
Lanthanum ions (La3+) drastically changed the pH depend-
ence of the photocurrent responses from bacteriorhodopsin
(bR).  The pH value of the photocurrent polarity reversal was
shifted to lower pH and the ratio of the light-off to the light-on
photocurrent peak intensities, Ioff/Ion, was significantly
decreased, compared with the photoresponse from the wild-type
bR.  These results are explained by invoking the effect of La3+

on the bR proton pump activity.

Bacteriorhodopsin (bR), the light-driven proton pump of
Halobacterium salinarium, is normally purple (λmax=568 nm),
and turns blue (λmax=603 nm) by removal of metal ions.1–3

Metal ions bound to a bR molecule (Ca2+ and Mg2+ in nature)
would contribute to the color regulation and proton pump func-
tion of bR.  The role of metal ions on the proton transport of
bR, however, still remains ambiguous.  It was reported that lan-
thanum ions (La3+) changed the bR photocycle drastically,4,5

although the mechanism at molecular level has not been unrav-
eled.  A study on the proton pump activity of La3+-substituted
bR, compared with wild-type, will lead to an elucidation of the
role of metal ions on the proton transfer process of bR.

We have proposed that photoelectrochemical response
from bR at electrode-electrolyte interfaces, which originates in
the interfacial pH change arising from proton release/uptake by
bR molecules,6–10 is useful in probing the proton pump of bR.
Here we report the effect of La3+ on the photoelectrochemical
response from bR.

Purple membrane suspensions, purified from
Halobacterium salinarium S9 according to the conventional
method of Oesterhelt and Stoeckenius,11 were deionized by pas-
sage through a cation exchange column (BioRad AG-50W) as
described by Kimura et al.2 La3+-substituted bR was prepared
by adding LaCl3 solution with a micropipette to the deionized
bR.  The optical density at absorbance maximum of La3+-sub-
stituted bR suspension was adjusted to 1 by adding pure water,
and a 50-µL aliquot of the bR suspension was deposited on a 1-
cm2 area of an SnO2 plate (Nippon Sheet Glass), followed by
drying at room temperature and humidity. Photocurrent meas-
urements were conducted in a manner similar to that described
eleswhere.8 A band-pass filter (Toshiba Glass, G-55S) was
used to extract green light from an Ushio Electric xenon arc
lump Model UXL-500D-O.  The electrode potential was con-
trolled with a Toho Technical Research potentiostat Model
2000, and an Ag/AgCl and a platinum wire served as the refer-
ence and the counter electrode, respectively.  Photocurrents
were recorded with a Sony Tetronix oscilloscope Model TDS-
340.  An NF Electric Instruments low-pass filter Model E-
3201B was used for photocurrent measurements in the pH
region near the photocurrent polarity reversal.

Figure 1 depicts typical photocurrent response patterns
from a La3+-substituted bR on an SnO2 electrode at neutral and

low pH.12 Hereafter the photocurrent by turning on and off of
incident light is denoted as the light-on and light-off photocur-
rent, respectively.  The decay time of the photocurrent from a
La3+-substituted bR is about 50 ms, much slower than that from
wild-type bR.  The photoelectrochemical response is reversed at
lower pH, compared with the pattern at neutral pH.  The pH of
photocurrent polarity reversal for La3+-substituted bR is ca. 3.9,
and is much lower than that of wild-type bR (ca. 5.2).  We have
reported that the polarity reversal pH coincided with the pH
value at which the proton release/uptake steps were reversed.9

Thus the result obtained here indicates that La3+ lowers the pH
value for the reversal of the proton release/uptake sequence.
This suggests that La3+ bound to bR lowers the pKa of the pro-
ton release group existing in the extracellular region of bR mol-
ecules, because the sequence of the proton release and uptake
would be determined by the pKa of the proton release
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group.13,14 Recently, it was reported that one of the high affini-
ty cation-binding sites was located around the loop between the
helix F and G on the extracellular surface,15 close to the proton
release groups (Glu-204 and/or Glu-194).  The deprotonated
state of these groups would be more stable by binding a triva-
lent La3+ ion at this site, relative to Ca2+ or Mg2+.  We propose
here that the metal ion at this high affinity cation-binding site
stabilizes the ionized state of the carboxyl groups of the proton-
releasing glutamic acids, resulting in the lowering of pKa of the
proton-releasing groups.

The light-off photocurrent intensity from a La3+-substituted
bR is much weaker than the light-on photocurrent, and this pat-
tern is similar to that from the wild-type bR at alkaline pH.  The
ratio of the light-off to the light-on photocurrent peak intensi-
ties, Ioff/Ion, was examined as a function of pH, and the results
are depicted in Figure 2.  The amplitude ratio from La3+-substi-
tuted bR was nearly constant between pH 5 and 7, and abruptly
decreased at higher pH.  This could be explained as follows.
As reported previously, the interfacial pH is raised at the termi-
nation of illumination by bR proton uptake in neutral and alka-
line media, and this generates an anodic capacitive photocur-
rent.8 The proton uptake by wild-type bR is naturally slowed at
higher pHs,16,17 and therefore the light-off peak photocurrent
loses its intensity.9 La3+ ions significantly slowed down the
proton uptake process even at neutral pH.4,5 Thus, the unique
behavior of light-off photocurrent from a La3+-substituted bR is
viewed as neatly reflecting the substantial slowing of the proton
uptake when La3+ ions are bound to a bR molecule.

To summarize, the photoelectrochemical response from bR
at electrode–electrolyte interfaces was strongly influenced by
La3+ ions, and these are in line with the effects of La3+ on the
proton release/uptake process of bR.  These results suggest that
metal ions bound to a bR molecule regulate the proton pump
activity at molecular level.
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