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The mechanism of the proton pump of bacteriorhodopsin is
a subject of fundamental importance to our understanding of
biological structure and function.1-8 The functioning of light-
adapted bacteriorhodopsin (λmax≈ 570 nm) as a proton pump
requires the presence of Ca2+ and Mg2+ ions which bind at
specific locations inside the protein and on the surface.9-17

Removal of these cations produces the blue membrane (λmax≈
603 nm), a protein which lacks a photocycle and which does
not pump protons.9-16 It has long been known that the
spectroscopic and photochemical properties of the protein can
be restored by adding either calcium or magnesium to an
aqueous solution of the blue membrane.9-16 We demonstrate
in this paper that analog proteins with nearly identical spectro-
scopic properties and similar photochemical properties can be
generated by adding large organic monovalent and divalent
cations to the blue membrane. The native photocycle is
summarized below.

We generated analog bacteriorhodopsins from the resin-
washed, cation-depleted blue membrane17 with the addition of
a series of monoquaternary ammonium cations and bis(quater-
nary ammonium) or so-called “bolaform” cations (see Figure
1). We were surprised to observe that all of the above salts
regenerate the purple color18,19 and restore the photocycle and

proton pumping ability of the protein. The spectra of the organic
cation bR analogs are similar to those of the native protein,
with absorption maxima within a few nanometers of those of
the native protein. To examine systematic variations, the main
absorption bands of the protein spectra were fit by using a log-
normal distribution function.8 This procedure fits the band to
a skewed Gaussian as a function of the absorption maximum
(λmax), full width at half-maximum (∆ν̃), and skewness (σ). The
results of the least-squares fits are shown in Figure 1 for spectra
recorded in polyacrylamide gel (the gel prevents aggregation).
Regeneration of bacteriorhodopsin was studied by monitoring

λmaxas a function of salt titration of the blue membrane at nearly
constant pH (∆pH < 0.2) to avoid pH effects.10,15,17 The
divalent bolaforms bind with much higher affinity to the protein
as compared to the monovalent R4N salts. For example, it takes
∼60 times more Me4N to regenerate bR from the blue
membrane at pH) 4.02 as compared to C2Me6, even though
both the cations have roughly the same charge density and
hydrophobicity (C2Me6 is roughly two Me4N molecules in terms
of molecular structure; see Figure 1).20 The Gouy-Chapman
or “surface effect” theory (e.g., ref 21) cannot rationalize the
large differences observed in the binding ability of the divalent
bolaforms versus the simple monovalent salts. We conclude
that the boloform cations are occupying divalent cation binding
sites within the protein.
Of particular interest is the chromophore-adjacent cation

binding site. This site is solely responsible for regenerating
the purple color of bR11 and represents the second high-affinity
binding site.15,16 Recent two-photon studies indicate that the
hydrated metal cation occupies a dynamic site involving two
aspartate residues (Asp85 and Asp212) and two tyrosine residues
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Figure 1. Structure of the quaternary ammonium salts and the
spectroscopic properties of the light-adapted analog bacteriorhodopsin
proteins generated via addition of the organic cations to the protein
blue membrane (see text).
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(Tyr57 and Tyr185).14 The key question is how a large organic
cation can occupy the same binding site. We used both
semiclassical (MM2)22 and semiempirical quantum mechanical
(PM3)23 procedures to model the process. We discovered, to
our surprise, that all of the organic cations, with the exception
of the Bu4N, could be accommodated with only minor shifts in
the positions of the amino acid residues from those proposed
by Henderson et al.24 Our simulations for the largest bolaform
divalent cation, C4Pr6, are shown in Figure 2. We note,
however, that the organic cation does not occupy the site
proposed for calcium.14 MNDO/CI calculations14 predict a 5
nm blue shift associated with replacement of Ca2+ by C4Pr6.
The observed shift is∼3 nm (see Figure 1). The blue shift is
associated with two factors: a more diffuse positive charge on
the organic cation and a shift of the organic cation further from
the retinyl chromophore.
Although all of the analog proteins pump protons, the effi-

ciency decreases as the size of the cation increases.20 Prelimi-
nary experiments indicate that the Lf M transition is partially
shunted by a competitive Lf bR reaction, with the proportion
of the latter increasing as the size of the organic cation increases.
The decay of the M intermediate is biphasic, composed of a
fast and a slow component. While the formation and slow-
decay are similar for all of the analog proteins, the fast-decay
is slower for the larger cations. These results suggest that the

fast-decay involves cation movement. [Microwave absorptivity
experiments suggest that, in native bR, the calcium enters the
proton channel and provides an electrostatic gate, preventing
back-transfer of the proton during the latter stages of the photo-
cycle (results to be published).] The reformation of bR from
the O state, as measured by O-state absorption at 647 nm, is
linearly proportional to the molecular weight of the organic
cation (see Figure 3).20 We conclude that the cation within the
chromophore-adjacent binding site drifts away from the binding
site when M is formed in response to protonation of Asp85.
During the O-to-bR reaction, Asp85 must transfer its proton to
an acceptor group, and this proton transfer requires motion of
the cation into a position of electrostatic stabilization of the
Asp85 anion.
We conclude by noting that organic cations may provide an

important method for improving the reliability of protein-based
artificial retinas. In one design, the oriented bacteriorhodopsin
protein is placed directly on top of a charge-sensitive semicon-
ductor array.25 When this design is implemented using native
protein, however, the metal cations migrate into the semicon-
ductor and poison it, rendering it insensitive to charge dif-
ferentials on the surface. The organic bolaform cations maintain
photochemical activity of the protein and do not appear to dam-
age the semiconductor array. Thus, incorporation experiments
involving the organic cations shown in Figure 1 not only provide
new insights into the structure and function of bacteriorhodopsin
but may enhance the utility of bacteriorhodopsin as a photo-
chromic material in hybrid semiconductor protein devices.
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Figure 2. Nominal location of C4Pr6 in the chromophore-adjacent
cation binding site of light-adapted bacteriorhodopsin based on MNDO/
PM3 molecular orbital theory (a) and semiclassical MM2 force field
(b) geometry minimization. The two structures differ significantly, but
both methods predict that the organic divalent cation can be accom-
modated within the binding site in a fashion which closely mimics the
electrostatic characteristics of a bound calcium ion (see text). Only
selected hydrogen atoms are shown.

Figure 3. Half-life of the O intermediate plotted as a function of the
molecular weight of the organic cation.20 The kinetic data for the
divalent bolaform amines are linear with respect to molecular weight
within experimental error (straight line shows a least-squares fit). The
monovalent tetraalkylamines must be bound in pairs to simulate the
divalent metal cation, and the kinetics display a quadratic dependence
on molecular weight.
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