at
both PC sets. Further analyzing the data of this calculation
(Table 1, columns 1-6), we can establish that in all three
models, besides the retinal moiety, only the charged amino
acid side chains make a considerable contribution to ufg_; .
It is also apparent that data calculated from 1UCQ and 1EOP
show an overall similarity in terms of Au-values of particular
side chains, and the main difference comes from the motion
of Arg-82 in the latter. In 100A, Arg-82 shifts to the op-
posite direction, and the contribution from turnover of the
Schiff-base proton is missing.

Another important contribution to the resulting charge
displacement is assumed to come from water molecules.
Since the dipole moment of freely rotating water molecules
is smeared out, they do not contribute to the electric signals,
nor does the migration of water molecules itself. However,
those ‘‘bound’’ water molecules that change their orientation
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TABLE 1 The z component of the electric dipole moment change between bR and L (uZ_, ) calculated from three

crystallographic L structures

L structure Arg-82 Asp-85 Leu-93 Trp-182 Asp-212 Lys-216 Prot Prot + water
1EOP —2.1734 0.1631 0.0125 0.1189 0.2184 0.5451 —1.1154 —0.3404
—1.8833 0.1532 0.0174 0.0602 0.2025 0.6250 —0.8250 —0.0500
100A 0.6143 —0.2344 —0.0171 —0.0059 —0.1918 —0.2212 —0.0560 0.7190
0.6145 —0.2395 —0.0154 —0.0001 —0.2299 —0.3889 —0.2593 0.5157
1UCQ 0.2224 0.0608 —0.0061 0.0486 —0.2201 0.2448 0.3504 1.1254
0.2078 0.0704 —0.0056 0.0314 —0.2422 0.2319 0.2937 1.0687

The contribution of the considered amino acid side chains and the retinal (included in Lys-216), and their sum without (Prot) and with (Prot + water) the
assumed contribution of a water molecule (31) is listed. Dipole changes, all given in eA units, are calculated from two partial-charge-value data sets (27,28).

during the bR-L transition are expected to affect the overall
dipole change. Each of the three L structures contains three
water molecules in the vicinity of retinal, but x-ray exper-
iments do not carry direct information on their orientation.
There is Fourier transform infrared evidence, however, in
favor of a flip-flop motion of a water molecule during the
K — L transition (31). Since the dipole of this water molecule
is assumed to be quasiparallel with our z axis, its turnover
would give a contribution of some 0.775 eA to the resulting
dipole values (Table 1, column 8).

From our experiments, it follows that both components of
the electric signal associated with the bR — L transition re-
flect dipole changes corresponding to the displacement of a
positive charge opposite to the overall pumping direction.

Crystallographic
Z axis

|

i Direction of proton
i transport

|

FIGURE 5 Demonstration of the crystallographic z axis and the direction
of proton transport with respect to the bR molecule.
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This implies that, in the coordinate system used for the x-ray
data, ufg_; must be positive (Fig. 5). The absolute value of
the dipole change associated with the bR-L transition can
also be estimated, if we consider that the time integral of the
full electric signal (integrated through the time course of the
whole photocycle) should correspond to a full displacement
of a proton through the membrane, i.e., to a 45 eA dipole
change. Taking this value as a reference, on the basis of our
measurements we can estimate uf ; to be some 1.3 eA.
Comparing this value with the data of Table 1, column 8, we
can see that the data from 1UCQ best approach this value
(~1.1 eA). However, to tell anything more definite, further
molecular dynamics calculations starting from the x-ray
structures are necessary (32—34) to establish the exact effect
of water molecules and the retinal polarization (35) on the
overall charge displacement.

In general, we can establish that comparison of dipole
change values determined from both time-resolved mea-
surements of electric signals and x-ray structures gives
valuable results. On the one hand, intramolecular charge re-
arrangements, as the main contributors to the electric signals
associated with the photocycle, can be identified, and on the
other hand, PERS is suggested to be used as a sensitive
experimental test for the verification of intermediate struc-
tures. The results also call attention to a general need of im-
proving refinement procedures of raw x-ray data (e.g., by more
extensive molecular dynamics calculations), so as to better
approach native protein structures.

SUPPLEMENTARY MATERIAL

An online supplement to this article can be found by visiting
BJ Online at http://www.biophysj.org.
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