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Binding of Calcium lons to Bacteriorhodopsin
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ABSTRACT Adding Ca®* or other cations to deionized bacteriorhodopsin causes a blue to purple color shift, a result of
deprotonation of Asp®. It has been proposed by different groups that the protonation state of Asp®® responds to the binding
of Ca®" either 1) directly at a specific site in the protein or 2) indirectly through the rise of the surface pH. We tested the idea
of specific binding of Ca®* and found that the surface pH, as determined from the ionization state of eosin covalently linked
to engineered cysteine residues, rises about equally at both extracellular and cytoplasmic surfaces when only one Ca®* is
added. This precludes binding to a specific site and suggests that rather than decreasing the pK, of Asp®® by direct
interaction, Ca®* increases the surface pH by binding to anionic lipid groups. As Ca®* is added the surface pH rises, but
deprotonation of Asp®® occurs only when the surface pH approaches its pK,. The nonlinear relationship between Ca®*
binding and deprotonation of Asp®® from this effect is different in the wild-type protein and in various mutants and explains

the observed complex and varied spectral titration curves.

INTRODUCTION

Bacteriorhodopsin (BR) is a small (26 kDa) integral mem-
brane protein that functions as a light-driven proton pump in
halobacteria (reviewed in Ebrey, 1993; Lanyi, 1993, 1997).
It is found in membrane patches of extended two-dimen-
sional hexagonal arrays, termed “purple membrane.” Its
seven transmembrane helices surround the transversely ly-
ing retinal that constitutes the chromophore (Grigorieff et
al., 1996; Kimura et al., 1997). The cavity enclosed by the
helices also contains protein residues with functional roles
and bound water (Pebay-Peyroula et al., 1997; Luecke et al.,
1998; Essen et al., 1998). Photoisomerization of the all-
trans retinal to 13-cis initiates a reaction sequence (re-
viewed in Lanyi and Varo, 1995), the “photocycle,” in
which relaxations of the retinal and the protein are accom-
panied by proton transfers inside the protein and on its
surface that together constitute the translocation of a proton
from one side of the membrane to the other.

The first and critical proton transfer step in this sequence
is from the protonated retinal Schiff base to the anionic
Asp®. The subsequent photocycle reactions and the trans-
port depend, therefore, on whether this aspartate is initially
anionic and thus can be a proton acceptor. Because the
negative charge of Asp™ is an important part of the coun-
terion to the protonated Schiff base, the protonation state of
Asp® also affects the absorption maximum of the chro-
mophore. At pH below its pK,, whose apparent value is
~2.5, the protein changes reversibly from purple (absorp-
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tion maximum at 558 nm for dark adapted bacteriorhodop-
sin) to blue (maximum at 605 nm) (Mowery et al., 1979;
Fischer and Oesterhelt, 1979; Edgerton et al., 1980; Kimura
et al., 1984; Var6 and Lanyi, 1989). This is the well-
characterized “acid blue membrane” state (Tsuji and Rosen-
heck, 1979; Kobayashi et al., 1983; Dupuis et al., 1985;
Smith and Mathies, 1985; Albeck et al., 1989; Nasuda-
Kouyama et al., 1990). The most important difference from
the purple membrane is the protonated state of Asp®> (Sub-
ramaniam et al., 1990; Metz et al., 1992). Because of lack of
an acceptor, the Schiff base of blue membranes does not
deprotonate upon illumination, and transport does not occur
(Moltke and Heyn, 1995).

A variety of treatments, which include deionization with
an ion-exchange resin, will remove bound cations from
purple membrane (Padros et al., 1984; Chang et al., 1985;
Jonas and Ebrey, 1991) and produce a “deionized blue
membrane,” with properties very similar or identical to the
acid blue membrane. The absorption maximum and other
properties of the purple membrane are restored upon the
addition of cations to deionized blue membrane. For this
reason, bacteriorhodopsin was proposed to be a metallopro-
tein (Dupuis et al., 1985; Yang and El-Sayed, 1995; Yoo et
al., 1995; Tan et al., 1996), with bound cations (in vivo most
likely Ca®" or Mg®") playing various critical roles in the
proton transport. These would range from keeping Asp®® in
the anionic state (Chronister et al., 1986; Corcoran et al.,
1987) to participating in the reprotonation switch that de-
termines the direction of proton transfers during the photo-
cycle (Tan et al., 1996; Birge et al., 1996). Indeed, the
apparent affinity for the binding of Ca®" and other multi-
valent cations was found to be very high (Chang et al.,
1985; Ariki and Lanyi, 1986; Zhang et al., 1992), suggest-
ing specific binding. Titration experiments gave evidence
for the existence of numerous binding sites with varying
dissociation constants. It appeared that the site with the
second highest affinity was responsible for the color shift,
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whereas the one with the highest affinity had no such effect
(Ariki and Lanyi, 1986; Zhang et al., 1992). Furthermore,
replacement of various residues near Asp® altered the mea-
sured dissociation constants (Zhang et al., 1993). However,
the idea of specific binding was contradicted by the fact that
the blue-to-purple transition was facilitated by virtually all
cations that were tried, ranging from small monovalent
cations like Na™ (Chang et al., 1985; Jonas et al., 1990) to
very large organic cations that could not possibly penetrate
into the interior of the protein and bind near Asp®® (Fu et al.,
1997). Furthermore, in the latter study the rate constant of
the spectral shift was found to be independent of the size of
the cation, arguing for surface binding.

In another model, suggested from electrostatic calcula-
tions (Szundi and Stoeckenius, 1989) as well as data
(Szundi and Stoeckenius, 1987, 1988), the cations bind to
the surface of the membrane rather than to its interior. A
critical role of the native acidic lipids in the cation-binding
dependent spectral shifts was indicated by a lack of cation
effects when these lipids were exchanged for neutral lipids
(Szundi and Stoeckenius, 1987, 1988). Indeed, removal of a
large portion of the lipids decreases the number of cations
bound with high affinity to near zero (Griffiths et al., 1996).
Deuterium isotope effects on the luminescence of bound
lanthanum indicated that several water molecules are li-
gands to the bound cation (Ariki et al., 1987). In a recent
solid-state NMR study (Tuzi et al., 1999), cation binding
perturbed the region at Ala'’® in the E-F interhelical loop,
and the cations were found to exchange rapidly. The sim-
plest explanation for all of these results is binding at the
surface. By decreasing the large negative surface potential
that originates in the pH region in question, mostly from the
charge of lipid headgroups, the binding of cations increases
the surface pH to values that approach the bulk pH (Szundi
and Stoeckenius, 1989). (Given the fact that the electrical
field from fixed charges is not homogeneous at the mem-
brane-water interface, “surface pH” is not a well-defined
concept. It depends on the assumption of a layer in which
both protons and protonating groups experience the same
electrical field. Nevertheless, the term “surface pH” is used
widely in the study of bacteriorhodopsin, with the definition
of —log[H "], because the average [H"] near the negatively
charged surface is greater than in bulk. Our measurements
report on the ionization state of covalently bound eosin, and
for the sake of simplicity we calculate a local or “surface”
pH in the same way as one would calculate a conventional
pH if the eosin were in bulk.) This causes deprotonation of
Asp®® without directly changing its pK,, by simple reequili-
bration with the higher local pH. Binding at the membrane
surface will, naturally, account for the observed lack of
cation specificity.

We have reexamined the question of cation binding, and
our results strongly suggest that it occurs nonspecifically at
the membrane surface and influences the protonation state
of Asp®® through the surface pH. We can reconcile this
model with the observations that had suggested the specific
binding model by showing that the complex spectroscopic
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titration curves do not necessarily require multiple binding
sites but are consistent with the expectations of the surface
binding model.

MATERIALS AND METHODS

Purple membrane was prepared by a standard method (Oesterhelt and
Stoeckenius, 1974) from wild-type Halobacterium salinarium and from
strains containing the E9A, E194Q, E204Q, E194Q/E204Q, E194D,
E204D, E194D/E204D, V130C, S35C, and D36N/D38N/D102N mutations
described elsewhere (Dioumaev et al., 1998; Cao et al., 1995; Brown et al.,
1999).

Deionized blue membranes were prepared by repeated centrifugation
and resuspension of purple membranes in distilled water and passing
through an AG50W-X2 cation exchange resin (BioRad, 100—200 mesh)
column (e.g., Ariki and Lanyi, 1986). Spectral titrations were in a Shi-
madzu UV1601 UV-Vis spectrophotometer. Ca®>*/BR ratios refer to total
(bound plus free) Ca*>* concentration.

Bacteriorhodopsin was labeled in the following way. Eosin-5-iodoac-
etamide was reacted with V130C or S35C bacteriorhodopsin in 0.1 M
NaCl, 50 mM N-[2-hydroxyethyl]piperazine-N'-[3-propanesulfonic acid]
(EPPS), pH 8, overnight at room temperature, at an eosin/BR ratio of 50:1.
The dye was added from dimethylformamide stock; the concentration of
dimethylformamide in the reaction mixture was ~3%. The membranes
were then washed extensively to remove excess label.

Enthalpy changes during titration of deionized blue membranes with
CaCl, were measured with a Microcal (Northampton, MA) Isothermal
Titration Calorimetric Unit. The measuring temperature was 25°C; the cell
volume was 1.35 ml.

RESULTS
Calcium-dependent deprotonation of Asp®®

As described before (Chang et al., 1985; Ariki and Lanyi,
1986; Zhang et al., 1992), adding a cation such as Ca’™" to
deionized blue membrane shifts the absorption maximum
from 605 nm (blue) to 563 nm (purple). Fig. 1 A4 shows
spectra at various Ca®"/BR ratios for wild-type bacterio-
rhodopsin. When the spectra in this blue-to-purple transition
were measured at increasing pH instead of increasing
[Ca®*], the equilibria were found to contain three species
(Mowery et al., 1979; Var6 and Lanyi, 1989), but one of the
components was present in such a small amount that we can
describe the spectral shift adequately by the interconversion
of only two states. The isosbestic point in Fig. 1 4, at 577
nm, indicates that this treatment of the data is valid. The
disappearance of the blue state is followed conveniently at
630 nm. Fig. 1 B shows that the titration curve for the
blue-to-purple transition is distinctly sigmoid, as found be-
fore (Ariki and Lanyi, 1986; Zhang et al., 1992). At first
sight, this would imply that there are at least two high-
affinity binding sites, and occupancy of the first does not
shift the spectrum. Comparison of the curve in Fig. 1 B with
the limiting absorbance change at very high [Ca®*] indi-
cates that there is at least one additional component, which
causes a color shift at Ca®>*/BR ratios well above 10 (Ariki
and Lanyi, 1986; Zhang et al., 1993). If the curve is as-
sumed to be a binding isotherm, the first two calculated
binding constants are 0.25 and 35 uM. The second binding
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FIGURE 1 Spectroscopic titration of deionized blue membranes, con-

taining wild-type bacteriorhodopsin, with Ca?*. The concentration of
added CacCl, is expressed as the molar ratio of calcium ions to bacterio-
rhodopsin. (4) Spectra at various Ca®>*/BR ratios, as indicated. (B) Ab-
sorption change at 630 nm as a function of Ca®>"/BR ratio. Conditions:
deionized bacteriorhodopsin, 17 uM, at pH ~5, titrated with 1 mM CaCl,
(stock solution at pH 5). The line represents the binding curve calculated
with the equations in the appendix to Ariki and Lanyi (1986), which related
the observed absorption changes to the total Ca®>* concentration and
yielded the binding constants in the text. The dashed line indicates the
absorption change at limiting, i.e., 20 mM CaCl,.

site is responsible for 75% of the spectral shift, and the rest
is due to site(s) of lower affinity.

The interpretation of the spectral titration in terms of
binding sites predicts that the sites can be removed, or at
least affected, by site-specific mutation of appropriate pro-
tein residues. The consequences of some single residue
replacements on the spectral shifts have been determined
(Zhang et al., 1993). Indeed, the apparent affinities calcu-
lated from the curves for mutants of numerous charged or
hydrogen-bonding residues in the extracellular region
(Asp®, Asp?'?, Arg®?, and Tyr'®) were found to be low-
ered, although the spectral shift was not eliminated. In the
present study also, we find that the shape of the titration
curves is changed in mutants, specifically in mutants of
acidic residues in the extracellular region near Asp®. Glu'**
and Glu®* are buried residues, and their charges have a
strong effect on the pK, of Asp® during the photocycle
(Balashov et al., 1996, 1997; Richter et al., 1996; Dioumaev
et al., 1998), whereas Glv’® is more exposed to the surface,
with little such effect. Fig. 2 4 shows that in E204Q the
sigmoid shape of the titration curve is largely eliminated,
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FIGURE 2 Spectroscopic titration of bacteriorhodopsin. (4) Titration of
deionized blue membranes, containing E204Q (@) and E9A (O) bacteri-
orhodopsins, with Ca®", as in Fig. 1 B. Conditions are as in Fig. 1. The
dashed line indicates the absorption change at limiting, i.e., 20 mM CaCl,.
(B) Spectroscopic titration of Asp-85 in wild type (O), E204Q (@), and
E9A () bacteriorhodopsins with H,SO, from an initial pH of 5.5. Con-
ditions: 1.0 M Na,SO,, 50 mM citrate, 50 mM phosphate, 17 uM bacte-
riorhodopsin. In both 4 and B the protonation state of Asp®’ is followed by
measuring absorbance at 630 nm.

and in E9A the high-affinity binding site(s) contributes less
to the shift than in the wild type, i.e., 50%. Although not
shown, the titration curve for E194Q resembles the curve
for E204Q. Other mutants tested included E194Q/E204Q,
E194D, E204D, E194D/E204D, and D36N/D38N/D102N.
All but the last, which resembled the wild type, behaved like
E204Q. As before (Zhang et al., 1993), these results would
seem, at first, to suggest that although none of the acidic
residues in the extracellular region constitute the binding
site, the binding of Ca®>* must be in their vicinity. The
acidic residues at the cytoplasmic surface, Asp®, Asp>®, and
Asp'%? appeared to have, on the other hand, no effect on the
spectral titrations.

Calcium-dependent increase of surface pH

The alternative model (Szundi and Stoeckenius, 1989) for
these titrations is that the deprotonation of Asp®> and thus
the color shift upon binding of Ca?* originate from an
increase in the surface pH. At very low ionic strength these
authors calculated the surface pH to be as much as 4 units
below the bulk pH. At infinite salt concentration the surface
pH will reach the bulk pH, which was 5 under our condi-
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tions, and thus Asp®® will be essentially fully dissociated. In
this model, the titration curves in Figs. 1 B and 2 A4 represent
partial deprotonation of Asp® as the surface pH approaches
the bulk pH with each addition of Ca*".

In examining this alternative, we first determined the pH
dependence of the protonation of Asp®’. Fig. 2 B shows pH
titration of Asp®® in wild-type bacteriorhodopsin and in the
E204Q and E9A mutants. The salt concentration was 1 M,
to ensure that the surface and bulk pH agree within a few
tenths of units. The titration of the wild-type protein yields
an apparent pK, of ~2, a value similar to that reported
before (e.g., Fischer and Oesterhelt, 1979; Mowery et al.,
1979; Var6é and Lanyi, 1989). In E204Q and E9A the
titration curves are different. At pH < 3 most acidic protein
residues are uncharged, and the surface pH will depend on
the low pK, headgroups of lipids, which are not expected to
be different in the three membranes tested. The observed
differences in this titration curve and those for the two
mutants must originate, therefore, from the way in which
the local pH at the extracellular surface affects the ioniza-
tion state of the buried Asp®°. In both mutants the apparent
number of protons titrated decreases from 1.6 to 0.8—1, and
the apparent pK,’s are higher. The latter is particularly
evident for E9A.

A way to measure surface pH at low ionic strength and
independently of the protonation state of Asp® is with a pH
indicator dye covalently attached to the protein surface
(Alexiev et al., 1994). The increase in the surface pH as
Ca®" is added can thereby be measured. Eosin has the
appropriate pK, (2.5 when bound to Cys'*° in bacteriorho-
dopsin; results not shown) for detecting the pH in the region
of interest. The calculated pH, defined by the ionization
state of the eosin, depends on the geometry of the dye at the
surface, i.e., its proximity to charges and distance from the
protein/lipid-water interface, but it seems reasonable that it
would approximate the effective average surface pH rele-
vant for Asp®. Fig. 3 shows spectra at increasing Ca>*/BR
ratios for unlabeled bacteriorhodopsin (Fig. 3 4) and for
bacteriorhodopsin with eosin covalently linked to the engi-
neered Cys'*® on the extracellular surface. The differences
between these curves and a pH titration curve at 1 M NaCl
to calibrate the absorption band of eosin at 537 nm in terms
of surface pH yielded the dependency of the surface pH on
the Ca®"/BR ratio in Fig. 4 4. The pH of 2 for the deionized
protein before the addition of Ca®* is approximate, as its
value depends on the exact position of the dye at the surface
(cf., above). We find that as Ca** is added, the surface pH
changes in such a way as to generate a plausible titration
curve for the deprotonation of Asp® (Fig. 4 B). Given the
fact that it is produced with simplifying assumptions for the
response of eosin to surface pH, the pK, of 2.5 for Asp®
from this curve is in remarkable agreement with the value of
2 obtained from the direct pH titration in Fig. 2 B. This
suggests, by itself, that the effect of Ca?* on Asp®* may be
through its effect on the surface pH.

The binding site model for the spectral shift could be now
put to a direct test. Because the spectral shift is caused by
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FIGURE 3 Spectroscopic titration of bacteriorhodopsin, with and with-
out eosin covalently linked to Cys'*® in the V130C mutant. (4) Difference
spectra relative to deionized blue membrane for the wild-type protein. The
spectra originate from the blue shift shown in Fig. 1 4. (B) Difference
spectra relative to deionized blue membrane for the labeled V130C mutant.
The spectra contain a pH-dependent contribution from eosin, in addition to
the blue shift of bacteriorhodopsin. In both 4 and B the spectra are shown
at the indicated Ca®*/BR ratios. Earlier results (Cao et al., 1995) had
shown that the dye at residue 130 (or at residue 35) does not perturb the
protein: the photocycles and the spectra of the V130C and S35C mutants,
with or without dye label, were the same as in the wild type. Conditions are
as in Fig. 1, but with 13 uM bacteriorhodopsin, and the titration was with
1 mM CacCl,.

deprotonation of Asp®> near the extracellular surface, the
observation that it is linked to the second Ca*" that binds
(Fig. 1 B) requires that either 1) the first and second Ca*"
ion both bind at the extracellular surface, but their effects on
Asp® are dependent on the exact location of the binding; or
2) the first Ca®" binds at the cytoplasmic surface, where it
would not influence Asp®, whereas the second Ca®" occu-
pies a site at the extracellular surface. The surface pH was
therefore measured also with eosin covalently linked to the
engineered Cys>> on the cytoplasmic surface. The absorp-
tion changes from eosin in this experiment, as well as from
one with eosin linked to Cys'* at the extracellular surface,
are compared in Fig. 5. It appears from Fig. 5 that even at
very low Ca®*/BR ratios (between 0 and 1), the local pH is
raised on both surfaces and by about the same extent. This
finding indicates that at an average of one Ca®" bound per
BR, the Ca®" binding is to both surfaces. It is incompatible
therefore with either alternative above and rules out the
existence of a specific binding site as the cause of the
spectral shift.
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FIGURE 4 Calculated surface pH and the relationship of the protonation
state of Asp® to this surface pH. (4) Surface pH detected by eosin at
various Ca’"/BR ratios in deionized blue membrane, calculated from the
spectra shown in Fig. 3. The absorption of bound eosin at various surface
pH values was determined by a pH titration in 1 M NacCl (not shown). (B)
Absorption change at 630 nm at various added Ca**/BR ratios (from Fig.
1 B) as a function of calculated surface pH (from A).

Calorimetric titration of Ca?* binding

The heat generated upon binding of Ca®* to deionized blue
membranes was measured in a calorimetric titration analo-
gous to the spectral titration in Fig. 1. As Fig. 6 shows, heat
evolution is observed at Ca?'/BR ratios well below 1,
consistent with the prediction that the sigmoid shape of the
spectral titration curves is not caused by lack of binding at
low [Ca?"], e.g., from cooperative binding. It is further
evident from Fig. 6 B that the binding as detected by
calorimetry is saturable, like the binding detected from the
spectral shift.

However, the comparison of the calorimetry with the
spectral titration is more direct when the heat evolved is
plotted as a cumulative quantity. Fig. 7 relates cumulative
released heat with the calculated surface pH, as in Fig. 4 B.
The curves for the wild-type protein and several mutants
(offset from one another vertically for clarity) appear to
describe the upper (higher pH) part of a titration curve with
apK, = 2. The data in Fig. 7 show that the binding of Ca*",
as detected by the release of heat, follows the ionization of
groups with pK,’s much lower than those of most protein
side chains and occurs only when the surface pH is below
~2.5. This directly implicates lipid headgroups in the bind-
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FIGURE 5 Increase in local pH at the extracellular (O) and cytoplasmic
(®) surfaces, as detected by eosin covalently bound to either Cys'* in the
V130C or Cys*? in the S35C mutant. The pH-dependent absorption band of
eosin at 537 nm (cf. Fig. 3 B) is plotted versus the Ca>*/BR ratio. The two
sets of absorbance changes were normalized to one another by a correction
factor of 0.8 to account for variability among samples. /nset: Absorption
changes between zero and 4 Ca®>*/BR.

ing. The fact that different mutants with different apparent
affinities for Ca>* (Fig. 2 4) exhibit similar titrations when
measured calorimetrically is consistent with this model.
Thus the AH measured originates at least partly from the
deionization of acidic groups of the lipids when Ca®" is
bound. There are eight lipid phosphate groups and one
sulfate per bacteriorhodopsin (Kates et al., 1982). The esti-
mated heat of ionization is 7.5 kJ/mol for the lowest pK,
(2.1) of phosphate and 21.6 kJ/mol for the lowest pK, (1.9)
of sulfate. (Heats of ionization were calculated from the
temperature dependencies of the lowest pK,’s of phosphoric
acid and sulfuric acid (Perrin, 1969).) Together, these ac-
count for about a third of the heat released as Ca*>* is bound
and the surface pH is increased from its theoretical lower
limit to above 2.5. The rest of the heat of the reaction comes
from the binding of Ca?>" and deprotonation of Asp®® and
perhaps other carboxyl groups, such as Asp®'?, which also
has a low pK,, but the magnitudes of these are uncertain.

DISCUSSION

We have attempted to answer the longstanding unresolved
question of the nature of cation binding to deionized bac-
teriorhodopsin. Calculations of surface electrostatics and a
variety of experimental results that appeared to contradict
one another have argued for different ways in which cations
added to deionized blue membranes might affect the ion-
ization state of Asp™. Deciding between the two conflicting
models, i.e., 1) specific binding inside the protein that
lowers the pK, of Asp® and 2) nonspecific binding that
raises the pH at the extracellular surface, would be possible
if one of these models could be ruled out and all of the
varied observations could be interpreted in terms of the
other model.
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FIGURE 6 Calorimetric titration of deionized blue membrane, contain-
ing wild-type bacteriorhodopsin, with Ca®*. Deionized blue membranes
(100 uM wild-type bacteriorhodopsin) were titrated with 5 mM CaCl,. (4)
Traces of released heat measured upon the addition of indicated amounts of
CaCl,. (B) Calculated heat released in the titration experiment in 4.

If cation binding is specific, the putative two high-affinity
binding sites calculated from the spectral titration (the K’s
for the wild-type protein are 0.25 and 35 wM, respectively;
cf. Fig. 1 B) will be occupied sequentially as the Ca®>*/BR
ratio is raised from 0 to 1 and then to 2 (the concentration
of bacteriorhodopsin in these titrations was 17 uM). Apart
from its effect on Asp®, the positive charge of the cation
will lower the negative surface potential on that side of the
transmembrane dielectric barrier where the binding site is
located. This will raise the surface pH, which is lower than
the bulk pH at the negatively charged surface of the mem-
brane. The unexpected observation we now report is that the
surface pH is raised equally at both membrane surfaces as
[Ca®"] raised, even at a Ca®"/BR ratio of 1 (Fig. 5). This
contradicts the model of binding to specific sites. Ca®"
binding, as detected by the change in surface pH it causes,
is roughly equal at the extracellular and cytoplasmic sur-
faces. (It has been reported (Heberle et al., 1994; Alexiev et
al., 1995) that during the photocycle the released protons
rapidly equilibrate between the two membrane surfaces.
However, if the charge density were changed at only one of
the surfaces, the local pH at the other surface would change
very little, because the proton concentrations at the surfaces
are in equilibrium with the large reservoir of protons in the
bulk.) The cation must bind to sites that exist on both
membrane surfaces, i.e., negatively charged lipids. Nonspe-
cific but high-affinity binding is not inconsistent with the
curved Scatchard plots reported (Zhang et al., 1992). Thus
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FIGURE 7 Cumulative released heat in the titration of deionized blue
membrane with CaCl,, expressed as a function of the increasing surface
pH. AH is plotted for wild-type bacteriorhodopsin and the E194Q, E204Q,
E194/E204Q, and D36N/D38N/D102N mutants. Surface pH is estimated
from the relationship of the absorption change of eosin covalently linked to
Cys'°, as in Figs. 3 and 4, and is assumed to be the same in the titration
of all of these samples. The traces are displaced vertically from one another
for clarity.

binding of Ca®" must affect the protonation state of Asp®
through its effect on the pH at the extracellular surface.
We find that, although at first the spectral titration of the
wild-type protein and the mutants (Figs. 1 B and 2 A)
seemed to argue for the existence of multiple binding sites,
the surface pH model accounts well for the complex shapes
of the curves. As indicated in Fig. 4 4, when Ca®" is added
the surface pH is raised monotonically. The surface pH of
deionized membrane is well below the pK, of Asp®® (pH ~
2 from eosin, but its true value is likely to be lower,
estimated to be between 1 and 1.5 by Szundi and Stoeck-
enius (1989)). As the Ca”>* is added, the surface pH rises,
but the extent of the deprotonation of Asp®® is initially
small. As the surface pH approaches the pK, (cf. Fig. 2 B),
the deprotonation (and therefore the observed spectral shift)
becomes greater. Thus a nonlinear function (the dependency
of the ionization state of Asp® on pH) is interposed between
the effect of Ca®" and the observed spectral changes. This
will produce the sigmoid titration curve in Fig. 1 B. The
different dependencies of the deprotonation of Asp® on pH
in the mutants examined (Fig. 2 B) will result in different
titration curves, as seen in Fig. 2 4. A reason for this can be
found in the shapes of the pH titration curves (Fig. 2 B). The
deprotonation in E204Q with increasing pH follows a less
steep curve than in the wild type (Fig. 2 B), and thus
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deprotonation begins already at low Ca®"/BR ratios. This
will result in a less sigmoid titration curve (Fig. 2 A).
Because the apparent pK, is higher in this mutant, and even
higher in E9A (Fig. 2 A), the surface pH achieved even at
high Ca?*/BR ratios will be insufficient to allow extensive
deprotonation until much higher Ca®*/BR ratios are pro-
vided than in the wild type (Fig. 2 A). These differences in
the spectroscopic titrations of the various mutants stand in
sharp contrast to the calorimetric titration curves that are
similar for all samples (Fig. 7) and suggest that the muta-
tions affect not the cation binding, but the influence of
surface pH on the protonation state of Asp™.

These considerations lead to the conclusion that the titra-
tion curves with cations should be interpreted as nonspecific
binding to the fixed charges of the lipids at the membrane
surfaces, which affects the protonation state of Asp® en-
tirely by raising the surface pH.

We thank the Department of Energy (grant DEFG03-86ER13525), the
National Institutes of Health (grant GM 29498), and the National Science
Research Fund of Hungary (OTKA T022066) for financial support.

REFERENCES

Albeck, A., N. Friedman, M. Sheves, and M. Ottolenghi. 1989. Factors
affecting the absorption maxima of acidic forms of bacteriorhodopsin. A
study with artificial pigments. Biophys. J. 56:1259-1265.

Alexiev, U., T. Marti, M. P. Heyn, H. G. Khorana, and P. Scherrer. 1994.
Surface charge of bacteriorhodopsin detected with covalently bound pH
indicators at selected extracellular and cytoplasmic sites. Biochemistry.
33:298-306.

Alexiev, U., R. Mollaaghababa, P. Scherrer, H. G. Khorana, and M. P.
Heyn. 1995. Rapid long-range proton diffusion along the surface of the
purple membrane and delayed proton transfer into the bulk. Proc. Natl.
Acad. Sci. USA. 92:372-376.

Ariki, M., and J. K. Lanyi. 1986. Characterization of metal ion-binding
sites in bacteriorhodopsin. J. Biol. Chem. 261:8167—8174.

Ariki, M., D. Magde, and J. K. Lanyi. 1987. Metal ion binding sites of
bacteriorhodopsin. J. Biol. Chem. 262:4947-4951.

Balashov, S. P., E. S. Imasheva, T. G. Ebrey, N. Chen, D. R. Menick, and
R. K. Crouch. 1997. Glutamate-194 to cysteine mutation inhibits fast
light-induced proton release in bacteriorhodopsin. Biochemistry. 36:
8671-8676.

Balashov, S. P., E. S. Imasheva, R. Govindjee, and T. G. Ebrey. 1996.
Titration of aspartate-85 in bacteriorhodopsin: what it says about chro-
mophore isomerization and proton release. Biophys. J. 70:473—481.

Birge, R. R, D. S. K. Govender, K. C. Izgi, and E. H. L Tan. 1996. Role
of calcium in the proton pump of bacteriorhodopsin. Microwave evi-
dence for a cation-gated mechanism. J. Phys. Chem. 100:9990—10004.

Brown, L. S., R. Needleman, and J. K. Lanyi. 1999. Functional roles of
aspartic acid residues at the cytoplasmic surface of bacteriorhodopsin.
Biochemistry. (in press).

Cao, Y., L. S. Brown, J. Sasaki, A. Maeda, R. Needleman, and J. K. Lanyi.
1995. Relationship of proton release at the extracellular surface to

deprotonation of the Schiff base in the bacteriorhodopsin photocycle.
Biophys. J. 68:1518-1530.

Chang, C.-H., J.-G. Chen, R. Govindjee, and T. G. Ebrey. 1985. Cation
binding by bacteriorhodopsin. Proc. Natl. Acad. Sci. USA. 82:396—400.

Chronister, E. L., T. C. Corcoran, L. Song, and M. A. El-Sayed. 1986. On
the molecular mechanisms of the Schiff base deprotonation during the
bacteriorhodopsin photocycle. Proc. Natl. Acad. Sci. USA. 83:
8580—8584.

Calcium Binding to Bacteriorhodopsin

3225

Corcoran, T. C., K. Z. Ismail, and M. A. El-Sayed. 1987. Evidence for the
involvement of more than one metal cation in the Schiff base deproto-
nation process during the photocycle of bacteriorhodopsin. Proc. Natl.
Acad. Sci. USA. 84:4094—-4098.

Dioumaev, A. K., H. T. Richter, L. S. Brown, M. Tanio, S. Tuzi, H. Saito,
Y. Kimura, R. Needleman, and J. K. Lanyi. 1998. Existence of a proton
transfer chain in bacteriorhodopsin: participation of Glu-194 in the

release of protons to the extracellular surface. Biochemistry. 37:
2496-2506.

Dupuis, P., T. C. Corcoran, and M. A. El-Sayed. 1985. Importance of
bound divalent cations to the tyrosine deprotonation during the photo-
cycle of bacteriorhodopsin. Proc. Natl. Acad. Sci. USA. 82:3662-3664.

Ebrey, T. G. 1993. Light energy transduction in bacteriorhodopsin. In
Thermodynamics of Membranes, Receptors and Channels. M. Jackson,
editor. CRC Press, Boca Raton, FL. 353-387.

Edgerton, M. E., T. A. Moore, and C. Greenwood. 1980. Investigations
into the effect of acid on the spectral and kinetic properties of purple
membrane from Halobacterium halobium. Biochem. J. 189:413—420.

Essen, L. O., R. Siegert, W. D. Lehmann, and D. Oesterhelt. 1998. Lipid
patches in membrane protein oligomers: crystal structure of the bacte-
riorhodopsin-lipid complex. Proc. Natl. Acad. Sci. USA. 95:
11673-11678.

Fischer, U., and D. Oesterhelt. 1979. Chromophore equilibria in bacterio-
rhodopsin. Biophys. J. 28:211-230.

Fu, X., S. Bressler, M. Ottolenghi, T. Eliash, N. Friedman, and M. Sheves.
1997. Titration kinetics of Asp-85 in bacteriorhodopsin: exclusion of the
retinal pocket as the color-controlling cation binding site. FEBS Lett.
416:167-170.

Griffiths, J. A., J. King, D. F. Yang, R. Browner, and M. A. El-Sayed.
1996. Calcium and magnesium binding in native and structurally per-
turbed purple membrane. J. Phys. Chem. 100:929-933.

Grigorieff, N., T. A. Ceska, K. H. Downing, J. M. Baldwin, and R.
Henderson. 1996. Electron-crystallographic refinement of the structure
of bacteriorhodopsin. J. Mol. Biol. 259:393-421.

Heberle, J., J. Riesle, G. Thiedemann, D. Oesterhelt, and N. A. Dencher.
1994. Proton migration along the membrane surface and retarded surface
to bulk transfer. Nature. 370:379-382.

Jonas, R., and T. G. Ebrey. 1991. Binding of a single divalent cation
directly correlates with the blue-to-purple transition in bacteriorhodop-
sin. Proc. Natl. Acad. Sci. USA. 88:149—153.

Jonas, R., Y. Koutalos, and T. G. Ebrey. 1990. Purple membrane: surface
charge density and the multiple effect of pH and cations. Photochem.
Photobiol. 52:1163-1177.

Kates, M., S. C. Kushwaha, and G. D. Sprott. 1982. Lipids of purple
membrane from extreme halophiles and of methanogenic bacteria. Meth-
ods Enzymol. 88:98—111.

Kimura, Y., A. Ikegami, and W. Stoeckenius. 1984. Salt and pH-dependent
changes of the purple membrane absorption spectrum. Photochem. Pho-
tobiol. 40:641-646.

Kimura, Y., D. G. Vassylyev, A. Miyazawa, A. Kidera, M. Matsushima, K.
Mitsuoka, K. Murata, T. Hirai, and Y. Fujiyoshi. 1997. Surface of
bacteriorhodopsin revealed by high-resolution electron crystallography.
Nature. 389:206-211.

Kobayashi, T., H. Ohtani, J.-I. Iwai, A. Ikegami, and H. Uchiki. 1983.
Effect of pH on the photoreaction cycles of bacteriorhodopsin. FEBS
Lett. 162:197-200.

Lanyi, J. K. 1993. Proton translocation mechanism and energetics in the
light-driven pump bacteriorhodopsin. Biochim. Biophys. Acta Bio-
Energetics. 1183:241-261.

Lanyi, J. K. 1997. Mechanism of ion transport across membranes. Bacte-
riorhodopsin as a prototype for proton pumps. J. Biol. Chem. 272:
31209-31212.

Lanyi, J. K., and G. Varé. 1995. The photocycles of bacteriorhodopsin. Zsr.
J. Chem. 35:365-386.

Luecke, H., H. T. Richter, and J. K. Lanyi. 1998. Proton transfer pathways
in bacteriorhodopsin at 2.3 Angstrom resolution. Science. 280:
1934-1937.

Metz, G., F. Siebert, and M. Engelhard. 1992. Asp85 is the only internal
aspartic acid that gets protonated in the M intermediate and the purple-



3226 Biophysical Journal

to-blue transition of bacteriorhodopsin: a solid-state '*C CP-MAS NMR
investigation. FEBS Lett. 303:237-241.

Moltke, S., and M. P. Heyn. 1995. Photovoltage kinetics of the acid-blue
and acid-purple forms of bacteriorhodopsin: evidence for no net charge
transfer. Biophys. J. 69:2066-2073.

Mowery, P. C., R. H. Lozier, Q. Chae, Y. W. Tseng, M. Taylor, and W.
Stoeckenius. 1979. Effect of acid pH on the absorption spectra and
photoreactions of bacteriorhodopsin. Biochemistry. 18:4100—4107.

Nasuda-Kouyama, A., K. Fukuda, T. lio, and T. Kouyama. 1990. Effect of
a light-induced pH gradient on purple-to-blue and purple-to-red transi-
tions of bacteriorhodopsin. Biochemistry. 29:6778—6788.

Oesterhelt, D., and W. Stoeckenius. 1974. Isolation of the cell membrane
of Halobacterium halobium and its fractionation into red and purple
membrane. Methods Enzymol. 31:667—678.

Padros, E., M. Dunach, and M. Sabes. 1984. Induction of the blue form of
bacteriorhodopsin by low concentrations of sodium dodecyl sulfate.
Biochim. Biophys. Acta. 769:1-7.

Pebay-Peyroula, E., G. Rummel, J. P. Rosenbusch, and E. M. Landau.
1997. X-ray structure of bacteriorhodopsin at 2.5 Angstroms from mi-
crocrystals grown in lipidic cubic phases. Science. 277:1676—1681.

Perrin, D. D. 1969. Dissociation Constants of Inorganic Acids and Bases in
Aqueous Solution. Butterworths, London.

Richter, H. T., L. S. Brown, R. Needleman, and J. K. Lanyi. 1996. A
linkage of the pKa’s of Asp-85 and Glu-204 forms part of the reproto-
nation switch of bacteriorhodopsin. Biochemistry. 35:4054—4062.

Smith, S. O., and R. A. Mathies. 1985. Resonance Raman spectra of the
acidified and deionized forms of bacteriorhodopsin. Biophys. J. 47:
251-254.

Subramaniam, S., T. Marti, and H. G. Khorana. 1990. Protonation state of
Asp (Glu)-85 regulates the purple-to-blue transition in bacteriorhodopsin
mutants Arg-82 — Ala and Asp-85 — Glu: the blue form is inactive in
proton translocation. Proc. Natl. Acad. Sci. USA. 87:1013-1017.

Volume 76 June 1999

Szundi, 1., and W. Stoeckenius. 1987. Effect of lipid surface charges on the
purple-to-blue transition of bacteriorhodopsin. Proc. Natl. Acad. Sci.
USA. 84:3681-3684.

Szundi, 1., and W. Stoeckenius. 1988. Purple-to-blue transition of bacte-
riorhodopsin in a neutral lipid environment. Biophys. J. 54:227-232.
Szundi, 1., and W. Stoeckenius. 1989. Surface pH controls purple-to-blue
transition of bacteriorhodopsin. A theoretical model of purple membrane

surface. Biophys. J. 56:369-383.

Tan, E. H. L., D. S. K. Govender, and R. R. Birge. 1996. Large organic
cations can replace Mg?* and Ca** ions in bacteriorhodopsin and
maintain proton pumping ability. J. Am. Chem. Soc. 118:2752-2753.

Tsuji, K., and K. Rosenheck. 1979. The low pH species of bacteriorho-
dopsin. Structure and proton pump activity. FEBS Lett. 98:368-372.

Tuzi, S., S. Yamaguchi, M. Tanio, H. Konishi, S. Inoue, A. Naito, R.
Needleman, J. K. Lanyi, and H. Sait6. 1999. Location of a cation binding
site in the loop between helices F and G of bacteriorhodopsin, as studied
by '3C NMR. Biophys. J. 76:1523-1531.

Varo, G., and J. K. Lanyi. 1989. Photoreactions of bacteriorhodopsin at
acid pH. Biophys. J. 56:1143-1151.

Yang, D. F., and M. A. El-Sayed. 1995. The Ca®>" binding to deionized
monomerized and to retinal removed bacteriorhodopsin. Biophys. J.
69:2056-2059.

Yoo, S.-K., E. S. Awad, and M. A. El-Sayed. 1995. Comparison between
the binding of Ca®>* and Mg?™ to the two high-affinity sites of bacte-
riorhodopsin. J. Phys. Chem. 99:11600—11604.

Zhang, Y. N., M. A. El-Sayed, M. L. Bonet, J. K. Lanyi, M. Chang, B. Ni,
and R. Needleman. 1993. Effects of genetic replacements of charged and
H-bonding residues in the retinal pocket on Ca®* binding to deionized
bacteriorhodopsin. Proc. Natl. Acad. Sci. USA. 90:1445-1449.

Zhang, Y. N., L. L. Sweetman, E. S. Awad, and M. A. El-Sayed. 1992.
Nature of the individual Ca®>* binding sites in Ca®"-regenerated bacte-
riorhodopsin. Biophys. J. 61:1201-1206.



	Binding of Calcium Ions to Bacteriorhodopsin
	Introduction
	Materials and methods
	Results
	Calcium-dependent deprotonation of Asp85
	Calcium-dependent increase of surface pH
	Calorimetric titration of Ca2+ binding

	Discussion
	Acknowledgement
	References


